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ABSTRACT. The salivary antimicrobial peptide histatin-5 is able to aggregate and fuse negatively charged
small unilamellar vesicles, and this fusogenic activity is selectively induced by the presence of zinc ions.
Circular dichroism spectroscopy shows that histatin-5, in the presence of negatively charged vesicles and
zinc ions, undergoes a conformational change leading to the stabilizatiomefi@ical secondary structure.

We attribute the specific action of the zinc ions to the presence of a consensus sequence, HEXXH, located
in the C-terminal functional domain of histatin-5, a recognized zinc-binding motif in many proteins. Two-
dimensional proton NMR spectroscopy of histatin-5 in a trifluoroethanol/water mixture (a membrane
mimetic environment) has been performed and the results analyzed by means of distance geometry and
restrained molecular dynamics simulations. Our results reveal that the peptide chain, including the Zn-
binding consensus sequence corresponding to residueld1 5 in a helicoidal conformation. Comparison

of the chemical shifts of the individual amino acids in histatin-5 with those recently reported in other
solvents indicates that trifluoroethanol/water has a structuring capability somewhere between water and
dimethyl sulfoxide. The mechanism of action of this antimicrobial peptide is discussed on the basis of its
structural characteristics with particular attention to the Zn-binding motif.

Antimicrobial peptides are molecular effectors of the innate ~ The histatins have a noticeable efficiency in their antimi-
nonimmune defense system existing in all animals?). crobial activity and have been shown to exhibit a remarkable
Human saliva is a source of numerous proteins and enzymesinhibitory effect at physiological concentrantion on the
in fact, the human parotid and the submandibufarblingual germination ofCandida albicang5, 9). Among the histatins,
glands are known to secrete many proteins and peptides thahistatin-5 has been reported to be the most efficient in killing
are electrophoretically distinguishable. Some of the salivary C. albicans(6). Raj et al. {0) demonstrated that the synthetic
proteins for which the primary structure is known include C-terminal 16-residue fragment of histatin-5 possesses the
the proline-rich proteins, such as the statherins, the cystatinssame candidacidal activity of the entire molecule and this
(3), and the histidine-rich proteins (histating), ). activity has been correlated to the propensity of this fragment

The histatins are a family of related cationic histidine- to assume, in a hydrophobic environment, a nonamphipathic
rich polypeptides of variable length. The primary structure o-helical structure. The mechanism of action of these
of the major family members (histatins-1, -3, and -5) has peptides is still unknown, and specific receptors for histatins
been determined and indicates that these peptides consist dfiave not been yet identified, but the cationic nature of
38, 32, and 24 amino acids, respectivehy. Many of the histatins suggests that their antimicrobial activity may be
smaller members of the histatin family are proteolytic dependent upon electrostatic interactions rather than the
products of Hstl and -36(-8). ability to introduce pores in biological membranes, as found
for other natural antimicrobial peptide$1(, 19.
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induced by zinc. We have correlated the selective action of (21). NBD-PE and Rho-PE were used as donor and acceptor
the zinc ions with the presence in the C-terminal region, the fluorescent lipids. Briefly, two populations of SUVs were
presumed functional domain of the histatins, of a structural made as described above, containing:80total lipid: one
motif [HisGluXXHis] found in Zn-proteases and Zn-binding was labeled with 2% (mol/mol) Rho-PE, and the other was
toxins (L3). This motif is conserved in all the major human labeled with 1% NBD-PE. Fusion was induced by adding
histatins and in the histatins isolated from the subhuman aliquots of peptide (1:57 uM) to a vesicle suspension (0.750
primateMacaca fascicularig14). The solution structure of ~ mL of each population, 5@M total phosphorus) directly in
histatin-5 in TFE/water mixtures, as determined by NMR the cuvette used for fluorescence determination, at@7
spectroscopy, reveals that the region comprising the Zn- The excitation wavelength was set at 475 nm, and emission
binding motif is helical and that zinc binding is likely to be was recorded at 530 nm. The fluorescence corresponding to
histidine mediated. the maximal fusion level was determined relative to the
fluorescence of a vesicle population (BM total phospho-
EXPERIMENTAL PROCEDURES rus) with identical lipid composition but containing 1.5%
Histatin Synthesis and Purificatiodistatin was synthe-  Rho-PE and 0.5% NBD-PE. Fluorescence experiments were
sized on a Synergy Peptide Synthesizer model 432A (Applied performed with an Aminco Bowman fluorescence spectrom-
Biosystems), which performs solid-phase synthesis with eter, equipped with a jacketted cuvette.
fluorenyl-9-methoxycarbonyl derivative$%—17). Cleavage Circular Dichroism Spectroscop¥D spectra were mea-
from the resin was achieved with a mixture of trifluoroacetic sured with a Jasco J 600 CD spectropolarimeter calibrated
acid and ion scavengers.The peptide was separated from resiwith camphorsulfonic acid. Spectra were recorded between
and precipitated from the cleavage mixture with metbyt- 200 and 250 nm using a path length of 0.1 cm, a time
butyl ether. The crude peptide was dissolved and lyophilized constant of 1.0 ,sa 2 nmbandwidth, and a scan rate of 2
for storage.The peptide was purified on a Beckman HPLC nm/min. A total of 4 scans were used for each experiment.
apparatus with an Aquapore RP-300 reversed-phase preparéafrhe average was correct by 4 scans of the solvent alone. A
tive column and a gradient of-860% (v/v) acetonitriie 0.1 cm sealed and thermostatically controlled quartz cell was
containing 0.2% trifluoroacetic acid. The eluate was moni- used for all CD spectra.
tored by absorbance at 220 nm. The elution time of the Mean residue ellipticity §urw in degcm?-dmol?) is
synthesized histatin-5 was the same as the histatin purifiedreported. The degree of helix formation was calculated as
from whole saliva. Purified peptide was freeze-dried and the ratio between the mean residue ellipticity observed at
stored at— 80 °C. Automated Edman degradation was 222 nm and the mean residue ellipticity expected for 100%
performed with an Applied Biosystems Model 473A pulsed- helicity, evalued by using the equation for the chain-length
liquid sequencer with on-line detection of phenylthiohydan- dependence of heliceg2):
toin amino acids.
Preparation of LiposomesSmall unilamellar liposome [0],0, = (fy — IkN)[O],”
sonicated vesicles made with EYPC and EYPA and having
an average diameter of 3@0 nm were made by the method where P],y,~ is the max mean residue ellipticity of a helix
of Huang (8). Phospholipids, dissolved in chloroform,were  of infinite length (-39 500 degcn?-dmolt at 222 nm) 23),
dried under a B flow. Buffer (50 mM Tris/HCI, pH 7.2)  f is the fraction of helix in the moleculéjs the number of
was then added to the thin film of lipids, and after hydration possible helical segments,is the number of residues, and
at room temperature, the suspension was vigorously vortexedk is a wavelength-dependent constant (2.57 at 222 nm). Thus,
The multilamellar vesicles obtained were sonicated in a in the peptide used in our study, of chain length 24 residues
Branson bath sonicator for 20 min, above their transition and with arfy of 0.83, the expected value of the mean residue
temeperaturel). ellipticity for 100% helicity was—28 555 degcn?-dmol2.
Aggregation Assayiposome aggregation was monitored The samples for circular dichroism experiments in TFE were
using 90 light scattering with an Aminco Bowman fluo-  prepared at concentrations of 50 and 180 histatin-5.
rescence spectrometer. Excitation and emission were both The spectra in the presence of cations were collected at
set at 400 nm. The initial scattering from the liposomes was concentrations of 5, 10, 50, and 18 ZnCl,, CaCh, and
set to zero, and the change in scattering intensity uponCucCl, both in 50 mM Tris-HCI buffer and in the presence
histatin-5 addition was monitored as a function of time. As of unilamellar liposomes (with a 1:15 peptide:lipid ratio).
described by Kerker 20) for particles that are small Nuclear Magnetic Resonance SpectroscofiMR studies
compared with the wavelength of light, the relative increase samples were prepared at a concentration of 10 mM in 90%
of scattered light due to aggregation will be equal to the massdeuterated 2,2,2-trifluoroethanol (Reidel-de-Haen) and 10%
average aggregate size. 0.1 M KClI solution. NMR spectra of histatin-5 (pH 3.6) were
Fusion AssayMembrane lipid intermixing was estimated run at 25°C on a Bruker AM 400 instrument operating at
by the method based on RET as described by Struck et al.400.13 MHz. Two-dimensional NMR experiments were
A oprovt D, croumr dioroem VSO, dimet suforid performed in the phase-sensitive mode using TRRB) for
reviations. L), cireuiar cicnroism, s dimethyl sulioxide, — quadrature detection in the indirect dimension. A total of
S0 Yok phosphatiycholne, CYPr: <09 YK PIOsBhalde. 515 increments were collected. The number of scans was
2,1,3-benzoxadiazolephosphoethanolamine; NOESY, nuclear Over-Optimized in order to obtain a satisfactory signal-to-noise
hauser enhancement spectroscopy; RET, resonance energy transferatio. TOCSY experiments were performed using a MLEV-
Rho-PE, tetramethylrhodamine-phosphoethanolamine; RMSD, root- 17 spinlock composite pulse sequen2g, (26 with a typical
mean-square deviation; NOE, nuclear Overhauser effect; SUVs, small ~ . ~. . ! . ! .
unilamellar vesicles: TFE, trifluoroethanol; TOCSY, total correlation Mixing time of either 30 or 70 ms in order to observe either
spectroscopy; TPPI, time proportional phase increment. direct or remote connectivities. NOE dipolar-correlated two-
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Table 1: Amino Acid Sequences of Salivary Histatins 400
Histatin 1: DSPHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDN gg 320 - —
Histatin 2: RKFHEKHHSHREFPFYGDYGSNYLYDN § g 240
Histatin 3: DSHAKRHHG YKRKFHEKHHSHRGYRSNYLYDN § b
Histatin 4: RKFHEKHHSHRGYRSNYLYDN <f 160
Histatin 5: DSHAKRHHGYKRKFHEKHHSHRGY §é‘ 80 f’M
Histatin 6: DSHAKRHHGYKRKFHEKHHSHRGYR " —
Histatin 7: RKFHEKHHSHRGY ’ 0 5 0 1 6 0 1 5 0 200
Histatin 8: KFHEKHHSHRGY Time (sec)
Histatin 9: RKFHEKHHSHRGYR Ficure 1: Time course of histatin-5-induced SUV aggregation
monitored by the change of 9light scattering as described under
Histatin 10: KFHEKHHSHRGYR Experimental Procedures. The change in scattering intensity of
Histatin 11: KRHHGYKR samples was monitored at different histatin-5 concentrationavi 4

(®); 7 uM (m); and 14uM (@).
Histatin 12: KRHHGYK

a3 represents a phosphoserine residue. 100
80+

dimensional spectra were obtained using NOE3W.(The = g0l
mixing times were 120, 240, and 320 ms. Data were )
processed on a microVax Il with the “TRITON” two- ® 40
dimensional NMR software written by Boelens and Vuister
of the University of Utrecht, The Netherlands (courtesy of 20
Prof. R. Kaptein). FIDs were multiplied by &/3 shifted 0

Ctrl Na® Ca’*Mg?'Cu’* Zn®*

sinebell apodization function in both dimensions.
A ; : Ficure 2: Effect of different cations on the ability of histatin-5 to
In all homonuclear two-dimensional experiments, a 1024 induce SUV fusion. Fusion was started by the addition fivf

x 1024 matrix in the phase-sensitive mode was thus obtained,statin-5 (Ctr), in the presence of 100 mM NaCl (Nar 1 mM
with a digital resolution of about 5 Hz/point. Base line caC}, (Ca*) or 1 mM MgCh (Mg?*) or 600uM CuCl, (Ci2+) or
correction was carried out in both dimensions using a fifth- 10uM ZnCl, (Zn?*). % RET was detected after 15 min incubation

order po'ynomial fit routine present in the same program. of liposomes as described under Experimental Procedures. In the
absence of histatin-5, the indicate concentrations of these ions

Structure Calculation from NMR Datétructure calcula-  jnguced less than 5% liposome fusion in 15 min.
tions were performed with the program X-PLOR using a
simulated anneallng prOtOCOlZ&). |nterpr0t0n distance Aggregation Assa)Aggregation Of“posoma] membranes

constraints were derived from the NOESY spectra. NOES \yas monitored by observing changes in the light scattering
were translated into upper limited distance constraints by at 400 nm at different EYPA concentrations. The maximum
visual inspection of their intensities, using the following degree of aggregation was obtained with 20% EYPA in the
than 0.3 nm; medium, lower than 0.4 nm; and weak, lower in Figure 1, the aggregation effect is obtained immediately

than 0.5 nm. Pseudoatoms were added to interproton distanc@gter the addition of the peptide. After the initial effect, the
restraints where necessary. A fully extended starting structureaggregation state remained constant.

was generated and subjected to 1800 steps of molecular
dynamics at 1000 K followed by 9000 cooling steps to 100
K. A 5 fs time step was used. Finally, 1000 steps of Powell
energy minimization were performed. Using this method, 50
structures were generated. All 50 structures were refined
through 12 000 cooling steps from 1000 K followed by 5000
steps of Powell energy minimization. Finally, structures with
NOE restraint violations greater than 0.5 A were discarded.

Fusion Assay Fusion of liposomal membranes was
monitored by observing changes in the RET between
fluorescent lipid probes when histatin-5 was added to vesicle
solutions. In the presence of SUVs with 20% (mol/mol)
phosphatidic acid (EYPC/EYPA 8:2), histatin-5 has a very
low fusogenic ability, but when 2 ions were added nearly
complete fusion was observed (Figure 2). On the basis of
these results and to probe the selectivity of zinc to induce
RESULTS membrane fusion, different cations @aCw*, Mg?*, Na")
were examined. Our results clearly show that zinc ions
Histatin Sequence AnalysiThe primary structures of  selectively induce fusogenic activity of histatin-5. In fact, at
several histatins are reported in Table 1. The amino acid a Zr** concentration of 1@M, the fusion activity linearly
composition of histatin-5 is rather polar with an elevated increases with the peptide concentration, reaching a maxi-
number of basic residues distributed over the entire lengthmum value of RET at a concentration ofgM histatin-5
of the polypeptide chain. In particular, seven histidins, four (Figure 3A). Figure 3B shows a typical time course of
lysines, and three arginines confer a net positive charge ofliposome fusion induced by ZM histatin-5, monitored by
+5 at physiological pH. On the contrary, a limited number RET. In the concentration range of histatin tested 1.5
of hydrophobic residues are present in the primary structure.uM), the fusion between liposomes occurred within the first
This amino acid composition does not confer an amphiphilic 30 s (with our experimental system it was impossible to
character to the molecule. follow faster events). After the initial burst, the RET
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Ficure 3: Histatin-5 induces liposome fusion in the presence of
ZnCl,. (A) Rate of fusion of EYPC/EYPA (80:20) liposomes as a
function of histatin-5 concentration, assayed by RET as described
in Figure 2. Fusion between vescicles was started by the addition
of 10 uM ZnCl; and histatin-5. The RET values were determined
after 15 min. (B) Time course of histatin-5-induced liposome fusion
monitored by RET at 37C in the same conditions as in Figure 2.
The fluorescence of samples containinggM histatin-5 @), 10

uM ZnCl, (a), or 7 uM histatin-5 plus 10uM ZnCl, (m) was
monitored at different times as described under Experimental
Procedures.

remained constant, indicating that (a) the effect was nearly
instantaneous and (b) the histatin redistribution after binding
to the membrane is a very improbable event, since this would
gradually cause fusion of the whole liposome population.
Under the same experimental conditions, neither histatin-5,
in a range of concentration (5 uM) in the absence of
Zn?t ions, nor 10uM Zn?* ions alone was able to induce
liposome fusion.

CD Spectroscopy The circular dichroism spectra of
histatin-5 in water solution or in water/2,2,2-trifluoroethanol
mixtures are reported in Figure 4. The dichroic profile
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Ficure 4: Circular dichroism spectra of histatin-5 as a function of
TFE concentration. The experimental conditions are reported under
Experimental Procedures. (a) GM histatin-5 in water at pH 3.6;

(b) 10% TFE; (c) 20% TFE; (d) 40% TFE; (e) 60% TFE; (f) 80%
TFE; (g) 90% TFE; and (h) 100% TFE.
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Ficure 5: CD spectra of histatin-5 as a function of Zn
concentration, in 50 mM Tris-HCI, pH 7.3, with 75M EYPC/
EYPA (8:2): (a) 5QuM histatin-5; (b) histatin-5 with &M ZnCly;
(c) with 10 uM ZnCly; (d) with 50 uM ZnCly; (e) with 100uM
chb.
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the presence of liposomes, with or without phosphatidic acid,
at a 1:15 molar ratio, a very slight tendency to produce a
CD profile which is characteristic of helical conformation
is seen. Addition of divalent cations (Zn C&", and Cd")

in the presence of liposomes, with neutral and charged
phospholipids, was also investigated in order to reveal the
effects of these cations on the conformation of this peptide.

indicates that the peptide assumes a random coil conforma- As shown in Figure 5 the addition of zinc to the complex

tion in water. Increasing the concentration of TFE caused a
substantial increase in negative ellipticity at 208 no—

qr* transition) and at 222 nm (a> z* transition), indicating

the formation of aru-helix. A gradual increase of the helix
content was observed with increasing TFE concentration. At
90% TFE v/v, the mean residue ellipticity was5420

of histatin-5 and SUVs, obtained from negatively charged
phospholipids, induces changes in the CD profile charac-
teristic of a helical conformational change, characterized by
the appearance of two minima at 208 and 222 nm. The effect
observed is specifically induced by Zncations. In fact, the
equimolar addition of other divalent cations such ag'Ca

degcn?-dmol, which allowed us to evaluate a degree of and C@* did not produce similar changes in the CD spectrum
helix corresponding approximately to 20% of the length of (data not shown). Moreover, the CD experiments indicate
the peptide chain. The mean residue ellipticity observed wasthat in the presence of zinc and liposomes from neutral
independent of the peptide concentration; in fact, the CD phospholipids the CD profile of histatin-5 does not change
signals at 15(:M histatin-5 in TFE were like that obtained  with respect to that obtained in the absence of zinc.
at 50 uM, indicating that the peptide was essentially ~ NMR SpectroscopyThe two-dimensional NMR experi-
monomeric. ments were carried out both in water and in a mixed solvent
The effects on CD spectra of the presence of SUVs were at the minimum TFE:water ratio where a defined structure
investigated in order to reveal the ability of these membrane was observed on the basis of the CD results. In the water/
models to induce conformational changes on histatin-5. In TFE mixture, a marked increase of the dispersion of
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5: ) Table 2: *H Chemical Shifts (ppm) of Salivary Histatin-5 in 90%
or o TFE at 25°C, pH 3.6
residue NH Fx Hps Hys Hos  others
Aspl 8.79 4.55
Ser2 8.14 452 4.07;4.0
His3 8.27 481 3.29;3.44 7.36 8.50
Ala4  8.08 4.34 1.56
Lys5 7.99 4.30 2.0;1.85 1.67¢3.14
Argé  8.09 4.32 2.0;1.98 3.3 €7.28
His7 8.30 4.72 3.47;3.38 7.41 8.54
His8 8.47 4.73 3.47 7.48 8.60
Gly9 861 4.12;4.06
Tyrl0 8.21 4.43 3.23 7.17
Lysil 8.10 4.13 1.86;2.02 1.68;1.56 1.86N7.80
€3.12
Argl2 8.11 4.26 2.05 1.87;1.78 3.35
Lys13 8.20 4.18 2.03 1.56 1.6%3.09
Pheld 8.65 4.27 3.23;3.13 7.17 7.28;6.89
Hisl5 8.48 4.56 3.57 7.57 8.63
Glulé 8.62 4.23 2.40;2.32 2.78;2.63
FIGURE 6: Fingerprint region (NH-CHo) of the NOESY spectrum Lysl7 839 4.18 2-03_ 1.57;1.47 1.7¢3.02
of histatin-5 in TFE solution at 28C. TheaN (i; i+1) connec- Hisl8 7.92 4.58 3.32;2.99 7.06 8.07
tivities are labeled. His19 8.14 4.77 3.45;3.32 7.41 8.58
Ser20 8.80 4.54 4.09; 4.04
. His21 8.37 4.79 3.44 7.47 8.60
resonances was observed in the NMR spectrum, clearly arg22 8.14 4.43 1.95:1.88 1.73 3.227.12
indicating the presence of different magnetic environments Gly23 8.05 4.08;3.91
typical of secondary structure. Tyre4 7.50 4.75 321, 3.09 717 6.89

Analysis of two-dimensional NMR spectra led to the @ Chemical shifts were determineeD.02 ppm relative to the proton
complete assignment of the resonances of the spin systemdsonance of kO at 4.8 ppm.
This result was achieved by TOCSY experiments at different

1 5 10 15 20 24

isotropic mixing times to reveal direct and remote connec- DSHAKRHHGYKRKFHEKHHSHRG Y
tivities. The spin systems of the NH resonances were dex ;i) v s by e —
observed with few interferences and overlaps. BN (i i) — — —

The analysis of the NOESY spectrum of histatin-5 led to ax~ d; 1) —_—_— - — e —

the sequence-specific assignment of the peptide, from residuea ; i —_
1 to residue 24, following the through-space dipolar con- 4. ;w3

nectivity (NOE) of protons between sequential residues. The dop (s 1) —_—
aN (i; i+1) sequential assignments were obtained following p—
the dipolar connectivities observed at different mixing times R

as reported under Experimental Procedures. The aromatic
residues comprising seven histidines, one phenylalanine, and™™"
two tyrosines were completely assigned following both the 4=~ @ i+ —_—
scalar connectivities and the NOEs between protons of rings o i
and B protons of the side chain. As a starting point, the FIGURE7: Summary of NOE connectivities found in the NOESY
L spectra of histatin-5 in TFE solution together with related intensities
connectivity between the Gkof Glu-16 and the NH of Lys- 14 elements of secondary structure found. The thickness of the
17 was chosen. In fact, Glu-16 is unique in the sequencepars indicates the NOE is strong, medium, and weak, respectively.
and well recognizable as a spin system in the TOCSY
spectrum from its chemical shift values. Many parts of the  The (; i+3) connectivities are usually considered diag-
sequential assignment were confirmed by obseryig  nostic for the presence of anhelix conformation 29). In
(i; i+1) connectivities. our case, thas (i; i+3) contacts indicate such a helical
In the fingerprint region, the spectral dispersion of the NH conformation from Ser-2 to Gly-9 and from Lys-11 to His-
resonances is rather narrow with respect to that usually 15, while in the region 1619 the large number of NOEs
observed for highly structured proteins. This indicates that indicates a narrower helicoidal radius and a closer confor-
histatin-5 has a limited extent of secondary structure. This mational folding than in ano-helix conformation. The
spectral region, which contains NOE connectivities between absence ofxN (i; i+3) and {; i+4) NOE contacts in the
CHo and NH resonances, is shown in Figure 6 together with region 2-9 may be accounted for either by the weakening
the indication of some steps for sequential assignments. Theof the NOE, due to local conformational mobility, or by the
complete assignment of the resonances contained in the NMRchemical exchange of NH protons due to a higher exposure
spectrum as well as those due to aliphatic protons is reportedio the solvent. Also, contacts between aromatic side chain
in Table 2. protons and protons of other residues have been observed
Results leading to the solution structure of histatin-5 in a in the NOESY, for example, between the ring protons of
water/TFE mixture are summarized in Figure 7. In this Tyr-10 and Ch of Gly-9. Attempts to read with some
scheme, the NOE contacts observed are reported togetheaccuracy the3Jywn. coupling constants failed, due to
with an estimation of the relative intensities. resonance broadening induced by solvent viscosity.

(i3 i+2) —_—
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within the presumed C-terminal functional domain. This
sequence has not been recognized in any other antimicrobial
peptide so far characterized and highlights the novelty of
histatins as antimicrobial agents.

This short sequence is a recognized zinc-binding motif
present in numerous proteins including adamalysins, me-
trixins, collagenasis, tetanus toxin, and otheB®).( Our
experiments clearly demonstrate that the ability of histatin-5
to fuse SUVs with negatively charged phospolipids is
selectively induced by the presence ofZions. The ability
of this peptide to interact with the metal, as reported above,
‘ may be due to the presence of the specific motif. We have
analyzed the secondary structure of histatin-5 in TFE/water
solution, by NMR spectroscopy, so as to determine the
conformation of the hypothetical zinc-binding motif in a
membrane-like environment. The solvent-induced secondary
structure led us to the identification of two helical tracts,
one from residue Ser-2 to residue Gly-9 and the other from
His-11 to His-19. The C-terminus of the second helical tract
is less well-defined than the tract N-terminus. In fact, from
Glu-16 to His-19, strong NNifi+1) contacts and fewN
(i; i+2) andoN (i; i+3) contacts can be observed. There is
an absence aif (i; i+3) andaN (i; i+4) contacts. We have
performed a comparison between our structure and the
structure determined in DMSO by Raj et &3]. In the latter
case, the peptide appears completely unstructured,®' H
FIGURE 8: Superposition of converged backbone conformations of D-O solution while it is completely helical structured in
histatin-5 (RMSD <1 A), deduced from restrained molecular DMSO. Following Sykes34), we have calculated the ratio
o o S o P s o opei ) Deteen he chemical shiftof @lprtons of the more
Zﬂze(B)p(oeste view and top view, respectively); f?fmily of 10 Structured form to the Iess _structured one '(DMSO/TFE/
conformations superimposed from residue 10 to residue 19 is HZO)The results obtained indicate that the ratio between the
reported in (C) and (D) (edge view and top view, respectively). chemical shift of the Cld resonances is parallel with the

exception of three residues. The Glesidues of Gly-9 and

The final structure calculations involved 146 NOE distance His-19 are shifted upfield while that of Lys-11 is more
restraints, of which 46 were sequential and 18 were medium-gownfield shifted in DMSO than in TFE/water. This clearly
range (less than i+5). No hydrogen bond restraints were  confirms the findings obtained from our NMR data indicating
included in the structure calculation. Distance geometry and g preak in the histatin-5 secondary structure between residues

subsequent refinement by molecular dynamics were per-gjy-9 and Lys—11. This result is also in agreement with
formed following the procedure reported under Experimental the helix-breaking character of the Gly residue.

Procedures. The results indicated that, under the experimental The higher mobility found in our peptide structure with
conditions employed, histatin-5 has internal mobility between respect to that determined in DMSO can be explained
Gly-9 and Lys-11. For this reason, the N-terminal and considering the lipophilic and aqueous nature of our system
C-terminal regions of the molecule have been treated (TFE/water). In fact, an increase of helix content was
separately. The two structures obtained are reported in Figuregpserved in CD spectra, when histatin-5 was solubized in
8. 100% TFE (Figure 4).
DISCUSSION Moreover, our (_ZD results clearly indicate that in th_e
presence of negatively charged membranes, the C-terminal
A complete understanding of the structufanction region of the histatin, containing the zinc-binding motif,
relationships of active peptides has remained elusive owingundergoes secondary structure stabilization when zinc ions
to the intrinsic flexibility of small peptides and the large are added. This result is similar to that obtained by Huang
number of conformations that can exist for linear peptides et al. 35), who studied the interactions of theSA—40
in solution. There is now good experimental evidence that amyloid peptide with zinc ions and found that solvents able
short linear peptides and protein fragments can assumeto promote a-helical conformations favor peptideinc
organized local structures in mixed solvent systems with dual interactions. NMR experiments are in progress to better
lipophilic and aqueous nature such as TFE/water mixtures characterize the conformational change that histatin-5 un-
(30, 3). The molecular characterization of these local dergoes in the presence of zinc ions, in a membrane-like
structures could be of fundamental importance in under- environment.
standing the mechanism of action of numerous antimicrobial The importance of the histidine residues present in the
peptides secreted into the biological fluids. presumed functional domain of histatin-5, to retain its
In the current study, we have focused our attention on the antimicrobial activity, has been recently demonstrated by
sequence motif HEXXH present in the antimicrobial salivary mutagenesis experiment36j. In this work, Driscoll et al.
peptide histatin-5, and conserved in all major human histatins, expressed a variant histatin in which all the histidines, at
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positions 15, 18, 19, and 21, were converted to glycines andfragment of histatin-5 was as active as the whole peptide
determined that this mutant peptide was less effective in itself. In fact, the loss of the first 8 amino acids does not
killing C. albicans blasticonidia compared to the native abolish the cationic nature of the peptide.

histatin-5. Furthermore, Zhuo et aB7) have demonstrated In conclusion, the peculiar structural and functional
that duplication of the functional domain with recombinant characteristics of histatin-5 with respect to other antimicrobial
histatin-3 enhanced candidacidal activity. Proposed mecha-peptides were examined in detail by several spectroscopic
nisms of action of the antimicrobial peptides have consideredtechniques. Our results reveal that the action of this
the ability of these molecules to interact with the membrane antimicrobial peptide is likely mediated by the presence of
of the pathogen microorganisms. The peptideembrane zinc ions, although further evidence will be required to
interaction has been correlated to the amphipathic characterconfirm and refine the precise mechanism of action.

and to the ability of the peptides to assume ahelical

secondary structure in solution, thereby altering the mem- ACKNOWLEDGMENT
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