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Abstract

Many drugs are available for the treatment of systemic or superficial mycoses,
but only a limited number of them are effective antifungal drugs, devoid of
toxic and undesirable side effects. Therefore there remains an urgent need for
anew generation of antifungal agents.

The present work concerns the synthesis, the antifunga activity and the
biophysical characterization of a set of linear and cyclic peptides (AMTL,
cyclo-AMT1, AMTZ2, cyclo-AMT2, AMT3, cyclo-AMT3) including
aminoacids characteristic of membrane-active antimicrobial peptides (AMP).
The peptides were tested against different yeast species, and displayed general
antifungal activity, with a therapeuticaly promising antifungal specificity
against Cryptococcus neoformans.

To shed light on the role played by the membrane cell in the antifungal
activity an extensive biophysical study was carried out using different
spectroscopic techniques. Our structural investigation provides data to exclude
the ability of the peptides to penetrate the membrane of the fungal cell,
highlighting their attitude to interact with the external surface of the bilayer.
Taken together our data support the hypothesis that the membrane cell of the
fungi may be an important platform for specific interactions of the synthesized

peptides with more specific targets involved in the cell wall synthesis.

Viral fusion glycoproteins present a membrane-proximal external region
(MPER) which is usually rich in aromatic residues and presents a marked
tendency to stably reside at the membrane interfaces, leading, through
unknown mechanisms, to a destabilization of the bilayer structure. This step



has been proposed to be fundamental for the fusion process between target
membrane and vira envelope. In present work, we investigate the interaction
between an octapeptide (C8) deriving from the MPER domain of gp36 of
Feline Immunodeficiency Virus and different membrane models by combining
experimental results obtained by Nuclear Magnetic Resonance, Electron Spin
Resonance, Circular Dichroism and Fluorescence Spectroscopy with
Molecular Dynamics simulations. Our data indicate that C8 binds to the lipid
bilayer adsorbing onto the membrane surface without deep penetration. As a
consequence of this interaction, the bilayer thickness decreases. The
association of the peptide with the lipid membrane is driven by hydrogen
bonds as well as hydrophobic interactions that the Trp side chains form with
the lipid headgroups. Notably these interactions may be the key to interpret at
molecular level the function played by Trp residues in al the fragments of
viral envelope involved in fusion mechanism with target membrane.



Chapter 1

I ntroduction

Fungal infections are a persistent major healthblpra, especially for
immunocompromised patients. Invasive fungal infewi can be life-
threatening for neonates, cancer patients receidhgmotherapy, organ
transplant recipients and patients with acquirechimodeficiency syndrome
(AIDS). Many fungal infections are caused by oppoistic pathogens that
may be endogenous or acquired from the environmealyding Candida,
Cryptococcus, and Aspergillus. Cryptococcosis, which is caused by the
encapsulated fungu€ryptococcus neoformans, has been lethal for HIV-
infected patientsCryptococcus infects pulmonary organs and can disseminate
widely, most commonly to the brain and skir3)

Although it appears that many drugs are availaloe the treatment of
systemic or superficial mycoses, there are onlynédd number of effective
antifungal drugs, many of them toxic and having esidble side effects.
Furthermore, resistance development and fungistaticer than fungicidal
activities represent limitations of current antfanh therapy4-6) Therefore
there is an urgent need for a new generation duagil agents®)

Cationic antimicrobial peptides (CAPs) have beamtbin almost all species
of eukaryotic organisms and are recognized as vo&uonarily conserved
components of their innate immune system that defére host against
microbes through membrane or metabolic disrup®nA distinguishable
advantage of CAPs over conventional antibioticth&t they do not provoke
immune response8)(Regardless of their origin and biological effiga€APs

share common features. They are short peptidesl{ysretween 3-50 amino
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acid residues), which include a large content giddamino acids and a global
distribution of hydrophobic and hydrophilic residueDue to the high
frequency of amino acid residues, suchRaandK in their sequences, they
carry an overall positive charge in the physiolagipH range, which is of
great importance for their interactions with theyaté/e charges of bacterial
cell membranes3) CAPs adopt an amphipathic conformation at polar-
nonpolar interfaces with a hydrophobic domain cstivgy of honpolar amino
acid residues on one side and polar or chargediuesion the opposite.
Because of these physicochemical characteristié®sChave a tendency to
accumulate on the negatively charged microbialas@$ and membranes.
Electrostatic interactions cause the accumulatfdhecationic peptides at the
negatively charged bacterial membrane, and hydtuphimteractions drive
their insertion into the lipid bilayedQ)

Each CAP has a unique pattern of activity againsréety of Gram-positive
and Gram-negative bacteria, yeasts, fungi and es(ld) While the
antimicrobial peptide cecropin A is only active exga Gram-positive bacteria,
(12) MG 2 and dermaseptin show activity against bgies of bacteria as
well as fungi,13),(14) and the membrane-lytic peptide MEL attacks both
prokaryotic and mammalian cell$5)

Small CAPs rich in particular amino acid residuas;h asR, W, andP have
gained high interest as lead compou@isf0). They are usually found as
small antimicrobial motifs of much larger naturabngpoundsZl) The
mechanisms of interaction of small and conformatilynconstrained peptides
with cellular membranes, as well as the key factbes provide bacterial
specificity for these peptides, are much less weiderstood42) The
mechanisms of action for antimicrobial peptides aret completely

understood, but in most cases their biologicalot$fare believed to involve
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membrane disruption of the target cel§,(23-30) The proposed mechanism
requires positively charged aminoacids to associatie negatively charged
microbial membranes, causing the peptides to adogiobally amphiphilic
helical conformation at the membrane—water intexfdde ensuing membrane
disruption can lead directly to cell lysis and de@l, 32) or membrane
permeabilization may allow peptide molecole to regtracellular targets3g,
34) AMPs have gained attention as potential antifuraggents because their
activity is not associated with resistance phenanebevelopment of
resistance by sensitive microbial strains agaimsseé AMPs is less probable,
because AMPs exert their action by forming multimgyores in the cell
membranes, leading to cell lysBg} or interaction with the RNA or DNA
after penetration into the ceBf) Thus, among others, sm&l\-rich peptides
with improved toxicity against bacteria are intéireg candidates to study the
structural motifs and forces responsible for selggtand may pave the way
to develop new therapeutics with potent activityaiagt multi-resistant
bacteria.

Linear and cyclic RRWWRF, dubbed AMT1 and cyclo-AMTrespectively
(Figure 1), were recently indentified from a synibh@&ombinatorial library as
new antimicrobial peptide§(-39) exerting their action by inducing curvature
strain, permeation or disintegration of the tangetmbranel8, 37) Starting
from AMT1 and cyclo-AMT1 sequence, we synthesis@dTR, cyclo-AMT2,
AMT3 and cyclo- AMT3 (Figure 1) including one andd more His residues
than the AMT1 analogues, respectively. The imidazolg characteristic of
His side chains was designed in the attempt toecdof AMTZ2, cyclo-AMT?2,
AMT3 and cyclo-AMT3 antifungal activity analogous the imidazole ring of
the azole antifungal compounds. The azole antifuagents, containing either

two or three nitrogens in the azole ring, are cutyethe most widely used and
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studied class of antifungal agents; they preventt®sis of ergosterol, a major
component of fungal plasma membranes, by inhibitirggcytochrome P450-

dependent enzyme 14a-sterol demethyld8eld)

AMT1 AMT2 AMT3

HaN. NH H2N. NH H:N. NH N,N NH," HaN. NH HNYNN
N
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Figure 1 Chemical structures of AMT peptides.

The aim of this work is to verify the antifungaltiagy of linear and cyclic
peptides synthesized and to investigate the rolepeptide-membrane
interactions in antimicrobial activity.

The antifungal activity was evalueted by in vitesit

Then, the ability of our peptides to interact wiitle surface of the fungal cell
was monitored by fluorescence microscopy, usingifipally labelled AMT
peptide.

To investigate the role of peptide-membrane inteyas in the biological
activity, biophysical investigation was carried @atsed on multiple analytical
techniques including fluorescence spectroscopy, théesmal titration

calorimetry, circular dichroism (CD), and nucleaagnetic resonance (NMR).



Chapter 2

Experimental section

2.1 Peptide synthesis

2.1.1 Solid-phase peptide synthesis and purification

Peptides of Figure 1 were synthesized with a marm#th synthesizer
(Agitatore orbitale Mod. KS 130 basic IKA, STEROGESA, Perugia lItaly)
using a Teflon reactor (10mL), applying the Fmouo/t8olid phase peptide
synthesis (SPPS) procedure, together with thevimtig side chain protecting
groups: Arg, Pbf; His, Trt; Trp, Boc. (Chan, W.; Wéh P. Fmoc Solid Phase
Peptide Synthesis; Oxford University Press:Oxf@@n0.)

AMT1, AMT2 and AMT3 were synthesized with a Wangsire (0.6—1.0
mmol/g, 0.2 g) that was swelled with N,N-dimethyifmamide (DMF) (1
mL/100 mg of resin) for 3 h before use. The Wargynr€0.6—1.0 mmol/g, 0.2
g) was treated with N-Fmoc amino acid derivativiesiffold excess), which
were sequentially coupled to the growing peptidatiusing O-benzotriazole-
N,N,NO ,NO-tetramethyl-uronium-hexafluoro-phosphai@BTU) (fourfold
excess) in DMF and N,N-diisopropylethylamine (DIPEg&ightfold excess).
The coupling reaction time was 2 h. After depratettof the last N-Fmoc
group, the peptide resin was washed with methambldsied in vacuo to yield
the protected peptide-bound Wang resin. The degtextepeptide was cleaved
from the resin by  treatment  with trifluoroacetic  idac
(TFA)/H2O/phenol/ethanedithiol/thioanisole (reagéft (82.5:5:5:2.5:5 v/v)
at a ratio of 10 mL to 0.5 g of resin at room terap@e for 3 h. After

filtration of the exhausted resin, the solvent wascentrated in vacuo, and the
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residue was triturated with ether. Cyclo-AMT2, ©o#MT1 and cyclo-
AMT3 were synthesized using a 2-chlorotrityl chiteriresin. The first N-
Fmoc amino acid (0.6—1.2 equiv relative to therrdsr 2-chlorotrityl resin)
and DIPEA (4 equiv relative to amino acid) were sdiged in dry
dichloromethane (DCM) (approx. 10 mL per gram odimg containing, if
necessary, a small amount of dry DMF (enough tditiate dissolution of the
acid). This was added to the resin and stirred3®+120 min. After stirring,
the resin was washed with 3X DCM/MeOH/DIPEA (17)2:3 X DCM, 2X
DMF and 2 X DCM. Other N-Fmoc amino acids (fourfotdcess) were
sequentially coupled to the growing peptide chaicoeding to the Fmoc/tBu
solid phase peptide synthesis (SPPS) procedure. fihkhé cleavage with
AcOH/MeOH/DCM (1:1:8) resulted in protected pepside

For fluorescence microscopy study we synthesizedoeAMT2 and cyclo—
AMT3 including Dap (I-diamino propionic acid) aminoacid in substiturtiof
Trp. cyclo-AMT2 and cyclo-AMT3 withDap aminoacid were synthesized
according to the solid phase synthesis methodsgusmoc-Dap(NBD)-OH
This was obtained by alkylating the free amino grofi No-Fmoc, I-diamino
propionic acid (Fmoc-Dap-OH) with NBD chloridd5j

2.1.2 General procedurefor cyclization

A solution of the linear protected peptide (0.03 otynin dry DMF (6.5 mL)
was added at room temperature to a reaction flastaming a solution of N-
hydroxybenzotriazole (HOBt) (3 equiv, 12 mg, 0.0éhal), HBTU (3 equiv,
34 mg, 0.09 mmol) and DIPEA (5 equiv, 0.26 mL, 6ol) in dry DMF (1
mL) using a syringe pump. The solution was addedatd of about 0.01
mL/min. Once the addition was complete, the mixtwes stirred for 24 h at

room temperature. The reaction mixture was conat¥dr under reduced
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pressure, and the residue was dissolved in etleghtec (ACOEL). The organic
phase was washed twice with 5% aqueous sodiumboicate (NaHCG),
dried over sodium sulfate (M&Qy), and filtered. The solvent was removed by
reduced pressure, and the crude residue was pubyi¢lash chromatography
on silica gel (CHG/MeOH from 99:1 to 90:10) to yield the protectectlay

peptide as a glassy white solid.

2.1.3 Side-chain deprotection

The protected cyclopeptide (0.02 mmol) was treatgd 10 mL of a solution
of TFA/triisopropylsilane (TIS)/H20 95:2.5:2.5 atam temperature. After 24
h, the reaction mixture was evaporated in vacud,the residue was dissolved
in 5 mL of 3 N aqueous hydrogen chloride (HCI). Tdopueous phase was
washed twice with diethyl ether (Et20) and concaett in vacuo, yielding

the side chain-deprotected cyclopeptide as a hidvade salt (quant.).

2.2  Peptide characterization

2.2.1 Peptide purification

All peptides were purified by preparative revergdthse high performance
liquid chromatography (HPLC) using a Jupiter [Phaeaex, Anzola Emeilia
(BO), Italy] C18 column (25 _ 4.6 cm, 5 |, 300 Arpasize). The column was
perfused at a flow rate of 3 mL/min with a mobileage containing solvent A
(0.1% TFA in water). A linear gradient from 50%36% of solvent B (0.1%
TFA in acetonitrile) for 40 min was adopted for pdp elution. The pure
fraction was collected to yield a white powder aftgophilisation. After
purification cyclo-AMTL1, cyclo-AMT2 and cyclo-AMT3wvere obtained in
35%, 45% and 68% overall yield, respectively. Thaelaoular weight of the

compound was determined by mass spectral analysis.
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2.2.2 Mass spectral analysis

Peptide fragments were characterised using a RnnigCQDeca ion trap
instrument equipped with an electrospray sourceQLI@eca Finnigan, San
Jose, CA, USA). The samples were directly infusgd the ESI source using
a syringe pump set at a flow rate of 5 IL/min. Tdeta were analysed with
Xcalibur software.

2.3 Antifungal tests

2.3.1 Yeast isolates

To verify the existence of antifungal activity ttemtifungal assays were
performed using different yeast species.

One-hundred and thirty-five yeast clinical isolabesonging to fiveCandida
species (2@andida albicans, 20 Candida glabrata, 20 Candida parapsilosis,
20 Candida tropicalis and 20 Candida krusei) and 35 isolates of C.
neoformans were tested. Th€andida isolates were obtained from clinical
specimens of blood, urine, vaginal fluid and spuytuwwhereas the C.
neoformans isolates were all recovered from blood and ceghirnal fluid
specimens. We also included two referencen€formans strains, H99 and
the acapsular ATCC 52817. Isolates were identifeedhe species level by
standard methods and stored as glycerol stock80afCG. Prior to testing,
isolates were grown on Sabouraud dextrose agargKitadua, Italy) for 48 h
at 30 °C. C. parapsilosis ATCC 22019 andC. kruseC& 6258 were used as
quality control strain.(Clinical and Laboratory Standards Institute (CLSI),
Reference Method for Broth Dilution Antifungal Septibility Testing of
Yeasts; Approved Standard, 3rd ed.; CLSI documeB7-M3. (ISBN 1-
56238-666-2) Clinical and Laboratory Standardsitimst, 940 West Valley
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Road, Suite 1400, Wayne, Pennsylvania 19087-1898, 2808).

2.3.2 Susceptibility testing assays

Susceptibility testing of the yeast isolates to #méifungals amphotericin B
and fluconazole and to the six investigated peptidas performed by the
broth microdilution method, as descrive in the €lh and Laboratory
Standards Institute (CLSI) M27-A3 document48 withfinal inoculum
concentration of 1.5 (+1.0) x103 cells/mL in RPM34D medium buffered to
pH 7.0 with morpholinepropanesulphonic acid. Stathdgowders of
amphotericin B and fluconazole were obtained froheirt respective
manufacturers. For each drug, trays containingn@L1of the serially diluted
drug solution (2x final concentration) in each wekre inoculated with 0.1
mL of each diluted yeast inoculum suspension amd thhcubated for 48 h
(Candida species isolates) or for 72 h (Goformans isolates) at 35 °C. The
final concentrations of the standard antifungalgdruanged from 0.03 to 16
lg/mL for amphotericin B and from 0.125 to 64 Ig/rfdr fluconazole, while
those of the peptides ranged from 1 to 512 Ig/mie Tinimum inhibitory
concentration (MIC) endpoint was defined as theelstwconcentration of drug
that produced a prominent decrease in turbidi0®o reduction in growth)

compared with that of the drug-free growth control.

2.3.3In vitro test (fluor escence microscopy)

Candida albicans strains ATCC 90028 and MYA-2876 were grown forti7
in 10 ml YPD-broth at 28 °C to obtain mid-logarititnphase organisms and
washed three times, then diluted in 10 mM Tris, ¥ to a concentration of
1x10 cfu/ml. 100ul samples of theC. albicans suspensions were incubated

for 5 min on ice together with dl of cyclo-AMT1 or cyclo-AMT3 (2 mg/ml).
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The pellets were washed three times in 10 mM Piis7.4. Cell FIX (Becton
Dickinson Catalogue No. 340181) was added (to a fmoncentration of 4%
formaldehyde) and the yeast cell pellets were iatedb15 min on ice and then
45 min in room temperature. Ethanol washed glas®rcelips were coated
with 0.25 ml of poly-lysine (0.2 mg/ml dissolved wsater), dried and then
washed with distilled water. The samples were agthéo the poly-lysine
glasses for 30 min and mounted on microscope sfate@sual inspection. A

Nikon Eclipse TE300 inverted fluorescence microgcos used.

2.4 Spectroscopic analysis

2.4.1 Circular dichroism (CD)

The samples for CD experiments in micelles of SD&ewprepared by
dissolving an appropriate amount of peptide (0,14)nm a SDS micelle
solution (=0.08 mol Kg). All CD spectra were recorded using a JASCO J810
spectropolarimeter at room temperature and witklapath length of 1 mm.
CD spectra were acquired at 25 °C using a measumterapge from 190 to
260 nm, 1-nm band width, four accumulations, andnd®min scanning
speed. Spectra were corrected for solvent contoibufor an estimation of
secondary structure content, CD spectra were athlysing the SELCONN
algorithm from the DICHROWEB websitdf)

2.4.2 Fluor escence titration measur ements

Fluorescence measurements were performed at 300sikg uta LS 55

Luminescence Spectrofluorimeter (Perkin Elmer). €keitation wavelength
was 280 nm and emission spectra were recorded éet@@0 and 400 nm, at

exitation slit width 5nm and emission slit widtfb2Zim, scan speed 50nm/min.
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The titrations with SDS were performed by addingasuged amounts of a
phosphate buffer solution (pH 7;10 mM) containihg peptide (3x18 M)

and the surfactant at a concentration well aboeecthc to a weighed amount
of a phosphate buffer solution of the peptide & #ame concentration,
initially put into the spectrofluorimetric cuvettén this way, the surfactant
concentration was progressively increased, whike plptide concentration
remained constant during the whole titration. Aach addition there was a

10-min wait to ensure equilibrium had been reached.

2.4.3 Isothermal Titration Calorimetry (ITC)

Small unilamellar vesicles (SUVs) of average size 30 nm, composed of
POPC/POPG (3:1, mol/mol) and of POPC/POPG/POPHEI1(2tiol/mol/mol)
were prepared as follows. The desired amount of @®@Pchloroform was
dried under a stream of nitrogen and then overnighder high vacuum. POPG
in chloroform was added and the lipid mixture wastexed and thendried as
described for POPC. The desired amount of buffes wdded and the
dispersion vortexed. The multilamellar vesicleseveonified for 25 min under
a stream of nitrogen (Branson sonifier S-250A epego with a disruption
horn, 200 W) until an almost clear dispersion oflamellar vesicles was
obtained.

The diameter of the small unilamellar vesicles (SYwWas measured by DLS
(Nano Series NS, ZEN3600, Malvern Instruments Lil) and their average
size was about 30 nm at all pH values.

For the ITC measurements the peptides were satetiiin buffer solution and
the prepared samples were monitored on a Uvikon $6MEBEL
Instrumentelle Analytik, Germany) with the buffgrestrum as a reference. A

1 cm cuvette was used (Hellma, Jena, Germany).ideepbncentration was
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determined from the absorption measured at 280 nm.

Isothermal titration calorimetry was performed w#hVP ITC instrument
(Microcal, Northampton, MA). The cell volume wagell = 0.203 ml. The
peptide solution and lipid dispersion were degassader vacuum and
equilibrated at the experimental temperature formili® before filling the cells
and syringe. The heats of reaction were correctiéld twe heat of dilution of
POPC/POPG titrated into buffer.

Raw data were processed using the Origin softwanaged by Microcal.

2.4.4 Nuclear M agnetic Resonance (NMR)

NMR experiments were performed in sodium dodecylptsate (SDS)
solution. The samples for NMR experiments in mgelbf SDS were prepared
by dissolving an appropriate amount of peptide (@M) in a SDS,5 micelle
solution (=0.08 mol kg).

NMR spectra were collected using a Bruker DRX-608ctrometer at 300 K.
One-dimensional (1D) NMR spectra were recordeché Rourier mode with
quadrature detection. The water signal was suppddsg low-power selective
irradiation in the homo-gated mode. DQF-COSY, TOC&Nd NOESY47-
49) experiments were run in the phase-sensitive masiag quadrature
detection inw, via time-proportional phase increases of theahjiulse. Data
block sizes were 2048 addresses;iand 512 equidistant values. Prior to
Fourier transformation, the time domain data mesievere multiplied by
shifted siff functions in both dimensions. A mixing time of &G was used
for the TOCSY experiments. NOESY experiments warewith mixing times
in the range of 100-300 ms. Qualitative and quating analyses of DQF-
COSY, TOCSY, and NOESY spectra were achieved usSRARKY

software.50)
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2.45NMR structure calculations

Peak volumes were translated into upper distancedowith the CALIBA
routine from the CYANA software packadel] The requisite pseudoatom
corrections were applied for non-stereospecificallgsigned protons at
prochiral centers and for the methyl group. Aftescdrding redundant and
duplicated constraints, the final list of experinarconstraints was used to
generate an ensemble of 100 structures by the astar@@Y ANA protocol of
simulated annealing in torsion angle space impleéetefusing 6000 steps).
No dihedral angle or hydrogen bond restraints wagsplied. The best 20
structures that had low target function values 389) and small residual
violations (maximum violation = 0.38 A) were reftheby in vacuo
minimization in the AMBER 1991 force field usingettsANDER program of
the AMBER 5.0 suite52, 53) To mimic the effect of solvent screening, all net
charges were reduced to 20% of their real valuesrebler, a distance-
dependent dielectric constargt £ r) was used. The cut-off for non-bonded
interactions was 12 A. NMR-derived upper boundsewienposed as semi-
parabolic penalty functions, with force constanfs16 Kcal/mol &. The
function was shifted to be linear when the violatexceeded 0.5 A. The best
10 structures after minimization had AMBER energesging from -441.4 to
-391.1 Kcal/mol. Final structures were analyzedngisithe Insight 98.0

program (Molecular Simulations, San Diego, CA, USA)
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Chapter 3

RESULTS

3.1 Antifungal activity

The Minimum Inhibitory Concentrations (MICs) of gEjes AMT2, cyclo-
AMT2, AMT1, cyclo-AMT1, AMT3 and cyclo-AMT3 were dermined using
a standardised microbroth dilution method for ygaa$ recommended by the
Clinical and Laboratory Standards Institute48 (QLSlhe application of an
endpoint less than the MIC90 was used accordingLi8l recommendations
because it proved to consistently represent theviiro activity of the
compounds and often provided a better correlatih @ther measurements of
antifungal activity. AMT1, cyclo-AMT1, AMT2, cycleA\MT2, AMT3 and
cyclo-AMT3 were tested againgt. albicans, C. glabrata, C. krusei, C.
tropicalis, C. parapsilosis and C. neoformans. The antifungal antibiotics
amphotericin B and fluconazole served as positatrols for the microbes
and gave the expected minimal inhibitory concermnst (MICs). For the
Candida species isolates, MICs ranged from 64 to >512 ligfar the linear
compounds and from 32 to 512 Ig/mL for the cyclampounds. The MIC
values shown in Table 1 indicate that all speciessasceptible to the peptides
tested; cyclic peptides have generally lower MIGuega than their linear
analogues. In particular the longest linear AMT&yihg a MIC greater than
512, can be considered inactive agai@stalbicans, C. glabrata and C.

tropicalis.
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Table 1: In vitro susceptibilities oCandida species an&ryptococcus neoformans isolates to six
peptided
AMT2 (ug/mL)  cyclo-AMT2 AMT1 (ng/mL)  cyclo-AMT1 AMT3 (ung/mL)  cyclo-AMT3 AMB (ng/mL) FLU (ug/mL)
(ug/mL) (ug/mL) (ug/mL)
Organism (n) MIC  MICy MIC MICqo MIC MICqo MIC MICqo MIC MICqo MIC MICgo MIC MICqy MIC MICqo
range range range range range range range range
C. albicans (20) 128- 512 64-512 256 128- 512 128- 256 256- >512 32-128 128 0.03- 0.125 0.125- 0.25
48 h >512 >512 512 >512 0.25 0.5
C. glabrata (20) 128- 512 64-256 256 128- 512 128- 256 256- >512 64-256 256 0.03- 0.125 4->64 64
48 h >512 >512 512 >512 0.25
C. krusei (20) 128- 256 32-128 64 128- 512 32-128 64 256- 512 32-64 64 0.03- 0.06 16->64 64
48 h 512 >512 >512 0.125
C. tropicalis  128- 512 64-512 256 128- 512 128- 256 256- >512  32-128 128 0.03- 0.06 0.5-4 2
(20) 48 h 512 >512 512 >512 0.125
C. parapsilosis 128- 256 64-256 128 64-128 128 32-128 128 >512 512 ®-1228 0.06-  0.06 1-4 2
(20) 48 h 512 0.125
C. neoformans 8-16 16 4-8 8 16-64 64 4-16 8 8-32 16 2-8 4 0.1250.25 2-64 4
(35) 72h 0.25

Abbreviations: AMB, amphotericin B; FLU, fluconaegIMIC, minimum inhibitory concentration; MIC90, KIfor 90% of the isolates.
2 As determined by the CLSI M27-A3 broth microdittimethod

15



Interestingly, all compounds are significantly moeetive against C.
neoformans. Cryptococcus is a pathogenic fungus responsible for severe
opportunistic infections. The most prominent featwf this yeast is its
elaborate polysaccharide capsule, a complex steidhat is required for
virulence. To investigate the origin of this spmiy, we tested our
compounds against the acapsutarneoformans strain ATCC 52817. MIC
values against ATCC 52817 are quite similar to ¢hoBC. neoformans H99

(16 lg/ mL for AMT2, 8 Ig/mL for cyclo-AMT2, 16 IghL for AMT1, 8 Ig/mL

for cyclo-AMT1, 8 Ig/mL for AMT3 and 4 Ig/mL for ajo- AMT3),

indicating the absence of any specific interactidgth the capsular structure.

3.2 Fluor escence microscopy

To investigate whether the peptides cyclo-AMT2 aydlo-AMT3 bind to
Candida cell wall, the peptides were labelled with theoflescent dy®ap (I-
diamino propionic acid) aminoacid and incubatednhvilie fungal cells. As
demonstrated by fluorescence microscopy the pephbdend to the surface of

Candida albicans cells (Figure 2).

Figure 2 Binding of cyclo-AMT2 and cyclo-AMT3 t&. albicans. ATCC 90028 (on
the left) andC. albicans MYA-2876 (on the right). Panels show fluorescenée o
Candida cells stained with labelled withap conjugated cyclo-AMT3.
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3.3 Membrane-peptide interaction

3.3.1 Fluorescencetitration measur ement.

Peptide-surfactant and peptide-liposome interastiomere studied by
monitoring the changes in the Trp fluorescence sions spectra with
increasing surfactant concentrations.

The fluorescence intensities of some fine vibratractures in the tryptophan
fluorescence spectrum show strong environmentakrdgnced4, 55) In
particular, the emission maximum shifts from 35829 nm when going from
water to an apolar medium. The quantum vyield caalkb undergo large
changes, the direction and extent of which dependthe system under
consideration6) To evaluate the interaction capability of the tmgs with
micelle aggregates, tryptophan fluorescence of AMJLlo-AMT1, AMT2,
cyclo-AMT2, AMT3, and cyclo-AMT3 in SDS micelle sdions was
registered. SDS micelles were chosen as repres@&stadf anionic micellar
systems.

The spectra of all peptides in phosphate bufferiarad SDS micellar solution

are shown in Figure 3.
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In phosphate buffer, all the spectra show a Trpssimin spectrum typical of an
aqueous environmendfax = 358 nm) indicating that the Trp side chains are
exposed to the aqueous medium. For the linear gegptihe addition of SDS
causes a reduction in Trp quantum yield which cdaddascribed to peptide-
micelle interactiong7) and a weak shift of the emission maximum to gort
wavelength Xmax = 350 nm). The limited extent of the shift indicatkat the
Trp residues remain greatly exposed to the solvemgigesting a peptide
positioning at the micelle surface rather thandasthe inner hydrophobic
core. For cyclo-AMT1 and cyclo-AMT2 in SDS micellaglifferent behaviour
is observed, since the Trp quantum vyield increamed the shift of the
emission maximum is more evidemtfx = 345 nm). Thus, our evidences
indicate a different peptide-micelle interaction degb8, 59) where the Trp
residues of cyclo-AMT1 and cyclo-AMT2 experienceslightly more apolar
environment than the linear analogues. Interestinghe cyclo-AMT3
behavior is more similar to that of the linear AMWan to those of the other
cyclic peptides.

In order to obtain further information on peptidefactant interaction, Trps
fluorescence of peptides was monitored at surfactancentrations ranging
from premicellar to concentrated micellar solutioAs an example, Figure 4
contains the variation of fluorescence for AMT3 aydlo-AMT3 at A= 354
nm, corresponding to the emission in a hydroph@ater) environment, with

SDS concentration.
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Figure 4 Trps fluorescence variation of AMT3 and cyclo-AM@aB. = 354 nm, with
increasing SDS concentrations.

For the six peptides, a very low amount of surfaicta sufficient to induce
dramatic changes in the Trps fluorescence; moreawerfurther change is
observed at the point of SDS micellization (cmod88. mol kg'). This means
that the considered peptides interact with surfastemonomers, inducing their
aggregationg0)

The data reporting the variation of fluorescenctn DS concentration offer
the opportunity for a quantification of the peptslgfactant interaction.
Actually, the quantitative description of a peptidateraction with
biomembranes and related mimetic systems (vesioieglles) has been the
subject of recent scientific discussidii) Two different approaches have
been proposed: a partition process and a bindingchamsm. For these two
approaches two different constants are calculatég,x and K,
respectively§2, 63) The former, describes the mole-fraction partitgnof
the peptide between the solution bulk and the raowpically dispersed
hydrophobic phase, the second is an associatiostamnbetween the peptide

and the surfactant. It is not possible to choigeiari which model is the most
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representative model for the system under scrubnythe choice depends on
the trend evidenced by Trps fluorescencerat 354 nm in function of
surfactant concentration.

In the case of our peptides, the variation of Thpsrescence a = 354 nm in
function of surfactant concentration shows a sétumdarend. For this trend the
binding approach is proved the most representativdel; here, interpolation

of the experimental Trp fluorescence d&taby means of the proper equation
allows the estimatiorK, (association constant between the peptide and the
surfactant) ana (surfactant molecules) as described below.

The change in the peptide fluorescence has beetrilesd following the

equations developed by Christiaens e6a).(n particular, using the equation:

=  (RIPJ+F[PL]) W
(P-1+[PL])

whereF is the fluorescence intensity at a given added lgpncentrationFq
and [R] are the fluorescence intensity and concentratérthe unbound
peptide, respectively, whil&; and [PL] are the fluorescence intensity and
concentration of the peptide-lipid complex. [PL]nche obtainedvia the

definition of the dissociation (association) constan

_ (R ) 2

K. =1
K, [P

with Ky dissociation constanK, association constant, andg]Lfree lipid
concentration.
The binding Egn (2) can be rearranged to the falgwjuadratic equation:

Ldpi=0 (3
n

PL? -{PLIEP] + 2ol 1) +
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The parameten, representing the formal number of phospholipidetales
that are involved in a binding site for one peptigdeintroduced in order to

account for the formal stoichiometry of binding;(: Kd/n). The solution of

this quadratic equation is thus given by:

e
2

[PL] = (4)
with

S=[PR,

ot

]_l_[Lr;ot] + Kd

Substitution of Eqn (4) into Egn (1) yields an et of F as a function of

[P and [Lof. By plotting the measured fluorescence intensstyadunction

of [Lwd, K, andn can be determined through a non-linear best dittin

procedureKgq is obtained by multiplying oK, byn.

Table 2 summarizes thkK, and n values obtained for the systems under
consideration. Thé&, values, although not very high, indicate a sigaifit
propensity of AMT1, AMT2, AMT3, cyclo-AMT1, cyclo-MT2 and cyclo-
AMT3 to form complexes with SDS molecules. An ageraf 4-6 surfactants
interact per peptide. Interestingly, cyclo-AMT1 aogclo-AMT2 present a
lower K, than the linear analogues, confirming the pectyiaf interaction as
compared to the remaining peptides, while cyclo-AMbinding to SDS
aggregates is much stronger than that of AMTS3.
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Table 2 K, (association constant between the peptide anduHfactant/liposome),
and n (number of surfactant molecules/vesicles intengctiwith the peptide,
calculated for AMT1, AMT2, AMTS3, cyclo-AMT1, cycl&MT2 and cyclo-AMT3 in

SDS micelle solutions.

solvent medium Kax10°/M™
AMT1 SDS micelles 3.8+0.4 4+1
AMT2 SDS micelles 3.3x0.4 5+1
AMT3 SDS micelles 3.4+0.3 4+1
cyclo-AMT1  SDS micelles 2.2+0.2 612
cyclo-AMT2  SDS micelles 2.0£04 61
cyclo-AMT3  SDS micelles 5.510.4 6+1

3.3.2 Isothermal Titration Calorimetry ITC.

ITC is a thermodynamic technique that directly nuees the heat released or
absorbed during a biomolecular binding eveveasurement of this heat
allows accurate determination of binding constéK)s reaction stoichiometry
(n), enthalpy AH) and entropy AS), thereby providing a complete
thermodynamic profile of the molecular interactiona single experiment.
Because ITC goes beyond binding affinities and edlanidate the mechanism
of the molecular interaction, it has become the hwet of choice for

characterizing biomolecular interactions.
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To study lipid-peptide interaction by ITC there awo different type of
titration.(64)

In the first titration mode the peptide solution irfgected into the lipid
dispersion contained in the calorimeter cell. lis titration the lipids vesicles
are in excess compared to the peptide, so all geeptiolecules injected bind
the vesicle surface, provided the binding constargufficiently large. Each
injection gives the same heat of reactmnandhi /dni provide the enthalpy of
binding, 4HO.

In the second titration mode the peptide contaimethe calorimeter cell is
titrated with lipid vesicles injections. As thispiy of titration was previously
preferred to study AMT1 and cyclo-AMT1 binding t®©PC vesicle€b) we
have adopted this titration mode and experimenthditions for our

experiments.

Peptide-lipid interaction: electrostatic/hydrophobic factor

The first measurements investigated the AMT intgwacto POPC/POPG
(75/25, M/M) SUVs at pH 7.4 and 25°C. POPC/POPGMIM is often used
to mimic the electrostatic charge of cytoplasmicnmbeane of yeast a€.
Albicans.(66, 67)

Figure 5 shows the calorimetric trace flow obtainggting AMT peptides
with the SUVs system described above and the iatedrreaction heats

plotted against the molar lipid-to-peptide ratio.
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Figure 5 Titration of each peptide with POPC/POPG (75/25 MBUVs at pH 7.4
and 25°C. UP: ITC trace (differential heating powsr time). Down: the cumulative

heat of reaction as a function of the lipid to-eppde molar ratio.

In each titration the binding of peptide to vesscpgoduce exothermic heat of
reaction. The exothermic heat flow decreases wiitreasing number of
injections because less and less peptide is alaifab binding. The residual
heat is the heat of dilution of the lipid dispersia the buffer.
The molar binding enthalpgH® of peptides to POPC/POPG SUVs can be

determined from the total heat released in thatiin, > hi, and the molar



The enthalpy of the reaction is calculated accgrdmmEquation (1) assuming
that the total amount of peptide in the calorimesebound. The calculated
binding enthalpieAH? are listed in Table 3.

High-sensitivity calorimetric experiments can alltive definition of a binding
isotherm,68) X', = f(c;). It describes the extent of binding,, as a function of
the concentration of free peptidg, at each injection of the titratiobX'y is
defined as the ratio between the molar amount oht@eptiden’pe bound, and

the molar amount of injected lipid available fondling,n',, afteri injections.

i _ n;'r)ep,bound
Xj = Db )
n'L is given by the lipid concentration in the syringee volume of injection
and the number of injections performedn’ e, bound is determined from the
experimental heats of reactibhas follows:

k
Zi=1 hk

i —
pep,bound AHO Vg C

n 0
pep

(3)
with Cye the total peptide concentration in the calorimetelf and Ve the
volume of the calorimeter cell. The molar amounpeptide bound to the lipid
membrane (equation 3) combined with the principlen@ass conservation
allows the calculation of the free peptide conaign in solution. This
provides the description of the binding isotherntheut assuming a specific
binding model.

The calculation of further thermodynamic parametsush as the binding
constant or the free energy of the reaction requine analysis of the binding
isotherm. In the present context it is based oartase partitioning model in
which the peptide binding to the lipid membranelependent on the peptide
affinity for the lipid and the concentration of pigle, cy, found immediately

above the plane of bindingf, 70) according to:
26



X, =K, cy (4)

with Ky the intrinsic binding constant. The surface panitng model takes
into account the attraction of positively-chargesptdes to the negatively-
charged membrane surface. The peptide concentratiothe membrane
surface,cy, is therefore higher than the peptide concentmaitiothe bulk,c;.

The Boltzmann law expresses the electrostatic ibguin between these two

concentrations:

o = ¢ o)

()

wherez, is the peptide effective charg#/is the membrane surface potential,
Fo is the Faraday constant aRd is the thermal energy¥ can be calculated
from the Gouy-Chapman theory. It leads to the peptioncentration at the
membrane surface after each lipid injection andllgnto the intrinsic binding
constanKy, according to equation (4).

The free energy of bindingiG® follows from: AG® = -RTIn(55.5 Ko). The
factor 55.5 is the molar concentration of water a@odrects for the cratic
contribution. The binding entropy can be derivednfrthe second law of
thermodynamicsAG® = AH-TAS.

The thermodynamic parameters calculated are surnedkin Table 3.

27



Table 3 Thermodynamic parameters for the binding of linaad cyclic AMT to
POPC/POPG (75/25 M/M) SUVs at pH 7.4 and 25°C.

POPC/POPG

peptide K(M%) AH(kcal/mol) AG°(kcal/mol) AS°(cal/(mol K))

AMT1 700 -9,47 -6,26 -10,78
Cyclo-AMT1 400 -10,58 -5,93 -15,62

AMT2 550 -9,15 -6,11 -10,18
Cyclo-AMT2 800 -7,8 -6,34 -4,92

AMT3 600 -7,44 -6,17 -4,27
Cyclo-AMT3 400 -7,87 -5,93 -6,52

For all the peptides the intrinsic binding constatare not high and vary
between 400 and 800 1 The low value of binding constant suggests that t
peptides do not penetrate the hydrophobic corbeof/ésicles but are adsorbed
on their external surfacé&H values are generally higher thAG values in
absolute value; furthermoisS value are always negative. These data suggest
that the insertion of the peptide into the lipithiger is driven by enthalpy and
opposed by entropy.

To investigate the role of electrostatic/hydropleobontribution to peptide-
vesicles interaction, AMT3 and cyclo-AMT3 were dited at different pH
values with POPC/POPG and POPC SUVs.

The titration curves of AMT3 and cyclo-AMT3 with PQ/POPG SUVs
show an exothermic profile (Figure 6). Thermodymanparameters are

summerized in Table 4.
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Figure 6 Titration of AMT3 and cyclo-AMT3 with POPC/POPG (25 M/M) SUVs
at 35°C and different pH value. UP: ITC trace (@iéntial heating power vs. time).
Down: the cumulative heat of reaction as a funcbbhe lipid to-to-peptide molar
ratio.

For AMT3 a gain in free energy and an increasingbafiding constant show
that the membrane binding is enforced by pH deerehs contrast, cyclo-

AMT3 show no variation of binding constant in degence of pH, but just a
slight gain in free energy (Table 4). For both s the binding to vesicles is

enthalpy driven.
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Table 4 Thermodynamic parameters for the binding of AMT®I &yclo-AMT3 to
POPC/POPG (75/25 M/M) SUVs at 35°C and differdiitvalue.

POPC/POPG
peptide K(M)  AH(kcal/mol) AG°(kcal/mol)  AS°(cal/(mol K)) pH T(°C)
AMT3 800 -7,45 -6,55 -2,93 7.4 35
AMT3 900 -9,06 -6,62 -7,92 7.0 35
AMT3 1700 -9,21 -7,01 -7,14 6.5 35
AMT3 6000 -9,22 -7,78 -4,67 6.0 35
Cyclo-AMT3 400 -7,87 -5,93 -6,52 7.4 25
Cyclo-AMT3 400 -9,54 -6,12 -11,09 6.0 35

To study the hydrophobic contribution in peptidesietes interaction AMT3
and cyclo-AMT3 were titrated with neutral POPC SUW&gure 7). The
results of peptide titrations with POPC SUVs is manzed in Table 5.
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Figure 7 Titration of AMT3 and cyclo-AMT3 with POPC SUVs a6°C and pH 6.
UP: ITC trace (differential heating power vs. timBown: the cumulative heat of
reaction as a function of the lipid to-to-peptidelan ratio.
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Table 5 Thermodynamic parameters for the binding of AMT®I &yclo-AMT3 to
POPC SUVs at 35°C and pH 6.

POPC
peptide K(M)  AH(kcallmol)  AG°(kcal/mol) AS°(cal/(mol K)) pH T(°C)
AMT3 2500 -5,39 -7,25 6,03 6.0 35
Cyclo-AMT3 800 -5,25 -6,55 4,22 6.0 35

Hydrophobic constant of AMT3 decreases from 6000kua with
POPC/POPG SUVs (Table 4) to 2500 kcal/mol with PCRO/s (Table 5).
Also the free energy (-7,25kcal/mol; Table 5) igytgly lower than with
POPC/POPG SUVs (Table 4).

On the contrary, cyclo-AMT3 titrated with POPC SU¥hows a slight
increase in binding constant and free energy inpaseon to the values
observed in the titration with POPC/POPG SUVs (éabl

For both peptides the interaction with POPC vesidke entropy driven as
shown by positive value of entropy (Table 5).

Taken all together the ITC data can be interprsetggposing that at lower pH
the basic residue of peptides are protonated amldtiracted by the negative
charge of POPC/POPG SUVs. This electrostatic effedtighly evident for

AMT3-vesicles interaction as compared to cyclo-ABMesicles interaction.

Theroleof Hisin peptide-vesiclesinteraction

To clarify the effect of the presence of His resisluin peptide-vesicles
interaction, AMT2 was titrated with POPC/POPG Sl slifferent pH values

(Figure 8).

A slight gain in free energy and an increase irdinig constant show that the
membrane binding is facilitated by pH decrease i@ &b. The entropy value

shows that moving from pH 7 to pH 6 the system bexmore disordered.
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The results of Table 4 and Table 6 show that in dame conditions the
binding of AMT3 to vesicles has a lower free energyn higher binding

constant and is more disordered than AMT2 bindirgese data suggest that
His residues are important for the interaction lué two peptides with the

vesicle surface.
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Figure 8 Titration of AMT2 with POPC/POPG (75/25 M/M) SUV4¢ a5°C and
different pH value. UP: ITC trace (differential tieg power vs. time). Down: the

cumulative heat of reaction as a function of thallto-to-peptide molar ratio.

Table 6 Thermodynamic parameters for the binding of AMGPOPC/POPG (75/25
M/M) SUVs at 35°C and different pH value.

POPC/POPG
peptide K(MY AH(kcal/mol) AG°(kcal/mol)  AS°(cal/(mol K))  pH T(°C)
AMT2 350 -10,92 -6,04 -15,83 7.0 35
AMT2 450 -10,78 -6,20 -14,88 6.5 35
AMT2 1000 -8,82 -6,69 -6,93 6.0 35
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Therole of membranefluidity in peptide-vesiclesinteraction

To understand the influence of membrane fluidity repeated the titration of
AMT3 and cyclo-AMT3  with  POPC/POPG+cholesterol, and
POPC/POPG/POPE+cholesterol SUVs that mimics theposition of the
outer leaflet of yeast membrane (Figure@,.67)

Cholesterol is used as mimetic of ergosterol, tleeos component in yeast
membrane. Cholesterol is an essential componetiteirmembranes of most
eukaryotic cells, in which it mediates many funosoincluding membrane
fluidity, permeability and the formation of orderetembrane domains. The
presence of cholesterol decreases the membradéyflui
POPC/POPG/POPE/cholesterol 50/25/25 M/M/M bilayars more densely
packed than POPC/POPG/cholesterol 75/25 M/M bikag#) In contrast to
POPC, the head group of POPE is a primary amirtentlaes it capable for
the formation of intra and intermolecular hydrodends to lipid phosphate
groups.{2) As a result, the water-lipid interface of a POREmbrane is more
densely packed than POPC membrane.

The results of titrations are summerized in Tabéend 8.

The free energy of AMT3 increases from -7.01 Kcal/mvhen titrated with
POPC/POPG SUVs (Table 4) to -6,47 and -6,37 Kcdlinien titrated with
POPC/POPG/cholesterol (Table 7)and POPC/POPG/PG&IE#terol (Table
8) respectively. The binding constant decreases t@00 kcal/mol (Table 4)
to 700 M* and 600 Mt titrating with POPC/POPG/cholesterol (Table 7) and
with POPC/POPG/POPE/cholesterol (Table 8). Intergist the AH increases
from -9,21 to -7,37 and -5,36 kcal/mol while th8 increases from -7,14 to -
2,93 and + 3,29 cal/mol K. Thus, with POPC/POPG/BORolesterol the
peptide-vesicle interaction is entropy driven white interactions with the

previous liposome system were enthalpy driven.
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The binding constant of cyclo-AMT3 titrated with PO/POPG/cholesterol
SUVs is 250 M and it slightly decreases to 150*Mvhen the peptide is
titrated with POPC/POPG/POPE/cholesterol vesiclBse results of the
titrations of cyclo-AMT3 with the two vesicles sgat show an increase A

and AH and a decrease &S (see Tables 7 and 8). The data show that the

peptide-membrane interaction is opposed by membigiakty.
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Figure 9 Titration of AMT3 and cyclo-AMT3 with POPC/POPG artholesterol
SUVs and with POPC/POPE/POPG and cholesterol SW\3s°«€ and pH 6.5. UP:
ITC trace (differential heating power vs. time).Mdo the cumulative heat of reaction
as a function of the lipid to-to-peptide molar oati
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Table 7 Thermodynamic parameters for the binding of AMT3 ayclo-AMT3 to
POPC/POPG and cholesterol SUVs at 35°C and pH 6.5.

POPC/POPG and cholesterol

peptide K(M)  AH(kcal/mol)  AG°(kcal/mol)  AS°(cali(mol K)) pH  T(°C)
AMT3 700 -7,37 -6,47 -2,93 6.5 35
Cyclo-AMT3 250 -7,85 -5,84 -6,54 6.5 35

Table 8 Thermodynamic parameters for the binding of AMT3 ayclo-AMT3 to
POPC/POPG/POPE and cholesterol SUVs at 35°C aréifH

POPC/POPG/POPE and cholesterol

peptide K(M)  AH(kcal/mol) AG°(kcal/mol)  AS°(cal/(mol K))  pH T(°C)
AMT3 600 -5,36 -6,37 3,29 6.5 35
Cyclo-AMT3 150 -6,33 -5,52 -2,62 6.5 35

3.3 Conformational analysis

3.3.1 CD spectroscopy

The conformational structure of cyclo-AMT1 was poasly solved.{8, 38)
in SDS micelles. SDS micelle solution is considedsimple plasma
membrane- mimicking system. To compare our regoltdMT1 and cyclo-
AMT1, we studied the conformational behaviour of AR} cyclo-AMT2,
AMT3 and cyclo-AMT3 in SDS micelle system.

A preliminary study of conformational preferencdscyclic and linear AMT
derivatives were screened by CD spectroscopy. Bllspectra were recorded
in water and in sodium dodecyl sulphate (SDS) rrecsblution. CD spectra of
linear and cyclic AMT derivatives were recordedtins system to explore

their propensity to assume specific secondary &ires in response to the
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presence of membrane-mimicking interfaces. CD speat AMT1, AMT2

and AMT3 indicate the preponderance of disordemafarmations both in
water and in SDS micelles. CD spectra of cyclictijggs recorded in water
and in SDS micelles are shown in Figure 10. Theyewguantitatively
evaluated using the DICHROWEB interactive websitSEL(CONN

algorithm); consistently with this analysis, a sigant presence of turn
conformation is evident in cyclo-AMT1 cyclo-AMT2 dncyclo-AMT3 in

water. CD spectrum of cyclo-AMT2 in SDS micelles ganilar to that
exhibited in water solution; on the contrary CD cpe of cyclo-AMT1 and
cyclo-AMT3 in SDS micelle solution have the shaparacteristic of random

coil conformation.

— — —cyclo-AMT1SDS
------- cyclo-AMT2SDS
cyclo-AMT3 SDS

— — —cyclo-AMT1 water

....... cyclo-AMT2water

cyclo-AMT3water

CD [mdeg]
€D [mdeg]

Wavelength [nm] Wavelength [nm]

Figure 10. CD spectra of cyclo-AMT1, cyclo-AMT2 cyclo-AMTiwater (on the

left) and in SDS micelle solution (on the right).
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3.3.2NMR Spectroscopy.

The NMR structure of cyclo-AMT1 in SDS micelles waseviously
solved.8, 65) In this work, NMR structure of AMT2, AMT3, cycl&MT2
and cyclo-AMT3 are solved and compared to cyclo-AMBtructure.
Accordingly a whole set of 1D and 2D proton speetsre recorded in pure
SDS micelles. To check the absence of self-aggmgatpectra were acquired
in the peptide concentration range of 0.5-15 mM.shmificant changes were
observed in the distribution and shapeldf resonances, indicating that no
aggregation phenomena occurred in this concentramge. The NOESY
spectra of linear and cyclic peptides acquired DESnicelles are showed in
Figure 11. The spectra shown considerable highitgyudDE cross-peaks that
were essential to assign all resonance and to siader the conformational
structure of peptides in exam. The chemical sh&signments of proton
spectra were achieved via the standard systengpieccation of TOCSY and
NOESY experiments. The proton chemical shifts gitiples in SDS micelle

solution are reported in Tables 9-12.
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Table 9 'H chemical shift of AMT2 in SDS micelle solution.

Resdue HN  C°H CPH C'H C*H C*H Others
Hisl 4.446 3.420 7.374 8.492
Arg2 8546 4.273 1.697/1.651 1.544 3.058 6.976
Arg3  8.198 4.245 1.621 1.475/1.427 3.074 7.014

Hn2 7.001
Hel 9.786

Trpd  7.802 4.607 3.229 HZ2 7.293
He3 7.510

HZ3 6.958

Hn2 7.093
Hel9. 899

Trp5  7.642 4.464 3.145/3.068 7.036 HZ2 7.420
He3 7. 401

HZ3 7.019
Argé  6.843 4.052 1.412/1.080 0.933/0.760 2.823 6.870

Phe7  6.846 4.440 3.197/2.654 6.940 7.166 HZ 7.081

Table 10 *H chemical shift of cyclo-AMT2 in SDS micelle saior.

Resdue HN  C°H C™H CH C°H CH Others
HisL  7.916 4.394 3.498/3.414 7.209 8.524
Arg2 8255 4391 1.998/ 1.640 3.238/3.151 7.213
Arg3  7.942 4131 1.628 1.262/1.152  2.951/2.833 6.973
Hn2 7.032
Hel 9.831
Trp4  7.110 4.732 3.159/2.663 7.193 HZ2 7.293
He3 7.397
HZ3 6.958
Hn2 7.106
Hel 10.109
Trps  8.395 4.784 3.572/3.129 7.4 HZ2 7.461
He3 7.647
HZ3 7.039
Argé  6.383 3.504 0.958/0.536 0.300/-0.153 2.500/2.403 61%.
Phe7  7.915 4573 3.382/3.283 7.197 7.289 HZ7.100
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Table 11 *H chemical shift of AMT3 in SDS micelle solution.

Residue HN C°H CPH C'H C°H C*H Others
Hisl 4.405 3.407 7.501 8.683
Gly2  8.639 4.026/3.985
His3  8.372 4.792 3.268/3.159 7.280 8.496
Argd  8.220 4.188 1.580 1.460 2.992 6.979
Args  8.008 4.053 1.509/1.477 1.347 2.994 6.945
Hn2 7.057
Hel 9.860
Trp6  7.558 4.568 3.228 HZ2 7.402
He3 7.528
HZ3 7.026
Hn2 7.083
Hel 9.870
Trp7  7.487 4.451 3.048 HZ2 7.309
He3 7.409
HZ3 6.981
Arg8  7.072 4.042 1.410/1.139 0.949/0.796 2.845 6.885
Phed  7.064 4.554 3.209/2.759 7.046 7.197  HZ7.107

Table 12 *H chemical shift of cyclo-AMT3 in SDS micelle saior.

Resdue HN C°H CPH CH C°H C*H Others
Hisl  8.315 4.540 3.342/3.189 7.328 8.594
Gly2  8.163 3.994
His3  8.261 4.590 3.336/3.260
Argd 8174 4260 1.827/1.729 1.516/1.424 3.006 7.097
Args  7.915 4.085 1.593 1.347/ 1.294 3.002 6.942
Hel 9.822
Trp6  7.674 4.495 3.216 7.264
He3 7.510
Trp7  7.644 4.348 3.339 7.270  Hel 9.972
Arg8  7.266 3.614 1.079/1.034 0.371/0.336 2.561/2.419 6.722
Phed  7.662 HZ 7.081
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Figure 12 shows the NOE connectivities of AMT2, ABJTtyclo-AMT2 and

cyclo-AMT3 as derived from NOESY spectra in SDS efles. Sequential
NH-NH(, i+1), and sporadic medium range @HNH(i, i+2) NOE effects
were observed in the NOESY spectrum of AMT2. AMTg¢clo-AMT2 and

cyclo-AMT3 in pure SDS micelles, show sequential -NH(i, i+1) effects

and several medium range NOEs including in padic@Hx-NH(i, i+2) and

NH-NH(i, i+2) along different triads of the sequesc

HRRWWRF cycic HRRWWR F HGHRRWWR F cydic HGHRRWWR F

dyn(initl) — dan(iitl)
danGiitl) dyn(isi*+1)
dpn(isitl) dyn(isitl)
dan(ii+2) dan(iii+2)

dn(iii+2)

dan(iit1) —_— At

|

dyn(iit1) —— dan(ii+1)

dpnGit])  — —— dpn(ii+1)

dnn(ini+2) —_— dan(ii*2)

dan(isi*2)

]

dan(isi+2) —_— d\(ii*2)
dan(isi+3) P i.i+3)

don(ini+3) dan(i,i+3) dan(

Figure 12 NOE connectivities of AMT2, cyclo-AMT2, AMT3, cycl&MT3 Cyclo-
AMT3, in SDS micelle solution.

The structural calculations of AMT2, cyclo-AMT2, AN and cyclo-AMT3
in pure SDS micelles, were carried out using CYA8bAtware on the basis of
NOE data. This data was transformed into interpngtdistances and imposed
as restraints in the calculation.

Figure 13 shows NMR structure bundles of AMT2, oyBMT2, AMTS3,
cyclo-AMT3 in SDS micelles. Analysis of AMT2 andag-AMT2 structure
bundle shows high structural agreement betweenc#ieulated conformers
(RMSD < 0.80 A), however the evaluation of backbatibedral angles
according to PROMOTIF procedure, indicates a mprasence of canonical

Secondary structures.
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On the contrary PROMOTIF analysis of AMT3 structbrendle,73) points to
the presence of regulgrturn structures on residues His3-Arg5 with H-bond
between C=0 His3 and HN ArgSstabilizing they-turn structures. cyclo-
AMT3 shows the preference for regular turn struggsun Trp6-Phe9 segment.
All the calculated structures show a common, omieveentation of side

chains confirming the preponderance of orderectgiras in micelle solution.

AMTS3 cyclo-AMT3

Figure 13 NMR structure bundles of AMT2, cyclo-AMT2, AMT3, clp-AMT3
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3.4 Discussion

Several short membrane-active peptides have shatifmragal activity due to
their interfacial propertie8-25) AMT1, a peptide selected from a synthetic
combinatorial library, and its cyclic analogue ©/MT1 were recently
shown to possess antimicrobial and haemolytic agt{39, 65)

AMT2, cyclo-AMT2, AMT3 and cyclo-AMT3 (Figure 1) we designed by
adding to AMT1 and cyclo-AMTL1 one and two His resd, respectively. His
residues, which contain an imidazole ring in trette chains, were added in
an attempt to confer to new peptides, activity agalis to the imidazole ring
of the azole antifungal compounds.

Antifungal tests of the peptides synthesized sheenemarginal antifungal
activity against the selected fungal species teshed to their sequence typical
of the AMPs this fungicidal activity may be relatéal peptide-membrane
destabilising ability.

Linear compounds are less active than their cyatialogues. In agreement
with CD data, which show minimal regular secondatsuctures in linear
peptides, the conformational flexibility seems toeyent the interaction
between the peptides and the fungal target. Ordh#&ary, the higher activity
exhibited by the cyclo-peptides indicates that t@dipeptide conformational
freedom is important for antifungal activity, prdibya due to a required
orientation of the amino acid side chain in thetjgep membrane interaction.
In addition higher activity of the cyclic peptidesuld be also caused by the
improved stability of the cyclic compound againsitpolytic degradation.

The data show that all peptides tested possesslaeriviCy, values against
C. neoformans. These results are promising for drug developmént.
neoformans infection is a life-threatening  complication  for

immunocompromised hosts, being the main causealfifeeningoencephalitis

43



in AIDS patients and producing fatal cryptococcosispatients who have
undergone organ transplants. Thus new compoundwgyagainst this fungus
are highly desirable. Experiments on capsular retrasf C. neoformans
excluded a selective interaction of our peptidethwhe most prominent
feature of this yeast, the capsular structure,cetdig that the specificity
against Cneoformans depends on interaction with a @eoformans-specific
target. Due to their sequence typical of the CARsftingicidal activity may
be related to peptide-membrane destabilising gbilit

To evaluate the impact that the interaction wite thngal membrane may
have on the antifungal activity of the peptides, imeestigated the structural
behaviour of AMT2, cyclo-AMT2, AMT3, cyclo-AMT3 inmembrane
mimetic systems represented by SDS micelles. Thityabf the cyclo-
peptides to interact with the fungal cell surfadeGandida Albicans was
monitored using fluorescence microscopy. Obsermatiy fluorescence
microscopy ofCandida Albicans cells incubated wittDap labelled cyclo-
AMT3, confirmed the preference of cyclo-AMT3 to becalized on the
surface of the cell.

Fluorescence spectra indicate that all the pephdes tendency to be exposed
to the agueous medium. In the presence of incrgasimounts of SDS, they
are localized at the interface between the aquemd the lipid media,
avoiding the membrane hydrophobic core. Specificaiptides show strong
interactions with detergent monomers (Table 2).

The binding of AMT peptides to phospholipid vesglewas
thermodynamically studied by isothermal titratiG@iozimetry. Accordingly to
the fluorescence microscopy results, ITC data emaddow values of binding
constant (see tables 3, 7, 8), suggesting thgpe¢b&des do not penetrate the

hydrophobic core of the membrane, but lye on thiereal surface of the
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membrane. Calorimetric study also show that foedinpeptides the affinity
for the membrane surface depends on electrostatiezaction. (table 4-5);
while the interaction of cyclic peptides with limoee surface is more

dependent on hydrophobic contribution (table 4-5).

NMR study of peptides in micelle solution allows tbalculation of 3D model
to interpreter in term of molecular structure behaviour of cyclo-peptides at
the membrane interface. NMR structure bundles ewdeehigh structural
agreement between the calculated conformers (RM8DB )X with regular turn
structures prevalent on WWRF segment of cyclic ana¢s. A common
orientation of the side chains is evident. In gaitr in the cyclic peptides,
interactions between the side chains of WRF residue evident thanks to
cation-pi interactions involving the guanidino mgief Arg and the aromatic
rings of Trp and Phe. This interaction, that maythe driving force for the
stabilization of the peptide conformations, is edavoured in the cyclic
analogues as compared to the linear peptides. iHdeed, the side chains of
Trp, Arg and Phe appear to be clustered on onaceidf the cycle (Figure
14). In particular, cyclo-AMT2 presents on one sadets cyclic scaffold the
side chains of the three residues WRF, wherea®-&®IT3 presents on one
side of its cyclic scaffold the side chains of theee residues WRF in addition
to the other Arg that may contribute to enforce theeraction with the
negative charges of the membrane. This organizatfae side-chain, that
confirms the calorimetric data indicating an intéi@n of cyclic peptides
based on hydrophobic forces, may be the basis ttonedize the relation
between the antifungal activity and the structéeatures of the peptides under

scrutiny.
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Figure 14 Comparison of the best NMR models of AMTgclo-AMT?2,
AMT3, cyclo-AMT3.

Fluorescence spectroscopy, fluorescence microscapy calorimetric
observations, lead to exclude an unspecific mesharf activity based on
the destabilization of the membrane cell: the plgstido not form membrane
pores, neither penetrate membrane cell, but they lacalized on the
membrane surface, exerting their antimicrobiahégtipossibly for interaction
with a specific target. On these bases the posiipof the peptides on the
membrane surface is crucial for an effective exd@on with the target. Trp
and Arg residues are known to be residues ablakilige the interaction with
membrane celldd) The clustering of such residues on one surfacéhef
cyclo-AMT2 and cyclo-AMT3, could stabilize the ptisning of the peptides
on the fungal cellular wall to induce an efficiemteraction with the molecular

target.
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Chapter 1

Introduction

Interactions between proteins/peptides and phogptolbilayers are
fundamental in a variety of key biological processgmong these, membrane
fusion is one of the most relevant, being involweaell growth, sub-cellular
compartmentalization, mitochondrial remodelling, rrhone secretion,
neurotransmission, and carcinogenetjsNlembrane fusion is also a rate-
determining step in viral infection by ‘envelopediruses. These viruses,
whose capsid is enclosed by a phospholipid bilageter the target cell by
fusion of their own envelope with the cell membraimethis process, specific
viral proteins, named fusion proteins, interactmith both viral and cellular
membranes, facilitate their fusioB)(The fusion is accomplished through a
common mechanism of action, in which a large spatéein conformational

change is coupled to apposition and merging ofweebilayers (Figure15)3)

Viral Envelope

Cellular membrane Glycoprotein

Figure 15 Fusion between viral envelope and cell membrane.
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There is converging evidence that different domainthe viral fusion protein
cooperate, playing different roles, in driving mear®e fusion. A distinctly
hydrophobic sequence, usually named fusion pepisddeputed to enter the
target cell membrane “anchoring” the virus on iisTis a necessary, but not
sufficient, step for membrane fusion: Even in thespnce of a bridging
protein, the two opposing membranes tend to prestwir integrity because
of the high energy required for phospholipid reaagement4) Other
domains of the fusion protein are hypothesized mteract with the
membranes, lowering the energetic barrier thuswalig their final fusion.
Particularly, the researchers’ interest has focusedhe membrane-proximal
external region (MPER), also named pre-transmenebdamain.f)

Both the human immunodeficiency virus (HIV) and tekne analogue (FIV)
affect cell entry via a mechanism that involvesfare glycoproteins named
gp41l and gp36, respectively-8) Both proteins present a tryptophan-rich
MPER domain, whose action has been indicated wdm®al in the membrane
fusion process (figure 169{12).

734 758 766 MPER 78 803
Aﬁ CHR : MSR
v [eoxs[Meo k1 o[fe oo xBle oM c o s rlek[ct Lo /
v [1e o e x M e[te k]~ o o[(TEls ~NEE o[E]+ sy AR/t 6 1 v
K N Q K

HIV-1 NQOQE

N o ofin 8 CNolN o cofjie

Figure 16 Domains of gp36 of FIV and gp41 of HIV1 and HIV2HR is C-terminal
heptad repeat; MPER is membrane-proximal exteraglon; MSR is membrane

spanning domain.

Peptides deriving from MPER of gp41 and gp36 ate abprevent HIV- and
FIV-cell membrane fusionl@3-18 The antiviral activity is likely to derive
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from adsorption of the peptide on the external amef of the target-cell
membrane, where it competes with the TM glycoprotéithe virus.{9)

We identified a 20-mer synthetic peptide (P59yegponding to the fragment
767-786 of the membrane proximal ectodomain of Ft¥hsmembrane
glycoprotein. This peptide potently inhibited theowth of tissue culture-
adapted FIV in feline fibroblastoid CrFK cells. #amral activity of p59 was
found to map to a short segment containing threesewed Trp residues, a
derivative of eight amino acids (770W-1777), design C8. Peptide C8
activity was found to be dependent on conservatbnthe Trp motif.
Preliminary structural studies showed that pepti@8 possesses a
conformational propensity highly uncommon for pdes of its size, which
may account for its considerable antiviral potentypite of small sizel)
Considering the involvement of these fragment & phocesses mediating the
fusion of virus and host cell membranes the charaeition of P59 and C8 in
membrane mimetic systems seems particularly irtiages Accordingly the
structural behavior of P59 and C8 in different mesnlke models was
extensively explored by means of several differeiphysical techniques.
ESR and fluorescence experiments, using spin-ldbigbéds, demonstrated
that the P59 peptide associates with lipid bilay2@ by binding at the
membrane surface or polar—apolar interface. Thisoissistent with high-
resolution nuclear magnetic resonance (NMR) amalgdi P59 in micellar
environments, which revealed a region of secondamyctural order in the
sequence extending from Trp770 to lle72T)(In particular, an amphipathic,
turn-helical structure forms, in which the polar oharged residues are

positioned on one side, with the opposite side piecl by hydrophobic
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residues including the three tryptophans, whichehawpropensity to localize
to the polar—apolar interface of membran2g, 3

Biophysical characterization of C8 in dimyristoyggphatidylcholine
liposomes (DMPC) bilayers, by means of ESR,flucgese and CD
spectroscopies showed that C8 adsorbs stronghherbitayer surface. This
data, although derived from a large volume of expental work, depict only
a preliminary view of C8 interaction with membrarel. A clear conceptual
framework for the mechanism of action of C8 on ltlayer microstructure is
lacking and the exact nature and the extent ofliprg-interactions remains
unresolved.

In this context the aim of the present experimewtalk is the characterization
of the conformational propensities of C8 in memberammetic system using
high resolution NMR data. Structural investigat@nC8-POPC interactions
on the lipid bilayer microstructure to present @acldescription at a molecular

level of the early events of the fusion process.
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Chapter 2

Experimental section

2.1 Peptide synthesis
The aminoacid sequence of C8 peptide is Ac-Trp/&Hp-Trp-Val-Gly-Trp-
lle-CO-NH; and the deuterated GBz; was synthesized including Tgg4in all
the Trp positions. Trpk including deuterons atoms on indole ring and NH-
Fmoc protected group (L-Tryptophan-N-Fmoc(IndoleyD598%) was
purchased from Cambridge Isotope Laboratories [#gslover, MA, USA).
C8 and C8ds, were synthesized on a manual batch synthesize® @t4,
Advanced ChemTech, Louisville, KY, USA) using a [defreactor (10 mL),
applying the Fmoc/tBu solid phase peptide synthE€SiRPS) procedure. The
Rink-resin was swelled with DMF (1 mL/100 mg ofirgsfor 3 h before use.
Stepwise peptide assembly was performed by regeimeach added amino
acid the following deprotection—coupling cycle:Qyelling: DMF (1 mL/100
mg of resin) for 5 min; 2) Fmoc-deprotection: resinvashed twice with 20%
piperidine in DMF (1 mL/100 mg of resin, one wasin 5 min followed by
another wash for 20 min); 3) Resin-washings: DMFn{fn); 4) Coupling:
scale employing HBTU/HOBLt/DIPEA (2.5:2.5:3.5 egs)the coupling system
and 2.5 eq. of the Fmoc protected amino acids. Eaapling was monitored
by Kaiser testd4) whose negative response indicated that recouphngre
not needed; 5) Resin-washings: DMF (3°-5 min) a@VD(1°-5 min). After
deprotection of the last NH-Fmoc group, peptidesewacetylated with a
solution of acetic anhydride (12.5%) and DIPEA ¢2)5n DMF for 2 h.
The protected hydrogenated peptide C8 was cleavech the resin by
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treatment with TFA/HO/thioanisole (reagent K) (95:2.5:2.5 v/v). In aast,
to avoid DO/H,O exchange, the protected pept@@-ds, was cleaved from
resin by treatment with TFD,O/TIS at a ratio of 10 mL to 0.5 g of resin at
room temperature for 3 41 Trifluoroacetic acid-D (D, 99.5%) (TF# and
deuterium oxide (D, 99.9%) ¢@D) were purchased from Cambridge Isotope
Laboratories Incs. All the other reagents and sub/evere purchased from
Aldrich (St. Louis, MO) and were used as received.

After filtration of the exhausted resin, the solv&mas concentrated in vacuo
and the residue was triturated with ether. The empeéptide was purified by
preparative reversed phase high performance ligaidmatography (HPLC)
using a Jupiter [Phenomenex, Anzola Emeilia (B@)ly) C18 column (25°-
4.6 cm, 5p, 300 A pore size). The column was perfused abw fiate of 3
mL/min with a mobile phase containing solvent A1(®. TFA in water). A
linear gradient from 50% to 90% of solvent B (aodétde in 0.1% TFA) for
40 min was adopted for peptide elution. The pueetion was collected to
yield a white powder after lyophilization. The maldar weight of the
compound was determined by mass spectral analysisy a Finnigan LCQ-
Deca ion trap instrument equipped with an electagsource (LCQ Deca
Finnigan, San Jose, CA, USA). The samples werettirsfused into the ESI
source using a syringe pump set at a flow ratedfrbin. Data were analyzed
with Xcalibur software.

2.2 Sample preparation

The phospholipid palmitoyl oleoyl phosphatidylcim&i(POPC) was obtained
from Avanti Polar Lipids (Birmingham, AL, USA).
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POPC liposomes, to be used for ESR, CD and spkairohetry experiments,
were prepared by pouring appropriate amounts of spiaipid in
dichloromethane/methanol (2/1 v/v) in small tedietst For ESR experiments
1% wt/wt of spin-labeled phosphatidylcholines inhatol was added.
Dichloromethane, methanol and ethanol, HPLC-gradleests, were obtained
from Merck (Darmstadt, Germany).A thin film of thipid was produced by
evaporating the solvent with dry nitrogen gas. Finaces of solvent were
removed by subjecting the sample to vacuum desiccér at least 3 h. The
samples were then hydrated with 20480 of 10 mM phosphate buffer, 137
mM NaCl, 2.7 mM KCI, pH 7.4 (PBS) and vortexed, abing a suspension
of MultiLamellar Vesicles (MLVs). For ESR experintsrthis suspension was
transferred to a 2fL glass capillary and flame sealed. For CD and
spectrofluorimetry experiments, Large Unilamellasitles (LUVs), obtained
from MLVs by nine-fold extrusion through a polycariate membrane of 100-
nm pore size, were preferred for their lower radratscattering. Liposomal
samples (both MLVs and LUVs) containing the peptidere prepared in a
similar manner, except that the lipid film was hatedd directly with a peptide
solution in PBS.

For CD experiments sodium dodecyl sulphate (SDSH afodecyl
phosphorcoline (DPC) were used.

For NMR experiments deuterated sodium dodecyl sugph{SDSd,s) and
deuterated dodecyl phosphorcoline (Dé4g)-were used.

To conduct CD and NMR experiments in a water soiytidry C8 was
dissolved in phosphate buffer (25mM pH 6.8). Thigelded final
concentrations of 0.15 mM (CD experiments) and it (NMR
experiments). For NMR samples, a@4D,O mixture (90:10, v/v) was used.
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The obtained solutions were titrated with incregsamount of surfactant
(SDS, DPC) moving from submicelle to micelle cortcation.

The samples for CD and NMR experiments in mixedettes of DPC and
SDS (90/10, M/M) were prepared by dissolving thptjpke (0.15 mM for CD

experiments and 1.5 mM for NMR experiments) in &CI%DS (90/10, M/M)

water mixture.

2.3 ESR spectroscopy

Spin-labeled phosphatidylcholine®-PCSL) with the nitroxide group at
different positionsn, in thesn2 acyl chain, to be used for ESR experiments,
were synthesized as described by Marsh and W2&ts2§ The spin-labels
were stored at -20°C in ethanol solutions at a eotration of 1 mg/mL.

ESR spectra of lipid and lipid/peptide samples tide solution in PBS were
recorded on a 9 GHz Bruker Elexys E-500 spectroniBteiker, Rheinstetten,
Germany). Samples prepared for ESR measurementairoeth POPC (10 mg
mL? corresponding to 1.3xI® M) and C8 at 0.5:1 weight ratio
(corresponding to 0.33 molar ratio). Such a higloraas chosen to be sure of
the lipid bilayer saturation conditio@{) Capillaries containing the samples
were placed in a standard 4 mm quartz sample tabtioing light silicone
oil for thermal stability. The temperature of trergple was regulated at 37 °C
and maintained constant during the measurementldyirig thermostated
nitrogen gas through a quartz Dewar. The instrualeséttings were as
follows: sweep width, 120 G; resolution, 1024 psjnhodulation frequency,
100 kHz; modulation amplitude, 1.0 G; time consta2®.5 ms, incident
power, 5.0 mW. Several scans, typically 16, weawlated to improve the

signal-to-noise ratio. Values of the outer hypefigplitting, Amax were
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determined by measuring, through a home-made MATIb&Bed routine, the
difference between the low-field maximum and thghhiield minimum.g8)
The main source of error on théx value is the uncertainty in composition
of samples prepared by mixing few microliters ofth@w solutions. For this
reason, reproducibility of n.xdetermination was estimated by evaluating its
value for selected independently prepared sampiés thhe same nominal

composition. It was found to be 0.4 G.

2.4 Circular Dichroism Spectroscopy

Circular Dichroism (CD) experiments were perforna¢@®7 °C on a 810-Jasco
spectropolarimeter, using a quartz cuvette withath pength of 1 mm. CD
spectra of C8 were measured in PBS and in the mecess POPC unilamellar
vesicles. The spectra are an average of three aamse scans from 250 to
200 nm, recorded with a bandwidth of 2.0 nm, a tooastant of 16s, and a
scan rate of 5 nm/min. Mean residues ellipticitigd, were calculated as
(MRWx)/(10xdxc). MRW=M/(n-1), whereM is the molecular mass of the
peptide anadh is the number of amino acids-{ is the number peptide bonds).
@ is the observed ellipticity in degreabjs the pathlength is cm ardis the
concentration in g mt Samples prepared for CD measurements contained
the peptide (1x10 M) and the phospholipid at a 10-fold higher coricaion
(1x10° M). During all the measurements, the trace oftigé tension voltage
was checked to be less than 700 V, which shouldren®liability of the data
obtained.29) Base lines of either solvent or vesicular susperssiwithout
peptide were subtracted from each respective samaphgeld the peptide

contribution.
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The propensity of the peptide to assume a helmalocmation was estimated
from measurements of helical mean residue elligtiai 222nm.30) We used
[22- values of 0 and -40,000 (1-2%/degrees cmdmol® per amino acid
residue for 0% and 100% helicity. The correctiorr faromatic CD
contributions to {22, due to two internal Trp residues has been applied

[6]3ome=-2.300 per residue). Finally, the fraction helibasvcalculated by

[6].,, /(16135 +16155)-

For titration experiments with surfactant molecul&€D experiments were
carried out on a JASCO J810 spectropolarimeteo@nhrtemperature, using a
quartz cuvette with a path length of 1 mm. CD gspeutere the average of
four accumulations from 190 to 260 nm, recordedhwitband width of 1-nm,
at a scanning speed of 10-nm/min. Base lines bkeisolvent or micellar
solutions without peptide were subtracted from aaslpective sample to yield
the contribution. Estimation of secondary structaomtent was carried out
using the algorithms from the DICHROWEB websBié&)(

In CD experiments C8 was recorded in water anatétt with surfactant
molecules. The CD spectra of C8 were recorded itemeand in presence of
0,6mM, 1,2mM, 5mM and 10mM of DPC and in present€mM 4mM,
8mM of SDS. Then the C8 conformational behaviours wavestigated in
mixed micelles of DPC and SDS (90:10; M/M) by dissw the peptide in a
DPC/SDS water mixture.

2.5 Fluorescence Titration M easur ements
C8-phospholipid interactions were also studied mnitoring the changes in
the Trp fluorescence emission spectra of the peptigon addition of
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increasing amounts of POPC unilamellar vesciclesluorEscence
measurements were performed at 37 °C using a JasEd50
spectrofluorimeter, equipped with a thermostatjcatintrolled cuvette holder.
The excitation wavelength was 280 nm and emissp@ttsa were recorded
between 310 and 450 nm, with slit widths of 2 nm.

The titration was performed by adding measured amsowf a solution
containing the peptide (1x10M) and suspended lipid vesicles to a weighed
amount of a solution of the peptide at the sameeatnation, initially put into
the spectrofluorimetric cuvette. In this way, thpid concentration was
progressively increased (from 0 to ~1%x10M), while the peptide
concentration remained constant during the whoteation. After each

addition there was a 20-min wait to ensure equilibrhad been reached.

2.6 Molecular dynamics

All the computer simulations reported in this stuggre performed using
GROMACS 3.2 packagd®) and the GROMOS96 force field. The starting
model of C8 obtained by NMR measuremet8s(was placed in a box
containing a mixture of POPC lipids and water moles. After the peptide
insertion in the box, all water molecules with ogpgatoms closer to 0.40 nm
from a non-hydrogen atom of the peptide were remolretially, the peptide
is solvated in the water phase at a distance offfod the lipid bilayer. Five-
eight simulations of 10 ps were performed, with @ab@mic coordinates of the
peptide restrained to the initial positions, to ielrate the system. This
resulted in final systems containing 128 lipidse B8 molecule and about
10950 water molecules. Molecular dynamics simutegtibave been performed

using the procedure described elsewh@8e35 Briefly, the temperature was
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set to 310 K by coupling the system to an extebath. Bond lengths were
constrained by the Linear Constraint Solver (LINCSyorithm.36) Part

Mesh Ewald method (PME) was used for the treatn@nelectrostatic

interactions for atoms at a distance greater thdn Bhe force field and the
coordinates for POPC were downloaded from the friale group web-site
(http://mouse.bio.ucalgary.ca) and are the samed ume other works

performed by ué33, 37 and other author38, 39

Three simulations have been performed with diffeneitial C8 positions. The
simulation time of the three trajectories is 703isice the analysis of the three
trajectories showed similar results, only the fezsduof one of the three
trajectories are described. The lipid bilayer hasrb characterized by the
analysis of membrane thickness, defined as theageephosphate-phosphate
distance and of the density profile. Lipid tail pareters have been calculated
with respect to the membrane normal axis. The itelt the peptide has been
determined by DSSP. Images have been created wigimolP

(www.pymol.org.

2.7NMR analysis: C8titration

NMR spectra were recorded on a Bruker DRX-600 spewtter. Dry peptide
was dissolved in phosphate buffer (25mM pH 6.8 dhtained solution was
titrated with increasing amount of surfactant (SOE¥?C) moving from
submicelle to micelle concentration. Each stephef titration was monitored
by one dimentional (LDYH homonuclear spectra. 1B homonuclear spectra
were recorded in the Fourier mode, with quadradietection.
Two-dimensional (2D) spectra of the final miceltdugions were recorded. 2D

'H homonuclear TOCSY and NOESY were run in the phasmsitive mode
66



using quadrature detection &l by time —proportional phase incrementation
of the initial pulse40-42. The water signal was suppressed using
WATERGATE pulse sequence experime®8)( Data block sizes were 2048
addresses inptand 512 equidistant values. Before Fourier transformation,
the time domain data matrices were multiplied hifteth sirf functions in both
dimensions. A mixing time of 70 ms was used for @CSY experiments.
NOESY experiments were run at 300 K with mixingesrn the range of 100-
300 ms. Qualitative and quantitative analyses ofFBEDSY, TOCSY, and
NOESY spectra were achieved using SPARKY softwédi.

2.7.1NMR structure calculations.

Peak volumes were translated into upper distancedsowith the CALIBA
routine from the CYANA software packagéy] The requisite pseudoatom
corrections were applied for non-stereospecificallgsigned protons at
prochiral centers and for the methyl group. Aftescdrding redundant and
duplicated constraints, the final list of experinarconstraints was used to
generate an ensemble of 100 structures by the asthr@@lY ANA protocol of
simulated annealing in torsion angle space impléetefusing 10000 steps).
No dihedral angle or hydrogen bond restraints wagsplied. The best 50
structures that had low target function values amall residual violations
were refined byn vacuominimization in the AMBER 1991 force field using
the SANDER program of the AMBER 5.0 suit6( 47 To mimic the effect
of solvent screening, all net charges were redtcé&% of their real values.
Moreover, a distance-dependent dielectric conggantr) was used. The cut-
off for non-bonded interactions was 12 A. NMR-dedvupper bounds were

imposed as semi-parabolic penalty functions, wibihcé constants of 16
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Kcal/mol A%, The function was shifted to be linear when thelation

exceeded 0.5 A. The best 10 structures after mmaitiin had AMBER
energies ranging from -441.4 to -391.1 Kcal/molndFi structures were
analyzed using the Insight 98.0 program (Molec@snulations, San Diego,
CA, USA).
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CHAPTER 3
RESULTS

3.1 PEPTIDE-MEMBRANE INTERACTION

3.1.1 Choice of solvent

Micelle solution are made of surfactants, such hes awitterionic dodecyl
phosphocoline (DPC) or the negatively charged suodaodecyl sulphate
(SDS), at a concentration much higher than thew.c. These surfactants
forms spherical aggregates where the polar headpgrare located on the
surface and the hydrophobic tail in the core. Feptechnical viewpoint the
micelles are appropriate for the high-resolutioguild-state NMR studies
because they have short rotational correlation tioee to their small sizel8,
49).

3.1.2 EPS spectr oscopy

The Electron Spin Resonance spectroscopy (ESR)udnyg spin-labeled
substances (peptides and/or lipids) has been prdwedive substantial
information on the interaction between viral fusigeptides and lipid

membranes20, 27, 50-5B Association of these peptides with lipid
membranes can be detected from the perturbatiaimeofchain mobility of

spin-labeled lipids, as reported in the literatimremembrane protein&4)

ESR spectra of C8 were recorded in the presenc®@®C bilayers, a
membrane mimetic system including both a satura€d6) and an

unsaturated (C18) fatty acid, like most of phosjghd$ present in mammalian

cell membranes.
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Here the perturbation caused by C8 binding to POP4yers is investigated
by analysing changes in the ESR spectra of spieldadipids included in the
membrane. Figure 17 shows the ESR spectra of phtdgltholine spin-
labeled at different positions, in the ®-2 chain,n-PCSL, in the presence and
absence of C8 at a peptide to lipid ratio of OwtAwt. In the presence of C8,
slight but significant perturbations in the spedaifaall spin-labeled lipids are

found.

14-PCSL

3330 3340 3350 3360 3370 3380 3390 3400
B/IG

Figure 17 ESR spectra ofn-PCSL positional isomers of spin-labeled
phosphatidylcholine in fluid-phase palmitoyl oleophosphatidylcholine bilayer
membranes, in the presence (solid line) and inatteence (dashed line) of 0.5:1
wt/wt peptide 1 (C8) at 37 °C.

In an attempt to quantitatively describe this bébaw the outer hyperfine
splitting has been evaluatedd2x IS a reliable and easy-to-perform estimate
of the segmental chain mobilityAQax is defined as separation, expressed in
Gauss, between the low-field maximum and the higliHminimum, and

tends to increase with increasing the restrictiofocal chain mobility. Figure
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18 shows the dependence of the outer hyperfindtisgli 2Anax On chain
position, n, for the n-PCSL spin-labels in fluid POPC membranes, with and
without a saturating amount of peptide. In bothesas?n.x decreases with
increasingn. In the presence of C8 the characteristic flekibgyradient with
chain position of the fluid lipid bilayer membranisspreserved, butA2,ax is
increased at all spin-label chain positions by hhygthe same extent.
Particularly, for what concerns the spin-label preggg the nitroxide in a
deeper position, 14-PCSL, there is no appearanee sgicond component in
the spectra, corresponding to spin-labeled lipicirth whose motion is
restricted. This is evidence that the peptide biadely at the membrane
surface and does not penetrate appreciably intom#mabrane interior, as does,
for instance, the HIV fusion peptide gp41-F3)(Thus, in the case of C8,
ESR results indicate that the decrease in lipidbiliyg which is induced by

surface association of the peptide, propagatesigiuaut the chain region.

50

45 1

40 1

2Amax /G

35

? 4 é ;3 1‘0 1‘2 14

chain position, n-PCSL
Figure 18 Dependence on spin-label position,of the outer hyperfine splitting,
2Ama Of N-PCSL in membranes of POPC, in the absence (dakhed solid
diamonds) and in the presence of 0.5:1 wt/wt Ct{naous line, solid squares).
T=37 °C.
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3.1.3 Fluor escence spectr oscopy

Peptide positioning relative to POPC bilayer wasthier investigated by
intrinsic Trp fluorescence emission measuremente Trp emission spectra
of C8 peptide, measured either in buffer or in gresence of increasing
amounts of lipid vesicles are shown in Figure 18. i€ water gives a Trp
emission spectrum typical of an aqueous environn{dptx = 354 nm),
indicating that the Trp side chains are exposethéoaqueous medium. The
presence of POPC liposomes causes a slight blde afhithe emission
maximum to shorter wavelengtil(x = 347 nm) and a reduction of the
fluorescence quantum yield. The limited extentlad shift indicates that the
Trps are greatly exposed to the solvé&f).(These results indicate that, despite
the interaction between C8 and POPC liposomes,Ttheresidues of this

peptide are not significantly inserted in the apolaer core of the bilayer.

300

250 1

200 +

150

100

50~

Fluorescence Intensity /a.u.

310 330 350 370 390 410 430 450
A/nm

Figure19 Fluorescence emission spectra of C8 peptidguie@us phosphate buffer
(A, dashed line), and in POPC unilamellar liposonsdid line) at different lipid
concentrationB 0.16 mM,C 0.39 mM,D 0.6 mM ancE 0.92mM. T=37 °C.
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The C8 fluorescence intensities at 354 nm areequlas a function of the lipid
concentration in Figure 20. Fitting these datah® équation reported in the
methods section, allows to evaluate the appareptideelipid association

constantK, and the number of phospholipid moleculestequired to bound

a peptide. It was obtaind¢}, = (8.3+0.6)x1® M™ andn = 62, respectively.

Fluorescence Intensity /a.u.

I I
0 0.2 0.4 0.6 0.8 1 1.2
Lipid concentration /mM

Figure20 Fluorescence titration curve of C8 peptide witlospholipid liposomes at
T=37 °C.
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3.2 Conformational analysis

3.2.1 Circular Dichroism

To explore the conformational modifications expemnted by C8 in responce
to the addition of surfactants in water solutior) Gpectra of C8 were
recorded in water solution (pH 6.8) and in watentaming increasing
amounts of DPC (0,6mM, 1,2mM, 5mM and 10mM) and SR&M, 4mM,
8mM) surfactants to reach ten fold critical micel@oncentration for each
surfactant.

Quantitative evaluation of CD curves using the atgms from the
DICHROWEB website§1) ( CONTIN algorithm) §7) evidenced that C8 in
water, and in the presence of 0,6mM and 1,2 mM D&Sumes 50% of
random coil conformation and 50% of turn structaedition of DPC to reach
5mM and 10mM concentration induces modificationC@d curves consistent
with the prevalence of C8 m-helical structure(Figure 21).

Analysis of CD spectra of C8 according to the atpans from the
DICHROWEB website§1) ( CONTIN algorithm) $7) shows that C8 moving
from submicellar (2mM and 4mM) to micellar contration of SDS chances
its conformation from randomcoil & turn (Figure22).

The conformational behaviour of C8 was also ingegéd in mixed DPC/SDS
(90/10 M/M) micelles. This medium was chosen as etioof surface charge
found in mammalian cell membranes. The CD spectr&€®in DPC/SDS
micelle solution, characterized by negative ban?il8 nm and positive band
at 195nm (Figure 23), according to DICHROWEB gitative analysis, point

to the presence of C8 in 85% turn conformation.
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Figure 21 Circular dichroism spectra of C8 in water recordadng the titration with
DPC.
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Figure 22 Circular dichroism spectra of C8 in water recordeadng the titration with
SDS.
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Figure 23 Circular dichroism spectra of C8 in DPC/SDS micsiidution.

CD spectra of C8 were recorded in the presenceOdf@®liposomes. In these
conditions the spectrum assumes the double-welbeshgpical of a turn-

helical structure, including negative bands at @08 216 nm (Figure 24).
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Figure 24 C8 CD spectra in aqueous phosphate buffer (dalgie), and in POPC

unilamellar liposomes (solid line). T=37 °C.

3.2.2NMR analysis

NMR spectra were recorded on a Bruker DRX-600 spewter. Dry peptide
was dissolved in phosphate buffer (25mM pH 6.8 dhtained solution was
titrated with increasing amount of surfactant (SOEC) moving from
submicellar to ten fold micellar concentration.

Each step of the titration was monitored by*tDhomonuclear spectra.
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A water solution of C8 containing 1.5mM in 5Q0 water at pH 6.8 was
titrated with anionic (SDS) and neutral (DPC) dgéet. 1D'H NMR spectra
were acquired at each SDS and DPC addiction.

2D COSY, TOCSY and NOESY experiments of C8 werguaed in SDS,
DPC and DPC/SDS micelle solutions ( Figure 27).sehepectra evidence
clear TOCSY and NOESY correlations to assign adtgn resonances and to
calculate reliable C8 3D models. The chemical shdsignment and the
collection of NOE data was performed analyzing Il 2D TOCSY and
NOESY spectra according to the conventional proeedéiWuthrichb8)

Proton chemical shift of C8 in SDS, DPC and DPC/Shi&elle solution are
reported in Tables13-15.

The comparison of NH chemical shifts observed @hestep of surfactant
addiction shows that they are significantly peraaby the presence of lipids.
Figure 25 and 26 A show the chemical shift pedtidn of backbone NH and
Trp indole NH for each residue, in different mieelsolutions (DPC,
DPC/SDS, SDS).

Moreover the proton chemical shift variations olkiedr during the SDS, DPC
and DPC/SDS titrations are shown .

When C8 is titrated with DPC NH chemical shifts significantly modified in
at 5mM and 10mM DPCconcentration. The highest tiana of chemical
shift involve the HN of Trpl, Glu2, Val5 and Gly6.

When C8 is titrated with SDS the chemical shiftsHf show significant
changes at 36mM and 71mM SDS concentration. Thieekigvariations of
chemical shift involve the HN of Trpl, Glu2, Aspdy6, Trp7 and lle8.
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Figure 25 HN chemical shift variation of C8 in different mite solution (A) and

during the titration with DPC (B), SDS(C), DPC/SD(
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Figure 26 HN-indole chemical shift variation of C8 in differemicelle solution (A)

and during the titration with DPC (B), SDS(C), DBDS(D).
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It is worth noting that the chemical shifts of Trigdalmost constant suggesting
a preservation of this residue from the interactath solvent.

Table 13 *H chemical shift of C8 in SDS micelle solution.

Residue HN C°H CPH C'H C*H C*H Others

Hd1 7.352
Hel 9.917
HB2 3.303 He3 7.451
HB3 3.142 HH2 7.124
H{2 7.407
H{3 6.945

Trpl 7.713 4.252

HB2 1.616 Hy21.873
HB3 1.549 Hy31.718
Asp3  7.770 4476 QB 2.520

Glu2 8.379 3.707

H&1 7.241
Hel 9.947
Hp2 3.424 He3 7.576
Trp4 7.884 4581
HB3 3.367 HH2 7.170
HZ2 7.473
HZ3 7.051
Qyl1.038
vals 7752 3.992 2.142
Qy2 0.995
Gly6  7.966 Qu 3.900
H&1 7.340
Hel 9.887
Hp2 3.476 He3 7.574
Trp7  7.731  4.483
HP3 3.399 HH2 7.141
HZ2 7.492
HZ3 6.873
Qyl1.343
lle8  7.454  3.826 1.813 Q51 0.895
Qy2 0.995
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Table 14 *H chemical shift of C8 in DPC micelle solution.

Residue HN C°H CPH C'H C°H C*H Others
H517.416
Hel 10.667
He3 7.637
Trpl  8.611 4.435 Qp 3.308
Hn2 7.073
HZ2 7.553
HZ3 6.905
HB2 1.999
Glu2 9.176 3.886 Qy2.175
HP31.941
HpB2 2.621
Asp3  8.046 4.505
HB3 2.487
H51 7.393
Hel 10.641
He3 7.548
Trp4  8.040 4.373 QB 3.415
Hn2 7.027
HZ2 7.480
HZ3 6.788
vals5  8.093 3.914 2.155  QQy 0.989
Ha2 3.919
Glyg 8.1
Ha3 3.955
H31 7.362
Hel 10.480
HB2 3.435 He3 7.559
Trp7  7.635 4.449
HpB3 3.387 Hn2 7.120
HZ2 7.506
HZ3 7.035
Qyl2 1.544
Qy13 1.104
I1e8 7.551 3.605 1.875 Q31 0.907
Qy2 0.957
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Table 15 *H chemical shift of C8 in DPC/SDS micelle solution.

Residue  HN C°H CPH C'H C*H C*H Others
H517.432
Hel 10.522
Trpl 8513  4.388  (QB3.283 Hn2 7.094
HZ2 7.549
HZ3 6.918
HB21.911 Hy22.148
Glu2 8.708  3.874
HB31.833 Hy3 2.003
HB2 2.673
Asp3  7.992  4.487
HPB3 2.555
H&1 7.361
Hel 10.512
He3 7.530
Trpd  7.970 4374 QB 3.407
Hn2 7.030
HZ2 7.419
HZ3 6.805
val5  7.952 3.894 HB2.152 Q@ 0.980
Glyé  8.100 o 3.913
H51 7.340
Hel 10.386
He3 7.569
Trp7 7.651 4481 QP 3.393
Hn2 7.117
HZ2 7.493
HZ3 7.026
Hy12 1.468
I1e8 7556 3.644 HP 1.834 Hyl3 0.049 Q510.871

Qy2 0.907
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Figure 27 Fingerprint region and amide region of the NOES¥ctfa of C8 in SDS
(A), DPC (B) and DPC/SDS (C) micelle solution.
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Analysis of NOESY data led to the identificationadf the short interprotonic
distances. Figure 28 contains a summary of all esetipl and medium range
connectivities relative to the NOESY spectra ofr€§pectively in SDS, DPC,
DPC/SDS micelle solutions. The diagrams show regiNal(i,i+1) and
aN(,i+1) NOE connectivities. C8 spectra in DPC ab#C/SDS micelle
solutions are rich in medium range NOE connecésitivhereas these effects
are missing in the NOESY of C8 in SDS micelle solut
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WEDWVGW I B .

(it 1) dan(iitl) — . d\ (i) — R
NNUS S ———— . . s
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do(iit)  — — dpn(Lit]) — dnGit])  —— — —
dan(ii+2) danGit2) — i) =
dyn(ii+2) dan(i,i+2) P dn(iit+2) =
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dyn(ii+d) dyn(iLi+d) d,N(i,i+4) I

Figure 28 NOE connectivities of C8 in SDS (A), DPC (B), anBCQ/SDS (C) micelle

solution.

The structural calculations of C8 were carried osing CYANA software on the

basis of NOE data. This data was transformed interprotonic distances and
imposed as restraints in the calculation.

Figure 29show the calculated NMR structure bundfe€8 obtained in SDS, DPC,
and DPC/SDS micelle solution respectively. Bundié<8 in DPC and DPC/SDS

micelle solution shows high structural agreememivben the calculated conformers
and a common, ordered orientation of side chaifdgR C8 in DPC:0.00 and C8 in
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DPC/SDS:0.00). On the contrary the structure bunfll€8 in SDS micelle solution
is less ordered (RMSD<0.82).

Analysis of the backbone torsion angles accordmgiromotif algorithm identifies
type IB-turn conformation in Val5- lle8 segment of C8 iRPO micelles and typef3-
turn structures in Trpl-Trp4, Glu2-Val5 and Valle8 segments of C8 in DPC/SDS
micelles. C8 in SDS micelle solution is characeuizby a minor presence of

canonical secondary structures; (Figure 30).

Figure 29 NMR structure bundles of C8 in DPC (A), DPC/SDS dad SDS

(C) micelle solution.
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Figure 30 Ramachandran plot of C8 in SDS (A), DPC (B) and [BELS (C)
micelle solution

3.2.3 MD simulations

Three initial positions of the C8 structut8| were chosen for the simulations

to eliminate any bias due to the starting configjara In all cases, the

minimum distance between the peptide and the bhila/®.7 nm. C8 was

attracted to the surface of the bilayer in all dations, independent of the

starting position. The peptide comes into closetadnwith the bilayer
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headgroups within the first nanosecond and egaiids at the surface for the
remainder of the simulation (up to 70 ns) (Figut®. 3he secondary structure
of the peptide drastically changes throughout tineulations. The peptide
loses most of its starting secondary structureetmolne a random coil within
the first nanosecond and subsequently it only teatly folds as a 3 helix
with turn structures (Figure 32). At the bilayerterainterface, the structure
was maintained throughout with 2-4 residues ofgglptide being helical and
turn structures randomly sampled. In the path tdkerbinding, C8 peptide
approaches the bilayer surface without making 8ggmt contacts. Upon
binding to membrane, strong interactions are olesktibvetween the peptide

and the headgroups of the phospholipids.
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Figure 31 The minimum distance between C8 and POPC duringithelation. The
distance is calculated between the centre of mh€s8oand the closest atoms of
POPC.
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Figure 32 Number of residues in helical conformation durihg simulation.

The molecular density profile and the distributioh selected atoms or
chemical groups of the bilayer along the axis pedprular to the membrane
surface in presence and in the absence of thedeejstireported in Figure 33
and Figure 34. Results are plotted relative tocérger of the bilayer along the
bilayer normal (z-axis). In particular, in Figur&8/ the densities of the
peptide and of the whole simulated system are shosereas in Figure 33B
the density of Trp residues is compared with tHgtlemsphorous atoms. The
data in Figure 33A and 33B clearly show that thei€Bound to the bilayer
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reaching the headgroup region and that the Trgluesi are arranged so that
they are facing towards the interior of the bilayenp776 (numbering scheme
of gp36) appears to be located farthest insideRG&C bilayer, while the
other two Trp are anchored between the phosphad Qeoups and bulk

water, i.e. at the water-membrane interface.
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Figure 33 Density profile of (A) the whole simulated systesol{d lines) and of the
C8 peptide (dashed lines) and (B) phosphorus atesolgd line) and Trp residues
(dashed or grey line).
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Figure 34. Density profile of the phosphorus atoms beforeigsthes) and after
peptide (dashed lines) the binding of the C8 peptid
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The minimum distance between the Trp side chaidstla@ POPC molecules
as a function of time (Figure 35) reveals thateatst two of the three Trp
(Trp770 and Trp776) are ever bound to the membdameg the simulation.
A model displaying the location of C8 on the bilayeirface, together with
representative interactions with lipid moleculessi®wn in Figure 36. The
peptide orients such that the side chains of Trp&@T® 776 form hydrogen
bonds as well as hydrophobic interactions withlighiels, and the charged Glu
and Asp residues (Glu771 and Asp772) remain hydrdmended with the
oxygens of the lipid headgroups. It has been aldtovied the average
orientation of the tryptophan side-chains during gimulation to obtain a
quantitative measure of the tryptophan ring positig relative to the
membrane normal. Notably, it is not observed aepegfce for a specific
indole orientation with respect to the phospholipithyer. Indeed, indoles
present the plane either parallel to the lipid shair at an oblique angle to the
membrane normal (Figure 36 B-C). No conserved hy@imobonds between
the peptide backbone and the headgroups of tleebifayer are found.

In total, during the simulations, C8 is in contatth atoms belonging to 24-30
different POPC molecules, although, typically, teptide binds 8-10 POPC
molecules simultaneously. Peptide binding induceeaeasing of 0.5-1 rfm
of solvent accessible surface for POPC oxygen atrdgen atoms and an
increase of 2-4 nfrof the solvent accessible surface for POPC casoms.
Thus, the lipid headroup atoms involved in H-bogdwith the peptide are
less exposed to water molecules. At the same tihee,other atoms of the
lipids, and mainly those of their headgroups, bezomore accessible to the
solvent. This could be due to a decrease of locrong, which favours water
penetration in the headgroups domain. POPC bildlyekness, with and
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without the presence of C8, is reported in Table By comparison of these
values, it can be concluded that the C8 bindinggkes a thinning effect of 3-
5 A. The local reduction of the bilayer thicknessliced by the peptide is
confirmed by visual inspection of the trajectora®l also suggested by Figure
36, where the formation of a hollow on the bilagerface can be detected.
Figure 34 indicates that the overall density distion of the different
membrane component is similar in presence and serate of the peptide,
although a slight increase of the lipid headgroapsity is observed when the

peptide is in contact with the membrane.
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Figure 35 The interactions between Trp residues and POP@aulas. Green lines
represent the minimum distance between Trp776 @R black lines the distance
between Trp770 and POPC and red lines that bettheehrp773 and POPC.
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Figure 36 Configuration of the system when C8 has moved & dhrface of the
bilayer (panelA). Snapshots selected from the trajectories (p&3€l). C8 is
displayed in cyan, carbon atoms of POPC are cotbirgreen, oxygen atoms in red,
nitrogen atoms in blue and phosphorous in orangeéemmolecules are omitted. In
panelD, hydrogen bonds are indicated in red, hydrophisltéractions in black.

Table16 POPC bilayer properties.

POPC molecules POPC molecules in POPC molecules in
contact with C8 contact with C8

-starting o upon the binding
conformation before the binding
P-P thickness 4.12* 4.00-4.03 (£0.02) 3.60-3.71 (£0.03)

(nm)

*The value of bilayer thickness in absence of teptjgle, measured as the average
distance between the phosphorous atoms of the @mgkelower leaflets of POPC, is
in agreement with previous computatioB&)(and experimentadQ) studies.
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The local increase of the lipid packing densityhe bilayer upon C8 binding
reflects in the dynamics of the lipid molecules. €8ates a local tension on
the lipid, reducing the mobility of the lipid chainThe calculated order
parameters of the lipids in direct contact with pleptide compared with those
of the other lipids constituting the bilayer argpaoded in Figure 37A. For
POPC molecules in contact with C8, calculated \alae slightly higher in
magnitude (indicating more order in the systemiti@aarly for the last atoms
of the chain. Similar results have been obtainechparing the root mean
square deviations of POPC molecules in the presamgén the absence of the
peptide. Interestingly, a slightly different effeadt peptide binding on the two
monolayers is also observed. In fact, inspectiofriglire 37B shows that, in
the peptide-bound leaflet, acyl chain mobility Igtstly higher close to the

interface and somewhat lower in more internal negio
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Figure 37 Calculated order parameters for POPC palmiticreh@n direct contact
with C8 (circle) and for those not in contact witte peptide (triangle) (pandl).
Calculated order parameters for POPC palmitic chafrthe leaflet in direct contact
with the peptide (circle) and for those of the ogif side of the bilayer (triangle)
(panelB).

95



3.2.4 Discussion

C8 is an octapeptide deriving from MPER domain bf gp36. The protein

domain corresponding to the C8 sequence has bgmuthegized to exert a
destabilizing effect on the target-cell membram&potiring its fusion with the
viral envelope. The presence of three Trp residaesl their spatial

arrangement has been found to be essential to peaitm® C8 interaction with
lipid membranesd7) However, to date the experimental approaches deed
not have the necessary resolution to determineatbenic details of the
interaction between the peptide and the lipids, amhsequently the
mechanism trough which the peptide originates lipithyer perturbation

remains unknown. In this work, we investigate th8-lipid interactions

combining a variety of experimental techniques wWMiD simulations. In

particular, in our computations both the peptidd #re lipids are considered
at the atomistic level, thus allowing to analyzdé ooly changes in peptide
conformation, but also perturbations in lipid paxckidue to peptide-bilayer
interaction.

Concerning experimental data, we use: i. CD to aeplthe general C8
conformational preferences in response to differer@mbrane mimicking
systems; ii. NMR to study the conformational bebaviof C8 in membrane
mimicking system made up of micelle solution of SM&C and DPC/SDS;
lii. spectrofluorimetry to highlight the polarity f othe microenvironment
experienced by the Trp residues and to estimate stbichiometry of the
peptide-lipid interaction, iv. ESR spectroscopydtect perturbations in lipid

structuring and dynamics.
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The combined analysis of the results obtained leydifferent experimental
and computational approaches techniques and MD allievs to obtain a
complete description of the system structure afhieur at molecular level.
NMR and CD data show that C8 secondary structues@és moving from
water to membrane mimicking environments represebte SDS, DPC and
DPC/SDS micelle solution respectively. In particulais effect is significant
in the presence of micellar concentrations of asibinic DPC surfactant
where an evident modification of CD spectra is detgle, corresponding to
the conformational transition of C8 from random Ictw turn-helical
structures. The conformational modification of @8 also observable in the
variations of NH chemical shift values measuredrduthe titration with the
different surfactants. Notably the titration withPD induces selective
modification of NH chemical shifts, as compared @ more general
perturbation induced by SDS tensioactive. Thiseolation indicates that in
DPC micellar medium the conformational packingG# imposes selective
expositions of NH protons to the solvent. The claliton of 3D models based
on NMR data shows that in the three different nkécablutions C8 has a
propensity to assume turn-helical conformationsnf@ming CD data, this
tendency is particular evident in DPC and in D&% mixed micelles,
where the peptide is arranged in tygeturn structures along all the sequence.
NMR structures are characterized by ordered atent of the side chains. In
particular non-parallel orientation of Trpl andp4rindolyl rings, form an
“umbrella” surface to protect the backbone of GluBn the contact with the
solvent. This exposition of the side chains, acte®dor the constant values of
NH chemical shifts observed for Glu3 residue durirsgirfactant titration,

moreover suggests that it may be the surface reggerfor the absoption of

97



C8 on the external surface of bilayer. Fluoresceamod MD results confirm
these data, indicating that Trp residues remaiosaqg to the external aqueous
medium. In particular MD data shows that Trp fdmgdrogen bonds with the
phospholipid headgroup, targeting this residuénterfacial region between
water and the hydrophobic core of the bilayer, thaimpering a deep insertion
of C8 into the membrane. MD simulations also shbat the three C8 Trp
residues are important in directing and anchorirggpeptide to the membrane
interface. We do not find a preferential orientatiof the indole plane with
respect to the membrane bilayer. But according dRNconformational
analysis, upon membrane binding, C8 tends to assamuirn-helical
conformation. Because of the short peptide sequeheesecondary structure
dynamically changes with time, nevertheless atdtiterplay between peptide

conformation and its membrane-interacting abiktypbservable.

A C8 molecule interacts with an average of 6-1@8simultaneously. This is
shown by both fluorescence and MD data. Howeveulsitions point out that
a total of 24-30 different POPC molecules comeantact with the peptide.
The peptide affects lipids order and dynamics. péptide effect propagates
along the lipid acyl chain till the deep interidrtbe bilayer. In particular, both
the ESR and MD data clearly show that the presehtiee peptide induces a
reduction of the segmental acyl chain mobility fior 5-8. As a result of the
peptide adsorption, a local reduction of the bitajrdckness by 2-5 A is
detected. In more details, MD results specify ttieg peptide adsorption
perturbs the lipid packing and mobility in the lpéa leaflet in direct contact
with the peptide, the opposite one being less pdmett This marked
asymmetry of the bilayer originates a sort of inwagon, as well detectable in

the MD simulation shown in Fig. 36A. Thus our résudefinitely highlight
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that changes in the POPC microstructuring dueed8 interaction reflect on
the lipid bilayer mesostructure.
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CHAPTER 4
CONCLUSIONS

The experimental strategy set up for this studg, p@ved to be extremely
informative of the miscrostructure and dynamicgsofmplex systems such as
lipid membranes interacting with peptides/proteinBarticularly, MD
simulations have been found to be a valuable toorationalize all the
experimental results obtained by NMR, CD, ESR ardoréscence
spectroscopy. The findings of the present work @dlp in shedding light on
the mechanism through which viral glycoproteinsphé overcome the
energetic barrier inherent with the fusion betwdba target cell plasma
membrane and the viral envelope, and particulaniythe role played by the
MPER protein domain in the process. Our data sugtped lipid bilayer
destabilization could be a consequence of the agtnurperturbation of the
bilayer that starts with an increased hydratioimtl headgroups coupled to
an increase of lipid ordering in the leaflet exmbse the approaching viral
glycoprotein. In particular, since water organiaatat membrane interface has
been proposed to control the fusion dynamics, th@ement of bilayer
hydration could be a fundamental part of role pthysy the MPER fusion

protein domain during the process.
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