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STABILITY AND STRUCTURE OF BINARY AND 
TERNARY METAL ION COMPLEXES OF 

IN AQUEOUS SOLUTION 
OROTIDINATE S-MONOPHOSPHATE (oMP~-) 

MATTHIAS BASTIAN and HELMUT SIGEL* 
Itisririire of Itiorgatiic Cliettiis fry,  Utiiversitj of Basel. Spifalsrrasse 51. CH-4056 Basel. Swiizerland 

(Received Jirly 20, 1990) 

The stability constants of the I:1 complexes formed between hlg”, Ca2+, Sr”, BaZ+, hIn’+, Co2+,  
NiZ+, Cu2+. Zn2+ or Cdz+ and orotidinate S’-monophosphate (OhlP’-) were determined by potentio- 
metric pH titrations in aqueous solution (I  = 0.1 M, NaNO,; 2S’C). In addition to the stability constants 
of these M(0hlP)- complexes, for several cases also the corresponding acidity constants for the release of 
the proton from the H(N-3) site were calculated; i.e., the formation of M(0hlP-H)’- complexes was 
quantified. On the basis of recent measurements for simple phosphate monoesters [R-hlP2-; R is a 
noncoordinating residue; S.S. hlassoud and H. Sigel, biorg. Clieni., 27, 1447-1453 (1988)], evidence is 
provided that the somewhat increased stability of all the mentioned hl(0MP)- complexes is mainly the 
result of a charge effect of the carboxylate group (in position 6 of OhlP’-) and riot of a direct 
participation in complex formation; i.e., there are no indications for the formation of significant amounts 
of macrochelates involving the phosphate and the carboxylate groups. This is different for the M(0MP- 
H)’- complexes of Co2+, NiZC and Cd2+: in these cases significant amounts of macrochelates form; i.e., 
the metal ion is not only coordinated to the phosphate group but also (in part) to the ionized -(N-3) site, 
which is placed in the neighbourhood of the phosphate residue in the dominating sjn conformation of this 
nucleotide. For the metal ions hlg2+, Ca2+, Sr2+, BaZ+ and hln2+, which have in general a rather low 
afinity for N binding sites, no evidence for the formation of macrochelates is detected. In addition, the 
stability constants of the ternary Cu(Arm)(OMP)- complexes, where Arm = 2,T-bipyridyl or 1,lO- 
phenanthroline, were determined by potentiometric pH titrations. Evaluation of the stability data shows 
that an equilibrium betweeen an ‘open’ isomer and a Cu(Arm)(Oh$P)- species with an intramolecular 
stack exists; the formation degree of these aromatic ring stacks reaches about 40 percent. Overall i t  is quite 
evident that OhlP3- is a versatile Iigand with remarkable properties which may be utilized by nature in 
recognition reactions during the intricate metabolic processes in which this nucleotide is involved. 

Keywords: hfacrochelates, mixed-ligand complexes, orotidine, orotidinate 5’-monophosphate, stability 
constants, stacking interactions 

1. INTRODUCTION 

The initial stages of the biosynthesis of pyrimidine derivatives involve carbamoyl 
phosphate and L-aspartate leading via dihydroorotate and orotate to orotidinate 
5’-monophosphate (OMP3-; Fig. I),’ which is then decarboxylated to give uridine 
5’-monophosphate (UMP2-);2 this nucleotide may be further transformed, e.g., into 
UTP“- or CMP2-. The indicated metabolic formation of OMP3- involves metal ion 
dependent enzymic  reaction^,^ and therefore the metal ion coordinating properties of 
this nucleotide are of interest. We decided to deal with this problem in the course of 
our studies on nucleotide co rnp lexe~ .~*~  

* Author for correspondence. 
Dedicated with best wishes to Professor Dr. Arthur E. Martell on the occasion of his 75th birthday 
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138 hi. BASTIAN A N D  H. SIGEL 

Figure 1 shows the chemical structure of OMP3- in its syii conformation. 
Orotidine and its  derivative^,^.' including OMP3-,* exist in solution predominantly 
in this form; i.e., the carbonyl 0-2  and N-3 are above the ribose ring’s9 while the 
carboxylate group at  position 6 is pointing away. As the carboxylate group, which is 
also highly solvated due to its negative charge, is much larger than the carbonyl 
group at position 2, this syn conformation is in fact expected. The other three 
nucleoside 5‘-monophosphates which are additionally shown in Figure 1, and which 
will be used in comparative discussions, all predominantly exist in the mit i  conforma- 
t i ~ n . ~ ” ’  It should especially be pointed out that this aiiticonformation also holds for 
UMPZ-, which differs from OMP3- solely by the absence of the carboxylate group; 
i.e., now the carbonyl 0 - 2  and N-3 are no longer above the ribose ring, but are 
pointing away from it. 

-0 

0 

R R  R R  
FIGURE I Chemical structures of the nucleoside 5’-monophosphates (NhlPs) considered in this study.’ 
OhlP’- is shown in its dominating SJ’II conformation,8 and Uh.IP2-, TuhlP2- and AMP2- in their 
dominating anti conforrnat i~n.~*’~  

Considering the chemical structure of OMP3- (Fig. l), one of the main questions 
regarding the coordination of metal ions obviously is whether a metal ion bound to 
the phosphate residue would also interact with the carboxylate group. It is evident 
that such a twofold coordination would require a transformation of the nucleotide 
from the syii to the anti conformation. Is the driving force for the formation of a 
macrochelate involving the phosphate and carboxylate groups large enough to 
enforce such a structural change? 

Another potential binding site at the base moiety of OMP3- which could be 
reached from a phosphate-coordinated metal ion is N-3. After release of the proton, 
which is expected to occur in the alkaline pH range, this negatively charged nitrogen 
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OROTIDINE PHOSPHATE COhiPLEXES I39 

should be well suited for the coordination of (especially transition) metal ions. The 
main advantage of this site is that the indicated macrochelate could be formed in the 
syr conformation of the ligand. However, the question as to whether macrochelates 
involving the phosphate group and the -(N-3) site actually form still remains. 

The indicated questions are now addressed in this study in a consecutive way. In 
addition, some mixed-ligand complexes involving OMP3- and 2,2'-bipyridyl or 1 , lO-  
phenanthroline are also considered. 

2. EXPERIMENTAL SECTION 

2.1 Marerids 

The trisodium salt of orotidine (= 3-P-D-ribofuranosyl orotic acid) 5'-monophos- 
phoric acid was purchased from Sigma-Aldrich Co., St. Louis, MO, U.S.A. The 
disodium salt of ethylene-N,N,N',N'-tetraacetic acid (Na,H,EDTA), potassium 
hydrogen phthalate, HNO,, NaOH (Titrisol), 2,2'-bipyridyl, 1,IO-phenanthroline 
monohydrate and the nitrate salts of Na', Mg2+, Ca2+, Sr2+, Ba2+, Mn2+, Co2+, 
Ni2+,  Cu2+,  Zn2+ and Cd2+ (all pro analysi) were from Merck AG, Darmstadt, 
FRG. 

The titre of the NaOH used for the titrations was determined with potassium 
hydrogen phthalate; the exact concentrations of the OMP3- solutions used in the 
titrations with the metal ions (titrated in the presence of an excess of HNO,; see 
below) were measured by titrations with NaOH. The concentrations of all stock 
solutions of the divalent metal ions were established with EDTA. 

2.2 Poteirtioriietric p H  Titrations 

The pH titrations were carried out with a Metrohm E 536 potentiograph equipped 
with a E655 dosimat, and 6.0202.100 (JC) combined macro glass electrodes. The 
buffer solutions (pH 4.64, 7.00, and 9.00) used for calibration were also from 
Metrohm AG, Herisau, Switzerland; the buffers of this company are based on the 
scale of the U.S. National Bureau of Standards."*12 The direct pH meter readings 
were used in the calculations of the acidity constants for H,(OMP)-; i.e., these 
constants are so-called "mixed" or Bronsted constants. The negative logarithms of 
these acidity constants given for aqueous solutions of H,(OMP)- at I = 0.1 M 
(NaNO,) and 25°C may be converted into the corresponding concentration con- 
stants by subtracting 0.02 log unit;13 this conversion term, which contains the 
junction potential of the glass electrode and the activity coefficient of H +  (see, e.g., 
ref. 14), is close to that given by others: e.g., 0.0361og unit (25°C; I = 0.1 M, 
KN03)15 or 0.039 log unit (25°C; I = 0.5 M, KC1).I6 It should be noted that for 
stability constants of metal ion complexes no conversion is necessary. 

A further point to be emphasized is that in our calculation procedures the ionic 
product of water (K,) and the hydrogen ion activity (y) [to be more exact: the 
mentioned 'combined' term for converting the measured data into H + concentration] 
do  iiot enter into the calculations because we evaluate dixereirces in NaOH consump- 
tion between two corresponding solutions; i.e., always solutions with and without 
ligand are titrated (see below). The advantage of this procedure is (aside from not 
needing K, or y values) that impurities in the solvent or in the salts, as well as 
systematic errors, etc., cancel to a large part. 
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I40 bl. BASTIAN AND H. SlGEL 

The calculations for the equilibrium constants were carried out with a Hewlett 
Packard Vectra 60 PC desk computer connected with a Brother M 1509 printer and a 
Hewlett-Packard 7475 A plotter. 

2.3 Coiiditioris for the Deterniiiiatioii of the Acidity Constarits 

The acidity constants K:l(o,,,, and K&O,,P) of H,(OMP)- were determined by 
titrating 15 cm3 of aqueous 0.032 M HNO, and NaNO, (I  = 0.1 M; 25°C) in the 
presence and absence of 6 mM OMP3- under N, with 2.5 cm3 of 0.2 M NaOH and 
by using the differences in NaOH consumption between two such titrations for the 
calculations. The two acidity constants were calculated with the abovementioned 
computer by a curve-fitting procedure using a Newton-Gauss nonlinear-least-squares 
program within the pH range of about 2 to 6.7, i.e. between the highest point of 
protonation reached by the experimental conditions (about 25% protonation) for the 
equilibrium H,(OMP)-/H(OMP)'- and the highest point of neutralization (about 
65%) for the equilibrium H(OMP)2-/OMP3-. Three independent pairs of such 
titrations were carried out leading by average to the final result for K&,,,,,. 

In another set of experiments (again) K&,,,,, and K&,, of H(0MP)- were 
determined by titrating 50 cm3 of aqueous 0.54 mM HNO, and NaNO, in the 
presence and absence of 0.3 mM OMP3- with 1 cm3 of 0.03 M NaOH as described in 
the preceding paragraph. In this case 16 pairs of independent titrations were made 
and evaluated between pH 4.7 and 9.6, i.e. between about 2% of neutralization for 
the equilibrium H(OMP)'-/OMP3- and about 64% for the equilibrium OMP3-/ 
(OMP-H)4-. Hence, the final results for K!(,,,,, and KZ,,, are the averages of 19 
and 16 pairs of titrations, respectively. 

2.4 Conditions for the Deterrtririatioii of the Stability Coristarits 

The conditions for the determination of the stability constants K&OS,P) of the binary 
M(0MP)- complexes (I = 0.1 M; 25°C) were the same as given in the last paragraph 
for the acidity constants K&OS,p) and KZ,,, (i.e., with 0.3mM OMP3-), except 
NaNO, was partly or fully replaced by M(NO,),. With MgZ+, Ca2+,  Sr2+, and 
BaZ+ [M(NO,),] was 0.0333M or 0.0267M, i.e. OMP:MZ+ = 1:111 or 1:89, 
respectively. For Mn2+,  Co2+,  Zn2+,  and Cd2+ [M(NO,),] was 0.0167 M (OMP: 
M2+ = 1:56); for NiZ+ and also Co2+ [M(NO,),] was 0.0133 M (1:44), and for 
Mn2+, Ni2+, ZnZ+,  and Cd2+ [M(NO,),] was also 0.0083M (1:28). For Cu2+ 
[M(NO,),] was 3.33 and 1.67 mM, i.e. the OMP to Cu2+ ratios were 1 : 11 and 1 :5.6. 
For each metal ion system at least 4, usually 5, independent pairs of titrations were 
made. 

The stability constants K;:o,,p, were computed for each pair of titrations by taking 
into account the species H+ ,  H,(OMP)-, H(OMP)'-, OMP3-, M2+,  and 
M(OMP)-." Throughout the data were collected (every 0.1 pH unit) from about 
5% complex formation to a neutralization degree of about 85% or to the beginning 
of the formation of M(0MP-H)'- species or of the hydrolysis of M(aq)'+; the latter 
was evident from the titrations without OMP. The values calculated individually for 
log K::(OX,P) showed no dependence on pH or on the excess amount of M2+.  

In those cases where M(aq),+ did not hydrolyze before the onset of the for- 
mation of M(OMP-H)2- (i.e., for Mg2+, Ca2+, Sr2+,  Ba2+, Mn2+, Co2+, NiZ+,  
and Cd"), the experimental data were also analyzed with a curve-fitting pro- 
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OROTIDINE PHOSPHATE COMPLEXES 141 

cedure18 by taking into account in addition to the species already mentioned 
M(0MP-H)’- and (OMP-H)4-:.In this way again the stability constant K&o,,p, 
was determined, but this time together with the acidity constant K:(,,,,, of the 
M(0MP)- species. It may be emphasized that the agreement of the values obtained for 
K&OS,P) in the two evaluation procedures was excellent. 

The experimental conditions for the determination of the stability constants 
K$:(Am)(Ol,P) of the ternary Cu(Arm)(OMP)- complexes correspond to those given 
above for the binary Cu2+ system; i.e., OMP: Cu2+ : Arm = 1:5.6:5.6. Four 
independent pairs of titrations were carried out each for the 2,2’-bipyridyl and 1,lO- 
phenanthroline (=Arm) systems. In the pH range (4.7-5.3) used for the calculation 
of the stability constants of the ternary Cu(Arm)(OMP)- species, complex formation 
between Cu2+ and Bpy or Phen is already complete due to the large stability of 
C ~ ( A r r n ) ~ + ; ”  this was also evident from the identity of the titration curves obtained 
from a pair of solutions, one that contained HNO, only and another that contained 
Cu2+/Arm (= 1 : 1) in addition. Hence, in the calculations only the complex 
formation between Cu(Arm)’+ and OMP3- had to be considered,” and each of 
these two systems could be treated as a binary one (see above) by considering the 
species H+ ,  H,(OMP)-, H(OMP)’-, OMP3-, Cu(Arm)2+, and Cu(Arm)(OMP)-. 

3. RESULTS 

The experiments were carried out in water under conditions where the self-associ- 
ation of OMP is.expected to be negligible, due to previous experience with related 
pyrimidine Mo st of the potentiometric pH titrations for the 
determination of the acidity constants of H,(OMP)- and all of the titrations for the 
stability constants of the binary species M(0MP)- or M(0MP-H)’- and the ternary 
Cu(Arm)(OMP)- complexes were made with [OMP] = 0.3 mM. Using this concen- 
tration and assuming for the self-stacking tendency of OMP (according to the 
isodesmic model of indefinite noncooperative self-association) the upper limit 
K < 2 M-’ for the equilibrium constant,21-23 one calculates that more than 99% of 
the OMP species are present in their monomeric form (in fact under the given 
conditions this is still true even if K would equal 16M-I); hence, the results 
presented in the following sections apply to OMP monomers. 

3.1 Acidity Corutants for H3 (OMP) 
From the chemical structure shown in Figure I for OMP3- it is evident that this 
nucleotide may accept three protons, two at  the phosphate group and one a t  the 
carboxylate. Accordingly, at  least the following three deprotonation equilibria have 
to be considered: 

H , ( O M P ) s  H,(OMP)- + H +  (lfl) 

K:,(oarp) = [H+I[H,(OMP)-II[H,(OMP)I (16) 

H,(OMP)- e H(OMP)*- + H +  (2a) 
K::,(oa,P) = [H+I[H(0MP)* - l/[H,(OMP)-l (26) 

H(OMP)~- 5 OMPJ- + H +  (3fl) 
K:(o,,,) = [ H + l [ o M ~ 3  -l/[H(0Mp)2 -1 (36) 
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142 M. BASTIAN AND H. SIGEL 

The release of the first proton ( I )  from monoesterified derivatives of phosphoric 
acid occurs at  a very low pH and no attempt was made to  determine this pK, value. 
However, i t  is safe to assume that the acidities of H,(OMP) and H,(UMP) are very 
similar due to their near structural identity (see Fig. I); i.e., pK~,(oalP) N pKE2- 
(uxlp) = 0.7 f 0.3.24 The release of the next proton in H,(OMP)- (2) occurs from the 
carboxylic acid group in position 6 ,  and then follows in H(0MP)’- the final proton 
from the phosphate residue (3) .  

For UMP’- it  is well-known that the H(N-3) site of the nucleic base moiety may 
release a further proton,” and consequently the following reaction has to be 
expected for OMP3-: 

(4a) 
K&p = [H’][(OMP-H)4-]/[OMP3-] (46) 

OMP3- e (OMP-H)4- + H +  

Finally, the ribose residue of nucleosides and nucleotides may also be i ~ n i z e d ~ ~ . ’ ~  
but this reaction occurs only at  pH > 12 and does not play a role in the physiological 
pH range; hence, this reaction was not studied in the present context. The results 
obtained via potentiometric pH titrations for the various acidity constants of the 
three-proton-donor H,(OMP)’- ( 2 4 )  are listed in Table I, together with the pK, 
values for the related compounds H(0r) and H2(UMP).’*’‘*’’ All the acidity 
constants given in Table I are in the expected order. 

TABLE I 
Negative logarithms of the acidity constants (eqs. (IH4)) in aqueous solution for orotidine 5’- 
monophosphoric acid, HJOMP), as  well as  for some related species a t  25°C and I = 0.1 M (NaNO,) a s  

determined by potentiometric p H  titrations.’ 
~~ 

pK. for the sites 

Acid -POIOH), X O O H  -PO(O-)(OH) > N(31H 

H,(OMP) -0.7 1.46 f 0.10 6.40 f 0.02 9.35 * 0.02 

HAUMP) 0.7 f 0.3 6.15 f 0.01 9.45 f 0.02 

(eq. (1))  (cq. ( 2 ) )  (eq. (3) )  (eq. ( 4 ) )  
H(Or) 0.5 f 0.3 9. I2 f 0.02 

a The errors given are 3 times the standard error of the mean valuc or the sum of the probable systematic 
errors, whichever is larger. The acidity constants for H(0r)  and H,(UhlP) are from references 27 and 23, 
respectively. 

3.2 Stabilitj? aid Acidity Coiisfaiits of M ( 0 M P ) -  Coniplexes 
The experimental data of the potentiometric pH titrations of H(0MP)’- in the 
presence of Mg2+, Ca2+, Sr”, Ba”, Mn2+, Co2+, Ni”, Cu2+, Zn’+, and Cd” 
may be completely described by considering equilibria (2) ,  which actually plays only 
a very minor role, (3)  and (5)  as long as the evaluation is not carried into the pH 
range where formation of M(0MP-H)’- species or of hydroxo complexes occurs 
(see Section 2.4). 
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OROTIDINE PHOSPHATE COMPLEXES 143 

In those systems where deprotonation of the H(N-3) site in M(0MP)- takes place 
before the onset of the hydrolysis of M(aq)2+, the equilibrium constant for the 
following reaction could be determined as well. 

M(0MP)- e M(0MP-H)’- + H+ (6fl) 
G ( O X , P )  = [M(OMP-H)2-I[H+l/[M(OMP)-l (6b 1 

The results are summarized in Table 11. The values for log K&o,,p, are in the order 
previously observed for other nucleoside monophosphate complexes;24~28~29 for the 
acidity constants pK&Oh,P) (6)  no comparable values are available. The stabilities of 
the M(0MP)- species show the usual trends: Complex stability with the alkaline- 
earth ions is lower than that with the divalent 3d metal ions; for the latter the long- 
standing experience (see ref. 24) is confirmed that the stabilities of metal ion- 
phosphate complexes d o  not strictly correspond to the Irving-Williams series.30 

TABLE I1 
Logarithms of the stability constants of binary M(Oh.IP)- (eq. (5)) and ternary Cu(Arm)(OMP)- 
complexes (eq. (7)) together with the negative logarithms of  the acidity constants for some of the binary 
hl(Oh1P)- complexes (eq. (6)).  as determined by potentiometric pH titrations in aqueous solution at 25°C 

and 1 = 0.1 M (NaNO,).’ 

hlZt  1% K & ~ P ,  PK::,\,P, 

Mg2 1.93 f 0.02 8.89 f 0.02 
Ca2 + 1.76 L- 0.02 8.77 f 0.02 
Sr2+ 1.56 f 0.02 8.78 0.04 
BaZ+ 1.62 & 0.02 8.78 f 0.02 
h1nzt 2.49 f 0.02 8.91 f 0.04 
co2 + 2.37 5 0.02 8.40 f 0.05 
Niz+ 2.30 f 0.03 8.24 f 0.08 
c u z  + 3.29 & 0.05 
Zn2 + 2.50 +.0.04 
CdZ+ 2.91 f 0.03 7.66 f 0.10 
cu(BPY)2 + 3.50 f 0.04 
Cu(Phen)* + 3.55 f 0.05 

‘The error limits are 3 t i n m  the standard error of the mean value or the sum of the probable systematic 
errors, whichever is larger. 

In addition, the stability of the mixed-ligand complexes formed between OMP3-, 
Cu2+,  and an aromatic amine (Arm), i.e. 2,2’-bipyridyl (Bpy) or  1,lO-phenanthroline 
(Phen), was determined (see Section 2.4). The stability constants according to (7), 

Cu(Arm)’+ + OMP3- e Cu(Arm)(OMP)- 
KCu(Arrn) Cu(Arm)(OXlP) = ~ C u ~ A r m ~ ~ O M P ~ ~ l / ~ ~ C u ~ A r m ~ Z +  ]LOMP3 -1) 

(7fl) 
(7b) 

are also listed in Table I1 and discussed in Section 4.5. 
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I43 M. BASTIAN AND H. SIGEL 

4. DISCUSSION 

4.1 Cotiiparisoti of the Acidity Constants for  H2 ( 0 M P ) -  with Those of Relate 
Species 
Comparison of the constants listed in Table I shows that deprotonation of t l  
carboxylic acid group in H(0r) occurs at a lower pH than that of the same group i 
the negatively charged H,(OMP)- species. This result is expected and corresponds t 
the observations made for the deprotonation of the H(N-3) site, i.e. pKZ, < pK& 

The fact that the H(N-3) site in OMP3- is deprotonated at a somewhat lower pl 
(pKZ,,, = 9.35) than the same site in UMP2- (pK!,,, = 9.45) may appear s 
surprising a t  first sight because OMP3- carries overall more negative charges tha 
UMP2-. However, in this case a further effect is operating: the carboxylaf 
substituent a t  the pyrimidine residue is a so-called second order sub~ti tuent~ '"  wit 
electron-withdrawing qualities and this facilitates the release of the proton from th 
H(N-3) site; this property of a carboxylate group is also evident from the observz 
tions3Ib made with the nitrogen-protonated species of pyridine (pK, = 5.21) an 
pyridine-4-carboxylate (pK, = 4.90). 

Regarding the discussion in Section 4.3 on the effect of the carboxylate grou 
on the stability of the M(0MP)- complexes, the following comparison is of speck 
interest: PK&,,,~, = 6.40 (k0.02) > pK$UhlP) = 6.15 (50.01) (c.f. Table I). Thi 
means the negative charge of the carboxylate group at position 6 inhibits throug 
space the release of the proton from the -PO(O-)(OH) group by 0.25 (k0.02) lo 
units. It is interesting to note that the same observation (though with opposite sign) i 
made for the release of the proton from the H+(N-I) sites in H(Ado)+ an 
H,(AMP)*; removal of the -PO(O-)(OH) group facilitates the deprotonatio 
reaction a t  the H+(N-I) site of the adenine residue by 0.23 (k0.04) log unit: 
pKE Ado) = 3.61 (50.03) < pKi2(Ah!pl = 3.84 (+0.02).'0*28 Comparison ofthecorres 
ponhing nucleotide structures in Figure 1 indicates that the through space distanc 
between the sites involved is comparable in the two pairs of compounds considerec 
A similar result is also obtained for the H+(N-3) sites of H,(CMP)* (pK:&,,,,, = 4.3 
f 0.04)24 and H(cytidine)+ (pK&cy,,) = 4.14 f 0.02);26 i.e., ApK, = 0.19 k 0.05. 

4.2 Partial Evaluation of the Stabilities of the M ( 0 M P ) -  Contplexes 
The existence of a linear relationship between log K;:' and pK:iL is well-known fo 
many series of structurally related l i g a n d ~ . ~ ~  The corresponding relationship betwee 
metal ion-phosphate coordination and phosphate group basicity was recently estat 
lished by plotting log Ki:(R-h,P) versiis PKE(~-~,,)  for a series of simple phosphat 
monoesters (R-MP2-). The parameters of the resulting straight reference line 
(least-squares) for phosphate-ester complexes of Mg2+, CaZ+,  Sr2+, Ba2+, Mn" 
Coz+, Ni2+, Cu2+,  Zn2+, and Cd2+ are summarized in Table V of ref. 24 (CJ als, 
Table I in ref. 28). This a ~ h i e v e m e n t ~ ~  now allows the calculation of the stabilit 
constant for a pure phosphate coordination with the known acidity constant of an 
monoprotonated phosphate residue. 

Two examples for plots of log K;f(R-htP) versus pK&R-hlP) are shown in Figure 2. I 
is evident that for both cases, i.e. Mg(0MP)- and Cd(0MP)-, the data pairs do no 
fit on the reference lines; though not shown, the same is true also for the othe 
M(0MP)- complexes. In all 10 cases studied (Table 11) the points due to th 
M(0MP)- complexes are above the reference lines indicating an increased comple. 
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OMP3- 

2.6 - 
2.4 - 
22 - 

2.0 - 

1.8 - 
1.6 - 

1.4 - 

2.6 - 
2.4 - 
22 - 

2.0 - 

1.8 - 

1.2 1.4 - - 

lo- 

.0MP3’ .0MP3’ 

5 UMP~- T T  TMP~- 

i 
BuPz- 

t T 
PheP2- RibMP2- 

T 
NPheP2- 

5.0 5.2 5.4 5.6 5.8 6.0 6.2 6.4 6.6 6.8 7 

FIGURE 2 Relationship between log K:I,R.L,P, and pKi!,,.,,,, for the 1 : 1 complexes of hlg2+ and CdZ+ 
ui th  some simple phosphate monoester ligands (R-MP2-): 4-nitrophenyl phosphate (NPheP2-), phenyl 
phosphate (PheP2-), uridine 5’-monophosphate (UhfPZ-), D-ribose 5’-monophosphate (RibMPZ-), 
thymidine 5‘-monophosphate ( T h W - ) ,  and n-butyl phosphate (BuP2-) (from left to right) (0).24 The 
least-squares lines are drawn through the corresponding six data sets; the equations for these reference 
lines are given in Table V of  ref. 24. The points due to the complexes formed with OMP3- ( 0 )  are inserted 
for comparison; the corresponding equilibrium constants are taken from Tables I and 11. All plotted 
equilibrium constant values refer to aqueous solutions at  25°C and I = 0.1 M (NaNO,). 

stability, and this might be taken as a hint that the intramolecular equilibrium (8 )  is 
existing because participation of a further binding site should lead to an increased 
complex ~ t a b i l i t y . ~ ~  

phosphate-r phosphate-ribose- - base - - - - - - - 
(8)  

b 
b % s e - e  -- 

fi2+ L 62+ 
- 0 

S 
7 - - - 

However, such a conclusion in this simple way is in the present context izot 
justified. It should be recalled from Section 4.1 that the negative charge of the 
carboxylate group in position 6 of the pyrimidine ring increases the affinity of the 
phosphate group in OMP3- for a proton by 0.25 log units nitltotrt any direct 
interaction between this proton and the carboxylate group; here simply a charge 
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146 hl. BASTIAN AND H. SIGEL 

effect is operating. Hence, a corresponding effect must also be expected for the 
binding of metal ions to the phosphate group in OMP3- and this will be evaluated in 
the next section. 

However, before doing so, another related aspect should be indicated, which might 
be put forward with the argument that the charge effect of the carboxylate group in 
OMP3- is already compensated for in calculations with the mentioned reference lines 
(Fig. 2) for a pure metal ion-phosphate coordination by using the acidity constant of 
H(OMP)’-, pKE(o,,p, = 6.40; a pK, value which is 0.25 log units higher than in the 
absence of the carboxylate group (Section 4.1). On this basis one would then 
attribute the increased stability of the M(0MP)- complexes, which amounts in 
average to 0.34 & 0.061og units (see also Fig. 2) for the 10 complexes studied, to a 
carboxylate coordination. Yet, such a procedure is riot justified because the charge 
effect of the carboxylate group is expected to be different for a (monovalent) proton 
and a divalent metal ion. Therefore we have chosen to evaluate the stability data 
(Table 11) by considering the charge effect of the carboxylate group on a divalent 
metal ion in the independent manner described in the next section. 

4.3 Does the Carboxylate Group Directly Participate in Metal Ion Bitidiug iri 
M ( 0 M P ) -  Coniplexes? 
Comparison of the structures shown in Figure 1 for OMP3- and UMPZ- shows that 
they differ (aside from their preferred conformations) only by the presence of the 
carboxylate group in position 6. Hence, the acidity constant for the monoprotonated 
phosphate group in H(UMP)- reflects certainly the properties of the same group in 
H(0MP)’- in the absence of any carboxylate influence; in other words, the negative 
logarithm of this micro acidity constant pkg!:!.H (cf. ref. 28) is well represented by 
pK&,,,,, = 6.15 (Table I). With this acidity constant and the abovementioned 
reference line equations for the log K&R-hlP) versus PKZ(~-, ,~) plots (see also Fig. 2),24 
the logarithms of the stability constants for M(0MP)- complexes without the 
influence of the carboxylate group may be calculated, and the following stability 
difference with the experimentally determined values may then be defined: 

The results of these calculations are presented in Table 111. An argument against 
this procedure could be that the experimentally determined values for log K&oalp),- 
exptl are based on the macro acidity constant pKZ(oXlp) = 6.40. However, a decreased 
basicity of A pK, = 0.25 lowers the log K~~(OhIP),,exp,l values on average only by 
0.06 log units and thus our conclusions remain unaffected. Moreover, for complete- 
ness, these basicity adjusted ‘experimental’ values are given in parentheses with the 
second column of Table 111 and the connected values for log A, also in parentheses, 
with the fourth column at the right. Again it is evident that the result of the 
interpretation is not significantly influenced by the small changes in t,hese data; in 
fact, the lower parenthesized values for log A are even more in favour of our 
conclusions given below. 

In screening the data of Table 111 it is surprising to observe that the kind of metal 
ion has no significant influence on the extent of the increased complex stability and 
that all the values for log A are very similar; indeed, the average of the ten differences 
is 0.40 -t 0.06 (30) log unit (or 0.34 & 0.06 for the numbers in parentheses), and this 
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OROTIDINE PHOSPHATE COhlPLEXES 147 

value overlaps within the error limits with all log A values. As a somewhat larger 
effect of the negatively charged carboxylate group is expected for a divalent metal ion 
than for the monovalent proton (log A = 0.25 f 0.02; Section 4.1), this result 
indicates that the carboxylate group does nor directly bind to a significant extent to 
the phosphate-coordinated metal ions.33 

TABLE I l l  
Stability constant comparisons (eq. (9)) for the M(0hIP)-  complexes formed between the measured 
stability constants (exptl.) from Table II  and the calculated stability constants for a pure metal ion- 
phosphate coordination (calcd.) based on the straight line equations' quantifying the relationship betlveen 
complex stability and phosphate group basicity (see Figure 2) and the micro acidity constant kEi:l,," not 

affected by the negatively charged carboxylate group in position 6 (see Figure I)?.d 

10s A = 1% Kerp,, 
M2 ' exptl calcd --log KCdd 

log K;I,O\,P, 

Mg2' 1.93 f 0.02(1.87)d 1.55 f 0.04 0.38 f 0.04 (0.32)d 
Ca2' 1.76 0.02(1.72) 1.45 f 0.05 0.31 f 0.05 (0.27) 
Sr2+ 1.56 f 0.02(1.51) 1.24 f 0.05 0.32 f 0.05 (0.30) 
BaZ ' 1.62 f 0.02 (1.60) 1.15 f 0.05 0.47 f 0.05 (0.45) 
Mn2 ' 2.49 f 0.02 (2.42) 2.14 f 0.07 0.35 f 0.07 (0.28) 
co2 ' 2.37 f 0.02 (2.31) 1.92 f 0.07 0.45 & 0.07 (0.39) 
Ni" 2.30 f 0.03 (2.23) 1.91 f 0.06 0.36 f 0.07 (0.29) 
c u z  ' 3.29 f O.OS(3.18) 2.81 f 0.08 0.45 f 0.09 (0.34) 
Zn2 + 2.50 f 0.04 (2.42) 2.10 f 0.0s 0.40 f 0.09 (0.32) 
Cd2+ 2.91 f 0.03 (2.83) 2.42 f 0.06 0.49 f 0.07 (0.41) 

'The corresponding parameters are listed in Tables V and VI of ref. 24 (see also Table I in ref. 28). 
b p k ~ : ~ ~ , l  = pK!(,,,,,, = 6.15 (see Section 4.2 and Table I). 'The error limits (see also Table 11) for the 
differences log A were calculated according to the error propagation after Gauss. The data in parentheses 
are basicity corrected values (ria the straight line equations); see text. The error limits of these values are 
the same as those given to the left. 

This conclusion is further supported by the two following comparisons where the 
effect of a positive charge (and not a negative one as above) is seen, and hence the 
effects are of opposite sign: (i) the same divalent metal ions as considered above, if 
coordinated to the phosphate group of TuMP2- (see Fig. l), lead to an acidification 
of the 'H(N-1) site by 0.4 f 0.210g units; i.e. pK&H.TuhlP) -pkg+\&p = (5.2 & 0.2) 
[average of the values given in Table 111 of ref. 281 -(5.61 f 0.06) [average of the 
values in Fig. 2 of ref. 281 = -0.4 f 0.2; (ii) similarly, the release of the proton 
from the 'H(N-1) site in tubercidin (pKE,,, = 5.21 f 0.03)34 is inhibited by 
0.40 f 0.07 log units by a doubly negatively charged 5'-monophosphate group 
(pk$+t[lp = 5.61 f 0.06; see above). 

In all the examples discussed above, the electrostatic effects result in stability 
differences of about 0.4 log unit. As the distance between the phosphate group and 
the +H(N-I) site in TuMP is similar to the distance between the phosphate residue 
and the carboxylate group in OMP (see structures in Fig. l), these observations 
together provide further evidence that in the M(0MP)- complexes mainly an 
electrostatic charge effect of the carboxylate group is operating and that this group 
does izat directly interact to a significant extent with the phosphate-coordinated metal 
ions; hence, for the M(0MP)- complexes considered here equilibrium (8) lies to the 
left. 
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148 hl. BASTIAN AND H. SlGEL 

In conclusion, the energy barrier between the syrz and anti conformation 
OMP3- (Fig. I )  is evidently too large to be overcome in the M(0MP)- complex 
and to allow to a significant extent a direct coordination of the carboxylate group 
aqueous solution. It is interesting to note in this context that for orotidinate the a! 
population has been estimated’ to occur only to about 14 (f2)%; the remainii 
86% being in the syz conformation. Hence, for OMP3- an even smaller value for tl 
nrzti population must be expected (< 14%) due to charge repulsion between tl 
phosphate and carboxylate groups, while the syz population will thus be higher th; 
the mentioned 86%. It should be recalled that in this syrt conformation simultaneo 
binding of the metal ion to the phosphate and carboxylate groups is not possible. 

Furthermore, considering that the basicity of the carboxylate group is very Ic 
(Table I )  i t  is not surprising that also the metal ion affinity of this group is very sm; 
in aqueous solution, as was shown recently” in studies with orotidine. Hence, tl 
stability gain by carboxylate coordination is evidently not enough to overcome tl 
sjw-anti energy barrier. It should be added that formation of 10% of a macrochela 
in equilibrium (8) means only a stability increase (compared to the stability of tl 
open form) of 0.05 log units; such a small stability increase would remain unnotici 
in the present evaluation. A formation degree of 20% for the macrochelate corre 
ponds to a stability enhancement of 0.1 log units and this appears to be close to tl 
limit that would have been recognized (beyond the charge effect). Hence, we mi 
conclude for aqueous solutions that of the M(0MP)- complexes, if at all, not mo 
than 20% form a macrochelate involving simultaneous metal ion coordination to tl 
5’-phosphate group and the 6-carboxylate residue (Fig. 1). However, it might be th 
in solvents with a reduced polarity compared to water (e.g., in 1,4-dioxane-wat 
mixtures) the ‘effective’ dielectric constant may be reduced so far that the affinity 
the carboxylate group for metal ions increases enough to allow a transformation 
the syr~ into the nriti conformation and thus the formation of larger amounts 
macrochelates; this aspect clearly warrants further studies. 

TABLE IV 
Extent of intramolecular macrochelate formation (eq. (8)) in several hl(OhfP-II)2- comple 
as expressed by the dimensionless equilibrium constant K, (eqs (12), (13))  and the percentage 

M(0MP-H):; (eq. (14)) in aqueous solution at 25°C and I = 0.1 M (NaNO,).” 
~~ 

Yo h l (0  hl P-H) hf2+ in PK;,,, - log A* K, 
No. M ( 0 M P - W -  P K & ~ ~ P  (eq. 10)‘ (eqs. 12.13) (eqs. 8.14) 

I Mg2 + 0.46 f 0.03 
2 Ca2 + 0.58 f 0.03 
3 Sr2 + 

4 Ba2+ 0.57 L- 0.03 
5 Mn2+ 0.44 f 0.04 
6 co2 + 0.95 f 0.05 0.43 & 0.10 
7 Ni2+ 1.11 f 0.08 0.59 k 0.12 
8 Cdz+ 1.69 & 0.10 1.17 k 0.13 

-0 
-0 

-0 
-0 

1.69 & 0.64 63 k 9 
2.89 & 1.0s 74 k 7 

13.8 k 4.6 93 L- 2 

0.57 k 0.04 0.52 & O.Ogd -0  1 
‘The error limits (30) were calculated according to the error propagation after Gauss. These values w 
calculated from the constants listed in Tables I and 11. See Section 4.4. *Arithmetic mean of entries 1 
1-5, together with 3 times the standard error of the mean value. This value quantifies the charge effecl 
a divalent metal ion on the deprotonation of the H(N-3) site without its coordination to the result 
-(N-3); i.e., this value represents the “stability” of the open isomer and is therefore taken as ApK 
(see eq. (1Oe) and text). 
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4.4 Evidence for the Foriliation of Almrochelates Iiirolviiig the N-3 Site in Several 
M (  OMP-H) ’- Coniplexes 

We have already seen that the H(N-3) site of OMP3- releases its proton with 
pKbf,,, = 9.35 (Table I). In the syiz conformation of (OMP-H)‘- this negatively 
charged N-3 is placed in the neighbourhood of the phosphate group (Fig. 1) and 
space-filling molecular models indicate that the formation of a macrochelate by 
simultaneous coordination of a metal ion to the phosphate group and the -(N-3) site 
is possible. Hence, the question again arises about the position of equilibrium (8), 
which describes the situation in a general way. 

Any kind of metal ion interaction that occurs in addition to the coordination of 
the phosphate group must be reflected in an increased complex stability.32b There- 
fore, it has to be the aim to determine the difference between experimentally 
increased (overall) stability constants and (usually) estimated or calculated constants, 
which quantify the stability of the ‘open’ species in equilibrium (8). This is expressed 
in a general form in equation ( I O U )  (which is analogous to (9 ) )  and for the present 
case of the M(OMP-H)2- complexes in equation (106). 

Since log K&oa,p-H) is connected with pK&Oh,P) (6)  via equation ( I I ) ,  

it is evident that log A* can also be expressed by equation (IOc), and this can easily be 
transformed into (Ion), as well as into the corresponding A pK,-differences given in 
equation (10e). 

The experimentally based differences pKbf,,, - pK&,,,,, (see equations ( 4 )  and 
(6) )  are listed in the third column of Table IV. A view of these data reveals that the 
acidification of the H(N-3) site by ME’+, Ca’+, Sr”, Ba”, or  Mn’+ coordinated to 
the phosphate group of OMP3- is evidently very similar. In fact, the arithmetic mean 
of these values and its error limit, i.e. 0.52 f 0.09 log units, is exactly of the order one 
would expect for the charge effect between a phosphate-coordinated metal ion and 
the H(N-3) site, because the distance between these two sites is somewhat shorter 
than the distance to the carboxylate group in position 6 for which a corresponding 
effect of 0.40 f 0.06 log units was derived (Section 4.3). Considering that the affinity 
of the alkaline-earth ions and of Mn2+ for nitrogen sites is low, these are exactly the 
ions among those studied, for which one would expect that their M(0MP-H)’- 
complexes exist in the ‘open’ form, i.e. that equilibrium (8)  is to the left. Hence, we 
conclude that the 0.52 f 0.09 log units represent well the A pK,,,, value in equ‘dtion 

The metal ions Co”, Ni”, and Cd2+ are known for their pronounced affinity 
towards N sites and indeed for the corresponding M(0MP-H)’- complexes an 
increased complex stability beyond the electrostatic effect is observed as can be seen 
from the log A* values listed in the fourth column of Table IV. We attribute this 

(1Oe). 
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150 hl. BASTIAN AND H. SIGEL 

increased complex stability to the existence of equilibrium (8) and define the 'open' 
isomer as M(0MP-H):; and the 'closed' species in which M2+ is macrochelated to  
the phosphate group and the -(N-3) site, as M(0MP-H)f;. The intramolecular and 
thus dimensionless equilibrium constant K, is then given by equation (22). 

K, = [M(OMP-H)f J/[M(OMP-H)Z,,] (12) 

The observed increased complex stability is linked22*2E*32b to K, by equation (13). 

(13) K - 101OgA' - 1 
I -  

Knowledge of K, allows calculation of the percentage of the macrochelated form 
according to  equation (14). 

%M(OMP-H)f; = 100*K,/(I + K,) (24) 

The results of the calculations based on the log A* values are summarized in columns 
5 and 6 of Table IV. These data show that equilibrium (8)  is truly in operation for the 
M(0MP-H)*- complexes of Co2+,  Ni2+ and Cd2+. In addition, these results fit also 
into the general picture existing for nucleotide c o m p l e x e ~ : ~ * ~ * ~ ~ * ~ ~  in many instances, 
the extent of base backbinding of phosphate-coordinated divalent later-3d metal 
ions, as well as of Zn2+ or Cd2+, to a base-nitrogen is rather pronounced. 

4.5 Evidence for the Fortiintion of Itirraiiiolectrlar Stacks in Cir(Arrii) ( 0 M P ) -  
Coniplexes 
Comparison of the stability constants for the Cu(Bpy)(OMP)- and Cu(Phen)- 
(0MP)- complexes in Table I1 with the corresponding values for Cu(0MP)- 
indicates an  increased stability of the mixed-ligand species. As it is well-known for a 
number of Cu(Arm)(NMP) c o m p l e ~ e s , " * ~ ~ * ~ ~ - ~ ~  including pyrimidine-nucleoside 
S- rnonoph~sphates ,~~ that an increased complex stability is connected with the 
formation of intramolecular stacks between the aromatic ring systems of 2,2'- 
bipyridyl or I ,  10-phenanthroline and the nucleic base residue, the following intra- 
molecular equilibrium (15) has to be considered. 

For a detailed evaluation it is necessary to know the log K E ~ ( ~ $ ~ R - h l p ~  rerstrs 
PK:&,,+,~) relationship for simple phosphate monoesters (R-MPI-) that do not 
undergo any intramolecular interactions. This relationship has recently been estab- 
l i ~ h e d , ~ ~  and the results are summarized in the following two straight reference line 
equations. 
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OROTIDINE PHOSPHATE COhlPLEXES 151 

The error limits of log stability constants calculated with given pKE(R-hIP) values and 
these equations are f0.027 log units (lo) in the pK, range of about 5 to 7. 

The value for the micro acidity constant for a H(0MP)’- species in which the 
charge effect of the carboxylate group is not operating, i.e. pkE::F.,, = 6.15, should 
now be recalled (Section 4.3). With this pK, value and equations (16) and (1 7) we can 
calculate the stabilities for Cu(Bpy)(OMP)- and Cu(Phen)(OMP)- complexes in 
which 110 charge effect and 110 intramolecular ligand-ligand interaction is occurring: 

These stability constants need now to be corrected /or the charge effect that is 
exercised by the carboxylate group in position 6 of OMP3- (Fig. 1) on a divalent 
metal ion coordinating to the phosphate group; this correction amounts to 
0.40 f 0.06 log units (see Section 4.3). Hence, we obtain for the stability constants of 
the‘open’isomersinequilibrium (15) thefollowingresults: I O ~ K ~ , U ~ ~ ~ ) ) ~ ~ ~ , ~ ~ , ~  = 3.29 f 
0.10 and 1% KCu(Phen)(O.\lP~op = 3.28 f 0.10. 

The difference, if it exists, between these last mentioned constants and the 
experimentally determined constants listed in Table I1 is to be attributed to a possible 
intramolecular ligand-ligand stacking interaction in the Cu(Arm)(OMP)- com- 
plexes. As previo~sly,~’ this difference is defined by equation (18). 

log KcucnPY) Cu(Phen) 
Cu(Bpy)(OhlP)/calcd = 2.89 k Oeo8 (30) and log KC, Phen) O\lP)/calcd = 2*88 f o*08- 

Cu(Phen) 

(18) 

Hence, one obtains for Cu(Bpy)(OMP)- log AB y=(3.50~0.04)-(3.29f0.10) 
= 0.21 f 0.11 and for Cu(Phen)(OMP)- fog Appen = (3.55 & 0.05) - 
(3.28 & 0.10) = 0.27 f 0.1 1. These log AArm values are listed in the third column in 
Table V. 

By analogy to equations (12) and (13), equation (19) may now be defined32b 
(see also ref. 38), where Cu(Arm)(OMP);, represents the species with the intra- 
molecular stack; its percentage-wise formation degree is calculated by analogy to 
equation (14). 

Cu(Arm) C d A r m )  log AArm = log KCu(Arm)(O.\lP) - log K C ~ ( A ~ ~ ) ( O S I P ) , ~  

The results of these calculations are summarized in Table V together with some 
previously obtained data for related Cu(Arm)(NMP) complexes. 

The error limits of the results given for the Cu(Arm)(OMP)- complexes in Table V 
are rather large; however, considering the described complicated pathway necessary 
to obtain these data, this is no surprise. In fact, it is amazing and quite satisfying to 
note that the extent of intramolecular stack formation in the two Cu(Arm)(OMP)- 
complexes is so similar to that in the corresponding Cu(Arm)(UMP) species. This 
result is reassuring because the aromatic nucleic base fragments of UMP’- and 
OMP3- are structurally identical (Fig. 1) except for the carboxylate substituent in 
position 6 of OMP3- and for this group no significant steric influence is expected. A 
simplified structure for such a stacked species according to equilibrium (15) is shown 
in Figure 3 for the ternary Cu2+ complex with 2,2’-bipyridyl and OMP3-. 
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TABLE V 
Extent of intramolecular stack formation in ternary Cu(Arm)(NhlP) complexes as  calculated fro1 
stability constants (eq. (7)): Intramolecular and dimensionless equilibrium constant K, (eqs. ( 1 9 ,  (19)) an 
percentage of stacked Cu(Arm)(NhlP),, species in aqueous solution at  25°C and I = 0.1 hl  (NaNO,).' 

- 

NO. Cu(Arm) (NhlP) log A h b  K, % Cu(Arm) (NhlP) 

I a 
Ib 
2a 
2b 
3 a 
3b 

Cu(Bpy) (0XlP)- 0.21 & 0.1 I 0.62 f 0.41 38 f 16 
Cu(Phen) (0hlP)-  0.27 f 0.1 1 0.86 f 0.47 4 6 5  14 

CNBPY) ( U h W  0.23 f 0.07 0.70 2 0.26 41 f 9  
Cu(Phen) (UhlP) 0.33 f 0.07 1.14 & 0.34 53 f 7 

Cu(BPY) ( A h W  0.73 & 0.08 4.37 f 1.02 81 f 4  
Cu(Phen) (AhlP) 0.99 f 0.08 8.77 2 1.81 90 f 2 

"The error limits \\ere calculated according to the error propagation after Gauss. The results for entric 
No. 2 and 3 are  from refs. 38 and 35, respectively. See eq. (18) and text. 

I I 

0 A 0 

FIGURE 3 Probable (schematic) structure of  the species with an intramolecular stack for Cu(Bp! 
(0MP)-  in solution. 

Comparison of entries No. 3 in Table V with the other entries reveals a mu( 
higher stacking tendency for the mixed-ligand complexes with AMP2-. Taking in  
account that the purine moiety is much larger than the pyrimidine residue this resL 
also fits into the general picture. Similarly, the indicated trend of a higher stackir 
tendency in the Cu(Phen)(NMP) complexes compared with that in the Cu(Bpj 
(NMP) species is also along these lines. Based on previous experience with 0th 
n u c l e o t i d e ~ ~ ~ . ~ '  it is to be expected that the pyrimidine system of OMP3- mi 
interact also with other aromatic ring moieties of importance in nature, like tl 
indole residue of tryptophanate or the phenyl side chain of phenylalaninate. 
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5. CONCLUSIONS 

The results described in this study show that OMP3- is a very versatile ligand. Due 
to the dominating syri conformation in aqueous solution hardly any macrochelates 
are formed in the M(0MP)- complexes; i.e., the carboxylate group exercises mainly 
a charge effect on the stability of the complexes and it does not directly bind to the 
phosphate-coordinated metal ions to a significant extent (Section 4.3). In other 
words, the energy difference between the syii/anti conformations is too large and the 
metal ion affinity of the carboxylate group too to allow a transformation of 
significant amounts of OMP3- into the nriti conformation; only in this ariti confor- 
mation is a simultaneous binding of a metal ion to the phosphate and carboxylate 
groups possible. 

It has to be further emphasized that the basicity of the carboxylate group in 
aqueous solution is very low (Section 3.1) and consequently this also applies for the 
coordinating properties of this in aqueous-organic solvents this is differ- 
ent,27 and it appears quite possible that in the active site cavity of an enzyme with a 
low ‘effective’ dielectric c o n ~ t a n t ~ ’ * ~ ~ * ~ ~  the carboxylate group develops into a 
suitable metal ion ligator. It is evident that depending on the conformation of 
OMP3- under such conditions a macrochelate could be formed in the ariliconforma- 
tion, but in the syii conformation also two independent metal ion or other kinds of 
ionic interactions (e.g., with positively charged side-chain groups of amino acid 
residues) could occur. 

Another interesting situation exists in the alkaline pH range; here M(0MP-H)’- 
complexes are formed which contain an ionized and thus negatively charged N-3 site. 
This fact allows with some metal ions, e.g. with Co”, Ni2+, and Cd2+, the 
formation of macrochelates, the metal ion being coordinated to the phosphate group 
and also to the -(N-3) site. For this type of interaction the syii conformation is 
evidently ideal, as it places the phosphate group close to the N-3 site (Fig. 1). 

A further way for OMP3- to participate in recognition reactions is vio the 
formation of stacks with the pyrimidine-ring system. In the mixed-ligand Cu(Arm)- 
(0MP)- complexes, where Arm = 2,2’-bipyridyl or 1,IO-phenanthroline, intra- 
molecular stacks are formed. Certainly, the formation degree of these stacks is not 
very large (about 40%), but still remarkable enough that one may predict with 
confidence that corresponding interactions are also possible, e.g., with imidazole,4l 
phenyl or tryptophanyl residues37 of the appropriate amino acids. The versatility of 
OMP3- is impressive, but most probably also necessary for the intricate metabolic 
processes in which this nucleotide is participating. 

ACKNOWLEDGEhl ENTS 

The support of this work by research grants from the Swiss National Science 
Foundation and the ‘Stiftung der Portlandcementfabrik Laufen’ is gratefully ack- 
nowledged. 

REFERENCES AND NOTES 
I .  Abbreviations used: AMP2-, adenosine 5’-monophosphate; Arm, heteroaromatic N base, (= Bpy or 

Phen); Bpy, 2,2’-bipyridyl; CMP2-, cytidine S‘-monophosphate; IIJOMP), orotidine S-monophos- 
phoric acid; H(Or), orotidine (=3-P-D-ribofuranosyl orotic acid); L, general ligand; M”, divalent 
metal ion; NMP2-, nucleoside 5’-monophosphate; OMP’-, orotidinate 5’-monophosphate; Or-, 
orotidinate; Phen, 1.10-phenanthroline; R-MP2-, phosphate monoester (R = noncoordinating or- 
ganic residue); Tu, tubercidin; TuMPZ-, tubercidin 5’-monophosphate (=7-deaza-AMP2-); 
UMP2-,  uridine 5’-monophosphate. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
3
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



I54 hl. BASTIAN AND H. SIGEL 

2. (a) J.D. Raivn, Biocl~cniistrj. (Neil Patterson Publishers, Burlington, North Carolina, 1989); (b) P. 
Karlson, Biochemie, (Georg Thieme Verlag, Stuttgart, FRG, 1988). 

3. (a) J. Victor, A. Leo-hlensah and D.L. Sloan, Biochenlislry, 18, 3597 (1979); (b) J. Victor, L.B. 
Greenberg and D.L. Sloan, J .  Biol. C/rent., 254,2647 (1979); (c) 1. Lieberman, A. Kornberg and E.S. 
Simms, J .  Biol. C/ieni., 215, 403 (1955). 

4. H. Sigel, ACS Sjnip. Ser., 402, 159 (1989). 
5. (a) H. Sigel, Gtr .  J .  Bioclreni., 165, 65 (1987); (b) H. Sigel, Clliniia, 41, I I  (1987). 
6. (a) F.E. Hruska,J. Am. Clieni. SOC., 93, 1795 (1971); (b) F.E. Hruska, Can. J. Clietn., 49,21 I I (1971). 
7. D.B. Davies, P. Rajani and H. Sadikot, J. C/ienr. SOC.. Perkin Trans. 11, 279 (1985). 
8. H. Follmann, R. Neil and ?I. Witzel, Eirr. J .  BiocAeiii., 77, 451 (1977). 
9. R.B. hlartin and Y.H. Mariam, Met. Ions Biol. Sjst., 8, 57 (1979). 

10. R. Tribolet and H. Sigel, Etrr. J .  B~OC/JPI?I. ,  163, 353 (1987). 
1 I .  R.G. Bates, Delerniinalion o fpH:  Theory and Practice, (Wiley and Sons, New York, 1973). 
12. A.K. Covington, R.G. Bates and R.A. Durst, Atre Appl. Clieni., 57, 531 (1985). 
13. H. Sigel, D. Yamauchi and A.D. Zuberbiihler, submitted for publication. 
14. H.hl. Irving, M.G. Miles and L.D. Pettit, Anal. Chini. Acta, 38, 475 (1967). 
IS. 0. Yamauchi, Y. Hirano, Y. Nakao and A. Nakahara, Can. J. C/ieni.;47, 3441 (1969). 
16. R.W. Cruse, S. Kaderli, W. Spieler and A.D. Zuberblhler, Helv. Chiin Acta, 71, 562 (1988). 
17. R. Griesser and H. Sigel, Inorg. C/ieni., 9, 1238 (1970). 
18. H. Sigel, R. Griesser and B. Prijs, 2. Narirrforscli., B: Anorg. C h i . ,  Org. Chein., Biocl~eni., Biophjs.. 

Biol.. 27B, 353 (1972). 
19. G. Anderegg, Helr. Cliiiir. Acta, 46, 2397 (1963). 
20. H. Sigel, P.R. Huber, R. Griesser and B. Prijs, lnorg. C/zeni., 12, 1198 (1973). 
21. €1. Sigel, Biol. Trace El. Researeli, 21, 49 (1989). 
22. K.H. Scheller, F. Hofstetter, P.R. Mitchell, B. Prijs and H. Sige1,J. Ani. Clieni. Soc., 103,247 (1981). 
23. K.?1. Scheller and H. Sigel, J.  A m .  Client. SOC., 105, 5891 (1983). 
24. S.S. hlassoud and H. Sigel, Inorg. Clleni., 27, 1447 (1988). 
25. (a) J.J. Christensen, J.H. Rytting and R.hl. Izatt, Bioc/ienlislr).. 9, 4907 (1970); (b) J.J. Christensen, 

J.H. Rytting and R.M. Izatt, J.  C/ieni. SOC., (B) ,  1643 (1970). 
26. Y. Kinjo, R. Tribolet, N.A. Corfti and H. Sigel, Inorg. C/iein., 28, 1480 (1989). 
27. M. Bastian and H. Sigel, Inorg. Cliint. Acfa,  178, 249 (1990). 
28. H. Sigel, S.S. Massoud and R. Tribolet, J. Am. C/ieai. SOC., 110, 6857 (1988). 
29. S.S. hfassoud and H. Sigel, Etrr. J .  Biochent., 179, 451 (1989). 
30. (a) ?I. Irving and R.J.P. Williams, Nature, 162,746 (1948); (b) H. Irving and R.J.P. Williams, J.  

Cliern. SOC., 3192 (1953); (c) H. Sigel and D.B. hlcCormick, Arc. Cliern. Res., 3, 201 (1970). 
3 I. (a) R.T. Morrison and R.N. Boyd (translated by I. Mayer-Ruthardt), Lehrbirch der Orgnnischeri 

Cheniie. 2”d Edit., (Verlag Chemie, Weinheim, FRG, 1978). p. 378; (b) A. Fischer, W.J. Galloway 
and J. Vaughan, J.  Chin .  Soc., 3591 (1964). 

32. (a) A.E. Martell and hl. Calvin, Clieinistrj of the Metal Cllelate Conlpoirrids, (Prentice Hall, Inc., 
New York, 1952); (b) R.B. hlartin and H. Sigel, Cotia~~erifs biorg. Cheni., 6, 285 (1988). 

33. (a) It is interesting to note in this context that a divalent metal ion is indeed somewhat more affected 
by coulombic or charge effects than the (monovalent) proton. A decrease of the dielectric constant of 
the solvent as results from the addition of various amounts of 1,4-dioxane to an aqueous solution of 
the Cu2 +/D-ribose 5’-monophosphate (RibMP2-) system leads for the log K&,b,,P, versus pKI:,,,b,,p, 
plot to a slope m = 1.242 0.037 (cJ ref. 33b). In addition, i t  is amazing to note that the 
carboxylate charge effect on the proton (0.25 log units; Section 4.1) times the mentioned slope results 
in an “expected” effect for CuZt of 0.31 log units; a value quite close to those given above in the text 
(Section 4.3). Clearly, for the (higher charged) OMP3- system the corresponding slope might even be 
somewhat steeper (e.g., close to 1.5, but in any case below 2); (b) G. Liang, N.A. Corfu and H. Sigel, 
2. Naturforscli.. B: C/ieniical Sciences, 44B, 538 (1989). 

34. 
35. S.S. hlassoud, R. Tribolet and H. Sigel, Eur. J .  Biocliem., 187, 387 (1990). 
36. S.S. hlassoud and H. Sigel, Chbnia, 44, 55 (1990). 

38. S.S. Massoud and H. Sigel, Inorg. Chiin. Acfa, 159, 243 (1989). 
39. N.K. Rogers, G.R. Moore and M.J.E. Sternberg, J. h i d .  Biol., 182, 613 (1985). 
40. H. Sigel, R.B. Martin, R. Tribolet, U.K. HIring and R. Malini-Balakrishnan, Etrr. J .  Bioclieni., 152, 

187 (1985). 
41. €I. Sigel, R. Tribolet and 0. Yamauchi, Comnien~s Inorg. Chent., 9, 305 (1990). 

L.-n. Ji, N.A. Corfti and H. Sigel, J.  C/it-in. SOC.. Dalfon Trans., in press (1991). t 

37. H. Sigel, Acre Appl. Cheni., 61, 923 (1989). \ 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
3
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1


