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ABSTRACT: RTN1-C protein is a membrane protein localized in the ER and expressed in the nervous
system. Its biological role is still unclear, although interactions of the N-terminal region of RTN1-C with
proteins involved in vesicle trafficking have been observed, but the role of the C-terminal region of this
family protein remains to be investigated. By a homology analysis of the amino acid sequence, we identified
in the C-terminal region of RTN1-C a unique consensus sequence characteristic of H4 histone protein.
Thus, a 23-mer peptide (RTN1-CCT) corresponding to residues 186-208 of RTN1-C was synthesized,
and its conformation and its interaction with nucleic acids were investigated. Here we demonstrate the
strong ability of RTN1-CCT peptide to bind and condense the nucleic acids using electrophoretic and
spectroscopic techniques. To determine if the binding of RTN1-C to nucleic acids could be regulated in
vivo by an acetylation-deacetylation mechanism, as for the histone proteins, we studied the interaction
of RTN1-C with one zinc-dependent histone deacetylase (HDAC) enzyme, HDAC8, with fluorescence
and kinetic techniques using an acetylated form of RTN1-CCT. The results reported here allow us to
propose that the nucleic acid binding property of RTN1-C may have an important role in the biological
function of this protein, the function of which could be regulated by an acetylation-deacetylation
mechanism.

Reticulons (RTN)1 and Nogo proteins make up a family
of ER membrane proteins preferentially expressed in the
nervous system. Four RTN paralogues (RTN1-3 and RTN4/
Nogo) sharing a highly conserved C-terminal region have
been identified (1). This C-terminal region contains a
characteristic reticulon homology domain (RHD) of ∼200
residues. The RHD comprises a variable N-terminal region
that is also markedly different in size, with two putative
transmembrane regions with a 66-residue hydrophilic loop
between them, and a short C-terminal tail (1). The conserva-
tion of the RHD has already been shown to confer common
functions upon RTNs, such as their localization to the

appropriate membranes and mediation of protein interactions.
Three splice variants are produced by the rtn1 gene (RTN1-
A, -B, and -C) with a common C-terminal domain (2). RTNs
were originally classified as markers of neuroendocrine
differentiation (3), and RTN1-A and -C have been proposed
to be molecular markers for the diagnosis of amyotrophic
lateral sclerosis (ALS) and peripheral neuropathies in which
changes in their expression levels have been observed (4).
The functions of RTNs are still poorly understood, although
their participation has been demonstrated in many biological
processes, such as axonal regeneration (5), cell death (6),
and formation of the viral replication complex (7). Recently,
it has been shown that reticulons interact with a variety of
proteins such as antiapoptotic proteins (Bcl-2 and Bcl-xL)
(8), Golgi glucosylceramide synthase (9), soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor
(SNARE) proteins (10), and BACE1 (11), suggesting the
involvement of reticulons in different cellular functions from
apoptosis induction to membrane vesicle trafficking and APP
processing. Moreover, it has been also demonstrated, by in
vitro and in vivo immunoprecipitation experiments, that
RTN1 is able to interact with the microtubule-interacting and
trafficking domain of spastin (12), which is a versatile protein
involved in microtubule dynamics (13) and important for
the pathogenesis of the hereditary spastic paraplegia (HSP)
(14). The N-terminal region of RTN1-C is characterized by
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the presence of a unique sequence of amino acid residues
1-20, which has been found to bind SNARE proteins, that
are localized on donor vesicles and target organelles and are
essential for docking and fusion of the membranes (15).

Although reticulons play a role in membrane trafficking,
the function of RTN1-C remains elusive, especially the
function of the C-terminal region. In this paper, we report
the results of a careful analysis of the amino acid sequence
of RTN1-C protein and synthesize a peptide corresponding
to C-terminal residues 186-208 for the performance of
structural and functional studies to elucidate the role of this
potential cytosolic region. The primary structure of this
region revealed the presence of a highly basic sequence
followed by a H4 histone consensus motif. On the basis of
the homology analysis, we decided to investigate whether
the H4 consensus sequence and the extended basic sequence
are involved in DNA binding. A functional study was
performed, and the interaction with nucleic acids and a
histone deacetylase enzyme was analyzed. Here we show
by a shift retardation assay, circular dichroism, and fluores-
cence spectroscopy that the C-terminal RTN1-C fragment
is a possible nucleic acid-binding region of RTN1-C protein.
Recently, we have observed that RTN1-C protein expressed
in the SH-SY5YRTN-1C human neuroblastoma cell line was
acetylated (M. Piacentini et al., manuscript in preparation),
demonstrating that the function of RTN1-C protein can be
regulated in vivo by this posttranslational modification. To
determine if the interaction of this protein with nucleic acids
could be regulated in vivo by an acetylation-deacetylation
mechanism, in which the HDAC (16) family enzyme is
involved, we investigated the possible interaction of a zinc-
dependent HDAC, HDAC8, enzyme with the C-terminal
region of RTN1-C.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. Synthetic peptides were purchased from
Peptide Specialty Laboratories GmBH 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 of >98%. The two
peptides had the following sequences: 32-mer RTN1-
CNT(1-32), NH2-MQATADSTKMDCVWSNWKSQAIDLLY-
WRDIKQ-CONH2 (m/z 3837.0 ( 0.5); 23-mer RTN1-CCT,
NH2-RTHINTVVAKIQAKIPGAKRHAE-CONH2(m/z2535.69
( 0.5).

Circular Dichroism. CD measurements were performed
using a Jasco 600 spectropolarimeter (Jasco, Tokyo, Japan)
calibrated with camphorsulfonic acid. CD spectra were
obtained between 200 and 250 nm using a path length of
0.1 cm and between 600 and 300 nm using a path length of
1 cm, a time constant of 1.0 s, a bandwidth of 2 nm, and a
scan rate of 2 nm/min with a sensitivity of 20 or 50 mdeg.
The average was corrected by four scans of the solvent;
0.1-1 cm path length quartz cells sealed and controlled
thermostatically were used for the far- and near-UV CD
measurements, respectively. The circular dichroism measure-
ments were performed with 50 and 150 µM peptide and at
different concentrations of 2,2,2-trifluoroethanol (TFE) at
room temperature (23 °C).

DNA and RNA Binding. Plasmid DNA (pQE30-rhdA) was
isolated from Escherichia coli using a Plasmid Mini Kit

(Sigma-Aldrich, Milan, Italy). The gel retardation assay was
performed mixing the plasmid DNA (0.5 µg) with increasing
amounts of RTN1-CCT peptide (from 0 to 5 µg) in 20 mM
Tris (pH 7.5). After incubation for 2 min at room temper-
ature, the samples were electrophoresed on a 0.8% agarose
gel in TAE buffer (40 mM Tris-acetate and 1 mM EDTA)
for 80 min at 60 V and stained with ethidium bromide. For
the competitive interaction studies, 4 µg of pDNA was
incubated with RTN1-CCT in a peptide/pDNA ratio of 10/1
(w/w) for 10 min at room temperature. SmaI restriction
enzyme (15 units) (Fermentas, M-Medical, Milan, Italy) and
Tango buffer (Fermentas, M-Medical) were added to the
solution, and a time course of the digestion was performed
at 30 °C (0, 15, 30, and 60 min). The reactions were
terminated by addition of 2 µL of 6× gel loading buffer (5%
glycerol, 0.125% bromophenol blue, and 25 mM EDTA) and
the mixtures kept at -20 °C. The samples were electro-
phoresed on a 1% agarose gel for 60 min at 70 V and stained
with ethidium bromide (Eth Br).

RNA was extracted by E. coli cells using the RNAspin
Mini Kit (GE Healthcare), and the gel retardation assay was
performed by mixing rRNA (1.0 µg) in the presence of
increasing amounts of RTN1-CCT or RTN1-CNT(1-32) peptide
(from 0 to 10 µg) in 20 mM Tris-HCl buffer (pH 7.5). The
samples were electrophoresed on a 2% agarose gel at 60 V
and stained with ethidium bromide. To the solution with
RTN1-CNT(1-32) was added 1 mM DTT for inhibition of
dimer formation.

Fluorescent Intercalator Displacement Assay. The con-
centration of the pDNA stock solution was determined
spectroscopically, and 3 µg of pDNA or DNA ladder (Sigma-
Aldrich) was added with 900 µL of Eth Br (1.5 µg/mL) in
10 mM Hepes buffer (pH 7.0). Fluorescence studies were
carried out with a Perkin-Elmer LS luminescence spectrom-
eter using a λex of 523 nm, a λem of 535-600 nm, a path
length of 1 cm, a 1 mL quartz cuvette, and a slit width of 5
nm. A plot of the fluorescence changes versus the number
of equivalents of peptide provides a titration curve from
which the stoichiometry may be determined (17, 18). ∆F
was plotted versus the number of molar equivalents of
peptide, and the following equations were used to generate
a Scatchard plot from which binding constants could be
determined:

(∆Fx ⁄ ∆Fsat) ⁄ X) fraction of DNA-peptide complex (1)

[1- (∆Fx ⁄ ∆Fsat) ⁄ X]) fraction of peptide free (2)

[DNA]T(X-∆Fx ⁄ ∆Fsat)) [free peptide] (3)

where [free peptide] is the concentration of free peptide,
[DNA]T is the total concentration of oligo dsDNA (ds[CG]5

and ds[GT]5), X corresponds to the number of molar
equivalents of agent versus DNA, ∆Fx is the change in
fluorescence, and ∆Fsat is the change in fluorescence at the
point where DNA is saturated with peptide.

Thermal Denaturation Studies. Thermal denaturation
experiments were performed on a Perkin-Elmer Lambda
Bio20 double-beam spectrophotometer using a 1 cm path
length sealed quartz cuvette incorporating the temperature
sensor closed with a Teflon cap. The temperature was
controlled with a programmable Peltier temperature-con-
trolled cell holder. The absorbance of each DNA sample was
∼1.5 µM, in 10 mM Hepes buffer (pH 7.0). Oligonucleotide
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annealing was performed before thermal analysis by heating
the sample at 95 °C followed by slow cooling to the starting
temperature. Melting profiles were acquired by heating sam-
ples from 7 to 85 °C at a rate of 1 °C/min and measuring
the absorbance corresponding to the maximum around 260
nm. Condensation of water vapor in the cuvette holding
chamber at low temperature was prevented by flushing N2

gas. The melting temperature (Tm) was estimated from the
maximum of the first-derivative curve of absorbance versus
temperature.

Preparation of Acetylated RTN1-CCT. Chemical acetylation
of RTN1-CCT peptide was conducted using a modified
method of Cary et al. (19). Briefly, at 2 mg/mL peptide, in
100 mM ammonium bicarbonate (pH 10), acetic anhydride
was added using a 100:1 (c/c) molar ratio of acetic anhydride
to lysine residues and the solution was kept on ice for 10
min, and the reaction was stopped by freezing the mixture
after lyophilization. During the reaction, a rapidly decreasing
pH was observed. The acetylated peptide (TAcRTN1-CCT)
was purified from the reaction mixture by RP-HPLC using
a C18 column and then checked by acid-urea gel electro-
phoresis. The acetylation of the ε-amino group of the lysine
side chains was observed by high-resolution one-dimensional
1H NMR spectra recorded at 25 °C using a Bruker 400 MHz
NMR spectrometer equipped with a z-gradient as previously
described by Cary et al. (19). The samples were then
analyzed by LC-MS via ESI mass spectroscopy (by Colos-
seum Combinatorial Chemistry Centre Tecnology, C4T,
Rome, Italy) using a single-quadrupole spectrometer (Thermo
Surveyor MSQ, Waltham, MA) with positive modality
acquisition from m/z 200 to 2000. The instrument was
calibrated with a solution standard, Ultramark 1621.

Cationic Electrophoresis. Acetylated RTN1-CCT peptides
were analyzed on a 20% acid-urea polyacrylamide running
gel, containing 5.8 M urea and 5% acetic acid (gel dimen-
sions of 10 cm × 10 cm × 0.75 mm) and using a 7.5%
stacking gel, with 5.3 M urea and 5% acetic acid. The gels
were prerun at 200 V for ∼1.30 h using 5% acetic acid.
After prerunning had been carried out, the gels were run at
200 V and the methylene green was used as a dye. Gels
were stained in 0.1% Amido Black, 40% methanol, and 10%
acetic acid and destained in several changes of 10% acetic
acid and 1% ethanol.

HDAC8 Protein Expression and Purification. Overexpres-
sion of the recombinant HDAC8 protein in E. coli and
purification were performed as described by Vannini et al.
(20).

HDAC Assay. Fluorescence activity assays of HDAC8
protein were performed using the Fluor de-Lys, fluorogenic
deacetylase substrate, (acetyl)-Arg-His-Lys(ε-acetyl)-Lys-
coumarin, according to the manufacturer’s instructions
(BIOMOL International LP, Plymouth Meeting, PA). Briefly,
0.12-1.12 µM HDAC8 recombinant protein, in 50 mM Tris-
HCl (pH 8.0), 137 mM NaCl, 2.7 mM KCl, and 1 mM
MgCl2, was used, and the reaction was started adding 5 µL
of substrate solution (final concentration of 100 µM) to 45
µL of sample solution followed by incubation for 60 min 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) and 2 µM TSA]. The release of AMC was
monitored by measuring the fluorescence at 460 nm (λex )

360 nm) after incubation for 20 min at 30 °C. The AMC
signals were recorded against a blank with buffer and
substrate but without the enzyme. We observed the inhibition
effects of the peptides after preincubation of the enzyme for
15 min in their presence, at room temperature, before the
addition of the substrate. All experiments were conducted
in triplicate.

Fluorescence Interaction Studies. The interaction of RTN1-
CCT and TAcRTN1-CCTpeptides with 1.5 µM HDAC8 was
monitored by quenching of the emission band of HDAC8
excited at 280 nm using λex and λem slits of 5 nm in 25 mM
Tris-HCl (pH 8.0), 0.10 M NaCl, and 2 mM KCl at 27 °C.

Binding constants were determined using the same equa-
tions reported above, as described by Boger et al. (18). ∆Fx

was the observed fluorescence change after addition of
peptide; ∆Fsat was the change in fluorescence at the point
where the enzyme (E) was saturated with peptide. Fluores-
cence was measured at the chemical equilibrium at the
earliest 2 min after addition of inhibitor. The results were
plotted using GraphPad Prism version 4.0 for Windows
(GraphPad Software, San Diego, CA).

RESULTS

H4 Consensus Sequence Identification. Functional char-
acterization of a protein is often improved by the identifica-
tion of its interaction partners and by use of programs to
screen sequence databases for the prediction of functional
sites. A careful analysis of the amino acid sequence of
RTN1-C protein was performed, and a consensus sequence,
which was characteristic of H4 histone (PS000047 HIS-
TONE_H4), was found in the C-terminal region of RTN1-C
using PROSITE (http://expasy.org/tools/scanprosite/). H4
histone is a protein that has remained almost invariant for
more then 2 billion years of evolution (21), and the consensus
sequence used as a signature pattern corresponds to the
GAKRH pentapeptide that has been found in positions
14-18 of all H4 histone sequences. InterProScan (22) (http://
npsa-pbil.ibcp.fr/gcg-bin/pattern_pattinprot.pl) was used to
identify protein sequences, in the UniProt sequence database,
that have the characteristic pattern G-A-K-R-H. From this
analysis, the characteristic pattern was found to be present,
with 100% similarity, only in histone H4, in the reticulon 1
and in catalase A proteins (SwissProt entry CATA_EMENI).
Figure 1A shows the alignment between the amino acid
sequences of the C-terminal domain of human RTN1-C and
the N-terminal region of H4. Notably, residues H18 and K16,
which are present in the recognition pattern of H4, are also
implicated in DNA binding, and proper chromatin folding
requires the presence of residues 14-19 (23, 24). K16 is
intimately involved in regulating DNA topology (25); in fact,
it is often acetylated and is involved in the regulation system
of gene expression (26). Recent structural studies have shown
that acetylation of K16 disrupts the formation of compacted
chromatin by inhibiting the interfiber interaction (27). The
acetylation of ε-aminolysine is a reversible posttranslational
modification, and the acetylation status of the lysine residues
at the N-terminal extension of the histones is controlled by
two counteracting enzymes: histone acetyltransferase (HAT)
and histone deacetylase (16, 28). HDACs, also, participate
in the regulation of non-histone proteins and are important
in many biological processes, which are modulated during
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malignant transformations (29). On the basis of this observa-
tion, we investigated the ability of the C-terminal region of
RTN1-C to bind nucleic acids and to interact with HDAC
enzymes. Figure 1B shows multiple alignments of amino acid
sequences of all RTN proteins that present the histone
consensus sequence.

Structural Analysis of the C-Terminal Region of RTN1-
C. Secondary structure predictions for the C-terminal region
(residues 179-208) of RTN1-C, performed using GOR-IV
and AGADIR (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.
pl?page)npsa_gor4.html and http://www.embl-heidelberg.de/
Services/serrano/ agadir/agadir-start.html) (Figure 2A), in-
dicated the possible formation of R-helix in the region from
residue 190 to 199. Thus, a RTN1-CCT peptide corresponding
to the C-terminal region of RTN1-C from residue 186 to
208, which represents the minimal sequence that includes
the region that has propensity to assume helix conformation
and the histone H4 consensus sequence, was synthesized and
analyzed by circular dichroism. Figure 2B shows CD spectra
of RTN1-CCT peptide in a water solution at different
percentages of 2,2,2-trifluoroethanol (TFE). The mean resi-

due ellipticity observed was independent of the peptide
concentration, indicating that the peptide was essentially
monomeric under the experimental conditions that were used.
The profile of the ellipticity of the peptide in a water solution
(pH 6.1) was characteristic of a peptide which does not have
a stable conformation, but an enhancement of the negative
ellipticity at 208 and 222 nm ([θ]222/[θ]208 ratio of ∼0.7),
indicating that the formation of a helix conformation was
induced by the increase in the TFE concentration. Helix
conformation, at 30% (v/v) TFE, was estimated to correspond
to 25% of the length of the peptide, using K2d (http://kal-
el.ugr.es/k2d/k2d.htlm) (30). RTN1-CCT peptide is character-
ized by the presence of a capping-box motif (S/TXXD/N),
which has been identified as an initiator and stabilizer of
R-helices in peptides and proteins (31). Thus, the propensity
of the peptide to assume an R-helical conformation in a
hydrophobic environment could be explained by the presence
of this structural motif. Our results are in agreement with
secondary structure predictions of the C-terminal region of
RTN1-C and allow us to propose that the C-terminal region
of RTN1-C protein, which in the structural model is present

FIGURE 1: Homology of the amino acid sequences of RTN1-C. The top panel shows the overlapping of the amino acid sequences of H4 and
RTN1-C proteins. The H4 consensus sequence is highlighted in gray. Multiple alignments of reticulon proteins, which conserve the H4
consensus sequence, are also shown. Multiple alignments were generated using CLUSTALW (57).
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in the cytoplasm and close to the ER membrane (32, 33),
may assume in vivo a stable R-helical conformation.

RTN1-CCT Binds both DNA and RNA. The DNA binding
ability of RTN1-CCT was evaluated in a gel retardation assay.
Peptide was mixed with a fixed amount of plasmid DNA to
produce a 0, 1, 2, 3, 5, or 10 peptide:DNA (w/w) ratio, and
the complexes were electrophoresed on an agarose gel
(Figure 3A). At a peptide:pDNA weight ratio of 2:1, a
fraction of pDNA remained at the origin (a1 band), and this
effect was more evident at higher peptide:DNA ratios,
showing that the DNA was aggregated by RTN1-CCT peptide.
Similar patterns of migration have been observed with other
peptides (34, 35), which showed a strong ability to bind and
aggregate the DNA. On the other hand, RTN1-CNT(1-32)

peptide did not change the pDNA electrophoretic mobility
(see Figure 1S of the Supporting Information), showing that
it did not bind the DNA.

The DNA binding ability of the peptide was also evaluated
by competition experiments using SmaI restriction enzyme.
SmaI recognizes two sites inside pQE30-rhdA and normally
is able to cleave this plasmid (a band) into two fragments,
of ∼3900 bp (b band) and 500 bp (not visible in the picture)
(Figure 3B). Preincubation of pDNA in the presence of
RTN1-CCT peptide induced an evident DNA retardation shift
and the nonappearance of the b band. Instead, SmaI was able
to cleave the pDNA in the presence of RTN1-CNT(1-32)

peptide, which did not bind pDNA with high efficiency, and
therefore, the formation of the b band at 3900 bp was
observed (Figure 3B, lanes 6-8). These results show that
RTN1-CCT peptide has an intrinsic DNA binding ability and
can inhibit the interaction of DNA with other proteins. The
DNA binding ability of the peptide was also analyzed by
CD spectroscopy, and a significant change in ellipticity after
addition of pDNA to RTN1-CCT peptide solution was
observed (Figure 4). The spectrum of the mixture was

different from the sum of the spectra of the two components,
indicating an interaction between the two macromolecules.

FIGURE 2: Secondary structure of RTN1-CCT. (A) Prediction of the
structure of the C-terminal region of RTN1-C, from residue 179 to
208, obtained using GOR-IV (58). (B) CD spectra of 50 µM RTN1-
CCT peptide as a function of TFE concentration in water (s) and
in 10% (---), 30% (---), 70% (---), 90% ( · · · ), and 100% TFE
(sss).

FIGURE 3: pDNA binding of RTN1-CCT. (A) Gel retardation shift
assay at different peptide:pDNA weight ratios using 0.5 µg of
pQE30-rhda: 0 (lane 1), 1 (lane 2), 2 (lane 3), 3 (lane 4), 5 (lane
5), and 10 (lane 6). In a 0.8% agarose gel at 60 V. The a1 band is
due to the retardation shift effect of RTN1-CCT on the pDNA. (B)
Agarose gel electrophoresis (1% agarose) of 0.5 µg of pQE30-
rhdA after cleavage with SmaI (0.5 unit/µg) after 0 (lane 1), 15
(lane 2), 30 (lane 3), and 60 min (lane 4) at 30 °C in the presence
of RTN1-CCT peptide, in a 10:1 (w/w) peptide:pDNA ratio, or in
the presence of RTN1-CNT(1-32) after 0 (lane 5), 15 (lane 6), 30
(lane 7), and 60 min (lane 8). The a band corresponds to the linear
form of pDNA (4300 bp), while the b band corresponds to the SmaI
digest fragment of ∼3900 bp.

FIGURE 4: Interaction between RTN1-CCT and DNA induces
conformational changes of the molecules. CD spectra of a mixture
of 50 µM RTN1-CCT and 1 µg of pDNA (---) and a sum of the
spectra of the single components (s).
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To analyze the possible interaction of RTN1-CCT peptide with
other nucleic acids, a RNA retardation gel shift assay was
performed (Figure 5). RNA was purified from bacteria as
described in Experimental Procedures. A retardation shift
of RNA was observed at a RNA:RTN1-CCT ratio of 1:5 and
1:10 (w/w), indicating an interaction between RTN1-CCT and
RNA. On the other hand, no mobility shift of RNA in the
presence of the same concentration of RTN1-CNT(1-32) peptide
was observed. All these data clearly highlight the property
of the C-terminal fragment of RTN1-C to bind the nucleic
acids in vitro.

DNA Condensation and DNA Binding Sequence Prefer-
ence of RTN1-CCT. Artificial or naturally derived cationic
peptides have been widely studied for their DNA condensa-
tion ability and used as part of synthetic gene delivery
systems exploiting their intrinsic biological activity for
enhancing the gene delivery process. We investigated the
ability of RTN1-CCT peptide to condense the DNA to
improve our understanding of the physiological role of
RTN1-C protein. Displacement of Eth Br from DNA
provides a direct method of measuring the binding affinity
of compounds that lack a chromophore. The fluorescence
of free Eth Br in solution was strongly quenched by aqueous
solvent and was weak (Figure 6A), and when DNA was
added to the solution, a significant fluorescence enhancement
due to DNA binding was observed, as reported previously
(36) (Figure 6A). A time-dependent fluorescence decrease
was observed when RTN1-CCT peptide was added to the
DNA/Eth Br mixture (Figure 6C). This observed decrease
was explained as being due to the existence of an equilibrium
of the Eth Br between the intercalated sites and free forms
in solution. Thus, the loss of molecular flexibility in the
double-stranded structure of DNA through condensation
results in a shift in the binding of Eth Br into the solution
phase, with the resultant decrease in fluorescence. No
fluorescence decay was observed in the presence of RTN1-
CNT(1-32) (Figure 6B) during the same time, indicating that
the pDNA condensation was a peculiarity of the C-terminal
fragment of RTN1-C. Moreover, the preincubation of pDNA
with the RTN1-CCT peptide inhibited Eth Br-DNA binding,
as shown in Figure 6D. The same experiment was also
performed using a DNA ladder, and in this case, a more rapid
fluorescence decrease was induced by the addition of RTN1-
CCT (Figure 7B).

To further evaluate the sequence selectivity of RTN1-CCT,
the interaction experiments were performed using DNA
oligomers with ds[CG], ds[GT], and ds[AG] duplex se-
quences, and melting curves at different peptide concentra-
tions were achieved. In Table 1, the Tm values of the
oligonucleotides in the absence and presence of the peptide
are reported, and a change in the Tm was observed to be
concentration-dependent (see Figure 8A,B). The presence of
A ·T base pairs promoted the binding of RTN1-CCT to the
double strand, as observed from variation of Tm at a 1:10
dsDNA:peptide molar ratio.

The Eth Br displacement assay was performed at different
concentrations of RTN1-CCT using ds[CG] and ds[GT] for
the calculation of the binding constants (17, 18). ∆F values

FIGURE 5: RNA binding of RTN1-CCT. Gel retardation shift assay
of 1 µg of bacterial RNA at 0, 0.5, 1, 2, 5, and 10 RTN1-CCT:RNA
weight ratios (lanes 1-6, respectively) and at 0.5, 1, 2, 5, and 10
RTN1-CNT(1-32):RNA weight ratios (lanes 7-11, respectively). In
a 2% agarose gel at 60 V.

FIGURE 6: DNA condensation as measured by an ethidium bromide
exclusion assay. (A) Fluorescence spectra of Eth Br (1.5 µg/mL)
alone (a), in 1 mL of 10 mM Hepes (pH 7.0) and bound to 3 µg of
pDNA (b), and after 3 (c), 24 (d), and 48 h (e); (B) in the presence
of RTN1-CNT(1-32) (c) and after the same amount of time; (C) in
the presence of RTN1-CCT (c) and after 3 (d), 24 (e), and 48 h (f)
(a decrease in Eth Br fluorescence was observed when the
incubation time was increased from 0 to 48 h). (D) Fluorescence
spectra of Eth Br after addition of the RTN1-CCT-pDNA complex
(b) and after 3 (c), 24 (d), and 48 h (e). All incubations were
conducted at room temperature with a 1:10 peptide:DNA mass ratio.
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were plotted versus the number of molar equivalents of
peptide, and a Scatchard plot was generated showing that
RTN1-CCT was able to bind ds[CG] and ds[GT] with binding
constants of 4.7 ( 1.19 and 1.06 ( 0.15 µM, respectively
(Figure 9A,B). Although RTN1-CCT was able to bind both
the double strands, the affinity for DNA was enhanced with
the A ·T base pair content in the double strand.

Acetylation of RTN1-CCT Peptide. A fully acetylated form
of RTN1-CCT (TAcRTN1-CCT) was produced by a chemical
acetylation reaction (19) of RTN1-CCT peptide. After lyo-
philization, the acetylated peptide was purified from the
reaction mixture by RP-HPLC. This chemical acetylation
leads to the acetylation of the N-terminus and of all ε-NH2

groups of Lys residues, so we observed a large difference
in the retention times for the two forms. In particular, RTN1-
CCT and TAcRTN1-CCT peptides were eluted after 31.46 and
40.57 min, respectively, using the same linear gradient
(Figure 2SA of the Supporting Information). The purity and
different electrophoretic mobility due to the presence of
acetyl groups were also checked by acid-urea gel electro-
phoresis (Figure 2SB). The molecular mass of the fully
acetylated form was m/z 2704.14 ( 0.5, corresponding to
the peptide with four acetyl groups (see Figure 3S of the
Supporting Information). Acetylation of the ε-amino group
of the lysine residues was manifested in the NMR spectrum,
as also described by Cary et al. (19), by the diagnostic

appearance of a strong CH3 peak of the acetyl group at 1.8
ppm and by the shift of the lysine ε-CH2 peak from 2.91 to
3.07 ppm. Acetylation of the R-amino terminus as seen from
the peak at 1.97 ppm was also observed (see Figure 4S of
the Supporting Information).

No aggregation of both RTN1-CCT and TAcRTN1-CCT

peptides was observed by NMR and CD analysis at different
concentrations of the peptides, indicating that they were
essentially monomers under the experimental conditions
employed (data not shown). The secondary structure of the
acetylated peptide was evalued by CD measurements, and
like RTN1-CCT, the acetylated peptide had a dichroic
spectrum which is characteristic of an helix conformation at
30% TFE (see Figure 5S of the Supporting Information),
but with less negative values of ellipticity at 208 and 222
nm that are indicative of a weakened propensity to assume
an R-helix conformation.

The interaction of TAcRTN1-CCT with pDNA was also
investigated, and the acetylation markedly reduced the
affinity of the peptide for DNA, as previously observed for
the histone H4 peptide by Hong et al. (37) (see Figure 6S of
the Supporting Information). FID experiments, further,
showed that the ability of the peptide to condense DNA,

FIGURE 7: DNA ladder condensation by RTN1-CCT as measured
by an ethidium bromide exclusion assay. Fluorescence spectrum
of Eth Br (1.5 µg/mL) alone (a) and bound to 3 µg of DNA ladder
(b), in 10 mM Hepes (pH 7.0), after incubation for φ (c), 3 h (d),
24 h (e), and 48 h (f) at room temperature, in the presence of RTN1-
CNT(1-32) A) and in the presence of RTN1-CCT (B) using a 10:1
peptide/DNA mass ratio.

Table 1: Transition Temperatures (Tm ( 0.5 °C) of Thermal
Denaturation of Different Double-Stranded DNAs in 10 mM Hepes
(pH 7.4)

Tm (°C)

0:1 RTN1-1CCT:DNA 1:10 RTN1-1CCT:DNA ∆Tm (°C)

ds[CG] 47.9 56.6 8.7
ds[GT] 27.2 40.4 13.2
ds[AG] 15.3 27.5 12.2

FIGURE 8: (A) Transition temperatures of thermal denaturation of
dsDNA and its complex with RTN1-CCT at different peptide:DNA
mass ratios: (9) ds[CG], (2) ds[GT], and (O) ds[AG]. The
DNA concentration was kept constant at 1.5 µM, and the peptide:
DNA molar ratio was 1:1, 5:1, or 10:1. (B) Thermal denaturation
of the RTN1-CCT-ds[GT] complex. The DNA concentration was
kept constant at 1.5 µM, and the peptide:DNA molar ratio was
varied from 0 (---) to 10 (s).
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under same conditions used for RTN1-CCT, was inhibited
by acetylation (see Figure 7S of the Supporting Information).
TAcRTN1-CCT was then used to perform interaction and
kinetic experiments with the HDAC enzyme, HDAC8.

RTN1-CCT Interacts with Members of the HDAC Enzyme
Family. The interaction of RTN1-CCT and TAcRTN1-CCT

peptides with HDAC8 was monitored by measuring the
fluorescence emitted by the protein. The intrinsic fluorescence
of HDAC8 was quenched by the addition of both peptides
in a concentration-dependent manner as shown in Figure 10.
The binding profiles of F versus [peptide] have a hyperbolic
shape; this can mean that the protein binds one peptide
molecule or more than one with either Fcomplex being linearly
related to n [∆F ) nK[peptide]∆Fcomplex/(1 + K[peptide])]
or with the entire fluorescence change occurring on binding
of the first ligand. We assumed the formation of a 1:1
complex considering the good quality of the fitting obtained
using an equation for one binding site and the Scatchard plot.
Apparent binding constant values, which were obtained by
curve fitting analyses of the titration binding curves, were
1.29 ( 0.16 and 4.15 ( 1.0 µM for the nonacetylated and
acetylated peptide, respectively. Both the Scatchard and curve
fitting analyses provide nearly identical values for the binding

constants. To evaluate the effect of RTN1-CCT on HDAC8
as an inhibitor, HDAC activity assays of both the acetylated
and nonacetylated forms of the peptide were performed.
Figure 11 shows the activity profile of HDAC8 in the
presence of acetylated and nonacetylated RTN1-CCT peptide.
Decreases of 60% and 80% in the HDAC activity were
observed when the enzyme was incubated in the presence
of 100 and 500 µM TAcRTN1-CCT, respectively. By contrast,
an increase of 43% in HDAC8 activity in the presence of
RTN1-CCT was observed. The fluorescence values observed

FIGURE 9: Changes in the fluorescence intensity of the ds[DNA]-Eth
Br complex upon titration with increasing concentrations of RTN1-
CCT peptide (from 0 to 15 equiv): (A) 1.2 µM ds[GC]-Eth Br and
(B) 1.2 µM ds[GT]-Eth B complexes. Experiments were conducted
in 100 mM Hepes (pH 7.0) at 27 °C, with a λex of 523 nm and a
λem from 535 to 650 nm.

FIGURE 10: Interaction of nonacetylated and fully acetylated forms
of RTN1-CCT peptide with HDAC8. Intrinsic fluorescence changes
of 1.5 µM HDAC8, in 25 mM Tris-HCl (pH 8.0), 0.1 M NaCl,
and 2 mM KCl, with the increase in RTN1-CCT concentration (from
0 to 30 equiv) (A) and TAcRTN1-CCT (B). All the experiments
were performed at 27 °C.

FIGURE 11: Activity profile of HDAC8 in the presence of RTN1-C
fragments. HDAC8 (1.12 µM) in 50 mM Tris-HCl (pH 8.0), 137
mM NaCl, 2.7 mM KCl, and 1 mM MgCl2 was preincubated in
the presence of different concentrations of TAcRTN1-CCT (100,
300, and 500 µM) or RTN1-CCT (100 and 300 µM) for 15 min at
room temperature. The enzyme activity assay was started by
substrate addition (see Experimental Procedures).
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were subtracted from the fluorescence of the acetylated
substrate in the presence of the peptide.

While the nonacetylated peptide did not exhibit any
inhibitory effect, the fully acetylated peptide exhibited an
inhibition of the HDAC activity in a concentration-dependent
manner (Figure 11). Approximately 80% of the activity was
suppressed when HDAC8 was preincubated for 10 min in
the presence of 500 µM TAcRTN1-CCT. The inhibition of
the HDAC activity may suggest that the enzyme recognizes
acetyl groups of TAcRTN1-CCT and that the peptide interac-
tion occurs close the active site of the enzyme. The use of
the fluorogenic substrate in the HDAC activity assay was
justified by the fact that the fluorophore does not affect the
reactivity of the enzyme binding to the enzyme or RTN1-
CCT, as shown previously by Vannini et al. (38) and by our
experimental results using the deacetylated Fluor de-Lys (see
Figure 8S of the Supporting Information). The deacetylation
of TAcRTN1-CCT peptide after reaction with HDAC8 was
also investigated by RP-HPLC. No deacetylated forms of
the peptide were observed even after reaction for 4 h using
600 µM TAcRTN1-CCT and 2.0 µM HDAC8 at 37 °C (data
not shown), suggesting that the peptide was an inactive
substrate of the enzyme.

DISCUSSION

The structural homology model of RTN1-C showed that
the C-terminal region corresponding to residues 179-208
is external to the membrane and could be located in the
cytoplasm (32, 33), but the function of this region has not
been clarified. Here we biochemically characterize this region
for improving our knowledge of the physiological role of
this ER protein. The experimental data, reported here, are
in agreement with the secondary structure prediction and
indicate a good propensity of the RTN1-CCT fragment to
assume a helical conformation in a hydrophobic environment.
The probable presence of a stable helix conformation, which
was predicted to be from residue 190 to 199, could play an
important role in the interaction of this protein with other
macromolecules.

In the RTN1-C protein, we found a characteristic sequence
motif (GAKRH), which is a signature pattern of H4 histone
and is an important DNA-binding site of the histone protein.
By sequential pattern analysis, we found that RTN1 proteins,
together with a spore-specific catalase A, are the only non-
histone proteins that have this consensus sequence with 100%
identity. On the basis of this observation, we assayed the
ability of the RTN1-CCT fragment to bind the nucleic acids.
Much experimental evidence, reported here, shows a strong
ability of this region to interact with the nucleic acids. A
mobility shift assay showed that this fragment was able to
bind both DNA and RNA in vitro probably due to the
presence of positively charged amino acids and to the H4
consensus sequence. Interestingly, our results, obtained via
a fluorescence replacement binding assay, indicated that
RTN1-CCT peptide also exhibits an ability to induce a DNA
condensation in a time-dependent manner. The reported
results of Tm and Eth Br displacement experiments indicate
that RTN1-CCT was also able to bind ds[CG], but the affinity
for DNA increased with an increase in A ·T base pair content.
This ability highlights the biological function of the cytosolic
C-terminal region of RTN1-C. DNA condensation can

influence gene expression and transcription in vivo; thus, the
nucleic acid binding property of the C-terminal region of
RTN1-C may be also related to induction of neuronal
apoptosis, which recently has been observed in tumor cells
after overexpression of RTN1-C protein (6). In fact, it is
notable that neuronal apoptosis with DNA condensation has
been observed in the case of peptides, such as the amyloid
� peptide (A�) (39), which induces time-dependent DNA
condensation (40). The ability of RTN1-C protein to interact
with DNA could be correlated with an important role of the
ER membrane. In a recent report, many nuclear envelope
(NE) proteins that are dispersed in the ER during mitosis
have been shown to possess DNA binding activity (41). The
nuclear envelope, which compartmentalizes eukaryotic cells
into the nucleoplasm and cytoplasm, forms a continuous
membrane system with the ER (42, 43). In a recent study,
the formation of the NE from the intact ER has been
recapitulated in vitro; in fact, ER membrane tubules rapidly
covered the chromatin surface (44). That study also suggested
that the intrinsic capacity of the ER to form sheets is utilized
and coordinated by chromatin to mediate the rapid conversion
of the ER network into NE sheets. Moreover, the study has
highlighted a mechanistic role of DNA binding in ER
reorganization on chromatin, showing, further, that interac-
tions of the ER with chromatin are mediated by proteins
residing in the ER (44). On these bases, we propose that the
DNA binding ability of RTN1-C protein, here reported, may
play a key role in the formation of the NE, although we are
aware that further studies are required to confirm this
hypothesis.

On the other hand, the involvement of RTNs in cell
division was previously hypothesized; in fact, during mitotic
cell division, RTNs have been shown to be in a ringlike
structure surrounding the spindle apparatus (45), and it has
been suggested that RTNs might be responsible for the
distribution of endomembranes to the two daughter cells
during mitotic division.

Our data show that the total acetylation of RTN1-CCT

peptide leads to a marked reduction in its ability to bind and
condense the DNA; thus, the acetylation-deacetylation
process may be a regulator of this function. Recently, we
have observed that RTN1-C protein expressed in a human
neuroblastoma cell line was acetylated and that this acety-
lation was dependent on the HDAC activity (M. Piacentini
et al., manuscript in preparation). To evaluate if RTN1-
C-nucleic acid binding, like that of H4 histone protein, can
be regulated in vivo by an acetylation-deacetylation mech-
anism, the possible interaction of RTN1-C with HDAC
enzymes was investigated. More than 40 years ago, modi-
fications such as acetylation were proposed to have functional
roles in modulating transcription efficiency (46). Acetylation
occurs at the ε-amino groups of lysine residues present within
the N-terminal extensions of the histones and some non-
histone proteins that were found to be transcription factors,
heat shock proteins, and structural proteins (16, 28). In the
past several years, acetylation has been shown to deeply
influence either the metabolic stability or the biological
function of the modified protein; in fact, with phosphoryla-
tion, for example, it is a post-transcriptional mechanism for
controlling the protein function. Acetylated proteins can
regulate different cellular processes, such as microtubule
function or nuclear import (47, 48). The balance of HAT
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and HDAC enzyme families tightly controls the acetylation
status of target lysines (16, 28). HDACs catalyze the removal
of the acetyl group from the acetyllysine residue, and these
enzymes have been divided into four classes according to
phylogenetic analyses and sequence homologies (49, 50).
With the exception of HDAC8, functional HDACs are never
found as single monomeric polypeptides; rather, they ac-
cumulate in high-molecular weight multiprotein complexes
in which different HDAC subtypes are often associated with
specific coregulators as well as with other chromatin-
modifying enzymes (51). We have chosen HDAC8 as a
model system for zinc-dependent HDACs and a member of
the mammalian class I deacetylases for studying the interac-
tion between RTN1-CCT and HDACs. The binding of
HDAC8 to increasing concentrations of RTN1-CCT and
TAcRTN1-CCT peptides was assessed by the decrease in the
intrinsic fluorescence emission of the enzyme. Eukaryotic
HDACs contain a number of tryptophan residues near the
active site; in particular, Trp141 is present in the active site
of HDAC8, and the fluorescence quenching induced by
RTN1-CCT peptide could be due to the interaction of this
peptide at the active site. These results indicate the ability
of both peptide forms to interact with HDAC8, but the
presence of the three other tryptophan residues in the protein
and, in particular, the Trp294 residue, which is on the surface
of the protein (38), does not lead us to establish, with these
experiments, unequivocally the site of the interaction. On
the other hand, the inhibition of HDAC8 activity by
TAcRTN1-CCT could suggest that the interaction is at the
active site of the enzyme. However, no deacetylation of
TAcRTN1-CCT peptide after reaction with HDAC8 was
observed, suggesting that, although the peptide is able to bind
and inhibit the enzyme, it is not a good substrate for the
enzyme. The acetylation of all Lys residues and of the
N-terminus of the peptide leads to a reduction in the positive
charge, which could reduce the koff of the final product
resulting in HDAC8 inhibition, showing the importance of
electrostatic interactions either of the substrate or of the
product with the enzyme. Thus, the interaction of different
acetylated forms of RTN1-CCT with either HDAC8 or other
HDACs remains to be investigated to elucidate this point.
Recently, it has been reported that the presence of a KRHR
sequence was able to rescue the activity of a local sequence
that on its own was a poor substrate (52). The activity of
HDAC8 for the N-terminal peptide of histone H4 depends
on both local and distal sequences of the substrate, even if
the native sequence of this histone is not optimized for
activity toward this deacetylase (51). RTN1-CCT presents a
homologous KRHA sequence that may be responsible for
the observed trans-activating effect of the nonacetylated
peptide, although the R19A substitution in the H4 substrates
has been observed to yield a decrease in HDAC activity (52).
The observed increase in HDAC8 activity in the presence
of RTN1-CCT could be explained by the binding of this
C-terminal part of the peptide with an exosite of this enzyme.
Recently, the presence of an exosite in a distal region from
the HDACs active site has been hypothesized. This exosite,
like other enzymes (53-55), might interact with molecules,
or other regions of the peptide substrate, increasing the
affinity of the enzyme for its own substrate. In fact, it has
been found that resveratrol interacts with SIRT1 at an exosite
and can allosterically increase the activity of the enzyme for

its substrate (56). Although the presence of an exosite in
HDAC8 has not been confirmed, it has been proposed that
the substrate specificity derives from interactions of the
substrate or separator adaptor proteins with an exosite (52).
Although fully acetylated RTN1-CCT is an inactive substrate
of HDAC8, our data show a possible interaction with it and
address a possible interaction with other HDACs. Thus, the
function of RTN1-C protein could be regulated in vivo
through acetylation, which is similar to the systems in several
other proteins which, in their DNA recognition function,
stability, or interaction with other molecules, are regulated
by this mechanism. A further comparison of the activities
of peptide mutants could help, in the future, in precisely
identifying the residues involved in the binding to HDAC8.
In conclusion, these studies provide initial insights that aid
in understanding the physiological role of RTN1-C protein
and may represent a relevant starting point for elucidation
of the functions of the reticulon family.
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SUPPORTING INFORMATION AVAILABLE

pDNA binding of RTN1-CNT(1-32) (Figure 1S), RP-
HPLC and PAGE of TAcRTN1-CCT (Figure 2S), LC-MS
(ESI) spectrum of TAcRTN1-CCT (Figure 3S), 1H NMR
analysis of TAcRTN1-CCT (Figure 4S), secondary structure
of TAcRTN1-CCT peptide (CD spectra) (Figure 5S), pDNA
binding of TAcRTN1-CCT (Figure 6S), DNA condensation
ability of TAcRTN1-CCT (Figure 7S), and fluorescence
spectra of DeAcFLys in the presence of RTN1-CCT

(Figure 8S). This material is available free of charge via
the Internet at http://pubs.acs.org.
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