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ABSTRACT: Millions of protein sequences are being
discovered at an incredible pace, representing an inexhaustible
source of biocatalysts. Here, we describe an integrated system
for automated in silico screening and systematic characterization of diverse family members. The workﬂow consists of
(i) identiﬁcation and computational characterization of
relevant genes by sequence/structural bioinformatics, (ii)
expression analysis and activity screening of selected proteins,
and (iii) complete biochemical/biophysical characterization
and was validated against the haloalkane dehalogenase family.
The sequence-based search identiﬁed 658 potential dehalogenases. The subsequent structural bioinformatics prioritized and
selected 20 candidates for exploration of protein functional
diversity. Out of these 20, the expression analysis and the robotic screening of enzymatic activity provided 8 soluble proteins with
dehalogenase activity. The enzymes discovered originated from genetically unrelated Bacteria, Eukaryota, and also Archaea.
Overall, the integrated system provided biocatalysts with broad catalytic diversity showing unique substrate speciﬁcity proﬁles,
covering a wide range of optimal operational temperature from 20 to 70 °C and an unusually broad pH range from 5.7 to 10. We
obtained the most catalytically proﬁcient native haloalkane dehalogenase enzyme to date (kcat/K0.5 = 96.8 mM−1 s−1), the most
thermostable enzyme with melting temperature 71 °C, three diﬀerent cold-adapted enzymes showing dehalogenase activity at
near-to-zero temperatures, and a biocatalyst degrading the warfare chemical sulfur mustard. The established strategy can be
adapted to other enzyme families for exploration of their biocatalytic diversity in a large sequence space continuously growing
due to the use of next-generation sequencing technologies.
KEYWORDS: diversity, sequence space, bioinformatics, biocatalyst, biochemical characterization, activity, substrate speciﬁcity,
haloalkane dehalogenases

■

INTRODUCTION
The postgenomic era is characterized by an exponential
increase in the number of protein sequences,1 which represent
an immense treasure of novel enzyme catalysts with unexplored
structural-functional diversity. Despite their enormous promise
for biological and biotechnological discovery, experimental
characterization has been performed on only a small fraction of
the available sequences.2 This “big data” problem is further
extended by continuous genome and metagenome sequencing
projects which employ powerful next-generation sequencing
technologies.3,4 Traditional biochemical techniques are timedemanding, cost-ineﬀective, and low-throughput, providing
insuﬃcient capacity for the exploitation of genetic diversity.5
In response to these limitations, high-throughput experimental
techniques employing miniaturization and automation have
© XXXX American Chemical Society

been developed in order to keep track of the ever-growing
sequence information.6−8 Although ﬂuorescent biochemical
assays implemented in microformats provide easily measurable
signals, enzyme activities from determined end point measurements often diﬀer from those obtained using native substrates
(“You get what you screen for.”)6 These microformat
techniques are powerful tools for the preﬁltering of large
libraries; however, they must be followed by additional assays
with the target substrates. Robotic platforms using the
microtiter plate format are therefore employed to provide
quantitative kinetic data.9 Despite these innovations, the
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Figure 1. Workﬂow of an integrated system for the exploitation of the protein structural and functional diversity. Diﬀerent colors highlight three
distinct phases of the workﬂow: (i) automated sequence and structural bioinformatics (green), (ii) protein production and robotic activity screening
(blue) and (iii) biochemical characterization (red). The timeline shows the periods required for data collection and analysis, divided into intervals of
4 h, 4 days, 3 weeks and 3 months column for clarity. A cut square indicates a time requirement of less than 1 h.

functional novelty when a homologue is found in an
unexpected biological setting (such as a new species or
environment) or co-occurring with other proteins.11 Likely
hotspots of functional novelty in sequence space may be
uncovered either in under-sampled phyla from the tree of life or
by ﬁnding functional shifts in sequence motifs or domain
architecture.12 Moreover, in silico analysis of structural and
functional properties can reveal evolutionary changes in the
enzymatic machinery.
Here, we describe an integrated system comprising
automated in silico screening protocol and experimental
procedures for characterization and the exploitation of the
structural and functional diversity of an entire enzyme family
(Figure 1). As proof of concept, we used this system to explore
the diversity of microbial enzymes haloalkane dehalogenases
(EC 3.8.1.5, HLDs). HLDs have been identiﬁed in a broad
spectrum of microorganisms inhabiting soil, water, animal
tissues, and symbiotic plants.13−21 These α/β-hydrolase fold
enzymes, which belong to one of the largest protein
superfamilies (>100000 members), catalyze the hydrolytic

existing experimental methods do not provide suﬃcient
capacity for the full biochemical/biophysical characterization
of proteins spanning the ever-increasing sequence space, and
new technical solutions are therefore required.
Computational approaches oﬀer an adequate capacity for in
silico screening of a large pool of sequence entries to facilitate
the identiﬁcation and rational selection of attractive targets for
experimental testing. The recently published genomic mining
strategy employing molecular modeling and structural bioinformatics has demonstrated the identiﬁcation of enzymes
catalyzing the targeted reaction in a synthetic pathway. This
exciting approach led to the discovery of decarboxylases from
more than 239 selected hits without expensive and laborious
enzyme-engineering eﬀorts.10 The main beneﬁt of this study
lies in the eﬀective sampling of particular enzymatic activity
from sequence databases. Developing automated computational
workﬂows and integrating them with experimental platforms is
thus essential if the eﬀective discovery of novel proteins is
desired. In addition to their applicability in ﬁnding new
members of protein families, they can identify a wealth of
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analyze protein quaternary structure, molecular weights,
hydrodynamic radius, and intrinsic viscosities. Thermal stability
was analyzed by circular dichroism spectroscopy and robotic
diﬀerential scanning calorimetry. The thermal unfolding was
monitored by change in the ellipticity or heat capacity over the
temperature range from 20 to 90 °C. The temperature proﬁle
was determined as an eﬀect of temperature on enzymatic
activity toward 1,3-diiodopropane at pH 8.6 over the
temperature range from 5 to 80 °C. The pH proﬁle was
determined as an eﬀect of pH on enzymatic activity toward 1,3dibromopropane at the pH ranging from 4 to 12 at 10, 37, or
55 °C. Substrate speciﬁcity toward a set of 30 halogenated
compounds was analyzed at 10, 37, or 55 °C. The speciﬁc
activity data toward 30 substrates were analyzed by Principal
Component Analysis (PCA). The steady-state kinetics of the
novel HLDs toward 1,2-dibromoethane were measured using
an isothermal titration calorimeter at either 10, 37, or 55 °C.
Enantioselectivity was evaluated from kinetic resolution of 2bromopentane or ethyl 2-bromopropionate at 20 °C.
Enzymatic activity toward chemical warfare agent sulfur
mustard was measured using ﬂuorescent assay. The degradation
of selected environmental pollutants, 1,3-dichloropropene, γhexachlorocyclohexane, and hexabromocyclododecane was
analyzed using robotic GC/MS. Detailed experimental
protocols are described in the Supporting Information section.

dehalogenation of a wide range of organohalogens. HLDs can
be employed for the biocatalysis of optically pure building
blocks,22−24 the bioremediation of environmental pollutants,25−27 the decontamination of chemical warfare agents,28,29
the biosensing of pollutants,30−32 and molecular imaging.33−35
This diversity of reported practical applications is especially
astonishing if one bears in mind that only two dozen HLDs
have been biochemically characterized during the last 30 years,
although the sequences of hundreds of putative HLDs are
available in genomic databases.20,36 The proposed integrated
system eﬀectively explored the sequence diversity and delivered
eight novel biocatalyst possessing unique properties. Particularly, the most catalytically proﬁcient HLD enzyme to date,
the most thermostable biocatalyst and the extremophile-derived
enzymes are promising for various biotechnological applications. The strategy was critically evaluated by validation of in
silico predictions against experimentally veriﬁed results.

■

EXPERIMENTAL SECTION
In Silico Screening. The sequences of three experimentally
characterized HLDs were used as queries for two iterations of
PSI-BLAST v2.2.28+37 searches against the NCBI nr database
(version 25-9-2013)38 with E-value thresholds of 10−20.
Information about the source organisms of all putative HLDs
was collected from the NCBI Taxonomy and Bioproject
databases.38 A multiple sequence alignment of all putative fulllength HLD sequences was constructed by Clustal Omega
v1.2.0.39 The homology modeling was performed using
Modeler v9.11.40 Pockets in each homology model were
calculated and measured using the CASTp program41,42 with a
probe radius of 1.4 Å. The CAVER v. 3.01 program43 was then
used to calculate tunnels in the ensemble of all homology
models. The three-dimensional structures of 34 halogenated
compounds, which are environmental pollutants, artiﬁcial
sweeteners, chemical warfare agents, or their surrogates and
disinfectants, were constructed in Avogadro44 and docked to
the catalytic pockets using AutoDock 4.2.3. Each local search
was based on the pseudo Solis and Wets algorithm with a
maximum of 300 iterations per search.45 The chance for soluble
expression in E. coli of each protein was predicted based on the
revised Wilkinson-Harrison solubility model.46,47 Detailed
bioinformatics protocols are described in the Supporting
Information.
Expression Analysis and Activity Screening. Codonoptimized genes encoding 20 putative HLDs were designed and
commercially synthesized. The synthetic genes were subcloned
individually into the expression vector pET21b between the
NdeI/XhoI restriction sites. E. coli BL21(DE3), E. coli
ArcticExpress(DE3), and E. coli Rosetta-gami B(DE3) pLysS
competent cells were transformed with DNA constructs using
the heat-shock method and expressed in lysogeny broth (LB)
or EnPresso B medium. Biomass was harvested at the end of
the cultivation, washed, and disrupted using a homogenizer.
The activity of cell-free extract toward 1-iodobutane, 1,2dibromoethane, and 4-bromobutyronitrile substrates was
robotically screened at 10, 37, and 55 °C. Detailed experimental
protocols are described in the Supporting Information.
Biochemical and Biophysical Characterization. Enzymes were puriﬁed using single-step nickel aﬃnity chromatography. Secondary structure was evaluated using circular
dichroism spectroscopy at room temperature. Size-exclusion
chromatography with static light scattering, refractive index,
ultraviolet and diﬀerential viscometer detectors was used to

■

RESULTS
In Silico Screening. The developed automated workﬂow
for the in silico identiﬁcation and characterization of HLDs
provides a useful tool for the selection of interesting proteins
for experimental characterization. Sequence database searches
led to the identiﬁcation of 5661 sequences representing
putative HLDs and their close relatives. In order to automatically distinguish between putative HLD sequences and
sequences of proteins from other families, average-link
hierarchical clustering based on pairwise sequence distances
was applied. After removing 39 artiﬁcial sequences, 953 putative
HLDs were retained (333 from HLD-I, 295 from HLD-II, 314
from HLD-III, and 11 from HLD-IIIb). On the basis of
multiple sequence alignment, 117 incomplete and 178
degenerate sequences were excluded from the data set. The
substitution of halide-stabilizing residues was the most common
reason for exclusion (Table S2). The remaining 658 putative
HLDs were subjected to homology modeling and in silico
characterization. The following data were gathered for each
putative HLD: (i) sequence annotations, (ii) the taxonomy of
the source organism, (iii) extremophilic properties of the
source organism, (iv) a list of highly similar proteins and the
most closely related known HLDs, (v) the HLD subfamily, (vi)
composition of the catalytic pentad, (vii) the domain
composition, (viii) the predicted solubility, and if applicable,
(ix) suitable template for homology modeling and (x)
constructed homology model, (xi) the volume and area of
the catalytic pocket, (xii) characteristics of access tunnels, and
(xiii) structures of enzyme−substrate complexes.
The majority of sequences in HLD-I, HLD-II, and HLD-IIIb
were correctly annotated (75%, 80%, and 71%, respectively),
while this was the case for only 26% of the HLD-III sequences
(Table S3). More than half of the sequences in HLD-III were
annotated generally as α/β-hydrolase fold enzymes (45%) or
hydrolases (10%). Due to the presence of multidomain
proteins, 3% of the HLD-I sequences and 11% of the HLDIII sequences were annotated as CMP deaminases and acyl2404
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Figure 2. Overview of putative HLDs identiﬁed. Most putative HLD sequences are composed of one α/β-hydrolase domain (single-domain).
Additionally, some sequences contain the N-terminal cytidine and deoxycytidylate deaminase domain (CMP/dCMP deaminase), the N-terminal
radical SAM domain (radical SAM), the C-terminal AMP binding domain (AMP binding), or transmembrane helices (TM). The catalytic pentad in
HLDs is composed of nucleophile-catalytic acid−base+halide-stabilizing residues. The nucleophile and catalytic base are conserved in all family
members, whereas the catalytic acid and halide-stabilizing residues are variable (highlighted in bold).

deaminase domain were detected in 12 HLD-I sequences,
while 60 HLD-III sequences had a C-terminal AMP binding
domain and one HLD-III sequence had the N-terminal radical
SAM domain. N-Terminal transmembrane helices were
predicted for 6 out of 7 HLD-IIIb sequences, while they were
present in only a small proportion of sequences from the other
three subfamilies. Since the majority of structurally characterized HLDs can be found in the HLD-II subfamily, the most
reliable homology models could be constructed for members of
this subfamily (Figure S1). No protein structures are currently
available for members of the HLD-III/b subfamilies, limiting
the possibility of homology modeling in these subfamilies (10%
for HLD-III and none for HLD-IIIb; Figure S2). Overall,
homology models were built and evaluated for 275 sequences.
The predicted volumes of catalytic pockets ranged from 126
Å3 to 1981 Å3 (Figure S3). Generally, the HLD-I subfamily
members were predicted to have smaller pockets (median
volume 554 Å3) than HLD-II (716 Å3) and HLD-III (777 Å3).
Tunnels were calculated for the ensemble of all superimposed

CoA synthetases, respectively. Miss-annotations of singledomain proteins were rare (2 proteins). An overview of source
organisms, catalytic pentads, and domain compositions of the
putative HLDs identiﬁed is provided in Figure 2. The
sequences of putative HLDs were identiﬁed in the genomes
of organisms from all three domains of life. The source
organisms included 3 thermophilic, 1 cryophilic, 13 psychrophilic, 3 psychrophilic-moderate halophilic, 12 moderate
halophilic, and 4 extreme halophilic strains. The majority of
the putative HLDs of extremophilic origin were found in
subfamilies HLD-I and HLD-III. The prevalent compositions of
the catalytic pentads agreed with those described previously.36
Potential alternative catalytic pentad compositions were
predicted for 26% of HLD-I, 6% of HLD-II, and 14% of
HLD-IIIb sequences.
Even though all HLDs that have been experimentally
characterized to date are single-domain proteins, we identiﬁed
a number of multidomain proteins in the HLD-I and HLD-III
subfamilies. The N-terminal cytidine and deoxycytidylate
2405
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Table 2. Temperature and pH Proﬁles of 8 Biochemically Characterized HLDs

three diﬀerent E. coli strains, with two types of cultivation
media and under ﬁve expression conditions (Figure S6). In
total, 15 (75%) out of 20 target genes were overexpressed and
12 (60%) genes provided proteins in a soluble form that
enabled screening of enzymatic activity. We observed some
agreement between the theoretically predicted and the
experimentally determined solubility of the 12 HLDs that
were successfully produced in E. coli (Table S7). A robotic
platform employing a 96-well microtiter plate format was setup
for fast screening of the HLD activity. Altogether, the activities
of cell-free extracts of 12 soluble putative HLDs were screened
against 3 diverse halogenated substrates (1-iodobutane, 1,2dibromoethane, and 4-bromobutyronitrile) in an all-enzyme
versus an all-substrate screen format at 3 temperatures regime
(10, 37, and 55 °C) to maximize the chance of detecting HLD
activity. Out of these 12 soluble HLDs, 9 exhibited hydrolytic
activity toward at least one of the substrates tested (Table S8).
Eight out of nine novel HLDs were successfully puriﬁed and
subjected to detailed biochemical and biophysical characterization.
Biochemical Characterization. Biochemical and biophysical characterization included the (i) determination of folding
and secondary structure, (ii) quaternary structure, (iii)
thermostability, (iv) temperature and pH optima, (v) substrate
speciﬁcity, (vi) steady-state kinetics, (vii) enantioselectivity, and
(viii) activity toward selected environmental pollutants and
warfare agents.
Circular dichroism spectroscopy was used to assess the
correctness of folding and secondary structure composition. All
enzymes exhibited CD spectra characteristic of α-helical
content and proper folding48 (Figure S7). The quaternary
structure was examined by size-exclusion chromatography.
DpaB, DsxA, DgpA, DtaA, and DsbA are monomeric proteins
with calculated molecular weights (Mw) ranging between 31.2
and 36.9 kDa. DpaA is as a dimer with a determined Mw = 70.6
kDa and DhmeA is an oligomer with Mw > 2 MDa (Table S9).
The oligomeric state of DmsaA could not be determined due to
protein precipitation under the conditions tested. Thermally
induced denaturation of novel HLDs was tested by monitoring
ellipticity or heat capacity (Table S10). Three enzymes
originating from psychrophilic organisms (DpaA, DpaB, and
DgpA) exhibited signiﬁcantly lower melting temperatures Tm =
35.2−38.2 °C in comparison to the enzymes of mesophilic
origin with Tm = 47.2−54.6 °C. The highest melting
temperature Tm = 70.6 °C was determined for the archaeal
enzyme DhmeA, making this enzyme the most thermostable
wild-type HLD ever reported.
The temperature and pH proﬁles were determined using a
high-throughput robotic assay. Altogether, the novel HLDs
exhibited high diversity of operational temperature optima
ranging from 20 to 70 °C, while the majority of previously

homology models and then clustered, enabling automated and
direct comparison of the tunnels identiﬁed in diﬀerent proteins.
The three top-ranked tunnel clusters, corresponding to the p1,
p2, and p3 tunnels, were further analyzed. Given that the probe
radius used was 1 Å, the p1 and p2 tunnels were found in the
majority of the models analyzed (99% and 84%, respectively),
while the p3 tunnel was identiﬁed in only 50% of models
(Figure S4). Finally, 34 potential HLD substrates were docked
to homology models and evaluated (Table S4). Generally, the
largest number of substrates in the reactive orientation was
detected for HLD-II (Figure S5). Almost 15% of HLD-II
members were found to have more than 5 substrates in the
reactive orientation, compared to 5% and 4% of the HLD-I and
HLD-III subfamily members, respectively. One or no substrates
were identiﬁed for 67% of the HLD-III members, compared to
43% of the HLD-I and 43% of HLD-II members.
The subsequent semirational selection was employed to
prioritize the computationally characterized set of 658 putative
HLDs based on their sequence and structural characteristics as
well as the annotations available. To further enrich the
sequence diversity for this fold family, we excluded putative
HLDs that had sequence identity lower than 90% to any that
had been experimentally characterized. Gathered data for the
remaining 530 sequentially distinct putative HLDs were
compiled into the data set, on which the selection criteria
were applied. The initial criterion was aimed to maximize the
diversity of the target properties within the HLD family.
Further we prioritized the putative HLDs predicted as soluble
with high probability, those with lowest identity to known
HLDs, or if the homology model was available, those predicted
as likely active HLDs with high conﬁdence. Simultaneously, we
strived to ﬁlter out or minimize the candidates from HLD-III
subfamily, since they are often diﬃcult-to-express. This
procedure was followed until the required number of hits
with the given properties was received as illustrated in Table S5.
It enabled sampling of putative HLDs with the most diverse or
completely novel properties. The set of 20 selected genes
encoding putative HLDs consisted of (i) bacterial, eukaryotic,
and archaeal enzymes, (ii) single- and multidomain enzymes,
(iii) enzymes originating from extremophilic organisms, (iv)
enzymes belonging to four subfamilies, (v) enzymes with
alternative composition of the catalytic pentads, (vi) enzymes
with small and large active-site cavity, and (vii) enzymes
possessing HLD activity with high conﬁdence (Table 1, Table
S6). Putative HLDs are denoted according to the previously
established convention (ﬁrst letter is “D” for dehalogenase;
second and third letters are the initials of the source organism;
and a last letter “A” or “B” refers to the ﬁrst or second HLD
from a single source organism).
Expression Analysis and Activity Screening. The
expression analysis of putative HLD genes was performed in
2407
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Figure 3. Comparison of the substrate speciﬁcities and overall catalytic activities of novel HLDs with previously characterized enzymes using
multivariate statistics. (A) Substrate speciﬁcity proﬁles of newly discovered HLDs toward 30 halogenated substrates. (B) The score-contribution plot
t1 shows diﬀerences in overall activities of individual HLDs and explains 40% of the variance in the untransformed data set. (C) The score plot t1/t2/
t3 from PCA of the transformed data set, which suppressed diﬀerences in absolute activities and allowed substrate speciﬁcity proﬁles to be compared.
The score plot, which describes 55.5% of the variance in the data set, shows enzymes clustered in individual substrate-speciﬁcity groups (SSGs).
Objects (HLDs) with similar properties (speciﬁcity proﬁles) are colocalized. (D+E) The loading plot p1/p2 and the corresponding score plot t1/t2
from PCA of the transformed data set. The score plot describes 45.0% of the variance in the data set. The loading plot shows the main substrates for
each SSG. Brominated substrates are shown in amber, chlorinated in green, iodinated in blue, and brominated and chlorinated in black.

characterized HLDs35 possess a narrow range of temperature
optima from 30 to 50 °C (Table 2). Moreover, DhmeA showed
nearly 90% of its maximum activity even at 70 °C (Figure S8).
In correspondence to previously characterized HLDs, the
optimal pH conditions ranges between neutral to moderate
alkaline condition for most of the novel HLDs variants (Figure
S9). Remarkably wide pH tolerance was observed in the case of
DhmeA which maintain signiﬁcant activity in alkaline
conditions to nearly pH 11 and DtaA covering unusually
broad pH range between 5.7 and 10.0.
Substrate speciﬁcity was assessed with a panel of 30
halogenated hydrocarbons (Figure S10). All enzymes exhibited
a preference for halogenated hydrocarbons in the following
order: brominated > iodinated ≫ chlorinated (Table S11). The
optimal length of the alkyl-chain for the substrate was between
three and four carbon atoms (Figure 3A). The majority of
enzymes possessed rather narrow substrate speciﬁcities,
converting 12−22 out of the 30 halogenated hydrocarbons.
The broadest substrate speciﬁcity proﬁle was detected for DtaA,
which showed activity toward 27 of the substrates, including the
recalcitrant environmental pollutant 1,2,3-trichloropropane.
PCA of the transformed data clustered the novel enzymes
within substrate speciﬁcity groups (SSG) based on their overall
substrate speciﬁcity proﬁles (Figure 3, panels C and E). The
novel HLDs are spread across diﬀerent SSGs, indicating
signiﬁcant diversity. DhmeA and DtaA were clustered in
SSG-I, whereas the rest of enzymes in SSG-IV. PCA of
untransformed speciﬁc activities compared the overall activities
of HLDs (Figure 3B). Many of the new enzymes exhibited
moderate or low activities, indicating that the natural substrates

for the new family members are not adequately covered by the
used set of 30 representative compounds. The striking
exception is the enzyme DsxA, which showed outstanding
activity toward most of the tested substrates. This enzyme
exhibited the highest speciﬁc activity 493.7, 661.2, and 444.6
nmol s−1 mg−1 toward 1-bromobutane, 1,3-dibromopropane,
and 1-bromo-3-chloropropane, respectively. This is 2−3 times
higher than those recorded for any previously identiﬁed HLDs.
The catalytic properties of the novel enzymes were assessed
by measuring steady-state kinetics toward the model substrate
1,2-dibromoethane (Table S12). With the exception of DmsaA,
which provided classical hyperbolic kinetics, all novel enzymes
exhibited positive cooperativity with Hill coeﬃcients from 1.3
to 2.4. All newly discovered HLDs have shown high K0.5 values
with 1,2-dibromoethane (≥2.1 mM). The kinetics of DsxA was
determined also with 1,3-dibromopropane. Signiﬁcantly lower
K0.5 = 0.17 mM and high kcat = 16.5 s−1 results in exceptionally
high catalytic eﬃciency (kcat/K0.5 = 96.82 mM−1 s−1), which is
approximately 5.5-fold higher in comparison to the most
eﬃcient native HLD of today DadB.17
The enantioselectivity of novel HLDs was assayed by
determining the kinetic resolution of model β-bromoalkane
(2-bromopentane) and model α-bromoester (ethyl 2-bromopropionate). High enantioselectivity (E-value > 200) toward
ethyl 2-bromopropionate was observed with DpaA, DpaB,
DsxA, and DtaA (Figures S11 and S12), moderately
enantioselective DmsaA and DhmeA provided E-value 54 and
79, and negligible enantioselectivity was shown by DgpA and
DsbA (Table S13). In most cases, only weak enantioselectivity
(E-value < 15) was recorded with 2-bromopentane. The only
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the selection of the candidates and a number of diverse
expression conditions have been tested, we attained only 60%
success rate for the production of soluble proteins. This is in an
agreement with previously published large-scale expression
trials demonstrating that 50−80% of bacterial proteins and 15−
20% of nonbacterial proteins can be produced in E. coli in a
soluble form.49−51 The production of soluble proteins for
experimental characterization remains a challenging, “hit-ormiss” aﬀair, and currently represents the biggest bottleneck in
studies of this type. With regard to time requirements and cost
eﬀectiveness, a more reasonable strategy is to apply expression
screening to a larger number of candidates from protein
databases rather than wasting time and resources on optimizing
the production of “diﬃcult-to-express” proteins. Robust
expression systems must constitute an indispensable component of studies of this type.50 Prediction of protein solubility
using software tools represents an attractive future perspective
with a challenge toward development of methods achieving
higher reliability of estimates.
The initial robotic activity screening performed with cell-free
extracts revealed 9 active enzymes out of 12 tested, implying a
75% success rate. Lack of activity in the case of 3 enzymes may
have been due to low levels of HLD in the cell-free extract,
requirements for speciﬁc conditions or preferences for
unknown substrate. The latter may indicate that the previously
identiﬁed “universal” substrates may not be preferred for all
existing HLDs. In order to minimize the risk of missing
interesting biocatalysts, the substrates used in the activity
screening step should be carefully considered. Thanks to the
miscellaneous origins and selection approach oriented to
maximize diversity of selected candidates, the identiﬁed
enzymes exhibited a wide range of characteristics with several
unique properties. They originated from various phylogenetically unrelated organisms belonging to the domains of Bacteria,
Eukaryota, and newly also Archaea. This ﬁrst archaeal HLD
with melting temperature 71 °C represents the most thermostable wild-type HLD known to date. On the contrary, DpaA,
DpaB, and DgpA, originating from psychrophilic organisms
with melting temperatures below 40 °C open the possibility for
the operation at near-to-zero temperatures, which is attractive
mainly for environmental applications (e.g., biodegradation or
biosensing).35 The eminent diversity of the novel variants with
a wide range of optimal temperature from 20 to 70 °C and
broad pH range from 6 to 11 oﬀers expanding operational
window to biotechnological applications. Observed extremophilic characteristics were reliably predicted by in silico
protocol.
The majority of the newly isolated HLDs exhibited moderate
or low enzymatic activities toward 30 halogenated compounds,
suggesting that the currently used representative set of
substrates for this enzyme family may lack some relevant
native substrates. One notable exception is DsxA from
Sandarakinorhabdus sp. AAP62, which showed exceptionally
high activity toward many brominated substrates, particularly
those with alkyl-chains containing 2−4 carbon atoms. This
observation corresponds with the restricted volume of the
active-site cavity predicted by homology modeling. Importantly,
DsxA represents the most catalytically eﬃcient member of this
enzyme family ever isolated. Crystallographic and cryo-electron
microscopy analysis of several newly isolated HLDs is ongoing
in our laboratory. DhmeA from the HLD-III subfamily and
DgpA with unique 30 amino acid insertion in the N-terminal
part of the cap domain are particularly interesting targets.

exception was DpaA, which exhibited moderate enantioselectivity with E-value 85. All enzymes showed (R)-enantiopreference which is in correspondence with previously characterized
HLDs.22
Degradation of halogenated environmental pollutants and
warfare agents is one of the main applications of HLDs (Table
S14). The activity of novel HLDs has been tested with 1,3dichloropropene, hexabromocyclododecane, and γ-hexachlorocyclohexane. The majority of enzymes showed signiﬁcant
catalytic activities toward 1,3-dichloropropene (0.5−149.3
nmol s−1 mg−1), a synthetic compound introduced into the
environment through its use as a fumigant. Activity to other
tested environmental pollutants has not been detected. Novel
enzymes were also screened with the chemical weapon sulfur
mustard. Sulfur mustard is a prominent warfare chemical which
has been shown to be transformed to the nontoxic product
through the action of HLDs.28 The screening identiﬁed
signiﬁcant activity of DtaA toward sulfur mustard (1.46 nmol
s−1 mg−1), which makes this enzyme a potential candidate for
use in decontamination mixtures or biodetection devices.

■

DISCUSSION
In this study, we bring our contribution to the big data
challenge in the postgenomics era by the development of an
automated in silico screening protocol for the exploitation of
the protein functional diversity within an enzyme family. Since
the rapidly growing genomic databases may contain vague
sequence annotations and miss-annotations, our sequencebased search was employed to identify the new members of a
protein family based on their evolutionary relationships to
other known family members. The putative HLD sequences
were automatically identiﬁed using global pairwise sequence
identities and average-link hierarchical clustering. Furthermore,
we cut the hierarchy of sequences at the level of individual
HLD-subfamilies, this minimizing the risk of selecting nonHLD sequences.
The sequence analysis identiﬁed a number of putative HLDs
whose catalytic pentads had alternative compositions: (i) three
halide-stabilizing residues, (ii) two catalytic acids, (iii) the
HLD-I/II members which have halide-stabilizing Gln/Tyr, (iv)
and the HLD-II members with Asp serving as the catalytic acid.
It is unclear whether proteins containing these abnormalities
represent functional HLDs. Only 58% of the putative HLDs
were functionally annotated. While miss-annotations were rare,
many proteins were annotated as α/β-hydrolases or hypothetical proteins. The largest number of annotation problems
occurred in the HLD-III subfamily, which contains only three
experimentally characterized enzymes.16,20 All 658 putative
HLDs were characterized computationally to provide criteria
for candidate selection exploring the diversity within the
identiﬁed sequence space. The selection procedure was based
on the mapping of the sequence and structural characteristics as
well as annotations. The procedure yielded candidate proteins
originating from new species, environments, and undersampled phyla; proteins with novel domain combinations;
proteins with alternative composition of the catalytic pentad;
and proteins belonging to newly identiﬁed subfamily.
To critically evaluate the eﬀectiveness and the main
bottlenecks of the platform, we performed the validation of
predictions against experimental data. The expression analysis
was performed in three diﬀerent E. coli strains, with two types
of cultivation media under ﬁve diﬀerent conditions. Although
available solubility prediction tools have been employed during
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Solving the very ﬁrst structure from subfamily-III will provide a
template for predicting the 3D structures of other subfamily
members. In subsequent work, we will implement and release
the computational part of the workﬂow as a user-friendly web
tool. The experimental testing process will be extended by
integration of miniaturized lab-on-chip assays, requiring only
tiny fractions of a protein material and providing increase in the
throughput.

■

set of 30 halogenated substrates, kinetic resolution of 2bromopentane, and kinetic resolution of ethyl-2bromopropionate (PDF)
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