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ABSTRACT

Chemical speciation of binary complexes of Co(ll), Ni(I) and Cu(ll) with L-ornithine was studied pH-metrically in
the concentrations range of 0-60% v/v DMSO-water mixtures maintaining an ionic strength of 0.16 mol L™ at 303K.
Alkalimetric titrations were carried out in different relative concentrations of metal and L-ornithine. Stability
constants of various models of binary complexes were refined with MINIQUAD75. The best-fit chemical models
were selected based on statistical parameters and residual analysis. The species detected are ML, ML,, MLH and
ML,H, for of Co(Il), Ni(Il) and Cu(ll). The chemical speciation, metal bioavailability and transportation are
explained based on the distribution diagrams drawn using HYSS HYPERQUAD.

Keywords: Binary Complexes, Stability constants, L-ornithine, Sptaig DMSO.

INTRODUCTION

Speciation study of essential metal ion complegassiful to understand the role played by the adite cavities in
biological molecules and the bonding behavior oft@in residues with the metal ion. Hence, the chami
speciation of biologically important ligands witloree essential and toxic metal ions has been studidtlis
laboratory ™™ They can be used to mimic metalloprotelfls L-Ornithine (Orn) is a tridentate amino acid
containing nitrogen donor group in the side chairaddition to the nitrogen donor group found ome th
carbon. The nitrogen donor atoms can associate jtirogen ions in the physiological pH range. Hence
there is often significant competition between roghn and metal ions for these donor sites whictidda the
existence of a number of equilibria. This phenontentay result in successively protonated complexes.

Cobalt is an essential trace element for all melltitar organisms at the active center of cobalafiinNickel is an
essential nutrient. It is a component of ureasetgudogenas€®. Copper is an essential element for life and & ha
antibacterial propertied”. Congenital inability to excrete copper can regultoxic levels of copper accumulation,
which leads to Wilson’s diseal& %,

Dimethylsulfoxide (DMSO) is a dipolar aprotic sohtethat dissolves both polar and non-polar compewarti is
miscible in a wide range of organic solvents. lused as a cryoprotectant, added to cell mediadardo prevent
the cells from dying as they are being froféh Hence, the results of a speciation study on rteraction of Orn
with Co(ll), Ni(ll) and Cu(ll) in DMSO-water mixt@s are reported in this paper.
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MATERIALS AND METHODS

2. 1. Chemicals

DMSO (Qualigens, India) was used as received. Agsisolutions of Orn and sodium chloride (Merck,i)dvere
prepared. Metal solutions of Co(ll), Ni(ll) and @yichlorides were prepared. To increase the sbtylbf Orn and

to suppress the hydrolysis of metal salts, the ralngcid concentration in the above solutions waséntained at
0.05 M. To assess the errors that might have drgptthe determination of the concentrations, tla¢adwvere
subjected to analysis of variance of one way diassion (ANOVA) ™. The strength (concentration) of alkali was
determined using the Gran plot methtd®.

2.2 Apparatus

The titrimetric data were obtained with a calibcaEICO (Model LI-120) pH meter (readability 0.03yhich can
monitor changes in the *Hon concentration. The pH meter was calibratechwit0.05 M potassium hydrogen
phthalate solution in the acidic region and a AMborax solution in the alkaline region. The glassctrode was
equilibrated in a well-stirred DMSO—-water mixturentaining an inert electrolyte. All the solutionene carried out
in the medium containing varying concentrationdd®MSO (0-60% v/v) maintaining an ionic strength ol® M
with sodium chloride at 303.0 + 0.1 K. The effeatvariations in the asymmetry potential, liquich¢tion potential,
activity coefficient, sodium ion error and dissalvearbon dioxide on the response of the glassreletwere
accounted for in the form of correction factdt.

The emf of the cell may be expressed by the equétis K + (RT/F) In a. or E = K + 0.0591 pH at 2%, where
K is a constant partly dependent upon the natutbefylass used for making the membrane. The \@flle may
vary slightly with time, and it is related to theistence of an asymmetry potentl in a glass electrode. Owing to
the asymmetry potential, if a glass electrode &eiited into a test solution which is identical witte internal
hydrochloric acid solution, the electrode shalldavsmall potential which is found to vary with éinHence, glass
electrode is standardized frequently using a buffé&nown hydrogen activity.

2.3 Procedure

For the determination of stability constants ofdwin species, initially titrations of strong acidthvialkali were
carried out at regular intervals to check whett@nglete equilibration was achieved. Then, the celostectrode
was refilled with DMSO-water mixture of equivalezamposition as that of the titrand. In each oftitrations, the
titrand consisted of approximately 1.0 mmol mineseld in a total volume of 50 mL. Titrations witliffdrent
metal-to-ligand ratios (1:2.5, 1:3.75 and 1:5.0)revearried out with 0.4 mol 't sodium hydroxide. Other
experimental details are given elsewH&fe

2.4 Modeling Strategy

The computer program SCPHY was used to calculate the correction factor. Tihar stability constants were
calculated with the computer program MINIQUADYS from the pH metric titration data. Species disttibn
diagrams for all the systems were generated witls8'Y1YPERQUAD suite prografff’. The correction factor and
protonation constants of Orn were fixed during tenement of binary systems. During modeling stualy the
number of species increased, the model gave batéistics denoting the better fit. This indicatkat the final
models appropriately fit the experimental data. Vaegation of stability constants with the dielécttonstant of the
medium was analyzed on the basis of electrostaticaiectrostatic, solute-solute and solute-soligstactions.

RESULTS AND DISCUSSION

3.1 Exhaustive modeling

Existence of species was determined by performitguestive modelin§* and the results of some typical system
(Co(I)-Orn system in 10% DMSO) are given in TallleThe models were evaluated assuming the simultene
existence of different combinations of species. Bledontaining various number and combinationgeties were
generated using an expert system package C&#E®d these models were refined using MINIQUA?5 As the
number of species increased, the models gave bstédistics denoting better fit. The table contathe
stiochiometric coefficients and stability constamifs the complex species, standard deviations in stadility
constants and residual statistics of the models
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Table 1: Exhaustive modeling study performed on Cdl)-L-Orn system in 10% v/v DMSO in 4.0-10.0 pH rarge (number of
experimental points, NP=60)

log pmlh (SD)

Skew Kurto

Model no ML ML, MLH MLH, Ucorr x16 %2 ness  sis R —factor
1 141719 - ——— s 4.11 43.6¢€ -1.78 4767 0.008¢
2 - 8.32(8) s 4.59 23.95 -1.32 4.50 003
3 e e 14.03(15) - 3.45 28.44 -1.25 5.22 0.0062
4 e e e 29.05(32 12.8¢ 35.9¢ -1.2C 4.3 0.007(
5 5.51(48) 8.67(22) - e 1462 -1.53 471 .0@67
6 6.55(13) = - 15.22(24) - 12.09 43.22 -1.454.44 0.0075
7 Rejecter - —ee- Rejecter - s e e e
8 8.13(7)  14.00(66) - 0.65 90.14 -1.11 78. 0.0082
9 - 8.76(14) - 26.81(8) 13,75 105.45 -0.55 0O 0.0079
10 - - 14.00(18) 28.33(2) 0.43 22.34 -0.56 0GB 0.0071
11 6.13(8) 8.43(13) 14.29(19) 85.45 5566 51.4 549  0.0063
12 6.61(12) —-  15.33(143) 28.61(7) 12.76 3412 331 583  0.0056
13 6.30.(8)  8.23(11) 27.22(13) 0.43 755  -0.505.90  0.0058
14 8.72(19) 14.81(21) 27.94(14) 0.74 776 004311  0.0047
15 5.92(8) 853(11) 14.19(17)  27.55(6) 0.02 12.630.0t 257  0.0046

3.2 Model validation

3.2.1 Retrieval of protonation constants

Protonation constants were retrieved from the mgahd titration data and compared with those iolgié from
proton-ligand titration data. The proximity of thwo values confirms the existence of the reportedatdigand
species only and the accuracy of the titration.dateh comparisons for some typical systems amengiv Table 2.
Then simultaneous refinement of all the constagtealed that when the approximate constants ayecl@se to the
true values, either fixing some of the speciesngradient concentrations do not have any ill-effemt modeling
studies.

Table 2. Retrieval of protonation constants from poton-ligand and Co(Il)-Orn titration data

From proton-ligand From metal-ligand

%X\?/(\? titration data titration data
log B1 log 2 log B3 logpl logp2 log B3
0.0 10.57 18.93 20.80 10.57 18.9520.78
10.0 10.08 18.54 20.55 10.10 18.5720.54
20.0 10.01 18.48 20.80 09.98 18.4920.80
30.0 09.97 18.20 20.44 10.01 18.2120.42
40.0 09.86 18.07 20.41 09.82 18.1020.44
50.0 09.74 17.65 20.24 09.71 17.7020.27
60.0 09.62 17.44 20.08 09.64 17.4120.10

Table 3: Effect of errors in influential parameterson Co(lIl)-Orn complex stability constants in 10% w DMSO-water mixture

. log Bmin(SD)
Ingredient % error ML ML, VLA MLH,
0% 5.92(8) 8.53(11) 14.19(17) 27.55(6)
Alkali -5 Rejected 7.56(28) 13.55(49) 30.04(31)
-2 rejectel 7.94(27 14.76(27 28.45(27
2 6.33(29) 8.90(38) 15.33(34) 28.33(12)
5 4.44(32) 9.12(37) Rejected 26.10(19)
Acid -5 6.45(30 6.77(30 15.22(25 28.33(39
-2 7.17(35) 6.19(30) 13.44(56) 28.22(25)
2 Rejected 8.00(17) 15.73(30) 29.13(8)
5 04.49(19) 5.55(38) 16.37(44) 26.26(10)
Ligand -5 6.90(16) 9.07(11) 14.19(48) 27.33(26)
-2 6.29(02) 8.56(10) 14.10(26) 27.40(15)
2 5.92(25) 8.25(11) 14.09(22) 27.30(03)
5 5.77(26) 7.93(13) 14.19(38) 28.17(17)
Metal 5 6.90(5) 8.55(11) 14.18(18) 27.54(03)
-2 5.91(09) 8.57(10) 14.18(16) 27.50(7)
2 5.91(25) 8.56(10) 14.19(17) 27.52(9)
5 5.93(06) 7.58(13) 14.17(18) 28.51(6)
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3.2.2. Interpretation of systematic errors

In order to rely upon the best chemical model fotical evaluation and application under varied erimental
conditions with different accuracies of data acijois, an investigation was made by introducinggm@sstic errors
in the influential parameters like concentratiofigi@ali, mineral acid, ligand and metal (Table Bhe sensitivity
of the stability constants to these errors is im ¢inder: alkali > acid > ligand > metal. Some speavere even
rejected when errors were introduced in the comagahs. The rejection of some species and incceatandard
deviations in the stability constants on introdotiof errors confirm the appropriateness of theeerpental
conditions (concentrations of ingredients) and cbadf the best fit models. This study also indisatee relative
sensitivities of the model parameters.

3.3 Best fit models

The best fit modelthat contairthe stoichiometry of the complex species and thved@rall formation constants along
with some of the important statistical parameteesgiven in Table 4. The formation constants fdfedént metal
ions were found to obey the Irving-William ordé&t *®! Very low standard deviation in overall stabilignstants
log B signifies the precision of these constants. Thallswalues of U,, (sum of squares of deviations in
concentrations of ligand and hydrogen ion at gflezimental points) corrected for degrees of freedemmall values
of mean, standard deviation and mean deviatiothiosystems are validated by the residual andsis

In data analysis with least squares methods, giduals (the differences between the experimeria dnd the data
simulated based on model parameters) are assunfetloiww Gaussian distribution. When the data atenfio the
models, the residuals should ideally be equal to.2é statistical measures of the residuals amdetrors assumed

in the models are not significantly different framach other, the model is said to be adequate. édhmodel is
considered adequate only if the residuals do notvsany trend. Respecting the hypothesis that thersare
random and follow normal distribution in the leagtiares analysis, the residuals are tested foralatistribution.
Such tests arg?, skewness, kurtosis and R-factor. These statigim@ameters show that the best fit models portray
the metal-ligand species in DMSO-water mixturesjiasussed below.

¥? distribution measures the probability of residufalsning a part of standard normal distributiontwitero mean
and unit standard deviation. If thécalculated is less than the table value, the misdetcepted. Hamilton's R-
factor ratio test is applied in complex equilibtia decide whether inclusion of more species in rtiedel is
necessary or ndt’. The low crystallographic R-values given in TaBlindicate the sufficiency of the model. The
values of skewness are between -1.03 and 1.04.eTHata evince that theesiduals form a part of normal
distribution and hence, least-squares method cappked to the data. Kurtosis is a measure ofptekedness of
the error distribution near a modal value. For deal normal distribution kurtosis value should teeé
(mesokurtic). If the calculated kurtosis is lesartlthree, the peak of the error distribution cusviiat (platykurtic)
and if the kurtosis is greater than three, thaibistion shall have sharp peak (leptokurtic). Thetésis values in the
present study indicate that the residuals formolaptic pattern in majority of the systems.
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Table 4: Parameters of best fit chemical models &@o(ll), Ni(ll), and Cu(ll) binary complexes of Orn in DMSO — water mixtures

% viv 10g Bmin (SD)
DMSO ML ML, MLH ML 2H, NP glcgg $ Skewnes Kurtosis R-Factor
Co(ll) (pH 4.0-10.0)
0.00 5.86(8) 8.72(2) 14.02(9) 27.53(12) 59 2,53 531. -0.19 3.02 0.0013
10.00 5.92(8) 8.53(11) 14.19(17) 27.55(6) 60 0.022.63 -0.01 257 0.0046
20.00  6.54(13) 9.43(12) 14.27(6) 27.59(10) 45 0.32.47 0.53 3.31 0.0134
30.00 6.85(19) 10.27(17) 14.39(18) 27.63(11) 50 12.014.96 0.13 4.15 0.0020
40.00 6.93(5) 9.87(19) 14.59(14) 27.78(15) 55 1.962.02 0.11 2.59 0.0510
50.00 7.68(10) 10.55(9) 14.92(15) 27.74(11) 59 3.58.31 0.44 3.41 0.0126
60.00  7.81(11) 11.39(8) 14.73(10) 27.90(16) 40 4.910.03 0.08 4.39 0.0033
Ni(ll) (pH 2.0-9.3)
0.00 7.68(9) 13.09(17) 15.21(7) 29.31(7) 73 224 729 -0.16 3.72 0.0139
10.00  8.10(11) 13.45(7) 15.34(29) 29.43(22) 49 2.290.64 -1.03 2.78 0.0039
20.0C  8.36(19 13.01(11 15.47(13 28.82(29 68 3.0¢ 9.1t -0.2¢ 4.0¢ 1.014:
30.00 8.39(9) 14.28(7) 15.15(22) 29.44(24) 60 1.07.78 1.04 3.19 0.0107
40.00  8.70(10) 14.86(6) 15.68(25) 29.51(9) 69 2.394.00 0.51 3.09 0.0060
50.0C 8.38(14 14.55(12 15.73(18 29.69(15 65 3.8¢ 16.7( 0.14 4.3( 0.017¢
60.00  8.87(21) 15.10(8)  15.79(9) 29.74(15) 70 2.8B4.22 0.37 3.55 0.0026
Cu(ll) (pH 1.9-10.0)

0.00 12.71(13) 15.79(4) 17.91(11) 34.42(5) 67 1.183.00 -0.37 3.17 0.0123
10.00 12.81(13) 17.10(16) 19.05(17) 34.72(12) 43 631. 11.07 0.06 4.48 0.0012
20.00 13.39(17) 17.09(12) 20.13(16) 34.89(22) 80 251. 14.14 0.81 3.19 0.0014
30.00 13.62(21) 17.2(10) 20.93(22) 35.55(8) 79 1.23.51 0.03 4.99 0.0018
40.00 13.70(14) 17.29(10) 21.56(24) 34.34(32) 59 740. 12.33 -0.04 191 1.0114
50.00 13.78(15) 17.46(4) 21.88(17) 34.20(8) 56 1.223.00 0.33 3.22 0.0044
60.0C 13.82(29 17.53(5 22.06(20 34.95(6 40 1.4& 10.5C -0.11 3.1Z 0.005¢

3.4 Effect of dielectric constant of medium

The water-DMSO mixture influences microscopic dyiwof solvated ion$® > and dye moleculé® *! so that
these solutes exhibit a quantitatively differenhdndor compared to the behavior in other solvertte Tinear
variation logp values with variation of 1/D (D is the dielectdonstant of the medium) of DMSO-water mixtures
(Fig. 1) indicates that the electrostatic forces dominating the equilibrium processes of comptexnfation under

the experimental conditions. It also indicates thatdialectic constant or long range interactiaresresponsible for
the stability trend.
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M) + LHy =—= MLH + 2H' 1)
MAD  + LH, =—= MH + o)
M(l) + 2LH, =——= ML,H, + 2H* 3)
MLH + LH, =—= MLH, + H* 4
M) + LH, =—= ML + 2H' (5)
MLH — ML o+ ©
ML 2H, —= ML, + 2 (7
MLH + LH = ML, + 2H* (8)
ML + LH —_— ML, + H (9)

Fig. 1: Variation of stability constant values of netal-Orn complexes with reciprocal of dielectric castant (1/D) of DMSO (A) Co(ll); (B)
Ni(ll); (C) Cu(ll)-( +) logp ML; (m) log f ML,; (A) log p MLH; (e) log BML;H,

3.5 Distribution Diagrams
Orn has one dissociable proton and two amino grewpsh can associate with two protons. It existd Hg®* at

low pH and gets deprotonated with the formatiohld§*, LH and L, successively, with increasing pH the ranges
1.9-4.1, 1.9-9.8 and above 8.0, respectively. Tiharlp metal-ligand complexes confirmed under thpeexnental

conditions are ML, Mk, MLH and ML,H, for Co(ll), Ni(ll) and Cu(ll) in the pH range 4.0310. The protonated
forms of species like MLH and MH, areprevalent at lower pH. The neutral form of Orn fermnprotonated
complexes (ML and M}) as shown in the following equilibria:
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Typical distribution diagrams are shown in Fig.ir2.the pH range 3.8-10.0. MLH species is formed Gax(ll),
Ni(Il) and Cu(ll) according to Equilibria 1 and 2 lw pH and it is deprotonated to ML (Equilibriu6) with
increasing pH. MEH, species is formed as per Equilibria 3 and 4. ER).reveals the simultaneous formation of
ML,H, and ML. ML is formed as per Equilibria 5 and 6. M& formed by the deprotonation of,M, (Equilibrium

7) and as per Equilibria 8 and 9. But Mk not formed through Equilibrium 8 in Cu-Orn syst (Fig. 2C).

B
100 \

% formation relative to M

A c
100

_ \ /_ MLH MLoHo

- ML2
s 80 M s
8 § e
o ML2H> 2
5 60 g
o o

. c
5 2
T 40 g
£ 5
5 8
= ]
X

20
MLH
1 _/ ML___|
0 = T ; — T T T
2 4 6 8 10 12
pH

Fig. 2: Distribution diagrams of binary complexes & Orn in 10% v/v DMSO-water mixture. (A) Co(ll), ( B) Ni(ll), and (C) Cu(ll)

3.6. Structures of complexes

Although it is not possible to elucidate or confithe structures of complex species pH metricallis possible to
postulate structures based on comparison with kreivactures for related complexes. Literature shitag Co(ll),
Ni(1) and Cu(ll) ions typically form octahedral splexes, with Cu(ll) normally being Jahn-Tellertdised = *3!
Thus octahedral structures have been proposeditehyeas given in Fig. 3. Orn is coordinated te thetal ions as
(O, N) donor to form MLH and MjH,, which have eight-membered rings and protonatexmino groups
(structures A and B). They are deprotonated to foimand ML, (structures C and E) where Orn still acts as (D, N
donor. In the case of ML and Mltwo structures are possible, based on whethet eigbeven-membered ring is
formed. According to Baeyer strain Thed# Structure C may rearrange itself to give Strucfrehere Orn acts
as (N, N) donor through both the amino groups. [irlyi, Structure E may rearrange itself to giveuSture F.
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MLH

Fig. 3: Suggested structures of Orn complexes, wieeS is either solvent or water molecule and M is &|1), Ni(ll) or Cu(ll)

CONCLUSION

The present biomimetic studies of metal ion comgdewith L-ornithine in DMSO-water mixtures indieathe
formation of protonated complexes at low pH (upkb 8). Under these pH conditions, tk@mino nitrogen atom
of L-ornithine is protonated, carboxyl amdamino groups are bonded to the metal ion. As tthénpreases, thé-
amino is deprotonated. The species formed dueddnteraction of L-ornithine with the metals areLC&oL,,
CoLH, ColyH,, NiL, NiLj, NiLH, NiL,H, CuL, Cul,, CuLH, and CukH,. The linear variation of stability
constants as a function of dielectric constanhefrhedium indicates the dominance of electrostataes over non-
electrostatic forces. The influence of errors ie toncentrations of ingredients on the magnitudestability
constants is alkali>acid>ligand>metal. Proximity thfe protonation constants determined from protgand

239
www.scholar sresear chlibrary.com



Gollapalli Nageswara Raoet al Der Pharma Chemica, 2015, 7 (12):232-240

titration data to those retrieved from metal ligatitdation data confirms the sufficiency of the netsl High
concentrations of the complex chemical speciescatdi that metals are more amenable for transpmmtett
biological pH.
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