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Introduction

Enzymes are natural catalysts with great potential for industrial
applications. Most natural enzymes are not tolerant of harsh
conditions such as those associated with extremes of pH, ele-
vated temperatures, high salinity, or the presence of organic
solvents. The development of thermodynamically and kinetical-

ly stable enzymes that retain high activity under harsh operat-
ing conditions has thus been a major but challenging goal in
protein engineering over the last few decades. The structural
stability of enzymes is usually maintained through non-cova-
lent interactions including hydrogen bonds, salt bridges, hy-
drophobic interactions and van der Waals forces, all of which
help to enhance the robustness of these biocatalysts. As such,
the most common strategy for increasing enzyme stability is to
introduce new interactions that increase the activation energy
of enzyme denaturation.[1] However, many protein mutagenesis
studies have shown that stability and function are often tightly
related; mutations that increase stability often reduce function
and vice-versa.[2–6] This negative correlation between enzyme
stability and functionality is known as the stability–activity
trade-off.

Several different protein engineering techniques can be
used to manipulate the properties of enzymes, depending on
the property of interest and the available information on the
structure–function relationship of the enzyme. In general,
there are three main strategies for developing modified en-
zymes: rational design, directed evolution and semi-rational
design.[7] Rational design uses various computational tools to
identify key residues and predicts the effects of mutations
based on knowledge of tertiary structure and structure–func-
tion relationships. This approach usually generates limited
numbers of mutants, necessitating only a modest amount of
laboratory work on screening and selection.[8–10] In contrast, di-
rected evolution uses random mutagenesis to generate
mutant libraries with mutations across the entire gene se-
quence. These libraries are then screened or selected to identi-
fy improved variants. This strategy does not require structural
information about the target protein, but an efficient screening

A variant of the haloalkane dehalogenase DhaA with greatly
enhanced stability and tolerance of organic solvents but re-
duced activity was created by mutating four residues in the
access tunnel. To create a stabilised enzyme with superior cata-
lytic activity, two of the four originally modified residues were
randomised. The resulting mutant F 176 G exhibited 32- and
10-times enhanced activity towards 1,2-dibromoethane in
buffer and 40 % DMSO, respectively, upon retaining high stabil-
ity. Structural and molecular dynamics analyses demonstrated

that the new variant exhibited superior activity because the
F 176 G mutation increased the radius of the tunnel’s mouth
and the mobility of a-helices lining the tunnel. The new var-
iant’s tunnel was open in 48 % of trajectories, compared to
58 % for the wild-type, but only 0.02 % for the original four-
point variant. Delicate balance between activity and stability of
enzymes can be manipulated by fine-tuning the diameter and
dynamics of their access tunnels.
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or selection assay is essential for the identification of interest-
ing hits.[11, 12] Semi-rational design combines the benefits of the
directed evolution and rational design approaches. Specific res-
idues or segments of the enzyme’s structure are identified by
the rational approach and then subjected to mutagenesis to
create focused libraries that do not require laborious screen-
ing. At the same time, these small focused libraries have much
higher hit rates than those generated in directed evolution,
while including mutations that would be unlikely to be identi-
fied or explored on the basis of computational results.[13–16]

Haloalkane dehalogenases (HLDs; EC 3.8.1.5) are enzymes
that catalyse the hydrolytic cleavage of carbon–halogen bonds
in halogenated hydrocarbons to yield the corresponding alco-
hol, a proton and a halide.[17] HLDs have potential applications
in bioremediation,[18, 19] decontamination,[20] industrial biocataly-
sis,[21, 22] biosensing[23–25] and cell imaging.[26–30] However, their
utility in these applications is limited by their low stability and
activity under the harsh conditions that are often re-
quired.[31–33]

A stabilised variant of the HLD DhaA from Rhodococcus rho-
dochrous NCIMB 13064[34] has been created by Gene Site Satu-
ration Mutagenesis (GSSM).[35] Compared to wild-type DhaA,
the resulting highly stable ten-point DhaA mutant (named
DhaA63 in Ref. [33]) was 30 000 times more capable of refold-
ing after denaturation at 55 8C. However, its catalytic efficiency
in aqueous buffer was six times lower than that of the wild-
type enzyme. Several other DhaA variants[33] with substantially
improved stability and an ability to tolerate the presence of
the organic co-solvent dimethylsulfoxide (DMSO) were ob-
tained by a combination of random mutagenesis and focused
directed evolution.[33] Detailed biochemical and structural anal-
ysis of these variants revealed that their stabilisation was large-
ly owing to mutations in the residues that form the access
tunnel, which connects the buried active site of enzymes to
the surrounding solvent. Although the tunnel mutants exhibit-
ed increased stability and retained catalytic activity in 40 vol. %
DMSO, their activity in buffer solutions was low. The DhaA80
variant, which carries four of the ten substitutions found in
DhaA63 (T 148 L, G 171 Q, A 172 V and C 176 F), exhibited 4000-
fold higher kinetic stability than the wild-type enzyme in
40 vol. % DMSO and remained stable at temperatures up to
16.4 8C higher than those inactivating the wild-type. However,
the catalytic activity of engineered DhaA80 towards 1,2-dibro-
moethane in a buffer solution was reduced by two orders of
magnitude. The stabilisation of DhaA80 was a result of the in-
troduction of four residues at the opening of the access
tunnel, three of which were bulky and hydrophobic. These mu-
tations led to enhanced intramolecular hydrophobic packing
at the tunnel opening and possibly prevented the destabilisa-
tion of the protein structure by admission of DMSO molecules
to the active site.[33]

This work aimed to address these issues by enhancing the
catalytic activity of the highly stable DhaA80 variant in buffer
solutions. Mutagenesis targeting two of the four tunnel-mouth
residues that were replaced to create DhaA80 (V 172 and F 176)
led to the identification of the DhaA106 variant, which differs
from DhaA80 in only a single residue (F 176 G) but exhibits

32 times higher catalytic activity in a buffer, sacrificing only
4 8C of thermal stability. Moreover, DhaA106 exhibited en-
hanced activity towards 26 out of 30 tested halogenated com-
pounds and thus replicates the substrate specificity of the
wild-type enzyme. Crystallographic analysis followed by molec-
ular modelling revealed that enhanced catalytic activity of
DhaA106 was caused by the increase in the diameter of the
access tunnel and the mobility of the adjacent secondary
structure elements.

Results

Rational design of two focused libraries

Compared to the wild-type enzyme, the DhaA80 variant carries
four substitutions (T 148 L, G 171 Q, A 172 V and C 176 F) in the
tunnel-lining residues. These were introduced during a com-
bined mutation and screening campaign that tested the activi-
ty of the mutated enzymes towards 1,2-dibromoethane in
40 vol. % DMSO. One of these tunnel residues (Q 171) exhibited
the particularly high variability in the study of Gray et al.[35] and
was randomised in our previous study with the goal of further
enhancing the enzyme’s stability.[33] Several of the resulting
variants exhibited improved thermostability at the expense of
catalytic activity. Previous saturation mutagenesis of T 148 with
the degenerate codon NNK provided only the substitution by
leucine in two independent libraries. We therefore performed
mutagenesis experiments targeting the other two tunnel resi-
dues (V 172 and F 176), using DhaA80 as a template. To mini-
mise losses of enzyme robustness, the stabilisation potentials
of all possible combinations of substitutions, including self-mu-
tations in the two target positions, were investigated by using
FoldX.[36] Neutral or stabilising effects were predicted for 15 of
the 800 possible variants (Table S1 in the Supporting Informa-
tion). Val, Ile and Leu were stabilising or neutral residues in po-
sition 172 whereas Leu, Met, Trp and Phe were identified as
the stabilising or neutral residues in position 176. Degenerate
codons encoding all of the strongly stabilising residues identi-
fied in the two positions were designed using the CASTER
v2.0.[37] The resulting degenerate codons VTY and WKS were
used to construct a smart library in which positions 172 and
176 were simultaneously saturated (library I). In addition,
a second library (library II) was constructed in which the codon
for position 176, that had not been previously mutated by
GSSM,[35] was replaced with the degenerate codon NNK, which
encodes all of the standard amino acid residues.

Screening of libraries and biochemical characterisation of
variant DhaA106

Both libraries were constructed by using QuickChange Site-Di-
rected Mutagenesis Kit (Agilent Technologies, Santa Clara,
USA). Colonies of the libraries were screened by using a pH in-
dicator-based colorimetric assay optimised for the presence of
the organic co-solvent DMSO.[38] In total, the activities of 142
and 94 colonies from libraries I and II, respectively, were tested
against 1,2-dibromoethane in 52 vol. % DMSO. The number of
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colonies tested in each case represented at least 95 % of the
total variation in each library. Two positive hits were identified
in each library. The hit with the greatest improvement in activi-
ty relative to that of the template in the presence of DMSO
and in buffer solution was the single-point mutant F 176 G,
which was designated DhaA106 (Table S2). This variant was ex-
pressed in a larger volume of Escherichia coli BL21 cells, puri-
fied to homogeneity and subjected to detailed biochemical
and structural analysis. Its properties were compared to those
of the template (DhaA80), the wild-type enzyme (DhaA) and
the previously described highly thermostable and solvent-tol-
erant DhaA63 variant.

Circular dichroism spectroscopy in the far-UV spectral region
was used to assess the impact of the single-point F 176 G mu-
tation on the folding and secondary structure of DhaA106. The
circular dichroism spectrum of DhaA106 was identical to those
of the other DhaA variants (Figure S1 in the Supporting Infor-
mation): all of the enzymes’ spectra exhibited a single positive
peak at 195 nm and two negative maxima at 208 and 222 nm,
features that are characteristic of a-helical content.[39] Thermal
denaturation experiments were performed to test the effect of
the F 176 G mutation on the thermal stability of DhaA106. The
melting temperature of DhaA106 was 62.7 8C, which is approxi-
mately 4 8C and 6 8C lower than those of DhaA80 and DhaA63,
respectively. However, it is 12 8C higher than the value for
DhaA (Table 1). This result was not unexpected because the

F 176 G mutation replaces a hydrophobic and sterically de-
manding phenylalanine residue in the enzyme’s tunnel mouth
with small glycine residue, eliminating stabilising hydrophobic
and van der Waals interactions. The phenylalanine residue was
previously estimated to increase the melting temperature by
5 8C relative to that of the wild-type enzyme.[33]

The specific activities of the purified DhaA variants were
tested against 1,2-dibromoethane in buffer solution and buffer
solutions containing either 40 vol. % or 52 vol. % DMSO
(Figure 1, Table S3). In the absence of DMSO, the specific activi-
ties of DhaA106 were 32- and 9-fold higher than those of
DhaA80 and DhaA63, respectively. Whereas the activity of
DhaA106 in a pure buffer was significantly greater than that of
the template DhaA80, it was 70 % lower than that of wild-type
DhaA (Figure 1 a). Interestingly, activity tests in the presence of
DMSO revealed that DhaA106 was the most active tested var-
iant (Figure 1 b,c). Its activity in 40 vol. % DMSO was 10 times
greater than that of the template and twice as high as that of
the most temperature- and solvent-resistant variant DhaA63.

Raising the DMSO concentration in the reaction buffer to
52 vol. % significantly reduced the activity of all DhaA variants
but did not change their order of activity in terms of co-sol-
vent tolerance (DhaA106>DhaA63>DhaA80>DhaA). These
results imply that the F 176 G mutation in the mouth of the en-
zyme’s access tunnel significantly enhanced its activity in aque-
ous environments and in the presence of organic solvents.

To better understand the origin of this change in activity,
steady-state kinetic constants were determined for conversion
of 1,2-dibromoethane by DhaA106 and compared to those for
DhaA80, DhaA63 and DhaA (Figure 2, Tables 2 and 3). In an
aqueous environment, the F 176 G mutation significantly in-

Table 1. Melting temperatures of DhaA variants.

Variants Tm [8C]

DhaA 50.4�0.3[a]

DhaA63 68.3�0.3[a]

DhaA80 66.8�0.2[a]

DhaA106 62.7�0.1

[a] Data from Ref. [33] .

Figure 1. Specific activities of DhaA variants towards 1,2-dibromoethane at
37 8C a) in aqueous buffer, b) in 40 vol. % DMSO and c) in 52 vol. % DMSO.
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creased the enzyme’s catalytic
rate (relative to DhaA80), sup-
pressed substrate inhibition and
reduced the free enzyme’s affini-
ty for 1,2-dibromoethane. The
turnover number of DhaA106 in
buffer was 32- and 5-fold higher
than those for DhaA80 and
DhaA63, respectively, and 3-fold
lower than that of DhaA (Fig-
ure 2 a, Table 2). Adding 40 vol. %
DMSO to the reaction mixture
reduced the kcat values for all of
the studied DhaA variants while
increasing their Km and Ksi con-
stants, implying that the organic
co-solvent acts as a mixed inhibi-
tor (Figure 2 b, Table 3). Notably,
DMSO very strongly reduced the
affinity of free DhaA106 and the

enzyme–substrate complex for 1,2-dibromoethane. DhaA106
consequently exhibited no substrate inhibition and had the
highest catalytic rate of the tested variants in the presence of
DMSO (Table 3).

The specific activity of DhaA106 was tested further using
a set of 30 halogenated substrates (Figure 3, Table S4) to deter-
mine whether the F 176 G mutation affected its activity in
aqueous buffer towards substrates other than 1,2-dibromo-
ethane. The activity of DhaA106 was greater (between 2 and
49 times higher) than that of DhaA80 for all tested com-
pounds. The enzyme was most active towards multi-substitut-
ed C2–C3 bromoalkanes including 1,2-dibromoethane, 1,2-di-

Figure 2. Steady-state kinetic profiles of DhaA variants at 37 8C a) in a buffer
and b) in 40 vol. % DMSO [Note the different scales in (a) and (b)] . The kinet-
ic profile of DhaA in 40 vol. % DMSO was measured under different condi-
tions from those for the other variants (the duration of the experiment was
limited to 3 min) because of its very low stability in the experimental envi-
ronment.

Table 2. Steady-state kinetic parameters of DhaA variants with 1,2-dibro-
moethane in buffer solution.

Variant Km

[mm]
Ksi

[mm]
kcat

[s¢1]
kcat/Km

[s¢1 mm¢1]

DhaA 3.56�0.67[a] 3.56�0.70[a] 28.67�3.95[a] 8.05�2.63[a]

DhaA63 1.70�1.28[a] 0.24�0.20[a] 2.23�1.46[a] 1.31�1.85[a]

DhaA80 0.13�0.09[a] 0.41�0.33[a] 0.34�0.14[a] 2.62�2.89[a]

DhaA106 0.89�0.08[b] 1.28�0.11 11.01�0.23 12.37�1.37

[a] Data from Ref. [33] . [b] Cooperativity with Hill coefficient n = 1.36�
0.13.

Table 3. Steady-state kinetic parameters of DhaA variants with 1,2-dibro-
moethane in 40 vol. % DMSO.

Variant Km

[mm]
Ksi

[mm]
kcat

[s¢1]
kcat/Km

[s¢1 mm¢1]

DhaA ND[a] ND[a] ND[a] ND[a]

DhaA63 1.08�0.26[b] 41.44�14.14[b] 0.72�0.06[b] 0.66�0.22[b]

DhaA80 0.88�0.16[b] 13.14�2.73[b] 0.25�0.02[b] 0.28�0.07[b]

DhaA106 11.17�1.38 NA[c] 3.14�0.21 0.28�0.05

[a] ND = data could not be collected under the comparable conditions
because of the protein instability. [b] Data from Ref. [33] . [c] NA = not ap-
plicable.

Figure 3. Substrate–specificity profiles of DhaA (blue), DhaA80 (green) and DhaA106 (red) based on their activity
in aqueous buffer towards 30 halogenated hydrocarbons. The graph presents the specific activity of each enzyme
towards the individual substrates at 37 8C.
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bromopropane, 1,2,3-tribromopropane and 1,2-dibromo-3-
chloropropane.

In addition, the activity of DhaA106 was comparable to or
greater than that of DhaA for more than half of the tested sub-
strates. Principal component analysis (PCA) using transformed
activity data set was used to explore the relationships between
the individual DhaA variants (Figure S2). A similar analysis dem-
onstrated that wild-type HLD enzymes cluster into four distinct
substrate specificity groups (SSGs).[40] Like DhaA and DhaA80,
DhaA106 was found to belong to SSG-I (Figure S2 a). Enzymes
in SSG-I are robust catalysts with high activity towards bromi-
nated ethanes and propanes, and detectable activity towards
poorly degradable compounds such as 1,2-dichloroethane, 1,2-
dichloropropane and 1,2,3-trichloropropane.[40]

Although all of the tested DhaA variants belong to the same
SSG, their substrate preferences differed to some extent as
demonstrated by their different positions on the PCA score
plot (Figure S2 a). The relative activity of DhaA106 was more
than one order of magnitude greater than that of DhaA80 for
several substrates including 1-chlorobutane, 1,3-dichloropro-
pane, 1,2-dibromoethane, 1,2-dibromopropane, 4-bromobutyr-
onitrile, 1,2,3-tribromopropane and 1,2-dibromo-3-chloropro-
pane. Unlike DhaA, DhaA106 exhibited decreased preference
for substrates with longer alkyl chains such as 1-bromohexane,
1-iodohexane and (1-bromomethyl)-cyclohexane, as well as di-
substituted C2–C3 haloalkanes such as 1,2-dibromoethane, 1,3-
dibromopropane and 2,3-dichloropropene.

Crystallographic analysis of DhaA106

The structure of DhaA106 was solved at the resolution of
1.69 æ (Table S5) by molecular replacement using the structure
of DhaA14 (PDB ID 3G9X)[41] as a search model. The resulting
diffraction data enabled the localisation of residues 4–295,
showing that the enzyme exists as a monomer in the crystal
with a solvent content of approximately 41.96 %. As expected,
the overall structure of DhaA106 resembles that of DhaA,[41, 42]

consisting of an a/b-hydrolase core domain and a helical cap
domain (Figure S3). The core domain is formed by a central
twisted eight-stranded b-sheet (mostly parallel, with a single
antiparallel b2-strand) surrounded by six a-helices. The cap
domain consists of five a-helices linked by six loop insertions.
The active site is located in a predominantly hydrophobic
cavity, at the interface between the core and the cap domains,
connected to the protein surface by two access tunnels. Visual
inspection of the crystal structure revealed that the F 176 G
mutation changed the diameter of the main access tunnel and
the intramolecular contacts between its hydrophobic residues.

Molecular dynamics and analysis of access tunnels

Molecular dynamics (MD) simulations were performed to fur-
ther explore the structural basis of the enhanced catalytic ac-
tivity and reduced thermostability of DhaA106. Two independ-
ent 200 ns long simulations were run for each of DhaA,
DhaA63, DhaA80 and DhaA106. CAVER 3.01[43] was then used
to analyse 100 000 snapshots from each simulation to identify

the access tunnels and to provide information on the opening
and closing of the access tunnel as well as time-resolved
changes in bottleneck radii. Aside from the main access tun-
nels, slot tunnels were identified in the structures of all studied
enzymes. The slot tunnels showed less favourable geometric
parameters than the main access tunnels, as deduced from the
tunnel width, length and curvature (Table S6), indicating that
the main tunnel acts as the preferred pathway for transport of
studied substrates and products.

The main access tunnel of DhaA was detected in 94 % of the
snapshots taken during the simulation and was open in 58 %
of the snapshots. The average tunnel bottleneck radius was
1.5 æ, with a maximum value of 3.1 æ (Figure 4, Table S7). The
secondary structures of the DhaA cap domain exhibited sub-
stantial flexibility: the distance between the two helices situat-
ed on the opposite sides of the tunnel (quantified in terms of
the distance between the Ca atoms of residues F 144 and
C 176) ranged from 7.0 to 14.0 æ (Figure S4).

The access tunnels of DhaA63 and DhaA80 exhibited very
similar properties to each other. The main access tunnel was
detectable in 6 % and 1 % of the snapshots for DhaA63 and
DhaA80, respectively. Similarly, the tunnel was only open in
0.05 % of the DhaA63 snapshots and 0.02 % of those for
DhaA80. These mutants had identical average bottleneck radii
of 1.1 æ, with a maximal radius of 1.7 æ (Figure 4, Table S7).
The separation of the helices in the cap domain was somewhat
more constrained than in the wild-type protein, ranging from
8.0 to 13.0 æ in both cases (Figure S4). Both of these variants
have four bulky residues in the main access tunnel that are not
present in the wild-type enzyme and which serve to restrict
the tunnel’s opening upon making the cap domain more rigid.
The C 176 F mutation in the tunnel entrance was particularly
important in narrowing the main pathway to the active site in
these two enzymes.

The modified access tunnel of DhaA106 is strikingly similar
to that of wild-type DhaA. The F 176 G mutation in DhaA106
created a void in the tunnel entrance that is not present in
DhaA63 and DhaA80, and enhanced the mobility of the cap
domain’s secondary elements. The tunnel was detected in
86 % of the snapshots and was open in 48 % of them. The
average tunnel bottleneck radius was 1.4 æ, with a maximum
value of 2.8 æ (Figure 4, Table S7). The distance between heli-
ces ranged from 7.5 to 14.0 æ (Figure S4). The F 176 G mutation
removed some of the contacts between residues within the
access tunnel of DhaA106, explaining its lower thermodynamic
stability than that of the template DhaA80. However, because
DhaA106 retains three stabilising mutations (T 148 L, G 171 Q
and A 172 V), it is much more stable than the wild-type
enzyme.

Discussion

The development of new approaches for the rational engineer-
ing of stable catalysts that retain catalytic activity is a key chal-
lenge in protein engineering.[44] This work aimed to improve
the catalytic activity of a recently constructed highly stable
and solvent-resistant DhaA80[33] while minimising losses of
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thermodynamic stability. To this end, the effects of all possible
substitutions in the targeted tunnel positions (F 176 and V 172)
were evaluated by using the computational tool FoldX.[36] A
smart saturation mutagenesis library was then constructed fea-
turing enzyme variants incorporating every possible combina-
tion of the predicted stabilising or neutral access tunnel substi-
tutions (library I). In addition, a second library was constructed
in which one of the target positions in the tunnel mouth
(F 176) was randomized by using site-saturation mutagenesis
(library II). The best variant was DhaA106, which was obtained
by site-saturation mutagenesis and exhibited significantly en-
hanced activity in the presence and absence of DMSO. The cat-
alytic activity of DhaA106 towards 1,2-dibromoethane in buffer
solution and 40 vol. % DMSO was 32- and 10 times higher than
that of DhaA80, and its melting temperature (which reflects its
thermodynamic stability) was only 4 8C lower. DhaA106 also ex-

hibited significantly enhanced
activity (relative to DhaA80) to-
wards 26 of 29 additional halo-
genated compounds, showing
similar levels of activity to wild-
type DhaA.

Sequencing of DhaA106 re-
vealed that it contained a substi-
tution that would be difficult to
design rationally. The variant car-
ries a small glycine residue in
the tunnel mouth in place of
a bulky phenylalanine. Glycine
contains a hydrogen atom as its
side chain, giving it much more
conformational freedom than
other amino acids. Its low steric
demand means that adjacent
residues have much more flexi-
bility than they would other-
wise.[45, 46] As high flexibility is
often associated with low stabili-
ty in proteins, one common
strategy for enhancing their sta-
bility is to rigidify their most flex-
ible regions.[1, 47–50] However, it is
necessary to maintain a balance
between stability and flexibility
to retain the protein’s biological
functionality. Stability ensures an
appropriate geometry for ligand
binding and prevents denatura-
tion under physiological condi-
tions, and flexibility is necessary
to allow catalysis at a metabol-
ically appropriate rate.[51–53]

In this work, replacing a bulky
phenylalanine in the tunnel
mouth of DhaA80 with the
smallest amino acid glycine led
to a variant (DhaA106) in which

the intramolecular hydrophobic packing of the tunnel residues
was partially disrupted, reducing the protein’s stability (DTm =

¢4 8C). However, this also increased the flexibility and mobility
of the two a-helices lining the main tunnel, increasing the
chance of the tunnel being in an open state. Consequently,
the variant was more catalytically active than the template.
The main access tunnel of DhaA106 was identified and found
to be open in 86 and 48 %, respectively, of the molecular dy-
namics snapshots that were analysed; the corresponding
values for the template enzyme DhaA80 were only 1 and
0.02 %. The frequency of tunnel opening in DhaA106 was com-
parable to that of DhaA, the main tunnel or which was identifi-
able in 94 % of its snapshots and open in 58 %. We hypothesise
that reopening of the access tunnel facilitates the admission of
the substrate to the active site or the release of the product,
whereas the remaining three bulky and hydrophobic muta-

Figure 4. Visualisation of the representative structures of the main tunnels in the cap domains of the studied en-
zymes and changes in the tunnel bottlenecks over time. Left : PyMOL 1.5 visualisations of the cap domain residues
(green cartoon) and the tunnel (indicated by the red spheres). The side chains of the residues located at the 148,
171, 172 and 176 positions (i.e. , the positions mutated in DhaA63) in each enzyme are represented by sticks and
the location of residue 176 in DhaA106 is indicated by a black arrowhead. Right: The evolution of the bottleneck
radius (BR) in two independent 200 ns long MD simulations. The black horizontal lines indicate the threshold
radius (1.4 æ) above which the tunnel was considered to be open. The tunnels were analysed by using
CAVER 3.01.[43]

ChemCatChem 2015, 7, 648 – 659 www.chemcatchem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim653

Full Papers



tions in the access tunnel[33] significantly increase the enzyme’s
thermodynamic stability relative to that of the wild-type
(DTm = 12 8C).

It has previously been shown that modifying the size, physi-
co-chemical properties and dynamics of access tunnels by pro-
tein engineering can change the catalytic activity, substrate
specificity, enantioselectivity and stability of HLDs[8, 33, 54–56] and
many other enzymes with buried active sites[57] such as cyto-
chrome P450s,[58–63] b-glucosidases,[64] lipases,[15, 65–69] esterases[70]

and epoxide hydrolases.[47, 71, 72]

Tunnel-mouth engineering was shown to have profound ef-
fects on the activity and specificity of the enzyme LinB from
Sphingobium japonicum UT26.[8] The residue L 177, located in
the tunnel opening at the position corresponding to F 176 in
DhaA80, was selected for saturation mutagenesis on the basis
of structural and phylogenetic analyses. The effects of the re-
sulting mutations on the variants’ catalytic activities greatly dif-
fered for individual substrates.[8] Similar findings have been re-
ported for epoxide hydrolases from Agrobacterium radiobacter
AD1[72] and Aspergillus niger M200,[71] in which the engineering
of a single amino acid in the tunnel mouth led to improved
enzyme activity and enantioselectivity. As with DhaA106, the
catalytic activity of LinB variants was generally increased by in-
troducing a small non-polar amino acid at position 177, where-
as the introduction of bulky aromatic or charged residues dra-
matically reduced activity towards most substrates, including
1,2-dibromoethane. The small side chain of the introduced gly-
cine residue in the tunnel mouth of the LinB L 177 G mutant
was proposed to increase the radius of the tunnel mouth,
thereby facilitating substrate entry and product release. Con-
versely, the bulkier side chain of the introduced tryptophan
residue in the LinB L 177 W variant presumably blocked the
mouth of the enzyme’s main access tunnel, reducing its cata-
lytic activity.[8] A detailed analysis of 1,2-dibromoethane pas-
sage through the access tunnel of the LinB L 177 W mutant
confirmed that this mutation significantly reduced the rate of
product release.[73] Moreover, mutation in position 177 of LinB
significantly affected its thermal stability.[56] Similar observa-
tions were also reported for b-glucosidase from Trichoderma
reesei the activity and stability of which were significantly af-
fected by mutations in the substrate entrance region.[64]

The influence of the tunnel-lining residues on the catalytic
activity of DhaA towards 1,2,3-trichloropropane (TCP) has been
studied extensively.[35, 54, 55, 74, 75] Independently performed error-
prone polymerase chain reaction (PCR) experiments generated
two double point mutants, G3D + C 176 F[35] and C 176 Y +

Y 273 F[74] the activities of which towards TCP are 4- and
3.5 times greater than that of the wild-type, respectively. Inter-
estingly, both mutants carried bulky residues (tyrosine or phe-
nylalanine) in the 176 position whereas the wild-type enzyme
has a comparatively small cysteine residue in this position. The
mutants thus have much narrower access tunnel entrances.[54]

MD simulations and structure-based enzyme design identified
the 176 position and another four access tunnel residues as
crucial for the activity of DhaA. Mutagenesis at these positions
yielded a variant the catalytic activity and efficiency of which
towards TCP were 32- and 26 times higher, respectively, than

those of the wild-type. This variant had bulky aromatic resi-
dues at four of the five targeted positions, which restricted the
access of water molecules to the active site cavity. The rate-
limiting step of TCP conversion in the resulting variant was
shifted from carbon–halogen bond cleavage to the release of
the reaction products.[55]

Sealing the access tunnel of DhaA with bulky residues has
previously been identified as a viable strategy for enhancing
its thermodynamic stability and resistance to the organic co-
solvent DMSO.[33] The introduction of four bulky hydrophobic
residues into the access tunnel yielded a DhaA variant
(DhaA80) with a closed tunnel exhibiting enhanced intramolec-
ular packing. This modification prevents destabilisation of the
protein’s structure owing to the admission of DMSO into the
active site. Rigidifying and narrowing the tunnel in this way
shields the interior of the protein from the organic solvent but
presumably also makes the exchange of substrate and product
molecules between the active site and bulk solvent more diffi-
cult. Stabilising the protein in this way therefore reduces its ac-
tivity, demonstrating the need to strike a careful balance be-
tween protecting the buried active site from solvent molecules
(which may cause denaturation or compete with the desired
substrate) and retaining sufficient flexibility for catalytic activi-
ty.

In this study, we showed that it was possible to create
a DhaA variant with a superior trade-off between activity and
stability relative to that seen in DhaA80. This was achieved by
replacing a sterically demanding phenylalanine residue at the
mouth of the main access tunnel with a small glycine residue.
This substitution enhanced the flexibility of the two a-helices
that form the tunnel but did not strongly reduce protein resist-
ance to organic co-solvents and tolerance towards elevated
temperatures because other bulky hydrophobic residues inside
the tunnel were retained. A potentially viable alternative strat-
egy for balancing activity and stability in this case would be to
introduce a molecular gate in the access tunnel. Molecular
gates are dynamic protein structures that regulate substrate
access to the active site and product release while preventing
the access of undesirable solvent molecules and synchronising
processes occurring in distant parts of a protein.[76] Introducing
a gate should protect the enzyme against irreversible inactiva-
tion under harsh conditions but maintaining good catalytic
performance. Additionally, the auxiliary slot tunnels could be
subjected to optimisation for further improving the stability of
DhaA106 without significantly compromising its activity.

Conclusions

We have demonstrated that the catalytic performance of the
thermodynamically robust, but less active, haloalkane dehalo-
genase variant DhaA80 can be greatly enhanced by fine-
tuning the geometry and dynamics of its access tunnel. A
single-point mutation (F 176 G) in the tunnel mouth yielded
the new variant DhaA106, which exhibits greater flexibility in
the secondary structure elements that form the access tunnel.
The activities of DhaA106 towards 1,2-dibromoethane in buffer
solution and in 40 vol. % DMSO were 32- and 10 times higher,
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respectively, than those of the template enzyme DhaA80. On
the other hand, its melting temperature (which reflects its ther-
modynamic stability) was reduced by only 4 8C. The high stabil-
ity of the template enzyme was preserved because DhaA106
retains three previously introduced bulky residues in the
tunnel interior that provide good hydrophobic packing and
prevent solvent molecules from accessing the active site. In ad-
dition to its enhanced activity towards 1,2-dibromoethane,
DhaA106 also exhibited enhanced activity towards 26 out of
29 other halogenated compounds. These results suggest that
a fine balance between tunnel flexibility and tight hydrophobic
packing, as well as a precisely engineered tunnel diameter are
important for HLD activity and stability. Tunnel residues are
thus good targets for modification if seeking to balance the ac-
tivity and stability of catalysts with buried active sites.

Experimental Section

Library design and predicting the effects of mutations on
enzyme stability

The structure of DhaA80 (PDB ID 4F60) was downloaded from the
RCSB PDB database.[77] The structure was prepared for analysis by
removing ligands and water molecules. Missing atoms in side
chains were added by using the <RepairPDB> module of FoldX.[36]

The stability effects of all possible double point mutations in posi-
tions F176 and V172 of DhaA80 were estimated by using the
FoldX <BuildModel> module.[36] Two variants differing in the
specified order of mutations were considered for each double
point mutant (e.g. , V 172 A, F 176 A and F 176 A, V 172 A for the
F 176 A + V 172 A mutant). Calculations were performed 5 times for
each variant following the recommended protocol (pH 7, tempera-
ture 298 K, ion strength 0.050 m, VdWDesign 2). All stabilised
(DDG�¢1 kcal mol¢1) and neutral (¢1 kcal mol¢1<DDG�1 kcal
mol¢1) mutants were selected and the frequencies of individual
residues at target positions were counted. Suitable degenerate
codons for saturation mutagenesis were chosen using the CASTER
v2.0 program.[37] The degenerate codons were selected to encode
all frequent residues from the double point mutants without pro-
ducing an excessively large library.

Library construction

Saturation mutagenesis was performed using the QuickChange
Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara,
USA). Positions 172 and 176 of DhaA80 were saturated simultane-
ously by using the following oligonucleotides (Sigma Aldrich, St.
Louis, USA):

5’-GCTTTCATCGAGCAAVTYCTCCCGAAAWKSGTCGTCCGTCCGCT
TACG-3’ (forward),
5’-CGTAAGCGGACGGACGACSMWTTTCGGGAGRABTTGCTCGATGA
AAGC-3’ (reverse).

Position 176 was independently saturated by using a pair of oligo-
nucleotides (Sigma Aldrich, St. Louis, USA):

5’-CGAGCAAGTGCTCCCGAAANNKGTCGTCCGTCCGCTTAC-3’
(forward),
5’-GTAAGCGGACGGACGACMNNTTTCGGGAGCACTTGCTCG-3’
(reverse).

The entire plasmid pAQN:: dhaA80 His6 served as a template for
PCR and was amplified according to the manufacturer’s protocol.
PCR was performed by using 50 mL reaction mixtures containing
template DNA (10 ng), the oligonucleotides (5 pmol each), and
0.2 mm dNTPs in Phusion HF buffer with 1.5 mm MgCl2 and 1 U of
Phusion DNA Polymerase. PCR proceeded under the following con-
ditions: 30 s at 95 8C, and then 18 cycles of 30 s at 95 8C, 60 s at
55 8C and 300 s at 68 8C; followed by 10 min at 72 8C. PCR products
were then treated with the methylation-dependent endonuclease
DpnI for 60 min at 37 8C. The resulting plasmids were transformed
into E. coli XJb(DE3) cells (ZymoResearch, Orange, USA) by using
the standard electroporation protocol.[78] Ten candidates from each
library were randomly selected for sequencing.

Cultivation in microtiter plates (MTP) and preparation of
lysates

MTP wells filled with Luria-Bertani (LB) medium (150 mL) with ampi-
cillin added to a final concentration of 100 mg mL¢1 were inoculat-
ed with the single colonies by using sterile tooth-picks. Four wells
were inoculated with E. coli XJB pAQN:: dhaA80His6 cells to serve
as positive controls for basal activity measurement and another
four wells were inoculated with E. coli XJB carrying an empty
vector (pAQN) to serve as negative controls in the library screen-
ing. Cultures were grown overnight at 37 8C at 200 rpm. After 14 h
of cultivation (OD600 = 0.4), 50 mL culture samples from each cultiva-
tion plates was added to 50 mL of 30 vol % glycerol in new 96-well
plates to create a replica plate for storage. Fresh LB medium with
ampicillin (100 mL), l-arabinose at a final concentration of 3 mm
and IPTG at a final concentration of 0.5 mm were added to each
well of the cultivation plate and incubated at 30 8C at 200 rpm for
4 h. Cells were harvested and frozen at ¢80 8C.

Library screening

Library screening was performed by using the modified pH colori-
metric assay described by Holloway et al.[38] The assay is based on
the detection of the protons produced during the dehalogenation
reaction. After 10 min at RT, a 50 mL volume of the lysis buffer
(1 mm HEPES, 20 mm Na2SO4 and 1 mm EDTA, pH 8.2) was added
to each well of the defrosted plates. Cell debris was removed from
the lysate by centrifugation at 1600 g for 20 min after 1 h incuba-
tion at 100 rpm at RT. A 20 mL volume of the lysate was transferred
into each well of a new MTP and a 180 mL volume of assay buffer
(52 vol. % DMSO, 1 mm HEPES, 20 mm Na2SO4 and 1 mm EDTA,
pH 8.2) containing 1,2-dibromoethane (DBE, 9.3 mm) was added.
The substrate was incubated in the reaction buffer at 37 8C for
30 min before starting the reaction. The MTP plate was sealed care-
fully with a lid and parafilm. The reaction mixture was then diluted
by using a buffer solution containing the pH indicator phenol red
(1 mm HEPES, 20 mm Na2SO4 and 1 mm EDTA, 50 mg mL¢1 phenol
red, pH 8.2) for detection after 14 h of dehalogenation. The change
in the color of the pH indicator was estimated by spectrophotome-
try at 540 nm as described by Holloway et al.[38]

Expression and purification of proteins

Recombinant plasmids with the DhaA variants were transformed
into E. coli BL21(DE3). For overexpression, cells were grown at
37 8C to an optical density (OD600) of �0.6 in LB medium (1 L) con-
taining ampicillin (100 mg mL¢1). Protein expression was induced by
adding IPTG to a final concentration of 0.5 mm in LB medium and
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the temperature was decreased to 20 8C. Cells were harvested by
centrifugation for 10 min at 3700 g after overnight cultivation.
During harvesting, cells were washed once with 50 mm phosphate
buffer with 10 % glycerol (pH 7.5) and then resuspended in equili-
brating purification buffer (16.4 mm K2HPO4, 3.6 mm KH2PO4,
500 mm NaCl, 10 mm imidazole, pH 7.5). Harvested cells were kept
at ¢80 8C. Defrosted cells were disrupted by sonication with
a Hielscher UP200S ultrasonic processor (Hielscher Ultrasonics,
Teltow, Germany) and C-terminus His-tagged enzymes were puri-
fied to homogeneity by using Ni-NTA Superflow Cartridges
(Qiagen, Hilden, Germany) as described previously.[33] The eluted
proteins were dialysed against 50 mm phosphate buffer (pH 7.5).
Protein concentrations were determined by using the Bradford re-
agent (Sigma–Aldrich, St. Louis, USA) with bovine serum albumin
as a standard. The purity of the resulting proteins was checked by
SDS polyacrylamide gel electrophoresis in 15 % polyacrylamide
gels. The gels were stained with Coomassie brilliant blue R-250 dye
(Fluka, Buchs, Switzerland) and the molecular mass of the proteins
was determined by using the Protein Molecular Weight Marker
(Fermentas, Burlington, Canada).

Circular dichroism (CD) spectroscopy

CD spectra were recorded at 20 8C by using a Chirascan spectropo-
larimeter (Applied Photophysics, Leatherhead, United Kingdom)
equipped with a Peltier thermostat. Data were collected from 185
to 260 nm, at 100 nm min¢1 with a 1 s response time and 2 nm
bandwidth using a 0.1 cm quartz cuvette. Each spectrum shown is
the average of five individual scans and was corrected for the buf-
fer’s absorbance. Collected CD data were expressed in terms of the
mean residue ellipticity. The thermal unfolding of the enzymes was
followed by monitoring their ellipticity at 222 nm during heating
from 20 to 80 8C at a rate of 1 8C min¢1, with a resolution of 0.1 8C.
The resulting thermal denaturation curves were roughly normal-
ised to represent signal changes between approximately 1 and 0
and fitted to sigmoidal curves using Origin 6.1 (OriginLab, North-
ampton, USA). Melting temperatures (Tm) were calculated as the
midpoints of the enzymes’ normalised thermal transitions.

Activity assay

Enzymatic activity was assayed by using the colorimetric method
developed by Iwasaki et al.[79] The release of halide ions was ana-
lysed spectrophotometrically at 460 nm by using a SUNRISE micro-
plate reader (Tecan, Grçdig/Salzburg, Austria) after reaction with
mercuric thiocyanate and ferric ammonium sulfate. The reactions
were performed at 37 8C in 25 mL Reacti-flasks closed by Mininert
valves. The reaction mixtures contained 1,2-dibromoethane dis-
solved in 100 mm glycine buffer (pH 8.6, 10 mL), 60 mm glycine
buffer with 40 vol. % DMSO (10 mL) or 48 mm glycine buffer with
52 vol. % DMSO (10 mL). The reactions were initiated by addition
of enzyme and monitored by periodically withdrawing of 1 mL
samples from the reaction mixture, immediately mixing them with
35 % nitric acid (0.1 mL) to terminate the reaction, and analysing
the quenched samples spectrophotometrically. Dehalogenation ac-
tivities were quantified as rates of product formation over time.
Each activity was measured in 3–5 independent replicates and ex-
pressed as mean values with a standard error.

Principal component analysis (PCA)

A matrix containing the activity data for nine wild-type HLDs and
two mutant HLDs with 30 substrates was analysed by PCA.[80] The
aim of the analysis was to uncover relationships between individu-
al HLDs based on their activities towards the standardised set of
substrates.[40] PCA was performed by using STATISTICA 10.0 (Stat-
Soft, Tulsa, USA). The raw data were log-transformed and weighted
relative to the individual enzyme’s activity towards other substrates
prior to performing PCA to better discern the enzyme specificity
profiles.[40] These transformed data were used to identify substrate
specificity groups, i.e. , groups of enzymes that exhibited similar
specificity profiles regardless of their overall specific activities.

Steady-state kinetics

Steady-state kinetic constants were determined at 37 8C in 25 mL
Reacti-flasks closed by Mininert valves by using the method previ-
ously described by Iwasaki et al.[79] The reaction mixtures contained
1,2-dibromoethane dissolved in 100 mm glycine buffer (pH 8.6,
10 mL) or 60 mm glycine buffer with 40 vol. % DMSO (10 mL). The
activity measurements were performed by using at least twelve dif-
ferent substrate concentrations (0.2–20 mm). The initial concentra-
tion of 1,2-dibromoethane was determined by gas chromatogra-
phy using a Trace GC 2000 (Finnigen, San Jose, USA) equipped
with a flame ionisation detector and a DB-FFAP 30 m Õ 0.25 mm Õ
0.25 mm capillary column (J&W Scientific, Folsom, USA). The reac-
tion was started by adding the enzyme. Samples were periodically
withdrawn over a 60 min measurement period, immediately
quenched by mixing with 35 % nitric acid (0.1 mL) and then ana-
lysed. All data points corresponded to the mean of three inde-
pendent replicates. Kinetic parameters were determined by non-
linear curve fitting of the resulting data points using Origin 6.1
(OriginLab, Northampton, USA) by the following equation for Mi-
chaelis–Menten kinetics [Eq. (1)] and Hill equation including sub-
strate inhibition [Eq. (2)] ,[81, 82] in which Km is the Michaelis constant,
K0.5 is the substrate concentration at which half-maximal velocity is
achieved according to the cooperativity model, n is the Hill coeffi-
cient, Ksi is the inhibition constant and kcat is the catalytic constant:

v
V lim
¼ ½S¤

K m þ ½S¤ ð1Þ

v
V lim
¼ ½S¤n

K n
0:5 þ ½S¤n 1þ ½S¤

K si

� � ð2Þ

Crystallographic analysis

Crystals of DhaA106 were obtained by the vapour diffusion
method in a sitting drop at RT. Crystals were grown from the drop
prepared by mixing 2 mL volume of the protein (10.6 mg mL¢1 in
50 mm Tris–HCl pH 7.5) with a 2 mL volume of precipitant solution
(0.1 m sodium acetate trihydrate pH 4.8, 0.2 m ammonium acetate
and 35 % wt./vol. PEG 4000) and equilibrated against reservoir solu-
tion (300 mL). Diffraction data were collected at 100 K by using
a home-source X-ray diffraction station (rotating anode Nonius
FR591, Bruker-Nonius) equipped with a MAR345 detector (1.542 æ
monochromatic fixed wavelength), at a resolution of 1.69 æ. The
diffraction data were processed using the XDS program.[83] The
structure of DhaA106 was solved by the molecular-replacement
method using the program MOLREP[84] and the structure of
DhaA14[85] (PDB ID 3G9X) as the search model. Model refinement
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was performed by using the program REFMAC 5[86] from the CCP4
package (Collaborative Computational Project, Number 4, 1994), in-
terspersed with manual adjustments using Coot.[87] The quality of
the model with respect to the experimental data was assessed by
using the program SFCHECK.[88] All-atom contacts in the refined
structure of DhaA106 were validated by using the internal tools of
Coot[87] and the MOLPROBITY service.[89]

Preparation of protein structures for simulations

The structures of DhaA and DhaA80 were downloaded from the
RCSB PDB database (PDB ID 4E46 and 4F60), whereas the structure
of DhaA106 was obtained within this study (PDB ID 4WCV). All
structures were prepared for analysis by removing ligands and
water molecules. Missing atoms in side chains were added by
using the <RepairPDB> module of FoldX.[36] Repaired structures
were minimised by Rosetta’s minimize_with_cst application. Both
backbone and side chains optimisation was enabled, the distance
for full atom pair potential was set to 9 æ, and standard weights
for energy function with a constraint weight of 1 were used. The
output of the minimisation process was processed by using the
script convert_to_cst_file.sh to create a constraint file.[90] Protocol
16 incorporating the backbone flexibility within the ddg_monomer
module of Rosetta was applied to create a model of DhaA63 with
default settings.[90] All four structures were protonated using the
H + + server at pH 7.5.[91] Water molecules from the respective
crystal structures were added to the systems. In the case of
DhaA63, non-overlapping water molecules from the crystal struc-
ture of DhaA80 were used. Cl¢ and Na+ ions were added to a final
concentration of 0.1 m using the Tleap module of AMBER 12.[92]

Using the same module, an octahedron set of TIP3P water mole-
cules[93] was added such that all atoms within the system were at
least 10 æ from the octahedron’s surface.

MD simulations

Energy minimisation and MD simulations were performed by using
the PMEMD module of AMBER12[92] with the ff10 force field.[94] Ini-
tially, the investigated systems were minimised by 500 steps of
steepest descent followed by 500 steps of conjugate gradient over
five rounds with decreasing harmonic restraints. The restraints
were applied as follows: 500 kcal mol¢1 æ¢2 on all heavy atoms of
the protein, and then 500, 125, 25 and 0 kcal mol¢1 æ¢2 on back-
bone atoms only. The subsequent MD simulations employed peri-
odic boundary conditions, using the particle mesh Ewald method
for treatment of interactions beyond 10 æ cut-off,[95, 96] and a 2 fs
time step with the SHAKE algorithm to fix all bonds containing hy-
drogens.[97] Equilibration simulations consisted of two steps:
(i) 20 ps of gradual heating from 0 to 300 K at constant volume,
using a Langevin thermostat with a collision frequency of 1.0 ps¢1,
and with harmonic restraints of 5.0 kcal mol¢1 æ¢2 on the positions
of all protein atoms, and (ii) 2000 ps of unrestrained MD at 300 K
using the Langevin thermostat at a constant pressure of 1.0 bar
using a pressure coupling constant of 1.0 ps. Finally, two separate
200 ns long production MD simulations were run for each system
using the same settings as the second step of MD equilibration.
Coordinates were saved at intervals of 2 ps and the resulting tra-
jectories were analysed by using the Cpptraj module of AMBER12,
and visualised by using Pymol 1.5 (The PyMOL Molecular Graphics
System, Version 1.5.0.4 Schrçdinger, LLC) and VMD 1.9.1.[98]

Tunnels analysis

Tunnels were analysed by using CAVER 3.01.[43] 100 000 snapshots
sampled every 2 ps from 200 ns MD simulations were used as
input structures. Each atom in the structure was approximated by
12 + 1 spheres. The tunnel search was performed by using a probe
radius of 1.0 æ and its opening (i.e. ability to accommodate water
molecules) was assessed by using a 1.4 æ probe; these values cor-
respond to the program’s default settings. 100 000 randomly se-
lected tunnels were clustered into 25 clusters by using hierarchical
average link clustering with a clustering threshold of 5. The re-
maining tunnels were assigned to these clusters by using super-
vised machine learning. The starting point initially specified by
ND2 atom of Asn 41, OD2 atom of Asp 106, NE1 atom of Trp 107
and NE2 atom of His 272 was automatically optimised to prevent
its collision with protein atoms.
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