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Abstract 

A protein engineering strategy was explored to expand the substrate scope of a 

thermostable (S)-selective ω-transaminase from Pseudomonas jessenii (PjTA-R6) 

toward the production of six bulky amines, for which no enzymatic activity was originally 

detected. The strategy consisted of docking the external aldimine intermediate of the query 

amine in the binding site of PjTA-R6 variants, and scoring the goodness of the variants 

with the Rosetta score. Experimental verification of the top-scoring variants (7 – 18 variants 

per amine) was carried out by experimental collaborators. In each library, the vast majority 

of variants displayed enhanced activity and good enantiomeric excess (> 99%). 

Additionally, we show that there is a trend between Rosetta score of the docked external 

aldimine intermediate complex and the experimental yield. We note that some outliers that 

do not follow the trend have a relatively low thermostability. To explain other outliers, we 

estimated the water displacement that would be needed for the substrate to form the 

Michaelis complex using molecular dynamics simulations. Overall, the results show that 

computational design can be an efficient approach to rapidly expand the substrate scope of 

ω-transaminases to produce enantiopure bulky amines. 
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Introduction 

Transaminases are attractive biocatalysts for the synthesis of chiral amines, which are 

used as building blocks in the pharmaceutical industry.1 In the transamination reaction, 

an amino group is transferred from a donor (usually an amine or amino acid) to an 

acceptor (a ketone, keto acid or aldehyde) with the enzyme acting as a molecular 

shuttle through its cofactor, the pyridoxal 5′-phosphate (PLP) group.2 Transaminases 

are very diverse, both in terms of fold-type and substrate range. The term ω-

transaminase (ω-TA) is used for enzymes acting on aminoalkanoic acids with the 

amino and carboxylate group on opposite ends of an alkyl group. Most of the ω-TAs 

also act as general amine transaminases (ATAs) and do not require a carboxylate 

group in the amino donor or acceptor. Accordingly, such enzymes can be used to 

convert ketones to the corresponding amines, which is of synthetic importance if the 

products are enantiopure.3  

The overall catalytic cycle of transaminases consists of two half-reactions, each 

composed of several reversible steps (Scheme 1).4 In the first half-reaction, the 

conserved lysine that forms a Schiff base with the PLP in the native protein (internal 

aldimine, E-PLP) is displaced by the amino donor, resulting in the formation of an 

external aldimine. Then, via formation of quinonoid and ketimine intermediates and 

imine hydrolysis, the amino group is transferred to PLP, forming the aminated 

cofactor pyridoxamine 5'-phosphate (PMP)–enzyme complex (E:PMP). The 

deaminated donor is released as a ketone, aldehyde, or keto acid. For the second half-

reaction, the E:PMP enzyme binds the amino acceptor to regenerate the E-PLP via 

ketimine, quinonoid, and external aldimine intermediates, after which the product is 

released as an amine or amino acid. In the case of non-symmetric ketones, ω-TAs 

convert the substrate to a chiral amine, offering an attractive catalytic route for the 

asymmetric synthesis of chiral amines.  

As with most enzymes, the substrate scope of ω-TAs is rather restricted, often due to 

steric hindrance in the active site.5 Most ω-TAs are homodimeric fold-type I PLP 

proteins, with two identical active sites located at the interface of the monomers. Each 

active site of these class III transaminases has both a large and a small binding pocket 

to accommodate substituents of the carbonyl (or amino-bound) central carbon atom.5 

While the small binding pocket can seldom accommodate anything larger than a 

methyl group, the large binding pocket is generally capable of accepting an aryl or 

alkyl group. To expand the substrate range of ω-TAs, the binding pockets need to be 

engineered to accept larger groups. The main strategies for finding enzyme variants 

capable of a desired conversion are directed evolution, rational redesign based on 

structure analysis, and computational redesign.6 Several examples of engineering the 

selectivity of ω-TAs by directed evolution have been reported.7–9 A prominent case is 

the stepwise evolution of the (R)-selective ω-TA (a tetrameric PLP fold-type Ⅳ 



CASCO – PjTA engineering  Chapter 3 

76 

 

enzyme) from Arthrobacter sp. to obtain a variant that can be used for the synthesis 

of the anti-diabetic drug sitagliptin from prositagliptin ketone.8 Steric constraints in 

the small binding pocket and potentially undesired interactions in the large binding 

pocket prevent the prositagliptin ketone from being accepted by the wild-type enzyme. 

An enzyme variant with 27 mutations suitable for sitagliptin production was obtained 

after 11 rounds of stepwise evolution. Such a directed evolution campaign requires a 

considerable screening effort and multiple iterations of mutagenesis, sequencing, and 

testing. 

 

Scheme 1. Reaction mechanism for the transamination of acetophenone to enantiopure 

1-phenylethylamine with isopropylamine (IPA) as amino donor. Blue arrows indicate the first 

half-reaction, green arrows indicate the second half-reaction. Computational efforts were 

aimed at redesigning the binding pocket to accommodate different external aldimine 

intermediates.  

The use of computational techniques in protein engineering is becoming an attractive 

option, in part due to the development of better energy functions and search 

algorithms.10 The caveat of using computational design is that the methodology is case-

specific and the choice of a good strategy is dependent on the enzyme family, the type 

of reaction, the type of substrate, and the limiting catalytic step. For ω-TAs, 

computational methods for finding mutations that modify substrate scope typically 

include docking of a modeled reaction intermediate11 and molecular dynamics 
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simulations11 or quantum mechanical modeling12 of such an intermediate. Docking is 

the fastest amongst these methods, but explicit water molecules are generally not 

included to avoid a drastic increase in the search space. Water may play an important 

role in both the catalytic mechanism and shaping the binding site of ω-TAs.12,13 

Different reactions steps have been computationally modeled for the redesign of 

ω-TAs; hence, different ligands, i.e. the ketone that acts as amine acceptor,11,14,15 the 

amine product,16,17 the quinonoid intermediate,18 and the external aldimine 

intermediate19 have been examined. An advantage of using a reaction intermediate is 

that the search space for the conformation of the ligand is smaller since the positions 

of the PLP cofactor atoms can be considered fixed. However, working directly on a 

reaction intermediate implicitly assumes that the enzyme is capable of forming the 

Michaelis complex with the substrate (ketone or amine) and converting it to that 

intermediate and thus would neglect mutations that influence the entry of the 

substrates or their accommodation in a reactive orientation.  

In computational predictions based on structural modeling, docking, and molecular 

dynamics simulations, mutations are usually chosen manually and investigated on a 

one-by-one basis, which seriously limits the accessible sequence space and 

complicates the prediction of variants with multiple substitutions. Alternatively, 

mutations can be generated in a single dock-and-design step from a user-defined 

search space. This way of discovering new enzyme variants without preselecting 

individual mutations is offered by design algorithms,20 as implemented in, for 

example, the Rosetta enzyme design software.21 Often used for de novo protein and 

enzyme design, Rosetta can also be employed to modify the activity of existing 

enzymes.22,23  Rosetta uses a Monte Carlo search algorithm that randomly mutates 

selected positions and searches for low-energy solutions by varying residue identities, 

protein residue rotamers, and ligand conformations.24 Calculations are very fast, and the 

search space can be defined in terms of target positions, allowed mutations, and rotamer 

library density of target residues and ligands. Local backbone changes are allowed, and 

good numbers of primary designs carrying multiple mutations can be generated in a single 

dock-and-design step. The CASCO protocol employs Rosetta in combination with MD 

simulations for ranking.25 In the current work, we present a design strategy that uses Rosetta 

and employs the Rosetta Interface Energy as the main metric for the ranking of primary 

design mutants, obviating the need for more expensive MD simulations in the initial 

ranking phase. The strategy benefits from the target ligands having hydrophobic and rigid 

substituents;26 hydrophobic groups do not form hydrogen bonding networks involving 

water molecules, which are typically absent in docking approaches. Furthermore, we 

use docking with the target substrates covalently bound to the PLP in the form of the 

external aldimine intermediate, which greatly reduces the degrees of freedom of the 

binding poses and thereby the search space.  



CASCO – PjTA engineering  Chapter 3 

78 

 

 

Scheme 2. Synthesis of chiral amines (1b−6b) from ketones (1a−6a) by PjTA-R6 mutants under the 

employed reaction conditions. 

As the target enzyme, we have chosen a recently reported stabilized variant of the (S)-

selective ω-TA from Pseudomonas jessenii (PjTA-R6, Tm
app 85 °C).27 The enzyme was 

engineered for increased stability by computational redesign of the subunit interface and 

catalyzed enantioselective production of (S)-1-phenylethylamine at high substrate 

concentration [100 mM acetophenone, 1 M isopropylamine (IPA)] and in the presence of 

20% dimethyl sulfoxide (DMSO) at 56 °C. In view of the excellent performance of PjTA-

R6 under these harsh reaction conditions, we considered PjTA-R6 to be a good template 

enzyme to broaden the catalytic scope toward the production of enantiopure bulky and 

cyclic primary amines. As target products, we chose six different bulky (S)-amines 

(Scheme 2), with structures that are quite different from the accepted substrate (S)-1-

phenylethylamine. First, (S)-1-phenylbutylamine (1b) was chosen in view of the bulkiness 

of the propyl group that should be accommodated in the small binding pocket of PjTA-R6. 

Moreover, (S)-1-phenylbutylamine has been the target of previous transaminase 

engineering efforts.11,15,16,18,28 Two other target amines were (S)-(+)-1-aminoindan (2b) and 

(S)-(+)-1-aminotetralin (3b). The activity of PjTA-R6 for these compounds is undetectable; 

the same is observed with most other ω-TAs.16,17,29–31 The last three selected bulky amines 

[(S)-5-methoxytetralin-1-amine (4b), (S)-6-methoxytetralin-1-amine (5b) and (S)-7-

methoxytetralin-1-amine (6b)] have not yet been synthesized by ω-TAs and possess an 

even more bulky group than 3b to be accommodated in the large binding pocket. The 

corresponding ketones used as substrates are butyrophenone (1a), 1-indanone (2a), 1-

tetralone (3a), 5-methoxy-1-tetralone (4a), 6-methoxy-1-tetralone (5a) and 7-methoxy-1-

tetralone (6a) (Scheme 2).  
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Scheme 3. Schematic view of the large and small binding pocket of PjTA-R6 bearing the external 

aldimine intermediate [PLP-Schiff base with (S)-1-phenylethylamine]. Target residues belonging 

to the large binding pocket are colored blue, and the target residue from the small binding 

pocket is colored red. K287 is the catalytic lysine (magenta).  

The employed strategy aims to produce, in a single Rosetta dock-and-design step, enzyme 

variants with mutations that facilitate the accommodation of the external aldimine 

intermediate of the target reactions. The search space included multiple residues around the 

active site (Table S1), but the resulting small mutant libraries selected for experimental 

verification contained mutations only at eight positions of PjTA-R6 (Scheme 3). The ability 

of the Rosetta-generated variants to accommodate the intended intermediates was evaluated 

by the Rosetta interface energy (docking score).32 The results showed that there is a 

correlation between the interface energy and the experimental yield, which can aid to 

narrow down the search in future mutagenesis efforts. Experimental verification (details 

can be found in the full manuscript) showed that the majority (97%) of the mutants gave 

better reactivity than the initial scaffold, which was not able to produce any of the six 

targeted amines. All mutants showed excellent enantioselectivity for production of the (S)-

amine.  

 

Methods 

Computational library design. The crystal structure of PjTA-R6 (PDB 6TB1) served 

as scaffold for docking of the target ligands. The scaffold was prepared by explicitly adding 

hydrogen atoms to the crystal structure of PjTA-R6 using an automatic Yasara procedure 

(the CleanAll and OptHydAll functions).33 All crystallized water molecules and ions were 

deleted from the structure. The modeled ligands are the external aldimines of 1a–6a, 
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named, respectively, as 1EA–6EA in this manuscript (Figure S1). Structures of 1EA–6EA 

were prepared by adding a covalent bond between the PLP C4’ atom and the corresponding 

amino substrate (1b–6b) to form the respective Schiff base. Geometry optimization of the 

resulting external aldimine structures was performed with the semi-empirical AM1 

method using the COSMO implicit solvent model.34 Partial charges were derived 

using the AM1/BCC procedure.35 Rotamer libraries for ligands 1EA, and 4EA–6EA 

were generated by random perturbation of non-hydrogen atom dihedrals (SampleDih 

Yasara routine) (Figure S1). Atoms originally belonging to the pyridoxal cofactor 

were kept fixed. Ligands 2EA and 3EA were represented by a single rotamer. The 

ligands (1EA–6EA) were initially aligned to the cofactor atoms originally found in 

the crystal structure. This initial conformation along with the rotamer library served 

as input for Rosetta design to generate the enzyme complexes containing the external 

aldimine ligands.21 For this computational design we used Rosetta  build number 

57849,  and for comparing experimental activities with Interface Energies we used 

Rosetta 60072, which outputs energies in kcal/mol. The following command-line 

arguments were used for Rosetta docking:  

-enzdes, -cst_predock, -cst_design, -cut1 0.0 -cut2 0.0, -cut3 8.0, -cut4 

10.0, -cst_min, -chi_min, -bb_min, -packing::use_input_sc, -packing::soft_rep_d

esign, -design_min_cycles 3, -ex1:level 4, -ex1:level 4, -ex1aro:level 4, -

ex2aro:level 4 

All residues within 10 Å of any ligand heavy atom were set to repackable, but residues 

152, 225, 258, 119, 118, 324, 292, 59, 287, and 87 were set to NATRO (NATural 

ROtamer). Multiple runs were performed for each substrate and varying combinations 

of residues were allowed to mutate (Table S1). For each run, one thousand decoys 

were generated, and the resulting mutants were ranked by their Rosetta Interface 

Energy. Figures representing Rosetta designs were created with VMD 

(https://www.ks.uiuc.edu/Research/vmd/). 

Additional simulations. In general, ranking mutants by the Interface Energy of the 

external aldimine complex proved to be a good target function to guide mutagenesis 

(see Results section). However, as an extra step to explain some outliers, the water 

displacement that would accompany substrate binding was estimated using MD 

simulations. These simulations were performed with enzyme–cofactor and enzyme–

ligand complexes generated by Rosetta docking using GROMACS 2020 software and 

the AMBER99SB force field. Details are given in the Supporting Information. 

Experimental verification. Details about the experimental methodology can be found 

in the full manuscript. Briefly, the top-scoring variants (top-scoring Rosetta energy) 

were selected to be experimentally tested in the laboratory. The PjTA-R6 variants 

were expressed in E. coli, and after purification of the enzyme, the yield and 

https://www.ks.uiuc.edu/Research/vmd/


Chapter 3  CASCO – PjTA engineering 

81 

 

enantiomeric excess of the asymmetric synthesis catalyzed by each variant was 

measured as well as the Tm
app of the variants. 

 

Results 

Computational design of PjTA variants. To examine the use of a single dock-and-

design step for shifting the substrate range of a transaminase towards acceptance of 

more bulky substrates, we selected the PjTA-R6 variant of the transaminase from P. 

jessenii as the template. PjTA-R6 is a thermostable variant (Tm
app = 85 ºC) of the native 

6-aminohexanoate transaminase (PjTA, Tm
app = 62 ºC) of the caprolactam 

biodegradation pathway. PjTA-R6 contains six point mutations 

(P9A+E38Q+A60V+S87N+M128F+I154V) that increase its thermostability, of 

which positions 60, 87, and 154 are located near the active site. It does not accept any 

of the ketones 1a–6a as substrates for transamination to 1b–6b. 

Derivatives with an expanded substrate acceptance were predicted by Rosetta in a 

single dock-and-design step.36 Rosetta design calculations were performed for each of 

the substrates 1a–6a by optimizing the active site for binding of the corresponding 

external aldimine intermediates, 1EA–6EA, respectively (Figure S1). Reshaping the 

binding pocket of PjTA-R6 was mainly aimed at alleviating steric hindrance caused 

by the bulky hydrophobic substituent in the substrate. Based on structural inspection of 

the crystallographic structure of the external aldimine formed from 6-aminohexanoic acid 

by PjTA (PDB 6G4E), the search space comprised of residues near the binding site (Table 

S1).   

For each ligand, 3–5 independent dock-and-design runs were performed, and in each 

run 4–6 active site residues were allowed to mutate. The number of runs and the 

identity of the residues selected for mutagenesis were case-specific for each compound 

(Table S1).  

The runs generated approximately 100–400 unique primary designs per ligand. 

Ranking and selection of the resulting mutants was done on the basis of their Rosetta 

Interface Energy, leading to small libraries with approximately 10–20 potentially 

improved mutants per ligand. The resulting designed libraries contained mutations on 

positions Met54, Leu57, Trp58, Tyr151, Ala230, Ile261, and Arg417, belonging to 

the large binding pocket, and on position Phe86, belonging to the small binding 

pocket. Finally, 7–18 of the top-scoring mutants for each substrate were selected for 

experimental verification (Table 1). No enzyme variant or specific mutations were 

manually added to the dataset. In total 70 Rosetta designs were selected which 

included 40 designs with different sequence because some designs for different 

substrates had the same sequence. 
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Table 1. Mutant dataset for the asymmetric synthesis of 1b–6b. ΔTm
app (°C), yield (%), and 

ee (%) were obtained via wet-lab experiments. Details for the wet-lab experiments can be 

found in the full publication. 

Mutant No. Target 

amines 

Rosetta Interface 

Energy (kcal/mol) 

∆Tm
app 

(°C)a 

Yield (%) ee (%) 

PjTA-R6b 1 1b–6b -c 0 n.a.d n.m.e 

W58Gf 2 2b–6b −21.6/−22.3/−22.3/

−22.8/−21.5 

0 51/64/86/ 

29/69 

>99 

W58G+F86S 3 1b,3b,4b −21.8/−22/−21.7 −8 52/30/47 >99 

W58G+F86L 4 3b −21.9 +2 27 >99 

F86L+Y151F 5 1b −23 −11 38 >99 

L57D+Y151F 6 2b −21.6 +1 n.a. n.m. 

W58G+F86L+R417L 7 1b–4b,6b −21.7/−21.4/−22.3/

−21.3/−21.6 

+3 49/12/43/ 

72/16 

>99 

W58M+F86L+R417Lf 8 1b −22.9 −5 72 >99 

W58G+F86S+A230G 9 1b −21.1 −1 2 >99 

W58G+F86S+R417L 10 1b–3b −21.9/−21.3/−22.4 +4.5 31/6/27 >99 

W58G+F86S+I261A 11 1b,4b −21.2/−20.6 −8 11/8 >99 

W58G+F86N+R417L 12 2b–6b −21.3/−22.4/−20.8/

−19.9/−21.7 

−2 7/33/62/12/

32 

>99 

W58G+F86N+R417F 13 3b–6b −22.4/−21.4/−20.2/

−21.7 

−3 33/59/12/ 

28 

>99 

W58G+F86L+R417F 14 3b–6b −22.3/−21.2/−20.5/

−21.6 

−6.5 44/70/17/ 

20 

>99 

W58G+F86N+R417I 15 4b −21 −5 66 >99 

W58G+F86L+R417I 16 4b −20.8 −3 69 >99 

M54T+W58G+R417L 17 4b −21.6 +2 78 >99 

M54T+W58G+R417I 18 4b −21.7 +2 57 >99 

M54T+W58G+R417Qg 19 4b −21 −34 1 >99 

M54T+W58G+F86S 20 5b −22.7 −8 1 >99 

M54T+W58G+F86L 21 5b −22.4 −3 2 >99 

W58G+F86L+I261N 22 5b −20.7 −11 1 >99 

W58G+F86C+A230P+R417L 23 1b −21.6 0 37 >99 

W58G+F86S+A230G+R417L 24 1b −21.5 −1 37 >99 

W58G+F86N+A230G+R417L 25 1b −21.5 −5.5 28 >99 

L57E+W58G+Y151F+R417K 26 2b −21 −3.5 n.a. n.m. 

W58G+F86L+I261A+ R417L 27 1b,2b −21.2/−20.7 −7 21/1 >99 

W58G+F86L+I261V+ R417L 28 3b −22.1 −4 37 >99 

W58G+F86L+I261V+ R417F 29 3b −22.1 +1 39 >99 

W58G+F86L+I261A+ R417F 30 3b −21.5 +5.5 14 >99 

W58G+F86S+I261A+ R417L 31 3b −21.6 +6 9 >99 

M54T+W58G+F86S+ R417Lg 32 4b −20.8 −32 15 >99 

M54T+W58G+F86L+ R417Ig 33 4b −21 −33 14 >99 

W58G+F86L+A230P+ I261V 34 5b,6b −20.8/−19.1 −5 5/4 >99 

M54T+W58G+I261A+R417L 35 5b −18.4 −1 1 >99 

W58G+F86L+A230P+I261V+

R417L 

36 4b,6b −20/−19.9 −5 20/12 >99 

W58G+F86N+A230P+I261V+

R417L 

37 4b,6b −19.9/−20 −2 6/7 >99 
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W58G+F86L+A230P+I261V+

R417I 

38 4b−6b −19.2/−19.3/−19.6 −2 14/4/4 >99 

W58G+F86L+A230P+I261V+

R417Q 

39 6b −21.1 0 11 >99 

M54T+W58G+F86L+A230P+I

261V+R417L 

40 4b,6b −19.5/−19.1 −2 9/4 >99 

M54S+W58G+F86L+A230P+I

261V+R417L 

41 6b −19.1 −3 5 >99 

a The difference in Tm
app between PjTA-R6 and mutants. b Tm

app  of PjTA-R6 is 85 ℃. c Interface 

Energies were not determined since no catalytic poses were obtained. d n.a. = no activity. e n.m. 

= not measured. f The mutant with the best analytic yield of the corresponding amine. g Variants 

with poor stabilities. 

 

Figure 1. Comparison of the Rosetta Interface Energies and the experimental analytical yields 

of PjTA-R6 variants redesigned for the asymmetric synthesis of six amines. In most cases, the 

best mutant is correctly identified by the docking score. Outliers (i.e., variants not following 

the overall trend) are colored red. Some outliers have a large (filled triangles, mut19, mut32, 

and mut33) or minor (open triangles) reduction of Tm
app. Others have a structure not suitable 

for catalysis (red squares), and the rest of outliers are in red circles. Dotted lines are linear 

regression (r2
linear), and continuous lines are semi-log regression (r2

exp.). Non-outliers (blue 

circles) were used for regression. Further information about the criteria used to define or 

classify outliers is given in Supporting Information. 

Experimental verification. Details on the wet-lab experiments performed by 

collaborators can be found in the full publication. All 40 unique designed mutants 

were constructed by site-directed mutagenesis. All but two of the mutant enzymes 

showed the desired catalytic activity and displayed high enantioselectivity (ee > 99%) 
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for the production of chiral amines 1b–6b (Table 1). Amine yields in these asymmetric 

transformation reactions varied from 1–86%, the latter value being similar to what was 

obtained with PjTA-R6 in the synthesis of (S)-1-phenylethylamine from its preferred 

substate acetophenone. Reactions were done with 1 M IPA and in the presence of 20% 

DMSO, indicating that the robustness engineered previously into PjTA-R6 was well 

maintained.  

Gratifyingly, there was a good agreement between the interface energy docking score 

of the corresponding external aldimines 1EA–6EA and the yield of the amines (Figure 

1). In general, better Rosetta Interface Energies of the external aldimines 1EA–6EA 

correlated with higher yields in amination reactions. The best variant for the synthesis 

of amines 1b–6b was either the top-ranking variant (for compounds 2, 4, and 5) or 

occurred among the top-ranking variants (compounds 1, 3, and 6) based on the 

interface energy (Table 1). This indicates that the computed Rosetta interface energies 

can be helpful to distinguish the best-performing variants among the larger numbers 

of primary designs generated. 

The trend between docking scores and experimental yields was not followed by all 

redesigned PjTA-R6 derivatives. A possible cause could be that underperforming 

variants are less stable and inactivated under the harsh conditions of the amination 

reactions (56 ºC, 1 M IPA and 2–20% DMSO). Since the selection of designs for 

experimental verification was based on scoring of Rosetta interface energies and did 

not consider possible effects of mutations on stability, we examined the 

thermostability of all the designed PjTA-R6 variants (Table 1).  

Reduced thermostability explains some outliers. The thermostability of the 

designed PjTA-R6 variants with substitutions at positions 54, 57, 58, 86, 151, 230, 

261, and 417 was tested to determine if there was undesired loss of stability (Table 1). 

Only 3 out of 40 variants had substantially lower thermostabilities than PjTA-R6 

(mutants 19, 32, and 33; ∆Tm
app –34 to –32 °C). Of the other 37 designs, 22 had a 

modest reduction of thermostability (∆Tm
app from –2 to –11 ºC), whereas 12 variant 

showed the same or slight increase in stability. 

The loss of thermostability of variants 19, 32, and 33 was indeed accompanied by a 

detrimental effect on the yield of amine 4b under the harsh reaction conditions of the 

reactions (56 ºC, 1 M IPA and 2–20% DMSO) in comparison to variants that were 

designed for the same product and showed a higher stability (variants 15–18) (Table 

1). Nevertheless, the three unstable variants still gave a higher yield of amine 4b than 

the parent PjTA-R6 enzyme, which may be due to some initial activity, followed by 

inactivation under turnover conditions. Mutant 20 ((∆Tm
app = –8 °C) also was less 

thermostable than the parent and gave a lower yield than expected from the trends 

shown in Figure 1 (5EA). 
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Causes and effects of reduced thermostabilities. A closer inspection of mutants 32 

and 33 revealed that a single mutation is responsible for the drastic reduction in 

thermostability. While mutants M54T+W58G+R417[L/I] showed excellent yields in 

the production of 4b, introducing mutation F86[S/L] substantially lowered amine 

production and decreased the Tm
app by more than 30 ºC. The mutations F86[L/S] were 

intended to alleviate steric clashes of Phe86 with the tetralin moiety (Figure S2). The 

structural models showed that Phe86 has π–π interactions with Tyr20 and Arg417. The 

latter in turn interacts with Asn87, which was previously introduced by an S87N 

substitution that enhances thermostability. Most mutants carrying a substitution on 

position F86 tend to have lower thermostabilities [25 F86X mutants showed decreased 

thermostability, whereas six were more thermostable (cutoff of 1 ºC)]. In variants 5 

and 26, which maintained Phe86, mutation of Tyr151 led to a reduction in 

thermostability, which we attribute to the loss of an interaction via a water molecule 

with the phosphate of the PLP group (Figure S3).37 Overall, we found the template 

PjTA-R6 to be robust enough to accept the majority of the proposed mutations with 

no substantial decrease in Tm
app, but the effect of some of the mutations on the 

thermostability of the enzyme was difficult to predict. This especially holds for 

variants carrying multiple mutations that both destroy and create interactions that 

contribute to stability. 

Rationalization of the observed activities. To examine if the observed activities of 

the Rosetta-designs can be rationalized, we inspected the predicted structures (Figure 

2). Variant PjTA-R6+W58M+F86L+R417L was the best-performing mutant for the 

asymmetric synthesis of 1b, giving an amine yield of 72%. In the designs optimized 

for 1b, mutation of Trp58 to Met turned out to be better for accommodating 1EA than 

mutation W58G, which also occurred frequently (e.g., PjTA-

R6+W58G+F86L+R417L; 49% yield). While mutation W58G only eliminates steric 

hindrance, mutation W58M maintains a more hydrophobic binding site in addition to 

eliminating protein–ligand steric clashes (Figure S3). W58M should lead to better 

hydrophobic contacts with the propyl substituent on the carbonyl carbon of 1b. The 

larger cavity produced by mutation W58G will require more water molecules to be 

displaced upon substrate binding than the smaller cavity left by mutation W58M and 

offers fewer stabilizing van der Waals interactions. In further engineering efforts of 

PjTA-R6 aimed at improving activity with substrates where the large substituent is a 

phenyl group, the mutation W58M should be considered.  
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Figure 2. Designed binding sites for external aldimines. Panels A–F show the Rosetta-docked 

external aldimine complexes (in orange) for 1EA–6EA, respectively in enzyme variants PjTA-

R6+W58M+F86L+R417L for 1EA, and PjTA-R6+W58G for 2EA–6EA. The superimposed 

crystal structure with the original residues in PjTA-R6 (magenta) is shown for reference. Water 

molecules are omitted in Rosetta design. Non-polar hydrogens are not shown, with the 

exception of hydrogen Hα, i.e., the hydrogen abstracted from the external aldimine (Figure S1). 

Figures were rendered using VMD. 

Ketones containing the indane (2a) or the tetralin (3a–6a) group required a PjTA-R6 

variant with mutation W58G to act as amino acceptor. In the external aldimine form, 

the aromatic ring of indane or tetralin must bind in the large binding pocket for 

production of the (S)-enantiomer of the amine. Unlike the aromatic ring in 1EA, the 

indane and tetralin bicyclic structures of 2EA–6EA allow no rotational mobility for 

the aromatic ring, causing steric hindrance with Trp58. The W58G single mutation 

was enough to alleviate this steric hindrance, and the PjTA-R6+W58G mutant 

produced enantiopure (S)-amines 2b–6b in yields ranging from 29 to 86% (Table 1). 

Additional mutations on top of W58G also gave active variants for conversion of 

ketones 2a–6a to amines but did not have a further beneficial effect, which was 

reflected in both the Rosetta interface energy and the experimental data. All mutants 

carrying multiple mutations remained active and highly enantioselective. 

From the experimentally tested mutant library of 40 unique variants (70 different 

enzyme–ligand combinations), only two variant–ligand combinations did not exhibit 
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catalytic activity towards the intended compound. The L57D+Y151F (mutant 6) and 

L57E+W58G+Y151F+R417K (mutant 26) derivative of PjAT-R6 were inactive on 

2a (Figure 1), and neither was capable of accommodating 2EA in a catalytic pose, as 

confirmed by visual inspection of the designed structure (Figure S4). In variant PjTA-

R6+L57D+Y151F, the aromatic ring of the bicyclic indane group of 2EA cannot be 

accommodated due to steric clashes with Trp58, which the mutations L57D+Y151F 

did not alleviate. Thus, no catalytic pose was obtained in the docking procedure, 

rendering the calculated Rosetta interface energy for this mutant irrelevant for 

predicting the catalytic potential. Furthermore, mutation L57D introduced a hydrogen 

bond between the side chains of Asp57 and Thr324, which might cause the mutant to 

be inactive even if the steric clashes with Trp58 were to be alleviated. Residue Thr324 

is believed to assist Lys287 in catalysis by forming a hydrogen bonding network.13 

Glu57 in variant PjTA-R6+L57E+W58G+Y151F+R417K can be disruptive for the 

very same reasons. Additionally, the formation of a salt bridge between Glu57 and 

Lys417 may prevent free movement of Glu57 upon substrate binding, causing steric 

clashes with the indane moiety, rendering the enzyme inactive (Figure S4). The steric 

clashes were reflected in the poor interface energy of mutant PjTA-

R6+L57E+W58G+Y151F+R417K (Table 1 and Figure 1). Thus, for the two designs 

we propose a combination of steric hindrance and disruption of catalytic 

conformations as the cause of inactivity in the production of 2b. 

The computational framework also yielded PjTA-R6 mutants suitable for the 

production of 3b. Due to the bicycle’s rigidity, the aromatic ring of the tetralin moiety has 

steric clashes with Trp58 of PjTA-R6 (Figure 2), which were eliminated by mutation 

W58G. The tetralin differs from the native substrate 6-aminohexanoic acid in that the latter 

is flexible and points outwards into the tunnel where it forms a salt bridge with Arg417, 

thus avoiding steric clashes with Trp58 (Figure S5).  In fact, the best variant for production 

of 3b was the single mutant PjTA-R6+W58G, and additional mutations did not improve 

the yield. Furthermore, a design run in which Trp58 was not allowed to mutate did not 

result in designs with a good docking score (Table S1). 

The different positions of the methoxy group attached to the tetralin moiety in 

intermediates 4EA, 5EA, and 6EA created distinctive trends. Most of the mutants 

designed to accommodate 4EA showed higher yields than designs for 5EA or 6EA. 

The difference can be rationalized by the position of the methoxy group in the tetralin 

moiety. The 5-methoxy substituent on the phenyl group of 4EA points towards the 

binding site entrance, making it easier to fit 4EA in the large pocket (Figures 2D and 

S6) than 5EA or 6EA. In other variants the position of the methoxy group could act 

in favor of 6EA; the mutation R417Q was found to be beneficial for accommodating 

6EA, increasing the product yield from 4% (mutant 34) to 11% (mutant 39) (Table 1). 

The side chain –NH2 of Gln417 can form a hydrogen bond with the oxygen lone pairs 
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of –OMet (O–H distance of 2.0 Å) in case of 6EA, but such a hydrogen bond would 

not form with 4EA as the –OMet is too far away (> 5Å) (Figure S6B). Accordingly, 

in the series M54T+W58G+R417X, where X=L, I, and Q, the product yields 

decreased from 78% to 1% (Table 1). It must be noted that the above rationalization 

only considers protein–ligand binding interactions of catalytic conformations of the 

complex but not the intrinsic ligand reactivities as the cause for differences in the 

observed reaction yields.  

Effect of mutations on the hydrophobicity of the binding site. As mentioned above, 

mutants with better Rosetta interface energy scores were better at converting ketones 

1a–6a to the corresponding amines, and some variants deviating from this trend had a 

reduced stability. To explain a few outliers that dot not have a decreased 

thermostability, i.e., red circles in the 3EA, 4EA, or 5EA datasets (Figure 1), we 

examined if the number of water molecules that would need to be displaced for the 

tetralin moiety to fit in the binding pocket could play a role (Figure S7). A large 

displacement of water molecules may significantly impact the binding energy of 

ligands.38,39 We used ns-scale MD simulations to quantify the difference in the water-

accessible volumes of the Rosetta-generated structures (Figure S8). Although this 

approach did not explain the outliers of 3EA, 4EA, or 5EA, when considering all 

variants (outliers or not), we did see a weak trend in the plot of the average difference 

in number of water molecules between the enzyme–PMP complex and the enzyme–

external aldimine complex against the experimental yield (Figure S8). The trend is 

weak, but it might be worth considering in future studies because water displacement 

upon substrate binding may contribute to a larger energy barrier that is not accounted 

for in the Rosetta calculations.40 

 

Discussion 

The aim of this work was to explore the use of computational design with the Rosetta 

search algorithm for broadening the substrate scope of a transaminase. For this we 

used PjTA-R6 as the template because its engineered stability should result in high 

mutability.27 The protocol avoided multiple iterations and manual selection of 

mutations by employing Rosetta enzyme design to obtain, in a single step, variants 

that catalyze amination of structurally demanding ketones. The presented 

methodology for broadening the substrate scope showed a high hit rate (68 out of 70 

designs were successful) and good predictive power (Figure 1). The screening 

framework is computationally inexpensive (~2 CPU hours per enzyme variant using 

an HP workstation Z4 with Intel Xeon W-2135 processor) and can easily be 

parallelized using multiple cores for high-throughput screening. Another attractive 

feature of the protocol is that combinations of mutations can be found by the Rosetta 
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search algorithm, without the need to preselect them by rational inspection; only the 

search space needs to be defined. Other useful methodologies for predicting the 

catalytic potential of ω-TA variants (using a different intermediate) are 

computationally more expensive (e.g. ~60 CPU hours per enzyme variant in the 

methodology described by Voss et al.11) or produce coarser categorizations (e.g. 

“active”, “inactive”, and “most active” in the work of Sirin et al.12).  

We chose the external aldimine as the ligand for the docking calculations because its 

conversion to the geminal diamine intermediate in the amine synthesis half-reaction 

involves a high-energy transition state.13 Thus, we hypothesized that mutations that 

increase the stability of the external aldimine complex would have an observable 

effect on product formation.32 An added advantage of using a ligand covalently bound 

to a rigid cofactor is that the position of the reactive atom (Cα) is known beforehand, 

which reduces both the docking search space and the number of variants that need to 

be screened to find a good mutant. Although the methodology described in this paper 

shows promising results for engineering the ω-TA activity, special attention must be 

paid to the identity of the substrates. The selected substrates are highly hydrophobic, 

which means modest direct participation from water molecules, which are typically 

deleted before docking. The substrates are also rigid, which, on one hand, further 

reduced the necessary search space and, on the other hand, made finding better 

variants more challenging. For substrates with high flexibility and high hydrogen-

bonding potential, attention should be paid both to correct modelling of implicit or 

explicit water and including a good diversity of rotamers in the search space. However, 

this remains a serious challenge, especially due to the complexity of describing the 

behavior of water molecules.41 

The design algorithm repeatedly suggested replacement of Trp58 and Phe86 of PjTA-

R6 to smaller hydrophobic residues (Table 1). In view of the sequence similarities of 

VfTA (PDB 4E3Q, 41% identity with PjTA-R6), CvTA (PDB 4A6T, 40% identity 

with PjTA-R6), and the ω-TA from Ochrobactrum anthropi (OaTA, PDB 5GHF, 64% 

identity with PjTA-R6), it is not surprising that the equivalent positions have also been 

reported to strongly influence activity in these enzymes. The best variant of OaTA 

possessed W58A and displayed a 105-fold higher activity in the synthesis of 1b.15  

In OaTA variants designed for 2a and 3a, mutation W58L was aimed at relieving steric 

hindrance in the large binding pocket and when tested indeed gave higher activity.17 

Furthermore, mutation of Trp58 in OaTA also promotes activity with other aliphatic 

and aromatic ketones, as seen in mutants W58L and W58A.17,42 In VfTA (ω-TA from 

Vibrio fluvialis), the corresponding Trp57 was mutated to Phe or Cys in several 

designs for synthesis of hydrophobic bulky amines.43,14 Mutation W57G was 

beneficial for the activity of VfTA towards different aliphatic amines44 while W57F 

gave improved activity with different aliphatic aldehydes and (R)-ethyl 5-methyl 3-
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oxooctanoate.12,45,46 The corresponding position in CvTA is Trp60 and mutation 

W60C improved the activity in the deamination of (S)-1-phenylethylamine and the 

amination of a series of ketones.47 ω-TA mutants in which the equivalent position 

Phe86 of PjTA is replaced have been reported as well. Phe86 flanks the small binding 

pocket and was mutated to Leu to produce several variants of CvTA (Phe88) and VfTA 

(Phe85) that are more suitable for the production of 1b.11,28 Replacement of Phe to the 

smaller residue Leu is enough to give the propyl group of 1b more room to fit in the 

small binding pocket. Other smaller residues replacing Phe in variants with improved 

activity in the synthesis of bulky amines are Ala48,12,46 and Val.43  

The hereby presented computational approach avoids multiple design iterations and 

instead uses the Rosetta energy function in a single dock-and-design step. Rosetta 

found solutions that overlap with rational design approaches, pointing at the conserved 

Trp and Phe residues in the large and small binding pocket, respectively, as hotspots 

for selectivity engineering of the well-studied fold type I ω-TAs.  

 

Conclusions 

We described a computational strategy to rapidly design transaminase variants with 

improved activity in the production of bulky amines. Not only were the designed 

mutants suitable for catalyzing the desired reactions, but also the enzymatic activities 

were in agreement with the Rosetta Interface Energy of the enzyme-ligand complex 

(see full publication for experimental methodology). We advocate that active site 

redesign by covalent docking of external aldimines with simultaneous sequence 

optimization offers a cheap and straightforward design methodology that can be 

applied to broaden the substrate scope of transaminases. 
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Additional tables and figures 

 

 

Figure S1. External aldimines used in this study. The ligands 1EA–6EA correspond to the 

external aldimine form of substrates 1a–6a, respectively. The ligand structures were made by 

adding a Schiff base between the substrate and the cofactor atoms. The cofactor atoms were 

kept fixed during the rotamer generation stage. R = H for 3EA, and -OMe for 4EA, 5EA and 

6EA, in positions 5*, 6* and 7* of the tetralin moiety, respectively. 
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Figure S2. Docked structures of four enzyme variants designed for the asymmetric 

synthesis of 4b. A) Variant M54T+W58G+R417L is capable of converting 4a to 4b. However, 

adding a single extra mutation (F86S) intended to alleviate steric clashes of Phe86 with the 

tetralin moiety, produces the mutant with the worst yield and worst thermostability (panel C). 

It is not clear why mutation F86S produces this drastic change in thermostability (and 

consequently yield of 4b). B) Variant M54T+W58G+R417I converts 4a to 4b with 57% yield, 

but some steric hindrance may be present between Phe86 and the tetralin moiety. But, addition 

of a single extra mutation in position 86 drastically reduces the thermostability of the resulting 

enzyme variant (panel D). Residues surrounding the binding site for the external aldimine in 

the design structures and the original crystal structure are shown in cyan and gray, respectively. 

Ligand atoms are shown in CPK representation. 
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Figure S3. Docked structures of the best variants for the synthesis of 1b. Residues 

surrounding the binding site for the external aldimine in the design structures and the original 

crystal structure are shown in cyan and gray, respectively. Ligand atoms are shown in CPK 

representation. A) The alkyl substituent of substrate 1a does not fit in the small binding pocket 

due to steric clashes with the sidechain of Phe86, explaining the lack of activity of PjTA-R6 

with this substrate. Also, a water bridge between Y151 and the phosphate group of the cofactor 

may hinder substrate binding. B) Mutations F86L and Y151F create more space for binding 

the alkyl substituent of 1a. The Y151 mutation leads to loss of a water bridge, making the 
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mutant more prone to loss of the PLP cofactor and lowering of the Tm
app. Concomitant 

introduction of L57D, which is close to the reactive lysine, suppresses the loss of stability but 

reduces activity. C) Mutations in variant PjTA-R6-W58G+F86L+R417L alleviate steric 

clashes in the small pocket (F86L), while opening up more space in the large pocket (W58G). 

Mutation R417L makes the binding site more hydrophobic. The use of IPA as amino donor 

eliminates the need for a flipping arginine (R417). D) The docked structure of the best variant 

for asymmetric synthesis of 1b showing that the W58M mutation contributes to a more 

spacious hydrophobic binding site.  

 

 

Figure S4. Docking structures of two inactive mutants designed for the synthesis of 2b. 

The structures are shown in colored licorice representation overlaid to the template crystal 

structure (gray). Ligand atoms are shown in CPK representation. A) Variant PjTA-R6-

L57D+Y151F. The L57D mutation introduces an Asp57 - Thr324 hydrogen bond, disturbing 

the catalytically important interaction of the latter with Lys287. The Y151F mutation can 

reduce the thermostability by eliminating a water bridge between Tyr151 and the cofactor’s 

phosphate. The observed ΔTm
app = +1°C can be explained by a newly-formed H-bond network 

(PLP-OPO3
2- :: Thr324 :: Asp57) replacing the water bridge in PjTA-R6. B) Despite being able 

to accommodate 2EA (thanks to mutation W58G), the mutant PjTA-R6-

L57E+W58G+Y151F+R417K is inactive because the indane moiety is pushed downwards (in 

the direction of Phe151) by the newly-formed salt bridge between Glu57 and Lys417, causing 

Hα (the external aldimine hydrogen that is abstracted by the catalytic lysine) (Figure S1) to 

move farther from the catalytic Lys287. 
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Figure S5. Comparison of the external aldimine structure of the native substrate of PjTA 

and 3EA. The external aldimine form of 6-aminohexanoic acid (6-AHA) is shown in magenta 

licorice, and 3EA is shown in orange CPK representation. The external aldimine form of 6-

AHA (PLP_6-AHA) was obtained from the crystal structure (PDB 6G4E). A salt bridge 

between the distal carboxylate of 6-AHA and Arg417, which in turn is assisted by a hydrogen 

bond to Ser87, gives stability to the structure. Additional stability is conferred by a second salt 

bridge between the other oxygen of the distal carboxylate of 6-AHA and Trp58. For 3EA (or 

2EA, 4EA, 5EA, 6EA) residue Trp58 produces steric hindrance preventing the original 

template (PjTA-R6) from accepting the indane or tetralin moieties. In PjTA-R6, the wild-type 

Ser87 is replaced by Asn87 to increase the enzyme’s thermostability. 

 

 

Figure S6. Rosetta docking structures of variants containing the mutation R417X. We 

compare the effect the relative position the -OMet substituent occupies in the tetralin ring (5* 

and 7* for 4EA and 6EA, respectively) in how the ligand interacts with R417X variants. A) 
M54T+W58G+R417X series for the synthesis of 4b, where X = L (green), I (yellow), and Q 
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(magenta), showed a yield of 78%, 57%, and 1% respectively. The position of the -OMet 

substituent in the tetralin ring does not allow hydrogen bond formation with Q417. B) 

W58G+F86L+A230P+I261V+R417X variants for the synthesis of 6b, where X = L (green), Q 

(magenta), and I (yellow). Mutation of Arg417 to Gln increased the yield from 4% to 11% 

(W58G+F86L+A230P+I261V and W58G+F86L+A230P+I261V+R417Q, respectively). 

Gln417 can make hydrogen bond contacts with the oxygen lone pairs of the -OMet substituent. 

The interaction is only possible if the -OMet substituent is at position 7* of the tetralin moiety. 

Mutation of Arg417 to Leu also increased the experimental yield from 4% to 12% 

(W58G+F86L+A230P+I261V and W58G+F86L+A230P+I261V+R417L, respectively). 

Leu417 can make favorable hydrophobic interactions with the methyl group of 6EA, via either 

of the two distal methyl groups of Leu. On the other hand, mutation of Arg417 to Ile kept the 

experimental yield at 4% (W58G+F86L+A230P+I261V and 

W58G+F86L+A230P+I261V+R417I, respectively). 
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Table S1. Search space for library design. In parenthesis the number of unique mutations 

produced in each run. Runs are not consecutive. In some cases, the search space includes the 

scaffold residue itself to allow Rosetta to leave the position intact. 
1EA 

       

Run 1 (324) Run 2 (54) Run 3 (25) 
  

57 ACFGILMPVWY 58 ACFGILMPVWY 86 SDNFLY 
  

58 ACFGILMPVWY 230 ACFGILMPVWY 20 FSY 
  

230 ACFGILMPVWY 417 ACFGILMPVWY 57 LA 
  

260 ACFGILMPVWY 20 ACFGILMPVWY 58 WG 
  

261 ACFGILMPVWY 57 ACFGILMPVWY 154 IVA 
  

417 ACFGILMPVWY 86 ACFGILMPVWY 230 AG 
  

419 ACFGILMPVWY 
  

261 IVA 
  

20 ACFGILMPVWY 
  

417 RKFL 
  

87 ACFGILMPVWY 
      

89 ACFGILMPVWY 
      

151 ACFGILMPVWY 
      

153 ACFGILMPVWY 
      

321 ACFGILMPVWY 
      

163 ACFGILMPVWY 
      

86 ACFGILMPVWY 
      

        
2EA 

       

Run 1 (71) Run 2 (20) 
    

57 ADEFGHILNPVWY 20 FSY 
    

58 WG 57 LA 
    

150 FY 58 WG 
    

261 AFGILVWY 154 IVA 
    

417 RKL 230 AG 
    

  
261 IVA 

    

  
417 RKLF 

    

  
86 SNDFL 

    

        
3EA 

       

Run 1 (18) Run 2 (9) 
    

20 FSY 419 ACDEFGHIKLMNPQRSTVWY 

57 LA 261 ACDEFGHIKLMNPQRSTVWY 

58 WG 54 ACDEFGHIKLMNPQRSTVWY 
  

154 IVA 230 ACDEFGHIKLMNPQRSTVWY 
  

230 AG 426 ACDEFGHIKLMNPQRSTVWY 
  

261 IVA 
      

417 RKLF 
      

86 SNDFL 
      

        
4EA 

       

Run 1 (9) Run 2 (27) Run 3 (38) 
  

20 FSY 58 G 54 ACDEFGHIKLMNPQRSTVWY 

54 T 154 IVA 58 G 
  

57 LA 230 AP 154 IVA 
  

58 WG 261 ADEGHINPQSTV 230 AP 
  

154 IVA 417 ACDEFGHIKLM 
NPQRSTVWY 

261 ADEGHINPQSTV 
  

230 AG 86 SNFL 417 ACDEFGHIKLMNPQRSTVWY 

261 IVA 
  

86 SNFL 
  

417 RKLF 
      

86 SNDFL 
      

        
Run 4 (14) Run 5 (43) Run 6 (8) 

  

20 FSY 58 G 58 G 
  

57 LA 154 IVA 54 ACDEFGHIKLM 
NPQRSTVWY 
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58 WG 230 AP 417 ACDEFGHIKLM 
NPQRSTVWY 

  

154 IVA 261 ADEGHINPQSTV 
    

230 AG 417 ACDEFGHIKLMNPQRSTVWY 
 

261 IVA 86 SNFL 
    

417 RKLF 
      

86 SNDFL 
      

        
5EA 

       

Run 1 (18) Run 2 (43) Run 3 (56) Run 4 (18) 

20 FSY 58 G 54 ACDEFGHIKLM 
NPQRSTVWY 

20 FSY 

54 T 154 IVA 58 G 57 LA 

57 LA 230 AP 154 IVA 58 WG 

58 WG 261 ADEGHINPQSTV 230 AP 154 IVA 

154 IVA 417 ACDEFGHIKLM 
NPQRSTVWY 

261 ADEGHINPQSTV 230 AG 

230 AG 86 SNFL 417 ACDEFGHIKLM 
NPQRSTVWY 

261 IVA 

261 IVA 
  

86 SNFL 417 RKLF 

417 RKLF 
    

86 SNDFL 

86 SNDFL 
      

        
Run 5 (38) Run 6 (51) Run 7 (42) 

  

58 G 54 ACDEFGHIKLM 
NPQRSTVWY 

58 G 
  

154 IVA 58 G 54 ACDEFGHIKLMNPQRSTVWY 

230 AP 154 IVA 261 ACDEFGHIKLMNPQRSTVWY 

261 ADEGHINPQSTV 230 AP 417 ACDEFGHIKLMNPQRSTVWY 

417 ACDEFGHIKLM 
NPQRSTVWY 

261 ADEGHINPQSTV 
    

86 SNFL 417 ACDEFGHIKLMNPQRSTVWY 
  

  
86 SNFL 

    

        
6EA  

       

Run 1 (11) Run 2 (27) Run 3 (40) Run 4 (12) 

20 FSY 58 G 54 ACDEFGHIKLM 
NPQRSTVWY 

20 FSY 

54 T 154 IVA 58 G 57 LA 

57 LA 230 AP 154 IVA 58 WG 

58 WG 261 ADEGHINPQSTV 230 AP 154 IVA 

154 IVA 417 ACDEFGHIKLM 
NPQRSTVWY 

261 ADEGHINPQSTV 230 AG 

230 AG 86 SNFL 417 ACDEFGHIKLM 
NPQRSTVWY 

261 IVA 

261 IVA 
  

86 SNFL 417 RKLF 

417 RKLF 
    

86 SNDFL 

86 SNDFL 
      

        
Run 5 (34) Run 6 (24) Run 7 (17) 

  

58 G 58 G 58 G 
  

154 IVA 154 IVA 54 ACDEFGHIKLMNPQRSTVWY 

230 AP 230 AP 261 ACDEFGHIKLMNPQRSTVWY 
 

261 ADEGHINPQSTV 261 ACDEFGHIKLM 
NPQRSTVWY 

    

417 ACDEFGHIKLM 
NPQRSTVWY 

417 ACDEFGHIKLMNPQRSTVWY 
  

86 SNFL 86 SNFL 
    

  
380 ACDEFGHIKLMNPQRSTVWY 
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Description of trends and outliers shown in Figure 1 

The computational procedure described in this work was aimed at producing PjTA-

R6 variants with new activities toward bulky amines. The procedure yielded the 

desired variants with an excellent hit rate. In search for a convenient computational 

parameter that predicts catalytic performance of a series of designs we examined if the 

Rosetta Interface Energies (docking scores) correlate with experimental yields in 

amine synthesis (Figure 1). Both linear (𝑦 = 𝑚𝑥 + 𝑏) and exponential (𝑦 = 𝑒𝑥 + 𝑏) 

regression lines were plotted. The outcome suggests that interface energies offer a 

reasonable predictor of yield in experimental amine synthesis. In some cases, the trend 

approaches an exponential relation (2EA and 6EA), while in others the trend is 

arguably linear (3EA and 5EA). However, a few enzyme variants were found to not 

follow the trend and are labeled as "outliers" in Figure 1 (colored red). Individual 

substrates and trends are discussed below. It should be noted that no attempt was made 

to fully justify each and every outlier due to the numerous variables and factors that 

may influence synthetic yields that are not accounted for by calculating binding 

energies with a single reaction intermediate. 

Ligand 1EA. Almost all enzyme variants follow the expected trend (the lower the 

Rosetta score, the higher the yield), with the best variant being correctly identified by 

the Rosetta score (mut2). There is but one mutant that does not seem to follow the 

trend: mut5. The expected yield for mut5 (38% yield) would be closer to the yield of 

mut2 if it followed the same trend as the other mutants. The only characteristic from 

mut5 is that it has a ΔTm
app = –11°C, which may contribute to the lower yield. 

Ligand 2EA. In general, the yields for this dataset were low (mut2 had a yield of 51%, 

other variants have a yield << 20%), and the dataset is small, which makes it difficult 

to find correlations even in case of a perfect predictor. The dataset has only five active 

variants, all of which follow the trend: mut2 >> mut7 > mut12 > mut10 > mut27. The 

best variant, mut2, is correctly predicted by Rosetta to be the best in the dataset. There 

are two variants with no observed enzymatic activity toward compound 2: mut6 and 

mut26. An explanation for the lack of enzymatic activity is given in Figure S12, 

suggesting that the enzyme-intermediate complexes do not adopt catalytically 

competent poses. Mut6 and mut26 were therefore both marked as outliers (red squares 

in Figure 1) regardless of whether they follow the overall trend. 

Ligand 3EA. There are three mutants in the dataset that appear to be out of place: 

mut10, mut12, and mut13. The thermostability of these variants is not very different 

from that of PjTA-R6 (ΔTm
app = +4.5, –2, and –3°C for mut10, mut12, and mut13, 

respectively) and no structural explanation for the lower-than-expected yields could 

be found. The three variants are triple mutants at positions 58, 86, and 417. For cases 
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like these, wherein rationalization proved too challenging, we examined if water 

displacement could play a role (presented below). If it is assumed that mut2 is the 

outlier, the correlation would be r2
linear = 0.52 and r2

exp. = 0.57. In either case, the good 

variants for 3EA exhibit binding energies better than –22.25 kcal/mol.  

Ligand 4EA. The main feature in the dataset is the presence of two clusters or regions 

(one in the upper left corner of the plot and the other in the lower right corner of the 

same plot). From the upper left region, mut2, mut17, mut7, mut15, and mut12 exactly 

follow the expected trend. Furthermore, the outliers mut19, mut32, and mut33 show 

strongly reduced stability (Tm
app reduced by 34, 32, and 33°C, respectively). For 

mut11, the loss of stability is smaller but it may still be significant (ΔTm
app = –8°C). 

Variants mut3 and mut11 give less prominent outliers (e.g., r2 increases from 0.75 to 

0.83 when omitting mut3) and the yields deviate only slightly from expected values. 

Ligand 5EA. The Rosetta Interface Energy correctly predicts mut2 as the best variant, 

followed by mut14, mut13, mut12, mut38, and mut35. There are four variants, 

however, that do not follow the described trend: mut20, mut21, mut22, and mut34. No 

structural explanation could be found to rationalize these four mutants. The ΔTm
app 

values were –8, –3, –11, and –5°C for mut20, mut21, mut22, and mut34 respectively.  

Ligand 6EA. Even though no variant was labeled as outlier in this plot, it could be 

argued that mut2 is out of place respect to the other variants. In that case, the 

correlation would increase to r2
linear = 0.77 and r2

exp. = 0.88. Be that as it may, the results 

do suggest that the Rosetta Interface Energy taken from the external aldimine complex 

can generally predict the outcome of the transamination reaction. 
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Water displacement approach 

The water displacement approach was performed to further rationalize the 

unexplained variants from the datasets of ligands 3EA, 4EA, and 5EA (red circles in 

Figure 1). MD simulations were not performed on the 1EA, 2EA, and 6EA datasets. 

We wanted to investigate whether specific mutations increased the number of waters 

that would need to be displaced upon substrate binding and if this could explain yields 

that were lower than expected from Interface Energies. The water displacement that 

would need to happen for substrate binding to occur was calculated because one of the 

main pitfalls of docking algorithms, in general, is the lack of explicit water molecules. 

The energy penalty of water displacement upon substrate binding has been studied in 

other systems1,2, but it does not appear to have been studied in ω-TAs despite most 

mutagenesis efforts aimed at broadening the substrate range do so by increasing the 

size of the binding pockets. A larger binding site means that in absence of the ligand, 

the binding site might be occupied by water molecules that need to be removed for 

substrate binding to occur with an associated energy penalty.3,4 We hypothesized that 

if some of the designed variants had binding sites too enlarged (otherwise necessary 

to accommodate the bulky compounds), then the additional energy penalty could 

explain the lower-than-expected yields of some variants in the 3EA, 4EA, and 5EA 

datasets. 

The water displacement that would be needed for the substrate to bind could be 

estimated by comparing the volume of the binding site of PMP-bound and LIG-bound 

structures using, for example, Voronoi-based methods5. However, the high 

hydrophobicity of the binding site of ω-TAs creates an unfavorable environment for 

water molecules to actually occupy the available space (Figure S15A) that the tetralin 

moiety would otherwise occupy (Figure S15B). Therefore, we performed MD 

simulations of the LIG-bound and PMP-bound systems, and counted the average 

number of water molecules around a 1.4 nm radius from a central atom in both the 

PMP-bound and in LIG-bound simulations. To prepare the initial simulation frame, 

water molecules in enough quantity to fill the simulation cell were added. These water 

molecules were added from a pre-equilibrated simulation of pure water (see below), 

and water molecules sterically overlapping with the solute were removed which can 

result in small vacuum bubbles forming near the solute atoms. The MD simulations 

can remove some of the bubbles and smooth the water density around the binding site.6 

The simulations are not intended to fully hydrate the protein, which could take from 

the nanosecond to the microsecond time scales.7,8 Conversely, water molecules in the 

hydration layer (diffusive waters), which are involved in molecular recognition of 

ligands, have dynamics in the picosecond to nanosecond time scales.9 Simulations in 

the nanosecond time scale (1 – 10 ns) have been previously used to estimate 

thermodynamic properties that involve binding site solvation.4,6,10,11 
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MD simulations procedure: Two sets of MD simulations were performed, one 

containing an external aldimine intermediate in the binding site (3EA, 4EA, 5EA), 

named “LIG-bound”, and the other containing the PMP cofactor, named “PMP-

bound”. Initial atom configurations were obtained from Rosetta docking calculations 

(ENZ:PMP or ENZ:LIG). MD simulations were run using the GROMACS 2020 

software (http://www.gromacs.org)12. Topology parameters were generated in the 

AMBER99SB force field13 for protein residues, and the GAFF force field for the 

ligands14. Parameters for the ligand (PMP or external aldimine) were determined using 

the AMBER’s antechamber program14 with AM1-BCC partial charges15. The initial 

complex was placed in a cubic simulation box of 10×10×10 nm3 in size with periodic 

boundary conditions. Simulations used explicit TIP3P water molecules (~26,000 

molecules per box)16. Crystallographic water molecules were kept in the original 

position (PDB: 6TB1), and the rest of the water molecules necessary to fill the entire 

simulation box were added from a pre-equilibrated box containing pure TIP3P water 

(5×5×5 box, simulated for 100 ns): gmx solvate -cp complex.gro -cs water.gro -p 

prot.top -o complex_solvated.gro -box 10 10 10 -radius 0.105 -scale 0.57. Na+ 

and Cl- ions were added to the simulation cell to a concentration of 0.15 M. Additional 

Na+ ions were included to neutralize the system. The system now containing protein, 

ligand, water, and ions was energy-minimized with 5,000 steps of steepest descent 

minimization, followed by two short equilibrations of 200 ps (timestep = 1.0 fs) and 

300 ps (timestep = 1.5 fs). Equilibration and production simulations were carried out 

with harmonic position restraints on all non-solvent non-hydrogen atoms (force 

constant κpr =1,000 kJ/mol-1nm-2). The position restraints are necessary to prevent the 

ligand (external aldimine) from moving the Cα-Hα bond away from the initial 

configuration (Figure S1), where the Hα is closest to the catalytic Lys287-NH2. 

Simulations were run at 298K and 1 bar using a velocity rescale thermostat (time 

constant τT = 0.1 ps)17 and a Parrinello-Rahman barostat (relaxation time constant τp 

= 0.5 ps and compressibility κT = 4.5 × 10-5 bar)18. Long range electrostatics were 

calculated with the Particle Mesh Ewald (PME) method19. Lennard-Jones interactions 

were truncated at 1.0 nm, by a force switch smoothing function (force-switch in 

GROMACS) from 0.9 and 1.0 nm. The LINCS algorithm was applied to constraint all 

bond lengths, with 2 iterations of constraint per time step and a 4th order expansion of 

the constraint coupling matrix20. Production simulations were run with an integration 

timestep of 2.0 fs for 1.0 ns (3 replicas) or 10.0 ns (1 replica). The frames were saved 

every 10 ps. The number of water molecules near the binding site was estimated by 

counting the number of waters around a radius of 1.4 nm from atom N2 (Figure S1) 

of the external aldimine (LIG-bound) or from the equivalent N4’ atom of the cofactor 

(PMP-bound) (Figure S15). Both water counting and figure generation were done in 

the VMD software (http://www.ks.uiuc.edu/Research/vmd/). 

http://www.ks.uiuc.edu/Research/vmd/
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Results of the water displacement approach. The water displacement approach 

aimed to explain a few variants in the 3EA, 4EA, and 5EA datasets that did not 

produce the expected yield based on the Interface Energy of the docked complex 

(Figure 1). The approach was unsuccessful in helping us explain outliers. This means 

that mutants mut10, mut12, mut13 (3EA), mut11 (4EA), and mut20, mut21, mut34, 

mut22 (5EA) do not stand out from all the other mutants by, for example, needing to 

displace much more water molecules than the rest. However, as shown in Figure S17, 

when considering all variants from the 3EA, 4EA, and 5EA datasets (outliers and non-

outliers) a weak trend can be observed: the variants with better yields tended to need 

to displace fewer water molecules for the substrate to bind (here measured as the 

difference between the PMP-bound and LIG-bound water count, as shown in Figures 

S15 and S16). The trend is weak and notably mut2 in 3EA and 5EA does not follow 

it. Figure S17 is not intended to be taken as any correlation, but only to show that there 

might be a trend between water displacement and experimental yield.  

 

Figure S7. Number of water molecules around the binding site of PjTA-R6 mutant 

M54T+W58G+R417I. The difference between the number of water molecules surrounding 

the binding site of the PMP-bound (A) and LIG-bound (B) in 1.0 or 10.0 ns simulations served 

as an estimation of the number of water molecules that need to be displaced for 4a to fit into the 

active site. Because it is difficult to precisely define the binding site boundaries, we estimated 

the number of water molecules around the binding site by defining a sphere of radius 1.4 nm 

around an arbitrarily-chosen central atom. The absolute values are meaningless but the 

differences should correspond to actual changes in the number of water molecules around the 

binding site between the LIG-bound and PMP-bound structures. 

 



CASCO – PjTA engineering  Chapter 3 

110 

 

 

Figure S8. Time evolution of the 1.0 ns MD simulations. The number of water molecules 

found within 1.4 nm of the arbitrarily-chosen central atom (y-axis) is plotted across the 

simulation time (x-axis). The figure annotation “diff” refers to the average difference between 

the number of water molecules of the LIG-bound and the PMP-bound simulations. In all 

subplots, PMP-bound is colored blue and LIG-bound is colored orange. 

 

Figure S9. Difference in the number of water molecules between the PMP-bound and LIG-

bound simulations (x-axis) plotted against the experimental yield (y-axis). The difference in 
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the number of water molecules is averaged over the A) 1.0 ns (3 replicas) or B) 10.0 ns (1 

replica) simulations. The hand-drawn arrows show what visually appears to be the trend: 

mutants that needed to displace fewer water molecules also had better yields. The trend is 

weak. 
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