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Biocatalytic reactions employing C–H functionalization are 
beneficial for regioselective synthesis of functionalized com-
pounds. Flavin-dependent halogenases (FDHs) have received 

great attention for functionalizing C–H bonds as they can install 
halides such as chloride, bromide and iodide into a diverse array of 
organic compounds in a highly selective manner1,2. The regioselec-
tive halogenated compounds prepared by FDHs have been demon-
strated for coupling with the Suzuki–Miyaura coupling reaction to 
generate functional groups such as C–C, C–N and C–O bonds3–5. 
Given the prevalence of aromatic substrates in nature, selective 
halogenation of aromatic scaffolds by FDHs has emerged as an 
attractive approach for versatile compound preparation6,7.

Despite numerous reports on development of FDHs, their effi-
ciency (kcat or kcat/Km) is low and the substrate scopes of the native 
enzymes are generally limited6,7. Considerable expansion of FDH 
substrate scope has been achieved by directed evolution7,8. However, 
the catalytic activities of these engineered FDHs towards these 
extended substrates remain low9,10. Enhancement of thermostabil-
ity by random mutagenesis has also been accomplished8, however, 
most attempts have resulted in catalytic deterioration, including sig-
nificant decreases11 in kcat/Km and instability due to inactivation12. It 
is not always feasible to obtain enzymes with all the desired proper-
ties using random approaches or targeted engineering of particular 
active site residues. Candidates obtained may have other properties 
such as modified substrate entrance channels and altered enzyme 
dynamics13, unavoidably affecting catalytic efficiency. To the best 
of our knowledge, no FDHs have been engineered to directly 
address the low kcat/Km nor have inclusive improvements of catalytic  

efficiency and other properties been achieved without perturbating 
the catalytic functions in each active site7,8,14.

We previously investigated the mechanisms causing inefficiency 
of FDHs using a tryptophan 6-halogenase (Thal) from Streptomyces 
albogriseolus as a model enzyme. We found that it has a low cou-
pling ratio (product produced per substrate consumed) (~30%) due 
to leakage of a halogenating intermediate (hypohalous acid or HOX) 
from the active sites (Fig. 1a)15. Leakage was also later reported for 
tryptophan 7-halogenase (RebH)16. We therefore speculated that 
HOX leakage is one of the major causes for the low catalytic effi-
ciency of FDH in general.

Herein we addressed the issue of improving FDH catalytic effi-
ciency by using a mechanistic understanding to target hotspot loca-
tions for enzyme engineering. As FDHs contain two active sites 
where one accommodates the flavin reaction to form HOX and 
the other facilitates HOX halogenation of substrates (Fig. 1), we 
thus engineered residues constituting a channel connecting these 
two sites and obtained Thal-V82I as the best variant with reduced 
HOX leakage and multiple catalytic improvements. Transient kinet-
ics and molecular dynamics simulations were employed to deepen 
our understanding of the mutational effects (Fig. 1d). The results 
revealed that the improvements exemplified by Thal-V82I resulted 
from changes in the hydrophobic interactions in the tunnel which 
regulates tunnel dynamics and causes water network rearrangement.

Results
Tunnel analysis and design of libraries. Tunnels are important 
for regulation of substrates as well as the access of small molecules 
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to enzyme active sites17. Although it is generally known that FDHs 
contain two active sites that are 10 Å apart in distance18,19, a con-
necting tunnel that serves as the path for HOX diffusion has never 
been clearly identified. We used the software CAVER Web20 to anal-
yse possible tunnels connecting the flavin- and tryptophan-binding 
sites, on the basis of the reduced flavin (FADH−)-bound Thal struc-
ture (PDB ID: 7CU2)15. In the software, catalytic K79 was selected 
as a mandatory site as it is directly involved in the incorporation of 
halide into tryptophan (Trp)18,21. The tunnel analysis identified six 
tunnels spanning between the catalytic N-atom of the K79 side chain 
and Trp-binding region as common points, but they lead to differ-
ent protein surfaces (Supplementary Fig. 1a). Among the generated 
tunnels, a tunnel passing from a buried flavin-bound region to the 
surface of the Trp-binding site (marked in green in Supplementary 
Fig. 1b) seems to be the most relevant candidate for HOX diffusion 
and overall catalysis in Thal (Fig. 2a). This tunnel matched the same 
path previously speculated for other FDHs18,19,22. We further analysed 
the tunnel in more detail by identifying all residues lining the tun-
nel and displaying water molecules nearby (Fig. 2b). We identified  

a water chain at the tunnel interior, which is possibly involved in the 
movement of substrates and the HOX.

Next we investigated tunnel bottlenecks to identify target resi-
dues for mutagenesis, as narrow regions of a tunnel are generally 
important for controlling ligand movement23. Analysis of tunnel 
radii revealed three main bottlenecks (Supplementary Fig. 1d), 
which can be named according to their locations as FADH−, HOX 
and Trp gates (Fig. 2c–e). The first gate is formed by E49, W285 and 
an isoalloxazine ring of FADH−. The arrangement of this gate has 
been proposed to be a structural feature blocking the binding of Trp 
near the flavin to prevent Trp monooxygenation18. The first bottle-
neck is connected to the second one via a conserved WXWXIP 
motif and hydrophobic residues including P356 and L357. At this 
connecting region, the position of P356—which is vicinal to the 
isoalloxazine ring (Fig. 2b)—is similar to the conserved proline 
found in other enzymes in the class A flavin-dependent mono-
oxygenase superfamily24 and thus should be important for a flavin 
reaction. The second bottleneck is formed by K79, V82, E358 and 
S359. This region is defined as the HOX gate because E358 and K79 
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Fig. 1 | Mechanism-guided engineering approach to increase efficiency of a FDH. a, Mechanistic investigations of Thal reveal a bottleneck of the reaction. 
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have been shown to be crucial for FDH reaction, possibly by inter-
acting with HOX to fine tune X atom incorporation into aromatic 
substrates15,18,25. The third bottleneck consists of mostly aromatic 
amino acids such as V52, H110, F112 and W466. To investigate 
HOX transport, we utilized a docking module on the CAVER Web 
to place the HOBr ligand along the tunnel. The ligand transport 
analysis provided high energy barriers near the HOX and Trp gates 
(Supplementary Fig. 1e). Further analysis of the HOX transport 
tunnel in multiple structure snapshots obtained from molecular 
dynamics simulations for 200 ns suggested that although the pro-
tein dynamics can affect tunnel geometry, the same HOX gate is 
still a major tunnel bottleneck (Supplementary Fig. 2). Altogether, 
these results indicate that the HOX gate probably controls the 
transfer of HOX to Trp in enzyme catalysis.

To rationally select positions for engineering to improve Thal 
catalysis, we scoped down residues situated at the HOX and Trp 
gates as strategic positions. We expected that engineering these 
regions could facilitate HOX binding and transfer to Trp, and prob-
ably control the flexibility of the tunnel connecting the two active 
sites. K79 and E358 were kept untouched because of their impor-
tant catalytic functions for FDH activities6. S359 should be mutable 

because the corresponding S347A in PrnA19 and S359G in Thal12 
have been shown to preserve halogenation activities. The aromatic 
residues (H110, F112, W466) are highly conserved among FDHs 
acting on tryptophan (Trp-FDHs) for their interactions with the 
indole ring of tryptophan, whereas V52 and V82 are less conserved 
than other residues in the vicinity26,27. Consequently, we identified 
three residues including S359, V52 and V82 as key mutagenesis 
candidates (Fig. 2f). We hypothesized that changing these residues 
individually using a site-saturation approach should create minimal 
perturbation of tunnel dynamics that may help to prevent HOX 
leakage while maintaining Thal's inherent catalytic properties.

Library screening results and verification of hits. Based on the 
tunnel analysis results, site-saturation mutagenesis (SSM) libraries 
of V52, S359 and V82 were constructed to investigate the effects of 
tunnel engineering on Thal activity. Each library was screened for at 
least 180 clones of variants plus wildtype (WT) colonies for compari-
son. Formation of bromotryptophan under initial rate (steady-state) 
conditions were analysed by liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) for selecting Thal variants with high 
activity and stability. For the V52 library, results showed no clones 
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with activities higher than the Thal-WT (Supplementary Fig. 3). For 
the S359 library, two variants (Thal-S359G and Thal-S359A) with 
activities approximately threefold higher than the Thal-WT were 
identified (Supplementary Fig. 4). However, purified enzymes of 
these variants did not show any greater activity than the wildtype 
(Supplementary Fig. 5). Minges et al. previously reported a signifi-
cant thermostability increase in the S359G variant of Thal12. This 
suggests that the high activity observed in Thal-S359G probably 
resulted from the enhanced enzyme stability. For the V82 library, 
SSM of this residue resulted in identification of the Thal-V82I vari-
ant, which showed as much as twelvefold enhancement in activity 
compared with Thal-WT (Supplementary Fig. 6). Thal-V82I was 
purified and verified to indeed have higher activity than Thal-WT 
(Supplementary Fig. 7). We also mutated the V82 position to ala-
nine and leucine to carefully examine effects of all aliphatic substi-
tutions and make sure that our screening process did not miss any 
other improved enzymes. Results showed that Thal-V82L had sig-
nificant loss of activity, whereas Thal-V82A was completely inactive 
(Supplementary Fig. 8), confirming that Thal-V82I with isoleucine 
at this position gives the best halogenation activity.

The best variants from each library were further examined for 
thermal stability by determining residual activity on incubation at 
various temperatures ranging from 30 to 55 °C for 30 mins. Results 
showed that most variants lost activities at 45 °C, whereas only 
Thal-V82I still retained 100% of its activity (Supplementary Fig. 9). 
Upon incubation at 55 °C, Thal-V82I was the most active variant 
with 80% of its activity retained, whereas Thal-S359G and Thal-WT 
retained 52% and 46% of their activities, respectively. These results 
indicate that Thal-V82I is the most thermostable variant, followed 
by Thal-S359G. The especially high activity of Thal-V82I found 
during the screening process was partly due to the fact that a large 
part of the enzyme remained active. Results of library screening and 
characterization of improved variants are summarized in Fig. 2g. 

We suspected that there could be various improvements in catalytic 
properties of Thal-V82I in addition to its thermostability. We there-
fore further characterized the catalytic and mechanistic properties 
of Thal-V82I, including HOX leakage, thermostability, steady-state 
turnovers, transient kinetics and molecular dynamics simulations.

Reduced leakage of hypohalous acid in Thal-V82I. We first 
explored whether Thal-V82I exhibited increased activity due 
to less HOX leakage by detecting the HOBr released from Thal. 
d-Luciferin (Luc)—an electron-rich and non-substrate com-
pound of Thal, which can be brominated by free HOBr15—was 
used in the assay (Fig. 3a). The brominated luciferin (Br-Luc) that 
resulted from incubation of the supernatant from the reactions of 
Thal-WT and Thal-V82I was analysed (Supplementary Fig. 10). 
Results showed that Thal-V82I indeed generated less Br-Luc than 
Thal-WT, around a 52% reduction compared with the wildtype 
(Fig. 3a). We further investigated plausible effects of the released 
HOBr on enzyme stability (Supplementary Fig. 11). The results 
clearly show that free HOBr generated by Thal-WT causes enzyme 
denaturation after 3 h, whereas Thal-V82I, which generates less 
free HOBr, remained stable.

To gain mechanistic insights into how Thal-V82I can reduce 
HOBr leakage, we employed molecular dynamics simulations to 
monitor HOBr diffusion for 1,000 ns in the systems having HOBr 
bound at the HOX gate (see Supplementary Methods). The dis-
tance between OHOBr and Cδ-E358 was used to indicate the movement 
of HOBr away from active sites (HOBr leakage) as E358 interacts 
closely with HOBr. The results clearly showed a large increase in 
distance between OHOBr and Cδ-E358 in Thal-WT at 19–20 ns, whereas 
that of Thal-V82I remained constant until 100 ns (Fig. 4a and 
Supplementary Fig. 12). Molecular dynamics snapshots at 19.4 ns 
clearly showed different configurations of HOBr binding in both 
enzymes, verifying that HOBr leakage has occurred in Thal-WT 

0

1 × 105

2 × 105

3 × 105

pH

B
r-

T
rp

 p
ea

k 
ar

ea
 (

M
S

)

Thal-WT
Thal-V82I

Time (min)

PyrH

PrnA

Thal-V82I

Thal-WT

30 40 50 60 70

Temp (°C)

Thal-V82IThal-WT

–100

–50

0

50

0

10

20

30

40

–d
(R

F
U

)/
d

T

0

0 60 120 180 240 8.5 9.0 9.5 5.5 6.0 6.5 7.0 7.5 8.0

50

100

150

Time (min)

B
r-

T
rp

 p
ea

k 
ar

ea
 (

28
0 

nm
) Thal-WT

Thal-V82I

a b

c eC7 C6d

0

2 × 104

4 × 104

6 × 104

B
r-

Lu
c 

pe
ak

 a
re

a 
(M

S
)

Thal-V82IThal-WT

C5

N
H

N

HN

N

R

O

O
O

OH

Br

HOBr

HOBr

Luc

Br Luc

Fig. 3 | enzymatic properties of thal-V82i compared with thal-Wt. a, Measurement of HOBr leakage from active sites. Detection of free HOBr was 
conducted using a method previously described in ref. 15. The data represent mean ± s.d., as determined from three independent experiments. b, Tm 
analysed by thermofluor assays. Derivatives of fluorescence changes were used to analyse the Tm values. RFU, relative fluorescence units. c, Time-course 
activities at 45 °C. Each data point was from three independent experiments. d, LC chromatograms of Br-Trp products obtained from reaction mixtures of 
Thal-WT, Thal-V82I, PrnA and PyrH monitored at 280 nm; 7-, 5- and 6-Br-Trps were detected at retention times of 8.81, 8.95 and 9.11 min, respectively.  
e, pH profiles of Thal-WT and Thal-V82I. The data represent the mean ± s.d., as determined from n = 3 independent experiments.

NAtuRe CAtALySiS | VOL 5 | JUNE 2022 | 534–544 | www.nature.com/natcatal 537

http://www.nature.com/natcatal


Articles NATure CATAlySIS

before Thal-V82I (Fig. 4b). We further analysed the cause of HOBr 
leakage by analysing water networks in tunnels involved with the 
flow of small molecules (Supplementary Fig. 13a). Results showed 
that the Thal-WT tunnel was fully occupied by water molecules, 
whereas the Thal-V82I tunnel was less occupied (Fig. 4c,d). 
Molecular dynamics analysis of the relevant tunnels for HOBr leak-
age in both enzymes revealed that the tunnel of Thal-V82I was less 
open than that of Thal-WT during the initial 100 ns (Supplementary 
Fig. 13d). We speculate that the hydrophobic interactions between 
I82 and its surrounding residues are a major regulator of the tunnel 
dynamics (Fig. 4e,f). The narrower tunnel in Thal-V82I probably 
limits diffusion of small molecules, enabling it to accommodate 
HOBr better than Thal-WT.

Increase in thermal stability of Thal-V82I. As Thal-V82I dis-
played significant improvement in thermostability, we character-
ized its protein melting temperatures (Tm) and compared them with 
those of Thal-WT using thermofluor assays. Results showed that 
the variant exhibited a Tm of 60 °C, which is 12 °C higher than that 
of Thal-WT (Fig. 3b). We examined Thal-V82l's activity compared 
with Thal-WT at 45 °C to assess its stability during catalysis. The 
results showed that Thal-V82I was continuously active over 4 h, 
whereas Thal-WT ceased to form more product after 1 h (Fig. 3c). 
At the final time point, the amount of Br-Trp formed by Thal-V82I 
was approximately fourfold greater than that of Thal-WT. As 
Thal-S359G showed greater thermostability than Thal-WT, we also 
constructed a double mutant of Thal-S359G/V82I and measured its 
thermostability; however, the double mutant was less thermosta-
ble than Thal-V82I (Supplementary Fig. 14). Altogether, the V82I 
mutation was identified as the variant that tolerates elevated tem-
peratures such as 45 °C.

Molecular dynamics simulations were applied to structures of 
Thal-WT and Thal-V82I at various temperatures to investigate  

the cause of thermostability improvement for Thal-V82I. Distances 
between the residue pairs were examined to compare the con-
formational stability of these enzymes. Results showed that the 
distances between three residue pairs including (V/I)82-F403, 
(V/I)82-L357 and (V/I)82-E358 fluctuated on temperature increase 
(Supplementary Fig. 15). Thal-WT in particular showed large 
increases in the distances between these three pairs at lower temper-
ature compared with Thal-V82I, indicating that Thal-WT is more 
flexible and thus less thermostable than Thal-V82I. Orientations of 
the three residue pairs obtained from molecular dynamics simu-
lations at 400 K for 4 ns are depicted in Supplementary Fig. 16 for 
both enzymes. These results suggest that the significant improve-
ment in thermostability of Thal-V82I is probably due to stronger 
interactions between I82 with L357, F403 and E358 via hydrophobic 
hydrocarbon interactions.

Steady-state kinetics analysis. To evaluate the capabilities of 
the Thal-V82I variant in multiple turnover reactions, we car-
ried out steady-state kinetics analysis of tryptophan bromination. 
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Table 1 | Kinetic constants of tryptophan bromination of 
thal-Wt and thermostable thal-V82i

enzymes temperature 
(°C)

kcat 
(min−1)

Km (µM) kcat/Km  
(min−1 µM−1)

Thal-WT 25 2.7 ± 0.1 76.0 ± 4.7 0.04 ± 0.002

Thal-V82I 25 2.8 ± 0.1 21.4 ± 1.6 0.13 ± 0.004

Thal-V82I 45 7.6 ± 0.4 43.7 ± 4.3 0.17 ± 0.007

The data represent the mean ± s.d., as determined from n = 3 independent experiments. See the 
Supplementary Methods for details on experiments.

NAtuRe CAtALySiS | VOL 5 | JUNE 2022 | 534–544 | www.nature.com/natcatal538

http://www.nature.com/natcatal


ArticlesNATure CATAlySIS

Michaelis–Menten plots of Thal-WT and Thal-V82I are presented 
in Supplementary Fig. 17. At 25 °C, although Thal-V82I displayed 
a turnover number (kcat) similar to that of Thal-WT, its Km value 
was significantly lower (Table 1); kcat/Km of Thal-V82I was thus 
~3.3-fold greater than the wildtype. Relevant to implementation in 
biocatalysis, Thal-V82I is stable enough to undergo turnover reac-
tions at elevated temperatures such as 45 °C, whereas the activity 
of Thal-WT could not be measured at this temperature as it would 
be denatured. At 45 °C, the results in Table 1 show that the vari-
ant displayed an approximately 2.7-fold increase in kcat compared 

with the values obtained from reactions at 25 °C, yielding a kcat/Km 
of 0.17 ± 0.007 min−1 µM−1. It should be noted that the kcat value of 
7.6 min−1 at 45 °C for Thal-V82I reported here is higher than those 
reported for Trp-FDHs towards a tryptophan substrate28,29; for 
example, BorH was reported to have a kcat for chlorination of Trp of 
4.42 min−1 at 45 °C (ref. 29).

Regiospecificity and pH tolerance. To ensure that Thal-V82I, like 
Thal-WT, still retains regiospecificity, we compared its brominated 
product with that of Thal-WT and other tryptophan halogenases 
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such as PrnA (C7 halogenation)18 and PyrH (C5 halogenation)30. 
Results demonstrated that the product of Thal-V82I has the same 
retention time as 6-bromotryptophan produced from Thal-WT 
without forming other regioisomeric products (Fig. 3d), indicating 
that the V82I mutation does not alter the regioselectivity.

As the efficiency of most Trp-FDHs are limited to neutral pH30–32, 
we thus investigated activities of Thal-V82I at various pHs in com-
parison with Thal-WT. Results showed that Thal-V82I has a much 
broader working pH range than of Thal-WT (Fig. 3e). Thal-V82I 
showed good activities throughout pH 6.5–8.0, whereas Thal-WT 
is pH-sensitive and yielded good activity only at pH 6.5–7.0. For 
example, the activity of Thal-V82I at pH 7.5 was 2.7-fold higher 
than Thal-WT (Supplementary Fig. 18). The wide pH tolerance of 
Thal-V82I is thus advantageous for broader applications of Thal. 
These results exemplify a success of FDH engineering8,14,33 in which 
the engineered enzyme improved stability in both aspects of ther-
mal and pH stability.

Kinetics of flavin reactions. Although mechanistic insights into 
FDH catalysis are best investigated by transient kinetics34 (as is also 
true for many flavin-dependent enzymes), only two investigations 
reported detailed kinetics for the formation of flavin intermediates 
in the wildtype enzymes of RebH32 and Thal15. To understand fac-
tors underlying improvement of catalytic properties in Thal-V82I, 
we thus employed transient kinetics investigations to compare the 
mechanisms of Thal-V82I and Thal-WT using stopped-flow and 
rapid-quench flow techniques (Fig. 5a).

Kinetics of formation of C4a-hydroperoxyflavin (FADC4a-OOH), 
an active intermediate of FDH, was investigated in the absence 
of halide (X−) by monitoring absorbance changes. The Thal- 
V82I-bound FADH− reacts with oxygen and results in biphasic 
kinetics of FADC4a-OOH formation (0.01–0.20 s) before elimina-
tion of H2O2 to form FAD (0.20–100 s) with similar rate constants 
to Thal-WT (Fig. 5b). To measure bimolecular rate constants of 
FADC4a-OOH formation (k1)35,36, reactions of FADH− reacting with 
Thal-WT and Thal-V82I containing various oxygen concentra-
tions were carried out. Kinetics of the first phase (absorbance 
increase at 390 nm) corresponding to formation of FADC4a-OOH 
was linearly dependent on O2 concentrations (Supplementary  
Fig. 19), giving k1 values of 1.18 × 105 M−1 s−1 and 1.33 × 105 M−1 s−1 
for Thal-WT and Thal-V82I, respectively (Table 2). The results 
indicate that there is no significant difference in kinetics of forma-
tion and decay of FADC4a-OOH in Thal-V82I and Thal-WT, imply-
ing that the improvement in Thal-V82I catalysis should be at steps 
after FADC4a-OOH formation.

We next examined the reactions of Thal-WT and Thal-V82I 
with different halides to form hypohalous acid (HOX). In Thal 
mechanisms, X− reacts with FADC4a-OOH to form C4a-hydroxyflavin 
(FADC4a-OH) and a corresponding HOX (k3; Fig. 5a). Rate constants 
(k2, Kd, k3, k4; Fig. 5a) involved with halide binding and HOX forma-
tion were investigated by mixing enzyme-bound FADH− with O2 
and halide salts (NaBr/NaCl) in the stopped-flow equipment and 
measuring the observed rate constants. Kinetic traces of Thal-V82I 
reactions detected by absorbance changes showed three phases, 
which can be identified as formation of FADC4a-OOH (0.01–0.20 s), 
H2O2 elimination of FADC4a-OOH to form FAD (k2) (0.20 to ~2.5 s), and 
dehydration of FADC4a-OH to FAD (k4) (2.5–100 s) (Supplementary 
Fig. 20), similar to the reactions of wildtype Thal15 and RebH32. 
We next used fluorescence detection to monitor the formation of 
FADC4a-OH:HOX when the intermediate reacted with Br− and Cl− 
(Fig. 5c,d). Rate constants of FADC4a-OH or HOX formation (k3) and 
binding of halides (Kd) were analysed according to a model describ-
ing a two-step reaction37, similar to the analysis of the Thal-WT 
reactions15 (Supplementary Figs. 21 and 22). Values of k3 and Kd 
for Br− and Cl− in Thal-WT and Thal-V82I reactions are summa-
rized in Table 2. Binding affinities of both halides to Thal-WT and 
Thal-V82I, and rate constants for formation of HOBr are in a simi-
lar range between the two enzymes; however, Thal-V82I generates 
HOCl slower than Thal-WT, 1.37 versus 1.83 s−1, indicating that 
Thal-V82I is more reactive towards Br−. We noted that Thal-V82I 
was particularly faster than Thal-WT at the final step of flavin reac-
tion, FAD formation (k4) by about threefold (Table 2). The faster 
formation of FAD would cause Thal-V82I to reset its catalytic cycle 
(making it ready to react with a new molecule of substrate) faster 
than Thal-WT, resulting in faster overall turnovers of Thal-V82I.

Kinetics of tryptophan halogenation. To measure the overall halo-
genation rate constant (khalogenation; Fig. 5a) of FDH without complica-
tion from auxiliary enzymes, single-turnover reactions of Thal-WT 
and Thal-V82I were carried out by rapid-quench techniques. Kinetics 
of Br-Trp formation during 0.1–100 s were analysed using a single 
exponential equation to obtain khalogenation of 0.08 s−1 and 0.13 s−1 for 
Thal-WT and Thal-V82I, respectively (Fig. 5e–h). It should be noted 
that the overall halogenation constant (khalogenation) is a combined rate 
constant affected by H2O2 elimination (k2), HOBr leakage and intrin-
sic halogenation steps (Fig. 5a). Despite the finding that Thal-V82I 
has a 1.63-fold faster khalogenation than Thal-WT (Thal-WT = 4.8 min−1 
or 0.08 s−1; Thal-V82I = 7.8 min−1 or 0.13 s−1) in single-turnover reac-
tions, the overall kcat of these two enzymes at 25 °C are not much dif-
ferent (Thal-WT, 2.7 min−1; Thal-V82I, 2.8 min−1; Table 1). The data 

Table 2 | individual rate constants of thal-Wt and thal-V82i

Rate constants Step thal-Wt thal-V82i

k1 FADC4a-OOH formation 1.18 × 105 M−1 s−1 1.33 × 105 M−1 s−1

k2 Uncoupling path 0.30 s−1 (no X) 0.40 s−1 (no X)

2.48 s−1 (Br) 2.09 s−1 (Br)

1.97 s−1 (Cl) 1.95 s−1 (Cl)

Kd Halide binding 0.40 mM (Br)a 0.72 mM (Br)

0.78 mM (Cl)a 0.60 mM (Cl)

k3 FADC4a-OH:HOX formation 2.54 s−1 (Br)a 2.59 s−1 (Br)

1.83 s−1 (Cl)a 1.37 s−1 (Cl)

k4 Reoxidation to FAD 0.07 s−1 (Br) 0.23 s−1 (Br)

0.11 s−1 (Cl) 0.33 s−1 (Cl)

khalogenation Overall halogenation 0.08 s−1 (Br) 0.13 s−1 (Br)
aData obtained from the previous report of Thal-WT carried out under the same conditions15. The data represent the mean as determined from n = 2 or n = 3 independent experiments.
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imply that under steady-state reactions, the overall kcat is also limited 
by other reactions such as release of products or binding of reduced 
FAD generated from a reductase. However, Thal-V82I is a more effi-
cient biocatalyst than Thal-WT as it has a threefold greater kcat/Km 
value than that of Thal-WT at 25 °C, is more thermostable and can 
use a wider scope of substrates (see the next section).

Thal-V82I expands the substrate scope of halogenation. 
Tryptophan and other aromatic flavin-dependent halogenases are 
mostly limited for synthetic applications due to their substrate 
preference7,8. As Thal-V82I is more efficient at halogenation than 
Thal-WT, the biocatalytic profiles of both enzymes at pH 7.5 and 
35 °C were explored. The results showed that diverse substrates 
could be halogenated by Thal-V82I (Fig. 6a). Compounds which 
could not serve as substrates are shown in Supplementary Fig. 23. 
The data showed that Thal-V82I activity was tenfold greater than 
that of Thal-WT for 1 and much more superior than Thal-WT in 
other reactions (Fig. 6b and Supplementary Figs. 24–31). The lower 
efficiency of Thal-WT is possibly partly because it is less stable than 
the variant under assay conditions. Thal-V82I could use pharma-
ceutically relevant oxindole (3)38 nearly as well as the native sub-
strate (1). Several compounds that are not typically substrates for 
wildtype Trp-FDHs7,39, such as hydroxyquinoline (4), phenols (6,7) 

and aromatic aldehyde (8), were well halogenated by Thal-V82I. 
The variant also displayed remarkable regioselective bromination 
(no mixed products) of monomeric phenols (Supplementary Figs. 
29–31). Several FDHs capable of halogenating phenolic substrates 
previously showed a lower degree of regioselectivity40,41. The poor 
regioselectivity in phenolic FDHs is mostly found with small phe-
nol substrates due to their native substrates are macrocyclic com-
pounds8,42. We also noted that increase in substrate-to-enzyme ratio 
could increase Thal-V82I activities with non-natural substrates by 
approximately two- to fivefold, whereas improvement in Thal-WT’s 
reactions under the same high substrate loading could not be 
observed (Supplementary Fig. 32).

To extensively investigate substrate scope expansion of Thal-V82I, 
we used phenol (6) as a model substrate and analysed molecular 
dynamics simulations in comparison with Thal-WT (Supplementary 
Figs. 33–52). Molecular dynamics snapshots at 8 ns of both enzymes 
clearly showed different binding configurations (Fig. 6c). The results 
showed that phenol forms strong hydrogen bond networks with 
water molecules, K79 and residues on a loop (357–360) in Thal-WT, 
which fully occupies the binding space of HOBr (Fig. 6d). HOBr 
therefore probably cannot pass the HOX gate to brominate the bound 
phenol efficiently. By contrast, phenol binding in Thal-V82I shows 
close interaction with Y454 and points its aromatic moiety towards 
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the HOX gate (Fig. 6e). The results suggested that the V82I mutation 
induced conformational changes of the loop, affecting phenol and 
water arrangement in the binding site. The present waters possibly 
prevent the hydrogen bonding interaction between phenol and the 
proximal HOX-gating residues, allowing HOBr to bind and bromi-
nate phenol. Further analysis using a quantum mechanics/molecular 
mechanics method also showed that the V82I mutation causes a dif-
ferent mode of phenol binding near the HOX gate (Supplementary 
Fig. 53). Altogether, these results indicate that Thal-V82I is indeed 
superior to wildtype Trp-FDHs for its ability to use a wider scope of 
substrates. Previously, FDH engineering was shown to diminish their 
efficiency towards natural substrates9,10. Our results clearly showed 
that the V82I mutation could expand the substrate specificity with-
out sacrificing the activity with natural substrates.

Discussion
Our work demonstrates that semi-rational enzyme engineering can 
be powerful for obtaining desired biocatalysts when their reaction 
mechanisms are thoroughly understood. We identified the HOX 
gating residues as hotspots for improving FDH activities as these 
location are important for intermediate transfer between the two 
active sites. As HOX leakage is one of the major causes for Trp-FDH 
ineffectiveness, we targeted engineering in the region where the 
HOX transfer can be improved with minimum perturbation to the 
main catalytic centres. We obtained the Thal-V82I variant, which 
surpassed Thal-WT in all catalytic aspects by creating only three 
positions site-saturation libraries.

The substitution V82I modifies a tunnel which generates less 
HOX leakage, but is effective in packing interactions to improve 
thermotolerance. Molecular dynamics simulations analysis revealed 
that the Thal-V82I side chain and its interactions with nearby 
residues causes the HOX transport tunnel to be less open, allow-
ing the variant to accommodate HOBr better than Thal-WT. The 
molecular dynamics simulations also explain that the V82I muta-
tion enhances thermostability by increasing strong hydrophobic 
interactions at the inner core. In principle, the hydrophobic interac-
tions could strengthen protein stability more effectively than hydro-
gen bonding due to its greater driving force to collapse the amino 
acid chains into a compact structure43. It is interesting to note that 
although Thal-V82I forms a well-packed hydrophobic core, the 
tunnel volume still allows HOBr to pass through with less HOBr 
leakage. Importantly, the introduced interactions resulted in a con-
formational change, creating an advantageous ability to halogenate 
small substrates (Fig. 6c–e).

Regarding a faster rate of flavin oxidation in Thal-V82I com-
pared to that of Thal-WT, we hypothesized that the water content 
in Thal-V82I may be higher around the flavin site, facilitating 
faster flavin oxidation. We then analysed the water network in 
both Thal-WT and Thal-V82I using the snapshots at 4 ns obtained 
from molecular dynamics simulations of their FAD-bound sys-
tems (Supplementary Fig. 54). We found that the number of water 
molecules accumulated in tunnels around the isoalloxazine ring of 
the flavin and connected to outside bulk solvents in Thal-V82I is 
greater than that for Thal-WT. As the water molecules facilitate the 
oxidation of FADC4a-OH to FAD44, the higher water content can facili-
tate a faster rate of flavin oxidation in Thal-V82I than Thal-WT. 
Altogether, the faster FAD formation and higher coupling of HOBr 
to Trp are the synergistic result of the tunnel dynamics regulation 
and changes in the water arrangements between the two active sites.

Although various FDHs have been subjected to a wide variety 
of directed evolution in the past7,8,33, to the best of our knowledge, 
none of the engineered enzymes exhibited improvements in multi-
ple properties, as was the case for Thal-V82I. For a native substrate, 
turnovers of Thal-V82I are about tenfold greater than Thal-WT 
(Fig. 6b). Considering a variety of favourable biocatalytic charac-
teristics, Thal-V82I may potentially be used for further synthetic 

applications or as a starting template for further enzyme engi-
neering to expand the substrate specificity. Past improvements in 
Thal obtained from random mutagenesis resulted in Thal-S359G, 
which showed increased thermostability12,45. We have shown here 
that Thal-V82I is much more thermostable and efficient in cataly-
sis than Thal-S359G. We expect that for enzymes having two active 
sites such as FDHs, random mutagenesis or targeted engineering 
around the substrate-binding site alone may be insufficient for 
well-rounded improvements.

In summary, our study illustrates a successful engineering 
approach employing mechanism-guided semi-rational design to 
overcome the low turnover of FDHs. This work also comprehen-
sively investigated the mechanistic root cause for these catalytic 
improvements. It will be interesting to see whether engineering of the 
tunnel-lining residues located between the two active sites in other 
enzymatic systems also offers an effective strategy to improve their 
catalytic properties. Emerging biocatalysts for multidisciplinary 
technologies continue to rise across academia and industries46,47 
as they are prominent tool for fostering sustainable chemistry48. 
We expect our approach of utilizing in-depth mechanistic under-
standing for guiding mutagenesis can complement commonly used 
methods in directed evolution to generate biocatalysts with multiple 
improvements suitable for industrial applications.

Methods
Tunnel analysis of Thal. Crystal structures of Thal were subjected to analysis of 
tunnels by CAVER Web (https://loschmidt.chemi.muni.cz/caverweb/) or CAVER 
Analyst 2.0 (ref. 49). Thal is dimeric with identical subunits; thus, only chain A of 
the structure was used for analysing tunnels. For analysis of tunnels in molecular 
dynamics simulations, molecular dynamics snapshots of the wildtype or variant 
were analysed using CAVER 3.0 for calculation and clustering of pathways50. 
PyMOL 2.5 (Schrödinger)51 and Visual Molecular Dynamics (VMD) 1.9.452 software 
were used for visualization and inspection of tunnels and tunnel-lining residues.

Construction of site-saturation mutant libraries. A pET-28a vector with the 
gene encoding Thal from Streptomyces albogriseolus with an N-terminal His6-tag 
and C-terminal GFP11 tag53 was used for expression of the wildtype gene. 
Site-saturation mutagenesis of selected residues was constructed by whole-plasmid 
PCR amplification using a pair of partially overlapping primers designed as 
NNK-degenerative codons at target mutating amino acids. Primer sequences are 
given in the Supplementary Table 1. The PCR product was treated with DpnI 
for elimination of the parent template. Before library screening, each library was 
subjected to quality control of base distribution. Library plasmids were introduced 
into Escherichia coli (E. coli) BL21 (DE3) for DNA propagation and then subjected 
to DNA extraction for sequence analysis. Pooled DNA was analysed by sequencing, 
and only the libraries with good 4–4–2 nucleotide abundancy ratios based on the 
method described by Sullivan and colleagues54 were further subjected to library 
screening. The method applies a Qpool value to identify qualified libraries calculated 
from the ratios of nucleotides present at each NNK position. Site-saturation 
mutagenesis libraries in which Qpool ≥ 0.8 were used for screening.

Procedures for screening enzyme variants. Qualified SSM-library plasmids were 
introduced into E. coli BL21 (DE3) and the transformants were grown on agar 
plates overnight. The screening processes were then conducted using an automatic 
system consisting of a colony picker (K6 Biosystems) and liquid handling systems 
(PerkinElmer Explore G3 Integrated Workstation); 180 colonies of variant cells, six 
colonies of wildtype cells and six colonies of plasmid-free cells were automatically 
picked and inoculated into two 96-well microtitre plates containing terrific broth 
media and grown at 37 °C overnight to prepare the starter cultures, which were 
then inoculated into another replica set of microtitre plates and cultured for 
8 h before being induced with isopropyl β-d-1-thiogalactopyranoside (IPTG) 
(0.1 mM final concentration). The remaining starter cells were transferred into 
another set of plates containing 50% glycerol and stored at −80 °C in a freezer 
for maintaining a stock library. Overnight-cultured cells were harvested by 
centrifugation and lysed in a phosphate buffer containing lysozyme. Supernatants 
were divided into two parts for soluble proteins detection and halogenation assay. 
The supernatants (20 μl) were mixed with 180 μl of a tris-NaCl-glycerol buffer 
containing truncated GFP10 proteins and the protein levels were measured by 
fluorescence (λex = 488 nm/λem ≥ 530 nm)53. The remaining lysed cells (50 μl) were 
transferred into another set of microtiter plates and then 50 μl of a KPi buffer pH 
7.2 containing 50 μM d,l-tryptophan, 10 mM NaBr, 22 mM HCOONa, 10 μM FAD, 
10 μM NAD+, 0.17 μM formate dehydrogenase from Pseudomonas sp. (psFoDH) 
and 0.1 μM flavin reductase from Acinetobacter baumannii (C1) were added at these 
final concentrations. The mixtures were incubated at room temperature for 3 h 
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before being quenched by adding 0.5 M HCl. Collected supernatants were filtered 
and injected into a LC-MS/MS (Agilent 1290 Infinity II LC System equipped with a 
Triple Quadrupole Mass Spectrometer 6470) for analysis of brominated tryptophan 
(Br-Trp). Peak areas of the Br-Trp were divided by soluble protein levels to obtain 
normalised activities for individual clones. Mutant clones that had high activities 
(around 4 to 5 clones) were subjected to DNA sequencing to identify their 
mutations. The best hits from each SSM library were purified for verification of the 
enhanced activity (see the Supplementary Methods for procedures for production 
and purification of Thal variants). For the residual activity measurements in 
pre-heated experiments, purified enzymes were incubated at various temperatures 
(30–55 °C) for 30 min. The enzyme solutions were then centrifuged and the 
supernatants were used for carrying out tryptophan bromination using general 
assays at ambient conditions for 1 h. Results of Br-Trp formation were compared 
with non-incubation experiments to determine residual activities.

General procedure for halogenation assays and product analysis. A solution 
of purified Thal (10 μM) was incubated with 100 μM d,l-tryptophan/aromatic 
substrates, 10 mM NaBr, 22 mM HCOONa, 10 μM FAD, 10 μM NAD+, 0.165 μM 
psFoDH and 0.1 μM C1 (WT) in 20 mM KPi pH 7.2 to carry out multiple turnover 
reactions. Typically, the halogenation reactions were independently conducted in 
triplicate, and incubated at room temperature (24–26 °C) on a rocking incubator 
(30 oscil per min). A high concentration of acid (1 M HCl) or pure ethanol was 
used to quench the reactions. For higher temperature experiments, C1 (WT) was 
replaced with the thermostable C1 (A58P)55 at the same conditions. Halogenated 
compounds were analysed by liquid chromatography-diode array detection 
(LC-DAD), liquid chromatography-mass spectrometry (LC-MS) or LC-MS/MS 
(Agilent 1290 Infinity II LC System equipped with DAD, Single Quadrupole or 
Triple Quadrupole Mass Spectrometers) by monitoring ultraviolet absorption, 
extracted ions, and MRM chromatograms of individual compounds. For 
separation, liquid chromatography was carried out using a reversed-phase C18 
column with a gradient profile of mixed mobile phases between water (0.1% FA) 
and acetonitrile (0.1% FA). Regioselectivity was analysed by LC-DAD using a 
gradient profile of water:acetonitrile (0.1% FA); 95:5 to 65:35 (10 m), 65:35 (2 m), 
65:35 to 50:50 (2 m) and 50:50 (4 m) with a continuous flow rate at 0.4 ml per min.

Transient kinetics analysis using stopped-flow spectrophotometer and 
spectrofluorometer. Rapid kinetics was used to determine the individual rate 
constants of flavin reactions and hypohalous acids formation. The experiments were 
conducted using a stopped-flow spectrophotometer model SF-61DX in single-mixing 
mode (TgK Scientific) placed inside an anaerobic glove box. Typically, reactions 
were carried out in triplicate in 20 mM KPi buffer, pH 7.2 at 25 °C. Reduced flavin 
was prepared by dissolving oxidized flavin in the buffer and adding dithionite to 
obtain FADH−. The reactions were started by equally mixing an anaerobic solution 
of 30 μM FADH− with an oxygenated solution containing 60 μM Thal enzyme 
using the stopped-flow machine. Supplemental 20 mM halide salts (NaBr/NaCl) 
were added into the aerobic solution of Thal in experiments involved with HOX 
formation. Final concentrations after mixing were 15 μM FADH−

, 30 μM Thal and 
10 mM NaX. Kinetic traces of FADC4a-OOH and FAD were monitored by absorbance at 
390 nm and 450 nm, respectively. For FADC4a-OH, its kinetic traces were monitored by 
fluorescence emission using λex = 380 nm and λem ≥ 530 nm. Apparent rate constants 
(kobs) were analysed and calculated using the KinetAsyst3 software (TgK Scientific) or 
the Program A software (written by R. Chang, J. Chiu, J. Dinverno and D. P. Ballou, 
University of Michigan) following previous wildtype analysis15.

Analysis of single-turnover halogenation using rapid-quench flow techniques. 
For single-turnover halogenation, kinetics of Br-Trp formation was monitored using 
a rapid-quench flow (RQF) apparatus coupled with LC-MS analysis. Halogenation 
by Thal enzymes was carried out in a RQF model RQF-63 (TgK Scientific) placed 
inside an anaerobic glove box. Reactions were carried out in two independent 
experiments in 20 mM KPi buffer, pH 7.2 at 25 °C. Reactions were started by equally 
mixing a freshly prepared anaerobic solution of 60 μM FADH− with an air-saturated 
solution containing 60 μM Thal, 20 mM NaBr and 480 μM d,l-tryptophan in a 
buffer. After mixing, the reactions were held in a mixing loop for various time points 
ranging from 0.1 to 200 s before being quenched with an equal volume of 0.4 M HCl. 
Samples were taken to analyse the Br-Trp formation by LC-MS. Averaged Br-Trp 
(peak areas) were plotted against incubation time (s) in the mixing loop. A single 
exponential equation was used to calculate the halogenation rates (khalogenation).

Molecular dynamics simulations. Molecular dynamics simulations explain 
thermostability. A Thal structure in complex with FAD (PDB ID: 7CU1) was 
used to investigate temperature effects on the enzyme stability. The structure of 
Thal-V82I was prepared by a mutagenesis function in PyMOL. Hydrogen atoms of 
amino acid residues were added by considering results from the propka analysis56. 
The atom types in the topology files were assigned based on the CHARMM27 
parameter set57. The Thal structure was solvated in a cubic box of transferable 
intermolecular potential 3P (TIP3P) water extending at least 15 Å from each 
direction in the solute. The dimensions of the solvated system was 87 × 110 × 100 Å. 
We performed molecular dynamics simulations using the NAMD program58 with 
simulation protocols adapted from our previous work59 and NAMD tutorials 

(https://www.ks.uiuc.edu/Training/Tutorials/namd/namd-tutorial-win-html/). 
The simulations were started by minimizing hydrogen atom positions for 3,000 
steps followed by water minimization for 6,000 steps. The system water was 
heated to 300 K for 5 ps and then was equilibrated for 15 ps. The whole system was 
minimized for 10,000 steps and heated to 300 K for 20 ps. After that, the whole 
system was equilibrated for 180 ps followed by a production stage for 4 ns. The 
simulations were carried out at 300–500 K. Distances between three residue pairs 
including (1): Cα(V/I)82-CαL357, (2) Cα(V/I)82-CαF403 and (3) Cβ(V/I)82-CγE358 
were monitored during the simulations. The initial structures and snapshots of the 
simulations are provided in Supplementary Data 1–4.

Molecular dynamics simulations explain HOBr/phenol binding. The Thal structures 
obtained from molecular docking of Thal-WT/Thal-V82I with HOBr/phenol 
were used as starting structures for molecular dynamics simulations (see the 
Supplementary Methods for computational details on molecular docking). 
The structure preparation for molecular dynamics simulations was carried out 
using the same method those described for analysis of thermostability. After the 
system was minimized and equilibrated at 300 K, the whole system was further 
equilibrated for 180 ps followed by a production stage for 1,000 ns for HOBr study 
and 8 ns for phenol study. Distances of important residues with HOBr/phenol were 
monitored during the molecular dynamics simulations. The initial structures and 
snapshots of the simulations are provided in Supplementary Data 5–13.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The initial structures and snapshots of molecular dynamics simulations are 
given as Supplementary Data and available at https://github.com/N-Lawan/
Flavin-dependent-halogenase.git. The data supporting the findings of this study are 
available within the article and its Supplementary Information or can be obtained 
from the corresponding author on reasonable request.
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