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Abstract: Solid phase synthesis of conjugates of adenosine and tetra-aspartate, potential ligands of P2 

(adenosine triphosphate) receptors, is described. Different spatial arrangement of the peptide chain relative to 
the adenosine moiety in these highly charged compounds is shown by ~H and ~3C NMR spectroscopy, pK a 
values for the three internal aspartates and adenine base were determined. © 1997 Elsevier Science Ltd. 

Intracellular nucleotides play fundamental and ubiquitous roles in energy metabolism, nucleic acid 

synthesis, and enzyme regulation. Extracellular nucleotides also exert significant biological actions in many 

tissues and cells through cell membrane adenosine triphosphate (ATP) P2 recep tors.~ Up to the present the 

development of ligands for P2 receptors has given few active compounds, at least in part due to the difficulties 

in chemical synthesis and purification of nucleoside triphosphates. 2 Most of the ATP analogs tested have been 

commercially available compounds, although some reports on specially designed and synthesized ATP analogs 

and derivatives as ligands for P2 receptors have now been published. 26 

Triphosphate chain of ATP has great flexibility, so it is difficult to predict the spatial arrangement of the 

charges in its complex with P2 receptors. However, in the case of globular proteins (enzymes) it has been found 

that protein bound nucleotides adopt structures corresponding to low-energy conformations of free nucleotides 

and phosphate binding to the main-chain NH groups is the usual way for phosphate/protein interactions. 7 

Modeling of the P2y purinoceptor using rhodopsin as the template has been described 8 where positively charged 

side chains of certain amino acid residues have been shown to be essential for ATP binding. 

In 1994 Uri et al. 3 introduced peptidyl derivatives of adenosine-5'-carboxylic acid 9 (AdoC) as possible 

ligands for P2 purinoceptors. The simple and productive procedure of the synthesis of new ATP analogs was 

based on the conventional solid phase peptide synthesis method, where the peptide chain was assembled and 

AdoC attached to it on a Wang-type polystyrene resin. Two of the new conjugates, AdoCAsp~ and AdoCAsp4, 

derivatives of AdoC with three and four aspartate residues, inhibited ATP response on P2 receptors of C6 cells. ~ 

AdoCAsp4 has also shown activity in other systems carrying P2 receptor s-~° Although these two conjugates 

resemble ATP by their high negative charge concentrated in a small volume close to the adenosine part of the 

molecule, the spatial arrangement of these charges and distances between them should be quite different. 
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We now report on the preparation (methods outlined in the Scheme) and structure determination of some 

novel highly charged ATP analogs, conjugates of  tetra-aspartate with AdoC or adenosine (Ado), and show that 

minute changes in the structure of  the linker cause substantial changes in the 3-D structure of  the conjugates. 
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a) i: 2',Y-lp-AdoC (8) or 2-CI-2',3'-lp-AdoC (9), PyBOP, HOBt, DIEA, DMSO, 30 minutes; 
ii: 90% TFA, 2h 
b) i: Fmoc-Pro or Fmoc-Sar, PyBOP, HOBt, NMM, DMF, lh: ii: 25% Pip in DMF, 5+15 minutes: 
iii: 8, PyBOP, HOBt, DIEA, DMSO, lh; iiii: 90% TFA, 2h 
e) see Note 12 

The synthesis of the conjugates started from 1, [3-carboxylate blocked tetra-aspartate attached to the Wang 

resin (Novabiochem, Switzerland). 3 was prepared from 2-chloro-2',3'-O-isopropylideneadenosine-5'- 

carboxylic acid i1 , 9, using the method previously reported 3 for the synthesis of  2. A similar procedure with 

prolonged coupling times (1-2 h) was used for the attachment of  sterically hindered blocked imino acids Fmoc- 

Pro and Fmoc-Sar to 1 (in 4 and 5, respectively). A new synthetic procedure ~2 was used for the preparation of 6: 

5"-(4-nitrophenyl carbonate) of  2',3'-O-isopropylideneadenosine, 10, was coupled to 1 by a 40 h reaction in 

dimethylformamide (DMF). All the synthesized compounds gave correct molecular masses (Applied 

Biosystems Bio-lon 20 PD TOF mass spectrometer) and showed better than 97% purity (HPLC). Structures of 

the novel conjugates were examined with NMR spectroscopy (Bruker AMX 500 or AM 200 spectrometers). 

3 showed the pattern of  ~H and ~3C chemical shifts which was similar to the pattern of  shifts of 2, 3 main 

difference being the lack of H2 signal in the ~H NMR spectrum of 3, 2-chloro derivative of 2. In both 

conjugates H4' of the sugar ring is eclipsed by the carbonyl of AdoC (Fig. 1) and shielded (upfield shift).~3 In 

this conformation formation of  a hydrogen bond between NH of the amide group of  CIAdoC-Asp and N3 of 

adenine in syn conformation is possible (Fig. 1). 

If compared to 2 and 3 ~H NMR spectrum of 4 reflects the change in the orientation of  the carbonyl group of 

AdoC (Fig. 1). Like in the case of  the structurally less complicated tertiary amide, N,N-dimethyl adenosine-5'- 

carboxamide (DMACA), L3 the carbonyl oxygen of AdoC is turned away from H4' in 4. This leads to substantial 

downfield shift of  H4', 5.02 ppm in 4 as compared to 4.70 ppm in AdoCAsp4, 2. Adenine H8 and H2 protons 

give sharp signals in low field at 8.56 and 8.20 ppm. Strong deshielding of H8 is probably not the reflection of 
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Figure 1. Orientation of the C(O) group and adenine base of AdoC relative the sugar ring in 2 ,4  and the trans' form of S. 

the close proximity of negative charges of aspartates to H8, since DMACA also exhibits signals [br these 

hydrogens at 8.67 and 8.20 ppmJ 3 The great downfield shift of H8 may be attributed to the proximity of the 

carboxyl oxygen of AdoC to H8 or even a weak hydrogen bond between these two atoms. H The cis - trans 

isomerization equilibrium about AdoC-Pro in 4 is shifted far toward the trans form (>95% by ~C NMR). 
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Figure 2. Fragments from the 1H NMR spectrum of AdoCSarAsp4, 5 (500 MHz: DMSO-d6; r.t.). 

In AdoCSarAsp4, 5, two conformers with trans and cis peptide groups between AdoC and Sar arc 

represented respectively in ratio 2:1 (by ~H NMR in DMSO-d6). ~H (Fig. 2) and ~3C NMR spectra indicate 

substantial differences in the 3-D structures of the rotamers. ~H signals of sarcosine N-CH~ appear for the trans 

and cis tbrms at 3.01 and 2.80 ppm. Sarcosine CH 2 protons of the cis conformer show a single peak at 4.07 

ppm, whereas two methylene protons of the trans conformer appear in a different field (anisochronism), at 4.10 

and 3.92 ppm (doublets, Jgem=16 .2Hz) .  This may indicate the presence of an extra hydrogen bond in the trans 

conformation that makes the form less flexible. Isomerization of the amide group is also reflected in the 

spectrum of protons of the sugar and adenine parts of the conjugate. Signals of H4' appear at 4.93 and 4.75 

ppm, the large (0.18 ppm) upfield chemical shift of the cis conformer may indicate the location of strongly 

anisotropic carbonyl group of sarcosine near H4'. Signals of HI'  (Fig. 2+ b) for the t rans  and cis conformers at 

6.08 and 6.04 ppm are also separated. Similar coupling constants (Jr,2' 6.8 Hz lbr t rans  and 6.2 Hz for c i s  .1;., 

=1.5 Hz for trans and 2.4 Hz for cis) point to the minute changes in the puckering mode of the sugar as the 

result of the trans-cis  isomerization of AdoCSar amide group. All 4 pairs of the NH signals between 7.9 and 8.5 

ppm (Fig. 2, a) are separated and thus confirm the differences in the structure of the peptide chain in the two 
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conformers. Adenine H2 and H8 both give broad signals. In the t3C NMR spectrum of 5 double peaks in ca 2/1 

ratio appear at 86.43 and 86.86 (CI'), 81.13 and 80.74 (C4'), 74.81 and 74.63 (C2'). C3' gives a single line at 

72.65 ppm. Also large (if compared to <0.5ppm for AdoCAsp4) chemical shift difference of C2' and C3' should 

be noted. ~3C NMR signals from 10 carboxyl groups are clearly grouped into amide CO (167.7 -170.6 ppm) and 

acid (171.7- 172.1 ppm) signals. The amide CO resonances are characterized with pairs of signals from trans 

and cis conformers: 167.82/167.68, 170.64/170.50, 169.90/170.00, 170.31/170.33, 170.13 (single peak). 

The pattern of chemical shifts in the L3C NMR spectrum of the adenosine part of 6 is similar to that of 

ATP) 4 The ~3C chemical shift difference of C2' and C3' bigger than 2.8 ppm (3.6 ppm in 6) is characteristic for 

the anti conformation of nucleosides] 5 Close proton-proton .Iv, ~, coupling constants (4.8 Hz for 6 and 5.6 Hz for 

adenosine phosphates ~6) indicate similar sugar puckering modes in these compounds. Therefore, it is possible to 

prepare ATP analogs, conjugates of Ado and highly charged peptides, with retained 3-D structure of the 

adenosine part of the molecule by introducing a C(O) group between the adenosine 05 '  and peptide chain. 

6, like all other synthesized conjugates, showed five separated carboxylate ~3C signals (178-179 ppm) for 

four aspartates (Fig. 3, a; separation of the two high field signals is not seen in this compressed Figure) at higher 

(>6) and five separated carboxylic acid signals (173-174 ppm) for four protonated acids (Fig. 3, c) at lower (<2) 

pH values, and also substantial protonation shifts (PS) of Ca and C I 3 ~3C signals of the aspartates. These PS and 

their behavior during the titration should be a convenient source for the determination of pK a values of the 

adenine and different Asp residues. Actually, in weakly acidic medium (2<pH<6) strong broadening of many 

signals, including the most sensitive positions to the protonation process - carboxylate and CI3 carbons, was 

observed (Fig. 3, b). This may indicate the inter- or intramolecular 

, I ,1 I I association of aspartate groups, like it has been established for oligo- 

t! !L'I ~ , ~ , ~  

bl h I 
b 

e) ! 

L 
Figure 3. Carboxyl carbon region (without 
urethane CO) from the 13C NMR spectra 
of AdoOC(O)Asp4, 6 ( 125 MHz; D20; 
r.t.); a: pH=9.0, b: pH=4.1, e: pH=1.1. 

shifts (50.69 and 50.82 ppm at pH=l; Cot of ~-Asp gives a signal at 

52.04 ppm). Direct plotting of the signals from c~-,D- and y-Asp Cct carbons against pH meter readings in D20 

solution (MI-412 microeleetrode from Microelectrodes Inc., 8 pH values from 1.1 to 12) and the curve fitting 

(PC Origin 4.10 from Microcal Software, Inc.) gave the following pK a values: or-Asp, PKa=4.06±0.06; [3-Asp, 

and polyglutamic acids, ~7 although other explanations tbr the 

phenomenon are possible (e.g., traces of paramagnetic metal ions). 

Regardless of the broadening of some Cc~ signals their positions could 

be determined in the course of titration. Cc~ of the terminal 6-Asp is 

unambiguously assigned due to its large PS (-4.11 ppm) and the 

largest broadening of the signal during the titration process. The next 

residue (y-Asp) with the PS of a-carbon -1.44 ppm was assigned on 

the basis of some broadening of the signal. The remaining ct- (PS - 

1.77 ppm) and [3- (PS -1.51 ppm) Asp residues were assigned on the 

basis of their chemical shift and PS values. It is reasonable to assume 

that in [3- and y-Asp residues a-carbons have close values of chemical 
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Figure 4. Comparison of dissociation constants of different carboxylates of 6 on the basis of the peptide chain Cc~ 
chemical shif(s: left graph: traditional pH - 5 plots; right graph : comparison of dissociation constants of [3-(0) and ,v- 
(A)Asp residues to ~z-Asp residue according to the method ofpK a difference 13C NMR spectroscopy. 18 

PKa=4.20±0.08, and T-Asp, pK~=4.01+0.06; as shown on the left side of Fig. 4. Relatively large errors result 

from the line broadenings observed, small PS of C0t carbons remote from the protonation site and small number 

of measurements in the protonation region• 6-Asp was not included into the curve fitting as PS of its C~x was 

caused by the protonation of both acid groups. 

From the practical point of view the relative order of acidities of different ionization sites in the 

molecule is often more important than the absolute pK a values. For the comparative analysis of pK, values the 

method based on ~3C chemical shift differences gives more reliable resultsJ 8 One of its main advantages is the 

use of the degree of protonation of a reference compound and no need for pH measurements. In the right side of 

Fig. 4 the plots tbr the calculation K a values of [3- and y-Asp related to a-Asp are given. Concave curve for y- 

Asp (A) shows that it is stronger acid than a-Asp. The opposite is true for [3-Asp (@) with resulting convex 

curve. Curve fitting [ KcdK[3 =1.30:~0.04 (ApKa=-0.11) and KcdK T =0.91+0.03 (ApK,-0.04) ] gives pK~, 

differences along the Asp4 chain. Observed ApK a values of Asp residues originate from the effect of the 

connected neighbors. Thus y-Asp must have the lowest pK a due to strong influence of the terminal 6-Asp with 

two free carboxylate groups, and the proximity of the AdoOC(O) moiety to the acid group of c~-Asp is going to 

enhance somewhat its acidity, leaving [3-Asp with the highest pK a value. The adenine base of 6 showed large 

PS for all carbon atoms• Curve fitting from C6 (PS -5.60 ppm) gives PKa=3.74+0.10, from C2 (PS -8.19 ppm) 

pKa-3.71±0.10 and from C8 (PS +2.81 ppm) PKa=3.78±0.11. These values point to the site of protonation (NI) 

and are in good agreement with the pKa values reported for the protonation of N1 sites of the adenine residue of 

AMP (pKa=3.61) and adenosine 5'-O-thiomonophosphate (pKa=3.72). 2° The amide group in the carbamate 

moiety of 6 probably occurs in more usual t r a n s  conformationf ) however closer inspection of the ~(" NMR 
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spectra revealed several smaller lines (<10% intensity by ~C NMR) close to the main ones in the sugar part of 

the molecule at medium and higher pH values, which may indicate the presence of c/s-orientated structures. 

Taken together, the synthetic methods outlined in the Scheme provide highly charged ( -5 at pH=7.4, as 

compared to -3.8 of ATP ) ATP analogs with different arrangement of negative charges. Consequently, it is 

possible to generate great numbers of novel ATP analogues as pure compounds or in the tbrm of their 

equimolar mixtures ("chemical libraries") that can be further tested for biological (pharmacological) activity. 

Due to the peptide nature of the new compounds it is possible to take advantage of all drug development 

methods for peptide-type hormones. Taking into account the importance of ATP in many enzymatic systems 

novel potential ligands of purinoceptors should also be tested as inhibitors of ATP consuming enzymes. 
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