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Emissive synthetic cofactors: A highly responsive NAD*

analogue reveals biomolecular recognition feature

Jonas Feldmann®® Yao Li® and Yitzhak Tor*®

Abstract: Apart from its vital function as a redox cofactor,
nicotinamide adenine dinucleotide (NAD") has emerged as a crucial
substrate for NAD'-consuming enzymes, including poly(ADP-
ribosyl)transferase 1 (PARP1) and CD38/CD157. Their association
with severe diseases, such as cancer, Alzheimer’'s disease, and
depressions, necessitates the development of new analytical tools
based on traceable NAD® surrogates. Here we describe the
synthesis, photophysics and biochemical utilization of an emissive,
thieno[3,4-d]pyrimidine-based NAD"* surrogate, termed N™AD". Its
preparation was accomplished by enzymatic conversion of synthetic
"ATP via nicotinamide mononucleotide adenylyltransferase 1
(NMNAT1). The new NAD" analogue possesses useful
photophysical features including red-shifted absorption and emission
maxima as well as a relatively high quantum yield. Serving as a
versatile substrate, N"AD" is reduced by alcohol dehydrogenase
(ADH) to N"ADH and affords "ADP-ribose ("ADPr) upon hydrolysis
by NAD"-nucleosidase (NADase). Furthermore, N"AD* can be
engaged in Cholera toxin A (CTA)-catalyzed mono("ADP-
ribosyl)ation but is found incapable in promoting PARP1-mediated
poly("ADP-ribosyl)ation. Due to its high photophysical
responsiveness, N™AD' is suited for spectroscopic
monitoring. Intriguingly, and as an N7-lacking NAD" surrogat
thieno-based cofactor shows reduced compatibility (i.e. funtional
similarity compared to native NAD") relative to its isothiazo

mediated reactions.
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In this regard, sses of NAD*-consuming enzymes
are commonly identified, including sirtuins, (ADP-
ri ose)polynises and cyclic ADP-ribose synthases.?~'*""

Ifunction ysregulation of these enzymes have been found
isrupt ceular NAD* homoeostasis and, as a consequence,
cause severe diseases such as cancer, diabetics,
clerosis, Alzheimer's disease, depressions, and
eneration. %2

e cellular NAD" levels and thus counteract
thways, inhibition of NAD*-consuming enzymes,
most notably poly(ADP-ribose)polymerase 1 (PARP1) and
CD38/CD157, has shown promise."*"""® The significance of
*-mediated processes necessitates the development of
ools and probes to facilitate biophysical analyses and the
ation of effective discovery assays. Radioactive,
able,”*?" isotopically-labelled,?? and fluorescent®***! NAD*
rrogates have been developed. Design of the latter has
employed the incorporation of emissive adenosine analogues,
including the perturbing 1,N°-ethenoadenosine and 8-(pyrrol-2-
yl)adenosine.®*! To exploit the safety and sensitivity of
fluorescence-based tools, which closely reflect the native system,
both isomorphicity and isofunctionality of a synthetic analogue
have to be attained by reducing structural and functional
perturbations, respectively, thus ensuring maximum biological
compatibility. Concurrently, photophysical responsiveness
towards environmental and structural changes is required to
enable real-time spectroscopic monitoring.

In the last few years, a new generation of emissive
nucleoside analogues has been developed based on a novel set
of purine-mimicking scaffolds: thieno[3,4-d]pyrimidines® and
isothiazolo[4,3-d]pyrimidines.””)  Such isomorphic analogues
open a spectral window into processes involving nucleosides
and nucleotides derivatives, which is otherwise inaccessible with
the native counterparts.?®?! A red shifted absorption and useful
fluorescence features in the visible range, which are non-
existent for the native counterparts, facilitate the fabrication of
biochemical and discovery assays with minimal spectral
interference by the native chromophores.?22°!
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Scheme 1. Synthesis of N"AD. Reagents and conditions: (a) i) TMP, POCl;,
0 °C; i) tris(tetrabutylammonium) hydrogen pyrophosphate, BuzN, DMF, 0 °C,
6.1% over two steps; (b) Tris-HCI pH 7.8, KCI, NaCl, MgCl,, NMN, PPase,
NMNAT1, ddH,0, 37 °C, 81%. NMN, B-nicotinamide mononucleotide; PPase
Pyrophosphatase; NMNAT1, mononucleotide adenylyltransferase 1.

While the thieno[3,4-d]pyrimidine family of nucleosides displays
outstanding emission features, the isothiazolo[4,3-d]pyrimidine-
based analogues, while somewhat less emissive, provide
enhanced isomorphicity and isofunctionality.?**"" Having access
to both purine analogues, offers, however, a unique opportunity
to assess biomolecular recognition features using sensitive
fluorescence-based tools. Comparing the native NAD® to its
emissive analogues, N"AD" and its single-site mutant N*AD*
(Figure 1), can provide mechanistic insight into the biomolecular
contacts mediated via the imidazole ring, and particularly its N7
nitrogen. While the purines’ N7 moiety is known to be crucial for
a variety of biological recognition events, including enzyi
substrate binding (e.g., adenosine—adenosine deamina
Hoogsteen base pairing,*® and G-quadruplex formation,
significance in NAD*-dependent processes is poorly
and largely limited to crystallographic studies.®*=
deaza-NAD®, which has been employed as an
substrate, we hypothesized that N"AD" will likel
and responsive, and thus will likely facilitat

enzymatic synthesis by NMNAT1, an

ADH-mediated reduction to N™ADH,
hydrolysis yielding "ADP-ribos
(ADP-ribosyl)ating enzymes
PARP1. Comparison i
N“AD" provides insi
the basic N7 within the p

and emissive
ion features via

skeleton

Results and
Synthesis
The was accomplished in two steps

starting  fr ly synthesized ™A.”Y The
corresponding triphosphate was first chemically synthetized and
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Table 1. Photophysical properties of NAD" and its emissive analogues

Aabs [NM] em’ h‘)‘"‘ [nm] o
AP 260 14.9x 10° ) 5x10°
“pE 338 &( 103" 410‘ 0.053
Al 0.21
NAD"™ -
N*AD*? 0.044
N"AD"™ ' 431 0.071
[a] Previousl rtewming references 2627294041 [b]
¢ determined end O -mediated conversion in relation to

respective substr.
buffer. All photophy:

measmints.

)

then enzymatigally reacted with B-nicotinamide mononucleotide
|’

ssuming complete consumption in 50 mm Tris-HCI
roperties reflect the average of two independent

MN) usi recombinant nicotinamide mononucleotide
nylyl-trafferase1 (NMNAT1).%?®! This overcomes the final
hodiester bond formation in the non-enzymatic syntheses
D" analogues, which is commonly accomplished via
reagents (e.g., Staab’s reagent) and is associated by
es and low yields.®™ The optimized enzymatic
e adapted to preparative scales.?"
Practi®ally, ™A was first treated with POCIl; and trimethyl
phosphate, followed by the addition of tris(tetrabutylammonium)
hydrogen pyrophosphate and tributylamine to vyield ™ATP
1.4 |t was then treated with B-nicotinamide
nucleotide (NMN) and NMNAT1 (Tris pH 7.8, 37°C).
ition of inorganic pyrophosphatase (PPase) was required to
oid product inhibiton of NMNAT1 by the released
yrophosphate. As assessed by HPLC, quantitative conversion
was achieved after 2.5 h and a good isolated yield (81%) was
obtained on a 1 mg scale.

Photophysical Features

To assess the basic photophysical features of N™AD®, its
absorption and emission spectra were recorded and compared
to the native cofactor and the previously synthesized N“AD*
(Table 1). In comparison to NAD* (Aaps = 259 nm) and similarly
to NZAD" (A.bs = 338 nm), N"AD" features a bathochromically
shifted absorption maximum at Asps = 341 nm (Table 1). Notably,
excitation near the absorption maximum is found to cause photo
bleaching, which can be avoided by excitation at Aex = 360 nm,
yielding a well-defined emission band with a maximum at 431
nm. Compared to N®AD* (® = 0.044), and as Iinitially
hypothesized, N"AD* exhibits a higher quantum yield of ® =
0.071.
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NMNAT1- and ADH-Mediated Conversion
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Scheme 2. NMNAT1-mediated synthesis of native NAD® and emissive
analogues followed by ADH-mediated reduction in the presence of EtOH.
Purine and derived ring systems (blue), pyridinium (purple) and 1,4-
dihydropyridine (red) moieties are highlighted. Triphosphate groups are
represented by PPP;. NMN, nicotinamide mononucleotide; NMNAT1,
nicotinamide  mononucleotide adenylyl-transferase 1; ADH, alcohol
dehydrogenase.

To evaluate the compatibility of N"AD*, and gain access to
N"ADH, its reduction equivalent, a sequential enzymatic
conversion assay employing both Homo sapiens recombinant
NMNAT1 and Saccharomyces cerevisiae alcohol
dehydrogenase (ADH) was performed.®"*? While NMNAZ1
naturally accomplishes phosphodiester bond formation bet
NMN and ATP to generate NAD* ¥ ADH reduces N
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NADH by oxidizing ethanol to acetaldehyde (Scheme 2).

To compare the performance of "A&IP, “ATP and native ATP,
the conversion of each nucleoti is coupled enzymatic
process was followed by HPLC, spectroscopic
monitoring and steady-state emi absorption
spectroscopy. Treatment v d NMNAY1 facilitated
quantitative conversion of b ZATP within 30 min and
complete consumption of "ATP 00 min as assessed by
HPLC (Figure 2a—c). nt highlighted the
differences between emission intensity
decreased upon NZAD* and N™AD, it
remained unchang n of “fluorescently silent’
NAD" (Figure 2d—f es were reduced rapidly
within a few e of ethanol and ADH.
NAD" shows an increase

”

ch enzymatic conversion (Figures

2g—i) reveal phosphodi bond formation to have little or no

effect on the absorption spectra of neither substrate but show a
inished fl

scence for both synthetic cofactors. In all cases,
H-medi cofactor reduction results into an increased
al density between 300 and 400 nm, accompanied by a
decrease in emission. This two-step decrease, however,
to be distinct for each emissive cofactor: While the initial
el of "ATP is diminished by 70% upon N"™AD*

H-mediated reduction causes an additional
decrease of only 8%. In
contrast, the conversion of
ZATP shows a diminution of
40% after the first and 30%
after the second reaction.
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Figure 2. Monitoring of the NMNAT1-mediated synthesis and ADH-catalyzed reduction of native NAD" and emissive
analogues. Top row: HPLC traces of (a) ATP, (b) "ATP and (c) "ATP (blue each), corresponding NAD* species
(purple) and their reduced forms (red) monitored before conversion, 30 min ("‘ATP: 60 min) after treatment with
NMNAT1 and 30 min after the addition of ADH at A,s = 260, 330 and 340 nm, respectively. Mid row: Normalized
emission intensity signals over time recorded for the conversion of (d) ATP at 465 nm (A = 335), (e) “ATP at 410 nm
(Aex = 330) and (f) "ATP at 410 nm (Aex = 360) before (blue) and upon (purple) treatment with NMNAT1 and after the
addition of ADH (red). Bottom row: Steady state absorption (dashed lines) and emission (solid lines) spectra for the
conversion of (g) ATP (A, = 335), (h) *ATP (A = 330) and (i) "ATP (Aex = 360) recorded before conversion (blue), 30
min ("‘ATP: 60 min) after treatment with NMNAT1 (purple) and 10 min ("‘ATP: 20 min) after the addition of ADH (red).
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The enhanced photophysical features of the thieno-based Isothiazolo System Thieno System
cofactor reveal N"AD" to be a suited fluorophore for real-time
spectroscopic monitoring of NAD® synthesis and reduction
processes. lIts high photophysical responsiveness may be
attributed to intramolecular ground and excited state interactions
between the modified purine surrogate and the nicotinamide
moiety, interactions that have been evoked for the native
cofactor but remain insufficiently explored .°** The relatively

+ NADase, 120 min
0 min

o

10 12
Time [min]

slow conversion of "ATP by NMNAT1 suggests ™A to be less i “N o,
compatible than both the native adenosine and its isothiazolo- E :1080
. . = 0.80 — 0.
based purine analogue. We therefore suggest that the imidazole z 2
. . . . 2 0.60 2 0.60
ring and especially contacts through its N7 nitrogen are of g g
significance for NMNAT1—substrate recognition, although the 3z ®* 2"
exact contribution of the N7 nitrogen has not been studied in £ °% g0
great detail and remains somewhat elusive."**! = 004 : : -z 00—
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o —w 0 —w Figure 3. Monitoring of the NADase-mediated hydrolysis of emissive NAD"
OH OH OH OH analogues. Top row: HPLC traces of (a) N*AD" (purple) and *ADPR (yellow)
NAD* ADPr monitored before and 30 min after treatment with NMNAT1 at Aups = 330 nm;
N v (b) N"AD* (purple) and "ADPR (yellow) monitored before and 120 min after

treatment with NMNAT1 at Aps = 340 nm. Mid row: Normalized emission
intensity signals over time recorded for the conversion of (c) N*AD* at 410 nm
(Aex = 330) and (d) N™AD" at 410 nm (Aex = 360) before (purple) and upon
(yellow) treatment with NADase. Bottom row: Steady state absorption (dashed
lines) and emission (solid lines) spectra for the hydrolysis of (e) N*AD"* (A, =
330) and (f) N*AD* (Aex = 360) recorded before (purple) treatment and 25 min
(N™AD: 120 min) after the addition of NADase (yellow).

Scheme 3. NADase-mediated hydrolysis of native NAD® an
analogues, yielding corresponding ADP-ribose (ADPr) species,
moiety (purple) and anomeric hydroxy group (yellow) are highlig
NAD® nucleosidase.

To take advantage of the intramolecular

intgraction between the nicotineamide mgiety and the " Figures 3e,f), where treatment of NZAD* and N™"AD* with
purine surrogate and to evaluate enzymatic cleavage of N"'A NADase vyielded a 40% and 60% enhancement,

respectively,upon enzymatic hydrolysis.

The findings presented above reveal N"AD* to be highly

release of ADP-ribose (ADPr, Sc photophysically responsive towards glycosidic cleavage and the

serves as a sgcondgry .me[ig]e in associated enhanced emission supports the nicotinamide-
mtramolecular.cal'cmm signaling. _ mediated quenching effects. The comparatively slow hydrolysis

Both emissive cofactors e brain 5t N"AD* compared to N®AD* indicates, however, somewhat
NADase. Quantitative conversi 0 min for

reduced substrate compatibility for NADase and, as before,
suggests the purine’s N7 moiety to be involved in enzyme —

. tz
formation of “ADPr substrate interactions in this enzymatic pocket.

Assuming similar exti rting materials
and products, “ADPr wa tained in a 2.8- higher amount
compared to "ADPr. The er was isolated, identified and CTA-Mediated Mono(ADP-ribosyl)ation
characterized by steady spectroscopy to reveal
nd emission maxima (Aaps =
Real-time spectroscopic
an increasing emission
). In contrast, a four-time longer
ntitative N™AD"* hydrolysis (Figure
y state spectra reveal enhanced
ensity within the visible range

To further explore the compatibility of the emissive N"AD*
and gain insight into more complex and challenging modification
processes, enzymatic conversions by the Cholera toxin were
examined. As a hexameric protein complex, this Vibrio cholerae
toxin consists of five receptor-binding B subunits (CTB) and an
enzymatically active A subunit (CTA).“” The latter catalyzes the
glycosidic cleavage of NAD® and formation of ADP-ribose

3d).
optical density an
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(ADPr), which can be transferred onto arginine (Arg) side chains
and other guanidine-containing derivatives.*® This process,
known as mono(ADP-ribosyl)ation, classifies CTA as a
mono(ADP-ribosyl)transferase. Furthermore, CTA is found to
modify and intrinsically inhibit the guanine nucleotide-binding Gs
alpha subunit (G.s) of heterotrimeric Gs Proteins, which causes
severe dehydration and other cholera-associated symptoms.*?!

J
o ‘,,,
A NH HN”
HO g o OH HO g o L ' HO g o] HN'J*NH
o o o
(b)
(a) Agm
o OH OH NH, - o) OH OH NH, o OH OH  NH,
CTA CTA
XSy XSy XNy
YOI YOI YOI J
HO-P-O o LN 0-p-0 Z7N HO-P-O 0 2N
o] k ? o o k ?
OH OH OH OH OH OH
X=N; Y=C; Z=N: ADPr NAD* ADPr-Agm
X=N; Y=S; Z=C: #ADPr NZAD* ZADPr-Agm
X=C; Y=S; Z=C: t"ADPr Nt"AD* t"ADPr-Agm

Scheme 4. CTA-mediated conversion of native NAD* and emissive analogues,
including (a) hydrolysis and (b) mono(ADP-ribosyl)ation of agmatine. Anomeric
hydroxy group (yellow), pyridinium (purple) and agmatine (green) moieties are
highlighted. CTA, cholera toxin A; Agm, agmatine.

While Arg-containing proteins serve as major intracell
CTA targets, the less bulky and easily detectable ag
(Agm), is commonly employed as an Arg surrogate for CTA-
based in vitro assays.”® By utilizing this approach, we
found CTA to consume N%AD* and form m
ribosyl)ated agmatine (*ADPr-Agm, Scheme 4).
the suitability of N™AD", solutions of the cofactors

Native System

Isothiazolo System

(b)
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treated with CTA. This cost-intensive assay and small reaction
volumes, however, disfavore real-time  spectroscopic
monitoring and necessitated sequ cords of steady state
spectra. Samples were thus taken afte
min and analyzed both spectrosco
Conversion of native NAD"

Upon treatment with

titative conversion was
* and 180 min for both

isolated, identified
revealing bathoch
maxima (Aaps = 34

materials and Ag
to 0.20, 0.37, and
based
A causes a significant increase in
emission intensity, as ssed by steady state spectroscopy
(Figures 4e,f). CTA-mediated conversion of N"AD" yielded an
ission en cement of 360%, whereas conversion of NAD*
ded a7 increase only.

To compare the chromatographic and spectroscopic
ring methods, the integrated HPLC product peak areas
ission intensities were plotted against time. The HPLC-
reveal a faster formation of ADPr-Agm compared
-Agm and "ADPr-Agm, of which the latter is the
slowest to f¥rm (Figure 4d, solid lines). The normalized emission
intensities (Figure 4d, dashed lines) confirm the kinetics
observed for N"AD* conversion but suggest N?AD" to convert
slower than indicated by HPLC. The slight deviation
spectroscopically and  HPLC-derived  kinetic
measurements has been
seen before®™ and could be
attributed to the formation

Thieno System

tZADPR-Agm .
thADPR-Agm of by- or decomposition
products that affect the
—oomn 5 80 min overall emission intensity.
20min o Despite these minor
PR T TR 1 limitations, N""AD* can be
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Figure 4. Monitoring of the CTA-mediated mono(ADP-ribosyl)ation accomplished by NAD* and emissive analogues.

Top row: HPLC traces of (a) NAD*, (b) N*AD" and (c) N"AD" (purple),

products (yellow) monitored after 0, 20, 50, 90 and 180 min at A,,s = 260, 330 and 340 nm, respectively. Bottom row:
(d) Normalized emission intensity signals (dashed lines) and HPLC peak area (solid lines) over time for the conversion
of NAD" (grey), N®AD" (black) and N"AD* (purple); Error bars refer to standard deviations of the normalized mean.
Steady state absorption (dashed lines) and emission (solid lines) spectra for the conversion of (e) N*AD* (A, = 330)
and (f) N"AD" (A., = 360) recorded after 0 min (purple), 20 min (violet), 50 min (blue), 90 min (green) and 180 min

(bright green).

a poorer recognition by
CTA compared to both
N""AD* and NAD®. These
findings further  support
substrate recognition via
the purine’s N7 nitrogen.
Although X-ray-based
studies of Fieldhouse et al.

Wavelength [nm]

agmatine adducts (green) and hydrolysis
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have revealed multiple intermolecular interactions between
NAD" and CTA in detail, the involvement of the N7 nitrogen has
remained crystallographically elusive.®®

PARP1-Mediated Poly(ADP-ribosyl)ation

In contrast to CTA, which acts as a mono(ADP-
ribose)transferase, PARP1 mediates poly(ADP-ribosyl)ation by
transferring multiple ADPr units to itself or other target proteins,
forming poly(ADP-ribose) linkages (pADPr, Scheme 5).
Depending on its chain structure and length, such
posttranslational modifications can affect the activity and
localization of associated proteins and their non-covalent
interaction with other binding partners.®"! Hence, PARP1
functions as a regulatory key enzyme, which is involved in DNA
damage response, metabolic regulation and transcriptional
activation processes, among others.®® Association with severe
diseases makes PARP1 an attractive therapeutic target, which is
driving the development of novel inhibitors and treatment of
breast, prostate, and ovarian cancer, among others.!"*"""!

Given that PARP1 can act as both the enzyme and the
target, we studied its auto-poly(ADP-ribosyl)ation using all
cofactors and calf thymus DNA as an activating agent.?"3%
Accordingly, a solution of PARP1 was treated with calf thymus
DNA before inducing the reaction with NZAD* or N™AD".
Positive controls included native NAD® and negative contrgls
included reaction mixtures without the cofactors. The conver
was then monitored at different time points
spectroscopically and via SDS-PAGE. To facilitate adequate
detection and differentiation between modified and u
PARP1, western blotting based on anti-PARP1 and
antibodies was performed.?"

NAD*
NEZAD*

Auto-
X
modification PARPI OH OH
NthAD* © P

upon treatment with N*AD
stained SDS-PAGE (Figure

t, whereas addition of
effect. Modified PARP1, in contrast,
oomassie staining and necessitated
alysis. The respective blot (Figure
5b) confirms a entration of unmodified PARP1
(green channel) upon addition of NAD* or N*AD*, respectively.
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Visualization of anti-pADPr (blue channel) confirms the
formation of pADPr- and p“ADPr- ified PARP1, respectively,

which is manifested in smeared MW bands. NAD'-
induced formation of auto-modified PA etected as early
as after 2 min and found to increase, A reduced
amount of pADPR-modified ter 180 min.

In comparison, pADPr-re
less intense and show a regre
contrast, no p™ADPr w,

An
observations artic
the antibodies, pa
native pADPr, ant
units of linear,

arise at lower MW, are
ready after 10 min. In
ent with N"AD".

assessing the
iochemical specificity of
r one. Designed to bind
interact with 3—4 ADPr

nits facilitate proper binding as revealed
ays.”® Beside these known limitations,
anti-pADPr nor its interaction with
p”ADPr or p™ADPr, pectively, are known.*Hence, a
reduced or even no affinity of anti-pADPr towards synthetic
DPr anales cannot be excluded but will be neglected in
followin aluation.
£ nap

N=AD* NthAD*

) oo 8 co o098
kDaE & N v © v N+ © v v ® « t[min]

< PARP1

PARP1 + pADPr
250

130 [« PARP1

95

72

igure 5. (a) Coomassie stained SDS-PAGE and (b) western blot of PARP1-
mediated auto-poly(ADP-ribosyl)ation reactions in presence of native NAD*
and emissive analogues, respectively. Marker (lane 1); untreated sample
(negative control, lane 2); treatment with NAD" (positive control, lanes 3-6),
N“AD* (lanes 7-10) and N*"AD* (lanes 11-13); samples were taken after 2, 10,
60 and 180 min, respectively.

To further analyze the observations discussed above, two
opposite and kinetically divergent processes have to be
considered: First, the increasing amount of modified PARP1 as
well as the shift to higher MW reveal an ongoing polymerization
reaction upon treatment with NAD* and N”AD*. Secondly, the
subsequent regression of modified PARP1 indicates
decomposition and cleavage of the pADPr—protein linkages,
which are known to be fragile (t2 < 1 h, pH 7.5)°%%% Notably,
this decomposition process is favored in the presence of
nicotinamide, which is released upon poly(ADP-ribosyl)ation.
Previous studies under similar conditions (pH 8.0, 20 ug rat liver
PARP, 100 nm NAD", 23 °C) showed a regressing amount of
pADPr-modified PARP after 50 min, which is consistent with the
kinetics obtained for NAD*-induced PARP1 auto-modification.’®
The lower amount of pADPr and premature regression of the
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correspondingly modified PARP1 suggest reduced compatibility,
which could reflect less effective oligomerization or faster
degradation of the shorter oligomers formed. On the other hand,
the apparent absence of p™ADPr-modified PARP1 suggests
poly("ADP-ribosyl)ation to be severely limited with N"AD*, if not
impossible, and illustrates its diminished recognition as a
PARP1 substrate. This is supported by crystallographic studies
of NAD*-bound PARP1, which illustrate hydrophobic interactions
between isoleucine (l1e872) and the adenosine’s imidazole ring.
Additionally, the purines N7 nitrogen is proposed to interact with
the protein via an aspartic acid residue.®® Such enzyme-
substrate interactions, while possible with NZAD* cannot be
accommodated by N"AD", the thiopheno-based system lacking
a basic N at the corresponding position.

Conclusions

This study set out to prepare N"AD", an N7-lacking, thieno[3,4-
dlpyrimidine-based NAD" surrogate, and assess its utility for
monitoring NAD*-dependent reactions by spectroscopic means.
Towards this end, we employed recombinant NMNAT1 that
facilitates the preparative scale synthesis of N"AD* from the
emissive ™ATP. When compared to our previously developed
analogue N“AD* (Aabs = 338 nm, Aem = 411 nm, ® = 0.044),
N"AD" shows improved photophysical features including r
shifted absorption and emission maxima (Aaps = 341 nm,
431 nm) and a higher emission quantum yield (® = .
Moreover, N""AD* serves as a viable substrate fo ADH-
mediated reduction affording N'"ADH, NADase-
hydrolysis vyielding ™ADPr and CTA-mediated
ribosyl)ation.. Photophysical analysis revealed
substantially more responsive towards enzymatj
than its isothiazolo-based analogue and th
fluorescent probe for their spectroscopic real-time
Spectroscopic and HPLC-based analyses found N™A
less isofunctional than both NAD* and N@AD®*, which
manifested in lower conversion rates or increased by-prqduct
formation. When assessing PARP1-rgediated auto-poly
ribosyl)ation, no conversion was obs
N™"AD* at all, whereas N*AD"

formation,
mono(ADP-

to monitor enzymatic r
oxidation/reduction, hydroly
ribosyl)ation in geal time.

and, potentially,
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A suspension of A (50 mg, 0.18 mmol, 1.0 eq) in trimethyl phosphate
(1.8 mL) was treated with POCI; (41 0.44 mmol, 2.5 eq.) at 0 °C
under stirring. After 1 h stirring at 0 itional POCl; (41 pL, 0.44
mmol, 2.5 eq.) was added and the suspe
another 2 h. After treatment with tris(tetra

) hydrogen
ry DMF (1.8

or 2 h. The reaction mixture
mL), stirred at 0 °C for 15
ing the organic phase
were combined and
s purified via ion exchange
n; 0.05 M > 0.5 m TEAB,;
ilization, the resulting solid
purified via HPLC (70 uL
n of the collected fraction
of mol, 6.1 %), which was used
bon. 'H-NMR (300 MHz, D,0): 5 (ppm) = 8.55 (s,
J =7.43 Hz, 1H), 4.42 (dd, J = 5.10, 3.11 Hz,
Hz, 1H), 4.30 (m, 1H), 4.22 (m, 2H); *'P-

-9.92 (d, J = 20.0 Hz), -10.83 (d, J =
[C11H16N30138—H ] calculated

concentrated in vacu
chromatography (Se
4 °C). After concentr
was dissolved in d
injections, met
afforded a white
without further puri
1H), 8.22 (s, 1H),
1H), 4.3
NMR (
19.5 Hz),
521.9544, found 521. 9536

nthesis of'D

tion of Tris (50 mm), KCI (50 mm), NaCl (50 mm), MgCl, (12 mm),
1.5 mm), NMN (2.0 mm) and PPase (10 U) in ddH,O (1.50 mL)
or equnlbratlon at 37 °C for 5 min. After addition of NMNAT1
, 0.42 U the reaction mixture was gently mixed and
2 °C. The reaction was monitored via HPCL (method see
Sl) and stop§d by freezing the mixture to —78 °C. The reaction mixture
was concentrated to a volume of 0.3 mL by lyophilization. Purification via
HPLC (100 pL injections, method see Sl) and subsequent lyophilization
affogded a white solid of N"AD (1.82 mm, 81 %). 'H-NMR (300 MHz,
(ppm) =9.30 (s, 1H), 9.10 (d, J = 6.19 Hz, 1H), 8.76 (d, J = 8.20
), 8.28 (s, 1H), 8.14 (dd, J = 7.89, 6.46 Hz, 1H), 8.00 (s, 1H), 4.53
=2.48 Hz, 1H), 4.46 (t, J = 5.23 Hz, 1H), 4.41 (m, 2H), 4.36 (m, 2H),
6 (m, 1H), 4.21 (m, 1H), 4.14 (m, 1H); *P-NMR (202 MHz, D,0): &
pm) = -10.63 (d, J = 18.73 Hz), -11.07 (d, J = 19.91 Hz); ESI-HRMS
[C22H29N5044P,S—H"] calculated 678.0678, found 678.0679.

Steady State Absorption and Emission Spectroscopy

Steady state absorption spectra were measured on a Shimadzu UV-2450
spectrophotometer setting the slit at 1 nm and using a resolution of 0.5
nm. Steady state emission spectra were measured on a Horiba
Fluoromax-4 setting both the excitation and the emission slits at 3 nm,
the resolution at 1 nm and the integration time at 0.1 s. Both instruments
were equipped with a thermostat-controlled ethylene glycol-water bath
fitted to specially designed cuvette holders and the temperature was kept
at 25. 0 £+ 0.1 °C or 37.0 + 0.1 °C, respectively. Native, ZA- and MA-
based probes were excited at 335, 330, and 360 nm, respectively. All
spectra were corrected for the blank. Further assay-dependent
specificities can be found in the SI.

Spectroscopic Real-Time Monitoring

Enzymatic conversion was followed by monitoring the emission intensity
at a fixed wavelength as function of time. Emission was measured on a
Horiba Fluoromax-4 equipped with a cuvette holder with a built-in stirring
system, setting both the excitation and emission slits at 3 nm and taking
a point at regular time intervals. The temperature was kept at 25. 0 +
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0.1 °C or 37.0 = 0.1 °C, respectively. Emission was monitored at 410 nm
(Aex = 360 nm), 410 nm (Aex = 330 nm) and 465 nm (Aex = 335 nm) for
“'ATP, ‘ZATP, and ATP, respectively. Further assay-dependent
specificities can be found in the SI.

NMNAT1- and ADH-Mediated Conversion

In a 125 pL cuvette, buffer containing Tris-HCI (50 mm, pH 7.8), NaCl (50
mM), KCI (50 mm), MgCl, (12 mm), NMN (15 pm), PPase (0.3 U), EtOH
(17 um), and "ATP, “ATP, or ATP (15 um) was added to set up a total
reaction volume of 500 uL. The solution was left to stabilize at 37.0 +
0.1 °C for 30 minutes before NMNAT1 (14 mU) was added. The mixture
was promptly mixed and left at 37.0 + 0.1 °C for 6000 s (""ATP) or 1800 s
(‘ZATP, ATP), respectively. To start the second reaction, the mixture was
treated with ADH (5 L, 58 U / um substrate), promptly mixed, and left at
37.0 + 0.1 °C for 600 s ("ATP) or 300 s (“ATP, ATP), respectively. All
reactions were done in duplicates.

NADase-Mediated Hydrolysis

In a 3 mL cuvette equipped with a stirring bar, buffer containing Tris-HCI
(50 mm, pH 7.8), NaCl (50 mm), KCI (50 mm), and N™AD* or N*AD* (7.5
uUM) was added to set up a final reaction volume of 3 mL. The solution
was left to stabilize at 25.0 + 0.1 °C for 30 min before an aliquot of
suspended NADase (30 mU) was added. The suspension was promptly
mixed and left at 25.0 + 0.1 °C for 6300 s (N""AD*) or 1500 s (N?AD"),
respectively. All reactions were done in duplicates..

CTA-Mediated Mono(ADP-ribosyl)ation

In a 600 L sterilized conical vial, buffer containing potassium phosphate
(pH 7.2; 160 mm), DTT (20 mm), agmatine sulfate (15 mm),
mM), ovalbumine (4 g/L) and NAD*, N"AD* or N*AD* (7
added to set up a final reaction volume of 25.5 uL. The sol
to stir at 25.0 + 0.1 °C for 5 minutes to equilibrate. To st
CTA (255 pg) is added. All reactions were done in duplic;

PARP1-Mediated Poly(ADP-ribosyl)ation

In a 600 pL sterilized conical vial, 4% buffer (30 pL) containing (Tris-
pH 8.0, 400 mm), MgCl, (40 mm), DTT (4 mm) and calf thymus DNA (15

PARP1 (4.1uL, 150 n™ final conc.) was a
mixed and left at 37 °C for another 3
treatment with N"AD*, N*AD*, or NAD"
mixture was gently mixed and left at 37 °C for 180
done in duplicates.

SDS-PAGE

For sodium dodecyl sulfa
PAGE), samples of 9 uL were
was stopped by treating the
subsequent heating at 95 °C for 5
modified PARP1,
at -20 °C. Prior re
onto 8.0% SDS gel
performed at 100 V for
min in SDg running buffer.

phoresis (SDS-
en after given tim ints. The reaction
ples with 4x loading buller and
In order to avoid decomposition of
tely frozen at -78 °C and stored

les were thawed and loaded
1. Electrophoresis was
in, then 150 V for 30 min and 200 V for 60

Coo
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After resolving the reaction mixtures via SDS-PAGE, the gel was rinsed
in ddH,0 once, immersed in staining softion (0.15% Coomassie Brilliant
Blue R-250, 45% MeOH, 10% acetic a ,0), microwaved for 50 s
and shaken for 20 min at RT. After rinsi ddH,0, the gel was
covered with destaining solution (5.0% M acetic acid in
ddH,0), microwaved for 50 s and shaken f
solution was replaced frequ
PageRuler Plus Prestained Prote
a reference.

mate molecular weights,
hermo Fisher) was used as

Western Blot

action mixtures
rred onto a PVD
er (ThermoF4

After resolving the
electrophoretically tral
in 1x NuPAGE Tgansfi
70 min. The
COR) at RT for
was incubated with
1x TBST buffer at 4 °
1x TBS,

SDS-PAGE, gels were
embrane (GE HealthCare)
r) + 10% MeOH at 30 V for
dyssey Blocking Buller (LI-
n. After blocking, the membrane
AR [10H] antibody (Tulip BioLabs, 10 pg/mL) in
The membrane was washed three times with
ch and incubated with anti-mouse IRDye
680RD anti 1:15,000) at RT for 1 h. Subsequently,
the membrane was washe ee times with 1x TBST buffer + 0.2 %
SDS for 5 min each and then three times with 1x PBS-buffer for 5 min
epch. The m?ane was incubated with anti-PARP1 antibody (Tulip

)

in 1x TBST buffer at RT for 1 h. The membrane was
ed three Times with 1x TBST buffer for 5 min each and incubated
nti-chicken secondary antibody (diluted 1:15,000) at RT for 1 h.
uently, the membrane was washed three times with 1x TBST
0.2% SDS for 5 min each and then three times with 1x PBS-
in each. Finally, the membrane was stored in PBS buffer
quantitatively analyzed via Image Studio (LI-COR).
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ADPr-Targot
ADPr-Targot OH OH

NAD" analogue
A photophysically responsive, N7-lacking, NAD* analogue (N""AD") has been lar recognition
enzymatically synthesized and employed to study biomolecular recognition feature
by real-time fluorescence monitoring. N"AD" serves as a substrate for multiple
NAD*-dependent enzymes, including ADH, NADase, CTA, and NMNAT1 but not
PARP1. Poorer recognition compared to an N7-containing analogue (N*AD*)

suggests key biomolecular contacts via the purine’s N7 moiety.
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