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The development of new biocatalysts using ancestral sequence
reconstruction is reported. When applied to an w-transaminase,
the ancestral proteins demonstrated novel and superior activities
with eighty percent of the forty compounds tested compared to
the modern day protein, and improvements in activity of up to
twenty fold. These included a range of compounds pertinent as
feedstocks in polyamide manufacture.

Biocatalytic approaches to chemical manufacture offer numer-
ous advantages over conventional chemical methods including
excellent activity, selectivity and catalytic stability. They are
often facilitated under ambient temperature and pressure,
requiring no organic solvents or heavy metal additives, and the
biocatalyst can be recovered and recycled with relative ease.
Transaminase-mediated reactions are among the best charac-
terised and most widely utilised in industrial biocatalysis, with
established applications in the chemical and pharmaceutical
industries."” The enzymes boast an attractive repertoire of pro-
ducts, including chiral building blocks such as amino acids
(o, p and o), aliphatic and aromatic amines, polymer feedstocks
and complex pharmaceuticals. However, there are limitations
associated with transaminase-catalysed reactions. Firstly, equi-
libria are often unfavourable. This has led to the development
of numerous strategies to circumvent the problem (for an
excellent overview see Guo et al., 2017°) and in many cases
resolve the issue. Secondly, the catalytic efficiency of transam-
inase reactions is often low compared with that of other
enzyme-catalysed reactions. The enzymes can be inhibited by
both the reaction substrates and/or products, a mechanistic
element which remains unresolved, and protein engineering
studies often yield only modest improvements in activity.
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Reverse engineering: transaminase biocatalyst
development using ancestral sequence
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Where successful transaminase engineering has been
reported, the predominant approaches have been random or
structure-guided mutagenesis.® In addition, a small number
of sequence alignment based approaches have also been
described. Here, we report an alternative method of engineer-
ing transaminases using ancestral sequence reconstruction
(ASR). ASR is a term used to describe the process of inferring
ancestral genes or proteins from multiple sequence align-
ments (MSAs) of nucleotides or amino acids. The technique
has been used in biocatalyst development previously, but in
almost all cases, used in a similar context to the sequence
alignment based methods previously described. Typically,
ASR has been used to infer ancestral states at sites that are
likely to be important for activity, and replace those residues
in modern proteins with the ancestral residues by site-
directed mutagenesis.*”® Although this approach is quick,
and can be used to generate small libraries, it may be limited
to proteins for which the structure:function relationships
are well understood.’ It also places ancestral residues within
the context of the other residues of a modern protein and
overlooks the concepts of co-evolution of residues and intra-
molecular epistasis (i.e., where the functional effect of one
amino-acid substitution may be augmented or countered by
another).'®"!

There are additional advantages to using ASR in biocatalyst
development. One of the virtues of ASR is that it can lead to
new insights into the evolutionary pathways of individual
nucleotides or amino acids within a sequence,'®"? and the
inferred changes can be related to functional changes in the
corresponding gene or protein. In addition, several studies
have suggested that ancestral proteins may possess greater
thermotolerance and/or acid-tolerance than their extant des-
cendants. Whilst the reasoning for this is still a topic of
debate,'*?° increased thermostability is often a desirable trait
in biocatalysis. Given these potential benefits, it is perhaps
surprising that ASR has not been employed more often as an
alternative method of directed evolution, especially in biocata-
lyst development. Previously, this may have been partly due to
cost, but as the cost of gene synthesis has continued to
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decline, the study of ancestral proteins has also become
increasingly viable.

Herein, we report the use of ASR to generate a family of evo-
lutionarily related ancestral transaminases with potential as
industrial biocatalysts, as well as a detailed characterisation of
those proteins. The ancestors in question were derived from a
previously characterised w-transaminase, KES23360, from
Pseudomonas sp. strain AAC.>" KES23360 is a 4-aminobutyrate
transaminase with promiscuous activity towards 12-aminodo-
decanoic acid, a non-natural compound with industrial signifi-
cance as the constituent building block of nylon-12. Very few
proteins have been confirmed to turn over this compound,®*??
and as such, this activity is unusual. Furthermore, 12-amino-
dodecanoic acid is an attractive biocatalytic target because of
the hazards associated with conventional chemical routes to
polyamides (including nylon-12), which have previously led to
global shortages of the material.** Indeed, a range of poly-
amide feedstocks including w-amino acids and a,0-diamines
are typically accessed from 1,3-butadiene or other crude oil
products, and as such alternative green routes to these
materials are sought. Hence, we decided to investigate whether
ASR could be used to produce novel biocatalysts with superior
catalytic properties to KES23360 for 12-aminododecanoic acid
as well as other similar substrates.

Results and discussion

An ancestral sequence reconstruction was carried out based on
the amino acid sequence of KES23360 and the closest 192
unique homologues as described in ESI.{ From the phylogeny,
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Fig. 1 The subtree containing KES23360 (shown in blue). All other tips
are labelled using their Uniprot KB reference number. Ancestral nodes
selected for gene synthesis are labelled. Unless shown, all calculated
bootstrap values were 100. A complete phylogenetic tree is shown in
Fig. S1.¥
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we focussed on a subtree within the full phylogenetic tree
(shown in Fig. 1; the complete phylogenetic tree is shown in
Fig. S1f) that contained KES23360 and forty-seven other
protein sequences. From the ancestral reconstruction, six
nodes (N6, 15, 16, 17, 43 and 48; highlighted in Fig. 1) were
chosen as target sequences for gene synthesis. The target
sequences were selected from the subtree and were expressed
in E. coli from synthetic genes for further characterisation.
Transaminases are often highly promiscuous, and the
limited characterisation of KES23360 had already revealed
some promiscuity.”"*® However, the substrate range of
KES23360 had not been investigated rigorously, so we sought
to fully characterise KES23360 before comparing it with the
ancestral transaminases. Specific and relative activities were
determined using an alanine dehydrogenase coupled assay, as
previously reported (Fig. 2).>' A library of 40 amines, which
included a range of feedstock molecules for homo- and hetero-
nylon (w-amino acids and o,o-diamines) was tested against
KES23360 with pyruvate as cosubstrate. For KES23360, 27 of
the 40 compounds were found to be substrates. The com-
pounds were converted with varying levels of efficiency (subset
shown in Table 1 and Fig. 3, the complete dataset shown in
Table S31) but it was observed that all the polyamide feedstock
molecules tested, w-amino acids and o,o-diamines, were
converted by KES23360 (C3-C12 and C3-C10 respectively) to
some degree. Despite a high degree of promiscuity, it was
clear from the observed rates that KES23360 had a strong pre-
ference for w-amino acid substrates, whilst detectable but sig-
nificantly lower rates were observed with a,m-diamines, a-amino
acids and other compounds. Interestingly, the highest specific
activity was not observed with 4-aminobutyrate, the previously
predicted physiological substrate, but rather an analogue of that
compound, 4-amino-2-(S)-hydroxybutyrate (AHBA). To our knowl-
edge, this is the first reported example of an AHBA transamin-
ation reaction, with one alternative multi-step biosynthetic route
to AHBA confirmed to date.”® AHBA is not utilised in polyamide
manufacture, but is useful in the synthesis of chiral building
blocks,*” and has also been shown to improve the pharmacologi-
cal properties of antibiotics.”® The molecule is therefore an
attractive synthetic target, and another example of an industrially
relevant substrate that can be accessed using this biocatalyst.
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Fig. 2 Schematic representation of the alanine dehydrogenase coupled
assay used in screening.
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Table 1 Specific activity and relative rate data for the o-amino acids and a,o-diamines. Specific activity data in nmol min™ mg™. Relative reactivity in par-
entheses. Relative activity data for each substrate is shown as a percentage, relative to the highest observed activity for each individual protein (treated as

100%). For clarity, errors are not shown in this table, however a complete table including errors is shown in Table S3

Substrate KES23360 N6 N15 N16 N17 N43 N48
p-Alanine 3.2 (3) 7.8 (13) 4.3 (19) 0.4 (7) 1.2 (12) 1.8 (2) 0.1 (3)
4-Aminobutyrate 48.1 (51) 60.9 (100) 21.9 (100) 4.2 (77) 9.0 (94) 49.7 (65) 1.4 (63)
5-Aminopentanoate 81.4 (86) 56.3 (92) 19.5 (89) 5.5 (100) 9.6 (100) 76.5 (100) 2.1 (96)
6-Aminohexanoate 81.4 (86) 57.7 (95) 20.5 (94) 4.5 (83) 9.1 (95) 74.7 (98) 1.7 (78)
7-Aminoheptanoate 78.6 (83) 56.5 (93) 18.0 (82) 4.2 (78) 8.5 (88) 70.6 (92) 1.9 (85)
8-Aminooctanoate 64.9 (68) 37.9 (62) 17.5 (80) 3.5 (64) 7.6 (79) 61.0 (80) 1.9 (85)
12-Aminododecanoate 8.2 (9) 10.2 (17) 4.6 (21) 0.6 (10) 1.8 (18) 18.7 (24) 0.2 (11)
4-NH,-(S)-2-hydroxybutyrate 95.1 (100) 27.0 (44) 14.9 (68) 4.6 (84) 7.5 (78) 50.6 (66) 2.2 (100)
2,4-(S)-Diaminobutyrate 24.0 (25) 6.8 (11) 5.3 (24) 1.5 (28) 3.7 (38) 15.9 (21) 0.5 (22)
1,3-Diaminopropane 0.7 (1) 1.4 (2) 1.1 (5) 0.1(3) 0.5 (5) 1.8(2) 0.02 (1)
Putrescine 15.1 (16) 38.8 (64) 17.9 (82) 2.8 (51) 7.9 (82) 32.3 (42) 0.3 (15)
Cadaverine 4.7 (5) 48.6 (80) 21.5 (98) 2.6 (47) 3.5 (36) 62.0 (81) 0.3 (15)
1,6-Hexamethylenediamine 5.4 (6) 17.9 (29) 13.8 (63) 2.0 (36) 6.7 (70) 37.8 (49) 0.5 (22)
1,7-Heptamethylenediamine 5.7 (6) 29.6 (49) 14.0 (64) 2.1(38) 6.8 (70) 48.7 (64) 0.6 (26)
1,8-Octamethylenediamine 6.8 (7) 24.2 (40) 13.9 (64) 1.7 (32) 4.6 (48) 37.4 (49) 0.3 (15)
1,9-Nonamethylenediamine 12.2 (13) 20.6 (34) 12.1 (55) 1.7 (31) 6.0 (62) 43.7 (57) 0.5 (22)
1,10-Decamethylenediamine 7.2 (8) 47.3 (78) 13.7 (63) 2.0 (36) 6.1 (63) 38.3 (50) 0.6 (26)
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Fig. 3 A comparison of relative activity for KES23360 (centre) and the ancestral proteins (clockwise around KES23360) with a subset of the sub-
strates screened. Each spoke represents a compound, with the node position on the spoke for each compound illustrating the relative activity for
that protein : substrate pair. Activity data for each substrate is shown as a percentage, relative to the highest observed activity for each individual
protein (treated as 100%). Substrates are grouped by type, with w-amino acids (dark grey), a,w-diamines (light grey) and a-amino acids (white) high-
lighted accordingly. For the w-amino acids and «,w-diamines, the substrates are annotated by the length of the carbon chain in the substrate, so for
example C6 represents 6-aminohexanoate in the ®-amino acids and 1,6-hexamethylenediamine in the a,0-diamines. Analysis of the data shows that
whilst KES23360 has apparently specialised towards the w-amino acids, many of the ancestors exhibit improved substrate preference towards
o,w-diamines, and to a lesser extent the a-amino acids.
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The 2-hydroxy substituent was probed further by testing
with 2,4-(S)-diaminobutyrate, but the observed rate was only
25% relative to the hydroxylated compound, suggesting that
the enzyme has a strong preference for the a-hydroxy acid.
Although there is insufficient evidence to support that this is a
physiologically relevant reaction, it is to our knowledge the
first report transamination of AHBA and the specific activity is
almost double that of 4-aminobutyrate (95.1 nmol min™" mg™"
vs. 48.1 nmol min~" mg ™). As such, this may warrant further
investigation to determine if a novel metabolic pathway is
present in the Pseudomonas sp. strain AAC.

It is often assumed that ancient enzymes were more pro-
miscuous than their modern day descendants.”® These pro-
teins are thought to have enabled ancient organisms to survive
or even flourish with a small, versatile proteome, and that pro-
teome subsequently evolved and expanded, enabling protein
specialisation.>® As such, we anticipated that the promiscuity
exhibited by KES23360 would at least be mirrored by its ances-
tral counterparts. On analysis, we observed that the ancestral
proteins not only possessed the broad substrate scope of
KES23360, but exceeded it, accepting up to 36 of the 40 com-
pounds tested (N15 and N16; Table 1). Notably, N48, the most
ancient of the node sequences tested, only accepted 29 of the
40 substrates tested, more than the KES23360, but fewer than
the other ancestral peptides. However, all observed activities
with N48 were significantly lower than the other enzymes and
it is possible that N48 is able to turnover a greater number of
substrates, albeit at undetectable rates (due to the conditions
in which the assays were conducted).

Although the maximal rates achieved by KES23360 were
higher, those rates were only observed with the C5-C8
o-amino acids, and significant decreases in activity were
measured with the majority of the other substrates. For the
ancestral peptides, the lower specific activities with some of
the w-amino acids were compensated for by higher activities
towards a broader range of compounds (Fig. 3). This included
an improved activity against 12-aminododecanoic acid (the
monomer used in nylon-12 production). N43 exhibited a
modest but improved specific activity of 18.7 nmol min™" mg™"
compared to 8.2 nmol min~" mg " for KES23360, a 2-fold
increase in activity. In addition, >10-fold improvements
in activity were observed with a range of a,o-diamines (up to
13-fold improvement in specific activity for N43 vs. KES23360
with cadaverine). Overall, for the 40 substrates tested, improve-
ments in specific activity were observed in 32 cases (80%) with
at least one ancestral peptide. Up to 20-fold improvements
were observed (observed with the amphetamine precursor
2-aminoindane), and in many cases, multiple ancestral pep-
tides showed superior catalytic activity over KES23360. With
respect to the polyamide feedstocks, improvements in activity
were observed with all the a,o-diamines (C3-C10), as well as
p-alanine, 4-aminobutyrate and 12-aminododecanoic acid. The
N43 ancestor in particular showed excellent, broad activity
under the conditions tested, retaining >90% activity with the
remaining e-amino acids (C5-C8) vs. KES23360, while surpass-
ing it with 12-aminododecanoic acid and the diamines.
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As described previously, many of the compounds tested
have applications as feedstocks in polyamide manufacture. In
many cases, such as the C6 and C9 a,w-diamines (1,6-hexa-
methylenediamine and 1,9-nonamethylenediamine), the com-
pounds are chemically synthesised from 1,3-butadiene, and
are dependent on crude oil sources. Alleviating this depen-
dence has afforded new opportunities in green chemistry, and
a small number of examples of microbial routes to polyamide
feedstocks have now been reported. For example, the C4
diamine (putrescine) can be synthesised from propylene, but
an alternative fermentation system has also been reported that
produces the platform chemical from glucose.>® Metabolic
engineering approaches have also been reported for the C5
diamine (cadaverine)®** and 12-aminododecanoic acid.****
However, analogous routes do not exist for all these chemicals
and there is still a need to expand the repertoire of fermenta-
tion approaches. This is conceptually easier with shorter chain
compounds that exist naturally, but as chain length increases
the number of reported enzymes available to facilitate bio-
transformations decreases markedly and the complexity of the
metabolic engineering increases. To that end, identifying bio-
catalysts with desirable substrate ranges that can plug in to
pathways will enable new platforms for green chemical pro-
duction. With respect to this work, the biocatalysts reported
here are the first reported transaminases capable of catalysing
the conversion of 1,9-nonamethylenediamine and could there-
fore be used in a pathway to produce the diamine as a plat-
form chemical and polyamide feedstock.

Given the relationship between ancestral reconstructions
and increased thermostability, we also tested for protein stabi-
lity over a range of temperatures to determine thermotoler-
ance. This can be a desirable trait, but it is dependent on the
application. To assess thermostability, we analysed all of the
proteins by differential scanning fluorimetry (DSF). Analysis of
these data (shown in Table S1t) revealed that the ancestral
peptides showed increases in thermostability (up to 10 °C),
relative to KES23360. However, the most ancient of the
sequences (N48) showed the lowest melting temperature of all
proteins tested, a contradiction of the common perception
that ancestral peptides exhibit greater thermotolerance than
their modern counterparts.

Finally, we sought to analyse the proteins at sequence and
structural levels to try to rationalise the observed catalytic
differences between the proteins. This could potentially assist
in the development of subsequent biocatalysts from the ances-
tral peptides towards specific targets, but also more broadly
contribute to the understanding of the sequence : structure :
function relationships in o-transaminases. Thus, structural
characterisation of one or more of the proteins was required to
give context to the protein sequences and if necessary, allow
for homology modelling and comparison. Each of the proteins
was prepared for crystallographic studies, and crystals were
successfully obtained for all seven proteins as described in ESI
(crystallographic conditions and datasets outlined in
Table S27). Full X-ray datasets and high-resolution structures
(1.95 A-2.62 A) were obtained for each protein and comparison

This journal is © The Royal Society of Chemistry 2017
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of the structures revealed that they were all characteristic
a/p-fold dimers (KES23360 structure shown in Fig. S31) with
high structural conservation to one-another. Despite the high
structural similarities between the proteins, identification of
the residues that contributed to substrate preference or turn-
over was challenging. Examination of the non-conserved resi-
dues in the structures revealed that their positions were scat-
tered throughout the protein, but interestingly the residues
comprising the active site cavity were strictly conserved in all
seven proteins (Fig. 4).

Considering our current understanding of transaminase
reaction mechanisms,** we would therefore expect that sub-
strate binding in the active site would be conserved. However
the apparent differences in substrate preference and activity
between each enzyme are suggestive that the local environ-
ment of the active site may make a minimal contribution to
substrate selectivity. To further investigate this we conducted
molecular dynamics simulations to compare changes in
protein dynamics (as described in ESIt). Analysis of the simu-
lations showed no significant differences in protein confor-
mation or dynamics. Given the conserved active sites and
similar behaviour of the proteins, this would suggest that
other regions of the protein surface may contribute to cataly-
sis. However, with 302 varied sites across the transaminase
dimers, identifying the relevant residues is not trivial. These
findings may go towards explaining the promiscuity associated
with transaminases, and further, why the rational design of
o-transaminases has been challenging in the past.>*** Despite
our advancements in protein engineering and computational
science, there are still significant gaps in our understanding
with respect to how biocatalysts function. This is highlighted
by many reported engineering strategies, which are frequently
either random or site-directed, and in the latter case often
focus on enzyme active sites. ASR however presents an oppor-
tunity to explore much more of a protein sequence in a
sequence-directed manner, as demonstrated by these investi-
gations. Whilst we do not yet appreciate the consequences of
the changes being incorporated, one of the advantages of ASR
is that it does not require an empirical understanding of the
changes being made, and it therefore allows us to probe and

Fig. 4 The X-ray structure of KES23360 as a dimer, highlighting the
positions varied on the template using ASR. The locations of the 302
amino acid substitutions that differentiate the proteins are shown in red.
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utilise sequence space more effectively than other comparable
methods. One of the challenges for the future will be to
develop computational techniques that can rationalise and
ideally predict these changes, and aid in the engineering of
the next generation of biocatalysts.

Conclusions

The original aim of these investigations was to assess whether
ASR could generate proteins that are suitable for biocatalytic
applications, preferably with superior activity to the modern
day biocatalyst. The ancestral enzymes generated here were
highly promiscuous, accepting up to 36 of the 40 compounds
screened. Under the conditions tested they exhibited higher
activity with 80% of the substrates tested and improvements in
specific activity of up to 20-fold. In most cases, the ancestral
proteins were also easier to overproduce, and demonstrated
comparable or improved thermostability. When screened
against a range of polymer feedstock molecules widely syn-
thesised from petrochemical sources, improvements in
specific activity were demonstrated with our initial substrate of
interest, 12-aminododecanoic acid, as well as a range of other
o-amino acids and «,o-diamines. Particularly, in the case of
the diamines, significant improvements in activity were
observed with several ancestral proteins. As metabolic engin-
eering approaches continue to improve, these enzymes may
have utility for the biocatalytic production of a,m-diamines and
ultimately provide alternative green routes to a range of
polyamides.

As well as improved biocatalysts in their own right, the
ancestral proteins also represent new templates for biocatalyst
development, and furthermore, may be useful to identify and
characterise putative enzymes in the phylogenetic tree with
desirable substrate ranges. Furthermore, given that random
and structure-guided approaches to transaminase engineering
can be carried out downstream, the ancient proteins may
better serve as biocatalytic scaffolds, which can be engineered
further towards specific targets. ASR therefore offers a comp-
lementary tool to existing methods in biocatalyst development
and engineering, and is capable of delivering comparable
results to the more widely used approaches.® As the cost of
gene synthesis continues to decline, the utility of ASR in the
manner demonstrated herein should continue to increase.

Finally, the exploration of the sequence : structure : function
relationship of KES23360 and its ancestors is perhaps where
ASR will broadly prove most valuable with respect to transam-
inase development. The generation of highly homologous
ancestral protein sequences (sequence similarity 76-92%) with
new or different functions provided new insights into
o-transaminase catalysis. The newly determined crystal struc-
tures and activity data preliminarily suggest that the determi-
nants of specificity may lie away from the active site, and given
the overall structural similarities across the w-transaminase
family, the implications for these findings could be
significant.
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