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Abstract

To improve the applicability of halohydrin dehalogenase as a catalyst for reactions in the presence

of organic cosolvents, we explored a computational library design strategy (Framework for Rapid

Enzyme Stabilization by Computational libraries) that involves discovery and in silico evaluation

of stabilizing mutations. Energy calculations, disulfide bond predictions and molecular dynamics

simulations identified 218 point mutations and 35 disulfide bonds with predicted stabilizing

effects. Experiments confirmed 29 stabilizing point mutations, most of which were located in two

distinct regions, whereas introduction of disulfide bonds was not effective. Combining the best

mutations resulted in a 12-fold mutant (HheC–H12) with a 28°C higher apparent melting tempera-

ture and a remarkable increase in resistance to cosolvents. This variant also showed a higher opti-

mum temperature for catalysis while activity at low temperature was preserved. Mutant H12 was

used as a template for the introduction of mutations that enhance enantioselectivity or activity.

Crystal structures showed that the structural changes in the H12 mutant mostly agreed with the

computational predictions and that the enhanced stability was mainly due to mutations that redis-

tributed surface charges and improved interactions between subunits, the latter including better

interactions of water molecules at the subunit interfaces.

Key words: thermostability, protein engineering, cosolvent stability, haloalcohol dehalogenase, biocatalysis

Introduction

Many industrial and laboratory applications of enzymes require
biocatalysts that show high activity and stability under harsh pro-
cess conditions, generating a quest for more robust variants of
commonly available mesostable enzymes. Enzymes with improved
stability may be used at elevated reaction temperatures and in the
presence of organic cosolvents, enhancing reaction rates and sub-
strate solubility (Vieille and Zeikus, 2001; Turner et al., 2007;
Bornscheuer et al., 2012). Moreover, enzyme engineering aimed

at improving catalytic properties benefits from the availability of
a stable protein template that is tolerant to mutations (Bloom
et al., 2006).

Directed evolution is an established strategy to improve protein
stability (You and Arnold; 1996; Giver et al., 1998; Eijsink et al.,
2005), but most protocols are very time consuming due to the
requirement of multiple cycles of laboratory mutagenesis and screen-
ing (Bommarius et al., 2006; Magliery et al., 2011; Bommarius and
Paye, 2013; Porter et al., 2016). Rational design methods for
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improving protein stability have also been explored by applying gen-
eral principles of enzyme stabilization, such as entropic rigidifica-
tion, introduction of salt- or disulfide bridges, modification of
surface electrostatics and stabilization of oligomeric states (van den
Burg et al., 1998; Bryan, 2000; Eijsink et al., 2004; Wijma et al.,
2013). However, rational prediction of beneficial mutations still suf-
fers from high failure rates, mainly due to the small effect of individ-
ual mutations and the difficulty to assess their effect by visual
inspection. The latter is caused both by the complexity of the inter-
action networks in an enzyme structure and the intricacy of unfold-
ing/denaturation pathways. Consequently, a challenge is to optimize
molecular enzyme engineering strategies, e.g. by identifying influen-
tial positions and the best substitutions and by controlling mutation
load in directed evolution libraries (Jäckel et al., 2008; Kazlauskas
and Bornscheuer, 2009; Goldsmith and Tawfik, 2013; Magliery,
2015). Some general approaches to locate hot spots are available,
including the use of sequence information from homologous
enzymes and information from crystal structures (Lehmann et al.,
2000; Pavelka et al., 2009; Kuipers et al., 2010).

Over the last decade, great progress has been made with the
development of algorithms for the computational design of stable
enzyme variants and other protein structures (Damborsky and
Brezovsky, 2009; Hilvert, 2013). Together with the availability of
a large number of crystal structures and growth in computer
power, these tools make computational methods increasingly
applicable for enzyme engineering. Computational design can be
used for the rapid discovery of mutations that enhance thermo-
stability (Dombkowski, 2003; Korkegian et al., 2005; Gribenko
et al., 2009; Joo et al., 2011; Wijma et al., 2014; Bednar et al.,
2015; Goldenzweig et al., 2016). We explored a computational
workflow termed Framework for Rapid Enzyme Stabilization by
Computational libraries (FRESCO) that aims to identify a large
number of stabilizing mutations by performing energy calculations
on all possible point mutants and disulfide bonds, and filter the
resulting expected stabilizing mutations by molecular dynamics
(MD) and visual inspection (Wijma et al., 2014; Floor et al., 2015;
Wu et al., 2016). Subsequent experimental testing can lead to a
dozen of mutations that when combined stabilize thermostability
by 20–35°C.

In this work, we explore the use of this computational workflow
for improving the stability of halohydrin dehalogenase from
Agrobacterium radiobacter (HheC), a homotetrameric enzyme of
the short-chain dehydrogenase-reductase superfamily with 27 kDa
subunits. The enzyme catalyzes the ring closure of vicinal halohy-
drins to epoxides, as well as the reverse reaction (Fig. 1) (van
Hylckama Vlieg et al., 2001; Hasnaoui et al., 2005). Since these
SN2 reactions occur at the terminal carbon atom of the substrate,
they proceed with retention of configuration at the chiral secondary
carbon carrying the epoxide oxygen or hydroxyl group. The stereo-
selectivity of the enzyme has been examined by kinetic and mutagen-
esis experiments (Tang et al., 2003a,b, 2005; Guo et al., 2015). In
the direction of epoxide ring opening, a range of alternative anionic
nucleophiles is accepted, making it possible to prepare cyanohydrins
for statin synthesis (Majeric Elenkov et al., 2006), azidoalcohols for
click chemistry (Campbell-Verduyn et al., 2010), oxazolidinones
that mimic antibiotic building blocks (Majeric-Elenkov et al., 2008)
and nitrite esters that decompose to diols (Hasnaoui-Dijoux et al.,
2008). Combined with other favorable catalytic properties, such as
regioselectivity and enantioselectivity, HheC and related enzymes
thus catalyzes diverse reactions of relevance to practical biocatalysis
(You et al., 2013; Mikleusevic et al., 2015, 2016). Improving the

robustness of the enzyme would broaden its industrial potential, e.g.
by improving conversions in the presence of organic solvents.

Enzyme stability to organic cosolvents has been achieved by
directed evolution, but rarely by rational engineering due to the
scarcity of knowledge about the relevant enzyme–solvent interac-
tions (Stepankova et al., 2013). However, a correlation between
enzyme thermostability and solvent compatibility has been found in
several cases, such as for glucose dehydrogenase and fructose
bisphosphate aldolase (Hao and Berry 2004; Vazquez-Figueroa
et al., 2008). This correlation suggests a common biophysical mech-
anism for thermostability and solvent compatibility and indicates
that enzyme thermostabilization is a useful strategy for improving
enzyme performance in the presence of organic cosolvents. We there-
fore applied FRESCO for the design of focused libraries of halohydrin
dehalogenase mutants with improved stability in water–organic solv-
ent mixtures. The workflow includes computing stabilities of all pos-
sible point mutations and identifying disulfide bonds in silico, ranking
the mutations by their predicted effect on free energy of folding, elim-
inating mutations which are chemically unreasonable or increase local
flexibility in MD simulations, verifying selected mutations experimen-
tally, and finally combining the best mutations into a single variant.
This way, we identified 12-point mutations that were combined to
obtain a halohydrin dehalogenase mutant with remarkable stability in
water–cosolvent mixtures. To investigate the accuracy of computa-
tional predictions, crystal structures of the single C153N mutant and
of the 12-fold mutant HheC–H12 were analyzed. The latter mutant
was used as a template for selectivity engineering.

Materials and Methods

Materials

The compounds 1,3-dichloro-2-propanol (1), ethyl (R)-4-chloro-3-
hydroxybutyrate [(R)-2], ethyl (S)-4-chloro-3-hydroxybutyrate [(S)-2],
rac-1,2-epoxybutane (rac-3), (R)-1,2-epoxybutane [(R)-3], (S)-1,2-
epoxybutane [(S)-3], oligonucleotides and glycerol were purchased
from Sigma-Aldrich. The chromogenic dehalogenase substrate rac-p-
nitro-2-bromo-1-phenylethanol (rac-4) was synthesized as described
by Lutje Spelberg et al. (2002). All substrates are shown in Fig. S1.

Computational methods

For improving enzyme stability, the FRESCO strategy was employed
(Wijma et al., 2014). Stabilizing disulfide bonds were designed with
the Dynamic Disulfide Discovery (DDD) algorithm (Wijma et al.,
2013). This procedure uses a set of structures obtained as snapshots

Fig. 1 Halohydrin dehalogenase reactions and substrates. (A) Dehalogenation

of haloalcohols and ring opening of epoxides. Both the dehalogenation and

ring opening proceed with retention of configuration at the oxygen-bound

chiral carbon atom. (B) Substrates examined in this paper.
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from MD simulations to search for pairs of nearby residues (Cα dis-
tance ≤ 6.8 Å) that may be replaced by cysteines to form disulfide
bonds with acceptable geometries. The latter are retrieved from a
large set of disulfide bonds in the protein data bank (Petersen et al.,
1999). Cysteine pairs that could only form disulfide bonds with
strain or uncommon geometries were eliminated.

Using the HheC crystal structure 1PX0 (de Jong et al., 2003), the
structures of all possible point mutants and the associated relative
changes in free energy of folding (ΔΔGFold) were predicted with
FoldX (foldx.crg.es) (Guerois et al., 2002) and Rosetta-ddg (www.
rosettacommons.org) (Kellogg et al., 2011). Predictions were done as
described previously, with minor modifications (Wijma et al., 2014).
Point mutations with a predicted ΔΔGFold lower than −5 kJmol−1

were selected as potentially stabilizing for further investigation. For
the next step of enrichment of beneficial mutations in the in silico
library, the effects of mutations and disulfide bonds on predicted
backbone flexibility were examined by MD simulations and visual
inspection. For this, five independent MD simulations with different
initial atom velocities were carried out for each mutant under Yasara
with the YAMBER3 force field (Krieger et al., 2004). Changes in
backbone flexibility due to point mutations or designed disulfide
bonds were detected by inspection of the MD trajectories as
described earlier (Wijma et al., 2014). Mutants showing higher local
backbone flexibility were eliminated, which reduced the number of
promising variants by 65%.

Setting up the design calculations for a new protein of interest
may take ~20–30 h. Visual inspection requires more time, but 50–
100 variants can be inspected per day when using a visualization
plugin that we wrote for this purpose. Scripts and a detailed proto-
col for FRESCO are available upon request.

Genetic engineering, protein expression

and purification

A derivative of plasmid pBAD containing the hheC gene from
A. radiobacter (GenBank AAK92099.1) was used as template and a
DNA segment encoding an N-terminal thrombin-cleavable hexa-
histidine tag was attached to the gene. Variants of HheC were cre-
ated by QuikChange site-directed mutagenesis (Agilent, USA) accord-
ing to instructions of the manufacturer with minor modifications.
PCR reactions were prepared in a total volume of 15 µl containing
7.5 µl PCR master mix (2×), 100 ng purified plasmid as template,
20 pmol of each primer, 1 mM MgCl2 and 2% (v/v) dimethyl sulfox-
ide. All PCR reactions were done with 2min at 95°C, 16 cycles of
30 s at 95°C, 30 s at 55°C and 12min at 72°C, and a final extension
of 20min at 72°C. After DpnI digestion (3 h at 37°C), 2 μl of the
digest mixture was used to transform 50 μl of chemically competent
Escherichia coli Top10 (Life Technologies). From appearing colonies,
plasmid DNA was isolated and mutations were confirmed by DNA
sequencing (GATC Biotech). Transformed cells were used directly or
stored as frozen stocks prepared from cultures grown on Luria broth
(LB) medium with ampicillin (100 µgml−1) and supplemented with
glycerol before freezing at −20 °C.

For small-scale enzyme production in E. coli Top10, E. coli
MC1061 and/or E. coli Shuffle, each well of a 2ml 96-well square
microtiter plate containing 100 µl of Terrific Broth (TB) medium
with 100 µgml−1 ampicillin was inoculated with transformed cells
from a frozen stock. Plates were incubated overnight at 37°C with
shaking at 300 rpm. Then, using deep-well plates, 10 µl of the cul-
ture was inoculated in 1ml of modified TB medium (with double
concentration of phosphate buffer and 0.5M sorbitol) supplemented

with 100 µgml−1 ampicillin. The cultures were incubated at 37°C
with shaking at 300 rpm. When the OD600 reached 0.6, the expres-
sion was started by addition of 0.16% arabinose and cultivation
was continued at 24°C for 48–72 h. The cells were harvested by cen-
trifugation (3700 rpm, 20min), washed once with 300 µl TE buffer
(10mM Tris–sulfate, pH 7.5, 1mM EDTA) and centrifuged again
at 4°C (3700 rpm, 20min). Cell lysis and enzyme purification using
MagneHis particles (Promega, USA) were done according to the
manufacturer’s instructions with minor modifications. Elution was
done with 100 µl TE containing 250mM imidazole. A desalting
plate (Merck KGaA, Germany) was used to remove imidazole. For
the latter, plates were centrifuged two times at 3700 rpm for 10min
and 100 µl of TE buffer was added to each well between centrifuga-
tion steps. The enzymes were dissolved in 100 µl of TE buffer and
stored at −20°C until use.

Selected mutant enzymes were overproduced in E. coli
MC1061, which gave higher expression levels than Top10.
Transformed cells were grown overnight at 37°C on LB supple-
mented with 100 µg ml−1 ampicillin. The resulting cultures were
used to inoculate 10 ml cultures of TB medium, supplemented with
100 µg ml−1 ampicillin. After overnight growth at 37°C, the cul-
tures were used to inoculate 1 l modified TB medium. Expression
was induced at OD600 0.6 by addition of 0.16% arabinose and
shaking was continued at 24°C. After 72 h, the cells were collected
by 20min centrifugation at 6000 rpm and 4°C. Cell pellets were
suspended in TEMG buffer (10 mM Tris–SO4, pH 7.5, 1 mM
EDTA, 1 mM β-mercaptoethanol and 10% glycerol) containing
one half of a protease inhibitor cocktail tablet (Roche Applied
Science, USA). Following sonication (60 × 10 s with 20 s intervals),
the lysate was centrifuged (17 000 rpm, 1 h, 4°C). The supernatant
was filtered through a 0.45 µm filter and loaded onto a 5ml
HisTrap column (GE Healthcare, Sweden). Elution of HheC was
carried out with 250 mM imidazole in TM buffer at a flow rate of
3 ml min−1. Collected fractions were screened by SDS–PAGE and
fractions containing HheC were desalted by Econo-Pac 10DG
desalting columns (Bio-Rad, USA) and concentrated using a
Centriprep YM-10 (Millipore, Ireland). Protein concentrations
were determined by the Bradford method and purified enzymes
were stored at −80°C until further use.

Unfolding assays

Apparent melting temperatures (Tm
app) were determined by a

fluorescence-based thermal unfolding assay (Thermofluor) (Ericsson
et al., 2006). Briefly, 20 µl of purified enzyme (0.2–0.4mgml−1) and
5 µl of 25-fold diluted SYPRO Orange (Thermo Fisher Scientific,
USA) were mixed thoroughly in wells of an iQ 96-well real-time
PCR plate (Bio-Rad, USA). After sealing, the plates were subjected
to a linear gradient of increasing temperature (1°Cmin−1) from
20 to 99°C. The local maximum of the first derivative of the
measured fluorescence versus temperature gave Tm

app. The pH
profile of enzyme thermostability was also determined by the
Thermofluor assay, using Britton-Robinson universal buffer (0.04M
CH3COOH, 0.04M H3BO3, 0.04M H3PO4, NaOH) in a pH range of
3–12.

Circular dichroism experiments were performed on a Jasco
J-715 CD (Jasco, Japan) spectropolarimeter. Spectra were recorded
using UV quartz cuvettes with an optical path length of 10mm
(Hellma Analytics, Germany). Enzyme samples (0.1 mgml−1) were
prepared in 5mM phosphate buffer (pH 7.7) and spectra were taken
in the range of 195–250 nm to determine the wavelength of
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maximal ellipticity. Thermal unfolding was measured by increasing
the temperature from 30 to 90°C at a heating rate of 2°Cmin−1

while following change in ellipticity at 222 nm.

Activity assays

Dehalogenase activities were measured by monitoring halide release
with the colorimetric assay described by Bergmann and Sanik
(1957), which is based on the formation of red brown ferric thio-
cyanate complex between Fe3+ and thiocyanate released from mer-
curic thiocyanate by halide. Reactions were carried out at 30°C and
initiated by addition of 1 ng of purified enzyme to 2ml of 5mM
substrate in 50mM Tris–SO4 (pH 7.5). Halide was monitored over
time by mixing samples (150 µl) with assay reagents (100 µl 0.25M
NH4Fe(SO4)2 in 9M HNO3 + 50 µl ethanol saturated with HgCl2)
in 96-well plates and reading the A460 using Synergy Mx reader
(Biotek, USA). Kinetic parameters were obtained by non-linear fit-
ting of the Michaelis–Menten equation to initial velocity data
obtained at substrate concentrations varying from 0.03 to 5mM.
Data represent averages of duplicate or triplicate measurements.
Enantiomeric ratios E were calculated from the ratio of catalytic effi-
ciencies (kcat/Km) for (R)- and (S)-enantiomers.

To determine epoxide ring-opening activities, cyanide consump-
tion was followed in time by monitoring at 267 nm, the absorbance
of the [(CN)4Ni]2− complex formed after mixing of a cyanide-
containing sample and Ni2+ in aqueous NH3 solution. The assay
was performed as described by Schallmey et al. (2013).

The optimum temperature for activity was determined by meas-
uring dehalogenase activity on 1,3-dichloro-2-propanol in 50mM
Tris–SO4 buffer (pH 7.5) at temperatures ranging from 30 to 90°C.
Samples (50 µl) were taken, mixed with 150 µl of halide assay
reagent, after which the absorbance at 460 nm (A460) was read using
the Synergy Mx reader.

To measure the heat resistance, a real-time PCR apparatus (Bio-
Rad) was used to obtain a series of temperatures from 30 to 90°C.
Samples of 120 µl of enzyme (12.5 ngml−1) in 50mM Tris–SO4 buf-
fer (pH 7.5) were incubated for 10min in a microtiter plate at varying
temperatures. The plate was subsequently stored on ice for 5min. For
residual activity analysis, 100 µl of each sample was mixed with 50 µl
of 5mM 1,3-dichloro-2-propanol in 50mM Tris–SO4 (pH 7.5). The
mixture was shaken gently for 30min at 30°C. Then, 150 µl of the
halide assay reagent was added, and after mixing the A460 was read.

To measure cosolvent tolerance, samples of ~100 µg of enzyme
in 50mM Tris–SO4 buffer, pH 7.5, were added to different buffer–
cosolvent mixtures prepared in the same buffer, and the mixtures
were incubated at 30°C with gentle shaking. Over 6 h of incubation
time, 50 µl samples were taken and residual enzyme activities were
determined. The samples were added to 250 µl of 5mM 1,3-
dichloro-2-propanol in 50mM Tris–SO4 (pH 7.5) containing the
same cosolvent concentration as the preincubated enzyme samples
and after 30min incubation at 30°C released halide was measured
by addition of 40 µl of the mixture to 160 µl halide assay reagent
and reading the A460. Calibration curves for the halide assays were
made in the presence of the cosolvents.

Protein crystallography

For crystallization, mutant enzymes were further purified by gel fil-
tration on a Superdex 200 10/300GL column in 50mM HEPES,
pH 8.0, containing 300mM NaCl. Since the conditions that were
suitable for wild-type protein (de Jong et al., 2002) did not produce
crystals, new initial crystallization conditions for the C153N and

H12 mutants were tested using the commercially available PACT
premier and MORPHEUS screens (Molecular Dimension). Lead
conditions were optimized by sitting drop vapor diffusion, where
1 µl of protein (15 and 8.5mgml−1) was mixed with an equal vol-
ume of reservoir solution containing 100mM Bis–Tris propane, pH
6.5, 200mM NaF and 20% (w/v) PEG 3350 for the C153N mutant
and MIB buffer, pH 7.5 (25mM sodium malonate, 38mM imid-
azole and 38mM boric acid), containing 200mM NH4Cl, 10%
PEG 8000 and 20% ethylene glycol. In both cases, single crystals
appeared in the drops after a few days of incubation at 20°C. The
crystals were flash frozen in liquid N2 after transfer into the appro-
priate cryo-solution: mother liquor with 30% PEG 3350 for the
C153N mutant and mother liquor for the HheC–H12 mutant.

Diffraction data were collected at 110 K using a Microstar
rotating anode (Cu) X-ray source (Bruker AXS GmbH) in combin-
ation with Helios optics (Incoatec GmbH) and a MAR345dtb
detector (Marresearch GmbH). The data were integrated using
XDS (Kabsch, 2010) and scaled using AIMLESS (Evans and
Murshudov, 2013). The phases were obtained by molecular
replacement with Phaser (McCoy et al., 2007) using one monomer
of the wild-type structure [PDB entry 1zmt (de Jong et al., 2005)] as
search template. The models were further refined using Phenix.
Refine (Afonine et al., 2012), manually improved using Coot
(Emsley and Cowtan, 2004) and finally validated by use of the val-
idation tools in Phenix (Afonine et al., 2012) and the MolProbity
(Chen et al., 2010) and Pdb_redo (Joosten et al., 2014) webservers.
The oligomeric state of the H12 mutant was checked using the
PISA webserver at PDBe (http://www.ebi.ac.uk/pdbe). The struc-
tures of HheC–C153N and HheC–H12 mutants have been depos-
ited at the PDB with entry codes 5kwe and 5kvc, respectively.

Results

Stabilizing mutations predicted by computational tools

Energy calculations with FoldX (Guerois et al., 2002) and Rosetta
(Kellogg et al., 2011) were used to identify potentially stabilizing
point mutations in halohydrin dehalogenase (HheC). A total of 775
point mutations were predicted to lower the free energy of folding
(ΔΔGFold) by more than 5 kJ mol−1. The modeled structures of these
mutants were visually inspected and their dynamic properties were
analyzed by MD simulations to identify and discard mutants with
evident destabilizing features or other problems. In total, 23 point
mutations were omitted from further consideration because they
affected residues that are considered important for activity. Another
38 mutations were discarded because MD simulations indicated
structural distortion or increased flexibility. The remaining 714
point mutations were inspected for biophysical problems such as
introduction of internal cavities, exposure of hydrophobic residues
at the surface and loss of hydrogen-bonding interaction. Finally,
218 predicted point mutations were selected for experimental con-
sideration. After construction and transformation, 156 mutants
were expressed in soluble form in E. coli Top10 and subjected to
Thermofluor assays (Supporting Information Table S1). Most of the
other mutants were not expressed in soluble form as indicated by
SDS–PAGE of cell extracts, and did not produce active enzyme as
shown by testing dehalogenase activity with colony assays. The
screening resulted in the discovery of 29 significantly stabilizing
point mutations (ΔTm

app ≥ 1°C), located at 23 different positions
(Table I). The most effective mutation was C153N, which caused a
+13°C increase in apparent unfolding temperature.
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Positions, where disulfide-forming cysteines could be introduced,
were predicted with the DDD algorithm (Wijma et al., 2014). Based
on the X-ray structure (PDB entry 1px0) (22 pairs) and snapshots of
MD simulations (25 pairs), a total of 47 pairs of positions for intro-
duction of cysteines were identified; 41 for intrasubunit and 6 for
intersubunit disulfide bonds (Supporting Information Table S2).
Following MD simulations and inspection, 12 S–S bond designs
were eliminated from further investigation; 9 of which were dis-
carded for increasing backbone flexibility, 2 for breaking salt
bridges and 1 for introducing an internal cavity. The predicted disul-
fide mutants were produced both in E. coli MC1061 and in E. coli
Shuffle, a strain for expressing proteins with correctly connected
disulfide bonds (Lobstein et al., 2012). From the 34 expressed var-
iants, only 14 gave soluble protein. Of the latter, only one was
found in Thermofluor assays with purified enzyme to give a slightly
higher Tm

app (2.5°C above that of the wild-type (Supporting
Information Table S2)).

Origins of stabilization

The modeled structures of the confirmed stable HheC variants gen-
erated by FoldX and Rosetta were examined to identify putative
structural changes responsible for the enhanced stability. The mod-
els predicted the stabilizing mutations to introduce new buried
H-bonds (A45H, E58Q, A60R, S68R, Q87R, A93K, A93N, A93T,
C153N and N157H), improve hydrophobic interactions of buried

residues (A29L, T134V, A158V and V236I), optimize charge–
charge interactions and hydrogen bonds at the protein surface (S2K,
D39K, E42M, A45H, T47K, E58Q, A60R, E61K, E61Q, E64A,
E64Q, E64R, S68R, Q87R, A93K, A93N, A93T, E190T, E197K,
V199K and E247P) or to decrease the conformational entropy of
the (locally) unfolded protein (G99A and E247P) (Table I). The
computationally predicted and experimentally confirmed mutations
thus obeyed established biophysical principles of protein stability
(Vogt et al., 1997; Gribenko et al., 2009; Saelensminde et al., 2009).

The 29 stabilizing mutations were found to cluster in two
regions of the HheC structure (Fig. 2A and B). One region, harbor-
ing 14 mutations, includes the partially solvent-exposed α-helices 3
(residue 38–47) and 4 (residues 59–70), which are flexible according
to high crystallographic B-factors (Fig. 2C and D). The same region
also comprises nearby structural elements including β-sheet 2 (resi-
dues 27–32), which is rigid (Table I, Fig. 2C and D). At some posi-
tions, the influence of surface mutations was correlated to the
change in charge. For instance, substitution E61K in helix 4 was
more effective than E61Q and a similar trend was observed at posi-
tions 64 and 93 (Table I).

The other region where several mutations were found to group
together is located at the helix 5/6 interface of the tetramer
(Fig. 2C). Most of the 10 stabilizing mutations at this region
improve hydrophobic interactions or hydrogen bonds around the
subunit interface (Table I). This is expected to stabilize the enzyme
quaternary structure. These buried mutations are not at flexible

Table I. Stabilizing point mutations (ΔTm
app ≥ 1°C), their predicted structural basis and effect on thermostability

Mutationsa Locationb Predicted improvement B-factorc B-factor rankd ΔTm
app (°C)

S2K N-terminus, HTFS Surface charge 18.3 17 1
A29L β-sheet 2, HTFS Buried hydrophobic interactions 10.1 204 3
D39K α-helix 3, HTFS Surface charge 21.8 6 1.5
E42M α-helix 3, HTFS Surface charge 19.5 13 1.5
A45H α-helix 3, HTFS Surface H-bonds 16.1 43 2.5
T47K loop 6, HTFS Surface charge 15.2 58 1
E58Q loop 6, HTFS H-bonds + surface charge 17.8 20 2.5
A60R α-helix 4, HTFS H-bonds + surface charge 16.7 31 1.5
E61K α-helix 4, HTFS Surface charge 17.2 26 3.5
E61Q α-helix 4, HTFS Surface charge 17.2 26 1.5
E64A α-helix 4, HTFS Surface charge 16.2 38 1
E64Q α-helix 4, HTFS Surface charge 16.2 38 1
E64R α-helix 4, HTFS Surface charge 16.2 38 3
S68R α-helix 4, HTFS Surface charge + H-bonds 20.5 11 1.5
Q87R loop 8, BSUI Surface charge + H-bonds 14.1 79 3.5
A93K loop 8, BSUI Surface H-bonds 13.0 103 5.5
A93N loop 8, BSUI Surface H-bonds 13.0 103 4
A93T loop 8, BSUI Surface hydrogen bond, N-cap of helix 13.0 103 4.5
G99A α-helix 5, BSUI Unfolding entropy 11.2 156 1
T134V loop 10, BSUI Buried hydrophobic interactions 12.2 123 3
C153N α-helix 6, BSUI Buried H-bonds 9.2 238 13.5
N157H α-helix 6, BSUI Buried H-bonds 10.7 181 1.5
A158V α-helix 6, BSUI Buried hydrophobic intersubunit interactions 10.5 191 6
E190T loop12, S Surface charge 13.2 98 1.5
E197K α-helix 7, S Surface charge 16.8 28 2.5
V199I loop13, S Surface hydrophobic interactions 14.7 66 1.5
V199K loop13, S Surface charge 14.7 66 1.5
V236I loop 14, BSUI Buried hydrophobic interactions 12.8 107 1.5
E247P C-terminus, S Unfolding entropy + surface charge 17.7 21 1

aMutations in bold were combined into the thermostable mutant H12.
bAbbreviations: HTFS, helix 3 and 4 surface region; SUI, buried subunit interface; S, other surface regions.
cAverage B-factors for the Cα atoms in all four subunits of 1PXO.
dOverall rank amongst the 253 residues in 1PXO, highest B-factor ranked #1.
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positions. The most stabilizing mutation, C153N, is at one of the
most rigid positions in the enzyme; 94% of the positions in HheC
are more flexible according to B-factors.

Besides the mutations in these two regions, there are stabilizing
mutations at positions 190, 197, 199, and close to the C-terminus at
position 247 (Table I).

Combining stabilizing point mutations

In order to obtain a highly stable variant, 13 of the most favorable
stabilizing mutations were combined in a series of steps based on
their positions, efficacies and presumable effects (Fig. 3). The muta-
tions C153N, A158V, A93T, A29L, T134V, V199I and V236I,
expected to stabilize by introduction of hydrogen bonds or improve-
ment of hydrophobic interactions, and Q87R, E190T, E197K,
E64R, D39K, S68R, which influence surface charges, were intro-
duced in a stepwise manner. Thermal stability measurements
showed a gradual increase of the unfolding temperature (Supporting
Information Fig. S1) except for mutation T134V, which had an
antagonistic effect in a background containing C153N, A158V,
A93T and A29L (Fig. 3). Therefore, it was removed, leading to a

ΔTm
app= +25.5°C for the final variant, which we termed HheC–H12.

This high stability of mutant H12 seen in Thermofluor assays was
confirmed by measuring the temperature at which 50% of the

Fig. 2 Distribution of experimentally confirmed stabilizing mutations in halohydrin dehalogenase [PDB entry 1pwz]. The orientation is identical in all panels. (A)

Overview of the tetrameric structure with bound substrate indicated. (B) All positions in HheC that were experimentally targeted in this study. Gray spheres

represent positions where no stabilization was observed. (C) Positions where stabilizing mutations were discovered. The color scale is as in Panel B. (D) B-

factors represented by the thickness of the traces and with a color scale (blue–cyan–green–yellow–orange–red; red represents the highest B-factors).

Fig. 3 Effect of combining stabilizing point mutations on HheC thermostabil-

ity. Mutations that were individually confirmed are sequentially introduced

from left to right and the thermostability of the mutants was estimated using

Thermofluor assays. The gray bars and black lines indicate differential and

cumulative effects on ΔTm
app in a mutant background, whereas black bars

indicate the ΔTm
app in wild-type context.
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enzyme is inactivated in 10min, which yielded a T50
10 of over 80°C

for mutant H12, which is also a remarkable 23°C higher than for
the wild-type enzyme (Fig. 4A). The enhanced stability was also
apparent when unfolding was determined by circular dichroism
spectroscopy (Fig. 4B, ΔTm

app = 27.8°C).
In total, six mutations that change the surface charge towards

more positive are present in the H12 mutant. We therefore exam-
ined the stability of wild-type HheC and variant H12 over a pH
range of 3–12 (Fig. 4C). The wild-type enzyme was somewhat more
stable at high pH, and the H12 mutant was more stable than wild
type over a broad pH range. Replacing carboxylates and introdu-
cing basic residues may improve electrostatic surface interactions
that contribute to thermostability, like in other cases where rearran-
ging the distribution of charged residues on the enzyme surface
enhanced stability (Vogt et al., 1997; Gribenko et al., 2009;
Saelensminde et al., 2009). The stabilization of mutant H12 was less
prominent at high pH and disappeared at pH 12, probably due to
the neutralization of the additional positive charges introduced by
mutagenesis.

The optimum temperature for dehalogenase activity of the mutant
H12 was 20°C higher than that of the wild-type HheC, and at this
elevated temperature, the enzyme was more than twice as active as
the wild-type enzyme at its optimum temperature of 50°C (Fig. 4D).
Activity measurements with a set of haloalcohols (Table II) and epox-
ides (Table III) as substrates showed that most kinetic constants were
in the same range as for wild-type enzyme. Only minor differences
were observed, including a 2-fold decrease in catalytic constant (kcat)
for dehalogenation of (R)-4-chloro-3-hydroxybutyrate methyl ester

2 and a 4-fold increase in the apparent Michaelis constant (Km) for
cyanolysis of rac-1-p-nitrophenyl-2-bromoethanol 4. These differ-
ences could be due to slight changes in the enzyme’s structure or
dynamics (Bhabha et al., 2011). Fluorescence quenching studies
have indicated the occurrence of conformational changes upon sub-
strate binding by HheC (Tang et al., 2003a).

Mutant HheC–H12 shows high cosolvent stability

To determine the compatibility of mutant H12 with organic
cosolvents, the effect of six industrially important water–miscible
organic solvents was investigated. Residual dehalogenase activ-
ities were measured at various times after mixing enzyme with
organic cosolvent at 30°C. With all tested cosolvents, mutant
H12 was considerably more stable than the wild-type enzyme
(Fig. 5). For example, the mutant remained fully active after 6 h
of incubation with 50% methanol, whereas the wild-type enzyme
was inactivated within 15 min. Even though variant H12 inacti-
vated in the presence of 50% THF and had reduced activity in
high DMSO, it still showed much higher stability in these mix-
tures than wild-type enzyme. Surprisingly, the activity of mutant
H12 was higher in the presence of acetonitrile than in cosolvent-
free buffer, and the activity increased at higher acetonitrile con-
centrations (Fig. 5).

Crystal structures of thermostable mutants

To examine the structural basis of the enhanced stability and check
the agreement with the design methodology, we determined the
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crystal structures of the most effective single mutant C153N and of
the final 12-fold mutant H12 (Supporting Information Table S3)
and compared predicted and observed structures (Table IV). The
tetrameric assembly found in wild-type HheC (de Jong et al., 2003)
is maintained in the mutants, in agreement with results of size-
exclusion chromatography and predictions of the PISA webserver
(Krissinel and Henrick, 2007) (data not shown). Both mutants had a
chloride ion bound in the active site. In the HheC–C153N structure,
the four monomers present in the asymmetric unit compose the bio-
logical assembly, whereas in the HheC–H12 structure the asymmet-
ric unit contains two monomers, and the tetramer is formed by the
crystallographic symmetry.

The architecture of the active site is unaltered: in both the
C153N and the H12 structures the wild-type substrate-binding sites
are conserved. The structures thus show that the mutations alter nei-
ther the tetrameric assembly nor the active site architecture of the
enzyme. Although the overall backbone conformations of HheC–
H12, HheC–C153N and wild-type HheC (1PX0, de Jong et al.,
2003) are very similar (RMSDs for Cα atoms in the mutants: 0.39
and 0.29 Å, respectively), the helices 3, 4 and 8, carrying the HheC–
H12 mutations D39K, E64R, S68R, E190T and E197K, are shifted
by about 1 Å. The shifts of the helices 3 and 8 appear to be caused
by crystal contacts. The shift in helix 4 is due to the mutations, as
discussed below.

Buried mutations

HheC–H12 carries buried mutations that increase stability by intro-
ducing new hydrogen bonds (C153N) or by forming new hydropho-
bic interactions (A29L, A158V and V236I). The most stabilizing
buried mutation is C153N, located near the helix 5/6 subunit inter-
face (Table I and Fig. 6). In the C153N and H12 mutant structures,
the introduced Asn side chain forms two buried intra-chain hydro-
gen bonds: a strong one with the side chain of T131 (2.6 Å) and a
weaker one with the main-chain carbonyl oxygen atom of S132
(3.7 Å) (Fig. 6B). Moreover, in both structures, the mutation triggers
two ordered water molecules to form a hydrogen-bonding network
with the side chains of N153 and T154. The two water molecules
are located in close proximity to the 2-fold symmetry axis at the
helix 5/6 interface and interact with their symmetry-equivalents via
a hydrogen bond (Fig. 6C). Thus, an extended water-mediated
hydrogen bond network is formed, involving four water molecules,
which interconnects N153 and T154 with the equivalent residues
from the neighboring subunit and stabilizes the interactions at the
dimer interface (Fig. 6C). The network is visible in the structures of
both the C153N and H12 mutants, but not in any other HheC
structure (de Jong et al., 2003, 2005; Schallmey et al., 2013). In the
structure of an oxidation-resistant HheC variant carrying the C153S
mutation [PDB entry 3zn2 (Schallmey et al., 2015)], the S153 side
chain forms a buried hydrogen bond with T131 (2.8 Å). Despite the

Table II. Kinetic properties of HheC variants in dehalogenation reactionsa

Dehalogenation WT + C153S Mutant H12

kcat (s
−1) Km (mM) kcat/Km

(s−1 mM−1)
kcat (s

−1) Km (mM) kcat/Km

(s−1 mM−1)

1,3-Dichloro-2-propanol (1) 0.80 ± 0.07 <0.05c >16 0.9 ± 0.1 <0.05c >18
rac-p-Nitro-2-bromo-1-phenylethanol (rac-4) 2.5 ± 0.1 0.06 ± 0.01 42 2.4 ± 0.2 0.05 ± 0.01 48
Ethyl (R)-4-chloro-3-hydroxybutyrate [(R)-2] 5.6 ± 0.5 0.06 ± 0.01 97 E = 2.6b 2.3 ± 0.2 0.07 ± 0.01 34 E = 1.1b

Ethyl (S)-4-chloro-3-hydroxybutyrate [(S)-2] 2.9 ± 0.2 0.08 ± 0.01 37 1.8 ± 0.2 0.06 ± 0.02 32

WT + C153S + W249F Mutant H12 + W249F

kcat (s
−1) Km (mM) kcat/Km

(s−1 mM−1)
kcat (s

−1) Km (mM) kcat/Km

(s−1 mM−1)

Ethyl (R)-4-chloro-3-hydroxybutyrate [(R)-2] 2.6 ± 0.3 0.07 ± 0.01 36 E = 14b 20.5 ± 0.3 0.07 ± 0.02 291 E = 5.2b

Ethyl (S)-4-chloro-3-hydroxybutyrate [(S)-2] 0.6 ± 0.1 0.23 ± 0.03 2.6 4.1 ± 0.2 0.07 ± 0.02 56

aData represent averages of duplicate or triplicate measurements.
bE, enantioselectivity calculated from the ratio of kcat/Km values for the enantiomers.
cKm value too low for accurate measurement.

Table III. Kinetic properties of HheC variants in epoxide cyanolysis reactionsa

Epoxide cyanolysis WT + C153S Mutant H12

kcat (s
−1) Km (mM) kcat/Km (s−1 mM−1) kcat (s

−1) Km (mM) kcat/Km (s−1 mM−1)

rac-1,2-Epoxybutane (rac-3) 1.9 ± 0.5 0.5 ± 0.1 4.0 2.5 ± 0.1 2.5 ± 0.1 1.0
(R)-1,2-Epoxybutane [(R)-3] 2.7 ± 0.1 1.0 ± 0.1 2.8 E = 0.6b 1.7 ± 0.2 1.1 ± 0.2 1.5 E = 0.75b

(S)-1,2-Epoxybutane [(S)-3] 3.1 ± 0.5 0.7 ± 0.3 4.2 3.7 ± 0.1 2.0 ± 0.1 1.9

WT + C153S + T134A Mutant H12 + T134A

kcat (s
−1) Km (mM) kcat/Km (s−1 mM−1) kcat (s

−1) Km (mM) kcat/Km (s−1 mM−1)

(R)-1,2-Epoxybutane [(R)-3] 5.9 ± 0.2 0.49 ± 0.08 12.0 E = 2.2b 7.4 ± 0.4 0.7 ± 0.1 10.6 E = 2.1b

(S)-1,2-Epoxybutane [(S)-3] 6.2 ± 1.4 1.10 ± 0.06 5.7 7.7 ± 0.3 1.6 ± 0.2 5.0

aData represent averages of duplicate or triplicate measurements.
bE, enantioselectivity calculated from the ratio of kcat/Km values for the enantiomers.
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similarity of this interaction to that between N153 and T131, the
TM

app for the C153S mutant is identical to that of wild type (data not
shown). Thus, we deduce that the large increase in thermostability
brought by the C153N mutation is due not only to improved inter-
actions with neighboring residues, but also to the hydrogen-bonding
network involving ordered solvent molecules. Whereas the proper
side chain conformation of N153 and the modified intra-chain inter-
actions were correctly predicted for both mutants, both by FoldX
and Rosetta (Table IV and Fig. 6B), the new interaction with solvent
molecules was not predicted because FoldX and Rosetta do not
model water molecules explicitly. These interactions were only dis-
covered by the crystallographic studies.

The second most stabilizing mutation is A158V (ΔTM
app + 6°C),

located at the helix 5/6 subunit interface where it fills a cavity and
improves hydrophobic interactions. Two alternative conformations
are visible in the crystal structure of the H12 mutant, which both
enhance van der Waals interactions with the surrounding residues
(P138, T146 and L155) (Fig. 7D) while one conformation also par-
tially excludes a buried water molecule at the helix 5/6 interface

(Fig. 7C). The removal of this water molecule results in an unsatis-
fied hydrogen bond donor (L142) and an unsatisfied hydrogen bond
acceptor (W139), which appears to be compensated by van der
Waals interactions. FoldX, Rosetta as well as the MD simulations
based on their generated structures predict only one of the two alter-
native side chain conformations, the one that excludes the water
molecule (Fig. 7B). Another hydrophobic mutation close to the same
interface, V236I, introduces an intra-chain van der Waals inter-
action with A172. Two alternative rotamers are observed in the
crystal structure, but FoldX and Rosetta predicted only one of the
two, while their MD simulations detected both rotamers, in agree-
ment with the structural data (Table IV).

Mutation T134V was helpful in wild-type background but
antagonistic when incorporated in the A29L/A93T/C153N/A158V
background (Fig. 3). This context-dependence was difficult to
rationalize. Probably, the T134V substitution has a stabilizing effect
by improving local hydrophobic interactions and a destabilizing
effect due to the loss of hydrogen-bonding capacity, e.g. involving
T146. If this T134V substitution is introduced in the quadruple
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mutant carrying A158V, the T146 side chain faces a much more
hydrophobic and rigid environment, increasing the penalty of its
unsatisfied hydrogen bond when compared with the effect of the
same T134V mutation in the wild-type background.

Surface mutations

Of the eight mutations located at the surface of HheC–H12, six alter
the surface charge, making it more positive (D39K, E64R, S68R,
Q87R, E190T and E197K). None of the newly introduced arginine
or lysine side chains formed salt bridges at the protein surface in the
HheC–H12 crystal structure, despite their proximity to several nega-
tively charged groups (Supporting Information Fig. S2). Instead, the
side chains of the new K39, R64, R68, R87 and K197 residues are
disordered, as evident from missing electron densities in the crystal
structure, and in agreement with the outcome of the MD simula-
tions, which indicates that most of these residues are flexible. Also
the Rosetta and FoldX designs do not reveal formation of salt
bridges. For example, R87 in the Rosetta structure forms a hydro-
gen bond with guanidinium side chain is not visible in the crystal
structure and no salt bridges with nearby carboxylic groups (E85
and E96) can be seen. Even the side chain of R64 is flexible despite
the proximity of E56 and E61. Since the crystallization buffer con-
tains only 250mM NaCl, the absence of salt bridges is not likely to
be a crystallization artifact. In the Rosetta and MD structures, only
the arginine side chain of Q87R is predicted to adopt a stable con-
formation with a hydrogen bond between the guanidinium side

chain and the main-chain carbonyl group of K91 (instead of forming
a salt bridge with the nearby carboxyl group of E85 or E96).

The positive effect on enzyme stability of the surface mutations
might derive from a redistribution of the electrostatic charges on the
protein surface, introducing positive charges (D39K, E64R, S68R,
Q87R and E197K) and removing a carboxylate (E190T) from largely
negatively charged areas (Supporting Information Fig. S2A,B). This
improves charge–charge interactions without formation of localized
salt bridges and stabilization is due to replacing long-range repul-
sive effects by attractive interactions. This is in agreement with pre-
vious studies which also showed that solvent interactions and
entropic effects at the surface appear to be more important factors
for thermostabilization than specific contact types like salt bridges
(Gribenko et al., 2009; Saelensminde et al., 2009). However, the
introduction of surface charges does not lead to a net increase of
the predicted charge of the protein; the isolelectric point shifts to a
higher value and the overall charge of HheC–H12 is less negative
at neutral pH (Fig. S3).

The other two surface mutations (A93T and V199I) are
located at the beginning of α-helices 5 and 7, respectively. A93T
introduces a hydrogen bond acceptor for the unsatisfied hydrogen
bond donating amide of D96 at the beginning of helix 5, capping
the N-terminus of the helix and stabilizing the enzyme. FoldX did
not predict the correct rotamer conformation while the T93 side
chain conformation from Rosetta reflected the crystal structure.
Also the MD simulations of both Rosetta and FoldX structures
predicted the correct rotamer of T93. V199I introduces a methyl
group and consequently new van der Waals interactions with the
neighboring residues (K193, T194, N195 and P196) on the pro-
tein surface at the beginning of helix 7. FoldX and Rosetta struc-
tures as well as their MD simulations correctly predicted the I199
rotamer conformation.

Protein backbone changes to accommodate a larger

side chain

The only change in the HheC–H12 mutant affecting the protein
backbone is a small movement of helix 4 (residues 59–70) that
accompanies the A29L mutation and is needed to accommodate the
larger L29 side chain (Fig. 8A). According to the crystal structure,
the shift of helix 4 also optimizes the van der Waals interactions
between the side chains of L29 and Y70, but it was not predicted
by FoldX and Rosetta (Fig. 8B), in agreement with the absence of
backbone motions during conformational sampling. In the predic-
tions, L29 fills a hydrophobic cavity, which explains why the muta-
tion was predicted to stabilize even though the assumed structure
deviated from the crystal structure. The MD simulations did predict
flexibility in this region, but only MD structures with the crystallo-
graphically observed A29L side chain conformation gave the cor-
rect repositioning of helix 4, indicating that these changes are
correlated (Table IV, Fig. 8C and D).

Stabilized HheC–H12 as a template for selectivity

engineering

Proteins with high stability present superior scaffolds for introduc-
tion of mutations that influence catalytic properties (Bloom et al.,
2006; Besenmatter et al., 2007; Tokuriki and Tawfik, 2009). To test
the possibility of using the mutant H12 as a stable template for
engineering catalytic properties, the mutations W249F that enhances
enantioselectivity in kinetic resolution (Tang et al., 2005) and
T134A that increases cyanolysis rates (Schallmey et al., 2015) were

Table IV. Comparison of the computationally predicted mutant

structures to the crystal structure of HheC–H12a

Mutation Correctness of rotamer predictions for each monomerb

FoldX Rosetta

Static MD Static MD

A29L ×/×/×/× ✓/✓/✓/× ×/×/×/× ×/×/×/×
D39Kc -/×/×/- -/×/×/- -/×/×/- -/×/×/-
E64Rc ×/-/-/× ×/-/-/× ×/-/-/× ×/-/-/×
S68R -/-/-/- -/-/-/- -/-/-/- -/-/-/-
Q87R -/-/-/- -/-/-/- -/-/-/- -/-/-/-
A93T ×/×/×/× ✓/✓/✓/✓ ✓/✓/✓/✓ ✓/✓/✓/✓
C153N ✓/✓/✓/✓ ✓/✓/✓/✓ ✓/✓/✓/✓ ✓/✓/✓/✓
A158Vd ✓/✓/✓/✓ ✓/✓/✓/✓ ✓/✓/✓/✓ ✓/✓/✓/✓
E190Tc ✓/✓/✓/✓ ×/×/×/× ✓/✓/✓/✓ ×/×/×/×
E197Kc ×/×/×/× ×/×/×/× ✓/✓/✓/✓ ×/×/×/×
V199I ✓/✓/✓/✓ ✓/✓/✓/✓ ✓/✓/✓/✓ ✓/✓/✓/✓
V236Ie ✓/✓/✓/✓ ✓/✓/✓/✓ ✓/✓/✓/✓ ✓/✓/✓/✓

aFor each mutation, the HheC–H12 X-ray structure was compared with
the relevant FoldX and Rosetta single mutant models, as well as with the
results of the MD simulations that were started with the design structures.
Each chain of the X-ray structure was superposed to the corresponding chain
of the computational models using the secondary structure matching protocol
in Coot.

bFor each subunit, a correct prediction of the rotamer is labeled with a
check mark (✓), an incorrect prediction with a cross (×) and a hyphen (-) indi-
cates that the side chain was invisible in the electron density.

cThe side chains that are visible in the electron density are involved in crys-
tal contacts, and thus it is possible that their rotamers are not representative
for solution.

dOnly one of the two conformations observed in the crystal structure was
predicted by FoldX, Rosetta and the MD simulations.

eBoth rotamer conformations present in the crystal structure are observed
in the MD simulations.
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introduced separately (Tables II and III). Introduction of mutation
T134A into HheC–H12 increased the kcat value of 1,2-epoxybutane
cyanolysis with both enantiomers, like in wild-type enzyme, and
also slightly reduced the Michaelis constant (Km). As a consequence,
the catalytic efficiency of the enzyme was improved to values that
were even higher than those of the wild-type variant containing the
same mutation (Table III).

Mutation W249F is located in the C-terminus of the peptide
chain, which penetrates into the active site of the opposite subunit.
This substitution is known to increase HheC enantioselectivity in
the kinetic resolution of rac-p-nitro-2-bromo-1-phenylethanol and
ethyl rac-4-chloro-3-hydroxybutyrate (Tang et al., 2005), with pref-
erence for the (R)-enantiomers. Introduction of this mutation into
wild-type HheC and HheC–H12 gave a 4- to 5-fold improvement of
the enantioselectivity for ethyl-4-chloro-3-hydroxybutyrate, result-
ing from lowed kcat and higher Km for the non-preferred (S)-enantio-
mer (Table IV). Whereas the W249F mutation in the H12 mutant
gave a 9-fold increase in the kcat for (R)-2, the kcat for (S)-3
increased only 2-fold (Table II).

Discussion

In this work, a highly cosolvent-tolerant and thermostable halo-
hydrin dehalogenase was constructed by using computational
tools to predict and prioritize stabilizing mutations, which were

subsequently tested experimentally by producing a small library of
253 variants, from which 29 stabilizing point mutations were dis-
covered. The 12 most effective mutations were combined to obtain a
remarkably stable mutant that exhibited strongly improved stability
in the presence of six different water–miscible organic solvents as
well as enhanced thermostability (+23°C). While catalytic activity of
the 12-fold H12 mutant at lower temperature was preserved, the
optimum temperature was 20°C higher, which will allow higher
conversion rates by performing reactions at elevated temperatures.
The enhanced stability in organic solvents provided an enzyme that
remained fully active in 50% methanol or acetonitrile and in 25%
DMSO, dioxane, tetrahydrofuran or dimethylformamide. Neither
the stabilizing effects nor the stabilities of the wild-type or the
mutant enzymes were strongly correlated with log P values (P =
octanol–water partitioning coefficients); only the least polar solvent
tetrahydrofuran gave the lowest stability and also the lowest degree
of stabilization in mutant H12. The stabilizing effect was most pro-
nounced in case of acetonitrile, which rapidly and completely inacti-
vated wild-type HheC, whereas mutant H12 was even activated by
50% acetonitrile and showed no loss of activity over 5 h. These
improvements in stability make the mutant an attractive catalyst for
applications and provide a stable template for engineering of cata-
lytic properties. The latter was exemplified by the introduction into
H12 of two mutations improving enzyme enantioselectivity and sub-
strate range.

Fig. 6 Structure analysis of C153N, the most stabilizing mutation. The orientation is identical in all panels. Chains A and B are colored in green and yellow,

respectively. (A) Residue C153 and its environment in the wild-type structure (PDB entry 1px0). (B) MD-averaged structure of the FoldX C153N design (other

designs look comparable). The strong intra-chain hydrogen bonds between N153 and T131 are correctly predicted, but S132 and N153 are too distant for hydro-

gen bond formation (4.0 Å). Furthermore, in the MD simulation, a water molecule seems to stably bind to N153, but not to T154. (C) HheC–H12 crystal structure.

The intra-chain interactions formed by N153 in the crystal structure are similar to the ones detected in MD, with two main differences: firstly N153 and S132 are

closer together (3.6 Å) and may form a hydrogen bond; secondly a water molecule is hydrogen-bonded to T154. This water molecule allows the formation of a

small solvent-mediated hydrogen bond network (hydrogen bonds with length of 2.8 and 3.0 Å are shown with a dashed line) between N153 and T154. Through

the interactions with its equivalent on the neighboring subunit, the network stabilizes the dimeric interface (helix 5/6 interface).

185A robust cosolvent-compatible halohydrin dehalogenase

D
ow

nloaded from
 https://academ

ic.oup.com
/peds/article-abstract/30/3/175/2725321 by U

niversity of G
roningen user on 27 February 2019



Comparing the use of computational tools to design a small
focused library to other protein engineering strategies for improving
the enzyme stability, such as error-prone PCR driven directed evolu-
tion (You and Arnold; 1996; Giver et al., 1998) or focused muta-
genesis based on crystallographic B-factors (B-FIT method (Reetz
et al., 2006)), it appears that the FRESCO computational design
and screening workflow strongly reduces the amount of experimen-
tal screening required to stabilize an enzyme. The 29 stabilizing
point mutations were detected in a single round of laboratory test-
ing, and their effects appeared strongly additive (with one excep-
tion). Similarly, using the FRESCO protocol for stabilization of
haloalkane dehalogenase (LinB), peptide amidase and limonene
epoxide hydrolase (LEH) identified 16, 16 and 11 stabilizing point
mutations, respectively (Floor et al., 2014; Wijma et al., 2014; Wu
et al., 2016) . The success percentages amongst the experimentally
tested point mutations are also similar in the earlier work: 13% in
this paper, 19% for the LEH, 13% for the haloalkane dehalogenase
and 13% for the peptide amidase. Although these numbers are prac-
tically very useful, they also suggest that there is still room for
improvement.

The FRESCO strategy aims to discover a large number of stabil-
izing mutations by computational screening of all possible substitu-
tions and geometrically feasible disulfide bonds, except those which
are likely to disturb the catalytic machinery. This differs from other
reported computational approaches for stabilizing proteins, which
focus on a smaller number of mutations with a high probability to

be stabilizing (Korkegian et al., 2005; Shah et al., 2007; Gribenko
et al., 2009; Saha et al., 2011). A recent example is FireProt (Bednar
et al., 2015), which picks mutations which both Rosetta and FoldX
predict to be stabilizing. If applied to HheC, FireProt would have
missed the highly effective C153N mutation, which only FoldX pre-
dicts to be stabilizing. For small proteins, an approach exploring
only a few mutations will be capable of reliably delivering high sta-
bilities (Huang et al., 2014). However, in case of larger proteins,
which unfold irreversibly in a stepwise manner, the predictability
will be lower and engineering toward high stability may require
more mutations than those surviving stringent selection with tools
that still have modest accuracy, as indicated by the false positive
and negative predictions that emerge in our studies.

Coming back to the quest for improvements in the computa-
tional procedures for enhancing stability, we note that our results on
HheC stabilization identify points that may be addressed in future
work. Up to 37 mutations that led to introduction of an aromatic
residue were predicted to be stabilizing, but none of these proved
effective when tested experimentally (Supporting Information Fig. S4).
Instead, many of these caused expression problems as indicated by the
absence of soluble HheC and the lack of HheC catalytic activity in
transformants. This suggests that the used algorithms still make sys-
tematic errors by scoring a significant part of the aromatic substitu-
tions as stabilizing even though they lead to destabilization or
expression problems. One critical step in the development of the
Rosetta-ddg and FoldX methods was their parameterization, which

Fig. 7 Analysis of the second most stabilizing mutation, A158V. (A) Crystal structure of the wild-type enzyme (PDB entry 1px0). AA tightly bound water is found

at the helix 5/6 interface near the A158 methyl group. (B) MD simulation of FoldX design. The V158 side chain conformation results in the exclusion of the buried

water molecule from the interface. (C) HheC–H12 crystal structure, revealing the presence of two alternative conformations for V158. One of these excludes the

water, like in the MD simulation. (D) V158 (colored in pink) and neighboring residues in the HheC–H12 crystal structure. The introduction of two extra methyl

groups by the A158V mutation strengthens the van der Waals interactions with the labeled residues. In all the panels, chains A and B are colored in green and

yellow, respectively.
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was done using large sets of mutations for which the ΔΔGFold had
been experimentally determined (Guerois et al., 2002; Kellogg et al.,
2011). Destabilizing mutations may be underrepresented in such data-
sets if they prevent expression and thus do not show their unfavorable
effects on ΔΔGFold.

The results also show that the magnitude of the predicted
ΔΔGFold of a mutation does not well predict the level of increase in
TM

app (Supporting Information Fig. S4), which contrasted our ori-
ginal assumption. The absence of a quantitative correlation is prob-
ably related to the size of HheC, making the topological position of
a mutation highly important for its effect on overall stability (see
below). Mutations that are predicted to have a large beneficial
ΔΔGFold may indeed provide stabilization of a local structure, but
the effect on overall protein stability may be minor if the effect
occurs in a region of the protein that is already rather stable and is
not subject to initial unfolding. We expect that in case of large pro-
teins predictability of the effect of mutations may improve by con-
sidering early unfolding sites and subunit or domain interfaces that
prevent dissociation.

A striking observation is that whereas introduction of disulfide
bonds using as templates structures generated by MD worked well
in case of LEH (Wijma et al., 2014), and to a lesser extend also with
LinB (Floor et al., 2014), this was not very effective in case of HheC
studied here. HheC is sensitive to disulfide bond scrambling during
overexpression, and the removal of cysteines (Tang et al., 2002) is
probably more effective than introducing them. This finding is in
agreement with the conclusion that disulfides can be very efficient
for engineering stabilization in some proteins, whereas for other

proteins disulfide scrambling or expression problems are hard to
solve (Creighton, 1988; Tang et al., 2002). Because the stabilizing
point mutations were abundant in HheC, we continued only with
these. Furthermore, the design algorithm cannot predict or over-
come disulfide bond formation problems occurring on the folding
pathway.

By solving crystal structures and by in silico modeling, we exam-
ined biophysical interactions that individual mutations contribute to
the highly enhanced stability of HheC–H12. The FRESCO protocol
introduced mutations that provided stabilizing H-bonds, improved
hydrophobic interactions and improved long-range electrostatics. To
examine if effective mutations concentrate in flexible regions of the
protein, we compared their positions with regions showing high crys-
tallographic B-factors (Fig. 2D). Such regions with high B-factors are
preferentially targeted in the B-FIT approach for enzyme stabilization
by mutagenesis (Reetz et al., 2006). A recent examination of HheC
with the B-FIT approach by Wang et al. (2015a) identified Lys36-
Glu42 in helix 3 and the C-terminal segment Gly251-Glu254 as
important flexible regions. Indeed, we found two stabilizing mutations
in helix 3 region (D39K and E42M). Mutagenesis experiments by
Wang et al. (2015a, 2015b) targeted the C-terminal region, where 11
stabilizing mutations were found in a library of about 1000. A com-
bined variant had an 18-fold prolonged half-life at 55°C due to the
T249P/M252L/P253D mutations at the C-terminus (no TM

app data
were given). The energy calculations reported here also suggested
eight mutations at the C-terminal tail of the protein (Supporting
Information Table S1), but only one of these (E247P) was found to
significantly improve stability when tested experimentally (Table I).
Importantly, our work shows that also mutations that occur in rigid
regions of the protein that do not display high B-factors may be very
effective. The stabilizing mutations at the subunit interface and the
most effective mutation (C153N, located at a highly rigid position)
would not have emerged with the B-FIT approach. The effects of the
mutations which stabilize different regions of the protein appear
additive.

Since large proteins tend to unfold stepwise, and stabilizing
mutations are most effective in early unfolding regions, we suspect
that subunit dissociation is an early step in the unfolding process
(Janin et al., 1988; Pilipenko et al., 2007). Protein stabilization by
improved intersubunit interactions has been reported (Fernandez-
Lafuente, 2009), and we note that such mutations are discovered by
computational library design, as also observed with LEH (Floor
et al., 2015). The results would imply that the helix 5/6 interface dis-
sociates first, not the intersubunit helix 8/8 interface, where no sta-
bilizing mutations were found even though many mutations in this
region were tested (Fig. 2).

The crystal structures also triggered us to examine if these experi-
mental mutant structures agree with the structures predicted by
FoldX and Rosetta and/or with structures from MD simulations.
Indeed, most changes observed in the mutant crystal structures agreed
with the FoldX and Rosetta predictions, as was also observed with
LEH (Floor et al., 2015). Nevertheless, mutations that provide stabil-
ization through unexpected mechanisms were also found. The most
prominent one (C153N) gives the strongest stabilization, which
appears to be mediated in part by water molecules that glue together
a subunit interface. The computational tools suggested improved H-
bonding via N153, which was confirmed, but in reality the C153N
mutation was especially stabilizing through the unpredicted formation
of a hydrogen-bonding network involving solvent molecules.

The comparison of experimental and in silico structural data
reveals that the reliability of FoldX and Rosetta is similar, and that

Fig. 8 Observed and predicted movement of helix 4 (residues 63–73) caused

by the A29L mutation. (A) Superposition of wild-type HheC (1px0, wheat)

and HheC–H12 (green) crystal structures. The comparison reveals a small

shift of helix 4 in the HheC–H12 crystal structure to accommodate the larger

L29 side chain, which would otherwise sterically clash with Y70. (B) FoldX

(orange) and Rosetta (gray) designs are superposed to the HheC–H12 crystal

structure (green). Both protocols wrongly predict the L29 and Y70 side chain

conformations. (C) Superposition of the HheC–H12 structure (green) and

the MD simulation of the Rosetta design (pink). The movement of helix 4

is detected by the simulation, but it is larger than in the HheC–H12 X-ray

structure due to the wrong prediction of L29 side chain conformation.

(D) Superposition of the HheC–H12 X-ray structure (green) and the MD simu-

lation of the FoldX design (red). In this MD-averaged structure, both the L29

side chain conformation and the helix 4 movement are correctly predicted.
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the two protocols differed only in the prediction of one buried muta-
tion (A29L) and a few mutations located on the protein surface
(D39K, E64R, A93T, E197K, Table III). It also shows the potential
of the MD simulations in the design protocol. The MD simulations
allowed reliable prediction of a backbone movement in helix 4 due
to a mutation (MD of the FoldX A29L design), of the occurrence of
energetically favorable multiple side chain conformations (MD
simulation of Rosetta and FoldX V236I designs) and the high flexi-
bility of arginine and lysine residues introduced at the protein sur-
face. Furthermore, MD could correct a bad prediction, as in the case
of the Thr93 rotamers suggested by FoldX for the A93T mutant.
Such information may help to fine tune prediction and selection of
mutants qualifying for experimental verification. More accurate pre-
dictions may also reduce the risk of losing activity when combining
mutations, allowing simultaneous introduction of multiple muta-
tions , increasing success rate and further decreasing experimental
screening efforts. This will be especially important for proteins that
are difficult to express in high-throughput format.

Supplementary data

Supplementary data are available at Protein Engineering, Design and Selection

online.
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