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Transporter engineering is an effective strategy for enhancing the transmembrane transfer of target
substrates and alleviating feedback inhibition in microbial cells. The LysE transporter, a key indicator of
both L-arginine (L-Arg) and L-lysine (L-Lys) secretion in Corynebacterium glutamicum, plays a crucial
role in the efficient synthesis of these amino acids. Owing to its broad substrate specificity, a LysE
mutant with high substrate specificity for L-Arg extrusion is essential for achieving high production. In
this study, we constructed a structural model and identified that LysE possesses a simplified structure
of the characteristic LeuT-fold pattern, including parallel discontinuous helices, three highly
conserved motifs, and several critical residues within its substrate binding pocket. Molecular docking
and virtual site-saturation mutagenesis identified key hotspot residues for modulating LysE transport
activity, with the A156Y and A156V mutants exhibiting significantly enhanced L-Arg extrusion.
Iterative saturation mutagenesis at site L49 yielded the A156VL49T mutant, which was characterized
by a 32.4% increase in growth under 30 g L ' L-canavanine and a 17.4% reduction upon exposure to
0.3 gL " H-Lys-Ala-OH. With altered substrate specificity and improved efficiency in L-Arg extrusion,
the A156VL49T mutant holds promise for metabolic engineering of C. glutamicum to enhance L-Arg

production.

During microbial production, efficient secretion of the target product is
beneficial for alleviating feedback inhibition and cytotoxicity caused by
accumulated final products'. To date, numerous transporters from different
superfamilies have been identified, as shown to facilitate the extrusion of
various compounds, including amino acids, inorganic ions, and organic
ions™’. As an essential component of the synthetic pathway, an efficient
transporter can prevent intracellular accumulation of target compounds
and mitigate product-induced feedback inhibition. Overexpression or
deletion of transporters has been widely exploited in microbial cell factories,
demonstrating its effectiveness in enhancing microbial production of
desired products’™.

Corynebacterium glutamicum, a major producer of amino acids, is
widely used owing to its biosafety, rapid growth, minimal nutrient
requirements, and broad substrate spectrum’®. Two transporters, LysE
and CgmA, have been identified for L-arginine (L-Arg) extrusion in

C. glutamicum, with LysE being the most important factor affecting this
process’. In strain C. glutamicum with high L-Arg production, abundant
L-Arg generally accumulates in the cells and causes serious feedback inhi-
bition to the synthetic pathway. It has been demonstrated that enhanced
L-Arg efflux efficiency via LysE overexpression can alleviate feedback
inhibition by L-Arg, thereby increasing its production”’. Alternatively,
transporter engineering of the LysE transporter is another plausible way for
enhancing L-Arg production. As a member of the L-Lys exporter super-
family (LysE), LysE naturally mediates the secretion of both substrates of
L-lysine (L-Lys) and L-Arg. Therefore, designing a much specific trans-
porter for L-Arg extrusion, i. e., reducing the efflux capacity of L-Lys and
enhancing the efflux activity toward L-Arg, will be beneficial for the L-Arg
extrusion and consequently boosting its production'.

The LysE superfamily in the Transporter Classification Database
(TCDB) comprises 12 families, some of them involved in the transport of
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amino acids and/or their derivatives'”. To date, solved structures of the LysE
superfamily have revealed that the substrate-binding pocket is formed by a
pair of discontinuous helices. For instance, the core of the substrate-binding
site in the cytochrome C-type transporter (CcdA), a member of the disulfide
bond oxidoreductase D family (DsbD) is comprised of two unwound seg-
ments in TMs 1 and 4". Despite the relatively simple structure of the six
TMs and a pseudo-twofold symmetry axis formed by 3-TM repeats, this
folding pattern closely resembles the well-characterized LeuT fold, which
consists of 12 TMs, although the sequence identity is low'". Although with
distinct differences in the protein length, these two parallel discontinuous
helices have been demonstrated to be closely related to the substrate
transport activity. Most prominently, some conserved motifs and sites were
identified in these regions owing to their indispensable functions'*"™".

Recently, transporter engineering has made significant contribu-
tions to improving transmembrane transfer efficiency and enhancing the
production of target substrates™. Given the dual-substrate properties of
the LysE transporter, this overexpression strategy may increase the
accumulation of unintended byproducts. Alternatively, changing sub-
strate specificity to generate more effective LysE mutants for L-Arg
extrusion represents a promising strategy for enhancing L-Arg accu-
mulation. In this study, a structural model with a concluding con-
formation is developed. Interestingly, the key structural feature of LysE is
identical to the typical parallel discontinuous helices of the LeuT-fold
pattern. Furthermore, several potential mutation hotspots were predicted
using evolutionary conservation analysis and molecular docking, variants
with improved L-Arg efflux activity and reduced L-Lys extrusion capacity
were successfully generated.

Results
Growth complementation of Escherichia coli MG1655 deficient
strains
Among the transporters identified in E. coli, ArgO mediates the extrusion of
L-Arg, whereas LysO facilitates L-Lys transport”’. To evaluate the ability of
LysE to transport L-Arg or L-Lys, we first constructed two mutants lacking
ArgO or LysO in the E. coli MG1655 strain. Furthermore, plasmid pEASY-
P-LysE containing the native LysE promoter was constructed and trans-
ferred into the two knockout strains, resulting in the MG1655AargO-
PEASY-P-LysE and MG1655AlysO-pEASY-P-LysE.

L-canavanine, a natural L-Arg analog, has been found to interfere
with L-Arg utilization during protein synthesis and inhibit bacterial

growth, including E. coli””. The ArgO transporter in E. coli mediates
L-canavanine extrusion, effectively alleviating its inhibitory effects on
cells. In this study, we used L-canavanine as the inhibitor to investigate
the growth sensitivity of E. coli MG1655AargO-pEASY. Consistent with
previous reports of impaired growth by L-canavanine”, E. coli
MG1655AargO-pEASY exhibited a significantly inhibited growth as low
as 0.03906 gL' of L-canavanine (Fig. 1a), while the wild-type strain of
E. coli MG1655 grew well upon 125gL™' of L-canavanine. In
contrast, transformation with the lysE gene conferred robust resistance to
5gL™" L-canavanine in the ArgO-deficient strains. For the com-
plementary growth assay of L-Lys transport, we supplemented Medium
A (MA medium) with H-Ala-Lys-OH, a dipeptide containing a readily
catabolizable amino acid (L-Ala) and a non-catabolizable amino acid
(L-Lys), which can lead to metabolic imbalance in cells when the L-Lys
exporter is inactive’. As expected, strain MG1655AlysO was sensitive to
0.625 g L' H-Ala-Lys-OH (Fig. 1b) while LysE overexpression restored
growth even at a high concentration of 10 gL' H-Ala-Lys-OH. These
data indicated a markedly restored efflux capacity for L-Arg and L-Lys
after introducing the LysE exporter and simultaneously confirming the
suitability of these two strains for evaluating the efflux ability of sub-
sequent LysE mutants.

Topological and three-dimensional structural models of LysE

For topological structure prediction of LysE, all software programs
(TMHMM, HMMTOP, PHOBIUS, and SOSUI) suggested a structure
comprising six TMs arranged in two sequence repeats, TM1-3 and
TM4-6, connected by a 50-bp irregular coil (Fig. 2a). Subsequently, we
used Alphafold2 for structure prediction and obtained a similar archi-
tectural arrangement for the six TMs. However, the predicted Local
Distance Test (pLDDT) scores and Ramachandran plot quality for the
full-length LysE model were relatively low (Supplementary Fig. S1). We
suspected that the 100-136 fragment, which forms a long irregular coil
between TM3 and TM4, contributes to this unreliability, as no analogous
structures were found in homologous proteins (Fig. 2b). This fragment
was then removed and a model with significantly improved reliability
and accuracy was obtained (Supplementary Fig. S2). Notably, with two
transmembrane-spanning discontinuous helices formed in TM1 and
TM4 positioned parallel to each other, the LysE model appears to possess
a typical structural pattern of the LeuT fold (Fig. 2b). Additionally, the
orientations of these two discontinuous helices are consistent with the
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Fig. 1 | Growth of E. coli MG1655 deficient strains in the MA medium. a Growth
in the 96-well plate containing various concentrations of L-canavanine or b H-Lys-
Ala-OH. After being cultured at 37 °C for 24 h, the growth was monitored by
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measuring the optical density at 600 nm (ODggnm)- Data are from # = 3 independent
experiments, Error bars represent SEM.
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Fig. 2 | Topological and three-dimensional structural models of LysE. a Predicted
topological model of LysE. b Three-dimensional model of LysE predicted by
AlphaFold2.

outward-occluded conformation of the LeuT fold, which is beneficial for
further substrate docking analysis™.

Conservation analysis revealed key sites for substrate binding
To shed light into the key structural elements that mediate the transport of
LysE substrates, we performed an evolutionary conservation analysis and
identified a highly conserved region in each of the two inverse repeated
domains of LysE (Supplementary Fig. S3). Consistent with the inaccurate
region in the structural modeling, the irregular coil between TM3 and TM4
was the least conserved. Further analysis using WebLogo identified three
conserved motifs, GxQN (Motif A, Fig. 3a), CxxSDxxL (Motif B, Fig. 3b),
and TxLNP (Motif C, Fig. 3¢), located in TM1, TM2, and TM4, respectively
(Fig. 3d). In the structural model of LysE, Motif B is spatially close to Motifs
A and G, collectively forming a substrate-binding pocket similar to that of
CcdA, a cytochrome C-type transporter from the DsbD family within the
LysE superfamily'”. Notably, these positions are structurally identical to the
residues responsible for leucine (Leu) and Na* accommodation in the LeuT
structure', despite the lack of sequence identity between these two amino
acid transporters. In the LeuT structure, most residues responsible for
substrate recognition are located in TM1, TM3, and TM6, which are spa-
tially analogous to the motifs identified in LysE, and many of these have been
shown to participate in Leu binding and translocation'®. Therefore, we
propose that these three TMs, especially the three conserved motifs in the
discontinuous helices, likely play an important role in substrate binding and
translocation of the LysE exporter.

Molecular docking and molecular dynamics (MD) simulation
revealed critical sites for substrate binding

To identify potential substrate-binding sites in the LysE structural model, we
initially utilized the CavityPlus web server to predict the active pocket for the
accommodation of the substrate L-Arg or L-Lys. The predicted cavities for
these two ligands were located within the discontinuous helices and were
delimited by residues from TM1, TM2, and TM4. Furthermore, molecular
docking was performed using Discovery Studio, and the stability of the
resulting complex was validated through MD simulations. The root-mean-
square-deviation (RMSD) and root-mean-square-fluctuation (RMSF)
values both indicated that the complex was stable, supporting its suitability
for further analysis (Supplementary Fig. S4). Superimposition of the
CavityPlus-predicted pocket with the docked LysE structure showed high
consistency, with the ligand fully embraced in the predicted cavity and all
binding residues incorporated. In protein-ligand-anchored complexes, the
main chain of L-Arg is exposed to the unwound region and anchored by
multiple hydrogen bonds from TM1 and TM4 (Fig. 4a, b). Notably, most of
these sites were adjacent to or even located within the three conserved motifs
we identified, including residues Gly19 and GIn21 at Motif A, Asp46 at
Motif B, and Asn153 at Motif C. Then, docking L-Lys into the LysE model
revealed that the molecule adopts a similar orientation and shares many
binding sites with those of L-Arg, merely with two additional sites at Leul5

and Asn22 that connect with the main chain of L-Lys, as well as the absence
of an interaction between its lateral chain and Asp46 (Fig. 4c, d).

For the similar structural fold pattern of the LysE and LeuT trans-
porters, we mapped the L-Arg-binding sites onto the LeuT structure (PDB
2A65), which is complexed with the Leu substrate”. Interestingly, the
binding sites of L-Arg in LysE were conformationally identical to those of
LeuT transporters, including the substrate orientation and structural loca-
tions. In the LeuT structure, the a-amino group of Leu accepts four
hydrogen bonds from the TM1 broken helices (Ala22 of TM1) and TM6
(Phe253, Thr254, and Ser256)". Correspondingly, the predicted residues
interacting with the a-amino group of L-Arg are located at an equivalent
position in LysE, including Leul4 in the TMI broken helices, Serl7 in
TM1a, and Asp159 of TM4a. Regarding the carboxyl group interaction, the
predicted residues involved in L-Arg binding are contributed by the TM1
broken helices (Gly19) and TM4 residues (Asn153, Asn155, and Asp159). It
is worth noting that the highly conserved residue Gly19 closely resembles
Gly26 in the LeuT fold transporters by locating at the unwound region in the
modest region of TM1 and forming a direct interaction with the carboxyl
group of the substrate. Because Gly26 has been identified as a highly con-
served residue in the signature motif GXG in the LeuT fold"’, we proposed
that this Gly may be designated as the signature residue in transporters with
all LeuT-fold patterns, including LysE. In the lateral chain of L-Arg, we
noticed that one a-amino group is anchored by a hydrogen bond from
Asp46 of TM2, which is also a well-conserved residue in the LysE homologs.
In the absence of such an interaction in the L-Lys molecule or at the cor-
responding position of LeuT, we hypothesized that this could be attributed
to the long and polar side chain of L-Arg.

To investigate the functional roles of these putative sites in LysE
transport, we performed site-directed mutagenesis of the sites involved in
L-Arg binding and compared their resistance to L-canavanine toxicity.
Interestingly, the efflux activity of the mutants derived from highly con-
served residues (G19A, Q21A, D46A,N153A, and D159A) was significantly
impaired, exhibiting a growth pattern similar to that of the strain carrying
the empty plasmid (Fig. 4e). This indicates the indispensable functions of
these sites and further confirms that they are likely involved in substrate
binding, as predicted.

Saturation mutagenesis to improve the transport ability for L-Arg
Using L- Arg as the center, we selected residues within 0.4 nm of the ligand in
the LysE-Arg complex and focused on 17 candidate amino acids (Leul4,
Leul5, Serl7, Gly19, Pro20, GIn21, Asn22, Asp46, Leu49, Phe50, Asnl53,
Asnl55, Alal56, Tyr157, Aspl59, Alal60, Phel91). As anticipated, most of
these residues were located within the three motifs identified in TM1, TM2,
and TM4 or their peripheral regions. Using the Calculate Mutation Energy
(Stability) module of Discovery Studio, alanine scanning revealed that most
residues had the potential to alter the transport activity. Furthermore, virtual
site-saturation mutagenesis based on these sites identified 11 residues:
Leul5, Ser17, Pro20, GIn21, Asn22, Asp46, Leud9, Asn153, Asnl55, Alal56,
and Ala160 (Fig. 5a), which showed a high probability of enhancing protein
stability. The site with the lowest mutation energy was selected for sub-
sequent site-directed mutagenesis (Fig. 5b)*. After growth assay in the
presence of L-canavanine, two mutants A156F and L49R, especia]ly A156F,
conferred E. coli MG1655AargO remarkably elevated resistance to high
concentrations of L-canavanine (Fig. 5b).

To further enhance the L-Arg efflux activity, site-saturation mutants
involving site A156 were constructed, and their capacity for L-Arg transport
was evaluated using an L-canavanine growth complementation assay. Of all
the mutants, A156V, A156Y, A156F, A156W, and A156N showed sig-
nificantly greater resistance to L-canavanine toxicity than wild-type LysE
(Fig. 6a). Notably, the A156Y mutant exhibited the strongest resistance, with
a 36.5% increase in growth relative to LysE, in the presence of 5gL™"
L-canavanine (Fig. 6b). In contrast to A156Y, the growth of A156V upon
5gL™" L-canavanine treatment was identical to that of wild-type LysE, but
became prominently robust at a lower concentration, with 46.9% increased
growth in the presence of 2.5 g L™! L-canavanine (Fig. 6a).
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Fig. 3 | Conserved motifs and residues of LysE.
a Motif A. b Motif B. ¢ Motif C. d Residues of Motif
A, Motif B, Motif C in the LysE structural model.
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To further determine the L-canavanine tolerance of these five mutants,
we cultured them in a large-volume system of 500-mL flask containing
5gL™" L-canavanine (Fig. 6¢). Consistent with the improved growth in the
96-well plate, A156V, A156Y, A156F, and A156W grew better and even
much faster than wild-type LysE, with two prominent mutants, A156Y and
A156V, which showed 71.4% and 48.7% growth increases after 36-h of
cultivation. However, we also observed obvious discrepancies in the growth
profiles of the A156F and A156N mutants. Mutant A156F exhibited faster
growth than the others during the first 12-h of cultivation but decreased
remarkably after 24-h. In contrast, the A156N mutation increased the
sensitivity to L-canavanine toxicity and significantly decreased growth.
Considering that these strains were cultured under high-speed conditions,
and visible sediment was observed in the A156N and A156F cultures, we
hypothesized that these two mutated proteins may be overexpressed under
high dissolved oxygen conditions, which aggravates membrane protein
toxicity to the cells”™.

Because LysE transports both L-Arg and L-Lys, a LysE mutant with
improved L-Arg specificity is attractive and beneficial for enhancing L-Arg
productivity. We therefore transformed five positive mutations into the
L-Lys transport deficient strain MG1655AlysO and evaluated their growth
in the dipeptide-containing medium. Unlike their positive contribution to

the transport activity of L-Arg, A156V, A156F, and A156N showed a 12.5%,
15.3%, and 10.5% reduction, respectively, in the presence of 10 g L' H-Lys-
Ala-OH, implying a decreased ability of these mutants to transport L-Lys
(Fig. 6d). As the A156F culture also produced visible debris and led to
inaccurate OD values, we selected A156V, which showed enhanced trans-
port activity for L-Arg and decreased activity for L-Lys, for further iterative
saturation mutation (ISM). Also, A156Y was selected because of its excellent
activity to extrude L-Arg.

A156Y- and A156V-based ISM of site L49

Among the 19 double mutants derived from A156V, A156VL49M,
A156VL49T, A156VL49N, and A156VL49H displayed enhanced growth
compared to LysE and A156V in the presence of 5gL~" L-canavanine
(Fig. 7a, b). When the concentration of L-canavanine was increased to
30 gL’l, the four double mutants also conferred robust resistance to the
strain, with A156VL49T being the most effective, showing a 32.4% increase
in growth compared to that of the wild-type LysE (Fig. 7c). With the
exception of the mutant A156VL49M, which exhibited improved growth in
the presence of H-Lys-Ala-OH, the other three mutants showed a slight
decrease in growth under a wide range of H-Lys-Ala-OH (Fig. 7d). Espe-
cially, under 0.3125 g L' concentration, the mutant A156VL49T displayed
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Fig. 4 | Predicted substrate-binding sites of LysE
and growth of critical site-directed mutants.

a, b Docked three-dimensional and topological
complex of LysE with L-Arg. ¢, d Docked three-
dimensional and topological complex of LysE with
L-Lys. e Growth of mutants under various con-
centrations of L-canavanine. After being cultured at
37 °C for 24 h, the growth was monitored by mea-
suring the ODggonm values. Data are from n =3
independent experiments, Error bars repre-

sent SEM.
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83% and 17.4% growth reductions compared to A156V and LysE,
respectively. Considering this decreased activity for L-Lys extrusion and
considerably elevated activity in L-Arg transport, we hypothesized that this
mutant would be plausible for engineering a strain with enhanced L-Arg
production and simultaneously reduced L-Lys byproduct production.
Compared to the enhanced activity of many combinatorial mutants of
A156V, most A156Y-derived 149 mutations were detrimental to the efflux
activity of many mutants, with identical growth compared to the control
strain carrying the empty plasmid (Fig. 7e, f).

Discussion
Structure-guided rational design is an effective method for generating ideal
mutants with altered transport activities and substrate specificities. Owing to

the unavailability of the LysE structure and its very low sequence identity
with other structurally characterized transporters, a reliable LysE structural
model would be valuable for the efficient engineering of target mutants.
According to the TCDB database, the LysE transporter is assigned to the
LysE superfamily, which comprises transporters from 12 families that pri-
marily function in the transport of small molecules such as divalent ions,
amino acids, or sugars™. Although the structural data for this superfamily
are limited, the solved structures share a 3-TM repeat as the basic building
block. In these structures, parallel discontinuous helices are located adjacent
to the substrate-binding pocket and are critical for substrate binding and
transport'®". The structural architecture of LysE agrees well with these
structural elements, including parallel discontinuous helices where Motif A
and Motif C are located. These motifs spatially correspond to the PCxxP
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Fig. 5 | Predicted hotspot residues by Discovery Studio and growth of these
mutants under various concentrations of L-canavanine. a Mutated residues in the
LysE structural model. b Growth of mutants in the MA medium containing various
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concentrations of L-canavanine. After being cultured at 37 °C for 24 h, the growth
was monitored by measuring the ODggonm values. Data are from n = 3 independent
experiments, Error bars represent SEM.

motif in the CcdA structure'”, and mutations in some conserved residues of
these motifs have shown to be detrimental to the transport activity of LysE.

In the structure of some transporters, discontinuous helices generally
appear in the active pocket, but with different folding patterns, such as the
classified X-type (NhaA fold)**”, hairpin-type™™, and parallel-type (LeuT
fold)"™*"* discontinuous helices discussed in this study. Notably, these dis-
continuous helices generally form an active pocket for substrate binding and
are considered as key targets for engineering modifications'*'**"** because of
the presence of hotspot residues in these unwound regions'®. The parallel
discontinuous helices identified in the LysE structure are conserved struc-
tural features of the LeuT-fold pattern found in many APC transporters”.
Since LeuT fold transporters contain 12 TMs, in contrast to LysE, we further
explored the consistency of conserved motifs and substrate-binding sites
between these two types of transporters. Interestingly, the orientation of
their amino acid substrates and the locations of their binding sites showed
high similarity between the LysE and LeuT-fold transporters, particularly in
the unwound region of the active pocket. Corresponding to the signature
GXG motif recognized in LeuT homologs for substrate binding'’, we
identified a highly conserved Glyl9 at an equivalent position in LysE
transporters. Based on these structural similarities, we propose that the
6-TM LysE transporter operates in a similar, albeit simplified, LeuT-fold
mode to that of 12-TM LeuT transporters.

In addition to the above-mentioned sites for substrate binding, two
Na* ions are generally solved in the core structure of Na*-coupled LeuT fold
transporters and play important roles in stabilizing the architecture of the
substrate-binding site'*. In contrast, H'-coupled symporters such as NhaA,
LacY, and FucP generally assemble negatively charged residues Asp and Glu
in their transport path*™. Protonation of these conserved residues lowers
the energy barrier for substrate entry into the binding site and facilitates
substrate translocation™”. Notably, we also found two highly conserved
acidic residues (Asp46 in TM2 and Asp159 in TM4) located in the substrate
pocket of LysE; mutation of these two residues to Ala completely abolished
transport activity, implying that the proton-driven transport of LysE com-
plies with the protonation mechanism of H'-coupled transport processes.

With the aid of the identified critical fold pattern of LysE, molecular
docking, and the Calculated Mutation Energy (Stability) module of Dis-
covery Studio identified two sites, Leu49 and Alal56, that potentially
influence LysE/L-Arg stability and transport activity. Both of these sites are

located within the motifs recognized in LysE homologs, providing strong
evidence for the critical functions of these motifs in substrate binding and
transport'*'®. Moreover, these sites exhibited different conservation levels
among the LysE homologs. Leu49 in Motif B was highly conserved, whereas
Ala156 in Motif C was typically occupied by either Ala or Val. Compared to
Leu49, Ala156 was more flexible and performed better among the mutations
constructed in this study, indicating that unconserved sites in the active
pocket may serve as hotspot residues for protein engineering’’. Among the
several improved mutants, the double mutant A156VL49T was the most
ideal, with increased L-Arg efflux activity and reduced L-Lys efflux activity.
We further compared the stability of these protein-substrate complexes and
found that mutants A156Y and A156VL49T exhibited much more stable
RSMD curves than LysE (Supplementary Fig. S5a, b, d). Notably, the large
fluctuations at 25 ns disappeared completely in the A156Y and A156VL49T
curves. As for mutant A156V, the RMSD curve between 7.5-20 ns was more
stable, but a variation around 2 A was observed from 20 to 30 ns (Supple-
mentary Fig. S5¢). In agreement with the RMSD curves, the RMSF analysis
also showed that these mutants had relatively lower RMSD values in the
100-140 region (Supplementary Fig. S6). These differences are consistent
with the observed improved complementary growth of A156V as well as the
more robust growth of A156Y and A156VL49T. Together, we hypothesized
that these two mutations may conformationally alter the substrate pocket or
conformational state of LysE, resulting in a more stable complex for L-Arg
binding and consequently increasing the efflux activity of these mutants.

Methods

Strains and plasmids

The strains and plasmids used in this study are listed in Supplementary
Table S1. All E. coli strains were cultured in LB medium containing 10 g
tryptone, 5 g yeast extract, 10 g NaCl per liter, or LB agar at 37 °C. MA
medium which comprises of 7.0 g K,HPO,, 3.0 g KH,PO,, 0.5 g sodium
citrate dihydrate, 0.1 g MgSO4-7H,0, and 1.0 g (NH,),SO, per liter, was
used for the complementary growth assay, with 2.0 g L™" glucose supple-
mentation before use.

Bioinformatics and structural modeling
The amino acid sequence of LysE was submitted to the UNIPROT database,
and 300 amino acid sequences with 35-95% identity were selected for
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sequence analysis. The ConSurf server was used for evolutionary con-
servation analysis and WebLogo was used for motif analysis. The trans-
membrane structure of LysE was predicted using TMHMM, Tmpred,
HMMTOP, and SOSUI software. Aphafold2 was used for the three-
dimensional structure prediction. The structural model was visualized using
PyMol software (http://www.pymol.org/).

Molecular docking and MD simulations

Using the three-dimensional structural model of LysE as the receptor
protein and L-Arg or I-Lys as the small molecule ligands, molecular docking
was performed using the CDOCKER module in Discovery Studio 4.1 with
default parameters. The docking proteins and ligands were imported into
Discovery Studio and the proteins were assigned to the CHARMM force
field. The conformation with the lowest binding free energy was selected as
the final molecular docking structure.

MD simulations were conducted in the Desmond module of Schro-
dinger 2019 software using the OPLS2005 force field and a predefined SPC
model for water. To neutralize the system charge, an appropriate amount of
Cl"/Na* ions was added to balance the system charge and randomly placed
in the solvated system. After constructing the solvated system, energy
minimization was performed using the default protocol integrated within
the Desmond module with OPLS2005 force-field parameters. The tem-
perature and pressure were maintained at 300 K and 1 atm, respectively,

using Nose-Hoover temperature coupling and isotropic scaling. Then, a 30/
50 ns NPT simulation was executed, and the trajectory data were saved at
50 ps intervals. To predict the binding pocket for L-Arg accommodation,
the whole LysE protein and Arg ligand were submitted to CavityPlus (http://
pkumdl.cn:8000/cavityplus), and the complete pocket with the highest
predicted average pKy value was selected. All results were imported into
PyMOL to compare the active pocket with that predicted by molecular
docking.

Construction of Arg- and Lys-transport deficient E. coli strains
For the construction of argO and lysO deficient strains in E. coli MG1655, the
genome of E. coli MG1655 was retrieved from the NCBI database. For gene
knockout, the kan gene with homologous arms and FRT sites was amplified
from plasmid pKD4, using primers listed in Supplementary Table S2. The
gene fragment was transformed into MG1655-pTKRed competent cells by
electro-transformation and plasmid pCP20 was further transferred into it to
eliminate the kan gene. The p-lysE fragment was amplified from the genome
of C. glutamicum ATCC13032 and transformed into the defective strain
E. coli MG1655AargO or E. coli MG1655AlysO, resulting in two recombi-
nant strains E. coli MG1655AargO-pEASY-P-LysE and E. coli MG1655
AlysO-pEASY-P-LysE. In the meanwhile, the empty plasmid was also
transferred into the defective strains and served as the negative control
(E. coli MG1655AargO-pEASY or E. coli MG1655AlysO-pEASY).
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Mutant prediction and construction

Discovery Studio 4.1 was used to perform the saturation mutagenesis
simulation. After applying the CHARMm force field to the protein, all
amino acid sites within the 0.4 nm of the ligand were selected for analysis.
Alanine scanning and virtual site saturation were performed using the
single-point mutation mode in the calculated mutation energy (stability)
module. Site-directed mutagenesis was performed via overlapping-
extension PCR based on the plasmid P-LysE and the primers listed in
Supplementary Table S2. The resulting mutated plasmids were transformed
into transporter-deficient strains of E. coli MG1655AargO-pEASY or E. coli
MG1655AlysO-pEASY.

Complementary growth assay

To evaluate the transport function of LysE mutants, recombinant strains
were initially cultured in MA medium supplemented with 1 gL™" of L-Arg
and 100 pg mL ™" of kanamycin. After 24-h cultivation at 37 °C and 200 rpm,
the cell culture was diluted to a concentration of 5 x 10° CFU mL™" by fresh
MA medium. The diluted cultures were then transferred to either 96-well
plates or 300-mL flasks containing MA and various concentrations of
L-canavanine” or H-Ala-Lys-OH”. After 24-h cultivation at 37 °C and
200 rpm, the optical density of the culture was measured at 600 nm
(ODGOOnm)'

Statistics and reproducibility

All experiments of growth assay were performed in triplicates. Statistical
data analysis was performed using Origin 2021 and Microsoft Excel. The
statistical values are presented as mean value+standard error of
mean (SEM).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this pub-
lished paper and Supplementary Data. A reporting summary for this article
is available as a Supplementary Information file. The datasets generated
during and/or analyzed during the current study are also available from the
corresponding author on reasonable request.
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