
Directed Evolution of RebH for Site Selective Halogenation of 
Large, Biologically Active Molecules**

Mr. James T. Payne,
Department of Chemistry, University of Chicago, 5735 S. Ellis Ave., Chicago, IL 60637 (USA)

Dr. Catherine B. Poor, and
OPX Biotechnologies, 2425 55th St., Suite 100, Boulder, CO 80301

Prof. Jared C. Lewis
Department of Chemistry, University of Chicago, 5735 S. Ellis Ave., Chicago, IL 60637 (USA)

Jared C. Lewis: jaredlewis@uchicago.edu

Abstract

We recently characterized the substrate scope of wild-type RebH and evolved variants of this 

enzyme with improved stability for biocatalysis. The substrate scopes of both RebH and the 

stabilized variants, however, are limited primarily to compounds similar in size to tryptophan. We 

have now used a substrate walking approach to further evolve RebH variants with expanded 

substrate scope. Two particularly notable variants were identified: 3-SS, which provides high 

conversion of tricyclic tryptoline derivatives; and 4-V, which accepts a broad range of large 

indoles and carbazoles. This constitutes the first reported use of directed evolution to enable 

functionalization of substrates not accepted by wild-type RebH and demonstrates the utility of 

RebH variants for site-selective halogenation of biologically active compounds.
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Halogenated aromatic compounds are essential building blocks in chemical synthesis[1] and 

are commonly found in pharmaceuticals[2] and agrochemicals;[3] an estimated one quarter of 

all such compounds are halogenated.[4] This is in part because halogenation can significantly 

impact molecular pharmacology, which is highlighted by the effects of chlorination or 

bromination on a diverse range of drugs spanning antibiotics,[5] anticancer agents,[6] and 

psychoactive compounds[7]. It has also been demonstrated that the presence of a halogen 

substituent can greatly alter drug metabolism. In one study of the microsomal clearance of 

over 220,000 compounds, chlorination was found to predictably increase or decrease the 

metabolic half-life of a drug, depending on the location of the substitution.[8]
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Despite the importance of halogen substituents, conventional arene halogenation methods, 

such as those proceeding via electrophilic aromatic substitution (EAS), often suffer from 

poor regioselectivity and require harsh reaction conditions.[9] It is therefore notable that 

flavin-dependent halogenase (FDH) catalyzed arene halogenation, proposed to proceed via 

EAS,[10] provides high regioselectivity using air and halide salts as the terminal oxidant and 

halogen source, respectively. We recently reported that the tryptophan 7-halogenase RebH, a 

FDH from the rebeccamycin biosynthetic pathway,[11] can halogenate a range of indoles and 

naphthalenes on a preparative scale.[12] In contrast to previous reports for another FDH, 

PrnA,[13] RebH was found to halogenate many of these substrates at sites other than those 

most electronically activated, providing regioselectivity that would not be obtained from 

conventional EAS. The unnatural substrates halogenated by RebH in both our[12] and 

others’[14] work were, however, comparable in size to the native substrate, tryptophan (1, 

Scheme 1), and increasing structural differences led to lower turnover numbers and less 

favorable kinetic parameters.[12] Given a recent report in which cross-linked RebH 

aggregates were used for gram scale halogenation,[15] the narrow substrate scope and low 

activity of RebH on unnatural substrates stand as key limitations to its general utility for 

preparative halogenation.

Several groups have used RebH and other FDHs in metabolic engineering efforts that 

involve typtophan halogenation and conversion of halogenated tryptophan into halogenated 

natural product derivatives.[16] A point mutant of RebH has been reported to preferentially 

halogenate tryptamine over tryptophan, and direct halogenation of this smaller alkaloid 

precursor has aided the aforementioned metabolic engineering efforts.[17] On the other hand, 

no examples in which FDHs are used for late stage halogenation of complex, biologically 

active compounds on a preparative scale have been reported, presumably due to substrate 

scope limitations. We recently used directed evolution to engineer thermostable RebH 

variants that provide increased conversion of several unnatural substrates.[18] Using 

techniques developed for this effort, and starting from one of the stable variants identified, 

we sought to evolve the substrate scope of RebH via substrate walking (Scheme 1). This 

approach involves improving enzyme activity on a known substrate with structural 

homology to a target substrate, identifying variants that fortuitously possess activity on the 

target substrate, and repeating this process to gradually evolve the substrate scope of the 

enzyme.[19]

We found that RebH variant 1-PVM from our thermostability lineage provided increased 

conversion of numerous substrates, including tryptamine and tryptoline (2, Scheme 1, Table 

1). Initially, we intended to further improve 1-PVM activity on 2, as we hoped that variants 

with improved activity on this tricyclic molecule would also have activity on larger 

tryptophan-based natural products. Both RebH and 1-PVM, however, provided insufficient 

conversion of 2 for reliable UPLC analysis under the conditions used for high throughput 

screening (crude lysate in 96 well plates). Because 1-PVM is both more stable and has 

nearly twofold higher activity on 2 than RebH (Table 1), it was used as the parent for our 

first round of evolution. We hoped that improving 1-PVM activity on 1, which was similar 

to that of RebH and could be detected by UPLC, would provide variants with sufficient 

activity on 2 to enable further evolution using this substrate.
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A library of 1-PVM variants, each containing an average of 1–2 amino acid mutations, was 

generated by error-prone PCR,[18] and 1080 colonies were picked and expressed in 96 well 

plates. Halogenation of 1 was assayed using UPLC, and any variants that provided increased 

conversion relative to 1-PVM included in each plate were submitted to a secondary screen 

for increased conversion of 2. All hits were verified by gene sequencing and large scale 

reactions conducted using purified enzyme. From this library, one variant possessing a 

single N467T mutation (and therefore called 2-T) gave a modest 1.2-fold increase in 

conversion of 1, and, when submitted to the secondary screen, showed a 1.3-fold increase in 

conversion of 2. Although also modest, this improvement elevated the conversion of 2 to 

nearly 10% under the conditions used for screening. We found that at this level of 

conversion, we could reliably detect 1.5-fold increases in conversion of 2, and thus decided 

to screen directly on 2 for our next round of mutagenesis.

The second round library was constructed as described above but using 2-T as a parent, and 

1080 variants were again picked and expressed. Reactions were conducted using 2 as the 

substrate, and any variants that showed 1.5-fold or higher activity in lysate were grown and 

purified to confirm their activity. Several mutations giving activity above this threshold were 

found, and one of these, N470S, led to nearly 7-fold higher conversion of 2. This mutation 

and a second mutation identified in this round of screening, G112S, were combined to give 

variant 3-SS, which provided 9-fold higher conversion of 2 relative to 2-T.

Preparative chlorination of 2 using 1 mol% 3-SS afforded 93% conversion to 6-

chlorotryptoline (Table 2). This represents a significant improvement over our previously 

reported chlorination of 2 using 10 mol% RebH, which gave a nearly 1:1 mixture of 6- and 

7-chlorotryptoline at only 58% conversion[12]; only trace 7-chlorination was observed using 

3-SS. Many of the mutations found in 3-SS are in the enzyme active site (N467T, N470S, 

and G112S; see Fig. S2) and could impact the binding of 2 and thus the halogenation 

selectivity on this substrate.[21] Steady-state kinetic analysis of these variants was conducted 

to probe the effects of these mutations on kinetic parameters (Table 3). We found that the 

catalytic efficiency scaled accordingly with the increased conversion observed for 

successive variants. While this effect appears to have been solely due to increased kcat for 

variants 1-PVM and 2-T, the final variant, 3-SS, possesses greatly increased kcat and greatly 

decreased Km, resulting in a catalytic efficiency nearly 70-fold greater than WT.

We further explored the substrate scope of 3-SS by examining its activity on a range of 

additional substrates. We found that 3-SS is particularly effective for halogenating tricyclic 

indoles similar to 2 (Table 2). Eleagnine (5), an alkaloid from Chrysophyllum albidum with 

potent analgesic effects,[22] has the structure of 2 with an additional methyl group at the 1-

position. We found this added steric bulk distal from the indole moiety interesting, as we 

aimed to further expand the substrate scope of RebH to encompass compounds significantly 

larger in the area of this methyl group. Although RebH shows very low conversion of 5, 3-

SS has high activity on this compound – over 60-fold higher than that observed with wild-

type RebH (Table 4). With only 1 mol% enzyme loading of 3-SS, 89% conversion of 5 was 

seen on the 10 mg scale. We found that 3-SS also gave good conversion of two tryptoline 

derivatives with substituents on the benzene ring of the indole moiety: pinoline (6), or 6-

methoxytryptoline, a metabolite with monoamine oxidase A inhibition activity,[23] which 
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was chlorinated solely at the 7-position; and tetrahydroharmine (7), or 7-methoxyeleagnine, 

an alkaloid from Banisteriopsis caapi with antiviral and antifungal activity,[24] which was 

chlorinated solely at the 6-position. These two substrates show that these RebH variants are 

able to tolerate substituents at multiple positions on the indole moiety, which occur 

frequently in biologically active natural products.

The goal of our substrate walking effort was to expand the substrate scope of RebH to 

include biologically active compounds that are significantly larger than L-tryptophan or the 

tryptoline derivatives described above. One substrate in particular caught our interest, 

deformylflustrabromine (dFBr), a tryptamine metabolite first isolated from Flustra foliacea. 

dFBr is a potent inhibitor of bacterial biofilm formation, but only when it possesses the 6-

bromo substituent on its indole moiety; no detectable biofilm inhibition is observed when 

this substituent is not present.[5] To the best of our knowledge, however, the biological 

activities of the 4-, 5-, and 7-bromo isomers and the chlorinated analogues have not been 

reported. The preparation of these compounds for their subsequent biological evaluation 

seemed like a prime target for RebH variants given the substrate scope outlined above. We 

synthesized 3,[25] the non-halogenated indole analogue of dFBr, and while RebH has no 

quantifiable activity on this compound, 3-SS did provide low conversion. Notably, we found 

that variant 3-S, which lacks the G112S mutation but still possesses N470S, gave 5-fold 

higher conversion of 3 than did 3-SS.

As the conversion of 3 afforded by 3-S was sufficient to observe low activity in crude lysate 

in 96 well plates, we screened for improved activity on 3 for our third round of evolution 

just as was done on 2 for our second round. After verifying the hits with purified enzyme, 

one variant was found with nearly 1.7-fold increased activity on 3. This variant, 4-V, 

possesses a single A442V mutation that is quite distant from the active site of the enzyme. It 

is well established that mutations distant from enzyme active sites can have profound effects 

on their activity,[26] and such mutations are especially difficult to find with structure-guided 

mutagenesis. We used 4-V for preparative chlorination of 3, and found that this enzyme 

provided exclusively 6-chlorination, providing a facile synthesis of the 6-chloro analogue of 

dFBr. The high activity of 4-V on 3, despite the bulk of the inverse prenyl group, 

encouraged us to explore the substrate scope of this variant. We first looked at two 

pentacyclic compounds with well studied biological activities: yohimbine (4), an alkaloid 

from Catharansus roseus that is also an α2 adrenergic receptor antagonist;[27] and 

evodiamine (8), an alkaloid from the Tetradium family of plants.[28] Both of these 

compounds are significantly larger than any others we had assayed to this point – 4 has over 

twice the molecular weight of 2 – but to our surprise, both showed significant conversion 

with 4-V (Table 2). While 4-V produces two distinct monochlorinated derivatives of 8, as 

well as one dichlorinated derivative, only monochlorinated products were observed with 4, 

and at a sufficient level of conversion for a preparative scale halogenation. After performing 

the preparative scale reaction, we observed that 4 is chlorinated to 56% conversion in a 

roughly 3:1 ratio at the 10- and 11-positions, respectively.

Given that we had demonstrated that RebH variants could accept greatly expanded bulk 

distal to the indole moiety of these unnatural substrates, as well as substitution at the 5- and 

6-positions on the indole moiety, we decided to explore the impact of large substitutions at 

Payne et al. Page 4

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2016 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the 4-position of the indole ring. Pindolol (9), a nonselective beta blocker,[29] possesses a 

sizeable substituent with alcohol and amine functionalities via an ether linkage at the indole 

4-position. We found that 4-V was able to fully convert this compound to the 7-chlorinated 

product, even at lower (<1%) enzyme loadings. A similar compound, carazolol (10),[30] 

possesses a carbazole rather than an indole moiety, and we found that this compound was 

selectively halogenated at the analogous position. This was the first time we had observed 

selective conversion of a carbazole in high yield by any RebH variant, and encouraged by 

this result we decided to test carvedilol (11), another carbazole with an even bulkier 

substituent at the 5-position (analogous to the indole 4-position) that is a nonselective beta 

blocker/alpha-1 blocker.[31] Carvedilol has a molecular weight of over 400 g/mole, twice the 

size of the native tryptophan and even larger than 4. Despite this added steric bulk, we found 

that 4-V was able to again give full conversion of 11 at only 2% enzyme loading, with 

exquisite selectivity to only a single chlorinated product. The confined nature of the RebH 

active site in crystal structures containing bound tryptophan substrate[32] makes rationalizing 

binding of the larger substrates explored in this work difficult, but it may be that some of 

these, particularly 11, are not fully contained in the active site.

In summary, beginning from a thermostablized variant of RebH, 1-PVM, RebH variants 

with significantly expanded substrate scope were identified using only three rounds of 

random mutagenesis and screening on progressively larger substrates. These variants 

catalyzed selective halogenation of several unnatural substrates displaying a range of sizes, 

substitutions, and biological activities. Given the established impact that halogenation has on 

the biological activities of compounds and the dearth of methods to perform selective 

halogenations such as those we have described, we believe that these variants could prove 

useful for producing high-value derivatives of biologically active compounds. While the 

mutations discovered offer great insight for future targeted libraries[33] the discovery of 

crucial mutations distant from the active site, such as A442V in variant 4-V, highlight the 

value of random mutagenesis in discovering important yet difficult to predict mutations[26]. 

We hope to gain insight into the role of this mutation and the others identified during our 

evolution efforts using protein crystallography with bound substrates, which we are 

currently exploring.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
General scheme for RebH catalyzed halogenation and substrates used for directed evolution 

via substrate walking.
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Scheme 2. 
General scheme for RebH variant-catalyzed arene halogenations. [a] Cofactor regen system 

consisted of 0.5 mol % MBP-RebF and 50 U mL−1 glucose dehydrogenase.
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Table 2

Yields for 10 mg RebH variant-catalyzed halogenation reactions[a]

[a]
Substrate numbers, mol% enzyme loadings, isolated yields, and (UPLC conversions) are provided.

[b]
In addition to the major product of 10-chlorination shown, 11-chlorination was also observed to afford a minor product.

[c]
Multiple closely eluting products were observed which were not individually isolated, so only total UPLC conversion is shown.
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Table 3

Kinetic data for chlorination of tryptoline (2) by RebH variants.

Variant Mol % kcat [min−1] Km [μM] kcat/Km [min−1 μM−1]

RebH 5 0.013 144 9.05 × 10−5

1-PVM 5 0.040 215 1.86 × 10−4

2-T 3 0.056 236 2.37 × 10−4

3-SS 0.5 0.537 8.6 6.24 × 10−3
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Table 4

Ratio of improvement of variant vs. RebH for each substrate in Table 2.

Substrate Variant Mol % Activity Ratio[a]

Tryptoline (2) 3-SS 0.5 65.5

Eleagnine (5) 3-SS 0.5 67.1

Pinoline (6) 3-SS 0.5 2.0

Tetrahydroharmine (7) 3-SS 5 17.6

Desbromo-dFBr (3) 4-V 5 N/A[b]

Yohimbine (4) 4-V 5 38.0

Evodiamine (8) 4-V 5 16.5

Pindolol (9) 4-V 0.2 1.3

Carazolol (10) 4-V 0.2 4.9

Carvedilol (11) 4-V 0.5 8.2

[a]
Activity ratio is ratio of conversion seen with variant tested vs WT. Reaction conditions were those shown in Scheme 2.

[b]
WT showed no quantifiable activity, and thus a ratio cannot be determined.
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