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ABSTRACT

Synthesis, PMR- and UV/Vis-Spectroscopic data of 7-Acetyl-g€AMP and 7~
Acetyl-eNAD* are described. Due to their unique optical properties (strong
absorption and fluorescence well above 300 nm) these nucleotide analogs
appear well suited as fluorescent probes in protein-ligand studies.

INTRODUCTION

1,N6-ethenoadenosine-nuc1eotidesl),first described by Secrist et al.
in 19722,3) have been used as fluorescent coenzyme analogs in several
protein-ligand interaction studies* 127, Subsequently,several fluorescent
etheno-analogs of other nucleotides were designed for specific kinetic
and equilibrium fluorescence studies!3-15), Quantitative evaluation of
fluorescence data obtained with ethenoadenosine nucleotides and proteins,
however,was complicated by the broad overlap of the respective fluores-
cence and absorption spectra. To avoid this difficulty,we prolonged the
conjugated double bond system of the etheno-ring by introducing an acety!?
side chain in position 7 of two common ethenonuc]eotides,1,N5-etheno-AMP
and 1,N6-etheno-NAD*. The new compounds have UV/Vis-optical properties,
which make them especially suited for fluorescence studies with proteins.
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RESULTS AND DISCUSSION

PMR-Spectroscopic Data

Table 1 sunmmarizes the chemical shifts of the newly synthesized com-
pounds 1 and 2,0f €AMP and eNAD* and of AMP and NAD*. To have all the
data under exactly the same conditions,the resonance values of these
latter nucleotides were redetermined,although their pmr-data are al-
ready published?,16J. Comparison of the chemical shifts of compound 1
with those of &AMP and AMP leads by the following considerations to
the proposed structure of compound 1 (Figure 1):

1) The resonance at & =2.67 ppm (three identically bound pro-
tons ) must originate from the acetylgroup of the a-BKB used for the
reaction. This group must be present now as a side chain in aromatic
1inkage17),because the aliphatic acetylgroup of B-KBDA shows resonance
only at 2.20 ppm (own data,not shown).

2) Instead of the two doublet-protons eH7 and gH8,which are cha-
racteristic for the ethenobridge,the isolated compound 1,as compared

TABLE 1: PMR-Data (chemical shifts in ppm) of Different Nucleotides.
Numbering of the protons follows the nomenclature for ethenoadenine-
nucleotides?,3) (see fig.l). Solvent: 10% D20 in dg-DMSO. Each resonance
corresponds to 1 proton,except for the acetylgroup,were 3 protons were
detected’?

" >
Pyridinium protons Ethenoadenine protons a e
in position no.: in position no.:(see fig.l) ::{{

-
& <}
Compound |2(s) |6(d) |4(d) {5(t) 8 |2(s) |5(s) [7(d) | =
AMP - - - - - 8.59 |8.19 - -
EAMP - - - - 7.64 B.61 9.35 |8.19 -
()
Compound 1| -~ - - - 1%59 8.60 8.70 - [2.67
NAD+ 9.53 9.39 DB.08 18,37 - 8.77 18.55 - -
ENAD? 9.76 9.56 P.10 |[8.44 7.84 B8.80 19.54 (8.32 -
; ()
Compound 2{9.68 9.50 P.10 8.40 10.2 8.72 18.90 - 2.68
__(8§)

*pbbreviations used in the table are: s = singlet-proton; d = doublet-

proton; t = triplet-proton.
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FIGURE 1: Proposed structures
for compound 1 (R = Ribose-5'-
phosphate; 7-Acetyl-£AMP) and
compound 2 (R = Ribose-5'-
phosphate-NMN*; 7-Acetyl-&NAD*).

to AMP,contains only one new proton in the aromatic region { ¢S =

10.0 ). In analogy to the formation of the ethenonucleotides,its appea-
rance indicates the formation of an acetylated heterocyclic ring between
aNl and the aminogroup at aC6. With S - 10.0 ppm,this proton is shiel-
ded very weakly as compared to the other protons of this compound. The
reason for this is the close neighbourhood of the acetylgroup at £C7,
whose carbonyl exerts a strong attractive force upon the electrons along
the system of conjugated double bonds in the heterocyclic etheno-ring.
The electronic environment of gH2 seems to be influenced only weakly by
this force,whereas the resonance of gH5 is lowered from S =9.35 ppm

to & =8.70 ppmby the shielding effect of the acetylgroup at &C7.

The chemical shifts of the reaction product of NAD* with a-BKB
(compound 2) reveal that the protons of the pyridinium-ring4) have been
completely preserved; hence this ring has not been attacked by the al-
dehyde. The protons gH2 and &H5 exhibit similar chemical shifts in com-
pound 1 as well as in compound 2. The weakly shielded proton with & =
10.2 ppm is the same as in compound 1,Tikewise the 3-proton resonance
at & = 2.68 ppm of the acetyl side chain.

UV/Vis-Spectroscopic Data of compounds 1 and 2

To confirm the chemical structure of these two new nucleotides and to
establish their suitability for protein-ligand studies,we examined the
pH-characteristics of their UV/Vis-spectra.
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FIGURE 2: UV/Vis-absorption of 7-Acetyl-&AMP at different pH-values.

A 30 uM solution of the nucleotide in 0.10 N HC1 at 20°C was titrated
with increasing amounts of 3N NaOH. The numbers indicate the following
pH-values: 1=pH 1.2; 2=pH 1.63 3=pH 1.95; 4=pH 2.20; 5=pH 2.50; 6=pH
3.00; 7=pH 3.60; 8=pH 5.60; 9=pH 11.00. Broken line: Readjustment from
pH 11 To pH 2.0. -

The absorbance spectrum of 7-Acetyl-&AMP at different pH-values is
picked up in figure 2. The spectrum contains 3 isosbestic points at 311,
259 and 229 nm,which persist over the whole pH-range,proving the purity
of the compound or at least the absence of chromophores with other spec-
tral properties. The pH-dependence of the absorption at 324 nm corre-
sponds to a pKy of 1.90,a value being almost 2.5 units lower than the pg
of the unsubstituted etheno—chromophorelé). This difference can easily be
explained with the proposed structure for compound 1,where the C=0 - double
bond of the 7-acetyl group stands in resonance with the conjugated double
bond system of the etheno-heterocycle. Therefore,the free w-electronpairs
of the two neighbouring nitrogen atoms are included more strongly in 1i-
miting mesomeric structures than in the unsubstituted etheno-compounds.
This view is supported by the extremely low electron density at €C8.

Contrary to the etheno-chromophore,whose maximal absorption is pH-
independent,the absorption maximum of 7-Acetyl-€AMP is shifted by ca.30 mn
to higher wavelenths with raising pH-value. As already stated for the
lower pKa of 7-Acetyl-&AMP,this effect as well is possibly due to the
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contribution of additional mesomeric structures in the unprotonated state
of 7-Acetyl-€AMP. The absorption maxima of the unprotonated state of 7-
Acetyl-eAMP and &AMP,respectively,differ by ca. 60 nm. This shift is simi-
lar to the one observed when benzene and acetophenone are comparedle) and
may serve as an additional proof for the proposed structure of compound 1.

The absorption spectrum of 7-Acetyl-gNAD* above 290 nm was identical
with that found for 7-Acety}€AMP. The additional nicotinamide chromophore
(JLmax = 260 nm) in the former,however,changes its absorption at lower
wavelenths. The position of the isosbestic points was exactly the same as
already described for 7-Acetyl-£AMP,likewise the pKa of 1.90 (no figs.).
Thisindicates that in both cases the same chromophore is titrated and
supports the proposed structures (see fig.l).

Fluorescence Properties of 7-Acetyl-€AMP and 7-Acety1-£NAD+

Excitation and emission spectra of 7-Acetyl-€AMP at different pH-values
are shown in figure 3. The excitation and emission maxima are centered
around 330 and 374 nm,respectively,and are pH-dependent. Their intensity,
however,is - very similar to the absorption (figure 2) - ca. 4-times
higher at pH 7.6 than at pH 1.3. This contrasts with the behaviour of AP,
whose fluorescence in neutral solution is ca. 50-times higher than at
pH 1.0,although its absorption is Tower by a factor of 0.5 at pH 7.6 than
under acidic conditions 6. The Stoke's shift of 7-Acetyl-€AMP is only
44 nm (9.5 kcal/mol) as compared to 110 nm (26 kcal/mol) observed with
EA-HC12D, From this it may be concluded that the polarities of the ground
and the excited state of 7-Acetyl-€éAMP are similar and that reorientation
of the solvent molecules does not occur after excitation of the chromophore.
The fluorescence behaviour of 7-Acety1-eNAD+ was qualitatively the
same as that observed for 7-Acetyl-€AMP,the quantum yield,however,was ca.
10-times less. Similarly,a reduced quantum yield by a factor of about 10
of &NAD" as compared to €AMP was observed!®) and was ascribed to a "closed"
conformation of free éNAD in aqueous solution. The same consideration
seems to apply for 7-Acety1-eNAD+.

7-Acety1-eNAD+ as a Coenzyme of Glutamate Dehydrogenase

Using 7-Acety1-£NAD+ as coenzyme,glutamate dehydrogenase from bovine
liver exhibited ca. 70% of its catalytic activity as compared to stand-
ard assay mixturesl9) containing NAD®.
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FIGURE 3: Fluorescence of 7-Acetyl-€AMP at pH 1.3 (curves 1 and 2) and

pH 7.0 (curves 3 and 4).

Measurment in 0.10 N HC1 or PP (pH 7.0),respectively. Nucleotide concen-

tration was 16.6 uM.

Wavelengths (uncorrected): Excitation at 330 nm (curves 2 and 4)
Emission at 374 nm (curves 1 and 3).

METHODS AND MATERIALS

Methods

1) Synthesis of «C-Bromo-B-ketobutanal («-BKB): oC-BKB was synthe-
sized as described 1n20) with the following modifications: To a strong-
ly stirred mixture of 15 g (110 mmoles) of B-KBDA and 11 g (55 mmoles)
BaC03 in. 30 ml Hy0 are added dropwise 6.20 ml1 Bro (120 mmoles). During
this,the temperature is raised slowly to 50°C under irradiation by a
reaction lamp (white 1ight). The reaction is initiated at 500C by addi-
tion of ca. 10 mg solid benzoylperoxide. Initially after decoloration
the mixture is cooled in an ice bath,organic and aqueous phase are se-
parated and the latter is extracted with 3x200 m} diethylether. The ex-
tracts are combined with the oily organic phase and dried over NaS04.
The solvent is evaporated under reduced pressure below 100C,leaving
behind a light yellow mixture of oily and crystalline material,which is
used immediately or stored at -20°C. Yield: 9.5 g or 52%.

2) Synthesis and purification of 7-Acetyl-gAMP: 1 g (2.5 mmoles)
AMP,free acid,is dissolved in 20 ml U.25 N LiDH,the pH is adjusted to
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4.5 (1 N HC1) and the solution is kept at 400C in a water bath. Under
strong stirring (hood!),4 g (25 mmoles) «<-BKB,containing some Mg0 for
stabilization are added quickly. The pH is kept constant at 4.5 with

2 N LiOH. After one hour,again 4 g of oC-BKB are added. The proceeding
of the reaction is monitored by precipitating 0.10 m1 with 2 ml of

cold acetone and measuring the extinction of the redissolved precipi-
tate at 324 nm in PP of pH 7.6. A324 is constant after ca. 12 hrs.
After extraction with diethylether (3x200 ml}),the aqueous phase is con-
centrated under reduced pressure at 400C to ca. 10 m1 and then poored
into 500 ml of cold acetone. The precipitate is collected by centri-
fugation and is almost salt-free because of the good solubility of

LiBr in acetone. The redissolved (Hp0) precipitate is adjusted to pH
4.5 and applied to a Dowex 1x2-column (40x1.5 cm,formate-form in Hp0).
After washing with 400 ml Hp0 a linear gradient (250 m1 Hy0 ------ >
250 m1 2 M HCOOH) is applied,eluting ca. 50% of starting material(AMP)
and 5-7 minor unidentified products. The following gradient (250 ml

H20 ------2>> 250 ml 4 M HCOOH) removes some more unknown products and
ends at the beginning of the 7-Acetyl-€AMP - peak. The compound is
eluted with ca. 300 ml 4 M HCOOH; fractions exhibiting identical absor-
ption spectra at pH 6-9 Apayx = 324 nmishoulders at 335 and 290 nm;
Anin = 265 nm,see fig.2) are combined and lyophilized several times for
complete removal of formic acid. Yield: 400 mg or 32% of pale yellow

7~ Acety1 -EAMP,

3) Synthesis and purification of 7-Acetyl- -¢NAD*: The reaction mix-
ture .contains NAD¥ and «&-BKB in the same moTlar ratios and quantities as
already described for the synthesis of 7-Acetyl-8AMP. After ca. 20 hrs,
A324 is constant. The product mixture is prepared for chromatography as
already described for the AMP-derivative. After washing the column with

. 400 ml H20,a linear gradient (250 m1 Hy0 =------2 >250 m1 3 M HCOOH)
1s app11ed which elutes mainly unreacted N D+ 7-Acetyl-eNAD* appears
at the end of the following gradient (250 ml1 3 M HCOOH ------>250 ml

5 M HCOOH) and is eluted with some more 5 M HCOOH. Fractions exhibiting
identical absorption spectra (\pax = 324nm; shoulders at 335,290,275 and
255 nmyAmin = 280 nm in PP at pH 7.6) are combined and lyophilized seve-
ral times. Yield: 500 mg or 28% pale yellow 7-Acetyl-gNAD*.

4) Photometric determination of nucleotide concentrations: The ex-
tinction coefficient at 324 nm of /-AcetyT-€AMP and 7-AcetyT-eNAD (pH
7.60) was determined gravimetrically and by est1mat1on of ?hosphate accor-
ding to Chen2l), For both nucleotides €324 was 12 mM-1.cm-

5) PMR-Spectra: The purified and formate-free nucleotides were dis-
solved at I5-25 mg/ml (AMP and derivatives) or 30-50 mg/ml (NAD* and deri-
vatives). Solvents were D20 and dg-DMSO. The spectra were calibrated inter-
nally by compar1son of experimental resonance values with the resonance of
™S (& = 0 in dg-DMSO) or the sodium salt of TriMPS (& = 0 in D20).

6) Fluorescence spectra were measures on a Perkin-Elmer spectrofluori-
meter without correction for spectral characteristics of lamp,monochromator
and detector.

7) Absorption spectra were recorded on a CARY 18 spectrophotometer.

8) Oxidation of gTutamate by 7-Acetyl-&éNAD* in presence of glutamate
dehydrogenase: Th13 assay was performed as described by Dieter et al. for
NAD* as coenzyme

Materials

R-KBDA from Fluka-AG,CH-9470 Buchs,was distilled under reduced presare
before use. Dowex 1x2,200-400 mesh and AMP (free acid) were from Serva,Hei -
delberg. B-NAD*.Nap as well as bovine Tiver glutamate dehydrogenase were
from Boehringer,Mannheim. D70 (Uvasol quality),TMS and TriMPS.Na were from
Merck,Darmstadt,dg-OMSO from the "Eidgendssische Institut fiir Reaktorfor-
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schung" in CH-5303 Wiirenlingen. A1l other chemicals were of biochemical
reagent grade from commercially available sources.
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