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ABSTRACT: Enzyme engineering tends to focus on the
design of active sites for the chemical steps, while the physical
steps of the catalytic cycle are often overlooked. Tight binding
of a substrate in an active site is beneﬁcial for the chemical
steps, whereas good accessibility beneﬁts substrate binding
and product release. Many enzymes control the accessibility of
their active sites by molecular gates. Here we analyzed the
dynamics of a molecular gate artiﬁcially introduced into an
access tunnel of the most eﬃcient haloalkane dehalogenase
using pre-steady-state kinetics, single-molecule ﬂuorescence
spectroscopy, and molecular dynamics. Photoinduced electron-transfer−ﬂuorescence correlation spectroscopy (PETFCS) has enabled real-time observation of molecular gating
at the single-molecule level with rate constants (kon = 1822 s−1, koff = 60 s−1) corresponding well with those from the pre-steadystate kinetics (k−1 = 1100 s−1, k1 = 20 s−1). The PET-FCS technique is used here to study the conformational dynamics in a
soluble enzyme, thus demonstrating an additional application for this method. Engineering dynamical molecular gates
represents a widely applicable strategy for designing eﬃcient biocatalysts.

■

INTRODUCTION

access of substrates, ions, and water molecules into the
catalytic site, reﬂecting the requirements of the catalytic cycle.2
The low eﬃciency of de novo-designed biocatalysts relative
to those that have evolved naturally demonstrates that our
understanding of enzymatic catalysis is still incomplete.3 In
particular, the dynamic processes that control the function of
enzymes are only recently being taken into account in the
enzyme design protocols.4,5 Great progress has been achieved
in computational protein design of the substrate/intermediate
complementarity with the active site.6,7 Considerably less
attention has been paid to the role of ligand transport and the
dynamics of the access pathways, even though many times the
rate-limiting step of enzymatic catalysis is not the chemical
one. In the past few years, the design of access pathways has
gained popularity as it is oﬀering a complementary strategy to
the design of the catalytic sites.1,2,8−11 Rational designing of
the tunnels and dynamical gates in enzymes is still challenging,
however, because their motions are currently insuﬃciently
understood.
Previously we described the most active haloalkane
dehalogenase LinB86 carrying four mutations Trp140Ala

Enzymes are highly eﬃcient biocatalysts with outstanding
speciﬁcity and selectivity. Enzymatic reactions take place in
their active sites, which are frequently hidden inside the
protein core. The active sites are connected to the bulk solvent
through the transport tunnels. The importance of tunnels in
enzymatic activity, substrate speciﬁcity, and stereoselectivity
has been explored in a number of studies using X-ray
crystallography, steady-state and pre-steady-state kinetics, and
molecular modeling.1,2 Beyond complementarity between the
substrate and the binding site, tunnels oﬀer another level of
discrimination for molecules going in and out of the enzyme
active cavity. Tunnels discriminate the preferred substrates or
cofactors, reduce the access of solvents that may disturb the
catalysis, and prevent the escape of reactive intermediates
before the reaction is ﬁnished. The orchestration of enzymatic
reactions commonly requires a precise order of several
individual steps, and the dynamic character of transport
tunnels can play a key role in the catalytic eﬃciency. Many
enzymes employ molecular gates to control the access of small
molecules into their catalytic sites, in a similar fashion as ion
channels control the access of ions into the cell. These gates
can adopt open and closed states and thus grant or deny the
© 2018 American Chemical Society
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Figure 1. Pre-steady-state kinetics. (A) Equilibrium and rate constants for individual catalytic steps for the reaction of LinBwt (black), LinB32
(red), and LinB86 (blue) with 1,2-dibromoethane at 37 °C and pH 8.6. Scheme depicts the minimal kinetic model, where S stands for a substrate,
P for a product, E for an enzyme, ES for a noncovalent enzyme−substrate complex, EI for a covalently bound alkyl−enzyme intermediate, and EP
for an enzyme−product complex. KA is the equilibrium association constant for the ES complex formation, KD is the equilibrium dissociation
constant (KD = 1/KA), k2 is the rate constant for cleavage of the carbon−halogen bond (SN2), k3 is the rate constant for hydrolysis of the alkylenzyme intermediate (AdN), and k4 is the rate constant for product release. Catalytic mechanism is adopted from Verschueren et al., 1993.16 (B)
Schematic illustration of mutations and conformational states of LinB variants (top) and kinetics of close−open enzyme isomerization (bottom).
Bulky “W” introduced to the main access tunnel of LinB32 (red) stabilizes the closed state. For LinB86 (blue), the mutations depicted as “LAL”
opened de novo auxiliary tunnel that primarily does not maintain ligand transport but greatly enhances the gating dynamics. Dependence of
observed rates (kobs) on ligand concentration recorded upon binding and dissociation experiments of bromide ion with LinB32 (red) and LinB86
(blue) is plotted in the graph. Rate of enzyme close−open isomerization representing steps k1 and k−1 was derived from the global ﬁt of binding and
dissociation data to the kinetic model described in Supplementary Scheme 2.

+Phe143Leu+Leu177Trp+Ile211Leu.12,13 The variant was
constructed from one of the less active variants, LinB32,
which had the main access tunnel blocked by an introduced
tryptophan residue Leu177Trp.12 Even though the kinetics of
LinB32 indicated improvement in a chemical step, the poor
product transport substantially hindered its catalytic activity.13
The mutation of three additional residues (Trp140Ala
+Phe143Leu+Ile211Leu) opening a novel auxiliary tunnel
leads to LinB86, which has the highest catalytic eﬃciency with
the substrate 1,2-dibromoethane ever reported for this enzyme
family. The newly opened de novo tunnel is used for ligand
transportation to a lower extent than the natural one, but the
decreased intramolecular contacts enabled the helix surrounding the main tunnel to move in a gate-like fashion. To verify
the enhanced dynamics of this region and to elucidate the
mechanism of the superior catalytic performance of LinB86,
we combined the data from pre-steady-state kinetics, singlemolecule ﬂuorescence spectroscopy, and molecular modeling.
The kinetic analyses identiﬁed the eﬀects on the individual
catalytic steps of 1,2-dibromoethane conversion by all three
enzymes: wild-type LinBwt, LinB32, and LinB86. (In our
previous work, LinB32 was referred to as LinB-ClosedW and
LinB86 as LinB-OpenW.13 The naming scheme has been
changed due to the new observations reported in this study
which show that LinB86 adopts both open and closed states,
and thus, referring to it as LinB-OpenW would be confusing for
the readers.) The detailed kinetics of enzyme−product
interactions predicted a signiﬁcant role of isomerization
dynamics involved in the superior catalytic behavior of
LinB86. Subsequently, photoinduced electron transfer ﬂuorescence correlation spectroscopy (PET-FCS) and molecular
dynamics simulations provided real-time observation and a

structural view of the gating dynamics. In this study, PET-FCS
was used to monitor the conformational dynamics of a soluble
enzyme; previously the methodology has been utilized to study
transmembrane proteins or protein folding.14,15 In the broader
context of protein science, this study demonstrates how the
PET-FCS technique can be used to better understand the
impact of structural dynamics on function or selectivity of a
protein. The results led to detailed insight into the molecular
gating, which is instrumental for future de novo design of
biocatalysts with balanced chemical and physical steps of the
catalytic cycle.

■

RESULTS
Pre-Steady-State Kinetics. The kinetic model for the
reaction of LinBwt, LinB32, and LinB86 with 1,2-dibromoethane was globally ﬁtted to pre-steady-state kinetic data
including rapid quench burst, multiple turnover stopped-ﬂow
ﬂuorescence analyses, and steady-state initial rate kinetic
measurements (Supporting Information I). The analysis
provided individual rate and equilibrium constants for the
minimal kinetic pathway including (i) substrate binding, (ii)
cleavage of a carbon−halogen (SN2 reaction) bond leading to
the formation of an alkyl−enzyme intermediate, (iii) hydrolysis
of the alkyl−enzyme intermediate (and reaction), and (iv)
product release (Figure 1A). In comparison to LinBwt, LinB32
displays improvement of the ﬁrst (SN2) chemical step but
decreased aﬃnity for substrate and a signiﬁcant slowdown of
product release. The LinB86 variant reconstituted the substrate
binding equilibrium to the wild-type level and simultaneously
retained the improvement of the ﬁrst chemical step introduced
in LinB32 by the Leu177Trp mutation. Strikingly, the LinB86
18000
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Figure 2. Single-molecule spectroscopy. (A) Scheme depicting the principle of the single-molecule FCS experiment. Fluorescence of the freely
diﬀusing molecule (orange) is monitored during its transit through the observation volume (in green). (B) Schematic illustration of the dynamic
behavior of LinB92-Atto655, i.e., LinB86 labeled with Atto dye at position 172, which can adopt open and closed conformations. When labeled
with Atto655 or AttoOxa12, the closed conformation of LinB92-Atto655 maintains the ﬂuorescence dye away from Trp177 (depicted as W)
preventing the PET. Thus, the closed state of LinB92-Atto655 is ﬂuorescent. In contrast, the open state of LinB92-Atto655 enables the Atto dye to
get into close proximity of Trp177, resulting in PET and quenching of the dye. Open state is therefore nonﬂuorescent. Respective rate constants
determined by the single-molecule experiments are depicted. (C) Simpliﬁed cartoon of a time trace of the ﬂuorescence intensity ﬂuctuations
recorded in the FCS experiment (raw data trace is depicted as Supplementary Figure 8 in the Supporting Information). Transition to the open state
leads to a reduction in the ﬂuorescence intensity (in green), while the opposite transition recovers the ﬂuorescence intensity (in red). These
ﬂuctuations caused by the conformational transition are projected in the recorded autocorrelation function G(τ), which enables determination of
the rate constants of the transitions between the closed and the open states. (D) FCS autocorrelation curves G(τ) obtained for LinB92-Atto655
(black) and LinB99-Atto655 (red). LinB99 carries out back mutation (Trp177Leu) and serves as the control sample to exclude nonspeciﬁc
contributions to the PET-FCS data. Inset in linear scale highlights the observed diﬀerence in the PET component between LinB92-Atto655 and
LinB99-Atto655 on the (sub)millisecond time scale. (E) PET relaxation time constant τ1 obtained for LinB92-Atto655 (black) and LinB99Atto655 (red) at diﬀerent bromide concentrations.

determined for LinB32 and LinB86 (Figure 1B) is indicative of
the presence of a slow conformational step preceding the
binding. The kinetic model suggests that LinB32 and LinB86
exist in solution as a mixture of two conformers. 18
Interestingly, LinB86 is a highly ﬂexible protein and undergoes
the open−close transition more than 2 orders of magnitude
faster than the rather rigid LinB32 (Figure 1B, Supplementary
Figure 4).
For both proteins the rate of forward isomerization is
signiﬁcantly slower than the rate for the reverse step, favoring
the closed conformation of the free enzyme. The equilibrium
ratio between the two conformational states changes in the
presence of halide ions. Bromide stabilizes the open
conformation, which represents approximately 20% and 50%
of the total enzyme population for LinB32 and LinB86,

acquired additional eﬃciency for the second (AdN) chemical
step and extensively accelerated the transport of the product
out of the active site (Supplementary Figures 1−3). The four
mutations introduced to LinB86 provided eﬀective balance
among all steps involved in the catalytic cycle with 1,2dibromoethane. The product release remains the rate-limiting
step for all three variants (Supplementary Table 1).
The kinetics of bromide binding and dissociation provided
information about the dynamical behavior of individual
mutants. The binding kinetics of LinB32 and LinB86 show a
major diﬀerence in comparison to the wild-type enzyme: both
variants show complex kinetic behavior (Supporting Information II), while a single-step binding of bromide reaching rapid
equilibrium has been described for LinBwt.17 The decrease in
observed rates (kobs) with increasing ligand concentration
18001
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Figure 3. Molecular dynamics simulations. Individual snapshots of the two states observed for the LinB92-Atto655 complex in the molecular
dynamics simulations. (A) Fluorescent probe Atto655 (cyan) is attached to the residue Cys172, and in the closed conformation it cannot reach the
Trp177 (blue). (B) In the open conformation the ﬂuorescence of the Atto655 probe is quenched by the interaction with tunnel-blocking Trp177
(blue). Flexible helix of the cap domain (in red) represents the gating element, which is undertaking periodical conformational transitions leading
to open and closed states. Conformations are deﬁned by the distance of the Cα atoms of residues Trp177 and Asp147 (start of the red helix),
which is the metrics used in the Markov state model construction. Closed state resembles the crystal structure of LinB86 (PDB ID 5LKA) and is
the predominant conformation in the simulations with the equilibrium probability > 98% in both the LinB92-Atto655 and the LinB86 simulations
(Supplementary Table 9).

for a successful PET-FCS study is proper design of the “on and
oﬀ” switch. The chosen Atto-oxazine ﬂuorophores Atto655
and AttoOxa12 can be quenched, i.e., turned oﬀ, via PET from
a tryptophan residue.22,23 This enabled us to study the
dynamic gating of LinB86 in relation to the introduced
Trp177. A computational study has been performed to design
and construct the best system for the single-molecule PETFCS. The modeling identiﬁed suitable sites along the LinB86
sequence for the cysteine replacement, which can be
subsequently labeled with thiol reactive Atto variants
(Supporting Information VI). The following parameters were
evaluated for the mutable residues: (i) solvent accessibility, (ii)
backbone ﬂexibility, and (iii) stability. According to these
parameters, four LinB86 mutants were constructed, puriﬁed,
and experimentally characterized (Asp149Cys, Gln172Cys,
Leu179Cys, and Ala269Cys). The protein stability tests
identiﬁed LinB92 variant (Gln172Cys) as the most suitable
candidate for the PET-FCS study. An additional variant of
LinB92 with back-mutated Trp177, denoted as LinB99
(Gln172Cys+Trp177Leu), was prepared for control experiments to exclude nonspeciﬁc contributions to the PET-FCS
data. Two thiol reactive dyes Atto655 (Atto655-Maleimide)
and AttoOxa12 (AttoOxa12-Maleimide) were selected for
labeling of both LinB92 and LinB99 (Supplementary Table 4).
The FCS autocorrelation functions G(τ) obtained for the
enzymes labeled with Atto655 (Figure 2D) show a complex
behavior with a dominant component on the millisecond time
scale that is attributed to the diﬀusion of the protein. For

respectively. Interestingly, the apparent dissociation constants
(290 ± 20 mM for LinBwt, 210 ± 20 mM for LinB32, and 180
± 60 mM for LinB86) determined from the steady-state
ﬂuorescence show that only the kinetics, not the overall
aﬃnity, has been altered by modiﬁcation of the access tunnels
(Supplementary Figure 5).
To test the hypothesis that Leu177Trp mutation is
important for the SN2 chemical step of the catalytic cycle, we
conducted a back-mutation experiment of LinB86+Trp177Leu
(Supporting Information section IV). The steady-state turnover obtained for LinB86+Trp177Leu (kcat = 3.8 ± 0.1 s−1) is
signiﬁcantly decreased in comparison to the turnover number
observed for LinB86 (kcat = 57 ± 3 s−1) and even LinBwt (kcat
= 12 ± 4 s−1).13 Thus, the Leu177Trp mutation blocking the
main tunnel is important for the catalytic eﬃciency, which is
further improved by the mutations in the engineered auxiliary
tunnel that lead to enhanced dynamics in LinB86.
Single-Molecule PET-FCS. We applied the concept of
PET-FCS14,19−21 to observe the open−close gating dynamics
in LinB86. FCS is a single-molecule ﬂuorescence ﬂuctuation
spectroscopy method that provides information on protein
dynamics on nanosecond to millisecond time scales (Figure
2A). The photochemical process of PET is used as an “on and
oﬀ” switch for the ﬂuorescence signal of a ﬂuorophore, thus
creating the ﬂuorescence ﬂuctuations detected by FCS. The
switch is activated by the structural changes provoked by the
dynamical gate, and consequently, the FCS data reﬂects the
rate of the gating process (Figure 2B and 2C). The prerequisite
18002
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LinB92-Atto655 an additional component, τ1, is detected on
the (sub)millisecond time scale, while the control variant
LinB99-Atto655 lacks this contribution to G(τ) (Figure 2D
and 2E, Supplementary Table 5). Therefore, it is rational to
causally link the τ1 component in LinB92-Atto655 to the
transition between the ﬂuorescent and the nonﬂuorescent
states (induced by PET due to the conformational change).
Single-molecule PET-FCS experiments carried out in solutions
of the labeled LinB92-Atto655 and LinB99-Atto655 at various
bromide concentrations (Figure 2E, Supplementary Table 5)
conﬁrmed the conclusion drawn from the pre-steady-state
kinetic data: the presence of bromide ions changes the kinetics
of transition between the open and the closed states of LinB86.
For low bromide concentrations a slowing down of τ1 is
apparent; however, at bromide concentrations higher than 50
mM, τ1 is apparently reduced until the diﬀerence between
LinB92-Atto655 and its control variant LinB99-Atto655 is no
longer visible (Figure 2E). Careful inspection of the
autocorrelation functions and kinetic data indicates that the
conformational dynamics is shifted to longer millisecond time
scales at elevated bromide concentrations. This overlays the
component τ1 with the diﬀusion part of G(τ), τD, leading to an
apparent speeding up of τ1. Analogous behavior is also
observed for LinB92-AttoOxa12 and LinB99-AttoOxa12
(Supplementary Table 6). The reproducibility with a diﬀerent
dye supports the conclusion that the τ1 component of the FCS
data reﬂects the “on and oﬀ” switch of ﬂuorescence caused by
the PET process, which itself is brought upon by the
conformational change of the enzyme during the molecular
gating.
Molecular Dynamics Simulations. The molecular
dynamics simulations of LinB86 and LinB92-Atto655 revealed
that the gating mechanism includes a large movement of one of
the cap domain helices (Figure 3). Since both LinB86 and
LinB92-Atto655 displayed very similar openings in the
simulations, we conclude that the Atto655 dye does not
disturb the dynamics of the gating process (Supplementary
Table 9). In the open conformation, the Atto655 probe binds
to the mouth of the access tunnel leading to the active site
(Figure 3). Consequently, the ﬂuorophore of the Atto655
probe is in a close vicinity of Trp177 promoting the PET
process. This open conformation corresponds to the nonﬂuorescent state. In contrast, the closed state of LinB92Atto655 reduces the interaction possibilities for Atto655 and
Trp177, which hinders PET and leads to the ﬂuorescent state
of the probe. Thus, a two-state model can be applied for the
equilibrium between the two distinct conformations of open
nonﬂuorescent and closed ﬂuorescent protein states (Figure
2B). The opening of the enzyme increases the main access
tunnel bottleneck from 1.3 to 1.9 Å, and the passage of the
ligands through the open state displays lower energy barriers
(Supporting Information Table 9 and Section VII).
Application of the two-state model from the molecular
dynamics simulations to the PET-FCS results allowed
calculation of the koff and kon rate constants (Table 1), which
coincided well with the k−1 and k1 rate constants determined
by kinetic measurements (Supplementary Table 2). These
experimental results show that the ﬂuorescent closed state is
preferred over the nonﬂuorescent open one. This corresponds
also to the molecular dynamic simulations where the
equilibrium probability of the open state was 1.2 ± 0.5% in
the LinB92-Atto655 simulations and 2.2 ± 0.1% in the LinB86
simulations (Supplementary Table 9). The kon and koff values

Table 1. Estimated kon and koff Rate Constants
Characterizing the Transition between the Nonﬂuorescent
and the Fluorescent State of LinB92-Atto655a
LinB92-Atto655
LinB92-Atto655 + 50 mM Br−
LinB92-Atto655 + ≥100 mM Br−

kon (s−1)

koff (s−1)

1822 ± 488
899 ± 283
≤600b

60 ± 31
28 ± 16
≤20b

The values were calculated from parameters α1 and τ1 (Supplementary Table 5) assuming a two-state model. The data for
AttoOxa12 are summarized in Supplementary Table 7. bThe lower
threshold of the rate constants was qualitatively estimated by
assuming the PET component is overlapping with the diﬀusion, i.e.,
being on the order of 2 ms.
a

obtained from the PET-FCS experiments are dependent on
bromide concentrations in good correspondence with the presteady-state kinetic data (Supplementary Table 2). Taken
together, these data conﬁrm dynamics of a molecular gate is
not signiﬁcantly disturbed by the attachment of the PET probe
and that the molecular gating is an essential part of the
catalytic cycle of LinB86.

■

DISCUSSION
The modiﬁcations of the LinB variants presented in this study
are in the access tunnels of the enzyme, and they aﬀect the
transport of the ligands. The kinetic results revealed that
LinB32 and LinB86 have a more complex dynamical proﬁle
than LinBwt. The Leu177Trp mutation in LinB32 causes a
tighter packing of the tunnel that reduces its dynamics while
enhancing the chemical step of the catalysis. On the other
hand, the additional mutations Trp140Ala+Phe143Leu
+Ile211Leu in LinB86 lowered interactions in the cap domain
of the enzyme. This engineering step re-established the
dynamical gate-like movement of the cap domain helix that
controls the transport of substrates, products, and solvent
molecules. Such molecular gating elements and large structural
conformational changes are common among many proteins.24−26
The rate constants that characterize the equilibrium between
the two conformational states of LinB86 agree for all three
diﬀerent methodologies applied. The closed state of the
enzyme LinB86 is the predominant one. Both the pre-steadystate kinetics and the PET-FCS experiments displayed slowing
of the enzyme’s dynamical behavior at elevated concentrations
of bromide ions. The obtained data indicates that the gating
dynamics is aﬀected signiﬁcantly by the concentration of this
reaction product and conﬁrms that both methods are indeed
looking at the same phenomenon.
Single-molecule experiments have been previously conducted to study the conformations of transmembrane proteins
and chaperones as well as to observe protein folding and
denaturation pathways.19,20,27−34 Here we have shown that the
single-molecule PET-FCS is also an excellent method for
studying gating and ligand transport in enzymes. Using protein
engineering, we tuned the dynamics of the main tunnel
(occurring in micro- to millisecond time scale), which turned
out to be crucial for the ligand transport in LinB32 and
LinB86. Would it be possible to modify the enzyme structure
so that the open state is more predominant in order to further
increase the accessibility of the buried active site, as product
release is still the rate-limiting step? There is a good chance
that increasing the dynamics of the protein would increase the
18003

DOI: 10.1021/jacs.8b09848
J. Am. Chem. Soc. 2018, 140, 17999−18008

Article

Journal of the American Chemical Society

molecule studies deciphering the role of dynamics to
enzymatic catalysis. Moreover, our results illustrate the
eﬀective use of the combination of methodologies to study
protein dynamical behavior and oﬀer a solid base for studying
protein structures with engineered dynamics. Engineering the
gating mechanisms in enzymes with buried active sites opens
new possibilities in protein engineering outside perfecting the
active site complementarity.

activity even further; however, it is known that promoting
ﬂexibility of enzymes generally leads to problems with their
stability.35
We increased the ﬂexibility of the cap domain from LinB32
to LinB86 by mutating larger amino acid residues into smaller
ones with the intention of creating a de novo access tunnel.7 On
the basis of the results reported in our previous study, the
newly opened auxiliary tunnel is used in ligand transport in
LinB86, even though the main tunnel is still the preferred
transport pathway.13 Here we show that the unintentional
facilitation of the cap domain movements and the enhanced
dynamics of the main tunnel explain the increased enzymatic
eﬃciency more than the auxiliary tunnel, even though this new
tunnel is functional and used by the ligands. Excellent
agreement of kinetic data and PET-FCS experiments in the
transitions between the open and the closed states lets us
believe that modiﬁed conformational dynamics is the
mechanism for the improved catalytic eﬃciency of LinB86.
Back mutation introduced to LinB86+Trp177Leu protein
resulted in a signiﬁcant drop in activity, suggesting that the
introduced gating element is composed of both Trp177 and a
ﬂexible helix of the cap domain. This gating element is
undertaking periodic open−closed transitions, thus balancing
physical and chemical steps of the catalytic cycle. While the
current trend in enzyme engineering is to design the best
environment for stabilization of the transition state, the access
tunnels and their gating elements represent a natural hotspot
for mutagenesis, especially in enzymes with buried active sites
and the rate limitation in the physical steps of the catalytic
cycle.1,2,36

■

METHODS

Rapid-Quench Analysis. Rapid quench ﬂow experiments were
performed at 37 °C in a 100 mM glycine buﬀer pH 8.6 using the rapid
quench ﬂow instrument model QFM 400 (BioLogic, France). The
reaction was started by rapid mixing of 75 μL of enzyme with 75 μL of
substrate solution and quenched with 100 μL of 0.8 M H2SO4 after
time intervals ranging from 5 ms to 1 s. The quenched mixture was
directly injected into 0.5 mL of ice-cold diethyl ether with 1,2dichloroethane as the 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 a gas chromatograph (Agilent 7890
(Agilent, USA)) equipped with a capillary column (DB-FFAP (30 m
× 0.25 mm × 0.25 μm, Phenomenex)) and connected with a mass
spectrometer (Agilent 5975C (Agilent, USA)). The amount of halide
in the water phase was measured by an ion chromatograph (861
Advanced Compact IC) equipped with a METROSEP A Supp 5
column (Metrohm, Switzerland).
Stopped-Flow Analysis. The experiments were performed by
using the stopped-ﬂow instrument SFM-300 (BioLogic, France)
combined with a MOS-200 spectrometer equipped with a Xe arc
lamp. The dead time of the instrument was 0.4 ms. Fluorescence
emission from tryptophan residues was observed through a 320 nm
cutoﬀ ﬁlter upon excitation at 295 nm. All reactions were performed
at 37 °C in a 100 mM glycine buﬀer of pH 8.6. Multiple turnover
ﬂuorescence traces were recorded upon rapid mixing of an enzyme
with 0−4 mM 1,2-dibromoethane; each trace shows the average of
seven individual experiments. Bromide binding was measured upon
rapid mixing of enzyme with bromide to a ﬁnal concentration of 0−1
M. The bromide dissociation was analyzed under rapid dilution of
enzyme preincubated with 50−300 mM bromide and consequently
mixed 1:1 with pure buﬀer. To detect the rapid equilibrium phase
during bromide dissociation, enzyme preincubated with 150 mM
bromide was rapidly diluted by mixing 1:1 with a buﬀer containing 0,
50, 100, and 150 mM bromide.
Steady-State Kinetics. The initial rates of reaction of LinB
variants with 1,2-dibromoethane were measured using a VP-ITC
isothermal titration microcalorimeter (MicroCal, USA) at 37 °C in a
glycine buﬀer of pH 8.6. The microcalorimeter reaction mixture vessel
was ﬁlled with 1.4 mL of enzyme solution at a concentration of
0.004−0.01 mg/mL. The substrate solution was titrated at 150 s
intervals in the reaction mixture. Each injection increased the
substrate concentration until the reaction rate 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 activity. The substrate concentration was veriﬁed by gas chromatography (Finnigan, USA).
Data Analysis and Statistics. The kinetic data were ﬁtted using
the dynamic kinetic simulation program KinTek Global Kinetic
Explorer version 6.0 (KinTek, USA). Data ﬁtting used numerical
integration of rate equations from an input model searching a set of
parameters that produce a minimum χ2 value using nonlinear
regression based on the Levenberg−Marquardt method.39,40 The
residuals were normalized by the sigma value for each data point. The
thermodynamic cycle was enforced to maintain a net free energy
change of zero when ﬁtting data. The standard error was calculated
from the covariance matrix during nonlinear regression in globally
ﬁtting all ﬂuorescence traces for each binding and dissociation
experiment.41 Detailed information for particular kinetic data analysis

■

CONCLUSIONS
We recently demonstrated that introduction of a de novo
tunnel in the enzyme with buried active site can provide a
biocatalyst with superior catalytic performance.7 The main
objective of this study was to carry out in-depth analysis of the
eﬀect of mutations on functional properties and protein
dynamics using several experimental and theoretical techniques. The introduction of a bulky tryptophan residue in the
access tunnel of LinB led to the variant LinB32, which
displayed a blocked access tunnel and slower dynamical
movements of the cap domain. This engineering step had an
adverse eﬀect on the product release, while at the same time it
increased the rates of the chemical steps with the model
substrate 1,2-dibromoethane. The mutation of three additional
residues in de novo tunnel resulted in LinB86, which is the
most catalytically eﬃcient haloalkane dehalogenase variant
against 1,2-dibromoethane. This variant beneﬁted both from
the increased rate of the chemicals step, as LinB32, and from
the re-established dynamical movements of the cap domain
that allows better transport of substrates and products. Here,
we captured the dynamical reasons for the superior activity of
LinB86 using single-molecule PET-FCS in combination with
pre-steady-state kinetics and molecular dynamics simulations.
We revealed the molecular mechanisms of the excellent
catalytic behavior of LinB86 and the usability of the PET-FCS
methodology for the determination of dynamical movements
of proteins. Moreover, we demonstrate for the ﬁrst time that
PET-FCS is a powerful tool for monitoring the conformational
dynamics of a soluble enzyme. Since the dynamical cap domain
is one of the determining factors for the activity and speciﬁcity
shared within the haloalkane dehalogenase enzyme family,37,38
we believe that presented data can initiate future single18004
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in which G is the instrumental correction factor given by the observed
ratio, IHV/IHH.
Far-UV Circular Dichroism (CD) Spectra. Far-UV CD spectra of
the labeled and nonlabeled enzymes were measured in native buﬀer in
a 0.2 mm quartz cuvette at 10 °C on a Jasco 1500 CD
spectrophotometer. The concentration of enzyme was adjusted to
avoid the pile up eﬀect on the detector. Measured CD data were
expressed as mean residue elipticity [Θ]MR bearing the units of deg·
cm2·dmol−1 according to eq 2

and solving speciﬁc kinetic models are described in Supporting
Information.
Construction of the Mutants for the Labeling. Expression of
the diﬀerent LinB variants was achieved using E. coli BL21(DE3)
containing the created expression vectors. LB medium with ampicillin
(1 L) was inoculated with 5 mL of freshly grown preculture. The
bacteria were grown at 37 °C, until the optical density measured at
600 nm reached approximately 0.6. Then the cells were cooled below
20 °C, 0.5 mM IPTG was added, and growth continued at 20 °C.
After overnight growth, cells were harvested using centrifugation for
10 min at 8000 rpm. A washing step was carried out using
approximately 125 mL of Wash Buﬀer. Cells were harvested by
centrifugation (10 min at 8000 rpm). Cell pellets were dissolved in
approximately 40 mL of Puriﬁcation Buﬀer A and then frozen at −80
°C. Disruption was achieved by sonication (4 × 8 min, 0.3 cycle, 85
amplitude). Crude extract was centrifuged (20−60 min at 14000
rpm) to remove cell debris. Cell-free extracts were ﬁltered through a
Rotilabo-Spritzenﬁlter (0.45 μm) to remove remainders of cell debris.
Samples were puriﬁed using metal aﬃnity chromatography with a
small adaptation of stepwise increased imidazole concentration for
washing (10 mL of 4%, 10 mL of 6%, and 15 mL of 10%). Finally,
imidazole was removed by a double-dialysis step in 50 mM phosphate
buﬀer, pH 7.5. Protein samples were ﬁltered through a sterile 0.22 μm
Rotilabo-Spritzenﬁlter for storage. The concentration of prepared
LinB variants was determined in triplicate using Bradford reagent, and
the purity was checked by SDS-PAGE.
Enzyme Labeling. Labeling of enzymes (LinB92 and LinB99)
with Atto-655-Maleimide and AttoOxa12-Maleimide (Atto-Tec
GmbH, Germany) was performed in native buﬀer (50 mM potassium
phosphate buﬀer, pH 7.4 at 20 °C). The protein solution (0.2 mg/
mL) was mixed with cysteine-reactive Atto analogues added from
their lyophilized stock at a molar ratio of 1:1. After incubation at 10
°C for 1 h, the unreacted label was removed by the desalting column
(Zeba Spin Column, Fisher Scientiﬁc). The collected fraction was
then further dialyzed overnight against 50 mM phosphate buﬀer at 6
°C (MWCO 14 kDa) to remove traces of the free dye. In parallel, for
FCS measurement, labeled enzyme was further diluted, generally
10 000×, in phosphate buﬀer and dialyzed against 100 mM glycine
buﬀer (pH 8.6 at 20 °C) overnight at 6 °C (MWCO 14 kDa).42
Kinetics of the Labeled Enzymes. The activity of LinB variants
was tested with 1,2-dibromoethane at 37 °C. The activity was
examined in 10 mL of 100 mM glycine buﬀer, pH 8.6 with 10 μL of
substrate in 25 mL reaction ﬂasks closed by mininert valves. The
reactions were initiated by addition of 100 μL of enzyme with a
concentration of approximately 0.2 mg/mL. Samples (1 mL) were
taken at 3−5 min time intervals until 20 min and immediately mixed
with 35% nitric acid to stop the enzymatic reaction. Increasing
concentration of reaction product was measured spectrophotometrically at 460 nm using the Iwasaki protocol with mercuric thiocyanate
and ferric ammonium sulfate using a microplate reader Sunrise
(Tecan, Switzerland).43 Dehalogenation activities were quantiﬁed by
the slope of the relationship between the product concentration and
the time.
UV−vis Absorption and Steady-State Fluorescence Measurement. Absorption spectra were recorded on a Shimadzu UV-2600
spectrophotometer at the speed of 150 nm/min. Steady-state
ﬂuorescence spectra were measured on a Jobin-Yvon Fuorolog 3
spectrometer at a speed 100 nm/min with the emission and excitation
bandwidth set equally to 2 nm. Excitation wavelength coincided with
FCS experiment (635 nm). Signal was corrected for background
noise. Fluorescence steady-state anisotropy was measured with
inserted polarizers. Four intensities of polarized ﬂuorescence (IVV,
IVH, IHV, IHH) were recorded, where “V” and “H” in the subscripts
represent the vertical and horizontal directions and the ﬁrst and
second subscript denotes the direction plane of the polarization in the
excitation and emission arm, respectively. The steady-state anisotropy
is calculated as follows
rst =

IVV − GIVH
IVV + 2GIVH

[Θ]MR =

100Θ
lcn

(2)

where Θ is the acquired ellipticity (mdeg), l is the cuvette path length
(mm), c is the molar protein concentration, and n is the number of
peptide bonds in the protein.44
FCS Setup and Data Analysis. FCS data acquisitions were
performed in glass-bottom Lab-Tek chambers (ThermoFisher). To
minimize adsorption of proteins on the glass surface, chambers were
incubated with 0.01% poly-L-lysine solution (15−20 min) followed by
washing 20 times with deionized water. Prior to measurements,
labeled protein was further diluted to 1 nM concentration in 100 mM
glycine buﬀer, pH 8.6. All experiments were carried out at 20 °C. FCS
measurements were performed on a standard inverse ﬂuorescence
microscope (Olympus IX71, combined with Microtime 200,
PicoQuant, Germany) equipped with a diode laser as the continuous
excitation source (635 nm, LDH-D-C635 PicoQuant,Germany). The
collimated laser beam was guided into a water-immersion 60×
objective (NA 1.2, Olympus, Japan) by a dichroic mirror (z635,
Chroma ﬁlters, USA). The back aperture of the objective was
underﬁlled to achieve the enlarged focal volume (its spot size is
approximately 8 times larger than the Airy disk). The average laser
power was adjusted to be 185 μW leaving the objective plane. The
ﬂuorescence signal was collected by the same objective passing
through the dichroic mirror onto a 150 μm pinhole. The emission
signal was further guided through a band-pass ﬁlter (Semrock, FF01697/58−25, USA), separated by a 60/40 beam splitter plate, and
imaged onto the active area of two avalanche photodiodes
(PerkinElmer APD, SPCM-AQRH, Canada), which were synchronized to circumvent the dead time of the electronics and after-pulsing
eﬀects. The signal was recorded in the pt2 mode using a Picoharp 300
device (PicoQuant, Germany).45 The data were analyzed using
PicoQuant Symphotime software, yielding the cross-correlation
curves G(τ), which were further ﬁtted using in-house-written Origin
and Matlab scripts with eq 3 describing both diﬀusion and PET
components
−1
iji
τ yz yzzijj
jj
G(τ ) = jjjjjj1 + zzz zzzjjj1 +
jjj
τD z{ zzjj
kk
{k

τ yzzyzzz
zzzz
z
k τn {z{
i

∑ αn expjjjjj−
n

(3)

where ρ and τD represent the diﬀusion time and corresponding
amplitude and αn and τn stand for the PET relaxation amplitudes and
corresponding PET time constants. The data were further evaluated
assuming a two-state transition between ﬂuorescent and nonﬂuorescent conformational states. The validity of the assumption
was supported by molecular dynamics simulations. Rate constants kon
and koff were calculated according to
α1 =

koff
kon

(4)

τ1 =

1
koff + kon

(5)

where kon corresponds to the transition from the nonﬂuorescent form
to the ﬂuorescent one while rate constant koff describes the opposite
process.
Computational Design of a System for Single-Molecule
Analysis. Sequences of six experimentally characterized haloalkane
dehalogenases DhaA, LinB, DrbA, DmbC, DhlA, and DmbB were
used as queries for PSI-BLAST searches against nr database of NCBI

(1)
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the equilibration. Adaptive sampling was run ﬁrst using the distance of
the PET probe and the Trp177 as the reaction coordinate, then
sampling the χ2 dihedral angle of the Trp177, the binary contact map
between Atto655 probe and Trp177 atoms, and ﬁnally the RMSD of
the backbone Cα atoms. The total simulation time used in
calculations was 8720 ns saved with 0.1 ns intervals. The distance
between Trp177 and Asp147 was used as the metric for the Markov
model construction. The data was clustered using the MiniBatchKmeans algorithm to 200 clusters. The implied time scale plots of the
Markov state model at various lag times were constructed, and a lag
time of 10 ns was selected for the two-state Markov model
construction (Supplementary Figure 10). To estimate the errors in
the data, 1000 individual 2-state Markov models were constructed
with random 50% bootstrapped data using the previous parameters.
Simulations and analysis with similar parameters were calculated for
LinB86 without the Atto-655 probe to ensure that observed protein
conformational change is not caused by attachment of the PET probe.
These simulations were started from the LinB86 crystal structure
(PDB ID 5LKA),13 followed by the previously described equilibration
schemes, and the adaptive sampling was conducted on the RMSD of
the backbone Cα atoms. Total simulation time was 3920 ns, and
construction of the Markov state models and bootstrapping were
performed similarly to those described for the LinB92-Atto655
complex (Supplementary Table 9).

(for details see Supporting Information IV).46,47 A multiple sequence
alignment was constructed and used for estimation of the level of
conservation at individual sites within the haloalkane dehalogenase
HLD-II subfamily. Evolutionary variable spots for Cys replacement
were visually inspected, and their solvent accessibility, a ﬂuctuation
quantiﬁed by B factors, and the distance to Trp177 were assessed.
Computational Parameters for the Cys-Atto-655 Complex.
Using the Avogadro 1.0.3 program,48 the structure of the Cys-Atto655
residue (Supplementary Figure 9) was prepared in the extended αhelical conformation of backbone atoms, and the eight lowest energy
conformations of the PET probe were identiﬁed for each backbone
conformation with weighted rotor search keeping the backbone atoms
ﬁxed. Next, the Cys-Atto655 residue was capped with N-methylamide
(NME) and acetyl (ACE) residues, and the geometry of all 16
selected conformations were energy minimized with b3lyp/6-31G*
using the Gaussian09 program, revision D.01.49 The two lowest
energy conformations for each backbone conformation were used for
ﬁtting the partial atomic charges of the novel Cys-Atto655 residue
using RESP ESP charge derive (R.E.D.) server 2.050,51 with the HF/631G* level of theory and Gaussian09 program included in the R.E.D.
server. The charges on the Cys-Atto655 residue were derived using
the RESP-A1A charge model and multiconformation multiorientation
RESP ﬁt.52 During the ﬁtting procedure the charges on the capping
NME and ACE residues were constrained to zero, and the charges on
the four atoms of peptide bond (Atom IDs 1, 2, 4, and 5) were
constrained to the values corresponding to the respective atoms of the
electro-neutral residues from the Cornell et al. force ﬁeld.53 The atom
types were derived by analogy with the Cornell et al. force ﬁeld with
the following exceptions: (i) the parameters for the aromatic oxygen
(atom ID 84) were obtained from the study of VanBeek et al.,54 (ii)
the parameters for S6 atom type from the GAFF force ﬁeld55 were
used for the sulfonate sulfur (Atom ID 50), and (iii) the missing
parameters for the sp2 nitrogens (Atom IDs 20, 32, 58, and 72) were
generated by the parmchk2 program form AMBERTools 16 suite.56
The assigned atom types and derived partial charges of Cys-Atto655
residue are summarized in Supplementary Table 8.
Molecular Dynamics Simulations. The crystal structure of
LinB86 (PDB ID 5LKA) was downloaded from the RSCB Protein
Data Bank.13 The hydrogen atoms were added to the structure with
the H++ web server.46 The water molecules from the crystal structure,
which did not overlap with the protonated structure, were retained.
The Cys-Atto655 residue was manually inserted to position 172 using
PyMol so that the ﬂuorophore was not interacting with any protein
atoms at the start of the simulations. The resulting structure was
solvated using the tLeap module of AmberTools 14 in a cubic water
box of TIP3P water molecules so that all protein atoms were at least
10 Å from the surface of the box.56,57 Cl− and Na+ ions were added to
neutralize the charge of the protein and to get a ﬁnal concentration of
0.1 M. The system was equilibrated using the Equilibration_v1
module of high-throughput molecular dynamics (HTMD), and the
simulations were carried out in AceMD. The system was ﬁrst
minimized using the conjugate-gradient method for 500 steps. Then
the system was heated and minimized as follows: (i) 500 steps (2 ps)
of NVT thermalization to 310 K with the Berendsen barostat with
constraints on all heavy atoms of the protein, (ii) 625 000 steps (2.5
ns) of NPT equilibration with a Langevin thermostat with 1 kcal·
mol−1·Å−2 constraints on all heavy atoms of the protein, and (iii)
625 000 steps (2.5 ns) of NPT equilibration with the Langevin
thermostat without constraints. Holonomic constraints were set on all
hydrogen-heavy-atom bond terms, and the mass of hydrogen atoms
was scaled with a factor of 4, enabling the 4 fs time step.58−61 The
simulations at 310 K employed periodic boundary conditions using
the particle mesh Ewald method for treatment of interactions beyond
a 9 Å cutoﬀ, electrostatic interactions suppressed >4 bond terms away
from each other, and the smoothing and switching functions of van
der Waals and electrostatic interactions were enabled to avoid drastic
changes at the cutoﬀ from 7.5 to 9 Å. HTMD with AceMD were used
to perform adaptive sampling of the LinB92 system.62 The 20 ns
production runs were started with the ﬁles resulting from the
equilibration, and they employed the same settings as the last step of
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