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Abstract

Formation constants for the N-(2-mercapto-
propionyl)glycine zinc, nickel, cadmium and lead
complexes in aqueous solution have been determined
at 37 °C and 150 mmo] dm™2 CI” using glass elec-
trode potentiometry. The emf data obtained have
been analyzed using the ESTA programs. The major
complexes formed, many of which were polynuclear,
were as follows: Zn(MPG), Zn(MPG),%~, Zn(MP-
G)s*~, Ni,(MPGH,_),?", Ni(MPGH,_)}MPG)3>~, Ni-
(MPG),;*~, Cd,(MPG),H*, Cd,(MPG),, Cd,(MPG);*~,
Cd;(MPG),*~, Cd(MPG);*~, Pb(MPG)H*, Pb(MPG),
Pb,(MPG);%~, Pb(MPG),?~, and Pb(MPG);*~. The
formation constants obtained were used in a simu-
lation model of blood plasma.

Introduction

There have been many reports concerning stabil-
ity constants of metal complexes of sulphydryl
molecules having biological interest but although
the chelating properties of sulphur-containing
amino-acids such as cysteine, glutathione, methi-
onine, and penicillamine, have been studied in great
detail, suphur-containing peptides have received
scant attention.

N-(2-Mercaptopropionyl)glycine  (Thiola, Tio-
pronin) (1) is a drug that is widely used as a radio-
protective agent and in the treatment of chronic
liver disease. It contains three electron donor groups
commonly found in vivo—an amide, a carboxylate
and a thiol group, which suggests that (a) it can be
used as a sulphur-containing protein model, and (b)
it might compete for metals if administered.

CH3—(‘3H~CO—NH—CH2—COOH 1)
SH
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Examples of (a) are that the ligand has been
studied as a structural model for the active sites
of ‘blue’ copper proteins [1-9] and its iron-
sulphide chelate has been considered as a model
in the study of the structure and formation of
non-heme iron proteins [10, 11].

N-(2-Mercaptopropionyl)glycine has been studied
as an antidote to mercury poisoning and it is re-
ported to be effective in the elimination of mercury
[12—-16], methylmercury [14, 17-20], ethyl-
mercury [21, 22] and phenylmercury [14, 23]
in mice tests; to accelerate the excretion of mercury
from the body into the urine in man [24-28]; to
remove the mercury [29, 30] and the ethylmercury
[29] bound to sulphydryl groups of haemoglobin,
and to prevent the teratogenic and fetotoxic effects
induced by methylmercury in mice [31].

N-(2-Mercaptopropionyl)glycine has also been re-
ported to be effective in the treatment of increased
lead absorption [32] and although it has been pro-
posed as a useful treatment for the infertility caused
by cadmium intoxication [33], it has been found
to increase cadmium levels in kidney and testis in
common with other monothiols [34].

Because the molecule resembles D-penicillamine
in some respects, N-(2-mercaptopropionyl)glycine
has been studied in the treatment of Wilson’s disease
and in acute copper poisoning [35—39]. It has also
been administered to rheumatoid arthritis patients
[40].

In relation to the Angiotensin-converting enzyme
inhibitory activity displayed by some mercaptoacyl
amino-acids, it is interesting to note that N-(2-
mercaptopropionyl)glycine has showed a hypoten-
sive effect in rats [41] and that its inhibitory effect
on Angiotensin-converting enzyme activity in vivo
has been studied [42].

Surprisingly, in spite of displaying the afore-
going metal dependent reactions in vivo, very few
stability constants have been published for N-(2-
mercaptopropionyl)glycine—metal complexes and of
those available [2, 43—46], many may be considered
unreliable because they have been calculated on
the assumption that only monomeric complex
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species were formed. Thus, it is timely to undertake
a detailed potentiometric study of complex
formation between N-(2-mercaptopropionyl)-
glycine and certain representative metal ions—nickel,
zinc, cadmium and lead. The data obtained have
been used to compute formation constants, which
can be included in data bases needed for large
computer models of biological fluids such as blood
plasma. In order that the data would be applicable
to Dbiological fluids, the investigations were per-
formed at 37 °C and in a background electrolyte
of 150 mmol dm™3 NaCl.

Experimental

Materials

N-(2-Mercaptopropionyl)glycine was supplied by
Sigma Chemical Co. Anal. Found: C, 36.8; H, 5.5;
N, 8.5. Calc. for C;HoNO;S: C, 36.8; H, 5.6; N,
8.6%, and was used without further purification.
A freshly prepared solution was used for each titra-
tion.

Standard stock solutions of metal ions were
prepared as their chloride salt (BDH Analar) and
analysed by EDTA complexometric titrations for
metal ion concentration [47] and by Gran plots
[48] for hydrogen ion concentration.

Sodium hydroxide solution (100 mmol dm™?)
was prepared freshly and frequently from BDH
concentrated ampoules.

To control the ionic strength, all solutions were
maintained at a chloride concentration of 150 mmol
dm™3 by the addition of sodium chloride (BDH
Analar).

All solutions were prepared using distilled and
degassed double deionized water (resistivity higher
than 2 Mohm c¢m).

High quality grade nitrogen (British Oxygen Co.)
was passed through Fiezer’s solution [49], con-
centrated sodium hydroxide, sulphuric acid and
ionic background solution, all thermostatted at
37°C.

Method

Protonation constants for the ligand and for-
mation constants for the metal complexes were
determined by potentiometric titrations in a
double walled vessel (Pye Ingold 604) thermo-
statted at 37.0 = 0.02 °C by circulating water. The
free hydrogen ion concentration was measured
with a Radiometer pH-64 Research pH Meter
equipped with a wide-range glass electrode (Russell
SW) and a saturated potassium chloride calomel
electrode (Russell CR).

The cell incorporated a Teflon stirrer and a
purified nitrogen atmosphere was maintained in
the vessel during the titrations.
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The electrode system was calibrated in terms of
hydrogen ion concentrations by performing strong
acid versus strong base titrations [50].

Experimental solutions containing ligand, metal
(when appropriate) and hydrochloric acid were
titrated, the hydrogen ion concentration being varied
by adding sodium hydroxide to the solution from
a piston-burette (Metrohm E-264) through a finely
drawn glass capillary.

Protonation curves for the ligand were obtained
at a variety of different total ligand concentrations
and, similarly, the metal complex formation curves
were obtained at different ligand:metal ratios and
for different total ligand and total metal concen-
trations.

Data Treatment

The general equilibria involving metal M?*, ligand
L?>~ (ie. deprotonated N-(2-mercaptopropionyl)-
glycine = MPG), and H* ions can be written as:

pM + gL+ rH—M,L H,

The overall formation constants are defined as:
[MquHT]
par ~ ™" 1DTrT 1911117 (2)
[M]”[L]%[H]
where the square brackets indicate the concentra-
tions of the free metal, ligand and hydrogen ions.
Charges are omitted for simplicity.

For the metal hydrolytic equilibria, values taken
from the literature [51] were used. Inclusion of
the proposed complexes and equilibrium constants
(recalculated for 150 mmol dm™2 and 37 °C [52])
in the calculations showed that metal hydrolysis
was negligible under our conditions.

The initial models were obtained from the shapes
of the formation curves, Zy{—log[A]) and of the
deprotonation curves [53], Q(—log[H]), Zy being
defined as:
= Ty, — [A]J(1+ 2 "

Zy= L [AI( nBru,[H]") 3)
Tm
where [A] = (Tg — [H] + [OH])/ZBLu,[H]),
Ty = total ligand concentration, Ty = total metal
concentration, and Ty = total hydrogen ion concen-
tration. O was defined as:
. (Tg-T
Tm

where T% is the calculated total concentration
of protons in the system at the observed —log[H]
ignoring the presence of all metal complexes. Initial
estimates of formation constants were obtained
using the BETA task of the ESTA program [53],
values for the formation constant of a single species
can be calculated from the emf reading at each
titration point. The final selection of species was
based on graphical comparison between calculated
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and experimental Z and Q curves in addition to
various statistical criteria.

Formation constant refinement was performed
using the ESTA optimization module with a
weighted least-squares objective function based on
emf residuals. Debye-Hiickel corrections for changes
in ionic strength were applied. The program allows
for the simultaneous optimization of formation
constants and other titration parameters, such as
electrode slope and intercept, initial volumes and
concentrations. It has been shown that this can
significantly reduce the effect of systematic errors
in the data [54]. The effectiveness of optimizing
different sets of parameters was examined by
analysing several sets of simulated titration data
generated with random errors in electrode para-
meters, initial volumes, initial concentrations, emf,
and titre volumes.

The results obtained were checked against those
calculated by other least-squares programs such as
MINIQUAD [55] and SCOGS [56]. Good agreement
was obtained in all cases for which a valid compari-
son could be made.

All calculations were performed ona VAX 11/780
computer.

Results and Discussion

Formation constants obtained in the present work
are listed in Table I. The quoted objective function,
U, is defined as:

Uz Zw(emf® — emf°)?
N —n,
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where N = total number of experimental titratior
points and n, = total number of optimized para-
meters. The weight at each titration point was based
on standard deviation in titre of 0.001 cm?® and in
emf of 0.05 mV. The sum of squares of residuals
is based on total electrode ion concentrations.

The MPG—-H* System

MPG shows two protonation constants (see
Table I). These can be assigned to the carboxylate
and thiol group. Calculations included the simul-
taneous optimization of electrode intercept, initial
acid and inital ligand concentrations. The results
obtained agree well with those found by other
authors (Table II).

The Zn**—MPG—H* System

The analysis of the formation curve (Fig. 1la)
and the deprotonation curve (Fig. 1b) for the Zn?*
system shows that only mononuclear species are
formed since all points fall on a single curve. The
species 110, 120 and 130 gave a low objective
function value and the Z and Q graphical represen-
tation indicated a very satisfactory fit. Electrode
intercept, intial acid concentration and initial volume
concentration were optimised simultaneously with
log 8 values. Results agree well with those previously
reported (Table II).

The Ni**—~MPG—-H* System

Sugiura er al. [2, 44] have reported that Ni**
induces amide deprotonation in MPG to yield a 1:1
complex, assumed to be mononuclear, in which
the ligand is coordinated through the sulphydryl
group, the deprotonated amide nitrogen and a carbo-

TABLE I. Formation Constants Determined in this Study at 37 °C and I = 150 mmol dm™3 CJ™,

r log Bpqr U

S
o

Sum of squares of residuals

No. of data points No. of titrations

H* 8.191 + 0.001 6.52

11.620 £ 0.001

5.371 £ 0.001 10.5
10.086 + 0.002
13.285 £ 0.004

—-0.326 £ 0.004 72.7
2.144 + 0.007
12.135 + 0.023

18.347 £ 0.027 28.8
14.946 + 0.006
20.834 + 0.006
25.432 + 0.010
14.988 + 0.008

9.854 + 0.011 10.6
6.726 £ 0.003

20.846 + 0.013

11.527 £ 0.010

14.379 £ 0.016

Zn2+

Np+

Cd2+

Pb2+

e B R e = RO RN RN N - OO
WA W - WHE WA WM W - = -
QOO+~ OQOOOF OFHN OO N~

3.237 E07

1.579 E-07

7.079 E07

3.949 E07

1.862 E-07

499 8

480 11

527 12

461 11

474 10
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TABLE II. Literature Formation Constants of Several Metal Complexes of the Ligand.

p q r log Bpqr Technique Conditions References
H* Zn?* NiZ* cd?* Pb2*

01 1 8.43 Potentiometry 25 °C [43]

01 2 11.81 150 mmol dm™—3 NaClO4

11 0 5.70 7.21 7.37

12 0 10.53 12.86 12.52

01 1 8.74 Potentiometry 22 °C [2,44]

01 2 12.34 100 mmol dm™3 KNO3

11 0 5.72 5.44 7.06

12 0 10.45 13.11

11 -1 ~-1.44

01 1 8.47 Polarography 20 °C [57]

01 1 8.40 Potentiometry 25 °C [45]
500 mmol dm~3 KNO;

01 1 8.33 Potentiometry 25 °C [46]

01 2 11.75

200 mmol dm™3 KC1

xylate oxygen. Sovagd et al. [58] confirmed that
MPG could act as a terdentate ligand in the presence
of Ni?* but reported an extensive polynuclear com-
plex formation through sulphydryl bridges in solu-
tions containing comparable amounts of metal ion
and ligand.

The formation curve (Fig. 2a) and the deprotona-
tion curve (Fig. 2b) suggest that polynuclear, proto-
nated or hydroxo species are present in the system.
However, the search for the best set of complexes
proved difficult and over ninety different models
were tested. Finally, the species 22-2, 12-1 and 130
were selected. The formation constant and, perhaps,
even the existence of the species 130 can, however,
be regarded as doubtful since it was not formed
in most of our titrations, and even at the highest
ligand:metal ratio its calculated maximum con-
centration only reached 22% of the total metal.

It has been demonstrated frequently that ligands
containing mercaptide ions have the ability to form
sulphur-bridged complexes with Ni?*, and so it may
be assumed that the 22-2 complex has the structure
proposed by Sugiura ez al. [44] but having two metal
ions linked through sulphur bridges. As the ligand:
metal ratio increases, the 12-1 complex is formed.
This is in agreement with S6vigd er al. [58] who
have pointed to the possible existence of a complex
where one ligand is bound to Ni** as a terdentate
ligand whilst the second is bound only through a
sulphydryl group.

The Cd**-MPG—H"* System

Formation (Fig. 3a) and deprotonation (Fig. 3b)
curves suggested the existence of polynuclear com-
plex formation and this was confirmed by finding

the species 220, 230, 240 and 130 which gave the
best agreement with observed data. Including the
species 221 resulted in a significant improvement
in the objective function and in a better fit of the
curves. It was thus included, in spite of the complex
being formed to a maximum of only 10%. This is
reflected in the relatively large standard deviation
in the value of its formation constant. Further
analysis showed that no other protonated or poly-
nuclear complexes seemed to be formed in any
appreciable amount. The same titration parameters
as those for the zinc system were optimized.

The Pb**—MPG—H"* System

The best model was found to contain the species
110, 120, 230, 130 and 111. Formation and de-
protonation curves are shown in Fig. 4. The para-
meters optimized were the same as used previously
with zinc and cadmium. It should be noted that
this resulted in a high correlation between the
values of the formation constants of the species
120 and 130 which, it is estimated might affect
the precision of those values by as much as 0.05
log units.

Simulation of Blood Plasma

The formation constants obtained were used to
investigate the steady-state conditions which exist
in bio-solutions such as blood plasma. Administered
drugs like N-(2-mercaptopropionyl)glycine are
sometimes capable of mobilizing metal ions from
plasma proteins and tissue and of increasing the
low molecular weight fraction present.

Typical species distribution plots for zinc, nickel,
cadmium and lead—MPG complexing are shown in
Figs. 5a, b, cand d.
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TABLE III. Log PMI Values for MPG in Blood Plasma Computed Using ECCLES.

MPG concentration in blood plasma Metal ion

Zn?* Ni2* cd2* Pb2*
1075 mol dm™3 0.01 0.00 0.00 0.00
107* mol dm™3 0.10 0.00 0.00 0.01
1073 mol dm™3 0.13 0.00 0.82 0.32

TABLE 1IV. Percentage Distribution of Low Molecular
Weight Zn2* Coordinated to MPG in Blood Plasma (Con-
centration of Drug = 10™* mol dm™3).

Complex % of lm.w. Zn2*
Zn(MPG)(Cys)?™ 13.21
Zn(MPG)His)™ 2.9
Zn(MPG)° 16
Zn(MPG),2~ 1.2
Zn(MPG)(Cys)H™ 0.5
Zn(MPG)Cis)H™ 0.5

The ability of N-(2-mercaptopropionyl)glycine
at various concentrations to mobilize metal ions can
be expressed in terms of a plasma mobilizing index
(PMI) [59]. These values have been computed [52]
and listed in Table III. The mobilization of cadmium
and lead expected from the biological observations
mentioned earlier is found although a high concen-
tration of drug in plasma is required. This suggests
that decorporation therapy must either be prolonged
or that sources other than plasma are tapped by
N-(2-mercaptopropionyl)glycine.

In common with many heavy metal mobilizing
agents, N-(2-mercaptopropionyl)glycine produces
significant PMI values for zinc, an essential bio-
metal. The new low molecular weight complexes
formed are shown in Table IV. Caution must there-
fore be exercized to replace any zinc lost during ex-
tensive therapy involving this drug.
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