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Abstract

Malbrancheamide is a dichlorinated fungal indole alkaloid isolated from both Malbranchea 
aurantiaca and Malbranchea graminicola that belongs to a family of natural products containing a 

characteristic bicyclo[2.2.2]diazaoctane core. The introduction of chlorine atoms on the indole 

ring of malbrancheamide differentiates it from other members of this family and contributes 
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significantly to its biological activity. In this study, we characterized the two flavin-dependent 

halogenases involved in the late-stage halogenation of malbrancheamide in two different fungal 

strains. MalA and MalA’ catalyze the iterative dichlorination and monobromination of the free 

substrate premalbrancheamide as the final steps in the malbrancheamide biosynthetic pathway. 

Two unnatural bromo-chloro-malbrancheamide analogs were generated through MalA-mediated 

chemoenzymatic synthesis. Structural analysis and computational studies of MalA’ in complex 

with three substrates revealed that the enzyme represents a new class of zinc-binding flavin-

dependent halogenases, and provides new insights into a potentially unique reaction mechanism.
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Introduction

The prevalence of halogenated natural products has led to significant advances in 

understanding various classes of halogenases involved in secondary metabolism. Most 

halogenases characterized thus far can be placed into three classes: haloperoxidases (heme-

containing and vanadium-containing), non-heme Fe(II)α-ketoglutarate-dependent, and 

flavin-dependent enzymes. Haloperoxidases are generally nonselective and perform 

halogenation through a mechanism utilizing freely diffusing hypohalous acid. By contrast, 

Fe(II)α-ketoglutarate-dependent halogenases proceed through a radical mechanism, 

typically halogenating aliphatic, unactivated carbons.1 Flavin-dependent halogenases 

(FDHs) also proceed through a hypohalous acid intermediate, with the reactive reagent 

captured by a lysine residue that appears to control the regioselectivity of halogenation on 

aromatic substrates.2,3 The FDH-derived hypohalous acid is generated through a reaction 

between the flavin C4a-peroxide adduct and the bound chloride ion. FDHs are thought to 

proceed through an electrophilic aromatic substitution where the catalytic lysine residue 

provides the chloramine halogenating agent and a catalytic glutamate facilitates the reaction 

by deprotonating the positively charged intermediate generated during catalysis.2

The majority of previously characterized FDHs are of bacterial origin, with relatively few 

reported from eukaryotes,4–12 and fewer still characterized biochemically.4–6,10–12 The 

bacterial FDHs have been found to catalyze reactions on both free,2,13–15 and carrier-protein 

bound substrates,16,17 including precursor amino acids in natural product biosynthesis. The 
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well-characterized eukaryotic FDHs Rdc24 and ChlA6 catalyze late-stage C–H 

functionalization reactions in the biosynthesis of halogenated metabolites. However, 

structural data for these two enzymes have not been reported, and it has remained unclear 

how they control site-selective halogenation on large, structurally complex substrates.

Malbrancheamide (1) is a complex halogenated indole alkaloid produced by the terrestrial 

fungus Malbranchea aurantiaca RRC181318 and the marine-derived fungus Malbranchea 
graminicola (086937A).19 The discovery of malbrancheamide was enabled by a search for 

calmodulin antagonists, and several studies have characterized its significant vasorelaxant 

effect.20,21 Along with malbrancheamide, a close structural relative, spiromalbramide, was 

isolated from M. graminicola.19 The two strains are highly related, with 99% sequence 

identity overall, and their biosynthetic pathways for malbrancheamide are proposed to be 

identical (Scheme 1). Malbrancheamide (1) belongs to a family of prenylated indole 

alkaloids formed through peptide coupling by a nonribosomal peptide synthetase (NRPS), 

addition of an isoprene unit by a prenyltransferase, and a proposed [4+2] Diels-Alder 

cycloaddition to form the characteristic bicyclo[2.2.2]diazaoctane ring of 

premalbrancheamide (2) (Scheme 1).22–26 Premalbrancheamide is then proposed to be 

dichlorinated through an iterative mechanism, but whether this halogenation is performed by 

one or two halogenases remained to be determined.25 Since the chlorination of the indole 

ring differentiates this molecule from the rest of its class and significantly contributes to its 

biological activity,21 we were motivated to probe the mechanism of its iterative late-stage 

halogenation at two adjacent positions on the indole ring system.

In earlier efforts to elucidate the malbrancheamide biosynthetic pathway, precursor 

incorporation studies were performed in M. aurantiaca. This led to the conclusion that 

premalbrancheamide (2) is indeed incorporated into the monochlorinated malbrancheamide 

B (3) and that both compounds are natural metabolites of M. aurantiaca.25 We had 

previously proposed that there is a site-selective chlorination of the C9 position prior to 

functionalization of C8 for production of malbrancheamide (1).25 However, the isolation of 

both C8 (isomalbrancheamide B (4)) and C9 (malbrancheamide B (3)) monohalogenated 

metabolites from M. aurantiaca20 and from M. graminicola19 conflicted with the proposed 

C9 selectivity hypothesis, providing further motivation to investigate the malbrancheamide 

halogenation process.

Previous genome sequencing and bioinformatic analyses of M. aurantiaca and M. 
graminicola led to the identification of MalA and MalA’, respectively. These two FDHs are 

99% identical, differing by only two amino acids, and are proposed to catalyze 

dihalogenation as the last step in the malbrancheamide biosynthetic pathways of each 

organism (Figure 1).26 The late-stage halogenation of free substrate by a flavin-dependent 

halogenase from an NRPS-containing gene cluster is unusual. Halogenation typically occurs 

as the first step prior to activation of an amino acid in bacterial non-ribosomal peptide 

biosynthesis.1 Of the previously characterized flavin-dependent halogenases, most act on 

subunit substrates such as single amino acids,2,13–15,27 or carrier protein-tethered small 

molecules.16,17,28,29 In terms of late-stage activity on a complex polycyclic substrate, the 

closest comparison to MalA is the cyanobacterial-derived WelO5 non-heme Fe(II)α-

ketoglutarate-dependent halogenase, which acts on fischerindole and hapalindole 
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alkaloids.30 In addition to substrate scope analyses, halogen selectivity has also been 

explored in flavin-dependent halogenases, and the majority were found to catalyze both 

chlorination and bromination reactions. In precursor incorporation studies using high 

bromide salt concentrations in the marine fungal strain M. graminicola, bromination of 

premalbrancheamide (2) led to the production of malbrancheamide C (5) and 

isomalbrancheamide C (6) (Figure 2).19

The ability to selectively halogenate C–H bonds in highly complex molecules through 

synthetic methods has posed a formidable challenge due to the abundance of chemically 

equivalent C–H bonds, and the inability to overcome inherent steric or electronic bias for 

reactivity.31,32 The large number of biologically active natural products that undergo late-

stage functionalization by tailoring enzymes provides a unique opportunity to leverage the 

power of halogenating enzymes to perform difficult chemical transformations. Early efforts 

to modulate the selectivity of these enzymes achieved shifts in site-selectivity and slight 

modifications to substrate scope,33,34 while recent efforts have succeeded in engineering 

FDHs for a broad range of site-selectivities and substrates.35–39 Through this work, we 

sought to identify and characterize the versatile halogenase involved in malbrancheamide 

biosynthesis and demonstrate its potential as a biocatalyst for late-stage halogenation of the 

structurally complex substrate, premalbrancheamide (2).

Results

Isolation of malbrancheamides from M. aurantiaca. From a 1.5 L growth of M. aurantiaca, 

we obtained the following yields of the naturally occurring malbrancheamides: 1.6 mg/L 

premalbrancheamide (2), 2.6 mg/L isomalbrancheamide B (4), 4.4 mg/L malbrancheamide 

B (3), and 5.8 mg/L malbrancheamide (1). These materials enabled subsequent biochemical 

and structural studies of MalA and MalA’.

Biochemical activity of MalA

Purification of MalA by Ni-affinity chromatography and gel filtration provided pure protein 

for in vitro assays, and MalA was found to catalyze the iterative chlorination and 

monobromination of the natural precursor premalbrancheamide (2). In reactions with the 

monochlorinated 3 and 4, MalA was also able to chlorinate and brominate these compounds 

to generate 1, 7, and 8, of which the latter two are novel indole alkaloids. The chlorination 

reaction of MalA was confirmed by co-elution with standards isolated from M. aurantiaca 
(Figure 3). 1H-NMR analysis confirmed the halogenation site on the indole ring and the 

high-resolution mass spectrometry data for all compounds were consistent with the expected 

masses and isotope peak patterns for the halogenated products (SI).

The percent conversions of the halogenation reactions were determined by isolated yields. 

The chlorination of 2 to produce 3, 4, and 1 in a 5 mg in vitro reaction showed 34%, 26%, 

and 24% conversion, respectively. The bromination of 2 in a 4 mg reaction generated 23% 5 
and 18% 6 by isolated yield, but the calculated conversions based on standard curves 

displayed a C9 selectivity with an 8:1 ratio of 5 to 6. The methodology for separation of 

these monohalogenated intermediates by HPLC is well resolved compared to previous 

reports, thus the NMR data for the individual molecules significantly adds to the literature of 

Fraley et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2018 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



these brominated indole alkaloids. MalA was also used as a biocatalyst for the generation of 

two novel malbrancheamide analogs 7 and 8 (Figures 3 and 4). The bromination of 3 in a 2 

mg reaction produced 24% 7 and 15% 1 as a side product. The bromination of 4 in a 2.3 mg 

reaction produced 78% 8. The structural assignments of 7 and 8 were confirmed through 

extensive 1D and 2D NMR analyses. The structures were confirmed using key gHMBCAD 

correlations (Figure 4) where a significant downfield shift was observed for the chlorinated 

carbon as opposed to the brominated carbon. The positions of the halogens on the indole 

ring were confirmed by the two singlet peaks observed in the 1H-NMR aromatic region of 

each spectrum. Moreover, 5 and 6 can also be chlorinated to produce 8 and 7, respectively 

(see Figure 4 in SI).

Kinetic characterization of MalA

Michaelis-Menten kinetic parameters were determined for the natural chlorination reactions 

of MalA. They revealed that the enzyme has similar kcat and Km values for both the initial 

and second chlorination reactions. The kcat from 2 to 3, 2 to 4, 3 to 1, and 4 to 1 were 0.08, 

0.09, 0.12, and 0.12 min−1, respectively, which are comparable values to those of FDH PrnA 

(0.10 min−1).2 The Km values for 2 to 3, 2 to 4, 3 to 1, and 4 to 1 were 7.0, 7.5, 4.4, and 4.0 

μM. The catalytic efficiencies were calculated for each of the four reactions resulting in the 

kcat/Km values of 11.5, 12.0, 27.3, and 29.7 min−1mM−1, respectively (see Table 2 in SI). 

These catalytic efficiencies are fairly high compared to those of the eukaryotic FDH Rdc2 

which are 2.93 min−1mM−1 for the initial chlorination reaction and 0.11 min−1mM−1 for the 

second chlorination reaction.4

Structural characterization of the substrate complexes of MalA’

To further elucidate the unique functionality of MalA/MalA’ reactivity at two sites, the co-

crystal structures of MalA’ in complex with premalbrancheamide (2), malbrancheamide B 

(3), and isomalbrancheamide B (4) were determined. MalA and MalA’ are 99% identical, 

differing at only two amino acid positions (Leu276 and Arg428 in MalA; Pro276 and 

Pro428 in MalA’), and have comparable catalytic activities, but only MalA’ was amenable 

to crystallization. To verify that MalA’ was a viable substitute for MalA, the activities of the 

two were compared, and it was determined that MalA’ was essentially identical to MalA 

under the reaction conditions tested. The structures of the ternary complexes with FAD, 

chloride ion, and each of the three substrates (2, 3, and 4) were determined at 2.36 Å, 2.09 

Å, and 2.04 Å, respectively. MalA’ has a similar overall structure to bacterial FDHs with the 

addition of a few unique motifs including a Zn2+-binding C-terminus and a large active site 

capable of accommodating the structurally complex substrates. The natural substrates 2, 3, 

and 4 have a similar binding mode in the MalA’ active site (Figure 5). Specific interactions 

include a hydrogen bond of the indole nitrogen to Glu494 and a Cl-π interaction of 3 and 4 
with Phe489 (Figures 5 and 8). The roles of amino acids in the active site were analyzed 

through site-directed mutagenesis (Figures 6 and 7), and Lys108 was determined to be 

necessary for catalytic activity.

Trp263 and Trp265 form a characteristic flavin-binding motif proposed to aid in cofactor 

binding (Figure 6). While MalA W265A showed a drastic decrease in activity, MalA 

W263A showed a more modest decrease in product formation (60% production of 4, 50% 

Fraley et al. Page 5

J Am Chem Soc. Author manuscript; available in PMC 2018 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



production of 3, and 5% production of 1) relative to wild-type MalA. A residue key to 

binding the substrate (Phe489) was substituted with histidine to ascertain its significance and 

was found to decrease MalA activity as well. Phe489 is analogous to the phenylalanine 

whose mutagenesis altered the site-selectivity in the FDH PrnA.33

In a preliminary effort to probe the mechanism of MalA, Glu494 was substituted with a 

variety of other residues including alanine, glutamine, and aspartate. While E494A and 

E494Q inactivated MalA, E494D maintained slight activity. Glu494 forms a hydrogen bond 

with the proton of the indole nitrogen, facilitating binding of the substrate. The substitution 

of aspartate at this position shifted the substrate away from the catalytic lysine, thus 

decreasing the activity (Figures 7 and 9).

Initial efforts to probe the mechanism of site-selectivity in MalA included substitution of 

His253 with alanine, phenylalanine, and other amino acids. MalA H253A was selective for 

producing the C9-chlorinated 3, while MalA H253F displayed selectivity for producing the 

C8-chlorinated 4. Co-crystal structures of MalA’ H253A in complex with 2 and 3 revealed 

no evident changes in the protein that would lead to the observed site-selectivity. On the 

other hand, the co-crystal structure of MalA’ H253F in complex with 2 revealed a shift in 

S129, a residue near the indole ring of the substrate (Figure 10). When S129 was substituted 

with alanine, the C8 selectivity of MalA H253F was abolished, leading to the conclusion 

that Ser129 is involved in the selectivity induced by the Phe substitution at position 253 

(Figure 7). Interestingly, the MalA H253A and MalA H253F mutants did not display the 

same site-selectivity profile for the bromination reaction. Instead we observed the same 

product profile as with the wild-type MalA (see Figure 5 in SI)

The structures of MalA’ also revealed a unique zinc site with coordination by four cysteine 

residues (Cys597, Cys600, Cys613, Cys616) near the C-terminus. The Zn2+ ion was 

identified using anomalous scattering experiments with diffraction data recorded at X-ray 

energies bracketing the zinc K-edge (9.6586 keV). Anomalous difference density was 

present only in the map using data from the energy above the edge (see Figure 11 in SI). A 

double mutant MalA C613S/C616S was prepared and the protein was insoluble, thus no 

biochemical activity assays were performed in the absence of Zn2+.

Molecular dynamics simulations and QM models

We conducted molecular dynamics (MD) simulations to gain further insight into the 

structure and activity of the protein, starting from the MalA’ crystal structures in their apo 

and substrate bound forms. In the latter case, the Lys108 chloramine intermediate has been 

considered integral to the mechanism discussed below.

The analysis of the MD trajectories revealed the structural role played by the Zn2+ 

counterion in the protein structure. Residues within the Zn2+ binding region (597–616) 

exhibited a low root-mean-square fluctuation (RMSF) compared to the very flexible adjacent 

region (621–646). These simulations indicate that the flexible region acts as a substrate 

channel lid, having two main open/closed conformations that were explored during the 500 

ns MD simulations in both the apo and substrate-bound states (see Figure 13 and Figure 14 

in SI).
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From the apo state trajectories, the pKa of the Lys108 and Glu494 side chains was estimated 

(see Figure 23 in SI). Glu494 has a relatively high pKa (≈6.0–7.5), while Lys108 has an 

estimated pKa of 7.2–8.3 (see Figure 23 in SI).

The analysis of possible polar interactions between the substrate and the enzyme active site 

showed that, although the backbone carbonyls of Gly131 and Ala132 could potentially 

interact with the substrate amide nitrogen, these interactions are not as important as the 

Glu494 – H(N-indole) hydrogen bond. The latter corresponds to the main and stronger 

interaction between the substrate and protein active site residues, and it is observed with all 

bound substrates (2, 3 and 4) during the entirety of the MD trajectory simulations (see 

Figure 16 in SI). The basicity of Glu494 can thus enhance the hydrogen bonding between 

the carboxyl side chain and the indole ring of the substrate, positioning it to effectively 

interact with the catalytic Lys108 residue.

MD simulations including the proposed active chloramine Cl-Lys108 species showed that 

when substrate 2 is bound into the active site and the channel lid is closed, the Cl atom is 

placed very close to the C8/C9 positions of the substrate, due in part to the positioning of the 

substrate by the Glu494 residue (see Figure 11a). When the lid is in its open conformation, 

the substrate binding is slightly displaced although still H-bonding with Glu494, but then the 

Cl-Lys108 side chain conformation changes to place the Cl atom closer to the FAD cofactor 

(see Figure 15 in SI). This indicates that the protein conformational change between the 

substrate bound open/closed states also controls the positioning of Cl-Lys108 active species, 

which can explore two main conformations to bring the Cl atom from the flavin cofactor to 

the substrate (see Figure 15 in SI). This observation supports that Cl-Lys108 is the actual 

chlorinating species. When Cl-Lys108 is in this catalytically competent pose, the distances 

(Cl-C) and angles (Cl-C-H) measured for both C8 and C9 positions are very similar, 

indicating that Cl-Lys108 is preorganized to chlorinate both positions (see Figure 21 in SI).

MD simulations also revealed a key interaction between Cl-Lys108 and the backbone 

carbonyl of the neighboring Asp109 residue, effectively positioning Cl-Lys108 towards a 

catalytically competent arrangement (Figure 11a). The Cl atom from Lys108 chloramine 

active species can only be placed close to C8/C9 positions when this H-bond is present 

(Figure 17a and 17b in SI). The essential role of Asp109 was further explored by 

mutagenesis experiments, and the D109A mutant has very low activity (Figure 7). MD 

simulations on this particular mutant showed that the Ala109 backbone carbonyl is pointing 

towards a different position than in the original Asp109, thus eliminating a key H-bond 

interaction. This is caused by the different conformation of the amino acid side chain, which 

is pointing outside the protein cavity and exposed to the solvent in Asp109, while in Ala109 

it is displaced (see Figure 20 in SI). Indeed, in our 500 ns simulations for the D109A mutant, 

Cl-Lys108 never explores any conformation in which the Cl atom approaches the C8/C9 

positions to affect chlorination (see Figure 20 in SI).

MD simulations on MalA’ Cl-Lys108 with bound substrate 2 highlighted the arrangement of 

the Ser129 side chain with respect to H-C8 in 2. The distance between Ser129 Og and H-C8 

is particularly short (between 2.5–3.5 Å) when the substrate is in an appropriate orientation 

for the electrophilic aromatic substitution (see Figure 17 in SI). This interaction was not 
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observed along the MD trajectory of MalA’ H253A, but was prominent in the MalA’ H253F 

trajectory (see Figures 18 and 19 in SI). This interaction is quite important since Ser129 is 

one of the few polar residues in a very hy drophobic region of the active site pocket. Along 

the MD trajectories, the solvation shell estimated for the C8 and C9 positions of 2 showed a 

more apolar environment for wild-type MalA’ and MalA’ H253A (i.e. fewer surrounding 

water molecules) than for MalA’ H253F (see Figure 22 in SI).

Based on the experimental evidence and computational modeling of the enzyme active site, 

we propose a mechanism for the MalA halogenase (Figure 11, Scheme 2) involving the 

formation of a Lys108-chloramine intermediate active species, which then interacts with C8 

or C9 to carry out an electrophilic aromatic substitution (EAS), with generation of a 

Wheland intermediate (W) before a final deprotonation step (Figure 11b and Scheme 2). 

This deprotonation can be effected by a water molecule acting as a base, or in the case of C8 

by the well-positioned Ser129. To gain insight on the proposed reaction mechanism, density 

functional theory (DFT) calculations were conducted, using three different computational 

models (see SI Materials and Methods for computational details). The first model considers 

only an indole ring and a protonated methyl chloramine as the active species (1a); the 

second adds a water molecule close to H-C8 or H-C9 positions (1b); and the third model 

includes a methanol molecule near H-C8 position to mimic Ser129 (1c). Our calculations 

show that the intrinsic rate-limiting step of the reaction is the initial chlorination, while the 

deprotonation step occurs slightly faster. A water molecule or methanol interacting with the 

C8/C9 protons accelerates the chlorination steps because hydrogen bonding enhances the 

nucleophilicity of these carbons. The computed reaction barrier for C8-chlorination (TS1a-
C8) was decreased from 6.4 to 5.5 kcal/mol by a coordinating H2O (TS1b-C8), and further 

decreased to 3.5 kcal/mol when MeOH coordinates to the H-C8 (TS1c-C8). On the other 

hand, the computed barrier for C9 chlorination (TS1a-C9) decreased from 7.0 to 5.2 

kcal/mol by a coordinating H2O molecule at H-C9 (TS1b-C9), as shown in Figure 11, and 

to 4.9 kcal/mol when MeOH interacted with H-C8 (TS1c-C9), as shown in Figure 22 in the 

SI. This highlights the role of Ser129 in directing the selectivity towards the formation of the 

C8 chlorinated product.

The Wa-C9 Wheland intermediate is 1.3 kcal/mol more stable than Wa-C8, but they 

become almost isoenergetic when coordinating water molecules are considered (Wb-C8 and 

Wb-C9). An apolar environment favors the formation of the C9 chlorinated product 3. 

Finally, once the Wheland intermediates are formed, re-aromatization by deprotonation 

occurs rapidly. The computed deprotonation barriers for the two positions are 4.1 and 3.5 

kcal/mol for C8 (TS2b-C8) and C9 (TS2b-C9) respectively when a water molecule acts as 

the base, and 0.6 kcal/mol for C8 when MeOH acts as a base (TS2c-C8).

The DFT optimized structures for the reactant complexes and transition states are highly 

similar. The catalytically competent arrangement of Cl-Lys108 near C8 and C9 was found in 

our MD simulations (represented in Figures 11a, 11c). Taking together our QM models, MD 

simulations, and the pre-organization of the Cl-Lys108 versus the substrate previously 

described, we conclude that the proposed reaction mechanism involving a Cl-Lys108 

intermediate is the most plausible for the MalA flavin-dependent halogenase.
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Discussion

These results provide an example of a unique subclass of flavin-dependent halogenases that 

performs iterative late-stage halogenation of complex substrates independent of a carrier 

protein. MalA is encoded in a gene cluster containing an NRPS, but the evidence provided 

herein demonstrates that this protein catalyzes effective late-stage functionalization on free 

substrates. We propose a new mechanism, involving Ser129, for deprotonation of the 

positively charged Wheland intermediate in MalA/MalA’ halogenation (Scheme 2). The 

hydrogen bond between Glu494 and the indole nitrogen is proposed to increase the 

nucleophilicity of the aromatic ring. This facilitates the EAS reaction, producing the 

positively charged intermediate. A water molecule or serine side chain can then deprotonate 

the Wheland intermediate, leading to re-aromatization of the indole ring system.

Two critical residues in the active site significantly contribute to substrate binding, Glu494 

and Phe489. Glu494 hydrogen bonds with the indole nitrogen and Phe489 facilitates a 

favorable hydrophobic interaction with the aromatic ring of the indole. The activity of MalA 

F489H was significantly decreased relative to the wild-type, especially for the second 

chlorination reaction. We hypothesize that the phenylalanine residue in the back of the active 

site aids in substrate binding, and maintains interactions with the monochlorinated products 

to facilitate a second halogenation reaction.

The Michaelis-Menten model kinetics displayed equal rates of monochlorination at both the 

C9 and C8 sites of 2, and equal rates for chlorination of 3 and 4, leading to the conclusion 

that MalA is equally selective for both sites of the indole ring. Interestingly, the catalytic 

efficiency (kcat/Km) values for the second chlorination were twice those observed for the 

first chlorination, thus the initial chlorination is proposed to prime the substrate for the 

second halogenation. This effect can be correlated with the structural data where the chlorine 

atom on the indole substrates interacts favorably with Phe489, potentially facilitating a better 

mode of binding. Additionally, the dichlorinated malbrancheamide (1) did not bind in 

crystals, suggesting a faster dissociation rate for the dichlorinated than either of the 

monochlorinated products, which bound readily in MalA’ crystals.

In efforts elucidate the mechanism of selectivity in MalA, a histidine residue near the 

catalytic lysine was used to probe the active site region. MalA H253A displayed selectivity 

for chlorination at the C9 position of 2, while MalA H253F was selective for the C8 position 

of 2. MD simulations and DFT calculations demonstrated how key interactions between 

polar amino acid side chains (Ser129) or water molecules in the active site with the different 

C–H positions of the indole can control the selectivity of the chlorination reaction. This is 

accomplished by enhancing the nucleophilicity of the carbon atom during the EAS, but also 

by pre-organizing a base to carry out the final deprotonation step. An alanine substitution at 

His253 prevented the interaction of Ser129 and H-C8, leading to an overall apolar active site 

environment, favoring chlorination at C9. On the other hand, the C8 selectivity observed in 

MalA H253F can be explained by a more effective Ser129 interaction with H-C8. When 

investigating these mutants in the the site-selectivity of the bromination reaction, the wild-

type product profile was observed. Compared to HOCl, HOBr is a milder halogenating 

reagent, thus favoring the inherently more reactive C9 site of 2. These findings demonstrate 
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that even small modulations to the active site region can lead to significant changes in the 

site-selectivity of the halogenation reaction.

The designation of MalA into a new class of flavin-dependent halogenases is exemplified 

not only by its reactivity but also by its unique structural motifs: a Zn2+-binding C-terminus 

and an expansive active site, able to accommodate complex substrates. The discovery of this 

Zn2+-binding motif provides a fingerprint for use in mining sequence data for MalA 

homologs in pursuit of biocatalysts for late-stage halogenation (Figure 12). Investigation of 

MalA/MalA’ has provided new insights into the biocatalytic mechanism for iterative late-

stage halogenation of complex substrates. With a starting model that we have shown is 

equally reactive toward C8 and C9 of premalbrancheamide, future efforts will focus on 

rational engineering of MalA to mediate its regioselectivity, substrate scope, and iterative 

function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Malbrancheamide biosynthetic gene clusters in M. aurantiaca and M. graminicola.
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Figure 2. 
Malbrancheamide and related metabolites. M. aurantiaca isolates included 1, 2, 3, and 4, 

while M. graminicola also produced 5 and 6. Compounds 7 and 8 had not been previously 

described from either organism.
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Figure 3. 
HPLC traces (240 nm) for the MalA in vitro reactions (A) chlorination of 2 (ii) compared to 

standards from the fungal extract (i), (B) bromination of 2 (ii) compared to no enzyme 

control (NEC) (i), and (C) bromination of 4 (iii) compared to NEC (i) and bromination of 3 
(iv) compared to NEC (ii).
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Figure 4. 
gHMBCAD and gCOSY NMR correlations for the indole region used to determine the sites 

of halogenation of new malbrancheamide analogs.
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Figure 5. 
MalA’ active site overlay of complexes with substrates 2 (yellow), 3 (pink), and 4 (cyan).
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Figure 6. 
Active site of MalA’, revealing clear separation between the substrate and FAD binding 

pockets.
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Figure 7. 
Percent conversion with mutants versus wild-type MalA in reactions with 2 to produce 4 
(green), 3 (blue), and 1 (red). MalA K108A and E494A/Q were inactive and MalA S82A 

was insoluble, precluding functional analysis.
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Figure 8. 
Interactions between MalA’ Phe489 (orange) and substrates (A) premalbrancheamide (2), 

(B) malbrancheamide B (3), and (C) isomalbrancheamide B (4).
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Figure 9. 
Comparison of wild-type MalA’ (yellow) and MalA’ E494D (cyan) co-crystallized with 2.
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Figure 10. 
Comparison of wild-type MalA’ (yellow) and MalA’ H253F (cyan) co-crystallized with 2.
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Figure 11. 
a) Representative snapshot (at 40 ns) taken from the 500 ns MD simulation of MalA’ and 

substrate 2 bound complex, including the chloramine adduct at Lys108. b) Computed DFT 

reaction pathways for the three models: 1a-indole and methyl chloramine; 1b-indole, methyl 

chloramine and a water molecule coordinating at the C8 or C9 positions, respectively; 1c-

indole, methyl chloramine, and MeOH coordinating to H-C8. c) DFT optimized geometries 

of some representative structures (see SI for additional material). Gibbs energies are given in 

kcal/mol, and distances in Å.
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Figure 12. 
Phylogenetic tree of characterized and uncharacterized (labeled with producing organism) 

FDHs. Putative fungal FDHs with high amino acid identity (>50%) to MalA cluster in the 

blue region and are proposed to contain the Zn2+-binding motif based on sequence 

alignments. The green region contains previously characterized bacterial FDHs (the 

exception is the eukaryotic ChlA) and the yellow region denotes a new subclass of putative 

FDHs from fungi. Phylogenetic tree prepared using Lasergene MegAlignPro 

(DNASTAR).40
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Scheme 1. 
Malbrancheamide biosynthetic pathway in M. aurantiaca and M. graminicola, where 

spiromalbramide is produced only in the latter.
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Scheme 2. 
Proposed mechanism for MalA catalysis.
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