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Abstract: The stability constants of the 1:1 complexes formed betweett Mggt™, Ba, Mn2™, Ca?+, NiZ*, Zrét,

or Cd*" and AMPS, i.e., of the M(AMPS) complexes, were determined by potentiometric pH titration8G26

= 0.1 M, NaNQ). For the M#*/AMPS, C&"/AMPS, Ni#"/AMPS, and Cé"/AMPS systems also the protonated
species M(H;AMPS) were quantified, and for the ZWAMPS system, the stability of the hydroxo species
Zn(AMPS)(OHY)~, which results from the Zf—thio coordination, could be determined. On the basis of previously
established Iog<m(R,MP) Versus ;KE(R,MP) straight-line plots (R-MP~ = simple monophosphate ester ligands
without further coordinating groups; Sigel, H.; et delv. Chim. Actal992 75, 2634), it is concluded that the
alkaline earth ions in the M(AMPS) complexes are coordinated to the thiophosphate group with the same intensity
as to a normal phosphate group. For the M(AMPS) complexes 8f MB?t, Ni2*, Zn?*, and Cd™, it is shown

by comparison with the corresponding M(AMP) complexes and by employing the mentioned straight-line plots that
the stability increase is larger than may be expected due to macrochelate formation, which means that the metal ions
also bind to the sulfur atom of the thiophosphate group. The stability increases amount for Mn(AMPS), Zn(AMPS),
and Cd(AMPS) to about 0.2, 0.7, and 2.4 log units, respectively, and the estimated approximate percentages of the
sulfur-coordinated species are about 30, 80, and 100%, respectively. Furthermore, comparisons between these stability
increases and the solubility products for the corresponding metal ion sulfides, &8 well as with the stability
increases due to the A1—thioether interaction observed for the complexes of tetrahydrothiophene-2-carboxylate,
which also result in straight-line plots, further support the conclusions about metaliitfor binding in the mentioned
M(AMPS) complexes. The indicated correlations allow also an estimate for the extent ofthesifur interaction

in Pb(AMPS) and Cu(AMPS). The various isomers of the M(H;AMPSpecies are analyzed in a microconstant
scheme, and estimations about their formation degrees are presented; for example, ot tyst€d, (FAMPS-Cd)"

is the dominating isomer, which has the proton at N1 ané"Gd the thiophosphate group. It is evident that for

metal ions like (MA"), Zn2*, or Cc#* the metal ion binding properties of the parent compound AMéhd its thio
analogue AMP%- differ considerably, and therefore, great care should be exercised in enzymatic studies where
AMPS?~ is employed as a probe for AMPin the presence of metal ions. Regarding studies of ribozymes, it is of
interest that plots are presented (pseudo-first-order rate constants versus complex stabilities) which suggest that on
top of a sulfur-metal ion interaction during the transition state of the rate-determining step of the hydrolytic cleavage

of an oligonucleotide containing a bridged internucleotidgtosphorothioate RNA linkage also an oxygenetal

ion interaction occurs and that the two effects are “additive”.

1. Introduction importance of nucleotides and explain the efforts undertaken
Nucleotid | tral role in th taboli £ livi to elucidate their metal ion binding properfi€ss well as their
ucleotides play a central rolé In theé metabolism O IVING - yetajled roled 4 in enzymatic reactions.

2 - . .
fells.f Thefy S?N?. dals sutastratﬁs flor the eni_yme CﬁFaE’ zed The use of structurally altered nucleotides as probes provides
ransfers ot nucieotidyl or phosphoryl groupactions whic one way to study reactions of enzymes which involve nucle-

depend on the presence of divalent metal ishsdNucleotides otides as substrates. Indeed, all three parts of nucleotides have

are also involved in the information storage via R_NA and DNA been systematically modified: for example, (i) the nucleobase
or in energy transfer process&s.These examples illustrate the was enlarged as iin-benzoadenine nucleotides® or in 1N &-

* Corresponding author. Phone: CH-61-267 1007. FAX: CH-61-267- €thenoadenosine or inf8-ethenocytidine derivative®;d (i)
1017. E-mail: Sigel@ubaclu.unibas.ch. the ribose residue has been replaced by glucoseby an
® Abstract published imdvance ACS Abstractsanuary 1, 1997. aliphatic chair® and (jii) in the phosphate moiety the bridging
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Zhongshan (Sun Yatsen) University in Guangzhou, People’s Republic of replacement of other oxygen atoms in a phosphate residue by

China (B.S.). ; 15
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The latter alteration leads to so-called nucleoside phos-

phorothioate®¥2 or thionucleotided® Such compounds were
first synthesized 30 years a§8. Nowadays they are heavily
used as probes in enzymic studffd’including evaluations
of isomeric metal complex specié¥:18they are employed in
the antisense strated$?1%and they serve as biochemical tools
for sequencing and mutagenizirigg DNA and for elucidating
the active site(s) and the role(s) of metal ions in ribozyfiee=2
Surprisingly, their metal ion-binding properti€ss quantified

by equilibrium constants have hardly been studied; apparently

(6) (@) Leonard, N. J.Acc. Chem. Resl1982 15 128-135. (b)
VanDerLijn, P.; Barrio, J. R.; Leonard, N.Biochemistryl979 18, 5557~
5561. (c) Barrio, J. R.; Liu, F.-T.; Keyser, G. E.; VanDerLijn, P.; Leonard,
N. J.J. Am. Chem. S0d.979 101, 1564-1569. (d) Barrio, J. R.; Secrist,
J. A., lll; Leonard, N. JBiochem. Biophys. Res. Commi872 46, 597—
604. (e) Secrist, J. A., lll; Barrio, J. R.; Leonard, NSktiencel972 175
646-647. (f) Secrist, J. A, lll; Barrio, J. R.; Leonard, N. J.; Weber, G.
Biochemistry1972 11, 3499-3506. (g) Regarding the metal ion binding
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41, 11-26.
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M.; Wendeborn, S.; Holzner, A.; Minton, M.; Lesueur, C.; Sechogt, |.;
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Chem.1993 36, 2726-2738. (c) Alexander, P.; Ho\A. Collect. Czech.
Chem. Commuril994 59, 2127-2165. (d) Van Cutsem, E.; Snoeck, R;
Van Ranst, M.; Fiten, P.; Opdenakker, G.; Geboes, K.; Janssens, J.
Rutgeerts, P.; Vantrappen, G.; De ClercqJBEMed. Virol.1995 45, 230~
235. (e) Regarding metal ion coordination of such antiviral nucleotide
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Bohringer, M.; Graff, D.; Caruthers, M. HTetrahedron Lett1993 34,
2723-2726.
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401.

(11) Rosendahl, M. S.; Leonard, N.Sciencel982 215 81—-82.
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255 9545-9548. (b) Gryaznov, S. M.; Letsinger, R. Nucleic Acids Res.
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(b) Piccirilli, J. A.; Vyle, J. S.; Caruthers, M. H.; Cech, T. Rature1993
361, 85-88. (c) Kuimelis, R. G.; McLaughlin, L. WJ. Am. Chem. Soc.
1995 117, 11019-11020.
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Jiang, R. T.; Tsai, M. DJ. Am. Chem. Sod.991 113 9388-9389. (g)
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Figure 1. Chemical structure of adenosiné@-thiomonophosphate
(AMPS?)23 in the anti conformatior?*

only a single equilibrium stud§ exists which deals with the
affinity of Mg2*™ and Cd* toward thio derivatives of adenosine
5'-diphosphate (AD®") and adenosin€ driphosphate (ATE").

The present study concentrates on adenosk@thiomono-
phosphate (AMP%; see Figure 13324 which was first syn-
thesized in 1968° an improved synthesis was given in
connection with its radiolabelingf. The acidity constants of
Ho(AMPSY: have recently been determirfétly potentiometric
pH titrations in aqueous solution, and the micro acidity constants
regarding the protonation of N1 and the thiophosphate group
were evaluated. This means the stability constants of the 1:1
complexes formed between Kig Ca&", B&", Mn?*, C&*t,
Ni2t, Zn?*, or Cc#* (=M2") and AMPS~ could now also be
measure# and compared with those of the M(AMP) com-
plexes®?® In the AMPS systems with M, Co?t, Ni2*, and
Cd** also a monoprotonated complex, M(H;AMPS)was
'discovered and quantified and its various isomers are discussed.
Most surprising is the observation that Zn(AMPS)(aqg) shows
an increased tendency to form hydroxo complexes.

2. Experimental Section

2.1. Materials. The same three lots of dilithium salts of AMPS
as used recentlywere also employed now. During all of the studies
no differences between the three samples could be detected. The
aqueous stock solution of AMPSwas freshly prepared daily, and the
pH was adjusted to about 7.5. The exact concentrations of the AMPS
stock solutions were determined each time.

(22) (a) Pyle, A. M.Met. lons Biol. Syst1996 32, 479-520. (b)

Chanfreau, G.; Jacquier, /Aciencel994 266, 1383-1387. (c) Padgett,
R. A.; Podar, M.; Boulanger, S. C.; Perlman, PS8iencel994 266, 1685
1688. (d) Christian, E. C.; Yarus, MBiochemistryl993 32, 4475-4480.
(e) Christian, E. C.; Yarus, Ml. Mol. Biol. 1992 228 743-758. (f) Dahm,
S. C.; Uhlenbeck, O. (Biochemistry1991, 30, 9464-9469.

(23) Abbreviations: AMP-, adenosine 'Smonophosphate; AMPS,
adenosine '50-thiomonophosphate, which is also known as adenosine 5
O-monophosphorothioate or adenosirigdthio]-monophosphate; f#,
general divalent metal ion; R-MP, phosphate monoester (R may be any
organic residue, e.g., phenyl or nucleosidyl; in some instances also
phosphonate derivatives are included in this abbreviation); THTet-
rahydrothiophene-2-carboxylate; Tris, tris(hydroxymethyl)aminometkane
2-amino-2-(hydroxymethyl)-1,3-propanediol. Further abbreviations are de-
fined in the legend of Figure 2. Species which are given in the text without
a charge either do not carry one or represent the species in general (i.e.,
independent from their protonation degree); which of the two versions
applies is always clear from the context.

(24) (a) Martin, R. B.; Mariam, Y. HMet. lons Biol. Syst1979 8, 57—

124. (b) Tribolet, R.; Sigel, HEur. J. Biochem1987, 163 353-363.

(25) Murray, A. W.; Atkinson, M. RBiochemistryl968 7, 4023-4029.

(26) Slama, J. T.; Simmons, A. M.; Hernandez, T. M.; Keenan, R. W.
Anal. Biochem1993 209, 143-149.

(27) Song, B.; Sigel, R. K. O.; Sigel, Lhem—Eur. J. 1997, 3, 23—

27.

(28) (a) A few of these constants are also given in @enference
Abstract of ICBIC-7 Sigel, R. K. O.; Song, B.; Sigel, H. Inorg. Biochem.
1995 59, 293. (b) One may mention here also that chloro(diethylenetri-
amine)platinum(ll) chloride yields with AMPS exclusively a (phosphothio-
rato)platinum(ll) complex: Slavin, L. L.; Cox, E. H.; Bose, R. N.
Bioconjugate Cheml994 5, 316—320.

(29) (a) Sigel, H.; Massoud, S. S.; Tribolet, R Am. Chem. Sod988
110 6857-6865. (b) Sigel, H.; Massoud, S. S.; CarfL A. J. Am. Chem.
Soc.1994 116, 2958-2971.
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Potassium hydrogen phthalate, 1,2-diaminoetidi\eN ',N '-tet- beforethe onset of the hydrolysis of Zn(&¢) This can only mean
raacetic acid (N&1,EDTA), HNOs, NaOH (Titrisol), and the nitrate that Zn(AMPS) forms a hydroxo complex more easily thaf'Ztself.
salts of Nd, Mg?*, C&*t, B&*, Mn?*, C&?*, Ni?*, CW#*, Zr?*, and Indeed, by taking into account the specie’s Hy(AMPS)*, HAAMPS),
Cc* (all pro analys) were from Merck AG, Darmstadt, FRG. All AMPSZ, Zr#t, Zn(AMPS), and Zn(AMPS)(OH), a satisfactory curve
solutions were prepared with bidistilled G@®ee water. fit and a value forKQ'n(AMPS)(aq)could be obtained.

The titer of the NaOH used for the titrations was established with  The experimental data for the AMPS systems with?VdC&", or
potassium hydrogen phthalate and that of the Btock solutions with Ba?* were also evaluated with the mentioned computer by determining
EDTA. with a curve fitting procedure using a NewteGauss nonlinear least-

2.2. Potentiometric pH Titrations. These were carried out with  squares program for each titration pair the apparent acidity constant
the same equipment and in exactly the same way as described r&cently K;, With K; and the acidity constam:(AMPS), values for the stability

(cf. also refs 29b and 30). constantsKyy yes) Were obtained with eq 3¢
At the beginning our titrations were seriously hampered if combined
single-junction macro glass electrodes (Metrohm: 6.0202.100, JC) were KM(AMPS) = (K, — KE(AMPS))/(KE(AMPS)[M ) (1)

used. AMPS induced a “poisoning” of the electrode, which means
that during the titration the plotted pH versus mL of NaOH curve These constants agreed excellently with those as determined above.
became unsteady. This poisoning effect was somewhat less pronounced
if the titration solution contained also divalent metal ions. An 3. Results and Discussion
improvement could be achieved by rigorously excluding dioxygen and . . )
by adding the necessary HN@nly shortly before starting the titration 3.1. Some Relevant Properties of Adenosine-®-Thio-
(for details, see ref 27). Excellent titration curves were obtained by monophosphate. As a purine derivativé® AMPS is expected
using two separated electrodes, i.e., a pH measuring electrode (Met-to self-stack. Replacement of an oxygen by a sulfur in the
rohm: 6.0133.100) in combination with an Ag/AgCl reference electrode phosphate residue should not alter this property, and the self-
(Metrohm: 6.0726.100%. association constants for AMPS and AMRhould be similar

The results given in section 3 are the averages obtained from all or even identical. Hence, as calculated previously for AP,
experiments (always at least one titration for each system was carriedOne expects that in 0.3 mM solutions more than 99% of the
out with separated electrodes). The indicated difficulty is the main AMPS species exist as monomers. Consequently, in the present

reason why in some instances the results carry relatively large error - S .
limits (see section 3). study ([AMPS] = 0.23 mM), self-association of AMPS is

2.3. Determination of the Stability Constants. The conditions certainly 'negligible. . . .
for the determination of the stability constantd!,es of all The acid-base reactions relevant in the pH range of this study

M(AMPS) complexes, and in the cases of MpCc?+, Ni2t, and Cd* are the two deprotonation steps of(AMPS)*:
also foer(H;AMPS) of the monoprotonated M(H;AMPS)complexes,

were the same as given in ref 2F € 0.1 M, NaNQ; 25 °C) for H2(AMPS)i =H(AMPS) + H (2a)
Kiaups) aNd Kijayps) Of HA(AMPS):. This means [HNG] = 0.56
mM and [AMPS]= 0.23 mM, except that now NaNQvas partly or KEZ(AMPS) = [H(AMPS)|[H +]/[H Z(AMPS)i] (2b)

fully replaced by M(NQ),. For Mg?* and C&", [M(NO3),] was 33.33
or 26.67 mM, i.e., AMPS:NI" ~ 1:145 and 1:116, respectively. For

B&* only 33.33 mM solutions were employed. With Rtrand Cé*, H(AMPS) = AM PS4+ H' (3a)
[M(NO3);] was 16.67 mM (AMPS:M" ~ 1:72). For C&", Mn?*, u S B
Co, Niz*, and Z#*+, [M(NOs)] was 8.333 mM (AMPS:M* ~ 1:36), Khamps) = [AMPS™ ][H "J/[H(AMPS) ] (3b)

for Ni?t and Zrtt, it was in addition 4.17 mM (1:18), and for &d

also 3.33, 0.833, and 0.500 mM, i.e., the AMPS t&Crhtios were The corresponding acidity constants have recently been deter-

about 1:15, 1:3.6, and 1:2.2. For each system at least six independeninined?? pK: avps) = 3.72+ 0.03 and K:(AMPS) = 4.83+

pairs of titrations were made and at least two different AMPS 6 M 0.02. Thesez constants are separated only\pia = 1.11 +

ratios (except for B#t) were employed. o ) 0.04, indicating that the pH ranges in which these two
The stability constantyyps) for the Mg, C&", and Ba deprotonation reactions occur are overlapping. This means,

complexes were calculated with an IBM compatible desk computer . - . -
(with a 80486 processor) connected with a Hewlett-Packard 7475A H(AMPS_) e)qSts in two forms' One.Wher.e the proton Is at
N1, as in this pH range this adenine site is protonated,

plotter and a M1509 printer for each pair of titrations by taking into a ! ;
account the species'HH(AMPS):, HAMPS)", AMPS?-, M2+, and (H-AMPS)~, and one with the proton at the th|ophosphate group,
M(AMPS) 3! Throughout, the data were collected (every 0.1 pH unit)y (AMPS-H)~ (see Figure 1}/ The corresponding two micro

from about 10% complex formation to a neutralization degree of about acidity constants afé pkiamey = 3.84 £ 0.02 and
90% or the beginning of the hydrolysis of M(&g) the latter was p H:ﬁmggﬂ = 4.34 4 0.14; they allow determinatih of the

_evi_dgnt from the tithrﬂations without AMPS. The values calculated (atio R of the two mentioned monoprotonated species:
individually for log Kyaups) Showed no dependence on pH or on the

excess amount of R4, _ [(AMPS-H) ] _ '}Qﬁé'gﬂ _ 10—3.84_

For the AMPS systems with Mh, Co**, Ni?, and Cd*, the R =10P°=3.16=
; ; i ; — H-AMPS —4.34
experimental data were analyzed with a curve fitting procéduseng [(H-AMPS)] k,_hAMPS.H 10 ™
the mentioned computer by taking into account in addition the species 76 3
M(H;AMPS)* to obtainKy . avps) andKiiawes) Application of this — ==
analysis to the Mg, C&*, or Ba%r systems gave the same result for 24 1

KM(AMPS) as the above procedure but did not yield a value for (AMPS-H)~

M A ) is dominating and occurs to about 75%, whereas
Kwm:avpsy indicating that the concentration of the M(H;AMPS)

. — 0 iti
complex is negligible. This conclusion also applies for thé&"&ystem, (H-AMPS)” forms only to about 25%. In addition, the proton
but comparison of the titration curves for ZPAMPS with those for (33) Sigel, H.Chimia 1967, 21, 489-500.

Zr?* alone revealed that in the first case a further proton was liberated ~ (34) Ji, L.-n.; CorfyN. A; Sigel, H.J. Chem. Soc., Dalton Tran991,
1367~—1375.

(30) (a) Sigel, H.; Zuberthler, A. D.; Yamauchi, OAnal. Chim. Acta (35) (a) Sigel, HBiol. Trace Elem. Re4.989 21, 49-59. (b) Yamauchi,
1991, 255 63—72. (b) Bastian, M.; Sigel, HJ. Coord. Chem1991, 23, O.; Odani, A.; Masuda, H.; Sigel, HMet. lons Biol. Syst1996 32, 207—
137—-154. 270.

(31) Griesser, R.; Sigel, Hnorg. Chem.197Q 9, 1238-1243. (36) (a) Scheller, K. H.; Hofstetter, F.; Mitchell, P. R.; Prijs, B.; Sigel,

(32) Sigel, H.; Griesser, R.; Prijs, B- Naturforsch. BL972 27B, 353— H. J. Am. Chem. Socl981, 103 247-260. (b) Tribolet, R.; Sigel, H.

364. Biophys. Chem1987, 27, 119-130.
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at the thiophosphate residue in (AMfB~ is mainly bound’
to the terminal oxygens (cf. Figure 1) as was concluded from
bond-order consideratiofid and semiempirical calculatiors.

Hence, AMPS" is formed in two ways, i.e. from (FAMPS)~
and (AMPSH)~. The micro acidity constant for the latter
species, Kivbey = 4.71 + 0.0427 quantifying the basicity
properties of the thiophosphate group will be needed below in
the evaluation of the stability constants of the various metal
ion complexes.

3.2. Stabilities of Adenosine 50-Thiomonophosphate
Complexes. Aside from equilibria 2 and 3, the following ones
involving metal ions needed to be considered in the evaluation
of the M2*/AMPS systems:

M2 + H(AMPS)” = M(H;AMPS)* (4a)

Kiamps) = IM(HAMPS)J[M *"J[H(AMPS) ] (4b)

M?" + AMPS*” = M(AMPS) (5a)
Kiawps) = IM(AMPS)J[M > ]JAMPS?"]  (5b)
M(AMPS)(ag)== M(AMPS)(OH)” + H"  (6a)

Kiamps)aq) = [M(AMPS)(OH) TH "J[M(AMPS)(aq)]
(6b)

The acidity constant of equilibrium 7, which connects equilibria
4 and 5, may be calculated with eq 8:

M(H;AMPS)" = M(AMPS) + H* (7a)

Kiisaves) = [MAMPS)IIH JIM(H:AMPS) ] (7b)

H _ o H M M
PKwr:amps) = PKHamps) T log Kmg:amps) — log Kmawmps)

8

In all M2t/AMPS evaluations equilibria 2a and 3a had to be
considered. In the systems containinggCa&", and B&",
equilibrium 4a did not play any role; we were unable to observe
under our experimental conditions the formation of the mono-
protonated M(H;AMPS) complexes. Hence, the experimental
data could completely be explained by taking into account eqs
2b, 3b, and 5b as long as the evaluation was not carried into
the pH range where hydroxo complexes form (see section 2.3).
In the Zr#*/AMPS system, equilibrium 4a was also negligible,
but equilibrium 6a became important, and we were able to
quantify the formation of the hydroxo complex Zn(AMPS)(OH)
(see sections 2.3 and 3.8).

Protonated M(H;AMPS) complexes are formed with Mh,
Co?*, Ni2t, or Ct; hence, in these cases, equilibria 2a, 3a,
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Table 1. Logarithms of the Stability Constants of M(H;AMP'S)

(Eq 4) and M(AMPS) (Eq 5) Complexes as Determined by
Potentiometric pH Titrations in Aqueous Solutions, Together with
the Negative Logarithms for the Acidity Constants of M(H;AMPS)
(Egs 7 and 8) and for the Formation of Hydroxo Complexes (Eq 6)
at 25°C andl = 0.1 M (NaNQ)P

M2t log KM(H;AMPS) log KM(AMPS) pKH(H;AMPS) pKn(H;AMPS)(aq)
92" 1.28+ 0.04

Cat 1.27+ 0.06

Baz™ 0.99+ 0.03

Mn2+ 1.25+ 0.2 2.03+0.10 4.05£0.23

Co**t 1.0+ 0.25 2.03£0.10 3.8+ 0.3

Niz+ 1.14+0.3 2.35+ 0.07 3.6+ 0.3

%t 2.52+0.18 6.8+ 0.4

C* 3.25+0.16 4.62+0.12 3.46+ 0.20

aThe error limits given arghree timesthe standard error of the
mean value or the sum of the probable systematic errors, whichever is
larger.? The acidity constants of AMPS)* are given in section 3.1;

those of the parent nucleotide ,(AMP)* are p(HZ(AMP) =384+
0.02 and Kfjayp) = 6.21+ 0.01%%

redox reaction. Indeed, the reducing properties of phosphoro-
thioates are well-knowA as is the formation of PS—S—P
units38

A crude evaluation of the results reveals that despite the fact
that H,(AMPSY* is more acidic than {AMP)* (see footnote
b of Table 1) one observes for the M(AMPS) complexes with
Zn?" and Cd* (Table 1) larger stability constants than for the
corresponding?® M(AMP) complexes (Table 2, vide infra). For
the M(AMPS) complexes with Mg, C&*t, B+, Mn?", Co?™,
or Ni2*, the absolute values for the stability constant
KM(AMPS) are on average about 0.2 log unit smaller than the
analogous constants of the M(AMP) complexes; indeed, due to
the lower K, value of HLAMPSY, this is expected. However,
a detailed discussion of these observations needs some further
considerations.

3.3. Comparison of the Stabilities of the M(AMP) and
M(AMPS) Complexes. Already in an earlier study2a linear
relationship was established between the negative logarithms
of the acidity constants of H(R-MP)species, KE(R,MP), and
the logarithms of the corresponding M(R-MP) complexes, log
KM(R_MP), for several simple phosphate monoester ligands
(=R-MP27), including methyl phosphafé? and it had been
shown latef®c that also the points for complexes with phos-
phonates, like methyl phosphonate (MePor ethyl phospho-
nate (EtP), fall on the same straight baseline for a given metal
ion (see also Figures 2 and 3, vide infé8)3% Any further
interaction between a phosphate-coordinated metal ion and
another group of the ligand in a given complex has to ré&ult
in an increase in complex stability, and the point due to this
complex will therefore lie above the corresponding baseline.
On this basis, for example, the macrochelate formation to N7
in M(AMP) complexes has been investigated and quantfied.
Of course, such a macrochelate will hardly form to 100%, i.e.,

4a, and 5a had to be considered in the pH range where noequilibrium 9 must be considered:

hydrolysis of M(ag}" occurs; the latter was evident from
titrations carried out with MI" only (see also section 2.3). The
results obtained for the various equilibria involving metal ions
are listed in Table 1.

The C#t/AMPS system could not be studied because as soon
as the reactants were mixed the solution turned slightly milky,
indicating the formation of a precipitate possibly involving a

phosphate-ribose-base phosphate-r
= = i

2+

<uim

9)

mII!IﬂHngll
™
+
®®»wooT

7]
(o]
'

(37) (a) Frey, P. A.; Sammons, R. Bciencel985 228 541-545. (b)
lyengar, R.; Eckstein, F.; Frey, P. B. Am. Chem. S0d.984 106, 8309—
8310.

(38) (a) Fehe F.; Vial, F.Z. Anorg. Allg. Chem1965 335, 113-125.
(b) Neumann, H.; Steinberg, I. Z.; Katchalski, E.Am. Chem. Sod.965
87, 3841-3848.
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Table 2. Experimentally Determined Stability ConstaﬂKﬁ(AMp), for M(AMP) Complexedand Calculated Stability Constants,
KM<AMP)O , for the Corresponding Isomers with a Sole Phosphate Coordination?6f® & well as the Resulting Stability Differences, lagaur)
(Eq 13), and the Extent of the Intramolecular Chelate Formation (Ed2%nd 14) in Various M(AMP) Complexes in Aqueous Solution at 25

°C andl = 0.1 M (NaNQ)

M2+ log Kjawe)? (€0s 5 and 11) 0 camey, ° (€0 11) logAmame® (€0 13) K (egs 16-12)  %M(AMP), (egs 9 and 14)
Mg2* 1.624 0.04 1.56+ 0.03 0.06+ 0.05 0.15+0.13 13+ 10

ca* 1.484 0.03 1.45+ 0.05 0.03+ 0.06 0.07+ 0.14 0 (7+13)

Ba2* 1.184 0.04 1.16+ 0.04 0.02+ 0.06 0.05+ 0.14 0 (5+ 12)

Mn2*+ 2.23+0.02 2.16+ 0.05 0.07+ 0.05 0.17+0.15 154+ 11

Co?t 2.30+ 0.04 1.94+ 0.06 0.36+ 0.07 1.29+0.38 56+ 7

Ni2* 2.554+ 0.04 1.94+ 0.05 0.61+ 0.06 3.07+ 0.60 75+ 4

Zn2t 2.38+0.07 2.13+ 0.06 0.25+ 0.09 0.78+ 0.38 44+ 12

Cep* 2.7440.05 2.44+ 0.05 0.30+ 0.07 1.00+ 0.32 50+ 8

aThese values have recently been redeterniiridtaking into account (as far as possible) also the formation (in analogy to eq 4) of protonated
M(H;AMP) complexes (see also the “caveat”, i.e. section 1.6 in ref 29b). However, most values are within their error limits identical with the
previous oned? only those for the C&, Ni?", and Cd" complexes are now up to 0.07 log unit larger. The error limits givertraee timeshe
standard error of the mean value or the sum of the probable systematic errors, whichever i8 Gatpedated with KE(AMP) =6.21 (Table 1) and
the reference-line equations (see also Figures 2 and 3) listed in Table 5 of ref 39c; the corresponding error limits are given in Table 6 of ref 39c;
these data are also summarized in Table 3 of ref 29be errors given here 3 and in the two columns at the right were calculated according
to the error propagation after Gauss by using the errors listed in the two columns to the left.

The formation degree of the macrochelated or “closed”
species, designat&hs M(AMPY,, is independent of the total

complex concentration because it is an intramolecular equilib-

rium, and thereford, as defined by eq 10, where M(AM&)
refers to the “open” species in equilibrium 9, is dimensionless:

K, = [M(AMP) ,J/[M(AMP) ] (10)
Taking this into account equilibrium 5a may be rewritten for
AMP?2~ as below:

KM(AMP)Op

K
M>* + AMP®” === M(AMP),,=M(AMP);  (11)

It has been showfi that K, may be calculated according to eq
12:

K= (KM(AMP)/KM(AMP)%) -1=10"%-1 (12

where
logA =log A = log KM — log KM
g 9 Amamp) 9 Kuamp) 9 Kmawe),,

= log KM(AMP)QXP —log KM(AMP)Calc
(13)

In eq 13, log KM(AMP)D refers to the stability of the “open”
species in equilibrium 9 and it equals lw(AMP)calcy which is
calculated with the mentioned straight-line equatt8h¥cand
pK:(AMP) (Table 1). The data for log}, Avp)_ correspond

to the experimentally measured vali78s: Fiﬁxélly, with K|

Figures 2 and 3: the vertical distances (dotted lines) from the
M(AMP) data points (half-filled) to the reference lines cor-
respond to the lod\wawvp) Values according to eq 13. If one
subtracts these values (Table 2, column 4) from the measured
log KM(AMPS) constants for the M(AMPS) complexes (Table 1,
column 3) according to eq 15, the resulting IK%AMPS) .
values should reflect Rt binding to the thiophosphate group
(see also column 4 in Table 3; vide infra).

log KM(AMPS) = log KM(AMPS) —log Ayamey  (15)

calc

These values are inserted in dependence on the micro acidity
constant, famie, = 4.71 (see section 3.1), which reflects the
basicity of the thiophosphate group, also into Figures 2 and 3
(full points at the left).

To conclude, the increased stability observed for the M(AMP)
complexes is solely due to macrochelate formatfowhereas
if macrochelate formation is accounted for (eq 15), several of
the M(AMPS) complexes, especially those with?Cdnd Zri#+,
still possess a stability which is beyond that expected on the
basis of the basicity of the thiophosphate group; hence, this
indicates that the sulfur participates in these instances in metal
ion binding.

Regarding the M(AMPS) complexes of the alkaline earth ions,
one may recall that it has been conclutfefbr the AMPS
ion in aqueous solution that the+fS bond is a single bond with
a negative charge localized on sulfur and that théOPbond
orders approach 1.5 owing to delocalization of the other negative
charge unit among the two oxygens. It has also been conéfided
that metal ions will alter this charge distribution. Indeed, from
the top part of Figure 3, it is evident that the data point for

(eq 12) and eq 14, the percentage of the closed or macrochelateM9(AMPS) falls within the error limits on its reference line.

species can be calculatét:

%M(AMP),, = 100[K,/(1 + K))] (14)
The earlier results for the M(AMP) complexgg® are sum-
marized in Table 2.

That several of the M(AMP) complexes own an increased
stability due to macrochelate formation (eq 9) is evident from

(39) (a) Massoud, S. S.; Sigel, Hhorg. Chem.1988 27, 1447-1453.
(b) Saha, A.; Saha, N.; Ji, L.-n.; Zhao, J.; Gmégk.; Sajadi, S. A. A;
Song, B.; Sigel, HJ. Biol. Inorg. Chem1996 1, 231-238. (c) Sigel, H.;
Chen, D.; Corfu N. A.; Greda, F.; Holy, A.; Strask, M. Helv. Chim.
Acta 1992 75, 2634-2656.

(40) Martin, R. B.; Sigel, HComments Inorg. Cheni988 6, 285—
314.

This observation allows the conclusion that #¥gbehaves
equally in its binding properties toward a thiophosphate and a
phosphate grouff- Figure 2 shows that this is also valid for
the other two alkaline earth metal ions, i.e., the'Cand B&*
complexes.

(41) A statistical consideration about the phosphate group in AMRd
the thiophosphate group in AMPSgives the following result: in AMP"
the Mg ion can “choose” between three oxygens for binding, in AMPS
only between two; that is, Mg binding will be disfavored by a factor of
two-thirds, which correponds to a stabilifecreaseof 0.18 log units.
However, the lower electronegativity of sulfur compared to that of oxygen
should cause a higher charge density in the complexes on the two oxygens
in AMPS?~ than on the three oxygens in AMP consequently, the oxygens
of AMPS?~ appear as being favored for Kgbinding, and therefore, an
increasein stability is expected. The result indicates that the two mentioned
opposite effects evidently cancel each other.
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KH Figure 3. Evidence for an enhanced stability of the Mn(AMPS),

PEHR-MP) Ni(AMPS), and Zn(AMPS) complexes as well as for the “expected”
Figure 2. Evidence for an enhanced stability of the Cd(AMPS) stability of the Mg(AMPS) complexAMPS?"; @), based on log
complex and possibly also for the Co(AMPS) complex as well as for Km(AMps)calc (eq 15 and column 4 of Table 3; vide infra) and on the
the “expected” stability of the Ca(AMPS) and Ba(AMPS) complexes relationship between IO@M(R_MP) and p(ﬂ(R_MP) for the 1:1 com-
(=AMPSZ; @), based on Iog(M(AMF,S)calc (eq 15) and on the relation-  plexes of M@", Mn2*, Ni2*, and Zrt* with some simple phosphate
ship between lO(-:KM(R—MP) and FK:(R—MP) for the 1:1 complexes of monoesters or phosphonate ligands (RENJRO; see legend for Figure
Ba?*, Ca&t, Ca?*, and Ca&" with some simple phosphate monoesters 2). The data points for the M(AMP) complexesAMP?"; @) are

or phosphonate ligands (R-MB: 4-nitrophenyl phosphate (NPHB, shown for comparison. The vertical dotted lines emphasize the stability
phenyl phosphate (PRB, uridine 3-monophosphate (UMP), b-ribose differences to the corresponding reference lines; the differences are
5-monophosphate (RibMP), thymidine 5-monophosphate (dTMP), equal to logAmaur) for the M(AMP) complexes as defined in section

n-butyl phosphate (Bu), methyl phosphonate (MéP, and ethyl 3.3 by eq 13 and ta\log Amawrs) as defined in section 3.4 by eq 16.
phosphonate (E&) (from left to right) ©). The least-squares lines  All the plotted equilibrium constant values refer to agqueous solutions
are drawn through the corresponding eight data sets, which are takengt 25°C andl = 0.1 M (NaNQ). For further details, see the legend of
for the phosphate monoesters from ref 39a and for the phosphonated-igure 2.

from ref 39c; the equations for these reference lines are listed in ref . .
29b or 39c. The data points for the M(AMP) complexesAMP2; columns 2 and 5 of Table 3; the corresponding results are listed

@) are shown for comparison and are taken from ref 5b (see also columnin column 6 of the same table. These differences are zero within
2 of Table 2). The points for the AMBS systems @) are based on their error limits for the M(AMPS) complexes of Mg, Ca&,

the data given in Table 3 in the fourth column (vide infra) for log and B&", confirming the conclusions presented in the final
Kiawps)... (€9 15) and the micro acidity constantil§fs,, = 4.71 paragraph of section 3.3.

(section 3.1). The vertical dotted lines emphasize the stability differences  |n section 3.3 it was assumed that macrochelate formation
to the corresponding reference lines; the differences are equal to log (eq 9) in M(AMPS) and M(AMP) occursbecause of the close
Awawp) for the M(AMP) complexes as defined in section 3.3 by €4 13 gy ,ctyral similarity of the two ligandsfor a given metal ion

and toAlog Awawes) as defined in section 3.4 by eq 16. All the plotted ) ) it the same extent. This has led to the definition given
equilibrium constant values refer to aqueous solutions &tC&nd|

=0.1 M (NaNQ). in eq 15, whereKm(AMps)calc represents a stability constant for
the M(AMPS) complexes from which the %WN7 interaction
3.4. Evidence That the Stability of the M(AMPS) Com- is eliminated (Table 3, column 4).
plexes with Mn2™, Co?*, Ni2", Zn2", and Cd?* Is Affected Now a further stability difference can be defined according

by the Sulfur Atom of the Thiophosphate Group. The result to eq 16a:
presented in the last paragraph that the Mg(AMPS), Ca(AMPS),

and Ba(AMPS) complexes behave like simple phosphate Alog Ayawes) = 109 KM(AMPS)C—NC_ log KM(AMPS); (16a)
complexes despite their thiophosphate group is encouraging
because it suggests that the stability data obtained for the other

_ M _ _
M(AMPS) complexes can also be judged on the basis of their = log Kugawps) 109 Avianr)

log Kii—wip) VETsUS If_wp) reference lines. Consequently, log Km(AMpg)o*p (16b)
we calculated the stability constants, I&H(AMPS);, simplyson

the basis of the basicity of the thiophosphate gro = M — M *)

= 4.71; section 3.1) anté/the corresp%ndirﬁ)g refegr]enﬁgg%tsé% (log Kiawps) log KM(AMPS)"P)

due to a pure phosphate binding. We define these constants as (log KM(AMP) — log Km(AMp)Dp) (16c)
KM(AMPS);, using the asterisk as a sign that we apply here a

procedure developed for phosphate ligands to a thiophosphate = log Afyamps) — 109 Ayame) (16d)

one. These values are listed in column 5 of Table 3.
In analogy to eq 13, now for the M(AMPS) complexes also, Equations 16b,c reveal further connections between various
log Afiamps) may be calculated from the values listed in equilibrium constants (cf. also eqs 13 and 15) and indicate how
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Table 3. Measured Stability ConstantsKm(AMPS), and CalculatetiStability Constants},(m(AMps)*, for M(AMPS) Complexes and Their Isomers
with a Sole Thiophosphate Coordination of M Respectively, as Well as the Resulting Valués for Adgawes).c Given Are Also the Stability
ConstantsKm(AMPS)caIC, in Which the Contribution from the f4/N7 Interaction Is Eliminated (eq 15) as Well as the Derived Stability
Difference,Alog Amamps), Which Reflects the Effect of the Sulfur in the Thiophosphate Group on the Stability of the M(AMPS) Complexes.
All Values Refer to Aqueous Solution at 2& andl = 0.1 M (NaNQ)

log KM(AMPS)a log Amgame)® log KM(AMPS)WC " Alog Avamves®
M2+ (egb) (eq 13) (eq 15) logKyamps)” ° log Afyamps)>® (eq 16)
Mg?* 1.28+ 0.04 0.06+ 0.05 1.22+ 0.06 1.25+0.03 0.03+ 0.05 —0.03+ 0.07
cat 1.27+ 0.06 0.03£ 0.06 1.24+ 0.08 1.25+ 0.05 0.02+ 0.08 —0.01+0.10
Ba?* 0.99+ 0.03 0.02+ 0.06 0.97+ 0.07 1.03+ 0.04 —0.04+ 0.05 —0.06+ 0.08
Mn?+ 2.03+£0.10 0.07+£ 0.05 1.96+ 0.11 1.80+ 0.05 0.23+£0.11 0.16+£ 0.12
Co?* 2.03£0.10 0.36+ 0.07 1.67£0.12 1.60+ 0.06 0.43+0.12 0.07£0.14
Niz*+ 2.35+ 0.07 0.61+ 0.06 1.74+ 0.09 1.58+ 0.05 0.77+ 0.09 0.16+ 0.10
Zn?t 2.52+0.18 0.25£ 0.09 2.27£0.20 1.61+ 0.06 0.91£0.19 0.66+ 0.21
Ct 4.62+0.12 0.30+ 0.07 4.32+0.14 1.95+ 0.05 2.67+0.13 2.37£0.15

aFrom column 3 in Table 1. The error limits given throughout corresporitrae timeshe standard error of the mean value)3 Calculated
with pKﬁMEgH = 4.71 (section 3.1) and the reference-line equations listed in refs 29b or 39c (see also Figures 2 Befir®)d in analogy to eq
13, i.e., logAfiawmes) = log KM(AMPS) — log KM(AMPS)*. 4 From column 4 in Table ZThe errors given here 3 were calculated according to the
error propagation after Gauss by using the errors listed in the appropriate columns to the left.

one arrives at eq 16d. The values calculated nowAftuy (SPws = IM*[S*] a7

Awmiamps) are listed in column 7 of Table 3.

Evidently, the stability differenceAlog Awawmes) (€q 16) In the first case we calculated theS®vs values from the
solely reflects the effect of the sulfur atom in the thiophosphate soupility data (mol/L) given in ref 43; these data refer to freshly
group on the stability of the M(AMPS) complexes and it is prepared precipitates and the connected concentrations of the
graphically represented in the vertical differences (dotted lines) reactants in solution. However, metal ion sulfides have a strong
in Figures 2 and 3 between the data points due to the M(AMPS) tendency to agé® becoming thus even less soluble with time

complexes (full circles) and the straight reference lines. A
positive value (Table 3, column 7) can only mean that the sulfur
participates in the binding of the metal ion to the thiophosphate
group. The effect is very dramatic for Cd(AMPS), quite
remarkable for Zn(AMPS), and less pronounced for MN(AMPS)
and Ni(AMPS). For Co(AMPS) the value @flog Acoamps)

is slightly positive, yet also zero within its error limits; hence,
in this case so far, no final conclusion can be drawn.

3.5. Correlations with Other Sulfur Donors and Further
Evidence That the Sulfur Participates in Metal lon Binding
in the M(AMPS) Complexes of Mr?™, Co?™, Ni2*, Zn?*, and
Cd?*. The order of theAlog Auames) values (eq 16; Table 3,
column 7), attributed to the metal iersulfur binding, reflects
the well-known larger affinity of C#" for sulfur binding sites
if compared, e.g., with M&T and NE*. Indeed, this general
behavior is also seen in the much lower solubility of cadmium
sulfide compared with the sulfides of the other metal ions
considered. Therefore, we endeavored to correlateAlbg
Awmiamps) Values determined in this study with the solubility
products of the corresponding metal sulfides, i.¢.9v

Unfortunately, the available ddfa** for the solubility
products of the metal ion sulfides of M Co?™, Ni2*, Zr?t,
and Cd* vary widely. Therefore, we decided to use two
“extreme” data sets for the solubility product constaBid(eq
17):

(42) (a) Sillen, L. G.; Martell, A. E. Stability Constants of Metal-lon
ComplexesSpecial Publication 17; the Chemical Society: London, 1964.
(b) Sillen, L. G.; Martell, A. E.Stability Constants of Metal-lon Complexes,
Supplement No.; Special Publication 25; The Chemical Society: London,
1971. (c) Hagfeldt, E.Stability Constants of Metal-lon Complexes, Part A:
Inorganic Ligands IUPAC Chemical Data Series 21; Pergamon Press:
Oxford, U.K., and New York, 1982. (d) Smith, R. M.; Martell, A. Eritical
Stability Contants, Vol. 4: Inorganic Complex&enum Press: New York
and London, 1976. (e) Vogel, A. Macro and Semimicro Qualitate
Inorganic Analysis4th ed.; Longmans, Green and Co.: London, New York,
and Toronto, 1957; p 40. (f) Wiberg, Molleman-Wiberg: Lehrbuch der
Anorganischen Chemidufl. 91-100; Walter de Gruyter: Berlin and New
York, 1985; p 213.

(43) Treadwell, W. DTabellen zur Qualitatien Analysgl18. Aufl.; Franz
Deuticke: Wien, Austria, 1947; p 9.

(44) Lide, D. R., EdHandbook of Chemistry and Physig@gth ed.; CRC

Press: Boca Raton, FL, Ann Arbor, MI, London, and Tokyo, 1993; pp
8—49.

and giving also rise to various forms of the solids. Our second
set, which contains relatively largeSf®wus values, mostly from

ref 44, refers to aged precipitates. Because in ref 44 no value
for Cd'S is listed, an average from values in ref 42a is (S&d,
and because the $Pws value for M'S from ref 44 appears

as too small, again the value from ref 42a is employed which
refers to the “green modification” of Mn§>

In Figure 4, ourAlog Amawmps) values (Table 3, column 7)
are plotted versus the two mentioned data sets for t8&)p§
values. Even though the differences between the two sets of
the pEPwus data correspond to more than 10 log units, in both
instances, a rather good linear correlation is obtained. Hence,
despite all shortcomings, the clear message from Figure 4 is
that at least an approximate correlation betwA&Y Appawmpes)
and pSPws exists. Because in the sulfides only a suifanetal
ion interaction is possible, the data of Figure 4 provide further
evidence that in the M(AMPS) complexes of &dand Zi#+
the metal ion is mainly coordinated to the sulfur atom of the
thiophosphate group and that also in the other M(AMPS)
complexes the sulfur participates in metal ion binding at least
to a certain extent.

This result (Figure 4) led to a further seat€ffor a set of
self-consistent stability constants for metal ion complexes
formed with a sulfur ligand. Unfortunately, there are only few
data available; the only ones allowing also further evaluations
(see section 3.6) refer to the ®tn Zn?*, and Cd+ complexes
of tetrahydrothiophene-2-carboxylate (THT)C'® With this
ligand, metal ions bind not only to the carboxylate group but
to a certain extent also to the thioether unit, giving rise to a
five-membered chelate and an intramolecular equilibrium
(analogous to eq 9). The extent of the thioethretal ion
interaction is reflected in an increased complex stability,
compared to the one expected for a sole carboxylatetal ion

(45) (a) Average of four [§PcosVvalues (22.51, 21.3, 22.10, 20.4), which
refer to 25°C and which are listed in ref 42a. (b) The valuSPBfuns =
21.21 (20°C) is listed in ref 42a; it is based on refs 45c¢,d. (c) Kolthoff, I.
M. J. Phys. Chenil931, 35, 2711-2721. (d) Moser, L.; Behr, MZ. Anorg.
Chem.1924 134, 49-74.
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sulfur ligands independently of the charge of the sulfur site.
This conclusion is meaningful for the comparisons to be made
in section 4 involving rate constants.

3.6. Estimates for the Extent of the Sulfur-Metal lon
Interaction in the M(AMPS) Complexes of Cu?* and Pb?*.
Application of the correlations seen in Figures 4 and 5 evidently
allows estimation of values afAlog Amawmes) for unknown
M(AMPS) complexes, provided values for§®us and/or log
AwmHTc) are available. Therefore, the straight-line equations
corresponding to the lines seen in Figures 4 and 5 are given
below in egs 18, 19, and 20; they refer to the left and right
parts of Figure 4, and to Figure 5, respectively:

Alog Avamps) =
(0.630+ 0.309)[pSP)ys] — (4.613+ 2.618) (18)

Alog Apavps) =
(0.336+ 0.075)[pSP)s] — (7.088+ 1.748) (19)

3, column 7) of this study and two data sets for the negative logarithms Alog Ay amps) =

of the solubility product constants, p($R) of the sulfides of MA",
Co?t, Ni?t, Zn?t, and Cd". The data for the small 8Pvs values @)
are from ref 43, those for the larger§®wus values Q) from refs 44-
46; see also text in section 3.5.

2.4}

o—-

l

— Mn?2+

Figure 5. Correlation between th&log Awawves) values (eq 16; Table
3, column 7) of this study and the ldgrc) values (which are defined
in analogy to eq 13§2for the M(THTC)" complexes of M#*, Zr?t,
and Cd".*%2The log Autc) values quantify the extent of the metal
ion—thioether interaction in the R complexes of tetrahydrothiophene-
2-carboxylate (THTC). The vertical error bars correspond to the error
limits given in column 7 of Table 3; the horizontal error bars
(corresponding ta-0.07 log units) are estimates based on experiéhce
with this kind of data.

binding, i.e., in analogy to eq 13, values for IdgtHTc) can

be calculateda

The available three data pairs Afog Awawmes) versus log
Awrrc) are plotted in Figure 5; they fit within their error limits

T
0.2

log AvytHTC)

(6.61+ 1.61)[10gAyrire)] — (0.02:+ 0.34) (20)

Application of these equations is demonstrated for two examples,
i.e., the Cé" and PB* complexes of AMP%". We selected
these two metal ions because (i) the?QAMPS?~ system
cannot be studied due to formation of a precipitate resulting
most likely from a redox reaction (see section 3.2) and (ii) the
PR#t/AMPS?~ system was not studied up to now because all
the background information (i.e., reference-line equation, etc.;
cf., e.g., Figure 2) needed for a detailed evaluation of its
experimental data is lacking. Both ions, however, are of general
interest and especially Pbis presently receiving increasing
attention in ribozym&afresearch.

For PEZ+ we applied to eq 18 the (low) solubility product,
pP(SPprs= 10.96, from ref 43 and obtaineMlog Appamps)=
2.29; from eq 19 and the (high) solubility productsSBpns =
27.52 and 28.04, from refs 44 and 47 follow$og Appamps)
= 2.16 and 2.33, respectively. In ref 46a l1gprHrc)= 0.40
is given, which leads with eq 20 #log Appamps)= 2.62. The
agreement between the four results is good, and as an average,
one obtainsAlog Appamps)y= 2.35+ 0.29 (P).

For cupric sulfide, eq 18 could not be used because the (low)
solubility product of ref 43 is not applicable. The (high)
solubility products, pEPcus = 36.22 and 36.13, given in refs
44 and 48, respectively, lead with eq 19A@0g Acyamps) =
5.08 and 5.05. Equation 20 gives with l18gyHtc) = 1.16 of
ref 46aAlog Acyamvps)= 7.65. The agreement between these
three results is much poorer than for Pb(AMPS); this is not
surprising as with Cli the extrapolation takes place far outside
of the data ranges which led to eqs-18 and which are seen
in Figures 4 and 5. However, one may still estimate thiag
Acyampsy = 6 £ 2.

To conclude, calculations based on eqs-28 are expected
to yield reliable results if the applied values folSEjus and/or

on a straight line. This result demonstrates that the intensity 109 Amcrite) are within or close to the data range defined by

of the metal ion-sulfur interaction in the thiophosphate group
of AMPS?*~ as quantified byAlog Awawmps) (eq 16) can be

Figures 4 and 5. If the applied constants are beyond this range
the results are less reliable but expected to be still in the

correlated not only with data for the 2-fold negatively charged @PProximate order; in the absence of any other more reliable

S~ ion but also with those for the neutral thioether sulfur. In
other words, the values faxlog Amames) (Table 3, column 7)
reflect well therelative binding intensities of various kinds of

(46) (a) Sigel, H.; Scheller, K. H.; Rheinberger, V. M.; Fischer, BJE.
Chem. Soc., Dalton Tran$98Q 1022-1028. (b) Sigel, HAngew. Chem.,
Int. Ed. Engl.1982 21, 389-400.

information this may still be helpful (cf. also Table 4 in the
next section).

(47) Average of 11 #Ppps values (27.47, 28.3, 29.04, 29.15, 29.37,
28.17, 28.15, 27.10, 26.6, 27.9, 27.15) determined close t&C2&nd as
listed in ref 42a.

(48) Average of six P cysVvalues, i.e., for cupric sulfide (37.46, 37.49,
36.10, 35.10, 35.2, 35.40), which refer to 25 and are listed in ref 42a.
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Table 4. Stability IncreaseAlog Awawves) (EQ 16), Attributed to a
Sulfur—Metal lon Coordination in M(AMPS) Complexes and Extent
of this Interaction as Quantified by s (Eq 21) and the Percentage
of the Sulfur-Coordinated Species, (RS, for Aqueous Solutions

at 25°C andl = 0.1 M (NaNQ)

M(AMPS) AlOg AM(AMPS) K|/s % (PSM)
Mg(AMPS) —0.03+ 0.0  ~0 ~0
Ca(AMPS) —-0.01+0.1¢ ~0 ~0
Ba(AMPS) —0.06+0.08  ~0 ~0
Mn(AMPS) 0.16+ 0.12 0.45+ 0.40 31+ 19
Co(AMPS) 0.07+ 0.14 0.17+£0.38  ~15 (<38)
Ni(AMPS) 0.16+ 0.1 0.45+0.33 31+ 16
Zn(AMPS) 0.664+ 0.2 3.57+221 78+ 11
Cd(AMPS) 2.3+ 0.13 233+ 81 99.6+ 0.15
Pb(AMPS) 2.35+0.29 223+ 149 99.6+ 0.30
Cu(AMPS) 6+ 20 ~10P ~100

aFrom column 7 in Table 3. Regarding the error limits see footnotes
aandein Table 3.0 Estimates as derived in section 3.6.

3.7. Extent of Sulfur—Metal lon Binding in the M(AMPS)
Complexes. From the evaluations in sections 3.4 and 3.5 it

Sigel et al.

It has previously been conclud@dhat a reduction of the
coordination number from 6 to 4 makes water bound t6*Zn
considerably more acidic; hence, such a reduction of the
coordination number may also be assumed for the formation of
Zn(AMPS)(OH)". From the following examples, taken from
ref 49, the effect of the varying coordination number can nicely
be seen: for the six-coordinated Zn@);" pK, = 8.95
(£0.15), for the four-coordinated Zn(imidazoj@)>0)?" pKa
= 8.0, and for the also four-coordinated Zn(L}®)?* (L =
cyclo-1,5,9-triazadodecaneKp= 7.3.

Aside from steric effects, the formation of 4-fold coordinated
Zn2* is apparently drivet? by the Lewis basicity of the donor
atoms: if the coordinating ligand is a strong Lewis base, the
coordination number of Z drops and the bond length shortens,
i.e., the metatligand bond becomes more of the covalent type.
This hypothesis would explain why an S-donor promotes the
formation of 4-fold coordinated 2 more effectively than an
O-donor. In any case, the above example regarding the lowering
of the K, value for a Z&™ complex containing a sulfur binding

has become clear that the sulfur atom of the thiophosphate groupS't€ IS certainly meaningful for biological systems.

in AMPS?~ participates in metal ion binding. Therefore, the

question arises: Which is the formation degree of the sulfur- ‘
0

coordinated species?

Neglecting outer-sphere species, the M(AMPS) complexes

may occur at least in four forms: the two “open” isomers (eq
9) in which the metal ion either is bound to an oxygen or to the

sulfur of the thiophosphate, and the corresponding two “closed”

3.9. Considerations on the Structure of the Monoproto-
nated M(H;AMPS) ™ Complexes. As mentioned in section 3.2,
r MnZt, Cc?*, Ni2*, and Cd", also the monoprotonated
species, M(H;AMPS), form; the corresponding stability con-
stants are collected in column 2 of Table 1. Cd(H;AMPS) is
the most stable of these complexes, and therefore, its properties
will be discussed first.

or macrochelated species in which the thiophosphate-coordinated "€ guestion whether €din Cd(H;AMPS) is bound to the

metal ion interacts also with N7 of the adenine residue (eq 9).

adenine residue or to the thiophosphate group may be treated

The latter-mentioned interaction was accounted for by eq 15 according to the microconstant scheme shown in Figure 6, which

and the calculation of the values for ch@j(AMPS) . (column 4
of Table 3); from these constants the incremeffsg Avawes),
were derived (eq 16) which solely quantify the stability increase,
if any, due to the participation of the sulfur atom in metal ion
binding (column 7 in Table 3).

If we define the sulfur-coordinated species as-W@WSand
the oxygen-bound ones as (D, we may further define the
intramolecular equilibrium constankss (eq 21). The second
term of eq 21 may be derived in analogy to the situation

described in section 3.3, i.e., especially to eq 12. Hence, one

obtains
Kys = [(PSM)J/[(PO-M)] = 109 Avewes) — 1 (21)

Application of eq 21 to the data listed fdtlog Amames) in

was developed in analogy to a similar problem discussed in ref
50. (CdAMPS-H)™ represents the species where2Cds
coordinated either to N1 or N7 of the adenine residue (an
ambiguity which has been repeatedly discussed and shall not
be considered here furtheét)and the proton is located at the
thiophosphate groufi. The symbol HLAMPSCd)" represents

all those complexes where &dis located at the thiophosphate
group and the proton either at N1 or also at the thiophosphate.
Hence, H(AMPSCd)" encompasses the following isomers:

(1) (AMPSH-Cd)"; C#" and H" both are bound to the
thiophosphate group and the metal ion does not form a
macrochelate with N7=open isomer)

(2) (A-Cd-MPSH)™; Cd*™ and H" both are bound to the
thiophosphate group but €dforms a macrochelate with N7
(=closed isomer)

(3) (H-AMPS-Cd)"; the proton is now at N1 and €dat the

column 7 of Table 3 and estimated in section 3.6 leads to the thiophosphate group. One m|ght think that this Species also

results summarized in Table 4.
From column 4 in Table 4 it is evident that in Cd(AMPS),

forms a macrochelate with N7 leading to
(4) (H-A-Cd-MPS)". However, such a species is expected

Pb(AMPS) and Cu(AMPS) the metal ions are nearly completely to be negligible because it is known, e.g., from2Cict. ref

S-coordinated to the thiophosphate. In Zn(AMPS) about four-

52a), Pd" (cf. ref 52b), and Pt (cf. ref 53), that binding of

fifths of all species are also sulfur-coordinated. This contrasts p2+ to N7 of the base moiety acidifies a proton at the N1 site

with the other extreme, i.e., the M(AMPS) complexes of?¥g
Cé&", and B&", in which the metal ions are overwhelmingly

oxygen-coordinated to the thiophosphate group. For the

complexes with MA", Co?™, and N7+ it is evident, despite the
rather large error limits, that significant amounts of the sulfur-
coordinated isomers occur in the corresponding equilibria.
3.8. Some Comments on the Formation of the Zn(AMPS)-
(OH)~ Species. As indicated already in section 3.2, it was
surprising to observe that Zn(AMPS) forms a hydroxo complex,
i.e., Zn(AMPS)(OHYJ, in a pH range, where Zn(aq)itself does

not yet form a hydroxo species. Consequently, according to

equilibrium 6a, the following acidity constant was determined:
PKEamps)ag = 6-8 = 0.4 (cf. eq 6b; Table 1).

by about 2 log units.
Therefore, (HA-Cd-MPS)" is not considered further, but

(49) Sigel, H.; Martin, R. BChem. Soc. Re 1994 23, 83—91.

(50) Song, B.; Chen, D.; Bastian, M.; Martin, R. B.; Sigel H¢lv. Chim.
Acta1994 77, 1738-1756.

(51) (a) Sigel, H.; CorfuN. A.; Ji, L.-n.; Martin, R. B.Comments Inorg.
Chem.1992 13, 35-59. (b) Martin, R. B.Met. lons Biol. Syst1996 32,
61—89.

(52) (a) Sigel, HJ. Am. Chem. Sod975 97, 3209-3214. (b) Scheller,
K. H.; Scheller-Krattiger, V.; Martin, R. BJ. Am. Chem. S0d.981 103
6833-6839.

(53) (a) Schider, G.; Lippert, B.; Sabat, M.; Lock, C. J. L.; Faggiani,
R.; Song, B.; Sigel, HJ. Chem. Soc., Dalton Tran$995 3767-3775. (b)
Song, B.; Oswald, G.; Bastian, M.; Sigel, H.; Lippert,\Betal-Based Drugs
1996 3, 131-141.
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(Cd-AMPSH)* The results of Table 5 allow now to make an estimate of the
u ratio Rwampsi (€9 22) of the species (MMPS-H)™ versus

PkCa ampsH H(AMPS-M)™ (see also Figure 6), which carry 2 at the

072£020 adenine residue or the thiophosphate group, respectively:

log k giAMPS«H
=0.51+0.16

PKM/H(AMPS)

=pkH ~log k&4
CdZ* + H(AMPS) —L—H(AMPS)~ 08 ZCd(AMPS)_ cgq(AMPS) + H*

[(M-AMPS'H)'] _ Kit-avesn

= (4.83£0.02)- (462 0. = 22
=(().2813¢ 0(.)1022) hezor Runesiv [H(AMPS'M)+] kM(AMPS'M) #2
log kitamps.ca) Pk HamPSCa) Application of eq 22 to the microconstants of Table 5 provides
=3.25+0.16 =3.46+0.20 for the various metal ion systems the following results:
(AMPS-H-Cd)* +
(H-AMPS-Cd)“} H(AMPS.Cd)* R, _ [(Mn-AMPS'H)"]
-Cd-MPSH)* N/AMPS/H — -
o ke (f C‘Zf’s o - [H(AMPS-Mn)']
Cd(H;AMPS) Cd-AMPSH H(AMPS.Cd) 10*(0-4&0-43): 100 (1.66:0.47)
®) . 1 _ _ 1 . . 1 1d1.24:t0.20)
K Cd(H;AMPS) kcaampsH k H(AMPS.Cd)
_1/1. 1y 2
© K&damrs) * Kiamps) = kCampst - Kogamps s B 4_6(1_5'E - 98 (23)
= kf{?AMI’S«Cd) ' kg(AMI’S-Cd) 4
Figure 6. Equilibrium scheme showing the interrelation between the Reo/aMps/H= w =
monoprotonated Cd(H;AMPS)pecies where the metal ion may either [H(AMPS:-Co)"]
be coordinated at the adenine residue (upper part of the scheme), i.e., 10(0,3&0_54)
(C-AMPS:H)*, or at the thiophosphate group (lower part of the =¥ — 10 (051065
scheme), i.e., HAMPEd)", together with the other species in 1(f0-88£0.37)
equilibrium with these two complexes (each of which may still consist
of various isomers; see text). The scheme defines also microconstants 1/141 24
(k) and gives their interrelations with the macroconstagjsthe arrows = 3_2(T'1_ = 76 (24)
indicate the directions for which the constants are defined. The
macroconstants are from section 3.1 and Table 1; the microconstants [(Ni -AMPS-H)+]
h:?\ve been derive_d by app_lying_the above_ equat_ions a,b,andc to_ge_theR,\”/AMPS/H = - =
with the assumption described in the text in section 3.9. The error limits [H(AM PS-Ni)+]
of the various constants were calculated according to the error 10072:0.19)
propagation after Gauss; the limits correspond to three times the = 10 (0-15£0.56)
standard error. 10(0.87:!:0.53)
equilibria involving the above-mentioned first three species have 1/26 1 41
to be kept in mind. =14 136 =59
The equilibrium scheme in Figure 6 shows the reaction
between Cé&" and H(AMPSY leading to Cd(AMPS) and H [(Cd-AMPS-H)*]
proceeding either via (CAMPS-H)* (upper part) and/or  Regampsn= "~ —
H(AMPS-Cd)" (lower part). The various microconstantg ( [H(AMPS-Cd)']
and their interrelation with the corresponding macroconstants 100-510.16) _(2.74:0.23)
(K) (egs 3 and 5) also are defined and given. There are three :LO(TM: 10
independent equations a, b, and c, but four unknown micro-
constants; hence, as soon as one of them is determined or 1/1 1 0.2
estimated, the other three can be calculated. A value for log = g@@ ~908 (26)
kG awpsy May be estimated in the following way: The
stability constant of the Cd(adenositie)lcomplex is known, The values given in parentheses in the third rows of the egs

log Kgg(Ado) = 0.11+ 0.06 (cf. ref 51a), and by assuming that 23—26 represent the upper (first value) and lower limits (second
the charge effect of the-P(S)(O}(H)~ group corresponds to  value) of the ratios of the isomeric species; the final value in
0.4+ 0.15 log units, as is known from various other cases where the third row is always the ratio of the approximate percentages
the distances between the positive or negative charges are of ®f the two species.

comparable siz& one obtains |09‘€3~AMPS~H =051+ 0.16. From the results given in eq 26 it is evident that the
This value with its (estimated) error limit is given on the arrow H(AMPS-Cd)* species are strongly dominating with more than
seen in the upper left part of Figure 6. The other three 99%. Consequently, we can conclude that the concentration

microconstants can now be calculated, and the correspondingof the monoprotonated Cd(H;AMPSgomplexes, where Ct
results are given on the various arrows in the scheme. is located at the adenine residue, is negligible and also that the
An analogous analysis is also possible for the M(H;AMPS)  reaction between Cd and H(AMPS) proceeds overwhelm-
complexes of MA", Co?*, or Ni2*, and the resulting constants  ingly via the lower path of the microconstant scheme of Figure
are collected in Table 5, where the values from Figure 6 for 6. Since C&" coordinated at the thiophosphate group com-
the Cd(H;AMPSY system are again listed. The latter should Pensates the 2-fold negative charge of this group and
facilitate comparisons between Figure 6 and Table 5 and alsopk,:'(AMps.cd) = 3.46 + 0.20 (see Figure 6 and column 7 in
help to identify the meaning of the various microconstants which Table 5), a value rather similar to the acidity constant of
appear in Table 5, i.e., €din Figure 6 has to be replaced by H(adenosing), pKE(AdO) = 3.61+ 0.032%° one may conclude
MZ2* to obtain the constant symbols of Table 5. that in HLAMPSCd)" the proton is mainly at N1. Conse-
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Table 5. Results of the Analysis Regarding the Microconstants for the Reactior?ofaith H(AMPS)~ to M(AMPS) and H via the

Isomers of M(H;AMPS) 2

Mz log KM(Ado)b log Ki. avps° log kM(AMPS‘M)d PKmH(amPs)® PKt-AMPSH. pk:(AMPSM)f
Mn2*+ —-0.82+ 0.4 —0.424+0.43 1.244+0.20 2.80+ 0.10 2.38+0.44 4.04+ 0.22
Co?t —0.03+ 0.52 0.37£ 0.54 0.88+ 0.37 2.80+£ 0.10 3.17£ 0.55 3.68+ 0.38
Niz+ 0.32+0.12 0.72+ 0.19 0.87+ 0.53 2.48+ 0.07 3.20+ 0.20 3.35+ 0.53
CPt 0.11+ 0.06 0.51+ 0.16 3.25+ 0.16 0.21+ 0.12 0.72+ 0.20 3.46+ 0.20

a All constants listed are defined analogously to the constants given on the various arrows in Figurc61(250.1 M, NaNQ). The error

limits are either generously estimated or they corresponithree timesth

e standard error of the mean value)3The error propagation was

calculated according to Gaugs-or these datéis close to 25C butl varies; see ref 51a, from which the IK@M(A(,O) values are takert.See arrow
at the left in the upper part of Figure 6; 168 \vpsn = 109 Km(Ado) + (0.4 £ 0.15); see text in section 3.9See arrow at the left in the lower part

of Figure 6. The constants were calculated via eq (a) of Figure 6 with the values given above in the third column and thob’éﬂ{m@@g of
column 2 in Table 12 Calculated according to the definition given on the horizontal arrow in Figure 6 with the macroconstants given in section
3.1 and Table 1fWith the other constants known, the values for this microconstant follow now from the properties of cyclic systems (see also

Figure 6).

guently, the dominating isomer is {(AMPS-Cd)" using the
definition given above.
For the Mi#t/H(AMPS)~ system also, the H(LAMP#In) ™"

the metal ion-binding properties differ significantly from those
of the parent nucleotides.
Apparently often initiated (cf., e.g., ref 13c) by Pearson’s

species (about 98%; eq 23) and consequently the lower pathwayhard—soft” principle there are now many examples avail#le

in Figure 6 are dominating. However, WitikChAMps.Mn) =
4.04 & 0.22 [which is identical with K .ayps) = 4.05 &
0.23 (Table 1, column 4) but higher thai(p,, = 3.61 +
0.03], it appears that the dominating isomer is (AMR&/n)*,
which carries both the proton and the metal ion at the
thiophosphate group.

For the C8" and N#*/H(AMPS)~ systems the results of eqs
24 and 25, respectively, reveal that the speciesAMPS-H)™
and H(AMPSM)* occur in comparable amounts, i.e., their ratio
being 1:1 within the error limits, though the lower pathway in
Figure 6 appears to be slightly favored. In agreement with this
conclusion is that the values for the acidity constants,
Ky avpsy and rkﬂ(AMps.M), are within their error limits identi-
cal (see columns 6 and 7 of Table 5, respectively). Hence, by
also taking into account the size of these acidity constants, one
may postulate that (I AMPS-M)* and (MW AMPS-H)" are the
dominating isomers.

To conclude, despite the in part rather large error limits of
some of the constants listed in Table 5, the results still
demonstrate quite nicely how different metal ions may favor
the formation of different isomeric complexes.

4. General Conclusions

The evaluations carried out with the stability constants
measured in this study have shown that 2Wigand Ca&"
coordinate to the thiophosphate group of AMPSIn a

in which a phosphorothioate linkage is used in studies of
ribozymes to identify metal ion binding sites via so-called
“rescue” experiments. For exampk, replacement of the
phosphate at the substrate cleavage site by a phosphorothioate
linkage, containing a sulfur atom in place of a nonbridging
phosphoryl oxygen, in the hammerhead ribozyme dramatically
diminished reactivity under normal conditions which include
Mg?*; replacement of Mg~ by Mn2" restored reactivity2af
Similarly, replacement of the bridging-8xygen by sulfur at
the cleavage site of a DNA substrate for tfietrahymena
ribozyme led in the presence of Figto an unreactive systet?
whereas addition of MiT or Zr** (to some extent also of €o
and Cd") restored catalytic activit}?h222 These examples
indicate that the metal ion directly participates in the reactions.
Of interest in this context is a very recent stbtigbout the
effect of metal ions on the hydrolytic cleavage properties of an
oligonucleotide containing a bridged internucleotidepbos-
phorothioate RNA linkage. The oligonucleotidé-/ApCpG-
pGpTpCpTprCpsApCpGpApGpC-& cleaved in the presence
of metal ions into the "sthiol-containing (6-mer) and' Z'-cyclic
phosphate-containing (8-mer) fragments. The pseudo-first-order
rate constantskoss (Min~%; given in parentheses), for cleavage
at pH 7.5 (50 mM Tris-HCI; ambient temperature) in the
presence of MI" are as follows: none (1.5 107%), Mg?" (1.5
x 1073), C&" (3.7 x 1079), Mn?* (1.1 x 1073, C*" (1.5 x
1072, Zm?t (5.7 x 1072, or C* (5.3 x 10°Y). It was
conclude&* that the rate enhancements correlate well with

phosphate-type manner. This means that the presence of thé€earson’s principle, suggesting that cleavage is mediated in part

sulfur atom does not affect the kind of binding of these two
alkaline earth ions, except that the stability of the M(AMPS)
complexes is somewhat smaller, if compared with that of the
parent M(AMP) complexes, but this is simply the result of the
reduced basicity of the thiophosphate group if compared to that
of the phosphate residdeé.

On the contrary, metal ions, like 2h or Cc#*, show a
significant binding affinity for the S atom of a thiophosphate
group, i.e., the stability of their M(AMPS) complexes is even
larger than that of the corresponding M(AMP) complexes
despite the lower basicity of AMPS compared to that of
AMP?Z~. Metal ions, like M&+, Ce?*, or Ni?*, own intermediate
properties; they bind partially to the sulfur atom, but this
becomes apparent only if the different aelohse properties of
the two ligands are taken into account. It is evident that
applications of AMP%~ as well as of other thionucleotide

by coordination of the metal to thé-Eercapto leaving group.
Assuming that in the transition state of the rate-determining
step of the above reaction metal ion binding occurs to the sulfur
atom, then the reaction rate should be proportional to the
corresponding complex stability. Of course, we cannot know
the absolute stability constant for such a transition state complex,
but from the results discussed in section 3.5 in connection with
Figures 4 and 5, the stability of such a complex for a given
MZ2" is expected to be proportional to the sulumetal ion
binding constants now determined. Therefore, we have plotted
in Figure 7 the logarithms of the above-given observed pseudo-
first-order rate constants, ldgys in dependence on th&log
Awmamps) values (Table 3, column 7), which not only reflect
the intensity of the sulfurmetal ion binding in the M(AMPS)
complexes (see eq 16 and section 3.4) but also represent in a
general wayrelative complex stabilities (section 3.5). Indeed,

analogues as probes in enzymic studies in the presence of metal (54) Kuimelis, R. G.; McLaughlin, L. WNucleic Acid Res1995 23,

ions, like Mr?* or Zr?*, have to be made with great care, as

4753-4760.
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Figure 7. Relationship between the logarithms of the observed pseudo- 30, I\’[g“
first-order rate constants (mif) for the hydrolytic cleavage of an [ NS " . , . .
oligonucleotide containing an internucleotidé-phosphorothioate 1.0 1.5 2.0 MZ'S 3.0 35 4.0 45
bridge, logkoss (see text for the values},and the stability differences, log K M(AMPS) 41

Alog Awawmps) (€9 16; Table 3, column 7), which reflect the effect of
the sulfur atom of a thiophosphate group on complex stabilities and
also therelative stabilities of sulfur-metal ion interactions. Straight-

“_n?fgg itlghlg; crgli(r;a?i)énli%cla(offbisc;arg looi ggilo)Alog Awawes) bridgsl, logkops (see text for the value$},and the stability constants,
i ) i . L log Kyawrs) , (€0 15; Table 3, column 4), corrected for the effect of
the four available data sets nicely fit on a straight line, indicating 5 possible N¥-metal ion interaction. Straight-line equation= mx+
a sulfur-metal ion interaction during the rate-determining step p): |og kes = (0.74 £+ 0.13) log Km(AMPS) — (3.32 £ 0.30);
of the transition state of the reaction for the systems witBMn  correlation coefficienR = 0.95. cae
Co?t, zZr?*, and Cd.

However, Mg" and C&" also enhance the mentioned The correlations in Figures 7 and 8 appear as very satisfying
cleavage reaction, though their rate enhancements (with factorswhen one takes the experimental errors of both data sets into
of 10 and 24, respectively; see the data given aléee® much account, as well as the fact that the cleavage reaéfiovere
smaller than those of the divalent transition ions (with factors measured in Tr& buffer, which is known to form rather stable
of >70). The present study shows that these alkaline earth ionscomplexes (especially) with divalent transition metal fSrasd
have no remarkable affinity toward the sulfur of a thiophosphate also to inhibit the metal ion-promoted triphosphate hydrol§5is.
group, but they do have a rather pronounced binding tendencyIndeed, the use of buffers, especially of Tris, in many of the
toward the oxygens in a phosphate group. Therefore, we experiments regarding ribozymes is quite common, but this
constructed a second plot, this time of lég,s versus log constitutes a serious handicap in the interpretation of such data
KM(AMPS) (see column 4 in Table 3). The latter values for the effect of metal ions which are varyingly sequestered by

‘call . . . .
quantify the interaction toward the thiophosphate group as athe buffer. However, despite this caveat, both plots in Figures
whole, i.e., the metal ion affinity of AMP3 is corrected for 7 and 8 suggest that the data points for thé*Zsystem are
the effect of N7 (eq 15), which gives rise to macrochelate truly somewhat above the straight lines, i.e., the reaction with
formation (see section 3.3), but it encompasses the metal ionZn?* is “too fast”. As Zr#* is the only one of the considered
affinity of the sulfuras well asof the oxygen atoms of the ~ metal ions that can form hydroxo complexes already at pH 7.5,
thiophosphate groupy. Figure 8 shows the corresponding plot  a property which is facilitated by sulfur coordination (see section
for the six available metal ion systerffs:A remarkable 3.8), this observation may indicate, in accord with related
correlation is observed which suggests that on top of the sulfur suggestions (e.g., refs 22a and 57a), that an intramolecular OH
metal ion interaction during the transition state of the rate- attack plays also some role during the transition state of the
determining step of the hydrolytic cleavage reaction also an Zn?"-facilitated hydrolytic cleavage reaction.
oxygen—metal ion interaction occurs and that these two effects . )
are “additive”. In this context and regarding ribozymes it  Acknowledgment. The competent technical assistance of
warrants to be mentioned that the sulfur affinity of2Cdnd Mrs. Rita Baumbu_sch and a research grant of the Swiss National
PE* is comparable (Table 4) but thatPthas a larger affinity Science Foundation (H.S.) are gratefully acknowledged.
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Figure 8. Relationship between the logarithms of the observed pseudo-
first-order rate constants (mi#) for the hydrolytic cleavage of an
oligonucleotide containing an internucleotidé-ghosphorothioate

(55) It should be pointed out that the construction of a plot withkag (56) (a) Fischer, B. E.; Hing, U. K.; Tribolet, R.; Sigel, HEur. J.
versus IogKm(AMPS); (Table 3, column 5; this latter stability constant  Biochem1979 94, 523-530. (b) Sigel, H.; Scheller, K. H.; Prijs, Borg.
quantifies only the oxygen-binding capacity of a phosphate group) results Chim. Actal982 66, 147—155.
for the six metal ion systems in a poor fit regarding a straight line (correlation (57) (a) Sigel, HCoord. Chem. Re 199Q 100 453-539. (b) Amsler,
coefficientR = 0.85). P. E.; Sigel, H.Eur. J. Biochem1976 63, 569-581.



