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ABSTRACT: Transport of ligands between buried active sites
and bulk solvent is a key step in the catalytic cycle of many
enzymes. The absence of evolutionary optimized transport
tunnels is an important barrier limiting the eﬃciency of
biocatalysts prepared by computational design. Creating a
structurally deﬁned and functional “hole” into the protein
represents an engineering challenge. Here we describe the
computational design and directed evolution of a de novo
transport tunnel in haloalkane dehalogenase. Mutants with a
blocked native tunnel and newly opened auxiliary tunnel in a distinct part of the structure showed dramatically modiﬁed
properties. The mutants with blocked tunnels acquired speciﬁcity never observed with native family members: up to 32 times
increased substrate inhibition and 17 times reduced catalytic rates. Opening of the auxiliary tunnel resulted in speciﬁcity and
substrate inhibition similar to those of the native enzyme and the most proﬁcient haloalkane dehalogenase reported to date (kcat
= 57 s−1 with 1,2-dibromoethane at 37 °C and pH 8.6). Crystallographic analysis and molecular dynamics simulations conﬁrmed
the successful introduction of a structurally deﬁned and functional transport tunnel. Our study demonstrates that, whereas we can
open the transport tunnels with reasonable proﬁciency, we cannot accurately predict the eﬀects of such change on the catalytic
properties. We propose that one way to increase eﬃciency of an enzyme is the direct its substrates and products into spatially
distinct tunnels. The results clearly show the beneﬁts of enzymes with de novo transport tunnels, and we anticipate that this
engineering strategy will facilitate the creation of a wide range of useful biocatalysts.
KEYWORDS: transport tunnel, protein engineering, protein design, activity, speciﬁcity, substrate inhibition, stability, substrate binding,
product release, water dynamics

■

INTRODUCTION
Enzymes are very eﬃcient and speciﬁc biocatalysts that have
naturally evolved to convert a wide range of compounds. These
reactions take place in the enzyme’s active sites, which contain
several essential catalytic residues.1 The active site of many
enzymes is buried inside the protein core and is connected to
the bulk solvent through transport tunnels.2,3 The anatomy,
physicochemical properties, and dynamics of these tunnels have
a large inﬂuence on enzymatic catalysis by determining the
exchange rates of substrates or products between the active
sites and solvent environment.2,4,5 Tunnels may also serve more
sophisticated functions by (i) allowing access of preferred
substrates, while denying access of nonpreferred substrates,6,7
(ii) avoiding damage of the enzymes containing the transition
metals by their poisoning,7,8 (iii) preventing damage of cellular
organelles by toxic intermediates,9 (iv) enabling reactions
requiring the absence of water,10 and (v) synchronizing
© XXXX American Chemical Society

reactions involving a number of substrates, intermediates, or
cofactors.11,12 Tunnels can contain one or more molecular
gates, which ﬁne-tune their dynamical properties and enable
their open and closed states.6,13−15
Enzymes are commonly used for the production of
chemicals, pharmaceuticals, food, agricultural additives, and
biofuels.16 Engineering of enzymes is often required to
overcome their natural limitations. The importance of transport
processes for enzymatic catalysis has prompted many engineering studies to focus on protein tunnels.2 Such studies have
provided enzymes with substantially altered activity,4,17,18
speciﬁcity,19,20 enantioselectivity,21 and stability.22−24 Investigation of de novo designed Kemp eliminase showed that,
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accessibility of the active site via this tunnel. Such a mutant
would then serve as a useful “negative control” and template for
further mutagenesis, owing to easier assessment of the eﬀects of
the new tunnel opening (Figure 1). Analysis of 12 crystal
structures of the wild-type enzyme (LinB-Wt) using the inhouse computational tool CAVER 3.0.227,28 revealed the
presence of two tunnels, p1 and p2, with average bottleneck
radii of over 1 Å. The former tunnel was further divided into
two branches, p1a and p1b (Figure S1A and Table S1 in the
Supporting Information). We selected the widest and shortest
p1 tunnel for closure by a disulﬁde bridge. The use of the
bridge for the blockade was motivated by the possibility of
detecting its presence and in this way monitoring if the closure
was maintained during further engineering of the de novo
tunnel. Residue L177 divides by its side chain the p1 tunnel
into two branches and was the obvious primary target for
substitution to cysteine due to its importance to function of
LinB-Wt shown by previous mutagenesis studies.5,29 The
remaining mutable residues in the bottleneck of p1a and p1b
positioned across the tunnel from L177 were considered for
introduction of the second cysteine (Table S2 and Figure S1B
in the Supporting Information). Two pairs of mutations,
D147C+L177C and L177C+A247C, with the shortest distance
between sulfur atoms of the designed disulﬁde bridge were
selected for experimental construction by site-directed mutagenesis.
To study the formation of the designed disulﬁde bridges, the
mutants digested with trypsin and chymotrypsin were analyzed
by MALDI-MS/MS. While no signal corresponding to
formation of the designed disulﬁde bridge was detected for
L177C+A247C mutant, peptides containing cysteines in
positions 147 and 177 were observed after reduction and
alkylation of the mutant D147C+L177C (Figure S2 in the
Supporting Information). Conclusively, we conﬁrmed the
presence of a disulﬁde bridge between C147 and C177 by
analysis of the pepsin digest (Figure S3 in the Supporting
Information). The successful introduction of the designed
disulﬁde bridge implied blockade of the p1 tunnel in the
D147C+L177C mutant, which was denoted as LinB-ClosedCC.
De Novo Creation of a Transport Tunnel. The LinBClosedCC mutant was then used as a template for the de novo
design of a novel transport tunnel. To identify a suitable
location for introduction of the tunnel, we analyzed the
ensemble of X-ray structures of LinB-Wt by CAVER 3.0.2 using
a 0.6 Å probe. By using such a small probe, subatomic voids in
proteins were explored for existence of continuous prospective
pathways that were too small to transport even a single atom
but could be enlarged to do so by mutagenesis. This analysis
revealed nine potential pathways in addition to the three welldeﬁned transport tunnels observed in the crystal structures
(Figure S4A and Table S3 in the Supporting Information). The
shortest of the pathways, denoted as p3, was orthogonal to the
already presented p1a, p1b, and p2 tunnels and was selected as
the target for de novo creation of the new transport tunnel.
This pathway had two bottlenecks, which were formed by sidechain atoms of seven residues (Figure S4B−E and Table S4 in
the Supporting Information).
Since there is only limited knowledge of the properties
needed for an “optimal” transport tunnel, we decided to rely on
a semirational approach for the creation of tunnel p3. We
employed site-saturation mutagenesis of the selected bottleneck
residues to open a new transport route. From the ﬁrst
bottleneck, closest to the active site, the two mutable residues

although it is possible to introduce a novel catalytic function
into an existing protein core, several rounds of random
mutagenesis are necessary to enhance the desired activity to a
suﬃcient level. Notably, a number of random mutations were
found to open a ligand transport pathway.25 This result
suggests that de novo design of novel catalysts needs to
consider not only introduction of a proper active site into the
protein scaﬀold26 but also creation of appropriate tunnels for
eﬃcient exchange of substrates and products between the
designed active site and surrounding environment.
Despite the obvious importance of tunnels to enzymatic
catalysis and eﬀect of their engineering, we are not aware of any
attempt to introduce an entirely new transport route into the
existing protein scaﬀold. In this study, we address emerging
questions regarding whether it is possible to design and
introduce the ligand transport tunnel de novo. We closed the
main transport tunnel of haloalkane dehalogenase LinB by a
disulﬁde bridge and subsequently introduced a new tunnel into
a diﬀerent part of the protein by three substitutions selected
using focused directed evolution (Figure 1). The de novo

Figure 1. Strategy for engineering de novo transport tunnels. In the
ﬁrst step, the main access tunnel of LinB-Wt was blocked either by a
disulﬁde bridge in LinB-ClosedCC or by bulky tryptophan in LinBClosedW. In the second step, a new de novo tunnel was introduced by
directed evolution focused on three positions. Enzyme structures are
shown in gray. Engineered residues are shown as black (wild-type), red
(blocking the main tunnel), and blue (opening the de novo tunnel)
spheres.

tunnel was then transplanted to a mutant with a main transport
tunnel closed by bulky tryptophan to allow structural
characterization of the constructs. The crystal structures of
the mutants conﬁrmed introduction of a new tunnel to the
scaﬀold, and its functional relevance was shown by molecular
dynamics simulations. The ﬁnal mutant exhibited marked
improvement in all chemical reaction steps, product release
rates, and substrate inhibition, all contributing to its performance as the most active haloalkane dehalogenase known so far.
Information gleaned from this study will help to guide the
introduction of de novo tunnels to native and designed
enzymes.

■

RESULTS
Closing the Main Tunnel by a Disulﬁde Bridge.
Initially, we designed a mutant in which the main tunnel
would be blocked by a disulﬁde bridge to markedly limit
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Figure 2. Substrate speciﬁcity and steady-state kinetics of enzymes with engineered transport tunnels. (A) Comparison of speciﬁc activities of LinBWt, LinB-ClosedCC with closed tunnel and its counterpart LinB-OpenCC with de novo opened tunnel. (B) Comparison of speciﬁc activities of LinBWt, LinB-ClosedW with closed tunnel, and its counterpart LinB-OpenW with de novo opened tunnel. The identities of substrates are provided in
Methods and in Table S6 in the Supporting Information. Asterisks indicate activities above 0.25 μmol s−1 mg−1. (C) Clustering of LinB variants
according to their substrate speciﬁcities toward 30 halogenated compounds visualized using the score plot of the ﬁrst two principal components (t1/
t2) from the principal component analysis. Variants with closed tunnels (LinB-ClosedCC and LinB-ClosedW) were clustered in a substrate speciﬁcity
group diﬀerent from that of the corresponding variants with de novo opened tunnels (LinB-OpenCC and LinB-OpenW) and wild-type enzyme (LinBWt). Loadings plot p1/p2 showing the substrates that govern the clustering is shown in Figure S11 in the Supporting Information (D) Catalytic rates
of enzymes measured with 1,2-dibromoethane at the highest common substrate concentration of 3.4 mM. (E) Inhibition of enzymes by substrate
1,2-dibromoethane expressed as an equilibrium constant for the formation of the inhibitory complex, 1/Ksi.

analyzed by MALDI-MS/MS to check whether the disulﬁde
bridges were preserved. Analysis of pepsin digests conﬁrmed
the presence of a disulﬁde bridge in M8 carrying mutations
W140+F143L+I211L (Figures S6 and S7 in the Supporting
Information). This mutant was denoted LinB-OpenCC and used
in further experiments.
Characterization of the Closed and Open Mutants
with Introduced Disulﬁde Bridge. Circular dichroism (CD)
spectroscopy veriﬁed that both LinB-ClosedCC and LinBOpenCC retained correct folding and thermal stability (Figure
S8 in the Supporting Information). Measurements with a
standard set of 30 substrates of dehalogenases31 showed a
systematic decrease in the speciﬁc activity for the majority of
these substrates with LinB-ClosedCC, indicating successful
blockade of the p1 tunnel. Similar activities among the
structurally diﬀerent substrates resulted in an unusually ﬂat
activity proﬁle for this mutant (Figure 2A and Table S6 in the
Supporting Information). The overall activity of LinB-OpenCC
with these substrates was increased by ∼35% in comparison to
LinB-ClosedCC (Figure 2A and Table S6). The ﬂat speciﬁcity

F143 and I211 with their side chains pointing toward p3 were
selected for mutagenesis. From the second bottleneck, closest
to the protein surface, the bulkiest residue W140 of this
bottleneck was selected for mutagenesis. Simultaneous
saturation of the selected amino acids without the need for
creating an extensive library, was achieved by using the
degenerate codons NBG, BNT, and NBA, designed by the
CASTER program.30 The codons enabled introduction of
primarily smaller residues while allowing the original ones at
given positions. Altogether, 4140 colonies were screened for
their activity toward 1,2-dibromoethane, the best substrate of
LinB-Wt. The genes of 36 positive candidates surpassing the
activity of LinB-ClosedCC were sequenced, providing the 12
unique mutants M1−M12 with modiﬁed residues in the p3
pathway (Table S5 in the Supporting Information). We
measured the activities of these mutants toward six substrates
of diﬀerent sizes and physicochemical properties to identify
those with the most diverse speciﬁcities (Table S5 and Figure
S5 in the Supporting Information). Three mutants, M2, M7,
and M8, selected using principal component analysis, were
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Table 1. Burst Kinetics of LinB Variants with Substrate 1,2-Dibromoethane at 37 °C and pH 8.6a

a

enzyme

mutation

LinB-Wt
LinB-ClosedCC
LinB-OpenCC
LinB-ClosedW
LinB-OpenW

D147C+L177C
D147C+L177C++W140A+F143L+I211L
L177W
L177W+W140A+F143L + I211L

kburst,Hal (s−1)
60
21
50
310
300

±
±
±
±
±

30
6
10
70
100

kburst,Alc (s−1)
40
17
40
100
240

±
±
±
±
±

20
3
10
20
50

kss (s−1)
5.0
2.8
1.5
1.3
18.3

±
±
±
±
±

0.5
0.2
0.1
0.1
0.4

Deﬁnitions: kburst Hal, rate constant of halide burst; kburst,Alc, rate constant of alcohol burst; kss, rate at the steady-state phase of the studied reaction.

proﬁle of LinB-ClosedCC suggests the protein forms a separate
substrate speciﬁcity group aside from all native haloalkane
dehalogenases (Figure 2C). The substrate speciﬁcity of LinBOpenCC was comparable to that of LinB-Wt, resulting in the
clustering of both proteins within the same group (Figure 2C).
The steady-state kinetics determined for LinB-ClosedCC with
1,2-dibromoethane showed a decreased catalytic rate constant,
kcat, and unusually strong substrate inhibition constant, Ksi
(Figure 2D,E and Table S7 in the Supporting Information).
The catalytic rate of LinB-OpenCC was slightly lower in
comparison to LinB-ClosedCC, while the strong substrate
inhibition was dramatically reduced beyond the level of both
LinB-ClosedCC and LinB-Wt, making this mutant particularly
eﬃcient at higher substrate concentrations.
We observed a clear pre-steady-state burst of halide and
alcohol product formation for all three enzymes upon rapid
mixing with excess 1,2-dibromoethane (Table 1 and Figure S9A
in the Supporting Information). The occurrence of halide and
alcohol bursts during the transient phase of the reaction (kburst)
indicates that hydrolysis of the alkyl−enzyme intermediate and
all steps before it were fast and after dissociation of formed
products slowed down the reaction to the steady-state level
(kss). The same kinetic pattern was observed for all three
enzymes, implying that 1,2-dibromoethane conversion was
limited by the release of products. The observed slowdown in
this rate-limiting step in LinB-ClosedCC mutant indicated
successful blockade of the engineered p1 tunnel. In comparison
to LinB-Wt, also the rate of the halide burst was notably
decreased in LinB-ClosedCC, suggesting that introduction of the
disulﬁde bridge into the p1 tunnel might have reduced the rates
of initial catalytic steps: substrate binding and/or cleavage of
the carbon−halogen bond. We also noted the decreased rate of
consequent hydrolysis of the alkyl−enzyme intermediate. In the
case of LinB-OpenCC, the rates of the initial catalytic steps
reached levels attainable with LinB-Wt (Table 1 and Figure
S9A). Our attempts to obtain the crystal structures of both
mutants were, however, unsuccessful.
Second-Generation Mutant with Open de Novo
Tunnel. To enhance our chances of obtaining structural
insights into the opening and closing of enzyme tunnels, we
turned our attention to a previously published mutant (referred
to as LinB-ClosedW) that has the p1 tunnel blocked by the
bulky mutation L177W.5 The mutations W140A+F143L
+I211L responsible for opening the de novo tunnel p3 in
LinB-OpenCC were transplanted to LinB-ClosedW, resulting in
the mutant LinB-OpenW.
Both the LinB-ClosedW and LinB-OpenW mutants showed
correct folding and only small deviations from the thermal
stability of LinB-Wt (Figure S8 in the Supporting Information).
The substrate speciﬁcity toward the 30 standard substrates
followed the trends previously observed for the LinB-ClosedCC
and LinB-OpenCC mutants, i.e. (i) decreased overall activity of
LinB-ClosedW with relatively uniform distribution of activities

and (ii) improved activities for the mutant with introduced p3
tunnel that even surpassed the activity of the wild type with 20
substrates (Figure 2B and Table S6 in the Supporting
Information). These changes in the speciﬁcity proﬁle resulted
in clustering of LinB-ClosedW in the separate substrate
speciﬁcity group together with LinB-ClosedCC but apart from
other dehalogenases and both mutants with opened p3 tunnel
(Figure 2C). The observed analogy also held for the steadystate kinetics: i.e., the LinB-ClosedW mutant showed strong
substrate inhibition and lower catalytic rate. Substrate inhibition
was notably reduced and the turnover number was improved
for the mutant LinB-OpenW with the de novo opened p3 tunnel
(Figure 2D,E; Table S7 in the Supporting Information).
Deeper insights into the catalytic properties of these mutants
were obtained from burst experiments, which showed that the
catalytic steps before and during hydrolysis were improved far
beyond those of LinB-Wt (Table 1 and Figure S9B in the
Supporting Information). The observed enhancements could
be explained by altered solvation of the active site, reducing a
competition between waters and the substrate for the
nucleophile initiating nucleophilic substitution. A more
restricted active site may also promote positioning of the
substrate in the reactive complex.4,32,33 The LinB-ClosedW
mutant with altered p1 tunnel had markedly slower product
release, comparable to that of the mutants carrying the disulﬁde
bridge, whereas the LinB-OpenW mutant with engineered p3
tunnel showed large enhancement of the product release rates
(Table 1 and Figure S9B).
Structural Analysis of the Second-Generation Mutants with Engineered Tunnels. The crystal structure of
LinB-ClosedW (PDB ID 4WDQ) was determined to 1.6 Å
resolution (Table S8 in the Supporting Information). Two
crystal structures of LinB-OpenW mutant were solved, with
resolutions of 2.5 Å (PDB ID 4WDR) and 1.3 Å (PDB ID
5LKA). Analysis of the tunnels in these structures by CAVER
3.0.2 revealed that the widths of both p1a and p1b were
reduced by 0.5−0.6 Å in LinB-ClosedW, resulting in limited
active-site accessibility of the enzyme (Table 2 and Figure 3).
Importantly, when the mutations W140A+F143L+I211L were
transplanted into LinB-OpenW, we observed widening of the
radius of the p3 tunnel by 0.4 Å on average in comparison to
LinB-ClosedW (Table 2 and Figure 3). Opening of the p3
tunnel was partially countered by backbone rearrangements,
which brought the introduced L143 closer to L211 to
compensate for interactions lost due to the mutagenesis
(Figure S10A in the Supporting Information). With regard to
the width of p3 tunnel introduced to LinB-OpenW, the p3
tunnel became comparable to the other three tunnels: the
tunnels p1a and p1b remained less open and p2 similarly open
as in LinB-Wt, providing evidence for the successful engineering of p3 tunnel geometry (Table 2 and Figure 3).
Interestingly, W177 adopted two diﬀerent conformations in
two chains present in the asymmetric unit of the crystal
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structure of LinB-OpenW (PDB ID 4WDR), indicating that the
mutation F143L might promote the conformational dynamics
of W177 (Figure S10B in the Supporting Information). In
contrast, in the high-resolution crystal structure of LinB-OpenW
(PDB ID 5LKA) only one conformation of W177 was present,
analogous to those found in the structure of LinB-ClosedW and
the chain A of the 4WDR structure (Figure S10B), suggesting
that the second conformation of W177 observed in chain B of
the 4WDR structure might rather be due to a diﬀerent crystal
packing. There are two unique salt bridges formed by Asp149
and Arg148 from the chain B to Arg122 and Glu123 from the
chain A. These additional interactions cause a shift in the
position of Asp147 in chain B that is located in the vicinity of
residues involved in these interactions. Since Asp147 forms the
hydrogen bond to Trp177, the change in its position could be
responsible for the unique conformation of Trp177 observed in
the aﬀected chain B.
Molecular Dynamics Simulations of the SecondGeneration Mutants with Engineered Tunnels. The
geometry of tunnels analyzed in the crystal structures indicated
that there might be up to four functional tunnels in the LinBOpenW mutant. We have performed three independent 200 ns

Table 2. Geometric Parameters of Transport Tunnels and
Potential Pathways in LinB Variants
enzymea
param
bottleneck radius
(Å)

tunnel length (Å)

tunnel/
pathway
p1b
p1a
p2
p3
p1b
p1a
p2
p3

LinB-Wt

LinB-ClosedW

±
±
±
±
±
±
±
±

0.8
0.6
1.5
0.6
13
13
19
14

1.4
1.1
1.0
0.7
13
16
19
16

0.2
0.2
0.1
0.1
1
1
1
2

LinB-OpenW
0.9
0.9
1.1
1.0
16
15
19
16

±
±
±
±
±
±
±
±

0.2
0.2
0.1
0.1
4
1
2
2

a

Data for LinB-Wt were averaged over 12 crystal structures (Table S1
in the Supporting Information). Analysis of tunnels in LinB-ClosedW
was performed on a single available crystal structure (PDB ID
4WDQ). Data for LinB-OpenW were averaged over the three
biological units available from the two crystal structures (PDB ID
4WDR and 5LKA; Table S9 in the Supporting Information).

Figure 3. Crystal structures of enzymes with engineered transport tunnels. (A) Transport tunnels and potential pathways in LinB-Wt (PDB ID
1K63), LinB-ClosedW (PDB ID 4WDQ), and LinB-OpenW (PDB ID 5LKA). The p1b, p1a, p2, and p3 tunnels are shown as blue, cyan, dark yellow,
and red spheres, respectively, whereas corresponding potential pathways of sub-angstrom width are shown as centerlines. Enzyme structures are
shown as gray cartoons. The bottleneck radii of p3 tunnels are shown as numbers (see Table 2 for more details). (B) Detail of the geometry of p3
tunnels in LinB variants. Enzyme structures are shown as gray surfaces. Residues targeted during engineering of the p3 tunnel are shown as yellow
sticks. The p3 transport tunnels or potential pathways are indicated by red centerlines with their thicknesses corresponding to the tunnel width. The
black asterisk highlights the beginning of the tunnel in the active site.
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Figure 4. Functional relevance of transport tunnels. (A) Structurally and functionally relevant properties of tunnels obtained by molecular dynamics
simulations. Systematic changes in the functional properties of the p3 tunnel are highlighted by the yellow arrows. Note the diﬀerent scales of Y axis
used for the main and auxiliary tunnels. (B) Utilization of p3 tunnel for transport of three important ligands (water, left; 2-bromoethanol, middle;
bromide ion, right) in molecular dynamics simulations of LinB-OpenW. Enzyme structures are shown as gray cartoons, while traces of the ligand’s
center of mass during individual transport events are shown as red lines. The representative structures of ligands are shown as spheres.

from each simulation to identify the access tunnels, to quantify
their open and close states, and to study time-resolved changes
in their bottleneck radii. The p1b and p1a tunnels were clearly
dominant in LinB-Wt, being open for a 1.4 Å probe in 89% and
79% of the simulation time, respectively (Figure 4A). The

long molecular dynamics (MD) simulations for LinB-Wt and
LinB-ClosedW and two simulations for each of three starting
structures of LinB-OpenW to discern the potential roles of these
tunnels and to study the eﬀect of mutations on tunnel
dynamics. CAVER 3.0.2 was used to analyze 40000 snapshots
7602
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mutation L177W in LinB-ClosedW resulted in average bottlenecks of p1b and p1a tunnels decreased by 0.3 and 0.2 Å (Table
S10 in the Supporting Information), respectively, and we also
observed a notable drop in the opening of the p1a tunnel by
more than 40% (Figure 4A). Interestingly, both p1a and p1b
tunnels were even more constricted in LinB-OpenW, as was also
proposed by the high-resolution structure (PDB ID 5LKA) of
this mutant (Table S9 in the Supporting Information). The p2
tunnel was open in 1% of the simulations only in all three LinB
variants (Figure 4A). The p3 tunnel was not detected at all with
a 0.7 Å probe during the simulations of LinB-Wt and LinBClosedW. In the case of LinB-OpenW, the engineered p3 tunnel
was systematically open for 2% of the simulation time,
conﬁrming the opening of a new auxiliary tunnel in this
mutant. The average bottleneck radius of the de novo p3 tunnel
was 1.1 Å (Table S10), resulting in an average widening of at
least 0.4 Å that is in excellent agreement with the observations
made using the respective crystal structures.
To evaluate the functional relevance of tunnels in LinB
variants, we examined their utilization for the transport of three
chemical species relevant to the catalysis. First, we analyzed the
transport of water molecules through these tunnels (Figure 4A
and Table S11 in the Supporting Information). In all three
enzymes, the majority of water molecules were transported via
p1a and p1b tunnels, though the traﬃc through these tunnels
was signiﬁcantly decreased in both variants carrying the L177W
mutation. The de novo engineered p3 tunnel in LinB-OpenW
was newly used by water molecules (Figure 4), whereas no
change of p2 permeability for water molecules was observed
(Figure 4A and Table S11).
Finally, we focused on the egress of two products of the 1,2dibromoethane conversion from the enzymes’ active sites. Since
the passage of larger molecules of products would require more
pronounced opening of employed tunnels than was observed
during MD simulations of ligand-free LinB variants, we
performed a series of 100 independent accelerated MD
simulations per starting structure. The length of the simulations
varied between 4 and 200 ns to capture the entire release event
of both products: i.e., bromide ion and 2-bromoethanol. These
simulations conﬁrmed the important role of both p1a and p1b
tunnels for the release of products (Figure 4A and Table S12 in
the Supporting Information). Interestingly, the p1a tunnel was
preferentially used during the egress of both products, possibly
due to the location of the p1a tunnel in the ﬂexible cap domain
and p1b at the interface of the cap domain and rigid main
domain. Similarly to the previous ﬁndings, the use of the p2
tunnel for egress of products was not signiﬁcantly altered in the
three investigated variants. Most importantly, the de novo p3
tunnel in LinB-OpenW was systematically employed by both
products during their releases (Figure 4), conﬁrming its role in
the exchange of ligands between the buried active site and
surrounding environment. Due to variable simulation lengths,
the eﬀect of mutations could not be explained by observed
transport probabilities alone.
To better understand the role of individual mutations on the
proﬁciency of LinB variants, we analyzed the time required for
both products to leave the active site through individual tunnels
(Figure S12A in the Supporting Information). We observed
more than 2-fold slowdown in the overall product release from
Linb-ClosedW, which was mainly caused by slower transport
through the preferred p1a tunnel blocked by L177W mutation.
The transport rates were restored to the wild-type levels in
LinB-OpenW. In this mutant, we noted improvements in

product release rates via p1a and newly via p3 (Figure S12A).
The penetrability of the engineered p3 tunnel reached a level
comparable with that of other tunnels (p1a, p1b, and p2). A
detailed analysis of 236 simulations capturing the release of at
least one product via the p1a tunnel in LinB-OpenW revealed
that the initial solvation of the products inside the active site
was enabled nearly equally by p1a and p3 tunnels (Figure
S12B). Solvation of products is a prerequisite for product
release from the active site of dehalogenases, since the water
molecules must disrupt hydrogen-bonding interactions of the
bromide ion with the halide-stabilizing residues and a
hydrogen-bonding interaction of 2-bromoethanol with the
nucleophile.34,35 The relevance of the p3 tunnel for the entry of
water molecules to the active site cavity is underscored by a
partial blockage of p1a and p1b tunnels by 2-bromoethanol
product (Figure S12C).
The interference of the product molecule with solvation of
the active site led us to probe the potential hindrance of ratelimiting product release by the substrate molecules located in
the tunnels of LinB-OpenW. We performed 15 independent 200
ns long MD simulations with the presence of three substrate
molecules in the solution surrounding the enzyme. We
observed 16 events of the substrate entering the tunnels of
LinB-OpenW, including also a binding of the multiple substrates
(Figure S13A in the Supporting Information). Importantly, this
analysis revealed that the p1a tunnel was dominantly used by
the substrate molecules and that the release of products via this
tunnel will in many instances suﬀer from the interference with
substrate molecules (Figure S13B). Such notable limitation of
product release via the p1a tunnel enhances the relative
importance of other tunnels, including the newly introduced p3
tunnel, for the product release. This interference is especially
relevant under conditions involving an excess of substrate
molecules, similar to those used in our experiments.

■

DISCUSSION
Protein tunnels play a vital role in enzymatic function, and their
modiﬁcation can result in altered activity, substrate speciﬁcity,
enantioselectivity, and stability.2,17−22 Here, we demonstrate
that introduction of a functional de novo tunnel into the
protein structure is possible. On the basis of structural analysis
and MD simulations, the p3 transport tunnel was opened in
LinB-OpenW due to three mutations in the bottleneck residues.
The new tunnel was utilized for transport of both alcohol and
halide ion products of catalysis as well as water molecules,
which act as a cosubstrate and facilitate product release.35 The
structural parameters of the de novo created p3 tunnel matched
that of natively present auxiliary tunnel p2, which corresponds
well with the fact that we have evolved only three out of seven
bottleneck residues belonging to the p3 tunnel in this study.
Further engineering of the p3 tunnel toward its role as the main
transport tunnel might therefore require optimization of the
remaining tunnel-lining residues.
What else have we found during this exercise? Introduction
of the disulﬁde bridge to close the original main tunnel in LinBClosedCC turned out to be an eﬃcient strategy during the initial
screening for mutants with a newly opened tunnel, but it later
hampered determination of the crystal structures of the variants
carrying this disulﬁde bridge. Encountered problems could be
connected with too large initial distances for creation of the
covalent bond (Table S2 in the Supporting Information),
possibly introducing a strain into the protein structures. A
comparison of structures of LinB-OpenW with its template
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LinB-ClosedW revealed that introducing primarily small amino
acids may not be the most optimal approach for designing a
tunnel opening because the protein structure tends to
compensate for lost contacts by adopting more stable
conformations that ﬁll newly created empty spaces (Figure
S10A in the Supporting Information). Future protocols for
designing permanent tunnels will need to explicitly consider
interactions among the residues surrounding the newly formed
tunnels. Alternatively, designing tunnels equipped with
molecular gates to allow both closed and open states6,13−15
may represent an eﬃcient strategy for producing active and
stable enzymes.24
On the basis of its structural and functional parameters, the
newly open p3 tunnel should be considered as an auxiliary
tunnel. The dramatic improvement of enzymatic catalysis in
LinB-OpenW could be attributed to the introduction of the p3
tunnel to the protein structure, since we did not obtain any
evidence for improvements in structural or functional properties for other transport tunnels in LinB-OpenW from crystallographic analysis or molecular dynamic simulations. However,
we cannot entirely rule out indirect eﬀects of the mutations on
enzyme catalysis via modulating enzyme dynamics. Functionally, we observed changes in the substrate speciﬁcity, kinetics,
and substrate inhibition. A complete switch in the speciﬁcity
proﬁles and even creation of mutants with substrate speciﬁcity
unknown for native enzymes was achieved by the conducted
engineering of tunnels. In the case of LinB-OpenW, this led to
improvements in all of the catalytic steps, rendering this mutant
the most proﬁcient haloalkane dehalogenase ever isolated31,36
or constructed in the laboratory.4,24,29,37−39 In contrast, the
mutant LinB-OpenCC showed improvements solely in the initial
steps involving substrate and water access, whereas no
improvement was observed for product release. Such diﬀerences in eﬀects of adding the auxiliary tunnel into these two
closed templates might be connected to the structural basis of
p1 tunnel closure in LinB-ClosedCC and LinB-ClosedW. The
diﬀerent nature of p1 closure appeared to cause preferences for
these ligands to shift to various degrees, which seems to
correspond to the fact that the geometry and physicochemical
properties of tunnels deﬁne their selectivity toward individual
ligands: substrates, products, and solvent molecules. Moreover,
the multiple tunnels in the investigated enzymes seemed to be
interconnected. The auxiliary tunnels can promote the catalysis
by eﬃciently solvating the released products (Figure S12B in
the Supporting Information). They may also allow a
simultaneous transport of substrates and products, avoiding
the need for synchronization (Figure S13B in the Supporting
Information). Such complexity could be responsible for mixed
eﬀects observed upon blockage and opening of individual
tunnels. Interestingly, we observed clear trends in substrate
inhibition, which was enhanced in both closed mutants and
markedly reduced in both mutants with the de novo open
tunnel. As similar eﬀects traceable to tunnel modiﬁcation have
also been observed previously,22,24,40 the re-engineering of
protein tunnels could represent a novel avenue for the removal
of substrate or product inhibition for biocatalysts in industrial
biotechnology or synthetic biology.41

multiple tunnels on the selectivity toward diﬀerent ligands. The
way forward would be to quantitatively evaluate the eﬀect of
changes in physicochemical properties of engineered tunnels on
the transport of substrates, products, and water solvent and
consequently individual steps of the catalytic cycle. Our current
observations suggest that one way to increase the eﬃciency of
de novo designed catalysts is to direct their substrates and
products into spatially distinct tunnels. Despite its relative
infancy, we believe that the proposed strategy for opening
transport tunnels could be useful for protein engineering of
biocatalysts and, more speciﬁcally, oﬀers an extension to
available protocols for current de novo enzyme design focusing
primarily on the optimization of active sites toward transition
state stabilization.

■

METHODS
Site-Directed Mutagenesis and Gene Synthesis. The
mutant recombinant genes linB(D147C+L177C) and
linB(L177C+A247C) were constructed by inverse PCR using
Pf u DNA polymerase (Finnzymes, Espoo, Finland) with the
following oligonucleotides: linB(D147C)-f, 5′-GGA TTT TCC
CGA ACA GTG TCG CGA TCT GTT TC-3′; linB(D147C)r, 5′-GCC CAT TCG ATC GGC ATG GCG ATC GC-3′;
linB(A247C)-f, 5′-CCG AGC CGG GAT GCC TGA CCA
CGG GCC G-3′; linB(D147C)-r, 5′-CGT TGA TGA AGA
GTT TCG GAA TCG GGC-3′. Plasmid pAQN-linB27
(L177C)29 was used as a template for PCR. The resulting
PCR product was treated with DpnI restriction endonuclease to
remove pAQN-linB template plasmid. The product was treated
with T4 polynucleotide kinase (New England Biolabs, Ipswich,
CT, USA), self-ligated, and transformed into Escherichia coli
DH5α. Plasmids pAQN-linB(D147C+L177C) and pAQNlinB(L177C+A247C) from E. coli DH5α were isolated using
a GeneJET plasmid miniprep kit (Fermentas, Burlington, VT,
USA), and the presence of a linB gene variant in the plasmid
was veriﬁed by double-digestion with EcoRI and HindIII. The
nucleotide sequence of the mutant was conﬁrmed by the
dideoxy-chain termination sequencing method with an
automated DNA sequencer ABI PRISM 310 genetic analyzer
(Applied Biosystems, Foster City, CA, USA). The variant LinBClosed W was constructed by inverse PCR with the
oligonucleotides 5′-GCG CAG GAT GTG TCC GGG GAG3′ and 5′-AAC TTG TTC GAC AAA AAC-3′, as described
previously.29 The gene of LinB-OpenW was synthesized
artiﬁcially (Entelechon, Regensburg, Germany) according to
the sequence of LinB-ClosedW.
Construction of Library by Saturation Mutagenesis.
Saturation mutagenesis was performed using a QuikChange
Lightning multisite-directed mutagenesis kit (Stratagene, La
Jolla, CA, USA) in all three selected positions simultaneously.
The proximity of the amino acid residues W140 and F143
enabled degenerate codons mutating these positions to be
included in one oligonucleotide. The following oligonucleotides
with degenerated codons were used for saturation mutagenesis:
linB(W140+F143)-sm, 5′-C GCC ATG CCG ATC GAA NBG
GCG GAT BNT CCC GAA CAG TGT CGC G-3′;
linB(I211)-sm, 5′-C CTG TCT TGG CCT CGC CAA NBA
CCG ATC GCA GGC ACC-3′ (where N and B mean any
nucleotide and any nucleotide except for A, respectively). All
three positions were mutated simultaneously in one PCR
reaction conducted according to the manufacturer’s protocol.
The plasmid pAQN-linB(D147C+L177C) was used as a
template for the PCR reaction. The volume of the PCR

■

CONCLUSIONS
Our study demonstrates that, whereas we can open and close
the transport tunnels with reasonable proﬁciency, we cannot
accurately predict the eﬀects of such changes on the catalytic
properties at this stage. This is because of the complex eﬀects of
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reaction mixture was 25 μL. The reaction mixture contained 2.5
μL of 10X QuikChange Lightning multi reaction buﬀer, 50 ng
of template DNA, 100 ng of each primer, 1 μL of dNTP mix,
and 1 μL of QuikChange Lightning multi enzyme blend. The
PCR proceeded under the following conditions: 95 °C 2 min
and 30 × (95 °C 20 s, 58 °C 30 s, 65 °C 2 min), with a ﬁnal
extension step at 65 °C for 5 min. The PCR products were then
treated with methylation-dependent endonuclease DpnI for 5
min at 37 °C. The generated plasmids were transformed into E.
coli XJb(DE3) cells (ZymoResearch, Orange, CA, USA) using
the standard electroporation protocol. The transformation
mixture was placed in a Micropulser cuvette with a 0.1 cm gap
(BTX, Holliston, MA, USA). A pulse of 1.8 kV was delivered by
an ECM 399 Generator (BTX, Holliston, MA, USA).
Candidates selected on the basis of screening on microtiter
plates (MTPs) were used to propagate plasmid in 10 mL of LB
medium containing ampicillin (100 μg.ml−1), and their plasmid
DNA was isolated by a GeneJET plasmid miniprep kit
(Fermentas, Burlington, Canada). Plasmids were commercially
sequenced together with selected mutants using the following
pAQN vector speciﬁc primers: pAQN-f, 5′-GTT GAC AAT
TAA TCA TCG GCT CG-3′; pAQN-r, 5′-GCC GCC AGG
CAA ATT CTG-3′ (Macrogen, Amsterdam, The Netherlands).
Screening of Library Constructed by Site-Saturation
Mutagenesis. Sterile MTP wells were ﬁlled with 150 μL of
Luria−Bertani (LB) medium containing ampicillin at a ﬁnal
concentration of 100 μg mL−1. Wells were inoculated with a
single transformant using sterile toothpicks. Cultures were
grown overnight at 37 °C. After 14 h of cultivation, 50 μL of
each culture from the cultivation plate was added to 50 μL of
30% glycerol to generate a replica plate for storage. Next, 50 μL
of fresh LB medium with ampicillin, L-arabinose at a ﬁnal
concentration of 3 mM, and isopropyl-β-D-thiogalactoside
(IPTG) at a ﬁnal concentration of 0.5 mM were added to
each well of the cultivation plate. The MTPs were cultivated at
30 °C for 4 h. Cell cultures were harvested by centrifugation at
1600g for 20 min (Laborzentrifugen, Osterode am Harz,
Germany), the supernatant was discarded, and the MTPs were
frozen at −80 °C. E. coli XJb containing plasmid pAQN-linB-Wt
was used as a positive control, and E. coli XJb containing
plasmid pAQN-linB(D147C+L177C) was used as a negative
control. Prior to use, the MTPs were defrosted and kept at
room temperature for 10 min. Next, 50 μL of lysis buﬀer (1
mM HEPES, 20 mM Na2SO4, and 1 mM EDTA, pH 8.2) was
added to each well. Cell debris was removed from the lysate by
centrifugation at 1600g for 20 min (Laborzentrifugen, Osterode
am Harz, Germany) after incubation at room temperature at
100 rpm for 1 h. The method described by Holloway et al.42
was carried out with modiﬁcations. The assay relied on
detection of protons produced during the dehalogenation
reaction in addition to halides and alcohols. A 25 μL portion of
lysate was transferred to each well of a new MTP, and 175 μL
of assay buﬀer (1 mM HEPES, 20 mM Na2SO4, and 1 mM
EDTA, pH 8.2) containing 1,2-dibromoethane was added. The
substrate was incubated in the reaction buﬀer at 37 °C for 30
min before starting the reaction. The MTP plate was securely
closed by the lid and Paraﬁlm. The reaction mixture was diluted
by buﬀer containing pH indicator phenol red (1 mM HEPES,
20 mM Na2SO4, and 1 mM EDTA, 50 μg mL−1 phenol red, pH
8.2) for detection after 14 h of dehalogenation. The change in
color of the pH indicator was estimated at 540 nm using a
Sunrise spectrophotometer (Tecan, Mannedorf, Switzerland)
as previously described by Holloway.

Overexpression and Puriﬁcation. To overproduce LinB
variants in E. coli, the corresponding genes were subcloned into
the expression vectors pAQN (linB-Closedcc and linB-Closedw)
and pET21b (linBM1-M12, linB-Opencc, and linB-Openw) under
the control of the T7lac promoter (Novagen, Madison, WI,
USA) and gene expression was induced by addition of IPTG. E.
coli BL21 and E. coli BL21(DE3) cells containing the pAQN
and pET21b plasmids, respectively, were cultured in 4 L of LB
medium at 37 °C. When the culture reached an optical density
of 0.5 at a wavelength of 600 nm, enzyme expression (at 20 °C)
was induced by addition of IPTG to a ﬁnal concentration of 0.5
mM. The cells were harvested, disrupted by sonication using an
Ultrasonic UP200S processor (Hielscher, Teltow, Germany),
and centrifuged for 1 h at 4 °C and 21000g. Enzymes were
puriﬁed by metallo-aﬃnity chromatography using a Ni-NTA
Superﬂow column (Qiagen, Hilden, Germany) on Ä kta FPLC
(GE Healthcare, Uppsala, Sweden). His-tagged enzymes were
bound to the resin in equilibrating buﬀer (20 mM potassium
phosphate buﬀer, pH 7.5, containing 0.5 M sodium chloride,
and 10 mM imidazole). Unbound and weakly bound fractions
were washed out, and His-tagged enzymes were consequently
eluted with puriﬁcation buﬀer containing 300 mM imidazole.
The puriﬁed proteins were pooled and dialyzed against 50 mM
potassium phosphate buﬀer (pH 7.5) overnight at 4 °C. The
purity of the puriﬁed proteins was checked by SDSpolyacrylamide gel electrophoresis in 15% polyacrylamide gels.
MALDI-MS/MS Analysis. Phosphate buﬀer used for
puriﬁcation of LinB variants with the designed disulﬁde bridge
(LinB-D147C+L177C, L177C+A247C, M2, M7, and M8) was
exchanged with glycine buﬀer (20 mM) using a HiTrap
desalting column (Amersham Biosciences, Freiburg, Germany).
Samples of LinB variants were independently digested with
protease trypsin, chymotrypsin, and pepsin and analyzed by
MALDI-MS/MS. The digested samples were treated with
dithiothreitol (DTT) and iodacetamide. The modiﬁed samples
were analyzed by MALDI-MS/MS. Mass spectra of the
proteins were recorded on an Ultraﬂex III spectrometer
(Bruker Daltonik, Bremen, Germany) and processed with
XMASS 5.1.5 software (Bruker, Bremen, Germany).
Circular Dichroism Spectroscopy and Thermal Denaturation. To access the secondary structure and correct folding
of LinB variants, circular dichroism (CD) spectra were
recorded at room temperature using a Chirascan CD
spectrometer (Applied Photophysics, Leatherhead, U.K.)
equipped with a Peltier thermostat. Data were collected from
185 to 260 nm at a scan rate of 100 nm/min with a 1 s
response time and 2 nm bandwidth using a 0.1 cm quartz
cuvette containing the enzyme in 50 mM potassium phosphate
buﬀer (pH 7.5). Each spectrum shown represents an average of
ﬁve individual scans and has been corrected for absorbance
caused by the buﬀer. CD data were expressed in terms of the
mean residue ellipticity. Thermal unfolding of the LinB variants
was followed by monitoring the ellipticity at 221 nm over the
temperature range 20−80 °C with a resolution of 0.1 °C and
heating rate of 1 °C/min. Recorded thermal denaturation
curves were roughly normalized to represent signal changes
between approximately 1 and 0 and ﬁtted to sigmoidal curves
using software Origin 8.0 (OriginLab, Northampton, MA,
USA). Melting temperatures (Tm) were evaluated as the
midpoint of the normalized thermal transition.
Speciﬁc Activity Measurements. The speciﬁc activities of
LinB variants were assayed by a colorimetric method.43 The
speciﬁc activities of LinB-ClosedCC, LinB-OpenCC, LinB7605
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ClosedW, and LinB-OpenW were measured with a set of 30
halogenated substrates (4, 1-chlorobutane; 6, 1-chlorohexane;
18, 1-bromobutane; 20, 1-bromohexane; 28, 1-iodopropane;
29, 1-iodobutane; 31, 1-iodohexane; 37, 1,2-dichloroethane;
38, 1,3-dichloropropane; 40, 1,5-dichloropentane; 47, 1,2dibromoethane; 48, 1,3-dibromopropane; 52, 1-bromo-3chloropropane; 54, 1,3-diiodopropane; 64, 2-iodobutane; 67,
1,2-dichloropropane; 72, 1,2-dibromopropane; 76, 2-bromo-1chloropropane; 80, 1,2,3-trichloropropane; 111, bis(2-chloroethyl) ether; 115, chlorocyclohexane; 117, bromocyclohexane; 119, 1-(bromomethyl)cyclohexane; 137, 1-bromo-2chloroethane; 138, chlorocyclopentane; 141, 4-bromobutyronitrile; 154, 1,2,3-tribromopropane; 155, 1,2-dibromo-3-chloropropane; 209, 3-chloro-2-methylpropene; 225, 2,3-dichloropropene), whereas the activities of LinB M1-M12 variants
were measured toward a reduced set of 6 selected halogenated
substrates (18, 20, 29, 47, 48, and 117). The dehalogenation
reaction was performed at 37 °C in 25 mL Reacti-ﬂasks closed
by Mininert valves. The reaction mixture contained 10 mL of
glycine buﬀer (100 mM, pH 8.6) and 10 μL of halogenated
substrate. The reaction was initiated by addition of the enzyme.
The reaction was monitored by withdrawing 1 mL samples at
periodic intervals from the reaction mixture and immediately
mixing the samples with 0.1 mL of 35% nitric acid to terminate
the reaction. Halide ions released during the reaction were
detected spectrophotometrically at 460 nm with mercuric
thiocyanate and ferric ammonium sulfate using a SUNRISE
microplate reader (Tecan, Grödig/Salzburg, Switzerland). The
dehalogenation activity was quantiﬁed as the rate of product
formation with time.
Principal Component Analysis. A matrix containing the
activity data for 10 wild-type HLDs and 4 LinB variants (LinBClosedCC, LinB-OpenCC, LinB-ClosedW, and LinB-OpenW)
with 30 substrates was analyzed by principal component
analysis (PCA)44 using Statistica 10.0 (StatSoft, Tulsa, OK,
USA) in an attempt to uncover relationships between
individual HLDs on the basis of their activities toward the set
of substrates following the methodology described elswhere.31
In short, the raw data were log-transformed and weighted
relative to the activity of the individual enzyme toward other
substrates prior to performing the PCA in order to better
discern the enzyme speciﬁcity proﬁles. These transformed data
were used to identify substrate-speciﬁcity groups of enzymes
exhibiting similar speciﬁcity proﬁles regardless of their overall
speciﬁc activities. Here, such analysis provided two types of
outcomes: (i) a score plot showing the projection of enzymes
onto a lower-dimensional subspace formed by selected
principal components according to their substrate speciﬁcity
and (ii) a loadings plot quantifying the contributions of the
activities with individual substrates to a particular principal
component. PCA analysis of activity data of LinB mutants M1−
M12 with six selected halogenated substrates was carried out by
the same procedure as described above in order to identify
LinB variants with the most diverse speciﬁcities.
Steady-State Kinetic Measurements. The catalytic
properties of the enzymes were described by steady-state
kinetic parameters determined with 1,2-dibromoethane as a
substrate. The steady-state kinetics of LinB variants were
measured using a VP-ITC isothermal titration microcalorimeter
(MicroCal, Piscataway, NJ, USA) at 37 °C. The microcalorimeter reaction mixture vessel was ﬁlled with 1.4 mL of
enzyme solution at a concentration of 0.004−0.01 mg/mL (100
mM glycine buﬀer, pH 8.6). The substrate solution was

prepared in the same buﬀer by addition of 1,2-dibromoethane
to a ﬁnal concentration of 4 mM. The substrate concentration
was veriﬁed by gas chromatography (Finnigen, San Jose, CA,
USA). The enzyme was titrated at 150 s intervals in the
reaction mixture vessel with increasing amounts of substrate
while maintaining pseudo-ﬁrst-order conditions. Each injection
increased the substrate concentration, thereby increasing the
enzyme reaction rate (increased heat generated), until the
enzyme became saturated. A total of 28 injections were carried
out during the titration. The reaction rates reached after every
injection (in units of thermal power) were converted to enzyme
turnover. The calculated enzyme turnover plotted against the
actual concentration of the substrate after every injection was
then ﬁtted by nonlinear regression to kinetic models using
Origin 8.0 (OriginLab, Northampton, MA, USA).
Pre-Steady-State Burst Analysis. Rapid quench ﬂow
experiments were performed at 37 °C in a glycine buﬀer at pH
8.6 using a QFM 400 rapid quench ﬂow instrument (BioLogic,
Grenoble, France). The reaction was started by rapid mixing of
75 μL of enzyme with 75 μL of substrate solution and
quenched with 100 μL 0.8 M H2SO4 after time intervals
ranging from 5 ms to 1.6 s. The quenched mixture was directly
injected into 0.5 mL of ice-cold diethyl ether containing 1,2dichloroethane as internal standard. After extraction, the diethyl
ether layer containing noncovalently bound substrate and
alcohol product was collected, dried on a short column
containing anhydrous Na2SO4, and analyzed on an Agilent
7890 gas chromatograph (Agilent, Santa Clara, CA, USA)
equipped with a DB-FFAP capillary column (30 m × 0.25 mm
× 0.25 μm, Phenomenex) and connected to an Agilent 5975C
mass spectrometer (Agilent, Santa Clara, CA, USA). The
amount of halide in the water phase was measured using an 861
Advanced Compact ion chromatograph equipped with
METROSEP A Supp 5 column (Metrohm, Herisau, Switzerland). The kinetic data were ﬁtted to the following burst
equation using the software Origin 6.1 (OriginLab, Northampton, MA, USA):
[P]
= A 0(1 − e−kobst ) + ksst
[E]0

Crystallization and Data Collection. Crystals of LinBClosedW (PDB ID 4WDQ) were prepared as described
previously.45 Brieﬂy, 1 μL of protein at a concentration of 5
mg mL−1 was mixed with 1 μL of precipitant (0.1 M MES, pH
5.6, 0.2 M MgCl2, 25% (w/v) PEG 3350) and equilibrated
against 800 μL of precipitant solution in 24-well CombiClover
plates (Molecular Dimensions Limited, Newmarket, U.K.).
Crystals of LinB-ClosedW were grown within 4 days at room
temperature and then frozen in liquid nitrogen without
additional cryoprotection. Diﬀraction data were collected at
100 K at the EMBL Hamburg beamline X13 (DESY, Hamburg,
Germany) using the MAR CCD 165 mm detector at a
wavelength of 0.812 Å. The data were processed with
HKL3000.46
LinB-OpenW at a concentration of 11 mg mL−1 was used to
set up crystallization trials. The crystals of LinB-OpenW were
formed after initial crystallization screening by the sitting drop
vapor diﬀusion method in MRC 96-well plates (Hampton
Research, Aliso Viejo, CA, USA) using a Gryphon crystallization robot (ARI, Sunnyvale, CA, USA). Trigonal crystals
were grown at 277 K in a Morpheus crystallization screen
(Molecular Dimensions Limited, Newmarket, U.K.) in a
7606

DOI: 10.1021/acscatal.6b02081
ACS Catal. 2016, 6, 7597−7610

Research Article

ACS Catalysis

(MD) simulations by removing all ligands and water molecules.
In the case of LinB-OpenW we obtained three initial monomeric
structures (two chains from 4WDR and one from 5LKA).
Hydrogen atoms were then added to all protein structures
using H++ server at pH 8.5 and a salinity of 0.1 M with internal
and external dielectric constants of 10 and 80, respectively.63
Initial water molecules were placed into the protein structures
using 3D-RISM theory according to the Placevent algorithm.64,65 Cl− and Na+ ions were then added to the ﬁnal
concentration of 0.1 M using the Tleap module of
AMBERTools15.66 Using the same module, a truncated
octahedron of TIP3P water molecules67 was added to the
distance of 10 Å from any atom in all of the systems.
Energy minimization and MD simulations were carried out in
the PMEMD.CUDA module68,69 of AMBER1466 using the
ﬀ14SB force ﬁeld.70−72 The investigated systems were
minimized by 500 steps of steepest descent followed by 500
steps of conjugate gradient in ﬁve rounds of decreasing
harmonic restraints. The restraints were applied as follows: 500
kcal mol−1 Å−2 on all heavy atoms of protein and then 500, 125,
25, and 0 kcal mol−1 Å−2 on backbone atoms only. The
subsequent MD simulations employed periodic boundary
conditions, the particle mesh Ewald method for treatment of
electrostatics interactions beyond 10 Å cutoﬀ,73,74 and 2 ft time
step with the SHAKE algorithm to ﬁx all bonds containing the
hydrogens.75 Equilibration simulations consisted of two steps:
(i) 2 ns of gradual heating from 0 to 310 K under a constant
volume, using a Langevin thermostat76 with collision frequency
of 1.0 ps−1, with harmonic restraints of 5.0 kcal mol−1 Å−2 on
the positions of all protein atoms; (ii) 22 ns of unrestrained
simulation at 310 K using the Langevin thermostat, and the
constant pressure of 1.0 bar using the pressure coupling
constant of 1.0 ps. Finally, production MD simulations were
run for 200 ns at 310 K using the weak-coupling thermostat,77
and a constant pressure of 1.0 bar using a pressure coupling
constant of 1.0 ps. In total, three separate MD simulations were
performed for LinB-Wt and LinB-ClosedW, whereas two
simulations were run for each of the three available starting
structures of LinB-OpenW. Coordinates were saved in 5 ps
intervals, and the trajectories were analyzed using the Cpptraj
module78 of AMBERTools15, Pymol 1.7, and VMD 1.9.1.79
The dynamic behavior of tunnel network was analyzed by
CAVER 3.0.2. Every atom of the protein structure was
approximated by 13 spheres with radii corresponding to the
smallest atom present in the analyzed protein structure. The
starting point was speciﬁed by the three residues Trp109,
Asn38, and His272. To prevent collision of the starting point
with other protein atoms, an automatic optimization of its
coordinates was performed. The tunnels were searched in
40000 snapshots from each MD simulation using a probe radius
of 0.7 Å and the default settings. The redundant tunnels were
automatically removed from each snapshot. The clustering of
100000 randomly sampled tunnels was performed with
Murtagh’s algorithm using clustering thresholds of 3 and 4.5
for LinB-Wt and its mutants, respectively. The remaining
tunnels were assigned to the 20 top-ranking tunnel clusters by
using a k-nearest-neighbor classiﬁer.
The transport of water molecules was investigated by ﬁrst
considering all waters farther than 16 Å from the CG atom of
Asp108 as being outside a protein, whereas waters closer than 6
Å were inside the cavity. Next, only the events involving
complete transport of a water molecule from one region to the
other during the analyzed MD simulation were considered.

mixture containing 50 mM MOPS buﬀer, 50 mM HEPES, pH
7.5, 0.3 M CaCl2, 0.3 M MgCl2, 13% (w/v) PEG550MME, and
7% (w/v) PEG 20000. Rodlike crystals belonging to an
orthorhombic space group were grown at 277 K in PEGs Suite
crystallization screen (Qiagen, Valencia, CA, USA) in a mixture
containing 0.2 M sodium thiocyanate and 20% (w/v) PEG
3350. All crystals were frozen in liquid nitrogen without
additional cryoprotection. Diﬀraction data for LinB-OpenW
(PDB ID 4WDR) were collected at the ESRF ID-29 beamline
(Grenoble, France47) equipped with a Pilatus 6 M pixel
detector at a wavelength of 0.9724 Å. Diﬀraction data for LinBOpenW (PDB ID 5LKA) were collected at the beamline 14.1
equipped with Pilatus 6 M pixel detector at a wavelength of
0.9184 Å at the BESSY II electron-storage ring (HelmholtzZentrum Berlin, Berlin-Adlershof, Germany48). The XDSAPP
graphical user interface49 for running XDS50 was used for
indexing, integration, and scaling of the diﬀraction data.
Structure Determination, Reﬁnement, and Analysis.
Crystal structures of LinB-ClosedW (PDB ID 4WDQ) and
LinB-OpenW (PDB ID 4WDR) were solved by molecular
replacement with the MOLREP program.51 The haloalkane
dehalogenase LinB-Wt (PDB ID 1CV252) and reﬁned structure
of LinB-ClosedW were used as search models for LinB-ClosedW
and LinB-OpenW, respectively. Model reﬁnement was carried
out using REFMAC 5.2,53 part of the CCP4 software
package,54 alternated with cycles of model building using
Coot.55 After eight cycles of isotropic restrained reﬁnement,
each chain of LinB-OpenW (PDB ID 4WDR) was divided into
four TLS (translation/libration/screw) groups suggested by the
TLS motion determination server56 and another eight cycles of
TLS restrained reﬁnement were performed.57 The crystal
structure of LinB-OpenW (PDB ID 5LKA) was solved with
Phaser58 incorporated in the PHENIX suite59 using the reﬁned
structure of LinB-OpenW (PDB ID 4WDR) as a search model.
LinB-OpenW (PDB ID 5LKA) was reﬁned in PHENIX60 with
manual model building in Coot. The MolProbity online
server61 was used to analyze the structures. The data collection,
processing, and reﬁnement statistics for LinB-ClosedW and
LinB-OpenW are summarized in Table S8 in the Supporting
Information.
Tunnel Analysis in Crystal Structures. Twelve available
crystal structures of LinB-Wt were obtained from the RSCB
PDB database to analyze their tunnels. Newly obtained
structures were used for LinB-ClosedW (PDB ID 4WDQ)
and LinB-OpenW (PDB ID 4WDR and 5LKA). All ligands,
water molecules, and protein atoms at alternative conformations were removed, and all structures were aligned to the 1MJ5
structure using PyMOL 1.7.62 Tunnels were analyzed by the
standalone version of CAVER 3.0.2.28 Every atom was
approximated by 13 spheres with radii corresponding to the
smallest atom present in the analyzed protein structure. The
starting point was speciﬁed with the following coordinates:
(14.924; 35.851; 6.326) Å. To prevent collision of the starting
point with other protein atoms, an automatic optimization of its
coordinates was performed. Transport tunnels were identiﬁed
using a probe radius of 1.0 Å, whereas potential pathways were
identiﬁed using a probe radius of 0.6 Å. Redundant tunnels
were automatically removed from each structure, and tunnels
were clustered using the threshold of 4.5.
Molecular Dynamics Simulations of Free Enzymes.
Crystal structures of LinB-Wt (PDB ID 1MJ5), and its mutants
LinB-ClosedW (PDB ID 4WDQ) and LinB-OpenW (PDB ID
4WDR and 5LKA) were prepared for molecular dynamics
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simulations of slow product release, the dual-boosting approach
was employed using separate torsional and total boost
potentials to accelerate both internal and diﬀusive degrees of
freedom of the product release simulations.87 Parameters
deﬁning the dihedral (Edih; αdih) and total (Etot; αtot) boosts
were calculated on the basis of a protocol employed by Pierce
et al.,88 which was modiﬁed as follows. Average dihedral
tot
energies (Edih
0 ) and total potential energies (E0 ) of unbiased
systems were obtained from the last 20 ns of the preceding
equilibration MD simulations of respective systems. Using the
information on the overall number of atoms (Natm) and number
of protein residues (Nres) in the systems, the boost parameters
were calculated using the following relationships: αdih =
res res
tot
0.2CresNres; Edih = Edih
= CatmNatm; Etot = Etot
0 + C N ; α
0 +
tot
res
atm
α , where C and C are empirical constants of 3.5 kcal
mol−1 residue−1 and of 0.2 kcal mol−1 atom−1, respectively. The
accelerated MD simulations were performed at 310 K using the
weak-coupling thermostat77 and a constant pressure of 1.0 bar
using a pressure coupling constant of 1.0 ps. In total, 25
separate accelerated MD simulations were performed for each
of four initial binding modes, providing in total 100 simulations
of LinB-Wt and LinB-ClosedW and 300 simulations of LinBOpenW. These simulations were run for variable times from 4
to 200 ns until both products left the enzyme, which was
monitored by using a distance cutoﬀ of 18 Å between the
starting point of tunnels deﬁned as the centers of mass of
Trp109, Asn38, and His272 residues and centers of mass of
each product. When no release of both products was observed,
a simulation was discarded, providing the ﬁnal sets of 100
simulations for LinB-Wt, 99 simulations for LinB-ClosedW, and
285 simulations for LinB-OpenW. Analyses of successful
simulations were performed with the same tools as employed
for the MD simulations of free enzymes. The uncertainties in
the probability of product transport through a particular tunnel
were estimated using a bootstrap method,89 10000 times
resampling the data from a random subset of 50 simulations.

Finally, the identity of the molecular tunnel employed during
such transport event was disclosed by calculating the shortest
average distance between all points of the ligand trajectory
during such an event and the closest points of all tunnels
calculated by CAVER 3.0.2.
Molecular Dynamics Simulations of Substrate Entry
and Product Releases. The structures of 2-bromoethanol
product and 1,2-dibromoethane substrate were created with the
Avogadro 1.0.3 program.80 The geometry was energy
minimized at the MP2/6-31G* level of theory using the
Gaussian09 program, revision E.01.81 The partial atomic
charges of both molecules were obtained using RESP ESP
charge derive (R.E.D.) server 2.082,83 at the HF/6-31G* level of
theory using the Gaussian09 program utilized in the R.E.D.
server. The charges on 2-bromoethanol and 1,2-dibromoethane
were derived employing the RESP-A1A charge model, using a
single-conformation multiorientation RESP ﬁt. The atom types
were derived in analogy with the force ﬁeld of Cornell et al.84
Three substrate molecules were placed randomly around the
protein beyond the solvent shell introduced by the Placevent
algorithm. In total, ﬁve diﬀerent initial positions of substrates
were used for each of the three available starting structures of
LinB-OpenW. Initial positions of products in the active site of
LinB variants were obtained by molecular docking performed
with AutoDock Vina 1.1.2 using an exhaustiveness of 50, a
maximum of 20 generated binding modes, and maximum
energy diﬀerence between the best and the worst binding
modes of 1.5 kcal mol−1.85 Bromide ions were placed at
positions corresponding to the coordinates of chloride ions
bound between the halide-stabilizing residues Asn38 and
Trp109 in the crystal structure of LinB-Wt (PDB ID 1MJ5).
Subsequently, the region of the active site selected for
molecular docking was set to 22.5 × 22.5 × 22.5 Å centered
at the bromide product. AutoDock atom types were assigned to
2-bromoethanol product and protein structures. The input ﬁles
were converted into an AutoDock compliant format with the
AutoDockTools4 module of MGLTools 1.5.6.86 For each
system, four binding modes of 2-bromoethanol were found to
form a hydrogen bond to the catalytic nucleophile Asp108. All
of these modes were used as the input structures for following
MD simulations.
For simulations of substrate entry, the preparation,
minimization, and equilibration of the system during MD
simulations employed the same protocol as described above for
the simulations of free enzymes. The simulations of product
release followed the same protocol with three exceptions: (i)
the initial restraints of 500 kcal mol−1 Å−2 were applied also to
both products; (ii) restraints of 5.0 kcal mol−1 Å−2 were applied
to both products during the 2 ns long heating phase under the
constant volume; (iii) three additional distance-based restraint
potentials were applied to maintain two hydrogen bonds
between the two halide stabilizing residues and the bound
bromide ion (both of 0.5 kcal mol−1 Å−2) and a hydrogen bond
between Asp108 and the 2-bromoethanol (1 kcal mol−1 Å−2)
during 22 ns long equilibration MD simulations under constant
pressure. These restraints were one-sided to enable shortening
of the hydrogen bond distances without any penalty, and they
were centered at the actual hydrogen bond distances obtained
from the molecular docking calculations.
By the protocol described for simulations of free enzymes,
production MD simulations of substrate entry were run for 200
ns for each of the three available starting structures of LinBOpenW, reaching a total simulation time of 3 μs. In production
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