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ABSTRACT

A 3-(phenanthren-9-yl)H-indole-2-carboxylic acid2) obtained from the cleavage of
the methyl ester of the methyl 3-(phenanthren-9tid)indole-2-carboxylatel) was
inserted into a peptide containing the RGD sequehice GGRGDG peptide sequence
was prepared by solid phase synthesis and coupeccompound Z), using
diisopropylcarbodiimide (DIC) and 1-hydroxybenzamole (HOBt) in DMF. The
peptide B) labelled with the phenanthrenylindole moiety wasained in 31% vyield.

The photophysical properties of the phenanthremybie derivatives were studied in
several solvents of different polarity. Compountisand 2 have reasonably high
fluorescence quantum yields (between 27% and 86%dmn-protic solvents, the methyl
phenanthrenyl-indole-2-carboxylateé being the more fluorescent compound. The
fluorescence emission of both compounds is seeditisolvent, indicating that they are
good candidates for fluorescent probes. Fluorescamiission measurements of the
labelled peptide in solution showed a strong deseaf ® value caused by the
attachment of the Gly-Gly-Arg-Gly-Asp-Gly chain.

The phenanthrenyl-indoles and 2 and the labelled peptidg were incorporated in
liposomes of dipalmitoyl phosphatidylcholine (DPPC)nd dipalmitoyl
phosphatidylglycerol (DPPG) and mixtures of bothids. Steady-state anisotropy
measurements showed that compouhdsid2 are located inside the lipid bilayers and
are able to report the transition between the gdllmuid-crystalline phases. The RGD
labelled peptide locates mainly in the outer parthe vesicle interface. These results
indicate that the phenanthrenyl-indole moiety mayulsed as a fluorescent probe for

peptides and lipid membranes.

KEYWORDS: Phenanthrenyl-indole; RGD-peptide; Fluorescehgad membranes

ABBREVIATIONS. DPPC (dipalmitoyl phosphatidylcholineDPPG (dipalmitoyl
phosphatidylglycerol), PC (phosphatidylcholine), P(hosphatidylglycerd] G
(glycine), R (arginine), D (aspartic acid).



1. INTRODUCTION

Fluorescence spectroscopy is widely used to stuokgins and peptides, with the vast
majority of studies making use of the naturally wecmg fluorophores, tyrosine and
tryptophan. However, there is considerable inteiasthe incorporation of novel
fluorophores, because they can offer site spepifabes and, in many cases, can be
chosen to allow selective excitation and detecfbi2]. Fluorescent peptides form a
new generation of analytical tools for visualizimgracellular processes and molecular
interactions at the level of single cells [3-4].eThequence arginine—glycine—aspartic
acid (RGD) (Figure 1) is found in many extraceltut@atrix proteins and is responsible
for their interaction with a class of cell receptd&mown as integrins. These receptors
are involved in the regulation of cellular prolégion and apoptosis. In particularly the
integrin a,f3 is over-expressed in some tumour cells and has lbeelicated in
essential processes in the growth of solid tumandsin the development of metastases
[5-9].
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Figure 1. Tripeptide Arg-Gly-Asp.

In our laboratories we have been interested in Syr@hesis of new heterocyclic
compounds that could be used as fluorescent prfobdsological systems [10]. One of
the strategies developed for the synthesis of tltesepounds involves the Suzuki-
Miyaura cross-coupling of brominated dehydroamimids with aryl boronic acids
followed by a metal assisted C-N intramolecular lisgtion [11]. Using this
methodology we were able to prepare a variety dblm derivatives and also to study
their photophysical properties [10]. Among thesempounds, the methyl 3-
(phenanthren-9-yl)H-indole-2-carboxylate was prepared and showed ta lgpood

candidate to be used as a fluorescence probe dtogial systems [10c]. Continuing



this work, it was decided to link this compoundat@eptide containing the arginine-
glycine-aspartic acid (RGD) sequence.

The absorption and emission properties of the n&{fghenanthren-9-yl)H-indole-
2-carboxylate, 3-(phenanthren-9-ylHindole-2-carboxylic acid and of the labelled
peptide were studied in both homogeneous solutiod acorporated in lipid
membranes of dipalmitoyl phosphatidylcholine andfigalmitoyl phosphatidylglycerol

which are the main components of biological memésan

2. EXPERIMENTAL
Materials and Methods

Melting points (°C) were determined in a Gallenkaapparatus and are uncorrectid.
and*C NMR spectra were recorded on a Bruker Avanceti400 and 100.6 MHz,
respectively.’H-'H spin-spin decoupling and DEPE 45° were used. HMQC and
HMBC were used to attribute some signals. Chemstefts are given in ppm and
coupling constants in Hz. HRMS data were recordethb mass spectrometry service
of the University of Vigo, Spain.

All the solutions were prepared using spectroscgpacie solvents and ultrapure water
(Milli-Q grade). 1,2-Dipalmitoylsn-glycero-3-phosphocholine (DPPC) and 1,2-
Dipalmitoyl-sn-glycero-3-[phosphaac-(1-glycerol)] (sodium salt) (DPPG) were

purchased from Sigma-Aldrich (lipid structures sinewn below).
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For phospholipid vesicles preparation, the injectinethod was used [10b,12-14].
Defined volumes of stock solutions of lipid (50 miMethanol for DPPC and 13.4 mM
in tetrahydrofuran for DPPG) and compourddsnd?2 (0.197 mM forl, and 0.195 mM

for 2) were injected together at 60 °C, well above tledting transition temperature of
DPPC €a.41 °C) [15] and DPPG (39.6 °C) [16], under vigorstiging, to an aqueous
buffer solution (10 mM Tris-HCI, pH=7.2) also at 6Q. In all cases, the final lipid

concentration was 1 mM, with compounds/lipid makgio of 1:500.

Spectroscopic measurements

Absorption spectra were recorded in a Shimadzu WYRC UV-Vis-NIR
spectrophotometer. Fluorescence measurements \eei@med using a Fluorolog 3
spectrofluorimeter, equipped with double monochnamsa in both excitation and
emission, Glan-Thompson polarizers and a temperatantrolled cuvette holder.
Fluorescence spectra were corrected for the ingintethresponse of the system.

For fluorescence quantum yield determination, thieteons were previously bubbled
for 40 minutes with ultrapure nitrogen. The fluar@sce quantum yieldsbf) were
determined using the standard method (equatiod7,18]. 9,10-diphenylanthracene in

ethanol @, = 0.95 [19]) was used as reference.

o = A*ang >, 1)
ASFF nl’
whereA is the absorbance at the excitation wavelerfgtthe integrated emission area
andn the refraction index of the solvents used. Supschiefer to the reference (r) or
sample (s) compound. The absorbance value at sBanitaavelength was always less
than 0.1, in order to avoid inner filter effects.
Solvatochromic shifts were described by the Lippéataga equation (2), which

relates the energy difference between absorptiod amission maxima to the

orientation polarizability, [20,21]
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where vaps is the wavenumber of maximum absorpti&m, is the wavenumber of

Vabs—Vf = Af +const 2

maximum emissionAl = He — Hq is the difference in the dipole moment of solute

molecule between excitedud) and ground [{g) states,R is the cavity radius



(considering the fluorophore a point dipole at tleater of a spherical cavity immersed

in the homogeneous solvent), aAd is the orientation polarizability given by (eq: 3)

e-1 n-1
Af= - ,
2e+1 2n2+1

3)

whereg is the static dielectric constant amthe refractive index of the solvent.

The steady-statduorescence anisotropy, is calculated by

_ lw ~Glyn @)
lvw +2G vy

wherelyy andlyy are the intensities of the emission spectra obthimith vertical and
horizontal polarization, respectively (for vertigalpolarized excitation light), and

G =lpy/lnn is the instrument correction factor, where andlyy are the emission

intensities obtained with vertical and horizontalgization (for horizontally polarized

excitation light).
Synthesis

Synthesis of the methyl 3-(phenanthren-9-yl)H-indole-2-carboxylate (1): The

synthesis of this compound was described elsewWheos.

Synthesis of 3-(phenanthren-9-yl)-H-indole-2-carboxylic acid (3: A solution of
NaOH 1M (3 equiv.) was added to a solutiorildd.6260 mmol; 0.220 g) in methanol
(0.1 mol dnm) and the mixture was heated at reflux. When &l agent had been
consumed (4 h) the methanol was removed and th#i@olwas acidified to pH 1-2
with HCI (5 mol.dn?). Filtration of the solid formed afforded compoud0.200 g,
94%); m.p. 205-206 °CH NMR (400 MHz, CDCY): 7.09 (t,J = 6.8 Hz, 1 H, ArH),
7.29 (d,J=8.4 Hz, 1 H, ArH), 7.36-7.45 (m, 3 H, ArH), 7.60¢2 (m, 4 H, ArH), 7.79
(s, 1 H, ArH), 7.87 (dJ = 8.4 Hz, 1 H, ArH), 8.77 (] = 7.6 Hz, 2 H, ArH), 9.18 (br s,
1 H, NH) ppm.**C NMR (100.6 MHz, CDG)): 111.91 (CH), 121.04 (CH), 122.20
(CH), 122.59 (CH), 122.73 (CH), 123.48 (C), 123(63, 126.39 (CH), 126.46 (CH),
126.47 (CH), 126.68 (CH), 126.73 (CH), 126.84 (CtD8.73 (CH), 129.06 (C), 129.16
(CH), 129.80 (C), 130.33 (C), 130.35 (C), 131.52, (£31.69 (C), 136.12 (C), 165.94



(C=0) ppm. HRMS (micrOTOF) [M+H]: calcd. forgH;5sNNaQ, 360.09950; found
360.09938.

Synthesis of peptidg3): The GGRGDG peptide was prepared by solid phashesis
using a Fmoc strategy. Fmoc-Gly-OH (1.2 equiv.) disbpropylethylamine (DIPEA)
(4 equiv. relative to the amino acid) in dry dialdmethane (DCM) were added to the
2-chlorotrityl chloride resin (0.5 g). The mixtuneas left stirring for 2h. At end of this
time, the resin was washed with a mixture of DCMOWEDIPEA (17:2:1) (3x 20 mL),
DMF (2 x 20 mL) and DCM (2x 20 mL). The resin was dried in vacuum and the
determination of the first residue attachment mhagecleaving Fmoc with DBU and
measuring the solution concentration of dibenzafols by UV spectroscopy. The
loading amount was 0.58 mof-gAfter cleavage of the Fmoc group with a solutan
piperidine in DMF, couplings were carried out usargexcess of the Fmoc-amino acid
(4 equiv., 1.20 mmol) with diisopropylcarbodiimi@@IC) and 1-hydroxybenzotriazole
(HOBt) in DMF. Compound (0.58 mmol, 195.6 mg) was coupled to the last amin
acid using a similar stategy. The peptide labellth the phenanthrenylindole was
cleaved from the resin using a mixture of acetid/a¢l,1-trifluoroethanol/DCM (2:2:6).
The protecting groups were removed with TFA to gpeptide3 as a yellow solid
(150.5 mg, 31 %)*H NMR (400 MHz, DMSOedg): 11.97 (s, 1H, NH), 8.91 (t J=9.6 Hz,
1H, ArH), 8.64 (brs, 1H, NH), 8.30-8.20 (m, 4 H, HwNH), 8.14-7.87 (m, 5H,
ArH+NH), 7.75-7.64 (m, 4H, ArH+NH), 7.59-7.46 (mH3 ArH+NH), 7.29-6.94 (m,
6H, ArH+NHz"), 4.59-4.56 (m, 1Ha-CH Asp), 4.28-4.22 (m, 1Hy-CH Arg), 3.84-
3.61 (m, 8H, CH Gly), 3.08-2.98 (m, 2H)-CH Arg), 2.67-2.52 (m, 2H3-CH, Asp),
1.71-1.37 (m, 4HB+y CH, Arg). *C NMR (400 MHz, DMSOdg): 24.77 (CH), 28.84
(CHy), 36.36 (CH), 40.43 (CH), 40.35 (CH), 41.98 (CH), 42.08 (CH), 49.52 (CH),
52.43 (CH), 42.40 (C}), 112.50 (CH), 115.93 (C), 115.99 (C), 120.14 (Ct0.33
(CH), 122.83 (CH), 123.21 (CH), 124.16 (CH), 126(6#), 126.55 (CH), 126.66 (CH),
126.72 (CH), 126.91 (CH), 126.96 (CH), 128.70 (Ct29.32 (CH), 129.80 (C), 130.09
(C), 130.29 (C), 131.35 (C), 131.43 (C), 135.51, (1§6.53 (C=N), 168.52 (C=0),
168.68 (C=0), 168.77 (C=0), 170.92 (C=0), 170.98@F 171.04 (C=0), 171.75
(C=0), 171.84 (C=0). HRMS (micrOTOF) [M+H]: caldtr Cs1H45N10010 837.33146;
found 837.33039.



3. RESULTS AND DISCUSSION

Synthesis

The methyl 3-(phenanthren-9-yIHlindole-2-carboxylatel() [10c] was prepared from
a [B-bromodehydrophenylalanine and 9-phenanthracemgthoracid by a Suzuki-
Miyaura cross-coupling followed by a Pd/Cu assistedl intramolecular cyclisation
developed in our research group [10]. This compouwrd inserted into a peptide
containing the RGD sequence after cleavage of ththyh ester (Scheme 1). Thus,
compound 1 was treated with sodium hydroxide in methanol tfford the
corresponding carboxylic aci@)(in a 94% yield. Compoun2 was conjugated with the
hexapeptide glycine-glycine-arginine-glycine-asigart acid-glycine (GGRGDG)
synthesized by standard solid phase peptide sysathdSPPS) using a
fluorenylmethoxycarbonyl (Fmoc) protocol and a 2ecbtrityl chloride resin. For side-
chain protection the 2,2,4,6,7-pentamethyl dihydradofuran-5-sulfonyl (Pbf) group
for arginine and theert-butyl (Bu) group for aspartic acid were used. Coupling
reactions were performed with diisopropylcarbodideni (DIC) and 1-
hydroxybenzotriazole (HOBt). Compoudwvas coupled in solid phase using the same
conditions. After cleavage from the resin and reahaf the protecting groups, the

labelled peptid® was obtained in 31% vyield.
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Scheme 1. Synthesis of compouhdnd peptide.

Fluorescence of compounds 1 and 2 in several solten

The absorption and emission properties of compoundsid 2 were studied in ten

solvents of different polarity. The maximum abs@mpt(A,nd and emission wavelengths



(Aem), molar absorption coefficients)( and fluorescence quantum yield®g) are
presented in Table 1. The normalized fluorescepeets of the phenanthrenyl-indoles
1 and2 are shown in Figures 2 and 3, respectively. Exampf absorption spectra are

shown as insets.

Table 1 — Maximum absorptiom\49 and emission wavelengthd ), molar absorption
coefficients €) and fluorescence quantum yield:) for compoundd and2 in several solvents.

Aabs(NM) (€/20° Mtem™) Aem(nmM) d:?
Solvent
1 2 1 2 1 2
298 (2.47),| 297 (0.39)
Cyclohexane 249 (6.27),| 252 (0.96) | 399 397 0.70 0.28
226 (5.14) | 226 (0.76)
298 (2.85) | 298 (0.65)
Dioxane 249 (6.97) | 249 (1.55) | 400 400 0.49 0.48
226 (6.23) | 227 (1.35)
Ethyl acetate 297 (2.68f | 297 (0.65f | 400 403 0.85 0.33
298 (1.22) | 298 (0.51)
Dichloromethane 249 (2.94) | 250 (1.22) 404 410 0.80 0.34
226 (2.82) | 228 (1.03)
N,N-Dimethylformamide| 299 (2.71f | 298 (0.57f | 405 412 0.63 0.42
Dimethylsulfoxide | 300 (2.61f | 299 (0.64¥ | 407 415 0.84 0.62
297 (2.25),| 297 (0.56)
Acetonitrile 248 (5.88),| 248(1.39) | 403 414 0.55 0.30
226 (4.64) | 225 (1.17)
Chloroform 299 (2.58f | 299 (0.69¥ 410 412 0.85 0.27
298 (2.47),| 298 (0.77)
Ethanol 249 (6.26),| 248 (2.05) | 417 410 0.57 0.11
227 (4.84) | 225 (1.85)
297 (2.55) | 298 (0.63)
Methanol 248 (6.30) | 247 (1.73) | 422 412 0.52 0.07
226 (5.10) | 225 (1.78)
297 (0.42) | 298 (0.71)
Water 249 (0.75) | 251(3.12) | 426 431 0.02 0.09
226 (0.80) | 225 (1.70)

? Relative to 9,10-diphenylanthracene in ethadg! £ 0.95 at 25 °C [19]). Error about 10%.

®Solvents cut-offDimethylsulfoxide: 270 nmiN,N-Dimethylformamide: 275 nm; Ethyl acetate: 265 nm;
Chloroform: 250 nm.

In indole and its derivatives the near-ultravi@bsorption is generally attributed to two
strongly overlappingr —»z* transitions [22-24], with an average value for non
substituted indole of 5550 Mcm*, which also justifies its relatively high fluorestwe
quantum vyield [25]. Compound presents higle values ¢ >1.2x10" M™* cm?) at the
lowest energy maximum in all solvents studied, wiidr compoun@ the € values are

significantly lower ¢>3.9x10° M™*cm™) (Table 1). Many carbonyl compounds have a



low-lying n— 1t* state, exhibiting low fluorescence quantum yieldls a carbonyl group
is present in both compounds, tiie 1 and n - ¢ electronic transitions can be nearby
in energy, resulting in state-mixing [26]. The highlues of the molar absorption
coefficient for compound. can indicate a predominance of the 1 character, the

latter being less pronounced for compo@nd
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Figure 2. Normalized fluorescence spectra ®1@® M solutions of compound in several
solvents Kex=325 nm). Inset: Absorption spectrum of1®° M solutions ofl in cyclohexane
and ethanol, as examples.

For both compounds, significant red shifts are ol for emission in polar solvents,
that are larger for compourg] if alcohols are not considered. In the absorpspeactra,
the red shifts are negligible (Table 1), indicatitigat solvent relaxation after
photoexcitation plays an important role. In polalvents, a clear band enlargement in
emission is also observed (Figs. 2 and 3), whialsisally related to an intramolecular
charge transfer (ICT) mechanism and/or to spesiiwent effects [20]. This behavior
was already observed in other indole derivativevipusly synthesized by us, namely

the methyl 3-arylindole-2-carboxylates [27], thehdteroaryl-Bi-benzothieno or

10



benzofuroindole-2-carboxylates [28], and severatefoaryl and heteroannulated
indoles [29].
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Figure 3. Normalized fluorescence spectra ®1@® M solutions of compoun@ in several
solvents Kex=325 nm). Inset: Absorption spectrum of1®° M solutions of2 in cyclohexane
and ethanol, as examples.

The Lippert-Mataga plots for compountis2, shown in Figure 4, are reasonably linear
in non-protic solvents, chloroform, alcohols and tevaexhibiting large positive
deviations for the phenanthrenyl-inddleThis behaviour can be due to specific solute-
solvent interactions by hydrogen bonds. Both compsuhave the capability of
hydrogen bonding formation through the NH groupn@d® and the carbonyl group
(acceptor). The formation of hydrogen bonds betwadaroform and proton acceptors
is known since a long time [31]. However, the Ligpdataga plot for compound
shows a small negative deviation for alcohols. @aossible explanation for this fact
could be the formation, in the ground state, ofydrbgen bond between the H atom of
the carboxylic group and alcohols that becomes eseakthe excited state. The same
behaviour does not occur in water, that exhibis@al large positive deviation for both
compounds (Figure 4). The generally larger solMatmmic shifts for compound point

11



to a higher ICT character of the excited stateatica compound, due to the presence of a
carboxylic acid group.

10500
O Compound 1 g
[] Compound 2
10000 |- A
E 9500 |- .
> 9000 | 5
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gs00 | BT
0.0 ' o0 : - , "
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Figure 4. Lippert-Mataga plots for compourtdand 2. Solvents: 1 - cyclohexane; 2 - dioxane;
3 - chloroform; 4 - ethyl acetate; 5 - dichloronath; 6 - dimethylsulfoxide; 7 N,N-

dimethylformamide; 8 - ethanol; 9 - acetonitril® 1 methanol; 11 - water (values ofandn
were obtained from ref. [30]).

From ab initio molecular quantum chemistry calculations, obtaingtth Gaussian 09
softward32] and use of a 6-311+G(dp) basis set at the TB-BFT (B3LYP) level of
theory [33] in gas phase, the cavity radi@ énd the ground state dipole momaquy) (
were determined for the two compounds (TableT&e optimized geometry of the
ground state of phenanthrenyl-indoles and 2 shows that the indole-2-
carboxylate/carboxylic acid moiety is roughly pergeular to the phenanthrene rings,
while in the lower excited state a distortion oscuwith the approximation of the

phenanthrenyl and indole moieties (Figure 5). Threction of the calculated dipole

moments in the ground and excited state are atboated.

12



4 COMPOUND 1

Ground state geometry Excited state geometry

COMPOUND 2

Ground state geometry Excited state geometry

Figure 5. Optimized geometries of compoutdmd?2 obtained by Gaussian 09 software (grey:
C atoms; white: H atoms; red: O atoms; blue: N aborheft: ground state; Right: lowest
excited singlet state. The arrows indicate thectiva of the dipole moment.

The values of excited state dipole moments, estichfiiom the Lippert-Mataga plots
and from molecular quantum mechanical calculati@ms, presented in Table 2. The
values obtained frornthe calculations are slightly lower than the onssneated from
the Lippert-Mataga plots. Nevertheless, thevalues and the change in direction of the
dipole moment (Figure 5) point to the presence o§ignificant charge transfer

mechanism in the excited state, especially focctrapound with the carboxylic group.
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Table 2. Cavity radiusR) and ground state dipole momentg){ obtained from theoretical
calculations, and excited state dipole momepts ¢alculated from the Lippert-Mataga plots
and from quantum mechanical calculations.

Cavity Ground state  Excited state dipole  Excited state dipole
Compound radius,R  dipole moment, moment. (D), from moment, (D), from
R) Hg (D) Lippert-Mataga plots theoretical calculations
1 5.7 2.81 7.2 6.9
2 5.6 2.53 10.0 8.1

Figure 6 displays the representation of HOMO andviQJmolecular orbitals for the
two compounds, obtained with the calculated optatiiggeometries for ground and
lowest excited singlet state. The HOMO moleculditat is mainly located in the
phenanthrenyl moiety, with a small contributiontieé indole-2-carboxylate/carboxilic
group, more significant for compounti The HOMO-LUMO transition (for both
geometries) of these phenanthrenyl-indoles showalmost complete charge transfer
from the phenanthrene rings to the indole-2-cartaigjcarboxylic moiety. This

confirms the CT character of the excited state enpwonounced for compourad

‘.

*
@
Y .

- 5,
4 “

: <75 LUMO
Excited state geometry

HOMO
Ground state geometry COMPOUND 2

HOMO
Excited state geometry

Figure 6. Representation of HOMO and LUMO molecuwldnitals of the phenanthrenyl-indoles
1 (above)and 2 (below). Left: Optimized geometry for the groundtst Right: Optimized
geometry for the lowest excited singlet state.
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When in the excited state geometry, it is obsemeldJMO molecular orbital of both
compounds an additional electron density betweenottygen of the carbonyl group
and a nearby double bond of the phenanthrenyl moidtis is occurs as, due to the
geometrical distortion, the distance between tiggen atom and the C-C bond in the
phenanthrenyl ring decreases from 3.7 Ato 2.7 A.

Figure 7 shows the representation of the energgl lediagram with the transition
energies of both compounds. The mentioned additieleetron density is probably
responsible for the significant decrease in LUM@rgy upon geometrical relaxation of
the excited state. These results predict a largkeSt shift that is, in fact, observed in
the experimental data. The calculated absorptiahesmission transition energies are at
lower energies than the ones experimentally obsgeMeis can be due to solvent effects

not accounted on thed initio calculations as these were performed in the gaseph

3 Compound 1 Compound 2
>
> 1
(]
c .
i I E e E—
3 ! —_— i - :
2- : | : i
1365 nm 1485 nm 1377 nm 1494 nm
1- ! 5 | l
! B | N R
- Ground state Excited state Ground state Excited state
geometry geometry geometry geometry

Figure 7. Representation of the energy level dagravith the transition energies for both
compounds, obtained by molecular quantum chemistigulations.

Both compounds present reasonable to high fluonescquantum yields in almost all
solvents, compount attaining 85% in some solvents (Table 1). A notabtiuction of
@ is observed for compound in alcohols, probably caused by an increase of

singlet-triplet intersystem crossing efficiency through bRl interaction.
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The generally high fluorescence quantum yields aoldent sensitive emission of
compoundsl and2 make them good candidates as fluorescence probdsdiogical
membranes and proteins, as they can be excitecbwtitimultaneous excitation of

tryptophan and other aromatic amino acids (tyrosind phenylalanine) of proteins

which absorb light ak < 300 nm [20].

Fluorescence of peptide 3 in homogeneous solution
Figure 8 shows the absorption (inset) and fluomeseespectra of the peptid®in

ethanol and aqueous medium (pH = 7). A red sb#t 15 nm) and band enlargement is

observed in agueous media. Fluorescence quantuds yaee presented in Table 3. It

can be observed a strong fluorescence quenchingowipoundl caused by the

attachment of a Gly-Gly-Arg-Gly-Asp-Gly chain. Thegh flexibility and length of the

peptide chain leads to the increase of the noratiadi decay pathways (in particular,

due to additional vibrational modes) and conseqdeatease obg values.
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Figure 8. Normalized fluorescence specka€325 nm) of X10° M solutions of peptid8& in

ethanol and aqueous buffer (pH = 7). Absorptioncspeof %10° M solutions in the same

solvents are shown as inset.

16



Table 3. Maximum absorptionAf9 and emission wavelengthd\.{), molar absorption
coefficients €) and fluorescence quantum yield) for peptides.

Solvent Aas(NM) (€/20° Mtem™) | Aem(nm) | g2
297 (0.25)
Ethanol 248 (0.60) 404 0.075
Aqueous buffer (pH =7) 22; Eggg; 423 0.03¢

2 Relative to 9,10-diphenylanthracene in ethado&(0.95 [19])
® Non-deoxygenated solution.

A fluorescence study with variable pH—(2) was also performed, to evaluate the
potential of compound. to serve as fluorescent pH probe alone or wheerted in
peptides. It was found that compouddalone presents a fluorescence emission
insensible to pH (inset of figure 9). However, whignked to the peptide chain,
significant variations in the fluorescence inteypsian be detected (figure 9). Changes in
the maximum emission wavelengths are negligiblee Tise in the fluorescence
intensity (inset of figure 9) starts at pH betwdeand 5. This variation can be related to
the deprotonation of the side-chain carboxylic domin the aspartic acid residue [34].
This could result in a hydrogen bond between thbaelate anion and the indole

group, affecting the peptide fluorescence quantigialy

6
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e £ >~ compound 1
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Fluorescence intensity (a.u.)
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450
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Figure 9. Fluorescence emission specka#£325 nm) of ¥10° M solutions of peptid8 in
aqueous media of variable pH. Inset: Plots of damsmtensityvs. pH for compoundL alone

(1x10° M) and linked to the peptide.
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Fluorescence of compounds 1-2 and peptide 3 in lgopmembranes

Photophysical studies of both compouridand 2 and peptide3 incorporated in lipid
membranes composed of DPPC/DPPG mixtures were @dsiormed. These two
phospholipid molecules are the main componentsadbdpical membranes. It is known
that, at room temperature, the neutral (zwitteagpphospholipid DPPC (16:0 PC) and
the anionic DPPG (16:0 PG) are in the ordered ate, where the hydrocarbon chains
are fully extended and closely packed. Above thdingetransition temperature,F

41 °C[15] for DPPC and J= 39.6 °J16] for DPPG, lipid chains attain the disordered
and fluid liquid-crystalline phase.

The emission spectra of compouridand 2 in lipid membranes of several DPPC/DPPG
ratios at room temperature are displayed in FigureAt 55 °C, the spectra in lipid
membranes are very similar (data not shown) toethaislower temperature, with an
expected fluorescence quenchimg. (22% in neat DPPC and 45% in neat DPPG). In
ethanol, the effect of increasing temperature (f&?C to 55 °C) in the fluorescence of
these molecules is a ~ 42% reduction in intensity@avery small blue shift (1-2 nm for
both compounds).

The fluorescence spectra in lipid membranes ardssifior both compounds, displaying
a red shift with increasing DPPG content in thelimembrane (Figure 10 and Table 4).
As the difference between DPPC and DPPG molecslesly the polar head group,
these results point to a higher hydration levaheke compounds in DPPG rich vesicles.
Another possibility for this behavior is the ocance of hydrogen bonding between the

compounds and the OH groups of DPPG polar head.
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Figure 10. Normalized fluorescence spectra of camge 1 and 2 (2x10° M) in lipid
membranes of DPPC/DPP®&.{~=325 nm) at 25 °C.

Fluorescence anisotropy measurements (equatioamyjiee further information about
these molecules behaviour in lipid membranes [3%]e fluorescence steady-state
anisotropies determined for compourddand?2 in lipid membranes of DPPC/DPPG are
shown in Table 4. Anisotropy values in glycerol rabm temperature were also
determined for comparison, being similar for botblecules. The largest anisotropy
values are observed in neat DPPC at gel phaseC{2Bhat exhibits a melting transition
temperature higher than DPPG.

The fluorescence anisotropy values (Table 4) diedicate that both compounds are
mainly located inside the lipid bilayers. At 25 q@Gelow the melting transition
temperature of both lipids), the anisotropy of botblecules decreases monotonically
with increasing DPPG content. The anisotropy valolkeboth compounds are always
higher in DPPC than in DPPG, the ratigpdrppps attainingca. 1.5 times at 25 °C.
Although DPPG molecules have a lower transitionperature, the difference between
Tm values of DPPC and DPPG is only 1.4 °C. It is fssthat some compound
molecules are located in hydrated environmentsR#®0, near the polar head groups,
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justifying a further decrease in fluorescence anigry and the observed red shift in
emission spectra. This behaviour is similar to tblaserved with a pyrenylindole-2-
carboxylate [10b].

At 55 °C, when both phospholipids are at the liegngktalline phase, the anisotropy
values of both compounds exhibit a significant ctdun in all the lipid membranes,
showing that these indolic derivatives clearly detdhe phospholipid gel to liquid-
crystalline phase transition.

Peptide3 was also incorporated in the same lipid membrahles.emission spectra at
25 °C are presented in Figure 11 (the spectra &C5&re similar in shape), and the
fluorescence anisotropy values were also includebhble 4. Fluorescence spectraé8of
in lipid vesicles are clearly composed of two barmse with maximum near 405 nm
and another with maximum near 420 nm. Attainingh® spectra obtained in ethanol
and in water (Figure 8 and Table 3), these two barah correspond to two different
locations in liposomes, one in the lipid bilayeolpably near the polar phospholipids
head groups, and another in highly hydrated enwmemnts. The fluorescence anisotropy
of the peptide in lipid membranes is also wavelendépendent and the values

presented in Table 4 are average values.

Table 4. Steady-state fluorescence anisotropydlues and maximum emission wavelengths
(Aem) for compounddl and2 and peptide8 in mixed lipid membranes of DPPC/DPPG, below
(25 °C) and above (55 °C) transition temperatureotti lipids. Anisotropy values in glycerol at
room temperature are also shown for comparison.

Lipid membrane | C) 1 2 Peptide 3
composition Aem (NM) r Aem (NM) r Aem (NM) r
25 405 0.147 403 0.164 405 0.093
Neat DPPC
55 407 0.061 405 0.089 405, 425sh 0.064
25 406 0.131 405 0.145 405 0.078
DPPC/DPPG 3:1
55 408 0.061 407 0.078 406, 425 0.050
25 409 0.127 407 0.124 406, 425 0.076
DPPC/DPPG 1:1
55 410 0.056 409 0.073 481 425 0.043
25 411 0.109 411 0.120 488, 420 0.071
DPPC/DPPG 1:3
55 410 0.045 413 0.062 488, 420 0.040
25 414 0.087 415 0.107 412 0.063
Neat DPPG
55 413 0.050 417 0.056 417 0.039
Glycerol 25 398 0.320 397 0.327 398 0.332
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Figure 11. Normalized fluorescence spectra of pei (2x10° M) in lipid membranes of
DPPC/DPPGXc325 nm) at 25 °C.

Due to this behaviour and considering the asymmaeitature of the peptide emission
band (Figure 8), the fluorescence anisotropy coraptn(yv and GI,y) were globally

fitted to two sums of lognormal components (equeti® and 6) [36], each sum
characterized by a fitted anisotropy value, usingdata analysis procedure previously

developed by some of us [37],

2
Ay 2 1 A= (A maxy +2y
lww =21 \exp- C;; lexpl - In +
v i ()‘ - ()‘ max)li + & ) F{ i ) chzi bli
(5)
2

. A=(Nmax)oi + @,

+2 1 o \ exy{— cgi )ex - 12 In maxia i
7\~ (Amax)i +22i ) 2¢5, b,,
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2
Ay 5 1 A= (A maxhy + a,
Ga =3¢ \exp—C: |exp — In +
M P\ -(A max)li + &y ) A E ) 2C12i [ by,
’ (6)
A 5 1 A= ()‘ max)zi +ta,, ’
+3 ¢4 \ exp(— Coi )ex ——-|In I
i k)‘ -\ max)zi +ay ) 2C; b,

whereA (or A’) is the maximum intensity at wavelengthax and the parametess b

andc are given by [36]

c=In(p)/+/2In(2) b=H Lex;{cz) a=H—2 (7)

p?-1

whereH is the half-width of the band amlis the skewness. The lognormal function
sums account for the vibrational structure of coomgbspectrum. The components (1

and 2) have two different fitted anisotropy valugsndr,, given by

A Ay Py = A
n=——-— and rnp=—/]—"— (8)
Agi +2Ay Aoi +2A5;

due to the additivity law of anisotropy [35],

r=Y l I )
i Itotal
I -Gl
with = Uiy =Gl (10)
(II)VV +ZG(|I)VH
Therefore,
1-r 1-r
A=Al —L1 | and A=Ay 2 | . 11
1i 1{1_'_ 2',1} 2i A2I(1+ 2',2} ( )

Figure 12 displays an example of the fit of anigpyr components|\y and Gy
(equations 5 and 6), and the fitting to the andgmtrcurve, as well as the respective
spectral contributions recovered from the fittinge results are given in Table 5. In all
cases, two components were recovered, one withehighisotropy ry) and lower

maximum emission wavelength;(nay) and another with higher emission wavelength

(A2,may and very low anisotropy valuey.
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Figure 12. Fit of peptid8 emission in DPPC/DPPG 3:1 lipid membranes (25 2C)lw
component and fitted curveB: GAyy component and fitted curvel: Recovered spectral
components from the fitting procedui®; Fluorescence steady-state anisotropy and recovered
curve (calculated from the recovered components).

Comparing the maximum wavelengths with the onesinbt for the emission in

homogeneous solution (Figure 8 and Table 3), it lmarconcluded that component 1

with Anax= 402-405 nm corresponds to an environment similar tareth This is the

minor component (10% 16%), attainingca. 30% fraction in DPPC. The high

anisotropy valuer,, of this component points to a location inside tipgd bilayer,

probably near the phospholipid polar head grougdjrfg the transition to a more fluid
phase at 55 °C, above, Bf both DPPC and DPPG. In general, the microvisgad a

lipid bilayer decreases from the interface to titerior of the membrane [38,39].
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Table 5.Steady-state fluorescence anisotrapyof the two anisotropy components, respective
maximum emission wavelengths.{,) and weight of the first component)(for peptide3 in
lipid membranes. Fluorescence quantum yields aeiadicated.

Lipid membrane o A max Moo _
composition T(C) f1 r (nm) ra (nm) (O
Neat DPPC 25 0.26 0.241 402 0.052 431 0.0385

55 0.31 0.142 402 0.033 432 0.013
25 0.10 0.242 402 0.063 422 0.031
55 0.12 0.164 402 0.035 422 0.015
25 0.14 0.222 404 0.046 424 0.023
55 0.16 0.133 404 0.023 431 0.012
25 0.11 0.191 402 0.066 421 0.030
55 0.12 0.116 404 0.028 432 0.017
25 0.12 0.175 403 0.052 425 0.043

55 0.20 0.089 405 0.028 435 0.020
? Relative to 9,10-diphenylanthracene in ethadp&(0.95 [19])

DPPC/DPPG 3:1

DPPC/DPPG 1:1

DPPC/DPPG 1:3

Neat DPPG

The major component, with maximum emission wavelengtthe range 422435nm,
corresponds to a hydrated environment, similar uce pvater (Table 3). In fact, the
anisotropy,r», is very low, pointing to a very fluid medium. Thevef, the RGD
labelled peptide locates mainly in the outer pérthe vesicle interfaces, in a medium
with a fluidity approaching that of water. The flescence quantum yields of the
peptide in lipid membranes (Table 5) are in accardawith this conclusion, as the

values at room temperature are similar to the oeasored in pure water (Table 3).

Conclusions

The 3-(phenanthren-9-yl)Htindole-2-carboxylic acid2) obtained from the cleavage
of the methyl ester of the methyl 3-(phenanthreyi}atH-indole-2-carboxylatel) was
inserted in solid phase into a peptide containlmg RGD sequence. The peptide was
also prepared by solid phase synthesis using a Btmategy and 2-chlorotrityl chloride
resin.

Both phenanthrenyl-indole derivativésand?2, exhibit a solvent sensitive emission and
generally high fluorescence quantum yields. The lteguwint to the presence of a
significant charge transfer mechanism in the egc#iate, especially for the compound
with the carboxylic group.

Fluorescence measurements of the labelled peptigelution showed a strong decrease

in the fluorescence quantum vyield, but a pH seresiimission was detected.
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The phenanthrenyl-indole derivatives and the ladgdleptide were incorporated in lipid

membranes of DPPC and/or DPPG. Steady-state flcemes anisotropy measurements
revealed that both indolic compounds are locatediéthe lipid bilayers and are able to
report clearly the transition between the gel agdid-crystalline phases. The RGD

labelled peptide locates mainly in the outer pathe vesicle interfaces.

These results point to a promising utility of theepanthrenyl-indole moiety as a

fluorescence probe for biological systems, eitteran extrinsic probe or as a label

covalently bound to biomolecules.
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