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Mild photoactivation of new BINOL-amino acid and -amino ester conjugates (BINOLAMs) yielded
alkylating and DNA cross-linking agents with high photoefficiency and superior cytotoxicity. Detection of
the transient electrophile, by laser flash photolysis (LFP), suggests that BINOL-quinone methides (QMs)
are key intermediates in the process. QMs trapping by water, monitored in a time-dependent product
distribution analysis, demonstrated that the phototriggered reactivity of BINOLAMs as bis-alkylating agents
is the result of a two-step process involving sequential photogeneration of monoalkylating QMs. Light
activation of the BINOL-L-amino esters produced cytotoxic QMs very effective against human tumor LoVo
cells with EC50 in the 130–230 nM range. Trimethylpsoralen (PS) is about 4 times less potent than our
newly tested compounds. BINOL-L-proline methyl ester showed notable photoselectivity because it displayed
cytotoxic effects upon irradiation only and was able to efficiently reach the target DNA inside the cells,
where it forms both alkylated and cross-linked species.

Introduction

Several strategies have been devised and developed for the
selective and mild activation of DNA-modifying agents. The
generation of reactive intermediates, starting from stable precur-
sors, with DNA-binding properties, has great potential for the
development of chemotherapeutic prodrugs1 and for the inves-
tigation and understanding of DNA–protein interactions.2

Therefore, it is not surprising that advances in areas of oxidative,
reductive, hydrolytic, and photochemical activation protocols
continue to generate promising and clinically relevant agents.3

Among them, the phototriggerable cleaving1b,4 and alkylat-
ing/cross-linking1a,b,4 agents have attracted a great deal of
attention in the past decade, mainly because, contrary to most
nonphotochemically activable DNA-modifying agents, they do
not require a coreagent under conditions not always compatible
with in ViVo applications.4 Although in the recent past a wide
variety of photochemically activated DNA reactive agents have
been discovered and investigated, they mainly act as cleavers
involving radical reactive intermediates. Fairly limited examples
of photochemically activated DNA-alkylating agents have been
reported.5 In fact, to date, psoralens are the only well-established
class of drugs known to induce DNA or RNA cross-linking upon
photoactivation.6 Recently, our research has been focused on
another class of reagents that similarly express a triggerable
ability to alkylate nucleic acids through the generation of highly
reactive quinone methides (QMs)a (Scheme 1).7

These electrophilic intermediates have been generated by
photochemical5,7–10 and thermal7a,11–13 (fluoride and pH-
induced) mild activation procedures. In both cases, the genera-
tion of a phenolate, by excited-state proton transfer14 or by
fluoride-induced desylilation,11–13 is the key mechanistic step
leading to the electrophilic QMs. QMs, particularly those with
an ortho geometry (o-QMs), have been successfully used to
accomplish amino acid,7a oligopeptide,7a nucleoside mono- and
bis-alkylations,11,12 and DNA-cross-linking5,7b,15 in water (ac-
cording the sequence reported in Scheme 2). In more detail,
Wan,8,14 Kresge,9 Saito,10 Zhou,15b and our group7 described
the photogeneration of QMs starting from benzyl alcohols (1,
Scheme 1),8,9 Mannich bases (2, Scheme 1),7,10 and their
quaternary ammonium salts (3, Scheme 1) in water.7,15b These
reactive intermediates, with tunable electrophilicity by substitu-
ent effects,13 have also been trapped by biological nucleophiles
and detected by nanosecond laser flash photolysis (LFP).7a-e,8,9

Recently, we have also shown that BINOL derivatives, such
as the bis-quaternary ammonium salt 3b, are capable of
undergoing bis-alkylation in water and DNA cross-linking with
promising potency by UV–vis photoactivation (Scheme 3).7b

Furthermore, unlike precursors 1-3, the quaternary am-
monium salts 3a and 3b exhibit high absorptivity at a wave-
length longer than 360 nm and excellent solubility under
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Scheme 1. Photochemical and Thermal (Fluoride and
pH-Induced) Generation of the Prototype QM
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physiological conditions, which are considered the basic re-
quirements for useful DNA-alkylating agents. Unfortunately,
the binol derivatives 1a(b)-3a(b) exhibit severe limitations for
in ViVo applications because of the presence of the permanently
charged quaternary ammonium moieties, which prevent binols
from crossing biological membranes. Contrary, the phototrig-
gerable BINOL unit tethered to amino acid derivatives and
oligonucleotides could be characterized by adequate cell perme-
ability16 and biological target recognition properties,17 respec-
tively.Here,wedescribe thefirststep towardBINOL-oligopeptide
conjugates as selective and triggerable carriers of bifunctional
BINOL-QMs targeting DNA. We report the synthesis, pho-
toreactivity, DNA cross-linking properties, and photocytotoxicity
of rational BINOL-amino acid derivatives (BINOLAMs).
Indeed, the novel derivatives represent valuable lead compounds
for selective cellular DNA-damaging activity.

Results and Discussion

The target compounds investigated in the current study are
3,3′-bis-CH2Y-substituted BINOLs represented by the general
structure, highlighted in red in Chart 1.

They all contain two CH2Y arms on the BINOL moiety,
which act as absorbing chromophores for the activation of the
BINOLAMs by photoinduced HX elimination. Compounds
4–10 (Chart 1) differ from each other by the Y group structure,
which was chosen among N-substituted L-amino acids and
related amino esters, with or without basic side-chain groups:
L-proline (4, 5, and 6), L-alanine (7), L-valine (8), and L-lysine
(9 and 10). The Y moiety structures were selected for the
following reasons: (a) organic molecules exhibiting net positive
charges under physiological conditions should exhibit enhanced
DNA binding through electrostatic interactions with the polya-
nionic backbone of the nucleic acid; (b) the spacer length could
modulate the binding properties of the precursors; (c) the
protonation-deprotonation equilibria in the amino acid deriva-
tives should remarkably improve cell permeability of the new
BINOL conjugates in comparison to that of the fully charged
quaternary ammonium salts (3a and 3b), previously investigated
as DNA cross-linking agents.7b The role as chiral ligands in
the modern enantioselective catalysis of BINOL derivatives18

propelled us to exploit the robust chemistry of the BINOLs to

prepare new diastereomerically pure BINOLAMs 4–6 and
enantiopure BINOLs 3a-3c. These allowed us to explore
possible diastereo- and enantioselectivity effects on DNA cross-
linking potency and photocytotoxicity/cytotoxicity properties of
the BINOLAMs.

Synthesis of BINOL-Amino Acid Conjugates. The BINO-
LAMs 4–10 investigated as a phototriggerable source of bis-
alkylating species were synthesized mainly by a reductive
amination reaction,19 using the dialdehyde 1120 in a stepwise
approach with the preformation of the intermediate imine, and
further reduction in a separate step (Scheme 4).

After surveying many of the commercially available hydride
reagents, we selected sodium triacetoxyborohydride [NaBH-
(OAc)3] based on the resulting overall reductive amination
reaction yields (always higher than 85%). Imine preformation
was achieved adding the dialdehyde 11 to L-alanine-OMe,
L-valine-OMe, L-proline-OMe, L-proline-OtBu, and N-ε-t-bu-
tyloxycarbonyl-L-lysin-t-butyl ester in anhydrous CH2Cl2 and
4 Å molecular sieves. The diastereomeric L-diprolino esters
(S,S,S)- and (R,S,S)-4 and -5 and their related amino acid 6 were
also synthesized starting from the BINOL-3,3′-bis-CH2Br (12)
in higher yields (according to Scheme 5) or following an original
photochemical protocol optimized by our group, starting from
racemic BINOLAM 2b.7c

In both cases, a 1:1 diastereomeric mixture was obtained.
The (S,S,S)-4 and (S,S,S)-5 adducts were the first, among the
two diastereoisomers, to be eluted from preparative column
chromatography (7:3 cyclohexane/ethyl acetate), with very good
diastereomeric excess (de) g 99%. Crystallization of the
diastereomeric mixture from benzene and ethyl acetate afforded
the (S,S,S) and (R,S,S) pure isomers, respectively, with a slightly
lower purity (dee 95%). The absolute configurations of (R,S,S)-
4, (S,S,S)-4, (R,S,S)-5, and (S,S,S)-5 were assigned by a
comparison to authentic samples synthesized quantitatively
starting from chiral (R)- and (S)-dibromide 12 and proline methyl
and t-butyl esters, respectively (Scheme 5). The BINOL-amino
acid conjugates (6 and 10) were quantitatively prepared starting
from the t-butyl esters, following the standard deprotection
protocol (TFA, Et3SiH, and CH2Cl2 at room temperature for
25 min).21

BINOL-Amino Acid and Ester Conjugates as Photot-
riggerable Bis-alkylating Agents. To test 4–10 as phototrig-
gerable precursors of bis-alkylating QMs, we first explored the
photoreactivity of 4–6 as pure diastereoisomers and 7, 8, and
10 as 1:1 diastereomeric mixtures. The BINOL-QMs were
photogenerated both at 310 and 360 nm wavelengths and trapped
by water, morpholine, and 2-mercaptoethanol (Scheme 6), in
buffered (pH 7.5) 1:1 H2O/CH3CN. In more detail, photolysis
of diastereomerically pure (S,S,S)- and (R,S,S)-4–6, in the
absence of an added nucleophile, gives the alcohol (R)- and
(S)-1b, respectively, in quantitative yields, with complete
retention of the BINOL-moiety configuration (after 10 min of
irradiation). Photolysis of 4–6 in a water solution containing
morpholine and mercaptoethanol similarly afforded the bis-
morpholino adduct 13 and the bifunctional thioether 14, in good
yields, accompanied by small amounts (<15%) of alcohol 1b.
Fairly similar conversion rates were achieved with the BINOL-L-
valine-OMe ester (8) and the BINOL-L-lysine (10). The only
exception to this trend was due to BINOL-alanine-OMe ester
(7), which turned to be much less reactive, requiring a longer
irradiation time (10 min) and yielding a lower conversion (lower
than 35%, see the Supporting Information for detailed informa-
tion). Monoalkylated adducts were not detected by high-
performance liquid chromatography (HPLC) under the reaction

Scheme 2. Benzo-QMs Photogeneration and Reactivity as
Alkylating and DNA Cross-Linking Agents

Scheme 3. Photoactivation of BINOL Derivatives as
Bis-alkylating Agents
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conditions described above, and if formed, their yields were
lower than 5%.

Mechanistic Insights from Time-Dependent Product
Distribution Analysis and Quantum Yield Measurements.
We have shown that the photoactivation of adducts 4-10 as
bifunctional alkylating agents is a general key feature of the
BINOLAMs. Therefore, considering worthwhile the investiga-
tion of its mechanism, we run three sets of clarifying experi-
ments: (i) monitoring the photohydration process by time-
dependent product distribution analysis, (ii) evaluating the
photochemical efficiency by quantum yield measurements, and
(iii) detecting the electrophilic transient by LFP. Running the

photochemical reaction of (S,S,S)- and (R,S,S)-6 under low
conversion (<40%) conditions, achievable for short irradiation
times (0.5–5 min, in a merry-go-round photoreactor, with 2
lamps at 15 W, 310 nm; ca. 25 °C, and N2 purged), it was clear
that the monohydrated intermediates [(S,S)- and (R,S)-15; see
Figure 1] were formed first and subsequently reacted to give
alcohols (S)-1b and (R)-1b, respectively. The profile of the
converted precursor (S,S,S)-6 into the intermediate monohy-
drated adduct (S,S)-15, toward the final product (S)-1b, as a
function of the irradiation time is reported in Figure 1a. A similar
time-dependent product distribution analysis was run for the
diastereoisomer (R,S,S)-6 (Figure 1b).

The monohydrated adducts (S,S)-15 and (R,S)-15 were formed
rapidly, reaching a maximum yield after 4–5 min of irradiation
(Figure 1). Photoinduced decomposition of the resulting adducts
was also rapid, with 80–90% conversion of the starting material
into alcohols (S)-1b and (R)-1b within 15 min (Figure 1). A
closer comparison of the two product profiles in Figure 1a and
1b reveals that the diastereoisomer (R,S,S)-6 is slightly more
photoreactive than (S,S,S)-6. Such a difference is confirmed by
quantum yield measurements (Table 2). In fact, irradiation of
(R,S,S)-6 generates the monohydrated adduct (R,S)-15, with a
56% conversion after 4 min of irradiation, and the irradiation
of (S,S,S)-6 generates the monohydrated adduct (S,S)-15, with
a 37% conversion after the same irradiation time. In a
comparable fashion, we have monitored the product distribution
as a function of the irradiation time also for the L-proline t-butyl
esters [(R,S,S)-4 and (S,S,S)-4] in a 1:1 acetonitrile/water
solution. In this case, both (R,S)-16 and (S,S)-16 resulting from
the monohydration process reached a maximum after 7 min and
no measurable difference in the photoreactivity between the
diastereoisomers was recorded.

These time-dependent profiles, displaying the trend of reactant
(6) consumption, intermediates (15), and final product formation
(1b) of the hydration process, demonstrate that the BINOL-amino
ester and BINOL-amino acid conjugates (4 and 6, respectively)
both act as phototriggerable bis-alkylating agents through the
sequential generation of two monoalkylating quinone methides.
In addition, adduct (R,S,S)-6 exhibits a slightly higher efficiency
in the photogeneration of the monohydration adduct in com-
parison to its diastereoisomer (S,S,S)-6. To evaluate the pho-
toefficiency of the BINOL-amino acids and BINOL-amino
esters (4–8) in the generation of alkylating QMs, we also
measured their quantum yields, comparing them to other
photoreactive BINOLs, including the monohydrated adducts 15
and 16. The measured quantum yields are listed in Table 1.

Chart 1. BINOL-Amino Acid Derivatives (4-10) Synthesized and Tested as Photocytotoxic Bis-alkylating Agents

Scheme 4. Synthetic Protocol for the BINOLAMs 4, 5, and
7-9a

a (i) Molecular sieves at 4 Å in CH2Cl2; (ii) NaBH(OAc)3, CH2Cl2, and
N2.

Scheme 5. Synthesis of BINOL-Diprolino Derivatives 4-6a

a (i) K2CO3, CH2Cl2, ∆, 5 h. (ii) TFA, Et3SiH, CH2Cl2, room temperature,
25 min.

Scheme 6. Photoreactivity of BINOLAMs 4-10 in Water, 10-3

M, in a Merry-go-round Photoreactor, with 4 Lamps at 15 W,
310 and 360 nm; ca. 25 °C, 15 and 40 min, Respectively, and
N2 Purged
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All BINOLAMs act as efficient photoalkylating agents. In
general, with the exception of the BINOL-L-alanine-OMe ester
(in agreement with the preparative experiment results), the
quantum yield is higher than 0.24 and reaches its maximum
for the monohydrated adduct 15 (Φ > 0.9). Among them, the
monohydrated amino acid and t-butylester derivatives (S,S)- and
(R,S)-15 and -16 are the most efficient, followed by the
quaternary ammonium salts (S)- and (R)-3b and the BINOL-
valine methyl ester 8. The quantum yield is a function of the
amino acid/ester moieties and conformational aspects, because

the diastereoisomers (R,S,S)-4 and -6 are slightly more efficient
as photoalkylating agents than their related (S,S,S) diastereoi-
somers. The highest efficiency of 15 and 16 as photoalkylating
agents explains why, in the preparative experiments run with 4
lamps for 15 min, (a) only bis-alkylated adducts were isolated
and (b) the detection of the monohydrated products (15 and
16) was possible only in short irradiation experiments (<10 min,
using 2 lamps only).

Detection of Monoalkylating BINOL-QM by LFP. LFP
provides a general and effective method for direct UV–vis
detection of transient QMs starting from o-hydroxybenzylic
alcohols, as clearly demonstrated by the extensive work of
Wan’s8–14 and Kresge’s groups.9 More recently, we have
displayed that similar results can be achieved starting from
Mannich bases (2) and their quaternary ammonium salts
(3).9,11,15 In more detail, LFP of 2b and 3b, in water and 1:1
water/acetonitrile solutions, generates monoalkylating BINOL-
QM as transient species, with the maximum absorbance (λmax)
centered at 380 nm.7b In a comparable fashion, LFP photoac-
tivation of the BINOLAMs 4–8 and 10 at 266 and 354 nm (using
a Nd:YAG laser, <10 mJ per pulse in oxygen-purged aqueous
solutions) yielded transient species with very similar absorbance.
The only difference detected was the intensity of the transient
absorption immediately after the laser pulse, which parallels
the quantum yield trend reported in Table 1. These transients
were confidently assigned to the BINOL-QM structures
QM4-QM8 and QM10 (Scheme 7) based on (i) the spectro-
scopic similarity of their transient spectra to that previously
assigned to the BINOL-QM rising from 2b (Scheme 2), (ii)
the similar maximum absorbance of the parent 2,3-naphtho-
QM (λmax ) 395.5 nm),22 and (iii) trapping experiment results.
In fact, after 20–30 laser shots (8 mJ power), (S,S)- and (R,S)-
15 were detected as the main products by HPLC in flashed
aqueous solutions of (S,S,S)- and (R,S,S)-6, respectively.

In summary, the results from product distribution, time-
dependent product analysis, quantum yield measurements, and
LFP experiments safely indicate that BINOLAMs are bis-
alkylating agents, which are efficiently phototriggerable through
the sequential generation of two monoalkylating QMs, according
to Scheme 7. Interestingly, the efficiency (measured by the
quantum yield, Φ) in the generation of the second QM
(BINOL-QM′′ , Φ2) was always higher than that associated
to the first one (BINOL-QM′, Φ1). These results suggest that

Figure 1. Product distribution dependence on the irradiation dose, for the irradiation of (S,S,S)-6 (a) and (R,S,S)-6 (b).

Table 1. Quantum Yields (Φ)a of the BINOL-QM Photochemical
Generation, Measured in 1:1 H2O/CH3CN Solutions of the BINOLAMs
(3 × 10-4 M) at Low Conversion (<30%), under Buffered Conditions
(Phosphate Buffer, 10-2 M, pH 7.5)

BINOLAMs Φa

1bb 0.47 ((0.05)c

3bb 0.70 ((0.04)d

(S,S,S)-4 0.24 ((0.02)d

(R,S,S)-4 0.28 ((0.06)d

(S,S,S)-6 0.43 ((0.04)d

(R,S,S)-6 0.60 ((0.06)d

7e 0.05 ((0.01)
8e 0.62 ((0.05)
(S,S)-15 0.94 ((0.06)f

(R,S)-15 0.95 ((0.05)f

(S,S)-16 0.90 ((0.04)f

(R,S)-16 0.93 ((0.08)f

a By potassium ferrioxalate actinometry (monitored by UV–vis).
b Racemate. c Quantum yield for the formation of 15 for Y ) morpholino,
using morpholine 5 × 10-2 M as a trap. d Quantum yield for the formation
of monohydrated adducts, such as 15. e As a 1:1 diastereomeric mixture.
f Quantum yield for the formation of 1b.

Table 2. Biological in Vitro and Cellular Properties of BINOL-Amino
Acid Conjugates

QM
DNA XL
MC (µM)

EC50

(µM)
CC50

(µM)
SI

(CC50/EC50) log P

PS <0.5 0.94 ( 0.09 >200 >210 2.44
(S)-3b 1.25 >200 >200 ionic
(R)-3b 1.25 >200 >200
(S,S,S)-5 20 0.22 ( 0.05 >200 >900 4.81
(R,S,S)-5 20 0.23 ( 0.02 >200 >860
(S,S,S)-6 2.5–5 >200 >200 4.28
(R,S,S)-6 2.5–5 >200 >200
7 >40 4.00 ( 0.8 1.5 ( 0.2 0.4 4.38
8 5 0.13 ( 0.04 14.0 ( 6.0 108 6.15
10 20 >200 >200 3.34
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the BINOLAMs may act as photoactivatable mono- and bis-
alkylating agents.

DNA Cross-Linking. The DNA-DNA cross-linking ability
of compounds (S)-3b, (R)-3b, (S,S,S)-5, (R,S,S)-5, (S,S,S)-6,
(R,S,S)-6, 7, 8, and 10 was investigated using a negatively
supercoiled plasmid DNA (pBR322) in an alkaline agarose gel
assay (Figure 2).7b Compounds (S,S,S)-4, (R,S,S)-4, and 9 were
not included because of their low solubility in aqueous solution.
DNA cross-linking (XL) experiments were carried out in 50
mM phosphate-buffered solutions at pH 7.5. Samples were
irradiated at 360 nm for 20 min. Each compound was used at
increasing concentrations (0.62–80 µM, lanes 1–8 in Figure 2).
Irradiated DNA without substrates (lanes D) or with PS (lanes
PS) were used as controls.

The nonreacted plasmid was present in its supercoiled (S),
linear (L), and nicked (N) forms. Interstrand cross-linking
activities of tested compounds were evident as a XL band (XL),
which run slightly slower than the linear form (Figure 2).
Activities were measured as the minimal compound concentra-
tion (DNA XL MC) required to obtain XL effects (Table 2).

XL activities were measured for the two enantiomeres S and
R of compound 3b and diastereoisomers S,S,S and R,S,S of
compounds 5 and 6. Compounds (S)-3b and (R)-3b induced
detectable XL at concentrations as low as 1.25 µM [lanes 2–8

in Figure 2, QM (S)-3b and (R)-3b]. These data are in total
agreement with previous results obtained with the racemic
mixture of BINOL-QM 3b.7b Diastereoisomers 6 were only
slightly less active than 3b; XL effects were evident at 2.5–5
µM [lanes 3–8 in Figure 2, (S,S,S)-6 and (R,S,S)-6]. BINOL
derivatives 5 were around 5–8-fold less potent than 6, because
they displayed detectable XL only at a 20 µM concentration
[lanes 6–8 in Figure 2, QM (S,S,S)-5 and (R,S,S)-5]. No
significant differences in XL potency were found between the
two enantiomers (S)-3b and (R)-3b or diastereoisomers (S,S,S)-6
and (R,S,S)-6 of each active compound (compare lanes 3–8 in
Figure 2), indicating the absence of detectable enantio- or
diastereoselectivity in the DNA photo-cross-linking activity by
these BINOL derivatives.

On the basis of these results, compounds 7, 8, and 10 were
tested as racemic mixtures. Of these, BINOL derivative 8 was
the most active, with a DNA XL MC of 5 µM (lanes 4–8 in
Figure 2). Compounds 7 and 10 resulted less potent, being active
at concentrations of 40 and 20 µM, respectively. In addition, in
the presence of high concentrations of these two latter com-
pounds (80 µM), unreacted DNA amounts decreased, without
corresponding XL formation. This likely indicates the unspecific
reaction of BINOL derivatives 7 and 10 with material used for
handling after photoirradiation.

Scheme 7. Sequential Photogeneration of Two Monoalkylating BINOL-QMs

Figure 2. DNA cross-linking (XL) concentration-dependent activity of BINOL-amino acid conjugates. Plasmid DNA was mixed with increasing
amounts (0.62, 1.25, 2.5, 5, 10, 20, 40, and 80 µM, lanes 1–8) of each compound (shown above each gel image), in phosphate buffer (50 mM, pH
7.5). Reaction mixtures were irradiated at 360 nm for 20 min and loaded on a 1% alkaline agarose gel. Gels were stained with ethidium bromide.
Lane D is nontreated, irradiated DNA. Lane PS is a control for XL species induced by 4,5′,8-trimethylpsoralen at 360 nm. Nonreacted supercoiled,
nicked, and linear forms of plasmid are indicated as S, N, and L. XL species are indicated as XL, on the right of each gel image.
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It is noteworthy that none of the tested compounds modified
DNA in the absence of photoactivation (data not shown).

Our results clearly indicate that cross-linking activity depends
upon three counter-balancing properties of BINOL-QM precur-
sors: (1) efficiency of the primary photoactivation step, (2)
percentage of BINOL derivative in the bis-cationic form, (3)
presence of bulky substituents. The effect of the photoactivation
efficiency is obviously very important, as highlighted by the
less potent XL BINOL derivative 7, which is mainly the result
of its lowest photochemical quantum yield. Concerning the effect
of the net charge on the precursors, we have already reported
that bis-cationic forms of QMs induce electrostatic pre-associa-
tion of the QM precursors to the ionic DNA phosphate
backbone, hence enhancing a subsequent covalent reaction.7b

In fact, XL efficiency increased when performing reactions in
acid solutions, where the percentage of bis-cationic forms are
enhanced. As shown in Figure 3, XL bands increased steadily
from pH 8.5 to 5.5 in the presence of 20 µM of compounds
(S,S,S)-6, (R,S,S)-6, and 10. All other BINOL-amino acid
conjugates displayed a similar behavior in this range of pH (data
not shown). On the other hand, bulky nonionic moieties may
both mask positive charges or hinder an effective interaction
between reactive groups, hence modulating cross-linking
efficiency.

As demonstrated by the quantum yield measurements and
LFP experiments, BINOLAMs are able to form both mono- as
well as bis-alkylated and XL species. To visualize alkylation,
reaction mixtures were treated for 24 h at room temperature in
alkaline agarose gel buffer, prior to loading onto alkaline agarose
gels. Alkaline denaturing conditions destabilize alkylated bases,
thus inducing DNA scissions.23 As shown in Figure 4, at
increasing concentrations of compounds (S)-3b and (R)-3b, the
band corresponding to XL species augmented up to a drug
concentration of 10 µM (lanes 1–5 in Figure 4). However, at
higher drug concentrations (20–160 µM), the XL band decreased
and converted to a smeared band, comprising species running
faster than the XL band itself and SC DNA as well (lanes 6–9
in Figure 4). A similar behavior was obtained with all tested
BINOLAMs (data not shown). Importantly, the control PS in
these conditions did not induce DNA-strand scission. These
results indicate that the XL species formed by BINOLAMs but
not by PS are alkali-sensitive.

Evaluation of BINOL-Amino Acid Conjugates Photocy-
totoxicity versus Cytotoxicity. Photocytotoxic and cytotoxic
effects of BINOL-amino acid conjugates (S)-3b, (R)-3b,
(S,S,S)-5, (R,S,S)-5, (S,S,S)-6, (R,S,S)-6, 7, 8, and 10 were
investigated on the epithelial-like human colorectal adenocar-
cinoma LoVo cell line. This is an established cell line widely
employed as a human model in carcinogenesis studies. In
addition, colon cancer is a representative malignancy efficiently
treated with Food and Drug Administration (FDA)-approved

and investigational drugs for phototherapy.24 Cells were exposed
to increasing concentrations of tested compounds (12 nM-200
µM), and after 24 h, they were either irradiated at 360 nm for
30 min at 37 °C or kept in the dark. After an additional 24 h,
cell damage was assessed by a MTT assay. Results were
reported as the effective drug concentration able to kill 50% of
the cell population after photoirradiation (EC50) and the cytotoxic
concentration that killed 50% of cell population without
photoirradiation (CC50). Selectivity indexes (SI) were measured
as the ratio of CC50 over EC50 values. As shown in Table 2,
three of nine compounds showed EC50 in the nanomolar range.
In particular, the most active compound was BINOL derivative
8, with an EC50 of 130 ( 40 nM. However, it also showed
cytotoxicity prior to UV irradiation at doses of 14.00 ( 6.00
µM (SI ) 108). Compounds (S,S,S)-5 and R,S,S)-5 were slightly
less active, displaying EC50 of 220 ( 50 and 230 ( 20 nM,
respectively, although they did not show cytotoxicity without
irradiation up to 200 µM (SI > 860). Once again, chiral
properties did not confer appreciably different biological activi-
ties. The BINOLAM 7 exhibited EC50 in the low micromolar
range (4.00 ( 0.08 µM), yet it resulted even more cytotoxic
without UV treatment (CC50 of 1.50 ( 0.02 µM, SI ) 0.4).
Finally, BINOL derivatives (S)-3b, (R)-3b, (S,S,S)-6, (R,S,S)-
6, and 10 did not show either photocytotoxic or cytotoxic effects
at doses as high as 200 µM. PS, used as a control, in these
conditions displayed EC50 of 940 ( 90 nM and CC50 > 200
µM.

Cellular drug effects depend upon not only selective target
recognition but also the ability of the compound to enter the
cell compartment through the plasmatic membrane. This
property is usually theoretically and experimentally defined as
log D (D ) distribution), which is largely related to the
compound hydrophobic/hydrophilic characteristics, expressed
as log P (P stands for partitioning in n-octanol/water). Theoreti-
cal log P values for the neutral forms of tested BINOL-QMs
were calculated according to the Crippen’s fragmentation
method (Table 2).25 BINOL-amino acid conjugates 6 and 10
showed the lowest log P calculated on their neutral structure.
In addition, the pI for compound 6, roughly evaluated from the
pI of their conjugated amino acids (pI 6.30, for proline), suggest
that it should be mainly negatively charged, at pH 7.5. Similar
consideration holds for compound 10, suggesting that it should
be mainly positively charged, at the working pH. Obviously,
compound 3b is permanently charged. Therefore, the access of
3b, 6, and 10 to the intracellular environment results severely
hindered, as proven by the inability to induce either photocy-
totoxicity or cytotoxicity (Table 2). In contrast, BINOLAMs 5,
7, and 8 are only partially charged at physiological pH, and the
neutral forms can diversely permeate according to their hydro-
phobic properties. This statement is supported by the fact that
a hydroxyl group in ortho to a dimethylaminomethyl moiety
reduces the basicity of the amino group (i.e., 2-dimethylami-
nomethyl-phenols pKa1, 8.1; benzyl-dimethyl-amine pKa, 9.1).
For the BINOLAMs 5, 7, and 8, we found a correlation between
log P values and photocytotoxicity (8 > 5 > 7) (Table 2).

Hence, amino acid methyl esters appear to be most suitable
for increasing cell-killing activity. In addition, the scale of
photocytotoxicity soundly correlates with the ability to induce
DNA XL (8 > 5 > 7), even though with different potency
(nanomolar versus micromolar range, respectively). This biased
active concentration range of results in Vitro and, in the cells,
may rest on a number of reasons: (1) cellular enzymes may
metabolize the original compound enhancing its potency; (2)
additional drug target(s) may be present in the cell environment,

Figure 3. pH dependence activity of compounds (S,S,S)-3b, (R,S,S)-
3b, and 10. Plasmid DNA with 20 mM of indicated QMs was irradiated
at 360 nm in phosphate buffer at pH 5.5, 6.5, 7.5, and 8.5. Lane D is
nontreated, irradiated DNA. Nonreacted forms of plasmid are indicated
as S and N. XL species are indicated as XL, on the right of each gel
image.
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thus producing synergistic effects; and (3) even poor drug-
induced cell damage may trigger a massive cellular response,
which eventually leads to cell death. An additional interesting
feature can be inferred from our results: the L-proline methyl
ester derivative stands out as the most promising Y group since
BINOL derivative 5, unlike L-alanine and L-valine derivatives,
resulted highly photoselective, displaying cytotoxic effects only
upon UV activation.

BINOLAMs Produce DNA Alkylation in Cell Systems. To
test the ability of the BINOL-L-proline methyl ester to form
DNA adducts in the cellular environment, we performed an
alkaline comet assay.26 LoVo cells were treated with increasing
concentrations of compound (S,S,S)-5 (5–80 µM) and with PS
as a positive control, as described in the photocytotoxicity
experiments. After standard additional incubation for 24 h at
37 °C, cells were scraped off and suspended in low-melting
agarose. After alkaline-induced lysis, cells were subjected to
electrophoresis within the agarose gel, stained, and visualized
by fluorescence microscopy. DNA damage was quantified, as
described previously.27 A minimum of 50 cells per sample were
examined, and the damage extent for each cells was scored 0-4
“units of DNA damage” (UDD) as follows: 0, no damage, no
DNA migration; 1, dense nucleus with slight migration of
nuclear material; 2, the comet tail has progressed to its full
length, but the comet width does not exceed that of the nucleus;
3, the comet tail is greater than the width of the nucleus, and
the nucleus is less dense; 4, the nucleus and the tail are
completely separated. From a comparison to the blank control,
shorter tails indicate cross-linking and longer tails testify to DNA
breaks. Representative images per each sample are shown in Figure
5a; results are reported as the medium value of damage extent for
each sample (Figure 5b). The blank controls, before and after UV
irradiation, exhibited only a slight comet tail, calculated as 1.15
and 1.30 UDD, respectively. When cells were treated with an
increasing concentration of BINOLAM, the tail length and width
gradually increased, indicating an enhanced DNA damage. The
extent of nucleic acid breaks reached a maximum at 40 µM of
drug concentration (2.94 UDD), after which the comet tail abode
a minor decrease (2.80 UDD at 80 µM) (Figure 5b).

However, at increasing BINOLAM concentrations, the in-
creased DNA damage was balanced by a higher number of cells
displaying a shorter comet tail. This is evidenced both by cell
images (see arrows pointing to less damaged cells in Figure
5a) and by the increased standard deviation obtained for higher
values of drug concentrations (Figure 5b). Control cells treated
with PS displayed a very consistent absence of the comet tail,
indicating efficient cross-linking of the nucleic acid. These
results indicate, first, that BINOLAMs reach their target DNA
inside the cells and, second, that at low doses they alkylate
chromosomal DNA, which, under alkaline conditions, undergoes
strand scission. However, at higher concentrations, BINOLAMs

display increased cross-linking ability, which reflects the wider
range of tail lengths obtained in the comet assay.

Conclusions

The production of bis-alkylating BINOL-QMs starting from
quaternary ammonium salts and their DNA cross-linking
properties was previously demonstrated.7b Now, the photoge-

Figure 4. Concentration-dependent DNA-strand scission of BINOL-amino acid conjugates. Plasmid DNA was mixed with increasing amounts
(0.62, 1.25, 2.5, 5, 10, 20, 40, 80, and 160 µM, lanes 1–9) of compound (S)-3b and (R)-3b (shown above the gel image), in phosphate buffer (50
mM, pH 7.5). Reaction mixtures were irradiated at 360 nm for 20 min, incubated for 24 h in alkaline-loading buffer, and loaded on 1% alkaline
agarose gel. Gels were stained with ethidium bromide. Lane D is nontreated, irradiated DNA. Lane PS is a control for XL species induced by
4,5′,8-trimethylpsoralen at 360 nm. Nonreacted forms of plasmid are indicated as S, N, and L. XL species are indicated as XL, on the left of the
gel image. DNA breaks resulting in smeared bands are indicated as B.

Figure 5. Alkaline comet assay for LoVo cell treated with compound
(S,S,S)-5. (a) Cells were exposed to increasing concentrations of
compound (S,S,S)-5 and irradiated at 360 nm for 30 min. Successively,
they were suspended in low-melting agarose gel, subjected to electro-
phoresis within the agarose gel, stained, and visualized by fluorescence
microscopy. A minimum of 50 cells per sample was analyzed. Arrows
point to less damaged cells within each (S,S,S)-5-treated sample. (b)
Length and shape of the comet tail were converted in UDD (units of
DNA damage, see the text and Experimental Section for details). Results
were reported as the medium of UDD per sample. ctr and ctr UV
indicate blank controls, before and after UV irradiation, respectively.
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neration of related transient electrophiles has been achieved in
excellent quantum yields using BINOL-amino acid and -amino
ester derivatives as the precursors. QM-trapping experiments
show that bis-alkylation is the result of the sequential generation
of two monoalkylating BINOL-QMs. The majority of the
BINOL-amino acid and -amino ester precursors, when pho-
toactivated at 360 nm in the presence of supercoiled plasmid
DNA (pBR322), displayed DNA cross-linking potency com-
parable to that of the quaternary ammonium salts (range of 1–5
µM). Unlike the latter, the amino acid methyl esters exhibit
potent photocytotoxicity against the human colorectal adeno-
carcinoma LoVo cell line in the nanomolar concentration range
(130–230 nM). Among the 3,3′-CH2Y-disubstituted BINOLs
tested, the L-proline methyl ester congener stands out as the
most promising lead because, contrary to other derivatives, it
showed remarkably high photoselectivity, displaying prominent
cell killing effects only after UV irradiation. In this connection,
it is worth recalling that PS, one of the most effective phototoxic
agents thus far reported, is about 4 times less potent than our
newly tested compounds. In addition, we have shown that
BINOLAMs efficiently reach their DNA target inside the cells.
However, their mechanism of action differs to some extent from
that of a photoactivable reference drug, such as PS. In fact, we
have displayed that the photogenerated QMs inside the cells
exhibit mono- and bis-alkylating properties, resulting in DNA
scission and cross-linking. Analysis of DNA sequence specificity
and alkylation product characterization represent the next step
toward the development of potent photocytotoxic-selective
compounds.

Experimental Section

General Procedures. The BINOLs 2b and 3b,7b,26 the dialde-
hyde 11,20,28 and the dibromide 1229 have been synthesized
according to published procedures. The diastereomerically pure
(S,S,S)- and (R,S,S) BINOL-esters 4 and 5 have been previously
synthesized and characterized.7c The alkylation adducts 13 and 14
were purified and characterized by a comparison to authentic
samples.7b

General Reductive Amination for the Synthesis of 4, 5,
and 7–9. The followed procedure is a modified version that is
already published.19 A suspension of L-amino-ester HCl (5 mmol)
in CH2Cl2 (25 mL) was added to a CH2Cl2 solution of Et3N (1
mL). The solution was stirred at room temperature for 1 h, and
then a solution of dialdehyde 11 (700 mg, 2 mmol) in CH2Cl2 was
added together with molecular sieves at 4 Å. This solution was
stirred under nitrogen atmosphere, at room temperature. After 16 h,
NaBH(OAc)3 (880 mg, 4 mmol) was added. The resulting suspen-
sion was further stirred for another 3 h at room temperature, under
an inert atmosphere. At this time, a solution of Na2CO3 was added
to the mixture, then the organic layer was separated, and the residual
solution was extract twice with CH2Cl2.

The mixture of the reaction has been separated by silica-gel
column chromatography, eluting with 7:3 cyclohexane/ethylacetate.

Synthesis of 6 and 10 by Deprotection of 4 and 9: General
Procedure.21 The t-butyl amino ester (1 mmol) was deprotected
by dissolving it in a solution of trifluoroacetic acid (1.94 mL, 13
mmol) and dichloromethane (10 mL) in the presence of triethyl-
silane (0.8 mL, 2.5 mmol), at room temperature. After stirring for
25 min, 1 M HCl (1 mL) was added and the solvent was removed
in vacuo. The residue was suspended in diethyl ether, and the
product was isolated by filtration. The yields were almost quantita-
tive (93%), only using triethylsilane as the carbocation scavenger.

3,3′-Bis-(2-carboxypyrrolidin-1-ylmetil)-1,1′-dinaphtyl-2,2′-
diolo ·2HCl (6). (S,S,S)-6 2HCl. White crystals. mp > 180 °C
(dec.). 1H NMR (D2O) δ: 1.85 (broad s, 2 H), 2.01 (broad s, 4 H),
2.41 (broad s, 2 H), 3.25 (broad s, 2 H), 3.59 (broad s, 2 H), 4.18
(broad s, 2 H), 4.40 (d, 2 H, J ) 11.3 Hz), 4.55 (d, 2 H, J )11.3),

6.56 (broad s, 2 H), 6.68 (broad s, 2 H), 7.10 (broad s, 2 H), 7.77
(broad s, 2 H), 7.96 (broad s, 2 H). 1H NMR (DMSO-d6) δ:
1.95–2.11 (m, 6 H), 2.43–2.51 (m, 2 H), 3.38–3.41 (m, 2 H),
3.62–3.75 (m, 2 H), 4.47–4.52 (m, 2 H), 4.56–4.79 (m, 4 H),
6.93–7.01 (m, 2 H), 7.21–7.30 (m, 2 H), 7.32–7.38 (m, 2 H), 7.92
(dd, 2 H, J ) 4.0, J ) 7.8 Hz), 8.14 (d, 2 H, J ) 7.5 Hz). 13C
NMR (D2O) δ: 22.54 (CH2), 28.42 (CH2), 54.80 (CH2), 55.07
(CH2), 67.06 (CH), 113.23 (C), 119.33 (C), 123.47 (CH), 124.34
(CH), 128.08 (C), 128.12 (CH), 128.66 (CH), 134.03 (CH), 134.34
(C), 151.13 (C), 171.85 (C). Anal. Calcd (C32H34Cl2N2O6): C, H,
Cl, N.

(R,S,S)-6 ·2HCl. White crystals. mp > 177 °C (dec.). 1H NMR
(D2O) δ: 1.82 (broad s, 2 H), 2.05 (broad s, 4 H), 2.44 (broad s, 2
H), 3.25 (broad s, 2 H), 3.62 (broad s, 2 H), 4.17 (broad s, 2 H),
4.42 (d, 2 H, J ) 11.3 Hz), 4.58 (d, 2 H, J )11.3), 6.59 (broad s,
2 H), 6.70 (broad s, 2 H), 7.12 (broad s, 2 H), 7.80 (broad s, 2 H),
8.01 (broad s, 2 H). 13C NMR (D2O) δ: 22.60 (CH2), 28.55 (CH2),
54.81 (CH2), 55.17 (CH2), 67.12 (CH), 113.33 (C), 119.37 (C),
123.57 (CH), 124.37 (CH), 128.00 (C), 128.22 (CH), 128.69 (CH),
134.06 (CH), 134.39 (C), 151.17 (C), 171.89 (C). Anal. Calcd
(C32H34Cl2N2O6): C, H, Cl, N.

7. Equimolar diastereomeric mixture. Yellow oil. 1H NMR
(CDCl3) δ: 1.25–1.45 (s, 6 H), 3.25–3.75 (m, 2 H), 3.8 (s, 6 H),
4.00–4.15 (m, 2 H), 4.25–4.45 (m, 2 H), 7.10–7.35 (m, 6 H),
7.70–7.90 (m, 4 H). 13C NMR (CDCl3) δ: 18.84 (CH3), 51.31
(CH2), 52.10 (CH), 55.40 (CH3), 123.06 (CH), 124.7(CH), 126.1
(CH), 127.7 (CH), 127.9 (CH), 133.65 (C), 153.18 (C), 174.77 (C).
Anal. Calcd (C30H32N2O6): C, H, N.

8. Equimolar diastereomeric mixture. Yellow oil. 1H NMR
(CDCl3) δ: 1.25–1.45 (s, 12 H), 3.10–3.25 (m, 2 H), 3.65–3.80
(m, 2 H), 3.85 (s, 6 H), 3.90–4.35 (m, 4 H), 7.10–7.35 (m, 6 H),
7.70–7.90 (m, 4 H). 13C NMR (CDCl3) δ: 18.97 (CH3), 51.81
(CH2), 51.93 (CH), 60.31 (CH3), 123.06 (CH), 124.7(CH), 126.1
(CH), 127.7 (CH), 127.9 (CH), 133.45 (C), 154.08 (C), 174.13 (C).
Anal. Calcd (C34H40N2O6): C, H, N.

9. The compound was not characterized by NMR and used for
the further step in the synthesis of 10.

10. Equimolar diastereomeric mixture. Yellow oil. 1H NMR
(D2O) δ: 1.30–2.10 (m, 12 H), 2.60–3.10 (m, 4 H), 3.75–3.95 (m,
2 H), 4.25–4.65 (m, 4 H), 6.90–7.00 (m, 2 H), 7.20–7.40 (m, 4 H),
7.80–8.15 (m, 4 H). 13C NMR (D2O) δ: 21.49 (CH2), 24.80 (CH2),
26.25 (CH2), 28.73 (CH2), 28.89 (CH2), 29.19 (CH2), 38.92 (CH2),
46.52 (CH2), 47.02 (CH2), 47.47 (CH2), 48.81 (CH), 52.74 (CH),
113.62 (C), 113.69 (C), 123.75 (CH), 123.81 (CH), 124.59 (CH),
128.3 (CH), 128.45 (C), 128.66 (C), 128.71 (CH), 133.0 (CH), 133.5
(CH), 133.6 (CH), 134.35 (C), 134.5 (C), 151.16 (C), 151.30 (C),
171.79 (C), 171.89 (C). Anal. Calcd (C34H44Cl2N4O6): C, H,
Cl, N.

(S,S)-15 ·HCl. Yellow oil. 1H NMR (D2O) δ: 1.55–1.75 (m, 2
H), 2.15–2.22 (m, 1 H), 2.28–2.45 (m, 1 H), 2.48–2.60 (m, 1 H),
3.15–3.25 (m, 1 H), 3.65–3.80 (m, 1 H), 3.85 (d, 1 H, J ) 13.2),
4.60 (d, 1 H, J ) 13.2), 5.60 (m, 2 H), 5.70 (m, 1 H, acid),
7.20–7.30 (m, 4 H), 7.30–7.40 (m, 2 H), 7.55–7.70 (m, 4 H), 8.50
(s, 2 H, acid). 13C NMR (C5D5N) δ: 23.39 (CH2), 29.93 (CH2),
53.14 (CH2), 57.27 (CH2), 61.39 (CH2), 66.25 (CH), 116.09 (C),
116.34 (C), 125.44 (CH), 125.84 (CH), 126.27 (CH), 126.43 (CH),
126.48 (CH), 126.61 (CH), 128.32 (CH), 128.89 (CH), 128.96 (CH),
129.26 (CH), 133.05 (C), 134.41 (C), 153.07 (C), 155.23 (C),
176.15 (C). Anal. Calcd (C27H26ClNO5): C, H, Cl, N.

(R,S)-15 ·HCl. Yellow oil. 1H NMR (C5D5N) δ: 1.60–1.80 (m,
2 H), 2.05–2.20 (m, 1 H), 2.25–2.40 (m, 1 H), 2.48–2.60 (m, 1 H),
3.00–3.15 (m, 1 H), 3.65–3.80 (m, 1 H), 3.90 (d, 1 H, J ) 13.2),
4.82 (d, 1 H, J ) 13.2), 5.62 (m, 2 H), 5.70 (m, 1 H, acid),
7.20–7.30 (m, 4 H), 7.30–7.40 (m, 2 H), 7.55–7.70 (m, 4 H), 8.50
(s, 2 H, acid). 13C NMR (C5D5N) δ: 23.39 (CH2), 29.93 (CH2),
53.14 (CH2), 57.27 (CH2), 61.39 (CH2), 66.25 (CH), 116.09 (C),
116.34 (C), 125.44 (CH), 125.84 (CH), 126.27 (CH), 126.43 (CH),
126.48 (CH), 126.61 (CH), 128.32 (CH), 128.89 (CH), 128.96 (CH),
129.26 (CH), 133.05 (C), 134.41 (C), 153.07 (C), 155.23 (C),
176.15 (C). Anal. Calcd (C27H26ClNO5): C, H, Cl, N.
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(S,S)-16. Yellow oil. 1H NMR (CD3OD) δ: 1.25–1.35 (m, 9 H),
1.75–2.00 (m, 3 H), 2.25–2.40 (m, 1 H), 2.60–2.80 (m, 1 H),
3.20–3.35 (m, 1 H), 3.45–3.55 (m, 1 H), 4.18 (d, 2 H, J ) 13.2
Hz), 4.30 (d, 2 H, J ) 13.2 Hz), 4.95 (s, 2 H), 6.80–7.00 (m, 2 H),
7.00–7.30 (m, 4 H), 7.75–7.85 (m, 3 H), 7.95 (s, 1 H). 13C NMR
(MeOD) δ: 24.39 (CH2), 28.41 (CH3), 32.13 (CH2), 54.89 (CH2),
58.63 (CH2), 62.24 (CH2), 68.02 (CH), 83.85 (C), 115.95 (C),
116.34 (C), 124.38 (CH), 124.64 (CH), 125.89 (CH), 126.05 (CH),
127.09 (CH), 127.84 (CH), 128.05 (CH), 130.63 (CH), 130.91 (CH),
131.71 (CH), 135.21 (C), 136.17 (C), 152.59 (C), 155.16 (C),
173.91 (C). Anal. Calcd (C31H33NO5): C, H, N.

(R,S)-16. Yellow oil. 1H NMR (CD3OD) δ: 1.15–1.20 (m, 9
H), 1.80–2.05 (m, 2 H), 2.20–2.30 (m, 2 H), 2.72–2.87 (m, 2 H),
3.40–3.55 (m, 1 H), 4.15 (d, 2 H, J ) 13.2 Hz), 4.50 (d, 2 H, J )
13.2 Hz), 4.95 (s, 2 H), 6.80–7.00 (m, 2 H), 7.00–7.30 (m, 4 H),
7.75–7.85 (m, 3 H), 7.95 (s, 1 H). 13C NMR (MeOD) δ: 24.39
(CH2), 28.41 (CH3), 32.13 (CH2), 54.89 (CH2), 58.63 (CH2), 62.24
(CH2), 68.02 (CH), 83.85 (C), 115.95 (C), 116.34 (C), 124.38 (CH),
124.64 (CH), 125.89 (CH), 126.05 (CH), 127.09 (CH), 127.84 (CH),
128.05 (CH), 130.63 (CH), 130.91 (CH), 131.71 (CH), 135.21 (C),
136.17 (C), 152.59 (C), 155.16 (C), 173.91 (C). Anal. Calcd
(C31H33NO5): C, H, N.

Cross-Linking of Plasmid DNA. Compounds (S)-3b, (R)-3b,
(S,S,S)-5, (R,S,S)-5, (S,S,S)-6, (R,S,S)-6, 7, 8, and 10 were dissolved
in DMSO to a final concentration of 20 mM. These stock solutions
were diluted in mQ-grade H2O and used for reactions. Plasmid
pBR322 (0.5 µg/sample) was mixed with increasing amounts (0.62,
1.25, 2.5, 5, 10, 20, 40, and 80 µΜ, as indicated in each figure) of
each compound, in phosphate buffer (50 mM, pH 7.5). For pH-
dependent experiments, QMs at 20 µM doses were reacted with
pBR322 in 50 mM phosphate buffer at pH 5.5, 6.5, 7.5, and 8.5. A
saturated water solution of PS was used to get a 0.5 µM
concentration of drug in the control samples. Reaction mixtures
were irradiated on ice for 20 min at 360 nm at 120 W in a
photochemical multirays reactor (Helios Italquartz, Italy). Irradiated
solutions were added to alkaline agarose gel loading buffer [50
mM NaOH, 1 mM ethylenediaminetetraacetic acid (EDTA), 3%
Ficoll, and 0.02% bromophenol blue] and loaded on a 1% alkaline
agarose gel containing 50 mM NaOH and 1 mM EDTA. Gels were
run in 50 mM NaOH and 1 mM EDTA at 12 V for 15–16 h, stained
with ethidium bromide (0.5 µg/mL) for 10 min, and subsequently
washed in water for 10 min. Stained gels were visualized in Gel-
Doc 1000 (Bio-Rad, Italy), and DNA bands were quantified by
Quantity One software (Bio-Rad).

Photocytotoxicity and Cytotoxicity Assays. Human colorectal
adenocarcinoma cells (LoVo) were a kind gift of Dr. C. Marzano,
Department of Pharmaceutical Sciences, University of Padova, Italy.
LoVo cells were grown as monolayers in Dulbecco’s Modified
Eagle Medium/F-12 nutrient mixture (D-MEM/F-12) 1:1 mixture
(Invitrogen, Italy) with 10% fetal bovine serum (FBS) supplemented
with penicillin (100 units/mL) and streptomycin (100 µg/mL) in a
humidified atmosphere with 5% CO2 at 37 °C.

Cytotoxic effects on tumor cell growth were determined by a
MTT assay. QM compounds and TMP were dissolved and diluted
into working concentrations with DMSO. Cells (1.75 × 104 cells/
well) were plated onto 96-microwell plates to a final volume of
100 µL and allowed an overnight period for attachment. At day 1,
1 µL of each dilution of tested compounds was added per well to
get a 1% final concentration of drug solvent per well; at day 2,
medium was removed, cells washed with phosphate-buffered saline
(PBS), and fresh medium was added. Immediately after, QM- and
TMP-treated cells were irradiated for 30 min at 360 nm in a
photochemical multirays reactor and incubated at 37 °C for an
additional 24 h. Control cells (without any compound but with 1%
drug solvent) were treated in the exact same conditions. Cell
survival was evaluated by a MTT assay: 10 µL of freshly dissolved
solution of MTT (5 mg/mL in PBS) were added to each well, and
after 4 h of incubation, 100 µL of solubilization solution [10%
sodium dodecyl sulfate (SDS) and 0.01 M HCl] were added. After
overnight incubation at 37 °C, absorbance was read at 540 nm.
Data were expressed as mean values of three individual experiments

conducted in triplicate. The percentage of cell survival was
calculated as follows: cell survival ) (Awell - Ablank)/(Acontrol - Ablank)
× 100, where blank denotes the medium without cells.

Alkaline Comet Assay. Cross-link formation and DNA damage
were determined by the alkaline comet assay.26 Human colorectal
adenocarcinoma cells (LoVo) were plated (4 × 105 cells/well) onto
6-well plates to a final volume of 2 mL and allowed an overnight
period for attachment. At day 1, medium was removed and replaced
with medium containing compound (S,S,S)-5 at working dilutions
to get a 1% final DMSO concentration per well; at day 2, medium
was removed, cells washed with PBS, and fresh medium was added.
Immediately after, cells were irradiated for 30 min at 360 nm in a
photochemical multirays reactor and incubated at 37 °C for an
additional 24 h. Control cells (without compound but with 1%
DMSO) were treated in the exact same conditions. After 24 h of
incubation, medium was removed and replaced with mincing
solution (HBSS Ca2+, Mg2+ free, 20 mM EDTA, 10% DMSO)
and cells were scraped off and resuspended to get approximately 2
× 106 cells/mL. A total of 10 µL of cells were suspended in 65 µL
of 0.5% low-melting point agarose and dispensed onto a clear
microscope slide precoated with 1% normal melting point agarose
(air dried). Cells were lysed overnight at 4 °C in cold lysis buffer
(2.5 M NaCl, 100 mM EDTA, and 10 mM Tris-HCl at pH 10.0)
containing freshly added 1% Triton X-100. Slides were then washed
in Tris and incubated in alkaline electrophoresis buffer (300 mM
NaOH and 1 mM EDTA at pH > 13) for 30 min, followed by
electrophoresis in the same buffer at 12 V and 300 mA for 40 min.
Slides were then rinsed with neutralization buffer (0.4 M Tris at
pH 7.5) and left to air dry. All procedures were carried out under
dim yellow light. After drying, slides were stained with 75 µL of
a 10 µg/mL stock solution of propidium iodide and incubated for
20 min. Images were analyzed using a Leica fluorescence micro-
scope DM4500B, with an excitation filter of 515–560 nm and a
barrier filter of 590 nm, at 20× magnification. Images were captured
by an online charge-coupled device (CCD) camera Leica DFC480.

DNA damage was quantitated after electrophoresis of slides as
described previously.27 A minimum of 50 cells per sample were
examined, and the extent of damage to each cell was assigned a
score of 0-4 as follows: 0, no damage, no DNA migration; 1, dense
nucleus with slight migration of nuclear material; 2, the comet tail
has progressed to its full length, but the comet width does not
exceed that of the nucleus; 3, the comet tail is greater than the
width of the nucleus, and the nucleus is less dense; 4, the nucleus
and the tail are completely separated.
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