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Figure S1

The phylogenetic distribution of NamPT and NNMT in birds and reptiles is scattered. The phylogenetic distribution
of birds and reptiles was adopted from Prum et al. 2015 [1]. Families are marked with a green circle if they possess NamPT
without NNMT or a blue circle if they possess both NamPT and NNMT.



Figure S2

Continued at next page.



Figure S2 continued

The structurally unresolved loop of NamPT. Sequence alignment of NamPT of different species cropped to the region
around the unresolved loop structure.



Figure S3
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Influence of enzyme expression, SAM concentration and inhibition constants on systems behaviour. We used the
dynamic model of NAD biosynthesis and consumption to analyse the effect of NMNAT, NamPT (A and B) and NNMT (C and
D) expression on NAD consumption flux (A and C) and free NAD concentration (B and D), NamPT/NNMT flux ratio (C)
and Nam concentration (D). We furthermore varied the inhibition constants Ki(Nam) and Ki(NAD) for SIRT1 and NamPT,
respectively, in a model without NNMT (E and F). This mimics the potential effect of inhibition relaxation due to reduced Nam
or NAD concentrations. In addition, we simulated the effect of changes in the NNMT cofactor S-adenosyl methionine (SAM) on
NAD consumption flux, NamPT/NNMT flux ratio (G), Nam and free NAD concentration (H).



Figure S4

Purification of wildtype NamPT and ∆42-51 NamPT, NMR spectra and NamPT substrate affinity measure-
ments A) Elution profile of wildtype (wt) and ∆42-51 NamPT on size-exclusion chromatography using a Superdex 200 16/60
column. B) Coomassie stained denaturating SDS-PAGE analysis of ∆42-51 NamPT (lane 1) and wt NamPT (lane 2). 3µg of
pooled enzyme eluted from SEC was loaded onto the gel. C) The column was calibrated with apronitin 6.5 kDa, ovalbumine
42.7 kDa, coalbumine 75 kDa and blue dextran 2000 kDa. The partition coefficient (Kav) was determined for each standard (light
grey squares) and plotted versus log10 molecular weight. The apparent molecular weight of wt NamPT and ∆42-51 NamPT
was calculated to be 135 kDa and 110 kDa, respectively. D) Exemplary 1D 1H NMR NMR spectra of NMN formation used to
quantify the activity of wildtype and mutant NamPT. Inset: molecular structure of NMN with the atom detected by NMR
indicated by an arrow. The range used for NMN detection in typical 1D-1H-NMR spectra of the enzymatic reactions is shown.
Samples and standards were supplemented with 1mM of DSS as internal standard. NMN quantification was done with the
singlet detected at 9.52 ppm. From the top to the bottom, peak detection of NMN standard (200 µM), wt NamPT (1 mM Nam
and 1 mM PRPP), ∆42-51 NamPT (1 mM Nam and 1 mM PRPP), wildtype NamPT with FK866, and ∆42-51 NamPT with
FK866. Incubation with inhibitor FK866 was done for 30 min at 30 °C. E) To compare the substrate affinity of wtNamPT and
∆42-51 NamPT, 2 µM enzyme were incubated for 5 min at 30 °C with 1mM ATP and PRPP and 1µM to 1mM Nam in 300µl
reaction buffer (20mM Tris-HCl pH 8.0, 500mM NaCl, 6mM MgCl2, 0.03% (w/v) BSA). Reaction was stopped with 100µM
of FK866 and frozen in liquid nitrogen. The protein was removed using Amicon Ultra Centrifugal Filters (Millipore - 10 kDa
cut-off). NMN formation was measured by LC-MS using an LC Dionex Ultimate 3000 instrument coupled to a Q Exactive
Orbitrap mass spectrometer (Thermo Scientific). For LC separation, an Ascentis Express C18, (10 cm x 2.1mM, particle size
2.7 µm) column was used (Sigma-Aldrich) with a stepwise gradient form 10 mM ammonium acetate pH 5 and 2 mM tetra-
butylammonium bromide (TBAB) to 10 mM ammonium acetate pH 6.8, 2 mM TBAB and 90% acetonitrile at a flow rate of
0.4 ml

min . Electrospray was used as ionization source, and samples were analysed in positive mode. Xcalibur software (Thermo
Scientific, Waltham, MA, USA) was used for data visualization and peak integration. NMN meassurement data are available at:
https://doi.org/10.15490/fairdomhub.1.datafile.2944.1

https://doi.org/10.15490/fairdomhub.1.datafile.2944.1


Figure S5
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Molecular dynamics simulations NamPT. Root mean square deviation (RMSD) with respect to initial structure for simula-
tion of wildtype (wt) NamPT (red) and mutant ∆42-51 NamPT (blue), respectively. The RMSD values for the entire simulation
(in total 1000 ns) show stable structures with small fluctuations.



Figure S6
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Potential impact of NADA on the evolution of high affinity NamPT. We simulated competition between two com-
partments, one containing only NADA (red lines) and one containing either NamPT, NADA and NNMT or twice the amount of
NamPT to keep the sum of the amount of NADA+NamPT constant between simulations. As can be seen, the addition of NADA
to NNMT and a low affinity NamPT, provides a slight advantage for A) NAD consumption flux and B) NAD concentration over
NADA alone. As soon as the affinity of NamPT is high enough, double amounts of NamPT together with NNMT outcompete
the combination of all three enzymes. The fact that this latter combination is actually found in some invertebrates might indicate
that there is indeed an advantage over NADA alone.



Figure S7

Site specific positive selection in NNMT Branch specific test of positive selection conducted for NNMTs from various
vertebrate species reveals a signature of positive selection specific to residue 171 occurring at the lineage leading to placentalia.
Shown is a cropped fingerprint alignment using biochemical colour-coding for NNMTs of the species under consideration with
the critical residue 171 indicated. Underlying statistics and tree are shown in Supplementary Figure S8.



Figure S8

Site specific positive selection in NNMT Branch specific test of positive selection conducted for NNMTs from various
vertebrate species reveals a signature of positive selection specific to residue 171 occurring at the lineage leading to placentalia.
A) Output of the codeml runs (Branch-site model A of positive selection), the likelihood between a model with no positive
selection (ω2a/b = 1) is compared to a model with positive selection (ω2a/b > 1). Significance between the two models is
assessed using a likelihood ratio test assuming that twice the likelihood difference is χ2 distributed. The critical value is 3.84 at
the 5% level. B) The underlying tree topology for the codeml runs including the tested branch indicated with #1. The alignment
is shown in Supplementary Figure S7.



Figure S9

Clustering of NMNAT protein sequences of various eukaryotic species. Protein sequences were found using protein
Blast with the human sequences as seeds. Protein names in red, blue, and green were found with the lowest expect value with the
human NMNAT1, 2, and 3, respectively. Clustering was done with BAli-Phy version 3.0 (Suchard and Redeling 2006). The tree
was visualised with Figtree version 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree). Names were spread manually and dotted
lines were added for better readability.



Table S1

Query proteins used for Blast searches.



Table S2

Fraction of species with given NAD consumers per clade. For all clades at leaf positions in Figure 2B, the fraction of species in
the respective clade possessing the respective NAD consumer is shown. For easier optical identification, table cell backgrounds
are the darker, the higher the fraction is. The fraction of species with a given NAD consumer for clades that are not leaves is
the sum of the values of all child nodes.



Table S3

Overview of kinetic constants used for the construction of the model.

Enzyme EC
number

Kinetic
parameter

References Rate Law

NADA 3.5.1.19 KM :9.6µM [2] Product inhibition
KiP :120µM
kcat:0.65s−1

NADS 6.3.5.1 KM :190µM [3] HMM
kcat:21s−1

NMNAT 2.7.7.1 KMNaMN
:67.7µM [4]1 Substrate Competition

2.7.7.18 kcatNaMN
:42.9s−1

KMNMN
:22.3µM

kcatNMN
:53.8s−1

KMNAD
:59µM

kcatNAD
:129.1s−1 [5]2

KMNaAD
:502µM

kcatNaAD
:103.8s−1 [5]

NNMT 2.1.1.1 KMNam
:400µM [6] Bi irreversible with product inhibition

KMSAM
:1.8µM

KiP :60µM
kcat:8.1s−1 [7]

NamPT 2.4.2.12 KM :5nM [8] Competitive inhibition
kcat:0.0077s−1

KiNAD
: 2.1µM

NAPRT 2.4.2.11 KM :1.5µM [8] HMM
kcat:3.3s−1

SIRT1 3.5.1.- KM :29µM [9] Product inhibition
KiP :60µM
kcat:0.67s−1

NT5 3.1.3.5 KMNaMN
:3.5mM [10] HMM

kcatNaMN
:2.8s−1

KMNMN
: 5mM

kcatNMN
:0.5s−1

PNP 2.4.2.1 KM :1.48mM [11] HMM
kcat:40s−1

NRK 2.7.1.173 KM :3.4µM [12] HMM
kcat:0.23s−1

Additional parameter and model description

The total enzyme concentration was set to 10 times the scaling factor, for all enzymes except NamPT and NADA. For NamPT
the concentration was set to 400 times the scaling factor if not stated otherwise. For NADA the enzyme concentration was
set to 400 times the scaling factor in the model used for Figure 6 and S6 and to 0 otherwise. As enzyme concentrations here
have an arbitrary unit, a scaling factor of 0.1µM was applied to all enzymatic reactions to achieve consumption rates that are
in the range of reported values [13]. Concentration of potential co-substrates except SAM were assumed to be constant and
not-limiting for the reaction. If not stated otherwise, the SAM concentration was set to 80 µM refelecting the concentration
of SAM in liver tissues [14]. Thus being implicitly represented by maximal velocities consisting of total enzyme concentration
times turnover rates. Nam import rates for import into the system was set to 0.1 µM/s for all simulations, being in the range
measured for Nam uptake in mammalian cells [15]. In addition to the reactions listed above an additional NAD consumption
was simulated using HMM-kinetics with a substrate affinity of 0.3 mM and a turnover rate of 1. Furthermore, reversible NAD
binding to proteins was simulated using reversible mass actions kinetics with an equilibrium constant of 0.1, which is in a range
of values reported in the literature, dissociation and association constants where set to 10 and 100s−1 respectively. For the two
compartment simulation, compartment size was equal for both compartments and set to 1µl. The actual compartment size does

1Values for NMNAT1 used
2Equilibrium constant used for calculation of turnover rate of reverse reaction

https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC3/5/1/19.html
https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC6/3/5/1.html
https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC2/7/7/1.html
https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC2/7/7/18.html
https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC2/1/1/1.html
https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC2/4/2/12.html
https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC2/4/2/11.html
https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC3/5/1/index.html
https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC3/1/3/5.html
https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC3/2/4/2.html
https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC2/7/1/173.html


not change the outcome of the simulations as long as both compartments have equal volumes. The Nam import rates were set
to 100s−1 for both compartments. The amount of NADA present was set to 400. Thus equal to the amount of NamPT used.

To account for cell growth, we added an outflow reaction to each simulated metabolite. For this reaction we simulated a
constant flux based on mass action kinetics. The reaction rate was equal for each metabolite and simulated to be in a range
between 2.7 ·10−6s−1 and 2.8 ·10−5s−1, corresponding to a doubling in volume once every 0.01 to 1 hour, denoted as cell division
rate in Figure 3.

Rate Laws referred to in Table S3

Product inhibition

v =
ET · kcat · S

KM + S +
KM · P
KiP

(1)

Bi irreversible with product inhibition

v =
ET · kcat ·A ·B

Kma(1 +
P

KiP
)(B +Kmb) +A ·Kmb

(2)

Competitive inhibition

v =
ET · kcat · S

KM + S +
KM · I
KiI

(3)

Henry-Michaelis Menten for irreversible reactions (HMM)

v =
ET · kcat · S
KM + S

(4)

Substrate competition at NMNAT

v = ET ·

kcatA ·A ·B
KMA

−
kcatP · P ·Q

KMP

1 +
A

KMA

+
B

KMB

+
P

KMP

+
Q

KMQ

(5)



Table S4

PDB Code 2H3D 3DGR 3DHD 3DHF 3DKJ 3DKL

2H3D - 0.95 0.85 0.86 0.88 0.88
3DGR - 0.61 0.61 0.55 0.57
3DHD - 0.43 0.40 0.43
3DHF - 0.42 0.33
3DKJ - 0.39
3DKL -

Root mean square deviation (RMSD) values between different structures (in Å). The alignment and RMSD calculation was done
with PyMOL[16]. The structures are 2H3D (human NAMPT) [17], 3DGR (human NAMPT·AMPcP complex) [18], 3DHD
(human NAMPT·NMN·Mg2PPi complex) [18], 3DHF (human BeF3−-NAMPT·NMN·Mg2PPi complex) [18], 3DKJ (human
NAMPT·PRPP·BzAM complex) [18], and 3DKL (human BeF3− -NAMPT·Mg2PRPP·BzAM complex) [18]. The structural res-
olution of the PDB structures ranges from 1.8 Å to 2.1 Å.
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