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A sequence motif enables widespread  
use of noncanonical redox cofactors in 
natural enzymes
 

Samer Saleh1,10, Ning-Hsiang Hsu2,10, Emma Luu    3, Vincent C. Martin1, 
Hans Jefferson C. Ng1, William B. Black    1, Shiding Zhang    1, Jin-Kwang Kim2, 
Banumathi Sankaran    4, Andre H. T. Tran2, Ryan L. Hayes1,5,6,7, Justin B. Siegel3,8,9, 
Feng Qiao    2   & Han Li    1,2,5 

Noncanonical redox cofactors (NRCs) are low-cost alternatives to the natural 
redox cofactors nicotinamide adenine dinucleotide (NAD+) and nicotinamide 
adenine dinucleotide phosphate (NADP+) for biomanufacturing, offering 
exquisite electron-delivery control, yet their adoption is limited by the 
scarcity of compatible enzymes. Screening the aldehyde dehydrogenase 
(ALDH) family, we identified a conserved RH/QxxR motif that enables 
widespread NRC activity among natural enzymes. Bos taurus ALDH3a1 
exhibits unprecedented turnover with nicotinamide mononucleotide (NMN+), 
with kcat values exceeding NAD+ and surpassing most engineered NRC-active 
enzymes by 10–105-fold. Structural analyses reveal that this motif reinforces 
cofactor positioning and preorganizes the active site independently of the 
NAD+ adenosine monophosphate moiety. This motif supports activity across 
simple-synthetic NRCs such as 1-(2-carbamoylmethyl)nicotinamide and, 
when introduced into diverse ALDH scaffolds, enhances NMN+ activity up to 
60-fold. These findings elucidate nature’s solution to engineering NRC-active 
enzymes and offer a blueprint to mine latent evolutionary plasticity in natural 
enzymes that serve as superior engineering starting points.

Biomanufacturing, a paradigm where cell and enzyme catalysts facili-
tate the production of commodities, materials and medicines, is a key 
component in human society’s sustainable future. While biomanufac-
turing has been successfully applied toward a variety of products, many 
of these applications depend on the natural cofactors nicotinamide 
adenine dinucleotide (phosphate) (NAD(P)+) to mediate redox reac-
tions. In whole-cell systems, dependence on natural redox cofactors 
poses many challenges, including undesirable side reactions, disrupted 

cell fitness and insufficient driving force for thermodynamically chal-
lenging reactions1–3. In cell-free systems, NAD(P)+ also introduces a 
prohibitive cost, even with recycling4,5.

Noncanonical redox cofactors (NRCs) are biomimetic analogs of 
NAD(P)+ that can replace NAD(P)+ in oxidoreductases6–13. These cofac-
tors have attracted interest for biotechnological purposes because 
they can overcome the common drawbacks of natural cofactors. 
Nonetheless, NRCs have not yet seen wide adoption because of the 
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world and are proposed to predate the emergence of enzymes. Conse-
quently, one may posit that redox enzymes have been evolutionarily 
optimized to bind NAD(P)+ with exquisite specificity. This work unveils 
that there remains considerable plasticity in the cofactor recognition 
landscape, likely within enzymes that more firmly contact the electron 
transfer nicotinamide ‘head’ on the NMN+ moiety of the cofactor, while 
relying less on interactions with the rest of the cofactor, which would be 
the AMP moiety ‘tail’ of the cofactor that engineers seek to diversify34. A 
similar approach can be taken for other enzyme classes to understand 
the generalizability of this observation. Natural evolution, with its 
immense combinatorial depth, has generated a rich library of enzyme 
scaffolds that could be mined to advance NRC enzyme engineering.

Results
High-throughput screening of ALDHs for activity toward NMN+

To guide our efforts in identifying NMN+ active ALDHs, we followed 
a DBTL cycle (Fig. 1). The ALDH pFAM represents over 508,000 
sequences, covering divergent functions such as detoxification of 
aldehydes, synthesizing cell signaling messengers and mitigating 
ocular damage from ultraviolet irradiation27,35. To efficiently explore 
the natural sequence diversity of ALDHs with experimentally tracta-
ble throughput, we reduced the redundancy of available sequences 
and identified representatives from each region of sequence space. 
To achieve this, we reduced the number of available sequences down 
to ~10,000 by using UniRef50 cluster representatives rather than all 
available sequences36. Next, we constructed an SSN to visualize the 
relationships between ALDHs in sequence space (Fig. 1a)37.

From the ALDH SSN, we chose 42 candidate sequences, sampling 
from all the largest subnetworks, as well as a set from the isolated 
nodes. Sequences were primarily chosen from each subnetwork at 
random; however, a small subset of sequences were chosen on the 
basis of literature reports of attractive properties such as thermosta-
bility, high turnover or broad substrate scope. Subnetworks contain-
ing sequences encoding for bifunctional or CoA-acylating ALDHs 
were avoided. The 42 chosen ALDHs originate from a wide range of 
organisms and share an average of 18% pairwise sequence identity. 
The chosen ALDHs were cloned, expressed in Escherichia coli and 
purified (Supplementary Tables 1 and 2). The purified enzymes were 
then subjected to a 96-well plate colorimetric cycling assay (Fig. 1b), 
in which a diaphorase from Geobacillus sp. (GsDI) rapidly oxidizes 
the reduced cofactor (NADH or NMNH) generated by ALDH and con-
comitantly reduces the WST-1 tetrazolium dye, producing a sensitive 
absorbance readout13.

As most of the chosen ALDH sequences are only inferred to belong 
to the ALDH pFAM by sequence homology and are otherwise uncharac-
terized, we performed preliminary screening to determine their pre-
ferred aldehyde substrate when coupled to NAD+. We selected various 
aliphatic aldehyde substrates (acetaldehyde, butyraldehyde and hexa-
nal) and coupled each ALDH with NAD+ to determine their substrate 
preference (Supplementary Table 3). Next, each ALDH was assayed with 
its preferred aldehyde substrate and NMN+ as the cofactor (Fig. 1b). 
Surprisingly, we identified that more than one third of the ALDHs tested 
had activity with NMN+ (Fig. 1c and Supplementary Table 3). The ALDH 
showing the highest activity toward NMN+ was BtALDH3. BtALDH3 
rapidly achieved 100% conversion using NMN+ and its NMN+ activity 
was robust across substrates (Supplementary Fig. 1).

Characterization of NMN+-active ALDHs
We characterized the top two performing ALDHs, BtALDH3 and 
PbALDH, by measuring their apparent kinetic parameters with NAD+ 
and NMN+ (Table 1). To contextualize the unusual NMN+ activity these 
enzymes exhibit, we compared them to natural and engineered 
enzymes previously characterized for NMN+ use9,13,16,17,19,20,38–40. From 
the existing literature, all other WT enzymes show NMN+ activities that 
are 103–106 fold lower than their native activities with their preferred 

scarcity of enzymes that can accept them effectively14. Engineering 
NRC-dependent enzymes has proven difficult, usually yielding vari-
ants with catalytic efficiencies toward NRCs many orders of magnitude 
below the parent enzyme’s native NAD(P)+ activity, as discussed below.

This gap in performance between natural and engineered 
enzymes is well documented, underscoring the power of natural evo-
lution in shaping enzymes15. Designing the complex conformational 
dynamics required for optimal enzyme catalysis is a long-standing 
challenge, as evident from the severely suboptimal catalytic rates of 
engineered enzymes15. In this study, we took a systems approach to 
survey a broad natural sequence space, identified naturally occur-
ring NRC-using enzymes, distilled a sequence motif that dictates 
this activity and elucidate its molecular mechanism. These enzymes 
not only offer ready-to-optimize scaffolds for engineering but also 
teach guiding principles that accelerate the development of efficient 
NRC-dependent enzymes.

We chose nicotinamide mononucleotide (NMN+) as the NRC for 
this study because of its previously demonstrated success in model 
biomanufacturing systems, both in vivo and in vitro9,16–20. NMN+ is a 
biomimetic cofactor lacking the adenosine monophosphate (AMP) 
moiety of NAD(P)+ (Fig. 1). Aside from flavin-dependent enzymes, which 
are known to accept divergent electron donors and acceptors21–24, 
examples of NMN+-using natural enzymes are very rare24–26. To inves-
tigate this phenomenon, we selected the aldehyde dehydrogenase 
(ALDH) protein family (pFAM) because it is diverse in sequence and 
function while maintaining high structural homology27. This makes 
it easier to deconvolute sequence–function relationships and allows 
NRC-enabling features to be translated across scaffolds, as demon-
strated here. ALDHs have also seen use in the production of bioplastics, 
fragrances and biofuels, thus representing an interesting target for 
enhanced industrial biocatalysis28–32.

Briefly, we generated a sequence similarity network (SSN) encom-
passing the entire ALDH pFAM and tested representatives for activ-
ity towards NAD+ and NMN+ in high throughput. Surprisingly, more 
than one third of the ALDHs tested showed activity towards NMN+. 
Using a design, build, test and learn (DBTL) approach, a signature RH/
QxxR motif was discovered to be conserved in the sequence subnet-
work housing the two most efficient NRC-using enzymes: Bos taurus 
ALDH3a1 (BtALDH3) and a putative ALDH from Pseudanabaena biceps 
(PbALDH). BtALDH3 shows 1.5-fold higher kcat toward NMN+ (2.1 ± 0.1 s−1) 
than NAD+ (1.4 ± 0.1 s−1). PbALDH also exhibits a high kcat toward NMN+ 
(3.02 ± 0.01 s−1). To provide a reference point, the ALDH functions 
belong to secondary metabolism. Among diverse secondary metabo-
lism enzymes, the median value of kcat for natural reactions is ~2.5 s−1 
(ref. 33). These ALDHs are 10–105-fold better than all other natural or 
engineered enzymes reported so far, according to the ratio of NMN+ 
catalytic efficiency (kcat/KM) to the wild-type (WT) enzyme’s native 
NAD(P)+ activity, with a single exception19.

This unusually high level of activity calls for mechanistic study. 
We revealed the mechanism of the RH/QxxR motif as an active site 
organization center using mutational studies, crystallography and 
molecular dynamics modeling. The three key residues in this motif are 
proposed to control the conformational flexibility of the active site and 
reinforce cofactor positioning during catalysis by supporting interac-
tions with an ‘aromatic lid’. Importantly, NMN+ catalytic efficiency 
was increased up to 60-fold when RH/QxxR was translated onto eight 
unrelated ALDHs. Moreover, the RH/QxxR motif-containing ALDHs 
have been shown to use a broad range of structurally divergent, nonnu-
cleotide, simple-synthetic NRCs such as 1-benzylnicotinamide (BNA+), 
1-(4-carboxybenzyl)nicotinamide (BANA+), 1-[3-(4-methoxyphenyl)
propyl]nicotinamide (P3NA-OMe+) and 1-(carbamoylmethyl)nicoti-
namide (AmNA+), opening new avenues to use these cost-effective 
NAD(P)+ alternatives in biotransformation.

NAD(P)+ serve as the universal redox cofactors across all domains 
of life. They are widely regarded as molecular fossils of the ancient RNA 
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Fig. 1 | DBTL cycle for bioprospecting NMN+-using ALDHs. a, The ALDH SSN 
is used to efficiently screen ALDHs. Each node represents a UniRef50 cluster 
of related ALDHs and edges represent shared sequence similarity between 
each node. A total of 42 nodes (yellow, burgundy, and orange) were chosen for 
characterization. b, Once designed and built, each ALDH scaffold was tested in 
a high-throughput colorimetric cycling assay toward NAD+ and NMN+. Cofactor 
recycling and WST-1 dye enable screening of many conditions and generates a 
sensitive readout for NMN+ activity with a wide dynamic range13. c, Results of 
colorimetric cycling assay. Each ALDH was assayed with its preferred substrate 
(acetaldehyde, butyraldehyde or hexanal) for activity with NAD+ (blue) and 
NMN+ (green). The highest NMN+-using ALDHs, BtALDH3 (burgundy node) and 

PbALDH (orange node) show remarkably high levels of NRC activity for naturally 
occurring enzymes. d, Comparing their ratio of catalytic efficiency (kcat/KM) 
with NMN+ to that with of the WT with NAD+, these ALDHs outperform all other 
naturally occurring enzymes similarly characterized in the literature and all 
but one engineered enzyme (PTDH LY13)19, according to the ratio relative to 
native cofactor (NAD(P)+) activity, by several orders of magnitude. e, Similarly, 
comparing their kcat with NMN+ to their native cofactor kcat, BtALDH3 and PbALDH 
outperform all other naturally occurring enzymes and most engineered enzymes 
in the literature. All colorimetric assay measurements were carried out with n = 2 
biologically independent replicates. *The kcat values for PTDH and GDH with 
NMN+ are not reported in the literature.
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natural cofactors (NAD(P)+) as measured by the ratio of catalytic effi-
ciency (kcat/KM)NMN+ to (kcat/KM)NAD(P)+ (Fig. 1d and Table 1). After engi-
neering, many of the reported enzymes showed significantly increased 
catalytic efficiency for NMN+, albeit still 10–105 fold lower than their 
natural activities as calculated by the ratio between (kcat/KM)NMN+ of 
engineered enzymes to (kcat/KM)NAD(P)+ of the WT parent (Fig. 1d and 
Table 1). Remarkably, BtALDH3 and PbALDH, two WT enzymes without 
any engineering, already have NMN+ catalytic efficiencies that are ~2% 
and ~4% of NAD+, respectively (Fig. 1d). This may seem small; however, 
with a single exception (engineered phosphite dehydrogenase (PTDH) 
LY13, which has NMN+ catalytic efficiency at ~2.5% of the WT parent’s 
natural NAD+ catalytic efficiency19), BtALDH3 and PbALDH are 10–105 
fold better than all other enzymes, both before and after engineering, 
in terms of their (kcat/KM)NMN+ compared to their evolutionarily honed 
native activity (Fig. 1d).

While informative, using catalytic efficiency as a metric might 
unjustly exaggerate the gap between NMN+ and NAD(P)+ activity 
because KM values strongly depend on ligand sizes33. Below 350 Da 

(molecular weight of NMN+ = 334 Da, NAD+ = 663 Da), KM exponentially 
increases as the ligand molecular weight decreases, suggesting that 
enzymes face intrinsic limitations in recognizing ligands < 350 Da  
(ref. 33). These limits may be insurmountable even with natural evolu-
tion’s unparalleled depth in searching sequence space. In this respect, 
kcat alone provides a more direct measure of intrinsic catalytic compat-
ibility under saturating conditions. Indeed, when we compared kcat, the 
gap between NMN+ and NAD(P)+ activity narrowed (Fig. 1e and Table 1). 
With a single exception (engineered 6-phosphogluconate dehydroge-
nase Mut 6-1)13, WT BtALDH3 was better than all other enzymes, both 
before and after engineering, in terms of the ratio between (kcat)NMN+ 
and the corresponding WT parent’s natural (kcat)NAD(P)+ for its preferred 
cofactor. PbALDH also ranked high, surpassing all but two engineered 
enzymes in this analysis (Fig. 1e and Table 1), and outperformed WT 
enzymes for which this metric has been published. The absolute kcat 
values of BtALDH3 (2.1 ± 0.1 s−1) and PbALDH (3.02 ± 0.1 s−1) with NMN+ 
are in line with the expected kcat observed in secondary metabolism 
enzymes33. Notwithstanding the absence of standardized NRC assay 

Table 1 | Kinetic parameters of ALDHs and NMN+-using dehydrogenases

NAD+ NMN+

This worka kcat (s−1) KM (mM) kcat/KM (s−1 mM−1) kcat (s−1) KM (mM) kcat/KM (s−1 mM−1)

BtALDH3 1.4 ± 0.1 0.040 ± 0.001 34.0 ± 1.5 2.1 ± 0.1 3.7 ± 0.2 0.56 ± 0.03

PbALDH 6.32 ± 0.60 0.92 ± 0.19 6.96 ± 0.86 3.02 ± 0.01 10.2 ± 0.2 0.29 ± 0.01

ALDH-013 0.84 ± 0.04 0.59 ± 0.06 1.4 ± 0.2 NDb NDb (4.8 ± 0.8) × 10−3

ALDH-013 RHR (S342R, 
I343H, G346R)

0.39 ± 0.05 1.20 ± 0.10 0.33 ± 0.04 0.31 ± 0.01 37.5 ± 2.6 (8.4 ± 0.6) × 10−3

ALDH-037 0.50 ± 0.04 0.23 ± 0.02 2.2 ± 0.1 NDb NDb (2.0 ± 0.1) × 10−4

ALDH-037 RHR (T365R, 
Q366H, K369R)

0.13 ± 0.01 0.42 ± 0.03 0.32 ± 0.02 0.38 ± 0.02 34.6 ± 4.7 0.012 ± 0.001

ALDH-137 0.44 ± 0.03 0.029 ± 0.001 14.9 ± 1.4 0.059 ± 0.01 37.6 ± 3.6 (1.6 ± 0.1) × 10−3

ALDH-137 RHR (S312R, 
I313H, Y316R)

0.035 ± 0.001 0.028 ± 0.006 1.3 ± 0.3 0.11 ± 0.01 6.7 ± 0.2 0.017 ± 0.001

NAD(P)+c NMN+

Previous studies kcat (s−1) KM (mM) kcat/KM (s−1 mM−1) kcat (s−1) KM (mM) kcat/KM (s−1 mM−1)

PTDH19 1.03 ± 0.01 0.06 ± 0.01 18 ± 1 NDb NDb (4 ± 1) × 10−3

PTDH LY13 (ref. 19) 2.06 ± 0.11 0.18 ± 0.03 12 ± 2 0.27 ± 0.01 0.62 ± 0.05 0.44 ± 0.03

G6PDH (ref. 20)c 16 ± 1c 0.037 ± 0.00c 440c 1.3 ± 0.1 28 ± 7 0.046

G6PDH R7 (ref. 20)c 1.1 ± 0.2c 7.1 ± 0.0c 0.15c 5.9 ± 0.2 1.8 ± 0.1 3.3

6PGDH (ref. 13)c 15.9 ± 0.2c (1.2 ± 0.1) × 10−3c 13,394c 1.3 ± 0.1 30.6 ± 1.7 0.04

6PGDH Mut 6-1 (ref. 13)c 28.9 ± 0.3c 0.19 ± 0.01c 148.6c 27.4 ± 0.5 13.5 ± 0.5 2.04

GDH (ref. 16)c 4.3 ± 0.1c 0.015 ± 0.001c 280 ± 10c NDb NDb (4.7 ± 0.5) × 10−4

GDH Triple (ref. 16)c 4.4 ± 0.1c 0.61 ± 0.15c 7.5 ± 1.8c 3.1 ± 0.1 6.4 ± 0.8 0.51 ± 0.06

LPD38 150 ± 10 1.1 ± 0.1 130 ± 10 (1.7 ± 0.1)×10−3 8.3 ± 0.3 (2.1 ± 0.1) × 10−4

LPD RA17 (ref. 38) 33 ± 2 37 ± 3 0.9 ± 0.1 3.2 ± 0.1 19 ± 2 0.17 ± 0.02

ADH9 1.42 0.06 23.6 5×10−4 2.50 2×10−4

ADH K249G;H255R (ref. 9) 3.00 0.46 6.5 0.03 2.6 0.01

BDH17 20 ± 1 0.22 ± 0.03 96 ± 20 0.043 ± 0.004 5.6 ± 0.3 (7.9 ± 1) × 10−3

BDH Ortho17 0.019 ± 0.001 1.6 ± 0.1 0.012 ± 0.001 0.38 ± 0.04 4.3 ± 0.4 0.086 ± 0.002

GapN (ref. 39)c 19 ± 0.7c 0.020 ± 0.001c 930c 0.012 ± 0.001 8.1 ± 0.8 1.5 × 10−3

GapN Penta (ref. 39)c 0.26 ± 0.01c 2.6 ± 0.4c 0.10c 0.82 ± 0.1 12 ± 4 0.067

3α-HSD40 135 ± 5 0.0414 ± 0.0052 3,200 ± 300 0.025 ± 0.003 17.1 ± 2.6 (1.46 ± 0.06) × 10−3

3α-HSD A70K (ref. 40) NDb NDb 0.29 ± 0.01 0.19 ± 0.01 14 ± 2 0.0127 ± 0.0007
aTo determine apparent kinetic parameters, reactions were carried out in 100 mM potassium phosphate buffer pH 7.4, 5 mM hexanal, 5 mM dithiothreitol and varying concentrations of NAD+ 
or NMN+ (0.005–100 mM) and varying concentrations of purified ALDH (0.01–0.5 mg ml−1). All reactions were carried out with n = 3 biologically independent replicates. Data are reported as the 
mean ± s.d. bThe enzyme could not be saturated with the cofactor concentrations tested. cKinetic parameters are reported for NADP+. All others are reported for NAD+ or NMN+.
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conditions and the difficulty of comparing enzymes across functional 
classes, the available literature supports our discovery of natural 
enzymes that rival purpose-engineered enzymes for NMN+ use.

Elucidating the sequence determinant of NMN+ activity
Both BtALDH3 and PbALDH originate from the same subnetwork in 
the ALDH SSN (Fig. 1a). The colocalization of NMN+-using ALDHs indi-
cated that this corresponding subnetwork may be carrying a common 
sequence feature that enables activity toward NMN+. To investigate 
this hypothesis, we iterated on our DBTL approach and generated 
a refined SSN by isolating the nearest neighbors of BtALDH3 and 
PbALDH (Fig. 2a). From this refined SSN, BtALDH3 and PbALDH were 
found to be related by three degrees of separation, representing five 
ALDH sequences. These five ALDHs include Homo sapiens ALDH3a1 
(HsALDH3), as well as four putative ALDHs (ALDH-053, ALDH-054, 
ALDH-140, and ALDH-141), and share an average of ~50% pairwise 
sequence identity. In addition to BtALDH and PbALDH, these five ALDHs 
share edges to ~80% of the nodes within their respective subnetwork, 
forming a representative group of ALDHs. All five ALDHs were cloned, 
expressed and tested toward various aliphatic aldehydes using NAD+ 
in a 340-nm spectrophotometric assay and their preferred substrate 
was identified. Next, the specific activity of BtALDH3, PbALDH and their 
five related ALDHs were similarly measured for both NAD+ and NMN+ 
(Fig. 2b and Supplementary Fig. 2). All five enzymes demonstrated 
activity toward NMN+ and, in four of five cases, this activity was com-
parable to or exceeded BtALDH3 and PbALDH. These results further 
suggested that the sequence space containing BtALDH3 and PbALDH 
represents a group of NMN+-using ALDHs.

To elucidate what sequence features facilitate activity toward 
NMN+, we investigated the sequences of BtALDH3 and its related ALDHs, 
focusing only on regions structurally relevant to the cofactor-binding 
domain. Multiple-sequence alignment of these ALDHs (Fig. 2c) uncov-
ered a unique R289, Q/H290, R293 (BtALDH3 numbering) motif (RH/
QxxR motif), which is conserved in the BtALDH3 sequence subnet-
work but not commonly observed outside this subnetwork of ALDH 
sequences. In fact, a comparison of the consensus sequences gener-
ated from each subnetwork in the ALDH pFAM SSN shows that the 
BtALDH3 subnetwork is the only one carrying this motif as the consen-
sus sequence (Supplementary Table 4). These results indicated that the 
RH/QxxR motif could be the unique feature of the BtALDH3 subnetwork 
enabling NMN+ activity. However, to ensure that the observed activity 
toward NMN+ is indeed enabled by the RH/QxxR motif and not some 
other sequence feature associated with the BtALDH3 subnetwork, 
we identified two additional ALDHs containing the RH/QxxR motif 
(ALDH-155 and ALDH-238) from outside the BtALDH3 subnetwork 
(Supplementary Fig. 3). Both ALDHs showed activity toward NMN+, 
further supporting our hypothesis. Similarly, we reexamined the ALDHs 
from our colorimetric screen that showed detectable levels of NMN+ 
activity to identify whether they shared any similar sequence features 
to the RH/QxxR motif. Analysis of the top performers shows an enrich-
ment for similar sequences to the RH/QxxR motif, including ALDH-009 
(I343, Q344, R347; IQxxR), ALDH-039 (A326, H327, R330; AHxxR) and 
ALDH-046 (K346, Q347, R350; KQxxR).

Structural mechanism of NMN+ use by RH/QxxR motif
Having identified a potential sequence determinant of NMN+ use 
in ALDHs, we performed alanine scanning at the RH/QxxR motif 
of BtALDH3 to assess its importance (Fig. 3a). The R289A, H290A 
and R293A single mutants showed a 47%, 89% and 98% reduc-
tion in activity toward NMN+, respectively, relative to the WT. The 
BtALDH3-R289A;H290A;R293A triple mutant showed 99% reduction 
in relative activity toward both NAD+ and NMN+. In all cases, except 
for the R289A;H290A;R293A triple mutant, the reduction in activity 
observed for NMN+ was always significantly greater than that observed 
for NAD+ (Supplementary Fig. 4). These results indicate that, while 

NAD+ can partially compensate for the loss of the RH/QxxR motif, it 
is more critical for NMN+ use. Next, we sought to elucidate the struc-
tural mechanism of NMN+ use by determining the crystal structure of 
BtALDH3 complexed with NAD+ or NMN+.

We solved the crystal structures of BtALDH3 in complex with 
NAD+ (1.46-Å resolution) and NMN+ (1.77-Å resolution), as well as 
an apo structure of BtALDH3-H290L (1.40-Å resolution) (Fig. 3b–e 
and Supplementary Table 5). Like the alanine scanning variants, 
BtALDH3-H290L displays a substantial reduction in NMN+ activity 
relative to WT, which is significantly greater than its reduction in NAD+ 
activity (Fig. 3a and Supplementary Fig. 4). This impaired variant is, 
thus, a suitable candidate for probing the structural role of the RH/
QxxR motif. BtALDH3 shares the structural architecture of class 3 
dimeric ALDHs from Rattus norvegicus41, H. sapiens42 and Pseudomonas 
putida43. The binary complexes with NAD+ and NMN+ are defined by 
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this region was isolated to generate a refined subnetwork of their interrelated 
sequences. BtALDH3 and PbALDH are related by three degrees of separation 
encompassed by five ALDHs sharing an average pairwise sequence identity of 
~50%. b, All ALDHs interrelated between BtALDH3 and PbALDH showed activity 
toward NMN+ when assayed with their preferred substrate (acetaldehyde for 
ALDH-054, hexanal for the rest). c, Multiple-sequence alignment of BtALDH3, 
PbALDH and their related ALDHs uncover a highly conserved RH/QxxR motif 
unique to this subnetwork of ALDH sequences. All specific activity data were 
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and are reported as the mean of n = 3 independent biological replicates. Error 
bars correspond to 1 s.d.
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clear electron densities (Supplementary Fig. 5). The primary interac-
tions with the cofactors are formed at the carboxamide, NMN+ ribose 
and NMN+ phosphate and mediated by E210, E344, S189 and W114 
(Fig. 3c,d). In addition to these interactions, the NAD+ complex shows 
additional interactions with the AMP ribose through K138 and E141 and 
to adenosine through V170, T173, F186, V192 and V195.

To our surprise, NAD+ and NMN+ bind nearly identically to BtALDH3 
with a root-mean-square deviation (r.m.s.d.) of 0.193 Å for NMN+ por-
tion of both cofactors. Like the NAD+ conformation captured in the 
crystal structures of other class 3 ALDHs, BtALDH3 cocrystallizes with 
NAD+ and NMN+ in their hydride transfer poses42–46. The structural 
architecture of BtALDH3 shows no notable differences in main-chain 
conformation upon NAD+ or NMN+ binding (Fig. 3b). In contrast, cofac-
tor binding has been shown to modulate conformational dynamics in 

numerous enzymes47–51. In particular, the AMP moiety of the NAD+ can 
exert long-range allosteric effects to preorganize the enzyme active 
site25,52. In fact, buttressing the void in an enzyme’s AMP-binding region 
has been proven as a generalizable design principle in engineering 
NMN(H)-dependent enzymes17,19,53. As discussed below, our results 
indicate that the RH/QxxR motif contributes to the high rigidity of 
BtALDH3 active site, such that catalysis is well ordered without relying 
on the AMP moiety of NAD+ to orchestrate active site organization. 
Both the BtALDH3 WT and the H290L mutant structures show almost 
identical main chains (r.m.s.d. = 0.164 Å; Fig. 3b). Although the H290L 
crystal was obtained in the presence of fivefold molar excess of NAD+, 
no electron density was observed for the cofactor, although an unas-
signable electron density was observed, which was hypothesized to be 
an unknown adduct to the catalytic cysteine (Supplementary Fig. 5). 
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Fig. 3 | Structural analysis of BtALDH3. a, BtALDH3 RH/QxxR motif is essential 
for NMN+ use (R289A, P = 4 × 10−4; H290A P = 4 × 10−5; R293A, P = 1 × 10−4; 
R289A;H290A;R293A, P = 1 × 10−4; H290L, P = 1 × 10−4). b, Superimposed crystal 
structures of BtALDH3 in complex with NAD+ (blue) or NMN+ (green) and 
BtALDH3-H290L variant (orange). c,d, BtALDH3 WT cofactor-binding site 
with NAD+ (c) or NMN+ (d) bound. The RH/QxxR motif (R289, H290 and R293) 
supports cofactor binding by stabilizing the active site. Hydrogen bonds to 
 E333–G337 through R293 stabilize this important loop. H290 coordinates the NMN+ 
phosphate through direct interaction with the cofactor and supporting W114.  
e, BtALDH3-H290L crystallized under identical conditions to WT cocrystal, in the 
presence of NAD+, shows no NAD+ electron density. Aside from the alternative 
side-chain conformation of R293 and lack of observed NAD+, the key difference 

between WT and H290L is a greater B factor in the H290L active site, notably at 
E333–G337 (Supplementary Fig. 5). f, Molecular dynamics simulations of apo 
BtALDH3 variants shows a notable increase in the r.m.s.f. of the E333–G337 Cα, 
between the WT (0.80 ± 0.19 Å) and the R289A;H290A;R293A triple mutant 
(1.12 ± 0.17 Å, P = 6 × 10−4). Similar r.m.s.f. increases are seen for other variants 
(R289A, P = 0.11; H290A, P = 0.45; R293A, P = 0.03; H290L, P = 0.03)  
g–i, Representative simulation frames illustrate that WT (g) maintains an ordered 
loop, unlike the R289A;H290A;R293A triple mutant (h) or the H290L mutant (i). 
Specific activity data are reported as the mean of n = 3 independent biological 
replicates. Simulations are reported as the mean of n = 10 trajectories. Error bars 
correspond to 1 s.d. Pairwise statistical comparisons were performed using a two-
tailed Welch’s t-test (*P < 0.05 and ***P < 0.001).
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This result is consistent with the variant’s impaired NAD+ and NMN+ 
activity (Fig. 3a). The catalytic cysteine in enzymes54,55, including  
class 3 ALDH56, has been shown to be sensitive to oxidation or inhibitory 
modifications. The presence of cofactors has been shown to protect 
this highly reactive residue55. It is intriguing whether the firm binding of 
cofactor supported by RH/QxxR motif functions to shield the catalytic 
cysteine, whereas mutating this motif causes cofactor disassociation, 
exposing the cysteine to nonspecific interactions. Further biochemical 
and biophysical studies are needed to validate this proposed function.

A key feature observed in both BtALDH3-NAD+and BtALDH3-NMN+ 
crystal structures is that F336 and W114 form an aromatic lid (Fig. 3c,d) 
that encloses the NMN+ moiety of the cofactor in the binding pocket. 
This potentially supports NRCs such as NMN+ through catalysis without 
depending on the AMP moiety of NAD+ for anchoring. Notably, the RH/
QxxR motif is critical for positioning this aromatic lid. R293 forms a 
series of hydrogen bonds to the backbones of E334, V335 and F336, as 
well as a salt bridge with E333 (Fig. 3c,d and Supplementary Fig. 6). This 
network of interactions reinforces the loop spanning E333–G337, which 
holds F336 in place. H290 coordinates the NMN+ phosphate through 
a direct hydrogen-bond interaction, in addition to a hydrogen bond 
to W114. Additionally, H290 forms a supporting hydrogen bond that 
coordinates R293 (Fig. 3d and Supplementary Fig. 6). In the H290L 
variant, the R293 guanidinium shifts ~2 Å and establishes alternative 
interactions with the E333–G337 loop (Fig. 3e). The lack of interac-
tions with W114 and inability of H290L to correctly position R293 is 
hypothesized to result in a more disordered cofactor-binding site that 
eliminates activity with NMN+.

R289 is hypothesized to modulate the electrostatic environment 
and support the hydrogen-bond network mediated through H290 
and R293. This mechanism, albeit not captured in the static crystal 
structure, was inferred from molecular dynamic studies, as discussed 
below. The spacer residues (xx) in the RH/QxxR motif are required to 
maintain the α-helix between H290 and R293, positioning R293 to face 
the active site and interact directly with the E333–G337 loop. While 
their side-chain identities are relatively conserved among the natural 
NRC-using ALDHs tested above, those side chains are solvent exposed 
and do not appear to have any notable synergy with the rest of the motif. 

Ultimately, while R289, H290 and R293 are required for enabling NRC 
activity, the identities of the spacer residues (xx) can vary (see below).

Despite significantly reducing activity for NMN+, BtALDH3-H290L 
shows no major structural difference compared to BtALDH3 WT. To 
better understand the effect of this substitution, we examined the nor-
malized temperature factors of H290L in comparison to WT. Congruent 
with the hypothesis that the RH/QxxR motif rigidifies the active site, 
H290L shows a higher normalized temperature factor at the E333–G337 
loop compared to the WT (Supplementary Fig. 5). To further probe this 
hypothesis, we performed molecular dynamics analysis to pinpoint the 
effect of the RH/QxxR motif in stabilizing the catalytically important 
E333–G337 loop. In addition to housing the aromatic lid residue F336, 
the E333–G337 loop may have a broader impact on active site dynamics. 
F336 is responsible for modulating the conformational dynamics of 
the nicotinamide portion of the cofactor during catalysis44. Moreover, 
the E333–G337 loop is adjacent to a flexible loop containing the central 
catalytic residue of BtALDH3, C244. Therefore, fastening down the 
E333–G337 loop may prevent excessive fluctuations that disrupt the 
catalytic cysteine.

Molecular dynamics simulations on apo BtALDH3 WT, the R289A, 
H290A and R293A single mutants, the corresponding triple mutant 
and the H290L mutant were conducted. The flexibility of E333–G337 
was quantified by determining the average root-mean-square fluc-
tuation (r.m.s.f.) across the Cα of E333–G337, after alignment to 
the average trajectory structure (Fig. 3f). The triple alanine sub-
stitution significantly increased the r.m.s.f. of the E333–F336 loop 
from 0.80 ± 0.19 Å to 1.12 ± 0.17 Å (P = 0.0006). This can be visually 
understood by observing that the E333–G337 loop adopts an ordered 
conformation in BtALDH3 WT (Fig. 3g) but adopts a wider range of 
catalytically irrelevant poses upon mutating the RH/QxxR motif 
(Fig. 3h,i). Similar increases in r.m.s.f. were observed for the single 
mutants R289A (0.92 ± 0.14 Å, P = 0.11) and H290A (0.87 ± 0.23 Å, 
P = 0.45) and were significant for R293A (0.98 ± 0.18 Å, P = 0.03) and 
H290L (1.12 ± 0.39 Å, P = 0.03). These results are consistent with the 
specific activity measurements of these variants, where significant 
increases in r.m.s.f. are associated with greater reductions in activity 
toward NMN+.
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Fig. 4 | Transferring the RH/QxxR motif onto ALDHs enhances NMN+ activity. 
a, To investigate the transferability of the RH/QxxR motif, we selected all the 
ALDH scaffolds from our colorimetric screening assay that showed greater than 
50 nmol formazan mg−1 min−1 activity with NAD+ and any detectable activity 
toward NMN+ (yellow nodes). Onto these ALDHs, we incorporated the RH/QxxR 
motif. These ALDHs show varying starting levels of activity toward NMN+ and are 
phylogenetically distinct. ALDH identifiers are shown in yellow circles. b, All the 
RH/QxxR variants of these ALDHs were cloned and all were expressed; however, 
the ALDH-027 K337R;F338H;W341R mutant could not be purified and was not 
characterized. All but one showed significantly improved activity toward NMN+, 

up to ~23 fold improvement. While ALDH-014 showed a decrease in activity, 
this may be attributed to its highly unconserved fold. All specific activity data 
were generated by monitoring the formation of reduced cofactor (NMNH) at 
340 nm and are reported as the mean of n = 3 independent biological replicates. 
Error bars correspond to 1 s.d. Statistical comparisons between WT and RHR 
variants were performed using a two-tailed Welch’s t-test (*P < 0.05,**P < 0.01 and 
***P < 0.001). ALDH-013, P = 2 × 10−7; ALDH-137, P = 2 × 10−4; ALDH-049, P = 4 × 10−5; 
ALDH-037, P = 8 × 10−4; ALDH-048, P = 0.02; ALDH-038, P = 0.002; ALDH-052, 
P = 4 × 10−4; ALDH-014, P = 4 × 10−6.
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RH/QxxR motif is transferable to diverse ALDHs and NRCs
To test the extent to which the RH/QxxR motif is self-sufficient in 
enabling NMN+ activity, we transferred RH/QxxR onto ALDHs lack-
ing the motif. For this investigation, we selected all the ALDHs from 
our initial colorimetric screen that showed greater than 50 nmol 
formazan mg−1 min−1 of activity toward NAD+ and any detectable 
level of activity with NMN+. These ALDHs originate from diverse 
regions of sequence space within the ALDH SSN and are phyloge-
netically distinct (Fig. 4a). The corresponding RH/QxxR variants of 
these ALDHs were cloned, expressed and purified, apart from the 
ALDH-027 K337R;F338H;W341R mutant, which could not be puri-
fied. All but one (ALDH-014) of the RH/QxxR variants of these ALDHs 
showed significant improvements in activity toward NMN+, achiev-
ing up to ~23 fold improvement in specific activity (Fig. 4b). These 
improvements do not appear to correlate with phylogenetic proxim-
ity or sequence identity to BtALDH3, indicating that the role of this  
motif in improving NMN+ activity is not constrained to the evolution-
ary trajectory of BtALDH3. The broad success in translating the RH/
QxxR motif demonstrates the generalizable and central role of the 
motif for NMN+ use in ALDHs. The lack of improvement observed in 
ALDH-014 may be attributed to its unconserved structure. Alpha-
Fold models of ALDH-014 indicate it lacks the highly conserved 
oligomerization domain widely observed in ALDHs and carries a 
unique N-terminal tail. These deviances in its structure may make 
the enzyme unamenable to mutagenesis. Moreover, given the nonu-
niform improvement in activity observed across ALDHs, there may 
be additional undiscovered features that act alongside the RH/QxxR 
motif to enhance NRC activity. Nonetheless, transferring the RH/QxxR 
motif onto ALDHs appears to be a facile approach for enhancing NRC 
activity in these enzymes.

From these ALDH mutants, we chose ALDH-013 RHR, ALDH-137 
RHR and ALDH-037 RHR for further kinetic characterization. ALDH-013 
RHR, ALDH-037 RHR and ALDH-137 RHR showed 2-fold, 60-fold and 
11-fold increases in catalytic efficiencies toward NMN+, respectively, 
compared to their corresponding WT (Table 1). These improvements 
primarily stem from reductions in their KM, which supports that the RH/
QxxR motif enhances NMN+ binding by rigidifying and preorganizing 
the cofactor-binding pocket. Accordingly, the RHR mutants did not 
enhance catalytic efficiency toward NAD+.

While NMN+ has many advantages as an NRC, other nonnucleotide, 
simple-synthetic cofactors have also garnered interest because of their 
facile synthesis, reduced cost and enhanced redox potential7,10–12,21–24,53. 
We theorized that the RH/QxxR motif may also stabilize the binding of 
other NRCs, which vary in size and polarity, but all share the nicotina-
mide head with NMN+ that the aromatic lid packs against (Fig. 5a). In 
addition to testing BtALDH3, PbALDH and HsALDH3 we chose to test the 
well-characterized class 3 ALDH from P. putida (PpMdlD), which also 
contains the RH/QxxR motif (R290, Q291 and R294). We synthesized 
six simple-synthetic cofactors: BNA+, BANA+, 1-phenethylnicotinamide 
(P2NA+), 1-(3-phenylpropyl)nicotinamide(P3NA+), P3NA-OMe+ and 
AmNA+. Next, we performed a biotransformation assay over the course 
of 24 h and measured the cofactor-dependent conversion of benzal-
dehyde to benzoate mediated by the four chosen ALDHs. Excitingly, 
these ALDHs showed conversion using simple-synthetic NRCs (Fig. 5b). 
PbALDH showed the highest level of conversion, achieving >10 mM 
(>50%) conversion with all cofactors and 19.4 ± 0.4 mM (97%) con-
version with AmNA+. Similarly, PpMdlD showed conversion with all 
cofactors tested, achieving up to 14.1 ± 0.2 mM (70%) conversion with 
AmNA+. Under these assay conditions, all four enzymes showed com-
plete conversion of benzaldehyde in under 10 min with NAD+, or NMN+.
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Fig. 5 | RH/QxxR motif enables NRC activity with nonnucleotide, simple-
synthetic NRCs. a, The simple NRCs BNA+, BANA+, P2NA+, P3NA+, P3NA-OMe+ 
and AmNA+ are readily synthesized and allow functional probing of cofactor 
promiscuity in ALDHs. b, In a conversion assay, BtALDH3a1 (BtALDH3) only shows 
less than 1 mM conversion of benzaldehyde to benzoate with simple-synthetic 
NRCs over 24 h. However, PbALDH shows much higher levels of benzaldehyde 
conversion with simple-synthetic NRCs, achieving greater than 50% conversion 

with all simple-synthetic NRCs tested and near-complete conversion with AmNA+ 
(19.4 ± 0.4 mM, 97% conversion). HsALDH3 and PpMdlD, which also carry the RH/
QxxR motif, showed intermediate levels of conversion, generally preferring the 
more polar cofactors BANA+, P3NA-OMe+ and AmNA+. All reactions were carried 
out and reported as the mean of n = 3 biologically independent replicates. ND, no 
benzoate detected.
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BtALDH3 did not show detectable conversion with BNA+ or P2NA+ 
and only achieved a maximum of 4% conversion with BANA+. On the 
other hand, HsALDH3, which shares 83% sequence identity with 
BtALDH3, displayed substantially higher conversion with a broader 
scope of cofactors, reaching 8.9 ± 0.1 mM (45%) conversion with BANA+ 
and up to 9.4 ± 0.1 mM (47%) conversion with AmNA+ (Fig. 5b). This is 
likely to be understood in the context of the relatively inferior catalytic 
rate constant of BtALDH3 (kcat, NAD+ = 1.4 ± 0.1 s−1) compared to HsALDH3 
(kcat, NAD+ = 14.1 ± 0.4 s−1) (Supplementary Table 6). This trend persists 
for other high-conversion ALDHs PbALDH and PpMdlD, both having 
higher kcat, NAD+ than BtALDH3 (Table 1 and Supplementary Table 6). 
While the RH/QxxR motif is sufficient to permit the use of NRCs, 
overall conversion efficiency is expected to depend on the intrinsic 
rate at which the enzyme samples catalytically competent states57–59. 
Therefore, kcat is influenced not only by the active site but also by 
the global conformational dynamics of the enzyme, which differs 
even among closely related homologs. Consistent with this view, the 
RH/QxxR motif-containing ALDHs exhibiting higher kcat values also 
display higher conversion with NRCs. Nonetheless, our results sug-
gest that the RH/QxxR motif can serve as a sequence indicator for 
searching NRC-dependent activity in ALDH enzymes beyond NMN+. 
However, the magnitude of this activity, particularly the conversion 
rate in biotransformation under relatively high cofactor concentra-
tions, is governed by catalytic rate and the innate conformational 
dynamics of enzymes.

During the preparation of this manuscript, a parallel effort was 
published demonstrating that an ALDH from Sphingobium sp. can also 
use simple-synthetic cofactors (Supplementary Fig. 7)60. SpALDH2 also 
contains the RH/QxxR motif (R343, Q344, R347), which represents an 
independent corroboration of our findings.

Discussion
In this work, we used a DBTL approach, iteratively leveraging the natural 
sequence space to discover and engineer ALDHs toward NMN+ and 
simple-synthetic NRCs. While previous studies have focused on engi-
neering activity toward NRCs from the ground up on the basis of a par-
ticular scaffold8,9,11–14,16–20,23,24,38–40, we systematically screened through 
the ALDH pFAM and identified naturally occurring NMN+-using ALDHs. 
Among these, BtALDH3 and PbALDH are ~101–105-fold better than all 
other natural or engineered enzymes previously reported, as measured 
by the ratio between NMN+ catalytic efficiency and WT parent’s native 
NAD(P)+ catalytic efficiency. A single exception to this is PTDH LY13, 
which reaches similar level of relative catalytic proficiency to BtALDH3 
and PbALDH for NMN+ (Fig. 1d). Interestingly, PTDH LY13 was obtained 
through a cell-fitness-based in vivo directed evolution campaign19. This 
selection parallels our search through natural evolutionary sequence 
space, albeit at a much smaller scale and depth.

Using a systems approach, we identified a distinct sequence motif 
that determines NRC use in natural enzymes. Although BtALDH3 and 
PbALDH only share 46% sequence identity and are phylogenetically dis-
tant, we were able to use SSNs to isolate their relationship in sequence 
space and distill the RH/QxxR sequence motif. This motif is not only 
validated to be essential in BtALDH3 for NMN+ activity but can also be 
translated to other unrelated ALDHs to impart NMN+ activity. Biochemi-
cal, structural and computational studies elucidated that RH/QxxR 
motif functions through rigidifying a loop in the active site to more 
firmly support the hydride transfer portion of cofactors, without dis-
criminating different ‘recognition handles’ of NRCs. In line with these 
findings, we also successfully mined nonnucleotide, simple-synthetic 
NRC activities in natural ALDHs guided by the presence of RH/QxxR.

The RH/QxxR motif’s mechanism can be classified as active site 
preorganization, which is more optimized in natural enzymes than 
engineered enzymes; natural enzymes have active site residues point-
ing in catalytically competent directions more frequently than engi-
neered enzymes15,61. Active site preorganization requires more complex 

and integrated interaction networks, as exemplified here by BtALDH3, 
which is challenging to rationally design, although the latest ensemble 
modeling and deep learning methods may contribute new solutions to 
this challenge61,62. Directed evolution, which emulates natural evolution 
in microcosm, has been shown to improve enzyme function by nar-
rowing enzyme’s conformational ensemble to enrich for catalytically 
competent states63. Through studying the mechanisms of the RH/QxxR 
motif, it appears that NRC-using ALDHs feature a narrowly defined 
active site shaped by evolution.

The prevalence of notable NMN+ activity in natural enzymes raises 
a fundamental question. Is this activity a byproduct of nonphysiologi-
cal promiscuity or does it indicate some physiological relevance? One 
can find partial support for either hypothesis. The RH/QxxR motif 
appears to be a highly conserved feature of dimeric ALDHs35,42,43. It is 
possible that the motif evolved to compensate for stabilizing interac-
tions normally mediated by additional monomers in higher-order 
oligomeric assemblies. As a side product, the stabilized active site 
gained promiscuous activity toward NRCs.

On the other hand, although adenosine is suggested to be the 
product of an RNA world that was fossilized in contemporary cofactors, 
Nature has exploited both adenylated and nonadenylated versions 
of cofactors such as flavin adenine dinucleotide and flavin mononu-
cleotide for flavins or adenosine triphosphate (ATP) and pyrophos-
phate in energy metabolism64,65. As the AMP moiety of the cofactor is 
added at the cost of ATP, evidence suggests that the simpler, nonade-
nylated cofactors may function under stress or energy-constrained 
conditions66,67. The RH/QxxR motif is enriched in class 3 ALDHs in 
higher organisms. Members of class 3 ALDHs such as BtALDH3 and 
HsALDH3 are primarily located in the eyes, an organ that is particularly 
vulnerable to oxidative stress because of constant irradiation35,68. 
Indeed, high oxidative stress can impair NAD+ biosynthesis in ocular 
tissues through aging and disease, which leads to the accumulation of 
NAD+ precursors such as NMN+, creating a biochemical context in which 
cofactor availability rather than enzyme abundance may become rate 
limiting69. In this context, the ability of a dominant oxidoreductase to 
tolerate or use a nonadenylated NAD+ precursor may confer a func-
tional advantage. While NMN+ is present at notable levels in humans 
and other organisms as an NAD+ biosynthesis precursor, we emphasize 
that our results do not establish in vivo use of NMN+ as a dominant 
physiological pathway; more studies are certainly required to draw any 
conclusion on whether this nonadenylated version of NAD+ is actually 
used as a redox cofactor in vivo by naturally occurring enzymes such 
as those identified in this work70–72.
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Methods
Generation of ALDH SSN
SSNs were generated using the EFI-EST webtool supplied with the ALDH 
pFAM (PF00171) as the input query, filtered by UniRef50 sequences37. 
UniRef50 clusters are clustered groups of unique sequences from the 
UniProtKB database sharing 50% sequence identity and 80% sequence 
length overlap, which are assigned a representative sequence by choos-
ing the highest quality UniProt entry in the cluster, sequences deriving 
from model organisms or by assigning the longest sequence as the 
representative36. Generated networks were visualized with Cytoscape. 
The SSN presented in Fig. 1a is arranged using the edge-weighted 
spring-embedded layout, where the distance between connected 
nodes in a given subnetwork is approximately inversely correlated with 
their alignment score. The distance between unconnected nodes and 
subnetworks is arbitrary. The refined BtALDH3 subnetwork (Fig. 2a) was 
generated in Cytoscape by selecting BtALDH3 and PbALDH, extracting 
their nearest neighbors using the built-in selection tool and exporting 
the connected subset as a new network. In the refined SSN presented 
in Fig. 2a, nodes are arranged using a circular layout for visual ease; 
the spatial positions of nodes and edge lengths do not correspond to 
sequence similarity.

Plasmid construction
All plasmids used in this study are listed in Supplementary  
Table 1, with corresponding nucleotide and amino acid sequences 
in Supplementary Table 2. To clone the gene encoding Geobacillus 
sp. diaphorase (GsDI) and genes encoding ALDHs used in this study, 
their DNA sequences were first codon-optimized for expression in 
E. coli and their corresponding gene fragments were obtained as syn-
thesized oligonucleotides (Integrated DNA Technologies). Synthe-
sized gene fragments were inserted into the pQElac vector (PLlacO1, 
ColE1 ori, AmpR, N-terminal 6×His tag) using the Gibson isothermal 
DNA assembly method. To isolate plasmids for sequence verifica-
tion, XL1-Blue competent cells (Agilent Technologies) were trans-
formed with the Gibson assembly products, plated on 2×YT agar plates 
(16 g L−1 tryptone, 10 g L−1 yeast extract and 5 g L−1 NaCl) containing 
100 mg L−1 ampicillin and incubated at 37 °C overnight. Single colo-
nies were chosen from each construct, inoculated into 5 ml of 2×YT 
liquid medium with 100 mg L−1 ampicillin and shaken overnight at 
37 °C. Plasmid DNA was then extracted from each culture using the 
QIAprep Spin miniprep kit (Qiagen) and sequence-verified by Sanger 
sequencing. pET28a-His-Smt3-BtALDH3 was similarly constructed 
using pET28a-His-Smt3 (T7:: BtALDH3, pBR322 ori, KanR, N-terminal 
10×His–Smt3 tag) vector in place of pQElac.

Variants of BtALDH3, ALDH-013, ALDH-037 and ALDH-137 were 
generated through site-directed mutagenesis by PCR using the KOD1 
PCR master mix (Toyobo). Mutated gene fragments were amplified 
using primers containing point mutations (Integrated DNA Technol-
ogies). Gene fragments were assembled into pQElac, isolated and 
sequence-verified as described above. All unique plasmid constructs 
presented in this study are available from the corresponding authors 
upon request.

Protein expression and purification
The ALDHs characterized in this study were expressed in E. coli 
BL21(DE3) (Invitrogen) transformed with the respective pQElac ALDH 
plasmid. To begin, single colonies of E. coli BL21(DE3), each carrying an 
ALDH expression plasmid, were inoculated into individual 10-ml cul-
ture tubes containing 5 ml of 2×YT liquid medium containing 100 mg L−1 
ampicillin and shaken overnight at 30 °C. Next, 50 ml of 2×YT medium 
supplemented with 200 mg L−1 ampicillin was inoculated with 0.5 ml 
of overnight culture in a 250-ml baffled flask. Cultures were grown at 
37 °C, 250 rpm until reaching an optical density of ~0.6–1, then induced 
with 0.5 mM IPTG and incubated at room temperature. After 24 h of 
expression, the cultures were transferred to 50-ml Falcon tubes and 

centrifuged at 4,000g, 4 °C. The supernatant was discarded and the cell 
pellet was resuspended in 1 ml of ice-cold equilibration buffer (50 mM 
sodium phosphate buffer pH 7.7, 300 mM sodium chloride, 10 mM 
imidazole and 0.03% Triton X-100) and transferred to a prechilled 
2-ml bead-beating tube containing 0.5 ml of 0.1-mm-diameter soda 
lime glass beads (BioSpec Products) and stored on ice. Each resus-
pended cell pellet was then homogenized on a benchtop homogenizer 
(FastPrep-24, MP Biomedicals) at 4 m s−1 for 35 s and cooled on ice for 
5 min. This process was repeated twice for three total homogenization 
steps. The crude lysate was separated from the cell debris by cen-
trifugation at 21,000g, 4 °C and purified using HisPur Ni-NTA protein 
miniprep (Thermo Fisher Scientific) according to the manufacturer’s 
instructions. All enzymes were eluted in protein elution buffer (50 mM 
sodium phosphate buffer pH 7.7, 300 mM sodium chloride and 250 mM 
imidazole) and stored in 20% (v/v) glycerol at −80 °C. GsDI was similarly 
expressed and purified, with the only deviation being postinduction 
incubation at 30 °C rather than room temperature. Purified protein 
yields for ALDHs are presented in Supplementary Table 3 and repre-
sentative SDS–PAGE gels of BtALDH3, PbALDH and PpMdlD are pre-
sented in Supplementary Fig. 8.

High-throughput colorimetric cycling assay
The high-throughput colorimetric cycling assay (Fig. 1c and 
Supplementary Table 3) was carried out as follows. A 100-μl reaction 
was prepared containing 100 mM potassium phosphate buffer pH 7.4, 
5 mM aldehyde (acetaldehyde, butyraldehyde or hexanal), 0.5 mM 
WST-1 tetrazolium dye, 3 mM cofactor (NAD+, NMN+ or no cofactor) 
and 1 μM of purified GsDI, along with varying concentrations of puri-
fied ALDH (0.01–0.5 mg ml−1). Reactions were initiated by the addition 
of ALDH to reaction buffer and carried out in 96-well plates at 30 °C. 
The formation of WST-1 formazan was monitored kinetically at 438 nm 
(ƐWST-1 formazan = 37 × 103 M−1 cm−1) and activity is reported as nmol of WST-1 
formazan generated per mg of ALDH per min. To ensure that the NMN+ 
activity measured was always cofactor dependent and not as a conse-
quence of native cofactor contamination, colorimetric assays were 
carried out in parallel where cofactor was substituted with deionized 
(DI) water in the reaction mixture and the background activity was 
measured. Enzyme concentrations were titrated for each ALDH to 
achieve a signal-to-noise ratio of at least 10:1 with NAD+. The limit of 
detection was determined to be 0.1 nmol formazan formed per min. All 
colorimetric activity data were controlled by subtracting any activity 
observed under no-cofactor conditions. All reactions were carried out 
with n = 2 biologically independent replicates.

Specific activity assays
The specific activity assays (Figs. 2b, 3a and 4b) were carried out as fol-
lows. A 200-μl reaction was prepared containing 100 mM potassium 
phosphate buffer pH 7.4, 5 mM aldehyde (acetaldehyde, butyralde-
hyde or hexanal), 5 mM dithiothreitol and 3 mM cofactor (NAD+, NMN+ 
or no cofactor), along with varying concentrations of purified ALDH 
(0.01–0.5 mg ml−1). Reactions were initiated by the addition of ALDH to 
reaction buffer and carried out in 96-well plates at 30 °C. The formation 
of reduced cofactor was monitored kinetically at 340 nm (ƐNADH/NMNH =  
6.22 × 103 M−1 cm−1). To ensure that the NMN+ activity measured was always 
cofactor dependent and not as a consequence of native cofactor contami-
nation, specific activity assays were carried out in parallel where cofactor 
was substituted with DI water in the reaction mixture and the background 
activity was measured. All specific activity data were controlled by sub-
tracting any activity observed under no-cofactor conditions. All reactions 
were carried out with n = 3 biologically independent replicates.

Steady-state kinetic characterization
The steady-state kinetic characterization of ALDHs was performed 
as follows. A 200-μl reaction was prepared containing 100 mM potas-
sium phosphate buffer pH 7.4, 5 mM hexanal, 5 mM dithiothreitol and 
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varying concentrations of NAD+ or NMN+ (0.005–100 mM), along with 
varying concentrations of purified ALDH (0.01–0.5 mg ml−1). Reactions 
were initiated by the addition of ALDH to reaction buffer and carried 
out in 96-well plates at 30 °C. The formation of reduced cofactor was 
monitored kinetically at 340 nm (ƐNADH/NMNH = 6.22 × 103 M−1 cm−1). The 
resulting specific activity data were plotted and fitted to the standard 
Michaelis–Menten equation. In cases where the enzyme could not be 
saturated with 100 mM cofactor, it was assumed that Km > 100 mM; 
therefore, the kinetic parameters were determined using the simpli-
fied Michaelis–Menten equation (Vo ≈ kcat[E][S]/Km). All reactions were 
carried out with n = 3 biologically independent replicates.

Protein expression and purification for crystallography of 
BtALDH3
The plasmids pET28a-His-smt3-BtALDH3 and pET28a-His-smt3- 
BtALDH3-H290L were transformed into E. coli BL21(DE3) cells. Protein 
expression was induced in log-phase cultures with 0.2 mM IPTG for 
16 h at 16 °C.

Cells were harvested at 6,000 rpm for 10 min and resuspended in 
lysis buffer containing 25 mM Tris-HCl pH 8.0, 350 mM NaCl, 30 mM 
imidazole, 5 mM β-mercaptoethanol, 1 mM PMSF and 2 mM benza-
midine. Cells were lysed by sonication and clarified by centrifuga-
tion. The supernatant was incubated with Ni-NTA resin (Qiagen) for 
30 min at 4 °C. After washing, bound protein was eluted with buffer 
containing 300 mM imidazole. The His–Smt3 tag was removed by 
Ulp1 protease cleavage and the cleaved protein was further purified 
by ion-exchange chromatography.

Removal of carryover NAD+ from recombinant BtALDH3 
before crystallography
In our initial attempts to determine the crystal structure of BtALDH3 
in complex with NMN+, we observed minor electron density of NAD+’s 
AMP moiety. To ensure no NAD+ was carried into the NMN+ cocrystal 
we performed the following procedure. To remove carryover NAD+ 
while preserving overall fold integrity, purified BtALDH3 was diluted 
to 0.5–3.0 mg ml−1 (~10–60 µM) and subjected to mild denaturation by 
dialysis against 500 mM NaCl supplemented with 1.0–5.0 M urea for 
6 h to overnight. This treatment disrupts cofactor interactions with 
the protein, thus facilitating dissociation of carryover NAD+ without 
complete unfolding of the protein.

NMN+ incorporation with recombinant BtALDH3 for 
crystallography
NMN+ was introduced during refolding to occupy the cofactor-binding 
site. Protein samples were dialyzed against 500 mM NaCl containing 
20–100 µM NMN+ at 4 °C. Dialysis proceeded for 1–3 h with periodic 
mixing. The external buffer was then replaced with fresh 500 mM NaCl 
containing 20–100 µM NMN+ and dialysis was continued overnight to 
complete refolding and cofactor incorporation. Refolded BtALDH3–
NMN complexes were concentrated to ~10–15 mg ml−1. The resulting 
sample was used directly for crystallization trials.

Crystallography of BtALDH3
Crystallization of BtALDH3 WT and H290L was performed by 
hanging-drop vapor diffusion at 22 °C. Crystals were obtained in two 
conditions: 190 mM magnesium chloride, 100 mM Tris-HCl pH 8.5 and 
21% (w/v) PEG8000 or 200 mM magnesium formate, 100 mM Tris-HCl 
(pH 8.5) and 20% PEG3350. Both BtALDH3 WT and BtALDH3-H290L 
were cocrystallized with an approximately five fold molar excess of 
NAD+ (760 µM) to enzyme (150 µM) or 500-fold molar excess of NMN+ 
(73 mM) to enzyme.

Crystals were isolated, cryoprotected in mother liquor supple-
mented with glycerol and flash-frozen in liquid nitrogen for data collec-
tion. Diffraction data were collected to 1.4-Å resolution at NSLS II and 
processed with Mosflm73. Crystals of BtALDH3 (NAD+) belonged to space 

group P1, with unit-cell parameters a = 46.68 Å, b = 61.53 Å, c = 87.95 Å 
and α = 94.01°, β = 100.94°, γ = 115.36°. BtALDH3 (NMN+) crystallized 
in space group P1 21 1, with a = 94.17 Å, b = 59.28 Å, c = 158.64 Å and 
α = 90°, β = 98.43°, γ = 90°. BtALDH3-H290L crystallized in space group 
P1, with a = 46.63 Å, b = 59.35 Å, c = 87.70 Å and α = 77.22°, β = 79.81°, 
γ = 69.31°. The structure was solved by molecular replacement using an 
AlphaFold-predicted BtALDH3 model. Three-dimensional structural 
figures were generated in PyMOL. Final data collection and refinement 
statistics are presented in Supplementary Table 5.

Molecular dynamics
Molecular dynamics simulations of apo BtALDH3 WT, single-mutant 
variants R289A, H290A, H290L and R293A and the AAA triple mutant 
were performed as follows. Coordinates for the WT and H290L variants 
were obtained from their crystal structures. The remaining variants 
were modeled from the WT BtALDH3 crystal structure using PyMOL. 
The apo structure was first generated by removing all ligands from its 
crystal structure. The system was solvated using in-house scripts in a 
rhombic dodecahedron with a 10-Å buffer on all sides for a periodic 
image distance of 120 Å. Simulations used the CHARMM36 force field 
for proteins and the TIP3P model for water. The box was solvated with 
100 mM NaCl and protonation states were assigned at a pH of 7 by H++ 
and visual inspection, resulting in protonation of glutamate and histi-
dine in different systems, as shown in Supplementary Table 7. Molecular 
dynamics simulations were conducted with GROMACS 2025.3 software 
using particle mesh Ewald for the treatment of long-range electrostatics 
with fourth-order interpolation, a grid length of 128 and κ = 0.32 Å−1. Len-
nard–Jones interactions used force switching with a switch radius of 9 Å 
and a cutoff of 10 Å. After minimization, both position-restrained simula-
tions imposed constraints on the positions of heavy atoms in the system 
(under NPT and NVT ensembles). The integration time step was set to 
2 fs. The LINCS algorithm was used for bond constraints and the leapfrog 
algorithm was used for the integration of motion equations. In the NVT 
ensemble, each system was gradually heated from 0 K to 298.15 K over 
200 ps, followed by a 400-ps MD simulation under the NPT ensemble 
(T = 298.15 K, P = 1 bar). During both of these periods, the protein was 
restrained with a force constant of 1,000 kJ mol−1 nm−2. The V-rescale 
thermostat was used for temperature control, while the Parrinello–Rah-
man barostat was used to control pressure. Subsequently, production 
simulations of each system were run in quintuplicate for 250 ns, which 
gave ten trajectories of cofactor pocket dynamics when considering the 
two halves of the dimer. The postsimulation data were extracted and 
analyzed using GROMACS analysis tools. For each trajectory, monomers 
were aligned to an average trajectory structure and r.m.s.f. values were 
computed for Cα atoms across residues 333–337. The r.m.s.f. values were 
first averaged across residues for each simulation and then across all 
ten trajectories to quantify residue-level flexibility. Pairwise statistical 
comparisons between r.m.s.f. values of ALDH variants were performed 
using a two-tailed Welch’s t-test. Trajectories used for structural visuali-
zation were subsampled using GROMACS. A total of 30 random frames 
were sampled from the trajectory. Results were visualized with PyMOL.

Multiple-sequence alignment and phylogenetic analysis
Multiple-sequence alignments (Fig. 2c) and phylogenetic trees (Fig. 4a) 
were generated using the EMBL-EBI Clustal Omega webserver tool74. The 
phylogenetic tree shown in Fig. 4a was visualized using the Interactive 
Tree of Life phylogenetic tree visualizer web tool75. Sequence logo plots 
(Supplementary Table 4) were generated from the multiple-sequence 
alignments using the WebLogo sequence logo plot generator76.

Synthesis of nonnucleotide NRCs
Synthesis of nonnucleotide NRCs was carried out using established 
methods53. Briefly, one equivalent of nicotinamide was dissolved 
with one equivalent of alkyl bromide in acetonitrile and heated under 
reflux overnight to yield a white precipitate. The precipitate was 
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filtered and dried under vacuum and analyzed by nuclear magnetic 
resonance (NMR). The alkyl bromides used for the synthesis of BNA+, 
BANA+, P2NA+, P3NA+, P3NA-OMe+ and AmNA+ were (bromomethyl)
benzene, 4-(bromomethyl)benzoic acid, (2-bromoethyl)benzene, 
(3-bromopropyl)benzene, 1-(3-bromopropyl)-4-methoxybenzene and 
2-bromoacetamide, respectively. NMR spectra and detailed reaction 
conditions are provided in the Supplementary Methods.

Nonnucleotide cofactor conversion assay
To assess the activity of ALDHs toward nonnucleotide cofactors, 
we initially attempted to measure activity in a spectrophotometric 
assay, measuring either WST-1 formazan in a colorimetric cycling 
assay or reduced cofactor formation in a specific activity assay (as 
described above). However, the activity of the tested ALDHs toward 
these simple-synthetic cofactors was too low to accurately quantify 
using these methods. Instead, we performed a simple conversion assay, 
measuring the conversion of benzaldehyde to benzoate (Fig. 5b). Ben-
zaldehyde was chosen as the substrate as it is used by the tested ALDHs 
and its product is readily detectable by high-performance liquid chro-
matography (HPLC). The reactions were carried out as follows. A 20-μl 
reaction was prepared containing 100 mM Tris-Cl buffer pH 7, 20 mM 
benzaldehyde, 20 mM cofactor (NAD+, BNA+, BANA+, P2NA+, P3NA+, 
P3NA-OMe+, AmNA+ or no cofactor) and 0.25 g L−1 purified ALDH. Reac-
tions were initiated by the addition of ALDH to reaction buffer and 
carried out in PCR tubes at 37 °C for 24 h. After 24 h, reactions were 
arrested by the addition of 40 μl of a 2.5% formic acid and 50% methanol 
solution. Each sample was then filtered and analyzed by HPLC under 
the following chromatographic conditions. Separation was achieved 
on an Agilent 1200 system equipped with a diode array detector and 
Luna Omega PS C18 column (5 μm, 100 Å, 150 × 4.6 mm; Phenomenex) 
maintained at 50 °C. The mobile phase consisted of solvent A (water 
with 0.1% formic acid) and solvent B (50% methanol in 0.1% formic acid), 
run under isocratic conditions at 50% B. The flow rate was 2.0 ml min−1, 
with an injection volume of 5 μl. Total run time was 8 min per sample. 
Detection of benzoate and benzaldehyde was carried out at 230 nm. 
Concentration of benzoate formed was determined by comparison 
to authentic standards. To ensure that the NRC activity measured was 
always cofactor dependent and not as a consequence of native cofactor 
contamination, assays were carried out in parallel where cofactor was 
substituted with DI water in the reaction mixture and the background 
conversion was measured. All conversion data were controlled by sub-
tracting the conversion achieved under no-cofactor conditions. All reac-
tions were carried out with n = 3 biologically independent replicates.

Material availability
All unique plasmid constructs presented in this study are available 
from the corresponding authors upon request.

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

Data availability
All data supporting the findings of this work are available within 
the paper and its Supplementary Information. Crystal structures of 
BtALDH3 WT in complex with NAD+ (PDB 9PXQ), BtALDH3 WT in com-
plex with NMN+ (PDB 9PXH) and BtALDH3 H290L (PDB 10PQ) were 
deposited to the Protein Data Bank. Molecular dynamics trajectories 
were deposited to Zenodo (https://doi.org/10.5281/zenodo.21229755)77. 
Source data are provided with this paper.

Code availability
The source code for molecular dynamics simulations of BtALDH3 WT 
and variants are available from GitHub (https://github.com/hanli-lab/
BtALDH3_MD.git).
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