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Introduction

The use of enzymes in organic solvents significantly expands
their technological applications, by avoiding the limitations as-
sociated with aqueous solutions.[1–3] Organic solvents enhance
the solubility of hydrophobic substrates, prevent undesirable

water-induced side reactions, and even give rise to altered
enzyme chemistries.[4–7] Enzyme-catalysed reactions that are
not possible in aqueous solutions because of kinetic or ther-
modynamic constraints can become favourable in non-aque-
ous environments.[6] However, the presence of organic cosol-
vents in the reaction mixture can also lead to rapid enzyme
inactivation by denaturation, conformational rigidity, or inhibi-
tion.[7–11] Several mechanistic studies of enzymatic catalysis in
aqua-organic media have provided valuable information on
the effects of cosolvents on enzyme function.[12–18] Still, our
understanding of these effects is limited, and selection of an
appropriate cosolvent type and concentration range for a par-
ticular enzymatic reaction poses a considerable challenge as it
relies on extensive empirical testing.[19]

Hydrolases are widely used for biotransformations in organic
solvents.[1] Haloalkane dehalogenases (HLDs, EC 3.8.1.5) are a
good model for mechanistic studies, because of the wealth of
information available about their structures, reaction mecha-
nisms, and kinetics.[20–23] HLDs catalyse the hydrolytic cleavage
of carbon–halogen bonds in a broad range of halogenated hy-
drocarbons, and structurally belong to the a/b-hydrolase su-
perfamily.[24, 25] The three-dimensional structure of a typical HLD
is composed of two domains: a conserved a/b-hydrolase main
domain, and a variable, helical cap domain.[26] The active site in
an HLD is a hydrophobic pocket at the interface of the main
and cap domains. The catalytic machinery comprises five resi-

The use of enzymes for biocatalysis can be significantly en-
hanced by using organic cosolvents in the reaction mixtures.
Selection of the cosolvent type and concentration range for an
enzymatic reaction is challenging and requires extensive em-
pirical testing. An understanding of protein–solvent interaction
could provide a theoretical framework for rationalising the se-
lection process. Here, the behaviour of three model enzymes
(haloalkane dehalogenases) was investigated in the presence
of three representative organic cosolvents (acetone, forma-
mide, and isopropanol). Steady-state kinetics assays, molecular
dynamics simulations, and time-resolved fluorescence spectros-
copy were used to elucidate the molecular mechanisms of
enzyme–solvent interactions. Cosolvent molecules entered the

enzymes’ access tunnels and active sites, enlarged their vol-
umes with no change in overall protein structure, but surpris-
ingly did not act as competitive inhibitors. At low concentra-
tions, the cosolvents either enhanced catalysis by lowering K0.5

and increasing kcat, or caused enzyme inactivation by promot-
ing substrate inhibition and decreasing kcat. The induced acti-
vation and inhibition of the enzymes correlated with expan-
sion of the active-site pockets and their occupancy by cosol-
vent molecules. The study demonstrates that quantitative anal-
ysis of the proportions of the access tunnels and active-sites
occupied by organic solvent molecules provides the valuable
information for rational selection of appropriate protein–sol-
vent pair and effective cosolvent concentration.
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dues in the active-site pocket: a nucleophilic aspartate, a basic
histidine, an aspartic or glutamic acid, and a tryptophan–tryp-
tophan or tryptophan–asparagine pair. The active sites of HLDs
differ in their size and accessibility to the solvent via the main
and “slot” tunnels. The size, shape, physicochemical properties,
and dynamics of the tunnels and active sites are key determi-
nants of the activity and substrate specificity of HLDs.[27, 28] The
number of practical applications of HLDs, including biocataly-
sis, biodegradation, and biodetection, is increasing as knowl-
edge of their properties and structure–function relationships
improves.[29–31] However, the broader use of HLDs is limited by
poor solubility of their substrates in water, thus necessitating
the introduction of organic cosolvents into the reaction media.
In a previous study, we investigated the catalytic properties of
three HLDs (DbjA from Bradyrhizobium japonicum USDA110,[23]

DhaA from Rhodococcus rhodochrous NCIMB13064,[32] and LinB
from Sphingobium japonicum UT26)[27] in the presence of
various concentrations of fourteen organic cosolvents.[33] The
enzymes exhibited different levels of resistance towards the
cosolvents tested, despite the fact that they all belong to the
same protein family, share the topology of the catalytic resi-
dues, and catalyse hydrolytic dehalogenation by the same re-
action mechanism.[20–23]

To better understand the molecular basis of these differen-
ces, we investigated the behaviour of DbjA, DhaA, and LinB in
the presence of three representative organic cosolvents: ace-
tone, formamide, and isopropanol. Molecular-dynamics simula-
tions, time-resolved fluorescence spectroscopy, and steady-
state kinetic measurements were employed to gain an insight
into the mechanisms governing the enzyme–solvent interac-
tions at the molecular level. In our study, four different mecha-
nisms of enzyme activation and inhibition in the presence of
organic cosolvents were identified. A broadly applicable com-
putational method, involving molecular-dynamics simulations
and quantitative analysis of cosolvent occupancies inside the
access tunnels and active sites, was developed to aid the
selection of an appropriate organic cosolvent. In this way, pre-
dicted changes in the accessibilities of the active site were
confirmed by time-resolved and steady-state fluorescence
spectroscopy.

Results

Kinetics of HLDs in organic cosolvents

To determine how organic cosolvents at non-denaturing con-
centrations affect the kinetic constants of HLDs, steady-state
kinetic assays with isothermal titration calorimetry were con-
ducted. The conversion of the substrate 1-iodohexane cata-
lysed by DbjA, DhaA, or LinB in buffers containing formamide
(5 %, v/v), acetone (20 %, v/v), or isopropanol (10 %, v/v) was
monitored at 25 8C, to allow non-denaturing conditions.[33] The
kinetics data for DbjA and DhaA were analysed by using Equa-
tion (1), which describes cooperativity and substrate inhibition
(Scheme 1 A , Figure S1 A and B in the Supporting Information);
the data for LinB were fitted to Equation (2), which describes
cooperativity and hyperbolic substrate inhibition (Scheme 1 B,

Figure S1 C). The kinetics parameter values are presented in
Table 1.

v
V lim
¼ ½S�n

K n
0:5þ ½S�nð1þ ½S�=K siÞ

ð1Þ

v
V lim
¼ ½S�nð1þ b½S�=K siÞ

K n
0:5þ ½S�nð1þ ½S�=K siÞ

ð2Þ

Here v is the enzyme’s reaction velocity, Vlim is the maximum
velocity, K0.5 is the concentration of substrate at half maximum
velocity, n is the Hill coefficient, [S] is the substrate concentra-
tion, Ksi is the substrate inhibition constant, and b is a degree
of partial inhibition. Interestingly, K0.5 values for all three HLDs
were generally lower in the presence of the tested organic co-
solvents than in buffer alone, thus suggesting that organic co-
solvents improve the affinity of the substrate for the free
enzyme. The Ksi values of all three catalysts were influenced
differently by the organic cosolvents, thus indicating variation
in changes in substrate inhibition of enzymes. Complete lack
of substrate inhibition was observed only for LinB in the pres-
ence of acetone. The kcat values were also affected by the addi-
tion of cosolvents: in general, increase in the catalytic constant
(relative to buffer alone) was accompanied by enzyme activa-
tion, whereas a decrease in kcat correlated with enzyme inhi-
bition. In cases in which kcat appeared to be unaffected by co-
solvent (<10 % change), decreased enzyme activity was associ-
ated with a larger decrease in Ksi than in K0.5. Surprisingly,
increased activity of LinB in the presence of isopropanol was
observed, despite a larger decrease in Ksi than in K0.5 (com-
pared to buffer alone), whereas kcat was almost the same. This
can probably be attributed to hyperbolic substrate inhibition
with improved productivity of the triple-substrate-enzyme
(ESSS) complex in the presence of isopropanol. We speculate
that the ESSS complex might consist of two substrate mole-
cules bound directly in the active-site cavity and a third mole-
cule bound at the mouth of the access tunnel.

Molecular interactions of HLDs with organic cosolvents

Interactions between HLDs and the organic cosolvents forma-
mide (5 %, v/v), acetone (20 %, v/v) and isopropanol (10 %, v/v)
were systematically studied by computer modelling. Molecular
dynamics simulations showed the solvated structures of all the
investigated enzymes were stable and equilibrated after 2 ns,
with the average RMSD of Ca atoms reaching a plateau at less

Scheme 1. Models showing A) cooperativity and substrate inhibition and
B) cooperativity and hyperbolic substrate inhibition.
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than 1.7 � from the initial structure (Table S2). The radii of gy-
ration of HLDs in organic cosolvents, as well as their total sol-
vent accessible surface areas, did not vary significantly from
those of simulations in water (Table S2). The flexibility of all
three proteins (expressed as total B-factors) was lower in
almost all cosolvents than in water, except for LinB in acetone,
for which a 30 % higher value was observed. Although the ef-
fects of cosolvents on the overall structure of HLDs were mini-
mal, the geometry and volumes of the active-site pockets
(comprising access tunnels and the active sites) differed signifi-
cantly between the simulations in water and with cosolvents
(Figure 1 and Table S3).

The presence of cosolvents re-
sulted in expansion of the access
tunnel in DhaA by up to 200 %,
and isopropanol also caused an
enlargement of the active site.
Similarly, acetone and forma-
mide caused expansion of the
LinB tunnel by 200 % and also
a slight increase in the volume
of the active site. In contrast, iso-
propanol caused a reduction (>
10 %) of the LinB active site,
whereas the access tunnel re-
mained unaffected. For DbjA,
only acetone had a significant
effect on the structure of the
active site and tunnel: decrease
in volume of 20 and 30 %, re-
spectively.

Despite the different physico-
chemical properties of the cosol-
vent molecules and the anatomy
of the enzyme active sites, all
the cosolvents studied were able
to penetrate into the access tun-

nels and active sites, thereby causing changes in hydration of
these regions (Figure S2 and Table S4). By using newly devel-
oped algorithms, we determined the volume of the active site
and entrance tunnel occupied by the organic solvent mole-
cules (Figure 2 and Table S5). The occupancy of the access tun-
nels in LinB and DhaA by acetone was significantly higher than
by formamide and isopropanol, whereas in DbjA all organic
solvents occupied the access tunnel to a similar extent. How-
ever, for DbjA and formamide, the water molecules in the
active site were nearly completely replaced by cosolvent mole-

Table 1. Steady-state kinetic parameters of DbjA, DhaA, and LinB determined for the conversion of 1-iodohexane in glycine buffer, with formamide (5 %,
v/v), acetone (20 %, v/v) or isopropanol (10 %, v/v).[a]

Enzyme Reaction medium kcat [s�1] K0.5 [mm] Ksi [mm] nH b ar
[b] [%]

DbjA

buffer 1.1 8.0 1.64 2.0 –[c] 100
formamide 1.2 5.9 0.28 1.9 –[c] 82
acetone 1.8 4.6 14.69 1.7 –[c] 123
isopropanol 1.6 2.9 0.55 2.0 –[c] 118

DhaA

buffer 1.9 8.3 0.61 1.8 –[c] 100
formamide 2.5 4.4 0.39 2.0 –[c] 130
acetone 1.3 7.2 3.01 1.6 –[c] 93
isopropanol 1.6 8.4 0.77 1.7 –[c] 99

LinB

buffer 5.2 29.5 0.08 1.5 0.25 100
formamide 3.2 21.1 0.22 1.4 0.05 89
acetone 2.4 6.7 –[c] –[c] –[c] 79
isopropanol 5.0 19.2 0.02 1.4 0.50 117

kcat catalytic constant ; K0.5 concentration of substrate at half maximal velocity; Ksi substrate inhibition constant, nH Hill coefficient; b degree of partial inhibi-
tion; ar relative activity. [a] All measurements were performed at pH 8.6 and 25 8C. All parameters had standard errors of less than 10 %. [b] The relative
activities were expressed as a percentage of the specific activity in glycine buffer at substrate concentration of 0.2 mm. Specific activities (in mmol s�1 mg�1

of enzyme) of DbjA, DhaA and LinB in glycine buffer were 0.0110, 0.0135 and 0.0180, respectively. [c] Not detected.

Figure 1. Representative geometries of DbjA (green), DhaA (blue), and LinB (yellow) active-site pockets (access
tunnels and active sites) obtained from 35 ns molecular dynamics simulations in water or organic cosolvents. Only
the protein surface and the active-site pockets are shown for clarity. The values given are the average volumes of
the active-site pockets calculated over 4000 snapshots. See also Table S3 for average volumes of the active sites
and the main tunnels.
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cules, whereas in all other cases, the occupancy of the active
site by organic solvent molecules was moderate.

Structural stability of HLDs in organic cosolvents

A combination of CD and fluorescence spectroscopy was used
to reveal possible changes in the overall structures of DbjA,
DhaA, and LinB in the presence of formamide (5 %, v/v), ace-
tone (20 %, v/v), and isopropanol (10 %, v/v) at 25 8C. The spec-
tra were compared with those measured under native condi-
tions (50 mm potassium phosphate buffer, pH 7.5) at 25 8C.
This confirmed that addition of the selected organic cosolvents
did not appreciably affect the overall conformation of any of
the enzyme studied (Figure S3).

To address how the presence of cosolvent changes the re-
gions relevant to enzyme function, coumarin dye was posi-
tioned at the tunnel mouth of the HLDs. This particular region
is evolutionarily most variable and was suggested to be impor-
tant in substrate recognition.[22] Acrylamide fluorescence
quenching revealed that dye accessibility to the quencher mol-
ecules (Ksv) significantly increases in the presence of cosolvent
in the order: acetone (20 %, v/v)> formamide (5 %, v/v)� iso-
propanol (10 %, v/v)>buffer (Table 2). This finding can be satis-
factorily explained by broadening of the tunnel mouth. In

order to exclude enzyme denaturation and/or the possibility of
dye release upon cosolvent addition, fluorescence steady-state
anisotropies were recorded. Only a slight decrease (~10 %) was
observed for all investigated cosolvents (Table 2), thus indicat-
ing a small increase in the rotational diffusion of the dye–pro-
tein complex. To provide further molecular insight into the co-
solvent effect, the time-dependent fluorescence shift (TDFS)
was measured for acetone: this showed the highest accessibili-
ty to the quencher molecules (Table 2). As described earli-
er,[34, 35] the overall magnitude of the TDFS reflects the level of
hydration/polarity of the hydrated moieties in the probe vicini-
ty, whereas TDFS kinetics reveals mobility. It is apparent from
Table S6 that no significant changes were recorded for either
the polarity parameter (Dn) or the mobility parameter (tR) in
the presence of acetone (compared to buffer), within the time
resolution of the experiment (30 ps). A difference was ob-
served in the overall protein dynamics: only 70 % of the TDFS
was detected in the presence of acetone, whereas almost 90 %
of the TDFS was captured in buffer (Figure S4 and Table S6). A
TDFS response on the timescale of several picoseconds has
been demonstrated to be typical for neat solvent.[36, 37] The ob-
served acceleration of the solvent relaxation component indi-
cates that the TDFS of coumarin at the tunnel mouth of DhaA
sensed a considerably higher quantity of free solvent mole-
cules in the presence of acetone than in pure buffer. This
result confirms the hypothesis of tunnel expansion.

Discussion

The variability in enzyme efficiency in the presence of organic
solvents can be generally attributed to changes in: 1) enzyme
conformation and flexibility, 2) (de)solvation of the active site,
3) energetics of substrate desolvation, 4) steric hindrance re-
stricting the accessibility of the substrate, and 5) competitive
inhibition by the organic solvent molecules.[9–11] In a previous
study, loss of HLD activity at high cosolvent concentrations
was mainly attributed to alterations in enzyme secondary and
tertiary structures, as detected by CD and fluorescence spec-
troscopy.[33] However, the spectroscopic data could not explain
the observed enzyme activation and inhibition under non-
denaturing cosolvent concentrations.

In this work, fluorescence quenching, time-dependent fluo-
rescence shift, steady-state kinetics measurements, and molec-
ular dynamics simulations were employed to gain a deeper un-

Figure 2. Relative solvation of DbjA (green), DhaA (blue), and LinB (yellow) is
expressed as the ratio of the volume of the access tunnel or active site oc-
cupied by cosolvent molecules to the total volume of the access tunnel or
active site. The algorithms used for calculation of occupancies are provided
in the Supporting Information. See also Table S5 for average volumes of
the active site and the main tunnels occupied by molecules of organic co-
solvents.

Table 2. Stern–Volmer constants and steady-state anisotropies of cou-
marin-labelled DhaA. Data were obtained for the coumarin located at the
entrance of tunnel of DhaA leading to the active site, in glycine buffer,
formamide (5 %, v/v), acetone (20 %, v/v), or isopropanol (10 %, v/v).[a]

Reaction medium Ksv, [m�1] rst

buffer 0.09 0.270
formamide 0.14 0.248
acetone 0.23 0.256
isopropanol 0.15 0.242

KSV: Stern–Volmer constant ; rst : steady-state anisotropy. [a] All parameters
had standard errors of less than 10 %.

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 0000, 00, 1 – 9 &4&

These are not the final page numbers! ��

CHEMBIOCHEM
FULL PAPERS www.chembiochem.org

www.chembiochem.org


derstanding of the enzyme–solvent interactions at the molecu-
lar level. Formamide, acetone, and isopropanol were selected
for this detailed analysis because of their different physico-
chemical properties and effects on the activity of the investi-
gated enzymes, although a simple correlation between basic
physicochemical properties and their effects could not be in-
ferred. It was revealed that the organic solvent molecules
affect the volume and geometry of the active-site pockets (i.e. ,
access tunnels and active site cavities) to different extents.
Both enlargement and constriction of the pockets were ob-
served, without changes in overall protein structure. Solvent-
induced widening of the substrate tunnel has been observed
in cocrystallisation experimentation of heme monooxygenase
P450 BM-3 with dimethyl sulfoxide.[38] The largest change in
the pocket was observed for LinB, followed by DhaA. This
could explain the complete denaturation of LinB and DhaA
with increasing cosolvent concentration observed in our previ-
ous study.[33] In contrast, no enlargement of the pocket was
detected for DbjA, which is possibly why DbjA exhibited the
highest stability towards cosolvents.[33]

To understand the interactions of the organic solvent mole-
cules with the functionally important regions of HLDs, we in-
vestigated their penetration into the access tunnels and active
site cavities. All three organic solvents studied entered the
access tunnels and the active site cavities within 35 ns in the
molecular dynamics simulations. Although spontaneous ex-
change of cosolvent molecules between the active site and
the surrounding environment was observed in some cases, the
total number of organic solvent molecules in the active site re-
mained almost constant. Penetration of polar organic solvent
molecules into the tunnels and/or active sites was observed
for Candida antarctica lipase B,[10, 39] Pseudomonas cepacia
lipase,[40] subtilisin BPN’,[41] subtilisin E,[7] subtilisin Carlsberg,[42]

cytochrome P450 BM-3,[16, 38] and pseudolysin[43] in molecular
dynamics simulations and cocrystallisation experiments. One
might expect involvement of competitive inhibition in cosol-
vent-induced inactivation of HLDs. However, the steady-state
kinetics analysis revealed that the presence of organic solvent
molecules inside the enzyme cavity increased substrate affinity
for the free enzyme (decreased K0.5) in most cases. Moreover,
molecules of formamide and isopropanol appeared to improve
the affinity of the substrate for the double-substrate–enzyme
ESS complex (decreased Ksi).

Two different mechanisms of cosolvent-induced inhibition
were identified. Firstly, enzyme inactivation correlated with
increased substrate inhibition (lower Ksi), which was not suffi-
ciently compensated for by an increase in substrate binding to
the free enzyme (lower K0.5). This behaviour is interesting, and
to the best of our knowledge has not yet been described in
the literature. Molecular dynamics simulations showed that
this mechanism is associated with the most extensive occupan-
cy of the active site by the organic solvent, accompanied by
significant dehydration of the protein cavity. This mechanism
was observed for DbjA in the presence of formamide, where
the organic solvent filled about half of the DbjA active-site
cavity, thereby resulting in an almost five-fold decrease in hy-
dration. Secondly, diminishing enzyme activity was attributable

to a reduction in the catalytic constant. For DhaA in acetone,
organic solvent molecules predominantly occupied the access
tunnel (connecting the active site cavity with the surrounding
environment), thereby causing either substrate entry or prod-
uct release to be impaired. For LinB in formamide and acetone,
solvent molecules occupied only a small portion of the access
tunnel, but resulted in its significant expansion.

Additionally, two mechanisms were identified for cosolvent-
induced enzyme activation. Firstly, an increase in enzyme activ-
ity was attributed to an increase in the catalytic constant. The
precise molecular basis for this effect is not known, but
enhanced catalytic activity from improved stabilisation of the
transition state has been previously reported.[44] Increased cata-
lytic constants were observed for DbjA in acetone and isopro-
panol, and for DhaA in formamide. In the second mechanism,
enzyme activation was caused by an increase in the degree of
substrate inhibition partiality, thereby resulting in a higher pro-
ductivity of the ESSS complex. Partial substrate inhibition was
observed for LinB with 1-iodohexane but not for the other two
enzymes; this might be explained by the size and spatial
arrangement of the access tunnels.[23, 27, 32] LinB possesses the
narrowest tunnel opening, which enable the formation of the
productive ESSS complex. A higher productivity of the ESSS
complex was observed in isopropanol. The molecular dynamics
simulations suggested that molecules of isopropanol reduce
the size of the LinB active-site pocket yet further, whereas for-
mamide and acetone caused its expansion.

Conclusions

Water/organic cosolvent mixtures affect the physicochemical
properties of all components in an enzymatic reaction mixture.
The effect of organic cosolvent on enzyme structure and activi-
ty is complex and depends on the specific enzyme–substrate
pair, cosolvent type, and cosolvent concentration. Four differ-
ent molecular mechanisms were involved in these activation
and inactivation events. The structural stability and catalytic ac-
tivity of three representative HLDs in the presence of various
concentrations of three organic cosolvents differed significant-
ly. The inactivation of the enzymes at high cosolvent concen-
trations could be attributed to conformational changes in pro-
tein structure. At lower concentrations, both activation and in-
activation took place, depending on: 1) the penetrability of the
organic solvent molecules into the access tunnels and active-
site cavities, and 2) expansion of access tunnels. The newly de-
veloped algorithms enabled calculation of the volumes of
active-site pockets and their occupancy by the cosolvent mole-
cules. These algorithms can be used to analyse trajectories
from molecular dynamics simulations and to study the effect
of water/organic cosolvent mixtures on enzyme catalytic per-
formance. Our study contributes towards understanding pro-
tein–solvent interactions at the molecular level and paves the
way for rational selection of appropriate protein–solvent pairs
and effective cosolvent concentration.
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Experimental Section

Organic solvents : Organic solvents were obtained from Sigma–Al-
drich and were of the highest purity available. The cosolvents and
their concentrations (formamide (5 %, v/v), acetone (20 %, v/v), and
isopropanol (10 %, v/v)) were selected based on their different
physicochemical properties (Table S1) and substantially different
effects on the activities of individual enzymes.[33]

Protein expression and purification : His-tagged DbjA from Bra-
dyrhizobium japonicum USDA110,[23] DhaA from Rhodococcus rho-
dochrous NCIMB13064,[32] and LinB from Sphingobium japonicum
(formerly Sphingomonas paucimobilis) UT26[27] were over-expressed
in Escherichia coli BL21 cells by a previously described meth-
od.[21, 45, 46] Proteins were purified on a Ni-NTA Superflow Cartridges
(Qiagen). His-tagged enzymes were bound to the resin in an equili-
brating buffer (potassium phosphate buffer (20 mm, pH 7.5) con-
taining sodium chloride (0.5 m) and imidazole (10 mm)), and un-
bound and weakly bound proteins were washed out. His-tagged
enzymes were eluted in a buffer containing imidazole (300 mm).
The active fractions were pooled and dialysed overnight against
potassium phosphate buffer (50 mm, pH 7.5) and stored at 4 8C.
Protein concentration was determined by the Bradford assay
(Sigma–Aldrich). Purity was checked by SDS-PAGE.

Isothermal titration calorimetry : Substrate-to-product conversion
by the enzymes was carried out by using a VP-ITC isothermal titra-
tion microcalorimeter (MicroCal/GE Healthcare) with the single-
injection method. The substrate, 1-iodohexane, was dissolved to a
concentration of approximately 0.3 mm in glycine buffer (100 mm,

pH 8.6) containing an appropriate volume of organic cosolvent
and equilibrated at 25 8C in the sample cell (1.4 mL). The reaction
was initiated by injecting enzyme solution (10 mL, 1 mg mL�1) dia-
lysed overnight against the same solution as that used for dissolv-
ing the substrate. Heat flow (mcal s�1) was recorded against time.
The reaction rate was calculated according to Equation (3).

dQ=dt ¼ �DHV � d½S�=dt ð3Þ

here V is the volume in the sample cell, [S] is substrate concentra-
tion, and DH is the enthalpy of the conversion of substrate to
product. This was determined experimentally by titration of the
substrate into the sample cell containing the enzyme. The evaluat-
ed rate of substrate depletion (�d[S]/dt), and corresponding sub-
strate concentration were fitted by nonlinear regression to kinetic
models by using Origin 6.1 software (OriginLab, Northampton,
MA).

Molecular dynamics : Three-dimensional structures of the organic
molecules were optimised and partial charges were calculated in
Gaussian 03 by the Hartree–Fock method and the 6-31G* basic
set.[47] Geometries were optimised at the MP2/6-31G* level. Topolo-
gies of all organic molecules were generated by using MKTOP[48]

with the OPLSAA force field.[49–51] Three different mixtures of organ-
ic cosolvents with water (formamide (5 %, v/v), acetone (20 %, v/v)
and isopropanol (10 %, v/v)) were prepared to match the experi-
mental conditions. Crystal structure coordinates for the haloalkane
dehalogenases Rhodococcus sp. DhaA (PDB ID: 1CQW), B. japoni-
cum DbjA (PDB ID: 3A2M), and S. japonicum LinB (PDB ID: 1MJ5)
were downloaded from the Protein Data Bank, and substitutions
V172A, I209L, and G292A were introduced into the structure of
DhaA to match the primary structure of the enzyme from Rhodo-
coccus rhodochrous NCIMB 13064.[32] Crystallographic water mole-
cules were kept in place. Initially, crystal structures were energy
minimised in vacuum by steepest-descent minimisation with at

least 1000 steps. Minimised structures were solvated in pre-equili-
brated water,[41] formamide (5 %, v/v), acetone (20 %, v/v) and iso-
propanol (10 %, v/v) in a rectangular box, to a minimum distance
of 15 � from protein atoms. Sodium counter-ions were added by
replacing water molecules to provide a neutral simulation box. All
calculations were performed by using GROMACS 3.3.3[52, 53] and
extended OPLSAA force field.[50] The solvated systems were first
energy minimised by using steepest descent, and the solvent was
allowed to relax for 2 ns while keeping the protein restrained. Ini-
tial Maxwell–Boltzmann-weighted velocities were generated ran-
domly, and the system was further equilibrated by gradually heat-
ing from 290 to 300 K over a 50 ps simulation. All simulations were
run for 35 ns, with saving of coordinates every 5 ps; periodic boun-
dary conditions and a 2 fs time step were employed. Weak temper-
ature and pressure coupling with the coupling constants 0.1 ps[54]

were used; the protein and solvent atoms had separate baths
maintained at 300 K, and pressure maintained at 1 bar with a com-
pressibility of 4.5 � 10�5 bar�1. Electrostatic forces were evaluated
by using the particle-mesh Ewald method[55] with a direct inter-
action cut-off of 10 �. Van der Waals forces were evaluated with
a Lennard–Jones potential of 10 � cut-off. Covalent bond lengths
were constrained by the linear constraint solver algorithm.[56]

Calculation of pocket volumes : A new computational procedure
was developed to evaluate pocket volume. The procedure uses fol-
lowing information: a snapshot of the molecular dynamics simula-
tion, atoms defining the location of the pocket of interest, and
a sphere enclosing the measured space. Initially, pocket-defining
atoms are used to locate the space of the pocket; a space accessi-
ble by a spherical probe is then determined; finally, the total
volume of the accessible space is estimated and fractions of the
volume occupied by the individual solvent molecules are deter-
mined (see the Supporting Information). The following settings
were employed: the centre of a constraining sphere was placed at
the CG atom of the catalytic nucleophile (LinB Asp108, DhaA
Asp106, or DbjA Asp103), and the radius of the sphere was set to
8 � and 11 � for analysis of active-site cavity and whole catalytic
pocket, respectively. The volume corresponding to the access
tunnel was evaluated as the difference between the volume of the
active-site cavity and the whole catalytic pocket. The probe radius
for the pocket body calculation was 1.4 �, and a grid resolution of
0.2 � was employed for calculation of both the pocket body and
the volumes. The probe was initially placed into a position that
can accommodate a probe of radius 1.5-times larger than the de-
sired probe radius (1.4 �) within a maximum distance of 6 � from
the centre of the constraining sphere. Visual analysis of identified
pockets was performed in VMD and PyMOL programs.[57, 58]

Circular dichroism spectroscopy : CD spectra were performed at
25 8C by using a J-810 spectropolarimeter (Jasco) equipped with
a Peltier thermostat (Jasco). Data were collected from 185 to
260 nm in buffer and from 200 to 260 in the presence of organic
cosolvents, at 100 nm min�1, with 1 s response time and 2 nm
bandwidth. Spectra were recorded in a 0.1 cm quartz cuvette
containing enzyme (0.25 mg mL�1) in phosphate buffer (50 mm,

pH 7.5) with defined amounts of organic cosolvent. Each spectrum
is the average of 10 scans and baseline corrected. CD spectra were
expressed as the mean residue ellipticity (qMRE) calculated accord-
ing to Equation (4).

qMRE ¼ qobs �Mw � 100=ncl ð4Þ

here qobs is the observed ellipticity in degrees, Mw is the protein
molecular weight, n is number of residues, l is cell path length,
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and c is the real protein concentration; the factor 100 originates
from the conversion of the molecular weight to mg dmol�1.

Fluorescence labelling : Engineered DhaA (50 mm) carrying the mu-
tation H272F in the catalytic histidine was mixed with HaloTag cou-
marin ligand (Promega, catalogue no. G8581) at an enzyme/dye
molar ratio of 3.3:1. The solution was incubated for 15 min at 37 8C
to enable covalent attachment of the dye to the enzyme. The co-
valent binding was facilitated by HaloTag coumarin’s containing
a linker with a Cl atom at the end that serves as a substrate for
enzyme DhaA H272F. Moreover, single-point mutation at position
272 prevented from the product release and the covalent complex
Coumarin-DhaA was therefore preserved. Unbound probe was
then removed by washing the enzyme immobilised on a HiTrap
column (Amersham Biosciences/GE Healthcare) with phosphate
buffer (100 mL, pH 7.5), and the eluted, labelled enzyme was dia-
lysed with glycine buffer (pH 8.2). Cosolvent was then added to
the sample. The proper incorporation of the dye into the enzyme
was indicated by the linearity of the Stern–Volmer plots obtained
by acrylamide quenching experiments.

Fluorescence steady-state spectroscopy : The fluorescence emis-
sion spectra, steady-state anisotropies, and quenching experiments
were performed with a FluoroMax-4P spectrometer (HORIBA Jobin
Yvon). For the intrinsic fluorophores tryptophan and tyrosine, fluo-
rescence data were collected from 290 to 450 nm (excitation
280 nm, 50 nm min�1, band-pass 1 nm). Spectra were recorded at
25 8C in a 0.5 cm quartz cuvette containing enzyme (0.25 mg mL�1)
in phosphate buffer (50 mm, pH 7.5) with a defined amount of or-
ganic cosolvent. Each spectrum was baseline corrected and ex-
pressed in terms of arbitrary units (instrument units of the fluorom-
eter). In the case of DhaA labelled with coumarin, the fluorescence
measurements were carried out in conditions as described for the
intrinsic fluorophores with the following exceptions: samples were
incubated at 10 8C, the steady-state emission spectra were excited
at 373 nm and collected from 390 to 600 nm. When performing
the fluorescence quenching measurements, samples were excited
at 350 nm, and the emission was detected at 450 nm. The aliquots
of acrylamide solution (4 m) were added directly to the protein
sample in the cuvette with continuous stirring. The steady-state
anisotropic values (rst) were measured with polarisers inserted into
the setup at the same wavelength regions as for the quenching
experiments, and were calculated as described elsewhere.[59]

Fluorescence decay : Fluorescence decays were collected by using
IBH 5000 U SPC equipment (HORIBA Jobin Yvon) with a picosecond
diode laser (IBH NanoLED 11, 370 nm peak wavelength, 0.1 ns
pulse width, 1 MHz repetition rate) and a cooled Hamamatsu
R3809U-50 microchannel plate photomultiplier (Hamamatsu Pho-
tonics) with 30 ps resolution. Emission decays were recorded at
a series of wavelengths spanning the steady-state emission spec-
trum (400–490 nm). Fluorescence decays were fitted to multiexpo-
nential functions, by using the iterative reconvolution procedure
with IBH DAS6 software (HORIBA). To monitor TDFS, time-resolved
emission spectra (TRES) were generated by the spectral reconstruc-
tion method and treated as described elsewhere.[59] In order to es-
timate to what extent TDFS kinetics is captured by the experiment,
the emission spectrum at t = 0 was calculated independently.[59]
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Expansion of Access Tunnels and
Active-Site Cavities Influence Activity
of Haloalkane Dehalogenases in
Organic Cosolvents

In the pocket: Newly developed algo-
rithms enable calculation of the propor-
tion of active-site pockets occupied by
cosolvent molecules. These algorithms
can be used to analyse trajectories from

molecular dynamics simulations, and
thus evaluate the effect of water/organ-
ic cosolvent mixtures on enzyme cata-
lytic performance.
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