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ABSTRACT
The evolution of a promiscuous enzyme for its various activities often results in catalytically specialized
variants. This is an important natural mechanism to ensure the proper functioning of natural metabolic
networks. It also acts as both a curse and blessing for enzyme engineers, where enzymes that have
undergone directed evolution may exhibit exquisite selectivity at the expense of a diminished overall catalytic
repertoire. We previously performed two independent directed evolution campaigns on a promiscuous
artificial enzyme that leverages the unique properties of a non-canonical amino acid (ncAA) para-
aminophenylalanine (pAF) as catalytic residue, resulting in two evolved variants which are both catalytically
specialized. Here, we combine mutagenesis, crystallography and computation to reveal the molecular basis
of the specialization phenomenon. In one evolved variant, an unexpected change in quaternary structure
biases substrate dynamics to promote enantioselective catalysis, whilst the other demonstrates synergistic
cooperation between natural side chains and the pAF residue to form semi-synthetic catalytic machinery. Our
analysis provides valuable insights for the future engineering of effective artificial enzymes which employ

either the widely used LmrR scaffold or pAF catalytic residue.

Some enzymes possess the striking ability to catalyze multiple, mechanistically distinct, chemical
transformations, a phenomenon known as catalytic promiscuity’?. This contrasts with the rigid specificity
often exhibited by enzymes e.g., to avoid toxic potential side-reactions®. Catalytic promiscuity is thought to
play a crucial role in the creation of new enzymatic activities in nature, which in turn can facilitate adaptation
to new environmental pressures*°. Promiscuous enzymes are also privileged candidates for the discovery
and engineering of new biocatalytic solutions for synthetic chemistry, being more likely to exhibit
mechanistically related activities distinct from their native activity, and perhaps also being more prone to
efficient evolutionary pathways®®. However, many chemical catalytic transformations exist where the
mechanism bears scant similarity to any enzymatic chemistry, making the prospects of finding a suitable
promiscuous enzyme for these transformations slim®'°. Here, artificial enzymes, hybrid catalysts consisting
of a protein scaffold equipped with an unnatural catalytic group, come into their own”"". The expanded palette
of catalytic components confers the possibility for reaction mechanisms not seen in nature. Situations where
artificial enzymes exhibit catalytic promiscuity should be treated with particular importance, as they may allow

the rapid expansion of the utility of these catalysts’'?. During the evolution of such a promiscuous artificial
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enzyme, its multiple activities could evolve concurrently or separately, resulting in generalist or specialist
variants, respectively (Figure 1A). These phenomena are particularly important to enzyme engineers since
the former may allow the development of multi-purpose biocatalysts, whilst the latter could provide enzymes
with strict selectivity needed for e.g. late-stage functionalization in medicinal chemistry™*.

Our group previously produced a promiscuous artificial enzyme by incorporating the non-canonical
amino acid para-amino phenylalanine at position valine-15 of the Lactococcal multidrug resistance regulatory
(LmrR) protein scaffold™. In doing so, we enabled the formation of iminium ion intermediates formed by the
condensation of aldehydes with the amino moiety of the pAF catalytic residue, thus mimicking known
reactivities of small molecule organocatalysts in a protein scaffold'®. So far, two distinct mechanistic pathways
have been identified: (I) transimination, enabling the reaction between benzaldehyde derivatives (e.g. 1) and
NBD-H (4-Hydrazino-7-nitro-2,1,3-benzoxadiazole 2)'*® to afford the corresponding hydrazone (hydrazone
formation reaction (HyF) e.g 3) and (ll) conjugate addition, enabling reaction between aliphatic a,B-
unsaturated aldehydes (e.g. 4) and indoles (e.g. 5) to enantioselectively afford the corresponding Friedel-
Crafts alkylated indole products (Friedel-Crafts alkylation (FC) e.g. 6)'"'®. For each of these activities, a
directed evolution campaign was performed, resulting in an improved triple mutant for each reactivity.
Assessment of the Michaelis-Menten kinetic parameters of these evolved mutants found that the mutations
that improved one catalytic activity caused a concomitant decrease in the other i.e. directed evolution
produced catalytic specialization'’. In the present study, we combine mutagenic, crystallographic and
computational studies to reveal the molecular basis of this phenomenon, revealing a change in quaternary
structure and direct cooperation between the ncAA and side-chains introduced during evolution underlying

the specialization.
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Figure 1: (A) Alternative outcomes of evolution of a promiscuous parental enzyme to produce either generalized (blue)
or specialized (pink) evolved mutants. (B) Catalytic promiscuity of LmrR_pAF for hydrazone formation and Friedel-Crafts

alkylation reactions.

Our initial efforts focused on the exploration of the mutational landscape of the two directed evolution
campaigns by systematic evaluation of all possible single, double, and triple mutants from each lineage for
both the apparent catalytic efficiency for the HyF reaction to form 3, and yield and enantioselectivity for the
FC reaction to give 6 (the selection parameters used during evolution - Figure 2). Overall, activity loss occurs
far more easily than gain, where all three mutations are required to give the full benefit, however only one
mutation (e.g. F93H or S95G) was sufficient to produce nearly the whole activity loss. This demonstrates that

evolutionary pathways of this promiscuous artificial enzyme (and previously investigated for non-natural
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reactivities in heme-enzymes'®?°) closely reflect those found in nature. Loss of a non-selected activity occurs
more rapidly than the gain of the selected activity is well known for natural enzymes, and evidently also
applies to artificial enzymes — suggesting that evolutionary specialization might be an empirical property of
enzyme catalysis, with relatively few exceptions?. Only L18R proved mutually beneficial - although it only
slightly improved both reactivities, it can restore some hydrazone formation activity to catalytically inactive
S95G_MB89N double mutant. Perhaps the most surprising finding is the strong epistatic interaction between
the N19M and FO93H mutations on hydrazone formation reactivity, which individually afford detrimental and
mildly beneficial effects, respectively, yet, in combination, boost catalytic efficiency by an order of magnitude.
The occurrence of epistatic effects in the LmrR scaffold suggests that multiple-site saturation mutagenesis

might be an effective tool for future directed evolution campaigns of artificial enzymes based on LmrR?',

‘ [# mutations]
10081 [ 2 | [0] [31-100
Hydrazone Formation Friedel-Crafts Alkylatm
]
80 - - 80
= J} = 5 -
~ [ ] X
X s
< 601m - - -60
o - - = = o
> m® = ©
© 40 - 40
]
20 - - 20
0 L@ m = N m N t tll ,
= o] 04
= IF S| < ol | 2o =z —=0
4 o rs | 8= 2 =
T wZ £ Ao z
0 = - _ = o 0
i £ |t I == ~§g° =
5 LJ 5 O
0
10 10 Eg
Jf positive Z
15| epistasis 15 :“
———— ;’/
20 -20
90 - [90
100-m 100
110 110

Figure 2: Evolutionary pathways of LmrR_pAF for its promiscuous hydrazone formation (orange) and Friedel-Crafts
alkylation (blue) activities. The pathway followed during each directed evolution campaign by the respectively colored
arrows, while mutants not explored in the pathways are shown in grey. All data was obtained from at least two batches
of the enzyme, each measured in duplicate, to give at least four total measurements. The values are the average of the
data obtained, while the error bars represent the standard deviation. *No rate acceleration was detected with this variant.
1 Data from Leveson-Gower et al. 2021'". t Data from Mayer et al. 2019'®. Source data and measurement conditions

provided in Supporting Tables S1 and S2.
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We successfully obtained crystals for both the RGN and RMH mutants, with one crystal diffracting to
a maximum resolution of 2.45 A for the former mutant and two crystals diffracting at 2.55 A and 2.24 A for
the latter. Comparing the structure of LmrR_pAF'® with the RGN mutant reveals an unexpected change in
the quaternary structure. With only three mutations, the assembly of the monomers to form the homo-dimeric
structure is markedly different, as seen in their alignment (Figure 3A). This is also reflected in a closing of the
hydrophobic pocket formed at the dimer interface, where the distance between the two closest atoms of the
W96/W96’ side chains decreases from 6.3 A in LmrR_pAF to 4.0 A in the RGN mutant (Figure 3B.).
Accordingly, the pocket volume of the RGN mutant (~800 A®) estimated using PyVOL is around half that of
LmrR_pAF (~1600 A3, supporting Figure S1)?2. The newly installed R18 side chain forms hydrogen bonds
with carbonyl moieties in the N88 and N89 side chains (the latter was also introduced in directed evolution).
In one monomer, the H-bonding partner of R18 is E7 rather than N88/N89 (Supporting Figure S2). These
new interactions may ‘pin’ together the a1 and a4 helices and thus provide the large shift in angle, from 51.5°
and 52.7° for each monomer LmrR_pAF to 54.5° and 60.1° for each monomer in the RGN mutant (Supporting
Figure S2). We also observed an increase in proximity between a1 and o4’ helices (i.e. between two
monomers forming the homodimer), which may be caused by increased space afforded for the Q12 side
chain by the S95G mutant in RGN, allowing for closer packing of these helixes and gives a decreased

distance between the a-carbons of these residues by almost 1 A compared to LmrR_pAF (Figure 3B).
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Figure 3: A. Alignment of cartoon representation of the crystal structures of LmrR_pAF (grey, PDB:6I8N) and the RGN
mutant (blue) and RMH (orange) mutants. For clarity, a MOPS molecule bound in the pocket of LmrR_pAF is not shown.
B. Crystal structure of the RGN mutant with focus on the regions mutated, showing new hydrogen bonding interactions
(left) and decrease in 96-96’ and 95-12’ distances compared to LmrR_pAF with alignment of the relevant residues shown
in grey (PDB:9GKT). C. Close up of the active site of the RMH mutant in the two crystal structures obtained showing
differing conformations of the R92 side chain in crystals 1 (PDB:9GKR) and 2 (PDB:9GKS) with 2Fo-Fc map shown

contoured at 10 (left and middle, respectively) and (D.) the result of ensemble refinement for crystal 2 showing that the
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diffraction data is partially consistent with a ‘forward-facing’ conformation for R92. Summary of the crystallographic

statistics provided in Supporting Table S3. 2Fo-Fc maps are shown contoured at 10 in B and C.

Both structures obtained for the RMH mutant show a high degree of overall similarity with the
LmrR_pAF parent (Figure 3A), despite the presence of a bound MOPS molecule in the LmrR_pAF crystal
structure, indicating that mutations, and not crystallographic ligands, influence the pocket volume. However,
RMH has new side chains installed proximal to the pAF residue (Figure 3C). While in both crystal structures,
the mutated M19 and H93 residues are close to the reactive amino moiety of the pAF residue, the R92 side
chain conformer varies significantly. In crystal 2, the side chain points to the back of the pocket in both
monomers, whereas in one monomer in crystal 1, it comes near the pAF-amino moiety (Figure 3C). An un-
modelled patch of density close to the pAF residue in crystal 2 prompted us to employ ensemble refinement
in case the single best solution found did not well represent the conformational ensemble of the protein

structure®>2°,

Often such refinement is conducted on diffraction data obtained at non-cryogenic
temperatures®®, however, due to the high degree of conformational plasticity of the LmrR scaffold we could
find diverse solutions using this technique on our existing, cryogenic, data (Supporting Figure S3). This also

consistent with previous molecular dynamics (MD) simulations?”?

which demonstrate the flexibility of LmrR,
and particularly the R92 residue in RMH, which was previously observed to flip between front- and backward-
facing conformations®®. When applied to the RMH crystal structures, the R92 and H93 side chains in crystal
2 both exhibit considerable flexibility with R92 also have some forward-facing conformers in one monomer,
evidencing the ability to move in closer proximity to the pAF residue and thus, the reaction center (Figure
3C).

Using these experimentally determined structures as a basis, we proceeded with computational
investigations to determine the molecular basis of the specialization phenomenon. Starting with the Friedel-
Crafts reaction, we employed a multiscale methodology focusing on the identification of ‘near-attack
conformers’ (NACs) for the C-C bonding forming step. The NAC was defined based on the optimized
structures of the transition state of the reactions resulting from DFT calculations with the B3LYP 6-31G(d,p)
basis set, using a truncated reaction model of the reaction where pAF was substituted with aniline and
hexenal was substituted with crotonaldehyde. The dihedral angle formed between the iminium, Ca, CB
carbon atoms of the enal and C3 carbon atom of the indole substrate is diagnostic of the product
stereochemistry with angles of ~90° corresponding to the (S)-configured product, and those of ~-90°
corresponding to the (R)-configured product (Figure 4A, Supporting Figure S4, Supporting Table S4). Using
the same DFT B3LYP 6-31G(d,p) basis set, we optimised the structure of: ncAA pAF; the iminium species
formed after condensation of the hexenal substrate at pAF; and 2-methyl indole. Each component was then
subjected to restrained electrostatic potential (RESP) calculations to obtain the charges, followed by
parameterization with the GAFF forcefield using ambertools®®. These components were iteratively docked
(first the iminium ion, then 2-methyl indole) into the crystallographic structures using GOLD, and the top
ranked solutions were chosen based on GOLDscore®. Unrestrained MD simulations were performed for
each LmrR_pAF and the RGN and RMH variants initiated from the geometries thus obtained to investigate
the dynamics preceding the C-C bond forming step, with 6 replicates of 500 ns for each system. Convergence
of the trajectories was judged by stabilization of the RMSD (root-mean-square deviation) and PCA (principle

component analysis). The distribution of NAC dihedral angles and C-C distances is shown as a density plot
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for each variant in Figure 4B (Supporting Figures S5-S7). In the RMH variant (orange), the indole substrate
was barely maintained in the pocket, with an increase in substrate retention for the LmrR_pAF parent (grey),
accurately reflecting the experimental reactivity trend between these two variants. Strikingly, in the RGN
variant the 2-methyl-indole substrate remained in the pocket for five of the six replicates, with a clear bias
towards dihedral angles indicative of the formation of the experimentally verified (S)-enantiomer'” upon close
approaches (Figure 4C, Supporting Table S6). The correct enantioselectivity was not found with the
LmrR_pAF parent, perhaps due to the lower intrinsic selectivity and lower sampling of near-attack
conformations due to poorer ability to maintain the indole substrate in a productive conformation. This makes
the fewer conformations of the close approaches of the substrates that do occur less significant for these
simulations than with the RGN variants. Representative frames from the top clusters (using all atoms from
the substrates for the analysis) from the MD simulations reveal that, upon close substrate approaches, the
A92R mutation in the RMH variant occupies the space between the W96 and W96’ residues, which form the
core of the hydrophobic pocket in LmrR (Figure 4D). Conversely, in simulations with the RGN variant the
tighter arrangement of W96/W96’ due to the smaller pocket volume makes an ideal binding pocket for the
indole substrate, where the vicinal D100 residue could aid with the subsequent re-aromatization process.
Overall, the MD simulations suggest that whilst residues in RMH block the preferred substrate pocket for the
Friedel-Crafts reaction to occur, the tighter pocket found in RGN favors productive substrate binding.
Interestingly, all three studied variants maintain a similar overall flexibility as evidenced by RMSF calculations
of the backbone (Supporting Figure S8). In RGN, the decreased pocket size promotes rigid substrate binding
and preorganisation for catalysis, but not a significant change in total protein dynamics®'. The indole substrate
stays in the centre of the hydrophobic pocket during MD simluations for the RGN variant, whilst rotameric
control of the iminium ion ensures bias towards exposing the pro-(S) face for nucleophilic attack meaning

that the overal enzyme-dynamics promote enantioselective cataylsis®.
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Figure 4: A. Overlay of the transition states identified with a truncated model, showing how the dihedral between the
four atoms shown in purple is diagnostic of the stereochemical outcome towards the (R) (green) and (S) (pink)
enantiomers. B. Measurements of the dihedral angle and reactive atom distance during MD simulations with the RMH
(orange) LmrR_pAF parent (grey) and RGN (blue) variants, shown as a gaussian kernel density estimate plot, where
darker regions correspond to more dense populations. Total data obtained over 6 replicates of 500 ns (3 us total per
system). The green and pink boxes represent the cut-off values used for counting pro-(R) and pro-(S) NACs,
respectively. Values over 15 A are not shown — further details in supporting information. C. NAC counts for the three
studied variants, total obtained from all replications (total frames = 3 x 10°). D. Representative frames of the top cluster
based on analysis of the catalytic residue and 2-methyl-indole substrate for the RMH and RGN variants. These clusters

represent 96.7% and 49.5% of the overall trajectory, respectively.

Next, we turned our attention to computational studies of the hydrazone formation reaction, where we
focused on iminium ion formation between para-hydroxy benzaldehyde (1) and the pAF residue which has
previously been shown to be the rate-determining step when aniline-derivatives are used as catalyst®*=’.
Thus, the simulations herein expand on our previous computational study of LmrR_pAF_RMH which
considered only the substrate-free resting state rather than reaction intermediates with direct relevance to
catalysis?®. We hypothesized that the R92 and H93 sidechains introduced in the evolved RMH variant could
assist with formation and dehydration of the hemiaminal intermediate by acting as a H-bond donor and
proton-shuttle respectively (Figure 5A). Together, these three residues could form semi-synthetic catalytic
machinery where they operate in a synergistic triad to boost catalysis. Following the same protocol as
previously applied, we first performed MD simulations with the hemiaminal intermediate bound at one of the

two pAF residues, permutating both the enantiomer of the fleeting chiral center of the hemiaminal and the
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protonation state of H93 to give a total of six distinct systems, conducting 500ns simulations with 6 replicates
for each system (Supporting Figures S9-S14)®%. In the e-protonation state of H93, the -N atom makes
persistent interactions with the hemiaminal hydroxyl moiety, while interactions with R92 are only transient
(Figure 5B, top). These interactions resemble a reaction intermediate after hemiaminal formation, suggesting
that proton-transfer from &-N of H93 could facilitate this process. However, participation of the R92 sidechain
by H-bonding is highly dynamic, with both backward- and forward-facing conformations present during the
simulations, consistent with the crystallographic studies (Figure 5C). When H93 is doubly protonated, instead,
the d-H atom makes persistent interactions with the hemiaminal hydroxyl moiety, while interactions with R92
are once again highly dynamic (Figure 5B). These interactions could promote dehydration of the hemiaminal

to form the iminium ion again by proton transfer from H93 and potential participation of R92 by H-bonding

(Figure 5C).
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Figure 5: A. Mechanistic hypothesis for the involvement of the R92 and H93 sidechains in the RMH variant in hemiaminal
formation and dehydration. B. Distance measurements for the H-bonding interactions of the hemiaminal hydroxyl moiety
and R92 (green) and H93 (pink) with the ¢- (top) and doubly-protonated states (bottom) and the (S)-configured
hemiaminal intermediate, replicate numbers 3 and 2 respectively. C. Snapshots of the simulations in (B.) where the H93
and R92 residues participate in dual- or single-H-bonding interactions (front and back conformations of the dynamic
R92 sidechain). Estimated prevalence of these snapshots based on their occurance in clusters analysed using either
the putitative catalytic residues (pAF15, R92, H93) or all C-alpha atoms, details in supporting information (methods).
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When we performed the corresponding MD simulations of the hemiaminal intermediate with the
LmrR_pAF parent and RGN variants, we found that the hemiaminal intermediate makes non-productive H-
bonding interactions with a variety of other non-ionizable sidechains which cannot assist in proton transfer
(Supporting Table S7). In the RGN variant, H-bonding to D100 is particularly persistent. This interaction would
lead to reversion of the hemiaminal intermediate via deprotonation by the aspartate residue. In LmrR_pAF
several replicates show H-bonding interactions with N19, which explains the epistatic role of the N19M
mutation in RMH — mutation to a hydrophobic residue prevents non-productive interactions but does not
directly promote catalysis in the absence of the H93 residue. Correspondingly, in the presence of the N19
residue, non-productive H-bonding interactions persist, reducing the efficacy of H93 for proton transfer and
resulting in the strong epistasis of the N19M and F93H mutations.

Next, we applied the quantum cluster approach to determine how the interactions identified in the MD
simulations affect the reaction barrier***°. We arbitrarily selected all residues with an atom within 6 A of the
pAF side-chain nitrogen atom according to their crystallographic coordinates. We replaced backbone atoms
for the methyl group, whose coordinates were fixed to produce a cluster with 165 atoms comprising the first
shell of the catalytic sphere (Supporting Figures S15-S20). We used DFT to locate transition states and
intermediates for a reaction pathway where H93 acts as a general-acid residue to promote hemiaminal
formation and dehydration (Figure 6A)*'. With the participation of both H93 and R92 (i.e., the front-facing
conformer), the reaction proceeds preferentially via the (S)-configured hemiaminal, with the highest overall
barrier for this reaction sequence being the hemiaminal formation 15.2 kcal/mol above the lowest energy
substrate conformer, and the dehydration step proceeding with a barrier of 8.7 kcal/mol (Figure 6B - green).
Interestingly, for the pathway via the (R)-configured hemiaminal, the hemiaminal formation proceeds with a
lower barrier of 11.0 kcal/mol, but the dehydration provides a higher barrier of 19.4 kcal/mol, suggesting that
this fleeting-chiral centre has a signficant implication for the overall reaction pathway, strongly disfavouring
the (R)-configured pathway (Figure 6B — pink).

We then placed the R92 sidechain in the backward-facing conformation and recalculated the energy
profile for the (S)-configured pathway, finding that the barrier for dehydration increased by 2.1 kcal/mol. This
difference, whilst relatively small, suggests that the forward-facing R92 conformer may play a role in catalysis.
This energy difference corresponds to approximately a 30-fold rate acceleration, while the real contribution
of the R92 side-chain is around 5-fold, consistent with dynamics between forward- and backward-
conformations reducing the efficacy of this component of the catalytic machinery. After constructing a cluster
from equivalent atoms taking the crystallographic positions found in the other monomer of RMH crystal 2
(which also has a backward-facing R92 conformation), we found only 0.1 kcal/mol difference in barrier for
hemiaminal dehydrations compared to the backward facing conformation produced from the other monomer
(Supporting Figures S15). This suggests that the small energy-barrier difference based on the R92
conformers is not an artefact of small movements of other moieties in the quantum clutser. The effect of the
forward-facing R92 conformation is also apparent from inspection of transition state structures, where H-
bonding to the oxo/hydroxyl moiety from the aldehyde substrate results in ‘later’ transition states with greater
degrees of proton transfer and incipient bond formation compared to the backward-facing R92 conformation
(Figure 6C). Our previous MD studies of the RMH-variant susbtrate-free resting state demonstrated that the

motion of the two R92 sidechains in each monomer is sensitive to mutations, with the cis-forward
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conformation being greatly diminished in improved mutants®. The studies herein suggest that the trans-
conformation (i.e. R92 forward and R92’ backward, as observed in RMH crystal 1) may be the catalytically

active conformation.
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Figure 6: A. Mechanism investigated for iminium formation via a hemiaminal intermediate assist by proton transfer from
a specific acid residue (i.e. H93). B. Energies along the reaction pathway for the intermediates and transition states
listed in (A.). Structures were optimized with the B3LYP 6-31G(d,p) functional, and the energies were recalculated with
B3LYP 6-311G++(2d,2p) functional; values are given in kcal/mol. C. Overlayed structures of the hemiaminal formation
and dehydration transition states where R92 is in the forward or backward conformations (green and grey, respectively)
with key bond lengths given. Frozen methyl groups are represented as purple spheres. Full details are in the supporting

information.

Overall, our study probed the divergent evolutionary pathways of a promiscuous artificial enzyme
firstly by systematic evaluation of each mutant along both lineages revealing a rapid specialisation effect and
epistasis*?. Therefore, future directed evolution campaigns on LmrR-based artificial enzymes should consider

simultaneous site-saturation mutagenesis to search for further beneficial epistatitic effects?! 4344,
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Crystallographic structural elucidation of the evolved mutants, along with our previous structure of the parent,
revealed stark differences in the manner of adaptation of the protein scaffold for its selected task. For the
Friedel-Crafts reaction the evolved RGN mutant exhibits a reaction pocket decreased in size, due to a marked
change in quartnerary structure and a closing of the dimer interface that forms the pocket. MD simluations
evidenced more rigid and preorganised substrate binding as well as a bias toward the preferred
stereochemical pathway®*'. The structural effect of these mutations was largely due to their occurance in
the so-called ‘hinge’ region of LmrR (where the end of a1 meets the beginning of a4), where we previously
also saw that inconporation of a boron-based ncAA significantly changed the overall structure of LmrR?84%46,
This suggests that this region should be further targetted in future engineering campaigns on the popular
LmrR artificial enzyme scaffold. Conversely, the evolved mutant for the hydrazone formation reaction
maintains an overall structure highly similar to the LmrR_pAF parent, with a few key functional side chains
introduced into the primary reaction sphere, which make persistent or transient interactions with the key
reaction intermediate (hemiaminal) during MD simulations. Using a quantum cluster approach, we could show
how the catalytic ncAA and two other sidechains introduced in directed evolution form a semi-synthetic
catalytic machine for efficient catalysis*’. Directed evolution produced a catalytic solution for iminium ion
formation employing a histidine residue for proton transfer, distinct from Class | Aldolases that employ a water
molecule coordinated by a glutamate or tyrosine sidechain*®*°. Further development of artificial enzymes that

employ iminium catalysis can now benefit from this proven motif in design and engineering efforts.
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