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The molecular mechanism by which nickel carcinogenicity is exerted is not fully understood. However, it is believed to
involve DNA damage and epigenetic effects in chromatin, resulting from metal binding to the cell nucleus. Histone
nuclear proteins are the major candidates for metal binding not only due to their abundance but also due to the
presence of strong binding sites within their sequence. In order to investigate the binding capacity of histone H2B
toward Ni2þ ions, we synthesized the peptide Ac-IQTAVRLLLPGELAKHAVSEGTKAVTKYTSSK-Am (H2B94-125) as
a model of the C-terminal tail. Complexation of H2B94-125 with Ni2þ starts at pH around 5 with the formation of a
distorted octahedral complex. Over pH 8, this species shifts to a square-planar geometry, with the complete
consumption of free Ni2þ ions at pH 10. The formation of the diamagnetic square-planar complex was further studied by
means of NMR spectroscopy. On the basis of the NOE connectivities we determined a well-resolved solution structure for
the binding site of the H2B94-125-Ni2þ complex, including residues E12LAKHAVS19. Interestingly, nickel binding
strongly affects the C-terminal of the peptide, forcing it to approach the coordination plane. If such a structural alteration is
able to occur under physiological conditions, it is highly possible that it interferes with the histone’s physiological role
and particularly with the ubiquitination process, taking place at Lys120. We believe that these findings will assist in a better
understanding of the role of histone H2B in the mechanisms of metal-induced toxicity and carcinogenesis.

Introduction

Histones are the nuclear proteins serving in DNA packa-
gingwithin chromatin. Thebasic structural unit of chromatin
is the nucleosome, which is formed by 146 DNA base pairs,
wrapped around a protein octamer, consisting of hetero-
dimeric pairs of four different nuclear histone proteins (H3,
H4,H2A, andH2B).1,2Numerous studies have shown that the
basic procedures of translation, transcription, andDNArepair
are being controlled through post-translational modifications

occurring in specific histone residues. There are at least eight
types of known modifications, including acetylation, methyla-
tion, phosphorylation, ubiquitination, etc.3 It is noteworthy
thatmanyof themact in a cooperativeway, thus givingbirth to
the concept of the histone code.1,3

Several epidemiological studies have established nickel as a
carcinogen for both humans and animals.4 The proposed
mechanisms of nickel-induced carcinogenesis involve reac-
tive oxygen species (ROS) production, adjacent to DNA
bases, due to formation of redox-active Ni2þ-histone
complexes,5 epigenetic effects that occur via malfunction of
the histone code,6 inhibition of DNA hypermethylation,7 or
interference with the calcium homeostasis processes.8
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In the last years, the interaction of histone peptide models
comprising possible binding sites for the metal with Ni2þ

ions has been extensively studied.9-16 Our initial research
concerned the interaction of Ni2þ ions with minimal pep-
tide models of histone H2B, such as ELAKHA17 and
LAHYNK.18 In order to obtain more realistic models and
with the aim to study structural alterations induced by metal
binding, we expanded our studies by dividing the whole H2B
histone molecule in four peptide fragments (H2B1-31,
H2B32-62, H2B63-93, H2B94-125).

19,20 In this paper we report
our results concerning the H2B94-125 peptide, Ac-IQ-
TAVRLLLPGELAKH16AVSEGTKAVTK27YTSSK-Am,
which is a model of the C-terminal tail of histone H2B. This
peptide incorporates a part of the R3 helix of the histone fold
domain and the C-terminus, which in the crystal structure of
the nucleosome defines the outer limit of the core particle.21

The latter suggests that this part of histone H2B is accessible
to nickel ions and ranks it among themost likely binding sites
within the protein.
Karaczyn et al.22 have reported that in rat and human cells,

Ni2þ induces truncation of histone H2B at two specific sites,
thus forming H2B, which lacks Lys120. The latter is a residue
where a highly important post-translational modification
takes place, i.e., ubiquitination.23 This modification, which
is a necessary first step for the methylation of Lys4 of histone
H3, has been shown to activate DNA transcription.24 On the
basis of their results,22 they proposed a mechanistic pathway
where Ni2þ is able to activate specific nuclear proteolytic
enzymes, belonging to the calpain family, causing elimination
of the modification site. However, in their later results they
found a mechanistic independence between truncation and
decrease of H2B ubiquitination.25 This indicates that ubi-
quitination is being affected either through a mechanism

involving the activation of other types of enzymes byNi2þ or
through the direct attack of the metal to the -ELAKHA-
sequence of histone H2B, which was found earlier to have
some binding capacity for it.17

Indeed, histone proteins are the most likely ligands for
nickel ions inside the cell nucleus, not only due to the presence
of strong binding sites within their sequence but also due to
their abundance.26 Likewise, it has been shown that metal
binding to peptides and proteins may induce structural
alterations, even in parts of the molecule that are distant
from the binding site.12,20,27 Therefore, it is possible that the
nickel binding to His109 of histone H2B accounts for a
conformational change in the fragment containing the modi-
fication site, hencedisrupting the identification process by the
appropriate enzyme.
In order to examine the above assumptions,we synthesized

the peptide H2B94-125, which comprises His16 as a possible
binding site and Lys27, where the ubiquitination occurs, and
studied its interaction with Ni2þ ions by means of potentio-
metric titrations and spectroscopic techniques. Study of
structural alterations upon nickel binding was attempted by
NMR spectroscopy and only for the 4N {NIm, 3N

-} com-
plex. The reason for that is that the available data in the
literature suggest that the 4N complexes of nickel with
peptides may be redox-active and induce ROS formation.5

Besides that, Karaczyn et al.22 had observed oxidative
damage in the H2B molecule upon its treatment with nickel,
consisting of oxidation of Met59 and Met62 to sulfoxides. In
most coordination studies of peptideswith nickel ions, the 4N
complexes are being formed at alkaline pH.15,17,19,20,28 How-
ever, it is possible that the environment in the whole protein
enhances Ni2þ binding and assists in the 4N complex forma-
tion, even at physiological conditions, either due to multiple
nonbonding interactions available there or due to a higher
specificity of Ni2þ in producing a certain conformation.29

Experimental Section

Peptide Synthesis. The terminally blocked H2B94-125 peptide
Ac-IQTAVRLLLPGELAKHAVSEGTKAVTKYTSSK-Am
was synthesized as described elsewhere.19 The crude peptide was
purified by gel filtration chromatography on Sephadex G-25
and HPLC, achieving a purity of over 98%. The peptide’s
identitywas confirmed bymeans of anESI-MSSec (Micromass-
Platform LC instrument).

Potentiometry. The potentiometric titrations were performed
on a total volume of 3 mL samples at a ligand concentration of
5.0 � 10-4 M with a metal-to-ligand molar ratio of 1:1.1, using
NiCl2 as a source of Ni2þ ions. The excess of ligand was used in
order to increase the reaction rate of nickel ions with H2B94-125

in order to help the establishment of the final equilibrium to take
place faster and increase the reliability of themeasurements. The
metal ion stock solutions were prepared from analytical grade
reagents of NiCl2, and their concentration was checked gravi-
metrically via the precipitation of oxinates. The titrations were
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performed at 298 K and at a constant ionic strength of 0.20 M
KCl. All measurements were made with aMOLSPIN pHmeter
system, equipped with a 6.0234.100 combined electrode and a
MOL-ACS microburet controlled by a computer. The pH
readings were converted to hydrogen ion concentration as
described elsewhere,30 and a pKw value of 13.76 was used for
the ionization of water.

The evaluation of the measurements and calculations of
the stability (log βfjk for MfHjLk) and protonation cons-
tants were performed using the general computer program
HYPERQUAD.31 Standard deviations (values) quoted were
computed by HYPERQUAD and refer to random errors only.
However, they are a good indication of the importance of the
particular species in the equilibrium.

UV-Vis and CD Spectroscopy. Absorption and CD spec-
troscopy were conducted, at 298 K, using samples in the same
concentration range as used for pHpotentiometry. Any changes
in the pH were monitored by a combined glass-silver chloride
electrode over the range of 4 to 11.5. The solutions were
manually titrated with small portions of either 0.2 M KOH or
0.2MHCl solutions. The absorption spectra were recorded on a
Perkin-Elmer Lambda 25 double-beam spectrophotometer, in
the spectral range 250-800 nm. CD spectra are reported as the
difference in molar absorptivities (Δε = ε1- εF) and were
recorded on a JASCO J-810 spectopolarimeter in the 200-
800 nm range.

NMR Spectroscopy. Sample Preparation. NMR samples
were prepared at a concentration of 1-2 mM H2B94-125 in
99.9%D2O at pH 10.3 in the absence and presence of Ni2þ ions.
Moreover, a series of 2Dand 3D spectrawere recorded at pH2.5
for a 10 mM sample of H2B94-125 in 10% D2O and 90% H2O.
D2O was purchased from Aldrich. The titration experiments of
Ni2þ ions were made with aliquots of 0.1 MNiCl2 in D2O stock
solution, reaching a peptide to Ni2þ ion molar ratio of 1:1. The
pHwas adjusted with small amounts of concentrated KOH and
HCl deuterated solutions.

NMR Measurements. The NMR spectra were recorded on
Bruker Avance spectrometers at 700 and 600 MHz, at 298 K.
Water suppression was achieved with the use of presaturation
or gradient pulse. A combination of total correlation spectro-
scopy (TOCSY), nuclear Overhauser enhancement spectro-
scopy (NOESY), rotating frame enhancement spectroscopy
(ROESY), and 1H-13C-heteronuclear single quantum correla-
tion (13C-HSQC) at natural abundance was used to assign the
resonances of both free and nickel-bound H2B94-125, at pH
10.3. At this pH, the exchange rate of labile amide protons with
bulk water is high and causes loss of their resonance signals. In
order to facilitate the assignment procedure, a series of 2D and
3D spectra, including 1H-15N-HSQC and 1H-1H-15N-NHHa
for the free peptide, were recorded at pH2.5, where the exchange
rate is low and the amide proton signals are detectable. TOCSY
experiments were acquired with a total spin-locking of 60 and
100 ms, using MLEV-17 mixing sequence, and NOESY was

performed with 100 and 500 ms mixing times. For the ROESY
spectra the respective time was 110 ms. All NMR data were
processed using TOPSPIN Bruker software and analyzed using
the CARA program.32 All performed experiments are summar-
ized in Table 1. Chemical shift index (CSI) analysis was per-
formed according to the approach established byWishart et al.,
adjusting the chemical shift reference of 13C atoms to dioxane.33

Structure Calculation. Structure calculation of the Ni2þ-
H2B105-112 complex was performed using CYANA (version
2.1)34 software on the basis of NOE and ROE signals, observed
in the 2D-NOESY andROESY spectra at pH 10.3, as described
elsewhere.20 A well-resolved restricted structure of the bind-
ing site, containing eight neighboring amino acids, from Glu12
to Ser19, was determined. The 20 conformers with the lowest
target function and NOE violations constitute the final family.
The mean structure, obtained with MOLMOL software,35 was
then optimized, using the Amber force field implemented in
Hyperchem7.01, through an energyminimization in vacuo, using
the Polak-Ribiere conjugate gradient method.36 The structure
calculations were performed using the e-NMR infrastructure,37

and structure analysis and visualization were achieved by PyMol
software.38

Hydrolytic Studies. Possible Ni2þ-assisted hydrolysis of
H2B94-125 was checked at physiological (pH 7.4) and experi-
mental conditions (pH 10.3, where the formation of the 4N
complex reaches its maximum with concominant total con-
sumption of free Ni2þ ions), through HPLC and NMR, res-
pectively. The latter was performed within the NMR tube
containing a Ni:H2B94-125 solution at a molar ratio of 1:1 with
a ligand concentration of 2.5mM.The solutionwas incubated at
37 �C, and several 1H NMR spectra were recorded for up to
5 days.

For the hydrolysis study at physiological pH, solutions con-
taining H2B94-125 (0.3 mM) and/or NiCl2 (0 or 0.3 mM) in
50 mM PBS (pH 7.4, K2HPO4/NaH2PO4, 0.15 M NaCl) were
prepared and incubated at 37 �C for up to 5 days. Regularly, a
25 μL aliquot was removed and subjected toHPLCanalysis on a
Dionex P580 HPLC system, equipped with a Nucleosil 100 C18

5μM(250mm� 4.6mm) analytical columnandUVdetection at
220 and 214 nm.

In all cases, no new NMR peaks or new product formation
was observed, suggesting a strong resistance in nickel-induced

Table 1. Acquisition Parameters of 2D and 3D NMR Experiments Performed with H2B94-125 at 298 K

acquired data points (nucleus) spectral width (ppm)

experiment t3 t2 t1 F3 F2 F1

[1H-1H]-TOCSYa 2048 (1H) 512 (1H) 10 (1H) 10 (1H)
[1H-1H]-NOESYa 2048 (1H) 576 (1H) 10 (1H) 10 (1H)
[1H-1H]-NOESYa 2048 (1H) 576 (1H) 10 (1H) 10 (1H)
[1H]-13C-HSQCa 2048 (1H) 384 (1H) 10 (1H) 80 (1H)
[1H]-15N-HSQCb 1024 (1H) 512 (15N) 12 (1H) 40 (15N)
[1H-1H-15N]-NHHab 1024 (1H) 128 (1H) 16 (15N) 13(1H) 13 (1H) 37 (15N)

aData acquired with a 600 or 700 MHz spectrometer. bData acquired with a 700 MHz spectrometer.
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hydrolysis of theH2B94-125 fragment. This is in accordancewith
our previous findings,28 requiring a Ser or Thr residue to be
present near the Ni2þ coordination site to result in peptide
hydrolysis. This is also in agreement with Karaczyn et al.’s
observations,22 concerning the whole H2B protein molecule.

Results

Characterization of the Free Ligand in Solution. The
protonation constants (log β) and pKR values of the acidic
groups of H2B94-125 were determined upon its potentio-
metric titration with KOH and are listed in Table 2. It
must be mentioned that the calculated values are in good
agreement with the ones calculated for peptides, contain-
ing Glu, Lys, and His residues in their sequence.14,19,39

The peptide H2B94-125 may be considered as an H8L
ligand, owing to the presence of one His, two Glu, one
Tyr, and four Lys residues. The pKR values for the
ionization of the phenolic ring of the Tyr residue and
the ε-NH2 of the four Lys residues are very close and
cannot be assigned unambiguously to any of them.
However, an evaluation can be made by the absorption
spectra (Figure 1) that were recorded for the H2B94-125

peptide, at different pH values.
As observed in Figure 1, the absorption in the ultra-

violet region changes dramatically as the pH increases
from 7.7 to 11.3. Particularly, the molar absorptivity
increases in the region close to 250 nm, and a shift of
the λmax from 275 to 293 nm is observed. These changes
are attributed to the ionization of the phenolic ring of the
Tyr residue.40 For the spectra in the alkaline region, two
isosbestic points may be observed (271 and 277 nm),
suggesting the presence of two different species. However,
assuming the microscopic dissociation scheme, probably
the different microspecies with protonated ε-NH2 Lys
cause the occurrence of a nonclear isosbestic point.On the
other hand, the spectra recorded at the pH region 2.8-7.7
do not present any shift of the λmax value, indicating that
only the protonated form of the Tyr is present at this pH
range.
The microconstant pKR = 9.38, describing the ioniza-

tion of the phenolic group, was calculated by the molar
absorptivity at 300 nm. This value cannot be smaller than
the macroconstant determined by potentiometry, since
all microspecies, comprising the same stoichiometry but

different ionizable groups, contribute to the deprotona-
tion step. Additionally, the macroconstant is the sum of
all microconstants of all microspecies that are present at
equilibrium.40 The calculated macroconstant pKR=9.14
is the only one that is lower than the calculated micro-
constant. It thus seems logical to claim that at pH= 9.14
the concentration of peptide with deprotonated phenolic
group is higher than the quantity of peptide comprising
any of the deprotonated Lys ε-NH2 groups and proto-
nated phenolic ring.
The conformation of the free ligand in solution was

studied by NMR spectroscopy at two extreme pH values
(2.5 and 10.3). This was achieved by the assignment of
resonances of 1HR,

13CR, and
13Cβ nuclei and use of the

chemical shift index, as described by Wishart et al.33 The
analysis (Figure 2) indicates that at both pH values the
peptide does not present secondary structure elements of
an R-helix or β-strand, but rather adopts a random coil
configuration.

Coordination Properties of Ni-H2B94-125 Complexes.
The potentiometric data were best fitted assuming the
formation of nine species (NiLH5, NiLH4, NiLH3,
NiLH2, NiLH, NiL, NiLH-1, NiLH-2, NiLH-3), in the
pH range 5 to 11.5. The formation constants (log β) and
pKR values were calculated with the Hyperquad software
and are listed in Table 3. The logK* values correspond to
the protonation-corrected stability constants, which are
useful in comparing the ability of various ligands to bind a
metal ion.41 The spectroscopic data of each complex
formed, which are given in Table 4, were estimated from
the absorption and CD spectra (Figure 3) that were
recorded at pH values where each complex reaches its
maximum population, as evaluated by the species dis-
tribution diagram (Figure 4).
The species distribution diagram indicates that com-

plexation of Ni2þ with H2B94-125 begins at pH around 5
with the formation of the NiLH5 species. This complex
cannot be detected spectroscopically, due to its low
concentration (at pH 7.4 it accounts for complexation
of only 10% of total nickel concentration). However, it
can be characterized on the basis of its stoichiometry and
stability constant. The log K* values fit perfectly with
those of the smaller fragment ELAKHA (Table 3), con-
tained within the sequence H2B94-125 and are compar-
able with the ones given in the literature for the 1N

Table 2. Protonation Constants and pKR Values of Acidic Groups of H2B94-125,
T = 298 K (I = 0.2 M KCl)a

Protonation Constants (log β)

HL H2L H3L H4L H5L H6L H7L H8L

11.65(9) 22.30(5) 32.59(8) 42.51(7) 51.65(7) 57.96(7) 62.32(7) 66.00(7)

pKR Values

pKGlu
1 pKGlu

2 pKHis pKTyr/Lys pKTyr/Lys pKTyr/Lys pKTyr/Lys pKTyr/Lys

3.68 4.36 6.31 9.14 9.92 10.29 10.65 11.65

a Standard deviation of the last digit is given in parentheses.
Figure 1. Absorption spectra of H2B94-125 with changing pH.

(39) Kowalik-Jankowska, T.; Rajewska, A.; Wisniewska, K.; Grzonka,
Z.; Jezierska, J. J. Inorg. Biochem. 2005, 99, (12), 2282-2291.

(40) Motekaitis, R. J.;Martell, A. E.;Martell, A. E.;Motekaitis, R. J.The
Determination and Use of Stability Constants; VCH Publishers: New York,
1988.

(41) Bal, W.; Dyba, M.; Kasprzykowski, F.; Kozlowski, H.; Latajka, R.;
Lankiewicz, L.; Mackiewicz, Z.; Pettit, L. D. Inorg. Chim. Acta 1998, 283,
(1), 1-11.
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complexes of Ni2þ with Ac-TRSRSHTSEGTRSR-Am
(log K* = -3.62)42 and Ac-AKRHRK-Am (log K* =
-4.02)14 peptides, suggesting the same coordination
mode. In all cases, the His residue provides through the
N(3) imidazole nitrogen an efficient anchoring site, lead-
ing to the formation of distorted octahedral complexes
{NIm}.
By raising the pH, NiLH5 releases a proton, forming

NiLH4. The pKR value (7.89) for this deprotonation
process is typical for the first amide deprotonation.
Moreover, the value log K* = -11.75 is characteristic
for the formation of a 2N {NIm, N

-} species.13,14,16,19

This is further supported by the presence of themaximum
at positive Δε values, in the CD spectra, recorded at pH
8.3 (Figure 3), which is characteristic of the formation of a
six-membered chelate ring by the histidine residue.43 The
charge transfer band at 255 nm may be attributed to
the transition NIm f Ni2þ, while an additional band at
269 nm is likely to involve theN-

amidefNi2þ transition.9

The next formed species NiLH3 cannot be detected
spectroscopically due to its low concentration and
overlap with species NiLH4 and NiLH2. Nevertheless,

potentiometry suggests its existence in the pH range
7.8-9.6. The thermodynamic parameters given in Table 3
are typical for the ionization of an extra amide nitrogen
and the complexation of the ion with a {NIm, 2N

-
amide}

donor set.42 It is also noteworthy that the ionization of the
third amide nitrogen that leads to the formation of the
NiLH2 species occurs with a pKR value (8.07) that is lower
than the one calculated for the second amide deprotona-
tion (9.01). This is indicative of the highly cooperative
character of the above-mentioned ionizations and ex-
plains the low concentration of the NiLH3 species.
The thermodynamic parameters and spectroscopic

data given in Tables 3 and 4, respectively, for the com-
plexes with stoichiometry NiLH2 suggest that this species
is a 4N square-planar diamagnetic complex, where the
metal ion is coordinated with the N(3) imidazole and
three amide nitrogens from the backbone of the peptide
{NIm, 3N

-
amide}.

16-19 The pKR values that were calcu-
lated for the subsequent deprotonation steps are very
close to the ones calculated for the ionization of the
phenolic ring and ε-NH2 of Tyr and Lys residues, respec-
tively. The latter and also the fact that the shape of the
absorption and CD spectra recorded at pH> 9 does not
change indicate that the geometry and coordinationmode
of the NiLH2, NiLH, NiL, NiLH-1, and NiLH-2 com-
plexes are identical. Likewise, the fact that the value pKR=
9.31 for the deprotonation process NiLH2/NiLH agrees

Table 3. Stability Constants of Nickel Complexes with H2B94-125, T = 298 K, I = 0.2 M (KCl)

Stability Constants (log β)a

NiLH5 NiLH4 NiLH3 NiLH2 NiLH NiL NiLH-1 NiLH-2 NiLH-3

54.1(1) 46.21(8) 37.20(2) 29.13(3) 19.82(2) 10.05(2) -0.28(2) -10.92(2) -22.14(2)

Ionization Constants (pKR)

NiLH5 NiLH4 NiLH3 NiLH2 NiLH NiL NiLH-1 NiLH-2

NiLH4 NiLH3 NiLH2 NiLH NiL NiLH-1 NiLH-2 NiLH-3

7.89 9.01 8.07 9.31 9.77 10.33 10.64 11.22

log K*b

1N {NIm} 2N {NIm, N
-
amide} 3N {NIm, 2N

-
amide} 4N {NIm, 3N

-
amide}

H2B94-125 -3.86 -11.75 -20.76 -28.83
ELAKHA -3.55 -11.75 -28.87

a βj = [MHjL]/[M][Hþ]J[L]. b log K* = log β(MLHj) - log β(H6L).

Figure 2. CSI plots forH2B94-125 at pH (a) 2.5 (white) and (b) 10.3 (gray). The consensus plots are omitted due to the fact that all values are equal to zero.

(42) Zoroddu, M. A.; Kowalik-Jankowska, T.; Kozlowski, H.; Salnikow,
K.; Costa, M. J. Inorg. Biochem. 2001, 84, (1-2), 47-54.

(43) Chang, J. W.; Martin, R. B. J. Phys. Chem. 1969, 73, (12), 4277-
4283.
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fairly with the calculated microconstant for the Tyr
residue (pKR = 9.38) suggests that the first proton in the
4N complex is liberatedmostly from the noncoordinating
phenolic OH.

NMR Study of the 4N Complex. As seen by the species
distribution diagram (Figure 4), the pH choice for the
NMR study of the 4N complex is not an easy task. The
presence of four Lys and one Tyr residue in the peptide’s
sequence with approximately the same pKR values results
in the formation of several complexes in the pH-metric
region 8-11.5. This does not allow the conduction of
the NMR experiments at a discrete pH value, where a
unique 4N complex predominates. The selection gets

more limited due to the fact that above pH 11.5 precipita-
tion was observed. However, on the basis of the fact that
the coordination mode and geometry of the NiLH2,
NiLH,NiL, NiLH-1, andNiLH-2 species do not change,
we decided to record the NMR spectra at pH 10.3.
Furthermore, at this pH there is no free paramagnetic
nickel, which may cause broadening of the bands and
decrease in the quality of the recorded spectra. It must be
considered that at this pH in most of the present species
the Tyr residue is deprotonated.
The assignment of the 1H and 13C resonances was

achieved by the combined analysis of the TOCSY, 13C-
HSQC, NOESY, andROESY spectra that were recorded
for the free and Ni2þ-bound peptide, at pH 10.3. At this
pH, the rapid exchange of the labile amide protons with
protons from the solvent molecules does not allow the
observation of their resonance signals. In order to facil-
itate the assignment process, we recorded a series of 15N-
HSQC, TOCSY, 13C-HSQC, NOESY, and 3D NHHa
spectra at pH 2.5, where the exchange rate is low and the
amide protons’ signals may be observed in the NMR time
scale.
The progressive saturation of the binding site by the

metal ion was monitored by the titration of the peptide
with nickel ions at pH 10.3 (Figure 5). In the absence of
the metal the only signals observed above 6 ppm are those
attributed to the imidazole and phenolic protons of the

Table 4. Spectroscopic Data for Ni2þ Complexes with H2B94-125, at 298 K

UV-vis CD

species λmax (nm) ε (M-1 cm-1) λmax (nm) Δε (M-1 cm-1)

NiLH5 (1N)a

NiLH4 (2N) 255b þ1.40
269d þ0.30
416c -0.51
513c þ0.17

NiLH3 (3N)a

NiLH2 (4N) 428 134 255b þ3.70
274d þ1.34
417c -1.75
510c þ0.84

NiLH (4N) 433 177 256b þ6.65
274d þ2.53
418 -3.05
514 þ1.48

NiL (4N) 252b þ7.54
273d þ2.84
418d -3.34
514d þ1.57

NiLH-1 (4N) 433 185
NiLH-2 (4N) 433 191 254b þ8.46

276d þ3.01
418d -3.59
514d þ1.76

NiLH-3 (4N) 433 200 253b þ8.26
274d þ2.98
418d -3.67
514d þ1.79

aNot detected due to its low concentration or overlap with other
species. bCharge transfer band NImidazole f Ni2þ. cd-d transition.
dCharge transfer band Namide f Ni2þ.

Figure 3. CD and UV-vis spectra of the H2B94-125-Ni2þ system as a function of pH.

Figure 4. Species distribution diagram of the Ni2þ-H2B94-125 system
at amolar ratioof 1:1.1, using the stability constants obtained frompoten-
tiometry.
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His and Tyr residue, respectively. Nickel titration results
in the progressive shifting of the above-mentioned sig-
nals. Especially, the intensity of the Hε1 and Hδ2 proton
signals, observed at 7.59 and 6.86 ppm, respectively, gets
reduced, while at the same time, two new signals at 7.47
and 6.82, corresponding to those protons in the new
environment of the complex, appear with a progressive
increase in their intensity. It is noteworthy that the signals
of the aromatic phenolic protons are also shifted, indicat-
ing that the local environment of Tyr28 is also somehow
affected upon nickel binding.
The assignment of the cross-peaks in the Ni2þ-bound

spectra was achieved by comparing with those of the free
ligand. The new cross-peaks observed upon nickel addi-
tion were attributed to the Ni2þ-H2B94-125 complex.
The chemical shift differences of the R-protons and
R-carbons between theNi2þ-bound and unbound peptide
state are shown in Figure 6. The complete resonance
assignments of 1H, 13C, and 15N nuclei are given in Tables
S1 and S2, as Supporting Information (SI). Overlaid
aliphatic region and HR-CR region of free and Ni2þ-
bound peptide of TOCSY and 13C-HSQC spectra, res-
pectively, are given as Figures S1 and S2 in the SI.
The addition of Ni2þ ions in the peptide’s solution

causes selective shifting of the 1H and 13C resonance
signals of several residues (Figures 6 and S2). The largest

changes are observed as upfield shifts of the R-protons of
His16, Lys15, and Ala14, indicating that this portion of the
peptide is mostly involved in the coordination process.
Likewise, lower shifting of 1H and 13C resonance signals is
observed for the neighboring residuesGlu12, Leu13,Ala17,
Val18, Ser19, and Glu20, suggesting that the magnetic
environment of those nuclei is also modified upon nickel
binding. More important may be the fact that Ni2þ

binding causes severe changes in the 1H and 13C reso-
nance signals of the residues, composing the C-terminal
tail fragment Lys27-Tyr28-Thr29-Ser30-Ser31-Lys32, thus
evidencing a different chemical environment for this
portion, compared to the one of the unbound peptide.
CSI analysis for Ni2þ-bound peptide (Figure 7) indi-

cates a conformational change for the -A14KHAVS19-
fragment. We are aware of the fact that the high pH may
influence the method’s sensitivity. Likewise, nickel coor-
dination may cause a general upfield or downfield ten-
dency in the chemical shifts. However, our data suggest a
conformational change for this fragment that is unlikely
to be a transition from a random coil configuration to an
R-helix secondary structure, as assessed by the consensus
diagram, but more likely to appear due to the adoption of
a unique backbone geometry upon complex formation.
The HR proton of His16 presents a severe upfield shift

(Δδ>1 ppm). Upfield shifts are also observed for the β
and aromatic protons of the imidazole ring (Figure S2).
These observations are in accordance with the important
anchoring role of the His residue in coordination studies
of metal ions with peptides comprising one His residue in
their sequence.9,12,16,17,20,27 A larger chemical shift differ-
ence is observed only for the HR proton of Lys15 (Δδ =
-1.39), suggesting that this residue belongs to the binding
site, as well. The fact that the resonance signals of β- and
δ-protons of this particular residue appear separated
upon nickel binding (Table S2) is also noteworthy. This
can be explained through the enforcement of a more
“strict” conformation, due to complex formation, which
limits their free movement. The HR proton of Ala14 also
presents a substantial shifting. The value Δδ = -0.60
may be comparable to the ones observed for the HR pro-
tons of Lys27 (Δδ=-0.61) and Ser32 (Δδ= -0.70), but

Figure 7. CSI plots for Ni2þ-bound peptide at pH 10.3.

Figure 5. Aromatic region of 1H NMR spectra collected at 600 MHz,
298 K at pH 10.3 of H2B94-125 peptide with increasing amounts of Ni2þ

from 0 equiv (free peptide) to 1 equiv. New peaks resulting from Ni2þ

addition are labeledwith an asterisk. Broadening of the peaks in theNi2þ-
bound spectra is attributed to the paramagnetic octahedral complexes
initially formed.28

Figure 6. Graphical representation of the 1HR and 13CR chemical shift
difference between Ni2þ-bound and free H2B94-125, in a molar ratio of
peptide to metal of 1:1, at pH 10.3, 298 K.
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the downfield shift of the CR nuclei for this residue is the
largest observed among all (Figure 6).
These changes in the chemical shifts may be explained

by the binding of the metal with the portion Ala14-Lys15-
His16 and confirm the potentiometric and spectroscopic
results obtained earlier. Potentiometry and the unique
characteristics of the UV-vis and CD spectra suggest a
{NIm, 3N

-
amide} donor set. NMR spectroscopy indicates

that the coordinated amide nitrogens belong to the above-
mentioned residues. The formation of a six- and three
five-membered chelate rings is the driving force for 4N
complex formation.
As said before, the formation of the 4N complex at

alkaline pH does not allow the observation of the amide
protons’ resonance signals, due to fast exchange. This
lack of evidence almost forbids the generation of a well-
defined structure. However, on the basis of the NOE
signals generated by the interaction of side chain protons,
we managed to determine a well-resolved restricted
structure for the binding site, containing the octapeptidic
fragment -Glu12-Leu13-Ala14-Lys15-His16-Ala17-Val18-
Ser19-. For this reason we used 61 meaningful upper
distance limits (available in Table S3 of the SI), including
25 intraresidual, 15 sequential, 16 medium, and 5 long-
range (Figure 8), together with the geometric constraints
for the Ni2þ ion that were extracted from the crystal
structure of the analogous complex, NiII(Gly-Gly-R-
hydroxyl-D,L-histamine)] 3 3H2O.44 For this fragment, a
total of 86.5% of assigned atoms was determined. The
obtained structure family has an average total target func-
tion of 0.19( 0.0025 Å2 and rmsdof 0.15( 0.03 and 0.31(
0.07 Å for the backbone andheavy atoms, respectively.The
proposed structures show a {NIm, N

-
H16, N

-
K15, N

-
A14}

donor set (Figure 9). The molecular dynamics force field
used for geometry optimization of the mean structure took
into account, besides the NMR-derived distance con-
straints, bond stretching, angle anddihedral bending terms,
and electrostatic and van der Waals interactions, thus
improving the position of the metal in the coordination
plane (Figure 9b).

Discussion

Potentiometry suggests the formation of several complexes
between nickel ions and the H2B94-125 ligand. The thermo-
dynamic data, listed in Table 3, indicate that their stability is
very close to that reported in the literature for the analogous
complexes of nickel with the hexapeptide (containing the

binding site) ELAKHA,17 suggesting the same coordination
modes. The log K* values imply that the 1N {NIm} complex
of -ELAKHA- is more stable than the analogous Ni2þ-
H2B94-125 complex. For the ELAKHA complex a possible
participation of the carboxyl group of the Glu residue was
proposed,17 and this cannot be excluded for the H2B94-125

peptide. It is also noteworthy that in the case of the
H2B94-125 peptide model potentiometry indicates the exis-
tence (although in very small amounts) of the 3N complex.
Although this can be an artifact of the simulation software, it
may be an evidence for a slower kinetics of the spin pairing
process, during the transition from a 2N to a 4N complex,
owing to an extra rearrangement of the side chain groups of
H2B94-125. This would allow the formation of detectable
amounts of the 3N complex and reduce the synergistic
character of the second and third amide ionization compared
with ELAKHA.
The examination of the 4Ncomplex’s structure reveals that

the backbone of Ala17, Val18, and Ser19 is placed right over
the coordination plane (Figure 9). This fact explains the
upfield shifts of their R-protons upon nickel binding, since
they get more shielded by the electronic-rich environment of
the complex.Moreover, the positions of the hydrophobic side
chain groups ofAla17 andVal18 protect the complex from the
axial nucleophilic attack of water molecules or Hþ from the
bulk of the solution to the Ni2þ-amide nitrogens. Addition-
ally the space below the coordination plane is filled with the
bulky side chain group of Leu13. Interestingly, the HR proton
of this residue is placed far away from the metal, being
oriented to the bulk of the solution. This may be responsible
for the downfield shift observed for this nucleus, upon nickel
coordination.
As assessed by Figure 6, the chemical shift difference for

the R-protons of the residues composing the binding site
follows the orderHR (Lys15)>HR (His16)>HR (Ala14). The
examination of the obtained structures reveals that the
distance between those atoms and the metal ion is HR
(Lys15)-Ni2þ (3.61-3.62 Å), HR (His16)-Ni2þ (4.30-
4.31 Å), and HR (Ala14)-Ni2þ (2.98-3.00 Å) (Figure 10).
According to the above, it is easy to explain the larger shifting
of the LysR-proton resonance signal, since it ismore shielded
by the metal ion. The fact that the Δδ value for the R-proton
of the Ala14 residue is quite small, although situated very
close to the metal, can be attributed to a structural char-
acteristic that may induce a deshielding effect. A closer look
at the structure reveals a possible interaction between the
carbonyl oxygen of Val18 and the R-proton of Ala14. Indeed,
the distance between those two nuclei does not exceed 2.35 Å
in 12 out of the 20 structures of the final family. Those two
atoms are rather distant from each other, being unlikely
to form a hydrogen bond;45 nevertheless their increased
incidence of contact may assist in a deshielding effect experi-
enced by the R-proton. This interaction could be responsible
for the shifting of theR-proton resonance signal in lower field
than expected.
Unfortunately, the lackofmeaningfulNOE signals did not

allow the generation of a well-defined structure for the whole
peptide-Ni2þ complex. However, it is quite interesting that
besides the residues composing or being close to the binding
site, profound shifting of the resonance signals is observed for
the proton and carbon nuclei of residues Lys27, Tyr28, Thr29,

Figure 8. Schematic representation of the number of meaningful NOE
constraints per residue for the H2B94-125-Ni2þ complex used in the
structural calculations.

(44) Bal, W.; Djuran, M. I.; Margerum, D. W.; Gray, E. T., Jr.; Mazid,
M. A.; Tom, R. T.; Nieboer, E.; Sadler, P. J. J. Chem. Soc., Chem. Commun.
1994, (16), 1889-1890. (45) Guntert, P. Q. Rev. Biophys. 1998, 31, (2), 145-237.
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Ser30, Ser31, andLys32 that compose theC-terminal tail of the
peptide (Figure 6).
The potentiometric and spectroscopic data, presented in

Tables 3 and 4, are typical for the coordination of the nickel
ion with a {NIm, 3N

-
amide} donor set.Moreover, the absence

of the characteristic charge transfer band at 420 nm in other
experiments with Cu2þ that will be reported elsewhere, in the
recorded CD spectra, suggests that the phenolic oxygen of
Tyr28 does not coordinate to themetal.However, this residue
presents a severe downfield shift for all its protons. The
most profound chemical shift difference is observed for the
β-proton resonance signals (Δδ= 0.89, Δδ= 0.45 ppm, cf.
Table S2), which is accompanied by an increase in their
separation. The latter suggests a decrease in their free move-
ment, which allows their better separation in the NMR time
scale. The same phenomenon is observed for the γ-protons of
Lys27, which upon complexation appear well separated. It is
thus evident that Ni2þ coordination leads to a more orga-
nized structure for Lys27 and Tyr28.
The most logical explanation of the above-mentioned

observations is that nickel binding induces the adoption of
a conformation where distant parts of the peptide molecule
come close in space. The interactions being responsible for
this may be of electrostatic nature and lead to a more
thermodynamically stable structure. The phenolic oxygen
of Tyr28 has a negative charge, which is able to interact with

the electrostatic potential generated by the complex. This
type of interaction, whichmay be considered as a salt bridge,
has been reported in coordination studies of small peptides
with Cu2þ and Pd2þ,46 as well as for the interaction of nickel
with the peptide model of human protamine,27 where the Tyr
residue is separated by the anchoring His, through five
residues. In our case the Tyr residue is much more distant
from the His (separated by 11 residues in the peptide’s
sequence); however, the presence of the cross-peaks given
in Table 5 in the ROESY (Figure 11) and NOESY spectra is
indicative of the proximity of the C-terminal tail Lys27-Tyr28-
Thr29-Ser30-Ser31-Lys32 to the coordination plane.
Moreover, the severe upfield shift ofLys27R-proton (Δδ=

-0.61) suggests its proximity to the binding site. This is
accompanied with a downfield shift of all side chain aliphatic
protons, observed with a smaller Δδ value according to the
order β > γ > δ > ε (cf. Table S2). It thus seems possible
that the Lys27 side chain approaches the coordination plane
pointing toward the metal. Additionally, the residues Ser30,
Ser31, and Lys32 seem to approach the coordination plane
close enough to present a substantial shifting of their
R-protons. The fact that the 1H and 13C resonance signals of
Thr29 are less affected upon Ni2þ binding may suggest that
the fragment Ser30-Ser31-Lys32 turns around this residue
while approaching the coordination plane.
Unfortunately, the lack of severalmeaningfulNOE signals

does not allow the generation of a precise structure that
would include the C-terminal tail. Nevertheless, the data

Figure 9. (a) Stereoviewof superpositionof the 20 lowest energy structures ofNi2þ-H2B105-112 obtained fromNMRdata. (b)Overlaidmean (black,E=
9460.38 kcal mol-1/gradient = 957.7 kcal mol-1 Å-1) and geometric optimized (red, E = 168.6 kcal mol-1/gradient = 0.09 kcal mol-1 Å-1).

Figure 10. Enlargement of the binding site in the mean structure. The
distances given are in angstroms (color code: Ni2þ yellow, HR of Ala14,
Lys15, His16 green, carbonyl oxygen of Val18 red).

Table 5. NOE Cross-Peaks between R and Side Chain Protons of Binding Site
and Neighboring Residues and Protons of the C-Terminal Tail K27-Y28-T29-S30-
S31-K32 of Ni2þ-Bound H2B94-125 at pH 10.3

proton 1 proton 2 proton 1 proton 2

Hε1 His16 Qδ Lys27 Hδ2 His16 Hβ3 Tyr28
HR Lys15 Hδ1 Tyr28 Hγ3 Lys15 Qε Lys27
HR Lys15 Hδ2 Tyr28 Qγ Val18 HR Ser30
Hδ2 His16 Qγ Lys32 HR His16 Qβ Ser30
Hδ2 His16 Hβ3 Tyr28 Hγ3 Lys15 HR Lys32
Hδ2 His16 Hβ Thr29 Hγ2 Glu12 Qβ Lys32
HR Lys15 Qε Tyr28 Hγ2 Lys15 Qβ Lys32
Hβ3 His16 Hβ3 Tyr28 HR Ser19 Qδ Lys32

(46) Bal, W.; Dyba, M.; Kozlowski, H. Acta Biochim. Pol. 1997, 44, (3),
467-476. Kozlowski, H.; Jezowska, M.Chem. Phys. Lett. 1977, 47, (3), 452-456.
Van der Helm, D.; Franks, W. A. J. Am. Chem. Soc. 1968, 90, (20), 5627-5629.
Kozlowski, H. Inorg. Chim. Acta 1978, 31, (1), 135-140. Amirthalingam, V.;
Muralidharan,K.V.ActaCrystallogr., Sect.B 1976,B32, (12), 3153-3156.Mosset,
A.; Bonnet, J. J. Acta Crystallogr., Sect. B 1977, B33, (9), 2807-2812.
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presented above indicate a conformational change for this
portion, due to its placement close to the binding site. We do
not know if and to what extent the interaction of the negative
charge of the phenolic oxygen with the electrostatic potential
generated by the complex influences the adoption of such a
structure. Indeed, dissociation of the tyrosine phenol group
may not occur under physiological conditions due to the high
pKR value for this ionization process. However, phosphory-
lation of Tyr residues, which has been shown to occur often,
under physiological conditions induces a negative charge that
may have a similar effect.47 Alternatively, stacking of the
phenol group with the imidazole may stimulate analogous
structural alterations for the C-terminal fragment. Aromatic
ring stacking has been recognized as one of the most
important interactions in stabilizing the tertiary structure in
proteins and has been observed, for example, for the active
sites of galactose oxidase48 and cytochrome c oxidase.49 In
any case, if such a structural modification is possible under
physiological conditions, it may be directly related with the
process of nickel-induced carcinogenesis, since it involves
Lys27, which is the substrate of the ubiquitination process.

In the past years, this post-translational modification of
histone H2B has been correlated with the activation of DNA
transcription.23 In general, ubiquitination refers to the bind-
ing of a ubiquitin molecule to the side chain of a Lys residue,
through the formation of an isopeptidic bond between the
carboxylate group of the C-terminal Gly residue of ubiquitin
and side chain ε-NH2 group of Lys. Although the way this
modification functions is still unknown, it has been proposed
that it leads to a wide open conformation of chromatin,
which facilitates the approach and action of DNA transcrip-
tion factors.3 Additionally, there is evidence that H2B/Lys120
ubiquitination is a necessary first step for the methylation of
Lys4 of histoneH3. Thismethylation has been shown to have
a role in gene silencing within heterochromatin. Therefore,
the nonphysiological H3/Lys4 methylation may lead to ex-
pression of telomeric genes.24

OurNMRdata suggest thatNi2þ binding atHis109 leads to
a structural alteration of the C-terminal tail, which seems to
adopt a more condensed conformation. This may have an
impact on the recognition and/orubiquitinbinding process at
Lys120 by the appropriate H2B K120 ubiquitilase. The
arrangement of the Lys side chain group toward the metal
supported by our NMR results would definitely confine the
ε-NH2 group to a restricted space, diminishing the approach
of a large ubiquitin molecule. This may imply transcription
errors, resulting in carcinogenesis.

Conclusions

The potentiometric and spectroscopic data of the
H2B94-125/Ni2þ system presented in this study point out
the fragment Ala14-Lys15-His16 as the main portion involved

Figure 11. Overlaid aromatic region of ROESY spectra of free (blue) and Ni2þ-bound peptide (red).

(47) Kolata, G. Science (Washington, D. C.) 1983, 219, 377–378. Ingebritsen,
T. G.; Cohen, P. Science (Washington, D. C.) 1983, 221, 331–338. Brand, S. J.;
Anderson, B. N.; Rehfeld, J. F. Nature (London) 1984, 309, 456–458.

(48) Ito, N.; Phillips, S. E. V.; Stevens, C.; Ogel, Z. B.; McPherson, M. J.;
Keen, J. N.; Yadav, K. D. S.; Knowles, P. F. Nature 1991, 350, 87. Itoh, N.;
Phillips, E. V.; Yadav, K. D. S.; Knowles, P. F. J. Mol. Biol. 1994, 238, 794.

(49) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamaguchi,
H.; Shinzawa-Itoh,K.;Nakashima,R.;Yaono,R.;Yoshikawa,S.Science 1995,
269, 1069. Yoshikawa, S.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; Yamashita,
E.; Inoue, N.; Yao, M.; Fei, M. J.; Libeu, C. P.; Mizushima, T.; Yamaguchi, H.;
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in the coordination process. Likewise, the placement of the
hydrophobic side chains of Ala17 and Val18 above as well as
the position of the bulky aliphatic group of Leu13 below the
coordination plane are themain interactions that stabilize the
4N {NIm, 3N

-} complex.
Ni2þ binding does not result in the hydrolysis of the

peptide, as expected,28 but in a severe conformational change,
not only for the binding site but also for theC-terminal tail of
the peptide. Therefore, it may be possible that metal binding
at His109 and the resulting conformational effect may have a
distinct impact on the nucleosome dynamics and particularly
on the ubiquitination of Lys120.
We do not know if Ni2þ binding at His109, followed by

structural alteration of the C-terminal tail, may take place
under physiological conditions, since our NMR study was
restricted to a strong alkaline pH. Under our experimental
conditions the formation of the 4N complex starts at pH 8
and reaches maximum formation for the NiLH2 species at
pH 9.However, it is likely that the different conditions within
cells as well as the hydrophobic environment in the whole
protein increase metal binding efficiency, either by multiple
nonbonding interactions available there or due to a higher
selectivity of nickel in inducing a certain conformation of the
peptide.29

We believe that this study may assist in the interpretation
of ubiquitination efficiency loss in cells treated withNi2þ and

give a better insight in the mechanisms of metal-induced
carcinogenesis.
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