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Complexes with N-Acetyl Amino Acids
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Potentiometric equilibrium measurements have been performed at (25.0 + 0.1) °C and ionic strength | =
0.1 mol -dm™2 KNO; for the interaction of the biologically important ligands N-acetylhistidine, N-acetyl
L-leucine, N-acetylglutamic acid, N-acetylhistamine, N-acetylaspartic acid, and La(lll), Gd(lI1), Sm(ll),
Tb(I11), Eu(lll), and Dy(Ill) with the nucleotides guanosine 5-monophosphate (5-GMP), cytedine
5’-monophosphate (5’-CMP), inosine 5’-monophosphate (5'-IMP), adenosine 5’-monophosphate (5'-AMP),
adenosine 5'-diphosphate (5’-ADP), adenosine 5'-triphosphate (5’-ATP), and cytedine 5'-triphosphate (5'-
CTP) in 1:1:1 and 1:2:1 ratios. The formation constants of various mixed ligand complexes were inferred
from the potentiometric titration curves. Initial estimates of the formation constants of the resulting species
and the formation constants of the different N-acetyl amino acid (NAA) and nucleotide (NU) complexesin
metal ligand ratios 1:1 and 2:1 have been refined with the SUPERQUAD computer program. Confirmation
of the formation of binary and ternary complexes of the type Ln(I11)-NU—NAA and the possible recognition
of the purine and pyrimidine mononucleotides by N-acetyl amino acid complexes of lanthanides in aqueous

media have been carried out using UV spectroscopic and fluorimetric measurements.

I ntroduction

Lanthanide ions have interested bioinorganic chemists for
decades because of their versatility in probing calcium functional
sites in vivo, as well as their application and promise as
pharmaceutical agents. These ions have unique spectroscopic
properties such as sharp luminescence emission and strong
paramagnetic shift properties and display a preference for
coordination environments that parallel that of Ca?* ions. Thus,
lanthanide ion complexes with various versatile ligands is a
promising field. The four lanthanide ions Th(lll), Eu(lll),
Sm(I11), and Dy(I11) exhibit characteristic emission spectrawith
narrow line-shaped emission bands in the visible range of the
electromagnetic spectrum. However, it is hard to evoke the
emission because of the low molar absorptivity of the naked
metal ions. This problem can be solved through the complex-
ation of lanthanide ions to organic ligands possessing energy
levels close to those of the metal ions. It is possible to excite
the ligand by irradiation of light at its characteristic excitation
wavelength. The absorbed energy is then transferred from the
ligand to the central lanthanide ion, which subsequently emits
light at its characteristic wavel engths. Lanthanide luminescence
has evolved to become a highly sensitive and selective detection
method. Lanthanide chelates have become popular labels for
immunoassays.*

N-Acetyl amino acids are versatile promising ligands since
they possess important biological importance. N-Acetyl-L-
aspartic acid (NAAsp) is an unusua amino acid that is present
in the brain of vertebrates.? Its concentration is one of highest
of al amino acids, and although NAAsp is synthesized and
stored primarily in neurons, it can not be hydrolyzed in these
cells. Furthermore, neuronal NAAsp is dynamic and turns over
more than once, each day by cycling via extracellular fluids
(ECF), between neurons and catabolic compartments in oligo-
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dendrocytes. While NAAsp may have severa functions in the
central nervous system (CNS), an important role of the NAAsp
system appears to be osmoregulatory, and in this role it may
be the primary mechanism for the removal of metabolic water.
It has also been proposed that NAAsp may operate as a
molecular water pump (MWP) in neurons™ with NAAsp
diffusing down its gradient into extracellular fluids (ECF) as
NAAsp-obligated water is transported out of neurons against a
water gradient.

The a-N-acetyl-a-amino acid methylamides derived from
glycine, L-alanine, L-isoleucine, L-methionine, L-proline, L-
hydroxyproline, L-histidine, p- and L-phenylalanine, b- and
L-tyrosine, and p- and L-tryptophan have been examined with
respect to their ability to inhibit the a-chymotrypsin catalyzed
hydrolysis of benzoyl-L-valine methyl ester. The extent of
interaction of the enzyme with the first seven compounds was
insufficient to permit evaluation of the enzyme-inhibitor dis-
sociation constants, beyond assignment of alower limit for the
magnitude of these constants.®

N-Acetyl-aspartate is an abundant [(5 to 10) mM] amino acid
derivative of the nervous system’ and is used clinicaly as a
noninvasive marker for the functional integrity of neurons using
magnetic resonance spectroscopy.®°® Aspartate-N-acetyltrans-
ferase (ASP-NAT; EC2.3.1.17) catalyzes acetylation of L-
aspartate (Asp) by acetyl CoA to form NAAsp.**~*2 Earlier
studies have shown that NAAsp is localized primarily in
neurons™~*® and also demonstrated in cultured oligodendro-
cytes.*®

The importance of NAAsp in neuronal functions has been
further emphasized by recent reports that show a strong
association between NAAsp and cognitive ability and intel-
ligence in humans.*"*® Also, decreased degradation of NAAsp
resulting from a congenital defect in the degradative enzyme
aspartocylase (EC3.5.1.15) causes Canavan's disease, an auto-
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somal recessive neurodegenerative disorder that develops after
birth and results in death before 10 years of age.*®

N-Acetyl-aspartate is the mgor intracellular brain metabolite
detectable using *H MRS. NAAsp production and mitochondrial
metabolism are inextricably linked, as NAAsp is synthesized
solely in brain mitochondria®® Decreases in the activity of
mitochondrial respiratory chain enzyme activities have been
shown to result in a decreased capacity of brain mitochondria
to synthesize NAAsp.#*

N-Acetyl-L-aspartate is the second most abundant free amino
acid in the mammalian brain next to glutamate.?> 2* NAAsp is
located primarily in neurons at concentrations of approximately
10 mM.?>~2° Perturbationsin NAAsp levelsin the brain due to
various pathological conditions have been detected with proton
NMR spectroscopy. An elevation in NAAsp concentrations has
been measured in Canavan’s disease due to alack of aspartoa-
cylase (acylase 1), the enzyme responsible for the break down
of NAAsp.*° Decreases in NAAsp concentrations have been
found in Huntington’ s disease,®* amyotrophic lateral sclerosis*?
Alzheimer’s disease,*® traumatic brain injury,? ischemic inju-
ries,3 multiple sclerosis,® HIV,*® and schizophrenia.®” In the
brain, NAAsp is synthesized and stored in the neurons but is
hydrolyzed in glial cells.*°

NAAsp and N-acetyl-aspartate-L-glutamate ligase (NAAG)
are major neurona osmolytes, and in this capacity they can also
serve as a cellular reservoir for Asp and Glu. In addition, as
they are polar and ionizable hydrophilic molecules that undergo
aregulated efflux into ECF, both probably play arole in water
movement out of neurons.®® NAAsp appears not to exhibit any
neurotransmitter activity.®® However, NAAG does, and thus it
may have additional roles as a neurotransmitter in the CNS,
acting as a partial agonist of N-methyl-p-aspartate receptors,
and in a selective activation of the metabotropic Glu receptor
mMGIuR; in astrocytes,**** although NAAsp has been shown to
be important osmotically and for myelin synthesis.

The formation constants for the binary and ternary complexes
containing La(lll), Ce(l11), Pr(l11), or Eu(lll) and 5-GMP, 5'-
AMP, and 5’-CMP with zwitterionic buffers (MOPSO, MES,
ACES, or HEPES) were determined at | = 0.1 mol -dm=3 KNOs
and at 25.0 °C. The values were obtained for the different
complex species through potentiometric measurements.*?

In this work, we report the formation constant values for the
interaction of the studied lanthanides [La(lI1), Gd(I11), Sm(Il1),
Th(I11), Eu(l1l), or Dy(I11)] with two categories of biologically
important ligands, N-acetylamino acids (N-acetyl histidine,
N-acetyl L-leucine, N-acetylglutamic acid, N-acetylhistamine,
and N-acetylaspartic acid) and nucleotides (5-GMP, 5'-CMP,
5-IMP, 5-AMP, 5’-ATP, and 5’-CTP), in their binary form as
mono- and dinuclear complexes and the corresponding mixed
ligand complexes (1:1:1). Also, the absorption and emission
spectra of the different species formed are examined.

Experimental Section

Materials and Solutions. All materials employed in the
present investigation were A.R. grade products. Guanosine 5'-
monophosphate (5'-GMP), inosine 5’-monophosphate (5™-IMP),
adenosine 5’-monophosphate (5-AMP), cytidine 5’-monophos-
phate (5’-CMP), adenosine 5'-triphosphate (5'-ATP), cytidine
5'-triphosphate (5’-CTP), and adenosine 5’-diphosphate (5"-ADP)
were purchased from the Sigma Chemical Co. and were used
without purification. Reagent grade N-acetylhistamine, N-
acetylhistidine, N-acetylaspartic acid, N-acetylglutamic acid,
N-acetylleucine, and N-acetyllysine were obtained from the
Sigma Chemical Co., St. Louis, MO. The purity for these

compounds averaged 99.5 %. A CO,-free solution of potassium
hydroxide (Merck AG) was prepared and standardized against
multiple samples of primary-standard potassium hydrogen
phthalate (Merck AG) under CO,-free conditions. KNO;, KOH,
and nitric acid were from Merck AG Darmstadt, Germany.
Lanthanide metal sdlts La(NO3)3'5H20, Gd(NOg)g’GHzO,
Srﬂ(NO3)3'6H20, Tb(NO3)3'6H20, EU(N03)3'6H20, and
Dy(NOs)3+6H,0 were from the Sigma Chemical Co.

Apparatus and Procedures. Potentiometric pH measurements
were made on solutions in a double-walled glass vessdl at [(25.0
=+ 0.1) °C] with commercial Fisher combined electrode, and a
magnetic stirrer was used. A Fisher account pH/ion meter model/
825 MP was used. Purified nitrogen was bubbled through the
solutions during titrations, and the titrant KOH solution was
added by an automatic dispenser. The test solutions were titrated
with standard CO,-free KOH.

The electrodes were calibrated in both the acidic and alkaline
regions by titrating 0.01 mol-dm™3 nitric acid with standard
potassium hydroxide under the same experimental conditions.
The concentration of free hydrogen ion, Cy*, at each point of
the titration is related to the measured, E, of the cell by the
Nernst eguation.

E=E°+ QlogC,"* (1)

where E° is a constant that includes the standard potential of
the glass electrode and Q is the slope of the glass electrode
response. The value of E° for the electrode was determined from
a Gran plot derived from a separate titration of nitric acid with
standard KOH under the same temperature and medium
conditions as for the test solution titration.

The results so obtained were analyzed by the nonlinear least-
squares computer program ESAB2M“ to refine E° and the
autoprotolysis constant of water, K.

During these calculations, the K, was refined until the best
value for Q was obtained. The results obtained indicated the
reversible Nernstain response of the glass electrode used.

The solutions titrated can be presented according to the
following scheme:

(@ 2-10°2 mol-dm 3 HNOs + 5-10* mol -dm~3 N-acety-
lamino acids

(b) 2:1072 mol -dm 3 HNO; + 5-10~4 mol -dm~3 N-acety-
lamino acids + 5:10~* mol -dm~2 M(l11) (binary complex)

(c) 2:107* mol :dm~3 HNOs + 5104 mol -dm™2 nuclectides
(GMP, CMP, IMP, AMP, CTP, ADP, and ATP)

(d) 21072 mol -dm 3 HNO; + 5-10~* mol - dm™2 nucleotides
+ 5:10"* mol -dm~3 M(I11) (binary complexes)

(e) 2-10°2 mol-dm~3 HNOs + 5-10* mol -dm~3 N-acety-
lamino acids + 5-10™* mol-dm~3 nucleotides + 5-10°*
mol -dm~3 M(lI1) (ternary complexes)

(f) 2:107* mol -dm~3 HNO; + 5-10~* mol -dm~3 nucleotides
+ 1:10°2 mol-dm~3 M(I11) (dinuclear complex)

(9) 2:1072 mol -dm 3 HNO; + 5:10° mol -dm 3 N-acety-
lamino acids + 1102 mol -dm~2 M(II1) (dinuclear complex)

where M(111) = Sm(l11), La(lIl), Gd(I11), Eu(l11), Dy(l11), and
Tb(I11); nuclectides = GMP, CMP, IMP, AMP, CTP, ADP,
and ATP, N-acetylamino acids = N-acetylhistamine, N-acetyl-
histidine, N-acetylaspartic acid, N-acetylglutamic acid, N-
acetylleucine, and N-acetyllysine.

A constant ionic strength was maintained by adding 0.1
mol -dm~3 KNOs, and the total volume was kept constant at 10
cm®. At least four titrations were performed for each system.
For both ligand protonation and metal complex formation
equilibria, data were collected over the largest possible pH
interval, although a number of expermintal points were fre-
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Table 2. Formation Constants of Ln(l11)—N-Acetylamino Acid Binary Complexes in 1:1 and 2:1 Ratio®”

N-acetyllysine

N-acetylleucine

N-acetyl histamine

log Kmnaa)

N-acetylhistidine

N-acetylglutamic acid

N-acetylaspartic acid

log Kmnany

lanthanide metal ion

log Kmnaay log Kyviznaa) log Kmnaay log Kvzgnaa)

log Kvzgaa)

log Kmzonana)

Kmnaa)

log Kmnaa) log Kvizinaa)

log Knznaa)

Ln(l)

03
03
03
03
03
04

6
7
9
8
7
11

02
02
02
03
02
03

5
6
6
8
5
7

02
02
02
02
02
02

6
7
7
7
7
7

02
01
02
01
02
01

4
4
9
5
8
4

02
02
02
02
02
02

6
7
7
7
7
7

02
02
02
02
01
01

3
3
3
3
3
3

02
03
03
03
03
02

6.
7
7
7
9
7

02
02
02
02
02
02

4
5
5,
5
6
6

02
03
03
02
03
01

6
7
7
7
7
3

01
01
01
01
01
02

3
3
3
3
3
3

03
02
02
02
03
03

9
7
7
7
7
7

01
01
01
02
03
03

3
3
3
3
3
3

~=

and at 25 °C. P + Refers to three times standard deviation.

2] = 0.1 mol-dm—2 KNO;

(M)p(NU)q(H)s + r(NAA) = (M)D(NU)Q(H)S(NAA)ES)

The second mechanism is the simultaneous type where both
the ligand molecules react at the same time with the lanthanide
metal ion as depicted in the following equilibrium

pM + q(NU) + sH + r(NAA) = (M)p(NU)q(H)s(NAA)r
4)

where p, g, r, and s are the number of moles of M, NU, NAA,
and H in the formed ternary complex.

All side reactions due to meta hydrolysis for lanthanide metal
ions™ %" have been included in the calculations.

Spectrophotometric and Fluorometric Measurements. The
ultraviolet (UV) spectra of the solutions of the binary and ternary
complexes were scanned on a Shimadzu spectrophotometer
(Shimadzu-1601 pc-UV-Visible automatic recording spectro-
photometer with a 1-cm quartz cell). The required volume of
the stock metal ion salt is mixed with that of the ligand solution,
keeping the total concentration of each solution adjusted to 0.1
mol-dm~3 KNO;. All the studied solutions are diluted with
bidistilled water, after pH adjustment to the required value using
diluted solutions of either HNO3z or KOH. The binary complex
solutions in a 1:1 ratio were scanned against bidistilled water
asablank in alcm quartz cell.

The ternary complex solutions were prepared in a 1:1:1 ratio
keeping the concentration of each speciesat 1+10 > mol -dm™2,
The desired pH is adjusted to the required value using HNO;
or KOH solutions. Each ternary complex solution was scanned
against the corresponding binary complex.

Spectrofluorometric Measurements. The fluorescence spectra
of the binary and ternary complexes of Eu(l11) and Tb(ll1)—N-
acetylamino acids or nucleotides were measured in the same
solvent and at the same concentration keeping it at 1-107°
mol-dm~3 and at (25 £ 0.1) °C. The spectra were acquired
using a FP-6300 spectrofluorometer with a xenon lamp.

Results and Discussion

The structures of the studied ligands are shown in Scheme
1. The proton dissociation constants were determined at (25.0
=+ 0.1) °C for the studied nucleotides 5-GMP (HL) (9.44 +
0.02), 5-IMP (HL) (9.09 + 0.03), 5-AMP (HL) (6.15 + 0.02),
(HzL) (3.8 + 0.01), 5-CMP (HL) (6.19 + 0.03), (HJL) (4.33
+ 0.02), ATP (HL) (6.38 + 0.02), (H,L) (3.99 + 0.04), CTP
(HL) (6.42 + 0.02), (H,L) (4.47 + 0.02), and ADP (HL) (6.3
+ 0.02), (H,L) (3.88 + 0.02), and the vaues are in good
agreement with those found in the literature.*®

The deprotonation constant values for the N-acetylamino acids
were estimated to be for N-acetylaspartic acid (HL) (4.49 +
0.02), (H,L) (3.04 £ 0.02) N-acetylglutamic (HL) (4.6 + 0.02),
(H.L) (3.29 + 0.01) N-acetylhistamine (HL) (7.12 + 0.03),
N-acetylhistidine (HL) (7.07 £+ 0.03), (H.L) (9.92 + 0.03),
N-acetyllysine (HL)(10.4 £+ 0.03), and N-acetylleucine (HL)
(9.58 £ 0.04). The obtained values are in good agreement with
the literature.*®

The stability constants of the binary complexes including
lanthanide metal ions with nucleotides or N-acetylamino acids
inal:1and 2:1 ratio were determined from the titration curves.
The plug/minus values refer to statistically determined uncer-
tainties at 95 % confidence intervals of the reported values.
Tables 1 to 8 illustrate the values of the refined stability
constants of al the binary and ternary complexes formed in
solution.



Calculation of pM for metal-ion buffers containing excess
of complexing agent is straightforward,® using Schwarzen-
bach’s>* a-coefficient method. It is necessary to know the pH
of the solution, the pK, values of the ligand, and the stability
constants of the metal complexes. If the metal ion undergoes
significant hydrolysis, as in our case Ln(lll), the appropriate
constants are also included.

Stability constants (5’,) are defined in terms of the equilibrium
between a metal complex and its components, except that the
free ligand concentration is replaced by total concentration of
all ligand species not actually complexed to the metal, and the
free metal ion term includes the hydrolyzed metal ion and the
metal ion bound to other complexing species. Calculation of
(A’n) can be done by
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B = Plog* ()"
where
oy = ([M] + [MOH] + [M(OH),] + ...)/[M]

Many metal ions hydrolyze to form polynuclear species so that
o would be concentration-dependent, but in the presence of
an excess of strong ligand it is usualy sufficient to consider
only the formation of mononuclear species. Under these
conditions, oy reduced to

oy = 1+ 100H7PKD 4 qofermeKaTeKd)

where pKy, pKo, ... are the successive pK, values for the loss of
a proton from a hydrated metal ion. The metal ion hydrolysis

Table 3. Formation Constants for La(l11) + N-Acetylamino Acids + Nucleotide Ternary Complexes in 1:1:1 Ratio®®

N-acetylaspartic acid N-acetylglutamic acid

N-acetylhistidine

N-acetylhistamine N-acetylleucine N-acetyllysine

nucleotide log Kunuynaa) log Knnuynaa log Knnuynaa log Kunuynaa) log Knnuynaa log Kunuynas)
AMP 3.62% 4+ 0.01 377+ 0.01 7.83% 4+ 0.03 3.61M™ 4 0.01 4.44™ 4 0.02 6.919 + 0.02
ADP 9.25% + 0.03 9.118 + 0.03 8.85% 4+ 0.03 3.64™ 4+ 0.01 6.59% 4 0.02 5.299 4+ 0.03
ATP 8.00° + 0.03 4,88% 4+ 0.01 7.39% 4+ 0.03 3.64st + 0.01 9.77% 4+ 0.03 7.75™ 4 0.02
GMP 3.68% 4+ 0.01 3.74% £ 0.01 5.82™ + 0.01 4.10™ + 0.01 3.70™ £ 0.01 3.86™ + 0.01
IMP 3.60% + 0.01 6.41% + 0.02 6.41% 4+ 0.01 3.89™ 4 0.01 - -
CMP 3.62% 4+ 0.01 3.60% £+ 0.01 - 2.73™ 4+ 0.01 5.22% 4+ 0.03 -
CTP 9.245 + 0.03 3.64% + 0.01 6.97% 4+ 0.02 3.39™ 4 0.01 8.78% + 0.04 9.53% 4+ 0.03

2] = 0.1 mol-dm2 KNOj; and at 25 °C. ® + Refers to three times standard deviation. st refers to stepwise mechanism. mo refers to monoprotonated
mechanism. si refers to simultaneous mechanism. di refers to diprotonated mechanism.

Table 4. Formation Constants for Sm(l11) + N-Acetylamino Acid + Nucleotide Ternary Complexes in 1:1:1 Ratio®”

N-acetylaspartic acid N-acetylglutamic acid

N-acetylhistidine

N-acetylhistamine N-acetylleucine N-acetyllysine

nucleotide log Kunuynan) log Knnuynan log Knnuynan log Kyunuynan) log Knnuynan log Kunuynasy
AMP 4.96% + 0.01 3.91% + 0.01 4.13™ + 0.02 4.10% + 0.01 5.349 4+ 0.01 6.63™ + 0.03
ADP 8.279 + 0.02 9.28% + 0.03 8.09™ 4+ 0.03 4.819 + 0.01 6.84% 4+ 0.02 -
ATP 8.94% + 0.02 9.245 4+ 0.03 7.92% 4+ 0.03 9.45% + 0.04 8.23% 4+ 0.03 5.25™ + 0.02
GMP 3.62% 4+ 0.01 4,21% 4+ 0.01 7.98™ 4+ 0.02 6.93% + 0.03 8.60% + 0.03 7.57% + 0.02
IMP 3.61% 4+ 0.01 3.618 4+ 0.01 6.80™ £ 0.01 3.64™ 4+ 0.02 6.76% + 0.03 -
CMP 4.08% + 0.01 3.60% £+ 0.01 8.57% 4+ 0.02 4.08% + 0.01 4.129 + 0.01 7.06% + 0.03
CTP 3.66% 4+ 0.01 3.92% 4+ 0.01 7.40% 4+ 0.02 4.14% + 0.01 7.35% 4+ 0.03 7.91% 4+ 0.03

2] = 0.1 mol-dm3 KNO; and at 25 °C. ® + Refers to three times standard deviation. st refers to stepwise mechanism. mo refers to monoprotonated
mechanism. si refers to simultaneous mechanism. di refers to diprotonated mechanism.

Table 5. Formation Constants for Eu(l11) + N-Acetylamino Acid + Nucleotide Ternary Complexes in 1:1:1 Ratio®”

N-acetylaspartic acid N-acetylglutamic acid

N-acetylhistidine

N-acetylhistamine N-acetylleucine N-acetyllysine

nucleotide log Kynuynana) log Kynuynaa) log Kynuynaa) log Kynuynan) log Kynuynaa) log Kynuynaa)
AMP 9.28% + 0.03 3.71% 4+ 0.01 5.92% 4+ 0.02 4.16% + 0.02 6.54™ + 0.02 8.00% 4 0.03
ADP 6.30™ + 0.02 4.71™ 4 0.01 4.11™ 4 0.01 3.74™ 4 0.02 8.379 + 0.03 4.24™ 4 0.02
ATP 4.47% 4+ 0.01 9.80% + 0.03 8.95% 4+ 0.03 4.23% 4 0.02 9.24% 4+ 0.03 8.13™ + 0.03
GMP 3.61% + 0.01 3.90% 4+ 0.01 6.67% 4+ 0.03 3.75% 4+ 0.01 6.54™ + 0.02 4.53% 4+ 0.02
IMP 3.6™ + 0.01 3.62% 4+ 0.01 5.499 + 0.02 - 7.41™ + 0.02 -
CMP 4.29% + 0.02 4.199 + 0.01 5.61M 4 0.02 4.13% + 0.02 4.179 + 0.03 8.28% 4+ 0.04
CTP 3.66™ + 0.01 4.30™ + 0.02 5.18% 4+ 0.02 3.61% 4+ 0.02 10.74™ + 0.03 9.32% + 0.04

2] = 0.1 mol-dm3 KNOj; and at 25 °C. ® + Refers to three times standard deviation. st refers to stepwise mechanism. mo refers to monoprotonated
mechanism. si refers to simultaneous mechanism. di refers to diprotonated mechanism.

Table 6. Formation Constants for Gd(l11) + N-Acetylamino Acid + Nucleotide Ternary Complexes in 1:1:1 Ratio®”

N-acetylaspartic acid N-acetylglutamic acid N-acetylhistidine N-acetylhistamine N-acetylleucine N-acetyllysine
nucleotide log Kynuynaa) log Kynuynaa) log Kmpnuynaa) log Kmpnuynaa) log Kynuynas) log Kynuynaa)
AMP - 3.61% 4+ 0.01 3.70™ 4 0.01 4.109% + 0.02 3.60™ + 0.02 4.349 + 0.02
ADP 3.76% + 0.01 4.20% + 0.02 7.65% 4+ 0.02 4.03%+0.02 - 4.28% + 0.02
ATP 9.10% + 0.03 7.42% +0.03 5.90% £+ 0.02 3.53% 4+ 0.01 5.54% 4 0.02 10.59™ + 0.03
GMP 3.85% + 0.02 3.68% 4+ 0.01 5.99% 4 0.02 4.56™ + 0.02 5.38™ + 0.02 -
IMP 3.60% 4+ 0.01 4.62% 4+ 0.02 6.52% £+ 0.02 4.26% + 0.02 - 9.17™ + 0.03
CMP 4.99™ + 0.02 4.08% + 0.02 3.79™ + 0.01 4.16% + 0.02 3.60™ + 0.01 5.229 + 0.02
CTP 4.14™ + 0.02 3.97% 4+ 0.01 - 9.74% £+ 0.04 8.74% 4+ 0.04 9.84™ + 0.03

a] = 0.1 mol-dm=3 KNO; and at 25 °C. P + Refers to three times standard deviation. st refers to stepwise mechanism. mo refers to monoprotonated
mechanism. si refers to simultaneous mechanism. di refers to diprotonated mechanism.
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Table 7. Formation Constants for Tb(l11) + N-Acetylamino Acid + Nucleotide Ternary Complexes in 1:1:1 Ratio®?

N-acetylaspartic acid N-acetylglutamic acid

N-acetylhistidine

N-acetylhistamine N-acetylleucine N-acetyllysine

nucleotide log Kmpnuynaa) log Kymnuynaa) log Kynuynaa) log Kymnuynaa) log Kynuynaa) log Kynuyaa)
AMP 3.67% 4+ 0.01 3.73™ 4 0.01 7.65™ 4 0.03 4.10% + 0.02 4.08% + 0.02 7.11% 4+ 0.03
ADP 4.28% 4+ 0.02 4.11% 4+ 0.02 4.07% + 0.02 3.68™ £ 0.01 - 5.06% + 0.02
ATP 4.06™ 4 0.02 4.209 + 0.02 6.22™ 4 0.01 - 10.81™ + 0.04 -
GMP 4.15% 4+ 0.02 8.07%4+0.03 8.53% + 0.03 5.98™ + 0.03 - -
IMP 7.63% £+ 0.03 3.61M™ 4 0.01 4.89% 4+ 0.02 - 6.63™ + 0.03 -
CMP 5.72% 4+ 0.02 4.29% + 0.02 7.14™ 4+ 0.03 4.12% + 0.02 - -
CTP 3.69% 4+ 0.01 4.12™ 4 0.01 9.35™ 4 0.03 4.23% 4+ 0.02 10.06™ + 0.04 7.17% 4+ 0.03

2] = 0.1 mol-dm~3 KNO; and at 25 °C. P + Refers to three times standard deviation. st refers to stepwise mechanism. mo refers to monoprotonated
mechanism. si refers to simultaneous mechanism. di refers to diprotonated mechanism.

Table 8. Formation Constants for Dy(l11) + N-Acetylamino Acid + Nucleotide Ternary Complexes in 1:1:1 Ratio®®

N-acetylaspartic acid N-acetylglutamic acid

N-acetylhistidine

N-acetylhistamine N-acetylleucine N-acetyllysine

nucleotide log Kunuynan) log Kunuynaa log Knnuynany log Kunuynaa) log Kunuynaa log Kunuynasy
AMP 9.26% + 0.03 3.76% 4+ 0.01 7.57™ 4 0.03 4.119 + 0.01 3.60™ 4 0.01 8.00™ 4+ 0.03
ADP 3.69% £+ 0.01 4,03% 4+ 0.02 7.61M™ 4+ 0.02 4.249 + 0.01 4.79™ + 0.02 9.53% 4+ 0.04
ATP 4.63™ 4 0.01 9.28% + 0.03 9.23M™ 4 0.03 3.61M™ 4 0.01 8.98% 4+ 0.03 5599 + 0.02
GMP 3.63% £+ 0.01 3.71™ 4+ 0.01 8.18™ + 0.03 4.289 + 0.02 3.62™ + 0.01 -
IMP 3.60% £+ 0.01 3.76% 4+ 0.01 6.80™ 4 0.02 4.10% + 0.02 4.879 + 0.02 -
CMP 3.60% £+ 0.01 3.62™ + 0.01 7.40™ 4+ 0.03 4.289 + 0.02 4759 + 0.02 5.93% 4+ 0.02
CTP 6.13% + 0.02 4.03™ 4 0.02 9.01M 4 0.04 3.75™ 4 0.01 7.96% + 0.03 9.53M™ + 0.03

2] = 0.1 mol-dm3 KNO; and at 25 °C. ® + Refers to three times standard deviation. st refers to stepwise mechanism. mo refers to monoprotonated
mechanism. si refers to simultaneous mechanism. di refers to diprotonated mechanism.
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Figure 1. pH against volume of 0.0125 mol-dm 3 KOH at | = 0.1
mol -dm~ KNO; and t = (0.25 & 0.1) °C for Sm(l1l) + N-acetylaspartic
+ ATP. ¢, 210 3 mol-dm~3 HNO;3 + 5-10~* mol - dm~3 N-acetylaspartic;
@, 2:10 3 mol -dm 2 HNOj3 + 510~ mol - dm 3 N-acetylaspartic + 5- 103
mol -dm~3 Sm(l11) (binary complex); %, 2+10 3 mol -dm 3 HNO; + 5-10™*
mol -dm~—3 ATP; +, 2:10°2 mol :dm 3 HNO; + 5-10* mol-dm 2 ATP +
Sm(l11) (binary complexes); v, 2:102 mol -dm™3 HNO; + 510 “mol -dm 3
N-acetylaspartic + 5-10~% mol -dm~3 ATP + Sm(l11) (ternary complexes);
0, 2:10 2 mol -dm 3 HNO3 + 5:10* mol :dm 2 ATP + 1: 103 mol -dm 2
Sm(ll) (dinuclear complex); M, 2:10°% mol-dm™3 HNO; + 5-10°°
mol -dm~2 N-acetylaspartic acid-102 mol -dm~2 Sm(ll1) (dinuclear com-
plex).

constants published in the IUPAC stability constants database
and other sources have been used. -2

All the possible hydrolytic species resulting from the forma-
tion of the different hydroxyl complexes including metal ions
have been taken into consideration during the SUPERQUAD*
calculations. Initial estimates of the stability constants of
different normal and protonated binary and ternary complexes
formed in solution have been refined with the SUPERQUAD*

computer program. The quality of the fit during this refinement
was judged by the values of the sample standard deviations and
goodness of fit ¥? (Pearson’s test).

At o = 0.1 mV (0.001 pH error) and oy = 0.005 mL, the
values of the o in different sets of titrations were between 1.0
and 1.7, and y 2 was between 12.0 and 13.0. The scatter of
residuals (Eqs — Ecac) versus pH was reasonably random,
without any significant systematic trends, thus indicating a good
fit of the experimental data of the expected model systems under
our experimental conditions taking into consideration all the
possible hydrolysis processes taking part at different pH values.

Formation Constants of Mono- and Dinuclear Lanthanide
Metal 1on Complexesthrough Potentiometric Measurements. The
formation constants of Ln(I11)—nucleotide binary complexes are
collected in Table 1. As indicated in the table, the calculated
values of the formation constants of the complexes containing
Sm®t have relatively high stability for the 1:1 type with 5'-
GMP, 5-IMP, and 5-AMP. Table 2 also includes the formation
constants of the dimeric species (metal to ligand ratio 2:1). Sm3*
gives a relatively high stable dinuclear form with 5’-IMP, 5'-
AMP, and 5-ADP. Dy*" forms also relatively high stable
complexes especidly in the case of the 5-GMP molecule.
Preferential formation of Th**—CTP and Dy*"—CMP dinuclear
complexesis clearly observed with the high formation constants
of the dinuclear complexes compared to mononuclear species
which may be attributed to that the trivalent metal ions are in
close proximity which isin contrary to the lanthanide complexes
containing macrocyclic ligands.>®

Table 2 depicts the formation constants of Ln(lI1)—N-
acetylamino acids in their monomeric and dimeric forms. The
interaction of N-acetylglutamic acid with the lanthanide metal
ions gives corresponding binary complexes of little difference
in their stability constants either in 1:1 or 2:1 forms. Dy(l1l)
forms the most stable complex with N-acetyllysinein 1:1 form.
It is quite interesting to observe that the dinuclear form of the
Tb(I11)—N-acetylhistidine binary complex exhibits the most
stable complex among the dimeric forms of the lanthanide metal
ions with N-acetylhistidine. As the lanthanide ion Tb(lIl)
possesses long-lived excited states, which can be populated by



sensitizing N-acetylhistidine antennae, and emit at long wave-
lengths in the visible region, these are particularly desirable
features for sensing as it overcomes drawbacks such as light
scattering and auto fluorescence associated with short wave-
length emitting sensors. Also, N-acetylhistamine gives ap-
proximately the same values of stability constants of its
complexes with the lanthanide metal ions. Eu(l11) and Th(lI1)
are two of the versatile lanthanide metal ions since they exhibit
promising high stable complexes with N-acetylleucine (log K
= 9.33 + 0.03 and 8.39 £+ 0.02). N-Acetyllysine is a high
probable amino acid for chelation of Gd(I11) and Dy(l11). The
dinuclear forms (Eu),—N-acetyllysine and (Dy),—N-acetyllysine
are highly stable complexes.

Ternary Complexes Containing La(lll). During our SU-
PERQUAD calculations, N-acetyllysine has been considered as
the secondary ligand attacking the binary complex La(ll11)—CTP
to form the highly stable ternary complex species (log K = 9.53
+ 0.04) in a stepwise manner. The low basicity of N-
acetylhistamine reflects itself on the somewhat low stability of
La—ATP—N-acetylhistamine (log K = 3.64 + 0.02); on the
other hand, the mixed ligand complex including N-acetylleucine
exhibits high stability (log K = 9.77 + 0.03).

Ternary Complexes Containing Sm(l11). N-Acetylglutamic
acid gives higher stability ternary complex species with
Sm(I11)—ATP (log K = 9.24 £ 0.03) than N-acetylaspartic acid
(log K = 894 + 0.03), and the reaction proceeds in a
simultaneous mechanism as shown in Figure 1. The stepwise
mechanism is the predominant one in formation of different
complex species indicating Sm—CMP—N-acetylhistidine,
Sm(I11)—CTP—N-acetyllysine, and Sm(I11)—ATP—N-acetylleu-
cine. The presence of more than two inflections in some titration
curves can be attributed to the different tendencies of the
lanthanide metal ions, based on their lewis bascities, to form
polymeric complexes at different pH ranges. This behavior has
been confirmed by the models considered during SUPERQUAD
calculations.

Ternary Complexes Containing Eu(lll). Eu(lll) reacts
readily with the adenine nucleotide forming relatively stable
complexes which then interact with N-acetylaspartic acid,
N-acetylhistidine, and N-acetylglutamic to form complex species
with stability constant values of (log K = 9.28 4+ 0.03, 8.95 +
0.03, and 9.80 + 0.03), respectively.

As previously discussed, the higher value of the formation
constant for Eu(l11)—CTP—N-acetyllysine (log K = 9.32 + 0.03)
may be attributed to the participation of the amino group of
N-acetyllysine in the formation of the ternary complexes which
reflect the great degree of probability of formation of a stable
complex.

The ternary complex Eu(l11)—ATP—N-acetylleucine begins
to form at pH > 5.5 asindicated in Figure 2 where the amino
acid ligand interacts with the Eu(l11)—ATP binary complex to
form the ternary complex (log K = 9.24 + 0.03), while in the
case of N-acetylhistamine the mixed ligand complex including
Eu(l11)—ATP with thisamino acid has relatively lower stability
(log K = 4.23 + 0.03). Thisresult can be attributed to the lower
basicity of the amino acid (N-acetylhistamine).

Ternary Complexes Containing Gd(l11). The datawhich are
collected in Table 6 indicate that Gd(l11) interacts with the ATP
molecule and either N-acetylaspartic acid or N-acetylglutamic
acid smultaneously to form mixed ligand complexes of stability
constant log K = 9.10 + 0.03 and 7.42 + 0.03, respectively,
with the lower stability constant value of the ternary complex
containing N-acetylglutamic acid attributed to the presence of
the 0-COOH group in the ligand.
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Figure 2. pH against volume of 0.0125 mol-dm™ KOH at | = 0.1
mol-dm 2 KNOs and t = (0.25 & 0.1) °C for Eu(l11) + N-acetylleucine +
ATP. @, 2:107° mol-dm™ HNOs + 5:10™* mol -dm™ N-acetylleucine;
@, 2:10 3 mol -dm 3 HNOj; + 510 “ mol -dm ™2 N-acetylleucine + 5- 103
mol -dm~2 Eu(l11) (binary complex); %, 2103 mol -dm~3 HNO; + 5-10~*
mol -dm~3 ATP; +, 2:10~3 mol -dm~ HNO3 + 5-10* mol -dm 3 ATP +
Eu(l1l) (binary complexes); v, 2-103 mol -dm 3 HNO; + 5-10 “mol -dm3
N-acetylleucine + 5-10~* mol-dm~2 ATP + Eu(l11) (ternary complexes);
0, 2:10~3 mol :dm~3 HNO; + 5-10~*mol :dm3 ATP + 1-10~3 mol -dm—2
Eu(lll) (dinuclear complex); M, 2:10°° mol-dm 3 HNO; + 5-10°3
mol -dm~2 N-acetylleucine + 1-10~2 mol - dm~2 Eu(l11)(dinuclear complex).

The complex species of Gd(l11)—ADP—N-acetylhistidine
begins to form around pH ~ 6.5 which indicates the stepwise
formation of this complex since the Gd(I11)—ADP binary
complex is attacked through N-1 of the imidazole moiety of
the histidyl amino acid derivative. The probability of the
coordination participation of N-acetyl histamine as the secondary
ligand is greater than that of N-acetylhistidine, and this behavior
reflects itself through the higher stability constant of Gd(I11)—
ADP—N-acetylhistamine (log K = 9.74 + 0.03) compared with
Gd(I11)—ADP—N-acetylhistidine (log K = 7.65 + 0.03).

During our SUPERQUAD calculations, we considered in our
model system that N-acetylleucine reacts as a secondry ligand
with the Gd(I11)—CTP binary complex in a stepwise manner,
and the complex formation starts at a low pH value ~ 4.0
forming a relatively stable complex (log K = 8.74 + 0.03).

Ternary Complexes Containing Tb(l11). The purine nucle-
otides 5-IMP and 5-GMP react with great tendencies in
stepwise manners with Tbh(I11)—N-acetylaspartic acid and N-
acetylglutamic acid, respectively, forming two types of highly
stable mixed ligand complexes with (log K = 7.63 &+ 0.03 and
8.07 + 0.02), respectively.

The triphosphate pyrimidine nuclectide (CTP) is a promising
primary ligand with Th(lll) due to the great probability of
chelation through phosphate groups and the oxophilic nature
of the studied lanthanide metal ion. The results indicate that
N-acetyllysine is a preferable secondary ligand which reacts
readily with the Tb—CTP binary complex to form a ternary
complex with a stability constant value log K = 7.17 + 0.03.
In the present study, we develop new strategies concerning the
possible use of Th(lll) cations as spectroscopic probes for the
study of molecular structuresin biological solutions containing
both nucleotides and N-acetyl amino acids. The high stability
constants obtained for the ternary systems under investigation
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Table 9. A log Ky for La(lll) + N-Acetylamino Acid + Nucleotide Ternary Complexes*P©

nucleotide N-acetylaspartic acid N-acetylglutamic acid N-acetylhistidine N-acetylhistamine N-acetylleucine N-acetyllysine

AMP +0.14% +0.14%
ADP +2.243 +2.243
ATP +0.38° +1.3%

GMP +0.2¢ +0.16%
IMP +0.12% +2.83%
CMP +0.14% +0.02%
CTP +2.16° +0.06%

@] = 0.1 mol-dm=3 KNO; and at 25 °C. ® A log Kf = log KM{NHnaa)

4.17% - - -
5.19% - 1.91¢ -
3.73 —0.04% 5.09% -
2.75% - - --
- - 0.548 -
3.31¢ - 4.1% 4.51%

— log KMnaa)- €A log Kfi = log KMnuynaay — (109 KMawy + 1og KMaay)-

Table 10. A log Ky for Sm(l11) + N-Acetylamino Acid + Nucleotide Ternary Complexes*P©

Nucleotide N-acetylaspartic acid N-acetylglutamic acid N-acetylhistidine N-aetylhistamine N-aetylleucine N-aetyllysine

AMP - +0.32%
ADP +1.45% +2.478
ATP +1.728 +2.03%
GMP +0.02% +0.62%
IMP +0.01% +0.02%
CMP - +0.01¢
CTP +0.06% +0.33%

2] = 0.1 mol-dm=3 KNO; and at 25 °C. ® A log Kf = log KM{NHnaa)

- - +2.74% -

+4.158 +2.143 +4.133 -
+4.8¢ - - -
+3.63° - +3.25¢ +1.33¢

- |Og KM(NAA)- °A |Og KSi = |Og KM(NU)(NAA) - (lOg KM(NU) + |Og KM(NAA))-

Table 11. A log Ky for Eu(l11) + N-Acetylamino Acid + Nucleotide Ternary Complexes®©

ncleotide N-aetylaspartic acid N-aetylglutamic acid N-aetylhistidine N-aetylhistamine N-aetylleucine N-aetyllysine

AMP +2.05% +0.1% +2.26% - - 178
ADP - - - - - -

ATP - +2.438 +5.29¢ +0.56% —0.09% -

GMP —+0.02¢ +0.29% +3.01% +0.08% - —1.69%
IMP - +0.01% - - - R

CMP - - - - - 2.06%
CTP - - +1.52¢ +0.06% - 3.1

@] = 0.1 mol-dm=3 KNO; and at 25 °C. A log Kf = log KM{NHnaa)

— log KMnaa)- A log Kiy = log KMnuymasy — (109 KMy + 10g KMnansy)-

Table 12. A log Ky for Gd(I11) + N-Acetylamino Acid + Nucleotide Ternary Complexes*P©

nucleotide N-aetylaspartic acid N-acetylglutamic acid N-acetylhistidine N-acetylhistamine N-acetylleucine N-acetyllysine

AMP - —+0.02%
ADP +0.15% +0.61%
ATP +1.88° +0.228
GMP +0.24% +0.09¢
IMP —0.01¢ +1.03%
CMP - -

CTP - —+0.38%

2] = 0.1 mol-dm=3 KNO; and at 25 °C. ® A log Kf = log KM{NSnaa)

indicate that the trial is promising. Biosensors containing
Tb(I11)—nucleotides as analytes are now under investigation in
our laboratory with one of our international collaborators. Also,
the interesting luminescent detection of N-acetylaspartic acid
which is an important metabolite in the human brain using
luminescent Th(l11)—nucleotide complexes will be the subject
of further investigation in our laboratory. Widespread interest
for lanthanides is mainly centered in the fact that systems
containing lanthanides enjoy a very favorable situation since
these ions feature high coordination numbers, which ensure rich
binding chemistry, and at the same time they possess the right
spectroscopic properties to monitor it.

Ternary Complexes Containing Dy(I11). The interesting
feature of the ternary complexes involving Dy(Ill) is the high
stability constants of the species containing the purine nucle-
otides of the adinine moiety (5-AMP, 5-ADP, and 5-ATP).
For the dicarboxylic N-acetylamino acids (N-acetylaspartic and
N-acetylglutamic), the mechanism of ternary complex formation
occurs via a simultaneous type of formation.

Comparison between Binary and Ternary Complexes
Formed. The A log Ky values for Ln(lll) + nuclectide +
N-acetylamino acid are collected in Tables 9 to 14. The high
positive values of A log Ky are observed in the case N-

+4.01% +0.43% - -

+2.26% —0.07¢ +0.36% -
+2.35¢ - - -
+2.88¢ - - -

- +6.14% +3.56% -

- |Og KM(NAA)- °A |Og KSi = |Og KM(NU)(NAA) - (lOg KM(NU) + |Og KM(NAA))-

acetylhistidine for La(lll) + NU + NAA for either the stepwise
or ssimultaneous mechanism. For Dy(I1l) + NU + NAA, the
more positive A log Ky values are obtained for the N-
acetylleucine molecule.

In the case of Eu(l1l) + NU + NAA, the high positive values
of A log Ky are clearly indicated for N-acetylhistidine. Also,
the ternary complex including N-acetyllysine gives arelatively
stable complex with a high probability of formation. For ternary
complexes containing Th(ll1), N-acetylaspartic acid is the most
probable attacking secondary ligand toward Th(I11)—nuclectide
binary complexes.

CTPisthe preferred nucleotide for Th(l 1) that easily interacts
with N-acetyllysine. For the mixed ligand complexes of the type
Gd(111)—nucleotide—N-acetylamino acid, N-acetylhistidine is the
most feasible ligand to react with the Gd** nucleotide. The most
characteristic feature for Gd(l11) complexesis the high positive
A log Ky vaues for Gd(I11)—CTP—N-acetylhistamine and
Gd(I11)—CTP—N-acetylleucine.

The high positive values for ternary complexes containing
Sm(I11) are observed for those systems containing N-acetylhis-
tidine, where the complex species are formed in a stepwise
mechanism. Also, relatively high values are obtained for
Sm(11)—ADP, Sm(I11)—ATP, or Sm(I11)—CTP complexes
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Table 13. A log Ky for Th(ll1) + N-Acetylamino Acid + Nucleotide Ternary Complexes®©

nucleotide N-acetylaspartic acid N-acetylglutamic acid N-acetylhistidine N-acetylhistamine N-acetylleucine N-acetyllysine
AMP +0.08% - +1.75%
ADP +0.69% +0.49% -
ATP - -
GMP +0.56% +4.45% -
IMP +4.04% - +0.65%
CMP +2.13% - - -
CTP +0.1% +0.59% +1.81%

a] = 0.1 mol-dm=3 KNO; and a 25 °C. * A log K§ = log KNM{NSnaa) — 10g KMnaa)- € A log Kfi = log KMnuynaay — (109 KMau) + 1og KMnaay)-

Table 14. A log Ky for Dy(I11) + N-Acetylamino Acid + Nucleotide Ternary ComplexesP©

nucleotide N-acetylaspartic acid N-acetylglutamic acid N-acetylhistidine N-acetylhistamine N-acetylleucine N-acetyllysine
AMP +1.86% +0.13% - - -
ADP +0.09% +0.4% - - +2.03%
ATP - +2.12¢8 - +4.76% -
GMP +0.03% - - -
IMP 0.00% +0.13% - -
CMP 0.00¢ - - -
CTP —0.86% - +3.74%

2] = 0.1 mol-dm—2 KNO3 and at 25 °C. bA |Og K = |Og KMENH;(NAA) - |Og KM(NAA)- °A |Og KSi = |Og KM(NU)(NAA) - (lOg KM(NU) + |Og KM(NAA))-

reacting with N-acetylleucine. Also, Sm(I11)—CTP reacts pref-
erentially with N-acetyllysine and N-acetylleucine.

Generally different trends can be obtained for the stability
constants of different ternary systemsinvestigated in the present
study. Taking into consideration the factors which affect
lanthani de nucleotide interactions as well as factors associated
with trivalent lanthanide chemistry, one can account for the
different trends observed for the stability constants of several
ternary complexes of the type Ln(lI1)—NU—NAA. Via the
formation of mixed-ligand complexes, certain ligand—ligand
associations and interactions may be favored, and thus distinct
structures may be created in a way that involves only small
changes from an energetic point of view.

Ultraziolet Absorption Spectra for the Binary and Ternary
Complexes. Optical absorption spectra of binary complexes
containing Eu(lll) and Tb(lll) with the nucleotide molecules
(5-GMP, 5-IMP, 5’-AMP, 5-CMP, and the enriched energy
molecule 5’-ATP) and N-acetylamino acids (N-acetylhistidine,
N-acetylaspartic acid, N-acetylglutamic acid, and N-acetylleu-
cine) have been investigated. The datareveal that the Eu(l11)—5'-
AMP complex exhibits two well-separated peaks at 1, 210.20
nm and A, 259.20 nm with nearly equal absorptivity. The first
peak may be attributed to az—sr* transition in the purine ring,
while the second band could be considered due to a n—x*
transition.

The m—x* transition in the purine ring of the guanine
molecule is perturbed and shifted to red, and also the n—z*
transition is shifted to alonger wavelength due to the different
mode of coordination of Eu(lll) with 5-GMP rather than
Eu(I11)—5-AMP. The different structure of the pyrimidinering
reflects itself on the type of transition in the Eu(I11)—5-CMP
binary complex, where only one peak is observed at 4 274.2
nm and of relatively significant absorption. For the Eu(l11)—5'-
ATP binary complex, two well-separated peaks are obtained
where the first one is located at A 254.6 nm which may be
attributed to a w—a* transition, and a charge transfer band is
observed at 348.4 nm of somewhat low absorptivity.

Eu(l11)—N-acetylamino acids exhibit the same Ay [(252.6
to 254) nm] irrespective of the nature of N-acetylamino acid
but of different molar absorptivity. The absorbance value can
be arranged as follows: N-acetylaspartic acid > N-acetylhistidine
> N-acetylglutamic acid > N-acetylleucine > N-acetylhistamine,
with respect to the ligand moiety in the corresponding Eu(l11)
binary complexes.

The Tb(l11)—5-AMP binary complex acquires the same trend
of absorption as the analogues including Eu(l1), where two
absorption peaks are observed at 1; 210 nm and A, 261 nm.
Also, the two peaks have approximately the same absorptivity,
which indicate that the mode of coordination is the same for
Eu(I11)—5-AMP and Tb(l11)—5"-AMP. On the contrary, for the
5-GMP molecule, Th(l11)—5-GMP exhibits only one absorption
peak which is located at 4 254 nm, and contrary to the
Eu(l11)—5"-GMP binary complex where this latter species has
two absorption peaks, hence the two corresponding complexes
have different environments. The pyrimidine molecule 5-CMP
coordinates similarly with Th(l11) and Eu(I11), where it exhibits
only one absorption peak at A = 254 nm. The charge transfer
peak which is clearly observed in Eu(l11)—5"-ATP is absent in
the analogue Th(l11)—5"-ATP molecule, hence the two com-
plexes have different modes of coordination.

N-Acetylamino acids upon reacting with Tb(l11) acquire only
one absorption band at 4 256.6 nm but of different molar
absorptivity following the order: N-acetylhistidine > N-acetylleu-
cine > N-acetylaspartic acid > N-acetyllysine > N-acetylhista-
mine > N-acetylhistidine.

Comparing the absorption spectra for the Eu(lll) binary
complexes with nucleotides or N-acetylaspartic acids and the
corresponding ternary complexes as depicted in Figure 3a
indicates that for the ternary complex of the type Eu(l11)—5"-
GMP—N-acetylaspartic acid the ternary complex acquires a quite
different curve where two peaks are observed: the first located
at A 195.4 nm, while the second occurs at 4 258 nm. This
behavior may be explained by the fact that upon formation of
the ternary complex the peak is shifted to blue, hence a highly
stable complex is produced.

The ternary complex containing Eu(l11)—5-CMP—N-acety-
laspartic acid as shown in Figure 3b has two small splitted peaks
with a shift to red. The decrease in absorbance and the shift in
the absorption curve for the ternary complex confirm the
formation of quite different complexes rather than the corre-
sponding binary complexes.

The incorporation of 5-AMP in the ternary system Eu(l11)—5'-
AMP—N-acetylaspartic acid as indicated in Figure 3c results
in a great decrease in the absorption of the ternary complex
comparing to the spectral peak of the binary complex Eu(l11)—5"-
AMP. This means that the ternary complex species exhibit
different absorption manners due to structural changes.
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Figure 3. UV absorption spectra for the Eu*" + nucleotides + N-acetylaspartic acid at | = 0.1 mol-dm 3 KNO; and t = (25.0 & 0.1) °C, pH = 6.5t0 7.0.
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The most characteristic feature of the ternary complex
containing 5-ATP with Eu(lll) and N-acetylaspartic acid as
indicated in Figure 3d is the blue shift of the absorption peak,
where the first peak appears at 4 202 nm and the second takes
place at A 258 nm, where it means that the absorption peak
attributed to Eu(l11)—5"-ATP and Eu(l11)—N-acetylaspartic acid
is enhanced upon reacting together to form the ternary complex.
A more intense peak is observed at a lower wavelength, hence
a high stable complex may probably be formed with log K =
9.26 + 0.03 and 9.28 + 0.03 for Dy(lll)—5-AMP—N-
acetylaspartic acid and Dy(I11)—5-ATP—N-acetylglutamic acid,
respectively.

A typical comparison of the binary complexes of Th(lIl)
nucleotides, Th(l11)—N-acetylaspartic acid, and the correspond-
ing ternary complexes where each nucleotide molecule exhibits
acharacteristic behavior toward the lanthanide metal ion linked
to the neuro important N-acetylamino acid has been investigated
(figure is not shown in the text). The two well-separated
absorption peaks observed for the Tb(ll1)—5-AMP binary
complex are contracted in one broad peak of low absorptivity
which is dlightly shifted from the corresponding Th(l11)—N-
acetylaspartic binary complex.

In the case of the 5’-GMP nuclectide molecule, the binary
Th(l11)—5-GMP complex has a considerable high absorbance
in comparison to Th(l11)—N-acetylaspartic acid, the mixed ligand

complex containing the purine nucleotide, and the amino acid
molecule acquires slightly higher intensity than the binary
Tb(I11)—N-acetylaspartic acid. The substantial decrease in
absorbance of Th(I11)—5"-GMP upon formation of the ternary
complex indicates that 5’-GMP can be considered as the primary
ligand, while N-acetylaspartic acid acts as a secondary ligand
with Eu(l11)—5-GMP. This behavior can be attributed to the
high tendency of Eu(I1l) ions toward the coordination with the
phosphate groups of 5’-GMP.

The absorbance of the mixed ligand complex Th(lll)—5"-
CMP—N-acetylaspartic acid is shifted toward a longer wave-
length compared to that of the corresponding Tbh(I11)—5-CMP
and Th(I11)—N-acetylaspartic acid, which may be attributed to
the participation of the main acid moiety in the coordination
sphere during the formation of the ternary complex, which may
result in areduction of the energy required for this molecule to
absorb.

The two binary complexes Th(l11)—5-ATP and Th(ll1)—N-
acetylamino acid absorb in the range of A = (250 to 260) nm,
where the binary complex including the 5’-ATP molecule has
a high absorbance value with regard to the corresponding binary
complex Tb(l11)—N-acetylaspartic acid. The ternary complex
acquires a slight increase in the absorbance peak of the binary
Tb(I11)—N-acetylaspartic acid, where aso the formation of the
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ternary complex occurs viathe reaction of Th(I11)—5-ATP with
N-acetylaspartic acid to form the ternary complex.

Luminescent lanthanide chelate complexes have unusual
spectral characteristics when compared to typical organic
fluorophores. These include millisecond lifetimes, sharply spiked
emission spectra, high quantum yield, unpolarized emission, and
a broad range of emission energies extending from the blue to
the red part of the spectrum. Lanthanides are therefore an
alternative to organic fluorophores particularly where there are
problems of background autofluorescence®**® and as donorsin
fluorescence (luminescence) resonance energy transfer to mea-
sure nanometer conformational changes and binding events
within proteins,> 8

The importance of these complexesis critical when containing
a chelate which serves several purposes, including binding the
lanthanide tightly, shielding the lanthanide ion from the quench-
ing effect of water, and acting as a scaffold for attachment of
the antenna and a reactive group which facilitate the coupling
of the chelate complex to biomolecules.

Emission Spectra for Eu(l11) Complexes. Figure 4 depicts
the emission spectra for Eu(l11)—nucleotide binary complexes,
whereas, shown in the figure, the four types of nucleotides used
5-AMP, 5-GMP, 5-CMP, and 5-ATP with Eu(I11) metal ions
are compared with the free ligands. For the first three nucleotides
(5-AMP, 5-CMP, and 5-GMP) the corresponding binary
complexes acquire the same emission bands but of higher
intensity. Such emission peaks could be attributed to SDy—"F,

and 5Dy—"F; transitions for the Eu(l11)—5-AMP binary com-
plex. Only one emission peak is obtained for Eu(ll1)—5-GMP
which could be assigned to a °Dy—'F; transition. The *Dg—"F,
is the characteristic transition type for the Eu(lll)—5-CMP
binary complex.

The most interesting feature is the observed considerable
enhancement in the emission peak intensity of Eu(l11)—5-CMP
compared to that of the free ligand (about 35 au). Such an
increase isless considerable for Eu(I11)—5-GMP (about 11 au).
There is a very low dlight increase in intensity of Eu(l11)—5'-
AMP which is only higher than that of the free ligand 5-AMP
by a small fraction of 0.06 au.

Thebinding of Eu(ll) to the 5-ATP moleculeis characterized
by an emission band at A 622 nm which is attributed to the
SDy—'F; transition. The free ligand 5'-ATP exhibits an emission
band at 1 692 nm, where it could be concluded that there is
energy transfer from the Eu(lll) f-electrons to the nucleotide
molecule.

The emission spectra for Eu(lll) with the two N-acety-
lamino acids containing an imidazole ring are depicted in
Figure 5. Eu(ll1)—N-acetylhistidine acquires two emission
bands at 557 nm which could be assigned to a 5Dg—"F
transition and at 757 nm which may be attributed to a
5Dy—"Fs transition. The emission band appearing at 754 nm
for the free ligand N-acetylhistidine is enhanced upon
coordination with Eu(l11), and such an increase in emission
intensity could be explained by the transfer of energy from
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Figure 5. Emission spectra for Eu®*—N-acetylamino acid (NAA) binary complexes at t = (25.0 & 0.1) °C, pH = 6.5to 7.0, [Eu®"] = [NAA] = 1-10°°
mol -dm~3. (a) N-Acetylaspartic acid. (b) N-Acetylhistidine. (c) N-Acetylglutamic acid. (d) N-Acetylhistamine. (€) N-Acetylleucine. (f) N-Acetyllysine. Black
line, Eu"—N-acetylamino acid binary complex; blue line, N-acetylamino acid free ligand.

the ligand molecule to the Eu(I11) metal ion. Comparing the N-acetylhistidine to Eu(lll) is about 2 times that of N-

emission spectra for the Eu(ll1)—N-acetylhistamine binary acetylhistamine. In other words, the first one is a better
complex and the free ligand N-acetylhistamine indicates that sensitizer for Eu(l11) than the latter. Eu(l11)—N-acetylhista-
the two emission bands at (559 and 762) nm could be mine was only very weakly luminescent due to efficient
assigned to the binary complex as °Dy—'Fq and °Dy—'F; nonradiative deactivation processes. We discovered that
transitions with enhancement of the emission peaks. It is Eu(I11)—N-aectylhistidine can be considered as one of the
clearly observed that the increase in the band located at 762 members of the novel class of lanthanide compounds that
nm is of a low value (0.62) for Eu(ll11)—N-acetylhistamine, emit in the near-infrared which could open up new possibili-

hence it could be concluded that the energy transfer from ties for the use of NIR in biological imaging as well as
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Figure 6. Comparative emission spectra for Eu*"—N-acetylaspartic acid (NAA)—nucleotide (NU) ternary complexes at t = (25.0 4= 0.1) °C, pH = 6.5 to
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leading to materials for optical amplifiers and light-emitting
diodes (LEDs) operating at telecommunication frequencies.

Comparing N-acetyllysine and N-acetylleucine emission
spectra and their corresponding binary complexes with Eu(l11)
indicates that two peaks are observed at 1 554 and 755 nm for
the free ligands. Eu(I11)-N-acetyllysine has the same emission
bands but of higher intensity. The increase in the longer
wavelength emission peak is about 1 au. For Eu(lll)-N-
acetylleucine three emission bands are obtained at (554, 675
and 755) nm. The emission peak which is observed at 675 nm
may be assigned to a °Dy—"F, transition. The third peak which
is located at 755 nm is enhanced upon coordination to Eu(lll)
by 1.4 au i.e the intramolecular energy transfer from N-
acetylleucine to Eu(lll) is higher than that in the case of
N-acetyllysine.Figure 6.

For the Eu(l11)—N-acetylglutamic binary complex, the emis-
sion peaks observed in the spectra for the amino acid are
enhanced in intensity upon formation of the binary complex.
The three emission peaks for the Eu(lll)—N-acetylglutamic
binary complex could be assigned to 5Dy—"F,, *Dy—'F,, and
SD¢—Fs transitions. The third peak is enhanced by about 1.8
au in intensity compared to the free ligand. Hence, N-
acetylglutamic acid is the more effective ligand for intramo-
lecular energy transfer to Eu(lll) ions.

The binary complex Eu(ll1)—N-acetylaspartic acid has one
emission peak at 595 nm which could be attributed to a °Dg—"F;

transition. The free ligand does not exhibit any emission peak
in the visible region, where energy is transferred from the
lanthanide metal ion to the ligand molecule.

Comparison between the emission spectra for Eu(I11)—N-
acetylaspartic acid and the nuclectides 5'-GMP, 5-AMP, 5'-
CMP, and 5’-ATP is shown in Figure 6. Considering that Eu(l11)
will bind first to 5-GMP forming the Eu(l11)—5"-GMP complex,
when N-acetylaspartic acid reacts with this binary complex
forming aternary one the emission peaks are increased by about
100 au in intensity. For the Eu(l11)—5-CMP binary complex,
the interaction of N-acetylaspartic acid with this complex will
reduce the intensity of the ternary species by about 20 au in
intensity. This means that the combination of Eu(lll) with the
5-CMP molecule will decrease the probability of energy transfer
from the N-acetylspartic acid molecule to Eu(l11) in contrast to
the case of complexes containing the purine nucleotide type
5-GMP.

Since both the 5-ATP nucleotide molecule and N-acetylas-
partic acid can scavenge energy from the Eu(l11) metal ion, the
emission peak for Eu(l11)—5"-ATP is lowered by about 100 au
intensity when N-acetylaspartic acid reactswith Eu(l11)—5-ATP
to form the mixed ligand complex.

Comparingtheemissionspectrafor Eu(l11)—5"-AMP, Eu(l11)—N-
acetylaspartic acid, and the corresponding ternary complex, it
is clearly observed that both the binary complex species acquire
very low emission bands in the visible region and that the
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coordination of N-acetylaspartic acid with the Eu(l11)—5"-AMP
binary complex greatly enhances the emission spectra of the
ternary complex. This behavior can be attributed to the fact that
N-acetylaspartic acid is a good sensitizer for Eu(lll) when
combined with the 5-AMP nuclectide. The assignments of
emission bands for the Eu(lll) complexes agree with those
reported in the literature.5—%2

Emission Spectra for Th(l11) Complexes. The emission
spectra of Th(I11)—nuclectide binary complexes are shown in
Figure 7. The Tb(I11)—5-GMP binary complex has one emission
peak at A 557 nm which may be attributed to a °Ds;—"Fs
transition. The free ligand does not give any emission peak in
the range of the binary complex.

For the binary complexes containing Th(l11)—5"-AMP, only
one emission peak is obtained at 572 nm which could be
assigned to a °D,—'F, transition.The free ligand 5-AMP has
two emission bands at (557 and 572) nm, and the second peak
isenhanced in itsintensity upon formation of the binary complex
Th(I11)—5-AMP. The molecule of the pyrimidine nucleotide
type 5’-CMP exhibits only one peak in the emission visible range
of Tb(l11)—5-CMP at 490 nm of about 18.00 au intensity. The
binary complex acquires one peak at 4 580 nm which could
be assigned to a D,—"F, transition of high intensity (~93.00
au). This means that there is a great probability of energy
transfer from the free metal ion Tb(Ill) to the nucleotide
molecule.

The Tb(l11)—5"-ATP binary complex has one emission peak
which takes place at A = 575 nm which could be assigned to a

(°D4—"F4) transition, and the free ligand has no emission peak
within the visible range of emission for Th(l11)—5-ATP; i.e,
there is energy transfer from the Tb(lll)-f-electrons to the
nucleotide molecule.

The binary complex Th(l11)—N-acetylhistidine acquires two
emission peaks at (544 and 563) nm, and such peaks are the
characteristics ones for °D,—'F5 and 5D, —'F, transitions.

The free ligand has no emission peaks within the visible range
for Th(lIl) complexes as shown in Figure 8.

In contrast, Th(lll)—N-acetylhistamine has three emission
peaks at (544, 562, and 586) nm. The N-acetylhistamine has
one emission peak at A 550 nm. The most interesting feature is
that N-acetylhistamine has the probability to donate energy to
Tb(I1l) where different types of transitions occur, while the
anaogue imidazole containing amino acid N-acetylhistidine does
not exhibit this probability for energy donation [Figure 8(d, b)].

Comparing Tb(l11)—N-acetylleucine and Th(I11)—N-acetyll-
ysine binary complexes, with the emission spectra for the two
ligands, the binary complexes have three types of transition at
(544, 556, and 585) nm, and the two amino acids have asimilar
probability of energy transfer to the Th(lll) as shown in [Figure
8(e, f)].

The N-acetylglutamic molecule has one emission peak at A
560 nm, where the corresponding binary complex Tb(I11)—N-
acetylglutamic acid exhibits three emission peaks, where
energy istransferred from the N-acetylamino acid to Th(Ill).
The corresponding dicarboxylic acid N-acetylaspartic acid
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mol -dm~3. (a) N-Acetylaspartic acid. (b) N-Acetylhistidine. () N-Acetylglutamic acid. (d) N-Acetylhistamine. (€) N-Acetylleucine. (f) N-Acetyllysine. Black
line, Th®" —N-acetylamino acid binary complex; blue line, N-acetylamino acid free ligand.

does not exhibit any emission peak within the range of visible
emission for Tb(II1). There is a considerable probability of
energy transfer from the Tb(Ill) to the N-acetylamino acid
as shown in Figure 8.

The quenching effect of N-acetylaspartic acid on the emission
spectrafor Th(l11)—AMP has been observed (figureis not shown
in the text) where the emission intensity of the mixed ligand
complex Th(l11)—5-AMP—N-acetylaspartic acid is lower than
that of Th(I11)—5-AMP by 25 au in intensity.

A contrasting behavior is observed for the ternary complex
Tb(I11)—5-CMP—N-acetylaspartic acid where the reaction of

the amino acid with Th(l11)—5-CMP will enhance the emission
intensity by 40 au where the amino acid residue cannot act as
a scavenger of energy from Tb(I1l) when it is binded to the
5-CMP molecule.

Emission spectrafor Th(l11)—5-GMP and Th(l11)—N-acetyl-
aspartic acid with the ternary complex containing the two ligands
have been investigated. The emission spectra of the mixed ligand
complex are completely different from those of the two binary
ones. It has an emission peak at A = 490 nm which is
characteristic for a °D,—"Fg transition.
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The 5-AMP molecule will donate energy to Th(Ill), but the
N-acetylaspartic acid has an ability to scavenge energy from
the lanthanide metal ion. Hence the synergistic effect is the
increase in emission for the ternary complex species.

The most important interesting feature is the enhanced
fluorescence observed during the interaction of N-acetylaspartic
with the Tb(I11)=5-ATP binary complex, and the ternary
complex species acquires a more intense peak than the two
binary ones where the combination of Th(lIl) to the nucleotide
molecule (5’-ATP) will promote the ability of N-acetylaspartic
acid to donate energy. The assignments of emission bands for
the Tb(I11) complexes may be according to the results in the
literature,9-63.64

Conclusions

In the present study, potentiometric equilibrium measurements
have been performed at (25.0 + 0.1) °C and ionic strength | =
0.1 mol -dm~2 KNO; for the interaction of biologically important
ligands N-acetyl histidine, N-acetyl L-leucine, N-acetylglutamic
acid, N-acetylhistamine, N-acetylaspartic acid, and La(lll),
Gd(111), Sm(111), Tb(l11), Eu(lll), and Dy(I11) with the nucle-
otides guanosine 5-monophosphate (5-GMP), cytedine 5'-
monophosphate (5’-CMP), inosine 5’-monophosphate (5™-IMP),
adenosine 5"-monophosphate (5-AMP), adenosine 5’-diphos-
phate (5'-ADP), adenosine 5'-triphosphate (5"-ATP), and cyte-
dine 5-triphosphate (5-CTP) in 1:1:1 and 1:2:1 ratios. The
results confirm the possible recognition of the purine and
pyrimidine mononucleotides by N-acetyl amino acid complexes
of lanthanides in aqueous media. This important biochemical
process has been confirmed by UV spectroscopic and fluori-
metric measurements. Therefore, the studied ternary systems
can be considered as models for development of chemo- and
biosensors incorporating moleculary imprinted polymers for
selective detection of the nucleotide under investigation. Mo-
leculary imprinted polymers containing Eu(l11) and Th(I11) will
be of special interest in developing luminescent-based chemo-
and biosensors for the detection of N-acetyl amino acids included
in this study.
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