Indian Journal of Chemistry
Vol. 31 A, November 1992, pp. 855-860

Interaction of metal ions with uridine 5’-monophosphate:
Existence of possible intramolecular interactions
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Interaction of Cu?*, Ni?*, Zn?*, Co?*, Mg?*, Ca?*, La’*, Pr’*, Nd**, Gd** and Dy>* with 5'-
ur'idine monophosphate (5'-UMP) as the primary ligand and glycine (gly), histidine (histi) and hista-
mine (hista) as secondary ligands in 1:1 and 1:1:1 ratio has been investigated potentiometrically
at 35°C and 0.10 M (KNO,) ionic strength. The stability constants of binary (1:1) and ternary
(1:1:1) systems are compared to assess the influence of charge of the metal ions and the nature of
secondary ligands on the structure and stabilities of these complexes. The stabilisation of the ternary
complexes is measured in terms of Alog K which is the difference between the stabilities of binary
and ternary complexes in solution. Based on geometry of metal-5’-UMP complexes, coordination
number of the metal ions concerned and the steric factors, it has been concluded that O44) is also
involved in coordination in addition to the known phosphate binding in binary complexes. However,
in ternary systems only phosphate is involved in metal coordination.

Nucleic acid-protein interactions constitute one of
the important natural interactions. Therefore, a
study of these interactions at monomer level is
worthwhile as they provide good models for these
biological interactions. In the present study we
have investigated the interactions of 5’-uridine
monophosphate (5-UMP) with Cu?*, Ni?*,
Zn2*, Co?*, Mg?*, Ca?*, La’*, Pr**, Nd**,
Gd3* and Dy** in the absence and presence of
secondary ligands glycine, histidine and histamine
to assess the influence of secondary ligands on
the structure and stability of 1:1 metal-5-UMP
complexes.

Earlier work in solution of 5-UMP relates to
the study of its interaction with Cu?* (ref. 1, 2)
and Mn?* at neutral pH by NMR spectroscopy’.
It was concluded, based on preferential line
broadening, that in addition to phosphate coordi-
nation there is some metal ion-base interaction.
Similar observations were made earlier in the case
of Mg?* complexes®. However, earlier potentiom-
etric studies®® did not confirm the metal ion-base
interactions though studies with 5-UTP showed a
lowering in the pK value for N(3) in the presence
of Cu?* (ref. 7).

A more clear picture on the bonding modes of
5-UMP emerged from the X-ray crystallographic
data, though it conflicted with the solution studies.
For example, Goodgame et al® have shown in the
case of Co?*: 5'-UMP system that only phosphate
is involved in metal coordination. Fischer and

Bau® have reached the same conclusions with a
ternary system. Aoki'® and other workers!' con-
firmed bonding by phosphate only in Cd** com-
plexes.

Recent studies involving the preparation and
characterization of Ni2* (ref. 12) and Cr3* (ref.
13) complexes at neutral pH indicate direct bond-
ing through phosphate group with additional in-
teraction with base through C(4)O. The non-in-
volvement of N(3) in metal coordination when
there is a metal ion-base interaction may be due
to the presence of a proton at this site under the
experimental conditions employed. However,
CH,Hg?* is shown to bind exclusively to N(3) of
the base!*'6.

Thus, it is clear that so far no attempt has been
made to study the metal ion interaction with 5’-
UMP in the basic region where N(3)}H disso-
ciates making the site competitive with other pot-
ential binding sites in the ligand for metal coordi-
nation.

Therefore, it was thought important to investi-
gate the metal ion interaction with 5-UMP both
in binary and ternary systems in the pH range
4.5-10 to identify the binding modes which are
highly pH dependent. We have extended these

studies to trivalent lanthanons to verify the effect-

of size and charge of the metal ions on the stabil-
ity of these complexes. The structures of primary

and secondary ligands are depicted in Chart 1 for

ready reference.
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Fig. l—Potehtiometric titration curves :'or the 'mteractiTn of 5'-UMP with bivalent and trivalent metal ions both in binary (1: 1)

and ternary}l :1:1) system at 351+0.1°C [=0.10 M
(c) Zn(Il}: SFUMP (1:1); (d) La(Ill :5-UMP (1:

(KNO,) [(a) Free 5'-uridine monophosphate; (b) Cu(Il): 5-UMP (1:1};
); (e) Ni(Il):5-UMP:glycine (1:1:1); (f) Mg(I): 5'-UMP: glycine

(1:1:1) (g) Cu(Il): 5'-UMP: histamine (1:1:1); (h) Co(Il):5-UMP:histidine (1:1:1); (i) La(lll}: 5-UMP: histidine

(1:1:1)].
/C}\ Table 1-—Ionisation constants* of ligands
4
HN3 E [Temp. =35 +0.1°C; u = 0.10 M (KNO;)]
I8 g ) Ligand PK, pK;, PK;,
~NT s 00 ,
| o HE-0—P—0H HZC/C. 5'-UMP 0.7 6.34 9.53
o A L NNHg Glycine 2.33 9.75 —
WL Histidine 6.00 9.00 -
H
? Histamine 5.87 9.63 -
H OH
‘ (a) (b) *The constants are accurate to £ 0.05 pK units.
**From reference 21.
Cc HZ—C H N //0 c HZ CH
== | ¢ — | .
q i ONHy g ®NH, grade and all rare earth oxides were of Johnson
A “\/NR’ Mathey’s spectral grade.
‘ The experimental method consisted of poten-
tiometric titration of metal ions and S"UMP in the
: . absence and presence of secondary ligands gly-
| {d)

Chart I—(a) 5'-Uridine monophoshate; (b) glycine;
(c) histidine; and (d) histamine.

Materials and Methods

5'«-Uridi:}e monophosphate (S"'UMP), glycine
(gly), histidine (histi) and histainine (hista) were
obtained from Sigma Chemical C'o. (USA). Trans-

ition and alkaline earth metal ipns were off AR

cine, histidine and histamine in 1:1 and 1:1:1
ratios respectively at 35+ 0.1°C with standard
NaOH solution. The ionic strength was main-
tained constant by using 0.10 M (KNO,) as the
supporting electrolyte and relatively low concentr-
ations of ligand and metal ion (1 X 1073 M). Dur-
ing the course of the titrations a stream of nitrog-
en was passed over the solution to eliminate the
adverse effect of atmospheric carbon dioxide,
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Table 2—Stability constants® of binary and ternary complexes of M(II) and 5’-UMP with glycine, histidine and
histamine (1 : 1 : 1) systems

[Temp.=35 £ 0.1°C; 4 = 0.10 M (KNO,)]

Metal M?* :5'UMP(1:1) M2+ : SUMP: gly M?2* : 5'UMP: histi M?* : 5UMP: hista
ion
KBBJJL KBBJJ(HL) K};‘l(.HL) K}}i‘Aﬂl'_lA) K}?{‘(% L Kh}‘.A(}L{A)HL K};‘AL KR}JAA(HL) K};‘(HA)HL K}:‘AL K}}{‘A(HL) KBBJJ(HA)HL
Cu(I1) 6.57 - - 13.51 — — 15.77 — - 15.86 — —
Ni(II) — 218 397 1234 — - — 13.43 — - 11.02 —
Zn(I) — 223 494 1292 — — — 11.33 — — 10.70 —
Col(Il) — 206 387 11.32 — — - 11.66 - - 10.94 —
Mgl) — 180 244 — 2.07 6.71 - - 7.12 - - 6.50
Call) — 170 230 — 2.04 6.69 - — 7.05 - - 6.42

*The constants are accurate to t 0.06 log K units

Table 3—Stability constants* of binary and ternary complexes of M(III) and 5’-UMP with glycine, histidine,
histamine (1 : 1 : 1) systems

[Temp. =35 £ 0.1°C; 1 = 0.10 M (KNO,)]

Metal M3t . 5-UMP M3* :5-UMP:gly M3*:5-UMP:histd M3* :5-UMP: histm
ion (1:1) (1:1:1) (1:1:1) (1:1:1)
K Kyt Kol K¥ltam Kftiam
La(II) 3.59 547 3.64 8.35 7.72
Pr(I) 3.65 5.80 391 8.62 7.91
Nd(IIT) 3.78 5.94 398 8.73 8.05
Gd(1) 3.89 6.05 4.00 8.92 8.12
Dy(IlI) 4.33 6.29 4,52 9.06 8.49

*The constants are accurate to + 0.06 log K units.

other experimental datails can be found else-
where!’.

Calculations

For the calculation of stability constants of biv-
alent and trivalent ternary systems suitable mate-
rial balanced equation were set’ up and solved
with the help of computer program BEST*®. How-
ever, it was noticed that different types of interac-
tions were observed with the metal ions under in-
vestigation.

The constants for transition metal-5-UMP-
glycine, histidine and histamine systems were cal-
culated using equations from ref. 19. For Mg(Il),
Ca(ll) and lanthanide systems the equations de-
scribed in ref. 20 were used.

Experiments were conducted at three different
concentrations to assess the influence of concen-
tration on stabilities. Since there was no appreci-
able change in the stabilities it was assumed that
the probability of formation of species other than
those described above is remote. The possible hy-
drolysis of free metal ion over the experimental

pH range was ruled out by performing independ-
ent metal ion titrations and comparing the curves
with those obtained for binary systems. Species
distribution curves were generated using compu-
ter program BEST.

Results and Discussion

(a) Metal:5-UMP: glycine(1:1: 1) system

The mixed ligand titration curve for Ni** sys-
tem (Fig. 1le) shows an inflection at m=1 fol-
lowed by a buffer region and a precipitate around
m=23.5. In the buffer region m=0-1, only 1:1
(metal : glycine) complex formation takes place.
(The stability constant obtained in this buffer re-
gion is found to be similar to that of a simple 1: 1
binary constant). The behaviour of rest of the me-
tal ions was similar in this buffer region. Thus, the
ternary complex formation takes place only after
m = 1. Accordingly, it was assumed that the simul-
taneous dissociation of two protons takes place.
Cu?*, Zn?* and Co?* behaved in a similar man-
ner. The constants were calculated taking the ex-
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various metal-ligand (1:1 : 1) systems in solution
510.1°C; u = 0.10 M (KNO,)]
M : 5'-UMP: histi

M : 5'-UMP: hista

(1:1:1) (1:1:1)
~-0.82 -0.95
+2.83 +2.48
+2.75 +2.36
+2.82 +2.60
+2.02 +1.40
+1.91 +1.28
+1.35 +1.02
+1.49 +1.08
+1.47 +1.03
+1.68 +1.15
+0.97 +0.68

are calculated taking apprc priate binary constants of secondary ligands from reference 26.
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Table 4—A lig K* values for
[Temp.=13
Metal M:5-UMP: gly
ion (1:1:1)
Cu(ll) —
Ni(H) —
Zn(H) —
Co(l) -
Mg(ll) +(.27 +0.95
Ca(ll) +(34 +0.94
La(III) +0.05
Pr(IMT) +0.26
Nd(IT) +0.20
Gd(IT) +0.19
Dy(I) +0.19
*The values
perimental points far below the precipitation re-
ion'. In the case of Cu?* system the cpnstant

as computed in the er tire buffer region.

an ad-
ection at m=2 fcllowed by a buffer
. The constant KMHAL ~was computed in
the buffer region m = 1-2 (ref. 21).
inflec-
recipit-
Hon of
various |complexes KMPA), KMEY K MHA),
was assumed and bused on comparison
similar
hard metal ions and species distribution cyrves it
was confirmed that the last probability is the most

predominant one
(b) Metaj:5'-UMP: histidine/}istamine(1:1:1)
system

It was| assumed, based on titration curve of
Cu?* : 5tUMP : histamine (Fig. 1g), that a|simul-
taneous felease of protons tzkes place and the
constant KM, , was calculated!’. Cu?* form}s simi-
lar complexes with histidine alsc.

The mixed ligand titration rurve of CoP* :5'-
UMP : histidine (Fig. 1h) shows an inflection at
m=3. Solid phase appears after this inflection.
The constant Ky} ;) was computed in the |buffer
region m{=0-3". Ni?* and Zn"* systems showed
similar bghaviour. The behaviour of these| metal
ions was gimilar with histamine : Iso.

The mijxed ligand titration curves of Mgi* and
Ca’* show an inflection at m=2 followed by
precipitation. The formation cf protonated
plex Ky{{yjau Was assumed in the region m =

+

0-2.

com-

In (Fig. 1i) is given the ftitration curve of
La3* : 5-UMP histidine. A precipitate appeared
around m=2 for all the trivalent ternary systems.
The formation of Ky{l;;, ;. Was assumed based on
similar reasons as cited in section (a).

The pK values of 5-UMP and various secon-
dary ligands are presented in Table 1.

The stability constants of binary (1:1)
M?2* :5-UMP complexes are listed in Table 2.
The protonated constants are in fair agreement
with the recently reported values?'. However, the
normal 1:1 metal: 5'-UMP constants are report-
ed for the first time. Further, the protonated con-
stants are comparable with the corresponding
constants of metal phosphate complexes?! indicat-
ing exclusive phosphate interactions in this buffer
region. X-ray crystallographic studies also support
this view?. However, the data for the normal 1:1
complexes suggest the possibility of an intramo-
lecular interaction. This is contrary to the litera-
ture reports?! (i.e., intramolecular interactions are
absent in pyrimidine nuclectides). When the sta-
bility constants of the corresponding (M-
RibMP)?!, (M-Uridine)"® and (M-UMP) systems
are compared, it is found that the (M-UMP) con-
stants are comparable neither to (M-uridine) nor
to (M-RibMP) constants. Had there been no in-
tramolecular interactions in 5'UMP, the data
would have been close to (M-RibMP) data if only
phosphate binding is envisaged or to (M-uridine)
data if only base binding is involved. Therefore, it
is proposed that an intramolecular interaction ex-
ists in these systems. Then the question arises

_about the possible binding modes in the molecule.
In basic medium the N(3) site is deprotonated
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%o of Species formed

Fig. 2—Species distribution curve of La3* : 5-UMP (1 : 1) bi-
nary system

consequently a metal ion can bind to N(3) or
O(4). However, O(4) may be preferred over N(3)
because of its high charge density. Since there is

no evidence of metal ions forming simultaneous

innersphere complexes with nucleotide mono-
phosphates there exists a possibility of phosphate
involvement through a water molecule in addition
to O{4) coordination. Similar observations were
made earlier'!3.

The stability constants pertaining to the interac-
tion. of trivalent lanthanons and 5-UMP are pre-
sented in Table 3. It can be seen from the table
that the stability constants of 1:1 M** : 5-UMP
are greater than those of the corresponding biva-
lent metal ions. This may be due to the higher va-
lue of charge/radius ratio of the former metal
ions. The higher ratio of lanthanons permits a
closer approach of ligands and better electrostatic
interaction resulting in the greater stability of
these complexes. This is further reflected in their
species distribution curves. The species distribu-
- tion curve of La’** :5-UMP (Fig. 2) shows the
formation of the complex to the extent of 52%; in
contrast, only 40% of the species formed with the
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Fig. 3—Species distribution curve of Ni** : 5°-UMP : histidine
(1:1:1)system

bivalent metal ions suggesting that the lanthanons
bind more effectively with phosphate group. This
is in agreement with the known view that lantha-
nides bind exclusively to phosphate group in 5-
UMP?Z, In the basic region the data suggest that
there is an additional interaction with base moiety
of 5'-UMP. Based on the conclusions reached in
the case of lanthanide : uracil complex??, it is in-
ferred that these metal ions coordinate through
phosphate oxygens with an additional interaction
of O(4) through bridged water molecules.

The ternary constants of various systems are
given in Tables 2 and 3. It can be seen from the
tables that different types of complexes are
formed in the case of both bivalent and trivalent
metal ions. This specificity does not confine to
any particular metal ion or ligand but varies with
metal ion to metal ion and ligand to ligand.

The closeness in the ternary stability constants
of Cu?*:5-UMP:histidine/histamine systems
suggests that histidine is acting like histamine. The
corresponding A log K values (the A log K is the
difference between the binary and ternary con-
stants) are presented in Table 4. The negative
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A log K|values indicate the aniount of desthbiliza-
tion in fternary systems. Thi: suggests that the
5'UMP is bonded through the¢ base moiety along
with indirect phosphate chelation as the direct
phosphate involvement would have resulted in the
positive A log K values as it favours stacking in-
teractions.

Ni2*, Zn** and Co?* forin monoprotonated
ternary ¢omplexes whereas M ?* and Ca’! form
diprotonated complexes with histidine and hista-
mine. In| these cases the expe¢rimental pH range
was restricted to neutral pH cwing to the forma-
tion of a precipitate in the r:gion of base pK.
Therefore, in the above systems the 5/-UMP
coordinates only through the phosphate grpup in
addition to the secondary ligand binding. This is
clearly evident from the specie: distribution curve
of Ni** :|5"-UMP : histidine system (Fig. 3)|where
the formation of the protonated complex reaches
a maximym of 85% at pH 7. This type of interac-
tion favours stacking as base moiety is free to
stack with the imidazole moieties of the histidine
or histamine. This is further reflected in the posi-
tive A log K values of these systcms (Table 4),

However, different types cf complexes have
been observed in the cise of Mit*:5'-
UMP: glycine systems resulting; in the evaluation
of Alog/K values only for Mg?* and [Ca®*.
These values are positive thou;;h lower in magni-
tude comjpared to those for listidine and | hista-
mine systems, which indicate: that the ternary
complex formation is favoured due to less|steric
hindrancg and the participation of mixed| N/O
donor atoms.

These ppecific and selective interactions; were
also obsefved in case of trivaleat lanthanons. The
trivalent Jlanthanons form difrotonated te¢rnary
complexes with 5-UMP and histidine or  hista-
mine, similar to those observed in the cdse of
Mg?* and Ca’®* ternary compli:xes. This suggests
that the mode of bonding is si'nilar in these sys-
tems, iej, 5-UMP coordinates only through
phosphata. This is in accord with the H§AB*
principle.

Howevar, the differences in the magnitude of
the A log |K values observed ar: due to the differ-
ences in |the stabilities of binary?® and tdrnary
complexeq of respective bivalen and trivalent me-
tal ions.

The Alog K wvalues for the M3} :5-
UMP : gly¢ine system are less jrositive compared

INDIAN J CHEM, SEC. A, NOVEMBER 1992

to those for histidine and histamine system. This
is in line with the expected interactions of glycine,
histidine and histamine ligands where the latter
two are known to participate in stacking interac-
tions, thus enhancing the stability of the ternary
complexes.

Finally, it is clear from this investigation that
the metal ion interaction with pyrimidine nucleo-
tides is highly pH dependent and also varies with
metal ion to metal ion and ligand to ligand indi-
cating their high specificity.

Acknowledgement

The financial assistance from the UGC, New
Delhi [Scheme No. F. 12-87/84 (SR-IIT)], is grate-
fully acknowledged.

References

1 Berger N A & Eichorn G L, Biochemistry, 10 (1971)

1857.

Kotowycz G, CanJ Chem, 52 (1974)924.

Kotowycz G & Suzuki O, Biochemistry, 12 (1973) 3434.

SariJ C & Belaich J P, J Am chem Soc, 95 (1973) 7491.

Tu AT & Friederich C G, Biochemistry,’7 (1968) 4367.

Sigel H & Scheller K H, EurJ Biochem, 138 (1984) 291.

Sigel H, J Am chem Soc, 97 (1975) 3209.

Cartwright B A, Goodgame D M L, Jeeves I & Skapski A

C, Biochim Biophys Acta, 477 (1977) 195.

9 Fischer BE & Bau R, Inorg Chem, 17 (1978) 27.

10 AokiK, J chem Soc Chem Commun, (1979) 589.

11 Aoki K & Saenger W, J chem Soc Dalton Trans, (1984)
1401.

12 Fiol JJ & Terron A, Inorg chim Acta, 125 (1986) 159.

13 FiolJJ & Terron A, Polyhedron, 5(1986) 1125.

14 Chrisman R W, Mansy S, Peresie H J, Ranade A, Berg T
A & Tobias R S, Bioinorg Chem, 7(1977) 245.

15 Mansy S, Wood T E, Sprowles J C & Tobias R S, J Am
chem Soc, 96 (1974) 1762.

16 Moller M R, Bruck M A, Conner T O, Armatis (Jr) F J,
Knolinski E A, Kottmair N & Tobias R S, J Am chem
Soc, 102 (1980) 4589,

17 Rabindra Reddy P, Harilatha Reddy M & Venugopal
Reddy K, Inorg Chem, 23 (1984)974.

18 Motekaitis R J & Martell A E, Can J Chem, 60 (1982)
2403.

19 Rabindra Reddy P & Sudhakar K, Indian J Chem, 29A
(1990) 1182.

20 Rabindra Reddy P & Malleshwar Rao V B, J chem Soc
Daiton Trans, (1986) 2331.

21 Massoud S S & Sigel H, Inorg Chem, 27 (1988) 1447.

22 Mansy S & Tobias R S, Inorg Chem, 14 (1975) 287.

23 Gross D S, Simpkins H, Bubienko E & Borer P N, Arch
Biochem Biophys, 219 (1982) 401.

24 Pearson RG,J Am chem Soc, 85 (1963) 3533.

25 Rabindra Reddy P & Malleshwar Rao V B, Inorg chim
Acta, 125 (1986) 191.

26 Rabindra Reddy P & Malleshwar Rao V B, Polyhedron, 4
(1985) 1603.

0O~ AW AWM





