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Abstract

D-amino acids are rare in nature and their synthesis is challenging. Bac-
terial diaminopimelate dehydrogenases reductively aminate a prochiral 
α-keto group of a ketoacid to produce an (R)-configured α-amino acid and 
thereby generate D-amino acid stereocenters. We used computational 
library design with Rosetta CoupledMoves to engineer the selectivity 
of diaminopimelate dehydrogenase from Symbiobacterium thermophilum. 
Solubility engineering was studied as well, with four different approaches 
and 74 mutant variants. The overall goal was to obtain an enzyme 
capable of converting α-ketopimelic acid to (R)-D-2-aminopimelic acid 
in order to integrate it in a pathway that proceeds towards the nylon-6 
precursor 6-aminohexanoic acid via a metabolically stable D-amino acid. 
Ranking of computationally predicted dehydrogenase designs was done 
based on differences in frequencies of occurrence among sets of design 
solutions for the target substrate and the native substrate. Activity 
towards D-2-aminopimelic acid by the native enzyme was not detectable, 
but computational predictions suggested activity may be obtained by 
simultaneous mutagenesis at up to four different positions. Laboratory 
testing of 74 mutants resulted in 8 variants with the desired activity. Two 
of these redesigned dehydrogenase variants were found to function in an 
in vivo artificial cascade reaction that converted α-ketoglutarate, a citric 
acid cycle intermediate, to 6-aminohexanoic acid, which can be converted 
to caprolactam. The results demonstrate the potential of computational 
enzyme redesign for producing an enzyme that can be applied in an 
engineered metabolic pathway for synthesis of a nylon precursor. 
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Introduction

Meso-2,6-diaminopimelate (meso-DAP) is a bac-
terial cell wall precursor and an intermediate 
in the biosynthesis of L-lysine in various pro-
karyotes and plants. Meso-DAP is synthesized 
by NADPH-dependent reductive amination of 
L-2-amino-6-oxopimelate (Fig. 1A), a reversible 
reaction that is catalyzed by diaminopimelate 
dehydrogenase (DAPDH; EC 1.4.1.16) [1]. Due 
to its rare ability to synthesize amino acids with 
(R)-D-stereocenters, the enzyme can play a role 
in the biosynthetic production of D-amino acid 
containing compounds like antibiotics or other 
biogenic amines with (R)-configuration [2]. 

DAPDHs have been isolated from various bac-
teria, such as Bacillus sphaericus, Ureibacillus ther-
mosphaericus, and Corynebacterium glutamicum 
[1,3,4]. Recently, the DAPDH originating from 
the thermophilic organism Symbiobacterium ther-
mophilum was studied by X-ray crystallography, 
elucidating structural details and the mechanism 
of its reductive amination reaction [5–8]. The 
enzyme has a homohexameric structure and is 
highly thermostable [9]. The crystal structures 
suggested significant movements within the 
monomers upon cofactor and substrate binding 
(pdb 3WB9, 3WBB and 3WBF) [6]. In the active 
site of the monomer, one can distinguish a D-site 
for binding meso-DAP’s proximal (R)-D-center 
that is formed by reductive amination and an 
L-site that accommodates the non-reacting distal 
S-configured group. 

Most DAPDHs have a very narrow substrate 
scope, but it appears possible to expand their 
substrate range by protein engineering. The 
substrate range of DAPDH from C. glutamicum 
was modified by Vedha-Peters et al. [10] using 
directed evolution and rational mutagenesis 
of residues that interact with the substrate in 
the distal L-site. The best mutants showed a 
remarkable increase in activity with substrates 
other than meso-DAP [11]. The meso-DAPDH 
from S. thermophilum (StDAPDH) exhibits a 
broader range of action when compared to other 
meso-DAPDHs of its class [5,12]. Mutagenesis 

studies by Gao et al. on StDAPDH, at positions 
surrounding the L-site, showed an increased ac-
tivity for amination of phenylpyruvate, allowing 
production of D-Phe [7]. The substitutions did 
not impair the excellent stereopreference at the 
D-site [7]. Additionally, Cheng et al. introduced 
two mutations in the L-site of StDAPDH and 
obtained activity with the 2-ketoacids phenyl-
glyoxylic acid, 2-oxo-4-phenylbutyric acid, and 
indole-3-pyruvic acid [13]. Structure-based 
engineering of Ureibacillus thermosphaericus 
DAPDH generated a mutant with enhanced 
activity in the synthesis of D-phenylalanine 
[14]. These results show that residues contrib-
uting to enzyme- substrate interactions at the 
L-site can be targeted for engineering DAPDH 
towards new substrates. They present mutants 
with enhanced activity in the conversion or 
synthesis of amino acids with apolar or amino 
functionality in the side chain, but not with side 
chains carrying carboxylate functionality such as 
D-2-aminopimelic acid (D-APA) (Fig. 1B).

Tailoring enzyme properties using computa-
tional design and computer simulations is an 
emerging trend as it may offer opportunities 
for modification of enzyme selectivity while 
reducing the amount of labor-intensive screening 
that is typically required in protocols employing 
random mutagenesis [15]. The applications 
of computational redesign of enzyme activity 
include metabolic engineering. For example, a 
P450 was engineered to function in a metabolic 
route towards artemisinin and a benzaldehyde 
lyase was engineered to couple two carbon 
dioxide molecules to formaldehyde, enabling 
a novel CO2 fixation pathway [16,17]. Different 
computational approaches can be used for en-
zyme redesign, of which most are based solely 
on molecular mechanics modelling [18–20]. 
Molecular dynamics (MD) simulations can oc-
casionally be applied to screen enzyme variants 
for improved catalytic properties [21–23].

The goal of the work reported here is to modify 
the selectivity of StDAPDH and explore its func-
tioning in an alternative metabolic pathway to-
wards 6-aminocaproic acid (6-ACA). This pathway 
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would proceed via a D-amino acid intermediate, 
which isolates it from L-amino acid metabolism, 
and finish with a decarboxylase reaction, which 
makes it irreversible (Fig. 1B). To modify DAPDH 
selectivity, we used the Rosetta CoupledMoves 
application [24,25], which differs from similar 
applications for enzyme redesign in that it allows 
both the backbone and the side chains to move 
simultaneously during the search for optimized 
enzyme variants [18–20,24]. Backbone flexibility 
is modeled using local backrub type motions 
of the protein during the search [26]. This has 
been described to give better recapitulation of 
native active sites and better modelling of known 
mutations that boost activity than computational 
protocols that optimize backbone and side chain 
in separate steps [15,18]. 

 In the current work, the starting compound 
was 2-ketopimelic acid, which can be produced 
via an artificial biosynthetic pathway and should 
be converted to D-2-aminopimelic acid (D-APA). 
The latter is an analog of the native DAPDH 
product meso-DAP but lacks the non-reactive 
(distal) L-amino function (Fig. 1B). The conver-
sion of 2-ketopimelic acid to D-APA is of special 
interest for the biotechnological production of 
6-aminocaproic acid (6-ACA), the industrial 

precursor of caprolactam which is polymerized 
to produce nylon-6. For the conversion of 6-ACA 
to caprolactam, several enzymatic reactions are 
under consideration [27–29]. An artificial biosyn-
thetic pathway in E. coli towards 6-ACA has been 
described by Turk et al. [30]. This pathway uses 
the TCA-cycle intermediate 2-ketoglutarate as a 
starting point. A set of heterologously expressed 
enzymes catalyze one-carbon extensions of 
2-ketoglutarate to produce said 2-ketopimelate 
as an intermediate. Next, the decarboxylase KdcA 
from Lactobacillus lactis converts 2-ketopimelate 
to 6-oxohexanoate, which is converted by the 
ω-aminotransferase from Vibrio fluvialis to form 
6-ACA (Fig. 2, left branch). This pathway suffers 
from accumulation of unwanted chain-elongated 
side products leading away from 6-oxohexanoate 
[30]. A main side product is adipic acid, which 
can be formed by oxidation of 6-oxohexanoate.

The formation of these undesired side prod-
ucts could possibly be reduced by designing a 
pathway that uses an alternative route with 
D-APA as the intermediate (Fig. 2, right branch). 
This route would incorporate the amine group in 
a 2-ketoacid, which should be less reactive than 
the aldehyde of the 6-oxohexanoic acid pathway. 
Furthermore, most endogenous E. coli enzymes 

Figure 1: Reactions catalyzed by DAPDH and desired variants thereof. A: natural biosynthesis of L-lysine via 
meso-DAP; B: designed reaction sequence from α-2-ketopimelic acid to 6-aminohexanoic acid via D-APA. In 
both cascades, the dehydrogenase creates an (R)-stereocenter in the first step while a stereoselective (D)-amino 
acid decarboxylase (DC) produces the corresponding amine in the second step. 
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acting on amino acids are L-selective; thus, 
introducing a D-amino acid as an intermediate 
might further suppress side product formation. 
Recently, we developed a meso-diaminopimelate 
decarboxylase from Thermotoga maritima (TmDC) 
to accept D-APA as a substrate for decarboxyl-
ation (Marjanović et al., in preparation; Chapter 3 
of this thesis). This enzyme can serve in the 
last step of such an alternative route to 6-ACA 
(Fig. 2, right branch). The use of meso-DAPDH 
in a route towards 6-ACA synthesis would thus 
consist of conversion of 2-ketopimelic acid to 
D-APA by an engineered meso-DAPDH followed 
by conversion of D-APA to 6-aminocaproic acid 
by a decarboxylase (Fig. 1B).

We hypothesized that changing the active site 
residues interacting with the distal amino group 
in the L-site of DAPDH from Symbiobacterium 
thermophilum will not destroy activity or alter 
the stereoselectivity at the reaction site [7], and 
that this stable enzyme may be a good start-
ing point for engineering a dehydrogenase to 

incorporate an amino group into 2-ketopimelate. 
With Rosetta CoupledMoves, we examined the 
sequence and conformational space accessible 
by such localized mutagenesis for solutions and 
evaluated whether they predicted to shift the 
substrate preference towards the substrate/
product pair 2-ketopimelate/D-APA and away 
from the native pair L-2-amino-6-oxopimelate/
meso-DAP. By testing several designs in the 
laboratory, we discovered multiple variants that 
accepted D-APA which is not accepted as a 
substrate by the natural enzyme. Subsequently, 
two of these engineered enzymes were found 
to be functional in the envisioned alternative 
pathway via D-APA. 

Materials and Methods

Computational library design. Rosetta Coupled-
Moves [24] was used to suggest combinations 
of mutations that are likely to increase the rate 

Figure 2: Two 2-ketopimelate based pathways towards 6-aminohexanoic acid [30]. The TCA cycle intermediate 
2-ketoglutarate is extended by a cascade of enzymes to form 2-ketopimelate. Next, 2-ketopimelate is decarbox-
ylated by KdcA from L. lactis to the aldehyde, 6-oxohexanoic acid. An aminotransferase (from V. fluvialis) converts 
6-oxohexanoic acid to 6-aminohexanoic acid. Next to the main product 6-ACA, endogenous enzymes oxidize it 
to adipic acid. The alternative cascade (boxed) consists of mutants of StDAPDH and a decarboxylase (DC) from 
T. maritima to perform first a reductive amination reaction followed by a decarboxylation step leading to 6-ACA.
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of 2-ketopimelate to D-APA interconversion. 
Rosetta version 57698 was used. Subunit A of 
3WBF was taken as a starting point for the mod-
eling because it represents the ternary Michaelis 
complex of StDAPDH with meso-DAP and NADP⁺ 
simultaneously bound [31]. The D-APA product 
was modeled by removing the distal amine from 
the bound meso-DAP. 

The command line options used for 
CoupledMoves were: -nstruct 600 
-constraints::cst_fa_weight 2 
-coupled_moves::initial_repack false; 
coupled_moves::min_pack false 

-coupled_moves::mc_kt 0.9; 
-coupled_moves::mm_bend_weight 1.0 
-coupled_moves::ntrials 10000; 
coupled_moves::ligand_mode true 

-coupled_moves::ligand_prob 0.3; 
-coupled_moves::ligand_weight 2.0 
-coupled_moves::fix_backbone false; 
coupled_moves::uniform_backrub false 

-coupled_moves::bias_sampling true; 
coupled_moves::bump_check true 

-coupled_moves::save_structures true 
-use_input_sc; -ex1 -ex2 -ex3 -extrachi_cutoff 0 
-no_his_his_pairE. 

The “-coupled_moves::ntrials 10000” option 
indicates that 10,000 trials, together a trajectory, 
were done per set of calculations. This parameter 
was set to 1000 in cases where only a single po-
sition was allowed to mutate (i.e. when follow-up 
calculations were run on successful designs). The 

“-nstruct 600” option indicates that the calcula-
tions are run 600 times, each with the given set-
tings and 10,000 or 1000 trials. Calculations were 
run for 600 times because this was sufficient 
to get reasonable convergence of the results 
(Fig. S1). To improve speed, the calculations were 
mostly run in parallel. This was done by setting 
up a number of identical directories, in which 
the number of trajectories (keyword -nstruct) 
was decreased correspondingly (e.g. when the 
calculation was done on 60 different directo-
ries, -nstruct 600 was changed to -nstruct 10, 
giving 10 trajectories per directory). The results 
of such pooled calculations were found to be 

indistinguishable from results run without 
parallelization. The –nstruct value was also 
varied to evaluate convergence. If substitutions 
were allowed at a position, the search diversity 
included the wild-type and the hydrophobic 
amino acids (AGWFYILVM). In addition to the 
target position, a set of neighboring residues (94, 
121, 123, 130, 144, 145, 147, 150, 151, 152, 154, 
181, 227, 229, 231, and 253) were set as flexible 
to accommodate changes in protein backbone 
geometry due to the mutations. Example files 
that allow redoing the entire calculation are 
supplied in the Supporting Information. 

Design calculations were always performed 
both with meso-DAP product and D-APA. For 
each generated unique combination of mutations 
(further referred to as a design), we determined 
the fraction of occurrence among the complete 
set of solutions found for both of the substrates. 
For each design solution, we subsequently com-
puted its percentage enrichment (PE):

PE = (Fa−Fd) × 100% (Equation 1)

in which Fa is the fraction of occurrence of a 
design within a series of design calculations that 
were carried out while the modeled substrate was 
D-APA and Fd is the corresponding fraction for 
the same design in the corresponding calculations 
that were done with meso-DAP. Analogous equa-
tions were used previously to evaluate the results 
of Rosetta CoupledMoves [15,20]. The PE was 
used to assess the design solutions, with variants 
that had the highest PE receiving the highest rank. 
It might also be intuitive to rank mutants by the 
logarithm of Fa/Fd, as this allows ranking on an 
energy scale by analogy to the Boltzmann distri-
bution law [32]. However, this could attribute a 
high ranking score to variants that are very rare in 
both sets due to Fd approaching zero. In no case 
were mutations added, removed, or combined 
rationally at the stage of visual inspection after 
the design calculations [33]. 

Stabilizing interface mutations were selected 
using the FRESCO method [34] while selecting 
only residues at the subunit-subunit interface 
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and rationally combining the least risky mu-
tations. To alter the net charge of the protein 
(so-called supercharging), mutants were designed 
using the Rosetta SuperCharge application [35] 
with the command line options -use_input_sc 

-ignore_unrecognized_res -surface_residue_ cutoff 
16 -include_asp -include_glu -refweight_asp -0.6 
-refweight_glu -0.8 -target_net_charge_active 
true -dont_mutate_glyprocys true -dont_mutate_ 
correct_charge true -dont_mutate_hbonded_
sidechains true -symmetry -target_net_charge 
X, in which X was the desired net charge, which 
itself was varied to obtain the different mutants. 
Silent mutations were introduced to slow protein 
translation specifically after transcribing the first 
and second enzyme domain and thereby give 
more time for proper folding of these domains. 
Only leucine codons were altered since the 
changes of those codons are predicted to give 
the strongest effects on translation speed while 
mRNA energy and secondary structure are not 
strongly effected [36]. Additionally, mutants 
that had been automatically generated with 
the PROSS server were visually inspected with 
protocols described in detail for the FRESCO 
method [34,37].

Construction of mutant libraries. The gene 
encoding DAPDH from Symbiobacterium thermo-
philum was purchased from GenScript. It was co-
don-optimized for expression in E. coli BL21(DE3) 
and cloned into the expression vector pET-22b(+) 
with a C-terminal His-tag using the restriction 
sites NcoI and XhoI. The protein sequence corre-
sponds to pdb 3WBF. All mutants were created 
using a modified QuikChange protocol from 
Agilent. The reaction included 1.6% DMSO and 
0.8 mM MgCl2. The primer sequences for intro-
ducing mutation at the active site are given in 
Table S1. The PCR products were digested with 
DpnI and transformed to chemically competent 
E. coli NEB-10β cells. Mutations were confirmed 
by sequencing (Eurofins). Consecutive cycles of 
QuikChange PCR were performed to add more 
mutations following the same procedure.

Expression and purification of diaminopi-
melate dehydrogenase. For a preculture E. coli 

BL21(DE3), cells were inoculated in 10 ml LB 
medium (100 μg/ml ampicillin) either directly 
from a glycerol stock or from a single colony. 
After overnight incubation at 37°C, the culture 
was diluted 1:100 in fresh TB medium (100 μg/ml 
ampicillin) and grown overnight at 30°C. The 
autoinducing properties of TB medium lead to 
a gradual induction of the gene cloned in the pET 
vector by traces of lactose and no additional in-
ducer was used [38]. The cells were harvested at 
3,000 × g at 4°C for 20–30 min and resuspended 
in lysis buffer (50 mM Tris-HCl, pH 7.4, 25 mM 
NaCl, 5% glycerol) with 1 mg/ml lysozyme (Sigma) 
and DNase I (Sigma) added, and incubated at 
37°C for 1 h. To assure full lysis, 2–3 freeze-thaw 
cycles were performed. Cell debris was removed 
by high-speed centrifugation at 30,000 × g and 
the cell-free extract was incubated with equili-
brated Ni-NTA resin (Qiagen) overnight at 4°C 
in a head-to-tail rotation. The resin was washed 
with 5 bed volumes of wash buffer (50 mM Tris-
HCl, pH 7.4, 20 mM imidazole, 250 mM NaCl, 5% 
glycerol) and bound protein was finally eluted 
with elution buffer (50 mM Tris-HCl, pH 7.4, 
500 mM imidazole, 250 mM NaCl, 5% glycerol). 
Amicon centrifugal units with a 10 kDa cut-off 
were used to exchange the buffer with dialysis 
buffer (50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 5% 
glycerol) and to concentrate the protein. Protein 
content and purity were determined by the Brad-
ford assay and SDS-PAGE (15%), respectively. 

Spectrophotometric activity assays. The 
deamination of DAP and APA were followed by 
monitoring the production of NADPH, which is 
a cofactor of DAPDH, at 340 nm. The reactions 
were performed in 200 μl microtiter plates 
(100 mM Na2CO3-NaHCO3 buffer, pH 9.5, with 
2 mM NADP+). The mutant library was screened 
with 5 mM rac-DAP and 35 mM rac-APA. The 
activities were calculated from initial rates 
of NADPH formation (extinction coefficient 
6.22 mM−1cm−1).

In vivo cascade for 6-ACA production. For the 
in vivo production of 6-ACA, the E. coli strain 
eAKP672 developed by Turk et al. [30] was 
used. This particular strain is an E. coli BL21(DE3) 
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host co-transformed with plasmids pAKP444 
and pAKP96. Plasmid pAKP444 consists of a 
pMS470-based vector [39] with an ampicillin re-
sistance marker and harbors four genes incorpo-
rated under two promoters (Ptac) for expression 
of the proteins AksD, AksE, AksF, and NifV. The 
proteins AksDEF are naturally involved in the 
biosynthesis of coenzyme B and originated from 
the same methanogen Methanococcus aeolicus 
Nankai-3 [40,41] whereas the homocitrate syn-
thase NifV originates from Azotobacter vinelandii 
[42]. These four enzymes are required in the C1 
elongation, in which the TCA cycle intermediate 
2-ketoglutarate is elongated to 2-ketopimelate 
(Fig. 2) [43]. The second plasmid pAKP96 with 
the vector backbone of pBBR-lac [44] harboring 
a kanamycin resistance marker was constructed 
to express the mutants of StDAPDH as well as 
the TmDC mutant (Chapter 3) under control of a 
single Ptac promoter. The correct introduction of 
heterologous genes in the plasmid was confirmed 
by sequencing (Eurofins). After transformation of 
both plasmids into chemically competent E. coli 
BL21(DE3) strains, a pre- culture was prepared 
from a single colony or a glycerol stock in 10 ml 
LB medium containing 100 µg/ml ampicillin and 
35 µg/ml kanamycin.  After overnight incubation 
at 37°C, the culture was diluted 25-fold into 
fresh TB medium containing 100 µg/ml ampicillin 
and 35 µg/ml kanamycin and grown in tripli-
cate at 30°C for 72 h. The production of 6-ACA 
pathway intermediates was analyzed by UPLC 
(Waters Acquity UPLC HSS T3 column, 1.8 μm, 
2.1 × 100 mm) and by multiple reaction monitor-
ing (MRM) for 6-ACA formation in the positive 
ion mode (fragment 6-ACA m/z=114). The chi-
rality of the intermediate APA was investigated 
by chiral HPLC/MS using a Crownpak CR(+) 
column with isocratic elution of the enantiomers 
at 5.5 min for D-2-APA and 8.5 min for L-2-APA 
using ultra-pure water with 0.01% formic acid.

Results

Structure analysis and mutant design. To select a 
strategy for computational redesign of StDAPDH, 
the active site was examined using three crystal 
structures published by Lie et al. (3WB9, 3WBB 
and 3WBF) [6]. The targeted substrate/product 
pair, 2-ketopimelic acid and D-APA, differs from 
the native pair i.e. (S)-6-amino-2-ketopimelic 
acid and meso-DAP, by the absence of the amino 
group on the non-reacting carbon 6 (Fig. 1). Struc-
ture 3WBF was selected for inspection because it 
represents the enzyme in a closed conformation 
with the NADP+ and meso-DAP bound, the latter 
with the non-reacting distal L-amino acid func-
tionality in the distal binding site. 

Interactions in the active site suggested posi-
tions that should be included in the search space 
for computational redesign. The most prominent 
interactions of the amino group in the non-reac-
tive L-site are an electrostatic  cation-pi stacking 
with Phe146 and two hydrogen bonds with 
bridging water molecules (Wat528, Wat706). Pre-
vious studies of Gao et al. reported mutagenesis 
of Phe146 [7],[5], and this residue was included 
in the virtual search space. The water molecules 
are located in a network with other water mol-
ecules of which Wat528 interacts with Asp122 
(Fig. 3A&B). These interactions lead to a polar 
network around Asp122 and Asp126. Therefore, 
the initial library also included Asp122, Asp126, 
and Phe146. Further libraries encompassed the 
same residues with His94, Trp121, and Val229 
added. Residue His94 interacts via Wat528 with 
the distal amine of DAP (Fig. 3C), whereas Trp121 
is in a first shell position immediately next to 
the alkane chain of the substrate and Val229 
is in a second shell position and may indirectly 
contribute to substrate binding (Fig. 3C). Hydro-
phobic replacements of these residues would 
contribute further to creating an environment 
where D-APA could bind preferentially over the 
more polar meso-DAP.

Computational design strategy. The theoretical 
diversity of a 3-position saturation library would 
reach 8,000 variants, or 160,000 for a 4-position 
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B C

Figure 3: Active site of StDAPDH. A: 2D Ligplot+ 
representation of the interactions of meso-DAP with 
the active site residues (PDB 3WBF). In the L-site, 
a network of water molecules is interacting with 
the distal amino function of meso-DAP [45]. B: 3D 
representation of the active site. NADP+ is depicted 
in orange and meso-DAP in yellow. For redesign with 
Rosetta CoupledMoves, positions D122, D126 and 
F146 (magenta) were included in the search space. 
Neighboring active site residues (green) were allowed 
to move including their protein backbone. C: H94 
interacts indirectly via a coordinated water mole-
cule (wat528 in subunit A of 3WBF) with the distal 
amino function of meso-DAP. W121, T144 and V229 
are second shell amino acids. By allowing in silico 
replacement of these residues by aliphatic residues 
an increasingly hydrophobic active site was examined.

library. For computational redesign of StDAPDH 
we considered only substitutions towards hydro-
phobic amino acids because the target substrate 
D-APA is more hydrophobic than meso-DAP. At 
the selected variable positions, simultaneous 
substitutions were allowed, including intro-
duction of the wild-type residues and the nine 
hydrophobic amino acids [24,25]. This reduced 
the theoretical library size to 103 sequences for 
the three- position library and to 104 for a four-po-
sition library. Computational selection from these 
virtual libraries of variants that may better accom-
modate the target substrate was performed with 
the Rosetta CoupledMoves application. Designs 
harboring sets of mutations that are predicted by 
CoupledMoves to be favorable were generated 
both for the natural product meso-DAP and for 

the target product D-APA. These molecules were 
placed in the active site in a reactive position with 
respect to the cofactor NADP+ according to the 
orientation observed in the X-ray structure for 
meso-DAP. Rosetta  CoupledMoves runs were 
performed as described under Material and Meth-
ods to discover variants potentially improved for 
D-APA synthesis. 

To rank the large number of variants found by 
Rosetta CoupledMoves, the enrichment percent-
age PE was used (Equation 1). PE was defined as 
the fraction of occurrence of a set of mutations 
among the total set of designs found for the 
target substrate D-APA (Fa) minus the fraction of 
occurrence of that same solution among designs 
optimized for the native substrate meso-DAP 
(Fd). This approach should disfavor variants that 
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are selected for the native substrate and which 
are therefore not expected to have mutations 
that help in converting the specificity of the 
enzyme towards the new substrate. To ensure 
that these PE scores were reproducible, we 
tested duplicate sets of design calculations 
(at positions 122|126|146) with 15–600 design 
trajectories (each with 10,000 subsequent trials) 
and checked for convergence. For these trial 
calculations, the enrichment of each mutant 
sequence of one calculation was plotted versus 
that for the duplicate calculation (Fig. S1A,B). 
The correlation between the two was quantified 
using Pearson’s R2. With increasing numbers of 
design trajectories, the resulting R2 gradually 
increased and reached a satisfactory 0.96 at 
600 design trajectories (Fig. S1C). 

Rosetta calculations for the initial library (at 
positions 122|126|146) with 600 design trajec-
tories generated 15,239 (non-unique) designs 
for meso-DAP and 14,827 for D-APA. This cor-
responds to an average of 25 (≈15,000/600) dif-
ferent designs per trajectory. All the 141 unique 
sequences were counted for occurrence (varying 
from 1 to 600 per set of trajectories, i.e. maximally 

3.9%) and sorted for enrichment by subtracting 
the frequencies for meso-DAP from those for 
D-APA (Equation 1). The highest enrichments for 
D-APA were around 1.5% (Fig. S1, Fig. 4), which 
corresponded to a sequence being recorded 
roughly 150 times more often for D-APA than 
for meso-DAP. By selecting the D-APA optimized 
designs with the highest PE, we picked 38 differ-
ent variants for laboratory evaluation in case of 
the three-position library (Fig. 4). 

Besides this three-position library, also a 
set of other variants (Table S2) was designed. 
His94, Trp121, and Val229 were added to li-
brary design to establish if extension of the 
hydrophobic environment around the L-site 
could contribute to the enrichment of variants 
accepting D-APA. For Trp121, these attempts 
were unsuccessful already in silico, as only the 
original indole side chain (Trp) was suggested 
by the design calculations. Similarly, for Val229 
only alanine was suggested which from visual 
inspection appeared not to assist in D-APA 
binding. Thus, only His94 was left, for which 
a variety of mutants was suggested both in 
4-position (94|122|126|146) and in 3-position 

Figure 4: Rosetta designs for D-APA activity. The percent enrichment (PE, Equation 1) reflects the difference 
in occurrence of a specific variant among the set of D-APA and meso-DAP primary designs. The triple mutant 
code indicates the amino acids at positions 122, 126, and 146. The wild-type code is DDF. Variants that had 
catalytic activity with D-APA are indicated with a line pattern (including FDG and ADF). 
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(94|122|146) design calculations. Furthermore, 
after screening the initial library for preliminary 
hits (see below), more follow-up variants were 
designed by allowing only His94 to mutate while 
fixing the mutations at positions 122, 126, and 
146 to amino acids that were successful in 
the prescreening (Table S1). The enrichments 
(equation 1) for D-APA of all these mutants were 
in the range of 0.18 to 2.9%, with the highest 
enrichments observed for calculations where 
only His94 was allowed to mutate. The result 
of these different design calculations were an 
additional 36 mutants that were experimentally 
characterized (Table S1). 

Experimental verification. The recombinant 
protein DAPDH from S. thermophilum is known 
to be expressed in E. coli BL21(DE3) as soluble 
protein, but around 50% of the expressed protein 
is found in inclusion bodies [5]. With adjustments 
to the previously published expression protocol 
(described in Materials and Methods), the over-
expression of DAPDH in cleared cell lysates was 
approximately 70% of the total protein amount, of 
which only about 20% was expressed in the sol-
uble fraction. The yields of soluble protein were 
between 50–100 mg/l culture. That the fraction 
of insoluble was so high protein triggered us to 
examine if the expressed protein can be made 
soluble. Several strategies were considered and 
protein content was examined on SDS-PAGE gels.

First, we tested if increasing the net charge 
of the protein could increase solubility [35,46]. 
DAPDH has a net charge of −2 per subunit. By 
site-directed mutagenesis of surface positions, 
we changed these charges stepwise to values 
ranging from −14 to +8 (Table S2). At a net charge 
of >0 per subunit, the protein became completely 
insoluble. All other charges resulted in at least 
some soluble protein. Second, we examined if 
changing the interaction between subunits by 
mutations at the subunit interface would help. 
There are two distinct subunit interfaces in 
 StDAPDH: one is quite buried and has a β-sheet 
inside and the other is more solvent exposed and 
consists mostly of coil structure. Hydrophobic 
residues were targeted to introduce mutations 

at both interfaces. Third, we examined if slow-
ing down the translation rate would increase 
soluble expression. Using the RiboTemp web 
server [47,48], regions within the protein were 
identified where introduction of a rare codon 
for leucine could increase translational atten-
uation and improve folding (Table S2). Fourth, 
we tried StDAPDH variants predicted to show 
improved solubility using the PROSS server [37]. 
Three-dimensional structures were modeled for 
each of the mutant designs predicted through 
the PROSS server and subsequently subjected 
by MD simulations. The MD-relaxed structures 
were visually inspected and most of the PROSS 
mutations were not expected to introduce 
problems. However, some mutations were 
dismissed because they introduced a negative 
charge near the phosphate of bound NADPH 
or caused unsatisfied H-bond donors or ac-
ceptors. A few also were expected to increase 
hydrophobicity at the surface or caused local 
flexibility (M223E). Together, we constructed 33 
possibly improved StDAPDH mutants (Table S2). 
Except for the surface-charge mutants with a 
net positive charge, all mutants were expressed 
giving both soluble and non-soluble protein, like 
the wild-type. Judging the expression levels on 
SDS-PAGE gels, for none of the mutants the 
solubility increased significantly in comparison 
to wild-type. Therefore, we kept the wild-type 
enzyme as the template for active-site mutations.

All desired active site variants were obtained 
by QuikChange mutagenesis and expressed in 
E. coli BL21(DE3) after confirming the sequence. 
All mutants gave soluble protein (and insoluble 
protein) that could be isolated by His-tag im-
mobilized metal affinity chromatography. After 
purification, the enzymes were examined for 
their ability to deaminate meso-DAP and rac-APA 
by spectrophotometric measurement of NADPH 
production (Fig. 5). Of the targeted substrate 
and product, only 2-APA was available and 
therefore screening assays were done with the 
desired product as substrate. This was possible 
since the enzyme catalyzes the reaction in both 
directions [5].



94

Figure 5: Activity screening of the D122/D126/F146 DAPDH mutants predicted by Rosetta CoupledMoves. 
Designs were selected on basis of the high PE score with D-APA vs. meso-DAP. Dehydrogenase activities were 
measured with purified enzymes and 2-APA or DAP as the substrate. The three letter code represents the 
mutations introduced at the target positions. Accordingly, the wild-type sequence code is DDF. Most mutants 
have reduced activity with DAP. Seven of the mutants show activity towards APA. 

Figure 6: Activity screening of the H94/D122/D126/F146 DAPDH mutants predicted by Rosetta. Designs 
were selected on basis of the high PE score with D-2-APA and are expected to have an enhanced D-APA: 
meso-DAP activity ratio. Several mutants retain the activity for meso-DAP in comparison with the wild-type. 
Additional D-APA designs are marked in pink. 
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From the 3-position library (D122/D126/
F146) 38 variants were isolated and assayed 
and they showed much lower decarboxylation 
activities with meso-DAP as the substrate than 
the wild-type TmDAPDH. Among this set of 
38, five mutants showed activity for the target 
substrate APA. 

The 36 designs with variations at 4 positions 
(H94/D122/D126/F146) were also expressed 
and purified and their activities on the substrates 
2-APA and DAP were measured. The mutants 
showed deamination activities towards the 
natural substrate meso-DAP which were in the 
same order of magnitude as the wild-type activity 
(Fig. 6). With the non-native target substrate APA, 
the 4-position libraries gave 3 additional hits: 
mutants FFGV, LFGV, and FMGV (the four-letter 
code represents the one-letter amino acid re-
placements at the four target positions, wild type 
is HDDF). However, the specific activities of the 
active 4-position variants were below 1 mU/mg, 
showing that these mutants were not improved 
compared to the double and triple mutants found 
in the earlier library. 

Correlation between prediction and experi-
mental data. To examine whether the PE scores 
helped to select improved variants, we plotted 
the number of hits within the largest sublibrary 
(122/126/146; 38 variants) versus the priority 
(based on PE) of each variant (Fig. 7) as well as 
in a ROC plot (Fig. S2). For the other variants, 

which were based on a total of 13 sets of cal-
culations, such plots were not useful since the 
number of variants that originated from a single 
set of calculations was too small (Table S3). Fig. 7 
shows that, especially in the beginning, there 
is good enrichment of active designs. In a ROC 
plot (Fig. S2), the area under the curve was 64% 
(would be 50% for random selection, and 100% 
for perfect selection). These results confirm 
that using PE as a selection criterion worked to 
identify active designs. Furthermore, the mutants 
FDV and WDV, which were 2nd and 3rd in the PE 
ranking, showed the highest shift ratio for D-APA 
over meso-DAP activity, with a 57-fold shift in 
this ratio for mutant FDV and a 40-fold shift for 
mutant WDV assuming the limit of detection 
as reference for the wild-type enzyme. These 
mutants were selected for testing in an artificial 
metabolic pathway from AKP to 6-ACA [30]. 

Cascade reaction of StDAPDH within the 
2-keto-pimelate-derived pathway. The APA- 
active mutants were considered for engineering 
an alternative 2-ketopimelate derived biosyn-
thetic pathway towards 6-aminohexanoic acid. 
The pathway explored by Turk and colleagues 
[30] is based on a two-plasmid system in E. coli 
BL21(DE3)eAKP672. One plasmid (pAKP444) 
encodes four enzymes AksD, AksE, AksF from 
M. aeolicus Nankai-3, and NifV from Azotobacter 
vinelandii for the C1-elongation of 2-ketoglutarate 
to 2-ketopimelate. The second plasmid (pAKP96) 

Figure 7: Selection of active DAPDH variants by 
computational enrichment. Plotted are the number 
of obtained active variants when screening the library 
in order of decreasing enrichment of D-APA designs 
(Equation 1). For comparison curves are given that 
display ideal selection (i.e. the active variants always 
have higher priority than inactive ones) and random 
selection (prioritization favoring nor disfavoring 
active designs).
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contains the genes for the decarboxylase KdcA 
from L. lactis and an aminotransferase (Fig. 8). The 
decarboxylase KdcA is active on 2-ketopimelate, 
and produces the aldehyde 6-oxohexanoic acid, 
which is partially used by the aminotransferase 
from V. fluvialis (Vf-AT) to produce 6-ACA, the 
final product of the pathway (Fig. 2). Part of 
6-oxohexanoic acid is diverted from the path-
way probably by endogenous dehydrogenases 
to produce the side product adipic acid.

To test whether an alternative cascade reac-
tion from 2-ketopimelic acid to 6-ACA via D-APA 
is feasible, we replaced the decarboxylase and 
aminotransferase genes of pAKP96 with a 
mutated StDAPDH gene and a gene encoding 
an engineered decarboxylase from T. maritima 
(TmDC)[49] (Fig. 8) (Marjanovic et al., manuscript 
in preparation Chapter 3 of this thesis). If suc-
cessful, such a cascade reaction via D-APA could 
function as an alternative pathway for the bio-
technological production of nylon-6 precursors 
(Fig. 2). The mutated dehydrogenase should con-
vert 2-ketopimelic acid in an NADPH- dependent 
reaction to form D-2-APA. Subsequently, the 
decarboxylase should decarboxylate D-APA at 
the D-stereocenter to form 6-aminohexanoic 
acid (Fig. 1B), a reaction that is likely irreversible. 
For the initial reductive amination reaction of 
2-ketopimelic acid, the StDAPDH mutants FDV 
and WDV were chosen since they showed the 
best APA over DAP conversions (Fig. 5). 

The E. coli strains harboring the desired combi-
nation of plasmids were cultivated in LB medium 
and formation of 6-ACA in the culture medium 
was monitored by UPLC-MS. The original strain 
E. coli BL21(DE3)eAKP672 which uses KdcA 
and VfAT for 6-ACA production was used as a 
reference (Fig. 8). 

Formation of 6-ACA in the culture  medium 
of the reference strain reached a level of 
4.5 ± 0.3 mg/l (Fig. 9A). Next to 6-ACA, a sub-
stantial amount of side products can be mea-
sured in the reference strain. As a product of 
enzymatic amination by undefined endogenous 
enzymes of 2-ketopimelic acid, APA reaches a 
titer of 27.4 ± 5.3 mg/l, of which all have the 

L-configuration. Almost equally, adipic acid 
accumulates with 25.5 ± 4.7 mg/l.

By replacing the enzymes KdcA and VfAT with 
StDAPDH and TmDC, an orthogonal pathway 
is created, that uses D-APA as an intermediate. 
Introduction of the wild-type StDAPDH shows 
a lower level of accumulation of all the inter-
mediates in the medium (Fig. 9B). Wild-type 
StDAPDH did not show detectable deamination 
activity with APA during the in vitro experiments 
described above. With the accumulation of 
<0.2 mg/l of 6-ACA within the pathway, it appears 
that the wild-type enzyme has some activity in 
the amination reaction towards production of 
6-ACA. At the same time, the total side product 
formation is almost half. When extra rac-APA 
was added to this culture, the levels of 6-ACA 
increased to 3.6 ± 0.1 mg/l (Fig. 9C) which is still 
a bit lower than the reference strain but a clear 
improvement. The additional rac-APA appears 
to increase the TmDC-catalyzed decarboxylation 
towards 6-ACA. When analyzing the supernatant 
of the culture with chiral HPLC/MS, it appears 
that from the rac-APA, the D-enantiomer has 
decreased in proportion to the non-reacting 
L-enantiomer (Fig. S3). This is in agreement 
with the selectivity that has been found for the 
decarboxylation preference of TmDC on D-amino 
acids. At the same time, the increase in 6-ACA 
upon addition of rac-APA indicates that the 
performance of wild-type StDAPDH in D-APA 
production is limiting the synthesis of 6-ACA. In 
other words, TmDC seems to be limited by the 
substrate supply from the previous cascade step. 

The additions of the StDAPDH variants FDV 
and WDV, the 6-ACA titers were higher than 
with the wild-type StDAPDH (1.3 ± 0.1 mg/l for 
FDV and 0.7 ± 0.1 mg/l for WDV) (Fig. 9D–E). This 
can be regarded as a proof of concept for the 
orthogonal pathway via D-APA, but there is still 
room for improvement. The supply of intracellular 
D-APA by FDV and WDV is still not as efficient 
as the reference strain.

Additionally, it appears that adipate is also in 
the orthogonal pathway a very prominent side 
product with 12–19 mg/l concentrations in the 
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supernatant of the cultures C, D, E. Initially, in 
the reference pathway it was considered to have 
originated from the decarboxylation product of 
KdcA which forms the aldehyde 5-oxohexanoic 
acid. This gets through endogenous activities 
converted to adipate. In the absence of KdcA in 
the orthogonal pathway, the presence of adipate 
is not obvious. It could be an indication that other 
pathway intermediates are diverged into other 
degradation pathways. 

Discussion

Protein engineering towards modified or higher 
catalytic activity is a key step in the development 
of biochemical pathways for the production 

of non-natural compounds [50–52]. Here, we 
describe the introduction of a new activity in a 
dehydrogenase using the Rosetta CoupledMoves 
application [24], resulting in enzyme variants that 
can be used in an alternative 6-aminocaproic acid 
synthetic pathway. The computationally selected 
enzymes were introduced in a constructed bio-
synthetic pathway for the cascade conversion 
of 2-ketopimelate to 6-ACA. The redesigned 
diaminopimelate dehydrogenase reported here 
converts 2-ketopimelate to D-APA. A subsequent 
decarboxylase converts it to 6-ACA, a reaction that 
offers a thermodynamic driving force by making 
the final step of the pathway irreversible. The final 
non-proteinogenic amino acid 6-ACA is a precur-
sor for chemical [53] and biological caprolactam 
synthesis [29], and is not known to occur naturally. 

Figure 8: Genetic modification of E. coli for production of 6-ACA via the D-APA. The original production 
strain for 6-ACA harbors two plasmids, pAKP444 and pAKP96. Plasmid pAKP96 encodes KdcA decarboxylase 
from organism L. lactis and V. fluvialis aminotransferase (VfAT). The KdcA-encoding gene was replaced by the 
StDAPDH wild-type gene or a gene encoding the FDV or the WDV mutant of StDAPDH. The gene for VfAT 
was replaced by the gene for the TmDC mutant decarboxylase. 

Figure 9: Formation of 6-ACA in strains with 
StDAPDH and TmDC. A: reference strain E. coli 
eAKP672 expressing KdcA and VfAT [30]. B: Alter-
native route including wild-type StDAPDH and TmDC. 
C: Additional 5mM rac-APA added to a culture of B 
during growth. D: FDV variant of StDAPDH instead 
of wt-StDAPDH. E: WDV variant of StDAPDH instead 
of wt-StDAPDH. The three letter code represents 
the mutations introduced at positions 122/126/146. 
Accordingly, the wt letter code is DDF. Error bars 
indicate two independently grown cultures.
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To computationally predict variants of meso- 
DAP dehydrogenase that have D-APA synthetic 
activity, we used a scoring method based on the 
notion that variants occurring more frequently in 
a computationally generated library of variants 
have a higher probability of being successful. 
Whereas each run of the Rosetta search algo-
rithm will not find the same single lowest energy 
solution, low energy designs will be found more 
often than less optimized designs. We estimated 
the probability of finding a certain design by 
comparing the relative abundance of variants in 
a library computed for D-APA versus a library 
for meso-DAP. The resulting ranking was used 
as a proxy for preferred binding of D-APA over 
meso-DAP and to select designs for testing in 
the lab. The Rosetta CoupledMoves method 
introduced backbone flexibility since it considers 
the movement of neighboring residues as well 
as the back rub motion [20]. The residues that 
we targeted (H94, W121, D122, D126, F146, 
and V229 in different combinations) shape the 
site that binds the non-reacting L-α-amino acid 
functionality of the natural substrate meso-DAP 
and the search space included substitutions that 
created a more hydrophobic environment for 
interacting with the target substrate D-APA, 
which lacks the distal amino functionality [31]. 

The CoupledMoves application has been 
developed to enrich for experimentally known 
mutations that switch the selectivity of enzymes 
to new target substrates [20,24]. At the same 
time, ranking designs by comparing their enrich-
ment among a large set of designs generated for 
a target substrate relative to their occurrence in 
a control set of designs for the native substrate 
is not a common method. More often, the best 
designs are selected based on binding energies 
or on rational considerations. In accordance with 
the enrichment approach that CoupledMoves 
was optimized for, we ranked and selected 
variants harboring 3–4 simultaneous mutations 
by their relative enrichment among the Rosetta 
solutions. The two best mutants we found were 
FDV and WDV (single letter code at positions 
122/126/146); both displayed an increase in 

activity ratio of 2-APA over DAP by more than 
40-fold compared to the wild-type enzyme. Both 
mutants scored high in the PE ranking (2nd and 
3rd). The usefulness of the enrichment scoring is 
confirmed by the ability of the protocol to pro-
duce functional enzyme variants and further by 
the successful prioritization of the best designs 
as indicated by an enrichment and a ROC plot 
(Fig. 7, Fig. S2). 

Prioritization by calculating enrichment may 
have advantages over traditional scoring proto-
cols in computational enzyme design. Unlike with 
other methods, designs are also generated for the 
native substrate. Mutations suggested for the 
native substrate are not expected to help since 
evolution has already optimized the enzyme for 
its native substrate. If a set of mutations is pre-
dicted to be beneficial both for natural substrate 
and for the target substrate, that design would be 
eliminated. Possible reasons for the occurrence of 
designs that do not perform as expected would 
be conformational undersampling and systematic 
errors in the energy function used for design 
calculations [54,55]. Such dysfunctional or del-
eterious mutations would be (partly) filtered out 
by the current approach as they are suggested for 
both the target substrate and the native substrate.

The catalytic properties of the improved vari-
ants showed that activity towards a new sub-
strate can be introduced. The wild-type enzyme 
showed no measurable activity towards D-APA. 
The positions that were targeted for mutagenesis 
have rational relevance in the catalytic mech-
anism of StDAPDH. H94 is highly conserved 
between close homologs. The examination of the 
crystal structures reveals that H92 interacts with 
Wat528 that contacts the non-reacting L-amino 
function of meso-DAP, which is not present in the 
target substrate D-APA. Comparably, the active 
site residue D122 interacts also via the Wat528 
with the L-amino function. D126 is a second shell 
residue in close proximity to D122. In homologs 
from U. thermosphaericus, C. glutamicum, and 
C. tetani a phenylalanine can be found at this 
position. It has been included as a residue in 
order to create putatively additive effects when 
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co-mutated together with D122. As we can see 
from most of the D-APA active mutants, in the 
CoupledMoves designs this residue stays mostly 
conserved or gets substituted to glycine to create 
some space and extra hydrophobicity. The active 
site residue F146 makes a cation-pi interaction 
with the non-reacting L-center. In the homologs a 
tryptophan can be found at this position. Initially 
Gao et al. investigated the role of this position 
by mutating it to the conserved residue F146W 
[5] with nearly no effect on activity compared to 
the wild-type enzyme. Further, the same group 
screened a site saturation mutagenesis library 
for F146 for D-phenylalanine synthesis without 
successful hits [7]. In our studies, all the active 
mutants show a replacement to valine to be 
beneficial for D-APA activity. 

By introducing the DAPDH mutants with 
confirmed D-APA synthetic activity in an E. coli 
strain engineered to produce 2-ketopimelic 
acid [30], we could provide a proof of concept 
for an alternative route for 6-aminocaproic acid 
formation. The original pathway proposed by Turk 
et al. uses a combination of decarboxylation (by 
KdcA) and transamination (VfAT) to proceed from 
2-ketopimelic acid to 6-ACA (Fig. 2). We kept the 
pathway towards 2-ketopimelic acid the same as 
in the reference, but introduced the StDAPDH 
variants together with an engineered decarboxy-
lase (TmDC) and proved formation of 6-ACA 
acid via this cascade. Whereas the new pathway 
clearly produced 6-ACA, the accumulation levels 
are still low. Nevertheless, implementation of this 
orthogonal pathway has the advantage to inter-
fere less with the host metabolism and there-
fore directing the intermediates more towards 
product formation. In the comparison with the 
wild-type StDAPDH and the variants FDV and 
WDV, we could see clear differences. The con-
struct with the wild-type StDAPDH also shows 
very little activity in this cascade. To exclude that 
the subsequent TmDC is stalling the pathway, 
we added extracellular rac-APA. This lead to an 
increase in product levels and chiral HPLC/MS 
analysis of the supernatant indicated that D-APA, 
for which TmDC is selective, was consumed out 

of the racemic mixture. Furthermore, wild-type 
StDAPDH was not active on D-APA in the in vitro 
deamination but it did show activity in vivo for the 
amination reaction. This suggest that the deami-
nation rates might not be a good predictor for the 
synthesis reaction, since some enzymes may have 
a clear kinetic preference for one of the directions 
of a reversible reaction [56–58]. It could be that 
the screening in vivo might lead to more hits in the 
synthesis reaction than considered here. 

Next to the main product, 6-ACA, we also 
detected side product formation of L-APA and 
adipic acid. It was proposed by Turk et al. that 
endogenous aminotransferases are responsible 
for formation APA and endogenous dehydro-
genases for the formation of adipic acid. Both 
side products are present in the orthogonal 
pathway, which indicates that there is a com-
petitive depletion of pathway intermediates 
originating from the elongation of 2-ketoglut-
erate to 2-keto pimelate. The question whether 
through additional metabolic engineering the 
endogenous activities can be fully eliminated 
remains a difficult one. Advances in metabolic 
flux analysis between synthetic pathways and 
host organisms could help in this regard. An-
other option would be to target the catalytic 
properties of the heterologous enzymes that 
force the pathway intermediates to flow through 
the desired pathway. Since 2-ketoglutarate from 
the tricarboxylic acid cycle is the starting point 
of this pathway, consequences for cell viability 
might be expected, and it may be necessary to 
look for a trade-off between product and side 
product formation.

In conclusion, it was possible to obtain variants 
of StDAPDH that enabled a modified metabolic 
pathway to produce 6-ACA. Limitations of the 
newly modified pathway were analyzed and 
further optimization could result in higher titers 
of 6-ACA. While in vitro screening had to be done 
with the product of the reaction, this still allowed 
finding improved variants. The mutants were 
designed using Rosetta’s CoupledMoves, which 
demonstrates that this protocol can indeed be 
used to engineer enzyme specificity. 
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Supporting Information

Table S1: Oligonucleotides used for cloning. 

Oligonucleotide Oligonucleotide sequence (5’ to 3’)
DAPDH FG-F GCGGGCTGGtttCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH FG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGaaaCCAGCCCGC
DAPDH FA-F GCGGGCTGGtttCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH FA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGaaaCCAGCCCGC
DAPDH YG-F GCGGGCTGGtatCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH YG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGataCCAGCCCGC
DAPDH WG-F GCGGGCTGGtggCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH WG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGccaCCAGCCCGC
DAPDH LG-F GCGGGCTGGctgCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH LG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGcagCCAGCCCGC
DAPDH WA-F GCGGGCTGGtggCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH WA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGccaCCAGCCCGC
DAPDH MG-F GCGGGCTGGatgCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH MG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGcatCCAGCCCGC
DAPDH YA-F GCGGGCTGGtatCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH YA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGataCCAGCCCGC
DAPDH LA-F GCGGGCTGGctgCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH LA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGcagCCAGCCCGC
DAPDH AA-F GCGGGCTGGgcgCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH AA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGcgcCCAGCCCGC
DAPDH MA-F GCGGGCTGGatgCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH MA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGcatCCAGCCCGC
DAPDH AG-F GCGGGCTGGgcgCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH AG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGcgcCCAGCCCGC
DAPDH FL-F GCGGGCTGGtttCCGGGTACCctgTCGATTATCCGTGCACTGCTGG
DAPDH FL-R CCAGCAGTGCACGGATAATCGAcagGGTACCCGGaaaCCAGCCCGC
DAPDH GG-F GCGGGCTGGggcCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH GG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGgccCCAGCCCGC
DAPDH D122F-F GCGGGCTGGtttCCGGGTACCGACTCG
DAPDH D122F-R CGAGTCGGTACCCGGaaaCCAGCCCGC
DAPDH D122Y-F GCGGGCTGGtatCCGGGTACCGACTCG
DAPDH D122Y-R CGAGTCGGTACCCGGataCCAGCCCGC
DAPDH D122W-F GCGGGCTGGtggCCGGGTACCGACTCG
DAPDH D122W-R CGAGTCGGTACCCGGccaCCAGCCCGC
DAPDH D126A-F CCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH D126A-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGG
DAPDH D126G-F CCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH D126G-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGG
DAPDH F146A-F CCTATACGAACgcaGGCCCGGGTATG
DAPDH F146A-R CATACCCGGGCCtgcGTTCGTATAGG
DAPDH F146V-F CCTATACGAACgtgGGCCCGGGTATG
DAPDH F146V-R CATACCCGGGCCcacGTTCGTATAGG
DAPDH F146D-F CCTATACGAACgatGGCCCGGGTATG
DAPDH F146D-R CATACCCGGGCCatcGTTCGTATAGG
DAPDH F146W-F CCTATACGAACtggGGCCCGGGTATG
DAPDH F146W-R CATACCCGGGCCccaGTTCGTATAGG
DAPDH F146G-F CCTATACGAACggcGGCCCGGGTATG
DAPDH F146G-R CATACCCGGGCCgccGTTCGTATAGG



104

Figure S1. Convergence of enrichment of StDAPH designs in Rosetta CoupledMoves calculations. A: Percentage 
enrichment (PE) for all variants examined obtained from two different sets of calculations that each used 
60 trajectories of 10,000 trials each. Plotted is the PE for each variant obtained in one set of calculations versus 
the PE for the same variant in second (duplicate) set of calculations. The line is a fit for which the coefficients 
and the Pearson’s coefficients is shown. Perfect convergence should give a line y = 1x+0 with an R2 of 1. B: 
The same for 600 calculations for each set of calculations. C: The obtained Pearson’s correlation coefficient R2 
versus the number of calculations. The displayed line merely connects the data points. After 600 calculations 
a reasonable convergence was obtained. 

Figure S2. Receiver operating characteristic (ROC) curve for selection by enrichment. Variants with the highest 
enrichment amongst D-APA designs were plotted first (via Equation 1). For comparison the theoretical curve 
for ideal selection is shown (area under the curve = 100%), when the selection would first pick all the active 
designs and only after those the inactive designs. The random selection curve (area under the curve 50%) 
corresponds to the situation that the selection would neither favor nor disfavor the active designs. The area 
under the curve for the actual result was 86%.
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Table S2. Variants designed to improve soluble expression. 

Approach Mutations Net charge 
per subunitA

− none −2

supercharging R208D −4

“ R208D/R102E −6

“ R208D/R102E/A41E −7

“ R208D/R102E/A41E/Q215E −8

“ R208D/R102E/A41E/Q215E/K272D −10

“ R208D/R102E/A41E/Q215E/K272D/R198E −12

“ R208D/R102E/A41E/Q215E/K272D/R198E/R212E −14

“ Q57K −1

“ Q57K/V207K 0

“ Q57K/V207K/E75K +2

“ Q57K/V207K/E75K/A40K +3

“ Q57K/V207K/E75K/A40K/A194K +4

“ Q57K/V207K/E75K/A40K/A194K/E29K +6

“ Q57K/V207K/E75K/A40K/A194K/E29K/E59K +8

interface stabilization I251V/Y286F −2

“ “ V225L −2

“ “ L244W/I251V/Y286F −2

“ “ V225L/L244W −2

“ “ V225L/L244W/I251V/Y286F −2

translational 
attenuation/A1

L168 (CUG→A), L244 (CUG→A) −2

“ “ A2 L168 (CUG→A), L256 (CUC →A) −2

“ “ A3 L168 (CUG→A), L265 (CUG→A) −2

“ “ A4 L168 (CUG→A), L287 (CUG→A) −2

“ “ B1 L187 (CUG→A), L244 (CUG→A) −2

“ “ B2 L187 (CUG→A), L256 (CUC→A) −2

“ “ B3 L187 (CUG→A), L265 (CUG→A) −2

“ “ B4 L187 (CUG→A), L287 (CUG→A) −2

PROSS A41N/R82A/A182E/R208H/R212H/T214F −4

“ L39E/A41N/R82A/A182E/R208H/R212H/T214F/M223I/A293E −6

“ L39E/A41N/R82A/A182E/R208H/R212H/T214F/A293E −5

“ L39E/A41N/R82A/ M176Q/R208H/R212H/T214F/A293E −5

“ L39E/A40E/A41D/S56R/Q62D/R82A/R165K/M176Q/ V207A/
R208H/R212H/T214F/A293E

−7

“ L39E/A40E/A41N/T42Q/S56R/Q62D/R82A/R165K/M176Q/
V207A/R208H/R212H/T214F/M223K/A269M/K272Q/A293E

−7

A the net charge per subunit is −2 for the WT StDAPDH
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Table S3. Designed StDAPDH variants. 

Amino acid at positions
94 | 122 | 126| 146

PE (%) Description of the calculation that the variant 
originates from. Indicated are fixed positions and 
variable residues. 

Detectable activity 
on D-APAA

FFGV 0.50 positions 94, 122, 126 and 146 variable yes
IYGV 0.49 “ −
MYGV 0.49 “ −
GFGV 0.49 “ −
LFGV 0.47 “ yes
MFGV 0.45 “ −
FYDV 0.86 positions 94, 122 and 146 variable −
MYDV 0.58 “ −
GYDV 0.53 “ −
GFDV 0.45 “ −
VWDV 0.67 WDV fixed and position 94 variable B,C −
FWDV 0.44 “ −
GWDV 0.18 “ −
GWAG 1.20 WAG fixed and position 94 variable B,D −
FWAG 0.93 “ −
MWAG 0.45 “ −
FLGV 0.85 LGV fixed and position 94 variable B,D −
MLGV 0.54 “ −
YLGV 0.43 “ −
FFDV 0.46 FDV fixed and position 94 variable B,C −
WFDV 0.37 “ −
MFDV 0.35 “ −
FFGA 0.61 FGA fixed and position 94 variable B,D −
WFGA 0.39 “ −
FMGV 0.91 MGV fixed and position 94 variable B,D yes
LMGV 0.29 “ −
MMGV 0.29 “ −
FWAV 1.58 WAV fixed and position 94 variable B,D −
VWAV 0.61 “ −
GWAA 1.12 WAA fixed and position 94 variable B,D −
FWAA 0.85 “ −
MWAA 0.38 “ −
FFDG 1.27 FDG fixed and position 94 variable B,C −
FYGV 0.64 YGV fixed and position 94 variable B, D −
WADF 2.90 ADF fixed and position 94 variable B,C −
FADF 1.55 “ −
YADF 0.31 “ −

A  −, no detectable catalytic activity. 
B  The template was a variant from an earlier library that showed activity during prescreening. 
C  Catalytic activity for the template variant was later confirmed. 
D  Catalytic activity for the template variant was later not confirmed. 
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Figure S3: Chiral HPLC analysis of culture media for the detection of 2-APA. A: Separation of rac-2-APA with 
D-2-APA eluting at 5.5 min and L-APA at 9.5 min. B: Addition of rac-2-APA to a culture of cells expressing wild-
type StDAPDH. Both enantiomers are still visible but the level of D-APA is reduced. C: Formation of L-APA in 
a culture of E. coli expressing the reference pathway.
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