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ABSTRACT: RTN1-C protein is a membrane protein localized in the ER and expressed in the nervous system,
and its biological role is not completely clarified. Our previous studies have shown that the C-terminal region
of RTN1-C, corresponding to the fragment from residues 186 to 208, was able to bind the nucleic acids and to
interact with histone deacetylase (HDAC) enzymes. In the present work the properties of the synthetic RTN1-
CCT peptide corresponding to this regionwere studiedwith relation to its ability to bind themetal ions in its N-
terminal region. RTN1-CCT peptide is characterized by the presence of high-affinity copper and nickel ion
sites. The nuclease activity of the metal-peptide complex was observed due to the presence of an ATCUN-
binding motif. Moreover, the effect of the Cu/Ni-RTN1-CCT complexes on the HDAC activity was
investigated. The histone deacetylase inhibitors are a new class of antineoplastic agents currently being
evaluated in clinical trials. Our data show that the acetylated form of the metal-peptide complex is able to
inhibit the HDAC activity at micromolar concentrations. These results allow to propose the Cu/Ni-RTN1-
CCT complexes as models for the design of antitumor agents.

The members of the reticulon (RTN)1 family have been
originally classified as markers of neuroendocrine differentia-
tion (1); four related metazoan members (Rtn1-4) and alter-
natively spliced versions have been found (2, 3). RTN1-C is a
splice variant produced by the rtn1 gene (4) and in the particular
RTN1-C, together with RTN1-A, has been proposed as a
molecular marker for diagnosis of neuropathies (5). Although
it has been demonstrated the implication of the reticulon family
inmany biological processes, such as axonal regeneration (6) and
formation of viral replication complex (7), the functions of these
proteins are still largely elusive. It is notable that recent studies
have suggested the involvement of RTN proteins in nuclear pore
formation and for the stabilization of nascent pore membrane
curvature during nuclear pore complex biogenesis (8). In the last
years it has been observed that RTN1-C is able to interact with
different proteins (9, 10), suggesting the involvement of this
reticulon protein in several physiologic functions from apoptosis
induction to membrane vesicle trafficking. On the basis of the
protein-protein interaction studies it has been possible to
hypothesize some of physiological functions of this protein, but
the molecular interactions of the external regions of this mem-
brane protein remain still to be elucidated. In our previous
studies, we have demonstrated a high ability of the C-terminal
fragment of RTN1-C to bind nucleic acids and to interact and

inhibit the histone deacetylase 8 enzyme (HDAC8) in vitro (11).
Furthermore, the acetylation of RTN1-C protein in vivowas also
demonstrated such as the importance of the C-terminal region of
the protein in this posttranslational modification, suggesting that
the physiological function of RTN1-C can be regulated in vivo by
the histone acetyltransferase (HAT)-HDACsystem (12). In fact,
the acetylation deeply affects either the metabolic stability or the
biological function of the modified proteins and, such as the
phosphorylation, it is a posttranslational mechanism for con-
trolling the protein function. In vivo the acetylation status of
target proteins is tightly regulated byHATs andHDACs (13, 14),
and several cellular processes, such as microtuble function or
nuclear import (15, 16), are regulated by this enzymatic system.
Alterations in the enzyme controlling histone acetylation and
deacetylation have been shown to be a direct mechanism of
transformation in some malignancies (17).

RTN1-CCT peptide, corresponding to the C-terminal region of
RTN1-C from residues 186 to 208, is characterized by the
presence of cationic residues and of the H4 histone consensus
sequence (PS000047 HISTONE_H4) that raise it the property to
bind and condense theDNA.On the basis of these previous data,
we investigated on the properties of this peptide and on the
possibility to use this peptide either as an artificial nuclease or as a
model for the design of HDAC inhibitors. In the last years, there
has been a great deal of interest in the design newmetal molecules
with specific nuclease and enzyme inhibition properties for awide
applicability as laboratory tools and therapeutic agents. The
presence of a histidine residue in the third position at the N-
terminus of the RTN1-CCT peptide allows the formation of a
characteristic binding motif, named ATCUN motif, which gives
peptides and proteins the ability to bind the metal ions, such
as Cu2þ and Ni2þ (18). Naturally it occurs that the ATCUN
motif is present in fragments of albumin (19) where it has been
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demonstrated to bind Cu2þ and Ni2þ with high affinity, KD

∼1.18 � 10-16 M and KD ∼10-17 M, respectively (20, 21). It has
been suggested that peptides with this metal-binding motif may
have a higher physiological relevance than merely serving as
metal transport sites. In fact, the presence of the ATCUN motif
has been related either to the carcinogenesis process or to the in
vitro suppression of tumors (22). Furthermore, several Ni/Cu-
ATCUN peptide complexes, in the presence of appropriate
coreactants, have also demonstrated the ability to cleave both
DNA (21, 23-25) and viral RNAs (26) and, more recently, to
inhibit important enzymes in vitro (27-29). In the light of these
recent studies, the ability of the metal-RTN1-CCT complex to
inhibit the HDAC activity in vitro was here also investigated,
demonstrating that the metal-peptide complex is able to inhibit
this class of enzyme and may represent a model to design
anticancer drugs.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. Synthetic peptides were purchased from
Peptide Specialty Laboratories GmBH (Germany) and from
Spectra 2000 (Rome, Italy). Analysis of the synthetic peptides
by reverse-phase high-performance chromatography (RP-
HPLC) and mass spectrometry revealed a purity >98%. The
sequences of the peptides usedwere as follows: RTN1-CCT,NH2-
RTHINTVVAKIQAKIPGAKRHAE-CONH2; AcRTN1-CCT,
NH2-RTHINTVVAKIQAKIPGAK(εAc)RHAE-CONH2.
Spectrophotometric Metal Binding Characterization.

The peptides were dissolved in water to a concentration of 0.5
mM. Copper chloride was added in a 1:1 molar ratio with the
peptides. The pH of the solution was decreased or raised using
0.1 M HCl or 0.2 M NaOH, respectively, and the solutions were
equilibrated at each pH before the spectrophotometric measure-
ments. The stoichiometry of Ni2þ binding was measured by
monitoring the absorbance from 400 to 800 nm, which showed a
λmax of 470 nm characteristic of the DTT-Ni2þ complex (30), in
10 mM Hepes at pH 7.0. A calibration plot was obtained using
10, 20, 40, 60, and 80 μM NiCl2 at a fixed concentration of 500
μM DTT; the plot was a result of three different measures. The
visible spectra of the peptide-metal complexes were acquired on
Perkin-Elmer Lambda-Bio 20 double-beam spectrophotometer
using a 1 cm path length quartz cell at 26 �C.
Circular Dichroism Studies. CD measurements were per-

formed using a Jasco 600 spectropolarimeter (Jasco, Tokyo,
Japan) calibrated with camphorsulfonic acid. CD spectra were
obtained between 600 and 300 nm using a path length of 1 cm, a
time constant of 1.0 s, a 2 nm bandwidth, and a scan rate of 2 nm/
min and at 20 or 50 mdeg sensitivity. The average was corrected
by four scans of the solvent. Quartz cells of 0.1-1 cm path length
sealed and controlled thermostatically were used for the far- and
near-UV CD measurements, respectively. The samples for cir-
cular dichroism measurements were prepared at 50 μM peptide.
The near-UVCD spectra were recorded at 500 μMRTN1-CCT in
20 mM Tris-HCl buffer, at different pHs and equimolar con-
centration of NiCl2 or CuCl2.
ESR Measurements. X-band (9.2 GHx) ESR spectra at

-150 �C were measured on a spectrometer with 100 kHz field
modulation of 0.5 mT. A titration at different molar ratio Cu/
peptide (0 and 1) was performed using a solution of 300 μM
peptide in 50mMHepes buffer, at different pHs from 5.2 to 11.0.
Fluorescent Intercalator Displacement Assay (FID Assay).

The concentration of pDNA stock solution was determined

spectroscopically (31), and 3 μg of pDNA was added at 900 μL
of EthBr (1.5 μg/mL) in 10 mMHepes, pH 7.0, buffer and 1.5 μg
of Ni-RTN1-CCT was added to the solution with the
pDNA-EthBr complex. Fluorescence spectroscopy was carried
out with a Perkin-Elmer LS luminescence spectrometer using
λex=523 nm, λem=535-600 nm, 1 cmpath length, 1mLquartz
cuvette, slit with 5 nm.
Plasmid Cleavage. The time courses of the plasmid DNA

cleavages were performed using a ratio pDNA:Ni/Cu-peptide
complex 1:1 w/w (0.5 μg of pDNA, 4500 base pairs, in a volume
of 10 μL for each reaction) in 25 mM Tris-HCl, pH 7.5, sterile
buffer filtered. After equilibration of DNA-metal-peptide
solutions for 10 min at room temperature, the reactions were
initiated by addition of ascorbic acid (1:10 c/c) or MMPP (1:10
c/c) for the Cu- or Ni-peptide complex, respectively. The
reactions were carried out at 37 �C and were terminated by
addition of 2 μL of 6� gel loading buffer (5% glycerol, 0.125%
bromophenol blue, 25 mM EDTA) and placed on ice before
electrophoresis in 1% agarose gel in the TAE buffer. Samples
were run for 120 min at 70 V and stained with ethidium bromide.
HDAC Inhibition Assay and Oxidative Damage by

RTN1-CCT Peptides. Histone deacetylase from rat commer-
cially available (Alexis, Switzerland) was used for the histone
deacetylase activity, and R-Boc(εAc)Lys-AMC, also termed
MAL (Alexis), was used as the fluorescent histone deacetylase
substrate. The assay was performed as previously described (32),
using 1.4 mM NaH2PO4, 18.6 mMNa2HPO4, pH 7.9, 0.25 mM
EDTA, 10mMNaCl, 10% (v/v) glycerol, and 10 mMmercapto-
ethanol as incubation buffer, and the reaction was stopped by
addition of 80% CH3CN and 0.1% TFA. The assay was
performed by RP-HPLC chromatography using a Shimadzu
HPLC system LC-10ATvp model; the elution of peaks was
monitored by RF535 fluorescence detector (excitation wave-
length 330 nm, emission wavelength 395 nm) and an Applied
Biosystems RP-C18 column (5 μM; 250 � 4.6 mm). The elution
was performed using 0.1% TFA (solvent A) and 80% CH3CN
and 0.1% TFA (solvent B) with an eluting gradient 2 min 0%
B solvent, 0-50% in 40 min, 50% for 10 min, 50-90% in 5 min
at flow rate 0.8 mL/min. Fluorescence HDAC activity assay
was performed using Fluor de-Lys, fluorogenic deacetylase
substrate, (acetyl)-Arg-His-Lys(ε-acetyl)-Lys-coumarin, accord-
ing to the manufacturer’s instructions (BIOMOL International
LP, Plymouth Meeting, PA). Briefly, 0.12-1.12 μM HDAC8
recombinant protein or 0.5 μL of 10 mg/mL HeLa nuclear
extract, in 50 mM Tris-HCl, 137 mM NaCl, 2.7 mM KCl,
1 mM MgCl2, pH 8.0, buffer, was used, and the reaction was
started by adding 5 μL of substrate solution (100 μM final
concentration) at 45 μL of sample solution followed by 60 min of
incubation at 37 �C. The reaction was stopped by addition
of 50 μL of trypsin/TSA stop solution (10 mg/mL trypsin
from porcine pancreas, Sigma-Aldrich, in 100 mM ammonium
bicarbonate, pH 8.0, buffer and 2 μM TSA). After a 20 min
incubation period at 30 �C, the release of AMC bymeasuring the
fluorescence at 460 nm (λex=360 nm) wasmonitored. TheAMC
signals were recorded against a blank with buffer and substrate
but without the enzyme. To observe the inhibition effects of the
peptides 15min of preincubation of the enzyme in the presence of
them, at room temperature, before the addition of the substrate
was performed. Initial velocity (V0) values were plotted as a
function of substrate concentration [S] and fit to the Michae-
lis-Menten equation,Vo =Vmax[S]/([S]þ Km), using GraphPad
software to obtain Km values. The inhibition was determined
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from Lineweaver-Burk for competitive inhibitors. All experi-
ments were carried out in triplicate. The oxidative damage to the
HDAC protein by metal-RTN1-CCT complexes was performed
using amolar ratioHDAC8/metal-complex 1:10 c/c, in the same
buffer used for the fluorescenceHDACassay (see above), and the
oxidative reaction was started by addition of ascorbic acid in a
molar ratio metal-complex/ascorbic acid 1:10 c/c at 37 �C.

RESULTS AND DISCUSSION

Metal Binding of RTN1-CCT Peptide. RTN1-CCT peptide
is characterized by the presence of a histidine residue in the third
position forming a characteristic metal-binding motif, named
ATCUNmotif, which is able to bind themetal ions, such as Cu2þ

and Ni2þ (18). We have performed spectroscopic studies to
investigate the ability of the RTN1-CCT peptide to bind Cu2þ

and Ni 2þ ions. In Figure 1 are shown the UV-vis spectra of the
RTN1-CCT peptide and its acetylated form in the presence of an
equimolar concentration of Cu2þ ions at different pHs. The
peptides showed the characteristic maximum at 525 nm of the Cu
binding in the pH range between 3.4 and 10.17. The absorption
maximum at 525 nm obtained at a low pH and maintained
through a wide range of pH is characteristic of a Cu-ATCUN
complex formation (19, 33). Moreover, further structural fea-
tures of the binding of metals to RTN1-CCT peptide has been
obtained by CD studies. CD spectroscopy was performed at
different pHs in the presence of an equimolar concentration of
Cu2þ orNi2þ (see Figure 2). CD spectra in the presence of copper
or nickel ions at pHs higher than 4.0 displayed two dichroic
bands at 560 and 480 nm in the case of copper and at 480 and 410
nm for the nickel bands, which are characteristic of a distorted
square-planar geometry of nickel or copper ions in a Ni/Cu-
(II)N4 site involving an histidine residue found for ATCUN
metal binding (34). ESR spectroscopy of the Cu-RTN1-CCT

complex was performed at-150 �C to investigate the presence of
Cu2þ free in the solution, and ESR spectra of the peptide at 1:1

molar ratio of Cu2þ/peptide at different pHs (data not shown)
showed that at 1:1 Cu/peptide molar ratio the presence of free
Cu2þ is not visible and the copper ions were bound to the peptide
at physiological pH. The f values (=g/l/A/l) were consistent with
those of the Cu2þ-peptide complex reported by Pogni et al. (35),
indicating that the complex has a square-planar geometry, which
is characteristic of the copper binding of the ATCUN motif (see
Supporting Information Figure 2S).

The stoichiometry ofNi2þ-RTN1-CCT binding wasmeasured
bymonitoring the absorbance of theDTT-Ni2þ complex at λmax

470 nm in 10 mM Hepes, pH 7.0, buffer (30). In Figure 3 are
shown the spectra performed for calculating the stoichiometry of
the metal binding. The peptide was incubated with NiCl2 in a
molar ratio 1:2 c/c (peptide/Ni2þ) in 10 mM Hepes, pH 7.0,
buffer for 15 min at 26 �C, and then DTT was added at a final
concentration of 500 μM. The estimated concentrations of nickel
ions free and bound to RTN1-CCT were 52 and 48 μM,
respectively (∼48% bound), thus showing a characteristic 1:1
binding stoichiometry of the Ni2þ-RTN1-CCT complex.
Interaction of the Metal-RTN1-CCT Complex with

pDNA. In the previous work we have observed that the
RTN1-CCT peptide is able to induce DNA condensation, in
time-dependentmanner, when theRTN1-CCT peptidewas added
to the pDNA-EthBr mixture (11). The displacement of EthBr
fromDNA is a directmethod ofmeasuring the binding affinity of
compounds that lack a chromophore. Fluorescence of free EthBr
in solution was strongly quenched by aqueous solvent and
exhibited weak fluorescence, and the addition of DNA to the

FIGURE 1: UV-vis spectra of (0.5 mM) RTN1-CCT with and with-
out acetylation in the presence of an equimolar concentrationofCu2þ

at different pHs. (A) RTN1-CCT at pH 3.4 (a), 4.09 (b), 5.09 (c),
7.23(d), 8.48 (e), 9.2 (f), 9.6 (g), and 10.17 (h). (B) AcRTN1-CCT at
pH 3.18 (a), 4.35 (b), 5.9 (c), 6.7 (d), 7.7 (e), 8.7 (f), 9.7 (g), and 10.2
(h). The peptide shows the characteristic maximum at 525 nm of the
Cu2þ bound.We have also performed the metal-binding measures at
37 �C and found that the differences in binding were negligible
(<3%).

FIGURE 2: Near-UV CD spectra of 0.5 mM Cu-RTN1-CCT at
different pHs. (A) Cu-RTN1-CCT at pH 3.5 (a), 4.5 (b), and 6.4
(c). (B) Ni-RTN1-CCT at pH 3.3 (a), 4.0 (b), 5.0 (c), 5.6 (d), 6.8 (e),
and 7.5 (f). The measurements were performed at equimolar con-
centrations of Cu2þ/Ni2þ and RTN1-CCT.
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solution induces a significant fluorescence enhancement due to
theDNAbinding (31). In Figure 4 are shown the results of a FID
assay using the metal-RTN1-CCT complex and pDNA. The
complex is able to bind the DNA and induce a major condensa-
tion of the pDNA than that observed with the peptide alone. The
major affinity of the Ni-RTN1-CCT for the pDNA is probably
due to the property of the Ni-ATCUNmotif to bind the nucleic
acids. Previously, in fact, it has been observed that the
Ni-ATCUN motif alone is able to bind the DNA at the minor
groove of A/T-rich regions and cleave it in the presence of
coreactants, such as mild reducing agents (36, 23).
DNA Oxidation by Cu/Ni-RTN1-CCT peptide. In the

last years, the design of artificial nucleases has generated great
interest; artificial peptidic nucleases could have wide applicability
either as tools in molecular biology and therapy or as probes of
the structure and function of nucleic acids.

Therefore, considering the high nucleic acid-binding property
of RTN1-CCT (11) and the ability of the peptide to bind Cu/Ni
ions, we also investigated its ability to induce the DNA cleavage.
The Ni/Cu-peptide complexes with the ATCUN motif cause
DNA cleavage through a mechanism involving C-40H oxidation
and hydroxylation of proteins (37, 38). In our case, a rapid

degradation of supercoiled pDNA was observed when the
Cu-RTN1-CCT complex was added to pDNA solution in the
presence of ascorbate (Figure 5A). Moreover, the appearance of
an a band, probably due to the formation of a complex between
the linear form of pDNA and the Cu-RTN1-CCT complex, was
observed for times longer than 1 h. The Cu-RTN1-CCT complex
is able to cleave the pDNA in the presence of ascorbate, and in
fact, a rapid degradation of the supercoiled pDNA was found to
produce nicked pDNA at 37 �C (shown in Figure 5A). Likely to
the copper complex also the Ni-RTN1-CCT complex induced a
rapid cleavage of the pDNA in the presence of magnesium
monoperoxyphthalate (MMPP) (Figure 5B) and a concurrent
disappearance of the supercoiled band; the appearance of nicked
bands and after 5 min an a band on the top of the gel was
observable, in agreement with that observed for the Cu-peptide
complex. On the contrary, the Ni2þ ions alone in the presence of
MMPP are not able to induce the formation of the a band, and
only after 3 h the nicked form of the pDNAwas observable. The
presence of cationic residues and of the histone H4 consensus
sequence in the RTN1-CCT promotes the interaction with the
DNA backbone (11) enhancing the nuclease effect due to the
ATCUN motif. The acetylated forms of the Ni/Cu-peptide
complexes were also able to induce an oxidative cleavage of
pDNA, but a smaller cleavage was observable due to a lower

FIGURE 3: Stoichiometry of the Ni-RTN1-CCT complex. RTN1-
CCT (50μM)was incubatedwith 100μMNiCl2 (1:2 rate) for 15min at
roomtemperature in10mMHepes, pH7.0, and thenDTTwasadded
at a final concentration of 500 μM. The calculated stoichiometry for
this complex was 1:1. (a) and (c) are the absorbance of 60 and 40 μM
Ni2þ-DTT; (b) is the absorbance of 100 μM Ni2þ-DTT in the
presence of 50 μMRTN1-CCT.

FIGURE 4: Fluorescence intercalator decay assay (FID). Fluores-
cence spectra of EthBr (1.5 μg/mL) alone (a), in 1 mL of 10 mM
Hepes, pH 7.0, in the presence of 3 μg of pDNA (b), and after
addition of 30 μg RTN1-CCT (c) or Ni2þ-RTN1-CCT (Ni2þ/peptide
1:1) (c0) after 3 h at 26 �C.

FIGURE 5: Cleavage of pDNA by the metal-RTN1-CCT complex.
Agarose gel electrophoresis of pDNA (0.5 μg) in filtered 50mMTris-
HCl,pH7.0, bufferwithpDNA/metal-RTN1-CCT1:1w/w ratio (A)
after 0 min, 5 min, 15min, 30min, 1 h, and 3 h of incubation at 37 �C
in the presence of Cu-RTN1-CCT and ascorbic acid. Cu-RTN1-
CCT/ascorbic acid 1:10 molar ratio (B) in the absence (lane 1) and in
the presence ofNi-RTN1-CCT after 0min, 5min, 15min, 30min, 60
min, and 3 h (lanes 2-7) and only in the presence ofNiCl2 after 3 h at
37 �C (lane 8). The cleavagewas activated by additionofMMPPwith
a Ni-peptide/MMPP 1:10 molar ratio.
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capacity of the peptide to interact with DNA, as shown by the
absence of the a band to the top of the gel (Supporting
Information Figure 3SA,B).
Cu-RTN1-CCT Inhibits HDACs. The modifications such

as acetylation have functional roles by modulating transcription
efficiency (39). Acetylation occurs at the ε-amino groups of lysine
residues present within the N-terminal extensions of the histones
and some nonhistone proteins that have been found transcription
factors, heat shock proteins, and structural proteins (40). The
balance of two families of HATs andHDACs tightly controls the
acetylation status of target lysines (13, 14). HDACs catalyze the
removing of the acetyl group from the acetyl-lysine residues, and
these enzymes were divided into four classes according to
phylogenetic analyses and sequence homologies (41-46). In this
work the effects of the metal-peptide complex on the HDAC
activity, in the presence of coreactants, were assayed.A loss of the
deacetylase activity of the nuclear HeLa extract, in the presence
of Cu-RTN1-CCT under oxidative condition, was observed.
About 50-60% loss of total HDAC activity was found at 5 μM
Cu-RTN1-CCT concentration, whereas free Cu2þ under iden-
tical conditions brought about only 4% loss of total activity
(Figure 6A). In these experiments before adding the substrate, the
copper-peptide complex or the copper ions were preincubated
with the enzyme for 30 min at room temperature. A dose
dependence of the HDAC inhibition by the Cu-RTN1-CCT

complex was observed, and a 4.0 ( 2.16 μM IC50 value was

estimated (Figure 6B). Figure 7 shows the changing of the
percentage of HDAC activity of rat enzyme in the presence of
metal-peptide complexes.HDACactivitywas assayed byHPLC
assay using MAL as fluorescent substrate. A decrease of HDAC
activity was observed in the presence of either Cu-RTN1-CCT or
Cu-AcRTN1-CCT complex and 10 mM ascorbic acid. A high
inhibition was observed when the enzyme was preincubated with
Cu-peptide before the reaction with MAL substrate. In fact,
after 30 min of preincubation at room temperature, with 10 μM
Cu-RTN1-CCT or Cu-AcRTN1-CCT, and 90 min of reaction
with the substrate approximately inhibition 61%and 82% loss of
total HDAC activity were respectively observed (Figure 8). By
contrast, under identical condition no HDAC activity inhibition
was observed in the presence of ascorbic acid alone; thus all
controls were performed in the presence of the same concentra-
tion of ascorbic acid. The preincubation of the rat HDACs with
the metal-peptide complexes induced a stronger inhibition than
that observed in the absence of preincubation (data not shown).
The observed difference of inhibition with and without the
preincubation could be explained with an interaction of the
metal-peptide complex in the active site. In fact, the presence
of substrate could inhibit the interaction with the metal-peptide
reducing its inhibitor effect. Moreover, the acetylated form was
more inhibiting than the other one, suggesting again possible
direct interaction of the metal complex close the catalytic site.
Metal-RTN1-CCT InducesOxidativeDamageofHDAC8.

Previously, it has been suggested that specific Ni/Cu-ATCUN
complexes could inhibit enzyme activity by inducing modification

FIGURE 6: Inhibition of HDAC activity by Cu-RTN1-CCT. (A)
HeLa nuclear extract HDAC was preincubated with 0.5, 1, 5, 10,
20, 50, and 100 μMCu2þ-RTN1-CCT and 100 μMascorbic acid for
15min at roomtemperature. The assaywas performed as described in
Experimental Procedures. The calculated IC50 was 4 μM. (B) Inhibi-
tion of HeLa nuclear extract HDAC. HDAC activity by 5 μMCu2þ

alone and Cu-RTN1-CCT in the presence of 50 μM ascorbic acid.

FIGURE 7: HDACassaybyHPLC.HDACrat (1 unit) was incubated
with the indicated concentrations of Cu-RTN1-CCT and
Cu-AcRTN1-CCT in the presence of ascorbic acid before the assay.

FIGURE 8: Inhibition of HDAC8 activity. 100 nM HDAC8 in the
presence of 10μMascorbic acidwas used as control. The enzymewas
incubated for 15 min at room temperature with 1 μM TSA, 100 nM
Cu-RTN1-CCT, or Cu-AcRTN1-CCT. All inhibition assays where
conducted in the presence of 10 μM ascorbic acid.
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of active site amino acid residues by reactive oxygen species (47,
48). In fact, many amino acid residues are susceptible to metal-
catalyzed oxidation including histidine, arginine, lysine, proline,
methionine, and cysteine (49). The mechanism of inactivation of
HDAC8 by Cu-RTN1-CCT in the presence of ascorbic acid was
investigated by SDS gel electrophoresis over a range of incuba-
tion times (see Figure 9). After 30 min of incubation in the
presence of Cu-RTN1-CCT, a band at about 35 kDa (b band)
was observable in the SDS-PAGEdue to a fragmentation of the
HDAC8 enzyme, and this fragmentation was more visible after
60 min of incubation for the presence of other bands. Further-
more, no bands at higher molecular masses were observed,
suggesting that the time-dependent loss of enzyme activity could
be dependent on the protein cleavage and on the oxidation of the
aforesaid residues. The same effect was also observed for the
metal complex of the acetylated form in the presence of HDAC8
and ascorbic acid, inducing the formation of a corresponding b
band after 60 min (see Supporting Information Figure 4S). This
result suggests that the higher inhibition effects of the acetylated
metal complex could be explained by the oxidation of essential
residues that does not lead to additional variations of the
molecular mass of the enzyme.

By contrast, a different electrophoretic pattern of the HDAC8
after treatment with CuCl2 and ascorbic acid was observed; in
fact, it was characterized by protein bands at high molecular
masses due to formation of fragments (a0 band). Direct char-
acterization of these protein bands by mass spectrometry was
precluded by the low concentrations obtained.

CONCLUSIONS

The study of the interaction between metal ions and short
peptides having important interaction with other biological
macromolecules can be highly useful in designing new molecules
with interesting properties and wide applicability as laboratory
tools and therapeutic agents.

Nuclease activity of the RTN1-CCT peptide is due to the
ATCUNmotif, which is present at theN-terminus of the peptide.
Ni/Cu-ATCUN peptide complexes were shown to bind and
cleave the DNA through an oxidative mechanism in the presence
of coreactants. The cationic residues and the H4 consensus

sequence present in this peptide allow a better interaction with
the DNA backbone enhancing the nuclease effect of the metal-
binding motif. Although in the past it has been shown that the
Cu/Ni-ATCUN complex is able to mediate protein cleavage and
cross-linking (38), only in the last years has their potential for
enzyme inactivation been demonstrated. The studies herein show
that the Cu-RTN1-CCT complex is able to induce a dose-
dependent inhibition of HDACs, consistent with an oxidative
damage and cleavage to the enzyme. Recently, it has been
observed that specific Cu-ATCUN-peptide complexes, which
are able to bind angiotensin-converting enzyme (ACE) or
thermolysin (TLN), inhibit the enzymatic activity of these
enzymes in the presence of ascorbic acid by formation of reactive
oxygen species (27-29). Electrochemical studies supported for-
mation of Cu3þ in these metal-peptide complexes, suggesting a
mechanism of copper(III)-oxo species as a nondiffusible reactive
oxygen species (29, 37). Our studies demonstrate the possibility to
use the selective oxidative damage by metal-ATCUN-peptide
substrates as a strategy to inhibit the HDAC activity and
represent progress toward the development of specific metallo-
peptides or peptidomimetic inhibitors of this class of enzymes,
which are involved in the degenerative diseases.
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