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a b s t r a c t

Prothymosin � (ProT�) is a small acidic polypeptide with important immunostimulatory properties, which
we have previously shown to be exerted by its carboxyl (C)-terminus. It exerts immunoenhancing effects
through stimulation of monocytes via toll-like receptor (TLR) triggering. Here, we assayed the activity
of synthetic peptides homologous to ProT�’s C-terminus to stimulate lymphocyte functions, in particu-
lar natural killer cell cytotoxicity of peripheral blood mononuclear cells isolated from healthy donors. A
synthetic decapeptide TKKQKTDEDD was identified as the most potent lymphocyte stimulator. The activ-
ity of this peptide was sequence-specific and comparable to that of the intact molecule, suggesting that
ProT�’s immunoactive segment encompasses the nuclear localization signal sequence of the polypeptide.
Because ProT� stimulates immune responses in a monocyte-dependent manner, we further investigated
whether the entire molecule and its peptide TKKQKTDEDD specifically act on monocytes and show that
both can promote maturation of monocyte-derived dendritic cells (DC). Finally, knowing that, under spe-
cific conditions, ProT� forms amyloid fibrils, we studied the amyloidogenic properties of its C-terminal

peptide segments, utilizing ATR FT-IR spectroscopy and transmission electron microscopy (negative stain-
ing). Although the peptide TKKQKTDEDD adopts an antiparallel �-sheet conformation under various
conditions, it does not form amyloid fibrils; rather it aggregates in globular particles. These data, in con-
junction with reports showing that the peptide TKKQKTDEDD is generated in vivo upon caspase-cleavage
of ProT� during apoptosis, strengthen our hypothesis that immune response stimulation by ProT� is in

oactiv
DC m
principle exerted via its bi
conformation and induce
. Introduction

Prothymosin � (ProT�) is a glutamic-rich, 109 amino acid
aa) residue long polypeptide (Haritos et al., 1984), principally

Abbreviations: ATR, attenuated total reflectance; C-, carboxyl-; DC, dendritic
ells; FBS, fetal bovine serum; FT, Fourier transform; GM-CSF, granulocyte-
acrophage colony-stimulating factor; iDC, immature dendritic cells; IL, inter-

eukin; IR, infrared; LAK, lymphokine activated killer; LPS, lipopolysaccharide; MFI,
edian fluorescence intensity; NK, natural killer; NLS, nuclear localization signal;

BMC, peripheral blood mononuclear cells; ProT�, prothymosin �; T�1, thymosin
1; TLR, toll-like receptors; TNF-�, tumor necrosis factor-�.
∗ Corresponding authors. Tel.: +30 210 7274 889/215; fax: +30 210 7274635.
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tsitsil@biol.uoa.gr (O.E. Tsitsilonis).

l
c
s
(
g
A
i
b
e
b
e
a
a
3
c

161-5890/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
oi:10.1016/j.molimm.2008.09.014
e C-terminal decapaptide, which can acquire a sequence-specific �-sheet
aturation.
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ocated in the cell nucleus (Manrow et al., 1991). ProT� is highly
onserved among mammals and ubiquitously expressed in all tis-
ues (Haritos, 1987), at levels in excess of 10,000 copies per cell
Eschenfeldt and Berger, 1986). This high level of expression sug-
ests ProT�’s participation in important cellular molecular circuits.
mple experimental evidence highlights the crucial role of ProT�

n cell survival and proliferation. With respect to the latter, it has
een shown that ProT� regulates DNA remodelling during prolif-
ration (Díaz-Jullien et al., 1996) and modulates nuclear processes
y directly interacting with free-core histone H1 (Gomez-Marquez

t al., 1989; Karetsou et al., 2002). In addition, ProT� regulates
poptosis through prevention of apoptosome formation (Jiang et
l., 2003), while being itself an early target of activated caspase-
(Enkemann et al., 2000). In cells undergoing apoptosis, ProT�

leavage by caspases generates a carboxyl (C)-terminally truncated

http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
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olypeptide (aa 1–99), which sequesters cytochrome C (Markova
t al., 2003).

Initially isolated from rat thymus (Haritos et al., 1984), ProT�
as so-named as the precursor polypeptide of thymosin �1-related
eptides and was believed to be the main molecule responsible
or the immmunostimulatory capacity of the thymic extract, thy-

osin fraction 5. Since 1984, studies on ProT� attributed significant
mmunoenhancing properties to the polypeptide, leading to its
lassification in the broad family of biologic response modifiers
Pan et al., 1986). Thus, in in vitro experiments, ProT� enhances
-cell proliferation in response to cellular antigens (Baxevanis
t al., 1988), increases monocyte HLA-DR molecule expression
Baxevanis et al., 1992), amplifies natural killer (NK) cell cytotoxi-
ity via induction of perforin production and integrin expression
Skopeliti et al., 2006; Voutsas et al., 2000) and augments
ydrogen peroxidase-mediated neutrophil antimicrobial responses
Heidecke et al., 1997). ProT�’s immunoactivity is reported to be
ven more pronounced on lymphocytes of patients with malig-
ancies (Eckert et al., 1997; Garbin et al., 1997) or autoimmune
iseases (Reclos et al., 1987) in vitro and most importantly, it can
otentiate the deficient responses of immunosuppressed or tumor-
earing animals in vivo (Haritos, 1987; Papanastasiou et al., 1992).
hese data suggest that its application may be of benefit in clinical
rotocols.

Investigating the molecular mechanisms responsible for ProT�’s
ctivity, recent data from our group suggest that its immuno-
ogically active segment is located at the C-terminus of the
olypeptide, spanning the sequences aa(89–102) and aa(103–109)
Skopeliti et al., 2006). Therefore, it seems that different parts of
he molecule are responsible for ProT�’s dual mode of action, the
entral, energy-rich histone-binding region spanning aa(52–82)
or its intracellular/proliferative role (Papamarcaki and Tsolas,
994) and the C-terminal region aa(89–109) for its extracellu-
ar/immunomodulating function (Skopeliti et al., 2006). Moreover,
ia proteomic analysis we were able to provide evidence that
roT�’s immune effect is exerted via toll-like receptor (TLR)
ignaling (Skopeliti et al., 2007). Interestingly, this information
upplemented previous results supporting ProT�’s monocyte-
ependent mode of action in unfractionated peripheral blood
ononuclear cell (PBMC) cultures (Voutsas et al., 2000), as well

s its activity on cells of both the innate (e.g. macrophages, neu-
rophils, NK cells) (Cordero et al., 1995; Heidecke et al., 1997;
apanastasiou et al., 1992) and the adaptive arms of immunity (e.g.
D4+ and CD8+ T-cells) (Voutsas et al., 2000).

In the context of these pleiotropic activities, here we aimed to
lucidate ProT�’s immune-related mechanism of action underly-
ng its immunoenhancing properties. First, in order to identify the
xact sequence comprising the ‘immunological core’ of ProT�, we
ssessed the activity of prolonged synthetic peptides, homologous
o the polypeptide’s C-terminus. Second, given that ProT� acts on

onocytes via TLR, we investigated the causal connection between
onocyte stimulation with ProT� or its active peptide and their

ubsequent maturation into competent dendritic cells (DC). Finally,
e sought to explore the structural characteristics of ProT� and

ts active peptide attributing their activity to a specific secondary
onformation.

. Materials and methods
.1. Peptide synthesis

Peptides were synthesized by the Fmoc (9-fluorenylmethoxy-
arbonyl)/tBu chemistry utilizing a multiple peptide synthesizer
yro II (MultiSynTech, Witten, Germany). After cleavage, crude pep-

n
P
c
o
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ides were purified by HPLC on a reverse phase C18 Nucleosil 100-5C
olumn (HPLC Technologies, UK) to a purity of >95%, using a lin-
ar gradient of 5–80% acetonitrile in 0.05% trifluoroacetic acid for
5 min. All peptides were characterized by matrix-assisted laser
esorption ionization-time of flight mass spectrometry and results
ere in all cases in agreement with the calculated masses.

.2. PBMC isolation

Leukocyte-rich buffy coats were prepared from healthy blood
onors (through the courtesy of Dr. A. Karafoulidou, Blood Transfu-
ion Unit, Athens General Hospital ‘Laikon’, Athens, Greece). PBMC
ere isolated over lymphocyte separation medium (PAA Labora-

ories GmbH, Pasching, Austria) density gradient centrifugation
nd cultured in RPMI-1640 with Glutamax (Cambrex BioScience,
erniers, Belgium), supplemented with 10% heat-inactivated

etal bovine serum (FBS) (Cambrex), 50 �g/ml garamycin (Cam-
rex), 10 mM Hepes (Cambrex) and 50 �M 2-mercaptoethanol
Sigma–Aldrich Chemie GmbH, Munich, Germany) at a concentra-
ion of 1 × 106 cells/ml, in a humidified atmosphere at 37 ◦C, 5%
O2.

.3. NK cell activity

PBMC were activated in the presence of pretitrated (Baxevanis et
l., 1999) concentration of ProT� (160 ng/ml) or its C-terminal syn-
hetic peptides (25 ng/ml) synergistically with low-dose (20 IU/ml)
ecombinant human (rh) IL-2 (Cetus Corp., Los Angeles, CA) in
4-well plates (Greiner Bio-One International AG, Frickenhausen,
ermany). Following a 3-day incubation at 37 ◦C, 5% CO2, cells
ere harvested and tested as effectors (E) against the tumor target

T) cell lines K562 (chronic myelogenous leukemia; NK-sensitive)
nd Daudi (Burkitt’s lymphoma; NK-resistant) in standard 51Cr-
elease cytotoxicity assays. Target cells were 51Cr-labelled for 1 h
t 37 ◦C in the presence of 3.7 MBq of Na51CrO4 (Amersham Bio-
ciences Ltd., Buckinghamshire, UK) in 20% FBS-enriched RPMI
ulture medium and washed three times to minimize non-stably
ncorporated, spontaneous radioisotope release. E and T cells were
o-cultured in quadruplicate, in U-bottom 96-well microtiter plates
Greiner) at a ratio of 40:1 for 18 h at 37 ◦C. At the end of the incu-
ation period, 100 �l of supernatant was removed from each well
nd isotope release was counted in a �-counter (1275 Minigamma,
KB Wallac, Turku, Finland). To determine maximal and sponta-
eous isotope release, targets were incubated with 3N HCl and

n complete medium alone, respectively, the latter not exceeding
5% of maximal release in any experiment. Percentage of spe-
ific cytotoxicity was calculated according to the formula: (cpm
xperimental − cpm spontaneous)/(cpm maximal − cpm sponta-
eous) × 100. The experiment was performed utilizing 12 healthy
onor-derived PBMC cultures.

.4. DC generation and maturation

Highly enriched monocytes (>80% CD14+) were obtained from
BMC of 8 healthy volunteers by plastic adherence for 2 h at 37 ◦C.
on-adherent cells were removed after three washing steps, and

hereafter monocytes (1–2 × 106/ml) were cultured in 6-well plates
Greiner) for 6 days in X-VIVO-15 medium (Cambrex) supple-

ented with 800 IU/ml rhGM-CSF and 500 IU/ml rhIL-4 (both from
&D Systems GmbH, Wiesbaden-Nordenstadt, Germany). On day 6,

on-adherent immature DC (iDC) were rinsed off, washed once in
BS and plated in new 6-well plates. At this time-point, iDCs were
ultured with ProT� (160 ng/ml), its C-terminal peptides (25 ng/ml)
r LPS (5 ng/ml; Sigma–Aldrich) as a positive control. Cells were
ecovered after 24–48 h culture for flow cytometric analysis.
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observed for PBMC activated with the remaining ProT� peptides,
aa(98–109) to aa(94–109) or Ta1; in all cases mean % lysis did not
exceed 16% and 26%, against K562 and Daudi targets, respectively
(Fig. 1).

Table 1
Amino acid sequence of synthetic peptides spanning the ProT� C-terminus.

Peptide/amino acid position Sequence

aa(103–109) QKTDEDD
aa(102–109) KQKTDEDD
aa(101–109) KKQKTDEDD
aa(100–109) TKKQKTDEDD
aa(99–109) DTKKQKTDEDD
aa(98–109) VDTKKQKTDEDD
aa(97–109) DVDTKKQKTDEDD
aa(96–109) DDVDTKKQKTDEDD
aa(95–109) DDDVDTKKQKTDEDD
aa(94–109) EDDDVDTKKQKTDEDD
aa(100–109) scrambled KETDKDKTDQ
86 M. Skopeliti et al. / Molecula

.5. Phenotypic analysis

iDC and mature DC were harvested and stained for HLA-DR,
D80, CD83, CD86, CD11b, CD40 and CD14 molecule expression.
riple staining was performed using FITC-, PE- or Cy5-labelled
ouse anti-human IgG1 monoclonal antibodies (mAb; Becton
ickinson Biosciences, Erembodegem, Belgium) at saturating con-
entrations for 30 min on ice. In parallel, harvested cells were also
tained with unrelated FITC-, PE- and Cy5-conjugated anti-human
gG1 mAb, as isotype controls. Flow cytometric data of 1–2 × 104

otal cells acquired with an LSR-II flow cytometer (Becton Dickin-
on) were analysed using CellQuest software.

.6. Attenuated total reflectance Fourier-Transform Infrared (ATR
T-IR) spectroscopy and post-run spectra computations

Five-microliter drops of the ProT�’s C-terminal synthetic pep-
ide suspensions (5 mg/ml) were cast on flat stainless-steel plates
oated with an ultrathin hydrophobic layer (SpectRIM, Tienta Sci-
nces, Inc. Indianapolis, USA) and left to air-dry slowly at ambient
onditions to form thin films. IR spectra were obtained at a resolu-
ion of 4 cm−1, utilizing an IR microscope (IRScope II, BrukerOPTICS,
ruker Optik GmbH, Ettlingen, Germany), equipped with a Ge ATR
bjective lens (20×) and attached to a FT spectrometer (Equinox
5, BrukerOPTICS). Ten 32-scan spectra were collected from each
ample and averaged to improve the S/N ratio. All spectra are
hown in the absorption mode after correction for the wavelength-
ependence of the penetration depth (dp analogous �). Absorption
and maxima were determined from the minima in the second
erivative of the corresponding spectra. Derivatives were computed
nalytically using routines of the OPUS/OS2 software after a 13
oint smoothing around each data point, by the Savitsky–Golay
lgorithm (Savitsky and Golay, 1964). Smoothing over narrower
anges resulted in deterioration of the S/N ratio and did not
ncrease the number of minima that could be determined with
onfidence.

.7. Transmission electron microscopy (negative staining)

For negative staining, 3 �l of ProT� aa(100–109) peptide sus-
ension (5 mg/ml) were applied to glow-discharged 400 mesh
arbon-coated copper grids for 60 s. The grids were stained with
drop of 1% (w/v) aqueous uranyl acetate for 45 s. Excess stain
as removed by blotting with a filter paper and the grids were

eft to air-dry. The grids were examined in a Philips CM10 electron
icroscope operated at 100 kV. Photographs were obtained by a

etractable slow scan CCD camera (Gatan Inc.) utilizing the Digital
icrograph Software package (Gatan Inc.).

.8. Statistical analysis

The data were analysed by the Student’s t-test and statistical
ignificance was presumed at significance level of 5% (p < 0.05).

.9. Modelling

The antiparallel �-pleated sheet model was built by extracting
rom the PDB (Berman et al., 2000) hairpins with sequences that

esembled the ProT� peptide sequence motif as closely as possible.
he model was converted by homology modelling into the ProT�
eptide antiparallel �-sheet model, utilizing the WHAT IF (Vriend,
990) program. The PyMOL (DeLano, 2002) program was used to
roduce ribbon diagrams of the model.

a
a

P
P
D
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. Results

.1. Identification of the active peptide segment (TKKQKTDEDD)
f ProT˛

Previous data support the localization of ProT�’s immunore-
ctive fragment at the C-terminus of the polypeptide, specifically
ithin the sequences aa(89–102) and aa(103–109) (Skopeliti et al.,

006). This was the first indication that ProT�’s immunological role
an be attributed to the activity of a defined segment, immuno-
ogically overlooked to date and considered important only for the
olypeptide’s nuclear targeting (Manrow et al., 1991). In the present
tudy, we sought to precisely define the C-terminal area responsible
or immune stimulation.

To this end, we synthesized a series of C-terminal peptides span-
ing ProT�’s sequence aa(103–109) to aa(94–109) (Table 1), as well
s the amino (N)-terminal peptide aa(1–28), known as thymosin �1
T�1) and reported to be of immunological significance (Haritos,
987). The activity of these synthetic peptides was evaluated
hrough their ability to enhance, to levels comparable to the intact
olypeptide, non-MHC restricted PBMC cytolytic activity. Know-

ng that ProT� acts synergistically with suboptimal doses of IL-2
o optimally augment NK and lymphokine-activated killer (LAK)
ell cytotoxicity (Lopez-Rodriguez et al., 1994; Voutsas et al., 2000),
BMC effector responses were measured after 3-day activation with
roT� or the synthetic peptides in combination with low concen-
rations of IL-2 (20 IU/ml). Median NK cell activity, as tested against
562 targets, showed that the peptides aa(103–109), aa(102–109),
a(101–109), aa(100–109) and aa(99–109), increased the percent-
ge of NK-derived specific lysis of K562 cells to 32.7%, 25.2%, 27.8%,
5.3% and 32.4%, respectively. This increase was statistically sig-
ificant (p < 0.05) compared to the effect induced by low IL-2 dose
10.6%) and similar to the effect of ProT� and IL-2 (38.1%; Fig. 1).
nalogous results were observed when testing the same PBMC’
AK lytic activity against Daudi targets: peptides aa(103–109),
a(102–109), aa(101–109), aa(100–109) and aa(99–109) increased
ytotoxicity to 36.9%, 35.9%, 31.4%, 38.9% and 38.4%, respectively.
his enhancement was also statistically significant (p < 0.05) com-
ared to the effect of low-dose IL-2 (18.1%), while their potentiating
ctivity was comparable to that induced by the combination of
roT� and IL-2 (40.2%; Fig. 1). No statistically significant alter-
tions in the percentage of specific lysis of either target was
a(100–105) NLS TKKQKT
a(1–28) SDAAVDTSSEITTKDLKEKKEVVEEAEN

rimary structure of human ProT�: acSDAAVDTSSEITTKDLKEKKEVVEEAENGRDA
ANGNANEENGEQEADNEVDEEEE EGGEEEEEEEEGDGEEEDGDEDEEAESATGKRAAE
DEDDDVDTKKQKTDEDD.
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ig. 1. Immunoenhancing synergistic effect of ProT�’s C-terminal synthetic peptide
ith IL-2 (20 IU/ml) and the intact ProT� polypeptide (160 ng/ml) or each ProT� sy

xperiments the E:T ratio was 40:1. Data are presented as mean % cytotoxicity ± SD

The immunoreactivity mediated by the ProT� C-terminal
ynthetic peptides showed that the sequence aa(103–109) to
a(99–109) stimulates PBMC cytotoxicity, to levels similar to those
nduced by ProT� itself, with peptides aa(100–109) and aa(99–109)
eing the most potent. Examining the primary structure of the lat-
er two revealed that prolonging the peptides’ sequence from aa103
o aa100, resulted in the integration of the intact ProT� nuclear
ocalization signal (NLS), namely TKKQKT (Marnow et al., 1991),

ithin their primary structure. Thus, we synthesized and subse-
uently tested the immunoreactivity of two additional peptides
Table 1): (i) aa(100–109) scrambled, KETDKDKTDQ, a peptide with
he same amino acid composition as aa(100–109) but disrupted
equence, and ii) aa(100–105) NLS, with sequence TKKQKT, in order
o examine first, whether the specific primary structure of the NLS-
ontaining aa(100–109) decapeptide dictates its immunoreactivity
nd second, whether the NLS sequence, by itself, represents the
mmunologically significant determinant for ProT�’s C-terminal
eptide activity.

Using a standard 51Cr-release assay, we observed that only
a(100–105) NLS, but not aa(100–109) scrambled, augmented
BMC’s NK and LAK cytotoxicity. Synergistically with low IL-2 dose,
a(100–109) scrambled peptide resulted in K562 and Daudi target-
ysis of 13.2% and 22.3%, respectively, while for aa(100–105) NLS
he respective values were 28.9% and 36.7% (Fig. 1). The activity of
a(100–105) NLS was, in both assays, considered statistically signif-
cant (p < 0.05) compared to IL-2 (20 IU/ml), mimicking the activity
f aa(100–109), aa(99–109) and of intact ProT� (Fig. 1), implying
hat the specific ProT� NLS sequence is necessary for triggering
ymphocyte reactions.
.2. Dendritic cell maturation

It is well established that the activity of ProT� is monocyte-
ependent, in stimulating both CD4+ T cell proliferation, via

g
L
f
s
1

IL-2, on healthy donor-derived PBMC cytotoxicity. PBMC were incubated for 3 days
c peptide (25 ng/ml), and tested as effectors against K562 and Daudi targets. In all
12 volunteers. *p < 0.05 versus basal IL-2 stimulation (20 IU/ml).

ncrease in HLA-DR molecule expression, and NK cell lysis, via secre-
ion of the pro-inflammatory cytokines TNF-� (Papanastasiou et
l., 1992), IL-1�, IL-2 (Baxevanis et al., 1999) and IFN-� (Qiu et
l., 2002). This cytokine profile complies with a Th1-type polariza-
ion (Romagnani, 2000) and in conjunction with most recent data
upporting a ProT�-mediated TLR signaling (Skopeliti et al., 2007),
rompted us to investigate whether ProT� and its aa(100–109)
ctive peptide influence dendritic cell maturation.

For this, we isolated monocytes from eight healthy donor-
erived buffy coats and differentiated them in vitro into iDC, in
he presence of GM-CSF and IL-4 for 6 days. On day 6, cells
ere activated with LPS, an agent known to cause DC matura-

ion, ProT�, aa(100–109) or the aa(100–109) scrambled peptide for
4–48 h. Immunophenotypic analyses for estimation of HLA-DR,
D80, CD83, CD86, CD11b, CD40 and CD14 surface molecule expres-
ion, were performed on days 6 and 7–8, to confirm the immature
nd/or mature status of DC, respectively.

As shown in Fig. 2 (black lines in all histograms), on day 6 har-
ested cells expressed intermediate levels of HLA-DR and CD11b
median fluorescence intensity (MFI) 156.4 and 73.7, respectively)
nd low levels of the co-stimulatory molecules CD80, CD86 and
D40 (MFI 36.1, 7.8 and 18.2, respectively) and the DC maturation
arker CD83 (MFI 12.3). This DC immunophenotype, along with

he low CD14 expression (MFI 22.3) compared to CD14 expres-
ion on day 0 (MFI 315.2; data not shown), indicated that by day

monocytes had differentiated into iDC (Fernandez-Ruiz et al.,
004; Pickl et al., 1996). iDC can efficiently uptake and process
ntigens, but show reduced antigen presenting abilities, related
o low expression level of T-cell co-stimulatory molecules. Trig-

ering iDC with pro-inflammatory mediators, e.g. TNF-�, IFN-� or
PS, up-regulates the expression of surface molecules important
or optimal antigen presentation and competent T-cell stimulation,
uch as HLA-DR, CD54, CD40, CD80, CD86 and CD83 (Corinti et al.,
999), whereas these cells completely lack CD14. Indeed, stimula-
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ion with LPS induced iDC to express, at relatively high-density, all
hese surface markers (MFI 533.2, 556.5, 225.6, 67.7, 115.6 and 103.4
or HLA-DR, CD11b, CD80, CD83, CD86 and CD40, respectively) and
educed CD14 expression (MFI 4.8; Fig. 2, filled histograms), thus
onfirming LPS ability to promote DC maturation (Willmann and
unne, 2000).
In parallel, we activated iDC with ProT�, its immunoactive
a(100–109) or the aa(100–109) scrambled peptide, and compared
heir phenotypes to LPS-matured DC. iDC activation with ProT�
r aa(100–109) induced adequate expression of the afore men-
ioned DC surface markers, which followed a pattern resembling

2
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ig. 3. ATR FT-IR spectra of ProT�’s active C-terminal synthetic peptides aa(100–109) an
pectra are also included.
generated DC. CD14+ cells were cultured for 6 days in the presence of GM-CSF and
xpression of mature DC surface markers was then determined by flow cytometry.
colored histograms: mature DC; gray-line histograms: isotype controls; black-line

nd, the reader is referred to the web version of the article.)

hat of LPS, albeit at lower levels (MFI 339.4, 229.8, 159.9, 27.1,
5.9 and 41.3 for ProT�- and 369.9, 354.3, 146.8, 22.1, 28.3 and
5.2 for aa(100–109)-induced HLA-DR, CD11b, CD80, CD83, CD86
nd CD40, respectively; Fig. 2). In contrast, stimulation of iDC
ith aa(100–109) scrambled did not sufficiently up-regulate HLA-
R, CD11b, CD80, CD83, CD86 and CD40 expression on iDC (MFI

15.1, 115.8, 85.7, 16.3, 14.1 and 23.5, respectively), supporting the
equence-specific activity of aa(100–109) and ProT� on DC mat-
ration. Moreover, neither ProT� nor aa(100–109) peptide could
ubstitute for GM-CSF and IL-4 administration in inducing mono-
yte differentiation to iDC upon a 6 day incubation (data not

d aa(99–109) and the control peptide, aa(100–109) scrambled. Second derivative



M. Skopeliti et al. / Molecular Immunology 46 (2009) 784–792 789

Table 2
Amide I, II and III Infrared wavenumber ranges and their dependence on secondary structure and main ATR FT-IR band maxima of ProT� C-terminal peptides, as determined
from the second derivative spectra.

Band Secondary structure ProT�’s C-terminal peptides

�-Helix �-Pleated sheet �-Turns Random/unordered aa(100–109) aa(99–109) aa(100–109)
scrambled

Amide I 1644–1649a or 1653–1660b 1691–1699a and 1610–1640a,b 1662–1695d 1650–1654a or 1640–1650b 1695 1695 1664
1674 1668 1653
1622 1620 1645

Amide II 1548–1553a or 1519–1521a 1563a or 1530–1535a 1546–1553a 1554 1554 1552
1533

1531 1531 1516

Amide III 1280–1317c 1346 1344 1346
1294 1292 1304

1279
1245–1270c 1261 1261 1258

1230–1245c 1238 1240
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an �-helix, �-sheet, �-turn or random-coil conformation, as well
as the ATR FT-IR band maxima of aa(100–109), aa(99–109) and
aa(100–109) scrambled peptides are shown in detail in Table 2.

Fig. 4. ATR FT-IR data (Fig. 3 and Table 2) suggest an antiparallel �-pleated sheet
structure for the aa(100–109) peptide. Schematically (a and b), various plausible
antiparallel �-pleated sheet models and possible intermolecular arrangements are
shown. Also, an antiparallel �-pleated sheet model structure ((a), right), for the
Venyaminov and Kalnin (1990).
b Griebenow et al. (1999).
c Singh et al. (1990).
d Orfanidou et al. (1995).

hown). Thus, both ProT� and its C-terminal peptide aa(100–109)
re able to induce DC maturation, but not monocyte differentiation
nto iDC.

.3. Structural characteristics of the ProT˛’s aa(100–109) active
eptide

Having established that the NLS-containing aa(100–109) pep-
ide, similarly to ProT� itself, triggers DC maturation and in order
o elucidate the peptide’s mode of action at the molecular level, we
ext investigated its structural characteristics by ATR FT-IR spec-
roscopy. Infrared spectroscopy collects vibrational spectra, which
rovide detailed information concerning a protein’s secondary
tructure (Pelton and McLean, 2000). Attenuated total reflectance
ATR) FT-IR is usually applied to hydrated films of proteins or pep-
ides, dictated by the need to exclude any possible spectroscopic
nd/or chemical interactions between the sample and the dis-
ersing medium and eliminating saturation effects, which may be
resent in the transmission spectra of thicker samples. Thin films
ave been shown to maintain protein molecules in hydrated state
nd conserve their three-dimensional structure (Goormaghtigh et
l., 1990). The ATR FT-IR spectra of ProT�’s peptides aa(100–109),
a(99–109) and aa(100–109) scrambled are presented in Fig. 3,
ogether with their second derivative spectra.

Band inspection in the conformation-sensitive amide I, II
nd III regions (around 1600–1700 cm−1, 1550–1600 cm−1 and
220–1330 cm−1, respectively) is generally employed to study
rotein structure. The structure-sensitive, strong amide I band orig-

nates mainly from carbonyl C O stretching vibrations. For both,
a(100–109) and aa(99–109) peptides, bands appeared at 1622 and
620 cm−1, respectively, in the amide I region, suggesting that these
eptides adopt �-sheet conformation (Venyaminov and Kalnin,
990). The fact that these bands are rather sharp suggests a uni-
orm secondary structure in the peptide films (Pelton and McLean,
000). Interestingly, in the amide I region for both, aa(100–109)
nd aa(99–109) peptides, a shoulder at 1695 cm−1 also appears,
hich suggests an antiparallel �-sheet type of structure (Orfanidou

t al., 1995 and refs. therein). The amide II band is mainly due to

–H bending coupled with C–N stretching. In this area, the finding
f a band at 1531 cm−1, observed for aa(100–109) and aa(99–109)
eptides, is also an indication for the existence of a �-sheet struc-
ure (Griebenow et al., 1999). In agreement with the analysis of the
mide I and II bands, the amide III band, which originates mainly

a
2
A
N
e
r

rom C–N vibrations coupled with N–H in-plane bending vibra-
ions, appears at 1238 cm−1 and 1240 cm−1 for aa(100–109) and
a(99–109) peptides, respectively, suggesting also the presence of
�-pleated sheet structure (Singh et al., 1990).

In contrast, the ATR FT-IR spectrum of the peptide
a(100–109) scrambled (Fig. 3), as well as ProT�’s aa(98–109)
eptide (data not shown), do not exhibit similar bands, but
ather bands indicating an unordered or random-coil structure.

avenumbers of amide I, II and III bands for typical proteins with
a(100–109) peptide is shown ((a), left), utilizing a ribbon representation (PyMOL,
002, see Section 2), with the side chains of the amino acid residues shown as sticks.
rrows represent �-strands. View almost parallel to the �-pleated sheet surface.
eutralization of oppositely charged amino acid residues, resulting from favourable
lectrostatic interactions (salt bonds/ion pairs) of side chains of oppositely charged
esidues, might occur.
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ig. 5. Transmission electron micrograph of globular formations derived by self-
ssembly, after three weeks of incubation (this photograph), from a 5 mg/ml solution
f the aa(100–109) peptide, in distilled H2O, pH 5.5. The preparation was negatively
tained with 1% uranyl acetate. Bar 500 nm.

Based on experimental information gathered from ATR FT-IR
ata from the C-terminal ProT� peptides, indicative of an antipar-
llel �-pleated sheet structure for aa(100–109) and aa(99–109)
eptides, in conjunction with the fact that these peptides have a
ather unusual primary structure dominated by the presence of a
umber of (consecutive) positively charged/polar lysine residues
t the N-terminus (Table 1) followed by a number of (consecu-
ive) negatively charged/polar aspartate and/or glutamate residues
t the C-terminus, we constructed models, which may account for
a) the experimentally determined �-pleated sheet type of their
tructure and (b) the neutralization of oppositely charged amino
cid residues, resulting from favourable electrostatic interactions
salt bonds/ion pairs) of side chains of oppositely charged residues.
ome such plausible models are shown in Fig. 4.

Furthermore, we aimed to determine what sort (if any) of
tructure these peptides form in solution after self-assembly and
ggregation. Since they adopt an antiparallel �-sheet type of struc-
ure, it was speculated that they might form amyloid-like fibrils.
herefore, solutions of peptide aa(100–109) at sufficient concentra-
ions up to 5 mg/ml were made and after several days of incubation
ere negatively stained and visualized by transmission electron
icroscopy. Only globular formations, ca. 15–60 nm in diameter,

n various aggregation classes could be identified in the negatively
tained preparations (Fig. 5) and these findings remained systemat-
cally the same, independent of pH variation (data not shown). Thus,
here was no evidence for the existence of amyloid-like fibrils.

. Discussion

ProT� was initially isolated as the precursor molecule of the
mmunostimulatory T�1-related peptides (Haritos et al., 1984).
owever, it was shown to be more effective in stimulating various

eukocyte reactions than other members of the �-thymosin family
Haritos, 1987). Accumulating evidence yet attributes a different,
lbeit equally significant, role to ProT�. The polypeptide sustains
uclear events related to stimulation of cell proliferation (Karetsou
t al., 1998) and regulation of apoptosis (Piacentini et al., 2003). This
ual role has caused reluctance to use ProT� to treat immunode-

ciencies. However, if, along the polypeptide’s backbone, ProT�’s

mmunological centre extended to an area distinct from ProT�’s
istone-binding segment which mediates its intracellular effects
Rodriguez et al., 1998), then the former peptide sequence would
ave advantages for clinical application; thus the risk of sustain-

C
D
(
a
c

nology 46 (2009) 784–792

ng pathological cell growth if transported to the nucleus would be
educed. There would also be a practical advantage in that produc-
ion would be easier due to its smaller mass.

Based on previous data, in which we showed that the
mmunoactive ProT� segment spans aa(89–109) (Skopeliti et al.,
006), in the present study we aimed to precisely identify the rele-
ant sequence that could substitute the immunoenhancing activity
f the intact molecule and to determine which of its characteris-
ics are of significance for lymphocyte stimulation. Therefore, we
valuated the ability of longer synthetic peptides spanning the
-terminal sequence of ProT� and appropriate control peptides,
o up-regulate NK and LAK cell cytotoxicity, as well as lympho-
yte proliferation in response to autologous antigens (data not
hown), functionalities that have been extensively used to explore
he activity of ProT� (Baxevanis et al., 1988, 1999) and its active frag-

ents (Haritos, 1987; Skopeliti et al., 2006). Herein, we identified
eptides aa(100–109) and aa(99–109) as the most immunolog-

cally potent, exhibiting a sequence-specific activity, similar to
ntact ProT�. These findings support our initial hypothesis, i.e.,
he immunologically significant determinant(s) of ProT� are local-
zed distinctly apart from its central, energy-rich histone-binding
equence aa(52–82) (Papamarkaki and Tsolas, 1994) and can be
olely addressed to the action of its C-terminus, a segment until
ow considered important only for the polypeptide’s nuclear tar-
eting (Manrow et al., 1991). However, they are not consistent
ith evidence supporting the idea that the N-terminal segment

a(1–28), otherwise termed T�1, is the functionally active ProT�
rea, although, both in vitro and in vivo, T�1 is systematically
eported to exert its activity at much higher concentrations than
roT� on an equimolar basis (Haritos, 1987; Pica et al., 1998). Nev-
rtheless, such reports have facilitated the entry of T�1, under the
rade name Zadaxin, into clinical trials for the treatment of chronic
epatitis B and hepatitis C virus infections and non-small cell lung
ancer (Garaci, 2007).

An important issue that was of particular significance regard-
ng the sequence of the most active peptide aa(100–109) was that
t included the intact undisrupted NLS, comprised of amino acids
KKQKT (Manrow et al., 1991). By additionally testing the activity of
he peptide aa(100–105) NLS, shown to be immunologically active,
lthough less than aa(100–109), we propose that the lysine-rich
LS motif, included either intact or partially within the peptides’

equence, contributes to lymphocyte stimulation. This supports
ur earlier observation on the identification of two ProT� active
-terminal fragments, both of which contained part of the NLS
equence (TKK–QKT; Skopeliti et al., 2006) and indicates that the
-terminal ProT� residues, namely DEDD, are also important for
ptimal lymphocyte activation, since the reactivity of the decapep-
ide TKKQKTDEDD is higher and similar to that of intact ProT�.
ur data, in conjunction with reports revealing a mechanism of
roT� truncation (Evstafieva et al., 2000, 2003; Enkemann et al.,
000), suggest that this in vivo generated C-terminal fragmentation
roduct of ProT� is of immunological importance.

To further elucidate the mode of action of the aa(100–109) seg-
ent, in conjunction with the established monocyte-dependent

ctivity of ProT� (Baxevanis et al., 1988) and its ability to signal
ownstream TLR (Skopeliti et al., 2007), we investigated whether
roT� and its active peptide evoke DC maturation. We found that
either ProT� nor any of the peptides mediated the differentia-
ion of monocytes into iDC (data not shown), but exposing iDC to
roT� or aa(100–109) resulted in increased HLA-DR, CD80, CD83,

D86, CD40 and CD11b expression, i.e., acquisition of a mature
C immunophenotype, competent for strong T-cell stimulation

Banchereau et al., 2000). This observation supports ProT� and
a(100–109) peptide’s potential in stimulating the mixed lympho-
yte reaction and the secretion of pro-inflammatory cytokines such
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s TNF-� (Papanastasiou et al., 1992; Skopeliti et al., in prepa-
ation), IL-1�, IL-2 (Baxevanis et al., 1999) and IFN-� (Qiu et al.,
002), towards Th1 polarization (Romagnani, 2000) and subse-
uent increase of NK cytotoxicity (Smyth et al., 2005).

DC maturation in vivo is provoked by infectious and/or endoge-
ous signals derived from pathogens, damaged-tissue mediators,
r pro-inflammatory cytokines (Matzinger, 1994). TLR engage-
ent is one of the dominant pathways in DC triggering, as TLR

an recognize a remarkable variety of structures endowed with
ro-inflammatory properties, e.g. unmethylated CpG islands or
acterial and viral DNA, single or double stranded RNA, heat shock
roteins and extracellular-matrix breakdown products (Gallucci
nd Matzinger, 2001; Beg, 2002; Miyake, 2007). In this respect, it
ould be of interest to determine whether ProT�’s NLS-containing

a(100–109) acquires a specific secondary conformation in solu-
ion. By ATR FT-IR spectrometry, we showed that aa(100–109)
olymerizes into �-pleated sheets, the core structure of amyloid
brils (Hiramatsu et al., 2005). We therefore propose a model on
a(100–109) polymerization: the specific primary sequence of the
eptide generates oppositively charged N- and C-termini, and prac-
ically the peptide aa(100–109) forms an heteropole. Consequently,
lectrostatic interactions stabilize juxtaposed peptide monomers
o form antiparallel �-sheets. This explains why disruption (pep-
ide aa(100–109 scrambled)), shortening (peptides aa(101–109) or
longation (peptides aa(98–109) to aa(94–109)) of the specific pri-
ary structure of aa(100–109), although in the latter peptides

roT�’s NLS is still included, results in reduced immunological
ctivity of the segments.

Proteins misfolded and/or aggregated into amyloid-like fibrils,
.g. A� peptide (Buchete and Hummer, 2007), �2-microglobulin
Zheng et al., 2008) or macrophage migration inhibitory factor
Lashuel et al., 2005) are known to exert a pro-inflammatory
ctivity, most probably via TLR (Lotz et al., 2005). Among other
ntracellular proteins (Lee et al., 2003), ProT� was also reported to
orm amyloid fibrils around its isoelectric point (Pavlov et al., 2002),
ut our electron microscopy studies, independently of any pH used,
id not reveal the formation of an amyloid-like fibril structure
or the active TKKQKTDEDD peptide. Nevertheless, our structural
nalysis provides strong data in favour of the ability of peptide
a(100–109) to form antiparallel �-sheet structures, which may
ucleate and probably act as a seeding sequence of the reported
myloid fibril formation by ProT� (Pavlov et al., 2002).

In summary, the results presented here suggest that ProT�’s C-
erminal aa(100–109) active peptide exhibits a pro-inflammatory
ctivity in stimulating immune responses, being able to induce
C maturation, adopting a �-sheet conformation in a sequence-

pecific manner. Data in the literature on ProT�’s in vivo targeting
uring apoptosis, indicate a major cleavage site for caspase-3 and -
at D99 (Evstafieva et al., 2000), indicating the conditions under
hich the peptide aa(100–109) is generated. Intriguingly, while

roT� aa(1–99) lacking the NLS is relocalized and consequently
etected in the cytoplasm, ProT�’s C-terminal peptide aa(100–109)
as still not been identified either in the nucleus or the cytoplasm
Evstafieva et al., 2000, 2003).

In line with these data and in an attempt to describe an in vivo
echanism for the production and action of ProT�’s active site, our

resent findings strengthen our earlier hypothesis on ProT�’s dual
ode of action, immunological and intracellular, as follows. ProT�,

ike other strictly cytoplasmic (e.g. HSP90; Basu et al., 2000) and
uclear, histone-binding (e.g. HMGB1; Rovere-Querini et al., 2004;

caffidi et al., 2002) proteins, if released extracellularly or excreted
rom cells via yet unknown mechanisms, acts as an adjuvant via
ntigen presenting cells, such as monocytes and DC (Messmer et
l., 2004), downstream TLR stimulation (Tsung et al., 2005; Tian et
l., 2007), triggering both innate and adaptive immune responses.

E

E

nology 46 (2009) 784–792 791

xtracellular release of cell-contents is reported to occur during
ecrosis (El Mezayen et al., 2007), as well as during programmed
ell death, e.g. apoptosis upon noxious agent insults (Bell et al.,
006; Fink and Cookson, 2005; DeLeo, 2004). In the latter case, the
roT� TKKQKTDEDD peptide is produced in vivo on early stage cas-
ase activation and subsequently polymerizes into �-pleated sheet
tructures, thus being protected from further degradation (Lee et
l., 2007; Skopeliti et al., in preparation). Compared to amyloid
brils sedimenting in the cytoplasm, ProT� aa(100–109) peptide
ay be, actively or passively, excreted from dying cells and hence

rovide a danger signal to iDC, stimulating the commencement of
ymphocyte immune reactions.
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