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Highlights
• X-ray structures of three hyperstable ancestral haloalkane dehalogenases are described
• Specific sequence and structural elements are mapped and analyzed
• Highly stabilized ancestors show restricted conformational dynamics
• Insights into protein stabilization via ancestral sequence reconstruction are provided

Abstract
Ancestral sequence reconstruction is a powerful method for inferring ancestors of modern
enzymes and for studying structure-function relationships of enzymes. We have previously
applied this approach to haloalkane dehalogenases (HLDs) from the subfamily HLD-II and
obtained thermodynamically highly stabilized enzymes (Tm up to 24oC), showing improved
catalytic properties. Here we combined crystallographic structural analysis and computational
molecular dynamics simulations to gain insight into the mechanisms by which ancestral
HLDs became more robust enzymes with novel catalytic properties. Reconstructed ancestors
exhibited similar structure topology as their descendants with the exception of a few loop
deviations. Strikingly, molecular dynamics simulations revealed restricted conformational
dynamics of ancestral enzymes, which prefer a single state, in contrast to modern enzymes
adopting two different conformational states. The restricted dynamics can potentially be
linked to their exceptional stabilization. The study provides molecular insights into protein
stabilization due to ancestral sequence reconstruction, which is becoming a widely used
approach for obtaining robust protein catalysts.

Keywords: Enzyme; haloalkane dehalogenase; ancestral sequence reconstruction;
thermostability; X-ray crystallography; protein simulations; conformational flexibility; protein
design
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Introduction
A detailed understanding of the structure-function relationships is important for the
engineering of novel protein catalysts with enhanced thermostability and improved catalytic
properties. Ancestral sequence reconstruction (ASR) is a valuable tool for experimental
testing of structure-dynamics-function relationships between predicted ancestral enzymes
and their modern-day descendants

1, 2.

This powerful approach enables reconstruction of

ancient enzymes based on the sequence data inferred by phylogenetic analyses, which
allows interpretation of their molecular evolution 3. In the past two decades, ASR was
successfully applied for example: (i) to stabilize thioredoxin enzymes

4, 5,

3-isopropylmalate

dehydrogenase 6, serum paraoxonase 7, (ii) to enhance catalytic performance of copepod
luciferase

8

and polysaccharide lyases 9, and (iii) to modify substrate specificity of β-

lactamases 10 and lactate dehydrogenase 11.
Haloalkane dehalogenases (HLDs) are predominantly microbial enzymes that catalyze
the hydrolysis of halogenated hydrocarbons to the corresponding alcohol, halide ion and
proton

12.

For this biocatalytic activity, HLDs are recognized as key protein catalysts in many

industrial and biotechnological processes

13.

Based on sequence and phylogenetic analyses

HLDs are clustered into three subfamilies HLD I-III
hydrolase fold superfamily

15.

14.

HLDs structurally belong to the α/β-

HLD structure consists of (i) a conserved main domain formed

by an eight-stranded β-sheet sandwiched by six α-helices (αβα-sandwich architecture), and
(ii) a structurally variable and flexible cap domain that is typically formed by five α-helices

16.

The HLD active site is buried at an interface between the main and the cap domain, and is
connected with the exterior environment via several access tunnels

17.

The catalytic pentad,

cmposed of amino acid residues essential for the enzymatic reaction, is formed the
nucleophile Asp, the base His, the catalytic acid Asp/Glu and two halide stabilizing residues,
often formed by Trp and Trp/Asn pair 12.
Recently, we applied ASR to infer putative ancient HLDs within the subfamily HLD-II

18.

The study resulted in a successful the reconstruction of five ancestral HLDs, hereafter
referred to as AncHLD1-5, which were recombinantly expressed and biochemically and
biophysically characterized 18. These ancestral enzymes exhibit higher specific activities than
their corresponding descendants with a preference for short multi-substituted halogenated
substrates. Importantly, their thermal stabilities markedly increased compared to the modernday enzymes (Tm up to 24°C)

18.

Since thermal stability is a key parameter in the usage of

protein catalysts in industrial and technological settings, reconstructed AncHLDs represent
industrially promising biocatalysts. Therefore, the comprehensive structural analysis of these
promising biocatalysts can help us to better understand enhanced thermal stability and
inspire future protein engineering efforts.

3

Here we used a combination of X-ray crystallography and molecular dynamics (MD)
simulations to explore the structural and dynamical features distinguishing ancestral and
contemporary HLDs. The crystal structures of three ancestral HLDs – AncHLD2, AncHLD3
and AncHLD5 – reveal an overall similarity in their architecture with modern-day HLDs, but
structural variability in two different loops. MD simulations carried out with the obtained
crystal structures indicate that the enhanced thermal stability of the ancestral HLDs could be
related to decreased conformational dynamics, due to their strong preference for a single
conformation.

Results
Crystallization and structure determination of ancestral HLDs
Despite intensive efforts, we were not able to obtain diffraction-quality crystals for all five
reconstructed ancestral enzymes, AncHLD1-5. Well-diffracting crystals could be grown for
AncHLD2, AncHLD3 and AncHLD5, and high-resolution crystallographic data were collected
at 1.7 Å, 1.26 Å and 1.75 Å resolutions, respectively (Table 1). The structures were solved
by molecular replacement using homology-derived 3D structures as search models. The
initial models were further refined through multiple cycles of manual building and automatic
refinement. The final models show good statistics (Table 1). Most of the residues could be
built into the densities, with the exception of unstructured flexible N- and C-terminal ends. All
newly-solved AncHLDs structures (AncHLD2, AncHLD3 and AncHLD5) show an overall
structural similarity with other characterized modern-day HLDs

19-23,

whose structures were

reported previously. The topologies of secondary structure elements are comparable with
those observed for present-day HLDs (Figure 1). Sequence and structural comparisons,
including root mean squared deviation (RMSD) on Cα atoms and Dali Z-scores

24

between

reconstructed ancestral and modern HLD enzymes are summarized in Figure 1B-D.
Specifically, AncHLDs adopt a canonical α/β-hydrolase fold with a conserved core, which
consists of a central eight-stranded β-sheet, with β2 lying in an antiparallel orientation with
respect to the direction of the β-sheet that is sandwiched between six α-helices. In addition,
there is a typical cap domain present, which makes a shield over the main core domain
(Figures 2 and 3). The active site of all three AncHLDs contains the catalytic pentad in
canonical catalytically relevant conformations (Figures 4).
Structural analysis of AncHLD2
The crystals of AncHLD2 were found to belong to the P21212 space group (Table 1),
where six enzyme molecules are present in the asymmetric unit, with the root mean squared
4

deviation (RMSD) of Cα's ranging from 0.1 to 0.3 between individual monomers. The
AncHLD2 enzyme is structurally similar to its descendant DbeA (RMSD = 0.4 Å) and DbjA
(RMSD = 0.5 Å) enzymes (Figure 2). The only exception is a different conformation of the L9
loop of AncHLD2, due to a lack of DbjA-specific extension (Figure 1B and Figure 2C).
Interestingly, we observe unambiguous peak densities for two chloride anions, in all six
AncHLD2 monomers. We designated these sites chloride-binding site 1 and 2 (CBS-1 and
CBS-2). CBS-1 is located in the bottom of the active site cavity, thus corresponding to the
product-binding site, where the chloride anion (Cl1) is bound between two halide-stabilizing
residues, N38 (~3.5 Å) and W104 (~3.2 Å), and is in close contact with both the pyrrolidine
ring of P205 (~3.4 Å) and a solvent water molecule (~3.0 Å) (Figure 4). This water molecule
is a part of the hydrogen-bonded water molecule network that is lined up in the main (p1)
access tunnel, which connects the buried active site with the exterior environment (Figure
S1A). The second chloride anion (Cl2) is located approximately 10.2 Å from CBS-1 and is
coordinated by G37 (~3.3 Å), T40 (~3.1 Å), Q102 (~3.2 Å) and Q274 (~3.5 Å) (Figure 4).
While CBS-1 is common for all members of HLD family

12,

CBS-2 was previously observed

only in the crystal structure of DbeA enzyme from Bradyrhizobium elkanii USDA94
most related descendant to AncHLD2 (Figure 1D and Figure 2A)

18.

20,

the

We also identified

several molecules of 2-Methyl-2,4-pentanediol (MPD), 2-Amino-2-(hydroxymethyl)-1,3propanediol (TRIS) and Ethylene glycol (EDO) in the crystal structure of AncHLD2, which
originated from purification buffer and/or crystallization mother liquor, and predominantly
bound in enzyme surface binding pockets or making crystal packing contacts.
Structural analysis of AncHLD3
The crystals of AncHLD3 were found to belong to the P6522 space group, where one
monomer is present in the asymmetric unit (Table 1 and Figure 2B). We observe
unambiguous density of 2-(cyclohexylamino)ethanesulfonic acid (CHES), a buffer molecule
originating from crystallization mother liquor, which is bound in the active site pocket (Figure
4B). The sulphate group of the CHES molecule is deeply buried in the bottom of the active
site, where it occupies the product-binding site. Here, the sulphate group interacts with two
halide-stabilizing residues, N38 (~2.9 Å) and W104 (~2.5 Å), which mimics halide
stabilization. The nitrogen atom of the CHES ethylamine linker is hydrogen-bonded with a
carboxyl moiety of D103 (~2.7 Å) (Figure 4B). Finally, the capping cyclohexyl group adopts a
twist-boat conformation, and it forms multiple non-polar contacts with active site cavity-lining
residues, namely F148, F167, I171, H271 and L245. Additionally, we observe a second
molecule of CHES bound to the enzyme. The second CHES molecule is bound via its
hydrophobic cyclohexyl moiety in the enzyme’s shallow surface pocket. The cyclohexyl group
is perfectly resolved as it is tightly bound in the surface pocket, formed by predominantly
5

hydrophobic residues I7, V22, Y43, R46, I49, and A60 (Figure S1B). In contrast, the
remaining part carrying the sulphate group is solvent-exposed, and therefore the density for
this moiety is poorly resolved.
Structural analysis of AncHLD5
The crystals of AncHLD5 were found to belong to the P1211 space group, where two
enzyme monomers are present in the asymmetric unit (Table 1). Although chloride anions
were present in the crystallization mother liquor, there is no halide anion bound in the
AncHLD5 enzyme, which is quite unusual for the apo structure of HLDs. Instead, we observe
two water molecules bound in the active site. The first water molecule is bound at the
product-binding site, where it is coordinated by two halide-stabilizing residues, N40 (~3.1 Å)
and W106 (~3.6 Å) (Figure 4A). The second water molecule makes simultaneous hydrogenbonding with the former water molecule (~2.6 Å) and with the carboxyl group of D105 (~2.6
Å) (Figure 4A). Whilst the access tunnel entries in AncHLD2 and AncHLD3 enzymes are
narrow and rather occluded, the corresponding surface entries in AncHLD5 are spatially
larger (Figure 4B). This observation may be in agreement with the fact that AncHLD5
exhibits lower dehalogenation activity, when compared to ancestral proteins AncHLD2 and
AncHLD3 18.
Structural comparisons between ancestral and descendant enzymes
All reconstructed ancestral enzymes AncHLD2, AncHLD3, and AncHLD5 exhibited large
sequence and structural similarities. Specifically, the sequence and structural similarities
expressed by RMSD, % structural identity and Dali Z-score values are summarized in Figure
1C-D, while the structural superposition of AncHLD2, AncHLD3 and AncHLD5 is shown in
Figure S2. The structural conservation of five catalytically essential residues, the so-called
catalytic pentad, is shown in Figure 5.
The most significant structural deviations between presented ancestral structures are
observed (i) in the L2 loop connecting the β2 and β3 strands and (ii) in the L9 loop between
the β6 strand and α4 helix, which anchors a helical cap domain to a main α/β-hydrolase
domain (Figures 2 and 3). The reconstructed ancestors AncHLD2 and AncHLD3 displayed
the highest structural and sequence similarities with the contemporary HLDs, DbjA and DbeA
(Figure 2). The topologies of the secondary structure elements of AncHLD2 and AncHLD3
are almost identical with the structure of DbeA. The most significant difference was observed
in the comparison with the structure of DbjA, which contains extended α4 helix in the cap
domain and the L9 loop connecting the main and a cap domain (Figure 2). The structure of
AncHLD5 exhibits the highest percent structural identity with DhaA (65%) and DmmA (61%)
(Figure 1C). The main structure deviations between AncHLD5 and modern HLDs are again
6

mainly in the flexible L9 loop connecting the cap and the main domain and in the L2 loop
between the β2 and β3 strands (Figure 3). The superposition of AncHLD5 and DhaA reveals
the deviation of 2.9 Å at these loops (Figure 3D).
Conformational dynamics of ancestral and descendant enzymes
Computational molecular dynamics (MD) simulations were used to investigate the
dynamics of stabilized ancestral HLDs and to compare them with those of modern-day HLDs.
We used adaptive sampling method, which is an enhanced-sampling method for efficient
exploration of the under-sampled regions of the conformational space using knowledge
obtained from past MD simulations. By iterative launching of multiple short runs in the least
sampled regions, this approach achieves accelerated sampling compared to nonadaptive
MD simulations25 (Figure S3 and Table S1).
The analysis of B-factors from MD simulations revealed that the most flexible part of the
studied enzymes is the L9 loop connecting the β6-strand with α4 helix, encompassing the
residues of ~130-150 (Figure S4). The lowest B-factors in this region were exhibited by
AncHLD2 and DhaA, whereas the highest values were found in simulations with AncHLD5,
DbjA, and DmmA. Ancestral HLDs that are closer to the root showed a general increase in
the B-factors of the studied region compared to more recent ones (Figure S4). We also
compare the B-factors from MD simulations with the refined B-factors of Cα atoms of the
crystal structures of reconstructed enzymes (Figure 6). Even though the numerical B-factors
exhibit generally higher residue-to-residue fluctuations than the experimental ones, the two
datasets covary, mainly in the regions with high fluctuations (L9 loop in AncHLD3 and
AncHLD5, and L2 loop in AncHLD2 and AncHLD3; Figures 6 and 7). Interestingly, we found
significant correlations in all three variants demonstrating a good agreement between
simulation and experimental data (Pearson’s correlation coefficient = 0.40 – 0.57, p-value =
8.4 · 10-13 – 2.5 · 10-19; Figure 8 and Table S2). Removing the noise of numerical B-factors
by moving average increased the correlation up to r = 0.63 (p = 8.4 · 10-35). The consistency
of experimental and numerical B-factors is very good when considering the methodology
differences and can be viewed as a verification of the conformational sampling in MD
simulations.
In the next step, we analysed Markov State Models (MSM) based on RMSD values of Cα
atoms of investigated enzymes. The calculated parameters describing the enzyme dynamics
are summarized in Figure 9 and Table S3. Importantly, our simulations sampled only one
conformational state of AncHLD2, despite using the enhanced sampling scheme. This result,
together with low B-factor values from MD simulations, imply very low flexibility of this
enzyme with low probability of finding other conformations. The remaining enzymes adopted
two conformations (Figure S5), usually with a varying position of the L9 loop connecting the
7

main and cap domain and the α4 helix of the cap domain. Due to the consequence of this
conformational change to the active site cavity, we refer to the identified states as “closed”
and “open”. The movements of this region in DbjA were fast, causing high deviations for the
two states. On the other hand, the conformational changes in DbeA were subtle and involved
mainly the movement of the L9 loop connecting the main and cap domain. Different
dynamics were observed in DhaA and AncHLD3. The DhaA enzyme was rigid at the α4
helix, but highly flexible at the L5 loop between the β4 sheet and the α2 helix located on the
opposite side of the enzyme main domain. AncHLD3 was flexible at the L9 loop connecting
the main and the cap domain and α4 helix, but also at the L16 loop between β7 sheet and α9
helix located below the above-mentioned mobile region. The Markov state models analysis
showed that the two distinct states of modern-day HLDs were energetically close to each
other with low kinetic barriers (low ΔG), whereas the ancestral enzymes were adopting
preferentially only a single state. This suggests strikingly different conformational dynamics
of ancestral and modern-day haloalkane dehalogenases (Figure 9B and Table S3).
Computational analysis of catalytic residues
The RMSD analysis of the catalytic pentad in AncHLD2, DbeA and DmmA revealed a
single reactive conformation for the entire simulations (Table S4). The remaining enzymes
were also found to adopt a distorted orientation of their catalytic residues with varying
equilibrium probability and kinetics. The catalytic pentad of DhaA adopted active
conformations with only 52% probability, which is surprising considering high catalytic activity
of this enzyme. The active conformation of the catalytic pentad strongly dominated in
AncHLD5 with a 96% probability. The pentads of DbjA and AncHLD3 adopted active
conformations, with probabilities of 72% and 66%, respectively. The kinetic barriers in
AncHLD3 were high, suggesting that the distorted conformation cannot easily be reached
(Table S4). Overall, we note that there is no relationship between the probabilities of the
active conformations of catalytic pentad and the experimentally determined activities of
individual enzymes towards the set of halogenated substrates. In other words, our analysis
shows that there is no significant difference between the orientation of catalytic residues in
ancestral and modern enzymes. Therefore, the catalytic properties should not be
compromised.
Computational analysis of enzyme access tunnels
HLDs contain several internal tunnels connecting the exterior environment with the buried
active site

26.

The tunnel parameters for studied enzymes obtained by MD simulations are

summarized in Table S5. The main (p1) tunnel is located between the α4 and α5 helices of
the cap domain, the slot (p2) tunnel is in between the L9 loop connecting the main and the
8

cap domain and the L16 loop, which connects the β7 strand and α9 helix. We analysed the
access tunnels separately for both conformational states in each enzyme. The differences in
access pathways between the “closed” and “open” states were much more significant in
ancestral enzymes compared to modern day HLDs. The average bottleneck radius of the p1
and p2 tunnels continuously increase from AncHLD2, exhibiting two access pathways with a
size of the average bottleneck 1.7 Å and 1.1 Å, to the AncHLD5 displaying access tunnels
with the average bottlenecks 2.5 Å and 2.2 Å, respectively. Modern-day HLDs such as DbjA
and DbeA contain two access tunnels with the comparable size of the average bottleneck as
AncHLD2 and AncHLD3. The only exception is DhaA which exhibited the narrowest pathway
of all analysed enzymes with the average bottleneck size 1.3 Å and 1.0 Å (Table S5).

Discussion
ASR is a valuable method for studying structure- function relationships in enzymes and
for the design of robust protein catalysts. Here, we present the structural and computational
analysis of reconstructed HLDs from the subfamily II, which exhibit high thermodynamic
stability and improved specific activities with short brominated and iodinated halogenated
substrates

18.

All AncHLDs structures show a structural topology of the α/β-hydrolase fold

similar to modern HLDs (Figures 2,3)

19-22.

The structure conservation is closely related to

the high sequence similarity between ancestral and modern HLDs (Figure 1)

18.

The

structure conservation of ancestral enzymes has been previously demonstrated for seven
Precambrian thioredoxins 27.
A number of ions and small ligands were found in the structures of ancestral HLDs. The
structure of AncHLD2 revealed the presence of two halide-binding sites, both occupied by
chloride anions (Figure 4A). The first halide-binding site, present in all HLDs, is responsible
for the stabilization of the released halide ion after the dehalogenation reaction

21, 28, 29.

The

second halide binding site is unique to DbeA and has not previously been observed in the
crystal structure of any related enzymes

20.

The residues lining the second site (Gly37,

Thr40, Ile44, Gln102, and Gln274) are also present in AncHLD3 and in modern enzymes
DbjA, DmlA, DhmA

19, 20,

but the second halide ion has not been detected in their structures

yet. The structure of AncHLD3 uncovered two CHES molecules originating from the
crystallization buffer (Figure S1B). The presence of the CHES molecule in the active site has
been already observed in the structure of DatA

30.

In the CHES-bound AncHLD3 structure,

the sulphate group of the ligand is coordinated by halide stabilizing residues (N38 and
W104), while the nitrogen atom of the CHES ethylamine linker interacts with the carboxyl
group of the catalytic aspartate, D103. Guan and colleagues examined the catalytic activity
9

of haloalkane dehalogenase DatA in presence of CHES and revealed that this molecule acts
as an uncompetitive inhibitor

30.

Equally to the CHES molecule, the similar chemical

compound 2-(N-morpholino)ethanesulfonic acid (MES) is bound into the active site of
DhaA101 enzyme variant

31.

Analogously, the MES molecule bound in DhaA101 is also

stabilized by the interactions with the halide-stabilizing residues (N41 and W107) and
nucleophilic aspartate (D106) 31.
Both structural and computational analysis revealed that the most variable element of the
HLD structures is the solvent-exposed L9 loop connecting the main and the cap domain and
the adjacent α4 helix in the cap domain. The architecture and dynamics of this L9 /α4-helix
element has a direct impact on the enzyme access tunnels, influencing the entry of the
substrates to the active site, the release of the reaction products, as well as access of water
solvent to the active site (Figure 4B)

26.

Moreover, we speculate that the dynamical

behaviour of the neighbouring L16 loop between the strand β7 and helix α9 in AncHLD3
enables the access of the bulkier compounds into the active site as for example the observed
CHES molecule in the AncHLD3 crystal structure (Figure 4A).
The enhanced thermostability of ancestral enzymes was broadly described in several
previous studies . However, our understanding of the structural basis of this thermodynamic
stability is still limited. The long-standing hypothesis for the stabilization of ancestral proteins
is their hyperthermophilic origin

32

The other hypothesis relates the high stability to other

factors like oxidative stress, radiation, or high mutability due to lack of chaperons, reparation
mechanisms, and transcriptional and translational error rate

7, 33

Moreover, the elimination of

rare mutations detrimental to structural stability during the maximum likelihood method could
cause an improvement in the stability due to an artefact of the reconstruction method

34, 35

Our MD simulations indicated that the thermostable ancestral HLDs show more restricted
conformational dynamics than their mesophilic descendants. So far we have no experimental
data that could confirm our MD simulations results. One option would be to perform a
stopped-flow analysis to probe conformational space of ancestral protein forms. In general,
our results are in line with the proposal that thermophilic enzymes are more rigid than their
mesophilic homologues and that the rigidity should be a prerequisite for high protein
thermostability 36. The reduced flexibility of ancestral proteins has been recently observed by
Okafor and co-workers, who studied the thermostable elongation factors Tus 37. On the other
hand, it has been shown by experimental studies combined with computer simulations that
the thermal tolerance of a protein is not strictly correlated with the suppression of internal
fluctuations and mobility 38.This finding has been further confirmed by the existence of highly
stable and flexible proteins

39, 40.

Several studies explicate that local flexibility is crucial for

high catalytic activity of thermostable enzymes

36, 41.

The importance of the conformational
10

flexibility of ancestral enzymes for the emergence of new enzymatic function confirm the
studies of Precambrian β-lactamase and ancestral guanylate kinase

42, 43.

Our previous study

revealed higher specific activities of more rigid ancestral HLDs with small halogenated
substrates

18,

which contradicts those observations. Our observation can be related to the

simplicity of studied halogenated compounds, which do not require extensive conformational
changes for substrate binding, transition state stabilization, and product release.
In summary, we present the comparison between newly solved X-ray structures of three
reconstructed ancestral enzymes (AncHLD2, AncHLD3 and AncHLD5) and their evolutionary
related descendants. Despite the differences in stability and activity of ancestral and extant
HLDs, all ancestors possess high structural similarity with extant enzymes. Conformation of
the catalytic pentad is preserved during entire simulations in all studied enzymes, explaining
the good catalytic activity of reconstructed ancestors. Interestingly, the dynamics of ancestral
proteins are specific irrespective of their descendants. The mutations in reconstructed
ancestors lead to high thermostability and seem to be connected with restricted backbone
dynamics and preferred sampling of only one conformational state. Future experimental work
will aim at obtaining of detailed molecular insights into the catalytic mechanism of the wild
type and the reconstructed ancestral enzymes. For example, transient kinetic experiments
monitoring a change in fluorescence of the halide-binding tryptophan residue, upon the
substrate binding and its conversion, could help to explain a molecular basis underlying the
increased thermostability of reconstructed ancestral enzymes.

Methods
Protein expression and purification
The gene sequences of predicted ancestral enzymes AncHLD2, AncHLD3 and AncHLD5
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 (Promega). Escherichia coli chemo-competent BL21(DE3) cells were
transformed with prepared recombinant plasmids, plated on agar plates with ampicillin (100
µg·ml-1) and grown overnight. The obtained colonies were used for inoculation of 10 ml of
Luria-Bertani (LB) medium with ampicillin (100 µg·ml-1), and the cells were grown overnight
at 37°C at 200 rpm. The overnight culture (10 ml) was used to inoculate 1 l of LB medium
(ampicillin, 100 µg·ml-1). When the culture reached OD600 of 0.5-0.6 at 37°C and 115 rpm,
the enzyme expression was induced by the addition of IPTG to a final concentration of 100
µM. The cells were harvested and disrupted by sonication in aUP200S ultrasonic processor
(Hielscher

Ultrasoniscs,

Teltow,

Germany).

The

supernatant

was

collected

after
11

centrifugation (4000 g,1 h, 4°C). The crude extract was further purified on a HiTrap IMAC HP
5-mL column charged with Ni2+ (for AncHLD2-3) or Co2+ (for AncHLD5) ions (GE
Healthcare). His-tagged enzymes in equilibrating buffer (potassium phosphate buffer, 20
mM, pH 7.5) containing sodium chloride (0.5 M) and imidazole (10mM) were bound to the
resin. Unbound and non-specifically bound proteins were washed out by buffer containing
imidazole (10 mM).The enzymes were eluted by buffer containing imidazole (300 mM).The
enzyme fractions were pooled and dialyzed against 100 mM Tris-HCl buffer, pH 7.5 at 4°C
and concentrated to 6-10 mg/ml. The enzyme concentration was determined by using a
Bradford assay (Merck) with bovine serum albumin as a standard. Enzyme purities were
checked by SDS-PAGE analysis.
Crystallization, data collection, and structure determination
The crystallization trials were performed by using the sitting-drop vapor-diffusion method
at 23°C. The crystals of AncHLD2, AncHLD3 and AncHLD5 were grown during the initial
screening in 24-well plates (Hampton research, USA) in ratio 1:1 between enzymes and
precipitants within 3 to 7 days. The triangular prism shaped crystals of AncHLD2 with
dimensions 0.5 x 0.09 x 0.08 mm and the hexagonally shaped crystals of AncHLD5 with
average dimension 0.02 x 0.04 x 0.07 mm were observed in condition No. 51 of Wizard
classic (equivalent to No. 42 of JCSG-plus screen) containing 20% (w/v) PEG 8000, 200 mM
magnesium chloride and 100 mM Tris base/hydrochloric acid, pH 8.5. The hexagonally
shaped crystals of AncHLD3 with dimensions 0.2 x 0.1 x 0.04 mm appeared in condition No.
64 of the Wizard classic consisting of 1 M sodium citrate tribasic and 100 mM CHES/ Sodium
hydroxide, pH 9.5. Selected protein crystals were mounted in nylon cryo-loops (Hampton
Research, USA), immersed in originated conditions containing 25% MPD for few seconds,
and then flash frozen in liquid nitrogen.
Complete diffraction data sets were collected at the Diamond Light Source beamline I03
(Didcot, UK). Data of AncHLD2 and AncHLD5 were indexed and integrated by XDS
scaled and merged by Aimless of the CCP4 program suite
processed with xia2

46

using XDS

44

45.

44

and

Data of AncHLD3 were

for indexing and integration, and Aimless

45

for scaling

and merging. The crystal structures were solved by molecular replacement using Phaser
implemented in Phenix

48.

47

The structure of AncHLD3 was solved by molecular replacement

using software Balbes 49. The homology-derived structural models were built on the template
structure of HLDs DbjA

50

used as a search model. The initial model was refined through

several cycles of a manual building using COOT 51, and automated refinement with Phenix 48.
The final model was validated using tools provided in COOT

51

and MolProbity

52.

The

crystallographic data and final model characteristics are summarized in Table 1.
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Protein structures preparation for computational studies
The crystal structures of ancestral HLDs and modern HLDs were downloaded from the
RCSB protein data bank (PDB IDs 4K2A for DbeA, 3A2M for DbjA, 4E46 for DhaA, and
3U1T for DmmA). The hydrogen atoms were added and the structure was prepared with
HTMD in pH 7.5

53.

The catalytic histidine was set to be doubly protonated for these

simulations. The structure was then solvated in a 10 Å box of TIP3P water molecules with
the sodium chloride concentration of 0.1M.
System equilibration and adaptive sampling
The systems were equilibrated using the Equilibration_v1 module of High Throughput
Molecular Dynamics (HTMD) 53. The system was first minimized using the conjugate-gradient
method for 500 steps. Then the system was heated and minimized as follows: (I) 500 steps
(2 ps) of NVT thermalization with the Berendsen barostat to 298 K with constraints on all
heavy atoms of the protein, (II) 625 000 steps (2.5 ns) of NPT equilibration with Langevin
thermostat with 1 kcal·mol-1·Å-2 constraints on all heavy atoms of the protein and (III) 625 000
steps (2.5 ns) of NPT equilibration with the Langevin thermostat without constraints. During
the equilibration simulations, holonomic constraints were on all hydrogen-heavy atom bond
terms and the mass of hydrogen atoms was scaled with factor 4, enabling the 4 fs timestep
54-56.

The simulations employed periodic boundary conditions, using the particle mesh Ewald

method for treatment of interactions beyond 9 Å cut-off, electrostatic interactions suppressed
for more than 4 bond terms away from each other and the smoothing and switching van der
Waals and electrostatic interaction cut-off at 7.5 Å

54.

HTMD was used to perform adaptive

sampling of the RMSD of the Cα atoms. The 20 ns production runs were started with the files
resulting from the equilibration and they employed the same settings as the last step of the
equilibration. The trajectories were saved every 0.1 ns.
B-factors and Markov state model construction
The simulations were made into a simulation list using HTMD and water was filtered out
and crashed simulations with length less than 20 ns were omitted resulting in 3-6 µs of
simulation time (Table S1). To analyze the B-factors, the fluctuation of the Cα atoms of all
residues was computed by Metric-Fluctuation module of HTMD and converted to root-meansquare fluctuation (RMSF) using Eq. 1.
2

8π
B=
RMSF2
3

Eq. 1
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The B-factors were calculated from RMSF. To compare the numerical and experimental
B-factors we computed the Pearson’s correlation. Logarithmic transformation of both
numerical and experimental datasets was performed to ensure the normal distribution before
calculating the correlation. The Pearson’s correlation was also computed with smoothed
numerical B-factors using a moving average algorithm with window n=2. The reactive
orientation of the the overall dynamics of the enzymes and catalytic residueswas analyzed
using 2-state Markov state models (MSMs). Before the MSM construction, we computed the
implied timescales in order to estimate the number of observed transitions and choose the
lagtime for subsequent models. The metric for building the first MSM was the RMSD of
backbone atoms of the whole enzyme apart from the highly flexible ends (residues 10 to 284,
chosen according to the B-factors). The data were clustered using MiniBatchKmeans
algorithm to 100 clusters. 12 ns lag time was used in the models to construct the Markov
states and the Chapman-Kolmogorov test was performed to validate the model (Figure
S6).The RMSD of the heavy atoms of the catalytic residues excluding the equivalent oxygen
atoms (OD1,2 and OE1,2) was used as the metric for analysis of the second MSM model. The
data were clustered using MiniBatchKmeans algorithm to 100 clusters. 12 ns lag time was
used in the models to construct the Markov states and the Chapman-Kolmogorov test

57

was

performed to validate the model (Figure S7).
Analysis of access tunnels
A set of 100 structures of the resulting states were generated and used for the tunnel
analysis. CAVER 3.02

58,

was used to calculate the tunnels. The tunnels were calculated

using a probe radius of 0.9 Å, a shell radius of 3 Å and shell depth 4 Å. The starting point for
the tunnel calculation was defined as OD1 of nucleophilic aspartate. The clustering was
performed by the average-link hierarchical Murtagh algorithm, with weighting coefficient of 1
and clustering threshold of 3.5. Only the first and second tunnels identified by CAVER and
ranked by the priority were analysed.
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FIGURES AND TABLES

Table 1. Crystallographic data collection and refinement statistics.

Data collection*

AncHLD2

AncHLD3

AncHLD5

Wavelength (Å)

0.97625

0.97625

0.97625

Space group

P21212

P6522

P1211

109.58, 166.62, 100.29

71.42, 71.42, 225.76

63.871, 51.365, 78.419

90, 90, 90

90, 90,120

90, 94.067, 90

67.62 – 1.7 (1.76 – 1.7)

61.85 – 1.26 (1.305 – 1.26)

39.99 – 1.748 (1.81 – 1.748)

1,316,441 (95,050)

1,575,603 (54,070)

165,995 (16,069)

Cell dimensions
a, b, c (Å)
α, β, γ (°)
Resolution (Å)
Total reflections
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Unique reflections

201,178 (19,903)

92,642 (6,558)

50,931 (4,897)

11.5 (151.4)

5.1 (111.9)

5.2 (44.5)

9.9 (1.1)

25.7 (1.8)

14.9 (2.7)

99.9 (99.9)

99.8 (97.7)

98.8 (95.8)

6.5 (6.4)

17 (8.2)

3.3 (3.3)

99.7 (55.9)

100 (56.4)

99.8 (80.2)

19.947

14.776

21.52

Resolution (Å)

67.62 – 1.7 (1.76 – 1.7)

61.85 – 1.26 (1.305 – 1.26)

39.99 – 1.748 (1.81 – 1.748)

No. reflections

201,178 (19,853)

92,502 (8,867)

50,931 (4,897)

18.15 / 21.83

14.66 / 16.87

18.31 / 21.54

Protein

13,869

2,316

4,552

Ligand

212

26

178

Water

1,046

272

570

Protein

28.5

22.8

25.9

Ligand

43.4

43.5

–

Water

35.0

39.8

29.6

0.007

0.005

0.009

Rmerge
I / σI
Completeness (%)
Multiplicity
CC(1/2)
Wilson B-factor
Refinement

Rwork (%) / Rfree (%)
Number of atoms

B-factors

R.m.s deviations
Bond lengths (Å)

0.89

0.79

1.02

Ramachandran favored (%)

Bond angles (º)

96.41

95.8

96.63

Ramachandran allowed (%)

3.59

4.2

3.19

Ramachandran outliers (%)

0

0

0.18

6Y9E

6Y9F

6Y9G

PDB ID code

*Values in parentheses are for the highest-resolution shell.
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Figure 1. Sequence and structural comparison between ancestral and modern HLD enzymes. (A)
Schematic representation of the domain topology of haloalkane dehalogenase enzymes. (B)
Sequence alignment of the in-lab resurrected ancestral enzymes (AncHLD2, AncHLD3 and AncHLD5)
and modern enzymes (DbeA, DbjA, DhaA, DmmA and DmxA). The alignment was constructed using
the MUSCLE, and coloring was performed in JalView. Secondary structure elements found in
AncHLD2 are shown above the alignment. The residues of the catalytic pentad are labelled with purple
circles. (C) Pairwise structural comparisons between ancestral and modern HLD enzymes. Values of
RMSD on Cα atoms and percent (%) structural identity are noted. (D) Structural similarity dendrogram
and structural similarity matrix. The dendrogram was derived by average linkage clustering of the
structural similarity matrix (Dali Z-scores).
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Figure 2. Structures of AncHLD2 and AncHLD3. (A) Cartoon representation of AncHLD2 structure
with the central eight-stranded β-sheet (yellow), α/β-hydrolase helices and helical cap domain (light
blue) (left panel). Ribbon representations of structural comparison between AncHLD2 and DbeA
(middle panel) and AncHLD2 and DbjA (right panel) are shown. The positions of catalytic pentad
residues are shown as purple spheres. (B) Cartoon representation of AncHLD3 structure with the
central eight-stranded β-sheet (yellow), α/β-hydrolase helices and helical cap domain (light green) (left
panel). Ribbon representations of structural comparison between AncHLD3 and DbeA (middle panel)
and AncHLD2 and DbjA (right panel) are shown. The positions of catalytic pentad residues are shown
as purple spheres.
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Figure 3. Structure of AncHLD5. (A) Cartoon representation of AncHLD5 structure with the central
eight-stranded β-sheet (yellow), α/β-hydrolase helices and helical cap domain (salmon). The positions
of catalytic pentad residues are shown as purple spheres. (B-F) Structural comparison between
AncHLD5 and DbeA (B), AncHLD5 and DbjA (C), AncHLD5 and DhaA (D), AncHLD5 and DmmA (E)
and AncHLD5 and DmxA (F).
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Figure 4. Structural comparison of AncHLD2, AncHLD3 and AncHLD5. (A) Close-up views of the
enzyme active site with key catalytic residues (purple sticks), bound ligand and water molecules. The
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left panel; close-up view of the AncHLD2 active site with shown residues participating in catalysis and
chloride binding. Two chloride ions (Cl1 and Cl2) are shown as green spheres, and a water molecule
as red sphere. The middle panel; close-up view of the AncHLD3 active site with shown residues
participating in catalysis, CHES molecule is shown as cyan sticks. The right panel; close-up view of
the AncHLD5 active site with shown residues participating in catalysis, two water molecules are shown
as red spheres. Yellow dashed lines represent coordinating interactions. (B) Surface representations
of AncHLD2 (left panels), AncHLD3 (middle panels) and AncHLD5 (right panels) enzymes. Main (p1)
and slot (p2) tunnel entries are depicted and zoomed in (bottom panels).

Figure 5. Structural conservation of active site residues. The 2Fo−Fc electron-density map
contoured at 1.5 σ for five catalytically-essential active site residues in AncHLD2 (A),
AncHLD3 (B) and AncHLD5 (C).

25

Figure 6. Comparison of residue-wise Cα B-factors calculated by MD simulations (violet
lines) and retrieved from crystal structures (green lines) for AncHLD2 (A), AncHLD3 (B) and
AncHLD5 (C). Note that the numerical datasets are smoothed with moving average n = 2.

Figure 7. A visual comparison of ancestral HLDs Cα B-factors magnitude for AncHLD2 (A),
AncHLD3 (B) and AncHLD5 (C) enzymes retrieved from static crystal structures (top panels)
and MD simulations (bottom panels).
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Figure 8. Correlation plots of Cα B-factor values derived from MD simulations and crystal
structures for AncHLD2 (A), AncHLD3 (B) and AncHLD5 (C). The logarithmic transformation
of both datasets was performed to achieve normally distributed data.
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Figure 9. Restricted conformational dynamics of ancestral enzymes revealed by molecular
dynamics simulations. (A) The equilibrium probabilities of the conformational states (State 1
– open and State 2 – closed) of resurrected ancestral HLDs (AncHLD2, AncHLD3 and
AncHLD5)

and

their

modern

descendants

(DbjA,

DbeA,

DhaA

and

DmmA).

(B) The calculated energy barriers illustrated by mean first passage time between
conformational states (MFPTon is time to get into the open state and MFPToff is time to get
into the closed state).

Table 1. Crystallographic data collection and refinement statistics.
Data collection*

AncHLD2

AncHLD3

AncHLD5

Wavelength (Å)

0.97625

0.97625

0.97625

Space group

P21212

P6522

P1211

109.58, 166.62, 100.29

71.42, 71.42, 225.76

63.871, 51.365, 78.419

Cell dimensions
a, b, c (Å)
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α, β, γ (°)

90, 90, 90

90, 90,120

90, 94.067, 90

67.62 – 1.7 (1.76 – 1.7)

61.85 – 1.26 (1.305 – 1.26)

39.99 – 1.748 (1.81 – 1.748)

1,316,441 (95,050)

1,575,603 (54,070)

165,995 (16,069)

201,178 (19,903)

92,642 (6,558)

50,931 (4,897)

11.5 (151.4)

5.1 (111.9)

5.2 (44.5)

9.9 (1.1)

25.7 (1.8)

14.9 (2.7)

99.9 (99.9)

99.8 (97.7)

98.8 (95.8)

6.5 (6.4)

17 (8.2)

3.3 (3.3)

99.7 (55.9)

100 (56.4)

99.8 (80.2)

19.947

14.776

21.52

Resolution (Å)

67.62 – 1.7 (1.76 – 1.7)

61.85 – 1.26 (1.305 – 1.26)

39.99 – 1.748 (1.81 – 1.748)

No. reflections

201,178 (19,853)

92,502 (8,867)

50,931 (4,897)

18.15 / 21.83

14.66 / 16.87

18.31 / 21.54

Protein

13,869

2,316

4,552

Ligand

212

26

178

Water

1,046

272

570

Protein

28.5

22.8

25.9

Ligand

43.4

43.5

–

Water

35.0

39.8

29.6

Bond lengths (Å)

0.007

0.005

0.009

Bond angles (º)

0.89

0.79

1.02

Ramachandran favored (%)

96.41

95.8

96.63

Ramachandran allowed (%)

3.59

4.2

3.19

Ramachandran outliers (%)

0

0

0.18

6Y9E

6Y9F

6Y9G

Resolution (Å)
Total reflections
Unique reflections
Rmerge
I / σI
Completeness (%)
Multiplicity
CC(1/2)
Wilson B-factor
Refinement

Rwork (%) / Rfree (%)
Number of atoms

B-factors

R.m.s. deviations

PDB ID code

*Values in parentheses are for the highest-resolution shell.
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