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Abstract

The members of the cofactor family of nicotinamide adenine dinucleotides are involved
in many biological processes. New insights about their role in health and disease have
highlighted the need to measure these metabolites in live cells. Fluorescent biosensors
have been proven to be valuable tools for metabolite measurements with subcellular
resolution. Among them, the NAD(P)-Snifits have been developed to measure free
NAD+* levels and NADPH/NADP+ ratios, respectively. The applicability of these
FRET-based biosensors in physiological relevant model systems is limited by the
permeability of the tetramethylrhodamine (TMR)-based FRET donor substrate and its
SNAP-tag labelling.

In this work, fluorogenic FRET donor substrates were developed by manipulating the
spirocyclization equilibrium of TMR. Their permeability and cellular SNAP-tag labelling
outperformed early versions of these substrates, especially when they were derivatized
with an optimized SPR inhibitor. Systematic characterization selected two FRET donor
substrates that could also label the NAD(P)-Snifits in cultured primary neurons.
Consequently, free subcellular NAD+ levels and NADPH/NADP+ ratios could be
measured for the first time in primary neurons. These improvements allowed the
comparison of free subcellular NAD+* levels and NADPH/NADP+ ratios between U20S
cells and primary neurons by FLIM-FRET measurements. Significant differences were
revealed in free mitochondrial NAD* levels and NADPH/NADP+ ratios, which could be
the result of differences in oxidative phosphorylation activity and have not been
described before.

In short, this work provides new tools for the quantification of NAD(P) metabolites in
physiological relevant model system and thus help to gain new insights into their

metabolism.
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Zusammenfassung

Die Mitglieder der Cofaktor-Familie der Nicotinamidadenindinukleotide sind an vielen
biologischen Prozessen beteiligt. Neue Erkenntnisse Uber ihre Rolle im Stoffwechsel
und bei der Entstehung von Krankheiten haben die Notwendigkeit deutlich gemacht,
diese Metaboliten in lebenden Zellen zu messen. Fluoreszierende Biosensoren haben
sich als wertvolle Instrumente fur Messungen von Metaboliten mit subzellularer
Aufldsung erwiesen. Die NAD(P)-Snifits wurden far die Messungen von freien NAD+
Gehéltern bzw. NADPH/NADP+ Verhéltnissen entwickelt. Die Anwendbarkeit dieser
FRET-basierten Biosensoren in physiologisch relevanten Modellsystemen ist durch
die Permeabilitdt des Tetramethylrhodamin (TMR)-basierten Substrats fur den FRET
Donor und dessen SNAP-Tag Markierung begrenzt.

In dieser Arbeit wurden fluorogene Substrate fur den FRET Donor durch Manipulation
des Spirozyklisierungsgleichgewichtes von TMR entwickelt. Inre Permeabilitat und die
zellulare SNAP-Tag Markierung tbertrafen frihere Versionen, insbesondere wenn sie
mit einem optimierten SPR-Inhibitor derivatisiert wurden. Durch systematische
Charakterisierung wurden zwei Substrate fur den FRET Donor ausgewahlt, die auch
die NAD(P)-Snifits in kultivierten primédren Neuronen markieren kénnen. Dadurch
konnten zum ersten Mal freie subzellulare NAD* Gehélter und NADPH/NADP+
Verhéltnisse in primadren Neuronen gemessen werden. Diese Verbesserungen
ermoglichten den Vergleich der freien subzellularen NAD+ Gehélter und
NADPH/NADP+ Verhéltnisse zwischen U20S Zellen und priméren Neuronen mittels
FLIM-FRET Messungen. Es wurden signifikante Unterschiede an freiem NAD+*
Gehéltern und NADPH/NADP+* Verhaltnissen in den Mitochondrien festgestellt, die auf
Unterschiede in der Aktivitdt der oxidativen Phosphorylierung zurickzufihren sein
kdnnten und bisher nicht beschrieben wurden.

Zusammenfassend liefert diese Arbeit neue Werkzeuge fur die Bestimmung von
NAD(P) Metaboliten in physiologisch relevanten Modellsystemen und tragt somit zur

Gewinnung von neuen Erkenntnissen Uber ihren Stoffwechsel bei.
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EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
equiv. equivalent(s)
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HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HOBt hydroxybenzotriazole

HPLC high performance liquid chromatography
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Hz hertz
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ie. id est

iPS induced pluripotent stem

IPTG isopropy! B-D-1-thiogalactopyranoside

IS internal standard

ITR inverted terminal repeat

IUPAC international union for pure and applied chemistry

JF Janelia Fluor

J coupling constant

k kilo
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KSO, app

KCI
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LB
LC
logP
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MeCN
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mol%
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MS
MS/MS
MW

m/z

N

n

NA
NAAD
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NAD(H)
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Introduction

1 Introduction

1.1 Methods to visualize cellular metabolism

Metabolic processes in cells are fast, dynamic and compartmentalized.l'l Ideally, a
metabolite can be monitored in live cells with high spatial and temporal resolution.[
However, this is not possible with traditional methods such as enzymatic assays or
liqguid chromatography coupled to mass spectrometry (LC-MS).!

The properties of fluorescence make it well suited for monitoring metabolites in live
cells. Fluorescent molecules absorb and emit light in the nanosecond time range,
making it ideal for fast changes.*®! Fluorescence microscopy also provides a high

spatial precision, allowing the observation with subcellular resolution.

1.1.1 Fluorescent biosensors

According to the international union for pure and applied chemistry (IUPAC), a
biosensor is defined as “a device that uses specific biochemical reactions mediated by
isolated enzymes, immunosystems, tissues, organelles or whole cells to detect
chemical compounds usually by electrical, thermal or optical signals’.[®l Any
fluorescent biosensor combines a sensing and reporting unit, thereby transforming the
state of the metabolite (e.g. concentration) into a quantifiable read-out.l® The majority
of fluorescent biosensors have either an intensiometric or a ratiometric read-out.
Intensiometric sensors change their fluorescent intensity upon metabolite fluctuation.!”]
Values are expressed as change in fluorescent intensity with respect to basal levels
(AF/Fo). Ratiometric sensors are based on the Foérster resonance energy transfer
(FRET) between two fluorochromes (donor and acceptor).®l Normally, a fluorochrome
gets excited and relaxes back to the ground state while emitting a photon (Figure 1A).
During FRET, non-radiative energy transfer from the excited state of the donor takes
place and excites the acceptor (Figure 1B).°1 The FRET efficiency depends on the
spectral overlap of donor and acceptor, the relative orientation of both dipoles and the
distance between both fluorochromes.['% Especially, the distance is an important
measure to characterize FRET pairs, as the FRET efficiency is inversely proportional

to the sixth power of the distance (Equation 1). For each combination of donor and
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acceptor, a Foérster radius (Ro) can be calculated, which corresponds to 50% FRET
efficiency (Equation 2 and Figure 1C).['"l Most FRET-based biosensors undergo a
change in their FRET efficiency upon analyte fluctuation by changing the dipole
orientation or the distance between the fluorochromes.[’l An additional read-out is
fluorescent lifetime imaging (FLIM), which exploits changes in the lifetime of the
fluorochrome upon analyte fluctuation.[¥l The fluorescent lifetime is defined as the
average time, in which a fluorochrome stays in the excited state. This results in a
characteristic decay of a photon (Figure 1D).l'2l As the lifetime is sensitive towards
changes of the environment, it can be exploited for intensiometric or ratiometric

Sensors.

1+<L>6 (1)

Ro = 0.211-"[k2n*QpJ(A) (2)

E: FRET efficiency, r: distance between the fluorochromes, Ro: Forster radius, k: orientation factor, n: refraction
index, QD: quantum yield of FRET donor, J: overlap integral.['3]

Fluorescent biosensors are either small synthetic molecules, fully genetically encoded
proteins or hybrid versions thereof.l'4

Small fluorescent synthetic molecules are mainly based on organic dye scaffolds such
as fluorescein, rhodamine or BODIPY.[')1 They exhibit high brightness and
photostability, but cannot be localized to any cellular compartment. ['¢l Popular
examples are calcium indicators such as Fluo-3 or voltage indicators such as
VoltageFluor 2.1 (Figure 1E).[17-18]

Fully genetically encoded biosensors are based on fluorescent proteins (FPs). They
often have a lower brightness and photostability than synthetic molecules, but can be
localized to any cellular compartment.l'® A prominent example is the genetically
encoded calcium indicator GCaMP that is based on the green fluorescent protein
(GFP) and the calcium sensing domain Cam/M13.[2%1 Cyan fluorescent protein (CFP)
and yellow fluorescent protein (YFP) are commonly used as a FRET pair and serve as
a scaffold for many biosensors (Figure 1F).[5!

Chemogenetic or semisynthetic biosensors combine the advantages of small
molecules and genetically encoded sensors.'¥ Such hybrid versions have

substantially benefited from the development of self-labelling proteins (SPLs) such as
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Halo-and SNAP-tag. These enzymes react irreversible with specific small molecule
substrates and form a covalent bond.l?'l The Halo-tag has a catalytic aspartate residue
that attacks the chloroalkane substrate forming an ester bond (Figure 1G).[?2 The
SNAP-tag has a catalytic cysteine residue that attacks the benzylguanine substrate
forming a thioether bond (Figure 1H).2% This allows the specific labelling with
fluorescent substrates and the protein part can be localized to any cellular
compartment. One approach to exploit SLPs for biosensor design is the modification
of a synthetic calcium indicator with the Halo-tag substrate, which transforms it into a
localizable calcium indicator.”l More elaborate chemogenetic biosensors are
HaloCamP (Ca?* indicator) and Voltron (voltage indicator). HaloCamP combines a
circular permutated (cp) Halo-tag with the Cam sensing domain for Ca?* and a
complementing peptide. The intensity of the fluorophore bound to Halo-tag is increased
upon Ca?* binding (Figure 11).25 Voltron combines the Halo-tag with a
voltage-sensitive rhodopsin. Depolarization results in quenching of the fluorescence of
the Halo-tag bound fluorophore by rhodopsin (Figure 1J).12¢l

SNAP-tag-based indicator proteins with a fluorescent intramolecular tether (Snifits) are
a distinct class of chemogenetic biosensors.l?7-28 They are also called semisynthetic
and combine a fusion protein with small molecules. The fusion protein comprises the
SNAP-tag, another self-labelling protein (e.g. Halo-tag) labelled with the FRET donor
and a metabolite-binding protein.[?®l The SNAP-tag is labelled with the FRET acceptor
that is a small molecule fluorophore derivatized with an inhibitor of the binding protein.
In the absence of the metabolite, the inhibitor binds to the binding protein and the Snifit
is closed, resulting in a high FRET. The metabolite can displace the inhibitor and open
the Snifit resulting in a low FRET. The change in FRET ratio is used as read-out
(Figure 1K).[29-30]



Introduction

A B c FRET efficency D fluorescence lifetime
. e 1.2
__relaxation non-radiative transfer 1004
E — ~ 1.0 —_ itati
4 e i .
1 S - ecay
' = 3 <. 08
' —_— £ 6o 2z
o . ' H > Forster distance % 06
excitation emisson : ' H £
! H £ 404 g 04
1 ! ° I}
J . J —_
== E 20 £ 02
= = =
S 0.
0 0 ! ! T ! lifetime
donor acceptor 0.0 10 15 20 25 3.0
distance (r/Rj)
E F GCamP
/
ﬁ\ ® »
Cam/M13 Ca® Cam/M13
low FRET high FRET
- - D O
E u
OMe
E — 9 5
\/ analyte
/N\ v
VoltageFluor 2.1 binding protein binding protein
G H
Halo-tag Asp106 SNAP-tag
Trp107, \g N
NH- - -O.
o 4
€]
o N’) o
"W H H~
T~ ‘?IWO\/\O/\/N Cys145 S&
' o
Hoy-H ) H
N N f\N N
4
o ¢
i\ i \NXNHZ ’
H
Asn4i
HaloCamP Voltron
Cam .
quenching
Cam peptide /-\
) peptide depolarization
—_— —_—
Ca*
rhodopsin rhodopsin
K
FRET acceptor FRET acceptor
—>

FRET donor

binding protein

metabolite

binding protein

FRET donor
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1.2 The cofactor family of nicotinamide adenine dinucleotides

Nicotinamide adenine dinucleotide (NAD*) and its phosphorylated analog NADP+ are
central cofactors in cells together with their reduced forms NADH and NADPH.B']

Throughout this thesis, this cofactor family of will be abbreviated as NAD(P)(H).

1.2.1 Biosynthesis

NAD+ and NADP+ are non-cell permeable and cannot be taken up from diet.[32 There
are three different pathways to synthesize NAD+ from precursors that are taken up
from diet. The Preiss-Handler pathway starts from nicotinic acid (NA), also known as
vitamin B3.[33 The nicotinate phosphoribosyl transferase (NAPRT) builds up nicotinic
acid mononucleotide (NAMN). Nicotinic amide mononucleotide adenylyltransferase
(NMNAT)1-3 uses ATP to furnish the dinucleotide core of nicotinic acid adenine
mononucleotide (NAAD).34 The final step towards NAD+ is a transamination by
NAD+* synthetase (NADSYN) using ATP and glutamine (Figure 2A).13% NAD+* can also
be synthesized from tryptophan in the de novo pathway.*8l Indoleamine
2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO) metabolize tryptophan
to  N-formylkynurenine.  Subsequent enzymatic conversion results in
a-amino-B-carboxy muconate-e-semialdehyde (ACMS), which eventually cyclizes to
quinolinic acid. The quinolinate phosphoribosyl transferase (QRPT) utilizes
phosphoribosyl pyrophosphate (PRPP) to convert to quinolinic acid into NAMN.[33. 371
At this point, the de novo pathway follows the Preiss-Handler pathway (Figure 2B).
The most important pathway in cultured cells is the salvage pathway, starting from
nicotinamide riboside (NR) or nicotinamide (Nam), which is derived from NA.[38-3%1 NR
is phosphorylated by nicotinamide riboside kinase (NRK)1-2 to yield nicotinamide
mononucleotide (NMN) and NMNAT1-3 uses ATP to generate NAD+.[*% Nam is
converted to NMN by the nicotinamide phosphoribosyl transferase (NAMPT) using
PRPP and ATP (Figure 2C).[38-3% NADH is generated from NAD+* in redox reactions in
the metabolism (e.g. during glycolysis or tricarboxylic acid (TCA) cycle).[32l NADP+ is
generated by the phosphorylation of NAD+ catalyzed the NAD+* kinase (NADK)
(Figure 2D).*"l NADPH is generated from NADP+ in the pentose phosphate pathway
(PPP) or by isocitrate dehydrogenase (IDH) and malic enzyme (ME).[42-44]
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Figure 2: Biosynthesis of NAD+ and NADP+. A) Preiss-Handler pathway starting from NA. B) de novo pathway
starting from tryptophan. C) salvage pathway starting from NR or Nam, respectively. D) phosphorylation of NAD+
by NADK to generate NADP+. Abbreviations: NA: nicotinic acid, NAPRT: nicotinate phosphoribosyl transferase,
PRPP: phosphoribosyl pyrophosphate, NAMN: nicotinic acid mononucleotide, NMNAT: nicotinamide
mononucleotide adenylyltransferase, ATP: adenosine triphosphate, NAAD: nicotinic acid adenine dinucleotide,
NADSYN: NAD+ synthetase, Gin: glutamine, NADK: NAD+ kinase, Trp: tryptophan, IDO: indoleamine
2,3-dioxygenase, TDO: tryptophan 2,3-dioxygenase, ACMS: a-amino-B-carboxy muconate-e-semialdehyde,
QRPT: quinolinate phosphoribosyl transferase, NR: nicotinamide riboside, Nam: nicotinamide, NRK: nicotinamide
riboside kinase, NAMPT: nicotinamide phosphoribosyl transferase, NMN: nicotinamide mononucleotide.

1.2.2 Important NAD(P)(H) dependent processes

NAD+ is involved in redox and non-redox processes and plays an essential role in
energy metabolism.[5] NAD+* is an electron acceptor during glycolysis and TCA cycle
and gets reduced to NADH.®2l NADH is then oxidized as part of the oxidative
phosphorylation to produce ATP. In contrast, non-redox processes consume NAD+
and the remaining Nam is recycled to NAD+ by the salvage pathway (Figure 2C).14¢l
(PARPs) are

modification of proteins with poly-ADP-ribose.”l These modifications fulfill a plethora

Poly-ADP-ribose polymerases involved in the posttranslational
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of cellular functions such as energy metabolism, genome stability and transcription
regulation.®l In particular, PARP1 serves as a sensor for DNA damage.!
Poly-ADP-ribosylation after DNA damage can consume up to 80% of cellular NAD*
and PARP1 activity is crucial for cell survival and death.33 Sirtuins are a class of
enzymes that mainly deacetylate histones.5%! They are mainly involved in metabolic
adaption to energy deficit during exercise, fasting or low glucose levels.[®1-53 There is
also evidence that sirtuins play a role in circadian rhythm.[5* Another important class
of NAD+-consuming enzymes are cluster of differentiation (CD) 38 and CD157.[55 Their
product, cyclic ADP-ribose (cCADPR) plays a role in Ca?* signaling, cell cycle and
immune response.[56-57]

NADPH is the main cellular form of NADP+.4'1 It provides electrons for defense against
oxidative stress and reductive biosynthesis.[®8l Glutathione is the major antioxidant in
cells and gets oxidized by reactive oxidative species (ROS).5°1 Glutathione is then
regenerated by NADPH. Importantly, NADPH is not only involved in detoxifying
ROS, but also in their production.’®'l NADPH oxidases (NOXs) are membrane-bound
proteins that oxidize NADPH to NADP+ with ROS as side product.[?l As part of the
innate immune system, NOXs are involved in the defense against microorganisms.[63l
ROS produced by NOXs play also a role in cellular signaling and gene expression. 64
Reductive biosynthesis comprises many important catabolic reactions such as fatty
acid, cholesterol/steroid hormone and deoxynucleotide biosynthesis. NADPH donates

the electrons to transform oxidized precursor to reduced products.l*?

1.2.3 Implications of NAD(P)(H) in diseases

Due to the involvement of NAD(P)(H) in a plethora of cellular processes, the onset of
many diseases can be characterized by a decrease in NAD(P)* or a redox imbalance
(e.g. changes in NAD(P)H/NAD(P)*).[651 Such diseases includes diabetes, fatty liver,
neurodegeneration and cancer.[6-701 Some drugs for cancer treatment directly interact
with the NAD* metabolism. PARP1 inhibitor such as olaparib inhibit the repair of DNA
damage in cancer cells induced by chemotherapy.’ll NMAPT is the rate-limiting
enzyme in the NAD+ biosynthesis and NMAPT inhibitors are currently in clinical

trials.[72]
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1.2.4 Methods to measure cellular NAD(P)(H)

The characteristics of NAD(P)(H) metabolism make cellular measurements
challenging. The majority of NAD(P)(H) is bound to proteins (ca. 80%), but the
concentration of the free form is much more relevant.[’sl NAD(P)(H)-dependent
processes are compartmentalized and their concentrations and ratios of reduced to
oxidized form can differ.’ Most methods are based on the measurements in cell
lysate using enzymatic cycling assays, high performance liquid chromatography
(HPLC) coupled to an ultraviolet (UV) detector or LC-MS/MS measurements. However,
these methods do not offer spatial or temporal resolution and the observed values are
highly dependent on the protocol, which hampers reproducibility and comparability.[”s!
In addition, the reduced forms of NAD(P)* are rather unstable due to oxidation during
sample preparation and this degradation could lead to artefacts.l”®! NADH and NADPH
are autofluorescent and emit at 460 nm.”7I FLIM imaging can be used to measure free
and protein-bound forms in live cells as they have different lifetimes.[’8] However,
separation of the lifetimes of NADH and NADPH in such experiments is not feasible,
limiting the applicability of this approach. In contrast, fluorescent biosensors offer the
possibility to measure free NAD(P)(H) in live cell with high spatial and temporal

resolution.

1.2.5 Fluorescent biosensors for NAD(H)

Most of the fluorescent biosensors for NAD(H) are based on the combination of a
circular permutated FP and a NAD(H) binding protein. cpVenus and FiNad are sensors
for NAD* and combine a DNA ligase with cpVenus and cpYFP, respectively.[79-801 Both
sensors are pH sensitive and also respond to high concentrations of NR, which limits
their applicability for NR treatment. FiNad is also sensitive to ATP and ADP (termed
AXP) and therefore reports on NAD+/AXP ratios. Peredox, SoNar and Frex are sensors
for NADH/NAD* ratios, NAD*/NADH ratios and NADH levels, respectively.1-83 They
utilize the redox sensing repressors T- and B-Rex in combination with cpT-Sapphire
or cpYFP. In contrast to these short wavelength responsive sensors, only sensor with
emission > 550 nm the NAD-Snifit is the.[84 This sensor is discussed in more detail
below (Table 1).



Table 1: Fluorescent biosensors for NAD(H).

Introduction

sensor cpVenus[’®  FiNadisol Peredox8l SoNaris2] Frexiss] NAD-
Snifitis4l
metabolite NAD+ NAD+AXP NADH/NAD+ NAD+NADH NADH NAD+
FP/dye cpVenus cpYPF/ T-Sapphire cpYPF cpYPF TMR/SIR
mCherry mCherry
Read-out ex. ratio em. ratio em. ratio ex. ratio ex. ratio FRET ratio
[nm] Aex: 405/488 Aex: 488 Aex: 405 Aex: 405/488 Aex: 405/488 Aex: 550
Aem: 520 Aem: 535 Aem: 530 Aem: 530 Aem: 520 Aem: 570/670
Sensing DNA ligase DNA ligase  T-Rex T-Rex B-Rex SPR
localization cytosol cytosol cytosol cytosol cytosol cytosol
nucleus nucleus nucleus
mitochondria mitochondria  mitochondria
limitations pH sensitive, pH sensitive, short pH sensitive, pH sensitive, labelling with
short short wavelengths  short short fluorescent
wavelengths, wavelengths, wavelengths  wavelengths  substrates
NMN/NR NMN/NR
sensitive sensitive,
APX
sensitive

1.2.6 Fluorescent biosensors for NADP(H)

iINAP is a sensor for NADPH levels, which is also based on the insertion of cpYFP into

T-Rex (see SoNar).% Engineering of T-Rex shifted the specificity from NADH to

NADPH, but this sensor also suffers from pH sensitivity. Apollo is a sensor for NADP+

levels that is based on the fusion of two Cerulean FPs to the glucose-6-phosphate

dehydrogenase (G6DH).18¢ The read-out is a change in homoFRET between the two

Cerulean FPs. The requirement to measure anisotropy limits the applicability of this

sensor as anisotropy cannot be measured by most fluorescent microscopes. The

NADP-Snifit is the only sensor to measure NADPH/NADP+* ratios with emission

> 550 nm and is discussed below (Table 2).184
Table 2: Fluorescent biosensors for NADP(H).

sensor iNAPI85] Apollorsel NADP-Snifitis4
metabolite NADPH NADP+ NADPH/NADP+
FP/dye cpYPF Cerulean TMR/SIR
Read-out ex. ratio homoFRET FRET ratio
[nm] Aex: 405/488 Aex: 405/488 Aex: 550
Aem: 530 Aem: 520 Aem: 570/670
sensing T-Rex G6PD SPR
localization Cytosol cytosol cytosol
mitochondria nucleus
mitochondria
limitations pH sensitive, Complex set-up to measure, labelling with fluorescent

short wavelengths short wavelengths

substrates
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1.2.6 Semisynthetic biosensors for free NADPH/NADP+ and NAD+

Guided by the Snifit design described above, the Johnsson group has developed
semisynthetic biosensors for free NADPH/NADP+ ratios and free NAD* levels. These
sensors are termed NADP-Snifit and NAD-Snifit, respectively.B4 The human
sepiapterin reductase (SPR) was selected as metabolite-binding protein. The SPR
catalyzes the reduction of sepiapterin to dihydrobiopterin using NADPH as cofactor.
Previously it was shown that sulfa drugs such sulfapyridine (SPY) or sulfamethoxazole
(SMX) can bind to SPR in the presence of NADP+ (Figure 3A).87 This interaction is
exploited in the design of the FRET donor substrate CP-TMR-C6-SMX (also referred
as intramolecular tether). r-stacking between NADP+ and SMX ensures the selectivity
of the NADP-Snifit. TMR is used as FRET donor and combined with silicon rhodamine
(SiR) as FRET acceptor.[®l This red-shifted FRET pair has minimal spectral overlap
and allows multiplexing with other commonly used fluorescent markers such as GFP
or DAPI (Figure 3B).5°]

For the fusion protein part of the sensor, the SPR is combined with Halo- and
SNAP-tag. The Halo-tag is labelled with Halo-SiR and the SNAP-tag is labelled with
CP-TMR-C6-SMX. Both tags are separated by a proline 30 linker to reduce FRET
efficiency in the open state. In the presence of NADP+, there is a cooperative binding
of TMR-C6-SMX and NADP+* to the SPR. The binding brings the two fluorophores in
close proximity and increases the FRET efficiency (Figure 3C). As NADPH and
NADP+ have similar concentrations in cells, both cofactors compete for the same
binding site. Therefore, the NADP-Snifit reports on the ratio of free NADPH/NADP+.[84.
90-911 Structure-guided engineering allowed the conversion of the NADP-Snifit into a
NAD-Snifit. SPR belongs the superfamily of short-chain dehydrogenase/reductase
(SDR) and all members have a characteristic Rossmann fold for binding of either
NADP+ or NAD+[921 NADP+-binding enzymes such as SPR have two conserved
arginine or lysine residues for the interaction with the 2’-phosphate and the adenine
moiety of NADP+. In contrast, NAD*-binding enzymes such as
15-hydroxyprostaglandin dehydrogenase (PGDH) have two conserved arginine or
lysine residues for the interaction with the 2’- and 3’-OH groups of NAD+. Sequence
and structure comparison of SPR and PGDH resulted in the insertion of the mutations

A41D and R42W into the SPR.[®3 These mutations switch the cofactor specificity to

10



Introduction

NAD+* and the sensor does not respond to physiological concentrations of NADP+.
NADH has a much lower concentration in cells than NAD+, therefore the NAD-Snifit
reports on free NAD+* levels.[2 841 The emission profile of the sensor depends on the
metabolite concentration. At low metabolite concentrations, the sensor exhibits a high
TMR and low FRET emission. Conversely, high metabolite concentrations result in a
low TMR and high FRET emission (Figure 3D). Consequently, the ratio of FRET and
TMR emission can be used as read-out (termed FRET ratio). This FRET ratio

increases with rising analyte concentration (Figure 3E).
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Figure 3: Design of NAD(P)-Snifits. A) selective binding of SPY to SPR in the presence of NADP+ due to m-stacking
interactions. SPY is shown in cyan and NADP+ is shown in green (PDB: 4HWK). B) structures of CP-TMR-C6-SMX
(FRET donor) and Halo-SiR (FRET acceptor). C) schematic representation of the NAD(P)-Snifit. The sensor is open
in the absence of NAD(P)* (low FRET) and closed in the presence of NAD(P)* (high FRET). D) representative
emission spectra of NAD-Snifit in presence of low or high NAD+ concentrations. E) representative titration curve of
FRET/TMR ratios against NAD+ concentrations.
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2 Obijectives

In recent years, the importance of different cellular pools of the cofactors NAD(H) and
NADP(H) has become apparent. Fluorescent biosensors have contributed to the gain
of knowledge about these pools by subcellular measurements of these cofactors.
However, due to various technical limitations they have been rarely used in more
complex and physiological relevant model systems such as primary cells. The
applicability of the NAD(P)-Snifit in such systems has been limited by the permeability
of the FRET donor substrate CP-TMR-C6-SMX and its labelling performance of the
SNAP-tag.

In this thesis, fluorogenic FRET donor substrates with improved permeability and
SNAP-tag labelling were developed. More precisely, conversion of TMR into
fluorogenic analogous and use of a more permeable inhibitor resulted in a small library
of potential new FRET donor substrates. Characterization in vitro and in live cells
selected the most suited substrates, which then were evaluated for their ability to label
SNAP-tag in primary neurons. After successful labelling, the applicability of the

resulting new NAD(P)-Snifits was be demonstrated in primary neurons.
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3 Results

3.1 Permeability of fluorescent substrates

Improvement of intracellular SNAP-tag labelling with CP-TMR-C6-SMX required
optimization of its cell permeability combined with a low unspecific background to
obtain high signal to noise ratios. As of now, it is not fully understood how fluorescent
molecules can pass the cell membrane. Based on structural similarities with known
drugs and natural products, it was suggested that fluorescent molecules can be
surrogate substrates for solute carriers (SLCs).l° Fluorescein and Rhodamine123 are
commonly used fluorophore scaffolds and have been described as substrates for
several SLCs.[°5971 However, there has not been any systematic investigation of the
whole human transportome (i.e. the sum of membrane transporter and channels) with
different classes of fluorophores. Fluorescent substrates can also pass the cell
membrane by passive diffusion.°8l

Criteria for the permeability of small molecules have emerged in medicinal chemistry
about two decades ago.l® Lipinski’s rule of five defines parameters for ideal drug
candidates: calculated lipophilicity < five (expressed as partition coefficient: logP),
molecular weight < 500 Da, not more than five hydrogen bond donors (HBDs, e.g. sum
of OH and NH) and not more than ten hydrogen bond acceptors (HBAs, e.g. sum of O
and N).['00] These rules only apply for compounds that are not substrates for SLCs,
however it is assumed that most compounds can be substrates for SLCs.l'01-102] The
rule of five concept has been evolved over time, also considering other
physicochemical parameters such as polar surface area and number of rotational
bonds.['%3 The number of HBDs and calc. logP have emerged as the most important
factors for cell permeability. Others such as molecular weight have become less
important, which is evident by an increasing molecular weight of FDA approved oral
drugs in recent years.[*

CP-TMR-C6-SMX has six hydrogen bond donors and a calc. logP = 0.55, properties
that are not well suited for cell permeability (Figure 4A and Table 4).[104]
Rhodamine-based fluorophores such as TMR exist in an equilibrium between an open,
fluorescent and a closed, non-fluorescent form (Figure 4B). Several studies have
shown a higher permeability for the non-fluorescent spirolactone compared to the
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fluorescent zwitterion.!88 105-106] The spirolactone has a significant higher calc. logP
than the zwitterion (2.84 vs. -2.74), which could explain the difference in
permeability.['%4] Motivated by this principle, several approaches have been developed
to synthesize fluorescent probes that are mainly in the spirocyclic form. Binding to their
intracellular targets should shift the equilibrium back to the open and fluorescent form.
This so-called fluorogenic character combines improved permeability with low
background staining.['97]

In the last years, two general strategies have emerged to shift the equilibrium of
rhodamines towards the spirocyclic form. The group of Luke Lavis has developed the
Janelia Fluor (JF) dyes by replacing the N,N-dimethyl amino moiety of the xanthene
core with azetidines. Substitution of the azetidines with electron withdrawing
substituents (e.g. fluorines) decreases the electron density of the xanthene core. This
facilitates the attack of the carboxylic acid for the formation of the spirolactone
(Figure 4C). For instance, the spirocyclic form of JF525 has a much higher calc. logP
than the zwitterionic form (3.21 vs. —=3.53).1104

The group of Kai Johnsson has developed the Max Planck (MaP) dyes, a different
strategy for fluorogenic rhodamines. Replacement of the ortho-carboxylic acid with
sulfonamides bearing electron-donating substituents greatly improved the
nucleophilicity. This also facilitated the formation of the spirolactam (Figure 4D). The
spirocyclic form also has a higher calc. logP compared to zwitterionic form
(e.g. MaP555: 2.83 vs. —2.41).1104]
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Figure 4: Spirocyclization equilibria of TMR derivatives. A) structure of CP-TMR-C6-SMX, B)-D) equilibria between
zwitterionic and spirocyclic forms of TMR, JF525 and MaP555, respectively.
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Both strategies allowed the transformation of TMR into highly fluorogenic and
permeable fluorophores and were employed to improve the permeability of
CP-TMR-C6-SMX.

3.2 JF dye-based FRET donor substrates

3.2.1 Synthesis

Following the JF dye strategy from the group of Luke Lavis, the FRET donor substrate
CP-TMR-C6-SMX was redesigned (Figure 5A). The N,N-dimethyl amino moieties
were replaced by 3,3-difluoroazetidine and 3-carboxylic acid azetidine.
3,3-difluoroazetidine was thought to improve permeability, while the C6-SMX moiety
would be linked to 3-carboxylic acid azetidine via peptide coupling (Figure 5B). The
newly designed FRET donor substrate was termed CP-Rhod540-C6-SMX. The open
and spirocyclic form had a significant difference in their calc. logP (-1.12 vs. 6.43).[104
Azetidines also reduced the number of rotational bonds, while other physicochemical
parameters remained unaffected (Table 4).

The synthesis of CP-Rhod540-C6-SMX started from the fluorescein bistriflate
precursor 1 using exclusively the 6-regioisomer.[195106] Two sequential Buchwald
couplings were used to build an asymmetric substituted rhodamine scaffold. The first
coupling step was more reproducible and easier to purify when the 3-carboxylic acid
azetidine was coupled first. This was mainly due to the very similar polarities of 1 and
3,3-difluoroazetidine monotriflate. No separation could be achieved using column
chromatography on silica with various solvent mixtures. Several attempts to improve
the coupling step with 3-carboxylic acid azetidine did not succeed, despite using
different conditions (time, temperature, base, catalyst and solvents). At best, the
reaction only went to 50% completion and in addition to the 3-carboxylic acid azetidine
monotriflate 3, biscarboxylic acid azetidine and fluorescein were also obtained. Other
conditions resulted in either lower substrate conversion, more side product formation
or increased degradation of the starting material. It was then decided to continue this
synthetic approach despite the low efficiency of the first step. The orthogonal protecting

groups of the asymmetric substituted rhodamine 5 were then exploited to selectively
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deprotect the aromatic carboxylic acid with TFA in CH2Clz. Peptide coupling using
TSTU was used to install the O*-benzyl-2-chloro-6-aminopyrimidine (CP-NH2) (7) for
SNAP-tag labelling. Basic saponification of the methyl ester 8 and subsequent peptide
coupling using TSTU gave rise to the new FRET donor CP-Rhod540-C6-SMX (11)
(Figure 5C).
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Figure 5: Design and synthesis of CP-Rhod540-C6-SMX. A) structure of CP-TMR-C6-SMX. B) structure of
CP-Rhod540-C6-SMX. C) reagents and conditions: a) 2 (0.9 equiv.), Cs2COz (2.4 equiv.), XPhos (0.15 equiv.),
Pdzdbas (0.05 equiv.), 1,4-dioxane, 80 °C, 2 h; b) 4 (1.5 equiv.), Cs2COs (2.4 equiv.), XPhos (0.15 equiv.), Pd2dbas
(0.05 equiv.), 1,4-dioxane, 80 °C, 6 h; c) TFA (20% vol.), CHzClz, r.t., 4 h; d) 7 (1.2 equiv.), DIPEA (8.0 equiv.),
TSTU (1.2 equiv.), DMSO, r.t., 4 h; e) NaOH (2.0 equiv.), THF/MeOH (2:1), r.t., 4 h; f) 10 (1.2 equiv.), DIPEA
(8.0 equiv.), TSTU (1.2 equiv.), DMSO, r.t., 4 h.
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3.2.2 Characterization in vitro

Spectral characterization of CP-Rhod540-C6-SMX revealed a blue-shift of ca. 15 nm
in absorbance and emission compared to CP-TMR-C6-SMX (Figure 6A and Table 3).
These observations were in agreement with data from the group of Luke Lavis, where
also a blue-shift was observed when electron-withdrawing substituents were used.
CP-Rhod540-C6-SMX was mainly closed in aqueous buffer, but became strongly
fluorescent in ethanol containing 0.1% TFA (Figure 6B). The maximal extinction
coefficient and quantum vyield (QY) of CP-Rhod540-C6-SMX were determined in
ethanol containing 0.1% TFA. The QY (0.76) was greatly improved compared to
CP-TMR-C6-SMX (0.41), because the azetidines could not undergo the C-N bond
rotation as the N,N-dimethyl moiety. This rotation results in transition induced charge
transfer (TICT), which lowers the QY of CP-TMR-C6-SMX.['%8 The extinction
coefficient of CP-Rhod540-C6-SMX was higher compared to CP-TMR-C6-SMX, which

was in agreement with previous data (Table 3).[1%6]

Table 3: Spectral properties of FRET donor substrates CP-TMR-C6-SMX and CP-Rhod540-C6-SMX.
a PBS pH 7.4, 2 0.1% TFA in EtOH.

FRET donor Asb [Nnm] Aem [NmM] Qy & (M)
CP-TMR-C6-SMX 555 580 0.412 89,0002
CP-Rhod540-C6-SMX 540 562 0.76b 110,000®

The shift of the equilibrium towards the spirolactone was investigated with different
mixtures of water and dioxane. These mixtures exhibited different dielectric constants
and therefore mimic different polarities. CP-TMR-C6-SMX was mainly in the open form
and fluorescent in all mixtures. In contrast, CP-Rhod540-C6-SMX only became
fluorescent at higher dielectric constants, suggesting that it might be fluorogenic when
used for protein labelling (Figure 6C). Purified NAD-Snifit was labelled with
CP-Rhod540-C6-SMX/Halo-SiR or CP-TMR-C6-SMX/Halo-SiR and was titrated with
NAD*. NAD-Snifit labelled with CP-TMR-C6-SMX/Halo-SiR had a half-maximal sensor
response concentration (cso) of 973 um (95% CI: 126—3361). In contrast, NAD-Snifit
labelled with CP-Rhod540-C6-SMX/Halo-SiR had a much lower c¢so of 109 uMm (95%
Cl: 57-134) (Figure 6D).
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Figure 6: Characterization of CP-Rhod540-C6-SMX in vitro. A) normalized absorbance and emission spectra of
CP-TMR-C6-SMX and CP-Rhod540-C6-SMX. B) absorbance spectra of CP-Rhod540-C6-SMX in HEPES buffer
and EtOH +0.1% TFA. C) normalized absorbance at 540 nm (CP-Rhod540-C6-SMX) and 550 nm
(CP-TMR-C6-SMX) in water-dioxane mixtures as a function of dielectric constant. D) titration of purified NAD-Snifit
labelled with CP-TMR-C6-SMX/Halo-SiR and CP-Rhod540-C6-SMX/Halo-SiR, respectively (37 °C). Data are
shown as mean + S.D and fit is shown with 95% CI.

3.2.3 Characterization in live cells

Intracellular SNAP-tag labelling with CP-Rhod540-C6-SMX was investigated in human
osteosarcoma (U20S) cells with an inducible NAD-Snifit. The sensor was expressed
in the cytosol, nucleus or mitochondria and labelled with 500 nm of
CP-Rhod540-C6-SMX or CP-TMR-C6-SMX. Live cell confocal imaging demonstrated
that labelling with CP-Rhod540-C6-SMX resulted in a much brighter signal than
CP-TMR-C6-SMX. In addition to an improved signal to noise ratio, no aggregations
could be observed for labelling with CP-Rhod540-C6-SMX. Labelling of the NAD-Snifit
in inner mitochondrial membrane with CP-TMR-C6-SMX resulted in bright aggregates
(Figure 7A, B).

The response to changes in free NAD+* was investigated by confocal microscopy using
the cytosolic NAD-Snifit labelled with CP-TMR-C6-SMX/Halo-SiR  or
CP-Rhod540-C6-SMX/Halo-SiR. The potent NAMPT inhibitor FK866 was used to
decrease cytosolic NAD+. Resveratrol is believed to activate NMNAT1 to increase
cytosolic NAD+.[108-1101 The SPR inhibitor QM385 was used as an internal control to
artificially open the sensor by outcompeting the tethered ligand.[''"] The NAD-Snifit
labelled with CP-TMR-C6-SMX showed a response to FK866 (FRET ratio: 0.52,
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95% CI: 0.49-0.53), QM385 (0.49, 95% CI: 0.46-0.52) and resveratrol (0.61,
95% CI: 0.57-0.64) compared to basal conditions (0.56, 95% CI: 0.53-0.59)
(Figure 7C). In contrast, the NAD-Snifit labelled with CP-Rhod540-C6-SMX did not
show a response to FK866 (0.09, 95% CIl: 0.08-0.10), QM385 (0.09,
95% CI: 0.08-0.10) and resveratrol (0.09, 95% CI: 0.08-0.10) compared to basal
conditions (0.09, 95% CI: 0.08—-0.10) (Figure 7D). When comparing the ratios of cells
labelled with CP-TMR-C6-SMX and CP-Rhod540-C6-SMX, much lower FRET ratios
were observed for CP-Rhod540-C6-SMX. This indicated an almost fully open state of
the sensor, resulting in a very low FRET efficiency. Such differences between
CP-TMR-C6-SMX and CP-Rhod540-C6-SMX were not expected. In vitro titration
demonstrated a response of the NAD-Snifit when labelled with
CP-Rhod540-C6-SMX/Halo-SiR and the cso appeared to be in a suitable range for

cellular measurements.
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Figure 7: Labelling and response of NAD-Snifit in live cells. A) images of U20S cells expressing the NAD-Snifit in
cytosol, nucleus and mitochondria labelled with 500 nm CP-TMR-C6-SMX. B) images of U20S cells expressing the
NAD-Snifit in cytosol, nucleus and mitochondria labelled with 500 nm CP-Rhod540-C6-SMX. C) response of
cytosolic NAD-Snifit in U20S cells to pharmacological treatment labelled with CP-TMR-C6-SMX/Halo-SiR. D)
response of cytosolic NAD-Snifit in U20S cells to pharmacological treatment labelled with
CP-Rhod540-C6-SMX/Halo-SiR. The box represents the 25t and 75t percentile and the whiskers are the minimum
and maximum. The mean and median are indicated by a cross or line, respectively. N = 50 cells per condition.
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The very low FRET ratios in live cells were further investigated by confocal microscopy.
Upon excitation at 510 nm, emission spectra of the double labelled NAD-Snifit (i.e.
NAD-Snifit was labelled with FRET donor substrate and Halo-SiR) were recorded. For
CP-TMR-C6-SMX, the emission spectra showed a peak for FRET donor (570 nm) and
FRET acceptor (650 nm) in the cytosol, nucleus and mitochondria. In contrast,
CP-Rhod540-C6-SMX showed a peak for FRET donor (540 nm) in the cytosol, nucleus
and mitochondria, but only a small peak for the FRET acceptor (650 nm) was
observed. In addition, the emission peak for CP-Rhod540-C6-SMX was at 540 nm,
which was blue-shifted by ca. 20 nm compared to spectral measurements of the free
substrate in buffer (Figure 8A-C).

For a better comparison with in vitro data, cells expressing the cytosolic NAD-Snifit
were labelled with CP-TMR-C6-SMX/Halo-SiR or CP-Rhod540-C6-SMX/Halo-SiR,
lysed and the emission spectra were recorded on a plate reader. Similar to microscopy
data, the spectrum of CP-TMR-C6-SMX showed a peak for FRET donor (575 nm) and
FRET acceptor (650 nm) (Figure 8D). For CP-Rhod540-C6-SMX, only the peak for
the FRET donor (543 nm) was observed. Direct excitation of SiR demonstrated
labelling of the Halo-tag, making insufficient Halo-tag labelling less likely to be the
reason for the low FRET signal (Figure 8E). These findings were in disagreement with
in vitro data. In a systematic investigation to find the underlying issues, the DMSO
stock of CP-Rhod540-C6-SMX was analyzed. The emission spectrum showed a broad
peak (552 nm), which was neither consistent with the previously recorded spectra in
buffer (560 nm) nor the emission spectrum from cell lysate (539 nm). The emission
spectra from the DMSO stock was blue-shifted compared to previous measurements

in buffer, but less shifted than the emission spectrum from cell lysate (Figure 8F).
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Figure 8: Characterization of NAD-Snifit in live cells. A)-C) emission spectra of NAD-Snifit labelled with
CP-TMR-C6-SMX/Halo-SiR or CP-Rhod540-C6-SMX/Halo-SiR in cytosol, nucleus and mitochondria, respectively.
D) emission spectra from lysate of cytosolic NAD-Snifit labelled with CP-TMR-C6-SMX and Halo-SiR. E) emission
spectra from lysate of cytosolic NAD-Snifit labelled with CP-Rhod540-C6-SMX and Halo-SiR. F) comparison of
different emission spectra of CP-Rhod540-C6-SMX.

For further investigation, the DMSO stock of CP-Rhod540-C6-SMX was analyzed by
LC-MS. The UV-Vis chromatogram at 540 nm of CP-Rhod540-C6-SMX showed the
product peak at tr=2.56 min with a corresponding mass to charge ratio
(m/z) =1129.32. In addition, a peak of a more polar impurity was detected at
tr=2.35 min with a corresponding m/z=697.18 (Figure 9A). The absorbance
maximum of the impurity was at 520 nm (Figure 9B). Based on LC-MS analysis,
around 20% of of CP-Rhod540-C6-SMX was degraded. In comparison, the UV-Vis
chromatogram of CP-TMR-C6-SMX only showed minor impurities (Figure 9C). The
DMSO stock of CP-Rhod540-C6-SMX was then subjected to high resolution mass
spectrometry (HRMS) analysis. The existence of an impurity with a corresponding
m/z =697.1722 was confirmed and an additional impurity with a corresponding
m/z = 621.1644 was detected (Figure 9D). The m/z of the impurities matched with
degradation products of CP-Rhod540-C6-SMX, in which a ring opening of one or both
azetidines took place. This would either result in the partially dealkylated rhodamine
scaffold 12 or the fully dealkylated rhodamine 110 derivative 13 (Figure 9E). The
dealkylation of the TMR core is known to blue-shift its spectral properties.[''?] These
findings could explain the blue-shift of the emission spectra of cells labelled with
CP-Rhod540-C6-SMX. Both degradation products had a much lower molecular weight
and less HBDs compared to CP-Rhod540-C6-SMX, which could lead to a better
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permeability. This would result in a NAD-Snifit that was mainly labelled with the
degradation products. As it did not have the SMX moiety, the NAD-Snifit would be
non-functional, despite having a strong donor fluorescence. The DMSO stock of
CP-Rhod540-C6-SMX was repurified by HPLC and the combined product fractions
were neutralized with saturated bicarbonate solution before lyophilization. Cells
expressing the cytosolic  NAD-Snift were labelled with  repurified
CP-Rhod540-C6-SMX and Halo-SiR, lysed and an emission spectrum was recorded
on a plate reader. The spectrum showed a peak for the FRET donor (566 nm) and
FRET acceptor (675 nm), which was not the case before. The emission of
CP-Rhod540-C6-SMX now matched with the measurement in buffer and was not
blue-shifted as before (Figure 8F). After the addition of QM385 to open the NAD-Snifit,
the FRET signal was diminished. This indicated that the NAD-Snifit labelled with
CP-Rhod540-C6-SMX would be functional (Figure 9F).

Subsequently, different storage conditions were investigated to avoid degradation.
However, no differences were observed for the storage as powder or in dry DMSO
(both —20 and -80 °C). As >5% degradation was already sufficient to obtain a
non-functional sensor, FRET donor substrates based on the JF dye strategy were not

further investigated.
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Figure 9: Investigation of CP-Rhod540-C6-SMX degradation. A) LC chromatrogram of CP-Rhod540-C6-SMX with

absorbance at

540 nm. B)

LC chromatrogram of CP-Rhod540-C6-SMX with absorbance at 520 nm.

C) LC chromatrogram of CP-TMR-C6-SMX with absorbance at 553 nm. D) HRMS traces of CP-Rhod540-C6-SMX
aliquot including degradation products. E) chemical structures of CP-Rhod540-C6-SMX and both dealkylated
degradation products. F) emission spectra from lysate of cytosolic NAD-Snifit labelled with CP-Rhod540-C6-SMX

and Halo-SiR.
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3.3 MaP dye-based FRET donor substrates

3.3.1 Design

As the modification of CP-TMR-C6-SMX based on the JF dye strategy was not
successful, the MaP dye strategy from the Johnsson lab utilizing sulfonamides was
investigated. Based on previous data, two differently substituted sulfonamides were
chosen to modify the TMR-C3-COOH scaffold. Methylsulfonamide (afterwards referred
to as MaP1 derivatives) and N,N-dimethylsulfamide (afterwards referred to as MaP555
derivatives) effected the equilibrium between zwitterion and spirolactam to different
extends.['"3 This would allow tuning of the substrate to find a compromise between
permeability and brightness, as fluorogenic substrates are more permeable, but also
have a lower brightness. An additional approach was to modify TMR with a
sulfonamide that was derivatized with an alkyl linker (afterwards referred to as MaP3
derivatives). One attractive feature of this approach would be to obtain a bifunctional
and asymmetric molecule starting from a simple TMR as symmetric precursor
(Figure 10A).

In addition, the inhibitor moiety of the FRET donor substrate could also influence its
permeability. SMX has partial negative charge at physiological pH (pKa 5.7), which is
not favorable for cell permeability.l'' Another potential drawback of SMX could be that
it is an inhibitor of the bacterial dihydropteroate synthase and SPR was only classified
as an off-target.[87: 118 The off-target binding is due to structural similarity between the
respective enzyme substrates. Dihydropteroate synthase binds
6-hydroxymethyl-7,8-dihydropterin diphosphate (DHPP), while SPR binds sepiapterin
and dihydrobiopterin (Figure 10B). Inhibition of dihydropteroate synthase with SMX
does not require testacking interactions with NADP+.[''5 Therefore, m-stacking
interactions between NAD(P)* and SMX inside SPR could result in a non-optimal
affinity of the NAD(P)-Snifit. QM385 is a drug candidate for the inhibition of SPR and
has been optimized for permeability and efficacy.l''!l It was therefore considered as a
template to design a more permeable inhibitor for the FRET donor substrates. Removal
of the trifluoroethyl moiety would result in a pyrazol-pyrrolo-triazine (PPT) scaffold
linked to a piperazine that could be exploited for peptide coupling (Figure 10C). SMX
and other sulfa drugs such as SPY inhibit the SPR by the formation of a ternary
complex between the inhibitor and NADP+.1871 The x-ray structure of SPR with NADP+
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and QM385 showed the formation of a ternary complex as well, suggesting that
r-stacking interactions should ensure the same selectivity as the SMX derivatives
(Figure 10D).
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Figure 10: Design and rational of MaP dye-based FRET donor substrates. A) structures of TMR and TMR derived
fluorophore scaffolds (MaP1, MaP555 and MaP3), where the ortho-carboxylic acid was converted into
sulfonamides. B) stuctures of enzyme substrates: DHPP for dihydropteroate synthase and sepiapterin and
dihydrobiopterin for SPR, respectively. C) stuctures of SPR inhibitors SMX, QM385 and PPT. D) x-ray structures of
SPR with a complex of inhibitor and NADP-+. 1-stacking interactions between sulfapyridine (SPY) and NADP+ and
QM385 and NADP+ inside the binding pocket suggested the same binding mode. PDB:4HWK (SPY), structure of
SPR with QM385 was obtained by Quartet Medicine and is not published. SPR is shown in grey, NADP+ is shown
in green and the inhibitors are shown in cyan. E) Structures new FRET donor substrates, where the ortho-carboxylic
acid was converted into sulfonamides.

The modularity of the FRET donor substrate allowed the design of new substrates by
combing MaP1, MaP555 and MaP3 with C6-SMX and PPT (Figure 10E). All new MaP
dye-based FRET donor substrates had a significant difference in their calc. logP values

between open and spirocyclic forms. CP-MaP1-PPT exhibited a relatively small
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change in calc. logP compared to the other substrates. Using PPT as inhibitor reduced
the numbers of hydrogen bond donors compared to C6-SMX (three vs. five). PPT
substrates also had a lower polar surface area and less rotational bonds. These
parameters indicated that PPT-based substrates could be more permeable than
SMX-based substrates (Table 4).

Table 4: Key physicochemical properties of FRET donor substrates in the opena and spirocyclic? form,
respectively. Properties were calculated with SwissADME.[104]

FRET donor MW [Da] calc.logP HBDs HBAs TPSA [A2] rot. bonds
CP-TMR-C6-SMX 1097.65 0.552/6.43b 5a/5b 132/130 288.432/270.92° 262/25>
CP-Rhod540-C6-SMX 1129.32 -1.124/6.41° 5a/5b 152/15b 288.432/270.92° 232/22b
CP-MaP1-C6-SMX 1174.76 1.182/4.720 5a/5b 152/14b 307.892/307.45b 282/26>
CP-MaP1-PPT 1135.66 2.972/3.82b 32/3b 142/13b0 277.712/277.27° 202/18P
CP-MaP555-C6-SMX 1203.13 2.432/5.72b 5a/5b 162/150 311.132/310.69b 292/27b
CP-MaP555-PPT 1164.71 0.442/6.08b 32/3b 152/14b 280.952/280.51P 212/19p
CP-MaP3-C6-SMX 1174.76 1.312/5.06° 5a/5b 152/14b 307.892/307.45b 282/26
CP-MaP3-PPT 1135.66 1.002/5.46 32/3b 142/13b0 277.712/281.49° 202/17°

3.3.2 Synthesis

The synthesis of PPT (19) started with the reaction of methyl acetoacetate 14 with
N,N-dimethylformamide dimethyl acetal 15 to give enamine 16. The pyrazole scaffold
was furnished by first reacting triazine 17 with hydrazine followed by addition of
enamine 16. Saponification gave rise to 18, which was coupled with an excess of
piperazine to yield PPT (19). The synthesis of C6-SMX was performed as previously
described.[84 Fmoc-protected 6-aminohexanoic acid 20 was coupled with SMX (21)
followed by deprotection to yield C6-SMX (23) (Figure 11).

14 15 16 17 19

(31% over (75%)
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o HN d) e)
FmocHN _~_~_J. + $0, — 302 . 502
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FmocHN\/\/\)L two steps) \/\/\)L

20 21 22 23

Figure 11: Synthesis of PPT and C6-SMX. Reagents and conditions: a) Dioxane, 80 °C; b) 1.) N2H4 (10.0 equiv.),
EtOH, 50 °C, 72 h, 2.) AcOH (10.0 equiv.), 16 (1.1 equiv.), 50 °C; ¢) NaOH (3.0 equiv.) THF, r.t.; d) PyBOP
(1.1 equiv.), piperazine (10.0 equiv.), DMF, 50 °C; e) EDC-HCI (2.0 equiv.), HOBt (2.0 equiv.), DIPEA (2.0 equiv.),
DMF, r.t., piperidine (5 vol%), DMF, r.t..
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The synthesis of MaP1 and MaP555 started with the bisallyl protection of
TMR-C3-COOH (24). Several conditions were screened for the introduction of the
sulfonamides. Originally, the ortho-carboxylic acid of TMR-C3-COOH (24) was
converted to the corresponding acid chloride using POCIs in dichloromethane under
reflux followed by addition of the respective sulfonamide.[''3] However, these harsh
conditions did not prove to be reproducible. An alternative to introduce the
sulfonamides was the use of EDC and DMAP.I'"®l These mild conditions afforded 26
and 27 in good yield. Deprotection of both allyl groups gave rise to the optimized
fluorophore scaffold 28 and 29 These molecules exhibited two carboxylic acids. For a
selective coupling with C6-SMX (22) or PPT (19), the higher reactivity of the aliphatic
carboxylic acid was exploited. 28 and 29 were coupled with C6-SMX or PPT to
yield 30, 31 and 34, 35, respectively. In the last step, they were coupled with
CP-NH: (7) to give CP-MaP1-C6-SMX (32), CP-MaP1-PPT (36),
CP-MaP555-C6-SMX (33) and CP-MaP555-PPT (37), respectively (Figure 12).
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Figure 12: Synthesis of CP-MaP1-C6-SMX, CP-MaP1-PPT, CP-MaP555-C6-SMX and CP-MaP555-PPT.
Reagents and conditions: a) Allylbromide (6.0 equiv.), NEts (8.0 equiv.), K2CO3 (4.0 equiv.), DMF, 0 °C to r.t., o.n.;
b) EDC-HCI (8.0 equiv.), methanesulfonamide or N,N-dimethylsulfamide (20.0 equiv.), DMAP (8.0 equiv.), CH=Clz,
50 °C; ¢) 1,3-dimethylbarbituric acid (6.0 equiv.), Pd(PPhs)4 (1.0 equiv.), MeOH/CH2Cl2 (5:1), r.t.; d) 22 (1.2 equiv.),
DIPEA (8.0 equiv.), TSTU (1.2 equiv.), DMSO, r.t., 6 h; e) 7 (1.2 equiv.), DIPEA (8.0 equiv.), TSTU (1.2 equiv.),
DMSO, r.t., 6 h; f) 19 (1.2 equiv.), DIPEA (8.0 equiv.), PyBOP (1.1 equiv.), DMF, r.t., 6 h; g) 7 (1.2 equiv.), DIPEA
(8.0 equiv.), TSTU (1.2 equiv.), DMSO, r.t., 6 h.

The synthesis of the MaP3 scaffold started with the benzyl protection of
4-sulfamoylbutyric acid 38 and allyl protection of TMR (40). Introduction of 39 was
performed using EDC and DMAP. Subsequently, it was indented to exploit the

orthogonal protection groups for selective coupling of the inhibitors and CP-NH2. The
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deprotection of the benzyl group with Pd/C and Hz led to hydration of the allyl group to
a propyl ester (even with short reaction times and at room temperature). The cleavage
of the ester was neither possible under basic nor acidic conditions without degradation
of the fluorophore. Next, it was attempted to first deprotect the allyl group and coupling
with CP-NH: followed by deprotection of the benzyl group. However, Pd/C and H2
reacted with the chloride moiety of CP. Therefore, the deprotection of 42 started with
the removal of the allyl group followed by the benzyl group. Subsequently, the higher
reactivity of the aliphatic carboxylic acid was exploited to first couple 43 with
C6-SMX (22) and PPT (19). In the final step, 45 and 47 were coupled with CP-NH2 (7)
to yield CP-MaP3-C6-SMX (46) and CP-MaP3-PPT (48), respectively (Figure 13)
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Figure 13: Synthesis of CP-MaP3-C6-SMX and CP-MaP3-PPT. Reagents and conditions: a) Kl (0.3 equiv.), DIPEA
(1.0 equiv.), benzyl bromide (1.0 equiv.), DMF, r.t., o.n.; b) allyloromide (3.0 equiv.), NEts (8.0 equiv.), K2COs3
(2.0 equiv.), DMF, 0°C to rt, o.n; c) EDC-HCI (8.0equiv.), DMAP (8.0 equiv.), CHxCl2, 50 °C;
d) 1,3-dimethylbarbituric acid (6.0 equiv.), Pd(PPhs)4 (1.0 equiv.), MeOH/CH:Cl2 (5:1), r.t.; ) Hz, Pd/C (10 mol%),
THF/MeOH (1:1), r.t., 12 h; f) 22 (1.2 equiv.), DIPEA (8.0 equiv.), TSTU (1.2 equiv.), DMSO, r.t., 6 h; g) 7, DIPEA
(8.0 equiv.), TSTU (1.2 equiv.), DMSO, r.t., 6 h; h) 19 (1.2 equiv.), DIPEA (8.0 equiv.), PyBOP (1.1 equiv.), DMF,
r.t., 6 h;i) 7, DIPEA (8.0 equiv.), TSTU (1.2 equiv.), DMSO, r.t., 6 h.
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3.3.3 Characterization in vitro

The absorbance and emission spectra of the new FRET donor substrates were very
similar to spectra obtained for CP-TMR-C6-SMX (Table 5). These results were in
agreement with previous findings showing that introduction of sulfonamides do not
affect the spectral properties compared to the parental rhodamine core
(Figure 14A).1'18] Titration of the new FRET donor substrates in different mixtures of
water and dioxane demonstrated a clear shift towards the spirocyclic form. This was
indicated by the Dso value representing the dielectric constant at half-maximum
absorbance. CP-TMR-C6-SMX (8.4, 95% CI: 7.6—9.2) was fluorescent in all mixtures.
CP-MaP1-C6-SMX (449, 95% Cl: 43.7-46.2), CP-MaP1-PPT (43.4,
95% Cl: 42.9-43.9), CP-MaP3-C6-SMX (44.8, 95% Cl: 43.9-45.7) and CP-MaP3-PPT
(44.5, 95% CI: 43.7-45.4) showed Dso values > 40 and could be considered as having
a fluorogenic potential.l'’3l CP-MaP555-C6-SMX (53.1, 95% CI: 51.8-54.3) and
CP-MaP555-PPT (53.2, 95% CI: 50.0-56.5) had even higher Dso values (Figure 14B).
They also showed a significant higher turn-on after binding to the SNAP-tag than
CP-TMR-C6-SMX (2.5, 95% CI: 2.4—2.6). Turn-on was expressed as fold-change in
emission of substrate after SNAP labelling and substrate in aqueous buffer.
CP-MaP1-C6-SMX (7.9, 95% CI: 7.1-8.6), CP-MaP1-PPT (7.4, 95% CI: 6.5-8.5),
CP-MaP3-C6-SMX (9.8, 95% CI: 7.6-11.9) and CP-MaP3-PPT (9.6,
95% CI: 7.4-11.8) had a similar fold-change. CP-MaP555-C6-SMX (20.7, 95% CI:
18.0-23.3) and CP-MaP555-PPT (23.3, 95% CI: 22.8—-23.9) showed an even higher
turn-on, which was in agreement with differences in the Dso values. No overall
difference between SMX and PPT substrates was observed (Figure 14C). MaP1 and
MaP3 substrates gave equivalent results as their sulfonamides have both an alkyl
substitution resulting in a similar nucleophilicity. The higher nucleophilicity of the
N,N-dimethylsulfamide substituted MaP555 shifted the equilibrium even more to the

spirocyclic form, which was in agreement with previous data.l''3 116l
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Table 5: Spectroscopic data of FRET donor substrates and titration of purified NAD(P)-Snifits with NAD+ or
NADPH/NADP+. Data are shown as mean + SD. n.d. (not determined).

Substrate Aab [Nm] Aem [Nm] NAD+: ¢s0 [uM] NADPH/NADP+: rs5o
CP-TMR-C6-SMX 554 579 923+182 14+3
CP-MaP1-C6-SMX 559 583 600+£137 13+2
CP-MaP1-PPT 559 583 13+5 n.d.
CP-MaP555-C6-SMX 555 576 876+178 11+3
CP-MaP555-PPT 559 580 1242 n.d.
CP-MaP3-C6-SMX 557 579 708+85 1442
CP-MaP3-PPT 557 578 8+1 n.d.

SNAP-tag labelling kinetics with the new FRET donor substrates were comparable to
those of CP-TMR-C6-SMX. Any potential differences in cellular labelling efficiency
would thus less likely originate from differences in labelling kinetics (Figure 14D).
Titration of purified NAD-Snifit with NAD+* showed a significant shift in sensor response
for PPT-based substrates compared to SMX-based substrates. Their cso values were
decreased 46—-89-fold and independent from the fluorophore scaffold (Figure 14E and
Table 5). Titration of purified NADP-Snifit with NADPH/NADP+ showed a similar
response for all SMX-based substrates (Figure 14F and Table 5). In contrast, titration
curves for all PPT-based substrates could not be obtain. Titrations were performed
with a total cofactor concentration of 100 um. While SMX-based substrates were
responsive under these conditions, all PPT-based substrates did not show a change
in their ratio, presumably because the affinity for NADP+ is too high and the difficulty

to remove traces of NADP+ even from pure NADPH.
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Figure 14: Characterization of MaP dye-based FRET donor substrates in vitro. A) normalized absorbance and
emission spectra of new FRET donor substrates. B) normalized absorbance at 550 nm in water-dioxane mixtures
as a function of dielectric constant. C) fold-change in emission upon SNAP-tag labelling compared to emission in
buffer. D) labelling kinetics of purified NAD* sensor with sensor substrates measured by fluorescence polarization.
E) titration curve of purified NAD-Snifit labelled with sensor substrates and Halo-SiR. F) titration curve of purified
NADP-Snifit labelled with sensor substrates and Halo-SiR. N = three independent experiments. Data are shown as
mean + SD and fit is shown with 95% CI. **** p <0.0001 using a one-way ANOVA with Dunnett’'s multiple

comparison test with respect to CP-TMR-C6-SMX.
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3.3.3 Characterization in live cells

The labelling conditions for the new FRET donor substrates were determined in live
cells. Previous conditions featured substrate concentrations of 1 um and the use of
10 M verapamil to increase intracellular substrate concentration.®4 In addition to high
substrate concentrations, the efflux pump inhibitor verapamil is known to have
off-target effects, which could affect metabolic measurements with the
NAD(P)-Snifits.['17-118] U20S cells expressing a cytosolic SNAP-mEGFP construct
were used to determine the FRET donor substrate concentration for maximum
intracellular SNAP-tag labelling. In FACS experiments, the ratio of TMR and GFP
emission was used as a read-out for labelling efficiency. CP-MaP555-PPT showed a
superior labelling compared to all other substrates and reached a plateau at 500 nm
substrate concentration. The other substrates had a five to ten times lower TMR/GFP
ratio and CP-MaP1-C6-SMX and CP-TMR-C6-SMX did not reach a plateau under
these conditions (Figure 15A). Addition of 10 um verapamil had no impact on MaP555
substrates, however CP-TMR-C6-SMX, CP-MaP1-C6-SMX and CP-MaP3-C6-SMX
showed an up to five times increased labelling (Figure 15B). A similar approach was
used to determine the optimal substrate concentration for Halo-SiR. U20S cells
expressing a cytosolic Halo-mEGFP construct were labelled with Halo-SiR and the
ratio of SiR and GFP emission was used as a read-out. Labelling with Halo-SiR
reached a plateau at 100-200 nm and the addition of verapamil had no effect
(Figure 15AC). Based on these results, the following conditions were used for further
labelling: 500 nm FRET donor substrates and 200 nm Halo-SiR.

U20S cells expressing the NAD-Snifit in the cytosol, nucleus and mitochondria were
labelled with 500 nm of the FRET donor substrates and analyzed by confocal
microscopy. Similar to previous FACS data, CP-MaP555-C6-SMX (32,685, 95% ClI:
30,085-35,285) and CP-MaP555-PPT (35,782, 95% CI: 32,206—-35,285) showed
higher fluorescent intensities in the cytosol compared to CP-TMR-C6-SMX (7,585,
95% CI: 6,967-8,203). CP-MaP3-C6-SMX did not show an improved fluorescent
intensity (9,325, 95% ClI: 8,754-9,716) compared to CP-TMR-C6-SMX (Figure 15D).
CP-MaP555-C6-SMX (34,635, 95% CI: 31,426-37,844) and CP-MaP555-PPT
(36,769, 95% CI: 33,409-40,129) also had higher fluorescence intensities in the
nucleus compared to CP-TMR-C6-SMX (13,702, 95% CI: 12,673-14,731).
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CP-MaP1-PPT (16,328, 95% CI: 14,718-17,938) and CP-MaP3-C6-SMX (16,604,
95% CI: 15,428-17,781) did not show increased fluorescence intensities compared to
CP-TMR-C6-SMX (Figure 15E). Labelling in mitochondria gave comparable results.
CP-MaP555-C6-SMX (27,353, 95% CI: 25,879-28,827) and CP-MaP555-PPT
(32,308, 95% CI: 25,879-34,110) had higher fluorescence intensities compared to
CP-TMR-C6-SMX (9,088, 95% ClI: 8,632—-9,544). CP-MaP3-C6-SMX did not show an
improved intensity (8,891, 95% CI: 8,512-9,269) compared to CP-TMR-C6-SMX
(Figure 15F).
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Figure 15: Determination of labelling conditions of MaP dye-based FRET donor substrates. A) FACS data of U20S
cells expressing a cytosolic SNAP-mEGFP labelled with sensor substrates for 14 h. B) FACS data of U20S cells
expressing SNAP-mEGFP labelled with sensor substrates in the presence of 10 um verapamil. C) FACS data of
U20S cells expressing a cytosolic Halo-mEGFP labelled with Halo-SiR. D)-F) U20S cells expressing the
NAD-Snifit were single labelled with 500 nm of sensor substrates for 14 h and analyzed by confocal microscopy.
N =three independent experiments for FACS experiments and data are shown as mean + SD. N =30 cells for
confocal microscopy. The box represents the 25t and 75t percentile and the whiskers are the minimum and
maximum. The mean and median are indicated by a cross or line, respectively. n.s. = not significant, **** p < 0.0001
using a one-way ANOVA with Dunnett’s multiple comparison test with respect to CP-TMR-C6-SMX.

Confocal microscopy was also used to determine the labelling specificity of the new
FRET donor substrates. CP-MaP555-C6-SMX and CP-MaP555-PPT did not only
show the highest fluorescence intensities, but also had very high signal to noise ratios
and gave very little unspecific staining in cells that did not express SNAP-tag.
CP-MaP1-C6-SMX and CP-MaP1-PPT had improved signal to noise ratios compared
to CP-TMR-C6-SMX. However, their fluorescence intensities were much lower than
for both MaP555-based substrates. CP-MaP3-C6-SMX and CP-MaP3-PPT showed
improved fluorescence intensities compared to CP-TMR-C6-SMX, but also exhibited
much higher unspecific staining in non-expressing cells compared to
CP-MaP555-C6-SMX and CP-MaP555-PPT (Figure 16A-D).
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Figure 16: Live cell labelling with MaP dye-based FRET donor substrates. A)—C) confocal images of U20S cells
expressing the NAD+ biosensor in the cytosol, nucleus or mitochondira. Cells were single labelled with 500 nm of
sensor substrates. D) non-expressing U20S cells were incubated with 500 nm of FRET donor substrates. Scale
bar: 50 um.

These labelling experiments demonstrated that CP-MaP555-C6-SMX and
CP-MaP555-PPT exhibit the best labelling performance of the new FRET donor
substrates. They also clearly outperformed CP-TMR-C6-SMX with respect to labelling
efficiency and specificity. The substrate concentration could be reduced to 500 nm and
addition of verapamil was not needed. Applying these conditions,
CP-MaP555-C6-SMX and CP-MaP555-PPT had a very bright signal and high signal
to noise ratios, which was especially evident in the mitochondria (Figure 17A-C).
After determination of the optimal substrate concentration, the minimal labelling time
was determined. U20S cells expressing a cytosolic SNAP-mEGFP construct were
incubated with CP-TMR-C6-SMX, CP-MaP555-C6-SMX or CP-MaP555-PPT up to
12 h. Under these conditions, the ratio TMR/GFP reached a plateau after 10 h for cells
labelled with CP-MaP555-C6-SMX or CP-MaP555-PPT, but not for cells labelled with
CP-TMR-C6-SMX (Figure 17D). These data suggest that labelling with
CP-MaP555-C6-SMX and CP-MaP555-PPT in live cells approaches completion after
10 h.
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Figure 17: Benchmark of CP-TMR-C6-SMX with CP-MaP555-C6-SMX and CP-MaP555-PPT. A)-C) Confocal
images of U20S cells expressing the NAD-Snifit in the cytosol, nucleus or mitochondira. Cells were single labelled
with 500 nm of FRET donor substrates. Scale bar: 50 um. D) FACS data of U20S cells expressing cytosolic

SNAP-mEGFP and labelled with 500 nm of FRET donor substrates. Data are shown as mean + SEM and fit is
shown with 95% CI. N = three independent experiments.
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3.3.4 Functionality of the NAD(P)-Snifits in live cells

The functionality of the NAD(P)-Snifits in cells labelled with CP-MaP555-C6-SMX and
CP-MaP555-PPT was investigated. U20S cells expressing an inducible NAD- or
NADP-Snifit were labelled with CP-MaP555-C6-SMX or CP-MaP555-PPT and
Halo-SiR. Subsequently, the cells were titrated with the SPR inhibitor QM385 to open
the sensor in a dose-dependent manner, which was measured by FACS. Thereby, the
NAD(P)-Snifit could be artificially opened by outcompeting the intramolecular tether.
The change in FRET ratio (AR) between basal and fully open state and the
half-maximum effective concentration (ECso) of QM385 are indirect measures of the
affinity of the NAD(P)-Snifits. In these titrations, the ECso is defined as the QM385
concentration needed for 50% change in FRET ratio.

The AR was higher for the NAD-Snifit labelled with CP-MaP555-PPT/Halo-SiR
compared to CP-MaP555-C6-SMX/Halo-SiR in the cytosol (58% vs. 181%), nucleus
(59% vs. 135%) and mitochondria (86% vs. 102%), suggesting that the PPT ligand
favors the closed state of the NAD-Snifit in cells. Also, the ECso was higher for the
NAD-Snifit labelled with CP-MaP555-PPT/Halo-SiR compared to
CP-MaP555-C6-SMX/Halo-SiR in the cytosol (27 nM vs. 649 nM), nucleus (23 nM vs.
838 nM) and mitochondria (9 nMm vs. 677 nMm) (Figure 18A and Table 6). The
differences in ECso between NAD-Snifit labelled with CP-MaP555-PPT/Halo-SiR and
CP-MaP555-C6-SMX/Halo-SiR are in agreement with the different response ranges in

in vitro titrations.

Table 6: Titration of NAD-Snifit and NADP-Snifit with QM385 in U20S cells. Data are shown as mean with
95% CI. N = three independent experiments.

cytosol nucleus mitochondria
NAD-Snifit
ECso [nM] AR (%) ECso [nM] AR (%) ECso [nM] AR (%)
27 58 23 59 9 86
CP-MaP555-C6-SMX
(7-46) (36-79) (6-40) (39-79) (5-13) (31-108)
649 181 838 135 677 102

CP-MaP555-PPT
(484-813)  (141-220) (651-2326) (109-161) (270-1626)  (92-112)

cytosol nucleus mitochondria
NADP-Snifit
ECso [nM] AR (%) ECso [nM] AR (%) ECso [nM] AR (%)
25 61 37 50 28 41
CP-MaP555-C6-SMX
(9-52) (20—-141) (16-89) (38-77) (4-105) (27-55)
708 170 421 168 1721 70

CP-MaP555-PPT

(493-924)  (101-238)  (280-623)  (133-193) (210-3240)  (59-81)
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The problems with the in vitro titration of the NADP-Snifit labelled with
CP-MaP555-PPT/Halo-SiR were assumed to be of a technical nature. Therefore, the
NADP-Snifit was also labelled with CP-MaP555-PPT/Halo-SiR in U20S cells to
investigate the cellular performance.

The results for the NADP-Snifit were similar to the NAD-Snifit. The AR was higher for
the NADP-Snifit labelled with CP-MaP555-PPT/Halo-SiR compared to
CP-MaP555-C6-SMX/Halo-SiR in the cytosol (61% vs. 170%), nucleus (50% vs.
168%) and mitochondria (41% vs. 70%). Also, the ECso was higher for the NADP-Snifit
labelled with CP-MaP555-PPT/Halo-SiR compared to CP-MaP555-C6-SMX/Halo-SiR
in the cytosol (25 nM vs. 708 nm), nucleus (37 nM vs. 421 nM) and mitochondria (28 nm
vs. 1721 nm) (Figure 18B and Table 6). These data suggested different response
ranges higher for the NADP-Snifit labelled with CP-MaP555-C6-SMX and
CP-MaP555-PPT.
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Figure 18: Artifical opeing of NAD(P)-Snifit in live cells. A) titration of NAD-Snifit in cytosol, nucleus and
mitochondria with QM385. B) titration of NADP-Snifit in cytosol, nucleus and mitochondria with QM385. Data are
shown as mean + SEM and fit is shown with 95% CI. N = three independent experiments.
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3.3.5 Analyte buffering by NAD(P)-Snifits

Applying a biosensor in a biological system (e.g. cells) can affect the concentration or
behavior of the analyte and introduce a bias into the experiment. For instance, this has
been shown for Ca?+indicators, which could alter signaling patterns.[''®l This raised the
question whether expression and labelling of the NAD(P)-Snifit in cells could have an
impact on NAD(P)*.

To address this question, the total amounts of NAD+ and NADP+ in cell lysates after
expression and labelling of the NAD(P)-Snifit were quantified. A sample preparation
workflow and LC-MS/MS method was developed in collaboration with the mass
spectrometry core facility at the MPImR. 3C labelled yeast extract was used as internal
standard (IS) to account for matrix effects and pipetting errors. 1-108 of U20S cells
(corresponded to one well in a six-well plate at 80% confluency) were sufficient for
robust NAD+ measurements and at least 3-10° of U20S cells were needed for robust
NADP+ measurements. This was in agreement with lower concentrations reported for
NADP+.158 As NADP+ showed an unreproducible behavior during chromatography,
only total NAD+ measurements were pursued.

The NAD-Snifit was expressed and labelled in the cytosol, nucleus and mitochondria
of U20S cells. Cells were harvested and lysed with hot buffered ethanol (80 °C) in the
presence of IS. NAD+ was quantified in the supernatant whereby the protein content
of the lysate was determined via Bradford assay and used for normalization
(Figure 19A). Total NAD+ in U20S cells was found to be 1.38 umol/mg protein
(95% ClI: 1.32-1.44). Expression of the NAD-Snifit and labelling with
CP-MaP555-C6-SMX/Halo-SiR did not affect total NAD+*: cytosol (1.37 umol/mg
protein, 95% CI: 1.25—-1.50), nucleus (1.38 umol/mg protein, 95% CI: 1.15-1.61) and
mitochondria (1.26 umol/mg protein, 95% CI: 1.03-1.50). Labelling with
CP-MaP555-PPT/Halo-SiR also had no effect on total NAD+*: cytosol (1.37 umol/mg
protein, 95% CI: 1.27-1.46), nucleus (1.39 umol/mg protein, 95% CI: 1.30-1.49) and
mitochondria (1.39 pmol/mg protein, 95% CI: 1.35-1.44). No difference between
CP-MaP555-C6-SMX and CP-MaP555-PPT was observed, despite NAD-Snifits
labelled with CP-MaP555-PPT were present in a more closed (NAD+ bound) state
(Figure 19B, C).
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Figure 19: LC-MS/MS measurements of total NAD+ in lysates from U20S cells. A) representative Bradford
calibration curve to determine the protein content of cell lysates. B)-C) Measurements of total NAD+ in cell lysates
of blank U20S cells or cells expressing the NAD-Snifit in cytosol, nucleus or mitochondria. NAD-Snifit was labelled
with CP-MaP555-C6-SMX/Halo-SiR or CP-MaP555-PPT/Halo-SiR. N =four independent experiments. Data are
shown as mean + SD. n.s. = not significant, using a one-way ANOVA with Dunnett’s multiple comparison test with
respect to blank cells

3.3.6 FLIM-FRET measurements

FRET measurements based on two-channel intensity imaging is susceptible to spectral
bleed-through, pH, changes of excitation intensity and differences in probe
concentration. FLIM-FRET measurements, which record the lifetime of the FRET
donor are independent of the above-mentioned limitations. It has also been shown that
FLIM-FRET is more accurate than intensity-based FRET.!'201 This robust technique is
therefore well suited to compare measurements between compartments, even across
different cell types. As described in the introduction, a fluorophore has a characteristic
fluorescence lifetime, which is the result of radiative and non-radiative decays of the
excited state. If two fluorophores undergo FRET, the donor lifetime is shortened
through energy transfer (non-radiative) to the acceptor.l'l In the case of the
NAD(P)-Snifits, a shorter lifetime corresponds to a higher concentration of free NAD*

or a lower ratio of free NADPH/NADP+.
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3.3.7 FLIM-FRET measurements of the NAD-Snifit in live cells

It was then tested whether the NAD-Snifit labelled with CP-MaP555-C6-SMX/Halo-SiR
or CP-MaP555-PPT/Halo-SiR can be used to measure subcellular changes of NAD+
levels in U20S cells.:

For CP-MaP555-C6-SMX labelling only, the donor only lifetime was similar in the
cytosol (2.51 ns, 95% CI: 2.47-2.54) and mitochondria (2.53 ns, 95% CI: 2.47-2.59)
compared to a slightly lower lifetime for the nucleus (2.47 ns, 95% CI: 2.37-2.57)
(Figure 20A). Labelling with CP-MaP555-C6-SMX/Halo-SiR lowered the lifetimes in
all compartments: cytosol (1.85ns, 95% CI: 1.61-2.07), nucleus (1.81 ns,
95% CI: 1.74-1.87) and mitochondria (1.85 ns, 95% CI: 1.79-1.91). This change in
lifetime indicated a partly closed NAD-Snifit under basal conditions (Figure 20B).
Treatment with 100 pm QM385 fully opened the NAD-Snifit in all compartments similar
to previous titrations with QM385 (Figure 18A). The resulting lifetimes were higher
than for the basal levels: cytosol (2.33 ns, 95% CI: 2.29-2.37), nucleus (2.18 ns, 95%
Cl: 2.11-2.25) and mitochondria (2.29 ns, 95% CI: 2.23-2.35). As the fully open sensor
still has a minimal FRET, the lifetimes were lower than for the donor only (Figure 20C).
Basel levels of free NAD+* were similar in cytosol (1.85 ns, 95% CI: 1.61-2.07), nucleus
(1.81 ns, 95% CI: 1.74-1.87) and mitochondria (1.85ns, 95% CI: 1.79-1.91)
Figure 20D).

The response of the NAD-Snhifit labelled with CP-MaP555-C6-SMX/Halo-SiR to
subcellular changes of NAD+* levels was tested in live U20S cells. Treatment with the
NAMPT inhibitor FK866 (100 nM) should deplete NAD+* levels, while the biosynthetic
precursor NR (1 mm) should boost NAD+ levels.l'99. 1211 FK866 depleted free cytosolic
NAD+* level (2.33 ns, 95% CIl: 2.29-2.37) compared to basal level (1.85ns,
95% CI: 1.61-2.07), while NR led to an increase in free NAD* (1.55ns,
95% CI: 1.41-1.69). The effect of FK866 was similar to QM385 treatment (2.33 ns,
95% ClI: 2.29-2.37) (Figure 20E). Likewise, free nuclear NAD+* levels were decreased
upon FK866 treatment (2.19 ns, 95% CI: 2.11-2.29) compared to basal level (1.81 ns,
95% CI: 1.74-1.87), while NR led to an increase in free NAD+* (1.59 ns,
95% ClI: 1.44—-1.46). The effect of FK866 was similar to QM385 treatment (2.18 ns,
95% CI: 2.11-2.25) (Figure 20F). Mitochondrial levels of free NAD+ were also
decreased upon FK866 treatment (2.10 ns, 95% CI: 1.94-2.21) compared to basal
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level (1.85 ns, 95% CI: 1.79-1.91), while NR led to an increase in free NAD* (1.62 ns,
95% CI: 1.51-1.73). The effect of FK866 was lower than QM385 treatment (2.29 ns,
95% ClI: 2.23-2.35) (Figure 20G). These results indicated that the NAD-Snifit labelled
with CP-MaP555-C6-SMX/Halo-SiR can be used to measure subcellular changes of

NAD* levels.
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Figure 20: FLIM-FRET measurements of the NAD-Snifit labelled with CP-MaP555-C6-SMX/Halo-SiR in U20S
cells. A) donor only samples labelled with CP-MaP555-C6-SMX. B) subcellular basal levels of free NAD+
C) NAD-Snifit was fully opened by incubation with 100 um QM385 for 1 h. D) comparison of subcellular basal levels
of free NAD+. E) effect of pharmacological treatment on free cytosolic NAD+ levels. F) effect of pharmacological
treatment on free nuclear NAD+ levels. G) effect of pharmacological treatment on free mitochondrial NAD+ levels.
The box represents the 25 and 75t percentile and the whiskers are the minimum and maximum. The mean and
median are indicated by a cross or line, respectively N = 5-20 cells. n.s. = not significant, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 using a one-way ANOVA with Dunnett’s multiple comparison test with respect to basal conditions.
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For CP-MaP555-PPT labelling only, the donor only lifetime was similar in the cytosol
(2.45 ns, 95% CI: 2.41-2.49), nucleus (2.46 ns, 95% ClI: 2.44—2.48) and mitochondria
(2.46 ns, 95% Cl: 2.43-2.49) (Figure 21A). Labelling with CP-MaP555-PPT/Halo-SiR
lowered the lifetimes in all compartments: cytosol (1.56 ns, 95% CI: 1.51-1.61),
nucleus (1.50 ns, 95% CI: 1.49-1.52) and mitochondria (1.46 ns, 95% CI: 1.40-1.52).
This change in lifetime indicated a partly closed NAD-Snifit under basal conditions
(Figure 21B). Treatment with 100 um QM385 fully opened the NAD-Snifit in all
compartments similar to previous titrations with QM385 (Figure 18B). The resulting
lifetimes were higher than the basal level: cytosol (2.14 ns, 95% CI: 2.07-2.21),
nucleus (1.97 ns, 95% CI: 1.95-2.00) and mitochondria (1.96 ns, 95% CI: 1.92—-2.00).
As the fully open sensor still has a minimal FRET, the lifetimes were lower than for the
donor only (Figure 21C). Basel levels of free NAD* were higher in the nucleus
(1.50 ns, 95% CI: 1.49—1.52) and mitochondria (1.46 ns, 95% CI: 1.40—1.52) than in
the cytosol (1.56 ns,
95% CI: 1.51-1.61) (Figure 21D).

The response of the NAD-Snifit labelled with CP-MaP555-PPT/Halo-SiR to subcellular
changes of NAD* levels was also tested in live U20S cells. Treatment with the NAMPT
inhibitor FK866 (100 nM) should deplete NAD+ levels, while the biosynthetic precursor
NR (1 mMm) should boost NAD+ levels.l'99: 1211 FK866 depleted free cytosolic NAD*
levels (1.73 ns, 95% CI: 1.70-1.77) compared to basal level (1.56 ns, 95% CI: 1.51—
1.61), while NR led to an increase in free NAD* (1.48ns,
95% CI: 1.49-1.51). The effect of FK866 was lower than QM385 treatment (2.14 ns,
95% CI: 2.07-2.21) (Figure 21E). Likewise, free nuclear NAD+* levels were decreased
upon FK866 treatment (1.79 ns, 95% CI: 1.94—2.00) compared to basal level (1.50 ns,
95% CI: 1.49-1.52), while NR led to an increase in free NAD* (1.36 ns, 95% CI: 1.31—
1.42). The effect of FK866 was lower than QM385 treatment (1.97 ns, 95% CI: 1.95—
2.00) (Figure 21F). Mitochondrial levels of free NAD* were also decreased upon
FK866 treatment (1.65 ns, 95% CI: 1.55—-1.76) compared to basal level (1.46 ns, 95%
Cl: 1.40-1.52), while NR led to an increase in free NAD* (1.27 ns, 95% CI: 1.22—-1.32).
The effect of FK866 was lower than QM385 treatment (1.96 ns, 95% CI: 1.92-2.00)
(Figure 21G). These results indicated that the NAD-Snifit labelled with
CP-MaP555-PPT /Halo-SiR can also be used to measure subcellular changes of NAD+

levels.
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Figure 21: FLIM-FRET measurements of the NAD-Snifit labelled with CP-MaP555-PPT/Halo-SiR in U20S cells.
A) donor only samples labelled with CP-MaP555-C6-PPT. B) subcellular basal levels of free NAD+. C) NAD-Snifit
was fully opened by incubation with 100 um QM385 for 1 h. D) comparison of subcellular basal levels of free NAD+.
E) effect of pharmacological treatment on free cytosolic NAD+ levels. F) effect of pharmacological treatment on free
nuclear NAD* levels. G) effect of pharmacological treatment on free mitochondrial NAD* levels. The box represents
the 25t and 75t percentile and the whiskers are the minimum and maximum. The mean and median are indicated
by a cross or line, respectively N = 13-94 cells. * p < 0.05, *** p <0.001, **** p < 0.0001 using a one-way ANOVA
with Dunnett’s multiple comparison test with respect to basal conditions.
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3.3.8 FLIM-FRET measurements of the NADP-Snifit in live cells

It was then tested whether  the NADP-Snifit labelled with
CP-MaP555-C6-SMX/Halo-SiR or CP-MaP555-PPT/Halo-SiR can be used to
measure subcellular changes of NADPH/NADP+ ratios in U20S cells.-

For CP-MaP555-C6-SMX labelling only, the donor only lifetimes were similar in the
cytosol (2.64 ns, 95% CI: 2.55-2.74), nucleus (2.67 ns, 95% CI: 2.61-2.74) and
mitochondria (2.60ns, 95% Cl: 2.55-2.64) (Figure 22A). Labelling with
CP-MaP555-C6-SMX/Halo-SiR lowered the lifetimes in all compartments: cytosol
(1.85 ns, 95% CI: 1.81-1.91), nucleus (1.98 ns, 95% CI: 1.92—-2.05) and mitochondria
(2.01 ns, 95% CI: 1.97-2.14). This change in lifetime indicated a partly closed
NADP-Snifit under basal conditions (Figure 22B). Treatment with 100 um QM385 fully
opened the NADP-Snifit in all compartments similar to previous titrations with QM385
(Figure 18B). The resulting lifetimes were higher than the basal ratios: cytosol
(2.33 ns, 95% CI: 2.26—-2.39), nucleus (2.33 ns, 95% CI: 2.29-2.37) and mitochondria
(2.37 ns, 95% CI: 2.28-2.46). As the fully open sensor still has a minimal FRET, the
lifetimes were lower than for the donor only (Figure 22C). Basal ratios of free
NADPH/NADP+ were similar in cytosol (1.85 ns, 95% CI: 1.81-1.91) and nucleus
(1.98 ns, 95% CI: 1.92-2.05). However, mitochondria showed higher free
NADPH/NADP+ ratios (2.01 ns, 95% CI: 1.97-2.14) (Figure 22D).

The response of the NADP-Snifit labelled with CP-MaP555-C6-SMX/Halo-SiR to
subcellular changes of NADPH/NADP+ ratios was tested in live U20S cells. Treatment
with the sarco-endoplasmic reticulum calcium transport ATPase (SERCA) inhibitor
thapsigargin (1 um) or H202 (1 mm) should induce oxidative stress.['22-124] Both
treatments induced massive oxidative stress in the cytosol, indicated by a significantly
lower free NADPH/NADP+ ratio compared to basal ratios (1.85ns,
95% CI: 1.81-1.91): thapsigargin (1.70 ns, 95% CI: 1.54—1.85) and H202 (1.57 ns,
95% ClI: 1.46—1.68) (Figure 22E). Likewise, the free nuclear NADPH/NADP* ratio was
also lowered by thapsigargin and H20:2 treatment compared to basal ratio (1.98 ns,
95% CI: 1.92-2.05): thapsigargin (1.83 ns, 95% CI: 1.78-1.88) and H202 (1.74 ns,
95% CI: 1.60-1.87) (Figure 22F). Free mitochondrial NADPH/NADP+ ratios were also
decreased upon thapsigargin and H202 treatment compared to basal ratio (2.01 ns,
95% CI: 1.97-2.14): thapsigargin (1.79 ns, 95% CI: 1.75-1.84) and H202 (1.56 ns,
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95% ClI: 1.47-1.65) (Figure 22G). These results indicated that the NADP-Snifit
labelled with CP-MaP555-C6-SMX/Halo-SiR can be used to measure subcellular
changes of NADPH/NADP*+ ratios.

donor only basal QM385 basal
3.0 3.0 3.0 2.5
ns.
2.5+ % % @ 2.5+ 2.5+ ns. .
7 7 7 E% @ = 7 2.0 = |+
£ g g £ —
2 2.0+ 2 2.0+ 3 Q 2 2.0+ 2 @
£ £~ £~ £
g g |F ! £ £ 454
1.5+ 1.54 1.54
10— 1.0- 10— 10—
> & @ > & @ > e @ > CI
O & & & & & & &
¢ «° 3 & R & &
& & & & & & RN o &S
cytosol nucleus mitochondria

N
o
1

2.5+ 259 25- Q
: e

z z 2.0 : 7 2.0 .
2 %I . 2 2
£ - £ - £
2 & &
= 1.5+ £ 1.5+ = 1.5+
1.0 T T L] T 1.0 T L] L] T 1.0 L] L] L] L]
» > v S 5 > v S S > v S
& & 8 & & ¢ & & &
& B3 & s ® & s
& O s N S s S
o¥ Ol N O o¥ O
N & N & N &
K K K

Figure 22: FLIM-FRET measurements by the NADP-Snifit labelled with CP-MaP555-C6-SMX/Halo-SiR in U20S
cells. A) donor only samples labelled with CP-MaP555-C6-SMX. B) subcellular basal ratios of free NADPH/NADP+.
C) NADP-Snifit was fully opened by incubation with 100 um QM385 for 1 h. D) comparison of subcellular basal
ratios of free NADPH/NADP+. E) effect of pharmacological treatment on free cytosolic NADPH/NADP+ ratios. F)
effect of pharmacological treatment on free nuclear NADPH/NADP+ ratios. G) effect of pharmacological treatment
on free mitochondrial NADPH/NADP+ ratios. The box represents the 25t and 75t percentile and the whiskers are
the minimum and maximum. The mean and median are indicated by a cross or line, respectively N = 5-20 cells.

n.s. = not significant, ** p <0.01, *** p <0.001, **** p <0.0001 using a one-way ANOVA with Dunnett’s multiple
comparison test with respect to basal conditions.
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For CP-MaP555-PPT labelling only, the donor only lifetimes were similar in the cytosol
(2.41 ns, 95% CIl: 2.35-2.48) and mitochondria (2.42 ns, 95% CI: 2.38-2.45)
compared to the nucleus (2.34 ns, 95% CI: 2.32-2.36) (Figure 23A). Labelling with
CP-MaP555-PPT/Halo-SiR lowered the lifetimes in all compartments: cytosol (1.53 ns,
95% ClI: 1.48-1.57), nucleus (1.45 ns, 95% CI: 1.44—1.46) and mitochondria (1.81 ns,
95% CI:1.72—1.91). This change in lifetime indicated a partly closed NADP-Snifit under
basal conditions (Figure 23B). Treatment with 100 um QM385 fully opened the
NADP-Snifit in all compartments similar to previous titrations with QM385 (Figure 18B)
The resulting lifetimes were higher than the basal ratios: cytosol (2.04 ns, 95% Cl:
1.98-2.11), nucleus (1.89 ns, 95% CI: 1.88—1.91) and mitochondria (2.20 ns, 95% CI:
2.12-2.29). As the fully open sensor still has a minimal FRET, the lifetimes were lower
than for the donor only (Figure 23C). Basal ratios of free NADPH/NADP+ were lower
in the nucleus (1.45 ns, 95% CI: 1.44—1.46) compared to the cytosol (1.53 ns, 95% CI:
1.48-1.57). However, mitochondria showed a significantly higher NADPH/NADP* ratio
compared to the cytosol (1.81 ns, 95% CI: 1.72—1.91) (Figure 23D).

The response of the NADP-Snifit labelled with CP-MaP555-PPT/Halo-SiR to
subcellular changes of NADPH/NADP* ratios was tested in live U20S cells. Treatment
with the SERCA inhibitor thapsigargin (1 puM) or H202 (1 mm) should induce oxidative
stress.l'22124] Both treatments induced massive oxidative stress in the cytosol,
indicated by a much lower free NADPH/NADP+ ratio compared to basal ratio (1.53 ns,
95% CI: 1.48—-1.57): thapsigargin (1.35 ns, 95% CI: 1.29—-1.41) H202 (1.29 ns, 95% CI:
1.25—-1.33) (Figure 23E) Likewise, free nuclear NADPH/NADP* ratio was also lowered
by thapsigargin and H20: treatment compared to basal ratio (1.45 ns, 95% CI: 1.44—
1.46): thapsigargin (1.37 ns, 95% CI: 1.35-1.40) and H202 (1.37 ns, 95% CI: 1.33—
1.41) (Figure 23F). Free mitochondrial NADPH/NADP+ ratios were also decreased
upon thapsigargin and H20: treatment compared to basal ratio (1.81 ns, 95% ClI: 1.72—
1.91): thapsigargin (1.64 ns, 95% CI: 1.53-1.75) and H202 (1.57 ns, 95% CI: 1.48—
1.66) (Figure 23G). These results indicated that the NADP-Snifit labelled with
CP-MaP555-PPT/Halo-SiR can be used to measure subcellular changes of
NADPH/NADP+ ratios. They also showed that the NADP-Snifit was not fully closed at
basal NADPH/NADP+ratios as the NADP-Snifit could respond to lower NADPH/NADP+

ratios.
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Figure 23: FLIM-FRET measurements by the NADP-Snifit labelled with CP-MaP555-PPT/Halo-SiR in U20S cells.
A) donor only samples labelled with CP-MaP555-C6-PPT. B) subcellular basal ratios of free NADPH/NADP+. C)
NADP-Snifit was fully opened by incubation with 100 uM QM385 for 1 h. D) comparison of subcellular basal ratios
of free NADPH/NADP+. E) effect of pharmacological treatment on free cytosolic NADPH/NADP+ ratios. F) effect of
pharmacological treatment on free nuclear NADPH/NADP+ ratios. G) effect of pharmacological treatment on free
mitochondrial NADPH/NADP+ ratios. The box represents the 25t and 75t percentile and the whiskers are the
minimum and maximum. The mean and median are indicated by a cross or line, respectively N =5-25 cells. *
p <0.05, *** p<0.001, **** p<0.0001 using a one-way ANOVA with Dunnett’'s multiple comparison test with

respect to basal conditions.
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3.3.9 Characterization in primary neurons

The final objective was to use the NAD(P)-Snifits in cultured primary neurons to
investigate neuronal metabolism of NAD(P)(H). To this end, intracellular SNAP-tag
labelling with CP-MaP555-C6-SMX and CP-MaP555-PPT was investigated. Rat
hippocampal neurons (prepared in-house) were cultured in poly-L-ornithine and
laminin-coated 24-well imaging plates. No arabinosylcytosine (AraC) was added to
remove proliferating glial cells. AraC treatment has been shown to reduce the quality
and robustness of the culture and might also affect neuronal function.l'25 After being
cultured for nine days, the neurons were infected with AAVs for the expression of
cytosolic SNAP-mEGFP or Halo-mEGFP constructs. After 13 days, the neurons were
labelled with different concentrations of CP-MaP555-C6-SMX, CP-MaP555-PPT or
Halo-SiR for 14 h to determine the optimal substrate concentrations. A sufficient signal
(ratio TMR/mEGFP) was only observed for 500 nm of CP-MaP555-C6-SMX (0.86, 95%
Cl: 0.83-0.89). 125nm (0.31, 95% Cl: 0.30-0.34) and 250nM (0.35,
95% CI: 0.32—-0.37) resulted in a very weak TMR signal (Figure 24A). In contrast,
125 nM of CP-MaP555-PPT (1.51, 95% CI: 1.46—1.58) already had a higher ratio than
500 nm of CP-MaP555-C6-SMX. Similar to U20S cells, CP-MaP555-PPT reached a
plateau at 500 nm (1.96, 95% CI: 1.94-1.99) (Figure 24B). These results indicated a
much better permeability of CP-MaP555-PPT compared to CP-MaP555-C6-SMX,
which could be explained by a higher calc. logP and less HBDs. Halo-SiR already
reached a plateau at 50-100 nm (Figure 24C). 500 nm of CP-MaP555-C6-SMX or
CP-MaP555-PPT and 200 nm of Halo-SiR were subsequently used for labelling in
neurons. SNAP-tag labelling with CP-MaP555-C6-SMX co-localized well with the
mEGFP signal and showed no aggregations (Figure 24D). CP-MaP555-PPT also
co-localized well with the mEGFP signal and did not aggregate. In agreement with the
previous substrate titration, CP-MaP555-PPT gave a much brighter signal
(Figure 24E).
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Figure 24: Labelling of SNAP- and Halo-tag in primary neurons. A)-B) quantification of hippocampal neurons
expressing a cytosolic SNAP-mEGFP labelled with different concentrations of CP-MaP555-C6-SMX and
CP-MaP555-PPT. C) quantification of hippocampal neurons expressing a cytosolic Halo-mEGFP labelled with
different concentrations of Halo-SiR. D)-F) confocal images of hippocampal neurons expressing a cytosolic
SNAP-mEGFP labelled either with 500 nm of CP-MaP555-C6-SMX, CP-MaP555-PPT or CP-TMR-C6-SMX.
G) confocal images of hippocampal neurons expressing a cytosolic Halo-mEGFP labelled with 200 nm Halo-SiR.
The box represents the 25 and 75t percentile and the whiskers are the minimum and maximum. The mean and
median are indicated by a cross or line, respectively N = 30 cells. Scale bar: 50 um.
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In contrast, CP-TMR-C6-SMX showed strong aggregation combined with unspecific
signal and did not co-localized well with the mEGFP signal. This indicated low cell
permeability of CP-TMR-C6-SMX. The low solubility of CP-TMR-C6-SMX in aqueous
media led to aggregates, which were brighter than the specific SNAP-tag labelling.
Therefore, CP-TMR-C6-SMX was not found to be a suitable substrate for SNAP-tag
labelling in neurons (Figure 24F). Halo-tag labelling with Halo-SiR gave a strong signal
that overlapped well with the mEGFP signal and did show no aggregation
(Figure 24G).

After successful AAV infection and expression of SNAP-mEGFP, cultured
hippocampal neurons were infected with AAVs for the expression of the NAD-Snifit in
cytosol, nucleus and mitochondria. Labelling with CP-MaP555-C6-SMX and
CP-MaP555-PPT showed a bright and specific signal in the respective compartments

and no aggregation (Figure 25A, B).

A cytosol nucleus mitochondria

CP-MaP555-C6-SMX

CP-MaP555-PPT

Figure 25: Labelling of NAD-Snifit in primary neurons. A) NAD-Snifit expressed in cytosol, nucleus or mitocchondria
was single lablled with 500 nm CP-MaP555-C6-SMX. B) NAD-Snifit expressed in cytosol, nucleus or mitocchondria
was single lablled with 500 nm CP-MaP555-PPT. Scale bar: 50 um.

In the experiments described so far, images of labelled neurons were taken in artificial
cerebrospinal fluid (ACSF) buffer after one washing step using the same buffer.

However, neurons can only be maintained in AFCS for a few hours as this buffer does
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not support cell survival.l'?6l This is a major limitation for the application of the
NAD(P)-Snifit in more complex experiments (e.g. time course). The protocol was
adapted to do a no-wash labelling and neurons were cultured in phenol-red free
neurobasal medium. The FRET donor substrates were added in phenol-red free
neurobasal medium (1:2000 dilution). After labelling, any remaining fluorescent
substrate was further diluted twice. These conditions were evaluated by comparing the
intensities of the labelled cytosolic NAD-Snifit with the unspecific signal from neurons
not expressing the NAD-Snifit. CP-MaP555-C6-SMX only showed a 3.8-fold (95% ClI:
3.5-4.2) difference of signal over background (Figure 26A, B). In contrast,
CP-MaP555-PPT had a 14.4-fold (95% CI: 12.9-15.9) difference of signal over
background (Figure 26C, D). The combination of a low signal over background and
low overall signal made CP-MaP555-C6-SMX not ideal for no-wash SNAP-tag labelling
in hippocampal neurons. Therefore, experiments in neurons were only performed with
CP-MaP555-PPT. Previous substrate titrations showed that labelling with 500 nm of
CP-MaP555-PPT approaches saturation (Figure 24A, B). Therefore, high cellular
concentrations of non-bound CP-MaP555-PPT are unlikely, which could bind to

endogenous SPR.
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Figure 26: No wash labelling in primary neurons. A)-B) neurons expressing the cytosolic NAD-Snifit or blank
neurons were incubated with 500 nm CP-MaP555-C6-SMX and their signal intensities are quantified C)—D) neurons
expressing the cytosolic NAD-Snifit or neurons cells were incubated with 500 nm CP-MaP555-PPT and their signal
intensities are quantified. The box represents the 25t and 75t percentile and the whiskers are the minimum and
maximum. The mean and median are indicated by a cross or line, respectively N =50 cells. The fold-difference
between specific and unspecific labelling is reported with 95% Cl. Scale bar: 50 um.
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3.3.10 FLIM-FRET measurements of the NAD-Snifit in primary
neurons

It was then tested whether the NAD-Snifit labelled with CP-MaP555-PPT/Halo-SiR can
be used to measure subcellular changes of NAD+* levels in primary neurons.-
The donor only lifetimes were similar in the cytosol (2.56 ns, 95% CI: 2.52—2.60) and
nucleus (2.52 ns, 95% CI: 2.49-2.55) and slightly higher in mitochondria (2.60 ns, 95%
Cl: 2.57-2.63) (Figure 27A). Labelling with CP-MaP555-PPT/Halo-SiR lowered the
lifetimes in all compartments: cytosol (1.57 ns, 95% CI: 1.55-1.59), nucleus (1.38 ns,
95% CI: 1.36—1.40) and mitochondria (1.81 ns, 95% CI: 1.79-1.83). This change in
lifetime indicated a partly closed NAD-Snifit under basal conditions (Figure 27B).
Treatment with 100 pum QM385 fully opened the NAD-Snifit in all compartments similar
to previous results from U20S cells (Figure 18A). The resulting lifetimes were higher
than the basal levels: cytosol (2.14 ns,
95% Cl: 2.12-2.17), nucleus (1.92 ns, 95% CI: 1.90—-1.94) and mitochondria (2.14 ns,
95% ClI: 2.12-2.17). As the fully open sensor still has a minimal FRET, the lifetimes
were lower than for the donor only (Figure 27C). Nuclear basal levels of free NAD+
(1.38 ns, 95% CI: 1.36—1.40) were significantly higher than cytosolic levels (1.60 ns,
95% CI: 1.58-1.61). Mitochondrial basal levels of free NAD+ (11.83 ns,
95% CI: 1.77-1.89) were much lower than cytosolic levels (Figure 27D).
The response of the NAD-Snifit labelled with CP-MaP555-PPT/Halo-SiR to subcellular
changes of NAD* levels was tested in live primary neurons. Similar to U20S cells,
treatment with the NAMPT inhibitor FK866 (100 nm) should deplete NAD* levels, while
the biosynthetic precursor NR (1 mMm) should boost NAD+ levels.['. 121 FK866
depleted free cytosolic NAD+ levels (1.92 ns,
95% Cl: 1.86—1.96) compared to basal levels (1.60 ns, 95% CI: 1.58—-1.61), while NR
led to an increase in free NAD* (1.47 ns, 95% CI: 1.43—-1.51). The effect of FK866 was
lower than QM385 treatment (2.14 ns, 95% Cl: 2.12-2.17) (Figure 27E). Likewise, free
nuclear NAD* levels were decreased upon FK866 treatment (1.73 ns, 95% CI: 1.71—
1.76) compared to basal levels (1.38 ns,
95% CI: 1.36-1.40), while NR led to an increase in free NAD+* (1.28 ns,
95% CI: 1.27-1.30). The effect of FK866 was lower than QM385 treatment (1.92 ns,
95% CI: 1.90-1.94) (Figure 27F). Mitochondrial levels of free NAD+ were also
decreased upon FK866 treatment (1.93 ns, 95% CI: 1.90-1.95) compared to basal
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level (1.81 ns, 95% CI: 1.79-1.83), while NR led to an increase in free NAD* (1.56 ns,
95% ClI: 1.50-1.62). The effect of FK866 was lower than QM385 treatment (2.14 ns,
95% Cl: 2.12-2.17) (Figure 27G). These results indicated that the NAD-Snifit labelled
with CP-MaP555-PPT /Halo-SiR can also be used to measure subcellular changes of

NAD* levels in primary neurons.
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Figure 27: FLIM-FRET measurements of the NAD-Snifit labelled with CP-MaP555-PPT/Halo-SiR in primary
neurons. A) donor only samples labelled with CP-MaP555-PPT. B) subcellular basal levels of free NAD+.
C) NAD-Snifit was fully opened by incubation with 100 um QM385 for 1 h. D) comparison of subcellular basal levels
of free NAD+. E) effect of pharmacological treatment on free cytosolic NAD+ levels. F) effect of pharmacological
treatment on free nuclear NAD+ levels. G) effect of pharmacological treatment on free mitochondrial NAD+ levels.
The box represents the 25 and 75t percentile and the whiskers are the minimum and maximum. The mean and
median are indicated by a cross or line, respectively N=50-100 cells per condition from three independent
experiments. n.s. = not significant, *** p < 0.001, **** p <0.0001 using a one-way ANOVA with Dunnett’s multiple
comparison test with respect to basal conditions
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3.3.11 FLIM-FRET measurements of the NADP-Snifit in
primary neurons

It was then tested whether the NADP-Snifit labelled with CP-MaP555-PPT/Halo-SiR
can be used to measure subcellular changes of NADPH/NADP+ ratios in primary
neurons.:

The donor only (lifetime was higher in the cytosol (2.85 ns, 95% CI: 2.55-2.62)
compared to rather similar lifetimes for nucleus (2.44 ns, 95% CI: 2.42-2.46) and
mitochondria (2.46ns, 95% Cl: 2.41-2.51) (Figure 28A). Labelling with
CP-MaP555-PPT/Halo-SiR lowered the lifetimes in all compartments: cytosol (1.69 ns,
95% CI: 1.67-1.71), nucleus (1.73 ns, 95% CI: 1.70-1.76) and mitochondria (1.52 ns,
95% CI: 1.48—1.57). This change in lifetime indicated a partly closed NADP-Snifit under
basal conditions (Figure 28B). Treatment with 100 um QM385 fully opened the
NADP-Snifit in all compartments similar to previous results from U20S cells
(Figure 18B). The resulting lifetimes were higher than the basal ratios: cytosol
(2.16 ns, 95% CI: 2.14-2.18), nucleus (1.95 ns, 95% CI: 1.93—-1.97) and mitochondria
(2.15 ns, 95% ClI: 2.13—-2.18). As the fully open sensor still has a minimal FRET, the
lifetimes were lower than for the donor only (Figure 28C). Basal ratios of free
NADPH/NADP+ were similar in cytosol (1.69 ns, 95% CI: 1.67—-1.71) and nucleus
(1.73 ns, 95% CI: 1.70-1.76). However, mitochondria had a more oxidizing
environment, which was evident by a lower free NADPH/NADP+ ratio (1.52 ns, 95%
Cl: 1.48-1.57) (Figure 28D).

The response of the NADP-Snifit labelled with CP-MaP555-PPT/Halo-SiR to
subcellular changes of NADPH/NADP+ ratios was tested in live primary neurons.
Similar to U20S cells, treatment with the SERCA inhibitor thapsigargin (1 pum) or H202
(1 mm) should induce oxidative stress.['221241 Both treatments induced oxidative stress
in the cytosol, indicated by much lower free NADPH/NADP+ ratios compared to basal
level (1.69 ns, 95% Cl: 1.67-1.71): thapsigargin (1.45 ns,
95% ClI: 1.41-1.49) and H202 (1.33 ns, 95% CI: 1.30-1.35) (Figure 28E). Likewise,
free nuclear NADPH/NADP+ ratios were also lowered by thapsigargin and H202
treatment compared to basal ratio (1.73 ns, 95% CI: 1.70-1.76): thapsigargin (1.48 ns,
95% CI: 1.45—-1.51) and H202 (1.36 ns, 95% CI: 1.35—-1.38) (Figure 28F). Conversely,
by thapsigargin and H202 treatment increased free mitochondrial NADPH/NADP+
ratios compared to basal ratio (1.52 ns, 95% CI: 1.48-1.57): thapsigargin (1.71 ns,
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95% CI: 1.67-1.74) and H202 (1.68 ns, 95% CI: 1.61-1.74) (Figure 28G). These
results indicated that the NADP-Snifit labelled with CP-MaP555-PPT/Halo-SiR can be

used to measure subcellular changes of NADPH/NADP+ ratios in primary neurons.
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Figure 28: FLIM-FRET measurements of the NADP-Snifit labelled with CP-MaP555-PPT/Halo-SiR in primary
neurons. A) donor only samples labelled with CP-MaP555-PPT. B) subcellular basal ratios of free NADPH/NADP-+.
C) NADP-Snifit was fully opened by incubation with 100 um QM385 for 1 h. D) comparison of subcellular basal
ratios of free NADPH/NADP+. E) effect of pharmacological treatment on free cytosolic NADPH/NADP+ ratios. F)
effect of pharmacological treatment on free nuclear NADPH/NADP+ ratios. G) effect of pharmacological treatment
on free mitochondrial NADPH/NADP+ ratios. The box represents the 25t and 75t percentile and the whiskers are
the minimum and maximum. The mean and median are indicated by a cross or line, respectively N = 50-100 cells
per condition from three independent experiments. n.s. = not significant, *** p <0.001, **** p <0.0001 using a
one-way ANOVA with Dunnett’s multiple comparison test with respect to basal conditions.
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3.3.12 Subcellular NAD+ levels and NADPH/NADP ratios in
U20S cells and primary neurons
Its independence from the intracellular sensor concentration makes FLIM-FRET ideal
for the comparison of subcellular basal NAD* levels and NADPH/NADP+ ratios in
U20S cells and cultured primary hippocampal neurons. The general assumption is
that the cellular environment of the NAD(P)-Snifit is the same in U20S cells and
cultured primary hippocampal neurons. Differences in lifetimes should be only due to
differences in NAD* levels and NADPH/NADP+ ratios.
No differences could be observed for cytosolic free NAD* levels between primary
neurons (1.57 ns, 95% CI: 1.55-1.59) and U20S (1.56 ns, 95% CI: 1.51-1.61). In
contrast, nuclear free NAD* level was higher in hippocampal neurons (1.38 ns,
95% ClI: 1.36—1.40) than in U20S cells (1.50 ns, 95% CI: 1.49-1.52). U20S cells
(1.46 ns, 95% ClI: 1.40-1.52) had much higher level of mitochondrial free NAD+*
compared to hippocampal neurons (1.81 ns, 95% CI: 1.79-1.83) (Figure 29A).
Primary neurons (1.69 ns, 95% CI: 1.67-1.71) had a higher cytosolic NADPH/NADP+
ratio than U20S cells (1.53 ns, 95% CI: 1.48—1.57). Nuclear NADPH/NADP* ratio was
also more reducing in primary neurons (1.73 ns, 95% CI: 1.70-1.76) than U20S cells
(1.45ns, 95% Cl: 1.44-1.46). In  contrast, mitochondria  (1.52 ns,
95% ClI: 1.48-1.57) were much more oxidizing in primary neurons than in U20S cells
(1.81 ns, 95% CI: 1.72—1.91) (Figure 29B).
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Figure 29: Comparison of subcellular NAD+ levels and NADPH/NADP+ ratios in U20S cells and primary neurons.
A) basal subcellular lifetimes of NAD-Snifit. B) basal subcellular lifetimes of NADP-Snifit. The box represents the
251 and 75% percentile and the whiskers are the minimum and maximum. The mean and median are indicated by
a cross or line, respectively. N = 3080 cells per condition. n.s. = not significant, **** p < 0.0001 using an unpaired
-test

56



Results

3.3.13 Subcellular NAD+ levels and neuronal activity

The combination of two biosensors or one biosensor with a fluorescent marker can be
a powerful approach to monitor several biological activities in the same cell at once.
The ability of multiplexing was demonstrated by combining the NAD-Snifit with the
synthetic calcium indicator Cal520 in cultured hippocampal neurons. Total neuronal
NAD+ has been shown to be depleted upon excessive stimulation with glutamate.l'?7]
The NAD-Snifit was expressed in the cytosol, nucleus and mitochondria in primary
neurons and labelled with CP-MaP555-PPT and Halo-SiR. Cells were incubated with
1 pum Cal520 for 1 h and neuronal activity was recorded with FLIM. Using a scan rate
of 600 MHz, the Falcon FLIM setup from Leica was able to record spontaneous
neuronal activity (Figure 30A). A temporal resolution of 400 ns was sufficient for single
Ca?* waves. Neuronal stimulation was achieved by activation of N-methyl-D-aspartate
(NMDA) receptors using 10 um glutamate and 2.5 pm glycine.['28] Incubation for 1 h
with these agonists of ionotropic glutamate receptors increased neuronal activity
(Figure 30B). Incubation for 1 h with 25 um (2R)-2-amino-5-phosphonovaleric acid
(AP5) and 10 pMm 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) blocks NMDA and
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors,
respectively.l'?®-130] This treatment almost completely abolished neuronal activity
(Figure 30C). Neuronal stimulation decreased cytosolic NAD* (1.71 ns,
95% ClI: 1.67—1.76), while synaptic inhibition had no effect on cytosolic NAD* (1.56 ns,
95% CI: 1.53-1.59) compared to basal level (1.53ns, 95% CIl: 1.48-1.57)
(Figure 30D). Conversely, nuclear NAD* was increased upon stimulation (1.27 ns,
95% CI: 1.24-1.30). Also, synaptic inhibition had no effect on nuclear NAD~* levels
(1.37 ns, 95% CI: 1.34—1.39) compared to basal level (1.39 ns, 95% CI: 1.37-1.42)
(Figure 30E). Mitochondrial NAD+ was also decreased upon stimulation (1.91 ns,
95% CI: 1.89—-1.94) and synaptic inhibition led to a significant increase in mitochondrial
NAD* (1.73ns, 95% CIl: 1.68-1.79) compared to basal level (1.84ns,
95% CI: 1.82-1.87) (Figure 30F). The decrease in cytosolic NAD+* upon stimulation
could be explained by metabolic adaption to an increased ATP demand. Stimulation
leads to an increased glycolytic activity in neurons that affects the cytosolic
NADH/NAD*+ ratio by the reduction of NAD* to NADH.['3"] Changes in mitochondrial

NAD+* could also originate from metabolic adaption of the NADH/NAD* ratio. Increased
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ATP demand upon stimulation could lead to an higher activity of oxidative
phosphorylation, which would affect the mitochondrial NADH/NAD+ ratio by the
reduction of NAD+ to NADH.['32 Conversely, synaptic inhibition would decrease the
ATP demand by oxidative phosphorylation and affect the mitochondrial NADH/NAD+
ratio by a lower reduction rate of NAD+ to NADH (Figure 35C, D).
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Figure 30: Subcellular levels of NAD+ and neuronal activity. A)—C) neuronal activity recorded with Cal520 using
FLIM for basal activity, upon stimulation with 10 um glutamate and 2.5 pum glycine or upon synaptic inhibition with
25 um AP5 and 10 um CNQX, respectively. D)—F) NAD+ levels upon stimulation and synaptic inhibition in the
cytosol, nucleus and mitochondria after 1 h treatment. The box represents the 25t and 75" percentile and the
whiskers are the minimum and maximum. The mean and median are indicated by a cross or line, respectively
N = 50 cells per condition. n.s. = not significant, * p < 0.05, *** p <0.001, **** p < 0.0001 using a one-way ANOVA
with Dunnett’s multiple comparison test with respect to basal conditions.
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3.4 |dentification of a mammalian mitochondrial NAD+
transporter

This project was part of a collaboration with the group of Joseph Baur (University of
Pennsylvania) and has been published.'33 Knock-down experiments shown below
were performed by Timothy Luongo, University of Pennsylvania. As these experiments
have been performed before the improved FRET donor substrates were available,
CP-TMR-C6-SMX was used.

3.5.1 Introduction

Mitochondria harbor most of the NAD+* in a cell (roughly 40—-70% of the total cellular
NAD+*), which is used to maintain crucial processes such as the TCA cycle and
oxidative phosphorylation.['34-135 Mitochondrial NAD+ homeostasis is a prerequisite for
sufficient ATP production and depletion of mitochondrial NAD+ leads to apoptosis.['3¢l
Despite intensive research on NAD+* metabolism, the origin of the mammalian
mitochondrial NAD* pool has not been discovered. In contrast, plants and yeast have
NAD+-transporters in the mitochondrial matrix.l'3% 1371 A mammalian homolog of these
has not been identified so far. The existence of NMNAT3 (mitochondrial isoform of
NMNAT) could suggest that mitochondria take up NMN, which is then converted into
NAD+[138 NAMPT, the key enzyme of salvage pathway, co-purifies with liver
mitochondria, but is not found in the mitochondria of multiple mammalian cell lines.['3%
1401 |solated mitochondria were unable to produce NAD* from exogenous NMN or
nicotinamide. However, isolated mitochondria were able to take up isotopically labelled
NAD+ from the cytosol. These results suggest the existence of a mammalian NAD+*
transporter.l'41]

The Baur lab speculated that SLC25A51 could be a potential candidate for a
mammalian mitochondrial NAD+ transporter. The corresponding gene emerged to be
essential in genome-wide screens.[1421431 S| C25A51 belongs to the mitochondrial
carrier family, but no substrate has been assigned. In their preliminary data,
overexpression of SLC25A51 and its paralog SLC25A52 increased mitochondrial
NAD+*. The effect was similar to heterologous overexpression of Ndt1 (mitochondrial
NAD+* transporter in yeast). Conversely, knockdown of SLC25A51 resulted in a

decrease of mitochondrial NAD+.[133]
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3.5.2 Outcome

The effect of overexpressing SLC25A51 on free mitochondrial NAD* was investigated
using the NAD+* biosensor in U20S cells. First, the transfection conditions for a
FLAG-tag fused construct of SLC25A51 were optimized. Expression of the
mitochondrial NAD-Snifit was induced by doxycycline. After 24 h, the cells were
transfected with different ratios of Fugene6 and DNA. The transfection efficiency and
expression levels of SLC25A51 were investigated by confocal microscopy. The
NAD-Snifit was labelled with Halo-CPY and SLC25A51 was stained with an anti-FLAG
antibody, which was stained with a Alexa647 antibody. Ratios (Fugene6 to DNA) of

3:1 and 4:1 gave lower transfection efficiencies than 1.5:1 and 6:1.

DAPI SLC25A51

NAD* biosensor

1.5:1

3:1

4:1

Figure 31: Transfection screen for SLC25A51 using different ratios of Fugene6 reagent to DNA. Nuclei were stained
with DAPI, mitochondrial NAD-Snifit was labelled with Halo-CPY and SLC25A51 was stained with anti-FLAG
antibody (primary) and Alexa647-antobody (secondary). A) 1.5:1. B) 3:1 C) 4:1. D) 5:1. Scale bar: 50 ym.

In addition, 3:1 and 4:1 resulted in expression artefacts, whereas 1.5:1 and 6:1 gave a
more homogenous expression with 1.5:1 having the best results (Figure 31A-D). The
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optimized transfection conditions were used to determine the workflow of the
experiment. Initially, expression of the mitochondrial NAD-Snifit was induced for 24 h
followed by transfection with SLC25A51 for 24 h. The NAD-Snifit was labelled with
CP-TMR-C6-SMX (500 nM) and Halo-SiR (200 nm) for 16 h. However, employing
these conditions did not show a significant change in mitochondrial NAD+ compared to
the non-treated control.

Next, the workflow was changed and expression was induced for 24 h. The NAD-Snifit
was labelled with CP-TMR-C6-SMX (500 nm) and Halo-SiR (200 nm) for 16 h and
SLC25A51 or SLC25A52 were transfected. 24 h after transfection, mitochondrial NAD+*
levels were analyzed with FACS. Overexpression of SLC25A51 significantly increased
mitochondrial NAD* levels (1.16, 95% CI: 1.12-1.20) compared to the non-treated
control (1.02, 95% CI: 0.93—-1.11). Importantly, using an empty pcDNA5 plasmid vector
as mock control, no significant increase in mitochondrial NAD+* levels was observed
(1.04, 95% CI: 1.01-1.06) (Figure 32A). Similar, overexpression of SLC25A52 also
significantly increased mitochondrial NAD+ levels (1.12, 95% CI: 1.09—-1.15) compared
to the non-treated control (1.01, 95% CI: 0.95-1.06). The mock control also did not
affect mitochondrial NAD+* levels (1.04, 95% CI: 1.03—1.06) (Figure 32B). Conversely,
siRNA knock-down of SLC25A51 resulted in a significant decrease of increased
mitochondrial NAD+* levels (0.82, 95% CI: 0.76—0.89) compared to non-treated cells
(1.00, 95% CI: 0.94-1.06). Using a scrambled siRNA as mock control had no effect on
mitochondrial NAD+* levels (1.04, 95% CI: 1.03-1.05) (Figure 32C). These results
indicated important roles of SLC25A51 and SLC25A52 in establishing the

mitochondrial NAD* pool in mammalian cells.
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Figure 32: Measurements of mitochondrial NAD+ levels. A) mitochondrial NAD+ levels upon overexpression of
SLC25A51. B) mitochondrial NAD+ level upon overexpression of SLC25A52. C) mitochondrial NAD+ level upon
knock-down of SLC25A51. N = three biological experiments. Data are shown as mean + SD. n.s. = not significant,
**** p < 0.0001 using a one-way ANOVA with Dunnett’s multiple comparison test with respect to control conditions.
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3.5 Subcellular fluctuations of NAD+ upon Nam and Trp
starvation

This project was part of an ongoing collaboration with the group of Christiane Opitz

(German Cancer Research Center, Heidelberg).

3.6.1 Introduction

The Opitz lab is interested in the role Trp in brain cancer metabolism and is specifically
looking into the link between Trp and NAD+ biosynthesis. They observed that Trp
depletion in the medium had no effect on NAD* levels or even caused an increased in
NAD+ levels (cell type dependent), whereas Nam depletion significantly lowered NAD*
levels. The decrease in NAD+ upon both, Trp and Nam depletion was smaller than for
Nam only. This observation led to the hypothesis that Trp depletion could compensate
the effect of Nam depletion. To further elucidate mechanistic details, information about
the subcellular NAD* pools are necessary. As they only have measured NAD+* in cell
lysate with a cycling assay, they wanted to apply the NAD-Snifit to gain subcellular

insights.

3.6.2 Preliminary outcome

U20S cells with an inducible NAD-Snifit were cultured in normal cell culture medium
before seeded in 6 wells in customized media (prepared by Opitz lab): normal media,
Nam-free, Trp-free and Nam/Trp-free. After 24 h, the cells showed a normal
morphology in all conditions. No effect on proliferation was observed for Nam-free
(compared to control). However, cells in Trp-free conditions did not proliferate and the
cells showed a change in morphology. The cells appeared to be bigger and oblong.
The same trend could be observed for culturing for 72 h (Figure 33A). The Opitz lab

also observed changes in morphology and proliferation upon depletion of Trp.
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After culturing for 72 h, the cells were seeded in 24-well plates and the NAD-Snifit
expression was induced for 24 h. After labelling with CP-MaP555-PPT and Halo-SiR
for 14 h, the cells were analyzed by FACS. Nam depletion resulted in a strong
decrease of cytosolic NAD+* (0.47, 95% CI: 0.46—0.48) compared to control conditions
(0.91, 95% CI: 0.84-0.97), whereas Trp depletion had no significant effect on NAD*
(0.86, 95% CI: 0.79-0.94). Nam/Trp depletion also significantly reduced cytosolic
NAD+* (0.66, 95% CI: 0.62—-0.72), but to a much lower extent than Nam depletion
(Figure 33B). Nuclear NAD* was also strongly reduced upon Nam depletion (0.57,
95% CI: 0.50-0.64) compared to control conditions (1.18, 95% CI: 1.16—-1.21) and Trp
depletion also led to a small decrease (1.05, 95% CI: 0.99—-1.11). Nam/Trp depletion
reduced nuclear NAD+ (0.76, 95% CI: 0.63—0.88), but not as much as Nam depletion
only (Figure 33C). Mitochondrial NAD+ also showed a strong decrease upon Nam
depletion (0.53, 95% CI: 0.51-0.55) compared control conditions (0.74,
95% CI: 0.71-0.76). The extent of decrease was less than for cytosol and nucleus. In
contrast, Trp depletion led to an increase in mitochondrial NAD* (0.88,
95% CI: 0.86-0.90). Nam/Trp depletion also increased mitochondrial NAD+ (0.81,
95% CI: 0.77-0.86), but to a lower extent than only Trp depletion (Figure 33D). These
preliminary experiments showed that the NAD-Snifit was able to monitor changes in
NAD+ upon different culturing conditions. Interesting subcellular effects could be

observed, however, the data are too preliminary to draw any biological conclusion.
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Figure 33: Subcellular NAD+ levels upon Nam and Trp starvation. A) representative images of U20S cells
expressing the NAD-Snifit cultured in different media for 72 h. Scale bar: 50 um. B)-D) subcellular NAD+ levels in
U20S cells measured with NAD-Snifit upon being cultured in different media. N = six, three biological replicates
performed in technical duplicates. Data are shown as mean + SD. n.s. = not significant, * p <0.05, *** p <0.001,
**** p < 0.0001 using a one-way ANOVA with Dunnett’s multiple comparison test with respect to control conditions
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4 Discussion

4.1 Substrate development

The JF dye strategy was successfully applied to convert CP-TMR-C6-SMX, a substrate
for labelling the NAD(P)-Snifits, into the fluorogenic CP-Rhod540-C6-SMX. Even
though this FRET donor substrate features improved brightness and cellular labelling,
it also has certain limitations. The current synthesis is not elegant as the first Buchwald
coupling is low yielding. The fluorescein bistriflate precursor 1 is easily accessible by
synthetic means, however an asymmetric precursor would be more suited, but also
synthetically much more challenging. Another drawback is the 15 nm blue-shift in
absorbance and emission compared to the properties of the classical TMR scaffold.
Many instruments such microscopes use spectral filters for excitation and emission.
These filters are classically suited for GFP and TMR and the spectral properties
CP-Rhod540-C6-SMX are between these channels. Non-optimal filter settings could
result in a low signal and might influence the FRET ratio.

In addition, CP-Rhod540-C6-SMX was instable in DMSO or as powder. The
degradation products are most likely the result of a ring-opening of the azetidines. Such
ring-openings have observed in the presence of Lewis acids, nucleophiles or
irradiation.l'44-146l There are recent literature examples that the ring strain of azetidines
can also negatively affect their stability. Aryl azetidines such 49 can undergo an
acid-mediated intramolecular ring-opening. Nucleophilic attack of the amide group and
loss of dimethylamine would lead to a lactone intermediate 50 that would undergo a
rearrangement to lactam 51 (Figure 34A).'47] It has also been shown that azetidine
containing molecules can be degraded by nucleophiles under acidic conditions.
(G334089 (52) is the S-enantiomer of the free fatty acid receptor 2 antagonist GLP0974.
In acidic conditions, protonation of the azetidine nitrogen and subsequent attack of
nucleophiles was observed, which resulted in intermediate 53 (Figure 34B).l'481 A
similar degradation mechanism could be possible for CP-Rhod540-C6-SMX.
Protonation of the azetidine nitrogen would be followed by the attack of a nucleophile
(e.g. H20), would lead to intermediate 55. Further steps would lead to the observed
degradation product 12 (Figure 34C). As neutralization after HPLC purification did not
improve the long-term stability, one could speculate that 3-carboxylic acid azetidine
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has an inherent reactivity. Introduction of a linker between the azetidine and the
carboxylic acid could reduce the reactivity. However, ring-opening of
3,3-difluoroazetidine was also observed, which makes the JF dye strategy rather
unattractive to pursue in this context. Such degradation problems have not been
reported for other azetidine modified rhodamines. However, these fluorescent probes
do not have their azetidines derivatized with a functional moiety, thus degradation

would only lead to a change in spectral properties.
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Figure 34: Degradation pathways of azetidine containing molecules. A) ring-opening via an acid-mediated
intramolecular route. B) ring-opening via an acid-mediated nucleophilic attack. C) possible degradation mechanism
for CP-Rhod540-C6-SMX.

The MaP dye strategy allowed the design of FRET donor substrates with tunable
fluorogenicity. The modified fluorophore scaffolds are readily accessible from
TMR-C3-COOH or TMR. The synthetic routes could be optimized by orthogonal
protecting groups for the aromatic carboxylic and aliphatic acids. The physicochemical
parameters of the FRET donor substrates are even more suited for cell permeability
when using PPT as inhibitor compared to SMX. PPT-based FRET donor substrates
have less HBDs and rotational bonds and a lower topological polar surface area
compared to the corresponding SMX-based FRET donor substrates. In contrast, the

calc. logP is increased for PPT substrates.
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4.2 NAD(P)-Snifits in vitro

The new FRET donor substrates differ in their fluorogenic potential, which can be
explained by the different electron-donating effects of the substituents of the
sulfonamides. The alkyl substituents of MaP1 and MaP3 have a lower
electron-donating effect than the N,N-dimethyl substituents of MaP555. This results in
a higher nucleophilicity of the sulfonamide moiety of MaP555, which shifts the
spirocyclization equilibrium strongly towards to the spirocyclic form. A high propensity
for the spirocyclic form is key for a high permeability and specific labelling.[105-106. 113,
116]

In vitro titrations with NAD+* demonstrate different response ranges for SMX- and
PPT-based FRET donor substrates. This can be explained by a higher affinity of PPT
to SPR in the presence of NAD* compared to SMX.

In vitro titrations of the NADP-Snifit labelled with SMX-based FRET donor substrates
showed no differences between CP-TMR-C6-SMX and the MaP dye versions.
However, such titrations were not successful for the NADP-Snifit labelled with
PPT-based FRET donor substrates. The NADP-Snifit was always closed, even at very
high NADPH/NADP+ ratios (> 60). The hypothesis was that either the purification of
commercial NADPH via anion exchange chromatography was not sufficient or NADPH
partly oxidized again immediately after purification. Absorbance measurements of
purified NADPH at 260 nm and 340 nm gave Azso/As4o ratios of 2.40-2.46. A pure
NADPH sample has a Az2e0/As4o ratio of 2.32, but this ratio was never reached during
the purification.l'49 Determination of NADP+ content in purified NADPH with
Equation 5 indicated 3-5% impurity. Originally, the NADPH/NADP titrations were
performed with a total cofactor concentration of 100 um and 20 nm NADP-Snifit.
Lowering the total cofactor concentration to 1 um could not solve this issue. Even 1 um
NADPH would then contain 30-50 nm NADP+, which is higher than the concentration
of the NADP-Snifit (20 nm). Considering the high affinity of PPT to SPR in the presence
of NADP+*, which could be deduced from a very low nanomolar ICso value for the
parental QM385, one could assume that the NADP-Snifit is fully saturated under these
conditions.['%0 Therefore, it can be assumed that the problems with NADPH/NADP+
titrations are most likely of a technical nature. Different strategies to overcome these

technical limitation are currently under investigation. Degassing of the buffers used for
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NADPH purification and for NADPH/NADP+ titration could reduce the possibility of
NADPH oxidation. Supplementation of the buffers with ascorbic acid could also prevent
NADPH oxidation, because ascorbic acid has a higher redox potential (58 mV)
compared NADPH (-400 mV).133. 151 Increasing the NADP-Snifit concentration (up to

1 uM) could also be an option to decrease its sensitivity towards NADP+* impurities.
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4.3 NAD(P)-Snifits in live cells

Most of the new FRET donor substrates based on the MaP dye strategy show an
improved labelling of the SNAP-tag in U20S cells. Among them, CP-MaP555-C6-SMX
and CP-MaP555-PPT outperform all other FRET donor substrates. Both substrates do
not require the addition of verapamil and the labelling concentration can be reduced to
500 nm (previously 1 um). This indicates a superior cell permeability of the MaP555
scaffold. The highly fluorogenic character of CP-MaP555-C6-SMX and
CP-MaP555-PPT results in a high signal to noise in live cells and reduced artifacts due
to unspecific background staining. Additionally, fluorescent imaging can be performed
under no-wash conditions and with lower laser power, the latter reduces phototoxicity

and bleaching.

Expression and labelling of the NAD-Snifit in U20S cells does not affect total NAD+*
levels based on LC-MS/MS measurements in cell lysate. These data give no
information whether the equilibrium between free and protein-bound NAD+ is affected.
One way to investigate this equilibrium would be to measure the lifetime of NAD(P)H,
which is different for the free and protein-bound form. However, only the reduced form
can be measured and the discrimination of NADH and NADPH lifetimes is very

challenging.l””]

The highly potent SPR inhibitor QM385 is a valuable control compound for cellular
applications of the NAD(P)-Snifits. It offers the possibility to open the sensor by
outcompeting the intramolecular tether. In contrast to other sensors, the Snifit design
allows this control, which can be used for different purposes. Treatment with QM385
can demonstrate that the NAD(P)-Snifits are functional, which has been very important
in the case of CP-Rhod540-C6-SMX. The difference between basal and fully open
state (AR) informs about how closed the NAD(P)-Snifits are. It allows to estimate the
ability of the NAD(P)-Snifits to detect decreasing NAD* levels or increasing
NADPH/NADP+ ratios. AR depends on the affinity of the NAD(P)-Snifits towards NAD*
and NADPH/NADP+*. In these experiments, the differences in affinity can also be
estimated by the ECso values of QM385. It is defined as the QM385 concentration
needed for 50% change in FRET ratio. Comparison of ECso values for the NAD-Snifit
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labelled with CP-MaP555-C6-SMX and CP-MaP555-PPT shows a 24-75-fold higher
ECso values for CP-MaP555-PPT. The difference between CP-MaP555-C6-SMX and
CP-MaP555-PPT is in agreement with the 73-fold lower cso for CP-MaP555-PPT in in
vitro titrations.

The conclusion of the problems with the in vitro titration of the NADP-Snifit labelled
with CP-MaP555-PPT was that the issue is most likely of a technical nature. It was
then decided to still test this combination live U20S cells. If the conclusion was true,
NADP-Snifit labelled with CP-MaP555-PPT would respond to treatments the similar to
the NADP-Snifit labelled with CP-MaP555-C6-SMX.

The NADP-Snifit labelled with CP-MaP555-PPT responds to titrations with QM385
similar to the NADP-Snifit labelled with CP-MaP555-C6-SMX. This indicates that the
NADP-Snifit is functional when using CP-MaP555-PPT. The differences between
CP-MaP555-C6-SMX and CP-MaP555-PPT are in agreement with a higher affinity of
PPT to SPR compared to SMX.

The NAD-Snifit is functional in live cells using the new FRET donor substrates
CP-MaP555-C6-SMX and CP-MaP555-PPT. The subcellular response to treatment
with FK866 and NR could be observed with CP-MaP555-C6-SMX and
CP-MaP555-PPT. It should be noted that response of the NAD-Snifit labelled with
CP-MaP555-C6-SMX to treatment with FK866 and QM385 is very similar, suggesting
that NAD-Snifit is almost fully open upon FK866 treatment. This makes the NAD-Snifit
labelled with CP-MaP555-PPT more attractive for measuring a decrease in NAD*.

In these experiments, it is easier to deplete NAD+ with FK866 than to induce an
increase with NR. FK866 is a potent NAMPT inhibitor, the key enzyme of the salvage
pathway, which is the most important part of NAD+ biosynthesis.l'% U20S cells are
cultured in high-glucose DMEM that contains 33 um Nam as biosynthetic precursor to
fuel the salvage pathway.!'®? Under these conditions, a drastic boost in free NAD*
levels is unlikely by NR treatment. Increased free NAD* levels also affect the
NADH/NAD*+ ratios, which could affect the activity of oxidative phosphorylation.['53] NR
has been shown to efficiently rescue phenotypes that involve decreased NAD+*
levels.[154-155] These points again indicate that NR treatment might not be suited to
significantly boost free NAD+* levels under normal cell culture conditions. To better

compare the response of the sensor labelled with CP-MaP555-C6-SMX and
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CP-MaP555-PPT, U20S cells could be cultured in Nam-free media. NR treatment
could be used to replenish subcellular NAD+* pools. Such conditions could also be

employed to screen for novel biosynthetic precursors.

The NADP-Snifit is also functional in live cells using the new FRET donor substrates
CP-MaP555-C6-SMX and CP-MaP555-PPT. The subcellular response to oxidative
stress (induced by thapsigargin or H202) could be observed with CP-MaP555-C6-SMX
and CP-MaP555-PPT. Importantly, the NADP-Snifit labelled with CP-MaP555-PPT
was not fully closed at basal NADPH/NADP+ ratios, but was more closed in response
to oxidative stress. It showed a similar response as the NADP-Snifit labelled with
CP-MaP555-C6-SMX. This suggests that the NADP-Snifit labelled with
CP-MaP555-PPT also responds to changes of NADPH/NADP+ ratios. Such
observations also support the assumption that the problems with in vitro titrations are
of a technical nature. Due to its presumably affinity towards higher NADPH/NADP+
ratios, CP-MaP555-PPT might be more suited for the use in reducing environments

(e.g. mitochondria of U20S cells).
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4.4 NAD(P)*-Snifits in primary neurons

The improved permeability of CP-MaP555-C6-SMX and CP-MaP555-PPT allows
labelling of the SNAP-tag in primary neurons without aggregation. Substrate titrations
show a much better labelling for CP-MaP555-PPT than CP-MaP555-C6-SMX,
indicating a much better permeability. By comparison, the older FRET donor substrate
CP-TMR-C6-SMX shows strong aggregation, unspecific signal and a poor
colocalization with the cytosolic mEGFP signal. These differences in neuronal
SNAP-tag labelling highlight the significant improvements of CP-MaP555-C6-SMX and
CP-MaP555-PPT with respect to live cell applications. Halo-tag labelling with Halo-SiR

is straightforward in primary neurons and has been previously demonstrated.[56-157]

Optimal conditions for cultured primary neurons avoid changing the medium as primary
neurons constantly secrete growth factors and nutrients that can be taken up again.
Also, long-term or time-course measurements with the NAD(P)*+-Snifits cannot be
performed in ACSF buffer.['?6] These facts require the development of a no-wash
labelling procedure for the NAD(P)+*-Snifits. In addition to the signal intensity of the
labelled NAD+-Snifit, the unspecific signal of non-expressing neurons is a relevant
factor to determine the signal over background. Consistent with previous data,
CP-MaP555-PPT has a much higher signal intensity than CP-MaP555-C6-SMX.
Together with a higher brightens, CP-MaP555-PPT also has much less background
signal than CP-MaP555-C6-SMX. This results in a higher signal over background for

CP-MaP555-PPT, making it much more suited for the application in primary neurons.

The NAD-Snifit is fully functional in the cytosol, nucleus and mitochondria of primary
neurons using CP-MaP555-PPT/Halo-SiR and responds to changes in subcellular free
NAD+* induced by treatment with FK866 or NR. This is the first time that subcellular free
NAD* levels are measured in live primary neurons. The NAD-Snifit also reveals distinct
differences in basal subcellular free NAD*. The nuclear levels of free NAD+ are found
to be higher than in the cytosol. The significantly lower levels of free NAD* in
mitochondria could be explained by subcellular differences in the free NADH/NAD+

ratio.['58] Neurons mainly use oxidative phosphorylation for ATP production and their
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mitochondria have a higher NADH concentration when oxidative phosphorylation takes
place (Figure 35B).['59

The NADP-Snifit is also fully functional in the cytosol, nucleus and mitochondria of
primary neurons using CP-MaP555-PPT/Halo-SiR and responds to changes in
subcellular free NADPH/NADP+ ratio induced by treatment with H202 or thapsigargin.
This is the first time that subcellular free NADPH/NADP+* ratios are measured in live
primary neurons. The NADP-Snifit also reveals differences in basal free
NADPH/NADP+ ratios between compartments. While cytosol and nucleus have similar
redox states, the mitochondria have a significant lower NADPH/NADP+ ratio. This
could be explained by ATP production via oxidative phosphorylation as this pathway
is the major source of mitochondrial ROS (Figure 35B).[160]

Both, H202 or thapsigargin induce strong oxidative stress and deplete cytosolic and
nuclear NADPH, resulting in a low free NADPH/NADP+ ratio. In contrast, the induction
of oxidative stress with H202 or thapsigargin results in a higher free mitochondrial
NADPH/NADP+ ratio. This could be explained by metabolic adaption of the
mitochondria. While neurons normally use oxidative phosphorylation for ATP
production, short-term demand for NADPH as reducing equivalents could be more
relevant than ATP demand.l'8'l Under normal conditions, NAD* is reduced to NADH
during the TCA cycle and NADH is then subjected to oxidative phosphorylation.['62]
Mitochondria can also convert NADH to NADPH using the nicotinamide nucleotide
transhydrogenase.!'®3] Intermediates of the TCA cycle can also serve as substrates for
NADPH producing enzymes such as ME or IDH2.1164-165] A different explanation could
be that neurons normally metabolize glucose via glycolysis and pentose phosphate
pathway (PPP). During oxidative stress, glucose could be completely metabolized via
PPP to generate NADPH. Consequently, no glycolytic products could fuel the TCA
cycle, resulting in lower activity of the oxidative phosphorylation and subsequent
mitochondrial ROS production.['66-1671 Such metabolic adaption could explain the

higher mitochondrial NADPH/NADP+ ratio upon oxidative stress.
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4.5 Subcellular differences between U20S and primary neurons

The applicability of the NAD(P)-Snifits in primary neurons allowed for the first time a
direct comparison of their free NAD* levels and NADPH/NAPD* ratio with a commonly
used human osteosarcoma cell line (U20S) using FLIM-FRET. The subcellular
comparison highlights significant and so far unknown differences between U20S cells
and primary neurons. The main differences are much higher levels of free NAD+ and
a higher NADPH/NAPD* ratio in the mitochondria of U20S cells compared to primary
neurons. In addition, the cytosol and nucleus are much more reducing in primary

neurons compared to U20S cells.

These differences could be explained by the metabolic characteristics of U20S cells
and primary neurons. Typical for cancer cells are the constant proliferation and high
ATP demand.['88] This is required for fast growth and proliferation. This ATP demand
is covered by aerobic glycolysis, where glucose is metabolized to pyruvate and then
lactate, while only a minimal activity of the oxidative phosphorylation is observed.!'®
This phenomenon is also known as the Warburg effect and the high glycolytic activity
results in a high ROS level in cytosol and nucleus.l'0-1711 Conversely, the low activity
of the oxidative phosphorylation leads to lower ROS level in the mitochondria.l'”? This
would also lead to lower NADH level compared to cells using oxidative phosphorylation
as a substantial fraction of the mitochondrial NAD+* could be reduced.['”3 This could be
an explanation for the higher mitochondrial NAD+ level compared to primary neurons
(Figure 35A).

In contrast, 14d old cultured primary neurons are fully differentiated and are
non-proliferating cells.l'’4 During differentiation, a metabolic shift takes place and
primary neurons almost exclusively use oxidative phosphorylation for ATP
production.l'”8 This involves a low glycolytic activity and the uptake of lactate. Lactate
is metabolized to pyruvate, which fuels the TCA cycle, where NADH is generated. This
could result in a higher NADH/NAD* ratio, which would explain the lower levels of free
NAD+ compared to U20S cells.['73] As oxidative phosphorylation is the major soured
source of mitochondrial ROS, this could also be an explanation for the more oxidizing

environment of mitochondria in primary neurons compared to U20S cells
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(Figure 35B).I'801 In support of this hypothesis are the changes in neuronal
mitochondrial NAD+* levels upon pharmacological stimulation or inhibition. Stimulation
has been shown to increase oxidative phosphorylation and additionally activate
glycolysis.l'31-132] Activation of glycolysis increases the cytosolic NADH/NAD+ ratio,
which is in line with lower free cytosolic NAD+ levels measured with the NAD+-Snifit.
An increased activity in oxidative phosphorylation should increase the mitochondrial
NADH/NAD* ratio. Accordingly, lower free mitochondrial NAD+* levels were measured
(Figure 35C). Synaptic inhibition decreases the neuronal ATP demand, which results
in a lower activity of oxidative phosphorylation. A measured increase in free
mitochondrial NAD+* levels is in line with a decreased mitochondrial NADH/NAD* ratio
(Figure 35D). The measurements of neuronal subcellular NADPH/NADP+* ratios upon

pharmacological stimulation or inhibition could further strengthen the hypothesis.
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Figure 35: Major pathways for energy production in cancer cells and primary neurons. A) U20S cells have a high
glycolytic activity and only minimal oxidative phosphorylation compared to primary neurons (Warburg effect).
B) primary neurons with spontaneous activity mainly utilize pyruvate for oxidative phosphorylation. C) stimulated
primary neurons have an upregulated oxidative phosphorylation and an additional glycolytic activity. D) inhibited
primary neurons have a lower rate of oxidative phosphorylation.
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The hypothesis that differences in mitochondrial metabolism account for the
differences in mitochondrial free NAD* levels and NADPH/NADP+ ratios could be
tested by selective inhibition of TCA cycle or complex | of the respiratory chain.
Inhibition of key enzymes of the TCA cycle such as aconitase or IDH would inhibit the
reduction of NAD* to NADH and should result in higher levels of free NAD*.['76l
Blocking complex | of the respiratory chain with rotenone would inhibit the oxidation of
NADH to NAD* and should result in lower levels of free NAD+.I'7¢1 Both treatments
would inhibit the respiratory chain before ROS are generated and should therefore
result in a higher NADPH/NADP+ ratio.l'””1 As oxidative phosphorylation is much more
relevant in primary neurons, a stronger effect of these treatment could be expected in
primary neurons compared to U20S cells. The hypothesis could also be tested by
applying the NAD(P)-Snifits in astrocytes. These are a diverse class of neural cells and
play an important role in nutrient homeostasis and neurotransmitter recycling.['”8 They
are part of a neural network and exchange metabolites with neurons (e.g. lactate
shuttle). In contrast to neurons, astrocytes mainly utilize glycolysis for ATP
production.l'”®l Therefore, if the hypothesis would be correct, a similar difference in
mitochondrial free NAD+* levels and NADPH/NADP+ ratios could be expected between
primary neurons and astrocytes. Applying the NAD(P)*-Snifits in a co-culture of primary
neurons and astrocytes would generate new insights into this symbiotic relationship.
In particular, differences between resting and stimulated neural cultures could be very

interesting.

There are also fluorescent biosensors for NADH/NAD+ ratio, NADH, NADP+ and
NADPH that could be used to investigate mitochondrial NAD(P)(H) metabolism in
U20S cells and primary neurons. However, Peredox and SoNar can only be used to
measure cytosolic NADH/NAD+* ratios, which limits their applicability for investigating
mitochondrial NADH/NAD* ratios.[8'-82] Frex is a fluorescent NADH biosensor that can
be used in mitochondria. Its pH sensitivity requires careful corrections and could also
limit the accuracy. iNap is a fluorescent biosensor that reports on NADPH and can be
used in mitochondria.l®® This sensor could be used to compare free mitochondrial

NADPH levels in U20S cells and primary neurons.
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4.6 NAD+ transporter

The question how the mammalian mitochondrial NAD* pool is established has been
unsolved for decades. In recent years, evidence has emerged indicating that
mammalian cells have a NAD+* transporter for the mitochondria similar to plants or
yeast.[’? 11 This hypothesis is in line with hundreds of orphan SLCs, where neither
functions or substrates are known.['8] The Baur lab uses different methods to identify
and characterize SLC25A51 and SLC25A52. Among these methods, the NAD-Snifit
demonstrates the benefit of subcellular measurements in live cells. Such successful
contributions help to establish the NAD(P)-Snifits as standard research methods.
Independently, two other research groups also identified SLC25A51 as mammalian
mitochondrial NAD* transporter, which supports the finding of the collaboration.!'81-182]
Further research on the metabolic role of SLC25A51 is ongoing, which highlights the
significance of the discovery of SLC25A51 (personal communication, not published
yet: Cambronne lab, Hottinger lab).

Experiments with the NAD-Snifit only involve the overexpression of potential SLCs as
NAD+* transporter or the knock-down of the more important SLC. A suitable positive
control would be the overexpression of a known yeast or plant NAD+ transporter. These
experiments could not be performed, because the cDNA of these NAD+* transporter
has not been available at that time. However, such experiments were performed by

the collaborators using a different NAD*-biosensor.l'3]

4.7 Nam and Trp starvation

Culturing U20S cells in Nam-free, Trp-free or Nam/Trp-free media reveals distinct
subcellular effects in free NAD*. A drastic decrease in NAD+ upon Nam depletion is to
be expected as it is the most important precursor for cultured cells.['83 While Trp
starvation has only a little effect on cytosolic and nuclear NAD+*, mitochondrial NAD+* is
significantly increased. Nam/Trp starvation appears to compensate for the effect of
Nam depletion. These data are in line with data from the Opitz lab, however the
subcellular insights are valuable to elucidate the connection between Trp starvation
and NAD+ biosynthesis. The subcellular effects of both, Trp depletion and Nam/Trp

depletion are intriguing and could hint to an unknown compensation mechanism.
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5 Summary and outlook

This PhD thesis describes the development of fluorogenic FRET donor substrates for
the NAD(P)-Snifits and the subsequent application of the NAD(P)-Snifits in primary
neurons.

Prior to this work, the applicability of the NAD(P)-Snifits in complex and more relevant
model systems has been limited by the permeability of the FRET donor substrate
CP-TMR-C6-SMX and its labelling of the NAD(P)-Snifits. To address these issues, the
TMR scaffold was optimized by converting the ortho-carboxy moiety into substituted
sulfonamides. The three resulting fluorogenic dyes were combined with the SPR
inhibitors SMX or PPT to yield six new FRET donor substrates. After evaluation in live
cells, CP-MaP555-C6-SMX and CP-MaP555-PPT were selected as substrates with
the best permeability and labelling of the NAD(P)-Snifits. The NAD(P)-Snifits were
functional when labelled with CP-MaP555-C6-SMX or CP-MaP555-PPT as
demonstrated by the response to pharmacological treatments in U20S cells.
CP-MaP555-C6-SMX and CP-MaP555-PPT were able to label the NAD(P)-Snifits in
primary neurons. Due to its superior permeability and labelling, CP-MaP555-PPT could
also be used for no-wash labelling, making it suitable for long term experiments. This
enabled for the first time subcellular measurements of free NAD* levels and
NADPH/NADP* ratios in live primary neurons. Additionally, subcellular fluctuations of
free NAD* levels and NADPH/NADP+ ratios upon pharmacological treatment in primary

neurons could be observed for the first time.

FLIM-FRET measurements revealed clear differences between U20S cells and
primary neurons regarding their subcellular free NAD* levels and NADPH/NADP+
ratios. U20S cells had much higher levels of free mitochondrial NAD+ than primary
neurons. While primary neurons had higher cytosolic and nuclear NADPH/NADP+
ratios, their mitochondria had much lower NADPH/NADP+ ratios than U20S cells. An
explanation could be a different activity of oxidative phosphorylation in both cell types.
These findings suggest that free subcellular NAD+* levels and NADPH/NADP+ ratios
can vary significantly between different cell types. They also provide a starting point

for a more systematic evaluation of NAD* levels and NADPH/NADP+ ratios in different
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organelles and cell types. This would greatly contribute to the understanding of
metabolism in general and should have implications for drug development (e.g.
cooperative binding of an inhibitor and NAD(P)(H) would dependent on the free
concentration or ratios of the cofactors.)

Multiplexing of the NAD-Snifit with the synthetic calcium indicator Cal520
demonstrated how sensors can be used for multiplexing to investigate metabolic
relationships and multiple pathways in the same cell at once. The successful
application of the NAD(P)-Snifits in primary neurons opened up the possibility to
investigate subcellular free NAD* and NADPH/NADP+ levels in other primary cells such
as hepatocytes or myoblasts, which are frequently used to study NAD(P)(H)
metabolism.[184-185]

Furthermore, the NAD-Snifit has provided valuable subcellular insights in different
collaborations. For instance, it contributed to the discovery of the first mammalian
mitochondrial NAD+ transporter. NAD-Snifits are also used to elucidate the subcellular
response to Nam and Trp starvation. This highlights the potential of the NAD-Snifit to

study complex biological questions.

Current projects in the Johnsson lab include the optimization of the SNAP-tag and its
substrates. The permeability and labelling kinetics of the SNAP-tag substrates BG and
CP are significantly lower than for the Halo-tag substrate.['8-1871 A further engineered
SNAP-tag combined with an improved SNAP-tag substrate could further increase
permeability and labelling kinetic of the FRET donor substrate. Similar permeabilities
and labelling kinetics of SNAP-tag and Halo-tag substrate could decrease the
incubation time with fluorescent substrates and reduce unspecific background staining.
Engineering of the SNAP-tag could lead in a higher turn-on of the FRET donor

substrate, resulting in a higher signal to noise.

As of now, the NAD(P)-Snifits have been mainly evaluated in U20S cells. Stable cell
lines could be easily generated using the Trex-Flpln system and the flat morphology
makes this cell line attractive for imaging. However, all immortalized cell lines used in
research have alterations of their metabolism and feature a great metabolic
diversity.[18-190] This could also result in variations in NAD(P)(H) metabolism between

different immortalized cell lines and limit the significance of findings. Applying the

79



Summary and Outlook

NAD(P)-Snifits in other immortalized cell lines such as human hepatocellular
carcinoma cells (HepG2), mouse insulinoma cells (MING) or Jurkat cells could help to
select the best model system for a defined biological question.[191-193]

The most physiological model systems apart from in vivo (e.g. zebrafish or rodents)
are ex vivo transplants of organs and human induced pluripotent stem (iPS) derived
cells or organoids.['*4 Using the NAD(P)-Snifits would offer the possibility to reveal
new insights into subcellular NAD(P)(H) metabolism in health and disease. Labelling
of the NAD(P)-Snifits with the fluorescent substrates will be the main challenge for
applying the sensors in these systems. A more permeable FRET donor substrate might
be necessary if CP-MaP555-PPT is not sufficient for labelling. One could envision to
shift the spirocyclization equilibrium of TMR even more to the spirocyclic form by
modifying the ortho-carboxylic acid with more electron-rich moieties than
N,N-dimethylsulfamide.
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6 Experimental Procedure

6.1 Reproducibility and statistical analysis

Unless stated otherwise, all experiments were performed in three independent
replicates. The number of replicates per experiment are stated in the figure legend.
Sample sizes were not predetermined by statistical methods.

Statistical analyses were performed with Prism 9.0 using a one-way ANOVA (multiple
comparison to a control group) or unpaired, two-tailed ttest (comparison of two
groups). For multiple comparison analysis, a Dunnett post-hoc correction was

performed. A p value < 0.05 was considered significant.

6.2 Biochemical characterization

6.2.1 Spectral measurements

Absorbance spectra were measured using a quartz glass cuvette (150 L volume,
path length: 10 mm). Spectra were recorded from 400-650 nm at 25 °C. Sample
concentration was 5 pMm and the DMSO content was kept < 1 vol%.

Fluorescence spectra were measured on using a quartz glass cuvette (150 pL volume,
path length: 10 mm). Spectra were recorded from 520-700 nm at 25 °C. Sample

concentration was 5 pMm and the DMSO content was kept < 1 vol%.

6.2.2 Determination of extinction coefficient

The absorbance spectra were measured in different buffers (0.1% TFA in EtOH, 0.1%
SDS in PBS and 10 mm HEPES, pH 7.3) at concentrations of 1 um, 5 um, 10 uMm and
15 pM. All measurements were performed with UV-Vis spectrometer using a quartz
glass cuvette (150 puL volume, path length: 10 mm). Spectra were recorded from
400-650 nm at 25 °C. The absorption maxima were plotted against the concentrations
and fitted linearly. According to the Lambert-Beer law (Equation 3), the resulting slope

is the € of the respective fluorophore.
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A,=¢e-cd (3)

¢ = extinction coefficient, ¢ = concentration, d = path length.

6.2.3 Determination of quantum yield

Quantum yields were measured using an integrating sphere to determine the absolute

quantum yield. Absorbance was < 0.1 a.u..

6.2.4 Water-dioxane titrations

FRET donor substrates were diluted to 5 um in different water-dioxane mixtures
(DMSO content was < 1 vol%). Dioxane content was from 20/80 (vol%) to 90/10
(vol%). Absorbance spectra were measured on a plate reader using PP F-bottom
(chimney well) 96-well plates. Spectra were recorded from 400-650 nm at 25 °C. After
background correction, the absorbance maxima were plotted against the dielectric

constant of the respective water-dioxane mixture.[1%%]

6.2.5 Turn-on measurements

FRET donor substrates were diluted to 5 um in activity buffer containing 10 um purified
SNAP-Halo protein.l''®l As a reference, the samples were diluted to 5 uM in activity
buffer. After incubation at 25 °C for 3 h, the fluorescence spectra were measured. The
fold-change in fluorescence was reported by dividing the maxima of the SNAP-tag

sample by the corresponding buffer sample.

6.2.6 Labelling kinetics in vitro

The FRET donor substrates were diluted to 40 nm in activity buffer. 100 uL of the
diluted sensor substrates were added into a black quartz glass 96-well and incubated
at 25 °C for 16 h. The reaction was started by the addition of 100 pL activity buffer
containing 800 nM of purified NAD-Snifit protein. Final concentrations: 20 nm FRET
donor substrates and 400 nm of purified NAD-Snifit protein. The labelling kinetics were

measured by an increase in fluorescence polarization (FP) using the following settings:
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Excitation filter: 535 nm (bandwidth: 25 nm), emission filter: 595 nm (bandwidth:
35 nm), mirror: dichroic 560, gain: 53, flashes: 10, g-factor: 1.033 and z-position:
17573 pm. FP values were plotted against the time and the second-order rate constant

was derived with Equation 4.

FPo-FPmax Ao (Ag-Bo)e ™™ @)
A, AyelhBokiB,
t=time, FPo=FP at t=0, FPmax=FP at upper plateau, k =second-order rate constant,

Ao = starting concentration of FRET donor substrate (20 nM) and By = starting concentration of
purified NAD-Snifit protein (400 nM).

FP=FP o+

6.2.7 Expression and purification of NAD(P)-Snifits

The NAD(P)-Snifit proteins were produced in E.coli BL21-DE3. Bacteria were grown in
1 L LB media containing ampicillin (100 pg/m.) at 37 °C. At ODeoo = 0.6, the culture
was cooled to 16 °C and the protein expression was induced by the addition of 1 mm
IPTG. After 16 h, the cells were harvested by centrifugation (4000 g, 15 min, 4 °C) and
resuspended in 30 mL extraction buffer supplemented with 1 mm PMSF, 0.25 mg/mL
lysozyme and 5 mMm DTT. The suspension was sonicated on ice (7 min, 50% duty
cycle, 70% power) and centrifuged (10000 g, 15 min, 4 °C). The clear lysate was
purified using a Ni-NTA resin. The applied lysate was washed extensively with 10
column volumes (CV) wash buffer and eluted with 5 CV elution buffer. The purified
sensor protein was concentrated using an Amicon® ultra 50k cut off filter and the buffer
was exchanged to activity buffer. The concentration was determined by measuring the
absorbance at 280 nm using an extinction coefficient of 100,000 Mm'cm-! that was
calculated with ExPASYy.['%] The sensor protein was stored in activity buffer + 5 vol.%

glycerol at —20 °C.

6.2.8 Labelling of NAD(P)-Snifits

The sensor protein was diluted to 5 uM in activity buffer and incubated with the
respective fluorescent substrates (10 uM) at 25 °C for 3 h (reaction volume: 200 pL).
The mixture was centrifuged (10000 g, 1 min, 4 °C) and the excess of fluorescent
substrates was removed using desalting column according to the manufacturer’s

instructions. The sensor protein solution was concentrated using an Amicon® ultra 50k
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cut off filter and centrifuged (10000 g, 1 min, 4 °C). The concentration of the labelled
sensor protein was determined by measuring the absorbance at 550 and 650 nm in
PBS + 0.1% SDS (¢ (SiR) = 100,000 m-'cm-1).[88

6.2.9 Titrations of NAD(P)-Snifits

The labelled NAD(P)-Snifit protein was diluted to 20 nMm in activity buffer (supplemented
with 0.5 mg/mL BSA) in a 96-well back non-binding plate.

For NAD*, a 10-fold cofactor dilution was added (final volume: 100 uL/well) and
incubated for 30 min at 37 °C. NAD+* concentrations were ranging from 20 mm to 2 nm
using 10-fold dilution steps.

For NADPH/NADP* ratios, the total cofactor concentration was fixed to 100 um and the
following ratios were used: 199, 99, 49, 32.2, 24, 9, 4, 1 as 5-fold dilution. Commercial
NADPH was purified from NADP+ by FPLC using an anion exchange column. The
following buffer system was used: 20 mm triethanolamine pH 7.7 and for elution a
gradient of 20 mm triethanolamine pH 7.7 + 1 M KCI (0-100%).['%7] The concentration
of NADPH was determined by measuring the absorbance at 340 nm. If necessary, the
concentration of NADPH was corrected for NADP+ by measuring the absorbance at

260 nm and 340 nm and using Equation 5.

260
<% '8340’ NADPH_[NADPH]> _ (8260’ NADPH, [NADPH])
[NADP*|(M) = A ()

£260, NADP*

Aseo/Assg = absorbance at 260 nm or 340 nm, respectively, &260nm (NADPH) = 14,400 M-'cm-1,
£340 nm (NADPH) = 6220 M-'cm-1, £260 nm (NADP+) = 17,800 M-'cm-1.

The emission spectra were measured on Tecan Spark® 80 plate reader using the
following settings: Excitation wavelength: 520 nm (bandwidth: 10 nm), emission:
550-740 nm (bandwidth: 10 nm), step size: 2, mirror: dichroic 560, gain: 130, flashes:
20, and z-position: 17573 um. Ratios of FRET/TMR were plotted against [NAD*] or
[NADPH/NADP+] and the half-maximal sensor responses (¢so and rso) were obtained
using Equation 6 or Equation 7, respectively. Ratios of FRET/isosbestic point were
plotted against [NAD*] or NADPH/NADP+*] and the apparent affinities (Kb, app and Kso,

app) were obtained using Equation 8 or Equation 9, respectively.
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_ Rmin - Rmax _ Rmin - Rmax
R =Rmax + 1+ Cso (6) R =Rmax + 14 Is50 (7)
[NAD™] [NADPH/NADP™]
Rmin - Rmax Rmin - Rmax
R=R + — R = Rpaxt
max 1+ KD, app (8) me 1+ KSO, app (9)
[NAD'] [NADPH/NADP?]

R = ratio (FRET/TMR), Rmin = minimal ratio, Rmax = maximum ratio, ¢so = half-maximal sensor response,
[NAD+] = concentration of NAD+, r5 = half-maximal sensor response, [NADPH/NADP+] = ratio of
NADPH/NADP+, Kp, app = apparent affinity for NAD+, Kso, app = apparent affinity for NADPH/NADP+.

6.2.10 Cloning and production of AVVs

DNA sequences for SNAP-mEGFP, Halo-mGFP and NAD(P)-Snifits (cytosol, nucleus,
mitochondria) were sub-cloned into a pAAV vector with a hSyn promotor using Gibson
assembly. Plasmids were transformed into NEB stable E. coli cells and amplified
plasmids were purified using an endotoxin-free kit. Integrity of both ITRs was verified
by sequencing. Cloning was performed by Andrea Bergner.

AVVs were produced in HEK293 cells. Cells were transfected with the respective AAV
plasmid vector and the helper plasmid (pAdDeltaF6). Cells were harvested and AVVs
were purified by affinity chromatography. AVV production was performed by Annette
Herold. Viral titers were determined by qPCR, expressed as genomic copies and
calculated to be 0.95-1.02:10'3 GC/mL.l'%] Determination of viral titers was performed

by Magnus Huppertz.
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6.3 Live cell characterization

6.3.1 General remarks for mammalian cell culture

Unless stated otherwise, U20S cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 4.5 g/L glucose, 4 mm L-glutamine, 1 mM sodium pyruvate
and 10% fetal bovine serum (FBS). Cells were grown at 37 °C with a 5% COq
atmosphere in a humidified incubator. Cells were splitted 1:3 at 90-95% confluency
and also one day before seeding. Therefore, cells were washed once with phosphate
buffered saline (PBS) and then incubated with trypsin or TrypLE for 5 min 37 °C.
Trypsin was inactivated with the same amount of DMEM. Cell counting was performed
with an automated Countess™ [l FL cell counter (Invitrogen) using trypan blue staining
(10 pL cell suspension + 10 pL trypan blue). All cell lines were routinely tested for
mycoplasma contamination by PCR.

For FACS experiments, cells were seeded at 1x10° cells/mL in a 24-well plate using
500 pL medium per well.

For microscopy experiments, cells were seeded at 5x10* cells/mL in a 96-well
glass-bottom plate using 100 pL medium per well.

In case of NAD(P)-Snifit cells, the expression was induced by the addition of
doxycycline (200 ng/mL).

24 h after seeding, the cells were labelled with the respective FRET donor substrate
(500 nM) and Halo-SiR (200 nwm) for 14 h. Fluorescent substrate were diluted in DMEM
(at least 1:1000 final dilution from DMSO stock). For microscopy experiments, the cells
were washed tree times with Hank’s Balanced Salt Solution (HBSS) containing 4.5 g/L
glucose, 4 mm L-glutamine, 1 mM sodium pyruvate. Live cell imaging was performed
in the same media. For drug treatment, the compounds were diluted in DMEM (at least
1:1000 final dilution from DMSO stock) and the cells were incubated for the indicated
time period before the media was exchanged to HBSS. For H20:2 treatment, cells were
incubated with 1 mm H202 in HBSS.
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6.3.2 General remarks for rat primary hippocampal neurons

Preparation of hippocampal neurons was done by Dr. Birgit Koch, Magnus Huppertz,
Clara-Marie Gurth, Jasmine Hubrich, Victor Macarrdn Palacios, Angel Rafael
Cereceda Delgado and Dr. Elisa D’Este. The rats were sacrificed according to the
regulations in §4 Tierschutzgesetz (TierSchG). Scarifying was not an animal
experiment and did not require specific authorization (§7 Abs. 2 Satz 3 TierSchG).

24 well glass bottom plates were coated with poly-L-ornithine (100 pg/mL) for 20 min,
washed with PBS and coated with laminin (1 pg/mc) for one h. New born pups
(WISTAR rats) were sacrificed and the hippocampi were extracted. Tryptic digest was
followed by mechanical dissection using a pipette to obtain a homogenous solution.
The solution was filtered through a cell strainer (40 pum pore size) the cells were seeded
at 55k/well. Laminin was removed before seeding. 2 h after seeding, the medium was
removed and fresh phenol-red free neurobasal medium (NB) was added containing
antibiotics (pen/strep), Glutamax and B27.

Hippocampal neurons were infected with adeno-associated viruses (AVVs) after seven
to ten days in culture (see Appendix for viral titers). 0.4 uL of the respective AAV and
10 yuL phenol-red free NB medium was added per well. After 10-13 days, the
expressed protein constructs were labelled with the respective FRET donor substrate
(500 nMm) and Halo-SiR (200 nm) for 14 h. Fluorescent substrate were diluted in
phenol-red free NB medium as 50x stock and 10 yL was added per well (at least
1:1000 final dilution from DMSO stock). After labelling, additional 500 pL phenol-red
free NB medium was added per well.

For drug treatment, the compounds were diluted in phenol-red free NB medium as 10x
stock and 100 pL was added per well (at least 1:1000 final dilution from DMSO stock).

For H202 treatment, cells were incubated with 1 mM H202 in HBSS.

6.3.3 General remarks for confocal microscopy

Confocal microscopy was performed on a Leica SP8 equipped with a white line laser
(WLL) and hybrid photodetector for single molecule detection (HyD SMD detector).
Live cell imaging was performed at 37 °C with a 5% CO2 atmosphere in a humidified
chamber. The following settings were used for image acquisition: 20x/0.75 air

objective, 40x/1.1 water objective or 63x/1.2 water objective; image size:
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581.82 x 581.82 um; scan speed 600 MHz; pinhole 1 airy unit; four line averages and
16 bit depth. Z-stacks were performed with 2 um step size.

The following settings were used for the different fluorescent channels: DAPI
(excitation: 405 nm, detection: 435—480 nm), Mitotracker green/Cal520 (excitation:
488 nm, detection: 500-550 nm), TMR (excitation: 540 nm, detection: 560—-610 nm),
FRET (excitation: 540 nm, detection: 650-710 nm), CPY (excitation: 595 nm,
detection: 605650 nm) and SiR/Alexa647 (excitation: 630 nm, detection:
650—-710 nm), WLL pulse frequency: 80 MHz.

6.3.4 General remarks for FLIM

Fluorescent lifetime imaging was performed on a Leica SP8 (as described before)
equipped with a FALCON FLIM setup. Live cell imaging was performed at 37 °C with
a 5% CO:2 atmosphere in a humidified chamber. The following settings were used for
image acquisition with NAD(P)* biosensor: 40x/1.1 water objective, image size:
290.62 x 290.62 um, scan speed 200 MHz, pinhole 5 airy unit, line repetition (10-16),
one frame repetition, a minimum of 1000 photons/pixel were collected, max
1 photon/laser pulse, 16 bit depth. The following settings were used for the fluorescent
channel: TMR (excitation: 540 nm, detection: 560-610 nm), WLL pulse frequency:
40 MHz. The following settings were changed for image acquisition with Cal520: image
size: 154.77 x 154.77 um, scan speed 600 MHz, one line repetition, one frame
repetition, temporal resolution: 0.437 s.

FLIM data were analyzed with the LAS X Software (Leica). An intensity threshold was
used to remove the background (200 photons). A 3-order exponential reconvolution
was used to fit the fluorescent decays of ROIs (Equation 10). The amplitude weighted
average lifetimes (1) were calculated with Equation 11. The goodness of fit was
determined by the reduced chi-square (x2 <1.2) using a non-linear least-squares

analysis.

t

n-1
Y(t) = {lRF(t + Shlft”:“:) + BkngRF}(X) {Z A[I] e(-T[I]) + Bkgr} (1 0)
i=0

_ TR AT Tl

(V)= (11)

ASum
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6.3.5 General remarks for image analysis

Microscopy images were analyzed with FIJI.IV®9 |f applicable, z-stacks were
transformed into maximum projections. Image segmentation was performed using
Otsu’s threshold clustering algorithm.2%1 This binary mask was used to obtain the
mean intensity values of the ROls in each channel. Ratios of FRET/TMR channel were

calculated with Microsoft Excel.

6.3.6 General remarks for FACS measurements

Cells were washed once with PBS (500 uL) and incubated with trypsin (25 uL) for 5 min
37 °C. Cells were resuspended in PBS containing 2% FBS (325 L), filtered through a
cell strainer cap and subjected to FACS analysis. Data were recorded on a FACS
Melody using the following settings: GFP (ex. 488 nm, em. 530+30 nm), TMR
(ex. 561 nm, em. 575+20 nm), FRET (ex. 561 nm, em. 697458 nm) and SiR
(ex. 633 nm, em. 697+58 nm). For each measurement, 10’000 events were recorded.
Data were analyzed with FlowJo v10 software (BD Bioscience).

Gating strategy was the following Cells were gated for live cells and singlets to exclude
cell debris and cell doublets. Cells with a mEGFP construct were first gated for GFP
positive cells and then for a subset of TMR/GFP or SiR/GFP, respectively. Ratios of
either TMR/GFP or SiR/GFP were obtained by the derived function in FlowJo v10.
Cells with the NAD(P)*-Snifits were gated for a subset of FRET/TMR. Ratios of
FRET/TMR were obtained by the derived function in FlowJo v10.
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6.3.7 Labelling conditions in U20S cells

U20S cells expressing either a cytosolic mMEGFP-SNAP or mEGFP-Halo were labelled
with different concentrations of the FRET donor substrates or Halo-SiR, respectively
for 14 h. The same experiment was performed with the addition of 10 uM verapamil to
the labelling substrates. The cells were washed with HBSS (3x) and then analzsed by
FACS.

For the time course experiment, U20S cells expressing a cytosolic mEGFP-SNAP
construct were labelled with either CP-TMR-C6-SMX, CP-MAP555-C6-SMX or
CP-MaP555-PPT (500 nM) at the different time points. The cells were washed with
HBSS (3x) and then analyzed by FACS. Data was fitted with Equation 12.

y=y,+(plateau-y,)-(1-e*») (12)

6.3.8 Titration of NAD(P)-Snifits with QM385

U20S T-Rex™ Flp-In™ cells with an inducible NAD(P)-Snifit were expressed and
labelled as described above. After labelling, the cells were washed with HBSS (3x) and
then incubated with different concentrations of QM385 in HBSS containing 4.5 g/L
glucose, 4 mm L-glutamine, 1 mm sodium pyruvate for 1 h. The cells were analyzed by

FACS. ICso values were calculated with Equation 6.

6.3.9 LC-MS/MS measurements of NAD+*

U20S T-Rex™ Flp-In™ cells with an inducible NAD-Sifit in cytosol, nucleus or
mitochondria were seeded in a 6 well plate at 1x10° cells/mL (volume: 3 mr/well).
Expression and labelling of the sensor were performed as described above. Empty
U20S T-Rex™ Flp-In™ cells were used as control. The cells were washed once with
PBS (1 mL), detached with trypsin (500 L) and centrifuged for 5 min at 5000 g. The
cell pellet was resuspended in 10 uL PBS and 10 uL IS. '3C labelled yeast extract was
used as IS. 80 pL of hot buffered ethanol was added and the resuspended mixture was
shaken for 3 min at 1000 g (80 °C). The mixture was vortexed for 2 min in and then
centrifuged (10 min, 10,000 g, 4 °C). The supernatant was diluted 1:100 in 2 mm
NH4OAc (pH 9) and subjected to LC-MS/MS measurement (final IS dilution: 1:1000).
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The protein pellet was dissolved in 50 u. PBS and then diluted 1:50 in PBS. The
concentration was determined by a Bradford assay using a BSA solution (20 mg/mL)
for calibration: 0, 20, 30, 40, 50, 60, 80 and 100 pg/mL.

For the LC-MS/MS calibration curve, a stock solution of NAD and NADP in 2 mm
NH4OAc (pH9) was prepared at 10 mg/mL and subsequently diluted to get a
calibration curve at 250, 175, 100, 50, 25, 10, 5, 2.5 and 1 ng/mc (IS 1:1000).

LC-MS/MS was performed with a Shimadzu Nexera UPLC system coupled to Sciex
QTrap 6500+ triple-quadrupole mass spectrometer. The samples (prepared as
described above) were injected onto a Waters Atlantis Premier BEH C18 AX column
(1.7 um, 2.1 x 50 mm) and the column temperature was set to 50 °C (injection volume:
7.5 uL). The analytes were eluted using a 0.650 mL/min flow of 10 mm NH4OAc (pH
7.45) and MeOH. After sample injection, a 1.5 min isocratic flow of 5% MeOH in
NH4OAc was followed by 5 to 30% linear gradient. After 2 min, the column was washed
with 98% MeOH and re-equilibrated. The total analysis time per sample was 4.5 min
and NAD* and its internal standard has a retention time of 0.78 min.

NAD+ was ionized in the negative mode using the following settings: curtain gas:
40 psi, collision ionization voltage: —4,500 V, temperature: 400 °C, heater gas: 65 psi
and nebulizer gas: 80 psi. MS/MS analysis was performed via multiple reaction
monitoring (MRM) using the following transitions (Table 7). Data analysis was
performed with MultiQuant 3.0.2 (Sciex). The peak areas were corrected by the internal
standard and a linear or quaderatic fit (1/x weighting) was applied. Reproducibility was
tested by quadruple injection of a NAD+ solution (10 ng/mL). Coefficient of variation

was < 5%.
Table 7: MRM parameters for NAD+ quantification

Analyte MRM Dwell time (ms)  DP (V) EP (V) CE(V) CXP(V)
NAD* 661.9—540.0 75.0 -35.0 -10.0 -20.0 -35.0
661.9—79.0 25.0 -35.0 -10.0 -130.0 -9.0
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6.3.10 Multiplexing of NAD-Snifit and Cal520 in primary
neurons

Expression and labelling of the NAD+*-Snift in cytosol, nucleus and mitochondria was
performed as described above. Cells were incubated with 1 um Cal520 for 1 h. Basel
neuronal activity was recorded before NAD* levels were measured. For stimulation,
neurons were incubated with 10 um glutamate and 2.5 um glycine for 1 h. To inhibit
neuronal activity, neurons were incubated with 25 um AP5 and 10 um CNQX for 1 h.
Neuronal activity after treatment was recorded before NAD+* levels were measured with
FLIM.

6.3.11 SLC25A51 transfection screen

U20S T-Rex™ Flp-In™ cells with an inducible NAD-Snifit in mitochondria were plated
at 5*10* cells/mL in a glass-bottom 96 well plate. Sensor expression was induced by
the addition of doxycycline (200 ng/mL). After 24 h, the cells were transfected with
SLC25A51 using Fugene 6 with the following conditions: 100 ng DNA/well, Ratio
Fugene (uL) : DNA (pg) = 1.5:1. After 24 h, the cells were labelled with Halo-CPY
(200 nM) for 2 h.

The cells were washed twice with PBS and fixed with 4% PFA for 10 min at room
temperature. Next, the cells were incubated with 0.5% TX-100 in PBS for 10 min,
washed with PBS-T (PBS + 0.1% Tween™ 20) and then incubated with 3% BSA in
PBS-T for 2 h at room temperature. Labelling with the primary antibody (1.0 pg/mL) in
3% BSA in PBS-T was performed for 16 h at 4 °C. The cells were washed twice with
PBS-T and then labelled with the secondary antibody (1:2000) in 3% BSA in PBS-T
for 1 h at room temperature. The cells were washed twice with PBS and labelled with
Hoechst (1 pg/mc) for 5 min at room temperature. The cells were washed twice with

PBS before confocal imaging.

6.3.12 NAD* measurements: SLC25A51

U20S T-Rex™ Flp-In™ cells with an inducible NAD-Snifit in mitochondria were plated
at 5*10* cells/mL in a 24-well plate. Sensor expression was induced by the addition of
doxycycline (200 ng/mL). After 24 h, the cells were labelled with CP-TMR-C6-SMX
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(500 nM) and Halo-SiR (200 nwm) for 16 h. The cells were washed twice with media and
then transfected with either SLC25A51, SLC25A52 or an empty pcDNAS3.1 vector
using Fugene 6 and the following conditions: 500 ng DNA/well, Ratio Fugene
(L) : DNA (ug) = 1.5:1. After 24 h, the cells were washed twice with PBS and
subjected to FACS analysis.

6.3.13 NAD+* measurements: Nam and Trp starvation

U20S T-Rex™ FIp-In™ cells an inducible NAD-Snift (cytosol, nucleus or mitochondria)
were cultured in normal DMEM medium before being seeded in 6 well plates using
customized media: control media containing 10% dialyzed FBS, Nam free media, Trp
free media and Nam/Trp free media. The cells were cultured for 72 h and proliferation
and morphology was monitored by brightfield microscopy. After 72 h, the cells seeded
at 5x10* cells/mvL in 24 well plate and sensor expression was induced by the addition
of doxycycline (200 ng/mL). After 24 h, the cells were labelled with CP-MaP555-PPT
(500 nm) and Halo-SiR (200 nwm) for 16 h and were then analyzed by FACS.
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6.4 Chemical synthesis

General remarks

All chemical reagents and anhydrous solvents for synthesis were purchased from
commercial suppliers (Sigma-Aldrich, Carl Roth GmbH + Co.KG, Merck KGaA, Acros
Organics, TCI Chemicals GmbH, Santa Cruz biotechnology, Thermo Fisher Scientific)
and were used without further purification or distillation.

Unless stated otherwise, all reactions were performed in oven-dried glassware and
anhydrous solvents were used.

Reaction progress was monitored by thin layer chromatography (TLC) on precoated
TLC plates (silica gel 60G F254, Merck KGaA). Reaction spots were visualised by UV
illumination (254 nm or 366 nm). Alternatively, reaction progress was monitored using
a liquid chromatography-mass spectrometry (LC-MS), which was performed on a
Nexerra UHPLC system equipped with a Waters ACQUITY UPLC BEH C18 column
(1.7 um 2.1 x 50 mm) connected to a Shimadzu MS2020. Solvent A: 0.1% formic acid
(FA) in MilliQ-Hz20, solvent B: MeCN, flowrate: 1 mr/min, gradient: 10% B in A to 90%
B in A over 6 min.

Reaction products were either purified by normal phase flash column chromatography
(NP-FCC) on self-packed silica gel (60 A, 0.04-0.063 mm, Macherey-Nagel GmbH &
Co. KG) or with a Biotage Isolera Prime (Detection: 254 nm and 280 nm, flow rate:
10 mL/min), equipped with commercially available Silia Sep-cartridges (4 g to 80 g,
40-63 um, 60 A, SiliCycle).

Alternatively, preparative reverse phase high-performance liquid chromatography
(RP-HPLC) was performed on a Waters Alliance 2695 equipped with a 2998
Photodiode Array Detector and an Ascentis C18 column (5 um pore size, 20x25 cm,
flow rate: 8 mL/min). Additionally, a Thermo Scientific Dionex UltiMate 3000-Series,
equipped with a DAD-3000(RS) and MWD-3000(RS) Photodiode Array Detector and
an Ascentis C18 column (5 um pore size, 20x25 cm, flow rate: 8 mL/min) was used.
Unless stated otherwise, Buffer A: 0.1% TFA in MQ-H20 and Buffer B: MeCN were
used. A typical gradient was 10% B in A to 90% B in A over 60 min.
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NMR spectra were recorded in deuterated solvents on a BRUKER Avance |ll HD 400
(equipped with a CryoProbe™) instruments and calibrated to residual solvent peaks
("H/'3C in ppm): Acetone-Ds (2.05/29.8), Chloroform-D1 (7.26/77.00), Acetonitrile-Ds
(1.94/118.3), DMSO-Des (2.50/39.5), Methanol-Ds4 (3.31/49.0). Multiplicities are
abbreviated as follows: s =singlet, d = doublet, t = triplet, q = quartet, p = pentet,
m = multiplet. Coupling constants J are reported in Hz and were partially obtained by
Global Spectral Deconvolution (GSD) with MestReNova 14.1.0 (Metrelab Research
S.L.). Spectra are reported based on appearance, not on theoretical multiplicities
derived from structural information.

HRMS experiments were performed on maXis ETD Il HRMS system coupled to a
UPLC system operating in the positive and negative mode. The mass of detected ions

is given in dependency of the ionic charge in the form of m/z.
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Diketone (16)

To a solution of N,N-dimethylformamide dimethyl acetal (15) (1.7 mL, 12.6 mmol,
1.0 equiv.) in dry 1,4-dioxane (9 mL), methyl acetoacetate (16) (1.53 mr, 14.2 mmol,
1.1 equiv.) was added and stirred for 2 h at 80 °C. The reaction was quenched by the
addition of water (150 mL) and saturated aqueous NaHCOs solution (50 mL) and was
extracted with CH2Cl2 (3 x 100 mr). The combined organic phases were washed with
saturated aqueous NaCl solution (100 mL), dried over Na2SO4 and concentrated in
vacuo. The crude product was purified via NP-FCC (acetone/EtOAc, 5:95 to 10:90) to
give 16 (2.05 g, 12.0 mmol, 95%) as a yellow solid.

TH NMR (400 MHz, DMSO-Ds): o [ppm] = 7.22 (s, 1H), 3.23 (s, 3H), 1.73 (s, 3H).
13C NMR (100 MHz, DMSO-Ds): 6 [ppm] = 193.7, 168.7, 156.5, 102.3, 51.2, 28.5.
HRMS (ESI): calc. for CsH14NOs* (M+H)*: 172.0974, found: 172.0968.

LRMS (ESI, LC-MS): CsH14NOs* (M+H)*: 173.10, found: 171.95.

tr (LC-MS): 0.276 min.

R¢ (Acetone/EtOAc = 5/95): 0.27.
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Triazane (18)

o
\ [o}
N~N/)\,\“§’«
N= OH

To a suspension of 2-chloropyrrolo[2,1-f][1,2,4]triazin-4(1H)-one (17) (1.5g,
8.85 mmol, 1.0 equiv.) in EtOH (9 mL), hydrazine (1 M solution in EtOH, 88.5 mL,
88.5 mmol, 10.0 equiv.) was added and the reaction mixture was stirred for 72 h at
50 °C. Afterwards the crude product was filtered and washed with cold water to give
the product (654.0 mg, 3.96 mmol, 45%) as a yellow solid.

The yellow solid (654.0 mg, 3.96 mmol, 1.0 equiv.) was subsequently dissolved in
EtOH (9 mL) and stirred at rt. After 10 min acetic acid (2.2 mc, 38.8 mmol, 9.8 equiv.)
and 16 (805.0 mg, 4.7 mmol, 1.2 equiv.) were added and stirred at 50 °C for 4 h.
Afterwards the solvent was removed in vacuo and the crude product was purified via
NP-FCC (MeOH/CH2Cl2 0:100 to MeOH/CH2Cl2 3:97). For subsequent ester
hydrolysis, the product (451.0 mg, 1.65 mmol, 1.0 equiv.) and NaOH (193.0 mg in
10 mL water, 3.0 equiv.) in THF (16 mL) were stirred at r.t. for 3 h. The volatiles were
removed in vacuo and the reaction mixture was acidified with conc. ag. HCI (pH = 1).
The precipitate was filtered off, washed with cold water to give 18 (322.0 mg,

1.24 mmol, 31% over two steps) as a colorless solid.

H NMR (400 MHz, DMSO-Ds): 6 [ppm] = 8.10 (s, 1H), 7.68 (dd, J= 2.7, 1.6 Hz, 1H),
7.01 (dd, J=4.3, 1.6 Hz, 1H), 6.63 (dd, J = 4.3, 2.7 Hz, 1H), 2.73 (s, 3H).

13C NMR (100 MHz, DMSO-Ds): & [ppm] = *C NMR (101 MHz, DMSO) 5 163.9, 154.2,
145.8, 143.0, 141.1, 122.2,118.2, 114.3, 111.1, 108.4, 11.4.

HRMS (ESI): calc. for C11H10NsOs* (M+H)*: 260.0784, found: 260.0778.

LRMS (ESI, LC-MS): C11H10NsOs* (M+H)*: 260.08, found: 259.95.

tr (LC-MS): 2.266 min.
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PPT (19)
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To a solution of 18 (70.0 mg, 270.0 umol, 1.0 equiv.) in dry DMF (4 mr), PyBOP
(155.0 mg, 297.0 pmol, 1.1 equiv.) and piperazine (233 mg, 2.7 mmol, 10.0 equiv.)
were added and stirred at 50 °C for 4 h. The reaction was quenched by addition of
acetic acid (200 pL) and the crude product was purified via RP-HPLC (detection at
254 nm) to give 19 (53.0 mg, 162.0 umol, 60%) as a colorless solid.

TH NMR (400 MHz, DMSO-De): 6 [ppm] = 8.01 (s, 1H), 7.66 (dd, J=2.7, 1.6 Hz, 1H),
7.01 (dd, J=4.3, 1.7 Hz, 1H), 6.63 (dd, J= 4.3, 2.7 Hz, 1H), 3.73 (d, J= 5.9 Hz, 4H),
3.19 (1, J=5.3 Hz, 4H), 2.56 (s, 3H).

13C NMR (100 MHz, DMSO-Ds): 5 [ppm] = 162.9, 154.1, 142.5, 140.7, 122.1, 118.1,
116.3, 111.0, 108.3, 42.7.

HRMS (ESI): calc. for C1sH1sN7O2+ (M+H)*: 328.1522, found: 328.1516.

LRMS (ESI, LC-MS): C1sH1sN7O2* (M+H)*: 328.15, found: 328.00.

tr (LC-MS): 0.277 min.
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C6-SMX (23)
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To a solution of Fmoc-6-aminocaproic acid (20) (300.0 mg, 849.0 umol, 1.0 equiv.) in
DMF (6.0 mvL), EDC-HCI (325.0mg, 1.7mmol, 2.0equiv.) and HOBt
(229 mg,1.7 mmol, 2.0 equiv.) were added at r.t.. After full dissolution of the reagents,
sulfamethoxazole (21) (430.0 mg, 1.7 mmol, 2.0 equiv.) and DIPEA (281 uL,
1.7 mmol, 2.0 equiv.) were added and stirred at r.t. for 12 h. The crude product was
purified via RP-HPLC (detection at 254 nm). For subsequent deprotection the product
(120.0 mg, 204.0 pmol, 1.0 equiv.) was dissolved in piperidine (50 pL, 5 vol%) and
DMF (5.0 mL) and stirred at r.t. for 15 min. The crude product was purified via
RP-HPLC (detection at 254 nm) to give 23 (40.0 mg, 109.0 umol, 13% over two steps)

as a colorless solid.

TH NMR (400 MHz, Methanol-D4): & [ppm] =7.87-7.80 (m, 2H), 7.78-7.74 (m, 2H),
6.14 (q, J= 0.8 Hz, 1H), 2.94 (dd, J = 8.5, 6.8 Hz, 2H), 2.45 (t, J= 7.3 Hz, 2H), 2.32
(d, J=0.9 Hz, 3H), 1.72 (ddt, J= 17.8, 15.3, 7.5 Hz, 4H), 1.53-1.41 (m, 2H).

13C NMR (100 MHz, Methanol-D4): & [ppm] = 165.1, 162.6, 149.73, 135.2, 125.7,
119.9, 110.9, 86.9, 31.0, 28.0, 18.9, 17.5, 16.3, 2.8.

HRMS (ESI): calc. for C16H2sN4O4S* (M+H)*: 367.1440, found: 367.1435.

LRMS (ESI, LC-MS): C16H23N4+04S* (M+H)*: 367.14, found: 367.00.

tr (LC-MS): 1.169 min.

The spectroscopic data were in agreement with previously reported synthesis.[84
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Bisallyl-TMR (25)
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To a solution of 6’-carboxytetramethylrhodamine-C3-COOH (24) (307.0 mg,
611.0 umol, 1.0 equiv.) in DMF (20 m), triethylamine (682 uL, 4.9 mmol, 8.0 equiv.)
and K2CQOs (338.0 mg, 2.4 mmol, 4.0 equiv.) were added at r.t.. The reaction mixture
was cooled to 0°C and allyl bromide (317 uL, 3.7 mmol, 6.0 equiv.) was added
dropwise. After 12 hours, the reaction was quenched by the addition of acidic acid
(500 pL). The crude product was purified via NP-FCC (MeOH/CH2Cl2 0:100 to 15:85)
to yield 25 (143.0 mg, 245.0 umol, 40%) as a pink powder.

TH NMR (400 MHz, Chloroform-D1): 6 [ppm]=8.43 (d, J=8.2Hz, 1H), 8.33
(dd, J=8.2, 1.7 Hz, 1H), 7.88 (d, J= 1.6 Hz, 1H), 7.13 (dd, J= 9.5, 1.5 Hz, 2H), 6.89
(dd, J=9.5, 2.4 Hz, 1H), 6.84-6.75 (m, 2H), 6.73 (d, J=2.5Hz, 1H), 6.08-5.98
(m, 1H), 5.98-5.85 (m, 1H), 5.41 (dq, J=17.2, 1.5 Hz, 1H), 5.33 (dq, J= 7.2, 1.3 Hz,
1H), 5.29 (p, J= 1.3 Hz, 1H), 5.24 (dq, J=10.4, 1.3 Hz, 1H), 4.84 (dt, J=5.9, 1.4 Hz,
2H), 4.60 (dt, J=5.9, 1.4 Hz, 2H), 3.64-3.56 (m, 2H), 3.24 (s, 6H), 3.21 (s, 3H), 2.45
(t, J=6.6 Hz, 2H,), 1.99 (p, J= 7.0 Hz, 2H).

13C NMR (100 MHz, Chloroform-D+): & [ppm]=172.5166.1, 165.0, 159.1, 157.9,
157.8, 157.3, 156.7, 137.4, 1338.7, 132.9, 132.0, 131.8, 131.6, 131.2, 130.3, 119.3,
118.9,117.8,114.9,114.3,114.2, 1141, 96.7, 96.7, 66.5, 65.7, 52.5, 41.0, 39.4, 30.7,
22.1.

HRMS (ESI): calc. for CasHssN207+ (M+H)*: 583.2366, found: 583.2434.

LRMS (ESI, LC-MS): calc. for CzaHssN20O7* (M+H)*: 583.24, found: 583.20.

tr (LC-MS): 3.079 min.

R: (MeOH/DCM = 5/95): 0.2.
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Bisallyl-MaP1 (26)
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To a solution of 25 (71.0 mg, 122.0 umol, 1.0 equiv.) in CH2Cl2 (10 mL), EDC-HCI
(187.0 mg, 975.0 umol, 8.0 equiv.), DMAP (119.0 mg, 975.0 umol, 8.0 equiv.) and
methanesulfoneamide (92.7 mg, 975.0 umol, 20.0 equiv.) were added and stirred at
50 °C. After 12 h the reaction was quenched by the addition of acetic acid (200 pL).
The crude product was purified via RP-HPLC (detection at 540 nm) to give 26
(67.0 mg, 102.0 umol, 84%) as a pink powder.

TH NMR (400 MHz, Chloroform-D1): & [ppm] =8.29 (dd, J=8.1, 1.5 Hz, 1H), 8.14
(d, J=8.1 Hz, 1H), 7.83 (d, J= 1.5 Hz, 1H), 6.97-6.91 (m, 2H), 6.76-6.63 (m, 4H),
6.04-5.86 (m, 2H), 5.43-5.19 (m, 4H), 4.80 (dt, J=5.9, 1.4 Hz, 2H), 4.59 (dt, J=5.8,
1.4 Hz, 2H), 3.54-3.45 (m, 2H), 3.14 (s, 6H), 3.10 (s, 3H,), 2.96 (s, 3H), 2.42
(t, J=6.9 Hz, 2H), 1.96 (p, J= 7.0 Hz, 2H).

13C NMR (100 MHz, Chloroform-D1): & [ppm] = 172.5, 166.1, 165.0, 159.8, 157.9,
157.8, 157.3, 156.7, 152.6, 137.4, 133.7, 132.9, 132.0, 131.8, 131.6, 131.2, 130.3,
119.3,118.9,117.8,114.9,114.3,114.2,114.1,96.7,96.7, 66.5, 65.7, 52.5, 41.0, 39.4,
30.7, 22.1.

HRMS (ESI): calc. for CasH3sN30sS* (M+H)*: 660.2380, found: 660.2374.

LRMS (ESI, LC-MS): CssH3sNsOsS* (M+H)*: 660.24, found: 660.15.

tr (LC-MS): 3.120 min.
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Bisallyl-MaP555 (27)
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To a solution of 25 (71.0 mg, 122.0 umol, 1.0 equiv.) in CH2Cl2 (10 mL), EDC-HCI
(187.0 mg, 975.0 umol, 8.0 equiv.), DMAP (119.0 mg, 975.0 umol, 8.0 equiv.) and
N,N-dimethylsulfamide (303.0 mg, 2.44 mmol, 20.0 equiv.) were added and stirred at
50 °C. After 12 h the reaction was quenched by the addition of acetic acid (200 pL).
The crude product was purified via RP-HPLC (detection at 540 nm) to give 27
(46.0 mg, 66.8 umol, 55%) as a pink powder.

TH NMR (400 MHz, Chloroform-D1): & [ppm]=8.23 (dd, J=8.0, 1.4 Hz, 1H), 8.02
(d, J=8.0Hz, 1H), 7.75 (s, 1H), 6.78-6.67 (m, 3H), 6.65 (d, J=2.5Hz, 1H),
6.59-6.44 (m, 3H), 6.02-5.85 (m, 2H), 5.39-5.20 (m, 4H), 4.76 (dt, J=5.9, 1.4 Hz,
2H), 4.58 (dt, J=5.8, 1.4 Hz, 2H), 3.41 (t, J=7.6 Hz, 2H), 3.04 (s, 6H), 3.00 (s, 3H),
2.72 (s, 6H), 2.39 (t, J=7.0 Hz, 2H), 1.93 (p, J = 7.1 Hz, 2H).

13C NMR (100 MHz, Chloroform-D1): & [ppm] = 172.8, 166.3, 165.1, 154.1, 154.0,
152.7, 151.2, 136.5, 135.8, 132.2, 131.8, 130.5, 129.4, 128.0, 127.4, 119.3, 118.7,
117.6,116.3,114.7,114.2,113.8,110.0, 99.0, 98.9, 66.5, 65.5, 52.2, 41.3, 39.0, 38.04,
31.3,22.2.

HRMS (ESI): calc. for CssH41N4OsS* (M+H)+*: 689.2645, found: 689.2640.

LRMS (ESI, LC-MS): CssH41N4OsS* (M+H)*: 689.26, found: 689.15.

tr (LC-MS): 3.325 min.
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Experimental Procedure

MaP1 (28)

To a solution of 27 (67.0 mg, 101.0 ymol, 1.0 equiv.) and 1,3-dimethylbarbituric acid
(95.0 mg, 608.0 umol, 6.0 equiv.) in MeOH (10mL) and CH2Cl2 (2 mL),
tetra-kis(triphenylphosphine)-palladium(0) (117.0 mg, 101.0 umol, 1.0 equiv.) was
added and stirred at r.t. for 12 h. The reaction was quenched by the addition of acetic
acid (200 pL) and the crude product was purified via RP-HPLC (detection at 540 nm)
to give 28 (47.0 mg, 81.1 umol, 80%) as a pink powder.

TH NMR (400 MHz, Methanol-D4): & [ppm]=8.33 (dd, J=8.1, 1.6 Hz, 1H), 8.06
(d, J=8.1 Hz, 1H), 7.92 (d, J= 1.5 Hz, 1H), 7.01 (dd, J = 9.3, 3.9 Hz, 2H), 6.94-6.83
(m, 3H), 6.80 (d, J=2.5 Hz, 1H), 3.66-3.54 (m, 2H), 3.19 (s, 6H), 3.17 (s, 3H), 2.92
(s, 3H), 2.38 (t, J = 6.9 Hz, 2H), 1.98-1.86 (m, 2H).

13C NMR (100 MHz, Methanol-Da): 5 [ppm] = 176.6, 167.9, 167.7, 157.6, 157.5, 157.1,
156.4, 136.9, 136.5, 132.2, 131.2, 131.1, 130.8, 128.6, 113.9, 113.8, 112.6, 112.4,
104.6, 98.5, 98.4, 53.1, 41.4, 40.9, 39.3, 31.5, 23.2.

HRMS (ESI): calc. for C29H30N30sS* (M+H)*: 580.1754, found: 580.1748.

LRMS (ESI, LC-MS): C29H30N30sS* (M+H)*: 580.18, found: 580.10.

tr (LC-MS): 2.901 min.

103



Experimental Procedure

MaP555 (29)
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To a solution of 27 (74.0 mg, 107.0 ymol, 1.0 equiv.) and 1,3-dimethylbarbituric acid
(101.0mg, 644 uMol, 6.0equiv.) in MeOH (10mL) and CHCl2 (2 mL),
tetra-kis(triphenylphosphine)-palladium(0) (124.0 mg, 107.0 umol, 1.0 equiv.) was
added and stirred at r.t. for 12 h. The reaction was quenched by the addition of acetic
acid (200 pL) and the crude product was purified via RP-HPLC (detection at 540 nm)
to give 29 (36.0 mg, 59.1 umol, 55%) as a pink powder.

TH NMR (400 MHz, Acetone-Ds): o [ppm] =8.24 (s, 1H), 8.05 (s, 1H), 7.64 (s, 1H),
6.90-6.15 (m, J=64.1 Hz, 6H), 3.44 (s, 3H), 2.99 (s, 9H), 2.71 (s, 6H), 2.39
(t, J=7.2 Hz, 2H).

13C NMR (100 MHz, Acetone-Des): 6 [ppm] = 174.4, 166.8, 166.3, 159.2, 158.7, 158.4,
153.3, 152.3, 149.8, 136.9, 130.7, 129.2, 127.0, 124.9, 109.6, 109.1, 108.9, 101.0,
99.4, 98.8, 88.6, 52.3, 40.4, 38.5, 38.2, 31.1, 22.7.

HRMS (ESI): calc. for CaoH33N4OsS* (M+H)*: 609.2019, found: 609.2014.

LRMS (ESI, LC-MS): Cs0H33N4+OsS* (M+H)*: 609.20, found: 609.15

tr (LC-MS): 2.146 min.
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Experimental Procedure

MaP1-C6-SMX (30)

A solution of 28 (23 mg, 39.6 umol, 1.0 equiv.), TSTU (13 mg, 43.6 umol, 1.1 equiv.)
and DIPEA (52 puL, 317 pmol, 8.0 equiv.) in DMSO (5 mL) was stirred at 35 °C for
45 min. After the presence of the active ester was confirmed by LC-MS, 23 (17 mg,
47.5 umol, 1.2 equiv.) was added and the reaction mixture was stirred for 6 h at 35 °C.
The reaction was quenched by addition of acidic acid (200 pL) and the crude product
was purified via RP-HPLC (detection at 540 nm) to give 30 (9.0 mg, 9.7 pmol, 25%) as

a pink powder.

TH NMR (400 MHz, DMSO-Ds): 6 [ppm]=11.30 (s, 1H), 10.29 (s, 1H), 8.16-8.03
(m, 2H), 7.80 (t, J=5.5 Hz, 1H), 7.76 (m, 4H), 7.42 (s, 1H), 6.62 (t, J = 8.6 Hz, 2H),
6.44 (d, J = 8.6 Hz, 4H), 6.11 (d, J = 1.2 Hz, 1H), 3.29 (t, J = 7.4 Hz, 2H,), 3.03
(t, J= 6.5 Hz, 2H), 3.00 (s, 3H), 2.94 (s, 6H), 2.89 (s, 3H), 2.32 (1, J = 7.4 Hz, 2H), 2.28
(d, J=0.8 Hz, 3H), 2.14-2.05 (m, 2H), 1.72 (p, J=7.2 Hz, 2H), 1.56 (p, J=7.4 Hz,
2H), 1.39 (dt, J=6.4, 5.8 Hz, 2H), 1.26 (g, J=10.2, 4.3, 3.4 Hz, 2H).

13C NMR (100 MHz, DMSO-Ds): & [ppm] = 172.0, 171.5, 170.3, 166.0, 165.7, 157.7,
157.6, 152.2, 143.2, 133.6, 130.0, 127.3, 124.9, 124.3, 118.7, 108.1, 98.3, 96.8, 95.4,
51.3, 41.9, 39.9, 38.4, 37.9, 36.4, 32.3, 29.0, 26.1, 24.6, 22.3,12.1.

HRMS (ESI): calc. for C4sHs0N7011S2* (M+H)+: 928.3010, found: 928.3004.

LRMS (ESI, LC-MS): C45Hs0N7O11S2+ (M+H)+: 928.30, found: 928.30.

tr (LC-MS): 2.970 min.
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Experimental Procedure

MaP555-C6-SMX (31)
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A solution of 29 (18 mg, 29.5 umol, 1.0 equiv.), TSTU (9.7 mg, 32.5 pmol, 1.1 equiv.)
and DIPEA (39 pL, 157.5 pmol, 8 equiv.) in DMSO (5 mL) was stirred at 35 °C for
45 min. After the presence of the active ester was confirmed by LC-MS, 23 (13 mg,
35.4 umol, 1.2 equiv.) was added and the reaction mixture was stirred for 6 h at 35 °C.
The reaction was quenched by addition of acidic acid (200 pL) and the crude product
was purified via RP-HPLC (detection at 540 nm) to give 31 (8.0 mg, 8.4 pmol, 26%) as

a pink powder.

TH NMR (400 MHz, DMSO-De): 6 [ppm]=11.30 (s, 1H), 10.28 (s, 1H), 8.11
(d, J=8.0Hz, 1H), 8.02 (d, J= 8.1 Hz, 1H), 7.76 (s, 4H), 7.39 (s, 1H), 6.53
(t, J=9.2 Hz, 2H), 6.45-6.35 (m, 4H), 6.11 (d, J= 1.1 Hz, 1H), 3.28 (q, J=7.7, 6.1 Hz,
2H), 3.03 (g, J = 6.6 Hz, 2H), 2.92 (s, 6H), 2.88 (s, 3H), 2.63 (s, 6H), 2.31 (t, J= 7.4 Hz,
2H), 2.28 (d, J = 0.9 Hz, 3H), 2.14-2.05 (m, 2H), 1.71 (h, J=7.2 Hz, 2H), 1.56
(p, J=7.4 Hz, 2H), 1.40 (p, J=7.1 Hz, 2H), 1.27 (it, J=10.6, 6.4 Hz, 2H).

13C NMR (100 MHz, DMSO-Ds): & [ppm] = 172.0, 171.5, 170.3, 166.0, 165.6, 158.1,
157.6, 153.7, 152.6, 152.5, 151.1, 150.0, 143.6, 136.7, 132.8, 130.8, 129.9 , 128.6,
128.0,125.0,118.7,108.3, 107.9, 106.2, 105.7, 98.2, 97.7, 95.4, 68.2, 51.2, 39.8, 38.4,
37.9, 37.5, 36.4, 32.4, 29.0, 26.1, 24.6, 22.3, 12.1.

HRMS (ESI): calc. for C46HssNsO11S2+ (M+H)+: 957.3275, found: 957.3270.

LRMS (ESI, LC-MS): C46Hs3NsO11S2* (M+H)*: 957.33, found: 957.20.

tr (LC-MS): 3.464 min.
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Experimental Procedure

CP-MaP1-C6-SMX (32)
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A solution of 30 (9.0 mg, 9.7 umol, 1.0 equiv.), TSTU (3.2 mg, 10.7 umol, 1.1 equiv.)
and DIPEA (10 pL, 78.0 pumol, 8.0 equiv.) in DMSO (1.5 mL) was stirred at 35 °C for
45 min. After the presence of the active ester was confirmed by LC-MS, CP-NH2 (7)
(3.1 mg, 11.6 umol, 1.2 equiv.) was added and the reaction mixture was stirred
overnight at 35 °C. The reaction was quenched by addition of acidic acid (50 uL) and
the crude product was purified via RP-HPLC (detection at 540 nm) to give 32 (2.3 mg,
1.9 pumol, 20%) as a pink powder.

TH NMR (400 MHz, DMSO-Ds): 6 [ppm]=11.30 (s, 1H), 10.27 (s, 1H), 9.22
(t, J=5.9 Hz, 1H), 8.16-8.10 (m, 1H), 8.05 (d, J=8.1 Hz, 1H), 7.76 (s, 4H), 7.50
(s, 1H), 7.34 (d, J=8.1 Hz, 2H), 7.24 (d, J=7.9 Hz, 2H), 7.07 (s, 2H), 6.59 (m, 2H),
6.42 (m, 4H,), 6.11 (d, J=1.0 Hz, 1H), 6.09 (s, 1H), 5.25 (s, 2H), 4.38 (d, J = 5.7 Hz,
2H), 3.28 (s, 2H), 3.03 (q, J = 6.7 Hz, 2H), 2.98-2.85 (m, 12H), 2.31 (t, J = 7.4 Hz, 2H),
2.28 (s, 3H), 2.13-2.05 (m, 2H), 1.71 (p, J= 7.4 Hz, 2H), 1.56 (p, J= 7.5 Hz, 2H), 1.40
(p, J=7.1 Hz, 2H), 1.27 (ddd, J = 14.3, 8.8, 5.5 Hz, 2H).

13C NMR (100 MHz, DMSO-De): & [ppm] = 172.0, 171.5, 170.3, 170.3, 165.9, 164.5,
162.8, 160.0, 157.6, 143.6, 139.1, 134.8, 132.8, 128.4, 128.0, 127.5, 124.1, 121.6,
118.7,107.7,97.9,95.4,94.8,67.2,51.2,42.7, 41.9, 39.7, 38.4, 37.9, 36.4, 32.3, 29.0,
26.1, 24.6, 22.3.

HRMS (ESI): calc. for Cs7He2CIN11011S22+ (M+2H)2+: 587.6875, found: 587.6875.
LRMS (ESI, LC-MS): Cs7Hs1CIN11011S2* (M+H)*: 1174.36, found: 1174.30.

tr (LC-MS): 3.974 min.
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Experimental Procedure

CP-MaP555-C6-SMX (33)
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A solution of 31 (12.0 mg, 14.6 pmol, 1.0 equiv.), TSTU (5.3 mg, 17.6 pmol, 1.2 equiv.)
and DIPEA (19 uL, 117.0 umol, 8.0 equiv.) in DMSO (1.5 mL) was stirred at 35 °C for
45 min. After the presence of the active ester was confirmed by LC-MS, CP-NH2 (7)
(4.3 mg, 16.1 umol, 1.1 equiv.) was added and the reaction mixture was stirred
overnight at 35 °C. The reaction was quenched by addition of acidic acid (50 uL) and
the crude product was purified via RP-HPLC (detection at 540 nm) to give 33 (11.0 mg,
9.1 umol, 63%) as a pink powder.

TH NMR (400 MHz, DMSO-Ds): 6 [ppm]=11.30 (s, 1H), 10.28 (s, 1H), 9.20
t, J=6.0 Hz, 1H), 8.15-8.08 (m, 1H), 8.00 (d, J=8.0 Hz, 1H), 7.77 (s, 4H), 7.49
s, 1H), 7.34 (d, J=7.8Hz, 2H), 7.24 (d, J=7.8 Hz, 2H), 7.08 (s, 2H), 6.51
t, J=8.6 Hz, 2H), 6.47-6.34 (m, 4H,), 6.11 (d, J=1.0 Hz, 1H), 6.09 (s, 1H), 5.25
s, 2H), 4.37 (d, J=5.7 Hz, 2H), 3.27 (t, J = 7.6 Hz, 2H), 3.03 (q, J = 6.6 Hz, 2H), 2.90
m, 9H), 2.61 (s, 6H), 2.33 (m, 2H), 2.28 (s, 3H), 2.08 (t, J=7.4 Hz, 2H), 1.70
p, J=7.5Hz, 2H), 1.57 (p, J=7.5 Hz, 2H), 1.40 (p, J=7.1 Hz, 2H), 1.33-1.24 (m,
3H).

13C NMR (100 MHz, DMSO-Ds): & [ppm] = 172.0, 171.5, 170.3, 170.3, 165.7, 164.6,
162.8, 160.0, 157.6, 153.6, 152.6, 152.5, 151.1, 149.9, 143.6, 139.9, 139.1, 134.8,
132.8, 129.7, 128.6, 128.4, 128.0, 127.5, 123.7, 123.0, 118.7, 114.0, 108.2, 107.9,
106.5, 105.9,98.2,97.7,95.4,94 .4, 68.3, 67.2, 51.2,42.7, 39.8, 38.4, 37.9, 37.5, 36.4,
32.4,29.0, 26.1, 24.6, 22.3, 12.0.

HRMS (ESI): calc. for CssHesCIN12011S2%+ (M+H)?+: 602.1971, found: 602.2007.
LRMS (ESI, LC-MS): CssHes4CIN12011S2+ (M+H)*: 1203.39, found: 1203.25.

tr (LC-MS): 3.914 min.
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Experimental Procedure

MaP1-PPT (34)

A solution of 28 (23 mg, 39.6 umol, 1.0 equiv.), PyBOP (23 mg, 43.6 umol, 1.1 equiv.)
and DIPEA (41 pL, 317 umol, 8.0 equiv.) in DMF (4 mL) was stirred at 35 °C for 20 min.
After the presence of the active ester was confirmed by LC-MS, 19 (14 mg, 43.6 umol,
1.2 equiv.) was added and the reaction mixture was stirred for 6 h at 35 °C. The
reaction was quenched by addition of acidic acid (200 pL) and the crude product was
purified via RP-HPLC (detection at 540 nm) to give 34 (15 mg, 17.0 umol, 43%) as a
pink powder.

TH NMR (400 MHz, DMSO-De): & [ppm] = 8.13 (d, J = 8.0 Hz, 1H), 8.07 (d, J = 8.0 Hz,
1H), 7.92 (d, J = 2.7 Hz, 1H), 7.69-7.58 (m, 1H), 7.42 (s, 1H), 7.04—6.96 (m, 1H), 6.72—
6.57 (m, 3H), 6.55-6.31 (m, 4H), 4.01 (s, 4H), 3.58-3.44 (m, 4H), 3.37
(d, J=12.9 Hz, 2H), 3.03—-2.85 (m, 12H), 2.52 (s, 3H), 2.44-2.32 (m, 2H), 1.82-1.72
(m, 2H).

13C NMR (100 MHz, DMSO-De¢): & [ppm] = 170.5, 166.0, 165.8, 162.8, 154.2, 152.1,
141.8, 141.4, 140.7, 136.63, 130.1, 128.2, 124.3, 122.2, 118.2, 117.2, 111.0, 108.3,
98.3,97.7,51.2,44.7,41.9,41.1,39.3,37.9,29.2, 21.7, 11.5.

HRMS (ESI): calc. for C44H4sN1009eS* (M+H)*: 889.3092, found: 889.3078.

LRMS (ESI, LC-MS): C44H45N1009S* (M+H)*: 889.31, found: 889.25.

tr (LC-MS): 2.286 min.
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Experimental Procedure

MaP555-PPT (35)
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A solution of 29 (18 mg, 29.6 umol, 1.0 equiv.), PyBOP (17 mg, 32.5 umol, 1.1 equiv.)
and DIPEA (39 uL, 237 umol, 8.0 equiv.) in DMF (4 mL) was stirred at 35 °C for 20 min.
After the presence of the active ester was confirmed by LC-MS, 19 (12 mg, 35.5 umol,
1.2 equiv.) was added and the reaction mixture was stirred for 6 h. The reaction was
quenched by addition of acidic acid (200 pL) and the crude product was purified via
RP-HPLC (detection at 540 nm) to give 35 (12.2 mg, 13.1 umol, 44%) as a pink

powder.

'H NMR (400 MHz, DMSO-Ds): & [ppm] = 8.11 (d, J=8.1 Hz, 1H), 8.03 (d, J=8.0 Hz,
1H), 7.98 (s, 1H), 7.67-7.63 (m, 1H), 7.38 (s, 1H), 7.00 (dd, J=4.3, 1.7 Hz, 1H), 6.62
(dd, J=4.4, 2.7 Hz, 1H), 6.54 (t, J=9.1 Hz, 2H), 6.43 (d, J=10.9 Hz, 4H), 3.72 (s,
4H), 3.53 (m, 4H), 3.39-3.28 (m, 2H), 2.91 (s, 9H), 2.63 (s, 6H), 2.52 (s, 3H), 2.38 (q,
J=5.5,3.9 Hz, 2H), 1.81-1.69 (m, 2H).

13C NMR (100 MHz, DMSO-De¢): & [ppm] = 170.6, 166.1, 165.7, 162.8, 154.2, 151.2,
150.1, 141.9, 141.4, 140.70, 136.7, 130.8, 129.9, 128.7, 125.0, 124.2, 122.2, 118.2,
117.2,111.0,108.3, 108.0, 106.3, 105.7, 98.2, 97.7, 68.2, 51.2, 44.3, 41.4, 39.3, 37.9,
37.5,30.1,21.1, 11.5.

HRMS (ESI): calc. for C,;H,4N,,0,S* (M+H)*: 918.3357, found: 918.3352.

LRMS (ESI, LC-MS): C, H,¢N,,0,S* (M+H)*: 918.34, found: 918.20.
tr (LC-MS): 3.258 min.
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Experimental Procedure

CP-MaP1-PPT (36)
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A solution of 34 (15.0 mg, 16.9 pmol, 1.0 equiv.), TSTU (6.1 mg, 20.3 pmol, 1.2 equiv.)
and DIPEA (22 pL, 135.0 umol, 8.0 equiv.) in dry DMSO (1.5 mL) was stirred at 35 °C
for 45 min. After the presence of the active ester was confirmed by LC-MS, CP-NH2 (7)
(4.9 mg, 18.6 pmol, 1.2 equiv.) was added and the reaction mixture was stirred for 6 h
at 35 °C. The reaction was quenched by addition of acidic acid (50 uL) and the crude
product was purified via RP-HPLC (detection at 540 nm) to give 36 (14.0 mg,
12.3 pumol, 73%) as a pink powder.

'H NMR (400 MHz, DMSO-Ds): & [ppm] = 12.40 (s, 1H), 9.22 (t, J=5.9 Hz, 1H), 8.13
(d, J=8.1 Hz, 1H), 8.06 (d, J=8.0 Hz, 1H), 7.93 (s, 1H), 7.67 (dd, J=2.7, 1.7 Hz,
1H), 7.50 (s, 1H, Ar H), 7.38-7.31 (m, 3H), 7.26 (m, 2H), 7.01 (dd, J= 4.3, 1.7 Hz, 1H),
6.66-6.57 (m, 3H), 6.53-6.35 (m, 4H), 6.10 (s, 1H), 525 (s, 2H), 4.38
(d, J=5.7 Hz, 2H), 3.54 (d, J=15.9 Hz, 8H), 3.36 (d, J=8.5 Hz, 2H), 2.98 (s, 3H),
2.93 (s, 9H), 2.53 (s, 3H), 2.39 (d, J=6.9 Hz, 2H), 1.77 (q, J = 7.4 Hz, 2H).

13C NMR (100 MHz, DMSO-Ds): & [ppm] = 170.5, 170.3, 165.9, 164.5, 162.8, 160.0,
154.1, 141.8, 140.7, 139.1, 134.8, 134.7, 128.4, 128.3, 127.5, 127.3, 127.1, 123.9,
122.9, 1221, 118.7, 117.16, 116.6, 110.9, 108.8, 97.4, 95.0, 65.5, 50.3, 42.6, 41.9,
39.1,37.4,28.4,21.3,7.3.

HRMS (ESI): calc. for C,4H,,CIN,,0,S2+ (M+2H)?*: 568.3764, found: 568.1916.

LRMS (ESI, LC-MS): C_H,,CIN,,0,S* (M+H)*: 1135.38, found: 1135.25.
tr (LC-MS): 3.718.
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Experimental Procedure

CP-MaP555-PPT (37)

o | | Q
mﬁ( N 0 N\/\)LN’\ =N N-NTY
s e aaselre
N Q HN
NH, Q N‘S\OQ [¢] (o)
N N—
H 0 /

A solution of 35 (14 mg, 15.3 umol, 1.0 equiv.), TSTU (5.5 mg, 18.3 umol, 1.2 equiv.)
and DIPEA (16 pL, 122.0 uMol, 8.0 equiv.) in dry DMSO (1.4 mL) was stirred at 35 °C
for 45 min. After the presence of the active ester was confirmed by LC-MS, CP-NH2 (7)
(4.4 mg, 16.7 pmol, 1.1 equiv.) was added and the reaction mixture was stirred for 6 h
at 35 °C. The reaction was quenched by addition of acidic acid (50 pL) and the crude
product was purified via RP-HPLC (detection at 540 nm) to give 37 (11.1 mg, 9.5 pmol,
62%) as a pink powder.

1H NMR (400 MHz, DMSO-De): & [ppm] = 12.40 (s, 1H), 9.20 (t, J = 5.9 Hz, 1H), 8.11
(dd, J=8.0,1.5Hz, 1H), 8.00 (d, J = 8.0 Hz, 1H), 7.93 (s, 1H), 7.66 (dd, J = 2.7, 1.6 Hz,
1H), 7.48 (s, 1H), 7.34 (d, J = 7.9 Hz, 2H), 7.24 (d, J = 7.8 Hz, 2H), 7.10 (d, J = 25.3 Hz,
2H), 7.01 (dd, J = 4.3, 1.7 Hz, 1H), 6.62 (dd, J = 4.4, 2.7 Hz, 1H), 6.52 (t, J = 8.8 Hz,
2H), 6.41 (t, J=9.7 Hz, 4H), 6.10 (s, 1H), 5.25 (s, 2H), 4.37 (d, J = 5.7 Hz, 2H), 3.53
(m, 8H), 3.34 (d, J = 7.9 Hz, 2H), 2.91 (s, 9H), 2.62 (s, 6H), 2.53 (s, 3H), 2.38 (d, J = 6.8
Hz, 2H), 1.74 (t, J = 7.5 Hz, 2H).

13C NMR (100 MHz, DMSO-De): & [ppm] = 170.5, 170.3, 164.6, 162.8, 162.8, 160.0,
154.2, 152.7, 152.5, 151.1, 150.0, 141.8, 141.4, 140.7, 139.9, 139.1, 134.8, 129.7,
128.7, 128.4, 127.5, 123.7, 123.0, 122.1, 118.2, 117.2, 111.0, 108.3, 107.9, 106.4,
105.9, 98.2, 97.6, 94.4, 68.3, 67.2, 51.1, 44.7, 42.7, 41.2, 39.8, 37.8, 37.5, 29.2, 21.6,
11.5.

HRMS (ESI): calc. for C57HGOCIN15OQS2+ (M+2H)2+: 582.7049, found: 582.7048.

LRMS (ESI, LC-MS): C57H5QCIN15OQS+ (M+H)*: 1164.40, found: 1164.25.
tr (LC-MS): 3.830 min.
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Experimental Procedure

Allyl-TMR (41)
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To a solution of 6-carboxytetramethylrhodamine (40) (70.0 mg, 163.0 umol,
1.0 equiv.) in DMF (10 mL), NEts (181 pL, 1.3 mmol, 8.0 equiv.) and K2COs (45.0 mg,
325 umol, 2.0 equiv.) were added at room temperature. The reaction mixture was
cooled to 0 °C and allyl bromide (42 pL, 488.0 umol, 3.0 equiv.) was added dropwise.
After 12 h, the reaction was quenched by the addition of acidic acid (500 uL). The crude
product was purified via NP-FCC (MeOH/CH2Cl2: 0:100 to 15:85) to yield 41 (34.0 mg,
72.3 umol, 44%) as a pink powder.[13]

TH NMR (400 MHz, Acetonitrile-D3): o [ppm] = 8.41-8.31 (m, 2H), 7.95 (dd, J= 1.6,
0.7 Hz, 1H), 7.11 (d, J = 9.5 Hz, 2H), 6.95 (dd, J = 9.5, 2.5 Hz, 2H), 6.86 (d, J = 2.5 Hz,
2H), 6.09-6.00 (m, 1H), 5.40 (dq, J = 17.3, 1.6 Hz, 1H), 5.28 (dq, J = 10.5, 1.3 Hz, 1H),
4.83 (dt, J=5.6, 1.4 Hz, 2H), 3.25 (s, 12H).

13C NMR (100 MHz, Acetonitrile-D3): & [ppm] = 166.4, 165.5, 158.5, 158.5, 135.5,
135.3, 134.9, 133.2, 132.7, 131.8, 131.6, 119.0, 115.4, 114.6, 97.2, 67.1, 41.3.
HRMS (ESI): calc. for C,gH,gN, O (M+H)*: 471.1842, found: 471.1914.

LRMS (ESI, LC-MS): calc. for C,gH,cN,O+ (M+H)*: 471.18, found: 471.10.

tr (LC-MS): 2.703 min.
Rs (MeOH/CH2Cl2 = 5/95): 0.1.

The spectroscopic data were in agreement with previously reported synthesis.[13]
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Experimental Procedure

Benzyl 4-sulfamoylbutanoate (39)
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To a solution of 4-sulfamoylbutyric acid (38) (1.0 g, 6.0 mmol, 1.0 equiv.) and
potassium iodide (298.0 mg, 1.8 mmol, 0.3 equiv.) in DMF (30 mL), DIPEA (989 pL,
6.0 mmol, 1.0 equiv.) and benzyl bromide (715 L, 6.0 mmol, 1.0 equiv.) were added
and stirred at r.t. for 12 h. Afterwards, CH2Cl2 (75 mL) and saturated aqueous NaHCO3
solution (75 mL) were added and the organic phase was washed with saturated
aqueous NaCl solution (100 mr), concentrated in vacuo and purified via NP-FCC

(EtOAc/hexanes 10:90 to 90:10) to yield 39 (1.2 g, 4.7 mmol, 78%) as a colorless solid.

H NMR (400 MHz, DMSO-Ds): 6 [ppm] = 7.21-7.07 (m, 5H), 4.89 (s, 2H), 2.85-2.76
(m, 2H), 2.33 (t, J= 7.4 Hz, 2H), 1.80-1.68 (m, 2H).

13C NMR (100 MHz, DMSO-Des): & [ppm] = 172.4, 136.3, 128.7, 128.3, 128.2, 65.8,
53.7,31.8, 19.4.

HRMS (ESI): calc. for C,,H,;NNaO,S* (M+Na)*: 280,0619, found: 280.0614.

LRMS (ESI, LC-MS): C,,H,,N,0,S* (M+NHa)*: 275.11, found: 275.00.

tr (LC-MS): 1.521 min.
R¢ (EtOAc/Hexane = 10/90): 0.32.
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Experimental Procedure

Allyl-benzyl-MaP3 (42)
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To a solution of 41 (62.0 mg, 132.0 umol, 1.0 equiv.) in DCM (8 mL), EDC-HCI
(202 mg, 1.1 mmol, 8.0 equiv.), DMAP (129.0 mg, 1.1 mmol, 8.0 equiv.) and 39
(678 mg, 2.6 mmol, 20.0 equiv.) were added and stirred at 50 °C. After 12 h the
reaction was quenched by the addition of acetic acid (200 pL). The crude product was
purified via RP-HPLC (detection at 540 nm) to give 39 (50.0 mg, 70.4 mmol, 53%) as

a pink powder.

TH NMR (400 MHz, Chloroform-D+1): & [ppm] =8.32 (dd, J=8.1, 1.6 Hz, 1H,), 8.16
(d, J=8.1 Hz, 1H), 7.85 (s, 1H), 7.36-7.27 (m, 5H), 7.05 (d, J=9.2 Hz, 2H), 6.80
(d, J=9.1 Hz, 2H), 6.73 (d, J = 2.3 Hz, 2H), 6.05-6.00 (m, 1H), 5.38 (d, J=17.2 Hz,
1H), 5.29 (d, J = 10.3 Hz, 1H), 5.04 (s, 2H), 4.81 (d, J= 5.9 Hz, 2H), 3.24 (t, /= 7.4 Hz,
2H), 3.16 (s, 12H,), 2.35 (t, J= 7.2 Hz, 2H), 1.92 (p, J = 7.3 Hz, 2H).

13C NMR (100 MHz, Chloroform-D1): d [ppm] = 172.0, 166.4, 164.8, 155.7, 153.5,
135.9, 134.9, 131.7, 131.2, 130.7, 128.7, 128.4, 128.2, 127.8, 119.4 (CH2CHCH20),
117.3, 114.5, 113.0, 112.4, 98.4, 66.6, 66.5, 53.0, 41.4, 32.2, 18.2.

HRMS (ESI): calc. for C,qH,,N,O.* (M+H)*: 710.2536, found: 710.2528.

LRMS (ESI, LC-MS): C_¢H,,N,O* (M+H)*: 710.25, found: 710.20.
tr (LC-MS): 3.264 min.
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Benzyl-MaP3 (43)

To a solution of 42 (50.0 mg, 70.3 umol, 1.0 equiv.) and 1,3-dimethylbarbituric acid
(66.0 mg, 422 umol, 6.0 equiv.) in MeOH (10mL) and CH2Cl2 (2 mL),
tetra-kis(triphenylphosphine)-palladium(0) (81.0 mg, 70.3 umol, 1.0 equiv.) was added
and stirred at r.t. for 12 h. The reaction was quenched by the addition of acetic acid
(200 pL) and the crude product was purified via RP-HPLC (detection at 540 nm) to give
43 (35.0 mg, 52.3 umol, 74%) as a pink powder.

TH NMR (400 MHz, Acetone-De): o [ppm]=8.28 (dd, J=8.0, 1.4 Hz, 1H), 8.12
(d, J=7.7 Hz, 1H), 7.78-7.64 (m, 2H), 7.38-7.27 (m, 5H), 6.86-6.38 (m, 6H), 5.08 (s,
2H), 3.40-3.30 (m, 2H), 3.03 (s, 12H), 2.37 (t, J = 7.3 Hz, 2H), 1.82 (tt, J= 9.1, 6.7 Hz,
2H).

13C NMR (100 MHz, Acetone-Ds): o [ppm] = 172.4, 166.7, 166.2, 154.0, 152.6, 148.6,
137.4,134.8, 133.4, 133.3, 131.2, 129.6, 129.5, 129.3, 128.9, 125.9, 125.0, 99.2, 66.6,
54.2,40.4, 32.4,19.0.

HRMS (ESI): calc. for C;;H,,N,O,S* (M+H)*: 670.2223, found: 670.2218.

LRMS (ESI, LC-MS): C,H,,N,O,S* (M+H)*: 670.22, found: 670.15.
tr (LC-MS): 2.871 min.
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Experimental Procedure

MaP3 (44)

To a solution of 43 (35.0 mg, 52.3 umol, 1.0 equiv.) in dry THF (3 mr) and dry MeOH
(3 mL), under argon atmosphere Pd/C (5.5 mg, 52.3 umol, 10 mol%) was added. The
flask was filled with Hz and the reaction mixture was stirred at r.t. for 12 h. The reaction
was quenched by addition of water (200 L), filtered and concentrated in vacuo. The
crude product was purified via RP-HPLC (detection at 540 nm) to give 44 (17.0 mg,
29.3 umol, 56%) as a pink powder.

TH NMR (400 MHz, Acetone-De): o [ppm]=8.27 (dd, J=8.0, 1.4 Hz, 1H), 8.10
(d, J=8.0 Hz, 1H), 7.71 (s, 1H), 6.85-6.44 (m, 6H), 3.39-3.32 (m, 2H), 3.03 (s, 12H),
2.28 (t, J= 7.3 Hz, 2H), 1.84—1.71 (m, 2H).

13C NMR (100 MHz, Acetone-Ds): o [ppm] = 173.4, 166.8, 166.3, 154.5, 152.9, 137.2,
131.2,129.6, 125.4, 117.8, 114.9, 110.0, 107.5, 99.2, 54.3, 40.4, 31.9, 18.9.

LRMS (ESI, LC-MS): C,4H;,N,O,S* (M+H)*: 580.18, found: 580.15.

HRMS (ESI): calc. for C,qH,,N,O,S* (M+H)*: 580,1754, found: 580.1749.

tr (LC-MS): 2.864 min.
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Experimental Procedure

MaP3-C6-SMX (45)
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A solution of 44 (8.5 mg, 14.7 umol, 1.0 equiv.), TSTU (4.9 mg, 16.1 umol, 1.1 equiv.)
and DIPEA (19 pL, 194.0 umol, 8.0 equiv.) in DMSO (5 mL) was stirred at 35 °C for
45 min. After the presence of the active ester was confirmed by LC-MS, 23 (6.5 mg,
17.6 pumol, 1.2 equiv.) was added and the reaction mixture was stirred for 6 h at 35 °C.
The reaction was quenched by addition of acidic acid (200 pL) and the crude product
was purified via RP-HPLC (detection at 540 nm) to give 45 (6.8 mg, 7.3 pmol, 50%) as
a pink powder.

TH NMR (400 MHz, DMSO-Ds): 6 [ppm]=11.30 (s, 1H), 10.28 (s, 1H), 8.16-8.03
(m, 2H), 7.77 (m, 4H), 7.39 (s, 1H), 6.58 (d, J=8.6 Hz, 2H), 6.40 (m, 4H), 6.11
(d, J=1.1 Hz, 1H), 3.26-3.17 (m, 2H), 2.98 (m, 2H), 2.93 (s, 12H), 2.32 (dd, J = 8.8,
5.9 Hz, 2H), 2.28 (d, J = 0.8 Hz, 3H), 1.99 (i, J= 7.3 Hz, 2H), 1.59 (m, 4H), 1.43—-1.31
(m, 2H), 1.31-1.19 (m, 2H).

13C NMR (100 MHz, DMSO-De): & [ppm] = 3C NMR 172.0, 170.4, 170.3, 166.0, 165.8,
158.0, 157.6, 151.3, 143.6, 137.2, 132.8, 130.5, 130.0, 128.3, 128.0, 125.0, 124.4,
118.3, 108.4, 98.2, 95.4, 53.8, 39.7, 38.3, 36.4, 33.0, 28.9, 26.1, 24.6, 18.3, 12.1.
HRMS (ESI): calc. for C4sHs0N7011S2+ (M+H)*: 928.3010, found: 928.3004.

LRMS (ESI, LC-MS): C4sHs0N7O11S2* (M+H)*: 928.30, found: 928.30.

tr (LC-MS): 3.008 min.
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Experimental Procedure

CP-MaP3-C6-SMX (46)
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A solution of 45 (6.8 mg, 7.3 umol, 1.0 equiv.), TSTU (2.6 mg, 8.8 umol, 1.2 equiv.)
and DIPEA (10 pL, 58.6 pmol,75.7 equiv.) in DMSO (1.5 mL) was stirred at 35 °C for
45 min. After the presence of the active ester was confirmed by LC-MS, CP-NH2 (7)
(2.1 mg, 8.1 umol, 1.1 equiv.) was added and the reaction mixture was stirred
overnight at 35 °C. The reaction was quenched by addition of acidic acid (50 uL) and
the crude product was purified via RP-HPLC (detection at 540 nm) to give 46 (2.9 mg,
2.5 umol, 34%) as a pink powder.

TH NMR (400 MHz, DMSO-Ds): 6 [ppm]=11.30 (s, 1H), 10.28 (s, 1H), 9.21
(t, J=5.9 Hz, 1H), 8.13 (d, J=8.1 Hz, 1H), 8.04 (d, J=8.0 Hz, 1H), 7.77 (s, 4H),
7.38-7.31 (m, 2H), 7.24 (d, J = 7.9 Hz, 2H), 7.07 (s, 2H), 6.56 (d, J = 8.5 Hz, 2H), 6.40
(s, 4H), 6.11 (d, J=1.0 Hz, 1H), 6.10 (s, 1H), 5.25 (s, 2H), 4.38 (d, J=5.7 Hz, 2H),
3.20 (t, J=7.8Hz, 2H), 2.94 (d, J=16.2 Hz, 14H), 2.31 (t, J=7.4 Hz, 2H), 2.28
(d, J=0.8 Hz, 3H), 1.99 (t, J=7.3 Hz, 2H), 1.65-1.50 (m, 4H), 1.36 (p, J=7.0 Hz,
2H), 1.27-1.22 (m, 2H).

13C NMR (100 MHz, DMSO-Ds): & [ppm] = 172.0, 170.3, 170.3, 170.3, 165.9, 164.5,
162.8, 160.0, 157.6, 151.0, 143.6, 139.1, 135.2, 134.8, 132.8, 128.4, 128.0, 127.5,
122.7, 118.7, 106.3, 98.2, 95.4, 94 .4, 66.1, 54.1, 43.1, 39.7, 37.96, 36.4, 31.1, 28.3,
26.1, 24.6, 19.0, 12.0.

HRMS (ESI): calc. for Cs7He2CIN11011S22+ (M+2H)2+: 587.3676, found: 587.6875.
LRMS (ESI, LC-MS): Cs7Hs1CIN11011S2* (M+H)*: 1174.37, found: 1174.25.

tr (LC-MS): 3.779 min.
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Experimental Procedure

MaP3-PPT (47)

A solution of 44 (8.5mg, 14.7 umol, 1.0 equiv.), PYBOP (8.4 mg, 16.1 umol,
1.1 equiv.) and DIPEA (19 pL, 117.0 umol, 8.0 equiv.) in DMF (4 mL) was stirred at
35 °C for 20 min. After the presence of the active ester was confirmed by LC-MS, 19
(5.8 mg, 17.6 umol, 1.2 equiv.) was added and the reaction mixture was stirred for 6 h.
The reaction was quenched by addition of acidic acid (200 pL) and the crude product
was purified via RP-HPLC (detection at 540 nm) to give 47 (5.5 mg, 6.2 pmol, 42%) as
a pink powder.

TH NMR (400 MHz, DMSO-De): 6 [ppm] = 8.14 (d, J = 8.0 Hz, 1H), 8.07 (d, J = 8.0 Hz,
1H), 7.40 (s, 1H), 7.01 (dd, J=4.3, 1.7 Hz, 1H), 6.62 (dt, J= 7.2, 3.6 Hz, 3H), 6.43 (s,
4H), 3.63-3.42 (m, 6H), 3.39-3.28 (m, 4H), 2.94 (s, 12H), 2.55 (s, 3H), 2.23 (t,
J=6.9 Hz, 2H), 1.66 (p, J = 7.1 Hz, 2H).

13C NMR (100 MHz, DMSO-De): o [ppm] = 169.5, 166.0, 165.8, 162.8, 154.2, 141.9,
141.4,140.7,137.1,130.1, 128.4, 125.2,122.2,118.2, 117.1, 111.0, 108.3, 98.2, 54.0,
44.6, 39.7, 30.7, 19.0, 12.8.

HRMS (ESI): calc. for C44H4sN1009S* (M+H)*: 889.3092, found: 889.3086.

LRMS (ESI, LC-MS): C44H45N1009S* (M+H)*: 889.31, found: 889.20.

tr (LC-MS): 3.008 min.
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Experimental Procedure

CP-MaP3-PPT (48)
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A solution of 47 (14 mg, 15.3 umol, 1.0 equiv.), TSTU (5.5 mg, 18.3 umol, 1.2 equiv.)
and DIPEA (16 pL, 122.0 umol, 8.0 equiv.) in dry DMSO (1.4 mL) was stirred at 35 °C
for 45 min. After the presence of the active ester was confirmed by LC-MS, CP-NH2
(7) (4.4 mg, 16.7 umol, 1.1 equiv.) was added and the reaction mixture was stirred
overnight at 35 °C. The reaction was quenched by addition of acidic acid (50 uL) and
the crude product was purified via RP-HPLC (detection at 540 nm) to give 48 (11.1 mg,
9.5 umol, 62%) as a pink powder.

TH NMR (400 MHz, DMSO-De): 6 [ppm] = 12.40 (s, 1H), 9.20 (t, J=5.9 Hz, 1H), 8.11
(dd, J=8.0, 1.5 Hz, 1H), 8.00 (d, J=8.0 Hz, 1H), 7.93 (s, 1H), 7.66 (dd, J=2.7,
1.6 Hz, 1H), 7.48 (s, 1H), 7.34 (d, J=7.9 Hz, 2H), 7.24 (d, J=7.8 Hz, 2H), 7.10
(d, J=25.3 Hz, 2H,), 7.01 (dd, J= 4.3, 1.7 Hz, 1H), 6.62 (dd, J= 4.4, 2.7 Hz, 1H), 6.52
(t, J=8.8 Hz, 2H), 6.41 (t, J=9.7 Hz, 4H), 6.10 (s, 1H), 5.25 (s, 2H), 4.37 (d, J=5.7
Hz, 2H), 3.53 (m, 8H), 3.34 (d, J= 7.9 Hz, 2H), 2.91 (s, 9H), 2.62 (s, 6H), 2.53 (s, 3H),
2.38 (d, J=6.8 Hz, 2H), 1.74 (t, J= 7.5 Hz, 2H).

13C NMR (100 MHz, DMSO-De): & [ppm] = 170.5, 170.3, 164.6, 162.8, 162.8, 160.0,
154.2, 152.7, 152.5, 151.1, 150.0, 141.8, 141.4, 140.7, 139.9, 139.1, 134.8, 129.7,
128.7, 128.4, 127.5, 123.7, 1238.0, 122.1, 118.2, 117.2, 111.0, 108.3, 107.9, 106.4,
105.9, 98.2, 97.6, 94.4, 68.3, 67.2,51.1,44.7,42.7, 41.2, 39.8, 37.8, 37.5, 29.2, 21.6,
11.5.

HRMS (ESI): calc. for Cs7HeoCIN1509S2+ (M+2H)?+: 582.2012, found: 582.7048.
LRMS (ESI, LC-MS): Cs7H59CIN1509S* (M+H)*: 1164.40, found: 1164.25.

tr (LC-MS): 3.830 min.
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7 Appendix

7.1 Protein sequences

Annotations: SNAP-tag, Halo-tag, SPR, mEGFP, , Strep-tag, His-tag,
COX8 sequence, NLS sequence

7.1.1 SNAP-Halo (bacterial expression)

MASWSHPOFEKGADDDDKVPHMDKDCEMKRTTLDSPLGKLELSGCEQGLHEIIFLGKGTSAADAVEVP
APAAVLGGPEPLMOATAWLNAYFHQPEATEEFPVPALHHPVFQQESFTRQVLWKLLKVVKFGEVISYS
HLAALAGNPAATAAVKTALSGNPVPILIPCHRVVQGDLDVGGYEGGLAVKEWLLAHEGHRLGKPGLGG
RLEVLFQGPKAFLEGSEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPH
VAPTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPER
VKGIAFMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDONVFIEGTLPMGVVRPLTEVEMDHYR
EPFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKS
LPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISGAPGFSSISAHHHHHHHEEH

7.1.2 NADP+-Snifit (bacterial expression)

MASWSHPOFEKGADDDDKVPHMEGGLGRAVCLLTGASRGFGRTLAPLLASLLSPGSVLVLSARNDEAL
ROLEAELGAERSGLRVVRVPADLGAEAGLOOLLGALRELPRPKGLORLLLINNAGSLGDVSKGFVDLS
DSTQVNNYWALNLTSMLCLTSSVLKAFPDSPGLNRTVVNISSLCALQPFKGWALYCAGKAARDMLFQV
LALEEPNVRVLNYAPGPLDTDMQOLARETSVDPDMRKGLOQELKAKGKLVDCKVSAQKLLSLLEKDEFK
SGAHVDFYDKEFGSEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVA
PTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVK
GIAFMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQONVFIEGTLPMGVVRPLTEVEMDHYREP
FLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKSLP
NCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISGSGR

GGRSRSLEMDKDCEMKRTTLDSPLGKLELSGCEQGLHEIIFLGKGTSAADAVEVPAPAAVLGGPEP
LMOATAWLNAYFHQPEAIEEFPVPALHHPVFQQESFTROQVLWKLLKVVKFGEVISYSHLAALAGNPAA
TAAVKTALSGNPVPILIPCHRVVQGDLDVGGYEGGLAVKEWLLAHEGHRLGKPGLGGAPGFSSISAHH
HHHHHHHH

7.1.3 NAD*-Snifit (bacterial expression)

MASWSHPOFEKGADDDDKVPHMEGGLGRAVCLLTGASRGFGRTLAPLLASLLSPGSVLVLSDWNDEAL
ROLEAELGAERSGLRVVRVPADLGAEAGLOOLLGALRELPRPKGLORLLLINNAGSLGDVSKGFVDLS
DSTQVNNYWALNLTSMLCLTSSVLKAFPDSPGLNRTVVNISSLCALQPFKGWALYCAGKAARDMLFQV
LALEEPNVRVLNYAPGPLDTDMQOLARETSVDPDMRKGLOQELKAKGKLVDCKVSAQKLLSLLEKDEFK
SGAHVDFYDKEFGSEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVA
PTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVK
GIAFMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDONVFIEGTLPMGVVRPLTEVEMDHYREP
FLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKSLP
NCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISGSGRP

GGRSRSLEMDKDCEMKRTTLDSPLGKLELSGCEQGLHEIIFLGKGTSAADAVEVPAPAAVLGGPEP
LMOATAWLNAYFHQPEAIEEFPVPALHHPVFQOESFTROVLWKLLKVVKFGEVISYSHLAALAGNPAA
TAAVKTALSGNPVPILIPCHRVVQGDLDVGGYEGGLAVKEWLLAHEGHRLGKPGLGGAPGFSSISAHH
HHHHHHHH
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7.1.4 Cytosolic NADP+-Snifit (mammalian expression)

MEGGLGRAVCLLTGASRGFGRTLAPLLASLLSPGSVLVLSARNDEALRQLEAELGAERSGLRVVRVPA
DLGAEAGLQOQOLLGALRELPRPKGLORLLLINNAGSLGDVSKGFVDLSDSTQVNNYWALNLTSMLCLTS
SVLKAFPDSPGLNRTVVNISSLCALOPFKGWALYCAGKAARDMLFQVLALEEPNVRVLNYAPGPLDTD
MOOLARETSVDPDMRKGLQELKAKGKLVDCKVSAQKLLSLLEKDEFKSGAHVDFYDKEFGSEIGTGFP
FDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDL
GYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEFA
RETFQAFRTTDVGRKLIIDONVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWRFPNELPIAG
EPANIVALVEEYMDWLHOSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDL
IGSEIARWLSTLEISGSGRP GGRSRSLEMDKDCEMKRTT
LDSPLGKLELSGCEQGLHEITIFLGKGTSAADAVEVPAPAAVLGGPEPLMQATAWLNAYFHQPEAIEEF
PVPALHHPVFQQESFTROQVLWKLLKVVKFGEVISYSHLAALAGNPAATAAVKTALSGNPVPILIPCHR
VVQGDLDVGGYEGGLAVKEWLLAHEGHRLGKPGLG

7.1.5 Cytosolic NAD+-Snifit (mammalian expression)

MEGGLGRAVCLLTGASRGFGRTLAPLLASLLSPGSVLVLSDWNDEALRQLEAELGAERSGLRVVRVPA
DLGAEAGLQQOLLGALRELPRPKGLORLLLINNAGSLGDVSKGFVDLSDSTQVNNYWALNLTSMLCLTS
SVLKAFPDSPGLNRTVVNISSLCALOPFKGWALYCAGKAARDMLFQVLALEEPNVRVLNYAPGPLDTD
MOOLARETSVDPDMRKGLQELKAKGKLVDCKVSAQKLLSLLEKDEFKSGAHVDFYDKEFGSEIGTGFP
FDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDL
GYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEFA
RETFQAFRTTDVGRKLIIDONVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWRFPNELPIAG
EPANIVALVEEYMDWLHOSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDL
IGSEIARWLSTLEISGSGRP GGRSRSLEMDKDCEMKRTT
LDSPLGKLELSGCEQGLHEITIFLGKGTSAADAVEVPAPAAVLGGPEPLMQATAWLNAYFHQPEAIEEF
PVPALHHPVFQQESFTROQVLWKLLKVVKFGEVISYSHLAALAGNPAATAAVKTALSGNPVPILIPCHR
VVQGDLDVGGYEGGLAVKEWLLAHEGHRLGKPGLG

7.1.6 Nuclear NADP+-Snifit (mammalian expression)

MEGGLGRAVCLLTGASRGFGRTLAPLLASLLSPGSVLVLSARNDEALRQLEAELGAERSGLRVVRVPA
DLGAEAGLQQOLLGALRELPRPKGLORLLLINNAGSLGDVSKGFVDLSDSTQVNNYWALNLTSMLCLTS
SVLKAFPDSPGLNRTVVNISSLCALOPFKGWALYCAGKAARDMLFQVLALEEPNVRVLNYAPGPLDTD
MOQOLARETSVDPDMRKGLQELKAKGKLVDCKVSAQKLLSLLEKDEFKSGAHVDFYDKEFGSEIGTGFP
FDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDL
GYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEFA
RETFQAFRTTDVGRKLIIDONVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWRFPNELPIAG
EPANIVALVEEYMDWLHOSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDL
IGSEIARWLSTLEISGSGRP GGRSRSLEMDKDCEMKRTT
LDSPLGKLELSGCEQGLHEITIFLGKGTSAADAVEVPAPAAVLGGPEPLMQATAWLNAYFHQPEAIEEF
PVPALHHPVFQQESFTROQVLWKLLKVVKFGEVISYSHLAALAGNPAATAAVKTALSGNPVPILIPCHR
VVOGDLDVGGYEGGLAVKEWLLAHEGHRLGKPGLGGAPDPKKKRKVDPKKKRKVDPKKKRKELRASP
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7.1.7 Nuclear NAD*-Snifit (mammalian expression)

MEGGLGRAVCLLTGASRGFGRTLAPLLASLLSPGSVLVLSDWNDEALRQLEAELGAERSGLRVVRVPA
DLGAEAGLQQOLLGALRELPRPKGLORLLLINNAGSLGDVSKGFVDLSDSTQVNNYWALNLTSMLCLTS
SVLKAFPDSPGLNRTVVNISSLCALOPFKGWALYCAGKAARDMLFOQVLALEEPNVRVLNYAPGPLDTD
MOQOLARETSVDPDMRKGLQELKAKGKLVDCKVSAQKLLSLLEKDEFKSGAHVDFYDKEFGSEIGTGFP
FDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDL
GYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEFA
RETFQAFRTTDVGRKLIIDONVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWRFPNELPIAG
EPANIVALVEEYMDWLHOSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDL
IGSEIARWLSTLEISGSGRP GGRSRSLEMDKDCEMKRTT
LDSPLGKLELSGCEQGLHEITIFLGKGTSAADAVEVPAPAAVLGGPEPLMQATAWLNAYFHQPEAIEEF
PVPALHHPVFQQESFTROQVLWKLLKVVKFGEVISYSHLAALAGNPAATAAVKTALSGNPVPILIPCHR
VVOGDLDVGGYEGGLAVKEWLLAHEGHRLGKPGLGGAPDPKKKRKVDPKKKRKVDPKKKRKELRASP

7.1.8 Mitochondrial NADP+-Snifit (mammalian expression)

MSVLTPLLLRGLTGSARRLPVPRAKIHSLSVLTPLLLRGLTGSARRLPVPRAKIHSLGGSVLTPLLLR
GLTGSARRLPVPRAKIHSLSVLTPLLLRGLTGSARRLPVPRAKIHSLGGSGGSEGGLGRAVCLLTGAS
RGFGRTLAPLLASLLSPGSVLVLSARNDEALRQLEAELGAERSGLRVVRVPADLGAEAGLQQOLLGALR
ELPRPKGLORLLLINNAGSLGDVSKGFVDLSDSTQVNNYWALNLTSMLCLTSSVLKAFPDSPGLNRTV
VNISSLCALQPFKGWALYCAGKAARDMLFQVLALEEPNVRVLNYAPGPLDTDMQOLARETSVDPDMRK
GLOELKAKGKLVDCKVSAQKLLSLLEKDEFKSGAHVDFYDKEFGSEIGTGFPFDPHYVEVLGERMHYV
DVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIE
ALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKL
ITIDONVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWL
HOSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISG
SGR GGRSRSLEMDKDCEMKRTTLDSPLGKLELSGCEQG
LHEITFLGKGTSAADAVEVPAPAAVLGGPEPLMOATAWLNAYFHOPEAIEEFPVPALHHPVFQQESFT
ROVLWKLLKVVKFGEVISYSHLAALAGNPAATAAVKTALSGNPVPILIPCHRVVQGDLDVGGYEGGLA
VKEWLLAHEGHRLGKPGLG

7.1.9 Mitochondrial NAD*-Snifit (mammalian expression)

MSVLTPLLLRGLTGSARRLPVPRAKIHSLSVLTPLLLRGLTGSARRLPVPRAKIHSLGGSVLTPLLLR
GLTGSARRLPVPRAKIHSLSVLTPLLLRGLTGSARRLPVPRAKIHSLGGSGGSEGGLGRAVCLLTGAS
RGFGRTLAPLLASLLSPGSVLVLSDWNDEALRQLEAELGAERSGLRVVRVPADLGAEAGLQQOLLGALR
ELPRPKGLORLLLINNAGSLGDVSKGFVDLSDSTQVNNYWALNLTSMLCLTSSVLKAFPDSPGLNRTV
VNISSLCALQPFKGWALYCAGKAARDMLFQVLALEEPNVRVLNYAPGPLDTDMQQLARETSVDPDMRK
GLOELKAKGKLVDCKVSAQKLLSLLEKDEFKSGAHVDFYDKEFGSEIGTGFPFDPHYVEVLGERMHYV
DVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIE
ALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKL
ITIDONVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWL
HOSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISG
SGR GGRSRSLEMDKDCEMKRTTLDSPLGKLELSGCEQG
LHEITFLGKGTSAADAVEVPAPAAVLGGPEPLMOATAWLNAYFHOPEAIEEFPVPALHHPVFQQESFT
ROVLWKLLKVVKFGEVISYSHLAALAGNPAATAAVKTALSGNPVPILIPCHRVVQGDLDVGGYEGGLA
VKEWLLAHEGHRLGKPGLG
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7.1.10 SNAP-mEGFP (mammalian expression)

MDKDCEMKRTTLDSPLGKLELSGCEQGLHEITFLGKGTSAADAVEVPAPAAVLGGPEPLMOATAWLNA
YFHOPEAIEEFPVPALHHPVFQQESFTROQVLWKLLKVVKFGEVISYSHLAALAGNPAATAAVKTALSG
NPVPILIPCHRVVQOGDLDVGGYEGGLAVKEWLLAHEGHRLGKPGLGMVSKGEELFTGVVPILVELDGD
VNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMP
EGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKOQ
KNGIKVNFKIRHNIEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVT
AAGITLGMDELYK

7.1.11 Halo-mEGFP (mammalian expression)

MGSEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLI
GMGKSDKPDLGYFFDDHVRFMDAF IEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPI
PTWDEWPEFARETFQAFRTTDVGRKLIIDONVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLW
RFPNELPIAGEPANIVALVEEYMDWLHOSPVPKLLEFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGL
NLLOQEDNPDLIGSEIARWLSTLEISGMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGK
LTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKOQHDFFKSAMPEGYVQERTIFFKDDGNYKTR
AEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKOQKNGIKVNFKIRHNIEDGSVQ
LADHYQONTPIGDGPVLLPDNHYLSTOSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

7.1.12 SLC25A51 (mammalian expression)

MMDSEAHEKRPPILTSSKQDISPHITNVGEMKHYLCGCCAAFNNVAITFPIQKVLFRQQLYGIKTRDA
ILOLRRDGFRNLYRGILPPLMOKTTTLALMFGLYEDLSCLLHKHVSAPEFATSGVAAVLAGTTEAIFT
PLERVOTLLQDHKHHDKFTNTYQAFKALKCHGIGEYYRGLVPILFRNGLSNVLFFGLRGPIKEHLPTA
TTHSAHLVNDFICGGLLGAMLGFLFFPINVVKTRIQSQIGGEFQSFPKVFQKIWLERDRKLINLFRGA
HLNYHRSLISWGIINATYEFLL

7.1.13 SLC25A52 (mammalian expression)

MIDSEAHEKRPPILTSSKQDISPHITNVGEMKHYLCGCCAAFNNVAITYPIQKVLFRQQLYGIKTRDA
VLOLRRDGFRNLYRGILPPLMOKTTTLALMFGLYEDLSCLLRKHVRAPEFATHGVAAVLAGTAEATIFT
PLERVOTLLONHKHHDKFTNTYQAFKALKCHGIGEYYRGLVPILFRNGLSNVLFFGLRGPIKEHLPTA
TTHSAHLVNDFIGGGLLGAMLGFLCFPINVVKTRIQSQIGGEFQSFPKVFQKIWLERDRKLINLFRGA
HLNYHRSLISWGIINATYEFLL
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7.2 NAD(P)-Snifits constructs
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Appendix

Figure 36: NAD(P)-Snifits constructs for bacterial expression (A), expression in U20S cells (B) and expression in

neurons (C).
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7.3 Key resource table

Table 8: key resources that were used in this thesis.

Appendix

Reagent or resource Source Identifier

Machines and equipment

V-770 spectrophotometer Jasco n/a

V-8600 spectrofluorometer Jasco n/a

Quantusaurus C11347 Hamamatsu n/a

Spark® 80 plate reader Tecan n/a

PP F-bottom 96 well plates Greiner bio-one #655201

black quartz glass 96 well plate Hellma Analytics #730009-B-44

HisPur™ Ni-NTA Superflow Thermo Scientific #25217

Amicon® ultra 50 k Merck Millipore #UFC5050B

Zebra™ Spin 40 k cut off Thermo Scientific #87766

96 well back non-binding plate Corning #3993

24-well plate cell culture TPP #92024

6-well plate cell culture TPP #92006

96-well glass-bottom plate Eppendorf #0030741030

24-well glass bottom plate Cellvis #P24-1.5H-N

cell strainer cap Corning #352235

FACS Melody BD Bioscience n/a

SP8 Confocal Microscope Leica n/a

FALCON FLIM Leica n/a

Software

LAS X Software Leica n/a

FlowJo BD Bioscience n/a

Fiji National Institutes of doi:10.1038/nmeth.2019
Health

Prism 9.0 GraphPad n/a

Cells

WISTAR rats Janvier n/a

Hippocampal neurons MPImF n/a

u20S ATCC HTB-96™

U20S: SNAP-mEGFP Johnsson lab n/a

U20S: Halo-mEGFP Johnsson lab n/a

U20S: NAD-Snifit Johnsson lab this thesis

U20S: NADP-Snifit Johnsson lab this thesis

E. coliBL21 (DE3)-pLysS Millipore #694513

Cell culture reagents

DMEM Gibco #31966-021

DMEM, phenol-red free Gibco #21053-028

Neurobasal medium, phenol-red free  Gibco #12348-017

FBS Gibco #10500-064

PBS Gibco #10010-015

HBSS Corning #21-023-CV

Trypsin Gibco #252000

TrypLE Gibco #12604-013

Glucose solution Gibco #A24940-01

Sodium pyruvate Gibco #31966-021
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Glutamax Gibco #35050-087
B27 Gibco #17504044
Doxycycline TCI #D4126
Hoechst Sigma #94403
Mitotracker green Invitrogen #M7514
FK866 Sigma #F8557

NR Sigma #SMB00907
Vincristine Sigma #V8879
Thapsigargin Sigma #T9033
Oligomycin Sigma #579-13-5
QM385 Quartet Medicine n/a

13C labelled yeast extract Cambridge Isotopes  #1SO1

Cal520 AM-ester Sigma #148505-34-1
Fugene 6 Promega #E269A
Rabbit Anti-FLAG Sigma Aldrich #F742T
Goat-Anti Rabbit IgG Alexa647 Invitrogen #A21248,
Chemicals

Halo-CPY Johnsson lab n/a

Halo-SiR Johnsson lab 10.1038/nchem.1546
CP-TMR-C6-SMX Johnsson lab 10.7554/eLife.32638
CP-MaP1-C6-SMX Johnsson lab this thesis
CP-MaP1-PPT Johnsson lab this thesis
CP-MaP555-C6-SMX Johnsson lab this thesis
CP-MaP555-PPT Johnsson lab this thesis
CP-MaP3-C6-SMX Johnsson lab this thesis
CP-MaP3-PPT Johnsson lab this thesis
NAD+ Sigma #10127965001
NADP+ Alfa Aesar #44126
NADPH Carl Roth #AE14.3

BSA solution Sigma #B8667

7.4 List of buffers

Table 9: Composition of buffers used in this thesis.

name

composition

activity buffer

His extraction

0.25 mg/mL lysozyme, 1 mM DTT

His wash

His elution

50 mM HEPES, 50 mM NaCl, pH 7.4, 1 mM DTT
50 mM KH2PO4, 300 mM NaCl, 5 mM imidazole, pH 8.0, 1 mM PMSF,

50 mM KH2PO4, 300 mM NaCl, 10 mM imidazole, pH 7.5
50 mM KH2PO4, 300 mM NaCl, 500 mM imidazole, pH 7.5
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7.5 Analytical data
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400 MHz
Solvent: DMSO-D,
Nucleus: 'H

100 MHz
Solvent: DMSO-D,
Nucleus: *C
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400 MHz
Solvent: DMSO-D,
Nucleus: 'H

100 MHz
Solvent: DMSO-D,
Nucleus: *C



Appendix

PPT (19)

50 DM

NS EE8RSNS5223208 s —ow wod
§8585558838553832388 IR 522 89
ettt at ey 56 @69 od
el A S i Vv N N
2 400 MHz
NH . -
CN(":)\ o Solvent: I?MSO D,
NN Nucleus: 'H
N=/ N
NH
19
you ¥ w w
8 & 8 8 8 8 3
- 22 b B B
9:5 970 5'5 8'0 7'5 7‘0 5'5 5'0 5'5 5'0 4'5 4'0 3'5 3'0 2'5 2’0 1’5 1'0 0‘5 D'D
1 (ppm)
P wr e o
g 3 s §eg g 2
| Y 1Ny I
100 MHz
Solvent: DMSO-D,
Nucleus: *C
I | I } I s
170 160 150 180 130 120 10 100 80 80 70 6 50 40 ) 20 10 0
f1 (ppm)
'nfe1ﬂ085 1. #20023604CW0914QDZSuaHD_cwalz_1tolk_1-4_01_11454.d: +MS, 0.4-0.7min #73-129)
X
328.1516
1.0+
0.8+
0.6+
0.4+
0.2+ 329.1545
330.1568
0.0 = A
Intens. | CisHiN;0;, M+nH, 328.1516|

131



.D4

Appendix

Solvent: MeOH
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Bisallyl-MaP1 (26)
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MaP1 (28)
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Bisallyl-MaP555 (27)
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MaP555 (29)
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MaP1-C6-SMX (30)
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MaP555-C6-SMX (31)
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CP-MaP1-C6-SMX (32)
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CP-MaP555-C6-SMX (33)
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MaP1-PPT (34)
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400 MHz
Solvent: DMSO-Dy

Nucleus: 'H

100 MHz
Solvent: DMSO-D

Nucleus: *C
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MaP555-PPT (35)
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400 MHz
Solvent: DMSO-D,
Nucleus: 'H

100 MHz
Solvent: DMSO-D,
Nucleus: *C



CP-MaP555-PPT (37)
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400 MHz
Solvent: DMSO-D,
Nucleus: 'H

6

100 MHz
Solvent: DMSO-D,
Nucleus: *C



Allyl-TMR (41)
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400 MHz
Solvent: MeCN-D,
Nucleus: 'H

100 MHz
Solvent: MeCN-D,
Nucleus: '°C
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400 MHz
Solvent: DMSO-D,
Nucleus: 'H

100 MHz
Solvent: DMSO-D,
Nucleus: *C
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Allyl-benzyl-TMR (42)
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Benzyl-MaP3 (43)
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Solvent: Acetone-Dy

100 MHz
Nucleus: *C
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MaP3-C6-SMX (45)
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CP-MaP3-C6-SMX (46)
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400 MHz

Solvent: DMSO-D,
Nucleus: 'H

100 MHz
Solvent: DMSO-D
Nucleus: *C
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MaP3-PPT (47)
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400 MHz
Solvent: DMSO-D,
Nucleus: 'H

100 MHz
Solvent: DMSO-D,
Nucleus: *C
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CP-MaP3-PPT (48)
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