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ABSTRACT: The improved production, recycling, and removal of
plastic waste, such as polyethylene terephthalate (PET), are pressing
environmental and economic issues for society. Biocatalytic (enzymatic)
PET depolymerization is potentially a sustainable, low-energy solution to
PET recycling, especially when compared with current disposal methods
such as landfills, incineration, or gasification. IsPETase has been
extensively studied for its use in PET depolymerization; however, its
evolution from cutinases is not fully understood, and most engineering
studies have neglected the majority of the available sequence space
remote from the active site. In this study, ancestral protein
reconstruction (ASR) has been used to trace the evolutionary trajectory
from ancient serine hydrolases to IsPETase, while ASR and the related
design approach, protein repair one-stop shop, were used to identify
enzyme variants with improved activity and stability. Kinetic and

structural characterization of these variants reveals new insights into the evolution of PETase activity and the role of second-shell
mutations around the active site. Among the designed and reconstructed variants, we identified several with melting points 20 °C

higher than that of IsPETase and two variants with significantly higher catalytic activity.

O ne of the largest problems facing modern society is the
increasing use and mismanagement of plastics. Over the
past several decades, the production and use of plastics have
dramatically increased to a reported 368 million tons
worldwide in 2019."” The accumulation of plastic waste has
impacted marine and terrestrial life, in terms of not only
pollution but also health impacts due to microplastics entering
the food chain,” microplastics acting as sinks for toxic
chemicals and pollutants,” and possibly harmful additives used
to modify the polymer properties.’ Polyethylene terephthalate
(PET) is among the most used plastics worldwide, comprising
approximately 10% of annual plastic production.” PET is a
semiaromatic thermoplastic polymer used in industrial settings
for many uses, including engineering, packaging, and fibers,
with a worldwide annual production of approximately 28
million tons.*~"> Although the chemical stability and durability
of PET allow it to be used ubiquitously, these properties also
result in its persistence in landfills and the environment.
Deposition in landfills, mechanical and chemical recycling, and
incineration have many limitations that make them undesirable
as long-term solutions to the problem of PET accumulation.
Due to the detrimental effects of plastics in our environment,
and the need to transition to a low-carbon, circular economy,
the development of better methods for the breakdown and
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recycling of plastics is vital. Thermal approaches such as
incineration or gasification downcycle plastic waste by either
burning (with the consequent release of greenhouse effect
gases) or generating hydrocarbons that are subsequently also
burned." In contrast, enzymatic depolymerization of plastic is
a low-energy, sustainable solution that can be used to upcycle
postconsumer plastic waste into high-quality recycled PET
(rPET)."* Using enzymes, PET can be depolymerized into its
constituent monomers, terephthalic acid (TPA) and ethylene
glycol. One outstanding enzyme candidate in terms of its PET-
degrading ability is PETase, isolated from Ideonella sakaiensis
(IsPETase).'>'® IsPETase was originally identified in the
bacterium I sakaiensis, which could utilize PET as a carbon
source.” IsPETase degrades PET to a mixture of mono(2-
hydroxyethyl) terephthalate (MHET) and TPA. A second
enzyme, MHETase, then catalyzes the conversion of MHET to
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TPA and ethylene glycol.'® IsPETase uses a catalytic triad of
Ser160, His237, and Asp206, consistent with the %eneral
structure of cutinases, to cleave the ester bonds of PET."” Due
to the potential biotechnological applications of IsPETase,
many studies have recently investigated the structure and
catalytic mechanism of the enzyme.'>'*'? Several years prior
to the discovery of IsPETase, several other related serine
hydrolases (mostly annotated as cutinases) that also possessed
PET-degrading activity had been identified from a range of
thermophiles,” including a leaf-compost cutinase (LCC).*" A
recent review discussed the benefits of thermophilic and
thermostable enzymes, as they are highly active at the glass
transition temperature (72—74 °C), where crystalline PET
becomes more amorphous and accessible for enzyme
degradation.”” More recently, other mesophilic PETases have
been found in plastic-polluted oceans.”’

For PETases to be applied industrially to aid in the
depolymerization and recycling of PET, they typically need to
be engineered to increase their kinetic and thermal stability, as
well as their catalytic efficiency.”*™>® These approaches have
ranged from random mutagenesis to computational design,
machine learning, and rational design. Most mutated residues
are targeted to modify the substrate binding site, the wobbling
tryptophan residue and those in the vicinity of the disulfide
bond in the active site."”'”*”*® As a result, numerous protein
engineering efforts have succeeded in developing more stable
and active variants, including DuraPETase, ThermoPETase,
HotPETase, and FAST-PETase.”” > Recently, Lu et al
demonstrated that FAST-PETase could almost completely
degrade untreated, postconsumer PET samples within 1 week
and recover the monomers.”’ Previously, Tournier et al.
produced a similar result using an engineered LCC variant that
showed 90% depolymerization on thermally amorphized
postconsumer PET within 10 h,* demonstrating how PETase
and related enzymes may be implemented in industrial
processes. The opportunities and limitations of addressing
biotechnological plastic recycling have been discussed
extensively elsewhere.”*

Ancestral sequence reconstruction (ASR) is an approach
that can be used to understand the evolutionary history of a
particular protein and is increasingly being used in protein
engineering” owing to its tendency to produce robust proteins
with improved properties. Interestingly, ASR tends to produce
many mutations in regions of the protein that are remote from
the active site and that are currently beyond our ability to
rationally engineer in a reliable manner. ASR uses a data set of
extant protein sequences to generate a multiple-sequence
alignment for constructing a phylogenetic tree. The sequences
of ancestral internal nodes from such a phylogeny can be
inferred using different reconstruction tools such as CodeML,
GRASP, and others.”>*” Recently, computational design has
exploited the tendency for evolutionarily conserved amino
acids (such as those that are often introduced through ASR) to
stabilize proteins and combined this with force-field-based
protein design, leading to the development of the Rosetta-
based algorithm protein repair one-stop shop (PROSS),”
which is an alternative approach for rapidly exploring a large
proportion of sequence space for beneficial mutations.

In this study, we have applied ASR to study the evolution of
IsPETase from the cutinase family of serine hydrolases. Using
stability, activity, and structural analysis (by protein crystallog-
raphy and homology modeling with AlphaFold),””*" we
precisely map how substrate specificity has evolved to

accommodate the PET polymer. Our results suggest that
ancestors of IsPETase likely already possessed promiscuous
PET-degrading activity and that this activity was optimized
through evolution with a trade-off between thermostability and
enhanced activity. Concurrently, we have applied ASR and the
related approach of PROSS to generate variants of IsPETase
with enhanced industrial characteristics.

B MATERIALS AND METHODS

Ancestral Sequence Reconstruction. We performed two
independent ancestral sequence reconstructions of I. sakaiensis
PETase (GenBank accession number AOAOKS8P6T7), once
with GRASP?” (ASRI) and the second time with PAML*®
(ASR2).

ASRI. The online EFI-Enzyme Similarity Tool*' was used
with the IsPETase sequence as input and ran with an E value of
107° set to a maximum number of 1000 retrieved sequences. A
total of 914 unique sequences were found. Afterward, CD-
Hit* was used with a threshold of 65%, reducing the data set
to 76 sequences. Several known PET hydrolases were
reintroduced, resulting in a final data set of 82 sequences.
The sequences were aligned with MAFFT,* and signal
peptides were identified and manually removed with
SignalP4.0.44 IQ-TREE2* and ModelFinder were used to
determine the optimal model of sequence evolution, and WAG
+F+R6 was found to be the best model. The tree was
generated five times, and the best tree was used according to
the AU test. Ancestral sequence reconstruction was performed
using the online Web server GRASP (WAG model), providing
the data set of 82 aligned sequences with the IQTREE2-
generated file. Ancestral sequences were retrieved from the
marginal reconstruction of GRASP.

ASR2. Sequences were retrieved from NCBI nonredundant
protein sequence database bypBLAST using IsPETase as a
seed sequence. Default pBLAST parameters were used.
Redundancy within the sequence data set was removed to
80% sequence identity using CD-HIT, and signal peptides
were identified and manually removed using Si‘gnalP4.0.44 All
sequences were aligned using PROMALS3™ before the
alignment was manually refined on the basis of a structural
alignment of IsPETase [Protein Data Bank (PDB) entry
SXJH], LCC (PDB entry 4EBO), and TfCut2 (PDB entry
4CGl1). Poorly conserved insertions were deleted, and
sequences that were consistently poorly aligned were removed
from the data set. The final data set had 147 sequences.
Phylogenetic reconstruction was performed by maximum
likelihood (ML) using IQTREE2. The sequence evolution
model was selected by ML using ModelFinder, as implemented
in IQTREE2. Tree search parameters were kept as the default,
and branch supports were measured by ultrafast bootstrap
approximation (ufboot) performed to 1000 replicates.
Phylogenetic reconstruction was performed in replicates of
10, and the approximately unbiased (AU) test (conducted to
10000 replicates) was used to differentiate topologies that were
significantly more likely than others. The single best tree was
used for ASR. Ancestral states were reconstructed by ML using
CodeML from the PAML package. The sequence evolution
model was WAG+G4 (as CodeML does not support free-rate
models), and a parameters were inferred from the data. Only
ancestral sequences supported by a minimum mean posterior
probability of 0.8 and a topological ufboot of 0.95 were
experimentally tested.
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Protein Repair One-Stop Shop (PROSS). The X-ray
crystal structure of the PETase R280A mutant (PDB entry
SYNS)'” was submitted to the PROSS®® web server (http://
pross.weizmann.ac.il/). The catalytic residues (S160, H237,
and D206) and residues comprising the expected binding site
(Y87, T88, A89, Q119, W159, M161, W185, S236, S238,
N241, and S245) were not allowed to be mutated during the
design process. The server produced seven combinatorial
designs (PROSS1—7), containing increasing numbers of
mutations relative to the input structure. Of these designs,
we selected PROSS3—7 for experimental characterization.

Protein Expression and Purification. The GRASP
ancestral sequences were synthesized at GenScript (containing
a C-terminal His tag) in modified expression vector pET-43.1a
(+) from Novagen. The CodeML and PROSS sequences were
synthesized by IDT and cloned into pETMCSIII" by Gibson
Assembly.”® Escherichia coli strain BL21(DE3) was used for
expression and induced by 0.1 mM isopropyl p-p-1-
thiogalactopyranoside (IPTG). Cultures were further incu-
bated for ~18 h at 16 °C and 180 rpm. Cells were harvested by
centrifugation at 5000g for 20 min at 4 °C. The cell pellet was
resuspended in lysis buffer [10 mM PBS, 350 mM NaCl, 10%
(w/v) glycerol, 2 mM MgCl,, and 20 mM imidazole (pH 7.5)]
containing the recommended amounts of cOmplete EDTA-
free Protease Inhibitor Cocktail (Roche) and Benzonase
(Merck-Millipore). The cells were sonicated, and the lysate
was filtered (0.22 pm). The ancestral enzymes were purified
using a two-step method on an AKTAxpress instrument (GE
Healthcare) using a prepacked 1 mL HisTrap FF column (GE
Healthcare), followed by automated injection of the peak
eluate onto a HiLoad Superdex 200 16/60 prep grade column
(GE Healthcare). The immobilized metal affinity chromatog-
raphy (IMAC) column was equilibrated, and samples were
washed with IMAC buffer [10 mM PBS, 350 mM NaCl, 10%
(w/v) glycerol, and 20 mM imidazole]. The proteins were
eluted using an IMAC buffer supplemented with 500 mM
imidazole. The Superdex 200 column was equilibrated using
SEC buffer [S0 mM bicine and 100 mM NaCl (pH 9)]. The
corresponding fractions were pooled and concentrated, and the
concentration was determined using a NanoDrop instrument
at 280 nm according to values calculated using the Expasy,
ProtParam tool.*’

Enzymatic Activity of Ancestral Enzymes. Polyethylene
terephthalate microparticles (<5 mm) were generated from
commercial PET bottles by being snap-frozen in liquid
nitrogen and then ground with a coffee grinder. The enzyme
assay reaction was performed in a total volume of 600 yL using
SEC buffer [SO mM bicine and 100 mM NaCl (pH 9)] with
~109 mg of hc-PET microplastics. PET degradation was
initiated by adding 500 nM enzyme, and the reaction mixture
was incubated for 1 or 6 h at 1000 rpm and 30 °C. Enzymes
with increased thermal stability were also tested at higher
temperatures between 40 and 70 °C. The hydrolysis reactions
were stopped at 90 °C, and the mixtures filtered (0.2 yM) for
2 min via centrifugation at 16110g. The PET degradation
efficiency was adapted from previous methods.””*" Then, 100
UL of the reaction mixture was transferred to a black 96-well
plate. The reaction was initiated by adding 25 uL of 5 mM
EDTA and 25 L of S mM FeSO, with a multichannel pipet.
Finally, 25 uL of 2% H,0, was added by mixing the reaction
mixture. The reaction mixture was incubated for 60 min at
room temperature. The fluorescence was then measured with a
plate reader from CLARIOstar BMG-Labtech Australia (1, =

320 nm, and A, = 420 nm). At the same time on each plate,
three replicates of a calibration curve of terephthalic acid
(TPA) between 0 and 400 uM were prepared to interpolate
the concentration of TPA in the samples. SEC buffer was used
as blank, and its fluorescence was subtracted from the
fluorescence of all samples. All activity assays were performed
in triplicate and measured in duplicate on the plate.

Thermostability Measurement. The thermostability of
the purified PETase variants was determined using differential
scanning fluorimetry (DSF) in the CSIRO C3 facilities. The
enzymes were diluted to a concentration of 40 pg/mL in SEC
buffer [SO mM bicine and 100 mM NaCl (pH 9.0)]. A 20 uL
protein sample was pipetted into a 96-well plate, and 0.3 uL of
1X SYPRO orange dye was added using nanodispensing robots
(Art Robbins). The thermal shift was observed using a real-
time polymerase chain reaction machine (Thermo Fisher
Scientific). Melting temperatures were determined from the
first-derivative curves using Meltdown.”” Protein samples were
set up in six replicates each, and as an internal control, 0.1 mg/
mL lysozyme was used.

Protein Crystallization and Structure Determination.
Crystals of GrAnc8 were grown by vapor diffusion setting up
drops at a 1:1 ratio with 150 nL of GrAnc8 at 2.2 mg/mL and
150 nL of mother liquor using the Phoenix Crystal (Art
Robbins) liquid handling platform. Crystals grew at 293 K after
a couple of days in a solution containing 1.2 M trisodium
citrate (pH 8.3). Then, 1.6 M trisodium citrate (pH 8.3) was
overlaid on the drop for cryoprotection prior to flash cooling in
liquid nitrogen. Diffraction experiments were carried out at the
Australian Synchrotron MX2 beamline® under nitrogen vapor
at 100 K at a wavelength of 0.974 A. Data reduction was
carried out with XDS for indexing and integration followed by
scaling and merging with Aimless.””>> Molecular replacement
was carried out with Phaser via a model derived from PDB
entry 6EQE.*® The model was iteratively built and refined with
Coot 0.8.9 and Refmac 5.7, respectively, via the CCP4i2 user
interface.”’ " For the rest of the ancestral sequences, we used
AlphaFold to predict the three-dimensional protein struc-
ture.””*" Crystals of PROSSS PETase were grown at 18 °C
using the sitting-drop vapor diffusion method with a reservoir
solution containing 0.08 M sodium cacodylate (pH 6.5), 20%
(v/v) glycerol, 14.4% (w/v) PEG 8000, and 0.16 M calcium
acetate. Drops were set up at a 1:1 reservoir:protein volume
ratio. Crystals formed within 2 days and were flash frozen in
liquid nitrogen after 14 days. Diffraction data were collected on
the macromolecular crystallography beamline (MX2) at the
Australian Synchrotron under nitrogen vapor at 100 K at a
wavelength of 0.979 A. Data were processed using XDS>” and
Aimless,”**”%° and molecular replacement was performed
using Phaser.” Iterative cycles of manual model building and
refinement were performed using Coot 0.8.9°”°" and
phenix.refine.®”

Availability of Data. Crystal structures of GrAnc8 and
PROSSS have been deposited as PDB entries 8CRU and
8D1D, respectively.

B RESULTS

Phylogenetic Analysis of the PETase/Cutinase Fam-
ily. Although multiple serine hydrolases that can catalyze the
depolymerization of PET have been identified, our study
focused predominantly on IsPETase from I. sakaiensis. To test
the robustness of our hypotheses against evolutionary
uncertainty and to generate a range of potential ancestral
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Figure 1. Phylogenetic and ancestral sequence reconstruction. (A) ASRI data set reconstructed in GRASP (82 sequences). (B) ASR2 data set
reconstructed in CodeML (147 sequences). Nodes that were experimentally characterized are labeled in both panels A and B. I sakaiensis PETase
is labeled (IsPETase), as well as cutinase-like PETases, leaf compost cutinase (LCC), and T. fusca cutinase-2 (TfCut2). The proteobacterial
cutinase clade is highlighted, and tips are colored according to phylum. Nodes supported by an ultrafast bootstrap approximation of >95 are colored
solid black. IsPETase belongs to a conserved lineage that diverged from ancestral proteobacterial cutinases independently of other PET hydrolytic
enzymes. (C) Posterior probabilities for PET binding sites averaged over all reconstructed sequences. All residues belonging to subsites I and II are
on average reconstructed with a high posterior probability and are strongly supported. Subsite I, including the catalytic $160, is highlighted. (D)
Posterior probability distributions for all reconstructed sequences. GRASP and CodeML ancestors are all supported by high mean posterior

probabilities and high per site probabilities at functionally important

sites.

sequences, we reconstructed ancestral PETase sequences using
two independent data sets of 82 and 147 sequences of related
extant enzymes. We observed minor differences in the
underlying tree topologies and sequence alignment; these
were shown previously to have profound effects on both the
properties of reconstructed enzymes and the interpretation of
' By using two independent data sets,
we aimed to cross-validate our results across congruent, yet
distinct, phylogenetic hypotheses. Maximum likelihood (ML)
phylogenetic topologies were built from each respective data
set using IQTREE (Figure 1A,C). For the same reason that we
used two independent sequence data sets, we also
reconstructed ancestral sequences by maximum likelihood
(ML) using two separate algorithms, GRASP?” and CodeML
from the PAML suite.”® To remain computationally efficient
on large data sets, GRASP assumes that all sites in an
alignment evolve at the same rate and therefore does not
support the inclusion of rate heterogeneity parameters in the
sequence evolution model. As models that lack rate

. 63
evolutionary results.

heterogeneity parameters seldom outperform those that
include them,"”” reconstructions performed in CodeML
typically include a discretized I' distribution in which
evolutionary rates are sampled from during inference of
ancestral characters. GRASP is further distinguished from
CodeML in its partial order graph framework that allows
probabilistic modeling of insertions and deletions, which are
not explicitly considered in CodeML.*>%°

Both sets of trees show that IsPETase diverged from an
ancestral lineage that shared a common ancestor with
actinobacterial cutinases, independently of other cutinase-like
PET hydrolases, such as leaf branch compost cutinase
(LCC)*" and Thermobifida fusca cutinase-2 (TfCut2).”” One
clear distinction between the two phylogenetic topologies we
investigated (Figure 1A,C) is the placement of the
proteobacterial cutinases (including IsPETase) within the
broader cutinase family. Indeed, the actinobacterial cutinases
are reconstructed as both mono- and polyphyletic across both
data sets. Notably, the topology that reconstructs the
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14 GrAncl 94,
15 GrAnco 94,
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alignment of IsPETase with GRASP- and CodeML-generated ancestral sequence predictions. The alignment was

created with MAFFT using the default parameters on the EMBL-EBI web server and then colored by MView. A high degree of similarity of the
predicted sequences is observed, excluding the C-terminal region with various insertions and deletions (black star). Furthermore, the blue stars
denote three other regions with two or three residues inserted, one of those belonging to the IsPETase specific extended loop (red arrow).

proteobacterial cutinase clade as a sister clade to a mono-
phyletic actinobacterial cutinase lineage (the 82-sequence data
set) does so with worse branch support [ultrafast bootstrap
approximation of <90 for the LCA of the proteobacterial
cutinases (Figure 1 and Supplementary Figure 1)] than the
alternative 147-sequence data set, indicating less certainty in
the placement of these sequences. As our analyses focused on
evolution within the proteobacterial lineage, it is unlikely that
the placement of the actinobacterial cutinases may significantly
alter the reconstruction of ancestral sequences beyond the
LCA of the proteobacterial cutinases (GrAnc0); however, it

may have ramifications on how the prokaryotic cutinase family
has diverged overall.

To investigate the molecular mechanisms of PETase
evolution, we reconstructed the sequences of the ancestral
nodes spanning from the last common ancestor (LCA) of
proteobacterial cutinases to extant IsPETase in both our
CodeML (CoAncl—4) and GRASP (GrAnc0—9) ASR data
sets. Because the actinobacterial cutinases are reconstructed as
polyphyletic clades in the 147-sequence data set, this means
that the LCA of the proteobacterial sequences is closer in
evolutionary distance; thus, while 10 sequences were

https://doi.org/10.1021/acs.biochem.2c00323
Biochemistry XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.2c00323/suppl_file/bi2c00323_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00323?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00323?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00323?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00323?fig=fig2&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.2c00323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

reconstructed in the 82-sequence monophyletic data set (to
the shared LCA of actinobacterial and proteobacterial
sequences), only four ancestral sequences were reconstructed
in the 147-sequence polyphyletic data set. The reconstructed
sequences were aligned (Figure 2) and varied by amino acid
identity (relative to wild-type IsPETase) between 58.6—91.3%
(GrAnc0—9) and 65.3—89.4% (CoAncl—4). Additionally, all
ancestral proteins were reconstructed with relatively high
posterior probabilities (Figure 1B,D) both overall and at sites
known a priori to be involved in PETase activity (Figure 2),
and from nodes that were supported by high bootstrap values,
suggesting a high degree of statistical confidence in our
reconstructions. The alternative reconstructions are strikingly
similar at approximately similar positions in the two trees. For
example, CoAnc4 differs from GrAnc8 at only 11 positions
(Supplementary Table 1), 10 of which are positions with low
posterior probability in the CodeML reconstruction. Likewise,
CoAnc3 and CoAnc#4 are very similar to GrAnc4 and GrAncS,
and CoAncl is very similar to GrAnc3. Thus, although these
sequences were reconstructed using different trees and
different reconstruction algorithms, they can together be
viewed as 14 alternative reconstructions that sample closely
related sequence space that was likely traversed along this
evolutionary trajectory.

Protein Repair One-Stop Shop (PROSS). An alternative
approach to ASR for the evolutionarily guided redesign of
enzymes is the Rosetta-based algorithm PROSS.*® In  this
approach, evolutionarily conserved mutations are incorporated
into the gene and the effects of these mutations on stability are
calculated using Rosetta-based energy calculations. Here, we
used the structure of the R280A IsPETase mutant as our initial
model (PDB entry SYNS), a variant of IsPETase demonstrated
to have improved activity compared to that of the wild type in
a previous study.'” Using this structure as the input, and fixing
the residues of the active site, we obtained seven designs from
the PROSS server (PROSS1—7) that incorporated between 6
and 27 mutations (Supplementary Table 2 and Supplementary
Figure 2). Inspection of these designs revealed that two of the
mutations common to PROSS1—7 (A152S and S214H) were
also present in the reconstructed ancestors. Furthermore, some
PROSS designs were mutated at positions common to the
reconstructed ancestors, however, to different residues (D186S
and T270Q in PROSS vs D186H and T270S in the ancestors).
Given that designs PROSS1 and PROSS2 possessed only six
and eight mutations, respectively, and that these mutations
were also present in PROSS3—7, we synthesized variants
PROSS3—7 for experimental characterization.

Expression and Purification of Reconstructed and
Designed PETases. The most likely (by maximum likelihood
reconstruction) ancestral enzymes were synthesized, cloned,
and heterologously expressed in E. coli BL21(DE3) cells. Of
the 10 sequences reconstructed using GRASP, all proteins
were expressed in soluble form. Notably, for some of the
deeper nodes, we observed soluble protein yields >30-fold
greater than that of IsPETase (Table 1 and Supplementary
Figure 3). In contrast, the nodes closer to IsPETase resulted in
lower soluble protein yields. Of the four sequences
reconstructed using CodeML, CoAnc4 and CoAncl did not
yield soluble protein, suggesting that there are issues related to
protein folding for these designs, and only CoAnc2 and
CoAnc3 were expressed in soluble form. For the PROSS
designs, PROSS3 and PROSS6 did not yield soluble protein.
Altogether, this produced a data set of 15 purified PETase

Table 1. Summary of Thermostabilities, Activities,
Theoretical pI Values, and Soluble Yields for All PETase
Variants”

soluble
activity pl yield

variant T, (°C) (MM TPA/6 h)  (calculated)  (mg/L)
IsPETase 43.16 + 0.23 119.35 + 23.85 9.25 0.5
GrAnc9 61.52 + 0.25 22.66 + 2.80 9.76 0.1
GrAnc8 63.18 + 0.08 27.46 + 0.68 9.59 1.4
GrAnc7 46.14 + 0.11 16.83 + 0.95 9.43 1.4
GrAnc6 50.94 + 0.09 16.48 + 0.51 9.19 13.4
GrAncS 45.5S + 1.24 10.28 + 0.16 8.67 1.0
GrAnc4 52.82 + 0.41 16.20 + 1.03 8.37 8.0
GrAnc3 50.28 + 0.74 10.88 + 0.93 8.38 9.6
GrAnc2 50.86 + 0.17 17.64 + 4.40 8.57 9.4
GrAncl §55.76 + 0.18 2.79 + 041 8.56 0.4
GrAncO 48.0 + 0.09 2.30 + 0.3 8.54 16.8
CoAnc3 64.38 + 0.05 - 8.87 0.4
CoAnc2 47.60 + 0.23 - 8.67 2.7
PROSS4 62.85 + 0.11 5.54 +£ 031 7.70 1.6
PROSSS 65.32 + 0.08 948 + 3.82 8.35 1.3
PROSS7 45.1 + 0.88 - 6.50 3.8

“The melting temperature was determined by differential scanning
fluorimetry (DSF). To determine the PET-degrading activity, the
concentration of TPA (micromolar) was measured after the enzyme
had been incubated with PET for 6 h at 30 °C and 1000 rpm. A dash
indicates no measurable TPA was produced by the variant. The pI was
calculated with the Expasy ProtParam tool.*’

designs containing from 9 to >S50 mutations relative to
IsPETase, which is a significant exploration of sequence space.

Thermostability of Reconstructed and Designed
PETases. Thermostability measurements of all 15 synthetic
enzymes were obtained from the unfolding midpoint temper-
ature (T,,) using differential scanning fluorimetry (Table 1 and
Supplementary Figure 4). The T, value obtained for wild-type
IsPETase was 43 °C, consistent with other reports.*>*® Several
ancestral sequences, reconstructed using CodeML and
GRASP, as well as PROSS designs, exhibited T, values
approximately 20 °C higher than that of the wild-type
sequence (Table 1 and Figure 3A). Although previous studies
have suggested that deeper nodes that are reconstructed using
ASR often have higher thermostabilities,”” in this experiment
the most stable variants were relatively close to the wild-type
sequence, specifically GrAnc8, GrAnc9, and CoAnc3. The
dramatic decrease in thermostability between GrAncs§,
GrAnc9, and CoAnc3 and closely related enzymes, such as
CoAnc2 and IsPETase, suggests that these differences in
thermostability could be due to a small number of mutations
that were introduced recently in evolutionary history. Indeed,
the same trend is observed with the PROSS variants. While
PROSS4 and PROSSS display T, values of 63 and 65 °C,
respectively, PROSS7 and IsPETase have T, values of 43—45
°C. These results also suggest that IsPETase is unlikely to have
evolved from a recent thermophilic ancestor, which is notable
given that most of the other PETases from this family are
therr110philic.20’21 Comparatively, IsPETase is a typical
mesophilic enzyme with lower thermostability, although it is
considerably more active at low temperatures than other
thermophilic enzymes (LCC, TfH, and FsC), which have little
to no activity at mesophilic temperatures.'”

Kinetic Characterization of Ancestral and Designed
PETase Activity. One of the most intriguing questions when
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Figure 3. (A) Melting temperatures of GRASP and CodeML variants determined by differential scanning fluorimetry. (B) PET-degrading activity
of the GRASP and CodeML enzymes. The terephthalic acid (TPA) concentration was measured after incubation for 6 h with PET at 30 °C and
1000 rpm. (C) Kinetic stability of IsPETase vs GrAnc8. The TPA concentration was measured after incubation for 1 h with PET at 30—70 °C and

1000 rpm. Data are means + the standard deviation (n = 3).

it comes to the evolution of IsSPETase is whether the new PET-
degrading activity is a novel gain of function or whether it
represents an increase in a preexisting promiscuous activity. As
PET has been in the environment for only ~80 years and all of
the reconstructed ancestors are representatives of enzymes that
likely existed well before this time, ASR represents a useful
method for testing this hypothesis. Accordingly, we measured
the catalytic activity of the ancestral enzymes compared to that
of the wild type after 6 h at 30 °C (Figure 3B and Table 1).
Interestingly, the ancestors from the deepest nodes, GrAncO
and -1, showed almost no activity against the PET substrate,
whereas GrAnc2—9 exhibited promiscuous PETase activity
(because PET would not have been present in the environ-
ment). However, all ancestors were significantly less active
than IsPETase, and there was no consistent increase along the
trajectory, in accordance with the expectation that there would
be no selective pressure to evolve efficient PETases prior to the
synthesis of PET plastic in the 20th century. The ancestors
reconstructed using CodeML, CoAnc2 and CoAnc3, did not
display any PET hydrolase activity at 30 °C. Given the issues
related to expressing other ancestors reconstructed with this
phylogeny and/or algorithm, it is possible that this reflects
some issues related to the reconstruction (see Discussion).

The PROSS variants revealed some interesting results;
despite having far fewer mutations than the ASR variants and
despite “fixing” the active site and binding site to the wild-type
IsPETase sequence, these variants exhibited considerable
(>10-fold) decreases in catalytic activity. This is not entirely
due to stability—activity trade-offs, because the PROSS7
variant, which had wild-type-like thermostability, also has no
detectable PETase activity.

Altogether, these results highlight a number of interesting
observations. (i) Mutations were introduced between GrAncl
and GrAnc2—9 that conferred upon these enzymes promiscu-
ous PETase activity (this coincides with the separation of the
proteobacterial and actinobacterial clades). (i) Between
GrAnc9 and IsPETase, mutations are introduced that result
in an ~10-fold increase in activity and an ~20 °C decrease in
stability. (iii) Despite being extremely close in sequence space
(only 10 mutations), CoAnc4 has no detectable activity while
GrAnc8 and -9 have significant promiscuous activity. (iv)
PROSS4, PROSSS, and PROSS7 have lost significant activity
relative to IsPETase despite comparatively few mutations.

Having investigated the activity at 30 °C, we questioned the
activity of the most stable and well-expressed ancestor
(GrAnc8) at an increased temperature to assess its potential
industrial applications. GrAnc8 showed significantly increased

turnover rates (as expected, given the increased temperature of
the reaction), and we determined the optimal temperature to
be 60 °C (Figure 3C). In contrast, IsPETase lost activity
beyond 40 °C. As IsPETase could not retain activity at
increased temperatures, GrAnc8 had more than twice the
maximum turnover rate of IsPETase and represents a
significantly enhanced variant for potential industrial use, or
an interesting starting point for further engineering.
Molecular Basis for the Functional Transition from
Cutinase to PETase. To understand the effects of these
mutations, we determined crystal structures of key variants:
GrAnc8, the best performing ancestor in terms of stability and
activity, and PROSSS, which retained some activity but gained
considerable thermostability (Table 2). Both structures
diffracted to relatively high resolution (~1.3—1.4 A), and all

Table 2. Data Collection and Refinement Statistics of the
Crystal Structures of GrAnc8 and PROSSS

Data Collection”

space group P3121 Cl21
cell dimensions

a b, ¢ (A) 86.01, 86.01, 8892  136.57, 159.17,

45.04

a, B, 7 (deg) 90, 90, 120 90, 90.07, 90

resolution (A) 44.46—1.30 39.2—1.42
(1.32-1.30) (1.47-1.42)
Rieus 0.145 (1.810) 0.1548 (1.01)
Ry 0.032 (0.404) 0.06 (0.409)
/ol 11.7 (1.4) 7.1 (1.0)
CCy)y 0.999 (0.747) 0.991 (0.511)
completeness (%) 99.8 (95.6) 98.7 (95.9)
multiplicity 20.3 (19.2) 6.6 (5.9)
Refinement

resolution (A) 43.044-1.30 39.2—1.423
no. of unique reflections 88786 177008
R/ Reee 0.1105/0.1331 0.1975/0.2341
no. of atoms 2037 6361
B-factor (A%)

protein 13.16 17.63

ligand 29.32 18.35

water 35.96 29.96
rmsd for bond lengths (&) 0.0134 0.008
rmsd for bond angles (deg) 1.72 0.94
Ramachandran favored/ 98.47/0.0 98.08/0.0
outliers (%)
Clashscore 1.23 2.24

“Data for the highest-resolution shell are shown in parentheses.
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Figure 4. Overview of the surface electrostatic potential changes that occurred during the evolution of IsPETase. The electrostatic surface potential
was calculated with the APBS tool”” in PyMOL"? showing red for electrostatically negative (—5$) and blue for positive (5). The figure shows the
surface charge from ancestral enzymes with evenly distributed positive and negative patches to a strongly positive surface electrostatic of more

recent ancestors.

residues were resolved in clear density. Alphafold2 was used to
obtain models of all of the reconstructed sequences, all with a
relatively high degree of confidence given their similarity to the
available experimental structures of wild-type IsPETase. The
root-mean-square deviation (rmsd) between the crystal
structure and the predicted model of GrAnc8, calculated
using the Car atoms, was 0.3 A.

The various experimental and computational models
displayed a high degree of similarity, excluding a small number
of regions where short insertions or deletions occurred, as
expected from the multiple-sequence alignment (Figure 2). In
particular, the regions at the C-terminus seem to be highly
variable. We used Consurf’® to evaluate the evolutionary
conservation of different regions of IsPETase (Supplementary
Figure S5). The results showed significant variation of surface-
exposed residues, especially those lining the active site. This is
consistent with previous work that noted that IsPETase has a
unique surface profile, having a highly polarized surface charge
compared to those of other related enzymes (includin%
cutinases with assumed promiscuous PETase activity).2
Accordingly, we calculated the surface potential of this
evolutionary trajectory to observe how it changed over time.
The GRASP data set was most useful for this analysis given its
greater completeness and depth. Interestingly, we observed
that the electrostatic surface potential of the earlier nodes,
which largely lacked any PETase activity, is significantly lower,
particularly in the substrate binding groove, which is highly
cationic in PETase (Figure 4). From GrAnc2 onward, this
channel becomes more cationic due to the accumulation of
various substitutions. Moreover, we observe a general negative
trend of expression level the closer the ancestor is to IsSPETase
(Table 1); a trade-off between soluble expression and high pI
values has been observed previously in other proteins.”’

Structural Basis for Thermostability Trade-offs in the
Evolution of PETase. We observe a clear difference in the
thermostability of some variants produced in this study; these
changes often correlate with the gain or loss of InDels or
specific point mutations. There are three events in the GRASP
trajectory that are particularly noteworthy. First, between
GrAnc2 and GrAnc3, a second disulfide bridge (in addition to
C273—C289) at C203—C239 is introduced. Although a
disulfide such as this is expected to confer significant stability
to the folded state,”* it appears to have a minimal effect on the
thermostability of the enzyme, as the two variants have melting

temperatures of 50.9 and 50.3 °C, respectively. However, this
is predicted to have coincided with the introduction of two
insertions, at positions 136—138 and a very close insertion at
positions 242—244. The disulfide stabilizes the active site loop
on which D206 and H237 of the catalytic triad are located, as
has been previously observed.”> Second, there is a significant
increase in stability (from 46 to 63 °C) between GrAnc7 and
GrAnc8 and -9 (Table 1). Inspection of the alignment of these
sequences suggests this may result from the deletion of a short
segment of a surface-exposed loop (ADLK) between S278 and
T279. There are otherwise very few sequence differences
between GrAnc7 and GrAnc8 that would explain such a large
change in thermostability, and it is well-known that truncation
of surface-exposed loops can result in increased thermo-
stability.”® Third, we observe a large decrease in thermo-
stability during the adaptive process from GrAnc9 to IsPETase.
In this case, there are no InDels, but there are a moderate
number of point mutations, especially around the active site
and substrate binding site: A37N, T40A, S41A, R47A, SSIT,
N95K, S138N, N147G, S152A, L154M, R171A, N186D,
K189T, 1201F, T207S, H214S, F2181, P226A, S270T, S274E,
S$279T, and S280R. There is nothing obviously destabilizing in
this series of mutations, but the accumulation of small
destabilizing effects can be significant.

The comparisons of IsPETase versus PROSSS reveal some
of the effects of mutations at key positions on thermostability.
There are several mutations between IsPETase and PROSSS:
R90T, S125D, R132D, V134L, GI139N, T140D, A1S2S,
Q182M, DI186S, S214H, D220N, and T270Q. Notably,
positions 152, 186, 214, and 270 were replicated from the
ASR. Several of these were then tested as point mutations in
IsPETase, of which only D186S was significantly stabilizing (by
~9 °C) (Supplementary Figure 6). Interestingly, a separate
study demonstrated that the mutation of this same position to
histidine (D186H) improved the thermostability of IsPETase
by stabilizing the f6—f7 connecting loop.”* Indeed, inspection
of the crystal structure for PROSSS reveals that the side chain
of S186 forms a hydrogen bond to the backbone of S188 to
stabilize the loop region, providing a structural basis for the
increased thermostability.

Structural Basis for the Evolution of PETase Activity.
We observe many changes across this evolutionary trajectory;
however, as expected given that PET is a recently introduced
synthetic molecule, we see a large increase in activity at
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Figure S. Structural analysis of IsPETase, GrAnc8, and PROSSS PETase variants. (A) Structural differences among IsPETase, GrAnc8, and
PROSSS near the active site. GrAnc8, IsPETase, and PROSSS are colored cyan, orange, and green, respectively. Residues important for PETase
activity are labeled and colored. The WT IsPETase active site is broader than that of close relatives GrAnc8 and PROSSS due to the presence of
His214 in PROSSS and GrAnc8 and Argl71 in GrAnc4 (Ser214 and Alal71, respectively, in IsPETase). Mutations Argl71Ala, Asn186Asp, and
His214Ser fixed in IsPETase eliminate two hydrogen bonds in the active site (Asn186 with His214 and Asn186 with Ser188) as well as a cation—7z
interaction (between Argl171 and Phe191), destabilizing the protein to allow a broader and less constrained active site that can accommodate PET.
(B and C) Second- and third-shell residues of GrAnc8 and WT IsPETase, respectively. The Phe218Ile mutation in IsPETase broadens the active
site for PET binding. (D) Superimposition of the crystal structures of IsPETase (PDB entry SXJH) and GrAnc8. The overall fold and structure of
GrAnc8 are nearly identical to those of IsPETase, consistent with few first- and second-shell mutations driving PETase evolution.

physiologically relevant temperatures only in the extant
IsPETase. The structure of GrAnc8 gives us an excellent
model of a closely related enzyme that represents a recent
ancestor, before the adaptation toward PET. First, there are
almost no differences in the position of the Ca residues [0.299
A (Figure S)]. The same mutations that result in a decrease in
stability from GrAnc8 to IsPETase result in an ~35-fold
increase in PETase activity. It is notable that of the mutations
that result in altered charge, contrary to expectation, four result
in the loss of cationic residues (R47A, R71A, K189N, and
H214S), two result in the gain of anionic residues (N186D and
S274E), and only one (N95SK) results in the gain of a cationic
residue and is remote from the active site. Thus, the altered
surface charge, relative to those of other related cutinases,
appears to be unrelated to any functional adaptation of
IsPETase toward its new function.

Of the sequence differences between GrAnc8 and IsPETase,
there is a cluster around the active site that can be rationalized
to influence activity (Figure S). R171A provides additional
space behind the loop upon which W185 sits and results in the
loss of potential to form a cation-z interaction with F164 and/
or a long distance (~S A) electrostatic interaction with D186.
The N186D mutation removes a stabilizing H-bond to the
main chain carbonyl of S161. H214S appears to be the most
obviously beneficial mutation, removing a steric obstruction of
W18S5 and giving it freedom to “wobble” and accommodate the
PET chain.””’® F218I reduces the extent of hydrophobic
packing of the helix neighboring W18S. The PROSSS structure
is useful in testing these predictions. The activity of PROSSS is

reduced ~10-fold relative to that of IsPETase, due to only a
handful of mutations. Again, the main chain atoms are
essentially invariant (rmsd ~ 0.196 A). This loss of activity
is likely to be mostly due to the S214H mutation that has
previously been shown to reduce catalytic activity while
enhancing thermostability.'>**”? Of the other mutations in the
vicinity, R132D (=82 °C) and GI139N (—4.4 °C) are
marginally destabilizing when introduced individually into
IsPETase, while D186S provides higher thermostability (+9.1
°C) and higher hydrolytic activity at 45 °C (Supplementary
Figure 6).

B DISCUSSION

This study aimed to understand the evolution of IsPETase, an
enzyme discovered within the first bacteria found to be capable
of utilizing PET as their main carbon source (L sakaiensis)."”
Indeed, how IsPETase has evolved its PET-degrading activity
has been questioned before;*° however, detailed structural
analysis and phylogenetic exploration of ancestral sequence
space have not been combined to investigate this. Toward this
end, we used ASR to infer and reconstruct 12 plausible
ancestral PETases. The results indicate that PET-degrading
activity is a function that has recently evolved, although earlier
ancestors generated by GRASP (GrAnc2—9) displayed low
levels of promiscuous PET-degrading activity, i.e., the activity
pre-existed as a promiscuous function, which then evolved to
become the primary function, as demonstrated and proposed
by Tawfik et al.*' = The ancestral sequences generated in this
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work can be viewed as “likely” possible ancestral sequences;
there is a likelihood that evolution has sampled many similar
sequences over time. Thus, the finding in this work that some
(not all) enzymes that are ancestral to modern PETases could
have possessed promiscuous PETase activity is consistent with
the hypothesis that the PETase activity in actinobacterial
thermophilic cutinases could be a promiscuous, rather than a
physiologically adapted, function, given the observation that,
unlike I sakaiensis that can assimilate PET via PETase and
MHETase,"” there is less evidence the thermophilic cuntinases
utilize PET as a carbon source.

Our structural analysis reveals that the reconstructed PETase
ancestors/PROSS variants (represented by GrAnc8 and
PROSSS) have almost identical overall structures (Ca rmsd
~ 0.3 A) but differ from IsPETase by several significant
changes near the substrate binding site, such as R171A,
N186D, H214S, and F218I mutations (Figure S5). Residues
$214 and 1218 have been previously identified to broaden the
substrate binding site of IsPETase and increase the flexibility of
W185.”” The effects of R171A and N186D, which are “second-
shell” remote mutations, are more subtle but entirely
consistent with our understanding of the mechanism of
IsPETase, and a growing appreciation of the role of second-
shell mutations in controlling the conformational sampling of
active site residues.””®> In IsPETase, these mutations appear to
affect the ability of W18S to sample catalytically productive
conformations by weakening the structural constraints on the
active site (loss of hydrogen bonds and salt bridges) (Figure
5). Thus, the structural basis for the evolution of the new
activity of IsPETase appears to conform to a model in which,
rather than wholesale changes to an active site, new activity is
gained by remote mutations increasing the level of sampling of
catalytically productive conformation(s) of active site residues
that already existed (and conferred promiscuous activity) and
for catalytically nonproductive conformations to be sampled
less often.®

The activity—stability trade-offs observed here are also
notable and relate to another area that Tawfik et al. have
studied in depth.®” Both ASR and PROSS generated a number
of variants that were significantly more thermostable (T,, > 60
°C) than IsPETase (T,, ~ 43 °C) (Table 1). These variants all
displayed reduced catalytic activity at 30 °C compared to that
of IsPETase. This can be partly attributed to the shared S214H
substitution that has been previously shown to reduce PETase
activity (and increase stability) in IsPETase.”””® The thermo-
stable ancestors and PROSS designs share an additional
mutation (A152S) and two mutations of the same positions to
different residues (D186S and T270Q in PROSS designs vs
D186N and T270S in the ancestral reconstructions). The
D186S and D186N substitutions are a relatively clear example
of how stability and activity can trade off. The D186N
substitution (relative to IsPETase) results in the gain of a
hydrogen bond to the main chain carbonyl of S188; while
increasing stability, this results in less conformational flexibility
by constraining the active site loop that accommodates W185,
thus affecting the sampling of its productive “wobble”
rotamers. The D186S mutation in IsPETase is likewise
interesting in this context; it results in a 9 °C increase in
thermostability, owing to the hydrogen bond between the Ser
side chain and the carbonyl of S188, but reduces activity at 30
°C. However, at 45 °C, a temperature at which this Ser—main
chain hydrogen bond is much weaker, we observe a
considerable (~3—4-fold) increase in activity, suggesting that

many of these mutations might have been specifically
accumulated to increase activity at the mesophilic temperature
by “loosening” the active site.

In addition to studying the evolution of IsPETase activity
using ASR and the related protein design algorithm PROSS,
we were interested in assessing the ability of ASR and PROSS
to identify PETase variants with improved solubility, thermo-
stability, and/or activity. In comparison to other studies that
have screened (experimentally or computationally tens to
hundreds of thousands of variants),”” ™' we screened fewer
than 20 mutants in this study. With no optimization or fine-
tuning, we identified variants with ~16—34-fold improvements
in the yield of soluble protein relative to that of IsPETase,
thermostable variants with up to 20 °C higher T, values, and
variants with several-fold higher PETase activity (Table 1 and
Supplementary Figure 6). Interestingly, many of the mutations
identified by ASR and PROSS in this study are common to
those that were spontaneously identified in past engineering
efforts. For example, PROSSS, the most thermostable variant
from our study (T,, = 65.3 °C), shares several mutations with
HotPETase® (R90T, Q182M, T270Q, and R280A) and
DuraPETase” (T140D, S214H, and R280A). It is interesting
that many of these spontaneous mutations in the high-
throughput screens are found at the same positions highlighted
by these evolutionary approaches, suggesting that there are
regions within the protein fold that are particularly “plastic”
and capable of conferring functional change without
dramatically compromising the fold integrity."”

Finally, this study provided an interesting side-by-side
comparison of different ASR approaches and highlights the
effect a small number of differences can have on protein
stability and activity. The observation that CoAnc4 was not
expressed at all in soluble form, whereas GrAnc8 was expressed
and was highly thermostable, was notable, given that they were
reconstructed from topologically equivalent nodes from their
respective data sets, being the LCA of IsPETase and its two
closest homologues. Indeed, CoAnc4 and GrAnc8 share 95.1%
sequence identity, meaning that at most only 13 mutations
(Ql-, T2—, Y25V, S26A, A108V, A125S, D193N, A199P,
F202Y, A252S, R253S, Y257F, and A260E, relative to
CoAnc4) are responsible for the complete loss of expression
in CoAnc4. Interestingly, each of these positions (excluding
Y202F and F257Y) is a solvent-accessible, surface mutation.
Except for A108 and D193, each is reconstructed in CoAnc4
with low posterior probabilities ranging between 9.9% and
37%, meaning that multiple alternative residues (including
those that were introduced into GrAnc8) with similar
statistical support are possible at each of these sites
(Supplementary Table 2). This observation emphasizes the
importance of including multiple and independent data sets in
the reconstruction process; i.e., residues reconstructed poorly
in one approach (CodeML ASR2 data set) are responsible for
the difference between a protein that cannot be expressed in
soluble form and one of the most stable and highly active
variants generated in this study.

To directly compare GRASP® and PAML" ASR approaches,
we repeated the analysis of the ASR1 data set in CodeML and
that of the ASR2 data set in GRASP, i.e., swapped trees and
reconstruction methods. This revealed that the reconstruction
methods had a weaker effect on the sequences of the
reconstructed ancestors, relative to the differences caused
through the different phylogenetic tree reconstructions. For
example, GrAnc8 and CoAnc4, which are predicted to
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reconstruct comparable nodes in the two trees, differ by 13
mutations, yet when the sequence of GrAnc8 is reconstructed
using CodeML or that of CoAnc4 is reconstructed using
GRASP, we observe only five and six positions, respectively, at
which the sequences are reconstructed differently (as well as
some minor differences in insertions and deletions) (Supple-
mentary Figure 7). This suggests that the major differences
between ancestral sequences and their phenotypes are driven
more so by the sequence alignment and phylogenetic topology
than they are by systematic differences in the sequence
evolution model and reconstruction algorithm.
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