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ABSTRACT: The salivary antimicrobial peptide histatin 5 is characterized by its cationic nature, structural
flexibility, and the presence of two metal-binding sites (the ATCUN motif and a Zn-binding motif). These
properties make this peptide a good model for the design of new drugs of low molecular weight. In this
work, we have synthesized and studied a new peptide, an analogue of the histatin 5 named ATCUN-C16,
which contains both metal-binding centers. The results show that our 20-residue-derived peptide preserves
anticandidal activity and exhibits a higher propensity to assume a stable conformation in a hydrophobic
environment than do histatin 5 and the C16 peptide that contains the 16 residues of the C-terminal part
of histatin 5, although overall our peptide remains a flexible molecule. ACTUN-C16 was found to bind
DNA in a gel retardation assay and to have a nuclease activity in the presence of copper and zinc ions
and ascorbate. Its nuclease activity can be attributed to the synergistic action of oxidative and hydrolytic
activities due to the C4ATCUN complex and to the zinc ion coordination, respectively. The results
show a new property of this family of salivary peptides and suggest a novel use of this peptide as a small
nuclease and biotechnological tool.

Human saliva contains non-immune proteins with potent not yet exactly understood. It has been shown, however, that
antimicrobial activities that contribute to the innate host the Hst 5 killing is a multistep process. In fact, Hst 5 first
defense system in the oral cavity and have a wide spectrumbinds to the heat shock protein Ssal/2p<80 kDa protein)
of activities against bacteria and fungi. A component of this for the internalization inside the cytosol of the yeast c&i# (
host non-immune defense system is represented by thelQ). At present, two mechanisms have been proposed to
salivary histatins, a family of histidine-rich basic proteins explain its antimicrobial activity: the first mechanism acting
of human acinar cell origin, which posseéssvitro candi- through the production of reactive oxygen radical formation
dastatic and candidacidal activitiet).(Histatin 5 (Hst 5}, (ROS) at the level of mitocondria that seem to be the specific
a proteolytic product of histatin 3, is the most potent of the intracellular target8, 11) and the second mechanism through
histatin family members and has the highest anticandidal ATP and K' release 12) via interaction with the TRK1
activity in vitro againstCandida glabrata Candida krusei potassium transportefl®). The structural characterization
Saccharomyces cersiae, and Cryptococcus neoformans — of the Hst 5 (4—16) has revealed the presence of two
(2—3). The Hst 5, at physiological concentrations found in principal metal-binding motifs: the so-called ATCUN-motif
saliva (15-50uM), induces 95% loss of viability cfandida  (amino terminal C#&- and N?*-binding motif), represented
albicans Moreover, Hst 5 shows a pH dependent bactericidal by the first three N-terminal amino acids (Asp-Ser-HIJ
and bacteriostatic activity again§treptococcus mutans 18), and the Zn-binding motif HEXXH in the C-terminal
Porfiromonas gengalis, andStreptococcus mitig—5). Hst  region. Moreover, spectroscopic and calorimetric studies have
5 does not function as a classical pore-forming antibiotic, ghown that Hst 5 presents high affinity for zing € 1 x
and the antimicotic mechanism of this salivary peptide is -5 M) and copper ionsK = 2.6 x 10-7 M) (15). The
ATCUN maotif occurs naturally in certain species of albumin
T The work was partly supported by grants PRIN2004, “PRIN2005”, (17) and has been demonstrated to bind"Qiikp ~ 1.18 x

and FIRB of Italian MIUR. 1071 M) and NP (Kp ~ 10717 M) with high affinity (19—
* Corresponding _e.\utho'r. Telephone: #39-0672594449. Fax: #39- 20). Recently, it has been suggested that the ATCUN
0672594328. E-mail: melinos it !
§ Dipartimento di Scienze e(%'lérc"r:glrggizeltchimiche. peptides may have a higher physiological relevance than
f';tiwtcz_di Nfu(rjc?bl\i/?'?%it@el '\fﬂ‘itdicma Molecolare. merely serving as metal transport sites. In fact, the ATCUN
) D%g?%";%'t‘oodi 'Seimnze Blomediche. sequence in human sperm proteamine P2a in metal-exposed
1 Abbreviations: Hst, histatin, MMPP, magnesitmonoper- individuals may provide a potential mechanism for carcino-

oxyphthalate; TAR RNA, trans-activation response region RNA; genesisZ1), whereas an ATCUNpeptide/ascorbate system

HMQC, Heteronuclear Multiple-Quantum Coherence; NOESY, Nuclear was found to kill Ehrlich ascites tumor celis zitro (22)
Overhauser Effect spectroscopy; TOCSY, Total Correlation spectro- - . . - )
scopy; SDB, Sabouraud Dextrose broth: SUVs, small unilamellar N addition to this, the Ni/CaATCUN peptide complex was

vesicles. also found to cleave DNA in the presence of co-reactants
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Table 1: Amino Acids Sequences of the Hst 5 and the MATERIALS AND METHODS

Histatin-Derived Peptides . . . .
Peptide SynthesisSynthetic peptides Hst 5 (NH

Histatin 5 (24 aa) DSHAKRHHGYKRKFHEKHHSHRGY
DSHAKRHHGYKRKFHEKHHSHRGY-COOH), Nter
Hst 5-Nter (10 aa) DSHAKRHHGY Hst 5 (NH,—DSHAKRHHGY), Nter-Hst 5A (NH,—
DSAAKRHHGY), C16 (NHh—GYKRKFHEKHHSHRGY—
Hst 5A-Nter (10 aa) DSAAKRHHGY COOH), £9) and ATCUN-C16 (NH,—DSHAGYKRKFHE-
KHHSHRGY—COOH) (Table 1) were purchased from
C16 (1622) GYKRKFHEKHHSHRGY Peptide Specialty Laboratories GmBH (Germany). Analysis
ATCUN-CI6 (20 aa) DSHAGYKRKFHEKHHSHRGY of the synthetic peptides by reverse phase high performance
chromatography (RP-HPLC) and mass spectrometry revealed
a purity >98%.
such as KHS@ MMPP, B0, (23—25), or by light activation Antifungal Assay.The growth inhibitory activity was
in the presence of Dand in the case of peptide&o?" evaluated following the broth microdilution method by

complexes26). These complexes together with appropriate Helmerhorst et al. 30). A clinical isolate of C. albicans
co-reactants have also demonstrated an ability to selectively(SA40) and reference strains Gf albicans(ATCC 10231)
modify the RNA and cleave both tRNAfand TAR RNA ~ were used throughout this stud@. albicans(SA40) was
of HIV (27). Although, in the case of the Hst 5 peptide, the isolated from oropharyngeal swab from HIV-seropositive
function of both metal sites has not yet been completely Subject. The cell density of the suspensions was estimated
elucidated, it is probable that they play an important role in by direct qell count using a Thoma camera. Serial dilutions
the physiological action of this salivary peptide. of synthetic Hst 5 and ATCUN-C16 peptides were prepared
in diluted SDB in 96-well polystyrene microtitre plates
In recent years, there has been a great deal of interest inMicrotest, Becton Dickinson Labware, USA) to a final
the design of artificial nucleases, small molecular scissors volume of 50uL/well. To each well, 5L of the diluted
that bind DNA at specific sequences of interest and are ableyeast suspension was added. Growth and broth-sterility
to cleave it hydrolytically. These artificial peptidic-nucleases controls were present in the same plate covered with a plastic
would have a wide applicability either as tools in molecular seal to minimize broth evaporation and were then incubated
biology and therapy or as probes of the structure and functionat 30°C for 48 h. After this incubation period, the cells in
of nucleic acids. Recently, reactive peptides containing each well were carefully resuspended and the; A was
histidine residues for A1 coordination were designede determined using a microtitre plate reader (Labsystem
novo to be flexible with a modest helicity (25%-helix) Multiskan MS, Dasit, Milan, Italy). The I values were
and to behave as a DNA intercalator for delivering both the determined and found to correspond to the concentration of
peptide and metal close to the DNA backbo2®)( The antlfunggl peptlde§ that inhibited the maximum growth of
properties of the cationic salivary peptide Hst 5, which that particular strain by 50%. Values were corrected for the
contains two metal centers and has a high structural flex- 2Psorbance of diluted broth.
ibility, make it a potential peptidic-nuclease. Thus, on the = Spectrophotometric Metal-Binding Characterizatidine
basis of the solution structure of the Hstizland functional ~ Peptides were dissolved in water to a concentration of 0.5
studies, we have synthesized the ATCUN-C16 peptide (TablemM. Copper or nickel chloride was added in a 1:1 molar
1), an analogue of the Hst 5 corresponding to the fusion of "atio with the peptides. The pH of the solution was decreased
the N-terminal ATCUN sequence with the C-terminal ©OF raised using 0.1 M HCl or 0.2 M NaOH, respectively,
segment (Table 1) containing the zinc-binding motif. The and the solutions were equmprated for 30 min at each pH
goals were first to analyze the correlation between the before the spectrophotometric measurements. The visible

antifungal activity and the propensity to assume a more stableSPeclra of the peptidemetal complexes were acquired on a

conformation of this salivary histidine-rich peptide and then PerI_qn-EIme_r (Larnbda-Bm) spectrophotometer.
to test its nuclease activity due to the presence of metal- Circular Dichroism.CD measurements were performed

binding motifs. The conformation in the solution of ATCUN- &t different percentages of 2,2,2-trifluoroethanol (TFE) using
C16, consisting of 20 amino acid residues, has been a Jasco 500 spectropolarlmeter_(Jasco, Tokyo, Japan) cali-
investigated by CD and NMR spectroscopy. It reveals that gﬁ‘gg t\:\g:\t‘v::r:ngggf;#g%rgg ?ﬁzdﬂs?n[) Zpegg]alg\rl]erti (c)n?-o 1
the peptide is able to assume a more stable conformation incm and between 600 and 300 nm usi%g zgpath Ie?ﬂgth of'l
a hydrophobic environment than the natural Hst 5, although cm, a time constant of 1.0 & 2 nmbandwidth and a scan

it conserves a high flexibility. This peptide shows the same __.’ ‘

it | activity of th indicati ither that all th rate of 2 nm/min, and at 20 or 50 mdeg sensitivity. The
antifungal activity of the Hst 5 indicating either that all the 56356 was corrected by 4 scans of the solvent. Quartz cells

components important for the antifungal activity are present (0.1-1 cm path length) sealed and controlled thermostatically
or that the higher propensity to assumecahelix conforma- were used for the far- and near-UV CD measurements,
tion does not increase this activity. The DNA-binding ability  respectively. The samples for CD measurements, at different
of the ATCUN-C16 peptide has also been analyzed, and theconcentrations of TFE in the absence and in presence'df Ni
oxidative and hydrolytic DNA cleavage due to the coopera- ions, were prepared at %0M ATCUN-C16 peptide. The
tive action of two metal centers of the peptide has been near-UV CD spectra were recorded at 3@ ATCUN-
found, providing a new insight into its function and its C16 in 20 mM Tris-HCI buffer at different pHs and at an
potential use as a nuclease. equimolar concentration of Nigl
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EPR Spectroscop¥-band (9.4 GHx) electron paramag- ice before electrophoresis in 1% agarose gel in the TAE
netic resonance (EPR) spectra at 100 K were measured orbuffer. Samples were run for 120 min at 70 V and stained
an ESP300 Bruker spectrometer with a 100 kHz field with ethidium bromide.

modulation of 0.5 mT. A titration at different molar ratios HPLC Analysis of the DNA Cleage. The cleavage of
of Cu/peptide (0, 0.5, and 1) was performed using a solution the ssDNA was monitored using RP-HPLC analysis (LC-
of 300uM peptide in a 50 mM Hepes buffer, pH 7.2. 10AVP Shimadzu ItaliaMilan, Italy). A 47-mer oligonucle-
NMR Spectroscopythe ATCUN-C16 peptide (10 mM)  otide (8-CTGTCCCGGGAACTCCTGGTGCCGCGCG-
was dissolved in a 50% TF#:-50% in water solution, pH ~ GCAGCCCCGTCGCACTCAG-3 was treated with Cu
6.0. The spin systems of different amino acid residues in zn—ATCUN-C16-complex and a 10-fold excess of ascorbate
the peptide were identified using TOCS*{—*3C HMQC, in 50 mM Tris—HCI buffer, pH 7.4, at 37°C for 1.30 h.
and 'H—°C TOCSY-HMQC spectra, the last mentioned Subsequently, the reaction mixture was loaded onto a
being very helpful due to the overlap of the signals. The Brouwnlee C-18 column equilibrated with 0.1 M N®lac,
sequential connectivity across the peptide was establishedyH 6.8 (solvent A). The products were eluted with an
using the NOESY spectra. The sequential NOE connectionsacetonitrile (solvent B) gradient 6 min, 100% A; 5-45
include NH—NHi11, Hy—NHi+1, and Hi—NHi+1 cross- min, 40% B; 45-50 min, 40% B; and 5675 min 90% B in
peaks. The NMR experiments were performed atQbising A) and monitored at 254 nm.
a Bruker Avance 400 spectrometer (Bruker, Milan, Italy)
equipped with triple resonance probes incorporating self- RESULTS
shielded gradient coils. All the heteronuclear correlation
experiments were carried out at natural abundance. Pulsed Antifungal Actiity of the ATCUN-C16 PeptideThe
field gradients were appropriately employed to achieve antifungal activity of the ATCUN-C16 peptide against two
suppression of the solvent signal and spectral artifacts.fungal strains ofC. albicanswas assayed, as described in
Quadrature detection in the indirectly detected dimensions Materials and Methods. Hst 5 and ATCUN-C16 peptides
was obtained using the StateEBPPI method 31) or the showed the same antifungal activityvitro. The IG, values
echoe-antiecho method; the spectra were processed on Siliconobtained withC. albicansstrains were in the range 6.25
Graphics workstations (Silicon Graphics, Milan, Italy) by 25 ug peptide/mL. Generally, MFCs (minimum fungicidal
the NMRPipe software3?) and analyzed using NMRView concentrations) and Kgvalues coincided in azoles suscep-
(33). All the proton and carbon resonances were assignedtible fungal strains for Hst 5 and ATCUN-C16 (6.2&/
by 2D spectra: TOCSY (mixing time 60 ms) to identify the ML)
spin systemstH—C HMQC, (34) and 'H—3C HMQC— Spectroscopic Characterization of the Metal-Binding Site.
TOCSY (with a mixing time of 40, 60, and 80 ms) to assist The characterization of the metal binding to the peptides was
with cross-peaks assignment, NOESY (with a mixing time performed by U\~vis spectroscopy (Figure 1 and 2). The
of 0.150 and 0.250 s), according to the sequential assignmenbinding of C#" to the peptide NterHst 5 shows an
method. The values ofJcn, coupling constants were absorption maximum at 525 nm in the pH range-510.50
measured from the in-phase splitting patterns of the ld, (Figure 1A). The absorption maximum at 525 nm that is
cross-peaks in the HMQC spectra without carbon decoupling. reached at a low pH (5.2) and is maintained through a rather
DNA Binding.Plasmid DNA (pQE30-rhdA) was isolated  wide range of pH values is indicative of a copp&TCUN
from E. coliusing Plasmid Mini Kit (Sigma-Aldrich, Milan, ~ complex @5). Proteins that do not coordinate copper show
Italy). The gel retardation assay was performed by mixing a broad maximum near 600 nm, which eventually shifts to
the plasmid DNA (500 ng) with increasing amounts of 525 nm only at very high pH. In contrast, the optical spectra
peptides (300 ng to 2, 4g) in 50 mM Tris pH 7.5. After of Ni?" in the presence of NterHst 5 clearly show a
incubation for 2 min at room temperature, the samples were maximum at 420 nm (Figure 1B), which appears at pH 5.0
electrophoresed on 1% agarose gel in TAE buffer for 80 and is maintained up to pH 10. These results clearly
min at 70 V and stained with ethidium bromide. The pDNA demonstrate the presence of metal binding to the ATCUN
was incubated with ATCUN-C16 or with the ZCu— motif, which involves thex-amino nitrogen, two intervening
ATCUN-C16 complex in a pDNA:peptide ratio of 1:10 w/w  peptide nitrogens, and the imidazole nitrogen of the histidine
for 10 min at room temperature. The Smal restriction enzyme present in the third position, as already reported in human
(Fermentas, M-Medical, Milan, Italy) was added to the serum albumini7—18). Moreover, the spectra of the whole
solutions (1Ukg), and afte 1 h at 30°C, the samples were  ATCUN-C16 peptide in the presence of nickel ions show

electrophoresed on 1% agarose gel. the presence of a maximum at 420 nm at the pH rangg 5
Plasmid Cleaage.The plasmid DNA cleavage reactions as shown in Figure 2. On the contrary, the Ntkist 5A
were performed in a total reaction volume of 20 peptide is able to bind metal ions only at pH values higher

containing a cleavage agent and/tof the plasmid DNA than 9 (data not shown). Further structural features of the
(4500 base pairs). Final concentrations were 50 mM-Tris  binding of metals to the ATCUN-C16 peptide have been
HCI (pH 7.5, sterile-buffer filtered), 100M ascorbic acid, obtained by CD studies. Figure 3 shows the near-CD spectra
10 and 10QuM peptide, and CuGlsolution in a 1:1 molar  of the ATCUN-C16 recorded in the presence of the equimo-
ratio with the peptides. After equilibration of DNAmetal lar concentration of nickel ions at different pH values (pH
peptide solutions for 10 min at room temperature, the 3—6). The dichroic measurements of the ATCUN-C16
reactions were initiated by the addition of the ascorbic acid. peptide, recorded at the pH values 5 and 6, show two dichroic
The reactions were carried out at 37 and were terminated  bands at 480 and 410 nm that are characteristic of the
by addition of 2uL of 6X gel loading buffer (5% glycerol,  distorted square-planar geometry of the*Nions in a
0.125% bromophenol blue, 25 mM EDTA) and placed on peptidic Ni(l)N4 site involving a His residue3¢). EPR
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FicurE 1: Optical spectra of Gt and N#* binding to Nter-Hst 5
peptide. (A) Optical spectra of 0.5 mM Nter-Hst 5 peptide in the
presence of an equimolar amount of Cu(ll) as a function of pH, in
the range 3.611.0. For clarity, only three pH values are reported:
pH 3.0 (a), pH 5.4 (b), and pH 11.0 (c). (B) Visible region of spectra
of 0.5 mM Nter-Hst 5 peptide in the presence of an equimolar
amount of N#* as a function of pH, in the range 3-:01.0. For
clarity, only four pH values are reported in the figure: pH 3.4 (a),
pH 6.0 (b), pH 7.4 (c), and pH 11.0 (d).
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Ficure 2: Optical spectra of Ni" binding to the ATCUN-C16

peptide. Visible region of spectrum of 0.5 mM ATCUN-C16 peptide

in the presence of an equimolar amount ofNas a function of

pH. The spectra were measured at pH 5.5 (a) and pH 6.6 (b).
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spectra of the CHATCUN-C16 complex in frozen solution
were performed at different molar ratios of Cu/peptide (O,

Melino et al.
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Ficure 3: Near-UV CD spectra of ATCUN-C16. ATCUN-C16
(300 uM) at different pHs in absence (---) and in the presence of
an equimolar concentration of Nl (-++++) pH 3.3; ¢ ) pH 5.5,
and (—) pH 6.6.
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Ficure 4: CD spectra of ATCUN-C16 as a function of TFE
concentration. ATCUN-C16 peptide (80) in water (—); 10%-
(-09); 20%5-); 30%(x-); 50%(A-); 80% (@-); and 100% TFE
().

240 250

conditions, the other residues of the peptide do not seem to
affect the coordination structure of this complex.

Structural Characterization of the ATCUN-C16 Peptide
by CD and NMR Spectroscopihe dichroic profiles of the
ATCUN-C16 peptide in water solution or in a water/2,2,2-
trifuoroethanol (TFE) mixture are reported in Figure 4. The
peptide, likely Hst 5, assumes a random coil conformation
in water; an increase in the TFE concentration induces a
substantial enhancement in the negative ellipticity at 208 and
222 nm, indicating the formation of am-helix. The helix
conformation, in a 50% TFE v/v mixture, was estimated to
correspond to 25% of the length of the peptide chain, using
the K2d program (http://kal-el.ugr.es/k2d/k2d.htn3{-40).

The ATCUN-C16 peptide shows a higher conformational
stability than the Hst 5 peptide. In fact, at 50% TFE vl/v, the
mean residue ellipticity at 222 nmis5174 deg craidmol,

and the Hst 5 only at 90% TFE v/v has a mean residue
ellipticity at 222 nm of—5420 deg crhdmol ™, as reported

in a previous paperld). Also, the C16 peptide2@) shows

0.5, and 1) to better characterize the copper-binding site. Thea lower propensity to assume a helix conformation in TFE

EPR spectrum of the CUATCUN-C16 complex with 1
equiv of C#" is shown in the Supporting Information. The

than the ATCUN-C16 peptide (see Figure 5), indicating that
the presence of the first 4 residues contributes to the

spectrum shows a unique copper coordination site, and thestabilization of the helix in the C-terminal region. THs,

valuesA,, go, and g, were, respectively, 208.6, 2.42, and

5N, and**C NMR signals of the ATCUN-C16 peptide in a

2.176 for the species with Cu/peptide molar ratios of 0.5 1:1 d-TFE/H,O mixture at pH 6.0 were assigned through

and 1. These values are consistent with those ef AUCUN
complex reported in the literatur@7, 38), indicating that

2-D NMR spectra. Figure 6A shows the NHH, region of
the NOESY spectrum; Figure 6B shows tf&,—H, region

the complex has a square-planar geometry characteristic ofof the'H—3C HMQC spectrum of the ATCUN-C16 peptide.

the copper binding to the ATCUN motif, and in these

The chemical shift analysis of the,HC,, and G resonances
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Ficure 5: Comparison of the near-UV CD spectra of ATCUN-

C16 and C16. The two peptides were at concentration @6
100% TFE, {-) C16, and {-) ATCUN-C16 peptide.
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Ficure 6: NMR spectroscopy of the ATCUN-C16 peptide. (A)

Fingerprint region (NH-C,H) of the 1H-NOESY spectrum of the
10 mM ATCUN-C16 peptide. The sequent@N(i, i+1) connec-
tivities are shown with a solid linex¢protons of residues H3, H15,
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FiGure 7: Structural characterization of the ATCUN-C16 peptide

in 50% d;-TFE/ water mixture. (A) Plot of the chemical shift
differences between the observed resonances and values found in
a random coil conformationdd = Oobsd) — O(random coit) FOr *He,

13C,, and®3Cg. (B) Plot of the constant couplinglc,, differences

in Hz between observed and random coil valuA$jcnn =

e Ho(obsd) — 2JcH, (random coiy (C) Summary of sequential and
medium-range NOE data obtained from the NOESY spectra of
ATCUN-C16. Strong (thick lines), medium (medium lines), and
weak (thin lines) NOEs, corresponding to the intensity of the cross-
peaks, are indicated. The asterisks represent the NOEs that cannot
be assigned due to the signal overlapping or because signals were
missing in the spectrum. The tract izhelical conformation is
shaded on the plots and depicted below the graphs.

+ 1.8 Hz), showing positive deviations with respect to
random coil values4?). In particular, thex-helix propensity

is weaker in the C-terminal region from residue H11 to the
end of the tract. The chemical shift deviations from random
coil values are less pronounced for these residues. However,
the correspondindJc 1, values are still consistent with an

and H17, whose resonances were close to the water signal, were-helix conformation in this zone. Also, in the cases where

not observed in the spectrum). (B) Region of tRE€[tH]—HMQC
spectrum of ATCUN-C16. The assignment qf-€H, cross-peaks

is shown. The inlet shows the,€EH, cross-peaks corresponding

to the glycine residues (G5 and G19).

(41) of the ATCUN-C16 peptide at 25C indicates that the
peptide adopts am-helix conformation from Y6 to S16

(Figure 7A). Negative variations with respect to reference

random coil values for HHand G, and positive values for

C,, are indicative of am-helix conformation. The presence
of ana-helix from Y6 to S16 is supported by the values of

the %Jc,n, coupling constants (Figure 7B). The-helical
residues have on average relatively lat@ien, values (146.5

evaluation was possible, the NOE pattern is consistent with
ana-helix conformation in the region from Y6 to S16 (Figure
7C). The NH—NHi;1 NOEs characteristic of am-helix were
observed. Additionally, in some cases, where the overlap of
signals did not prevent it, relatively strong;HNH;+3 and
Huoi—Hgi+z and medium K—NH;y; cross-peaks in the
NOESY spectrum could be observed. In contrast, the
N-terminal region of the peptide does not present a charac-
teristic set of secondary chemical shifts corresponding either
to ana-helix or to ap-sheet. We also analyzed if confor-
mational changes were induced by the presence of the metal
ions. The dichroic spectrum of the Ni-ATCUN-C16
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Ficure 8: Far-UV CD spectra of the ATCUN-C16 in 50% TFE,
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Ficure 9: Far-UV CD spectra of the 50M ATCUN-C16 in 50%
TFE in the presence (---) and absence) (of Ni2" ions.

complex in the far UV (Figure 8) shows a conformational
variation of the peptide in the presence of nickel; in
particular, 9% percent of the helix was calculated by
deconvolution of the spectrum using the K2d progr&9(

40). The following addition of the zinc ions to the Ni
ATCUN-C16 complex showed only a small change in the
CD spectrum. Figure 9 shows the far-UV CD spectrum of
the ATCUN-C16 in 50% TFE in the presence and absence
of the equimolar concentration of nickel ions. In the presence
of Ni?*, the far-UV spectrum of the ATCUN-motif is
dominated by the contribution of tleehelix with prominent
bands at 222 and at 208 nm, whereas in the absence of th
metal ions the band at 208 nm is more negative than the
band at 222 nm. It is worth recalling that in they-Belix

the n—a* transition exhibits a drastically reduced intensity
with respect to that of ther—z* transition and tends to
undergo a modest blue shi#t3). Values for the §]224[6]208
ratio close to unity are seen as typical of thdaelix; a value

of 0.15-0.40 is considered diagnostic for they elical
conformation. In our case, thé]pJ[6]20s ratio is 0.5 in the
absence and 0.8 in the presence oftNindicating a better
stabilization of the right-handed-helix in the case of the
Ni2*—ATCUN-C16 complex 44). Moreover, the analysis
of the spectra using the K2d progra®9(-40) shows that
the presence of the Niions induces an increase of 7% of
the a-helix conformation. The change of conformation
produced by Ni was also observed by NMR spectroscopy.
Figure 10 shows the overlapping of thg-€H, region of
the [13C,'H]—HMQC spectra of ATCUN-C16 in the absence
and presence of Rii. There is a significant chemical shift
perturbation induced by nickel in the,€H, cross-peaks
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Ficure 10: H—13C HMQC spectra of 1 mM ATCUN-C16 peptide

in the absence (shown in black) and presence (shown in red) of an
equimolar concentration of Nigln 50% ds-TFE/water mixture at

pH 6.0.

corresponding not only to the residues of the N-terminal tract
(where the Ni* binds) but also in the rest of the peptide
sequence, with the exception of the C-terminal residues R18,
G19, and Y20. The TOCSY spectrum of theMiTCUN-

C16 complex shows a better spectral dispersion of the
resonances than that in the absence of nickel ions; this may
be indicative of a conformational stability in the presence
of the metal ions (data not shown). All these results are in
agreement with thet-helical stabilization induced by Rii
observed by CD and suggest that téhelical tract in the
ACTUN-C16 peptide seems to be involved.

The MetalFATCUN-C16 Complex Binds and Class the
DNA. The ATCUN-C16 DNA-binding ability was evaluated
in a gel retardation assay. Peptide was mixed with a fixed
amount of plasmid DNA to obtain a w/w ratio of peptide/
DNA of 0, 0.5, 1, 2, and 4, and the complexes were
electrophoresed on agarose gel (Figure 11A). At a peptide/
DNA weight ratio of 1, a fraction of the plasmid DNA
éemained at the origin (eband), and this effect was more
évident at higher peptide/DNA ratios. The ability of the Small
restriction enzyme to cleave the pDNA in the presence or
absence of the ATCUN-C16 peptide was also analyzed
(Figure 11B). The Smal enzyme has two recognition sites
inside the pQE30-rhdA and normally is able to cleave this
plasmid into two fragments of molecular weights of about
3900 (h band) and 600 bp gband). The preincubation of
the pDNA with the ATCUN-C16 peptide or with the €u
Zn—ATCUN-C16 complex induces a reduction of the bands
of the cleaved DNA and an evident DNA retardation shift
(bs band), neither of which are found in case of preincubation
with a peptide that does not bind the pDNA with high
efficiency (data shown in Supporting Information). All these
results show that ATCUN-C16 peptide has an intrinsic DNA-
binding ability and can inhibit the interaction of DNA with
other proteins. Moreover, the DNA binding of the peptide
was studied by CD spectroscopy and an evident conforma-
tional change of the peptide in the presence of the pDNA
was observed (data shown in Supporting Information).
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Ficure 11: pDNA binding of the ATCUN-C16 peptide. (A) Gel
retardation shift assay at different peptide/pDNA w/w ratios using
0.5 ug pQE30-rhda and 1% agarose gel. Lane 1 (0), lane 2 (0.5),
lane 3 (1), lane 4 (2), and lane 5 (4). Theband is due to the
retardation shift effect of the peptide on the pDNA. (B) Agarose
gel electrophoresis (1% agarose) of the Q@5 QE30-rhdA after
cleavage with Smal (1) for 1 h at 30°C in the absence (lane

2) and presence (lane 3) of the ATCUN-C16 peptide or the- Cu
Zn—ATCUN-C16 complex (lane 4) in a ratio of pDNA/peptide of
1:10 w/w. The h and b bands correspond to the Smal digest

3

fragments of about 3900 and 600 bp, respectively. Molecular weight

markers are shown in lane 1.

The DNA-binding ability was also observed for the Hst 5
peptide (data shown in Supporting Information). Considering
that the C&'/Ni?".X—X—His complex has the property of
being a strong oxygen activator through the production of
reactive oxygen specie2(, 35, 45), we evaluated experi-

mentally if these peptides were able to induce DNA cleavage.

This motif cleaves the DNA by generating a nondiffusible
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FIGURe 12: Agarose gel electrophoresis of pDNA treated with the
ATCUN-C16 peptide in 50 mM TrisHCI buffer, pH 7.5. (A)
pPDNA/ATCUN-C16 peptide mixture (ratio 1:1 w/w) in the presence
of CuCl, and ascorbic acid at a molar ratio of peptide/Cu/ascorbate
of 1:1:10 c/c/c incubated for O (lane 1), 2 (lane 2), 5 (lane 3), 10
(lane 4), 15 (lane 5), 60 (lane 6), and 180 (lane 7) min at@7

(B) pDNA/ATCUN-C16 peptide mixture in the presence of CzCl
ZnCl,, and ascorbic acid at a molar ratio of ATCUN-C16 peptide/
Cu/Zn/ascorbate of 1/1/1/10 c/c/c/c incubated for O (lane 1), 2 (lane
2), 5 (lane 3), 10 (lane 4), 15 (lane 5), 30 (lane 6) 60 (lane 7), and
180 (lane 8) min at 37C.
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Ficure 13: Nuclease activity of CuHst5-Nter complex in the
presence of ascorbic acid. Electrophoresed agarose gel (1% agarose)
of 0.2 mg of pDNA in Tris-HCI buffer, pH 7.5, in the presence

of 0.2ug of peptide and an equimolar concentration of Gua@th

the peptide, after incubation, in the presence of ascorbic acid, at

different times: 0, 2, 10, 30, and 60 min at 3C.

of ascorbate at 37C (shown in Figure 12A). After 5 min,

a band corresponding to the linear form of the pDNA was
observed and the incubationrft h induced a decrease in
the intensity of the pDNA bands. The appearance of a band
on the top of the gel over time is indicative of the formation
of an aggregate, probably due to the formation of a complex
between the linear form of the DNA and the €peptide
complex. The nuclease activity of the €Hist 5-Nter peptide

was analyzed in the presence of ascorbate; the time course

oxidant that results in deoxyribose-centered damage dependef the DNA cleavage is shown in the Figure 13. The nicked

ing on the presence of theascorbic acid or monoperox-
yphthalic acid 20, 35, 45). The Cu-ATCUN-C16 complex

band of the pDNA was found after 2 min of incubation at
37 °C, and a gradual reduction of the supercoiled pDNA

cleaves the pDNA,; a rapid degradation of the supercoiled occurred. However, no linear pDNA was observed during

pDNA was found to produce nicked pDNA in the presence

these incubation times. Thus, the-€ATCUN-C16 complex
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shows a higher nuclease activity than the—Eist 5-Nter A)
complex due to its intrinsic characteristics; i.e., higher content
of basic amino acids is able to confer a higher capability to
interact with the dsDNA. An increase in the nuclease activity
of the metat-peptide complex was found in the presence of
Zn?* ions. In fact, the time course of the nuclease activity
was performed in the presence of the €ATCUN-C16
complex, zinc ions, and ascorbate (Figure 12B); after 2 min,
the supercoiled degradation of the pDNA and the increasing %%
of the nicked form of the pDNA both became clearly visible.
Over time, an increase of the band corresponding to the linear -002] _ &
pDNA was observed. Both the pDNA forms (nicked and 0.0 25 - &
linear) were degraded after 30 min of incubation at°87 030 B)
until a complete cleavage of the pDNA was obtained after 1 S
h of incubation. In this case, the aggregate form of the pDNA
was not visible and it is possible to suppose that the cleavage
of the DNA was due to either an oxidative or hydrolytic
mechanism. We also probed if DNA damage occurred in 3 0.14
the presence of ATCUN-C16 and zinc ions. In this case, a < —
pDNA hydrolytic activity of the Zn-ATCUN-C16 was not
evident also after 20 h of incubation at 3C; in contrast, (
an increase in the intensity of the gel top band was clearly - 7 N e
visible (data shown in Supporting Information). Thus, the = *2__. ="
zinc ions seem to enhance the interaction of the peptide 00 B . ) 30 ”
DNA during the time, but in the absence of the CuNi time (min)
ATCUN complex, which is known to bind the DNA minor ~ FIGURE 14: fHELrE:m%fl %fnX?Eﬂﬁé‘&e;ggg%nugzer?gie ;r:]éhe
H : : resence o -
groove €6), very long |_ncubat|on_t|mes are necessary to gscorbate at the molar ratio 1:1:1:5 at time 0 (K) and aﬁer 1.30 h
obtain a pDNA hydrolysis. In addition, the ssDNA-cleavage f incubation at 37C (B).
activity of the ATCUN-C16 peptide was analyzed by RP-
HPLC. A 47-mer oligonucleotide (1 nmol) was mixed with be done to establish the fine structure of the-Zu/Ni—
5 nmol of peptide, previously incubated in the presence of ATCUN-C16 complex. The structural characterization of the
copper and zinc ions at equimolar concentration. The addition peptide, performed by CD and NMR spectroscopies, reveals
of an excess of ascorbate induced a rapid degradation of thehat it shows a higher propensity to assume cahelix
oligonucleotide, as shown in the Figure 14. In fact, the RP- conformation in a hydrophobic environment than the natural
HPLC analysis of the solution after incubation in the presence peptide analogue does. In fact, the ATCUN-C16 peptide
of ascorbic acid shows a reduction in the intensity of the adopts amt-helix conformation from the Y6 to S16 residues
peak corresponding to the oligonulceotide and an increaseat 50% TFE v/v, and 25% of helix of the ATCUN-C16
in the injection peak probably due to the oligonucleotide peptide at the same conditions was estimated by deconvo-
degradation. lution of its CD spectrum. On the contrary, the Hst 5 and
C16 peptide show a similar percentage of tibelix only

DISCUSSION reaching the 90% TFE v/v1@). Moreover, anca-helical

Although the physiological role of the salivary histatin conformation was detected from Y6 to S16 (corresponding
peptides remains unclear, peptides of this class are widelyto 50% of the peptide length) in the 50% TFE mixture by
studied for their remarkable antimicrobial activity. Knowl- NMR spectroscopy. For ATCUN-C16, the data indicate the
edge of their multiple functions may not only result in an presence of a flexible helix. In fact, the deviation observed
understanding of the mechanism of the antimicrobial activity in chemical shifts and in coupling constants with respect to
of the peptides, but it may also be a starting point for the the random coil values are characteristic of arhelix
design of potent antimicrobial peptides with relevant thera- conformation, but the values are not as large as those
peutic applications. Moreover, the characteristic presence ofobserved in stable helical conformations. This indicates that
two metal-binding sites (in particular, the ATCUN motif, the structured ATCUN-C16 peptide conserves a residual
the cationic nature, and the high flexibility of the peptide flexibility that seems to be a peculiar structural characteristic
Hst 5) makes it a good model for either the design of new of the antimicrobial peptide Hst 5. Preliminary data on the
artificial nucleases or low molecular weight drugs. The antifungal activity, here reported, show that this peptide
delivery of metal ions to DNA is a common strategy for the presents as much candidacidal activity as that of the natural
hydrolysis of the phosphodiester bond. Thus, in the last years,peptide. This indicates that the stabilization of tiidelix
dinuclear metal complexes have been synthesized and studiedonformation is substantially not relevant to its antifungal
for DNA cleavage by double-strand cuttingt-48). We properties. These data are in agreement with the studies of
have synthesized the ATCUN-C16 peptide, which is shorter Brewer et al. 49), which designed a cyclic histatin peptide
than the Hst 5 and conserves both metal-binding motifs more potent than Hst 5 agairt cereisiae cells, concluding
present in the Hst 5. A characterization of the Ni/Cu binding that the improvement in activity could be almost certainly
of this peptide by several spectroscopic techniques has beerassociated to the stabilization of the bioactive conformation
presented here, although a detailed structural analysis will of histatin but that helicity was not an important factor for
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antifungal activity. In our case, the enhancement of the oxidative activity and to the hydrolytic activity due to the
structural stability was induced without placement of a zinc ion coordination. In fact, stable Zncomplexes are
disulfide bond, which produces a rigidity of the cyclic known to play an important role in phosphodiester cleavage
peptide; therefore, the mechanism of action of our peptide enzymes such as the Klenow fragment DNA polymerase |,
could be more similar to that of the Hst 5. Of note is that a which is responsible for hydrolytic cleavage of the phos-
further increase of the helix stability was induced by addition phodiester DNA backbone, and other hydrolytic enzymes
of the metal ions (Ni* and Zr#*) at equimolar concentration ~ containing ZA* in their active site §1—-52). Moreover, the

as observed in our CD and NMR studies, indicating that the advantage of having two metal centers has been recently
metal coordination can induce a significant difference in the demonstrated by using dicerium and dicopper complexes that
interaction of the peptide with other macromolecules. cleave both plasmid and linear DNA{—48). The results
Notably, the N#" bound to the ATCUN motif may have an  obtained on the cleavage of the pDNA with the restriction
impact on the peptide conformation that extends for 5 or 12 enzyme show the competitive DNA-binding ability of the
residues beyond the coordination site, as described for theATCUN-C16 and also suggest the possibility that this peptide
human protamine HR215 peptide %0), containing an is able to inhibit the interaction of the nucleic acids with
ATCUN motif and a Zn-binding site. Moreover, in this case, other proteins. Moreover, the ability of this analogue of the
the structuring effect of the metal coordination allows us to Hst 5 to bind the dsDNA and the ssDNA could be related to
locate all positively charged side chains on one side of the the proposed mechanism of the Hst 5 to induce the cell cycle
molecule facilitating the DNA binding to the minor grove arrest of theC. albicanscells at the G1 state. In fact, the
(50). Interestingly, another correlation between the helix intracellular expression of the Hst 5@ albicanscells was
content of synthetic peptides containing a Zn-binding motif correlated either to a rapid loss in the cellular volume or to
and nuclease activity was observéB)( Recently, in fact, the down-regulation of the expression in some proteins
reactive peptides have been desigednao so as to be involved in the cellular cycle53).

flexible with a modest hel|C|ty, Containing histidine residues In Conc|usion, the results reported here demonstrate that
for Zn** coordination, and to have a metallointercalator for the study of the interaction between metal ions and short
delivering both peptide and metal to the DNA backbd?®.(  peptides having important biological roles can be highly
In this specific case, an intercalator coupled witteanao- useful in designing new molecules with interesting properties

designedx-helix containing motif HXXXH has been shown  and wide applicability as laboratory tools and therapeutic
to cleave both supercoiled plasmid and linear DNA sub- agents.

strates, although the DNA cleavage in the presence &f Zn
ions was not site-specifi@g). The DNA-cleavage activity
and the helical content reached a maximum at a 1:1 molar
ratio of Zr#*, and a plasmid DNA hydrolysis was observed  The authors are very grateful to Laura Garlando for taking
(28). Our results indicate that the ATCUN-C16 peptide binds partin the initial stages of this work and to Francesca Polizio
the pDNA and in the presence of metal ions is able to induce for the EPR studies. We thank Gaio Paradossi for his help
cleavage of supercoiled pDNA. This nuclease activity was with the CD measurements and the use of his CD spectropo-
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further enhanced in the presence of the zinc ions due to thelarimeter.

Zn-binding region, which shows the higher propensity to
assume a helical conformation.

However, DNA-binding and nuclease activity of the
ATCUN-C16 peptide are also due to the ATCUN motif
present at the N-terminal of the peptide. In fact, the Ni/Cu
ATCUN peptide complexes were shown to bind and cleave
the DNA in the presence of co-reactants, such as mild
reducing agents, suggesting that these complexes cause DN
cleavage through a mechanism involving-€H oxidation
(20, 35, 45). Recently, it has been found that the ATCYUN
Ni.Arg-Gly-His metallopeptide has a selective minor-groove
binding and appears to be facilitated by the structure of the
A/T-rich regions (AATT) @6). The His imidazole and
N-terminal amino edge of the complex is inserted into the
minor groove, forming distinct hydrogen bondss). On the

basis of our results and the data reported in the literature, it

is possible to suppose that DNA binding of the dimetal
ATCUN-C16 complex occurs at the minor groove of the
dsDNA and that the binding of the zinc ions to the HEXXH
motif leads to a better exposure of the side chains of the
basic residues increasing the DNA-binding ability of the
peptide. The cationic nature of this peptide favors the
electrostatic interaction with the DNA backbone, enhancing
the nuclease effect of the two metal-binding motifs. The
nuclease activity of our peptide can therefore be attributed
to the synergistic action of the GWATCUN complex as

SUPPORTING INFORMATION AVAILABLE

Antifungal peptides activity against fungal strains deter-
mined by the broth microdilution method (Table 1). Two
tables containing théJcn, values and the'H and 3C
chemical shifts assignments of the ACTUN-C16 peptide in

1:1 TFE/HO solution at 25°C and pH 6.0 (Table 2 and

). CD spectra of the peptide with or without the plasmid
DNA (Figure 1). Electrophoresed agarose gels showing the
pDNA after cleavage with Smal in the presence of a peptide
(that shows low ability to bind the DNA (Figure 2)) and the
pDNA interaction with Hst 5 (Figure 3). Electrophoresed
agarose gels of the pDNA incubated with the-Z&ATCUN-

C16 complex (Figure 4) and with NIATCUN-C16 in the
presence of MMPP (Figure 5). X-band EPR spectrum of the
Cu—ATCUN-C16 complex is shown in the Figure 6. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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