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A B S T R A C T

Herein, we present a spectroscopic (CD and UV) and SEM study of a phenylalanine derivative carrying a
terminal alkyne moiety and indicated by us CF3IIIPhe, with particular attention to its interaction with Cu(II)
cation and some biological macromolecules, as well as a preliminary evaluation of its effect on cancerous
cells. CD spectroscopy evidenced the ability of CF3IIIPhe to interact with tel26 and c-myc, two quadruplex
DNA (G4 DNA) models explored in this study. Other CD and UV studies revealed the ability of the unnat-
ural amino acid to form aggregates in aqueous solution, bind Cu(II) cation, and interact with a serum albu-
min (BSA). Cellular studies demonstrated CF3IIIPhe antiproliferative activity on PC3 cells. Its ability to bind
telomeric DNA was verified with tel26 by CD investigation and SEM analysis, that revealed a noteworthy
change in DNA morphology (mainly based on nanosphere structures) by CF3IIIPhe, confirming its G4-DNA
binding ability already evidenced by spectroscopy.

© 2018.

1. Introduction

Among the several classes of synthetic molecules investigated so
far as novel therapeutic agents, unnatural amino acids have been al-
most unexplored. In fact, chemically synthesized non-proteinogenic
amino acids are generally utilized as building blocks for the real-
ization of peptidic- or non-peptidic drugs [1–3] also in conjugation
with DNA bases, forming nucleobase-bearing amino acids and pep-
tides [4–6]. However, the scientific literature on synthetic amino acids
studied as bioactive compounds and not as constituent of peptides
or other more complex structures is still very limited. For example,
we previously reported on synthetic aromatic amino acid derivatives
that showed RNA binding ability and anticancer activity towards PC3
prostate cancer cells [7–9]. Other remarkable properties were reported
recently by Răsădean et al. [10] for amino acid derivatives contain-
ing aromatic moieties acting as versatile binders of G4 DNAs, mol-
ecular systems of great biomedical relevance that have been often
proposed as targets in anticancer strategies [11] as well as aptamers,

⁎ Corresponding author.
Email address: giroviel@unina.it, giovanni.roviello@cnr.it (G.N. Roviello)
1 These authors equally contributed to this work.

due to their ability to interact with proteins [12]. This study attracted
much interest because it opened the door to the exploration of aro-
matic amino acid structures as G4 DNA ligands. Hence, aiming at
contributing to this theme and, more in general, at investigating the
potential of synthetic amino acids as anticancer drugs, we have di-
rected our efforts towards screening novel chemical modifications into
amino acid scaffolds which led to the synthesis of CF3IIIPhe, i.e.
an acetylenic L-phenylalanine derivative containing a trifluoromethyl
moiety in the p-position of the aromatic ring (Fig. 1).

In fact, it was reported that the incorporation of a trifluoromethyl
group in a structure leads to enhanced lipophilicity and bioavailabil-
ity of the potential drug [13–16]. Besides, triple bond derivatization
was associated to bioactive alkyne-containing amino acids [17] and
acetylenic anticancer agents [18].

In the designed molecule, aryl and acetylene moieties laid apart
each other as ascertained by computer assisted studies (Figs. S1 and
S2), remaining, thus, free to interact, e.g. via hydrophobic and aro-
matic interactions, with biomolecular targets.

Particular attention was paid in this work to the spectroscopic
study of the interaction of CF3IIIPhe with telomeric and c-myc DNAs.
These are typically studied as G4 DNA models because provide dif-
ferent and well-characterized topologies under specific exper

https://doi.org/10.1016/j.saa.2019.117884
1386-1425/ © 2018.
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Fig. 1. Structure of the alkyne-containing amino acid CF3IIIPhe.

Fig. 2. The structure of (S)-BPB-Ni-(S)-PGly complex.

imental conditions. Moreover, both are DNAs of biomedical impor-
tance as their interaction with drugs can determine desirable anti-
cancer effects [11]. In fact, while telomeric DNA binders may block
the habit found in most human cancer cells to infinitely replicate be-
coming immortal, c-myc ligands target a promoter quadruplex, present
upstream of the proto-oncogene myc, down-regulating, thus, oncopro-
tein overexpression [19,20]. However, other properties emerged by
our study including the anticancer activity on PC3 of the alkyne-con-
taining amino acid, as well as the possibility to complex Cu(II) cation
and form aggregates in aqueous solution, as illustrated in the sections
below.

2. Experimental

2.1. Materials and methods

The alkyl halogenide was obtained from commercial sources and
used without further purification. The initial NiII-(S)-BPB-(S)-PGly
complex was prepared from following literature protocols [21]. TLC
analyses were performed on glass plates coated with silica gel 60
F254. Column chromatography was performed on silica gel (60× 120
mesh) on a glass column. Melting points (mp) were determined by
“Elektrothermal”. 1H and 13C NMR spectra (“Mercury-300 Var-
ian” 300MHz respectively) were recorded using TMS as an internal
standard (0 ppm). Elemental analyses were done by elemental analyzer
EURO EA 3000. The enantiomeric purity of the amino acid was de-
termined by HPLC (“Waters Alliance 2695 HPLC System”) on the
chiral phase Diaspher-110-Chirasel-E-PA 6:0 mkm 4.0× 250mm, and
a mixture of 20% of MeOH and of 80% of a 0:1 M aqueous solu

Scheme 1. C-alkylation of amino acid α-position of the (S)-BPB-Ni-(S)-PGly complex.

Scheme 2. Synthetic route to CF3IIIPhe.
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Fig. 3. The effect of CFIIIPhe on cancer (T98G, A549, MDA-MB-231, A47D, PC3) and nontumorigenic (HaCaT) cell lines. Cells were treated at the concentration indicated for 24h.
Cell viability was determined by MTT assay (HaCaT, T98G, MDA-MB-231, A547, T47D cells) or CCK-8 assay (PC3 cells). Values are means ± SE of at least three independent
experiments. Significance of changes in cell viability was determined with ANOVA analysis (Table S2). p values of 0.05 were used as the limit for statistical significance. * - p< 0,05,
** - p< 0,001, *** - p< 0,0001.

Fig. 4. CD binding experiment on tel26 + CF3IIIPhe in 10mM TrisHCl, 100mM KCl, pH 7.4: CD spectra of telomeric DNA alone and in the presence of (A); normalized CD melt-
ing curves relative to tel26 and its complexes with CF3IIIPhe (B); first derivatives of CD melting sigmoids for Tm determination of tel26 and its complex with CF3IIIPhe (C). –
(DNA + CF3IIIPhe), – (DNA alone).

Fig. 5. CD binding experiment on c-myc + CF3IIIPhe in 1× PBS, pH 7.4: CD spectra of c-myc DNA alone and in the presence of CF3IIIPhe (A); normalized CD melting curves of
c-myc and its complex with CF3IIIPhe (B); first derivative of CD melting sigmoids for determination of Tms relative to c-myc and its complex with CF3IIIPhe (C). – (DNA + CF3II-
IPhe), – (DNA alone).

Table 1
Stabilization effect on tel26 by CF3IIIPhe in 10mM TrisHCl, 100mM KCl, pH 7.4.

Sample Tm [°C] ± SE

tel26 53.8± 0.2
tel26 + CF3IIIPhe 55.4± 0.2

Table 2
Destabilization effect on c-myc by CF3IIIPhe in 1× PBS, pH 7.4.

Sample Tm [°C] ± SE

c-myc 65.2± 0.2
c-myc + CF3IIIPhe 61.6± 0.2
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Fig. 6. CD studies on BSA binding of CF3IIIPhe: – BSA alone; – BSA + CF3IIIPhe, 1×
PBS buffer (pH 7.4), 15°C.

tion of NaH2PO4 × 2H2O was used as the eluent. The optical rotation
was measured on a Perkin Elmer-341 polarimeter. In the present work
the value of optical rotation of the diastereomeric complex synthe-
sized had a positive value at 589nm, which is an evidence of (S)-ab-
solute configuration of the amino acid moiety derived from the ma-
jor diastereomeric complex. This was also shown by chiral HPLC
analysis of the isolated amino acid. For this comparison, the racemic
(S;R) mixture was synthesized and analyzed, followed by the sample
obtained in the present work. Racemate sample was obtained by the
same method, i.e. by using a similarly structured complex of achiral
N-(2-benzoylphenyl)pyridine-2-carboxamide (PBP) auxiliary instead
of the complex of an chiral (S)-BPB, which resulted in racemate mix-
ture of amino acid. Therefore, according to the data of optical rota-
tion of the diastereomeric complex at 589nm and chiral HPLC analy-
sis of final amino acids, the (S,S)-absolute configuration of the major
diastereomeric complex and the (S)-absolute configuration of the iso-
lated amino acid was established.

2.2. C-alkylation of α-H amino acid fragment of the intermediate
complex

To a solution of NiII-(S)-BPB-(S)-PGly (0.5 g, 0.0009mol) in
10mL of DMF, 0.216mL (0.0014 mol) of 4-(trifluoromethyl)benzyl
bromide and 0.11g (0.0028 mol) of NaOH were added under stirring

Fig. 7. The docked structure of the CFIIIPhe/BSA complex (A) with details of lig-
and-interacting residues (B,C).

Fig. 8. CD aggregation studies relative to CF3IIIPhe at different concentrations (in the 0.125–0.75mM range) in 1× PBS buffer (pH 7.4) at 25°C. All CD spectra were normalized for
concentration (A); CD spectra of CF3IIIPhe at different temperatures (in the 25–100°C range) in 1× PBS buffer (pH 7.4) at the concentration of 0.75mM (B).
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Fig. 9. UV–Vis Cu(II)-binding studies on CF3IIIPhe in methanol: spectrophotometric titration curves of CF3IIIPhe (A) with Cu(II); plots of absorbance at 650nm vs concentration
ratio, [Cu(II)]/[CF3IIIPhe] (B).

Fig. 10. SEM analysis of tel26 DNA/CF3IIIPhe complex: Micrographs at 100,000× (1μm) of CF3IIIPhe (A); tel26 DNA (B); two different regions of (CF3IIIPhe + tel26 DNA) sample
(C and D) in 10mM TrisHCl, 100mM KCl, pH 7.4; CDNA = 2.5μM CCF3IIIPhe = 125μM.

at 25°C. The reaction was monitored by TLC (SiO2, CHCl3/ethylac-
etate = 1:3) following the disappearance of the spot of the initial com-
plex. Upon completion of the reaction, the mixture was precipitated by
H2O and the product was crystallized from methanol (75% yield).

Anal. Calc. for C38H32F3N3NiO3 (694.37): C, 65.73; H, 4.65; N,
6.05; Found: C 65.78; H 4.69; N 6.13. Mp. 179°C. [α]D

20 = +2′070.0°
(с 0.15, CH3OH). 1H NMR - (CDCl3 d, m.d., Hz): δ= 1.47–1.60m
(1H) & 1.61–1.73m (1H, γ-CH2 Pro); 1.80 td (1H, J 10.4, 6.2, δ-Ha
Pro); 1.99–2.13m (1H, β-Ha Pro); 2.11 dd (1H, J 17.4, 2.5, CH(H)
C CH.); 2.20–2.34m (1H, β-Hb Pro); 2.43 t (1H, J 2.5, ≡CH);
2.76 d (1H, J 13.6, CH2-Ar.); 2.91 dd (1H, J 17.4,

2.5,CH(H) C CH); 2.99–3.07m (1H, δ-Hb Pro); 3.11 d (1H, J 13.6,
CH2-Ar.); 3.20 dd (1H, J 10.3, 6.5, α-H Pro); 3.27 d (1H, J 12.4)
& 4.25 d (1H, J 12.4, CH2-Ph); 6.55 dd (1H, J 8.5, 2.0, H3 C6H4);
6.59 ddd (1H, J 8.5, 6.6, 1.2, H4 C6H4); 7.07 ddd (1H, J 8.6, 6.6,
2.0, H5 C6H4); 7.09 tt (1H, J 7.4, 1.2, H4 Ph);7.20–7.31m (3H);
7.42–7.48m (1H); 7.54–7.62m (4H); 7.75–7.80m (2H); 7.95–7.99m
(1H); 7.99 dd (1H, J 8.6, 1.2, H6 C6H4); 8.28–8.33m (2H, m, H2,6

Ph). 13C NMR (75.5 MHz, CDCl3): δ= 22.6 (γ-CH2 Pro); 30.7 (β-CH2
Pro); 31.9 (CH2 C CH); 43.2 (CH2-Ar.); 58.3 (δ-CH2 Pro); 64.7
(CH2Ph); 70.6 (α-CH Pro); 73.2 (≡CH); 80.0 (C-CH2Ar.); 80.6 (≡C);
120.5 (C4H C6H4); 123.8 (C6H C6H4); 124.3 q (JC,F 272.2,



UN
CO

RR
EC

TE
D

PR
OO

F

6 Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy xxx (xxxx) xxx-xxx

CF3); 125.8 q (JC,F 3.6, C2,6H C6H4CF3); 127.6; 127.7 (CH); 127.9
(CH); 128.1 (CH); 128.9 (2CH); 129.1129.6 (CH); 130.1 (CH); 130.3
(q, JC,F 33.0, CCF3); 131.4 (2CH); 131.5 (2CH); 132.0 (CH); 133.8
(CH); 134.5; 136.8; 140.5; 142.7; 173.1; 178.9; 180.6.

2.3. Isolation of the amino acid

Complex was dissolved in 50ml of MeOH and then slowly added
to 50ml of 2M HCl solution and the mixture was heated at 50 °C. Af-
ter disappearance of the red color of the metal complex, the solution
was concentrated in vacuum, then 50mL of water was added and the
precipitated (S)-BPB × HCl was filtered. The optically active amino
acid was isolated from the water layer by ion-exchange sorption and
desorption using Ku-2× 8H+ for cation exchange and an aq. solution
of NH4OH (5%) as eluent. The eluate was concentrated in vacuum and
the amino acid was recrystallized from a mixture of water and EtOH
(1:2). The compound was isolated in the analytically pure form.

2.3.1. (S)-2-amino-2-(4-(trifluoromethyl)benzyl)pent-4-ynoic acid
(CF3IIIPhe)

Yield 86,67%. Anal. calc. for C13H12F3NO2 (271.24) C 57.57; H
4.46; N 5.11. Found: C 57.55; H 4.48; N 5.00. M.p. 241°C (decom-
posed and became black), [α]D

20 = +18.5 (c 0,2, 6N HCl). 1H NMR
(DMSO –d6/CCl4 + CF3COOD, Hz): δ =2.55 (1H, t, J 2.5, ≡CH); 2.72
(1H, dd, J 17.5, 2.5) & 2.87 (1H, dd, J 17.5, 2.5, CH2C≡CH); 3.14
(1H, d, J 14.1) and 3.33 (1H, d, J 14.1, CH2C6H4CF3); 7.36–7.41 (2H,
m) and 7.62–7.67 (2H, m, C6H4CF3).

13C NMR (75.5 MHz, CDCl3):
δ=24.8 (CH2); 39.5 (CH2); 62.3; 74.8 (CH Acet.); 75.5 (C Acet.);
115.5 (q, J~285, CF3); 125.4 (q, J 3.5, 2CH); 130.2 (2CH); 129.2 (q, J
30.0); 136.1; 170.6 (CO).

2.4. In silico pharmacokinetic properties prediction

The SMILES (Simplified Molecular Input Line Entry System)
code of CF3IIIPhe was obtained with MOLVIEW (http://molview.
org) software. The SMILES code was applied to calculate the physic-
ochemical properties and lipophilicity, e.g. molecular weights (MW),
the logP values (octanol-water partition coefficient), in six variants
(ILOGPs, XLOGP3, WLOGP, MLOGP, SILICOS-IT and consen-
sus logP (clogP) being an average of five mentioned predictions);
tPSA (topological polar surface area), number of hydrogen-bond ac-
ceptors and donors, number of atoms, rotatable bonds, ring, carbon
and heteroatoms. Calculations of pharmacokinetic profile descriptors
of the synthesized compound were performed with various software
packages, accessible on-line. The clogP values were calculated with
SwissADME web service [22], ILOGPs with in-house physics-based
method implemented from Daina A. et al. [23], XLOGP3 with atom-
istic and knowledge-based method calculated by XLOGP program,
version 3.2.2, courtesy of CCBG, Shanghai Institute of Organic
Chemistry, WLOGP with atomic method implemented from Wild-
man SA and Crippen GM [24], MLOGP with topological method im-
plemented from Moriguchi I et al. [25] and Lipinski PA et al. [26],
SILICOS-IT with hybrid fragmental/topological method calculated by
FILTER-IT program, version 1.0.2, courtesy of SILICOS-IT, http://
silicos-it.com, other not mentioned parameters with SwissADME web
service [22]. Calculations of electrostatic potential in Fig. S2 were per-
formed by Avogadro program [27].

2.5. Biological assays: materials, chemicals and cell lines

2.5.1. Chemicals
Thiazolyl blue tetrazolium bromide and 1-octanol were purchased

from Sigma Aldrich, Phosphate Buffered Saline (PBS) form Gibco,
cell counting Kit 8 (CCK-8) assay from Dojindo Lab, Japan.

2.5.2. Cell culture medias and supplements
DMEM medium, 10mg/ml antibiotics (penicillin and strepto-

mycin) were purchased from Sigma Aldrich, EMEM medium from
ATCC, fetal bovine serum (FBS) and RPMI-1640 medium form
Gibco, L-glutamine from Lonza.

2.5.3. Cell lines
Human glioblastoma T98G (ATCC® CRL-1690™), human lung

carcinoma A549 (ATCC® CCL-185™), human breast adenocarci-
noma MDA-MB-231 (ATCC® HTB-26™), human mammary gland
T47D (ATCC® HTB-133™), human keratinocyte HaCaT (ATCC®
PCS-200-011™) and human prostate cancer PC3 (ATCC®
CRL-1435™) cells were purchased from ATCC (Manassas, USA).

2.6. Cell line culture conditions

Cell lines T98G were cultured in EMEM medium, HaCaT, A549
and MDA-MB-231 in DMEM medium, T47D and PC3 in RPMI-1640
medium. Each medium was supplemented with 10% (v/v) FBS and
10mg/ml antibiotics (penicillin and streptomycin) and PC3 also with
1% L-glutamine. Cells were cultured at 37°C with 5% CO2 in humid-
ified air.

Cells were seeded at 1× 104 cells per well in 96-well plates con-
taining 0.1ml appropriate supplemented medium (HaCaT, T98G,
MDA-MB-231, A547, T47D) or at 4× 103 cells per well in 96-well
flat-bottom plates containing 0.05ml of medium (PC3). Cells with
85–95% confluence, after 24h were washed with PBS, placed in fresh
medium 0.1ml and treated with increasing concentrations (0.025,
0.25, 2.5, 25, 250μM) of CF3IIIPhe. The viability of cells was deter-
mined 24 and 48h after cell culture supplementation with the studied
compound.

2.7. Cell viability assay

Cell viability of HaCaT, T98G, MDA-MB-231, A547, T47D cells
was evaluated with a dye-staining method, using 3-(4,5-di-
methyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
[28]. 24 and 48h after treatment, the medium was removed and 0.1ml
of MTT solution in medium (0.5 mg/ml final concentration of MTT)
was added to each well for 2h. Then the cell supernatant was removed
and the formazan crystals were dissolved in 0.1ml/well DMSO, and
measured spectrophotometrically in a multi-well Synergy2 plate
reader (BioTek Instruments, USA) at a test wavelength of 492nm and
a reference wavelength of 690nm. Cell viability of PC3 cells was eval-
uated with cell CCK-8 assay following the manufacturer instructions
(Dojindo Lab, Japan). The assay was performed by adding 10μl of
the CCK-8 solution directly to culture wells and incubating for 2h at
37°C, in a 5% CO2 humidified atmosphere. Finally, absorbance was
measured at 450nm using a microplate reader (Multiskan Fc 10094).

Calculations and data analysis were done using GraphPad Prism
v5.01 (GraphPad Software, Inc., USA). Values represent the means
from at least three independent experiments.
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2.8. CD and UV studies

The CD spectra were obtained on a J-810 spectropolarimeter
(Jasco Europe S.R.L., Cremella, Italy) equipped with a Peltier
PTC-423S/15, using a Hellma (Milan, Italy) quartz cell (1 cm). In
the investigation of tel26 and c-myc the spectra were measured in the
200–320 nm wavelength range at 20°C, while in BSA measurements
between 204 and 250nm at 15°C.

In all experiments, we used 2.5μM of DNA (tel26:
5′TTAGGGT-

TAGGGTTAGGGTTAGGGTT3′ or c-myc: Pu22,
5′TGAGGGTGGGTAGGGTGGGTAA3′, 1 equiv.; supplied by
Genomed S.A., Poland) + 125μM amino acid (50 equiv.) in 10mM
TrisHCl (10 mM TrisHCl, 100mM KCl, pH 7.4) (tel26) or 1× PBS
(pH 7.4; Sigma Aldrich) (c-myc) buffer (pH = 7.4) added with 100mM
KCl, annealed at 95°C for 5min and left overnight at room tempera-
ture to slowly cool down (16 h). CD melting of telomeric and c-myc
G4 DNAs was obtained by recording CD values at 295 and 263nm,
respectively, as a function of temperature. Melting temperature values
were determined as the temperatures relative to minima of the 1st de-
rivative plots of denaturation curves. All experiments were repeated
at least in duplicate and all spectra were recorded in triplicate till sta-
bilization of the signals. Presented curves are average of two experi-
ments.

For Bovine Serum Albumin (BSA; Sigma Aldrich) binding exper-
iments we used the following conditions: 75nM BSA + 250 equiv. of
amino acid in PBS (pH 7.4). The results are expressed as MRE (mean
residue ellipticity) in deg cm2 dmol−1, which is given by:

where Cp is the molar concentration of the protein, n is the number of
amino acid residues (582) and l is the path length (1 cm). The α-helix
content of free and bound BSA was calculated from the MRE value at
209nm using the formula:

where MRE209 is the observed value at 209nm, 4000 is MRE of the
β-sheet and random coil conformation at 209nm, and 33,000 is the
MRE value of pure α-form at 209nm [29].

UV spectra were recorded on a Jasco V770 spectrophotometer
equipped with a PAC-743R Automatic 6/8-Position Peltier Cell
Changer.

2.9. Docking studies

The structure of BSA was obtained from the Protein Data Bank
database [PDB; http://www.rcsb.org/pdb: 4F5S]. Molecular docking
of CFIIIPhe with binding site I of BSA was performed using the
AutoDock Vina docking algorithm employed in the program 1-Click
Docking (Mcule Inc., Palo Alto, CA, USA). The binding site center
was established as default, with the Cartesian coordinates (X: −6.152,
Y: 24.872 and Z: 108.686), and the size of the binding site was
22 Angstrom. We selected the docking pose with the most negative
docking score (−7.0kcal/mol) corresponding to the highest binding

affinity and H-bonding was analyzed by WebLab ViewerPro (Molec-
ular Simulations Inc., San Diego, CA, USA).

2.10. Determination of experimental logP

logP value was determined following the procedure of Zhao et al.
[30]. More in detail, we recorded the UV absorbance at λmax (264 nm)
of CF3IIIPhe (2 mg) dissolved in 5mL in 1-octanol (A0) and the ab-
sorbance (Ax) at the same wavelength recorded for the octanol phase
after stirring the above solution in the presence of 5mL of sodium
phosphate buffer (pH 7.5) over 30h. The found UV absorbance values
were A0 = 0.192± 0.006 and Ax = 0.178± 0.003. Afterwards, we calcu-
lated the octanol/water partition coefficient (logP = 1.1± 0.2) accord-
ing to the following equation (3):

3. Results and discussion

3.1. Synthesis

First, the synthetic amino acid was obtained by a stereoselective
approach that allows one to synthesize unsaturated α-amino acids
in an optically active form. As starting amino acid synthon for the
asymmetric synthesis of our amino acid, we used a Ni(II) square-pla-
nar complex of the Schiff's base formed by propargylglycine (PGly)
with the chiral auxiliary (S)-2-N-(N′-benzyl-prolyl)aminobenzophe-
none (BPB) (Fig. 2). Such Ni (II) complex, indicated as
Ni(II)-(S)-BPB-(S)-PGly, was synthesized according to literature pro-
cedures [21].

Successively, we performed the C-alkylation of the amino acid
α-position of the complex (Scheme 1) with the formation of the de-
sired α-substituted propargylglycine analogue. The asymmetric
C-alkylation of this derivative led to the 4-(trifluoromethyl)benzyl de-
rivative with satisfying diastereoselectivity (Scheme 1).

We found as optimized conditions for this reaction the usage of
DMF as a solvent, a temperature of 25°C, as well as a 1/3/1.5 equiv-
alent ratio of the complex/NaOH/alkylating agent system. The reac-
tion was monitored by TLC (silica gel) using a CHCl3/EtOAc = 1:3
eluent system. We noticed, besides the predominant expected prod-
ucts, the formation of a significant amount of undesired by-products
(up to 10%). The diastereomeric excess (de) of the complexes was
determined by 1H NMR spectroscopy by analysis of the integrals of
the doublet signals assigned to the methylene protons of the N-ben-
zyl group of the BPB fragment for both diastereomers. The de value
(74.5%) of the complex was also confirmed by HPLC analysis of the
final amino acid (before chromatography). The major diastereomer of
the complex was isolated by crystallization from methanol, while the
absolute configuration of the amino acid moieties present in the com-
plex was determined by measuring the specific rotation at 589nm, as
previously reported for other similar complexes of amino acids based
on the chiral auxiliary (S)-BPB.

The subsequent step was the complex hydrolysis with aqueous
HCl, followed by recovery of the insoluble hydrochloride of the
(S)-BPB and purification of the amino acid CF3IIIPhe by an ion-ex-
change method and crystallization from a mixture of water and ethanol
(1:1), that afforded the desired amino acids with high enantiomeric pu-
rity (ee >97%, Scheme 2).

(1)

(2)

(3)
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3.2. Computational studies

To gain information on the druglikeness of the novel synthetic aro-
matic alkyne-containing amino acid we performed preliminary com-
putational studies whose results are summarized in Table S1. The most
common criteria used for the prediction of druglikeness for a given
molecule encompass the Lipinski's rules [31], according to which an
active drug should have [23] a molecular weight lower than 500Da,
five (or less) hydrogen bond donors, no more than ten hydrogen bond
acceptors, and a calculated logP (octanol-water partition coefficient)
lower than 5 [31].

Physicochemical properties and lipophilicity of CF3IIIPhe were
determined (Table S1). This compound clearly fulfills the Lipinski's
rules. Furthermore, we showed that it fulfills also criteria of druglike-
ness implemented by others, i.e. Ghose AK et al. [32], Veber DF et al.
[33], Egan WJ et al. [34] and Muegge I et al. [35] (Table S1). Physic-
ochemical properties and lipophilicity of our new synthetic aromatic
amino acid makes it a promising drug candidate. Calculated topolog-
ical polar surface area (tPSA) for the tested compound is 63.32Å2,
which indicates its efficient transport through the membranes. There-
fore, as tPSA value calculated is lower than 65Å2, CF3IIIPhe is po-
tentially able to cross the blood-brain barrier. The analyzed structure
fulfills also a criterion of aromaticity which is extremely important for
bioavailability and drug-target interaction via van der Waals forces or
π-stacking. In fact, more than two aromatic rings reduce the drug hy-
drophilicity and may lead to a poor drug distribution within the body
[36]. In order to compare the predicted (clogP, Table S1) and experi-
mental logP, we performed a solvent extraction experiment on CFII-
I3Phe with a 1-octanol/aqueous solution mixture following the proce-
dure of Zhao et al. [30] and determined the logP by Eq. (3) as 1.1± 0.2,
which is in a good agreement with the predicted value (clogP = 0.96,
Table S1).

3.3. Cells viability studies

Aiming at exploring the anticancer potential of the synthetic amino
acids, we evaluated its cytotoxicity towards a panel of cancer cells
in comparison to nontumorigenic control ones. Thus, the effect of
CF3IIIPhe on cell viability was assayed on cancerous (T98G,
MDA-MB-231, A549, T47D, PC3) and non-cancerous (HaCaT) cell
lines (Fig. 3). We found a significant effect of our synthetic amino
acid on PC3 cells as observed after 24h in the tested range of concen-
trations (0–250μM, Fig. 3). Excluding PC3 cell line, the effect of the
compound on viability of the other cancer cells (lower, anyway, than
that seen on prostate cancer cells) is more meaningful after 48h as
seen on T98G, confirming the anticancer potential of this compound
(Fig. S3). It is important to underline that CFIIIPhe was not toxic to
nontumorigenic cells as we ascertained with HaCaT cell line (Figs.
3 and S3). From a quantitative perspective, the cell viability of PC3
cells treated with CF3IIIPhe, after 24h treatment was 31% lower than
untreated cells. No additional cell proliferation decrease was seen af-
ter 48h. Interestingly, we observed a good antiproliferative activity at
24h on PC3 cells with an EC50 of 143nM, whereas cisplatin in the
same conditions showed a 10μM EC50 (Fig. S4).

Nevertheless, the comparison of the total inhibition effects (reveal-
ing an overall higher antiproliferative effect of cisplatin) and the dif-
ferent shapes for the dose-response curves suggest different anticancer
mechanisms in the two cases. Additionally, the unnatural amino acid
decreased cell viability of T98G cells after 48h with a 29% reduction
of cell proliferation observed in this case after treatment with 250μM
CF3IIIPhe (Fig. S3).

3.4. Interaction with telomeric DNA and the c-myc oncogene
promoter

In order to shed light on the possible mechanisms underlying the
observed anticancer activity of CF3IIIPhe, its potential in binding
telomeric DNA (using the 26-base tract tel26) and c-myc was evalu-
ated. In general, telomeric DNA adopts hybrid-1, hybrid-2, and an-
tiparallel basket topologies [37]. In particular, in our experiments we
observed a CD spectrum corresponding to a hybrid-type topology
(Fig. 4) with a characteristic positive peak at 290nm, a shoulder peak
at 270nm and a small negative peak at 240nm. On other side, c-myc
adopts a parallel topology indicated by a CD profile with a positive
peak at 260nm and a negative one at 240nm (Fig. 5) [38].

As shown in Fig. 4A the synthetic amino acid induces only slight
changes to telomeric DNA CD spectrum. This suggests that CF3II-
IPhe does not alter significantly the secondary G4-DNA structure. CD
melting experiments (Fig. 4B and C) revealed a slight enhancement of
telomeric DNA thermal stability by CF3IIIPhe.

In particular, CF3IIIPhe interaction afforded a DNA stabilization
with a Tm increased by ~1.5 °C (Table 1). In this regard, telomeric
DNA stabilization is an important goal for anticancer drugs and a well
recognized feature in the interpretation of their biological anticancer
mechanism [11].

We performed analogous studies also on c-myc oncogene pro-
moter DNA finding again a slight modification of nucleic secondary
structure of the parallel G4 DNA topology by the investigated com-
pound that, strikingly, led in this case to the destabilization effect (by
~3.5 °C) of the c-myc quadruplex DNA (Fig. 5 and Table 2). Over-
all, our CD investigation suggests that CF3IIIPhe does not alter the
core secondary structure of the two G4 systems. Hence, we exclude
any ability of the compound to stack on the G-quartets and suggest
a higher propensity of CF3IIIPhe to interact with the G4 by forming
hydrogen bonds and hydrophobic interactions with G4 loops and/or
grooves.

Moreover, the fact that CF3IIIPhe caused opposite thermal stabil-
ity changes in tel26 and c-myc DNAs, seems to indicate its ability to
interact differently with mixed parallel/antiparallel compared to paral-
lel G4 systems.

This different behavior of our unnatural amino acid with the two
G4 systems explored, clearly reflects the structural diversity in the
relative topologies and is in accord with other previous reports of
aromatic ligands behaving differently with either parallel (c-myc) or
mixed parallel/antiparallel (telomeric) DNA topologies [39].

3.5. Interaction of synthetic compounds with a model protein

To explore the ability of CF3IIIPhe to interact with the family of
proteins we used BSA (bovine serum albumin) as a protein model
system. The CD spectrum of BSA exhibits two negative bands
(λ= 209nm and 222nm) arising from the typical α-helix structure of
protein (Fig. 6) [40]. A variation of the CD doublet peak intensity
indicates a change in the α-helical secondary structure content that
can be observed upon ligand/protein binding [41]. The CD profiles at
15°C of BSA in the presence and absence of CF3IIIPhe are shown
in Fig. 6. The α-helix content of the protein, calculated according to
the Eqs. (1) and (2) (see Experimental), was 54.2% which is in rea-
sonable relation to the literature [42]. Remarkably, CF3IIIPhe showed
a clear binding efficacy towards the model protein and decreased the
α-helix content to 47.6%. Apart from its utility as protein model sys-
tem, serum albumin binding has also an intrinsic importance as it
influences the effective availability of a drug in cells, with free un
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bound concentration of the drug determining its therapeutic potential
[43].

3.6. Molecular docking

We evaluated in silico the docking of CFIIIPHE to the drug bind-
ing site I of subdomain IIA (domain II) of BSA, the main ligand bind-
ing region of plasma proteins, in analogy to previous literature reports
on other CF3-modified aromatic BSA ligands [44].

We found that CF3IIIPhe bound the drug binding site I of BSA,
with a free binding energy of −7.0kcal/mol, and was embedded into
a protein cavity (Fig. 7) in which hydrophobic (Leu-237, Leu-241,
Leu-259, Ile-263, Ala-290, Trp-213), polar (Ser-286), and charged
amino acids (Arg-194, Arg-198, Arg-217) surrounded the ligand.
More in detail, Leu-237 and Ala-290 gave hydrophobic interactions
with the apolar moiety of the compound, while the amino acid residues
Arg-198 and Ser-286 were involved in hydrogen bonding between
CFIIIPhe and BSA. In fact, Ser-286 accepted H-bond from CFIIIPhe
amino group (H-bond length: 2.11Å), while CF3 acted as an H-bond
acceptor for the guanidinium group of arginine 198 (H-bond length:
2.44Å) [45].

3.7. Aggregation evidences

The aggregation propensity is one of the aspects to be evaluated in
a potential drug, as aggregate appearance inside or in the space sur-
rounding cancer cells was found responsible for the anticancer activity
of several drugs described previously [46].

Aiming at exploring aggregate formation CD spectra were
recorded at 25°C for the unnatural amino acid in aqueous solution.
The signal was very weak but the spectral intensity increased with
concentration, and by normalizing the spectra for concentration, we
noticed concentration-dependent CD changes for CF3IIIPhe (Fig. 8A)
that suggested its ability to aggregate forming non-covalent polymeric
systems under the experimental conditions employed.

CF3IIIPhe showed also a temperature-dependent behavior (Fig.
8B) that confirmed the above hypothesis. More in particular, CD sig-
nal intensity decreased as effect of heating, as expected for a thermal
disaggregation of the noncovalent polymers. The process is reversible,
as the CD spectrum at 25 °C, obtained after the heating and the suc-
cessive cooling steps, is pratically superimposable to that recorded ini-
tially at 25°C reflecting the restoration of the aggregate structure.

3.8. Copper(II) binding

Cu(II) chelating agents were found to be able to deprive cancer
cells of this important metal ion provoking anticancer effects [47].
Thus, we were interested in investigating whether our synthetic amino
acid was able to act as a Cu(II) binder, which could be an useful
property concurring with the anticancer potential of our derivative.
Cu(II) binding ability was studied by UV–Vis spectroscopy according
to other literature reports on compounds that, similarly to our com-
pound, had a certain tendency to aggregate/precipitate from aqueous
solutions and that were studied, thus, in organic solutions.

By studying the absorbance variations of the typical copper band
at 600nm as a consequence of the progressive adds of derivative
amounts, we observed that CF3IIIPhe was able to bind Cu(II) cation
causing the spectroscopic variations shown in Fig. 9. By titration
curve analysis (Fig. 9) a certain stabilization of absorption signal was
observed for CF3IIIPhe at a ratio value ~0.5. This suggests that the

unnatural amino acid forms complexes with a 2:1 ligand to metal ra-
tio.

3.9. SEM microscopy

Scanning electron microscopy was applied to the analysis of mor-
phologies adopted by telomeric DNA tel26 and its complex with the
anticancer CF3IIIPhe. SEM images of dried samples, shown in the mi-
crographs of Fig. 10, present a surface morphology for CF3IIIPhe with
a quite homogenous film visible at low magnifications (Fig. 10A),
that at higher magnifications revealed numerous spherical structures
(with widths of 30–50nm). On the other side, the sample of tel26 DNA
contains several roughly micrometric sized aggregates consisting of
nanospheres (with widths ~80–130nm or smaller, Fig. 10B). The sam-
ple with the tel26/CF3IIIPhe complex shows, instead, a structure dif-
fering significantly, both in morphology and size of the observed ag-
gregates, from that of the unbound DNA. Indeed, fibers of micro-
metric length and thickness with a double superficial morphology,
are clearly visible for the complex: fibers with several nanospheres
(~50–100nm sized or smaller, Fig. 10C) on their surfaces, as well as
bundles of nanofibrils (with widths ~20–50nm and lower) with a pref-
erential orientation (Fig. 10D).

Similar nanofibrillar and nanospherical structures are reported in
literature [48] for other nucleic acid-containing systems, in which,
however, the nanofibrils are smaller (10–20nm) and the nanospheres
larger (160–200nm width) than those observed in this study. Over-
all, the different morphologies found for the samples obtained mixing
CF3IIIPhe with DNA, and unbound DNA support the already reported
hypothesis of interaction of this unnatural amino acid and telomeric
DNA.

4. Conclusion

In conclusion, in this work, we evaluated by spectroscopy the abil-
ity of a non-proteinogenic amino acid to bind G4 DNAs, a serum
protein and copper (II) ions. Pharmacokinetic properties of CFII-
IPhe determined in silico indicated it a promising drug candidate.
Among these, the octanol/water partition coefficient (logP), one of
the most important parameters in the assessment of druglikeness of
a drug candidate, was determined also experimentally and compared
with the predicted result showing good agreement (experimental
logP = 1.1± 0.2 vs. clogP = 0.96). Nevertheless, the biological effects
of CFIIIPhe observed in various cell lines confirmed the efficient
compound transport through the cell membranes.

CD and UV studies revealed that CF3IIIPhe: i) interacted with G4
DNAs without altering the core structures of the antiparallel/paral-
lel (tel26) and parallel (c-myc) G4 topologies, and slightly stabilizing
only the former structure, ii) bound Cu(II) cation, and iii) formed ag-
gregates in aqueous solution. Moreover, CF3IIIPhe was able to bind
proteins, as we observed by CD with BSA, used as a model pro-
tein. Molecular docking studies demonstrated that the binding site I
in subdomain IIA hydrophobic region of BSA could house CFIIIPhe
in analogy to other literature reports on similar BSA ligands [44]. Its
anticancer potential was also evaluated in cellular studies performed
on a panel of human cancer cells in comparison with non-cancerous
ones. We found that compound CF3IIIPhe lowered cell proliferation
in PC3 cancer cells by 31% after 24h of treatment without any unde-
sired toxicity on nontumorigenic cells. Overall, the evidences emerged
from this investigation suggested that CF3IIIPhe may exert its an-
ticancer activity as a consequence of a combination of factors, in-
cluding possibly its ability to bind (as evidenced by CD and SEM)
telomeric DNA. Besides these encouraging results, in consideration
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of the seemingly unlimited functional versatility of unnatural amino
acids, we propose our derivative as chiral building block and molecu-
lar scaffold in constructing peptidic or non-peptidic drugs to be inves-
tigated in future biomedical applications.
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