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BIOCHEMISTRY

Computation-driven redesign of an NRPS-like
carboxylic acid reductase improves activity

and selectivity

Kun Shi't, Ju-Mou Li't, Mu-Qiang Wang', Yi-Ke Zhang', Zhi-Jun Zhang', Qi Chen’,

Frank Hollmannz, Jian-He Xu‘, Hui-Lei Yu'*

Engineering nonribosomal peptide synthetases (NRPSs) has been a “holy grail” in synthetic biology due to their
modular nature and limited understanding of catalytic mechanisms. Here, we reported a computational redesign
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of the “gate-keeper” adenylation domain of the model NRPS-like enzyme carboxylic acid reductases (CARs) by us-
ing approximate mechanism-based geometric criteria and the Rosetta energy score. Notably, MabCAR3 mutants
ACA-1 and ACA-4 displayed a remarkable improvement in catalytic efficiency (k..+/Ki) for 6-aminocaproic acid, up
to 101-fold. Furthermore, G418K exhibited an 86-fold enhancement in substrate specificity for adipic acid com-
pared to 6-aminocaproic acid. Our work provides not only promising biocatalysts for nylon monomer biosynthesis

but also a strategy for efficient NRPSs engineering.

INTRODUCTION

Nonribosomal peptide synthetases (NRPSs) are crucial enzyme
machineries to synthesize pharmacologically valuable natural prod-
ucts, such as penicillin, bleomycin, and cyclosporine (I). These
megaenzymes, often hundreds of kilodaltons in size, consist of mul-
tiple modules, each comprising at least three domains: the adenyl-
ation (A) domain, the thiolation (T) domain, and the condensation
(C) domain (Fig. 1A) (2, 3). Their modular architecture offers the
vast combinatorial design space, which has sparked the interest of
synthetic biologists to engineer NRPSs to obtain tailored peptides
with different bioactivities (4-7). Despite major advances in under-
standing NRPS enzymology, success engineering is still rare due to
the complex molecular interactions among modules and domains,
necessitating an insight of protein-protein interactions and sub-
strate specificities (8-10).

Structural and biochemical evidence indicates that the substrate-
activating A domain acts as the first “gate keeper,” substantially
influencing substrate specificity (9, 11-16). The key Lys residue (A10 Lys)
forms hydrogen bonds with the carboxyl group in the substrate and
the oxygen atoms in the ribose moiety of adenosine 5’-triphosphate
(ATP) to gather them in the A domain binding pocket (13, 17). The
substrate carboxyl group then undergoes nucleophilic attack by the
a-phosphorus atom of ATP, forming the pentacoordinated transi-
tionstate (Fig.1C) (1,17). Atlast,acyl-adenosine 5'-monophosphate
(AMP) complex and inorganic pyrophosphate (PPi) are released
through cleavage of the P—O bond. In light of that, researchers have
been developing different approaches to engineer the substrate spec-
ificity of A domains, such as domain swapping, directed evolution,
and structure-based semi-rational design (4). However, existing
high-throughput screening techniques exhibit limited universality
and must undergo customized refinement and optimization for dis-
tinct substrates or products, thereby reducing engineering efficiency.
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In recent years, physics-based virtual screening has become effec-
tive methods for obtaining target enzyme mutants (18). In a pioneer-
ing study, Chen et al. (19) reported a computational redesign of the A
domain of NRPS gramicidin S synthetase A using their self-developed
K* algorithm. The top-scored mutants were expected to have a lower
K for the target substrate. However, enzyme design cannot overlook
the importance of catalytic efficiency, which hinges on a deeper un-
derstanding of the high-energy transition states. Calculating quan-
tum mechanical (QM) descriptors is often computationally expensive
and involves a sophisticated workflow encompassing conformer gen-
eration, geometry optimization, and ultimately a single-point density
functional theory calculation for each molecule. This limitation re-
stricts the applicability to extensive enzyme virtual screening. Thus,
faster approximation methods, such as the near-attack conformation
(NAC) strategy, have been developed to describe the transition state
trend (20). For example, the CASCO protocol, rooted in the NAC
strategy, used Rosetta Design in combination with molecular dy-
namics (MD) simulations for predicting highly stereoselective en-
zyme mutants (21, 22).

NRPS-like proteins, such as carboxylic acid reductases (CARs),
catalyze the reduction of carboxylic acids to aldehydes in the
presence of ATP and reduced form of nicotinamide adenine di-
nucleotide phosphate (NADP*) (NADPH) (11). Owing to their
broad substrate specificity, CARs demonstrate remarkable poten-
tial as key enzymes in the metabolic toolbox for the biosynthesis
of polymer precursors, biofuels, flavors, and fragrances (23-29).
CARs were considered a more suitable model system for A do-
main engineering, thanks to their single module (Fig. 1B) and
compact size (~120 kDa), which enables easier genetic manipu-
lation, expression in heterologous hosts, and protein purifica-
tion (30). In general, native CARs have been shown to have
little to no activity on amino acids, which is different from NRPS (31).
Recently, we found a CAR, MabCAR3, which exhibited poten-
tial for the biosynthesis of 6-aminocaproic acid (6-ACA) and
1,6-hexamethylenediamine (HMD), key monomers to nylon pro-
duction (Fig. 2) (32). However, the limited natural activity of
MabCAR3 toward adipic acid (AA) and 6-ACA hindered the
propulsion of the cascade reaction toward the ultimate HMD. On
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Fig. 1. General domain organization of NRPSs and NRPS-like protein CARs and their adenylation mechanism. (A) Domain arrangement of typical NRPSs. (B) Domain
architecture of NRPS-like protein CARs. (C) Proposed mechanism in the adenylation reactions. A, adenylation domain; T, thiolation domain; C, condensation domain; Te,

thioesterase domain; R, reductase domain.
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Fig. 2. Enzymatic routes toward the synthesis of 6-ACA and HMD from AA. CAR, carboxylic acid reductase; TA, transaminase.

the other hand, the suboptimal substrate specificity between a,0-
diacids and w-amino fatty acids (e.g., Uaa/Us.aca), which led to
the generation of unwanted byproduct 6-aminohexanal from a
fraction of w-amino fatty acids, contributed to the diminished
yield of w-amino fatty acids.

Here, we computationally optimized the active site environ-
ment for target substrates by using approximate mechanism-
based geometric criteria and the Rosetta energy score, obviating
the need for more expensive MD simulations. The MabCAR3
enzyme was efficiently engineered to generate a series of tai-
lored enzymes with enhanced activity and substrate selectivity.
As a result, we achieved the highest biosynthesis productivity
of key nylon monomers (such as 6-ACA and HMD) reported
to date.

RESULTS

Computational redesign of MabCAR3

Previous studies have elucidated the proposed adenylation mecha-
nism through a combination of x-ray crystallography (11, 33), site-
directed mutagenesis (11, 23, 33-35), and MD calculations (17).
ATP binds to the center of the MabCAR3 A domain, establishing
many molecular contacts that are conserved across the ANL (acyl-
CoA synthetases, NRPS adenylation domains, and Luciferase en-
zymes) superfamily (13, 17). K618 should monitor the negative
charge on the initial complex, stabilize the pentacoordinated transi-
tion state, and release PPi before forming the AMP-substrate com-
plex (17). The carboxylate substrate-binding pocket is lined with
hydrophobic residues, and conserved H301 and T422 are near the
ATP a-phosphate and the substrate carboxylate group that probably
involved in catalytic processes (Fig. 3) (11).

Shietal., Sci. Adv. 10, eadp6775 (2024) 29 November 2024

However, to our knowledge, the details of the pentacoordinated
transition state in CARs remain elusive, as no theoretical studies us-
ing QM calculations have been performed. Fortunately, hybrid QM/
molecular mechanical (QM/MM) simulations have been performed
with the pentacoordinated transition state in other adenylating en-
zymes (36-40), which could help us roughly understand this step in
CARs. In our recent study, we approximated the NAC geometry of
the adenylation step, which holds notable potential for the virtual
screening of CAR k¢, (32). Here, we further optimized the geomet-
ric constraints of enzyme-substrate interactions and extended to
MabCARS3 redesign (Fig. 3).

We postulated that substrate specificity could be adjusted by al-
tering interactions with new substituent groups in the target sub-
strate and reshaping the hydrophobic binding pocket to further
optimize the protein-ligand interaction network. Therefore, a scan
was conducted for residues within 5 A of the substrate and those
within 6 A that had side chains oriented toward the substrate. After
excluding the residues that participated in ATP binding and per-
formed a conserved catalytic role in the process, a total of 10 resi-
dues (1284, A303, L306, L342, V344, G393, G395, G418, G420, and
G426) were targeted for redesign (Fig. 3).

Furthermore, we derived insights from the research by Black
et al. (41), in which the Rosetta energy score (interface_dE) was des-
ignated as the binding affinity score between the substrate and the
active site, facilitating the virtual screening for Ky determination.
Consequently, this approach enabled a preliminary in silico predic-
tion of the enzyme performance (kc./Ky) toward specific substrate
by predicting kc,c and Ky separately (Fig. 4). A limited set of designs
was chosen for experimental characterization with guidance by the
parameters Rosetta energy score (interface_dE) and NAC frequency,
aiming to increase the anticipated activity or substrate selectivity.
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Fig. 3. Key residues and NAC criteria in the A domain pocket of MabCAR3. Light blue denotes residues selected for design. 6-ACA, 6-aminocaproic acid. Green denotes
conservative residues involved in catalytic process. The structure of adenylation domain was constructed using AlphaFold2, and the 6-ACA conformation was generated

using the Schrédinger Maestro conformational search module.
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Fig. 4. Schematic representation for the computational redesign of MabCAR3. Step 1: Establish the approximate NAC criteria. Step 2: In silico mutagenesis of the
10 key residues by Rosetta Design. Step 3: Selection of designs based on the NAC frequency and Rosetta energy score. Step 4: Expression, purification, and characterization

of the designs. QM, quantum mechanical; MM, molecular mechanical.

Design of MabCAR3 for enhanced activity toward ®-amino
fatty acids

The first target product was aliphatic a,0-diamines, such as HMD,
which is used as a nylon 66 monomer. The aim of this approach was
to increase the activity toward 6-ACA or even surpass that toward
AA, thereby driving the entire cascade toward the synthesis of HMD

Shietal., Sci. Adv. 10, eadp6775 (2024) 29 November 2024

and decrease the accumulation of the intermediate 6-ACA. However,
because of computational power limitation, calculating all possible
combinations of the selected 10 residues is nearly impossible.

The mutability landscape approach is a powerful tool in enzyme
directed evolution (42). A multitude of protein variants were scruti-
nized to elucidate the impact of each single amino acid substitution
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on enzyme activity, selectivity, or stability. This approach provides
intricate knowledge on the connections between sequence and
function, helping designers make informed choices about protein
sequence space and substantially minimizing screening effort (43).
Thus, we introduced an in silico mutability landscape-guided strat-
egy to mitigate the computational workload associated with virtual
screening of multisite combinatorial mutations.

In the first step, in silico site saturation mutagenesis was per-
formed on the 10 residues in the pocket, using 6-ACA as the sub-
strate. A total of 38 designs were selected for activity testing using
the wild-type enzyme as a reference (fig. S1A and table S1). As a re-
sult, 95% of the mutations were positive (61%) or neutral (34%) (fig.
S2), affirming the robustness of the virtual screening methodology

and providing a foundation for the creation of a combinatorial mu-
tation library (table S2).

Next, 18 candidates with greater NAC frequency and lower inter-
face_dE (Fig. 5A and table S3) were chosen for characterization
from approximately 8000 designs after in silico multisite mutagen-
esis. A total of 17 mutants were successfully constructed (ACA-16
with no soluble expression), and 15 enzymes exhibited a more than
fivefold increase in activity toward 6-ACA (Fig. 5B). Of these, ACA-
4 exhibited the most notable increase in activity toward 6-ACA,
with a specific activity of 1.1 U/mg. Moreover, initial success was
achieved in altering the substrate preference of CAR from AA to 6-
ACA (Us.aca/Upa = 2.5), underscoring its advantageous role in our
HMD synthesis cascade (Fig. 5C).
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Fig. 5. Computational redesign of MabCAR3 for HMD biosynthesis. (A) In silico multi-site mutagenesis (6-ACA as substrate). Orange points: 18 mutations selected for
experiment characterization (table S3). (B) Deamination activity of the 17 designs toward 6-ACA. (C) Deamination activity of the 17 designs toward AA. Data [in (B) and
(Q)] are presented as mean values + SD (n = 3 independent experiments). (D) Conversion of AA to HMD using purified ACA-1, ACA-4, and other necessary enzymes.
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Rosetta modeling analysis revealed that the four mutations
(L2841, L306M, L342E, and G393E) in ACA-4 optimized the native
hydrophobic interaction network and facilitated the formation of
salt bridges between the substrate’s @-amino group and the sur-
rounding residues (fig. S3). Another mutant, ACA-1 (L284D/
A303M/L3061/L342E/G393A), significantly improved the activity
toward 6-ACA (P < 0.05) and increased the activity toward AA by
11-fold, reaching the highest known value thus far (2.3 U/mg) (Fig. 5C).
Kinetic analysis of ACA-1 revealed a 101-fold increase in ke,/Ky
toward 6-ACA compared to the wild-type enzyme (Table 1). The sub-
strate affinity of ACA-1 toward 6-ACA was significantly enhanced by
approximately 11-fold (P < 0.05), with Ky reduced to 7.0 mM, rep-
resenting the best value reported to date. ACA-1 had catalytic prop-
erties complementary to those of ACA-4, implying its potential for
synergistic utilization in cascade reactions.

We next explored whether the substrate scope of the best designs
(ACA-1 and ACA-4) could be extended toward other aliphatic o,®-
diacids and w-amino acids with varying carbon numbers, encom-
passing more than 90% of the nylon monomer market. Similar to
previous reports on other bacterial CARs (32, 44), the activities of
ACA-1 and ACA-4 increased as the substrate’s carbon chain was
elongated (Fig. 6). Compared to ACA-1, ACA-4 displayed a more
pronounced increase in activity toward most w-amino fatty acids
(C5 to C10) rather than toward a,m-diacids (table S4). Intriguingly,
both designs showed peak activity enhancement toward 6-ACA,
providing additional evidence for the targeted specificity achieved
through computational design.

Biosynthesis of HMD with mutants ACA-1 or/and ACA-4

First, we attempted in vitro biotransformation with purified enzymes.
Our preliminary experiments revealed that ACA-4 significantly
outperformed other variants (P < 0.05), increasing HMD yield
17-fold compared to the wild type (WT) (table S5). Subsequently,
using 100 mM 6-ACA as a substrate, purified ACA-4, ®-transaminase
SpTA, and other essential enzymes demonstrated 82.5% yield to
HMD (fig. S4). Furthermore, the ACA-1 + ACA-4 cascade produced
59.4 mM HMD in 8 hours with 100 mM AA as substrate, achieving
the highest reported productivity (0.86 g liter ' hour™") (Fig. 5D),
reaching a level that matched the highest reported value for the
de novo biosynthesis of AA [0.81 g liter ! hour™; (45)] (Table 2).
The 6-ACA (7.2 mM) and a minor quantity of AA (<1 mM) were
identified in the reaction system, indicating the presence of ap-
proximately 33 mM aldehyde intermediates (6-oxohexanoic acid
and 6-aminohexanal). This implied that the rate-limiting step in
this cascade shifted from carboxylic acid reduction to aldehyde

amination. Further efforts are needed to enhance the activity of w-
transaminase.

We extended the reaction scale to a larger system (10 ml) for the
conversion of AA to HMD. Turner’s group observed that using
crude enzymes in a similar CAR-transaminase multienzyme system
did not lead to a substantial overall reduction in yield, with less than
6% aldehyde being overreduced by endogenous alcohol dehydroge-
nases from Escherichia coli (46). Hence, we used condensed crude
enzymes in this cascade reaction to reduce purification costs. As de-
picted in fig. S5, the highest HMD yield of 53.0% was achieved from
50 mM AA in 24 hours, yielding none of the undesired alcohols as a
side product. Furthermore, high-purity HMD was isolated (4.5 mg,
98.0% purity; fig. S6).

Tailoring the substrate selectivity for the synthesis of 6-ACA
The next target was aliphatic ®w-amino acids, which included 6-
ACA, the monomer of nylon 6. In our recent work, we found that
strict substrate selectivity was crucial for enhancing the yield of 6-
ACA because 6-ACA could be further reduced to the corresponding
aldehyde (32, 47). We aimed to develop a tailored design for
MabCAR3 with improved activity toward AA while decreased ac-
tivity toward 6-ACA, thereby enhancing its potential for the synthe-
sis of @-amino fatty acids.

In silico site saturation mutagenesis (AA as substrate) was also
conducted (fig. S1B). After comparing the results with those of pre-
vious in silico mutagenesis studies of 6-ACA, we selected 16 designs
based on the NAC frequency and Rosetta energy score for experi-
mental characterization (Fig. 7A and table S6). The best design,
G418K, demonstrated a fivefold increase in activity toward AA
compared with WT and a fivefold decrease in activity toward 6-
ACA compared with WT, resulting in a 397-fold difference between
the specific activities toward these two substrates (1065 mU/mg to-
ward AA versus 3 mU/mg toward 6-ACA) (Fig. 7B and fig. 7). Kinetic
analysis was well consistent with the trend observed in the in silico
mutagenesis results, with higher Ky and lower k., for 6-ACA and

lower Ky and higher k, for AA (86-fold enhanced %;
Table 1).

The enzyme-substrate binding model revealed that new salt
bridges [N(418 K)-COOH(AA)] and hydrophobic interactions
[CB(418 K)-C6(AA)] were formed between the carboxyl group of
G418K and the substrate AA (fig. S8, A and C) (48). Simultaneously,
hydrophobic interactions between the enzyme and central regions
of AA were intensified, such as CB(A303)-C2(AA) and CD1(L306)-
C3(AA). As depicted in fig. S8 (B and D), modeling revealed that
native hydrophobic interactions between G418K and 6-ACA were

Table 1. Kinetic profiles of MabCAR3-WT and its best designs toward AA and 6-ACA.

AA 6-ACA
CAR keat (s™) Km (mM) keat/Km (M~ s™") keat (s™") Km (mM) keat/Km (M~ s™")
WT 1.53 +£0.15 422 +17.2 0.29 + 0.06 78.5 + 284 3.60+1.10

1.01+£0.11

4.77 £1.02

Shietal., Sci. Adv. 10, eadp6775 (2024) 29 November 2024

212+11.0

6.95 +2.26 22.2 +8.59 313 +43.9
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Fig. 6. The heatmap represented CAR activities with various w-amino fatty acids and o, ®-diacids. (A) ®-amino fatty acids as substrates. (B) o,w-diacids as substrates.
Data were shown as logarithmic (Ig 0.1 U/g). Assays were conducted with 5 mM substrate.

Table 2. Comparison for HMD biosynthesis. ADH, alcohol dehydrogenase; CHMO, Baeyer-Villiger cyclohexanone monooxygenase; Lact, lactonase; CAR,
carboxylic acid reductase; AKR, aldo-keto reductase; o-TA, @-transaminase; Cyp, cytochrome P450 monooxygenase. N/A, not describe in the paper.

Substrate Catalyst Titer (mM) Productivity
(9 liter™ hour")
Petroleum-based Cyclohexanol ADH, CHMO, Lact, CAR, AKR, 186 0.088 (56)
and o-TA
Cyclohexanol ADH, CHMO, Lact, CAR, AKR, 4.2 N/A (57)
and o-TA
Cyclohexane Cyp, ADH, CHMO, Lact, CAR, 7.6 0.040 (56)

AKR, and o-TA

Bio-based

AA CAR (MabCAR3_ACA-4 and 594 0.863 (this work)
ACA-1) and o-TA
6-ACA CAR (MabCAR3_ACA-4) and 82.5 1.599 (this work)

o-TA

*The production time recorded in the original text was “overnight,” which was calculated as 8 hours here.

disrupted. For instance, the distance between CD2 (L342) and C4
(6-ACA) increased from 3.9 to 6.3 A, and the distance between
CB (A303) and C2 (6-ACA) increased from 4.3 to 4.8 A. These
interaction changes could be the primary reasons for the increase in
Uaa/Us-aca.

Next, we explored the activity of G418K toward more a,0-diacids
and w-amino fatty acids with varying carbon chain lengths (C4-
C12) (Fig. 6). Compared to the WT, the mutants exhibited higher
Uwo-diacids/ Uo-amino fatty acids (DY 3- to 24-folds) except for the C12

Shietal., Sci. Adv. 10, eadp6775 (2024) 29 November 2024

substrate, and their activity toward a,w-diacids increased (2.5- to
10-folds) (fig. S9).

Purified G418K and other enzymes were employed in the syn-
thesis of 6-ACA. After 6 hours, the 6-ACA concentration reached
87.5 mM (Fig. 7C), affording a production rate of 1.91 gliter " hour ™
(Table 3). Subsequent large-scale reactions (10 ml) with condensed
crude enzymes giving the m-amino fatty acids (C6 to C9) in good
yield (49 to 74%), achieving the highest reported product concentra-
tions in the literature and demonstrating considerable potential for
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Fig. 7. Computational redesign of MabCAR3 for 6-ACA biosynthesis. (A) Sixteen designs were selected on the basis of in silico site mutagenesis toward AA and 6-ACA.
(B) Upa/Ug.aca of the 16 designs and WT. Detailed activity toward 6-ACA and AA were shown in fig. S7. (C) Conversion of AA to 6-ACA using purified MabCAR3_G418K and

other necessary enzymes.

Table 3. Comparison for 6-ACA biosynthesis. BVMO, Baeyer-Villiger cyclohexanone monooxygenase; AHR, aldehyde reductase; CDH, cyclohexanol
dehydrogenase; NifV, homocitrate synthase; AksD/E/F, 3-isopropylmalate dehydratase; KdcA, branched-chain alpha-ketoacid decarboxylase; Vfl, pyruvate

transaminase; KivD, a-ketoisovalerate decarboxylase.

Substrate Catalyst Titer (mM) Productivity
(g liter " hour™)
Petroleum-based Cyclohexanol ADH, BVMO, Lact, ®-TA, and 97 0.268 (59)
...... Cycibhexylafhine '6.262 (66)
Cyclohexane Cyp, CDH, CHMO, Lact, ADH, 8.6 0.282 (61)
and o-TA
Bio-based Glucose NifV, AksD/E/F, KdcA, Vfl, 0.26 <0.001 (62)
KivD, and o-TA

AA 0.144" (33)
AA CAR (KiCAR) and o-TA 4.5 0.033 (32)
AA CAR (KiCAR_G299K) and »-TA 7.6 0.055 (47)
AA CAR (MabCAR3_G418K) and 87.5 1.912 (this work)

o-TA

*The production time recorded in the original text was overnight, which was calculated as 8 hours here.
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application (fig. S10). The formation of alcohol byproducts (such as
6-hydroxyhexanoic acid and 1,6-hexanediol) was not detected in the
reaction.

Furthermore, the preparative biotransformation experiment was
performed in a 0.5-liter reactor (0.4-liter reaction mixture) with 50 mM
substrate AA (fig. S11). Through derivatization with Boc,0O, purifi-
cation by silica gel column chromatography, and concentration by
rotary evaporation, a high-purity 6-ACA derivative was isolated
(2.13 g,>92.3% purity; fig. S12) with a yield of 46.0%. The generated
biocatalyst effectively converted AA into 6-ACA at a gram scale, a
substantial step toward scalable bioproduction.

DISCUSSION

Similar to typical NRPS, several studies have shown that the sub-
strate specificity of CAR can be modified by the mutation of the
active-site residues in A domain (23, 33-35). However, these A do-
main engineering efforts depend on customized high-throughput
screening methods and/or structure-guided small mutant libraries.
For example, Kramer et al. (34) used a growth-coupled selection
method and achieved a 17-fold improvement in catalytic efficiency,
which is the highest reported increment to date in CAR engineer-
ing. However, this pales in comparison to the hundredfold im-
provements seen in other intensively studied enzymes, such as
transaminases (49, 50). Our initial endeavor involved constructing an
amino benzamidoxime-based screening method for 6-oxohexanoic
acid/6-aminohexanal, intermediate products in this work, ended
in failure, despite amino benzamidoxime being a classic aldehyde
derivatization reagent (35). Therefore, we turned to computational
enzyme design, offering cost-effective exploration of numerous can-
didate mutations with greater versatility and reproducibility than
traditional experimental approaches (18).

Computational enzyme design must rely on simplified models
that approximate real protein-ligand interactions, especially in the
high-energy transition states (19). While accurate QM calculations
can provide valuable insights into enzyme catalysis, rapid explora-
tion of a larger sequence space is more crucial for enzyme design.
Designers must balance model accuracy against computational re-
sources. Our work showed that the approximate NACs, obtained
through fitting, can be used to expand the physical model-based
computational design from a specific enzyme-substrate system with
QM data to a group of enzyme-substrate systems that share the same
catalytic mechanism, which produced results akin to classical QM-
based works. In addtion, the in silico mutant library was screened
on the basis of the penalty score of the NAC geometric constraints
and the protein-ligand affinity score using Rosetta Design, similar to
the strategy recently proposed by Yang et al. (49). Rosetta Design
uses a Monte Carlo search algorithm, which has a lower computa-
tional cost compared to MD simulations, and can be parallelized
using multiple cores for high-throughput virtual screening (50).
Here, we used 6 Intel Xeon Platinum 8370 processors, achieving a
virtual screening rate of 1000 enzyme mutants per day. By simplify-
ing both high-energy transition state modeling and conformational
search, we provided a cheap and versatile design approach for rease-
archer with limited computational resources.

With relatively little and high-efficiency experimental effort, 72
mutants were screened and tested to identify the optimal designs
(with a 70% positive rate) (Figs. 5 and 7). Without a requirement
for further optimization by laboratory evolution, these redesigned
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enzymes exhibited excellent catalytic activity and/or substrate spec-
ificity toward the target substrates, substantially enhancing the con-
version efficiency and progressing toward high substrate loading
and high yield production. Notably, the increase in biotransforma-
tion productivity from AA to 6-ACA/HMD (>0.86 g liter " hour™")
reached a level that matched the highest re]forted value for the de novo
biosynthesis of AA (0.81 g liter™ hour™ ") (45), aligning effectively
with industrial demands.

In addition, the redesigned enzymes successfully afforded a wide
range of nylon monomers with varying carbon chain lengths (C6 to
C12), which was a further advantage. Enzyme catalysis has limited
success in synthesizing bulky chemicals, such as nylon. Biobased ny-
lon 56 is the only successful product, as more than 90% of the nylon
monomers are chemically synthesized from petroleum-based sources.
The enhanced activity and selectivity of the CARs demonstrated the
potential for producing most of the nylon monomers available on the
market, including nylon 6, nylon 66, nylon 11, nylon 12, nylon 46, nylon
610, nylon 612, and nylon 1010 (Fig. 6).

Notwithstanding the broad success of A domain substrate speci-
ficity engineering, we do not suggest that A domain engineering in
isolation can unlock the full potential of these megaenzymes. To fur-
ther enhance HMD/6-ACA production from AA, we recommend
combining beneficial mutations in the T and R domains, as well as
thermostability engineering, which has been proven to be an effec-
tive strategy (51, 52).

In summary, our findings indicated that combining the ap-
proximate NAC geometry and Rosetta Design is effective at pre-
dicting suitable CAR designs with high activity and/or specificity,
facilitating the tailored biosynthesis of nylon monomers without
the need for specialized QM simulations or high-throughput
screening methods. Our engineering strategies can inspire the de-
velopment of other NRPSs as computational algorithms continue
to improve.

MATERIALS AND METHODS

Computational protein redesign

A model of MabCAR3’s adenylation domain was constructed using
AlphaFold2 (53), and an ensemble of substrate conformations (AA
or 6-ACA) was generated using the Schrédinger Maestro conforma-
tional search module. Key binding pocket residues were identified
through published MD calculations (17) and crystal structures with
bound substrates (Protein Data Bank: 60Z1, 5MSD, and 5MST)
(11, 33). Substrate geometry constraints corresponding to NACs
were derived from MD calculations in the adenylation domain of
CARs, QM/MM calculations of the pentacoordinated transition
state in other adenylating enzymes (36-39), and the crystal structure
with the protein-ligand interface (11, 33). Rosetta Design with de-
fault settings was used for computational redesign. The .xml files,
Flags files, .cst files, and submit.sh files used for Rosetta Design were
modified from previous works by Siegel’s group (41) and Meiler’s
group (54). Variants were screened based on NAC frequency and the
Rosetta energy score (interface_dE), with threshold values set de-
pending on the WT (32). Experimental validations were performed
on selected candidates.

Plasmid construction and protein purification
Plasmids used in this work were listed in table S7 and transformed
into E. coli BL21 (DE3). Gene synthesis services were provided by
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GenScript (Nanjing) and Tsingke (Shanghai) in this work. The
CAR variants were constructed using the ClonExpress MultiS
One Step Cloning Kit (Vazyme), and the incorporation of muta-
tions was confirmed by DNA sequencing from Tsingke (Shanghai).
The phosphopantetheine transferase from Bacillus subtilis (BsSfp)
was cloned into pCDFDuet-1 plasmid for coexpression with
CARs. Expression was carried out in LB media with 0.2 mM isopropyl-
B-Dp-thiogalactopyranoside overnight at 16°C. After harvesting by
centrifugation, cells were resuspended in 50 mM Hepes-Na buffer
(pH 7.0), and cell-free extracts were prepared by sonication on ice fol-
lowed by centrifugation. His-Trap Ni-nitrilotriacetic acid Fast Flow
(FF) columns were used for protein purification, as described previ-
ously (32). Purified enzymes were stored at —80°C.

Enzyme activity assay and kinetic analysis

One unit (pmol/min) is defined as the amount of CAR that cata-
lyzes the conversion of 1 pmol of carboxylic acid substrate per
minute. Assays were conducted in 100 mM Hepes-Na buffer (pH 7.5)
at 30°C, with purified CAR (2 to 20 pg), 1 mM ATP, 0.15 mM
NADPH, 10 mM MgCl,, and 5 or 10 mM substrate in a total
volume of 1 ml. Substrates a,w-diacids and w-amino fatty acids
were prepared in dimethyl sulfoxide at 0.5 M, while substrates
®-amino fatty acids were prepared in 100 mM Hepes-Na buf-
fer (pH 7.5) at 0.2 M. CAR activity was measured spectropho-
tometrically using an NADPH oxidation-based assay to monitor
the decrease in absorbance at 340 nm. Blank controls without
CARs were included for each set of assays. Triplicate experi-
ments were performed using a UV-1800 UV-VIS Spectropho-
tometer (Shimadzu).

For the determination of Ky and ke, kinetic experiments were
performed in triplicate using a reaction mixture containing a range
of variable substrates (0.5 to 100 mM). Initial reaction rates were fit
to the Michaelis-Menten equation using nonlinear least squares re-
gression in Origin 8.0.

Biotransformation by purified enzymes

For the biotransformation of AA to 6-ACA, reaction mixtures
(0.2 ml) contained 100 mM Hepes-Na bufter (pH 7.5), 100 mM sub-
strate AA, 1 mM NADPH, 20 mM ATP, 120 mM MgCl,, 120 mM
glucose, 1 mM pyridoxal phosphate (PLP), 200 mM isopropylamine
(IPA), 100 mM PolyPg, 20 pg of BmGDH, 160 pg of PPK12 (55), 292 pg
of MabCAR3_G418K, and 360 pg of SpTA, at 30°C, 1000 rpm for
6 hours. The pH was adjusted to 7 by adding 1 M NaOH at 2 and
5 hours, respectively.

For the biotransformation of 6-ACA to HMD, reaction mixtures
(0.2 ml) contained Hepes-Na buffer (100 mM, pH 7.5), 100 mM
substrate 6-ACA, 1 mM NADPH, 20 mM ATP, 120 mM MgCl,, 100 mM
PolyPg, 1 mM PLP, 200 mM IPA, 120 mM glucose, 160 pg of PPK12,
40 pg of the BmGDH, 360 pg of SpTA, and 292 pg of MabCAR3_
ACA-4 (6 hours, 1000 rpm, 30°C). The pH was adjusted to 7 by add-
ing 1 M NaOH at 2 and 5 hours, respectively.

For the biotransformation of AA to HMD, reaction mixtures
(0.2 ml) contained 100 mM Hepes-Na buffer (pH 7.5), 100 mM
substrate AA, 2 mM NADPH, 20 mM ATP, 120 mM MgCl,, 200 mM
glucose, 1 mM PLP, 400 mM IPA, 200 mM PolyPg, 40 pg of
BmGDH, 160 pg of PPK12, 80 pg of MabCAR3_ACA-1, 884 pg
of MabCAR3_ACA-4, and 720 pg of SpTA at 30°C, 1000 rpm for
8 hours. The pH was adjusted to 7 by adding 1 M NaOH at 2 and
5 hours, respectively.

Shietal., Sci. Adv. 10, eadp6775 (2024) 29 November 2024

Biotransformation by crude enzymes

For the biotransformation of a,w-diacids to w-amino fatty acids
(C6-C9), reaction mixtures (10 ml) contained 500 mM Hepes-Na
buffer (pH 6.5), 100 mM substrate a,-diacids (C6-C9), 1 mM
NADP*, 10 mM ATP, 120 mM MgCl,, 120 mM glucose, 1 mM
PLP, 200 mM IPA, 100 mM PolyPg, lyophilized enzyme powder of
BmGDH (5 mg/ml), lyophilized enzyme powder of PPK12 (15 mg/
ml), crude cell extract of MabCAR3_G418K (100 mg/ml), crude cell
extract of SpTA (120 mg/ml) at 30°C, 800 rpm. The pH was kept
constant at 6.5 with the addition of 2 M NaOH using the pH-Stat
(Tiamo) instrument.

Furthermore, for the preparative biotransformation experiment
(fig. S11), the reaction mixture was scaled up to 400 ml, with the
substrate AA concentration reduced to 50 mM.

For the biotransformation of AA to HMD, reaction mixtures
(10 ml) contained 500 mM Hepes-Na buffer (pH 7.5), 50 mM sub-
strate AA, 1 mM NADPY, 10 mM ATP, 120 mM MgCl,, 120 mM
glucose, 1 mM PLP, 200 mM IPA, 100 mM PolyPs, lyophilized en-
zyme powder of BnGDH (8 mg/ml), lyophilized enzyme powder of
PPK12 (20 mg/ml), crude cell extract of MabCAR3_ACA-1 (50 mg/
ml), crude cell extract of MabCAR3_ACA-4 (100 mg/ml), and crude
cell extract of SpTA (240 mg/ml) at 30°C, 800 rpm. The pH was kept
constant at 7.5 with the addition of 2 M NaOH using the pH-Stat
(Tiamo) instrument.

Sample derivatization

To detect aliphatic o,0-diacids, 6-hydroxyhexanoic acid and
1,6-hexanediol, 100 pl of reaction mixtures was acidified with 2 pl
of 6 M HCI to pH below 2.0 and extracted with 1 ml of EtOAc
(1000 rpm, 2 min). The organic phase was dried with anhydrous
Na,SOy for 12 hours and centrifuged at 10,000 for 2 min. Super-
natant solutions (50 pl), a mixture of methanol/ether (50 pl, vol-
ume ratio of 1:1), and trimethylsilyl-diazomethane (10 pl, 2 M in
hexane) were added to new 1.5-ml tubes. The reactant mixture was
incubated at room temperature for 20 min and used for gas chro-
matography analysis.

To determine w-amino fatty acids, 100 pl of reaction mixtures
was adjusted to pH over 12.0 with 2 pl of 6 M NaOH, mixed with
500 pl of acetonitrile, and centrifuged. The supernatant (20 pl) was
mixed with 14 mM Marfey reagent in acetonitrile (20 pl), 1 M so-
dium bicarbonate (36 pl), and dimethylsulfoxide (100 pl) and incu-
bated at 40°C for 1 hour. The reaction was quenched with 40 pl of
1 M HCl solution and used for high-performance liquid chromatog-
raphy (HPLC) analysis.

To detect a,m-diamines, 100 pl of reaction mixtures was adjusted
to pH over 12.0 with 6 M NaOH, and 42 pl of supernatant sample
mixed with 75 pl of saturated sodium bicarbonate, 250 pl of dansyl
chloride in acetonitrile (5 g liter™'), and 133 pl of Hepes-Na buffer
(pH 7.5). The mixture was sonicated for 10 min, followed by stand-
ing for 10 min and then adding 500 pl of methanol and used for
HPLC analysis.

Analytical methods

The quantification of a,w-diacids, 6-hydroxyhexanoic acid and
1,6-hexanediol, were carried out using a Shimadzu GC-2030 system
equipped with a flame ionization detector and SH-Rtx-5Sil MS col-
umn (30 m by 0.25 mm, 0.25 pm) (fig. S13). The injector and detector
temperatures were 250° and 280°C, respectively. The temperature
program was held at 85°C for 3 min, increased by 5°C per min to

90of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

100°C, further increased by 15°C per min to 250°C, and held at
250°C for 2 min.

The analysis of ®-amino fatty acids and a,0-diamines was per-
formed using a Shimadzu LC-2014 system with an Elite Hypersil
ODS2 column (250 mm by 4.6 mm, 5 pm). ®-amino fatty acids and
o,0-diamines were eluted with methanol/water (1 ml/min; 0.1% tri-
fluoroacetic acid) in a 50:50 ratio and 83:17 ratio, respectively (fig.
S13). The autosampler temperature was maintained at 35°C, and the
injection volume was 10 pl. The detection wavelengths for m-amino
fatty acids and a,0-diamines were 340 and 254 nm, respectively.

Statistical analysis

Data were collected from three independent biological replicates,
and mean values with SE were calculated. Statistical analysis was
performed using Origin 8.0, and one-way analysis of variance
(ANOVA) with t test was used to determine significant differences.
P < 0.05 was considered significantly different.

Supplementary Materials
This PDF file includes:

Figs.S1toS13

Tables S1to S7
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