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Interaction of metal ions with uridine 5' -monophosphate:
Existence of possible intramolecular interactions
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Interaction of Cu2+, NF+, Zn2+, C02+, Mg2+, Ca2+, La3+, Pr3+, Nd3+, Gd3+ and Dy3+ with 5'
uridine 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 (KN03) 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 sterle factors, it has been concluded that 0{4) 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 CuH, NiH,
Zn2+, COH, MgH, Ca2+, La3+, Pf3+, Nd3+,
Gd3+ and Dy3+ 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 CuH (ref. 1, 2)
and MnH at neutral pH by NMR spectroscopy3.
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 MgH complexes4• However, earlier potentiom
etric studies5•6 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 CuH (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 al8 have shown in the
case of CoH: 5' -UMP system that only phosphate
is involved in metal coordination. Fischer and

Bau9 have reached the same conclusions with a
ternary system. Aoki10 and other workersll con
firmed bonding by phosphate only in Cd2 + com
plexes.

Recent studies involving the preparation and
characterization of NiH (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,
CH3HgH is shown to bind exclusively to N(3) of
the base14-16•

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. I-Pote~tiometric titration curves "or the interactit of 5'-UMP with bivalent and trivalent metal ions both in binary (I: 1)

and ternarY}1: I: I) system at 35±0.LoC ]=0.10 M (KN03) [(a) Free 5'-uridine monophosphate; (b) Cu(II):5'-UMP (I: 1);
(c)ZJ](II):5~UMP (1:1); (d) La(ill:5'-UMP (I: ); (e) Ni(II):5'-UMP:glycine (1:1:1); (f) Mg(II):5'-UMP:glycine
(I : 1 : I); (~) Cu(II): 5'-UMP: histamille (I: 1 : I); ( ) Co(II): 5'-UMP :histidine (I: 1 : I); (i) La(I1I): S'··UMP: histidine

(I : 1 : I)].

Table 1- Ionisation constants* of ligands

[Temp.= 35 ± O.loC;,u = 0.10 M(KN03)]

Ligand pKapK2apK3a

5'-UMP

0.7**6.349.53

Glycine

2.339.75

Histidine

6.009.00

Histamine

5.879.63

(a) ( b)
*Tb~constants are accurate to ± 0.05 pK units.
**Fromreference 21.

Chart 1-(a) 5'-Uridine monophO!phate;(b)glycin~;
(c)histidine; and (d) hist:rmine.

Materials ~nd Methods

5~-Uridi~e monophosphate (5'UMP), glF,ine
(gly), histidine (histi) and hist,aIlune (hista) ereobtained frPm Sigma Chenlical Co. (USA). T ans
ition and "Jkaline earth metal ilms were of AR

grade and all rare earth oxides wen:: of Johnson
Mathey's spectral grade.

The experimental method consislte:d of poten
tiometric titration of metal ions and 5'UMP in the
absence and presence of secondary ligands gly
cine, histidine and histanline in 1 : Jl and 1 : 1 : 1
ratios respectively at 35 ± 0.1 °C wj'th standard
NaOH solution. The iomc strength was main
tained constant by using 0.10 M (KJ~03) as the
supporting electrolyte and relatively low concentr
ations of ligand and metal ion (1 x 10 - 3 M). Dur
ing the course of the titrations a stream of nitrog
en was passed over the solution to elinlinate the
adverse effect of atmospheric carlbon dioxide,

(d)lc)

'l!l'~' '11·'H""'~."'I"I1! ' I' , "I



REDDY et aL: INTERACTION OF METAL IONS WITH URIDINE 5'-MONOPHOSPHATE

Table 2-Stability constants* of binary and ternary complexes of M(I1) and 5'-UMP with glycine, histidine and
histamine (1 : 1 : 1) systems

[Temp. = 35 ± O.lcC; p, = 0.10 M (KN03)]

Metal M2+ : 5'UMP (1 : 1) M2+ : 5'UMP : gly M2 + : 5'UMP: histi M2+ : 5'UMP : hista

857

ion

K/fL
K~HL) K/f~HL) K/fArA} K~lr.:\kL

Cu(I1)

6.57--13.51

Ni(I1)

-2.183.9712.34

Zn(I1)

-2.234.9412.92

Co(I1)

-2.063.8711.32

Mg(I1)

-1.802.44-2.07

Ca(II)

-1.702.30-2.04

*The constants are accurate to ± 0.06 log K units

KM(HA)HL K/fALK/fA(HL)K~HA)HLK~LK/fA(HL)MAL
15.77

--15.86

13.43

--11.02

11.33

--10.70

11.66

--10.94

6.71

--7.12

6.69

--7.05

6.50

6.42

M3+ :5'-UMP

(1: 1)

Metal
ion

La(lli)

Pr(lli)

Nd(lli)

Gd(lli)

Dy(lli)

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

[Temp. = 35 ± O.lcC; p, = 0.10 M (KN03)]

M3+ :5'-UMP:gly M3+ :5'-UMP:histd M3+ :5'-UMP:histm
(1:1:1) (1:1:1) (1:1:1)

K~HL) KM(HL)K~W~kLK~HA)HLK~HA)HLML

3.59

5.473.648.357.72

3.65

5.803.918.627.91

3.78

5.943.988.7"38.05

3.89

6.054.008.928.12

4.33

6.294.529.068.49

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

other experimental datails can be found else
where17.

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 BEST18. How
ever, it was n~ticed that different types of interac
tions were observed with the metal ions under in
vestigation.

The constants for transition metal-S'-UMP

glycine, histidine and histamine systems were cal
culated using equations from ref. 19. For Mg(II),
Ca(II) 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 rltrations 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 Ni2+ sys

tem (Fig. 1e) shows an inflection at m = 1 fol
lowed by a buffer region and a precipitate around
m = 3.5. 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.
Cu2+, Zn2+ and Co2+ behaved in a similar man
ner. The constants were calculated taking the ex-

\.'--t'
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Table 4-A log K* values fot various metal-ligand (1 : 1 : 1) systems in solution[Temp.=~5±0.I°C;f.l=0.1O M (KNOJ)]

+p.95+b.94

M: 5'-UMP: hista
(I : 1 : 1)

-0.95

+ 2.48

+2.36

+2.60

+ 1.40

+ 1.28

+ 1.02

+ 1.08

+ 1.03

+ U5
+0.68

M: 5'-UMP: histi
(1: 1 : 1)

-0.82

+2.83

+2.75

+2.82

+2.02

+ 1.91

+ 1.35

+ 1.49

+ 1.47

+ 1.68

+0.97

:tantsof secondary ligands from reference 26.

M: 5'-UMP: gl
(1 : 1 : 1)

Metal
ion

Cu(ll)

Ni(ll)

Zn(ll)

Co(ll)

Mg(ll) + ( .27
Ca(ll) +(.34

La(ill) +0.05

Pr(ill) +0.26

Nd(ill) +0.20

, Gd(ill) +0.19
i Dy(ill) +0.19
1

*The Val~ are calculated taking apprc priate binary co

In (Fig. Ii) is given the titmtion curve of
La3+ : 5'-UMP histidine. A precipitate appeared
around m = 2 for all the trivalent ternary systems.
The formation of K~HA)HL 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)
M2+ : 5'-UMP complexes are listed in Table 2.
The protonated constants are in fair agreement
with the recently reported values21. However, the
nomIal 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 compJ:exes21 indicat
ing exclusive phosphate interactions in this buffer
region. X-ray crystallographic studie:s also support
this view8• However, the data for the nomIal 1: 1
complexes suggest the possibility of an intramo
lecular interaction. This is contrary to the litera
ture reports21 (i.e., intramolecular :interactions are
absent in pyrimidine nucleotides). When the sta
bility constants of the corresponding (M
RibMP)2\ (M-Uridine)l9 and (M-lJMP) systems
are compared, it is found that the (M-UMP) con
stants are comparable neither to (M-uridine) nor
to (M-RibMP) constants. Had then~ been no in
tramolecular interactions in 5'UMP, the data
would have been close to (M-RibMlf» 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

points far below tile precipita on re
the case of Cu2+ liystem the c nstant

K ~A) as computed in the er.tire buffer re .<m.
Howe er, Mg2 + (Fig. If) and Ca2+ show an ad

ditional ection at m = 2 fc Uowed by a buffer
region. he constant Klt~,",. was comp ted in
the buffe regionm= 1-2 (ref. 21}).

For 3+ : 5'-UMP: glycine systems, an inflec-
tion was obtained at m = 1 followed by a p ecipit
ate at = 1.8. The probability of forma' on of
various complexes K~HA), Klt1t~~), itmt1),
K itlNt) was assumed and b~lsed on com arison
with bin ry data, pH range, t,ehaviour of similar
hard me al ions and species distribution c rYes it
was co rmed that the last probability is e most
predo . ant one.

(b) Metd(.:5'-UMP: histidinelhstamine(1 : ~ : 1)
system

It was assumed, based on titration :Ee of
Cu2+ : 5' UMP: histamine (Fig, Ig), that a simul-
taneous elease of protons t2.kes place d the
constant ~L was calculatedl;. Cu2+ fo
lar comp xes with histidine alS(I.

The . ed ligand titration I:urve of Co + : 5'
UMP: hi tidine (Fig. Ih) shows an inflec 'on at
m = 3. S lid phase appears alter this infl ction.
The con ant K~HL) was computed in the buffer
region m = 0-319. Ni2+ and Zn:~+ systems sowed
similar b haviour. The behavi :>ur of these metal
ions was imilar with histamine 111so.

The ed ligand titration c llrves of M~ + and

Ca2+ sh w an inflection at In= 2 follo ed by
precipita on. The formation c f protonat com
plex K~~ A)HL was assumed in die region m = 0-2.

I If
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Fig. 2-Species distribution curve of La3+ : 5' -UMP (1 : 1) bi
nary system
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Fig. 3-Species distribution curve of Ni2 + : 5' -UMP : histidine
(1 : 1 : 1) system

consequently a metal ion can bind to N(3) or
0(4). However, 0(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 0(4) coordination. Similar observations were
made earlier12,13.

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 M3+ : 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 La3+ : 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

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 S
UMP22. 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 complex23, 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 Cu2+: 5'-UMP; histidinelhistamine 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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L\ log Klvalues indicate the amount of dest biliza-

tion in ~emary systems. Thi, suggests t at the

5'UMP s bonded through the base moiet along
with in .rect phosphate chel Ition as the direct
phospha e involvement would !lave resulte in the
positive log K values as it I'avours stac 'ng in

teractiort.Ni2+, IZn2+ and C02+ forln monopro onated
ternary omplexes whereas M ,~2+ and Ca2 form
diproton ted complexes with lJistidine an hista
mine. In these cases the exptTimental prange
was rest 'cted to neutral pH {Iwing to the orma
tion of precipitate in the region of ba e pK.
Therefor, in the above sy~.tems the 5 -UMP
coordina es only through the phosphate gr up in
addition to the secondary liga Ild binding. his is
clearly e 'dent from the specie·, distributio curve
of NF+ : 5'-UMP: histidine sy~tern (Fig. 3) where
the form tion of the protonate d complex r aches
a maxim m of 85% at pH 7. 1ms type of i terac
tion fay rs stacking as base moiety is f ee to
stack wi the imidazole moiet les of the hi tidine

or hista ·ne. This is further rellected in th posi
tive L\ 10 K values of these systc:ms (Table 4)

Howe r, different types ( f complexe have
been 0 served in the C;Lse of M + : 5'

UMP : gl cine systems resulting in the eva ation
of .~ log K values only for Mg2+ and Ca2 +.
These v ues are positive thou::~ lower in agni
tude co pared to those for l-istidine and hista
mine sys ems, which indicate~; that the t rnary
complex ormation is favoured due to less steric
hindranc and the participati<ln of mixed N/O
donor ato s.

These pecific and selective interactions were
also obse ed in case of trivale It lanthanon . The
trivalent anthanons form diJ:rotonated t rnary
complexe with 5' -UMP and llistidine or hista
nline, si 'lar to those observed in the c se of
Mg2+ an Ca2+ ternary complexes. This su gests
that the ode of bonding is sinilar in thes sys
tems, i.e 5' -UMP coordinales only th ough
phosphat . This is in accord with the H AB24
principle.

Howevf,the differences in the magnitu~e of

the 6 log values observed arc due to the iffer
ences in the stabilities of bin Ilry25 and t rnary
complexe of respective bivalen· and trivale t me
tal ions.

The 4 log K values fOI the M3 t :5'UMP: gly~ine system are less positive combared

to those for histidine and histanline system. This
is in line with the expected interactions of glycine,
histidine and histanline Iig:mds 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 pyrirnidine nucleo
tides is highly pH dependent and aliso varies with
metal ion to metal ion and ligand ItOligand indi
cating their high specificity.
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