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Introduction

Enzymes are natural catalysts in living organisms. They can be

used in various biotechnological applications under mild reac-
tion conditions (temperature, atmospheric pressure, and pH).[1]

Nevertheless, some of these applications require specific
enzyme properties, such as high thermostability, catalytic activ-

ity, and stereoselectivity, or optimal substrate specificity.[2–4] The

main goal of many protein engineering strategies is to im-
prove enzyme properties for particular industrial or medical ap-

plications. One of these strategies is ancestral sequence recon-
struction (ASR),[5] in which a hypothetical ancestral sequence of

a given set of related present-day sequences is predicted from
a phylogenetic tree and reconstructed in a laboratory. ASR has
been used to enhance enzyme thermostability,[5–9] solubility,[10]

and activity,[11–13] and to modify substrate specificity.[14–18] In the
last few decades, ASR has been widely used to study the evo-
lution and structure–function relationships of many protein
families, such as GFP-like proteins,[19] opsins,[20] steroid recep-

tors,[21] G-protein receptors,[22] and others.[17,23,24] To the best of
our knowledge, ASR has not been reported for the haloalkane

dehalogenase (HLD) enzyme family.

HLDs (EC 3.8.1.5) catalyze hydrolytic cleavage of a carbon–

halogen bond in a broad range of halogenated aliphatic hy-
drocarbons, thereby releasing the corresponding alcohol,

halide ion, and a proton.[25] The HLD family belongs to the su-
perfamily of a/b-hydrolases and can be further subdivided into

three subfamilies: HLD-I, HLD-II, and HLD-III.[26] HLDs are versa-

tile biocatalysts with potential applications in bioremedia-
tion,[27,28] biocatalysis,[29,30] biosensing,[31–33] and cell imag-

ing.[34–36] During the past three decades, 23 HLDs have been
identified and (at least partially) biochemically character-

ized.[37–42] The majority of mechanistic and structural informa-
tion has been obtained for enzymes from the HLD-II subfamily.

We focused on in silico prediction, production, and bio-

chemical characterization of five ancestral enzymes corre-
sponding to different nodes of the HLD-II phylogenetic tree
and representing the ancestors of the thoroughly characterized
dehalogenases DbjA,[43,44] DbeA,[45] DhaA,[46] DmxA,[47] and

DmmA.[48] The present-day enzymes display considerable func-
tional variations even though they are all closely evolutionary

related and share similar structural topology, thus providing
good models to investigate structural and functional diver-
gence in the HLD-II subfamily. Characterization of the resurrect-
ed ancestral enzymes revealed unique functional properties, in-
cluding enhanced thermostability, improved specific activity, or

modified substrate specificity. The reconstructed enzymes are
the most thermodynamically stable HLDs. Our study highlights

the benefits of ASR for developing novel biocatalysts.

Ancestral sequence reconstruction (ASR) represents a powerful
approach for empirical testing structure-function relationships

of diverse proteins. We employed ASR to predict sequences of
five ancestral haloalkane dehalogenases (HLDs) from the HLD-II
subfamily. Genes encoding the inferred ancestral sequences
were synthesized and expressed in Escherichia coli, and the res-
urrected ancestral enzymes (AncHLD1–5) were experimentally
characterized. Strikingly, the ancestral HLDs exhibited signifi-

cantly enhanced thermodynamic stability compared to extant

enzymes (DTm up to 24 8C), as well as higher specific activities
with preference for short multi-substituted halogenated sub-

strates. Moreover, multivariate statistical analysis revealed a
shift in the substrate specificity profiles of AncHLD1 and
AncHLD2. This is extremely difficult to achieve by rational pro-
tein engineering. The study highlights that ASR is an efficient
approach for the development of novel biocatalysts and
robust templates for directed evolution.
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Results

Ancestral sequence reconstruction

Protein sequences for the HLD-II subfamily were identified by
database searching followed by clustering. The final nonredun-

dant HLD-II dataset comprised 93 sequences (Table S1 in the

Supporting Information) and was used to infer the maximum-
likelihood phylogenetic tree of the HLD-II subfamily (Figures 1

and S1). The topology of the HLD-II tree agreed with the rele-
vant parts of a previously published HLD family tree.[26] Five

ancestral nodes along the evolutionary lineage to DbjA and
DbeA were selected for laboratory resurrection. For each se-

lected node, the most probable ancestor (MPA) sequence was

predicted by assigning to each position the ancestral state
with the highest-weighted posterior probability (probability

distribution of the inferred amino acids across all sites of all
five MPAs of interest (AncHLD1–5) in Figure S2). Positions with

posterior probability less than 90% in the most-likely ancestral

state were considered ambiguous. The ancestors were then
ordered in terms of overall prediction fidelity as follows:

AncHLD1 (49 ambiguously predicted positions out of 301
AncHLD1 positions)>AncHLD2 (69 out of 301)>AncHLD5 (91

out of 298)>AncHLD3 (99 out of 301)>AncHLD4 (103 out of
298).

Figure 1. Maximum-likelihood phylogenetic tree of the HLD-II subfamily. Black branches mark the first HLD-II subgroup; gray branches are the second HLD-II
subgroup used for rooting the first subgroup tree. Reconstructed ancestral enzymes AncHLD1–5 are indicated by multicolored circles (annotated 1–5) indicat-
ing their relationship to extant enzymes. Experimentally characterized enzymes are shown in bold. Extant enzymes DbjA, DbeA, DhaA, DmxA, and DmmA are
indicated by black, red, yellow, blue and green circles, respectively. Putative HLD-II subfamily members are labeled by accession number. Bootstrap support
values are shown in Figure S1. The figure was generated with iTOL.[50]
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AncHLD1 represents the last common ancestor of DbjA
(82% sequence identity) and DbeA (84%). AncHLD2 is a more

ancient ancestor of these two enzymes (78% identity each).
AncHLD3 represents the last common ancestor of three experi-

mentally characterized HLDs: DbjA (69%), DbeA (69%), and
DmlA[49] (77%). AncHLD4 corresponds to the last common

ancestor of DbjA (58%), DbeA (58%), DmlA (64%), and DhaA
(69%). Finally, AncHLD5 represents the common ancestor of
seven known HLDs: DbjA (53%), DbeA (54%), DmlA (59%),

DhaA (63%), DmxA (54%), DmmA (60%), and Jann2620[42]

(52%). Multiple sequence alignment of AncHLD1–5 with rele-
vant experimentally characterized present-day HLDs is provid-
ed in Figure S3.

Enzyme expression, purification, folding, and stability

Genes encoding AncHLD1–5 were synthesized, heterologously
expressed in Escherichia coli BL21(DE3), and purified to homo-

geneity by metal-affinity chromatography (average yield 50–

217 mg of soluble protein per liter of cell culture; Table S2).
The biochemical properties of the ancestral enzymes were

compared with those of five thoroughly characterized de-
scendants (DbjA, DbeA, DhaA, DmxA, and DmmA). Proper fold-

ing and the secondary structures of the ancestral enzymes
were verified by far-UV circular dichroism (CD) spectroscopy.

The ancestors exhibited CD spectra with one positive peak at

195 nm and two negative maxima at 208 and 222 nm (Fig-
ure S4), characteristic of a-helical content.[51] These data im-

plied proper folding of the enzymes. Compared to the pres-
ent-day enzymes, the ancestors displayed more intense CD

spectra, thus implying higher content of a-helical structure.
Strikingly, thermally induced denaturation of AncHLD1–5 re-
vealed significantly higher melting temperatures than for their

respective descendants (DTm 8–24 8C; Figure 2, Table S3).

Oligomeric state

The quaternary structure of the ancestral enzymes was exam-

ined by a size-exclusion chromatography with static light scat-
tering, refractive index, ultraviolet, and differential viscometer

detectors (Figure 3). AncHLD1 in solution existed as a mixture
of dimers (73%), tetramers (16%), and hexamers (11%). In con-

trast, AncHLD2 and AncHLD3 predominantly occurred as mon-
omers, with a small proportion of dimers (9 and 4%, respec-

tively). The other ancestral enzymes, AncHLD4 and AncHLD5,
existed as pure monomers.

Substrate specificity

The specific activities of AncHLD1–5 were tested against a set

of 30 halogenated aliphatic hydrocarbons (Table S4). The an-
cestral enzymes showed the following order for overall activity

toward the tested substrates: AncHLD1>AncHLD2>

AncHLD3>AncHLD5>AncHLD4 (Figure S5). The levels of ac-
tivity of AncHLD1–3 were comparable to that of DbjA (the

most active extant HLD) and up to ten times higher than for
DbeA, DhaA, DmmA, and DmxA (Figure 4A). The actives of

AncHLD4 and AncHLD5 were moderate (comparable to those
of DbeA and DhaA; Figures 4A and S5). All resurrected en-

zymes exhibited high activity toward multi-substituted bromi-

nated substrates, particularly those with alkyl-chains of be-
tween two and three carbon atoms (Table S4). The highest

activity of AncHLD1 was with 1-bromo-3-chloropropane
(0.335 mmol s@1mg@1), whereas AncHLD2–4 exhibited the high-

est activity toward 1,2-dibromoethane (0.197, 0.311, and
0.174 mmol s@1mg@1, respectively). AncHLD5 was most active

with 4-bromobutyronitrile (0.120 mmol s@1mg@1). Interestingly,

principal component analysis (PCA) of the transformed activity
data set clustered AncHLD1 and AncHLD2 into a substrate spe-

cificity group (SSG) distinct from that of their respective de-
scendants DbjA and DbeA (Figure 4). In contrast, AncHLD3–5

clustered into the same SSG as AncHLD1, AncHLD2, and other
descendant HLDs.

Figure 2. Thermal stability of extant enzymes DbjA, DbeA, DhaA, DmxA, and
DmmA, and of predicted ancestors AncHLD1–5.

Figure 3. Oligomeric state of HLDs DbjA, DbeA, DhaA, DmxA, DmmA, and
AncHLD1–5 determined by size-exclusion chromatography: monomeric
(yellow), dimeric (pink), tetrameric ( blue), and hexameric (gray). For simpli-
fication, only the refractive index (RI) detector response is presented.
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Steady-state kinetics

The catalytic properties of the resurrected ancestral enzymes
were assayed by determining the steady-state kinetic constants

by isothermal titration calorimetry with 1,2-dibromoethane
(Figure S6, Table S5). Catalytic efficiency increased from
AncHLD1 to AncHLD5. The catalytic efficiency was better than
for the extant counterparts, except for DhaA, whose catalytic
efficiency was on average threefold higher than those of the

resurrected ancestors (Table S5). The ancient enzymes exhibit-
ed positive cooperativity, similarly to DbjA and DmmA. Where-

as the kinetics of AncHLD1, AncHLD2, and AncHLD5 toward
1,2-dibromoethane exhibited a mechanism involving weak
substrate inhibition, no substrate inhibition was detected for

AncHLD3, AncHLD4, DbjA, or DbeA. DhaA, DmmA, and DmxA
showed 27–94-times stronger substrate inhibition than

AncHLD1, AncHLD2, and AncHLD3 (Figure S6).

Enantioselectivity

The enantioselectivity of the ancient enzymes was assessed by
determining the kinetic resolution of racemic 2-bromopentane

and ethyl 2-bromopropionate (Table S6). The enantioselectivity

with 2-bromopentane was comparable to or lower than for
their respective descendants. The highest enantioselectivity

toward 2-bromopentane detected for AncHLD4 (ancestor of
DbjA, DbeA, and DhaA), E=73, was two times lower than for

DbjA (most enantioselective enzyme toward 2-bromopentane)
and ten times higher than that of DhaA. Very low enantioselec-

tivity (E<5) toward 2-bromopentane was exhibited by

AncHLD5. AncHLD1–4 showed excellent enantioselectivity
toward ethyl 2-bromopropionate (E>200, similar to DbjA and

DbeA). The only exception was AncHLD5 (most ancient), which
exhibited medium enantioselectivity (E=50), similar to its de-

scendant, DmmA (Table S6).

Figure 4. Substrate specificity profiles of ancestral and extant HLDs and PCA of the transformed specific activity data. A) Substrate specificity profiles of ances-
tral enzymes AncHLD1–5 and DbjA, DbeA, DhaA, DmmA and DmxA tested with 30 halogenated substrates. B) The score plot (t1 against t2) from PCA of trans-
formed dataset. Interestingly, AncHLD1 and AncHLD2 are classified into a different substrate specificity group (SSG) than their most closely related descend-
ants DbjA and DbeA (red arrows). AncHLD3–5 cluster into the same SSG as DhaA, DmmA, DmxA, and LinB. C) Corresponding PCA loading plot (p1 against p2)
showing the substrates that govern the clustering of enzymes into individual SSGs (substrate numbering in Table S4).
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Discussion

The sequences of five ancestral enzymes AncHLD1–5 were in-
ferred by a maximum-likelihood method with a probabilistic

model of sequence evolution and specific phylogeny.[52] Genes
encoding the inferred ancestral proteins were synthesized and

heterologously expressed in E. coli, and the resulting resurrect-
ed enzymes were experimentally characterized. Despite the
lower prediction fidelity (49 to 103 ambiguously predicted po-

sitions) and considerable sequence differences between the
predicted ancestral proteins and their respective extant coun-

terparts (ca. 50- to 110-residue differences between ancestors
and the most similar descendants), all resurrected proteins

exhibited similar or better yields of soluble protein then the
extant HLDs. A positive influence of ancestral mutations on

protein solubility has previously been described for human
phosphate-binding protein, (12 mg of purified protein from 1 L
of E. coli culture).[10] However, protein yield could be enhanced

by codon optimization for host expression system. All five res-
urrected enzymes were properly folded, thus indicating that

ASR is an effective approach to introduce a large number of
mutations into HLDs.

Thermal denaturation experiments revealed that all resur-

rected enzymes exhibited higher thermodynamic stability than
their respective descendants (DTm 8–24 8C). AncHLD1,

AncHLD2, and AncHLD5 are the most thermostable among
known HLDs and their variants.[37,53–55] As the maximum likeli-

hood method tends to exclude mutations at positions that are
slightly detrimental to structural stability (which could poten-

tially lead to undesirable thermodynamic properties of the an-

cestral enzymes), increased thermostability of resurrected en-
zymes could be an artifact of the reconstruction method.[6, 56]

The results are also in line with the hypothesis about the ther-
mophilic origin of life, as first suggested by Harvey in 1924.[57]

This theory is supported by numerous ASR studies that led to
highly stable ancestral proteins.[7, 58,59] High stability might also

be related to factors other than high temperature, such as oxi-

dative stress or high radiation, as well as low translation/tran-
scription fidelity.[60]

Analysis of the oligomerization states of the resurrected pro-
teins revealed that the most of the analyzed ancestors oc-

curred in solution as monomers. The only exception was
AncHLD1, which existed in a dimer/tetramer/hexamer equilibri-

um. Its descendant HLDs (DbjA and DbeA) were dimers. DbjA
was found to form as a monomer, dimer, tetramer, as well as
a high molecular weight cluster at different pH conditions.[44]

Other characterized extant HLDs occur predominantly as mon-
omers,[37,40] some of them are dimers,[37,45] one tetramer,[40] and

large oligomeric complexes.[37,61]

The functionality of the reconstructed ancestors was as-

sessed by measuring their specific activity toward a set of 30

halogenated substrates. The ancestral enzymes preferentially
converted short multi-halogenated substrates, and showed

higher specific activities toward 1,2-dibromoethane, 1,3-dibro-
mopropane, and 1-bromo-3-chloropropane compared to re-

ported HLDs.[38–40,62,63] These short halogenated compounds are
common in the environment. Activity improvement over

extant enzymes has been reported for several resurrected an-
cestral enzymes;[6, 64,65] for example, ancestral chymase convert-

ed angiotensin I into angiotensin II with a 1.2-fold higher effi-
ciency than present-day human chymase,[14] “Precambrian” thi-

oredoxin exhibiting markedly higher activity than descendant
enzymes at pH 5,[59] and ancestral b-amylase from Bacillus circu-
lans displayed a 1.3-fold higher specific activity than its extant
counterpart.[66] Most studies have reported improvements in
enzyme stability and activity when using the ancestral muta-

tion method,[66–68] but only a few studies have described en-
hancement of both activity and stability when using ASR.[6, 59]

Interestingly, the ancestral HLDs displayed improvements in
both properties; this is extremely difficult to accomplish for

HLDs by standard protein engineering methods.[69,70] Previously
achieved increases in HLD thermostability were accompanied

by a neutral or negative impact on activity.[54,55, 71]

The difficulty in creating contemporaneously stable and
active enzymes is known as the “activity–stability trade-off”.[72]

This trade-off often arises from structural tensions arising from
the arrangement of catalytic residues in the enzyme active site.

In terms of overall stability, the active-site composition is inher-
ently unfavorable for a number of reasons. Polar and charged

functional residues are generally fixed in hydrophobic clefts,[73]

and the catalytic residues often have unfavorable backbone
angles.[74] Consequently, substitution of a catalytic residues or

neighboring residues can lead to increased stability at the
expense of activity.[72] We hypothesize that ASR allows fine-

tuning of the composition and conformational flexibility of the
amino acid residues neighboring and/or forming the active-

site cavity, thereby leading to enhanced catalytic efficiency and

improved stability as a consequence of increased structural
compactness.

Interestingly, multivariate analysis of the substrate specificity
data revealed a shift in substrate specificity of AncHLD1 and

AncHLD2 (both clustered in SSG-I) from their respective
modern-day counterparts, DbjA and DbeA (SSG-II and SSG-IV,

respectively). The enzymes in SSG-I and SSG-II were active to-

wards most of the tested substrates. Members of SSG-I exhibit-
ed preference for multisubstituted brominated ethanes and

propanes, whereas those in SSG-II showed activity towards
unique substrates, including poorly degradable chlorinated
compounds such as 1,2-dichloroethane, 1,2-dichloropropane or
1,2,3-trichloropropane, 2-iodobutane, 2-bromo-1-chloropro-
pane, and bis(2-chloroethyl)ether. In contrast, the enzymes in

SSG-IV were more selective and exhibited activity predomi-
nantly towards terminally substituted brominated and iodinat-
ed propanes and butanes. Unlike DbjA and DbeA, AncHLD1
and AncHLD2 clustered into SSG-I because of loss of prefer-
ence for chlorinated and iodinated compounds. Such a shift in
substrate specificity class by mutagenesis has rarely been dem-

onstrated for the HLD family. Although there have been several
attempts to modify HLD substrate specificity by engineering
their active sites,[63] halide-binding sites,[45] and access tun-

nels,[75,76] only two studies achieved a shift in HLD substrate
specificity.[45,77] Modification of substrate specificity by ASR has

been reported for ancestral a-glucosidases, which preferential-
ly convert maltose-like sugars, whereas their present-day coun-
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terparts degrade isomaltose-like sugars ;[15] ancestral aldehyde
dehydrogenase ALDH1/2 converted small substrates, whereas

the present-day enzymes accommodate bulky aldehydes;[78]

and ancestral kinases phosphorylated protein substrates con-

taining proline or arginine at the first position.[79] Therefore,
ASR clearly represents a useful strategy for the modification of

substrate specificity.

Conclusion

We reconstructed five ancestors (AncHLD1–5) of selected ex-
perimentally characterized enzymes from the HLD-II subfamily.
The resurrected enzymes exhibited enhanced thermodynamic

stability compared to extant HLDs (DTm 8–24 8C). Size-exclusion
chromatography revealed that most of the analyzed ancestors
occurred in solution as monomers, except for AncHLD1, which

existed in dimer/tetramer/hexamer equilibrium under the
tested conditions. Generally, compared to present-day HLDs,

the ancestors showed higher specific activity, with a preference
for short multi-substituted halogenated substrates. Multivariate

statistical analysis revealed a difference in substrate specificity

class by AncHLD1 and AncHLD2 from their respective descend-
ants; this is extremely difficult to achieve for HLDs by protein

engineering. Our study highlights that the ASR method repre-
sents a powerful strategy for constructing highly active, stable,

and soluble catalysts as robust templates for directed evolu-
tion experiments.

Experimental Section

Identification of sequences and sequence alignment: The se-
quences of six experimentally characterized HLDs (DhaA, LinB,
DrbA, DmbC, DhlA, and DmbB) were used as queries for PSI-
BLAST+ v2.2.22[80] searches against the NCBI nonredundant data-
base (version 21-9-2012).[81] PSI-BLAST was performed with an E
value threshold of 10@10 for the initial BLAST search and a threshold
of 10@15 for inclusion of the sequence in the position-specific
matrix. A total of 15155 sequences collected after three iterations
of PSI-BLAST were clustered with CLANS.[82] Sequences clustered to-
gether with known HLD-II subfamily members at a P value of 10@45

were extracted and clustered by Cd-hit[83] at 90% identity to
remove redundant sequences. The resulting dataset was aligned
with the MUSCLE algorithm.[84] The obtained multiple sequence
alignment (MSA) was inspected in BioEdit[85] and all artificial, de-
generated, or incomplete sequences were removed. Sequences in
the final HLD-II dataset were sub-divided into two sub-groups
based on evolutionary relatedness (Table S1). Crystal structures of
LinB (PDB ID: 1MJ5), DhaA (1CQW), DbjA (3AFI), DmbA (2OCI),
DmmA (3ULT), DbeA (4K2A), DatA (3WI7) and RLuc (2PSD) were su-
perimposed in PyMOL v1.5,[86] and the structure-guided MSA of
these eight proteins was then manually prepared in BioEdit. For
each HLD-II sub-group, a separate MSA was constructed by
MUSCLE and subjected to manual refinement in BioEdit by using
the information from the structure-guided MSA. The MSAs of both
sub-groups were then aligned to each other by MUSCLE profile–
profile alignment and manually refined, thus generating the final
alignment of the HLD-II subfamily. Additionally, a shortened MSA
was prepared by removing poorly conserved regions from the
alignment.

Construction of phylogenetic tree and ancestral sequence re-
construction: The shortened MSA was used to calculate the phylo-
genetic tree in PhyML v3.0[87] by using an LG substitution matrix[88]

combined with + I, +F, and +G parameters selected by PROTTEST
v2.4,[89] and by using the best result from nearest-neighbor inter-
change[90] and subtree pruning and regrafting[91] to optimize the
tree topology starting from BIONJ[92] or five random starting trees,
respectively. Confidence levels of the output tree were estimated
by bootstrapping the data 100 times. The tree was rooted based
on the previously published HLD phylogenetic tree (the root was
placed on the branch connecting the sequences from the first and
second HLD-II subgroups).[26]

For each ancestral node of each tree in the distribution of trees ob-
tained by PhyML, ancestral states at each site of the full MSA were
inferred by the maximum-likelihood method[93, 94] by using the
Codeml module of PAML v4.4[95] and Lazarus software,[96] by assum-
ing the best-fitting evolutionary model selected by PROTTEST
which could be utilized by PAML. (LG substitution matrix combined
with +F and +G parameters). The second HLD-II subgroup served
as the outgroup for rooting the first HLD-II subgroup tree. The
maximum-likelihood ancestral state distributions at each site and
each node were then obtained by weighting ancestral reconstruc-
tions from each tree by the associated posterior probability of
a given tree. For five selected nodes, the most probable ancestor
sequences were then predicted by assigning to each position the
ancestral state with the highest-weighted posterior probability. The
ancestral gap characters were initially placed by Lazarus according
to Fitch’s parsimony[97] and then refined manually in BioEdit.

Gene synthesis and cloning : The inferred ancestral amino acid se-
quences were reverse-translated to obtain DNA sequences, with
codons optimized for expression in E. coli. The gene sequences
were synthesized (GenArt, Thermo Fisher), then subcloned into
pET21b (Merck) for expression by using restriction endonucleases
NdeI and BamHI (New England Biolabs) and T4 DNA ligase (Prome-
ga).

Protein overexpression and purification: E. coli BL21(DE3) cells
containing plasmids were cultured in lysogeny broth containing
ampicillin (100 mgmL@1) at 37 8C. In order to overproduce the an-
cestral enzymes, the genes were expressed under the control of
the T7lac promoter by the addition of isopropyl b-d-thiogalacto-
pyranoside (0.5 mm) at 20 8C when the culture reached OD600=0.6.
The cells were harvested and disrupted by sonication in a UP200S
ultrasonic processor (Hielscher Ultrasoniscs, Teltow, Germany). The
supernatant was collected after centrifugation (4000g, 1 h, 4 8C).
The crude extract was further purified on a HiTrap IMAC HP 5 mL
column charged with Ni2+ (for AncHLD1-3) or Co2+ (for AncHLD4-
5) ions (GE Healthcare). His-tagged enzymes in equilibrating buffer
(potassium phosphate buffer (20 mm, pH 7.5) containing sodium
chloride (0.5m) and imidazole (10 mm)) were bound to the resin.
Unbound and nonspecifically bound proteins were washed out by
buffer containing imidazole (37.3 mm). The enzymes were eluted
by buffer containing imidazole (300 mm). The enzyme fractions
were pooled and dialyzed against potassium phosphate buffer
(50 mm, pH 7.5) at 4 8C. The enzyme concentration was determined
by using a Bradford assay (Merck) with bovine serum albumin as
a standard. Enzyme purity was checked by SDS-PAGE.

Circular dichroism spectroscopy and thermal denaturation: CD
spectra were recorded at 20 8C in a Chirascan CD spectrometer
(Applied Photophysics, Leatherhead, UK) equipped with a Peltier
thermostat. Data were collected from 185 to 260 nm
(100 nmmin@1, 1 s response time, 2 nm bandwidth). The 0.1 cm
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quartz cuvette contained enzyme (0.20 mgmL@1) in phosphate
buffer (50 mm, pH 7.5). Each spectrum shown (mean residue ellip-
ticity) represents an average of five individual scans and has been
corrected for absorbance caused by the buffer. Thermal unfolding
was followed by monitoring ellipticity at 222 nm over 20 to 95 8C
(resolution 0.1 8C, 1 8Cmin@1). The resulting thermal denaturation
curves were roughly normalized to represent signal changes be-
tween approximately 1 and 0, and were fitted to sigmoidal curves
in Origin 6.1 software (OriginLab, Northampton, MA). Melting tem-
perature (Tm) is the midpoint of the normalized thermal transition.

Analysis of quaternary structure: The quaternary structure of an-
cestral enzymes was analyzed in a Viscotec TDA 305 size-exclusion
chromatography system (Malvern Instruments, Malvern, UK)
equipped with static light scattering, refractive index, ultraviolet,
and differential viscometer detectors and a Zenix SEC-300 column
(Sepax Technologies, Newark, DE). The system was operated at 4 8C
with degassed phosphate buffer (50 mm, pH 7.5) at a flow rate of
0.4 mLmin@1. Thyroglobulin from bovine thyroid (Gel filtration cali-
bration kit HMW, GE Healthcare) was used to calibrate the Viscotec
TDA 305 system. All samples were prepared at 5–6 mgmL@1. Omni-
Sec software (Malvern Instruments, Malvern, UK) was used to con-
trol the system (acquire signals from detectors and process data).

Activity assay: Enzymatic activity toward 30 halogenated sub-
strates (Merck) was measured by a Hamilton MICROLAB STARlet
robot (Hamilton Robotics, Bonaduz, Switzerland) by using the col-
orimetric method developed by Iwasaki et al.[98] The release of
halide ions was analyzed spectrophotometrically at 460 nm by
using a Sunrise microplate reader (Tecan, Grçdig, Austria) after re-
action with mercuric thiocyanate and ferric ammonium sulfate. The
reaction was performed at 37 8C in 2 mL glass vials. The reaction
mixture comprised glycine buffer (1 mL, 100 mm, pH 8.6) and halo-
genated substrate (1 mL, 0.1–10 mm depending on the substrate
solubility). The reaction was initiated by addition of enzyme (50 mL,
0.1–5.0 mgmL@1). Progress of the reaction was monitored by with-
drawing samples (75 mL) at intervals and immediately mixing the
samples with nitric acid (10 mL 35%) to terminate the reaction in
96-well plates. Dehalogenation activities were quantified as the
rate of product formation with time.

Principal component analysis: A matrix of the activity data for
eleven present-day and five ancestral HLDs with 30 substrates was
analyzed by principal component analysis (PCA)[99] to identify rela-
tionships between individual HLDs based on their activities toward
the set of substrates.[63] Two analyses were performed in Statistica
(ver. 10.0; StatSoft/Dell). In the first analysis, raw data of specific ac-
tivities were used as the primary input. This analysis compared the
overall activities of the ancestral enzymes with the overall activities
of present-day HLDs. In the second analysis, the raw data were
log-transformed and weighted relative to the individual enzyme’s
activity toward other substrates prior to performing the PCA, in
order to discern better the enzyme specificity profiles. These trans-
formed data were used to identify substrate-specificity groups of
enzymes that exhibited similar specificity profiles regardless of
overall specific activities.

Steady-state kinetic measurements: The catalytic properties of
the enzymes were described by steady-state kinetic parameters
determined with 1,2-dibromoethane (substrate) and measured in
a VP-ITC isothermal titration microcalorimeter (MicroCal, North-
ampton, MA) at 37 8C. The reaction mixture vessel was filled with
enzyme solution (1.4 mL 0.002–0.006 mgmL@1) in glycine buffer
(100 mm, pH 8.6). The substrate solution was prepared in the same
buffer by the addition of 1,2-dibromoethane to a final concentra-

tion of 4 mm. The substrate concentration was verified by gas
chromatography (Thermo Fisher Scientific). The enzyme was titrat-
ed at 150 s intervals in the reaction mixture vessel with increasing
amounts of substrate while maintaining pseudo-first-order condi-
tions. Each injection (total 28) increased the substrate concentra-
tion, thus increasing the reaction rate until the enzyme was satu-
rated. The reaction rates reached after every injection were recalcu-
lated to enzyme turnover. The calculated enzyme turnover plotted
against experimentally determined substrate concentration after
every injection was fitted by nonlinear regression to kinetic models
in Origin 6.1 (OriginLab, Northampton, MA).

Enantioselectivity measurement: Kinetic resolution experiments
were performed at 20 8C. Racemic substrates 2-bromopentane and
ethyl 2-bromopropionate were added (final 0.4 and 0.8 mm, re-
spectively) to Reacti flasks closed by Mininert valves and contain-
ing glycine buffer (25 mL, 100 mm, pH 8.6). The enzymatic reaction
was initiated by the addition of 0.1–0.8 mL of enzyme (0.4–
10 mgmL@1, depending on enzyme activity). Progress of the reac-
tion was monitored by periodically withdrawing samples from the
reaction mixture, by extracting them with methanol or diethyl
ether containing 1,2-dichloroethane (an internal standard) and ana-
lyzing in a Hewlett-Packard 6890 gas chromatograph (Agilent Tech-
nologies) equipped with a flame ionization detector and an Astec
Chiraldex B-DM chiral capillary column (50 mV0.25 mmV0.12 mL;
Merck). The enantiomeric ratio (E) was calculated from the follow-
ing Equation (1):

E ¼ ðkcat,R=Km,RÞ=ðkcat,S=Km,SÞ ð1Þ

where kcat and Km represent the Michaelis–Menten parameters of
the two enantiomers. To estimate E values, the equations describ-
ing competitive Michaelis–Menten kinetics were fitted by numeri-
cal integration to time courses of changes in the substrate concen-
trations obtained from the kinetic resolution experiments using
MicroMath Scientist for Windows (Accrelys).
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