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Abstract

The formation constants for complexes of Zn(II)
with GHL and related peptides have been determin-
ed by means of potentiometric titration and '"H NMR
spectroscopy in aqueous solution. GHL has a high
affinity for Zn(1I) but this somewhat higher affinity
compared to the related peptides AH, LH and HL* is
not a sufficient explanation for its biological role.

'H NMR spectroscopy allows structural assignment
of the relative chemical shifts to complex structures
and the method, therefore, is a powerful tool for the
determination of complex structures when the metal
ion is diamagnetic and the ESR method previously
applied to the GHL—Cu(ll) system (see ref. 4) can-
not be used.

Introduction

GHL 1s isolated from human plasma in amounts
of about 200 ng/cm? [1, 2]. In combination with the
transition metals copper(Il), wron(Il) and zinc(II),
GHL enhances the growth of cultured hepatoma
cells, whereas the addition of these metals without
GHL decreases the number of these cells [3]. It is
assumed that these metals bind to the membrane
where they seem to have toxic effects [3]. Pickart
and Thaler [3] postulated a mechanism for the mode
of action of GHL: GHL should be able to loosen the
connection of the toxic metal ions to the membrane
and transport the metals. This hypothesis is support-
ed by our investigations on the Cu(II)--GHL-HSA*
system (4] .

Besides that, GHL has many other biological
functions [5—14]. Many investigations have been
carried out which show the biological importance
and mechanism of action of GHL (recently reviewed
by Pickart [15]). It is known that GHL-related pep-

*Abbreviations: AH = L-histidine-Nz-L-alanyl; GH = L-
histidine-N? glycyl; GHL = L-lysine—N2 «-N-glycyl-L-hystid-
yD); GL = Lysine-N?glycyl; HL = L-ysine-N”-L-histidyl;
HSA = human serum albumin, LH = L-histidme-Nz-L-leucyl;
VL = L-lysme-Nz-L-valyl.
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tides display no biological effects or only low acti-
vities [5].

In order to find out the specific properties of
GHL in complex formation, which may be res-
ponsible for its biological role, in this work the com-
plex formation of GHL with Zn(II) 1s compared to
that with related peptides.

The system Zn(I)-GHL has been investigated
so far by 'H NMR spectroscopy only with respect
to the location of the binding sites for Zn(II) and
Cu(Il) at pD = 7.1 [16]. In our work 'H NMR
spectroscopy was used to determine formation
constants, the spectra of the species and the bind-
ing sites appearing at different pD.

The following dipeptides related to GHL were
used: HL (the C-terminal dipeptide of GHL), AH
and LH representing the N-terminal dipeptide and
GL* and VL* 1n order to determine the influence of
lysine as compared to other aliphatic dipeptides like

glycylglycine.

Experimental

Matenals

Zn(NO3);°H, O (analytical grade) was obtain-
ed from Merck. The concentration of the Zn(II)
stock solution was determined by complexometric
titration. All peptides listed in Table I were obtain-
ed from Serva and were used without further puri-
fication. All aqueous solutions were prepared using
CO, free distilled water; the ionic strength was 0.1
M NaNOj; 1in H,0. Acid and base were Titrisol prod-
ucts (Merck). D,0 (99.80%) was obtained from
Stohler Isotope Chemicals.

Potentiometric Titrations

Titrations were carried out at various metal/
ligand ratios ranging from 1:1 to 1:4. The Zn(II)
concentration was 0.001-0.0025 M. The systems
were titrated with 0.4 M NaOH at 37°C + 0.3°C
using a 0.2 cm® burette (Gilmont) after adding an
appropriate amount of HCL

LHf NMR Experiments
The chemical shifts of the protons of the pep-
tides were measured with and without the presence
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of various amounts of Zn(II) as a function of pD.
The concentration of the peptides in solution was
kept at 0.1 M in D,0 (99.80%). The metal/ligand
ratio ranged from 1:1 to 1:3.33. Chemical shifts
are reported relative to the resonance signal of tert.
butanol as internal standard. The pD was adjusted
with concentrated NaOD and HCl, so that the effect
of dilution could be neglected. The spectra were
recorded at 32 °C without 1onic background. The
values for pD were not corrected to pH although
the calibration procedure was the same as in the
potentiometric titration experiments.

Apparatus

For the pH and pD measurements a Schott pH-
meter CG 803 and an Ingold electrode calibrated
with standard buffer solutions (Merck) were used.
The 'H NMR spectra were recorded on a Varian
EM-360-L 60 MHz spectrometer with a sweep width
of 5 or 10 ppm and a sweep time of 5 minutes.

Calculations

All calculations were carried out at the CDC
Cyber 74 computer of the University of Innsbruck.
20-30 pomts per titration and 15-20 'H NMR
spectra per solution were included in the data repre-
sentation.

Methods

The method of evaluating the formation cons-
tants of complexes from titration curves has been
described earlier [17]. For the evaluation of the for-
mation constants and the spectra of the pure spe-
cies present in the solutions from the 'H NMR
data a new Fortran program (NMROPT) was written.
The principles of this program are as follows. Given
a solution of a ligand L, containing J different species
of the composition MyH,L, from the general reac-
tion:

pM + gH + 1L —M_ H,L, (1)

where M stands for metal ion and H for proton, each
species M H,L, displays 1ts own 'H NMR spectrum.
If there is a rapid exchange between different species
we observe only one signal S for the mixture of
the J species for each proton i according to eqn. 2:

J

Sik = 20 Fa Ko (2)
1=1

1<1 <I kind of proton

1<j <J kind of species present in the solution

1<k<K index for the number of experimental

measurement points
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Xk molar fraction of species j at point k
times r,
i chemical shift of proton i in species

We can obtain X, for any given set of reactions
(eqn. 3) and its formation constants pKpq, by the
application of the Newton method [18]

HqL,
_ pllq
PKpqr = —1g %‘) 3)

if p, q and r are the stoichiometric quantities of M,
H and L and m, h and 1 are the concentrations of
free M, H and L respectively.

The calculation starts with an arbitrary set of
PKpqr and f; (j #7) (b beng the species number for
which we want to calculate 1ts f; and pKggr).

For a given set of pK,,, /;; can be calculated from
eqn. 4 for all 1:

K J
2 XS ~ 2 fiXw)
k=1 1#]
= (4)

K
> X
k=1

f; are the values which lead to the lowest F (see eqn.
5) within a given set of pKpq, and £, (j #7). Only
those k where Xj;, was higher than 0.02 were taken
mto account. After that pKggr 1s varied systema-
tically, each variation leading to a new f£;. The
combination of f; and pKggr which leads to the

lowest F (see eqn. 5) 1s chosen for the next steps.

(Si™® ~ Sk — Fon (5)

Me

K
F=3%
k=1

1

)}

In the next steps we choose other species for J and
repeat the procedure in a cyclic manner until the
error function F converges to a minimum Fp,p,.
Thus the best set of f;, and pKpq, is obtained.

If the quality of the simulation is poor, one has
to change or enlarge the chemical model underlying
the procedure.

Interpretation of the Spectra

Only those 'H NMR signals were taken into
account which could be assigned reliably to specific
protons of the ligands. Under the given experimental
conditions (water content of the peptides and of
Zn(NO;),; D,0 of 99.80% purity; 60 MHz spectra)
this assignment was not possible with the desired
accuracy for those nuclei not mentioned in Table
II.

GHL Spectra
The signals of the 1midazole protons 1 and 2 (nota-
tion Fig. 5) show a doublet (/ = 1.5 Hz) and appear
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as broad singlets at higher pD and in the case of
complex formation with zinc(II) [16] . The diastereo-
topic protons of glycine should give rise to an AB
system (a doublet for each proton;J =16 Hz; [16]),
but appear as triplets over the whole pD range. The
B-methylene protons of histidine appear as a doublet
(/ = 7 Hz) and the e-methylene protons display a
distorted triplet (/ = 7.2 Hz).

AH Spectra

The methy]l protons of alamne show a doublet
(/ = 7.2 Hz) and the a-proton of alanine displays
a quadruplet (/ = 7.2 Hz). The S-methylene pro-
tons of histidine show a distorted doublet (J =
6.6 Hz) as in the case of GHL but we observe a split-
ting of the doublet in solutions with pD higher than
7.6. This may be due to the change in the spin sys-

TABLE I. Protonation and Complex Formation Constants.
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tem AX, to ABC as has been reported for pure histi-
dine [19]. Therefore this signal was not taken into
account for solutions with pD higher than 7.6. Imida-
zole protons are observed as in the case of GHL.

GL Spectra

The methylene protons of glycine display a singlet.
Due to long range coupling both the &- and e-methyl-
ene protons show distorted triplets over the whole
pD range, both having a coupling constant of J =
7 Hz.

Results

Table I displays the pK,q, values for the pure
ligands L (p = 0), where L denotes the anion in all

GHL

pqrTr pot. titr. 'H NMR literature
b

PKpar dPqura Pqur dpKpqr
04 1 -26.51° 0.19 ndd ndd —27.81%, ~27.72¢
031 -23.99°¢ 0.09 —24.35 0.13 -24.90°%, —24.63, —25.37%
021 ~17.66° 0.10 -17.79 0.17 ~18 37°, —18.18%, ~18.778
01 1 ~10.01° 0.20 ~10.05 0.24 ~10.44%, ~10.34%, ~10.718
121 ndd nd2 ~20.03 0.26
101 ~7.50 0.06 ~1.76 0.75

AH LH
P qQT pot. titr. Iy NMR literature pot. titr.

b

PKpar depqra pPhpar dpKpqr PKpar dPqura
031 ~16.81 0.13 —17.11 0.42 —17.53; ~16.52 015
02 1 1429 0.05 —1448 0.15 -14.71 _14 16 0.06
011 ~7.79 0.07 ~7.83 0.14 —8.04f ~71.72 0.06
111 -9.87 0.90 ~10.05 0.33 ~10.01 040
1-1 1 3.23 0.08 2 80 0.80 3.28 0.08
11 2 nd? ndd ~14.00 0.60 ~13.65 0.85

GL VL HL
P qTr pot. titr. 4 NMR pot. titr. pot. titr. literature

PKpqr dPqura PKpqr dPqurb PKpar depqra PKpar dPqura
041 ~25.05 0.29 _26.18¢
031 -20.54 0.24 _2142 022 -20.56 0.16 2303 0.8 -23.57%
021 ~17.78 0.12 ~18.57 0.5 ~17.47 0.05 ~17.38 0.07 —17.72%
01 1 ~10.01 0.5 ~10.40 028 ~10.00 0.07 ~10.09 0.09 ~10.35%
111 ~13.16 0.20 -1339 026 ~12.01 0.75 1478 0.11
122 -26.12 0.22 2623 065 ~24.94 0.80 -28.60 0.16

1t PKpqr is varied by *dpKjqy, the experimental error (EE=1 (baseggl(‘fgd - base:xggg)z is doubled
®See also ref. [4]
f14 NMR, 37 °C, D50, see ref [21]

:depqr, the experimental error F (see eqn 5) 1s doubled
tentiometric titration, 25 °C, 0.15 M NaCl; see ref [20].
KCl, see ref. [22].

b pKpqr is varied by
nd.: not detectable by this method. €po-
E lf NMR, 25 °C, 0.08 M
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TABLE II. Calculated Chemical Shifts (ppm to t-BuOH).

M J A Rainer and B M. Rode

GHL AH GL
p qr la 2a 3a 4a 53. 1b 2b 3b 4b 5b 1c 2c 3c
0 31 1731 6.05 258 200 175 7.36 608 2.82 207 0.28 3.1  2.60 1.74
021 661 §77 258 1.86 1.74 7.31 598 278 194 0.27 290 257 1.73
01 1 635 563 218 179 178 652 568 2.82 181 0.31 289 208 1.74
0 01 637 565 205 180 1.29 6.37 563 226 178 -0.03 2.88 206 1.27
1 21 641 5.66 2.53 190 1.74
111 6.38 S§51 279 1.87 0.26 292 2.5 1.74
1 01 658 5§70 235 188 1.73
1-1 1 642 508 243 1.70 -0.08
112 6.57 568 2.69 186 0.16
1 2 2 2.86 2.29 1.74
8See F1g.5. PSee Fig. 6. CSee Fig 8
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Fig. 1. Calculated 'H NMR titration curves: — —— 0.1 M Fig. 3. Distnibution of species as a function of pH. 0.001 M
GHL; 01 M GHL + 01 M Zn(Il); | precipitation; @ GHL + 0001 M Zn(D); pKpq, taken from potentiometric

notation for the kind of proton (see Table II and Fig. 5)
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Fig. 2. Calculated and experimental 'H NMR titration curves
for the imidazole protons 01 M GHL - — — calculated,
e experimental. 0.1 M GHL + 0.1 M Zn(il)- calculat-
ed, m experimental.

titration; pKj,; taken from g NMR experiments.

cases. The pK o values obtained by the two different
methods overlap within their standard dewiations,
although the conditions differed in temperature, sol-
vent, concentration and 1onic background. The largest
difference was found in the case of GL. Table I also
lists the ‘best’ sets of pKyqr With p > 1 for both
methods. Table II displays the calculated chemical
proton shifts of the pure species M,H,L,. Figures 1
and 2 show the ‘'H NMR titration curves’ for pure
GHL and GHL—Zn(Il) (1-1) as examples of the high
quality of the simulation. Due to the very low con-
centration 1n the potentiometric titrations as com-
pared to that of the 'H NMR solutions we could not
determine some of the constants with the former
method, because the concentrations of these com-
plexes are negligible 1n the case of very low concen-
trations (noted by n.d. in Table I). A very interesting
example 1s the complex M, H;L,; in the case of GHL
and the complex M{H,L, 1n the case of AH. This
kind of complex (see Discussion) shows a very low
stabiity and hardly improves the quality of the
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Fig. 4. Distribution of species as a function of pH: 0.1 M
GHL +0.1 M Zn(II);prq, from 'H NMR experiments.

simulation in the potentiometric titration experi-
ments. At the higher concentrations present in
the 'H NMR experiments, however, this com-
plex can bind relatively large amounts of zinc(II)
and is necessary therefore for the simulation based
on 'H NMR data. In any case if we apply the
model obtained by the 'H NMR method to the condi-
tions of the potentiometric titrations, we obtain
negligible concentrations for all species which could
not be determined by the potentiometric method
(see Figs. 3 and 4).

Discussion

Before discussing the different complex forma-
tion behaviour of the ligands some general rules
for the interpretation of the spectra should be adopt-
ed.

1) The replacement of a proton by Zn(II) leads to
a sharp upfield shift for protons near the center of
the replacement (see also refs. [17, 23]).

2) The total loss of a proton from aliphatic nitro-
gens will cause a larger upfield shaft than its replace-
ment by Zn(Il) [17, 23], so that a general com-
plex M HyL, will display a downfield shift for pro-
tons near the complex binding site, compared to the
pure species MgH,L,.

3) The extent of the shift depends on the number
of bonds located between proton and complex bind-
ing site. The deshielding effect of Zn(II) or protons
as mentioned in 2) 1s higher for protons separated
by even bond numbers than for those separated by
odd bond numbers [24] and the effect may even be
reversed in the latter case.

Rule 2 could only be verified for aliphatic parts
of the ligand, especially for the N-terminal amino
end structure, whereas the aromatic system reacts
in a more complicated way on complex formation.

113

;},CH 5 co
3 “CONH— GH~CONH~-CH” .

\6 CH, 3 CH,~NHj

H 2

Fig. §. Proposed structure for the GHL—Zn(II) complexes:
@ notation for the kind of proton (corresponding to Table
ID).

One can deduce from Table I that the ligands can
be divided into three types with different complex
formation behaviour.

L = GHL. As mentioned above, the complex M,-
H,L,; could only be detected in reasonable amounts
in the '"H NMR experiments and has a very low stabi-
lity. When this complex is formed from MgH3L, the
only remarkable relative shifts (see rule 1) are observ-
ed for the imidazole ring protons. Therefore this
complex should be a unidentate complex with imida-
zole nitrogen (Fig. 5).

It is interesting that we could not detect a M;-
H,L; complex by both methods. Figure 5 gives a
possible explanation: the structure element GH*
(together with the side chain of lysine) 1s capable of
‘embedding’ 10ns very closely, so that GHL prefers
to release two protons at once to chelate Zn(II).
The complex M;HgL; 1s the only complex found
in the potentiometric titration experiments. It is
a very stable complex with a tridentate structure
(Fig. 5). Although the side chain of lysine contri-
butes to the high stability (see conclusion), the e-
amino group of lysine is not involved 1n complex
formation as we can deduce from the fact that the
signal of the e-methylene protons 1s not shifted.
This is in good agreement with the work of Kwa
et al. [16] and our work on the Cu(II)—GHL system
[4]. The complex M ;HoL, therefore has a proto-
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Fig. 6. Proposed structures for the 1 1 AH—Zn(II) com-
plexes. @ notation for the kind of proton (corresponding
to Table II)

nated e-ammonium group; the proton is released
from the peptide bond.

According to rule 2 we find a downfield shift
for the glycyl methylene protons in M;HgL, as
compared to MgH, L, (free amino group). GHL forms
no complexes with the composition M_H, L., a = 1,
c> 1.

L = AH, LH. The complex M;H,L; could be
detected by both methods (but with high standard
deviation dpKj;; in the potentiometric titrations)
and has the same structure and almost the same
stability as the corresponding complex for GHL
(M;H,L,); besides, the relative chemical shifts are
the same so that we can again propose a unidentate
structure (see Fig. 6). As in the corresponding com-
plex of GHL, AH and LH prefer to release two pro-
tons simultaneously from M H,L; forming M,H_,-
L,. The relative chemical shifts are nearly the same as
in the case of GHL, with the exception of the imida-
zole proton 2 (see Table II). The proposed struc-
ture is shown in Fig. 6 and corresponds to that of the
GHL—Zn(II) complex. AH and LH are able to form
low stability 1:2 complexes of the composition M;-
H;L,.

L = GL, VL, HL. These ligands formally display
the same model description for the complex forma-
tion with Zn(II). Zn(I) is not able to detach the pro-
ton from the peptide nitrogen. The lgands form

M. J. A Rainerand B M. Rode

Co

H ,N~CH~CONH-CH? 2 "
- \ CH, 7 NH,
3+ CH
!y
HC
\ /CH
N
H

Fig. 7. Proposed structure for the M;H;L; complex of HL
with Zn(II).

@ co,

702
Hzl\{.:—CH 5 CONH-CH +

. CH2 —)—3 CHZ—NH3
2+

Zn

Fig. 8 Proposed structure for the M;H;L; complex of

GL with Zn(II) @ notation for the kind of proton (corres-

ponding to Table II).

M;H,L, complexes and the corresponding 1:2 com-
plexes M;H,L,. The stability of the complexes
decreases from HL to GL to VL. The complexes
with Zn(II)-HL are more stable than that with GL
because Zn(II) is bound by the amino end and the
imidazole nitrogen, (Fig. 7) whereas GL binds Zn(II)
with its amino end and only a weak binding to the
peptide group (Fig. 8) takes place [25]; therefore
only the protons of the glycyl methylene group are
shifted considerably upfield as compared to M-
H,L; (rule 1) and shifted downfield as compared
to MeH;L; (rule 2). The e-amino group of lysine
remains protonated when Zn(II) 1s bound (unshifted
e-methylene protons as in the case of GHL). As we
know from former work [17, 25] the stability of
the M;H,L; complex increases with the basicity of
the amino end nitrogen and decreases with the size
of the side chain of the N-terminal amino acid (steric
hindrance).

In comparison with GL, VL has lower basicity
of the amino end nitrogen and a very bulky side
chain. This must be the reason for the very low
complex stabilities in the case of VL. The lysine resi-
due at the C-terminal position seems to have no
direct influence on the complex formation constants
with Zn(II). for instance, GL displays the same
model as glycylglycine [25], the stabilities of the
complexes are almost the same.

Conclusion

As pointed out in our previous communication
[4] we cannot compare the formation constants
of complexes if the ligands differ in their protona-
tion behaviour. In order to compare the relative
affinities of GHL and 1ts related peptides to Zn(II),
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GHL; in addition the e-amino group of lysine should
act as a further functional element, most probably
in its protonated form, which could allow donor—
acceptor interaction with the other molecules involv-
ed [3,4,26].

pH

Fig. 9. pKF as a function of pH: pXj,q, taken from potentio-
metric titration M-L-LY = 1:1-1.

one can compare the pKF as a function of pH.
pK¥ is defined as the complex formation cons-
tant for a comglex of M with a fictive ligand LF
M + LF = ML") which would bind M to the same
extent as the real ligand L in all complexes M H,-
L, (p = 1) together. This diagram is shown in Fig.
9. At physiological pH = 7.4 GHL has the highest
affinity to Zn(II), followed by AH, HL and LH and
further GL and VL. The specific properties of GHL
in complex formation seem to be therefore (see also
refs. [4, 16, 26]):

a) The presence of the structure element GH
which 1s able to split a proton from the peptide
nitrogen when Zn(II) is bound. This functionality
is also present in AH and LH; but Zn(II) cannot split
off this proton in HL, GL and VL.

b) Although the e-amino group of lysine is not
involved in complex formation, the side chain of
lysine may cause an additional ‘embedding effect’,
which leads to a somewhat higher affinity for Zn-
(I) as compared to AH and LH, and which may
be the reason that GHL does not form 1:2 com-
plexes with Zn(II) (steric hindrance).

¢) The higher affinity for Zn(II) cannot be a satis-
factory explanation for the biological functions of
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