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Abstract

Noncanonical cofactors such as nicotinamide mononucleotide (NMN™) supplant the electron-
transfer functionality of the natural cofactors, NAD(P)*, at a lower cost in cell-free
biomanufacturing and enable orthogonal electron delivery in whole-cell metabolic engineering.
Here, we redesign the high-flux Embden—Meyerhof-Parnas (EMP) glycolytic pathway to generate
NMN*-based reducing power, by engineering Streptococcus mutans glyceraldehyde-3-phosphate
dehydrogenase (Sm GapN) to utilize NMN*. Through iterative rounds of rational design,

we discover the variant GapN Penta (P179K-F153S-S330R-1234E-G210Q) with high NMN™-
dependent activity and GapN Ortho (P179K-F153S-S330R-1234E-G214E) with ~3.4 x 105-fold
switch in cofactor specificity from its native cofactor NADP* to NMN*. GapN Ortho is further
demonstrated to function in Escherichia colionly in the presence of NMN*, enabling orthogonal
control of glucose utilization. Molecular dynamics simulation and residue network connectivity
analysis indicate that mutations altering cofactor specificity must be coordinated to maintain the
appropriate degree of backbone flexibility to position the catalytic cysteine. These results provide
a strategy to guide future designs of NMN*-dependent enzymes and establish the initial steps
toward an orthogonal EMP pathway with biomanufacturing potential.
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INTRODUCTION

Biomanufacturing applies engineered biological systems to synthesize fuels, commaodities,
and specialty chemicals from renewable resources. These processes often rely on the
redox cofactors nicotinamide adenine dinucleotide [NAD(H)] or nicotinamide adenine
dinucleotide phosphate [NADP(H)] to shuttle reducing energy. Large-scale usage of these
natural redox cofactors is restricted by two key limitations: (1) they are expensive to use in
cell-free biomanufacturing even when coupled with cofactor recycling!= and (2) they are
shared by numerous metabolic pathways native to the host in whole-cell biomanufacturing
which prohibits direct transfer of reducing power to the desired reaction. A promising
solution to overcome these challenges is to utilize structurally diverse noncanonical
cofactors*9 such as nicotinamide mononucleotide (NMN™), which maintain the electron-
transfer functionality of natural cofactors and provide superior industrial advantages of faster
mass transfer due to smaller sizes, 10 lower costs,11:12 and importantly support for specific
delivery of electron energy to targeted pathways as native enzymes are unable to utilize
NMN(H).1314

The Embden—Meyerhof—Parnas (EMP) pathway is the predominant route of feedstock
uptake in most chassis organisms implemented in whole-cell-based biomanufacturing. In
cell-free biomanufacturing, the EMP pathway has been efficiently reconstituted in vitro to
reduce costs because it derives otherwise expensive cofactors and central metabolite building
blocks from low-cost sugars.15-19 Although we and others have previously engineered
enzymes in alternative glycolytic routes including the Entner—-Doudoroff (ED) pathway and
pentose phosphate pathway (PPP) to recycle noncanonical cofactors,12:13 EMP glycolysis
has not been exploited to generate these unnatural forms of reducing power. In this

work, we engineer Streptococcus mutans non-phosphorylating glyceraldehyde-3-phosphate
dehydrogenase (Sm GapN)202L to utilize NMN*. Sm GapN converts D-glyceraldehyde-3-
phosphate (D-G3P) to 3-phosphoglycerate (3-PG) without ATP production. Replacing the
native phosphorylating glyceraldehyde-3-phosphate dehydrogenase (GapDH) in Escherichia
coliwith Sm GapN establishes an ATP-neutral EMP pathway for cell-free biomanufacturing
which bypasses the need to balance ATP.17:22 In vivo, an ATP-neutral EMP pathway is more
thermodynamically favorable than the ATP-producing counterpart and has the potential

to achieve high flux.23 Because glycolytic flux is heavily regulated by the intracellular
availability of NAD* and ATP,24-28 an EMP pathway which is decoupled from both native
redox cofactor and native energy currency will serve as a powerful tool to flexibly tune
central metabolism independently of the cells’ physiological states.

In this work, our design goals are twofold: for application in cell-free biomanufacturing,
we aim to construct Srm GapN variants with a high catalytic efficiency and a high
turnover rate using NMN™; for application in whole-cell biomanufacturing, an orthogonal
Sm GapN with minimal NAD(P)*-dependent activity is required to specifically harvest
electrons through EMP glycolysis in the form of NMNH to channel energy toward the
desired downstream pathways. To achieve these goals, we performed multiple rounds of
Rosetta modeling-guided rational design to iteratively increase NMN*-dependent activity
of Sm GapN and obtained the most active variant, GapN Penta (P179K-F153S-S330R-
1234E-G210Q), with ~45-fold increased catalytic efficiency (k../K,,) compared to the wild
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type. The turnover rate (k.,), which is a strong indicator of the catalyst’s performance in
cell-free systems where fast productivity is desirable and high cofactor concentration is
achievable, improved by ~68-fold. In addition, we engineered GapN Ortho (P179K-F153S-
S330R-1234E-G214E) with ~3.4 x 105-fold cofactor specificity switch from the enzyme’s
native cofactor NADP* to NMN™, based on the catalytic efficiency compared to the

wild type. GapN Ortho’s activity toward both NADP* and NAD™ is drastically reduced,
enabling us to establish the first orthogonal EMP glycolysis in vivo with engineered

E. coliwhere glycolytic flux is specifically dependent on NMN*. Rosetta modeling of
these variants’ mechanisms reinforced our rational design principles of engineering NMN*-
specific enzymes by strengthening binding interactions with the NMN* phosphate group
while excluding NAD(P)*. However, this strategy faced a bottleneck where increasingly
tight NMN* binding began to interfere with the precise protein conformational dynamics
required for catalysis, as shown by experimental and molecular simulation results. Thus, this
work also highlights the complementary nature of rational design and directed evolution in
engineering noncanonical cofactor-dependent enzymes, where the latter is needed to yield
compensatory mutations to restore protein dynamics that are not apparent through static
structural models. The NMN*-dependent GapN-coupled growth phenotype reported here
will provide a foundation for implementing directed evolution of NMN™*-dependent activity.

RESULTS AND DISCUSSION
Rational Design of GapN to Enhance NMN*-dependent Activity.

Initial rounds of rational design were based on constructing novel polar contacts to improve
binding affinity for NMN*. As a mononucleotide, NMN™* lacks the canonical second
nucleotide, exposing a single negatively charged phosphate at the location where the
cofactor is truncated (Figure 1A). The native redox cofactor for GapN, NADP*, contains

a phosphorylated adenosine monophosphate (AMP) moiety that can engage in salt bridge
or hydrogen bond formation with active site residues and enables favorable hydrophobic
packing within the binding site (Figure 1B). These critical contacts include a hydrogen bond
from the SER 231 hydroxyl to the AMP phosphate, ASP 215 forming a hydrogen bond to
the adenosine amide, and a network of polar contacts surrounding the 2" phosphate at LYS
177 and THR 1802 (Figure 1B). The truncated cofactor NMN* lacks the AMP moiety and
is unable to form these interactions; consequently, it binds with severely reduced affinity
such that the specific activity is nearly undetectable at 1.8 + 0.6 nmol min~! mg=! (Figure
1C).

We utilized Rosetta?? to systematically simulate the effects of amino acid substitutions

in the cofactor binding site on the predicted NMN* binding pose and affinity. During

the simulation, all side chains within 6 A of NMN* were allowed to be designed and

any residues within 8 A of the ligand were relaxed with backbone movements enabled.
The obtained poses were sorted based on protein—ligand interface energy and total system
energy, and the top scoring outputs were selected for further inspection and design.

Studies have revealed that the nicotinamide and ribose moiety of the cofactor must remain
mobile during catalysis and adopt different binding poses during the acylation and hydride
transfer steps.30-31 We focused on strengthening interactions with the relatively static
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phosphate group in NMN*. Thus, we constructed the P179K variant (GapN 185), which
showed an increase in specific activity to 18 + 2 nmol min~! mg™! (Figure 1C). Rosetta
modeling suggested that the lysine forms a salt bridge with the negatively charged phosphate
groups (Figures S1 and 1D). This general approach of enhancing NMN*-dependent activity
has also been demonstrated with an NMN*-dependent glucose dehydrogenase.13

For the second round of design, single mutations were introduced on top of GapN 185 and
two variants showed gradual enhancement of NMN™ specific activity: 19 + 1 nmol min~1
mg~1 for P179K-F153S (GapN 187) and 24 + 0.6 nmol min~1 mg~1 for P179K-S330R
(GapN 193). Combination of all substitutions resulted in the triple mutant P179K-F153S-
S330R (GapN Triple) which showed a synergistic increase to 68 = 6 nmol min~t mg=1.
Modeling suggests that both F153S and S330R form additional polar contacts latching onto
the free phosphate group tail of NMN* (Figure 1D).

After the positions immediately surrounding the NMN™ were exhausted, the third round

of design explored second shell mutations that would support the engineered interactions
with NMN* by reducing excess conformational entropy of binding residues. A quadruple
mutant P179K-F153S-S330R-1234E (GapN Quad) was discovered with ~86 nmol min~1

mg 1 specific activity (Figure 1C). 1234E is suggested to establish a salt bridge with

P179K, locking the residue in place for the favorable contact with NMN* (Figure 1D). The
fifth mutation producing variant P179K-F153S-S330R-1234E-G210Q (GapN Penta) showed
further enhanced activity of 110 + 5 nmol min~1 mg=1. G210Q is modeled to reinforce
positioning of 1234E through a hydrogen bond (Figure 1D).

The above results are consistent with the hypothesis that NMN*-dependent activity can
continue to increase as more interactions are established between the enzyme and NMN*.
However, when an additional mutation 1326K was introduced to form yet another salt
bridge with the NMN* phosphate group, the activity decreased (Figure 1C). Kinetic analysis
showed that the resulting variant GapN Hex (P179K-F153S-S330R-1234E-G210Q-1326K)
has a ~2.4-fold decreased K,, compared to its predecessor, GapN Penta, consistent with
stronger cofactor recognition by the enzyme as intended (Table 1, Figure 1E). Unexpectedly,
k..for NMN* decreased substantially from 0.82 + 0.1 s~ for GapN Penta to 0.12 + 0.01

s~1 for GapN Hex (Table 1), indicating suboptimal catalysis. GapN Hex presents complex
epistatic relationships in which the effects of multipoint mutations cannot be easily predicted
in a static model. There were also no large changes predicted in the enzyme backbone
structure (Figure S2). Therefore, we next performed molecular simulations to investigate
structural and dynamic changes involved in the full catalytic process.

Elucidation of Trade-off between Cofactor Binding and Turnover.

We first modeled the global backbone flexibility for each monomer of the tetrameric GapN
assembly, which suggested that the high NMN*-binding affinity variant GapN Hex became
more rigid compared to wild type and the high turnover variant GapN Penta (Table 1, Figure
S3). We next sought to evaluate (1) how do the mutations cause these changes in backbone
flexibility and (2) how do these changes in flexibility impact catalysis?
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Rosetta modeling provides rationale for the reshaped backbone flexibility by showing that
the positively charged residues, S330R, 1326K, and P179K in GapN Hex, directly interact
with the phosphate of the NMN* molecule to secure it in the binding pocket (Figure 1D).
These three sites are located at the opening of the binding pocket and extend from different
domains of the protein.20-2 Therefore, when NMN™ is present, the different domains may
be more tightly tied together resulting in altered global conformational dynamics. However,
the answer to the second question is less apparent through this static model.

The turnover rate is strongly linked to the pre-organization of catalytic residues. Based on
the mechanism for wild-type GapN, the catalytic CY'S 284 performs a nucleophilic attack

at the G3P aldehyde to generate the hemithioacetal intermediate.32 Molecular dynamics
simulations evaluating the trajectory of the tetrametric GapN assembly can reveal the
influence of distal mutations in positioning this catalytically essential residue. Using the
distance between the sulfur atom on CYS 284 and the alpha carbon of residue SER 450,
which serves as a reference point in the cofactor binding pocket, we observed different
positioning of CYS 284 for wild type, GapN Penta, and GapN Hex (Figure 2). The wild type
demonstrates the preference for a 9-10 A distance (CYS “in” state) for all monomers, which
is characterized by adjacent positioning of CYS 284 by the 4-carbon of the nicotinamide
moiety for immediate hydride transfer (Figure 2A). For monomer A in GapN WT, there

is an additional state at 12 A observed, which corresponds to the cysteine facing away

from the active center (CYS “out” state). A similar energy profile is observed in GapN
Penta (Figure 2B). Sm GapN functions physiologically as a tetramer and the closely related
Thermoproteus tenax GapN was found to exhibit discontinuous saturation kinetics implying
subunit cooperativity regulated by allosteric effects.33:34 The alternating CYS “in” versus
“out” states among different monomers indicate that the simulation is able to capture the
dynamic cooperativity.

In contrast to the wild type and GapN Penta, almost all monomers of GapN Hex prefer the
12 A CYS “out” state (Figure 2C). The difference in the positioning of the catalytic cysteine
suggests that the decrease in k., for NMN* in GapN Hex originates from the improper
alignment of CYS 284 in the formation of the hemithioacetal intermediate. Furthermore,

the allosteric cooperativity among monomers was not observed indicating disruption of
global dynamics. None of the mutations in GapN Hex are near CYS 284 and obtaining a
mechanistic basis for the change in flexibility required further analysis.

We analyzed the trajectories by calculating the dynamic cross correlation of alpha carbons
between all residue pairs of the tetramer and from that computed the shortest path network.
The shortest path algorithm allows us to examine how allosteric movement propagates in
proteins.3> The analysis for the wild type reveals an extensive network that extends into each
of the monomers and the dynamical communication passes through the tetramer interface as
shown by the larger spheres that represent the frequency score for path usage (Figure 3A).
GapN Penta exhibits a decrease in the overall network connectivity, as well as a shift away
from the tetramer interface toward intramonomer clustering resulting in an overall decrease
in intermonomer pathway usage (Figure 3B). However, the more striking changes occur

in GapN Hex, where there is a significant decrease in the number of residues, pathways,
and range of the network. The communication across the tetramer interface is lost and
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very limited dynamical communication is depicted (Figure 3C). Overall, network analysis
suggests that GapN Hex may be catalytically impaired due to its inability to position CYS
284 for optimal catalytic alignment arising from allosteric effects driven by its overly rigid
structure.

The most catalytically efficient design, GapN Penta, represents an ~45 and ~68-fold increase
in the catalytic efficiency and turnover rate for NMN*, respectively, compared to the wild
type (Table 1). The results for GapN Hex demonstrate that rational designs increasing
NMN* affinity should be carefully engineered to minimize disruption of flexibility, this may
require compensatory mutations that are difficult to predict.

Engineering of an Orthogonal GapN.

GapN Penta, with its high turnover number, is well suited to cell-free biomanufacturing
where crosstalk with other cofactors can be limited by providing high NMN* concentrations
and low NAD(P)*. However, for whole-cell biomanufacturing applications where specific
electron shuttling from the EMP pathway to the target biotransformation is ideal, we
required a GapN variant with minimal NAD" and NADP* activity at the physiologically
relevant levels of these natural cofactors.

To assess the ability of our GapN variants to specifically reduce NMN™, we sought to couple
cell growth rate to GapN NMN activity using growth as a facile readout for orthogonality.13
This is achieved by replacing £. coli’s native glyceraldehyde-3-phosphate dehydrogenase
(phosphorylating), encoded by gapA, with Sm GapN. A potential detour bypassing the
GapN step in EMP glycolysis is also disrupted by knocking out the methylglyoxal synthase
encoded by mgsA (Figure 4A).38 We further disrupted the gene pncC, which encodes an
NMN* amidohydrolase, to decrease degradation of exogenously supplied NMN*.13:37 |n
semi-defined media with glucose and casein amino acids, the final strain MX601 (AgapA
AmgsAApncC) grows poorly but is rescued by Srm GapN WT expression (Figure S4).

Although the catalytic activity toward NADP* is decreased by ~9300-fold in GapN Penta,
in vivo studies of cells harboring GapN Penta still showed substantial growth in the
absence of supplied NMN* (Figure 4B). Based on the kinetic parameters of GapN Penta
(Table 1), we hypothesized that residual NADP* activity was restoring growth. In our
previous efforts to engineer an NMN*-orthogonal glucose dehydrogenase, we introduced
negatively charged residues proximal to the AMP moiety to create electrostatic repulsion
with the pyrophosphate group of NAD* and NADP™ to disrupt binding while avoiding
undesirable effects on NMN™ binding.2 Following the same design principle, we introduced
the mutation G214E into the most active NMN™* variants GapN Quad and GapN Penta.
Although this strategy was found to be incompatible with GapN Penta due to potential
steric clash with existing mutations (Figure S5A), it succeeded in GapN Quad resulting

in GapN Ortho (P179K-F153S-S330R-1234E-G214E) and led to a ~21-fold decrease in
NADP* activity while retaining ~70% of NMN™ activity (Figure S5B,C). Introduction of
G214E also decreased the specific activity for NAD* (Figure S5D).

The most orthogonal variant generated, GapN Ortho, exhibited decreased catalytic efficiency
for NADP* and NAD* relative to the most active variant, GapN Penta (Table 1). GapN
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Ortho features a 67- and 3.4 x 10%-fold cofactor specificity switch compared to WT from
NAD* and NADP* to NMN*, respectively, based on catalytic efficiency. In particular, the
large K,, of the enzyme for NAD* and NADP™ falls far outside the physiological range of
native cofactor concentrations in £. coli38 suggesting potential orthogonality in vivo. The
mutations designed also impact D-G3P binding, leading to an increased apparent K., for
D-G3P from 0.22 + 0.04 mM for GapN WT to 0.68 + 0.1 mM for GapN Penta (Table 1).
GapN Penta and GapN Ortho have similar effects on D-G3P binding, with increased K, for
D-G3P to 0.72 £ 0.1 mM for GapN Ortho (Table 1).

In vivo growth study of cells expressing GapN Ortho showed severely reduced growth
without NMN* supplementation as £. coli’s preferred carbon source, glucose, could not be
consumed by the EMP pathway. When 2 mM NMN™* was supplemented in the media, GapN
Ortho enabled robust growth, indicating that the EMP pathway was successfully rewired to
be coupled to the NMN* concentration. In comparison, GapN Penta which retained vestigial
NAD/P* activity displayed significant growth without NMN* which signaled insufficient
orthogonality (Figure 4B). These results are the first demonstration of an EMP glycolysis in
E. colibased on an orthogonal redox cofactor.

Elucidation of the Mechanism of Orthogonality.

To understand the marked cofactor specificity shift in GapN Ortho compared to other
GapN variants, we performed Rosetta modeling to predict the binding poses of GapN
wild type, GapN Penta, and GapN Ortho with NMN*, NAD*, and NADP™. The negatively
charged residue G214E in GapN Ortho forms a hydrogen bond with P179K when bound
with NADP* and strengthens positioning of P179K to support an existing hydrogen-bond
interaction with 1234E (Figure 5A).

This emergent hydrogen bond network altered the hydrophobic surface required for packing
against the adenine ring in NADP* (Figure S6) and additionally introduced steric clash to
push the AMP moiety of NADP* out of the binding pocket (Figure 5B). The predicted
binding pose is consistent with the apparent kinetic parameters. The catalytic efficiency

of GapN Ortho toward NADP™ decreases 50-fold from GapN Penta and 465,000-fold

from GapN WT, respectively. On the other hand, the docked structures of GapN Ortho

with NMN™* show a similar binding mode to that observed with GapN Penta (Figure S6),
consistent with the minimal disruption in NMN™* activity.

A similar but less pronounced displacement is noticed with NAD™ bound in GapN Ortho,
where S330R serves as an extra anchor point for NAD™ by interacting with the cofactor’s
adenosine ribose hydroxyl groups (Figure S6). This agrees with our findings that the
catalytic efficiency of GapN Ortho is higher toward NAD™ than NADP*. Future engineering
surrounding S330R may continue to improve orthogonality.

CONCLUSIONS

Designing enzymes to utilize noncanonical cofactors such as NMN* is challenging due
to the lack of structural design principles and enormous sequence space that must be
navigated. Current approaches rely on weakly guided searches where the template sequence
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is perturbed and screened for fortuitous variants with high fitness, and the mechanistic
contributions of the discovered mutations are unresolved. Here, we first demonstrate a
Rosetta workflow sampling potential NMN™* binding poses with mutated binding sites

to provide design recommendations that enhance catalytic efficiency with NMN*, this
enables predictive design at low experimental costs (Table S2). We next perform molecular
dynamics simulations of the tetrametric GapN variants to determine how the discovered
mutations contribute to allosteric effects modulating the turnover rate and NMN* binding
affinity. Our analysis indicates that the differences in kinetics are attributed to changes

in backbone flexibility, displacement of the catalytic cysteine, and alterations to residue
network connectivity. These complex and global effects observed in molecular dynamics
simulations highlight the importance of high-throughput directed evolution, which can be
performed in vivo with growth as a facile readout using our established NMN*-dependent
EMP pathway in E. coli.

GapN Rational Design and Ligand Docking.

The crystal structure of Sm GapN (PDB: 1QI1) with D-G3P and NADP* bound was used
for ligand docking and enzyme design.2% Because 1QI1 harbored the mutation C284S,

we first mutated it back to cysteine with the Rosetta Modeling Suite and relaxed the
structure using a backbone constrained FastRelax procedure.3° This pre-processed model
was used for subsequent docking simulations and enzyme design. NMN* and NAD*
conformer libraries were prepared according to previous research.13 Generation of the
NADP* conformer library is detailed in the Supporting Information. Initial coordinates

for NMN™ were obtained by removing the AMP moiety from NADP*. For each docking

or design simulation, the substrates of GapN, D-G3P, and one of the cofactors (NMN,
NAD™*, and NADP*) were placed into the active site and the enzyme—ligand complex was
repacked and optimized. The Rosetta design protocol to identify amino acid substitutions
predicted to improve binding affinity for NMN* consisted of rounds of Monte Carlo
evaluation with moves randomly translating and rotating the NMN*, sampling of alternative
rotamers and side chain substitutions optimizing hydrophobic packing or polar contacts with
NMN*, and backbone minimization to relieve torsional strain and examine different binding
pocket geometries. Design simulation was performed with the Rosetta EnzRepackMinimize
mover. Distance and angle restraints were imposed to maintain the cofactors in catalytically
competent geometry for hydride transfer in relation to CYS 284 and D-G3P. A total of

2000 simulations were run for each batch, the top 20 best scoring outputs sorted by
constraint score, protein—ligand interface energy score, and total system energy score were
selected for further optimization and design using Foldit Standalone.*? Variants measured
to have favorable Rosetta total energy and interface energy, the sum of hydrophobic and
electrostatic interactions between the ligand and protein were selected for experimental
validation. For ligand docking simulation, the protocol was the same except with design
option = 0 (no design allowed) and the corresponding mutations were generated by
applying the MutateResidue mover in Rosetta-Scripts. The example run files including
constraints, options, RosettaScripts XML, and ligands params are included in the Supporting
Information.
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Molecular Dynamics Simulations.

The atomic coordinates for GapN WT, GapN Penta, and GapN Hex with NMN* were
optimized through the Rosetta design protocol and the tetrameric structure was made using
PDB ID: 1QI1 structure as a template. A simulation setup was created using the CHARMM-
GUI web server.41 The protein and ligands were modeled with the Amber ff19SB*2 and
GAFF43 force fields, and water was modeled using the modified TIP3P44 model. The
simulation box was set to 125 x 125 x 125 A with 51,093 water molecules. The systems
were neutralized with potassium and chloride ions and brought to 0.15 M physiological
ionic concentrations. The Particle Mesh Ewald method*® was used to treat the long-range
electrostatic interactions and the short-range interactions were switched off at 10 A. The
systems were equilibrated for 40 picoseconds before the Orthogonal Space Tempering*6:47
(OST) production runs. The OST simulations were performed under the N PT ensemble with
the temperature kept constant at 300 K using a Nose—Hoover thermostat*® and the pressure
kept constant at 1 atm using a Langevin piston barostat.*® The SHAKE algorithm®® was
used to constrain all bonds containing hydrogen. The simulation timestep was set to 1 fs
and the trajectory was saved every 2 ps for data analysis. The all-atom molecular dynamics
simulation was performed on a customized version of CHARMM®! that implements the
OST enhanced sampling method. Production simulations were run for the GapN wild type,
and the GapN Penta and GapN Hex mutants bound to NMN* for 800 ns simulation time
using the Ca atoms for the RMSD order parameter. The variances of simulated free energies
are below 0.5 kcal/mol. Analysis of trajectory data was performed with CPPTRAJ?Z and
network analysis using Dynacomm.py script.3°

Plasmid Construction.

Generated plasmids and strains are listed in Table S1. Plasmid construction was completed
with the Gibson isothermal DNA assembly method. Site-directed mutagenesis was
performed via PCR with PrimeSTAR Max DNA Polymerase (TaKaRa) and mutagenic
primers carrying the target codon substitutions to amplify DNA fragments for ligation.
Cloning steps were run with £. coli XLI-Blue (Stratagene). Plasmid isolation was carried out
with the QIAprep Spin Miniprep Kit (Qiagen) and nucleotide sequences were validated by
Sanger sequencing (Laragen).

The S. mutans gapN gene was amplified from a gBlock template (IDT DNA), cleaned
through gel extraction, and inserted into the pQE vector backbone (N-terminal 6 x His-tag,
ColE1 ori, and Amp") through a Gibson assembly to generate pEK-198. Plasmids encoding
the mutants were built through site-directed mutagenesis on the pEK-198 template.

The Pseudomonas putida xenA gene was subcloned from a plasmid®3 with overlaps
appropriate for Gibson isothermal assembly into a pRSF vector.

Media, Buffers, and Cultivation.
Detailed recipes for media and buffers are included in the Supporting Information. Routine
culturing was done in 2 x YT media (except for PHL2 and MX601) with antibiotics
at concentrations of 100 mg/L for ampicillin, 50 mg/L for spectinomycin, 50 mg/L for
kanamycin, and 10 mg/L for tetracycline. Routine culturing of PHL2 and MX601 was
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performed in succinate glycerol casein amino acids minimal medium (SGC) with the
following composition: 1x M9 minimal media, 50 mM sodium succinate, 50 mM glycerol,
and 0.1% (wi/v) casein amino acids.

Strain Construction.

E. coli strain MX601 was constructed based on the PHL2 strain previously reported36 and
knockout of the prcC gene was conducted by P1 transduction®3 from the strain JW2670-1
(ApncC : kan) of the Keio collection.?* Plasmid pCP20 was used to remove the kanamycin
resistance marker after confirmation of the gene deletion. SGC media containing tetracycline
was used to routinely culture the strain.

Protein Expression and Purification.

Proteins were expressed with a N-terminal 6 x His-tag for affinity purification with the His-
Spin Protein Miniprep kit (Zymo Research Corporation). Plasmids were inserted into £. coli
BL21 (DE3) by transformation for overexpression, transformant colonies were inoculated

in 2 x YT media with 100 mg/L ampicillin for overnight expression, sub-cultured the next
day at 1% volume with 100 mg/L ampicillin, induced with 0.5 mM IPTG at ODg, 0.5, and
incubated at 30 °C for 24 h with 250 rpm shaking for protein production. Pelleted cells

were disrupted with bead-beating and purification from the cell lysate was performed with a
Ni-NTA resin according to manufacturer’s protocols. Isolated proteins were quantified with
a Bradford assay compared to a BSA standard curve and stored with 20% glycerol at =80
°C.

GapN Enzyme Assays.
The GapN enzyme assay protocol was adapted from previous works. The reactions to
measure specific activities were initiated by the addition of purified enzyme into the
assay mixture containing 50 mM Tris—Cl pH 8.5, 5 mM p-mercaptoethanol, 2 mM DL-
G3P, and 4 mM cofactor at 25 °C. Production of reduced cofactor was detected with a
spectrophotometer by absorbance at 340 nm. Final specific activities were corrected for
cofactor carry-over during purification by subtracting the background activity measured
from the reaction with no cofactor added.

Determination of the Michaelis—Menten kinetic parameters, .., describing the turnover rate
and Michaelis constant K,, was completed with a similar master mix, where DL-G3P was
replaced with 1 mM D-G3P and cofactor concentration was varied. Initial reaction rates
were recorded and fit to the Michaelis—Menten equation where v, is the initial velocity, Eis
the total enzyme concentration, and S is the cofactor concentration.

E ke S

W= S

Under conditions where the enzyme could not be saturated with cofactor (K,, > S), the
initial velocities were fit to the linear Michaelis—Menten equation to solve for catalytic
efficiencyk../ K.
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Determination of kinetic parameters for D-G3P of GapN WT was conducted at 0.2 mM
NADP* or 20 mM NMN*. For kinetic parameters for D-G3P of GapN Penta, 5 mM NADP*
or 20 mM NMN* was used. For GapN Ortho, 20 mM NADP* or 20 mM NMN™* was used.
When D-G3P inhibition was observed, initial reaction rates were recorded and fit to the
Michaelis—Menten equation with substrate inhibition, where K; is the dissociation constant
of D-G3P at an inhibiting site on free enzyme and B is the D-G3P concentration.

El . kcal' B

B
Km+B~(1+E)

W =

NMN*-Dependent Growth Restoration.

NMN*-dependent growth restoration was performed as follows: plasmids pEK198, pEK253,
pPEK269, or pSM105 and pDA170 or pSM108 were introduced into competent cells
prepared as detailed in the Supporting Information by electroporation. The cells were
transferred from cuvettes by adding 200 /L SGC medium three times, rescued for 2 h

at 37 °C, and then deposited on SGC agar plates containing antibiotics. After 24 h, three
individual colonies were used to inoculate triplicate overnight cultures of 4 mL SGC with
antibiotics. After 24 h, dense cell culture was used to inoculate 4 mL of SGC media to

0.1 0Dy, and grown for 4.5 h at 30 °C (OD4,0f 0.4-0.6). Cultures were induced by 0.5

mM IPTG and 0.1% (w/v) L-arabinose and then incubated shaking 4 h at 30 °C. Cultures
were harvested and the volume necessary for a final resuspension at 2 ODg,, in 1 mL was
pelleted and washed three times with 1 mL M9 wash buffer at 8000 rpm for 2 min at room
temperature. Washed cells resuspended in 1 mL M9 wash buffer were transferred to 3 mL
growth challenge media (see the Supporting Information) with 0.05 starting OD,, containing
variable NMN™* concentrations in culture tubes and incubated shaking at 30 °C, 250 rpm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Rational engineering of Sm GapN to increase NMN™ activity. (A) NMN* maintains the
catalytic portion of NAD(P)* without the AMP moiety. (B) Cofactor binding interactions
of GapN WT with its endogenous cofactor, NADP*. (C) Specific activity of iteratively
designed GapN variants. (D) Predicted cofactor binding interactions of GapN Penta with
NMN™* shows increasing polar and salt bridge contacts assisted by 1234E and G210Q. (E)
Predicted cofactor binding interactions of GapN Hex showing the additional salt bridge
formed between NMN™ phosphate and 1326K that decreases both K., andk.,.. Values are an
average of at least three replicates (n = 3) with error bars of one standard deviation.
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Figure 2.

8.0
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Positioning of the catalytic CYS 284 in the wild type and mutants. (A) Free energy profiles
of GapN WT display two distinct states. The positioning of the CYS 284 sulfhydryl is
shown in representative models of the “in” and “out” states, corresponding to 9-10 and 12
A distance between CYS 284 and SER 450, respectively. (B) Free energy profiles for each
of the monomers in the GapN Penta mutant show similar CYS 284 positioning to GapN
WT. (C) Free energy profiles of the GapN Hex variant deviates from GapN WT, with all
monomers favoring the “out” state.
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Figure 3.
Shortest path analysis of protein dynamical networks. The network shortest paths to the

ligands are shown for (A) GapN WT and (B) GapN Penta with NMN* and (C) GapN Hex,
which show the network by which allosteric movement propagates in proteins. The spheres
along the path describe the frequency score which represents path usage for that alpha
carbon. Significant decrease in allosteric communication is shown for GapN Hex, compared
to the more catalytically capable WT and GapN Penta.
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Engineered glycolysis in £. coliMX601 depends on GapN. (B) Growth of MX601

in semidefined media with 10 g/L glucose and 0.1% (w/v) casein amino acids. GapN

Penta displays much higher growth than GapN Ortho in the absence of NMN*,

and both GapN variants support fast growth with 2 mM NMN* supplementation.

Values are the average of biological triplicates (» = 3) with error bars representing

one standard deviation. G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; F1,6BP,
fructose 1,6-bisphosphate; G3P, D-glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone
phosphate; MG, methylglyoxal; Lald, lactaldehyde; 1,3BPG, 1,3-bisphosphoglycerate; 3PG,
3-phosphoglyerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; PYR, pyruvate;
NMN*, nicotinamide mononucleotide; NaMN™, nicotinic acid mononucleotide; pncC,

E. colinicotinamide mononucleotide amidohydrolase; mgsA, E. coli methylglyoxal
synthase; gapA, E. coli glyceraldehyde 3-phosphate dehydrogenase (phosphorylating);
GapN, S. mutans glyceraldehyde 3-phosphate (nonphosphorylating); XenA, P. putida enoate
reductase; and EMP, Embden—Meyerhof—Parnas.
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Figure5.
Modeled structure of the most orthogonal variant GapN Ortho and its binding interactions

with NADP*. (A) Newly introduced mutation G214E on top of GapN Quad is predicted

to form a hydrogen bond with residue P179K. The emergent interaction can reinforce

the hydrogen bond interaction between 1234E and P179K. The hydrogen bond network
precludes the naturally favorable binding of AMP in NADP* by locking the residues

in place to occupy the AMP pocket. (B) Predicted changes in NADP™ binding pose in

the wild type GapN (WT), GapN Penta (P179K-F153S-S330R-1234E-G210Q), and GapN
Ortho (P179K-F153S-S330R-1234E-G214E). The corresponding mutations are highlighted
in purple (P179K, F153S, S330R and 1234E, shared by GapN Penta and GapN Ortho), blue
(G214E, GapN Ortho exclusively) and yellow (G210Q, GapN Penta exclusively). Compared
to WT, GapN Penta forces NADP* to bind in an unfavorable conformation with the AMP
loosely held. G214E in GapN Ortho further moves NADP* from its native binding mode
toward the solvent by occluding the AMP moiety. The AMP binding position is shifted from
GapN WT, GapN Penta, and GapN Ortho mutations.
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Apparent kinetic parametersfor cofactor

Variant (M utations) Cofactor ke, (s_l) K, (mM) ko /K, (mM_l s_l)
GapN WT NAD* 0.87+0.01 83+x04 0.10
NADP* 19+0.7 0.020 £0.001 930
NMN* 0.012 + 0.001 8.1+0.8 0.0015
GapN Penta (P179K-F153S-S330R-1234E-G210Q) NAD* n.d. n.d. 0.043 £ 0.001
NADP* 0.26 +£0.01 26+x04 0.10
NMN* 0.82+0.1 12+4 0.067
GapN Hex (P179K-F153S-S330R-1234E-G210Q- NAD* n.d. n.d. 0.012 + 0.001
192619 NADP* 0.18 +0.01 11+01 0.17
NMN* 0.12+0.01 50+07 0.025
GapN Ortho (P179K-F153S-S330R-1234E-G214E) NAD* 0.021 + 0.001 20+0.1 0.011
NADP* 0.016 + 0.001 83x1 0.0020
NMN* 0.081 + 0.001 7.7+0.2 0.011
Apparent kinetic parametersfor D-G3P
Variant (mutations) Cofactor k., (S—l) K., (mM) K; (mM) k. /K, (mM_l S—l)
GapN WT NADP* n.d. n.d. n.a. 55+0.9
NMN* 0.025+0.001 0.22+0.04 19+03 0.12 +0.02
GapN Penta (P179K-F153S-S330R-1234E-G210Q) NADP* 0.25+0.01 0.78 +£0.04 0.97 £0.02 0.32 +0.02
NMN* 0.65 + 0.06 0.68+0.1 13%0.1 0.95+0.2
GapN Ortho (P179K-F153S-S330R-1234E-G214E) NADP* 0.021+£0.001 0.036 £0.007 n.a. 0.58+0.1
NMN* 0.28 £0.03 0.72+0.1 1.6+0.2 0.40 + 0.08

aReactions for the determination of cofactor kinetic parameters were performed with 50 mM Tris—Cl pH 8.5, 5 mM f-mercaptoethanol, 1 mM
D-G3P, and varying cofactor concentrations at 25 °C. Reactions for determination of D-G3P kinetic parameters were performed with 50 mM
Tris—Cl pH 8.5, 5 mM f-mercaptoethanol, varying D-G3P, and fixed cofactor concentrations at 25 °C. For parameters marked “n.d.”, the enzyme
could not be saturated within the range of cofactor concentrations tested. Therefore, data was fit to a simplified form of the Michaelis—Menten
equation as described in methods. For combinations where D-G3P inhibition was not observed, inhibition constant, K, is marked as not applicable,
“n.a.”. The max D-G3P concentration tested was 4 mM. Values after + represent one standard deviation of at least three replicates (n = 3).
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