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We have analyzed, for Ni() and Cu() binding, the sequence of the N-terminal tail of the histone H4, the 22-amino
acid peptide Ac-SGRGKGGKGLGKGGAKRHRKVL-Am and, in addition, the 7- and 11-amino acid peptides
Ac-AK(Ac)RHRK(Ac)V-Am, Ac-GK(Ac)GGAK(Ac)RHRK(Ac)V-Am where all side chains of lysines were
blocked by acetylation. Potentiometric and spectroscopic studies (UV-Vis, CD, EPR, NMR) showed that histidine
18 acted as an anchoring binding site for metal ions in all the peptides investigated. The stability constants of the 3N
and 4N complexes are higher than those obtained for simple peptides with glycine instead of arginine and lysine
residues in the metal binding site. The coordination was not significantly affected by the acetylation of lysines.

The behavior of the “tail” suggested a possible bent structure with organized side-chain orientation promoted by
Ni().

Introduction
Nickel compounds are known human carcinogens.1 The
molecular mechanism of nickel carcinogenicity, though not
fully understood, is believed to involve DNA damage and epi-
genetic effects in chromatin resulting from nickel binding inside
the cell nucleus.2–4 It is known that DNA and phospholipids of
cellular membranes do not provide binding sites of high affinity
for Ni2�.5 Consequently, the nuclear proteins, and in particular
the most abundant among them, the histones, reaching in
somatic cells formal concentration of 3 mM, are able to com-
pete for metal ions with even higher affinity metal binding sites
in other less abundant nuclear proteins or smaller molecules.
Fagocytosis of insoluble particles of Ni3S2 by either macro-
phages or epithelial cells causes build-up of very high levels of
nickel inside the cells after its intracellular dissolution catalyzed
by the acidic pH of endocytic vacuoles, then providing a con-
tinuous source of Ni() ions. The carcinogenic potency of
Ni() compounds is related to the ability of Ni() to access
chromatin, where it produces an increased chromatin conden-
sation, enhances DNA methylation, and turns off the trans-
cription of tumor suppressor and senescence genes. We have
previously reported 6,7 that N-terminal tails of core histones are
sites for post-translational modifications such as the acetylation
involved in nickel toxicity. The sites of acetylation are the lysine
residues of the positively charged amino terminal tails of H4.
The positive charge of the H4 tail is neutralized by acetylation
at lysines 5, 8, 12 and 16, increasing the access to transcription
factors and making “active chromatin” more available for
modifications.8

It has been proposed that the binding of Ni() ions within
the cell nucleus is a crucial element in the mechanism of
carcinogenesis. The detection and structural and mechanistic
description of specific Ni() sites in histones would provide a
molecular basis for better understanding of the mechanisms
underlying Ni()-induced carcinogenesis.

This prompted us to examine, in addition to the structural
data of nucleosome core particles, the amino acid sequences of

histones in order to identify potential Ni() binding motifs.
Available information on the binding modes of Ni() to pro-
teins and data for nickel-peptide complexes indicate that the
imidazole of histidine and thiol of cysteine should be thermo-
dynamically preferred by Ni() among the donor groups
provided by protein-building amino acid. Carboxyl groups
of aspartate and glutamate can play only secondary roles in
the binding. The search for potential nickel binding sites in the
histones should therefore be focused on terminal sequences,
histidine and cysteine.

Using this information, we inspected amino acid sequences
of histones. H1 does not have any histidine or cysteine residues.
Inspection of the available histone sequences revealed several
histidine and cysteine residues in H2, H3 and H4.

Looking at the X-ray crystal structure of the nucleosome
core particle, histidine and cysteine residues in H2 and H3
histones are located inside the molecule in the protein interior.
The amino termini of histones extend, on the contrary, out
from the core where they are accessible (and can be post-
translationally modified by acetylation). A histidine (His 18)
can be seen in the mobile N-terminal tail of the histone H4.
It is one of the most conserved proteins in nature, even for the
amino terminal region (residues 1–22) which features three
repetitions of the sequence Gly–Lys–Gly and the unusual string
of five basic residues –KRHRK– (–Lys–Arg–His–Arg–Lys–)
which may serve as a binding locus for anionic modifiers of
histone protein tertiary structure or for selectively binding
nucleic acid. Therefore, our attention has been focused on the
N-terminal tail of H4 and the 22-amino acid sequence of the
tail has been selected as a candidate for specific binding site in
the octamer.

Here we report the interaction of Ni() with the sequence of
the N-terminal tail of H4, the 22-amino acid peptide Ac-
SGRGKGGKGLGKGGAKRHRKVL-Am (peptide 1), where
all sites for post-translational modification involved in nickel
and in copper toxicity have been included.

The binding study was also extended to copper in view of
the reported toxicity of this metal as a novel inhibitor of H4
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acetylation on the lysines close to histidine 18 in the N-terminal
tail of H4 7 and also to investigate if subtle differences in the
coordination behavior can result in different toxicological
activity.

A comparison of the binding capabilities of the simple motif
AKRHRK with the 7-amino acid Ac-AK(Ac)RHRK(Ac)V-
Am (peptide 2) and 11-amino acid Ac-GK(Ac)GGAK(Ac)-
RHRK(Ac)V-Am (peptide 3) where all side chains of lysines
have been acetylated, is also reported.

To make the tail and the two shorter peptides more relevant
models of the H4 protein, the C-terminus for peptide 1 was
blocked by amidation and the N- and C- for peptides 2 and 3
were blocked by acetylation and amidation.

Experimental

Peptide synthesis

Ac-SGRGKGGKGLGKGGAKRHRKVL-Am (peptide 1),
Ac-AK(Ac)RHRK(Ac)V-Am (peptide 2) and Ac-GK(Ac)-
GGAK(Ac)RHRK(Ac)V-Am (peptide 3) peptide sequences
were synthesized on a solid support with a 9050 Plus
Synthesizer by BBM Inc. (Woburn, MA) using a conventional
Fmoc chemistry methodology 9 starting from the carboxy
terminal to the amino terminal. N-Fmoc protected amino
acids and all other peptide synthesis reagents were obtained
from PE Biosystem, USA. The peptide was purified using
semipreparative HPLC on a C18 column eluting with 0.1%
CF3COOH–H2O (solvent A) and 0.1% CF3COOH–CH3CN
(solvent B), linear gradient 0–100% B over 50� at a 3 ml min�1

flow rate with 220 nm absorption used as a means of detection.
The purity of the peptide was checked by reversed phase HPLC
using a C18 5 µm 100A microsorb-MV analytical column;
4.6 mm × 25 cm, flow rate 1 ml min�1, gradient 0–50% in 25�
(solvent A), 50–100% in 35� (solvent B). The molecular weight
of the peptide was confirmed by mass spectral analysis
(MALDI.TOF.VOYAGER).

Potentiometric measurements

Stability constants for protons, copper() and nickel() com-
plexes were calculated from titration curves carried out at 25 �C.
The total volume of the resultant solution used for the titration
experiments was 1.5 cm3. NaOH (10�3 M) was added from
a 0.250 cm3 micrometer syringe which was calibrated by both
weight titration and the titration of standard materials. Metal
ion concentration was 1.5 × 10�3 mol dm�3 and the metal-to-
ligand molar ratio was 1 : 1.1. The pH-metric titrations were
performed at 25 �C in 0.10 mol dm�3 KNO3 on a MOLSPIN
pH-meter system using a Russel CMAW 711 microcombined
electrode calibrated in hydrogen ion concentrations using
HNO3.

10 The SUPERQUAD computer program was used for
stability constant calculations.11 Standard deviations quoted
were computed by SUPERQUAD, and refer to random errors
only. They are, however, a good indication of the importance of
a particular species in the equilibrium.

For Ac-GK(Ac)GGAK(Ac)RHRK(Ac)V-Am (peptide 3) it
was not possible to perform the potentiometric measurements
because of hydrolysis with raising the pH. In this case only
spectroscopic measurements were carried out.

Spectroscopic measurements

Solutions were of similar concentrations to those used in the
potentiometric studies for EPR, CD and UV-Vis measure-
ments. EPR spectra were recorded on a Bruker ESP 300E and
a Varian E-9 spectrometer at X-band frequency at 120 K. The
EPR parameters were calculated for the spectra obtained
at the maximum concentration of the particular species for
which well-resolved separations were observed. Absorption
spectra were recorded on a Beckman DU 650 spectro-

photometer. Circular dichroism (CD) spectra were recorded on
a Jasco J 600 spectropolarimeter in the 750–250 nm range. The
values of ∆ε (i.e., εl � εr) and ε were calculated at the maximum
concentration of the particular species obtained from the
potentiometric data.

NMR experiments were performed on a Varian 300-VXR
spectrometer.12 The 1D experiments were carried out in D2O
solutions at a peptide concentration of 2 mM and peptide :
Ni() ratio of 1.1 : 1 in the pH range 9 to 11 for peptides 1 and
2 (the pH* reading of the electrode was not corrected for
the isotope effect). pH* was adjusted with 2 M NaOH and
monitored on an Aldrich extra long stem electrode inside the
NMR tubes.

Results

Protonation constants

The potentiometrically measured protonation constants are
shown in Table 1 along with the calculated stepwise constants
assigned to the respective peptidic functions. For comparison,
in Table 1 the protonation constants are reported for the N- and
C-blocked peptides containing the histidine residue.6,13–16

The 22-amino acid sequence (peptide 1) can be considered as
an H6L ligand where the deprotonation involves the histidine
residue (pK = 5.99) and the five side chains of the lysine
residues (pK = 11.79, 10.75, 10.08, 10.03 and 9.20, Table 1). The
7-amino acid peptide (Ac-AK(Ac)RHRK(Ac)V-Am, peptide
2) is an HL ligand where the deprotonation involves the
histidine residue (pK = 6.08). As we can see from the values of
the pKa reported in Table 1, the imidazole nitrogens of the
histidine residues for both peptides investigated, the tail of
the H4 (peptide 1) and the heptapeptide (peptide 2), are about
one order of magnitude more acidic than the histidine in the
Boc-AGGH peptide or Ac-GGGH.

Potentiometry detects a range of Ni() and Cu() com-
plexes with the formation constants reported in Tables 2 and 3
respectively. The values of log K* are the protonation corrected
stability constants which are useful to compare the ability of
various ligands to bind a metal ion.17,18 Spectroscopic proper-
ties of major complexes are given in Table 4.

Ni(II) complexes

Histidine residues can be a primary binding site for Ni() ions
in the histone core of the nucleosome. Therefore, the H4 tail can
potentially be one of the biologically relevant sites for nickel
genotoxicity. The coordination ability of the entire tail towards
Ni() is similar to that found previously for the hexapeptide
fragment AKRHRK,6 therefore, His 18 acted as an anchoring
binding site for nickel ions in the entire tail of the histone H4.

Ni() forms eight complex species with the 22-amino acid
peptide 1 (Table 2), from the minor octahedral NiH4L (a
2N complex) and NiH3L (a 3N complex) up to the six square
planar 4N species: NiH2L, NiHL, NiL NiH�1L, NiH�2L,
NiH�3L species (Fig. 1(a)). The latter six species differ by the
number of protonated Lys residues. The consecutive deproton-
ations of the side chains of five lysine residues takes place with
pK values 11.2, 10.62, 10.16, 9.98 and 9.19. Above pH 9.5 three
4N species NiH2L, NiHL and NiL account for about 90-
% of the total metal present. The absorption and CD spectra of
the latter complexes are typical for 4N planar diamagnetic
complexes.19–21 The spectroscopic data are reported in Table 4.

Four species were obtained for peptide 2: NiL, NiH�1L,
NiH�3L and NiH�4L (Fig. 1(b)). The coordination behavior is
similar to that observed for the motifs where lysines are free. In
the species NiH�4L the deprotonation of the pyrrolic nitrogen
takes place.

The behavior of Ac-GK(Ac)GGAK(Ac)RHRK(Ac)V-Am
(peptide 3) is the same as the 7-amino acid peptide 2, giving the
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Table 1 Protonation constants for Ac-SGRGKGGKGLGKGGAKRHRKVL-Am (peptide 1), Ac-AK(Ac)RHRK(Ac)V-Am (peptide 2) and
comparable peptide at 298 K, I = 0.1 M (KNO3)

 log β/species

 HL H2L H3L H4L H5L H6L H7L H8L

peptide 1 11.79 ± 0.10 22.54 ± 0.06 32.62 ± 0.09 42.65 ± 0.07 51.85 ± 0.08 57.84 ± 0.08
peptide 2 6.08 � 0.01
Ac-AKRHRK-Am a 11.03 20.90 27.03
Ac-EVRHQK-Am b 10.19 16.45 20.49
Ac-DAEFRH-Am c 6.50 10.95 14.45
Ac-DAEFGH-Am c 6.79 11.39 15.02
Boc-AGGH d 7.19 10.02  
Cap43 e 6.35 10.36
Ac-GGGH f 7.21  

Stepwise protonation constants
 log K

 NH2Lys NH2Lys NH2Lys NH2Lys NH2Lys NH2 NIm COO� COO�

peptide 1 11.79 10.75 10.08 10.03 9.20  5.99
peptide 2       6.08
Ac-AKRHRK-Am 11.03 9.87     6.13
Ac-EVRHQK-Am 10.19      6.26 4.04
Ac-DAEFRH-Am       6.50 4.45 3.50
Ac-DAEFGH-Am       6.79 4.60 3.63
Boc-AGGH       7.19 2.83
Cap43       6.35 4.01
Ac-GGGH       7.21 3.16
a Ref. 6. b Ref. 13. c Ref. 14. d Ref. 15. e Ref. 16. f Ref. 23. 

Table 2 Stability constants of N() complexes with Ac-SGRGKGGKGLGKGGAKRHRKVL-Am (peptide 1), Ac-AK(Ac)RHRK(Ac)V-Am
(peptide 2) and comparable peptides at 298 K and I = 0.10 M (KNO3)

 log β/species

 NiH4L NiH3L NiH2L NiHL NiL NiH�1L NiH�2L NiH�3L NiH�4L

peptide 1 45.50 ± 0.05 37.15 ± 0.06 29.17 ± 0.01 19.98 ± 0.01 10.00 ± 0.02 �0.16 ± 0.02 �10.78 ± 0.02 �21.98 ± 0.02
peptide 2     2.62 ± 0.06 �5.34 ± 0.05  �22.12 ± 0.03 �33.37 ± 0.01
Ac-AKRHRK-Am a   23.01 15.05  �1.67 �11.80 �22.84
Cap43 b     2.73  �13.47 �21.81
Boc-AGGH c      �4.49  �22.83  

 log K*

 1N 2N 3N 4N

peptide 1  �12.34 �20.69 �28.67
peptide 2 �3.46 �11.42  �28.20
Ac-AKRHRK-Am �4.02 �11.98  �28.70
Cap43 �3.62  �19.82 �28.16
Boc-AGGH  �11.68  �30.02

 
Values for ionization of the first, second and
third amide groups

 pK1(amide) pK2(amide) pK3(amide)

peptide 1  8.35 7.98
peptide 2 7.96
Ac-AKRHRK-Am 7.96
Cap43   8.34
a Ref. 6. b Ref. 16. c Ref. 15. log K* = log β(NiHjL) � log β(HnL) ( j = 4, 3, 2 and n = 6 for peptide 1; j = 0, �1, �3 and n = 1 for peptide 2). 

same spectroscopic results. The UV-Vis spectra with changing
pH are reported in Fig. 2.

The log K* values for the 4N complexes of the ligands
studied here are comparable to those found for Ac-AKRHRK-
Am 6 and Cap43 (Ac-TRSRSHTSEGTRSR-Am sequence) 16

peptides, but they are higher by about 1.5 orders of magnitude
than that for the Boc-AGGH peptide (Table 2).

1H NMR spectra of D2O solutions containing peptide 1 and
peptide 2 were studied over the pH range 9–11 and assignments
for free ligands and diamagnetic 4N species were performed
by 1D experiments. Aromatic regions of the NMR spectra are
reported in Fig. 3. It is clear that some free peptide was still
present in the solution of Ni–N4–“tail” species. The ratio
of free to bound peptide appeared to be 1 : 4 on the basis of
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Table 4 Spectroscopic data for the copper() and nickel() complexes of Ac-SGRGKGGKGLGKGGAKRHRKVL-Am (peptide 1), Ac-
AK(Ac)RHRK(Ac)V-Am (peptide 2)

 Absorption CD EPR

Species λ/nm (ε) a λ/nm (∆ε) A// g///G

Cu2� complexes
peptide 1
CuH3L (3N) 601 b 72 538 �0.448 b 167 2.226
   339 �0.568 c, d

 
CuH2L (4N) 515 b 106 629 �0.764 b 200 2.185
   490 �0.789 b

   356 �0.148 c

   315 �0.826 d

 
CuHL, CuL (4N) 517 b 120 633 �0.747 b 205 2.187
CuH�1L, CuH�2L (4N)   490 �0.806 b

CuH�3L (4N)   356 �0.127 c

   315 �0.808 d

 
peptide 2
CuH�2L (3N) 597 b 64 531 �0.344 b 167 2.230
   342 �0.545 c

 
CuH�3L (4N) 516 b 90 640 �0.720 b 200 2.188
   491 �1.289 b

   357 �0.150 c

   315 �0.719 d

 
peptide 3
pH 6.5–7.5 (3N) 602 66 536 �0.358 167 2.230
   635 �0.872
   487 �1.332
   357 �0.202
   315 �0.981
 
from pH 9.5 (4N) 513 90   197 2.189
 
Ni2� complexes
peptide 1
NiH2 L (4N) 437 b 199 516 �0.845 b

 485 b sh 134 423 �2.646 b

 
NiHL, NiL (4N) 439 b 204 516 �0.797 b

NiH�1L, NiH�2L (4N) 487 b sh 128 423 �2.617 b

NiH�3L (4N)
 
peptide 2
NiH�3L (4N) 439 b 104 513 �0.512 b

 494 b sh 74 420 �1.485 b

 
peptide 3
from pH 8 (4N) 440 101 513 �1.052
   422 �2.625

a From the visible and CD results, M�1 cm�1. b d–d transition. c Nimidazole ⇒ Cu2� charge transfer transition. d N�
amide ⇒ Cu2� charge transfer

transition. 

integrals. The differential broadening of resonances were the
most striking features. They provide an indication of the
location of nickel binding in the tail, which can be assigned
towards the N-terminal of the tail.

The proton NMR spectra showed significant downfield and
upfield changes, particularly within the αCH proton region as a
result of complexation of Ni() to the H4 tail. The shift of the
two histidine aromatic protons from 7.63 to 7.539 and from
6.883 to 6.796 ppm for peptide 1 at pH 9.5 was indicative of the
involvement of the imidazolic nitrogen in the coordination.
A shift of the α and β protons of histidine from 4.5 to 4.36 and
from 2.983 to 2.907 ppm was observed.

Cu(II) complexes

The stability constants and stoichiometry of the complexes
obtained from the potentiometric data calculations are given
in Table 3. CuH3L (a 3N species) was the major complex

found from pH 5 to pH 7.5. At pH 8.2 the major complex is
a 4N species, CuH2L, involving the imidazole nitrogen and
three nitrogens from deprotonated amides from the back-
bone of the peptide (Fig. 4). The spectroscopic parameters
of the species are reported in Table 4. The CuH3L complex
with a d–d transition at 601–597 nm (absorption spectra), the
presence in the CD spectra of the NIm  Cu2� charge transfer
transition at 342–339 nm and EPR parameters A|| = 167 G, g|| =
2.226–2.230 suggest the 3N complex with {NIm, 2N�

amide}
coordination mode (13–14, 24–25). Similar EPR parameters
were observed earlier for the 3N coordination with {NIm,
2N�

amide} binding mode.6,13,16 The low values of A|| obtained
for these complexes may suggest distortion of the tetragonal
geometry around the metal ion. That the copper site is not
exactly axial is also seen in the perpendicular region of the EPR
spectrum. The increase in the total number of superhyperfine
lines, greater than that expected for three coordinated nitrogen
atoms, can result from a small separation between gx and gy
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allowing superhyperfine lines to appear on each feature
(Fig. 5(a)).

Above pH 6, the deprotonation of the amide proton in both
studied systems occurs and the 4N complexes are formed.
The shift of the d–d transition towards 515–516 nm, EPR
parameters A| | = 200–205 G, g| | = 2.185–2.187 and the presence
in the CD spectra of the NIm  Cu() and N�

amide 

Fig. 1 Species distribution curves for Ni2� complexes of (a) Ac-
SGRGKGGKGLGKGGAKRHRKVL-Am (peptide 1). (b) Ac-AK-
(Ac)RHRK(Ac)V-Am (peptide 2). Ni2�-to-peptide molar ratio 1 : 1,
[NiII] = 0.001 M.

Fig. 2 UV-Vis spectra of Ac-AK(Ac)RHRK(Ac)V-Am–Ni() system
with changing pH.

Fig. 3 NMR aromatic region of (upper curve) Ac-SGRGKGGKGL-
GKGGAKRHRKVL-Am–peptide and (lower curve) Ac-SGRGKG-
GKGLGKGGAKRHRKVL-Am–Ni() at pH = 9.5.

Cu() charge transfer transitions support this suggestion and
the {NIm, 3N�

amide} coordination mode. Although the non-
equivalence of nitrogen atoms coordinated to Cu() ions and
the presence of natural abundance mixture of 63Cu and 65Cu,
the number of superhyperfine lines (nine) in the g⊥ region of
the EPR spectrum is that expected from 4 nitrogen atoms in the
plane of coordination (AN = 12.8 G) (Fig. 5(c)).

Among the species obtained for the 7-amino acid peptide 2:
CuL, CuH�1L, CuH�2L, CuH�3L from the 1N to 4N as con-
firmed by the spectroscopic results reported in Table 4, in the
species CuH�4L the deprotonation of the pyrrolic nitrogen
takes place. The lack of relevant changes in the spectroscopic
parameters supported that there is only a change in the strength
of the ligand field in the plane of coordination following
deprotonation.

It is interesting to note that the stabilities of the 3N and 4N
complexes of peptide 1 are higher than similar complexes of
comparable peptides (Table 3) with the exception of the 14-
amino acid peptide Cap43. The log K* values for 3N and
4N complexes of peptide 1 are comparable with those of
Cap43. The stability constants of the 4N complexes for
peptide 1 and Cap43 are about 1 order of magnitude higher
than those of ligands containing one histidine residue within
the peptide sequence (Table 3). The imidazole nitrogen acts
as the anchoring site for the metal ion, while three amide
nitrogens i.e., those of His, Arg and Lys residues complete the
coordination in a stepwise mode.6,13,14

The behavior of Ac-GK(Ac)GGAK(Ac)RHRK(Ac)V-Am
(peptide 3) was the same as the 7-amino acid peptide 2 giving
the same spectroscopic results. The EPR and UV-Vis spectra
with changing pH are reported in Fig. 5(a) and (d), respectively.

Discussion
This paper reports the results of a study on the interactions
of Ni() and Cu() with the entire tail of the histone H4, the

Fig. 4 Species distribution curves for Cu() complexes of (a) Ac-
SGRGKGGKGLGKGGAKRHRKVL-Am (peptide 1). (b) Ac-AK-
(Ac)RHRK(Ac)V-Am (peptide 2). Cu2�-to-peptide molar ratio 1 : 1,
[CuII] = 0.001 M.
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22-amino acid peptide Ac-SGRGKGGKGLGKGGAKRHR-
KVL-Am (peptide 1) and its short fragments Ac-AK(Ac)-
RHRK(Ac)V-Am (peptide 2) and Ac-GK(Ac)GGAK(Ac)-
RHRK(Ac)V-Am (peptide 3), in which all the sites for
post-translational modification involved in nickel and also in
copper toxicity are included.

The results presented above show that peptide 1 binds Ni()
and Cu() through the imidazole nitrogen starting at pH 7 and
at pH 3.5, respectively, giving 1N complexes; when pH was
raised, both metal ions deprotonated successive peptide
nitrogens, forming M–N� bonds, until MH2L species (4N com-
plexes) were formed above pH 8 for Ni() and pH 6 for Cu().
The formation of the stable five-membered chelate rings by
consecutive nitrogens is the driving force for the coordination
process. The stability of the 4N complex of Cu() with the 22-
amino acid peptide 1 is higher in comparison to that obtained
for shorter fragments and it is comparable to that of 14 amino
acid peptide Ac-TRSRSHTSEGTRSR-Am, Cap43. The Ni()
ions with the 22-amino acid fragment (peptide 1) form the 4N
complex with similar stability to the shorter fragments of
N- and C-blocked peptides containing the histidine residue. The
coordination behavior was not significantly affected by the
acetylation of lysines.

Fig. 5 (a) EPR parallel region of Ac-GK(Ac)GGAK(Ac)RHRK-
(Ac)V-Am–Cu() [peptide 3–Cu()] system with changing pH.
(b) EPR perpendicular region of Cu()-3N species. (c) EPR perpen-
dicular region of Cu()-4N species. (d) UV-Vis spectra of Ac-
GK(Ac)GGAK(Ac)RHRK(Ac)V-Am–Cu() [peptide 3–Cu()] system
with changing pH.

In conclusion, histidine 18 close to sites for post-translational
modification plays the major role in the coordination behavior
of the entire tail of the histone H4.

The pKa of the N(3) imidazole nitrogen of the histidine
residue of the “tail” and of the models investigated are of
the same order of magnitude, in the range 5.99–6.13. They
are more acidic than other simple peptides, about one order
of magnitude more acidic than histidine in Boc-AGGH, Ac-
GGGH, Ac-GGH (which have pKa values of 7.19, 7.21 and
7.18 respectively) where glycine residues instead of arginine or
lysine are close to the anchoring site for metal ions.

It is interesting to note that the pKa(NHim
�) values for our

motifs are of the same order of magnitude as that of N-
terminal free peptides and where electron-withdrawing
groups substitute a hydrogen at the pyrrolic nitrogen.22 In this
case the lower basicity is due both to the electrostatic effect
of the positive charge from the NH3

�-terminus and to the
inductive effect of the substituting group. In our case the minor
basicity can be associated with the electrostatic effect from
the positively charged side chains of R and K, or R, in the
peptide ligands.

The log K* values for the formation, at N(3) of imidazole, of
1N complexes of acetylated peptides are linearly related to the
pKa(NHim

�) in the free peptides.23 It is to be expected that the
labilizing effect of the metal ions on the peptide protons will
be strongly influenced by the extent of electron donation by the
group acting as the initial coordination locus. Hence, a lower
pKa(NHim

�) value will be associated with a lower degree of
electron donation to the metal ion, which will be reflected in a
lower value for pKa(amide) (Table 3). Therefore, the lower
basicity of the N(3), the more simple will be the deprotonation,
promoted by metal ions, of amide nitrogens resulting in an
enhancement of π-electron contribution to the metal–amide
nitrogen bond compared to Boc-AGGH or other simple
peptides.24

This behavior is also reflected in the inverted order of log K*
obtained for 3N and 4N complexes when compared with Boc-
AGGH or other simple peptides reported for comparison.

The order for pKam is noteworthy, pKam2 < pKam1 for copper
and pKam3 < pKam2 for nickel species. This indicates that the
deprotonation of the second peptide nitrogen occurs with a

Fig. 6 CD spectra of (a) Ac-SGRGKGGKGLGKGGAKRHRKVL-
Am (peptide 1) and (b) Ac-SGRGKGGKGLGKGGAKRHRKVL-
Am 4N-Ni() species.
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lower pKa than the first. This behavior is characteristic of
the cooperative coordination process found in this peptide
coordination mode.25

The impact of the secondary peptide structure on the com-
plex stability cannot be excluded.26 The CD spectra of the fully
protonated and deprotonated forms of the “tail” are quali-
tatively the same, resembling those of unordered peptides. It is
interesting to note that, on coordination of the “tail” in a 4N
complex with Ni(), unlike motifs with protected lysines and
unlike Cu(), there was a change in the spectrum with a value
of ∆ε about 5 mol cm�1 dm�3 in the region (220–230 nm)
dominated by the peptide carbonyl chromophore 27,28 (Fig. 6).
This behavior suggests a possible bent structure with organized
side-chain orientation promoted by Ni().

Although the complexation with Ni() at a physiological
pH, under our experimental conditions, is not very effective, the
formation of a rigid square planar complex may result, some-
what paradoxically, in a higher specificity of Ni() to produce
a particular conformation of the peptide.26 The presence of
positively charged residues close to the metal binding site in
the H4 tail can result in a site-selectivity association of the
Ni() complexed “tail” with the negatively charged DNA back-
bone.29,30 In addition, the hydrophobic environment in the
entire protein is expected to enhance metal binding capabilities,
due to the multiple non-bonding interactions available, as
reported in the literature.31–33

In conclusion, the histidine 18 residue can be a primary
binding site for Ni() ions, therefore the H4 tail can
potentially be one of the biologically relevant sites for nickel
genotoxicity.

The coordination ability of the entire tail towards Ni() is
similar to that found previously for the hexapeptide fragment
AKRHRK,14 but the conformation behavior is dependent
on the chain length. In fact, Ni() coordination to the 22-
amino acid peptide 1 induces organized side-chain orientation,
unlike Cu() and unlike motifs with protected lysines. The
data obtained with Ni() and Cu() metal ions point out an
interesting aspect since they seem to show that the sequence of
the H4 amino-terminal tail can adopt different conformations
depending on the metal ion.

All these facts may be physiologically relevant to the
mechanism of nickel carcinogenicity.
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