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ABSTRACT: To obtain structural insights into the emergence
of biological functions from catalytically promiscuous enzymes,
we reconstructed an ancestor of catalytically distinct, but
evolutionarily related, haloalkane dehalogenases (EC 3.8.1.5)
and Renilla luciferase (EC 1.13.12.5). This ancestor has both
hydrolase and monooxygenase activities. Its crystal structure
solved to 1.39 Å resolution revealed the presence of a catalytic
pentad conserved in both dehalogenase and luciferase descendants and a molecular oxygen bound in between two residues
typically stabilizing a halogen anion. The diﬀerences in the
conformational dynamics of the speciﬁcity-determining cap
domains between the ancestral and descendant enzymes were
accessed by molecular dynamics and hydrogen−deuterium
exchange mass spectrometry. Stopped-ﬂow analysis revealed
that the alkyl enzyme intermediate formed in the luciferase-catalyzed reaction is trapped by blockage of a hydrolytic reaction
step. A single-point mutation (Ala54Pro) adjacent to one of the catalytic residues bestowed hydrolase activity on the modern
luciferase by enabling cleavage of this intermediate. Thus, a single substitution next to the catalytic pentad may enable the
emergence of promiscuous activity at the enzyme class level, and ancestral reconstruction has a clear potential for obtaining
multifunctional catalysts.
KEYWORDS: catalytic promiscuity, ancestral reconstruction, haloalkane dehalogenase, monooxygenase, luciferase,
emergence of biological function

■

INTRODUCTION
Under selective pressures, enzymes have generally developed
high catalytic eﬃciency and speciﬁcity. Hence, they are
functionally classiﬁed in terms of the main substrate
conversions they catalyze in vivo (their “native reactions”).
However, many have “catalytic promiscuity”, i.e., the ability to
catalyze reactions involving non-natural substrates or additional reactions.1−4 The degree of an enzyme’s promiscuity is
generally assessed by examining the types of bonds formed or
broken during its catalytic activities and diﬀerences in
mechanisms between native and “promiscuous” reactions.5 A
systematic, hierarchical approach is to classify enzymes’
promiscuity in terms of diﬀerences in Enzyme Commission
(EC) numbers of the reactions they can catalyze.6,7 Catalytic
promiscuity generally corresponds to the cases in which the EC
numbers of the various substrates and reactions catalyzed by
the same enzyme diﬀer in the second, or the third, digits that
© 2019 American Chemical Society

refer to diﬀerent chemistries and diﬀerent classes of substrates
or even by the ﬁrst digit, indicating a completely diﬀerent
reaction category.6 The emergence of enzymatic functions has
often been associated with the initial occurrence of
promiscuity,8 and understanding enzyme promiscuity is
becoming increasingly important to improve our general
knowledge of enzyme evolution and ability to engineer
enzymes with unique properties.
Ancestral enzymes putatively had catalytic promiscuity,
being “generalists” exhibiting broad substrate speciﬁcity and,
at the same time, low catalytic eﬃciency,6,8−11 but through
mutation, duplication, and horizontal transfer, gene families
diversiﬁed and variants with more speciﬁc and eﬃcient
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Figure 1. Distinct reaction mechanisms of closely evolutionary related haloalkane dehalogenases (HLDs, EC 3.8.1.5) and a Renilla luciferase
(RLuc, EC 1.13.12.5). (A) HLDs catalyze hydrolytic dehalogenation of halogenated alkanes to a primary alcohol, a halide ion (X−), and a proton.
The two-step mechanism is initiated by a nucleophilic attack of aspartic acid on the carbon atom of the substrate resulting in a covalent alkyl
enzyme intermediate. This complex is subsequently hydrolyzed by a water molecule activated by catalytic base.24 (B) RLuc catalyzes
monooxygenation of coelenterazine in the presence of oxygen, yielding carbon dioxide, blue light, and coelenteramide. The catalytic mechanism of
RLuc is poorly understood but is expected to proceed via a dioxetanone intermediate.25,26

catalytic activities evolved.6,11−13 Although the ancestral
enzymes no longer exist, their sequences can be inferred by
ancestral sequence reconstruction.14−16 Reconstructed ancestral enzymes often exhibit substrate promiscuity. For example,
resurrected ancestors of α-glucosidases have exhibited hydrolytic activity toward broader ranges of maltose-like and
isomaltose-like sugars than their modern descendants.12
Similarly, reconstructed ancestors of β-lactamases,17 hydroxymethyl pyrimidine kinases,18 carboxyl methyltransferases,19
and 2-ketoacid oxidoreductases20,21 have all exhibited higher
substrate promiscuity than their respective descendants.
However, very few examples of resurrected ancestral enzymes
exhibiting catalytic promiscuity (i.e., the ability to catalyze
diﬀerent kinds of reactions, rather than the same kind of
reaction with similar substrates) have been reported.22,23
Moreover, although many reconstructed ancestral hydroxynitrile lyases and esterases at four nodes of a published
phylogenetic tree can catalyze both an ester hydrolysis and a
cyanohydrin cleavage, the extant enzymes also have some
(albeit weaker) promiscuous activity.22
In the study reported here, we reconstructed a common
ancestor of haloalkane dehalogenases27 and Renilla luciferase,28,29 which are catalytically speciﬁc enzymes although they
belong to the same HLD-II enzyme subfamily.30 Haloalkane
dehalogenases (HLDs, EC 3.8.1.5) catalyze hydrolytic
dehalogenation of a broad range of halogenated aliphatic
compounds into the corresponding alcohols, a halide anion,
and a proton.27,31 Luciferase from Renilla reniformis (RLuc, EC
1.13.12.5)28,29 catalyzes (with no need for any cofactor)
monooxygenation of a coelenterazine, yielding a coelenteramide and a carbon dioxide, with emission of blue light.26,29
RLuc is the only characterized monooxygenase, which is
clustered in the HLD enzyme family together with recently
identiﬁed putative luciferase from Amphiura f iliformis.32
Activity of this putative luciferase with coelenterazine has
been detected with the crude extract from arms of the
animal,32 while production of light by the puriﬁed protein
needs to be veriﬁed. Structurally, both HLDs and RLuc are
classiﬁed as α/β-hydrolases with highly conserved catalytic

core domain and speciﬁcity-determining cap domain.33−35 The
core domain includes a conserved catalytic pentad composed
of a nucleophile, a base, a catalytic acid, and two halidestabilizing residues.27,30 However, the reaction mechanism and
substrate speciﬁcity of HLDs and RLuc are strikingly diﬀerent
(Figure 1). HLDs have a two-step reaction mechanism,
involving activated water-mediated hydrolysis of a covalently
bound alkyl enzyme intermediate.24,36−40 In contrast, the
incompletely understood catalytic mechanism of RLuc
putatively involves the decomposition of a dioxetanone
intermediate that provides energy enabling generation of a
product molecule in an electronically excited state.26,25
Hydrolytic conversion of halogenated alkanes releases an
alcohol, while monooxygenation of coelenterazine results in
emission of light. A common ancestor of HLDs and RLuc is an
exciting and challenging target for reconstruction, as it could
profoundly illuminate elusive aspects of these strongly diﬀering
reaction mechanisms. Here, we combined several methods
including ancestral sequence reconstruction, X-ray crystallography, steady-state and presteady-state enzyme kinetics, matrixassisted laser desorption ionization-time-of-ﬂight mass spectrometry (MALDI-TOF MS), site-directed mutagenesis,
molecular dynamics (MD), and hydrogen−deuterium exchange mass spectrometry (HDX-MS) to get structural insight
into the understanding why evolutionary related modern-day
enzymes exhibit distinct catalytic functions (Figure S1).

■

MATERIALS AND METHODS
Ancestral Sequence Reconstruction. The ancestral
sequence was reconstructed as previously described.41 Brieﬂy,
a nonredundant set of HLD-II protein sequences was collected
by PSI-BLAST v2.2.22+42 searches against the NCBI nr
database (version 21-9-2012)43 and then clustered with
CLANS44 and CD-HIT v4.5.4.45 The data set was divided
into two subgroups based on their evolutionary relatedness.
For each HLD-II subgroup, a separate multiple sequence
alignment (MSA) was constructed by MUSCLE v3.5146 and
reﬁned in BioEdit47 based on the manually prepared structureguided MSA. The MSAs of both subgroups were then aligned
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cuvette containing the enzyme. Each spectrum shown
represents an average of ﬁve individual scans, corrected for
absorbance by the buﬀer. CD data were expressed in terms of
the mean residue ellipticity (ΘMRE). Thermal unfolding of the
studied enzymes was followed by monitoring the ellipticity at
222 nm over a temperature range of 20−85 °C at 0.1 nm
resolution and a heating rate of 1 °C min−1. The resulting
thermal denaturation curves were roughly normalized to
represent a signal change between approximately 1 and 0
and were ﬁtted to sigmoidal curves using Origin 8 (OriginLab,
MA, USA). Apparent melting temperature (Tm, app) was
evaluated as the midpoint of the normalized thermal transition.
Speciﬁc Activity Measurements. Dehalogenase activities
of AncHLD-RLuc, LinB, RLuc8, and RLuc8+Ala54Pro toward
29 halogenated substrates were assayed using a previously
described colorimetric method.60 Brieﬂy, the release of halide
ions was monitored spectrophotometrically at 460 nm using a
SUNRISE microplate reader (Tecan, Grödig/Salzburg, Austria) after reaction with mercuric thiocyanate and ferric
ammonium sulfate at 37 °C in 25 mL Reacti-ﬂasks with
Mininert valves. Each reaction mixture contained 10 mL of
glycine buﬀer (100 mM, pH 8.6) and 10 mL of a selected
halogenated substrate at a concentration of 0.1−10 mM
depending on its solubility. The reaction was initiated by
adding enzyme and monitored by withdrawing 1 mL samples
periodically from the reaction mixture then immediately
mixing them with 0.1 mL of 35% nitric acid to terminate the
reaction. Dehalogenation activity was quantiﬁed as the rate of
product formation with time. The limit of detection for
dehalogenase activity by the Iwasaki assay with chlorinated,
brominated, and iodinated substrates is 0.0030, 0.0006, and
0.0007 nmol s−1 mg−1, respectively.
Monooxygenase activities of AncHLD-RLuc, LinB, RLuc8,
and RLuc8+Ala54Pro with coelenterazine were determined
using a FLUOStar OPTIMA luminometer (BMG Labtech,
Ortenberg, Germany) and expressed in relative light units
(RLU) s−1 mg−1 of an enzyme. Samples of 25 μL of puriﬁed
enzyme solution (1 mg mL−1 of AncHLD-RLuc, 0.2 μg mL−1
of RLuc8, or 2.0 μg mL−1 of RLuc8+Ala54Pro) were placed in
microplate wells. After baseline collection for 10 s, the
luminescence reaction was initiated by adding 225 μL of 8.8
μM coelenterazine in reaction buﬀer (100 mM potassium
phosphate buﬀer, pH 7.5). The RLUs were integrated over the
ﬁrst 72.5 s immediately after injection of the substrate into the
enzyme solution. The activity of each enzyme sample was
measured in at least three independent experiments.
Steady-State Kinetic Measurements. A VP-ITC isothermal titration microcalorimeter (MicroCal, Piscataway,
USA) was used to characterize steady-state kinetics (at 37
°C) of conversions of: 1-bromobutane, 1-iodopropane, 1,2dibromoethane, 1,3-dibromopropane, 4-butyronitrile, and
1,2,3-tribromopropane catalyzed by AncHLD-RLuc; 1-iodopropane, 4-butyronitrile, and 1,2,3-tribromopropane catalyzed
by LinB; and 1,2-dibromoethane catalyzed by RLuc8+Ala54Pro. In each case, the enzyme was dialyzed overnight against 100
mM glycine buﬀer, pH 8.6. For most of the experiments, 1.4
mL of enzyme solution at a concentration of 0.003−0.4 mg
mL−1 was placed in a reaction cell. The substrate solution was
prepared in the same buﬀer, and its concentration was veriﬁed
using a gas chromatograph supplied by Finnegan (San Jose,
USA). The enzyme was titrated at 150 s intervals in the
reaction cell with increasing amounts of the substrate, while
pseudo-ﬁrst-order conditions were maintained. Every injection

to each other using MUSCLE proﬁle−proﬁle alignment and
manually reﬁned. The phylogenetic tree of the HLD-II
subfamily was calculated by PhyML v3.0,48 based on the LG
substitution matrix49 combined with +I, +F, and +G
parameters selected by PROTTEST v2.450 and using the
best result from nearest neighbor interchange51 and subtree
pruning and regrafting52 to optimize the tree topology starting
from BIONJ53 or ﬁve random starting trees, respectively.
Conﬁdence levels of the output tree were estimated by
bootstrapping the data 100 times. The tree was rooted
according to the previously published HLD tree.30 For all
ancestral nodes of each tree from the obtained distribution of
trees, ancestral states at each site of the MSA were predicted by
the maximum-likelihood method54,55 using the Codeml
module of PAML v4.456 and Lazarus software57 based on
the LG+F+G model. The ancestral state distributions at each
site and each node were then obtained by weighting ancestral
reconstructions from each tree by the associated posterior
probability of a given tree. The most probable ancestor
sequence of the selected node was 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 parsimony58
and then reﬁned manually in BioEdit.
Gene Synthesis, Protein Expression, and Puriﬁcation.
Gene encoding inferred sequence of AncHLD-RLuc, LinB, and
RLuc8 was synthesized artiﬁcially (GeneArt, Life technologies,
Regensburg, Germany). The codon usage was automatically
adapted to the codon bias of Escherichia coli genes by
GeneArt’s Web site service. For expression purposes, the
ancHLD-RLuc, linB, and rLuc8 genes were then subcloned into
the expression vector pET21b (Novagen, San Diego, USA)
between NdeI and BamHI, XhoI, or HindIII restriction sites,
respectively. To overproduce AncHLD-RLuc, LinB, and
RLuc8 in E. coli, expression of the corresponding genes
(under control of the T7lac promoter) was induced by adding
isopropyl β-D-thiogalactopyranoside (IPTG). E. coli strain
BL21(DE3) cells containing recombinant plasmids pET21b::ancHLD-RLuc, pET21b::linB or pET21b::rLuc8 were grown
in 1 l of Luria broth medium with ampicillin (100 mg mL−1) at
37 °C. When the culture reached an optical density 0.6 at 600
nm, the enzyme expression (at 20 °C) was induced by adding
IPTG to a ﬁnal concentration of 0.5 mM. The cells were
harvested, disrupted by sonication using an UP200S ultrasonic
processor (Hielscher, Teltow, Germany), and centrifuged for 1
h at 4 °C and 21000g. AncHLD-RLuc, LinB, and RLuc8 were
puriﬁed using a Ni-NTA Superﬂow Cartridge (Qiagen, Hilden,
Germany), as previously described.59 Each puriﬁed protein was
pooled and dialyzed overnight against 50 mM potassium
phosphate buﬀer (pH 7.5) and then stored at 4 °C. The
protein concentration was determined using the Bradford
reagent (Sigma-Aldrich, St. Louis, MO), and the protein purity
was checked by SDS−PAGE. All investigated enzymes were
prepared with a purity ≥95% as determined by SDS−PAGE.
Circular Dichroism Spectroscopy and Thermal Denaturation. To assess the secondary structure of the puriﬁed
enzymes and check that they were correctly folded, circular
dichroism (CD) spectra of each enzyme, in 50 mM phosphate
buﬀer (pH 7.5), were recorded at room temperature using a
Chirascan spectropolarimeter (Chirascan, Leatherhead, UK)
equipped with a Peltier thermostat. Data were collected from
185 to 260 nm at a scan rate of 100 nm min−1 with a 1 s
response time and a 2 nm bandwidth using a 0.1 cm quartz
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resolution at 0.9795 Å wavelength using a Pilatus 6M-F
detector. In total, 1200 images were collected at 100 K with an
oscillation range of 0.15° per image. The data were processed
with Mosﬂm v7.1.061 using the ﬁrst 900 images for indexing
and integration, and Aimless v0.2.1762 for scaling and merging.
The crystal belongs to primitive monoclinic space group P1211
with unit-cell parameters a = 44.549, b = 60.51, c = 123.63 Å, α
= γ = 90°, β = 90.9°. The Matthews coeﬃcient (VM)63,64 of
2.32 Å3 Da1− shows that the crystal contains two molecules per
asymmetric unit with estimated solvent content 46.93%.
Structure Determination and Reﬁnement. The structure of AncHLD-RLuc was solved by molecular replacement
using Phaser software65 implemented in the CCP4 package66
and the structure of RLuc8 from R. reniformis (PDB ID
2PSF)67 as a search model. Manual model building was
performed in Coot v0.8.168 using 2Fo − Fc and Fo − Fc maps,
followed by several cycles of automated reﬁnement with
REFMAC v5.869 from the CCP4 package66 and phenix.reﬁne
from the Phenix package70 using the anisotropic B-factor
model. The ﬁnal reﬁnement step and model optimization was
performed using PDB_REDO.71 The reﬁnement statistics are
summarized in Table S1. Figures showing structural
representations were prepared using PyMOL v1.5.0.4.72
Atomic coordinates and experimental structure factors have
been deposited in the Protein Data Bank under PDB code
6G75.
HDX-MS Analysis. Deuteration of AncHLD-RLuc, RLuc8,
and LinB was followed with the peptides generated after pepsin
and nepenthesin digestion. The enzymes (2 μM ﬁnal
concentration) were diluted either with 50 μL of 100 mM
phosphate buﬀer in H2O (pH 7.5) and used for the
preparation of undeuterated control and for the peptide
mapping or with 100 mM phosphate buﬀer in D2O (pD 7.1)
and used for the preparation of the deuterated samples. The
hydrogen−deuterium exchange was carried out at room
temperature and was quenched at 10 and 60 s by the addition
of 1 M HCl in 1 M glycine with pepsin. Each sample was
directly injected into LC-system (UltiMate 3000 RSLCnano,
Thermo Fisher Scientiﬁc, Waltham, MA) to an immobilized
nepenthesin enzymatic column (15 μL bed volume, ﬂow rate
20 μL/min, 2% acetonitrile/0.05% triﬂuoroacetic acid).
Peptides were trapped and desalted online using a peptide
microtrap (Michrom Bioresources, Auburn, CA) for 3 min at
the ﬂow rate 20 μL/min. Then the peptides were eluted onto
an analytical column (Jupiter C18, 1.0 × 50 mm, 5 μm, 300 Å,
Phenomenex, CA) and separated using 2 min linear gradient
elution of 10−40% of buﬀer B (80% acetonitrile/0.08% formic
acid) in buﬀer A (0.1% formic acid), followed by 31 min
isocratic elution at 40% of buﬀer B. The immobilized
nepenthesin column, trap cartridge, and the analytical column
were kept at 1 °C. The mass spectrometric analysis was carried
out using the Orbitrap Elite mass spectrometer (Thermo
Fisher Scientiﬁc, Waltham, MA) with ESI ionization connected
with a robotic system based on the HTS-XT platform (CTC
Analytics AG, Zwingen, Switzerland). The instrument was
operated in a data-dependent mode suitable for peptide
mapping (HPLC-MS/MS). Each MS scan was followed by
MS/MS scans of the top three most intensive ions from both
CID and HCD fragmentation spectra. Tandem mass spectra
were searched using the SequestHT against the cRap protein
database (ftp://ftp.thegpm.org/fasta/cRAP) containing sequences of tested enzymes. Sequence coverage was analyzed
with the Proteome Discoverer 1.4 software (Thermo Fisher

increased the substrate concentration, leading to a further
increase in the enzyme reaction rate (and hence an increase in
generated heat) until the enzymatic reaction was saturated. A
total of 28 injections were carried out during titration. The
reaction rates recorded after every injection (in units of
thermal power) were converted to enzyme turnover. Plots of
calculated enzyme turnover versus substrate concentration
after every injection were then ﬁtted by nonlinear regression to
kinetic models using Origin 8 (OriginLab, Northampton, MA).
The only exception to this procedure was that to characterize
kinetics of the 1,2,3-tribromopropane conversion catalyzed by
LinB, 1.4 mL of a substrate solution in 100 mM glycine buﬀer
pH 8.6 was placed in the microcalorimeter’s reaction cell, and
the reaction was initiated by injecting 10 mL of enzyme
solution (0.4 mg mL−1) into the cell. The measured rate of
heat change was assumed to be directly proportional to the
velocity of the enzymatic reaction according to
dQ
d [S ]
= −ΔHV
dt
dt

(1)

where ΔH is the enthalpy of the reaction, [S] is the substrate
concentration, and V is the volume of the cell. ΔH was
determined by titrating the substrate into the reaction cell
containing the enzyme. The reaction was allowed to proceed to
completion. The integrated total heat of reaction was divided
by the amount of injected substrate. The evaluated rate of
substrate depletion (−d[S]/dt), and corresponding substrate
concentrations were then ﬁtted by nonlinear regression to
kinetic models using Origin 8 (OriginLab, Northampton, MA).
Steady-state kinetics of the coelenterazine conversion
catalyzed by AncHLD-RLuc, RLuc8 and RLuc8+Ala54Pro
(at 37 °C in wells of the microtiter plates) were evaluated by
monitoring the luminescence generated using a FLUOStar
OPTIMA luminometer (BMG Labtech, Ortenberg, Germany).
Initially, 25 μL of puriﬁed enzyme solutions (1 mg mL−1 of
AncHLD-RLuc, 0.2 μg mL−1 of RLuc8, or 2.0 μg mL−1 of
RLuc8+Ala54Pro) were placed in the wells. Then, after
baseline collection for 10 s, 225 μL of 100 mM potassium
phosphate buﬀer, pH 7.5, containing the substrate at particular
concentration ranging from 0.022 to 8.8 μM was added. The
RLUs were integrated over the ﬁrst 72.5 s immediately after
injection of the substrate into the enzyme solution. The
activity of each enzyme sample was measured in at least three
independent experiments. Plots of determined luminescence
activity, in RLUs−1mg−1, versus coelenterazine concentration
were ﬁtted by nonlinear regression to kinetic models using
Origin 8 (OriginLab, Northampton, MA).
Crystallization and Data Collection. Puriﬁed AncHLDRLuc enzyme, concentrated to 10−15 mg mL−1 and stored in
50 mM Tris−HCl buﬀer (pH 7.5) was used for crystallization
screening. Crystals suitable for X-ray diﬀraction analysis were
obtained from a JCSG-plus screen (Molecular Dimensions,
Newmarket, UK) at 292 K using the sitting-drop vapordiﬀusion method with a protein/precipitant ratio of 1:1. The
crystallization solution consisted of 0.1 M HEPES pH 7.0 and
10% (w/v) PEG 6000. Single crystals of AncHLD-RLuc with
average dimensions of 70.6 × 39.7 × 8.8 μm were
cryoprotected by soaking them in a drop containing the
crystallization solution supplemented with 25% (v/v) 2methyl-2,4-pentanediol (MPD) for 5 s. The crystals were
then mounted in a SPINE cryoloops (MiTeGen, Ithaca, USA)
and ﬂash-cooled in liquid-nitrogen. Diﬀraction data were
collected at the Diamond Light Source beamline I02 to 1.39 Å
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each dNTP (New England Biolabs, Ipswich, MA), and 2.5 U
of Phusion HF DNA Polymerase in Phusion HF buﬀer with
1.5 mM MgCl2 (New England Biolabs). In the ﬁrst step, a
linear product with the desired mutation was synthesized using
Fw and Rv oligonucleotides. The product served as a
megaprimer in the second round of PCR where the whole
plasmid was synthesized. The temperature program for the ﬁrst
round consisted of 30 s at 95 °C, followed by nine cycles of 8 s
at 98 °C, 20 s at 55 °C and 143 s at 72 °C. The second round
involved 19 cycles of 8 s at 98 °C, 20 s at 55 °C, and 150 s at
72 °C followed by 10 min at 72 °C. PCR products were
treated with the methylation-dependent endonuclease DpnI
(New England Biolabs) for 1 h at 37 °C. The resulting
plasmids were transformed by a heat shock method into E. coli
Dh5α cells (ZymoResearch, Orange, CA) and ampliﬁed. The
presence of desired mutations was conﬁrmed by sequence
analyses at GATC Biotech (Constance, Germany).
Stopped-Flow Experiments. Stopped-ﬂow ﬂuorescence
single-turnover experiments were performed using an SFM3000 stopped-ﬂow instrument combined with a MOS-500
spectrometer (Bio-Logic Science Instruments, SeyssinetPariset, France). Fluorescence emissions from tryptophan
residues of each enzyme included in the analyses were
observed through a 320 nm cutoﬀ ﬁlter upon excitation at
295 nm. Single turnover ﬂuorescence traces were recorded
after rapidly mixing 75 μL of AncHLD-RLuc (75 μM), RLuc8
(209 μM), RLuc8+Ala54Pro (99 μM), or LinB (124 μM)
solutions with 75 μL of 1-bromobutane in a concentration
12.7, 34.5, 21.4, or 40.9 μM, respectively. Repeating singleturnover ﬂuorescence experiments were performed using a
Synergy H4 Hybrid Microplate Reader (BioTek, Winooski,
VT). In the reaction with 1-bromobutane, 200 μL of RLuc8
(89 μM) or RLuc8+Ala54Pro (137 μM) solutions was injected
into three independent wells and mixed with 20 μL of the
substrate solution in a concentration 85.4 or 52.7 μM,
respectively. In the reaction with 1,2-dibromoethane, 200 μL
of RLuc8 (89 μM) or RLuc8+Ala54Pro (767 μM) solutions
was injected into three independent wells and mixed with 20
μL of the substrate solution in a concentration 116.8 or 747.1
μM, respectively. The reaction was monitored through timedependent changes in intrinsic ﬂuorescence of the enzyme at
340 nm upon excitation at 295 nm. When the single turnover
reaction was completed, two further 20 μL portions of the
substrate solution were injected into each well containing the
enzyme to monitor second and third turnovers of the enzyme
catalysis. In each case, the solutions were prepared in 100 mM
glycine buﬀer (pH 8.6) and incubated at 37 °C.
MALDI-TOF MS Analysis. Puriﬁed RLuc8 and RLuc8+Ala54Pro were dialyzed overnight against 100 mM glycine
buﬀer, pH 8.6, before analysis. The enzyme−substrate reaction
proceeded at 37 °C in a 0.5 mL reaction mixture with 1−15
mg mL−1 of the enzyme and 3- to 30-fold excess of the
substrate (1-bromobutane). The reaction was initiated by
mixing the enzyme in the reaction buﬀer with the substrate and
monitored by withdrawing samples periodically from the
reaction mixture and immediately mixing them with MALDI
matrix to terminate the reaction. MALDI-TOF mass spectra
were recorded using an Ultraﬂextreme instrument (Bruker
Daltonics, Bremen, Germany) operated in linear mode with
detection of positively charged ions. Ferulic acid (12.5 mg
mL−1 in a water−acetonitrile−formic acid mixture, 50:33:17,
v/v/v) was used as the MALDI matrix; 0.6 μL of each reaction
sample was mixed with 2.4 μL of matrix solution, and then 0.6

Scientiﬁc, Waltham, MA). Analysis of deuterated samples was
done in LC-MS mode with ion detection in the orbital ion trap
and the data were processed using HDX Examiner vision 2.2
(Sierra Analytics, Modesto, CA).
MD Simulations. The crystal structures of LinB73 (PDB
ID 1MJ5) and RLuc867 (PDB ID 2PSF, chain B) were
retrieved from the Protein Data Bank. The crystal structure of
the AncHLD-RLuc (PDB ID 6G75) was obtained as described
in the previous sections. The H++ web server74 was used to
add the missing hydrogens, neutralize, and create a water box
with an edge distance of 10 Å. All three systems were
equilibrated using the Equilibration_v2 module of HTMD.75
The systems were ﬁrst minimized using the conjugate-gradient
method for 500 steps. Next, the systems were heated and
minimized as follows: (i) 500 steps (2 ps) of NVT heating,
with the Berendsen barostat, to 310 K, with constraints on all
the protein heavy atoms; (ii) 2.5 ns of NPT equilibration, with
the Langevin thermostat, with 1 kcal mol−1 Å−2 constraints on
all the protein heavy atoms and (iii) 2.5 ns of NPT
equilibration, with the Langevin thermostat without constraints. During the equilibration simulations, holonomic
constraints were applied on all hydrogen-heavy atom bond
terms and the mass of hydrogen atoms was scaled with a factor
of 4, enabling the 4 fs time step.76−79 The simulations
employed periodic boundary conditions, using the particle
mesh Ewald method for the treatment of interactions beyond a
9 Å cutoﬀ, electrostatic interactions were suppressed >4 bond
terms away from each other and the smoothing and switching
of van der Waals and electrostatic interactions cutoﬀ at 7.5 Å.76
HTMD was used to perform adaptive sampling of the RMSD
of the Cα atoms of residues 10 to 290. The 20 ns production
runs were started with the ﬁles resulting from the equilibration
and the same settings as the last step of the equilibration were
used. The trajectories were saved every 100 ps. Total
simulation times were higher than 4 μs for all three systems.
The data were clustered using MiniBatchKmeans algorithm to
200 clusters. A lag time of 15 ns was used to construct the 2
Markov states (open and closed). The ﬁnal data was calculated
from 1000 bootstrapping runs of 50% of the data.
Analysis of Protein Tunnels. The access tunnels were
calculated by the Caver 3.02 for 1000 random frames
belonging to each state using the Caver Analyst 2.0.31, with
the probe size: 0.9 Å, clustering threshold: 5, shell depth: 5 Å,
and shell radius: 5 Å.80 The starting point was deﬁned by ﬁve
analogous catalytic residues located inside the active site cavity.
For AncHLD-RLuc, these residues are the nucleophile Asp118,
the catalytic base His284, the catalytic acid Glu142, and two
halide/oxygen-stabilizing residues Asn51 and Trp119. For
RLuc8, these residues are the nucleophile Asp120, the catalytic
base His285, the catalytic acid Glu132, and two halide/oxygenstabilizing residues Asn53 and Trp121. For LinB, these
residues are the nucleophile Asp108, the catalytic base
His272, the catalytic acid Glu142, and two halide-stabilizing
residues Asn38 and Trp109.
Site-Directed Mutagenesis. The single-point variant of
RLuc8 (RLuc8+Ala54Pro) was constructed by site-directed
mutagenesis using a set of mutagenic oligonucleotides (Merck,
Darmstadt, Germany): 5′ TTTCTGCATGGTAATCCGACCAGCAGCTATCTG 3′ (forward) and 5′ CAGATAGCTGCTGGTCGGATTACCATGCAGAAA 3′ (reverse) with
pET21b::rLuc8 as a template. The mutagenesis involved twostep PCR, with 50 μL reaction mixtures containing 100 ng of
template DNA, 10 pmol of each oligonucleotide, 0.02 μM of
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Table 1. Steady-State Kinetic Parameters for Hydrolytic Dehalogenation of Selected Halogenated Substrates Catalyzed by
AncHLD-RLuc,a LinB,a and RLuc8+Ala54Proa and Monooxygenation of Coelenterazine Catalyzed by AncHLD-RLuc, RLuc8,
and RLuc8+Ala54Proa
dehalogenase activity
−1

kcat (s )
AncHLD-RLuc
1-bromobutane
1-iodopropane
1,2-dibromoethane
1,3-dibromopropane
4-butyronitrile
1,2,3-tribromopropane
LinB
1-bromobutane
1-iodopropane
1,2-dibromoethane
1,3-dibromopropane
4-butyronitrile
1,2,3-tribromopropane
RLuc8+Ala54Pro
1,2-dibromoethane

Km (mM)

0.55
0.82
0.290
1.6
1.0
0.034

±
±
±
±
±
±

0.03
0.07
0.004
0.3
0.2
0.009

0.043
0.15
1.72
0.07
0.18
0.039

±
±
±
±
±
±

0.002
0.02
0.04
0.01
0.06
0.007

12.8
5.47
0.169
22.5
5.50
0.872

±
±
±
±
±
±

0.9
0.88
0.005
4.9
2.32
0.264

2.26
2.05
12
41
5.03
4.0

±
±
±
±
±
±

0.07b
0.05
4c
5b
0.06
0.1

0.121
0.041
1.7
24
0.31
0.59

±
±
±
±
±
±

0.002b
0.002
0.2c
3b
0.02
0.05

18.7
50.0
7.11
1.70
16.2
6.83

±
±
±
±
±
±

0.7b
2.5
2.47c
0.31b
1.1
0.61

0.052 ± 0.002

1.2 ± 0.2
monooxygenase activity

Vlim (RLU s−1 mg−1)
AncHLD-RLuc
coelenterazine
RLuc8
coelenterazine
RLuc8+Ala54Pro
coelenterazine

kcat/Km (mM−1 s−1)

Km (μM)

73 ± 2

0.043 ± 0.007
Vlim/Km (μM−1 RLU s−1 mg−1)

1.3 ± 0.1

53.8 ± 0.09

(1.63 ± 0.06) × 107

1.1 ± 0.1

(1.4 ± 0.2) × 107

(4.9 ± 0.6) × 106

5.4 ± 0.9

(9 ± 2) × 105

a

For simplicity, only turnover number (kcat), Michaelis constant (Km), and catalytic eﬃciency (kcat/Km) of AncHLD-RLuc, LinB, and
RLuc8+Ala54Pro toward tested halogenated substrates are presented in the table. All kinetic parameters determined for the reactions of AncHLDRLuc and LinB with the halogenated substrates are presented in Table S3. All kinetic parameters determined for the reactions of RLuc8+Ala54Pro
with 1,2-dibromoethane and coelenterazine are presented in Table S4. The limiting value of maximal velocity (Vlim) represents 72.5-s
bioluminescence intensity readings standardized for protein content and expressed as RLU s−1 mg−1 of an enzyme. RLU stands for relative light
units. bData from Chaloupkova et al.59 cData from Brezovsky et al.87 The standard deviation values are presented.

μL of the mixture was placed on a stainless steel MALDI
target. Protein Calibration Mixture II (Bruker Daltonics) was
used for external calibration of the mass spectra, which were
processed with FlexAnalysis 3.4 software (Bruker Daltonics).

mutations necessary for determination of its crystal structure67) and LinB82 (1,3,4,6-tetrachloro-1,4-cyclohexadiene
hydrolase from Sphingobium japonicum UT26, one of two
members of HLD-II subfamily with known catalytic mechanism,44 tertiary structure,73,83 and biological function84).
Compared to the natural enzyme, RLuc8 exhibits 10 times
better yield, 4 times higher monooxygenase activity, 200 times
higher resistance to murine serum inactivation, and a small 5
nm red shift in the emission spectrum.67,81 The closest
characterized modern-day enzyme is DspA;85 however,
nothing is known about its structure, kinetic mechanism, and
biological role. The AncHLD-RLuc sequence has 48%, 56%,
and 64% identity with sequences of the modern-day enzymes
LinB,82 RLuc8,81 and DspA,85 respectively. The predicted
sequence of AncHLD-RLuc contains the catalytic pentad AspHis-Glu + Trp-Asn of modern descendants, and it was unclear
whether it would exhibit dehalogenase or monooxygenase
activity.
The gene encoding the inferred ancestral sequence was
synthesized, and the protein was overproduced in E. coli strain
BL21(DE3) with an average yield of 250 mg of soluble puriﬁed
protein per liter of cell culture. As shown in Figure S5,
AncHLD-RLuc exhibited correct folding and greater thermal
stability than LinB and RLuc8 (23.4 and 7.8 °C higher
apparent melting points, respectively). We tested HLD
activities of AncHLD-RLuc and LinB toward a set of 29

■

RESULTS
Catalytic Promiscuity of the Reconstructed Common
Ancestor of Haloalkane Dehalogenases and Renilla
Luciferase. Ancestral sequence reconstruction14−16 is a very
powerful method that can provide important insights into the
underlying determinants of protein structure, function, and
evolution. We have recently inferred the sequences of ﬁve
highly stable ancestral enzymes corresponding to the diﬀerent
nodes of the HLD-II phylogenetic tree.41 Here, we report
construction and detailed biochemical characterization of the
common ancestor of HLDs and RLuc, denoted AncHLDRLuc. The ancestral state distributions at each site of the
AncHLD-RLuc node were predicted by the maximum
likelihood method using 93 sequences available for the
HLD-II subfamily (Figure S2). The most probable sequence
of AncHLD-RLuc was inferred by assigning the ancestral state
with the highest-weighted posterior probability to each site
(Figures S3 and S4), using the previously established
workﬂow.41 Biochemical properties of AncHLD-RLuc were
compared with those of modern-day enzymes RLuc881
(luciferase from R. reniformis stabilized by eight single-point
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Figure 2. Structural analysis of AncHLD-RLuc. (A) Overall structure of AncHLD-RLuc shown in cartoon representation. The main domain is
shown in green; the cap domain is in beige; the catalytic pentad residues are shown as pink balls; the main and the slot tunnels connecting the
buried active site with the protein surface are shown as black and gray mesh. (B) Superimposition of crystal structures of AncHLD-RLuc, LinB, and
RLuc8. (C) Superimposition of the catalytic pentad residues of AncHLD-RLuc, LinB, and RLuc8. Crystal structures of AncHLD-RLuc, LinB, and
RLuc8 are shown in green, white, and black, respectively. (D) Expanded view of the AncHLD-RLuc active site. 2Fo-Fc electron density map
contoured at 2.0 σ is shown for the active site residues with bound O2 ligand. The ligand and interacting residues are displayed in stick
representation and the water molecule in sphere representation. Distances between the molecular oxygen and the halide/oxygen stabilizing residues
Asn51 and Trp119 are indicated by the numbers (in Å) over the black dashed lines.

halogenated compounds.86 The ancestral enzyme exhibited
lower activity than LinB toward 25 of these 29 compounds, by
factors of 2 to 30 (Table S2). AncHLD-RLuc’s dehalogenase
activity was highest with terminally substituted brominated and
iodinated propanes and butanes (Table S2).
Interestingly, AncHLD-RLuc exhibited activity toward
several recalcitrant compounds (such as 1,2-dichloroethane,
1,2-dichloropropane, and 1,2-dibromo-3-chloropropane) that
most HLDs, including LinB, have no activity toward.86 No
dehalogenating activity of RLuc8 was detected with any of the
tested halogenated substrates (Table S2). Monooxygenase
activity of AncHLD-RLuc was tested with coelenterazine, the
natural substrate of RLuc. Strikingly, the ancestral enzyme also
exhibited clearly detectable monooxygenase activity (Table
S2), but much lower (>200000 times) activity than the
modern enzyme (ca. 0.0004% activity of RLuc8). LinB shows
no detectable activity toward coelenterazine (Table S2). Thus,
AncHLD-RLuc can clearly catalyze both hydrolytic conversion
of halogenated substrates and monooxygenation of coelenterazine.

Steady-State Kinetics of AncHLD-RLuc. The catalytic
properties of AncHLD-RLuc were assessed by measuring its
steady-state kinetic parameters for reactions with six
halogenated substrates and coelenterazine and then comparing
them to those of LinB and RLuc8 (Tables 1 and S3).
AncHLD-RLuc exhibited lower catalytic eﬃciency than LinB
toward ﬁve of the six tested substrates (Table 1). Its kcat value
and catalytic eﬃciency (kcat/Km) were highest (1.6 s−1 and 22.5
M−1 s−1, respectively) for the conversion of 1,3-dibromopropane. AncHLD-RLuc has higher catalytic eﬃciency for 1,3dibromopropane than LinB (kcat/Km = 1.7 M−1 s−1) due to
339-fold lower Km (Table 1). The catalytic eﬃciencies of
AncHLD-RLuc and LinB were similar for the reaction with 1bromobutane (k cat /K m = 12.8 and 18.7 mM −1 s −1 ,
respectively). The catalytic eﬃciency of AncHLD-RLuc was
lowest for the reactions with 1,2-dibromoethane (kcat/Km =
0.17 mM−1 s−1) and 1,2,3-tribromopropane (kcat/Km = 0.87
mM−1 s−1), mainly due to low turnover numbers. Substrate
inhibition of both AncHLD-RLuc and LinB was observed with
four of the six halogenated substrates, and weak cooperativity
identiﬁed with three of the six substrates (Table S3). Kinetics
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Figure 3. Molecular adaptation to distinct enzymatic reactions by a single-point mutation in the residue adjacent to the catalytic residue.
Diﬀerences in spatial orientation of the backbone carbonyl group of the catalytic halide/oxygen-stabilizing residues Asn51 (AncHLD-RLuc), Asn53
(RLuc8), and Asn38 (LinB) due to diﬀerent side chains of neighboring Pro/Ala residues. (A) Superimposition of the active site residues of
AncHLD-RLuc and LinB. (B) Superimposition of the active-site residues of RLuc8 and LinB. (C) Superimposition of the active site residues of
RLuc8 and AncHLD-RLuc. C atoms of the active site residues and water molecules of AncHLD-RLuc (green), Rluc8 (black), and LinB (white).
Angles of rotation of the backbone carbonyl of Asn53 in RLuc8 relative to the orientation of corresponding carbonyl groups in LinB and AncHLDRLuc are indicated by black dashed lines.

molecule and the O2 atom of the oxygen molecule is 2.95 Å.
The position of the molecular oxygen suggests that highly
conserved halide-stabilizing residues are involved in stabilization not only of the leaving halide during dehalogenation88,89
but also molecular oxygen during the monooxygenase reaction.
Because the position of molecular oxygen is typically
occupied by a halide ion in a majority of known HLD
structures,59 we tried to build a chloride into the identiﬁed eggshaped electron density map. Calculation of the diﬀerence Fo
− Fc and simulated-annealing omit electron density maps
revealed that the chloride ion does not ﬁt to the density. We
then tried to build one or two water molecules into the density,
but again, several cycles of structural reﬁnements and map
calculations indicated that this does not lead to a correct
solution. Finally, based on the calculation of 2mFo − DFc, the
Fo − Fc diﬀerence, and simulated-annealing omit electron
density map, inspection of geometry, and distances to
surrounding amino acids, the density was assigned to a
molecular oxygen. The other two ligands, (4S)-2-methyl-2,4pentanediol and tris(hydroxymethyl)aminomethane (Figure
S6), originate from storage and cryoprotectant solutions and
are not relevant for enzymatic activity.
AncHLD-RLuc Diﬀers from RLuc8 in a Geometry of
Backbone Carbonyl of a Catalytic Residue. Comparison
of AncHLD-RLuc (PDB ID 6G75) with RLuc8 (PDB ID
2PSF)67 and LinB (PDB ID 1MJ5)73 revealed that the
proteins’ backbones had highly similar geometry, despite the
fact that amino acid diﬀerences between the predicted ancestor
and both modern enzymes are spread throughout the protein
structure (Figure S7). We obtained RMSD values of 0.49 and
0.43 Å for the overlaps of AncHLD-RLuc’s backbone atoms
with those of RLuc8 and LinB, respectively (Figure 2B).
Spatial arrangements of the side chains of catalytic residues of
all three enzymes are even more highly conserved, with RMSD
values of 0.23 and 0.19 Å for corresponding overlaps of their
catalytic pentads (Figure 2C). Clear diﬀerences in the three
compared structures lie in the spatial arrangements of α4
helices of the cap domain, lining the main access tunnel, an
adjacent loop connecting the α4 helix of the cap domain with
the β6 strain of the β-sheet of the main domain, and a loop

of AncHLD-RLuc and RLuc8 with coelenterazine followed
simple Michaelis−Menten dependence (Vlim = 73 and 1.6 ×
107 RLUs−1mg−1; Km = 1.3 and 1.1 μM, respectively). Steadystate kinetic data obtained for the reaction with coelenterazine
conﬁrmed that AncHLD-RLuc has 6 orders of magnitude
weaker monooxygenase activity than RLuc8 (Table 1).
Structural Analysis of AncHLD-RLuc. AncHLD-RLuc
was crystallized and its tertiary structure was solved by X-ray
crystallography to 1.39 Å resolution (Table S1), with two
copies of the enzyme in the asymmetric unit. The search model
used for the structure determination was RLuc8 (PDB ID
2PSF).67 The ﬁnal structural model contains the residues 12307. The overall structure of AncHLD-RLuc is composed of an
α/β hydrolase core domain and a helical cap domain (Figure
2A,B). The core domain consists of a central eight-stranded βsheet with β2 lying in an antiparallel orientation with respect to
the β-sheet. The β-sheet is surrounded by six α-helices. The
cap domain is composed of ﬁve α-helices. The hydrophobic
cavity of AncHLD-RLuc is located between the core and the
cap domain. The cavity is connected to the protein surface by
two access tunnels and contains ﬁve catalytic residues: the
nucleophile Asp118; the catalytic base His284; the catalytic
acid Glu142; and two halide/oxygen-stabilizing residues,
Asn51 and Trp119 (Figure 2A,C). This catalytic pentad is
known to be essential for HLD activity27,30 and to a large
extent for monooxygenase activity.26,29
During reﬁnement of the crystal structure, strong electron
density of potential ligands was detected in the vicinity of the
AncHLD-RLuc active site. Three ligands were subsequently
modeled in the electron density, with occupancy 1, in both
enzyme molecules within an asymmetric unit. The ﬁrst ligand
was interpreted as a molecular oxygen, which serves as the
cosubstrate during the monooxygenation reaction (Figure 2D).
Molecular oxygen occupies the typical binding site of halogen
anion released during the dehalogenase reaction and interacts
with N atoms of two halide-stabilizing residues, Asn51 Nδ2 and
Trp119 Nε1, at distances of 3.07 and 3.19 Å, respectively
(Figure 2D). Further coordination is provided by a water
molecule mediating contact with the side chain of the catalytic
residue Asp118. The distance between the O atom of the water
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maximal bottleneck radius ∼2.2 Å (Figure 4). Strikingly, the
probability that the main tunnel in LinB is in its open state is

connecting the α7 helix of the cap domain with the α8 helix of
the main domain (Figures 2B and S8). Both of those loops
aﬀect the shape of the slot access tunnel, and all three
structural elements are important for the size and accessibility
of the buried active site and the entire cap domain’s dynamics.
Within the active site, an important diﬀerence was identiﬁed
in the orientation of the carbonyl group of the main chain of
the halide/oxygen-stabilizing residue: Asn51 in AncHLDRLuc, Asn53 in RLuc8, and Asn38 in LinB. While the spatial
orientation of the backbone carbonyl group of Asn51 in
AncHLD-RLuc is almost identical to that of Asn38 in LinB, the
backbone carbonyl of Asn53 in RLuc8 is rotated by 41.5° and
44.0° relative to orientations of its analogues in LinB and
AncHLD-RLuc (Figure 3). These diﬀerences are due to
diﬀerences in side chains of residues adjacent to the halide/
oxygen-stabilizing residue in AncHLD-RLuc/LinB and RLuc8
(Pro and Ala, respectively). The cyclic pyrrolidine side chain
ﬁxes the backbone dihedral ϕ angle and thus severely restricts
the conformational freedom of the carbonyl group of the main
chain of the preceding Asn residue in AncHLD-RLuc and
LinB. In contrast, the small side-chain of the Ala residue allows
high degrees of freedom of the backbone of the neighboring
halide/oxygen-stabilizing residue in RLuc8. Proper orientation
of the carbonyl group of the halide-stabilizing Asn is crucial for
HLD activity since it contributes to the positioning of catalytic
water and aﬀects its polarization through electrostatic
interaction.90
AncHLD-RLuc Diﬀers from Descendant Enzymes in
Cap Domain’s Conformational Dynamics. Solvent accessibility and conformational dynamics of AncHLD-RLuc,
RLuc8, and LinB were experimentally accessed by HDX-MS.
AncHLD-RLuc exhibited a lower level of deuteration for most
of the peptides over its amino acid sequence compared to both
RLuc8 and LinB in the shorter reaction time (10 s), implying
the more compact structure of the enzyme at the beginning of
deuteration reaction. The important diﬀerences were identiﬁed
in HD exchange kinetic proﬁles of the peptides corresponding
to the structural elements of the cap domains (Figure S9).
RLuc8 exhibited the highest HD exchange kinetics in almost
all structural elements forming the cap domain. The only
structural region where AncHLD-RLuc exhibits higher
exchange kinetics and reaches a higher level of deuteration is
α4 helix and the adjacent loop. LinB, on the other hand,
exhibited the smallest HD exchange kinetics from all tested
enzymes.
The structural elements forming the cap domain aﬀect the
size of the main access tunnel and its accessibility for the
ligands. We performed 4.8 μs long MD simulations of
AncHLD-RLuc, RLuc8, and LinB to study the overall
dynamics of protein structures and to analyze changes in
bottleneck radius of the main access tunnels. The most ﬂexible
regions in AncHLD-RLuc, RLuc8, and LinB identiﬁed by MD
simulations match the regions exhibiting the highest HD
exchange kinetics analyzed by HDX-MS. The simulations
revealed that the structures can adopt open and closed states of
the main access tunnel due to the conformational dynamics of
the secondary elements and connecting loops, particularly the
α4 helix and the adjacent loop connecting the cap domain with
the main domain (Figure S9). The maximal tunnel opening
(corresponding to maximal bottleneck radius) was observed at
the highest RMSD with respect to the crystal structures.
AncHLD-RLuc exhibited the maximal radius bottleneck ∼1.8
Å, while both descendants RLuc8 and LinB showed the

Figure 4. Conformational dynamics of the cap domain and the main
access tunnel of AncHLD-RLuc, LinB, and RLuc8. MD simulations
revealed that the tunnels of all three enzymes exist in open and closed
states. The probability that the main tunnel is in a closed (gray) or
open (white) state is represented by respective bars. The average
bottleneck radius corresponding to the closed (red) and open (green)
state of the main tunnel is represented by squares with the standard
deviations depicted by black bars.

only 3%. On the contrary, the probability that the main tunnels
in AncHLD-RLuc and RLuc8 are open is 67 and 64%,
respectively (Figure 4). The tunnels found in the closed state
corresponds to the lowest RMSD with respect to the crystal
structures. In the closed state, AncHLD-RLuc and LinB
exhibited a bottleneck radius ∼1.2 Å, while RLuc8 exhibits a
signiﬁcantly larger tunnel with a ∼1.6 Å bottleneck radius.
Demonstration That a Single-Point Substitution Can
Bestow HLD Activity on RLuc8. The catalytic halidestabilizing residue Asn is followed by Pro in all members of the
HLD-II enzyme subfamily, while Ala in the corresponding
position is unique to RLuc8. An Ala54Pro variant of RLuc8
was therefore constructed to determine whether this residue
could be responsible for RLuc8’s lack of HLD activity. CD
spectroscopy revealed that the variant RLuc8+Ala54Pro is
correctly folded and has comparable stability to RLuc8 (Figure
S5). Speciﬁc activities of RLuc8+Ala54Pro were determined
with 29 halogenated compounds and coelenterazine (Table
S2). Strikingly, RLuc8+Ala54Pro exhibited clearly detectable
dehalogenase activity toward 21 of the 29 halogenated
compounds, with the preference toward terminally disubstituted brominated ethanes and propanes (Figure 5 and Table
S2).
The monooxygenase activity of RLuc8+Ala54Pro with
coelenterazine was 13.5-fold lower than that of the parental
enzyme RLuc8 (7.4% of RLuc8 activity), implying that
emergence of HLD activity in this mutant was accompanied
by a signiﬁcant drop in the native monooxygenase activity.
Measurements of steady-state kinetic parameters showed that
RLuc8+Ala54Pro had a Km similar to that of AncHLD-RLuc
and LinB for the reaction with 1,2-dibromoethane, but 5- and
230-fold lower kcat, respectively (Tables 1 and S4). Moreover,
strong substrate inhibition of the variant was detected (Ksi =
2.68 mM), implying that its low enzymatic activity with the
halogenated substrate is associated with both low turnover
number and strong substrate inhibition. Interestingly, substrate
inhibition was also observed in the reaction of RLuc8+Ala54Pro with coelenterazine, while RLuc8 and AncHLD-RLuc
follow simple Michaelis−Menten dependence with coelenter4818
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and enzyme regeneration39 (Figure 1A). Interestingly, upon
mixing of RLuc8 in excess with the substrate, only a single
quenching phase was observed in ﬂuorescence traces,
corresponding to formation of the intermediate (Figure 6A).
This indicates that in the presence of such substrates RLuc8
forms a ternary dead-end covalent complex, via the ﬁrst
reaction step, which prevents turnover in the steady state.
Formation of the dead-end intermediate upon interaction of
RLuc8 with 1-bromobutane was further conﬁrmed by MALDITOF MS analysis (Figure S11). Simultaneously, repeating
single turnovers of 1-bromobutane and 1,2-dibromoethane
catalyzed by RLuc8+Ala54Pro conﬁrmed this variant’s ability
to repeatedly catalyze hydrolytic conversion of the substrate
(Figures 6B and S12).

■

DISCUSSION
Catalytic promiscuity of enzymes has important implications
for both understanding molecular evolution and protein
engineering,91 but it is extremely diﬃcult to predict.92
Promiscuous activity of ancestral enzymes is often coupled
with high stability, making them good templates for protein
engineering.93,94 Enzymes’ promiscuous functions may be
rooted in diﬀerent geometries of active sites, diﬀerent binding
subsites, and distinct catalytic residues or their diﬀerent
protonation states, and the reaction mechanisms involved may
overlap or totally diﬀer from those linked to their native
functions.6,92,95 Identiﬁcation of promiscuous hydrolase and
monooxygenase activities in AncHLD-RLuc supports the view
that RLuc evolved from an ancestor exhibiting primarily
haloalkane dehalogenase activity. Such exchanges of function
between two diﬀerent EC classes during the course of
evolution are markedly less frequent than changes of function
within the same EC class. Changing the chemistry perhaps
requires several simultaneous mutations to occur, some of
them leading to signiﬁcant destabilization of the protein
structure, or alternatively, a few amino acid residues might be
candidates for changing the chemistry, whereas diﬀerent
substitutions could change the ligand binding.96 It is
noteworthy that besides catalytically promiscuous ancestral
enzymes, noncatalytic ancestors have also been recently
reported as rare cases of evolutionary cross points leading to

Figure 5. Comparison of the substrate speciﬁcity proﬁle toward a set
of 29 halogenated substrates of luciferase RLuc8+Ala54Pro with
newly bestowed HLD activity with proﬁles of AncHLD-RLuc and
LinB, both exhibiting eﬃcient HLD activity. Activities were measured
in three to ﬁve independent replicates with standard deviations of less
than 10%.

azine. In addition, the Km of RLuc8+Ala54Pro for this
substrate was 5-fold higher than that of RLuc8 and the
turnover number 3-fold lower (Table S4).
Conﬁrmation of Multiple Turnovers of RLuc8+Ala54Pro by Stopped-Flow Experiments and Mass
Spectrometry. Single-turnover stopped-ﬂow experiments
with RLuc8+Ala54Pro, AncHLD-RLuc, and LinB revealed
two phases during their catalytic reaction cycle with the
halogenated substrate 1-bromobutanea fast quenching phase
followed by slower recovery of the enzyme ﬂuorescence
(Figures 6A and S10). These two phases observed in singleturnover ﬂuorescence experiments correspond with a two-step
hydrolytic conversion of the substrate: formation of the alkyl
enzyme intermediate and halide ion via SN2 substitution,
followed by hydrolysis of the covalent intermediate by
activated water leading to formation of an alcohol product

Figure 6. Results of single-turnover stopped-ﬂow analysis of RLuc8 and RLuc8+Ala54Pro reactions with 1-bromobutane. (A) Fluorescence traces
recorded following rapid mixing of 99 μM RLuc8+Ala54Pro with 21.4 μM of 1-bromobutane and 209 μM RLuc8 with 34.5 μM 1-bromobutane.
(B) Repetitive single-turnover stopped-ﬂow analysis of RLuc8 and RLuc8+Ala54Pro reactions with 1-bromobutane. Fluorescence traces were
recorded following mixing of 89 μM RLuc8 with 85.4 μM of 1-bromobutane and 137 μM RLuc8+Ala54Pro with 52.7 μM of 1-bromobutane,
injected into the same enzyme solution in 630 s time intervals: E, free enzyme; S, substrate; P, product; E-I, covalently bound alkyl enzyme
intermediate; dead-end E-I, ternary dead-end covalent complex that prevents enzyme turnover in the steady state. Arrows indicate the repetitive
injections of the substrate.
4819
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an extremely challenging task and will be the focus of follow-up
studies.
Detection of molecular oxygen between two halide/oxygenstabilizing residues, Asn51 and Trp119, of AncHLD-RLuc
conﬁrmed these residues’ ability to stabilize halide anion
produced during the HLD-catalyzed reaction24,88 as well as
cosubstrate of the monooxygenase reaction. Previous sitedirected mutagenesis and molecular docking analyses indicate
that these conserved residues may play important substratebinding roles in luciferase activity, particularly as hydrogenbonding partners for the R1 hydroxyl of coelenterazine.26 X-ray
crystallography analysis performed in this study provided
indications that these residues participate in the positioning of
molecular oxygen in the enzyme’s active site.

the emergence of catalytic activity through neofunctionalization of noncatalytic binding proteins.97,98
The ancestral enzyme AncHLD-RLuc reconstructed in this
study is an eﬃcient hydrolase that has clearly detectable
monooxygenase activity. AncHLD-RLuc represents a rare case
of catalytic promiscuity, as the ﬁrst digit of the EC numbers of
reactions it catalyzes diﬀer.6 Such catalytic promiscuity
obtained by ancestral sequence reconstruction has been
previously reported for resurrected ancestors of esterases
(EC 3.1.1) and hydroxynitrile lyases (EC 4.1.2),22,23 but
modern esterases and lyases also reportedly have weak
promiscuous lyase and esterase activity, respectively.22 The
diﬀerences in reactivities of highly speciﬁc extant and
promiscuous ancestral enzymes may be manifested in diﬀerences in their kcat and Km values for reactions with
representative substrates. Accordingly, we found that
AncHLD-RLuc had a 4-fold lower kcat and 3-fold lower Km
than extant HLD LinB for the reaction with 1-bromobutane,
resulting in very similar catalytic eﬃciency. Moreover, it had a
similar Km to the luciferase RLuc8 for the reaction with
coelenterazine but 6 orders of magnitude lower Vlim.
Comparison of the crystal structures of the reconstructed
ancestral and extant enzymes revealed high structural similarity
and analogous positions of the side chains of the catalytic
pentad. An important diﬀerence was discovered in the
orientation of the backbone carbonyl group of the conserved
Asn53 of RLuc8, which was rotated by 41.5° and 44.0° relative
to corresponding residues in LinB and AncHLD-RLuc. This
rotation is due to the diﬀerence in an adjacent residue: Ala in
RLuc8, instead of Pro in LinB and AncHLD-RLuc. Proper
orientation of the backbone carbonyl group of the ﬁrst halidestabilizing residue has known importance for positioning and
polarization of catalytic water in HLDs’ active sites.90 Single
turnover stopped-ﬂow experiments revealed that RLuc8 forms
a covalent complex in reaction with a halogenated substrate,
but it cannot catalyze its further hydrolysis. This ability was
bestowed on Rluc8 by Ala54Pro mutation, which simultaneously diminished luciferase activity.
A trade-oﬀ in dual function of RLuc8+Ala54Pro is likely
connected with a huge diﬀerence in size between the native
substrate (coelenterazine) and the promiscuous substrate
(halogenated alkane). We speculate that rigidiﬁcation of the
backbone carbonyl of Asn53 negatively aﬀected the positioning
of bulky coelenterazine inside the enzyme active site. Rluc8
and HLDs have diﬀerent requirements for catalyzed chemical
conversion. While an occluded and desolvated active site cavity
with somewhat limited dynamics of access tunnels is generally
beneﬁcial for dehalogenase activity following the SN2 reaction
mechanism,99,100 monooxygenase activity may beneﬁt from
much larger conformational ﬂexibility, enabling binding and
positioning of bulky coelenterazine.26,67
Diﬀerences in the conformational dynamics of the secondary
elements forming the cap domains of AncHLD-RLuc, RLuc8,
and LinB in solution were experimentally determined by HDXMS and compared with MD simulations. They are in an
agreement with previously described structural requirements
for dehalogenase and monooxygenase activity. Identiﬁed
diﬀerences in the accessibility of the enzyme active sites
connected with the probability of the main tunnel opening/
closing corroborate the necessity to modify ﬂexibility of the
secondary elements of the cap domain, in order to introduce
monooxygenase activity into the dehalogenase scaﬀold.
Rational engineering of protein conformational dynamics is

■

CONCLUSIONS
We have demonstrated that the reconstructed ancestor of
evolutionary related, but catalytically distinct, HLDs and RLuc
is a promiscuous enzyme with both hydrolase and monooxygenase activities. Ancestral enzyme AncHLD-RLuc exhibits
a rare case of catalytic promiscuity since the EC numbers of
two reactions it catalyzes diﬀer in the ﬁrst digit (3.8.1.5 versus
1.13.12.5). The crystal structure of AncHLD-RLuc solved to
1.39 Å resolution revealed high structural similarity of the
ancestor with both modern enzymes as well as the presence of
conserved catalytic pentad. A molecular oxygen was bound in
between two catalytic residues, typically involved in stabilization of a halogenated substrate and a halide ion formed during
the dehalogenase reaction. This observation implies that the
conserved halide-stabilizing residues participate in the
coordination of molecular oxygen, playing the role of a
cosubstrate during the monooxygenase reaction. Signiﬁcant
diﬀerences in the conformational dynamics of the secondary
elements forming the speciﬁcity-determining cap domains of
AncHLD-RLuc, RLuc8, and LinB were captured by HDX-MS
and MD simulations. Stopped-ﬂow and MALDI-TOF MS
analyses revealed that RLuc8 lacks hydrolase activity due to its
inability to hydrolyze the alkyl enzyme intermediate formed
upon its interaction with halogenated substrates. A single-point
substitution (Ala54Pro) adjacent to one of the halide/oxygenstabilizing residues was suﬃcient to bestow hydrolase activity
into the RLuc8. Accumulating pieces of evidence based on this
work as well as recent exciting studies22,23,89,90 suggest that
ancestral sequence reconstruction has great potential for
obtaining multifunctional biocatalysts.
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