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The Complex Formation of Copper(II) with GHL* and HSA*
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The formation constants for complexes of cop-
per(ll) with GHL have been determined by means
of pH titrations and ESR spectroscopy in aqueous
solutions. GHL has an extremely high affinity for
copper(1l) and forms very stable 1:1 complexes and
a comparatively weak 1:2 complex. The € amino
group of GHL seems not to be involved in complex
formation as can be deduced from both equilibrium
constants and ESR spectroscopy. The ternary sys-
tem copper(Il)-GHL—-HSA was investigated by ESR
spectroscopy and optical absorption spectroscopy in
aqueous solution at physiological pH (7.4). At equi-
molar concentrations, copper(Il), HSA and GHL
form a ternary complex.

Introduction

GHL is coisolated with copper and iron from
human plasma at an amount of about 200 ng/cm?
[1, 2]. In combination with the transition metals
copper, iron and zinc, GHL enhances the growth of
cultured hepatoma cells, whereas the addition of
these metals without GHL decreases the number of
these cells [3]. GHL seems to bind the toxic transi-
tion metals in a utilizable form [3]. Pickart and
Thaler [3] postulated a mechanism for the copper
transport in plasma: GHL should act as a ‘low weight’
carrier and transfer copper to albumin.

Because of this assumed physiologial role and
many other biological functions [4—13], more detail-
ed equilibrium studies of such complexes seemed
highly desirable. Another aim of this work was to
test the utility of ESR spectroscopy in aqueous

*Abbreviations: AH = L-histidine-N’-Lalanyl; BSA =
bovine serum albumin; ESR = electron spin resonance; GG =
glycylglycine; GH = L-histidine-N2-g1ycyl; GHL = L-lysine-
N“-(-N-glycyl-L-histidyl); HSA = human serum albumin;
LH = L-histidine-N? -L-leucyl; NMR = nuclear magnetic reso-
nance; RG = receiver gain.
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solutions of copper(II) [14—16] for the investigation
of such systems.

Earlier investigations on copper(II)-GHL com-
plexes have been performed using potentiometric
titration [17], optical absorption spectroscopy
[17, 18], crystallographic structure determination
[19], high resolution NMR spectroscopy [20] and
ESR spectroscopy in ethylene glycol—water glasses
[18].

The ternary system copper(II)~GHL--HSA has
been investigated so far only by means of equilib-
rium dialysis [17]. In addition to that, some bio-
logical investigations have been caried out on this
system to reveal the biological importance and the
mechanism of action of GHL (reviewed by Pickart

[21]).

Experimental

Materials

CuCl,*2H, 0 (analytical grade) was dried at 130 °C
until the weight was constant. GHL was obtained
from Serva as acetate (analytical grade). HSA was
obtained from Serva (pure, lyophil.). All solutions
were prepared using CO, free distilled water. Acid
and base were Titrisol products (Merck). All solu-
tions contained 0.1 M NaNOQO,.

Potentiometric Titrations

Titrations were carried out at various metal/
ligand ratios ranging from 1:1 to 1:4. The copper
chloride concentration was 0.001-0.0025 M. The
systems were titrated with 0.5 M NaOH at 37 °C *
0.3 °C using a 0.2 cm? burette (Gilmont) after adding
an appropriate amount of HCL.

ESR Experiments

For the binary system copper(II)-GHL about
7 samples per titration were taken from the titration
vessel by micropipette and frozen in liquid nitrogen
immediately. The concentration of copper chloride
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was 0.0025 M. The titration volume was 3 cm?®,
After defrosting the samples, the spectra were record-
ed at 37 °C.

For the ternary system the concentration of
copper chloride was lowered to 0.00125 M. pH
7.4 was adjusted with 0.5 M NaOH. The ratios
metal/HSA/GHL ranged from 1/1/0 up to 1/1/1.
GHL was added as a solution using a 0.2 cm® burette.
The samples were treated as described above.

Optical Absorption Spectra

The copper chloride concentration was 0.0005 or
0.00025 M. All measurements were carried out at pH
74 and T = 25°C. The spectra were recorded at
various ratios of copper(II)/HSA/GHL (from 1/1/0
to 1/1/1 and from 1/0/1 to 1/1/1), with a cell thick-
ness of 1.0 cm.

Apparatus

For the pH measurements a Schott pH-meter CG
803 and an Ingold electrode calibrated with standard
buffer solutions (Merck) were used.

The ESR spectra were recorded on a Varian E 104
spectrometer (calibrated microwave frequency =
9.097 GHz) in tubes with only 1 mm diamter (Wil-
mad Cat. Nr. 800) in order to reduce the dielectric
losses caused by water as solvent. The optical
absorption spectra were recorded on a Unicam 1800
Ultraviolet Spectrophotometer linked to a Unicam
1805 programme controller and a Unical AR 25
linear recorder.

Calculations

All calculations were carried out at the CDC
Cyber 74 computer of the University of Innsbruck.
20—-30 points per titration and 400 points per ESR
spectrum (digitized with a Summagraphics ID 2000)
were included.

Methods

The method to evaluate the formation constants
of complexes from titration curves has already been
described [22]. The method of evaluating formation
constants from ESR spectra has not been applied very
often [14—16].

The principle of the method is as follows (see also
ref. [14]): The detected ESR spectra are a sum of
spectra of species present in the solution. The
basic assumption is that the amplitude of the ESR
signal is proportional to the concentration of the
species in solution. This assumption allows the
evaluation of quantitative data. For this purpose the
spectra are stored in their digitized form Sy (i =
number of digital points, 1—-400; j = number of spec-
trum; S;; = height of spectrum j at point i, corrected
by the spectrum of the tube). S;; can be expressed
as the sum of different overlapping spectra:
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Fig. 1. If copper{Il) binds to GHL to form M;HgL, at
physiological pH no proton has to be removed (loss of the
peptide proton but protonated € amino group; the latter form
is equal to the illustrated one in terms of macroscopic
equilibrium).

Sij = 2 Ry Xy, (1)
k

k = number of species, Ry, =height of spectra of pure
species k at point i, X;; = concentration of species k
in spectrum j.

When K, are the equilibrium constants, M; the
total metal concentration and L; the total ligand
concentration, one is able to evaluate Xy for any
pH value (titration point) if the ligand protonation
constants are already known (e.g. from potentio-
metric titration of the pure ligand). The computa-
tion of the pure spectra R;, of the species starts with
an arbitrary set of K values. By solution of n-i equa-
tions (1) one can compute n pure spectra Ry,. After
that S;;°€ for all i and j are calculated and the differ-
ence F is a measure for the quality of the model

F= 2 2 (XRye Xy — SEP)? (2)

jin i k

description within a given set of K. In the next step,
the formation constants are varied systematically by
iteration until the lowest F is obtained. It is of course
possible to use different model descriptions, each
with a ‘best’ set of Ky, and to compare F for the dif-
ferent models.

Results and Discussion

Potentiometric Titration of GHL and GHL—CufII)
The general equilibrium involving metal ion M,
proton H and ligand L can be written as:
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with GHL and HSA

TABLE 1. pK g, Values for GHL and Cu(11)-GHL.

p qr pH titrations ESR spectroscopy Literature
PKpqr dpKpgs" PKpqr dPqurb PKpqr
0 41 ~26.51 0.19 -27.81[1719, -27.72(28)°¢
0 31 -23.99 0.09 —24.90[17]¢, ~24.63[28]¢. —25.37[29]f
0 21 -17.66 0.10 -18.37[17]¢, -18.18[28]¢, -18.77[29]
0 11 -10.01 0.20 ~10.44[17]9, -10.34[28]¢, -10.71[29]
1 11 -19.00 0.68 nd.®
1 01 -16.12 0.10 -16.28 0.18 -16.441719
1 -1 1 -7.01 0.40 -6.94 0.25 —7.48[17]¢
1 -2 1 301 0.31 3.01 0.72 3.74[171¢
1 12 -29.02 0.90 -29.02 0.69 -30.83[17]¢

*1f PKpqr is varied by +dpKpq, experimental error (I (baseﬁlﬁg‘ - baseadded)2 [22] is doubled.
by +dpKpqy experimental error (F;see eqn. 2) [14] is doubled.

titration, 25 °C, 0.15 M NaCl.  °[28] NMR, 37 C, D, 0.
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Fig. 2. Species distribution as a function of pH for Cu(Il)—
GHL. Concentration of copper chloride 0.0025 M. Concen-
tration of GHL 0.0025 M. (Symbols as in Fig. 3).

pM +qH + rL ==M_H,L, 3)

where p, q and r are the stoichiometric numbers of M,
H and L. The equilibrium constants are defined as:

M_H L,
= p'q
o= ] @,

where m, h and | are the concentrations of free metal
ion, H" and free ligand. L denotes the anionic form of
GHL illustrated in Fig. 1. Table I shows the set of
pPKpqr Which fits the titration curves best. The values
are in good agreement with those from Lau and
Sarkar [17]. Figures 2 and 3 illustrate the species
distribution as a function of pH for different metal/
ligand ratios.

pKio1 (M + L = ML) is very low indeed. Lau and
Sarkar have compared the value of —16.44 [17] (see

n.d. not determined by ESR method.
f129] NMR, 25 °C, 0.08 M KCL.
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Fig. 3. Species distribution as a function of pH for Cu(II)—
GHL. Concentration of copper chloride 0.0025 M. Concen-
tration of GHL 0.0066 M. free copper(Il), X XXX
MjH Ly, #%*x M{HoL; , XXXX M{H L, 1| {1MH 2Ly,
*nwkw My H; L,

Table I) with that for GH—Cu(II) (—8.68 [23, 17]*),
interpreting the difference of some orders of magni-
tude as being a consequence of the absence of the
€ amino group in GH, which therefore should play
an essential part in complex formation. Such a parti-
cipation of the € amino group of GHL is contradict-
ed by some workers [18—20]. In our opinion, the
two values are not comparable at all because different
types of complexes would be compared; in the case
of GHL L denotes the anion (Fig. 1); if copper(II)

*The pKpqy values from Agarwal and Perrin for GH [23]
are in good agreement with our work for AH and LH (unpub-
lished results; the agreement is demonstrated in Fig. 4).
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binds to the peptide nitrogen of histidine at this
stage of protonation, no proton has to be removed
(Fig. 1). In the case of GH, the fourth equivalent is
not titrable in aqueous solutions of pure GH and one
cannot formulate therefore, a corresponding equa-
tion for the complex formation of copper(Il) with
GH without the loss of a proton. If one wants to
compare the formation constants of the two systems
(Cu(I)-GHL and Cu(I)-GH) one would have to
take into account the non-titrable pKg-;; of GH
(Fig. 1; the loss of the proton from imidazole
nitrogen N' would be the next deprotonation step).

Fig. 4. pKF as a function of pH for the complex formation
of copper(Il) with different ligands. Copper(Il)/ligand = 1:1.
ligand = GHL (pKpqr taken from Table I);--------

ligand = GHL (pKpqy taken fromref. [17]); — ~-— ligand =
AH (pKpqr taken from unpublished results); —..—.. -
ligand = GH (pKpq, taken from ref. [23]); —... ... ~ ligand

= GG (pKpqr taken from ref. [14]).

In order to compare the competition of GHL and
GH in the complex formation with copper(Il), one
can compare the pK¥ of both ligands as a function of
pH. pK® is defined as the complex formation cons-
tant for a comglex of M with a fictive ligand LF
(L + M = MLY), which would bind M to the same
extent as the real L in all complexes M,H L, (p #
0) together. This diagram is shown in Fig. 4 for GHL,
GH, AH and GG. GHL has the highest affinity to
copper(Il) over the whole pH range but it is not
much higher than that for GH and AH, whereas the
affinity of GG to copper(Il) is considerably lower.
One can deduce from Fig. 4 that the structure
element GH in GH and GHL as well as the equivalent
structure of AH is responsible for the high affinity
to copper(IT). Despite this the side chain of lysine in
GHL seems to have a stabilisation effect of about 1.7
orders of magnitude, but it is not as great as that
assumed by Lau and Sarkar [17].
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Fig. 5. Experimental ( ) and calculated (------- ) spec-

tra and the contribution of the spectra of the pure species
(RG = 4.000). Concentration of copper chloride 0.0025 M.
Concentration of GHL 0.0066 M. The dashed line may be
covered by the one for the experimental spectrum. The
symbols are the same as used in Fig. 3. pH = 8.79.
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Fig. 6. Spectra of the pure species (0.0025 M; RG = 4.000).
------- copper chloride; MjHoL;; — —— M;H;L,.

ESR Spectroscopy of GHL—Cu(II)

Quantitative ESR spectroscopy in aqueous
solution is a complementary method to the pH titra-
tion method. By means of pH titration it is difficult,
for example, to detect whether a complex is a
monomer or dimer, whereas ESR spectroscopy in
solution allows one to distinguish easily between
them. The dimer shows a zero spectrum in most cases
because of the copper—copper interaction under the
given experimental conditions [14].

The formation constants for the complexes are
listed in Table I. The complex M;H;L; could not be
detected in reasonable amounts; the other formation
constants agree with those obtained by means of
pH titration within experimental error (Table I).
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Fig. 8. Postulated structure for the complex M;HgL;. This
complex is deprotonated at one of the water molecules (first
step; M{H_;L;. The second deprotonation is the loss of a
proton from the e ammonium group (M;H_5L;).

Different models were applied to the system, but
the one presented here fits the experimental data
best. Figure 5 shows one example of experimental
and calculated spectra. Figures 6 and 7 show the
spectra of the pure species. The comparison of the
spectra MyH_;L, and M;H_,L,; leads to the conclu-
sion that the proton removed from the complex
M;H L, resides at a large distance from copper-
(II), as the spectrum is influenced only to a minor
extent (Fig. 7). This observation is consistent with
the hypothesis that the ¢ amino group is not involv-
ed in complex formation; in addition, the complex
M;H L, loses its proton at almost the same pH as
the free ligand MoH,L; (pPKi-pn — pKypy =
pKoi1).
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Fig. 9. Optical absorbance of different mixtures Cu(iI)/
GHL/HSA from 1/1/0 to 1/1/1. Concentration of copper
chloride 0.0005 M. Concentration of GHL 0.0005 M. a,
1/1/0.00;b,1/1/0.13; ¢, 1/1/0.40;4d, 1/1/0.60; ¢, 1/1/1.00.
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Fig. 10. Resulting spectra after subtraction multiple of
Cu(Il)-GHL spectrum from experimental spectra (Fig. 9;
for further details see text). b, c, d, see Fig. 9. ------- (dashed
line), spectrum for Cu(II)-HSA 1:1, 0.00025 M.

Postulated Structures of the Complexes M H, L,

The species M{HyL; dominates over a wide pH
range. Our postulated structure is illustrated in Fig.
8. The e amino group is not involved in complex
formation. The latter assumption agrees well with the
polymeric crystal structure [19].

Optical Absorption Spectroscopy of Cufll)-GHL,
Cu(ll)-HSA and Cu(ll)-GHL—-HSA at pH 7.4

Addition of GHL up to equimolar ratios of cop-
per(II)—-HSA in copper(I[)-HSA (1:1) containing
solutions hardly alters the absorption spectra (refer-
ence being the same solution of copper(I)-HSA
(1:1), 0.00025 M as was used as sample before adding
GHL). Therefore zero spectra are obtained by addi-
tion of GHL.
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) and calculated (wmmmwm) spectra of different mixtures Cu(Il)/GHL/HSA from 1/0/1 to 1/1/1

(RG = 16.000): (a) Cu(Il)/GHL/HSA =0.00125/0/0.00125; (b) Cu(Il)/GHL/HSA = 0.00122/0.00028/0.00122; (c) Cu(I)/
GHL/HSA = 0.00116/0.000926/0.00116; (d) Cu(1I)/GHL/HSA = 0.00112/0.00114/0.00112.

The reverse mode of operation (adding HSA to
an equimolar mixture of copper(II)-GHL, 0.0005 M,
reference being solvent + equivalent amounts of
HSA in the sample) is illustrated in Fig. 9. The peak
at 610 nm [17] decreases linearly with the amount
of HSA added and a new peak is observed at 535
nm. If a multiple of the copper(II)--GHL spectrum
is subtracted from the experimental spectra (multi-
plication factor = (0.0005 M — HSAconcentmtion)/
0.0005 M) for each measured point, the resulting
spectra (Fig. 10) have always the same shape and
Amax ©f 535 nm with absorbance increasing linearly
with the multiplication factor. These spectra do
not differ from the spectra for copper(I1)—HSA
(1:1) within experimental error (reference being
solvent + equivalent amounts of HSA in the sample;
see Fig. 10 [17,24]).

These observations would lead to the conclu-
sion that GHL cannot compete with HSA in complex-

ing copper(I). To prove this hypothesis some ESR
spectra were recorded.

ESR Spectroscopy on the System Cu(ll)-HSA and
Cufll)~-GHL~HSA4 at pH 7.4

If the above assumption is right, addition of GHL
to an equimolar aqueous solution of copper(I)--HSA
should not alter the ESR spectrum. In contrast to
this expectation one finds that the addition of GHL
leads to a significant change in the spectra (Fig. 11).
Each spectrum can be computed as a mixture of the
spectrum for copper(IT)—HSA (1:1) and copper(II)—
GHL—HSA (1:1:1); the concentration of copper(Il)—
GHL-HSA to be taken into account is equal to the
GHL concentration until equimolar amounts of GHL
are added (Fig. 11).

These findings are only consistent if we assume a
ternary complex with the same optical absorption
spectra as the binary complex copper(II)—HSA (1:1).
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The concentration of binary complexes between
copper(I) and GHL seems to be negligible up to equi-
molarity in copper(II)-GHL-HSA containing
solutions. The copper(II)-GHL complex at pH 7.4
has approximately the spectrum shown in Fig. 6
(M HyL;) with characteristic high intensities; only
a few percent of this spectrum would alter the shape
of the spectra for the ternary system in a character-
istic way*. This result is in contrast to that of Lau
and Sarkar [17], obtained by equilibrium dialysis,
namely that at an equimolar ratio of copper(Il),
GHL and HSA 40% of total copper(Il) should be
bound to GHL [17]. This discrepancy might be due
to the difficulties in obtaining significant results by
the dialysis method in the narrow range Cu(Il)/
GHL/HSA from 1/0/1 to 1/1/1.

Conclusion

Copper(II) has a high affinity for GHL and forms
a very stable complex M;HoL, . Although related pep-
tides bind copper(IT) almost as strongly as GHL (e.g.
GH and AH), most of these peptides display no bio-
logical effect or only low activities [4]. The lysyl
residue seems to be essential, therefore, for the bio-
logical activity of GHL. Perkins ef al. [19] suggested
that two important functions of GHL explain its bio-
logical role: GHL at physiological pH has one copper
binding site (N-terminal amino group, histidine pep-
tide nitrogen and the imidazole nitrogen N* of histi-
dine) and one cell membrane binding site (¢ ammo-
nium group of lysine). The cell membrane binding
site remains free if copper is complexed by GHL.

The latter fact supports the postulated mechanism
in its first two steps [3]. GHL binds to the mem-
brane with its e ammonium group (receptor
function); after that, copper(IT) is bound to the mole-
cule and the complex may be easily released from the
membrane. Qur results are in full agreement with
this mechanism.

In the ternary system, a ternary complex of high
stability is formed. This is the reason that the released
M;HyL; complex may be bound as a ternary complex
in HSA containing plasma. The ternary complex
seems to exchange copper(II) with ceruloplasmin

*It is known that the viscosity of the solution can
influence the ESR spectra [25]. To prevent such errors
we recorded the spectrum for copper(II)--GHL at pH 7.4
at different concentrations of glycerol in water (up to 44%
by weight; the viscosity of the latter solution is 4.434 times
higher than that of pure water at 20 °C [26]; the viscosity
of a 0.00125 M BSA solution is 5.707 times higher than
that of pure water at 25 °C [27]) but the spectra did not
change within experimental accuracy.
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(histidine may act as an intermediate carrier mole-
cule [3,17]).

In general our findings support the mechanism
postulated by Pickart and Thaler [3] with the excep-
tion that copper(ll) is bound as a ternary complex in
plasma in the presence of HSA and GHL.

References

1 L. Pickart and M. M. Thaler, Nature New Biol., 243, 85
(1973).

2 L. Pickart and M. M. Thaler, J. Chromatography, 175,
65 (1979).

3 L. Pickart and M. M. Thaler, J. Cell Physiol., 102, 129
(1980).

4 L. Pickart and M. M. Thaler, FEBS Letters, 104, 119
(1979).

5 B. E. Stromberg, P. B. Khoury and E. J. L. Soulby,
Int, J. Parasit., 7, 149 (1977).

6 J. P. Dessaint, D. Camus, E. Fischer and A. Capron, Eur.
J. Immun., 7, 624 (1977).

7 M. Sensenbrenner, G. G. Jaros, G. Moonen and P.
Mandel, Neurobiology, 5, 207 (1975).

8 M. Capron, A. Capron, G. Torpier, H. Bazin, D. Bout
and M. Joseph, Eur. J. Immun., 8, 127 (1978).

9 K. H. Slotta, A. L. Golub and V. Lopez, Hoppe-Seyler’s
Z. physiol. Chem., 356, 367 (1975).

10 L. Svanberg and B. Astedt, Experientia, 35, 818 (1979).

11 M. K. Leung, L. J. Fessler, D. B. Greenberg and J. H.
Fessler, J. Biol. Chem., 254, 224 (1979).

12 L. Holmberg, 1. Lecander, B. Persson and B. Astedt,
Biochim. biophys. Acta, 544, 128 (1978).

13 M. Joseph, J. P. Dessaint and A. Capron, Cell. Immun.,
34, 247 (1977).

14 W. S. Kittl and B. M. Rode, J. Chem. Soc. Dalton Trans.,
3,409 (1983).

15 E. R. Werner and B. M. Rode, Inorg. Chim. Acta, 80, 39
(1983).

16 E. R. Werner and B. M. Rode, Inorg. Chim. Acta, 91, 217
(1984).

17 S-J. Lau and B. Sarkar, Biochem. J., 199, 649 (1981).

18 J. H. Freedman, L. Pickart, B. Weinstein, W. B. Mims and
J. Preisach, Biochemistry, 21, 4540 (1982).

19 C. M. Perkins, J. R. Rose, R. E. Stenkamp, L. H. Jensen,
B. Weinstein and L. Pickart, Inorg. Chim. Acta, 82, 93
(1984).

20 E. Y. Kwa, B.-J. Ling, N. J. Rose, B. Weinstein and L.
Pickart, ‘The Conformation of Growth Tripeptide Glycyl-
L-Histidyl-L-Lysine and Growth Tripeptide Copper(1I)
Complex in Solution’, in press (8th American.Peptide
Symposium).

21 L. Pickart, Lymhokines, 8, 425 (1983).

22 M. J. A. Rainer and B. M. Rode, Inorg. Chim. Acta, 58,
59 (1982).

23 R. P. Agarwal and D. D. Perrin, J. Chem. Soc. Dalton
Trans., 3, 268 (1975).

24 E. Breslow,J. Biol. Chem., 239 (10), 3252 (1964).

25 M. Noack, G. F. Kokoszka and G. Gordon, J. Chem.
Phys., 54 (3), 1342 (1971).

26 Handbook of Chemistry and Physics; CRC Press; 56th
edition; table D-230-D-231 (1975-1976).

27 Ch. Tanford and J. G. Buzzell, J. Phys. Chem., 60, 225
(1956).

28 M. Tanokura, M. Tasumi and T. Miyazawa, Biopolymers,
15, 393 (1976).

29 D. L. Rabenstein, M. S. Greenberg and Ch. A. Evans,
Biochemistry, 16 {5), 977 (1977).



