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ABSTRACT: compounds were studied. Dau-conjugates with squaric
In this article, the synthesis, a novel chromatographic R PO G e

e e e e s o release of free Dau was observed from the hydrazone

daunomycin (Daw)—oligoarginine conjugates are conjugate in solution. We found that some spectral

described. In these compounds oligoarginine with 6 or 8 characteristics (e.g., the amplitude of the emission

residues (Arg,, n = 6, 8) is attached to Dau by different spectrum) of conjugates could be sensitive for the site of

covalent bond: squaric amide (Dau-[1]-Arg,), oxime coupling (amino vs. oxo function). Cytostasis and cellular
(Dau=N— O— CH,— CO—Arg,,), or hydrazone
(H— Glu(Arg,)— NH— N=Dau). Conjugates were

characterized by RP-HPLC and mass spectrometry. We

uptake of conjugates were investigated both on human
leukemia (HL-60) and human hepatoma (HepG2) cell
lines by MTT assay and flow cytometry We found that
cytostatic effect and uptake properties of Dau-conjugates

report also on our findings concerning chemical and
biological properties of Dau-conjugates as a function of it dgitindied ot Gz eatd sty off re il
(hydrazone vs. oxime/amide) applied and more markedly
on the cell line studied. © 2009 Wiley Periodicals, Inc.
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INTRODUCTION
aunomycin (Dau) is an anthracycline type antibiotic
and also widely used for the treatment of cancer.
Clinical application of Dau is limited by side-effects
such as immunsuppression, nephrotoxicity, and car-
diotoxicity. The intrinsic or acquired resistance of
tumor cells to Dau also reduces the response to the treat-
ment. Conjugation with different type of carrier (e.g., oligo-
and polypeptides,' proteins,” polysaccharides,” polymers,*?
dextran®) could decrease the side-effects and improve the
selectivity of the drug attached by utilization of different
cellular uptake mechanism(s).

Dau has four functional groups suitable for covalent con-
jugation (Figure 1). According to the literature, the most fre-
quently applied site is the primary amino group of the carbo-
hydrate moiety even though the free amino group is a critical
determinant of DNA binding ability.” If this amino group is
used for conjugation, the drug has to be released from the
conjugate inside the cell to liberate the amino group. The
first conjugations of anthracyclines on this site were per-
formed in the 1970s by using glutaraldehyde and periodate
m-maleimidobenzoyl- N-hydroxysuccinimide
ester linkage as reported by Baurain et al.”> The maleimide
linkers are frequently applied not only with the amino
group.” ' Amide bond formation can also be utilized
assuming that this bond could be hydrolyzed by lysoso-
mal>> 1!

labile linkers were introduced between the anthracycline and

oxidation or

. 12 .
or organ-specific enzymes. ~ In other cases, acid-

carrier so the drug could be released under acidic circum-
stances (e.g., the inside of lysosomes). Cis-aconityl,''* succi-
nyl,ls’16 various diacidic!” spacers, and also dimethylmaleic
anhydride® were applied for this purpose. Conjugates of
anthracyclines were synthesized also with formaldehyde'® or
estrogen.19 Furthermore, squaric amide?® and carbamate?!
derivatives were also prepared as promising prodrugs.

HO

FIGURE 1 Structure of daunomycin indicating four functions
suitable for covalent conjugation.

Modification of anthracyclines is also possible on the 13-
oxo group using different hydrazide®'**>** and O-alkyl-
hydroxylamine**** derivatives.

The replacement of the methyl ether group on C-4 pro-
vides another option for conjugation. This strategy was used
recently for coupling of Dau to triplex forming oligonucleo-
tide(s).”> By the synthesis of the 14-bromo-derivative of Dau,
conjugates with ester or tioether bond could also be gener-
ated.”®*” Peptide conjugates of Dau were synthesized for
various purposes: to reduce its side-effects;”* to circumvent
multidrug resistance;””*® to increase selectivity or target the
molecule to specific part of the body.®'*!>°

The nature of chemical bond between Dau and the pep-
tide component could markedly influence the chemical and
biological properties of the conjugate and thus the efficacy of
the drug. Interestingly, no related systematic studies were
published with Dau oligopeptide conjugates.

Oligoarginines (Arg,) belong to the group of cell-pene-
trating peptides (CPP). They were developed after the dis-
covery that polycationic, Arg-rich peptides from different or-
igin (e.g., HIV-Tat, Antennapedia) are able to translocate the
%31 It was found that oligoarginines can be
taken up more effectively than other cationic oligopeptides
with equal length, e.g., oligomers of 3-9 Lys, Orn, His.>? It
was also proved that an optimum number of Arg-residue is
required for effective internalization.” The chirality of Arg-
oligomers has limited influence on translocation, but the

cell membrane.

guanidine head group and its distance from the peptide
backbone could influence the intracellular translocation.™
Current reviews summarize the present understanding about
the mechanism of internalization of CPPs.>>*® The mecha-
nism and efficacy of cellular uptake depends also on the
physicochemical properties of the cargo attached and on the
cell line studied. Delivery of different type of cargos by CPPs
was reviewed recently by Hudecz et al.”” and Foged et al.’®
Interestingly, there are a few examples for the application of
oligoarginines for delivery of small organic compounds.
Taxol was conjugated to modified octaarginines by thioether
linkage and the pH dependence of the release of the free drug
from the conjugates having different linker moieties were an-
alyzed.” Adenosine derivatives coupled with oligoarginine
were investigated for their protein kinase inhibition and cel-
lular uptake properties in vitro.*® Ferrocene-derivatives as
well as Dau were attached by our group to oligoarginines
with amide bond and the cytostatic effect of the conjugates
was evaluated in vitro.”>*' Conjugates were also prepared for
delivery of peptide/protein based drugs, like cyclosporin A,
insulin, Smac (second mitochondria-derived activator of cas-
pases) peptide and their biological activity was reported in

. . . 42—-44
vitro and in vivo.
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FIGURE 2 Structure of daunomycin-oligoarginine conjugates (n = 6, 8). Conjugate with squaric
acid diamide (1); with oxime (2); and hydrazone (3) linkage.

In this article, we describe the synthesis and characteristics
of a new class of Dau-conjugates in which oligoarginine with 6
or 8 residues (Arg,, n = 6, 8) is attached to the drug by squaric
amide, oxime, or hydrazone bond (Figure 2). Our aim was to
develop appropriate coupling strategies and to study chemical
(stability, spectral characteristics) and biological (cytostasis,
cellular uptake) properties of Dau-conjugates as a function of
covalent linkage, site of conjugation, and oligoarginine length.

According to our results, Dau-conjugates with squaric amide
(Dau-[]-Args) or oxime (Dau=N—O—CH,—CO—Args)
linkage were stable, but continuous release of free Dau was
observed from the hydrazone conjugate (H—Glu(Arge)
—NH-—N=Dau) under conditions studied. The nature of
chemical bond (amide, oxime or hydrazone) between Dau and
the peptide has essentially no influence on the absorption spec-
tra of chromophor in Dau-conjugates, while the amplitude of
the emission spectra depends on the coupling site utilized for
conjugation (amino vs. oxo function). Similarly, the cytostatic
effect of Dau-conjugates was sensitive for the site of conjuga-
tion. Both cytostatic and uptake properties are influenced by
the acid stability of the linkage (hydrazone vs. oxime/amide) as
well as the studied cell line (HL-60 vs. HepG2).

MATERIALS AND METHODS

General Materials
Daunomycin hydrochloride was a gift from the Institute of Drug
Research (IVAX, Budapest, Hungary); Fmoc-Rink-Amide MBHA
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resin (0.72 mmol/g) was purchased from Novabiochem (Laufel-
fingen, Switzerland). All amino acid derivatives were from Bachem
(Bubendorf, Switzerland) or Reanal (Budapest, Hungary). Scav-
engers (thioanisole, ethanedithiol [EDT], phenol), coupling agents
(N,N'-diisopropylcarbodiimide [DIC], N,N'-dicyclohexylcarbodi-
imide [DCC], 1-hydroxybenzotriazole [HOBt], N,N'-diisopropyl-
ethylamine [DIEA], N-methylmorpholine [NMM]) and cleavage
reagents (piperidine, 1,8-diazabicyclo[5.4.0]undec-7-ene [DBU],
trifluoroacetic acid [TFA]) were Fluka (Buchs, Switzerland) prod-
ucts. All solvents: acetic acid [AcOH], dimethylformamide [DMF],
dimethylsulphoxide [DMSO], dichloromethane [DCM], diethyl
ether, acetonitrile [ACN], trifluoroacetic acid [TFA], and ammo-
nium acetate [NH,OAc] were from Reanal (Budapest, Hungary).
3,4-Dimethoxy-3-cyclobutene-1,2-dione [squaric acid dimethyl
ester], 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide [MTT], RPMI-1640 medium and fetal calf serum [FCS] were
obtained from Sigma-Aldrich (Budapest, Hungary). HPMI (p-glu-
cose, NaHCO;, NaCl, HEPES, KCl, MgCl,, CaCl,, Na,HPO, X
2H,0) was prepared in our laboratory using ingredients from
Sigma-Aldrich (Budapest, Hungary). MCI GEL CHP20P was pur-
chased from Supelco (Bellefonte, PA) Sephadex gels (G10 superfine,
G25 superfine) were obtained from Pharmacia Fine Chemicals AB
(Uppsala, Sweden).

Synthesis and Purification

Oligoarginines (Arg,). The oligoarginine peptides (Arg,, n = 5,
6, 7, 8) were synthesized on solid phase by published procedure®!
using Fmoc strategy on Fmoc-Rink-Amide MBHA resin (0.72
mmol/g). The side chain of Arg residue was protected by 2,2,4,6,7-
pentamethyl-benzofuran-5-sulfonyl (Pbf) group. The coupling was
performed using DIC/HOBt in situ active ester methodology in
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DME, coupling time was 90 min. The efficiency of the coupling was
monitored by ninhydrine reaction.*> The peptides were cleaved
from the resin with TFA in the presence of scavengers (TFA: water:
thioanizole: EDT: crystalline phenol = 10 ml: 0.5 ml: 0.5 ml: 0.25
ml: 0.75 g). The crude product was purified by preparative FPLC
system (Pharmacia, Uppsala, Sweden) on a Vydac (C18, 300 A, 25
um, 480 X 25 mm, Vydac, Hesperia, CA) column. A linear gradient
elution was developed from 0 to 20% eluent B from 0 to 40 min.
Fluent A was 0.1% TFA in water, while eluent B contained 0.1%
TFA in ACN-water (80:20 v/v%). Experiments were carried out at a
flow rate of 8 ml/min at room temperature. Samples were dissolved
in eluent A, sample concentration was 5 mg/ml and 15 ml of solu-
tion was injected. Peaks were detected at 2 = 220 nm.

NH,— O—CH,— CO—Arg,, (n = 6, 8, Aminooxy-Oligoar-
ginines). Boc-aminooxy-acetic acid was coupled on solid phase to
the free N-terminal amino group of oligoarginine (Arg,, n = 6, 8)
using DIC/HOBt coupling agents. Coupling time was 60 min. Pep-
tides were cleaved from the resin as described earlier. Crude products
were purified by semi-preparative RP-HPLC (Knauer, Bad Hom-
burg, Germany) on a Phenomenex Jupiter (C18, 300 A, 10 pum, 250
X 10 mm, Phenomenex, CA) column. Linear gradient elution was
developed from 1% to 25% eluent B from 5 to 29 min. Eluent A was
0.1% TFA in water, while eluent B contained 0.1% TFA in metha-
nol-water (90:10 v/v%). Each purification was carried out at a flow
rate of 4 ml/min at room temperature. Samples were dissolved in
eluent A, sample concentration was 5 mg/ml and 2 ml of solution
was injected. Peaks were detected at 2 = 220 nm.

Fmoc-Glu-OMe. Fmoc-Glu(O'Bu)-OMe was prepared by methyl-
ation of Fmoc-Glu(O'Bu)-OH using diazomethane in diethyl ether
according to published procedures.*® The product was crystallized
from ethyl acetate and petrol ether with 87% yield (m.p.: 75-77°C;
Elemental composition. Calcd. for C,5H,90NOg: C, 68.32; H, 6.65; N,
3.19. Found: C, 67.66; H, 6.40; N, 3.25). Fmoc-Glu-OMe was pre-
pared by the removal of the O'Bu-group of Fmoc-Glu(O'Bu)-OMe
in 95 v/v% TFA/water. After removing TFA, the product was crystal-
lized from ethyl acetate and petrol ether with 96% yield (m.p.: 130—
132°C; Elemental composition Caled. for C,;H, NOg: C, 65.79; H,
5.52; N, 3.65. Found: C, 65.04; H, 5.23; N, 3.68.). The overall yield
was 83%.

H—Glu(Arg,)—NH—NH,, (n = 6, 8, Hydrazide-
Oligoarginines). N*-Fmoc-Glu-OMe was coupled on solid phase
through its free y-carboxylic group to the free N-terminal amino
group of oligoarginine (Arg,, n = 6, 8) using DIC/HOBt coupling
agents. Coupling time was 60 min. Then the a-methyl ester-group
of the Glu residue was reacted with hydrazine hydrate in DMF to
form hydrazide bond. Finally, the N*-Fmoc-group was removed
from the Glu residue by 2 v/v% piperidine, 2 v/v% DBU in DME
The peptides were cleaved from the resin and purified by FPLC as
well as the oligoarginine peptides.

Daunomycinyl-Arginyl-Squaric Acid Diamide (Dau-[]-
Arg). Daunomycinyl-squaric acid monoamide (Dau-[J-OMe) was
synthesized according to published procedures®® by the reaction of
Dau hydrochloride with squaric acid dimethyl ester in methanol.
Briefly, 45 mg (0.08 mmol) Dau hydrochloride was dissolved in 3

ml MeOH then 20 gl (0.11 mmol) DIEA was added to the solution
and stirred for 10 min; 13.3 mg (0.09 mmol, 12% molar excess)
squaric acid dimehtyl ester was dissolved separately in 2 ml MeOH
and the mixture was added to the Dau solution. Further 10 ul (0.06
mmol) DIEA was added to the reaction mixture to adjust the pH to
7. The mixture was stirred at room temperature. The reaction was
followed by analytical RP-HPLC. The product was formed in 5 h.
The reaction was carried on without isolation of daunomycinyl-
squaric acid monoamide. The pH was adjusted to 9 by 30 pl (0.18
mmol) DIEA, and 23 mg (0.13 mmol, 62% molar excess) L-Arg was
added to the reaction mixture in 0.5 ml methanol-water (50:50 v/
v%) mixed solvent. The mixture was stirred at room temperature.
Red crystals were precipitated from the solvent within 1 day. The
crystals were filtered, washed with water, and dried in vacuum. The
remaining reaction mixture was also purified on G10 Sephadex gel
with 0.1M NH,OAc as eluent. The red product could be visualized.
After removing the solvent, Dau-[]-Arg was dissolved in AcOH-
water (10:90 v/v%) and liophylized.

Daunomycinyl-Oligoarginyl-Squaric
Acid Diamide (Dau-[]-Arg,, n = 6, 8).

Method 1. The reaction between Dau-[]-OMe and oligoargi-
nine peptides (Arg,, n = 6, 8) was performed in methanol-water
(77:23 v/v%) mixed solvent as described earlier.*” The pH was set to
9 by DIEA. 6.5 mg (0.01 mmol) Dau-[]-OMe was solved in 3.5 ml
MeOH then 50 ul (0.32 mmol) DIEA and 0.03 mmol (200% molar
excess) oligoarginine in 1.0 ml water were added. The reaction was
monitored by analytical RP-HPLC. No appropriate product forma-
tion was observed under these circumstances.

Method 2. The reaction between Dau-[]-Arg and oligoarginine
peptides (Arg,, n = 5, 7) was performed in DMSO using DCC and
HOBt coupling agents; 11 mg (0.014 mmol) Dau-[J-Arg, 2.6 mg
(0.017 mmol, 20% molar excess) HOBt and 20 mg (0.097 mmol,
~ 600% molar excess) DCC were solved in 200 ul DMSO then
0.021 mmol (50% molar excess) peptide was solved in 200 ul
DMSO and 10 gl (0.09 mmmol) NMM was added to the solution
to maintain the required pH (pH 6-7). The two solutions were
mixed and stirred at room temperature. The reaction was followed
by analytical RP-HPLC, the product was formed in a couple of
hours. The target compound was purified by gel-filtration on G25
Sephadex with 0.1M NH,OAc as eluent. The red products could be
visualized. The conjugates were further purified by MCI gel chro-
matography to remove the NH,OAc salt as well as the free peptide.
For this, the following protocol was used: the gel was washed with
methanol (3 X 5 min) then with distilled water (3 X 5 min) the
conjugate was added to the gel in diluted solution, the solvent was
removed, the gel was washed with distilled water, and the conjugate
was eluated from the gel by methanol-water (80:20 v/v%). After the
removal of methanol in vacuum, the conjugate sample was dissolved
in distilled water and liophylized.

Oxime Conjugate of Daunomycin With Oligoarginine
(Dau=N—O— CH,— CO—Arg,, n = 6, 8). Dau hydrochlor-
ide (0.018 mmol) and NH,—O—CH,—CO—Arg, (n = 6, 8) pep-
tide (0.022 mmol, 20% molar excess) were dissolved in 0.1M
NaOAc/AcOH buffer (pH = 5.2) and DMSO (50:50 v/v%) mixed
solvent. The mixture was stirred at room temperature. The reaction
was monitored by analytical RP-HPLC, the product was formed in 1
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day. The crude product was purified by gel-filtration on G25 Sepha-
dex and on MCI gel. The purified conjugate was dissolved in dis-
tilled water and freeze-dried.

Hydrazone Conjugates of Daunomycin With Oligoarginines
(H—Glu(Arg,)—NH—N=Dau, n = 6, 8). Dau hydrochlor-
ide (0.018 mmol) and H—Glu(Arg,) —NH—NH, (n = 6, 8) pep-
tide (0.022 mmol) were dissolved in the mixture (50:50 v/v%) of
0.1M NaOAc/AcOH buffer (pH = 5.8) and DMFE. The mixture was
stirred at room temperature. The reaction was followed by analytical
RP-HPLC, the product was formed in one day. The crude product,
as well as the squaric acid and oxime conjugates, was purified by
gel-filtration on G25 Sephadex and on MCI gel. The purified conju-
gate was dissolved in distilled water and freeze-dried.

Characterization of Compounds

Analytical RP-HPLC. All peptides, Dau-[]-Arg, (n = 1, 6, 8)
and Dau=N—O—CH,—CO—Arg,, (m = 6, 8) conjugates were
analyzed by Knauer RP-HPLC system (Bad Homburg, Germany).
Each purification was performed by RP-HPLC using Supleco Suple-
cosil™ LC-18-DB (C18, 120 A, 5 um, 4.6 X 250 mm; Bellefonte,
PA) column. A linear gradient elution was developed from 5% to
95% eluent B from 5 to 50 min. Eluent A was 0.1% TFA in water,
while eluent B contained 0.1% TFA in ACN-water (80:20 v/v%).
Experiments were carried out at a flow rate of 1 ml/min at room
temperature. Samples were dissolved in water and 20 pl of solution
was injected. Peaks were detected at 2 = 220 nm.

Analytical RP-HPLC of Hydrazone Conjugates. Monitoring
of the reactions in which hydrazone conjugates were formed was
controlled by RP-HPLC using a Knauer (Bad Homburg, Germany)
system. The measurements were performed using Hamilton PRP-
X100 anion exchange column (10 um, 4.6 X 250 mm; Hamilton,
Reno, NV). After the reaction, the purified product was analysed
using the same system. A linear gradient elution was developed: 0%
eluent B from 0 to 3 min, 0% to 100% eluent B from 3 to 13 min,
100% eluent B from 13 to 20 min. Eluent A was 0.1M NH,OAc
in water, while eluent B was 0.1M NH,OAc in methanol-water
(90:10 v/v%). Each purification was carried out at a flow rate of
1.5 ml/min at room temperature. Samples were dissolved in 0.1M
NH,OAc in water and 20 ul of solution was injected. Peaks were
detected at 4 = 490 or 4 = 220 nm.

Mass Spectrometry. The identification of oligoarginine peptides
was achieved by electrospray ionization mass spectrometry (ESI-
MS) on a Bruker Daltonics Esquire 3000 Plus (Bremen, Germany)
ion trap mass spectrometer, operating with continuous sample
injection at 4 ul/min flow rate. Samples were dissolved in ACN-
water (50:50 v/v%) mixture containing 0.1 v/v% AcOH. Mass spec-
tra were recorded in positive ion mode in the #/z 200-2000 range.
Mass spectrometric analysis of the conjugates was performed
using a ProteinChip Surface-Enhanced Laser Desorption/Ionization
Time-of-Flight (SELDI-TOF) system equipped with a nitrogen laser
and a linear TOF analyzer (PS4000 Enterprise Edition, Bio-Rad Lab-
oratories). Samples were dissolved in ACN—water (50:50 v/v%) mix-
ture. For the analysis, the following procedure was used: the surface
of a Surface Enhanced Neat Desorption (SEND) ID type Protein-
Chip array was washed with 5 ul 0.1% TFA for 10 s, then the solvent
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was removed and the spots were dried on air; 1 ul sample was added
to the surface, and dried in air. The arrays were analyzed in the 300
5000 m/z range in positive ion mode.

Stability Assay. Stability of hexaarginine conjugates (Dau-[]-
Args, Dau=N—O—CH,—CO—Arg;, H—Glu(Args) —NH.—N=
Dau) was investigated as selected representatives in distilled water
and at pH = 5 and pH = 2 in 0.1M Na-citrate/citric acid buffer. Dau
was used as control compound. Samples from the solutions of Dau-
[J-Args and Dau=N—O—CH,—CO—Args conjugates as well as
Dau were taken at 5 min, 1 and 24 h, 1 week and 2 weeks and were
analyzed by RP-HPLC as described earlier. Samples from the solu-
tions of H—Glu(Args) —NH—N=Dau conjugate in pH = 2 and 5
buffers were taken at 2, 35, and 70 min, while samples from the solu-
tion of H—Glu(Args) —NH—N=Dau in distilled water were taken
at 2 and 70 min, 24 and 48 h. The homogeneity of the solid conju-
gates was checked regularly for 2 months. In this case, solutions were
prepared freshly and the composition of the sample was studied by
RP-HPLC as described earlier.

Singlet State Studies. Ground-state absorption spectra were
recorded with 1 nm steps and 2 nm bandwidth using a Cary 4E
(Varian, Mulgrave, Australia) spectrophotometer. Spectra of Dau
and its hexaarginine conjugates were recorded at 1.8-1.9 X 10 °M
concentration in distilled water. Corrected steady-state emission
(Aex = 473) and excitation (e, = 591) spectra were obtained using
Fluorolog-3 (Yvon Jobin, France) spectroluminometer.

In Vitro Biological Activity

In Vitro Cytostatic Effect. HL-60 human leukemia cells (ATCC:
CCL-240) and HepG2 human hepatoma cells (ATCC: HB-8065)
were cultured in RPMI-1640 medium supplemented with 10% FCS,
2 mM 1-glutamine and 160 pg/ml gentamycin.*® Cell culture was
maintained at 37°C in a humidified atmosphere with 5% CO,. To
study the cytostatic effect of the conjugates 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide-assay (MTT-assay) was car-
ried out*’; 5 X 10 cells per well were plated on 96-well plates. After
24 h incubation at 37°C, cells were treated for 3 h with the conju-
gates dissolved in serum-free RPMI-1640 medium. The compounds
were used in the 2.6 X 10 *~10% uM concentration range. Cells
treated with serum-free medium for 3 h were used for control. After
treatment and incubation, cells were washed twice with serum-free
medium and cultured for 72 h in complete medium. On the fourth
day, MTT-assay was carried out. 45 ul MTT-solution (2 mg/ml) was
added to each well (final concentration: 367 ug/ml). After 3.5 h
incubation, purple crystals were formed by mitochondrial dehydro-
genase enzyme of live cells. Cells were centrifuged for 5 min at 863¢
and supernatant was removed. Crystals were dissolved in DMSO
and the optical density (OD) of the samples was measured at A =
540 and 620 nm using ELISA Reader (Labsystems MS reader, Fin-
land). ODg;( was substracted from ODsyo. The percent of cytostasis
was calculated using the following equation:

Cytostasis % = [1—(ODyreated/ ODcontro)] X 100.

where ODyyeated and ODoniror cOrrespond to the optical densities of
treated and control cells, respectively. Cytostasis % was plotted as a
function of concentration, fitted to a sigmoidal curve, ICs, value was
determined by right of this curve and illustrated in bar chart.
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Cellular Uptake. HL-60 human leukemia and HepG2 human
hepatoma cells were cultured in RPMI-1640 (Sigma, St. Louis) me-
dium supplemented with 10% FCS, 2 mM r-glutamine and 160 ug/
ml gentamycin. Cell culture was maintained at 37°C in a humidified
atmosphere with 5% CO,. To study the cellular uptake of the conju-
gates, 10° cells per well were plated on 24-well plates. After 24 h
incubation at 37°C, cells were treated for 1.5 h with the conjugates
solved in serum-free RPMI-1640 medium. The compounds were
used in the 0.8—-100 pM concentration range. Cells treated with se-
rum-free medium for 1.5 h were used for control. After treatment
and incubation, cells were washed with HPMI and treated with
trypsin for 10 min. The effect of trypsin was stopped with HPMI
supplemented with 10% FCS and cells were moved from the plate
to FACS-tubes. After washing, cells were re-suspended in HPMI.
Fluorescence intensity of HL-60 and HepG2 cells was monitored by
flow cytometry (BD LSR II, BD Bioscience, San Jose, CA). Data
were analyzed with FACSDiVa software. Fluorescence intensity was
illustrated in bar chart.

RESULTS

In this study, we report on the synthesis and characteristics
of a new group of Dau—oligoarginine conjugates containing
different covalent linkage (squaric amide, oxime, or hydra-
zone bond) between the two components. The conjugates
were characterized by RP-HPLC and MS. The stability of the
compounds was analyzed both in solid form and in solution.
Considering the importance of the fluorescence feature of
daunomycin, Dau-conjugates with hexaarginine were ana-
lyzed to investigate the potential effect of the linkage between
the two moieties on the fluorescence properties. To establish
correlation between the structure (conjugation site, type of
the covalent bond) and cytostatic effect as well as cellular
uptake properties, the Dau-conjugates and the free compo-
nents were studied on both HL-60 human leukemia and
HepG2 human hepatoma cells.

Synthesis and Purification

Preparation of Modified Oligoarginine Peptides. For the
preparation of the conjugates, N-terminally modified
oligoarginine peptides were synthesized on solid phase
by Fmoc-strategy using Fmoc-Arg(Pbf)-OH amino acid
derivative. In case of NH,—O—CH,—CO—Arg, and
H—Glu(Arg,) —NH—NH, peptides (n = 6, 8) Boc-amino-
oxy acetic acid or Fmoc-glutamic acid methylester—pre-
pared from N*-Fmoc-Glu(‘Bu)—OH with good purity and
83% yield—was coupled to the N-terminus of the oligoargi-
nine peptides by the same coupling technique as outlined in
Scheme 1. Reaction proceeded smoothly in both cases. It was
also observed that for completeness even shorter (1 h) re-
action time was needed as compared to the 1.5 h coupling
time applied for Arg.

a.

Fmoc-Glu{O'Bu)-OH
lcu_.N:-Eu_.o

95% TFA water

Fmoc-Glu({O'Bu)-OMe ——————————— Fmoc-Glu-OMe (yield 83%)
30 min
b.
Fmoc-Glu-OMe + H-[Arg(Pbf)];- Rink Amide MBHA
3 equiv, DIC/HOB? in DMF
60 min
Fmoc-Glu-OMe
|
[Arg(Pbf)],- Rink Amide MBHA
10% hydrazine hydrate in DMF
Fmoe-Glu-NH-NH,
I
[Arg(Pbf)].- Rink Amide MBHA
2% piperidine, 2% DB in DMF
242+ 5+ 10 min
H-Gllu-NH-NH3 bk H-Gllu-NH-.\'l-l;
_
[Arg(PbD)],- Rink Amide MBFHA 00 HL water Arg,-NH,
500 pL. thicanizele
250 uL EDT
0. 75 mg phenol

SCHEME 1 Outline of the synthesis of oligoarginine peptides
containing hydrazide group (1 = 6, 8): synthesis of Fmoc-Glu-OMe
(a); synthesis of hydrazide-peptide (b).

After cleavage from the solid support, peptides—
H—Glu(Arg,) —NH—NH, as well as oligoarginine—were
purified by FPLC using ACN-water (80:20 v/v%) containing
0.1% TFA as eluent B. However, we found that the amino-
oxy-group of NH,—O—CH,—CO—Arg, peptides could
react rapidly with oxo-compound(s) possibly present in the
eluent forming oxime bond. Namely we have detected such
derivative after the RP-HPLC purification using ACN-water
(80:20 v/v%) containing 0.1% TFA as eluent B. We hypothe-
sized the presence of a small amount of acetone in the eluent
and this could react with aminooxy-oligoarginine peptides
resulting in peptide derivatives unable to react with Dau dur-
ing the conjugation reaction. This difficulty could be solved
either by using freshly prepared eluent B or by using MeOH-
water (90:10 v/v%) mixture containing 0.1% TFA as eluent
B.”® The modified and also the free oligoarginine peptides
were characterized by mass spectrometry and retention time
value (R,) and obtained by RP-HPLC. The characteristics of
these compounds are summarized in Table I.
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Table I Characteristics of the Peptide
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MS (M)?
Peptides Calculated Measured R, (min)®
H,N—Args—NH, 798.0 797.7 7.5
H,N—Arge—NH, 954.2 953.7 14.3
H,N—Arg,—NH, 1110.3 1110.0 17.1
H,N—Args—NH, 1266.5 1265.1 18.2
H,N—O—CH,—CO—NH—Arg,—NH, 1027.2 1026.8 16.6
H,N—O—CH,—CO—NH—Arggs—NH, 1339.6 1339.0 18.2
NH,—Glu(Args) —NH—NH, 1097.3 1097.2 15.1
NH,—Glu(Args) —NH—NH, 1409.7 1409.5 18.9

* ESI-MS.

Y HPLC retention time, SupelcosiITM LC-18-DB (C18, 120 A, 5 um, 4.6 X 250 mm; Bellefonte, PA) column,
gradient: 0-5 min 5% B eluent, 5-50 min 95% B eluent, where eluent A: 0.1% TFA in water, eluent B: 0.1% TFA

in ACN-water (80:20 v/v%).

Daunomycinyl-Arginyl- and Oligoarginyl-Squaric Acid
Diamide (Dau-[]-Arg, Dau-[]-Arg,, n = 6, 8). Dau-[]-
Arg was synthesized from Dau, squaric acid dimethyl ester,
and 1-Arg in a two-step procedure*” with some modifica-
tions. Without purification between the two reaction steps,
higher reaction yield could be achieved.

Two methods were developed and investigated for the
preparation of daunomycinyl-oligoarginyl-squaric acid di-
amide (Dau-[]-Arg,, n = 6, 8) conjugates. First Dau-[]-OMe
and oligoarginine peptides (Arg,, n = 6, 8) were dissolved in
methanol-water mixture (Method 1) under those conditions,
which were used for the preparation of Dau-[]-Arg from
Dau-[]-OMe and 1-Arg. Even the elongation of the reaction
time was not resulting in the desired Dau-[]-Arg,, conjugates.
Because of the limited solubility of oligoarginines unlike L-Arg
in methanol, water was added to the reaction mixture. This
led to the formation of inactive side product of squaric acid
monoamide, which is no longer able to react with oligoargi-
nines. Therefore, another strategy was developed. In this case
(Method 2), Dau-[]-Arg and oligoarginine peptides (Arg,,
n = 5, 7) were reacted applying an active ester coupling
method, based on DCC and HOBt. To compensate the effect
of TFA which can remain attached to the oligoarginine pep-
tides after purification and freeze-drying, NMM was used to
maintain the pH value between 6 and 7. The reaction pro-
ceeded fast and according to the HPLC analysis the products
were formed in a couple of hours. With this new strategy,
preparation of squaric acid conjugates of other large and/or
hydrophilic peptides could be carried out.

Oxime and Hydrazone Conjugates of Daunomycin With
Oligoarginines  (Dau=N—O—CH,—CO—Arg, and
H—Glu(Arg,)—NH—N=Dau, n = 6, 8). These two types
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of conjugates were prepared in similar reactions. Aminooxy-
as well as hydrazide-group reacts spontaneously with alde-
hydes and ketones in aqueous solvent even under mild acidic
pH. The 14-oxo-group of Dau reacted with the aminooxy-
and hydrazide-group. No side-product formation was
observed and the target compounds were formed in 1 day.

Purification of Dau Conjugates. All of the Dau—oligoargi-
nine conjugates were purified by gel filtration on G25 Sepha-
dex gel and by MCI gel chromatography. During purifica-
tion, the aim was to avoid the use of TFA which is a common
additive in RP-HPLC eluents for peptide purification. Dau is
an acid-sensitive compound and while its analysis by RP-
HPLC is possible with TFA containing eluents, a long-time
purification with the same method can cause some damage.
TFA can form a salt with guanidino group on the side chains
of arginine residues or on the amino terminus of the peptide
because of that side-products could appear even in the
lyophilized product.

During gel filtration, the eluent was 0.1M NH,OAc in
water. After gel filtration, the NH,OAc and the remained
peptide were removed by MCI gel chromatography. During
this step, all water-soluble components with aromatic moiety
are retained by MCI gel. After washing out the impurities
(e.g., unconjugated oligoarginine peptides) with water, the
Dau-conjugates possessing anthracycline ring were eluted
from the gel by organic solvents as described in the experi-
mental section.

Characterization of the Compounds

Homogeneity of the Conjugates. Homogeneity of the
conjugates was investigated by chromatography as well as by
mass spectrometry. In most cases, RP-HPLC measurement
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FIGURE 3 Analytical HPLC chromatogram of H—Glu(Argg)
—NH—NH, peptide, H—Glu(Args) —NH—N=Dau conjugate,
and free daunomycin. Hamilton PRP-X100 anion exchange (10 um,
4.6 X 250 mm; Hamilton, Reno, NV) column. Gradient elution: 0%
eluent B from 0 to 3 min, 0% to 100% eluent B from 3 to 13 min,
100% eluent B from 13 to 20 min, where eluent A: 0.1M NH,OAc
in water, eluent B: 0.1M NH,OAc in MeOH-water (90:10 v/v%).
Flow rate: 1.5 ml/min at room temperature; 20 ul of samples in
0.1M NH,OAc/water were injected and peaks were detected at 4 =
220 nm.

was performed on C18 column with TFA containing eluents.
In case of conjugates with strongly acid-sensitive hydrazone
linkage (H—Glu(Arg,) —NH-—N=Dau), this type of analy-
sis was not appropriate. We observed that after the injection
of hydrazone conjugate only Dau was eluted. This was due to
the presence of TFA in the eluents. Therefore, a new HPLC
method was developed by the utilization of Hamilton PRP-
X100 anion exchange column. The eluents were 0.1M
NH,OAc in water and 0.1M NH,OAc in methanol-water
(90:10 v/v%). By this methodology, efficient separation
of hydrazide-peptide, the Dau-conjugate (H—Glu(Argg)
—NH—N=Dau), and free Dau was achieved as demon-
strated in Figure 3. By this way, it was possible to analyze the
homogeneity of conjugates even with highly acid-sensitive
hydrazone linkage and to prove that the samples do not con-
tain free Dau.

Peptides were also analyzed by electrospray ionization
mass spectrometry. Because of the high number of arginine
residues in the conjugates, predominantly multiplied proto-
nated molecular ions were detected in the mass spectra (ions
with two, three, or four protons). Charging of the oligoargi-
nine peptides was usually high, resulting in intensive ions in
surprisingly low mass range (200-500 m/z). Analysis of the
Dau-conjugates by electrospray ionization mass spectrometry

resulted in highly complex mass spectra, showing high charg-
ing of the molecules and rapid fragmentation. Therefore,
conjugates were further analyzed by SELDI-TOF mass spec-
trometry. In this case, a ProteinChip array containing a sur-
face integrated matrix compound was used (Surface
Enhanced Neat Desorption, SEND) to reduce the number of
interfering matrix peaks in the low mass range and to mini-
mize the contact of the acid-sensitive compounds with acidic
solvent or matrix. In this way, intensive singly protonated
molecular ions of the Dau-conjugates were detected in the
SELDI mass spectra. The characteristics of the conjugates
studied are summarized in Table II.

Stability. The stability of three Dau-hexaarginine conjugates
Dau-[]-Args, Dau=N—O—CH,—CO—Arg;, H—Glu
(Args) —NH—N=Dau) as selected representative com-
pounds was investigated in distilled water as well as in 0.1M
Na-citrate/citric acid buffer at pH = 5 and pH = 2. Dau was
also included as control compound. Dau-conjugates with
squaric amide and oxime linkage as well as Dau proved to be
stable under these circumstances at least for 2 weeks. In con-
trast, continuous release of free Dau was observed from the
hydrazone conjugate (H—Glu(Args) —NH—N=Dau) as
shown in Figure 4. In 0.1M Na-citrate/citric acid buffer at
pH = 2, the half-life time of this conjugate was 25 min, while
at pH = 5 and also in distilled water this compound was
slightly more stable (#;, = 70 min and t;,, = 48 h, respec-
tively).

Dau-hexaarginine conjugates with squaric amide Dau-[]-
Args) or oxime (Dau=N—O—CH,—CO—Args) bond
kept at 4°C as well as H—Glu(Arg,) —NH—N=Dau kept at
—20°C in solid form proved to be stable.

Spectroscopic Properties.
properties of three Dau-hexaarginine conjugates Dau-[]-
Args, Dau=N—0O—CH,—CO—Args, H—Glu(Args) —NH
—N=Dau) were studied in distilled water. The recorded
spectra are typical of Dau (data not shown),”" consisting of
the large complex absorption band between 4 = 400 and 4 =
570 nm. The main peak of the spectrum is at 2 = 500 nm,
the secondary one is around 4 = 483 nm. Inspection of the
absorption spectra of Dau conjugates reveals that the spec-
trum of the chromophore is essentially not influenced by the
presence of the hexapeptide or by the chemical bond (amide,
oxime, or hydrazone bond) between Dau and the peptide.
The cellular accumulation of Dau and its conjugates can
be followed by the fluorescent signal related to the drug
moiety.”>>> For the better understanding of these signals, the
comparison of the fluorescence spectra of free Dau and its
hexaarginine conjugates is necessary. The corrected emission

The ground-state absorption
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Table I Characteristics of Dau—Peptide Conjugates and Dau
MS (M)? ICso (uM)© Cellular uptake®
Compounds Calculated Measured R, (min)® HL-60 HepG2 HL-60 HepG2
Dau-[]-Arg 779.7 780.5 35.6 n.d. n.d. n.d. n.d.
Dau-[]-Args 1559.6 1559.5 32.1 5.16 28.74 3664 325
Dau-[]-Argg 1872.0 1872.0 32.0 15.49 58.41 2629 324
Dau=N—O—CH,—CO—NH—Arg, 1536.7 1536.3 26.5 3.02 22.87 4391 259
Dau=N—O—CH,—CO—NH—Argg 1849.1 1848.6 26.1 5.57 27.11 2716 579
NH,—Glu(Args) —NH—N=Dau 1606.8 1607.6 7.3¢ 8.41 6.62 1868 250
NH,—Glu(Args) —NH—N=Dau 1919.2 1919.2 6.7¢ 2.59 4.74 3775 388
Daunomycin 527.5 n.d. 34.9 0.05 0.63 48621 10131
* SELDI-MS.

" HPLC retention time, Column: SupelcosilTM LC-18-DB (C18, 120 A, 5 um, 4.6 X 250 mm; Bellefonte, PA), gradient elution: 0—5 min 5% eluent B, 5-50
min 90% eluent B, where eluent A: 0.1% TFA in water, eluent B: 0.1% TFA in acetonitrile—water (80:20 v/v%).

€ ICsq values in uM determined as described in Materials and Methods section.

4 Fluorescence intensity measured after treatment of the cells at ¢ = 20 M as described in Materials and Methods section.

¢ HPLC retention time, Column: HAMILTON PRP-X100 anion exchange (10 pm, 4.6 X 250 mm; Hamilton, Reno, NV), gradient elution: 0-3 min 0%
eluent B, 3—13 min 100% eluent B, 13—20 min 100% eluent B where eluent A: 100 mM NH,OAc in water, eluent B: 100 mM NH,OAc in methanol-water

(90:10 v/v%).

spectra of Dau and its hexaarginine conjugates Dau-[]-Arg,
Dau=N—O—CH,—CO—Args, H—Glu(Args) —NH—N=
Dau) recorded upon excitation at 1 = 473 nm are shown In
Figure 5.

0,10

0,054

A (L= 490 nm)

0,00 -

Time (min)

FIGURE 4 Time dependence of the release of free daunomycin
from H—Glu(Args) —NH—N=Dau conjugate. RP-HPLC chroma-
tograms were recorded in 0.1 M Na-citrate/citric acid buffer, pH =
5. Sample was dissolved and injected after 2 min (black), 35 min
(red), or 70 min (blue) as described in the Materials and Methods
section. Hamilton PRP-X100 anion exchange (10 um, 4.6 X 250
mm; Hamilton, Reno, NV) column. Gradient: 0% eluent B from 0
to 3 min, 0 to 100% eluent B from 3 to 13 min, 100% eluent B from
13 to 20 min, where eluent A: 0.1M NH,OAc in water, eluent B:
0.1M NH,OAc in MeOH-water (90:10 v/v%). Flow rate: 1.5 ml/min
at room temperature; 20 ul of samples in 0.1M NH,OAc/water were
injected and peaks were detected at 4 = 490.
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In all cases, the main peak of the spectrum is at A = 593
nm, the secondary peak is centered around 4 = 558 nm. As
one can see, the shape of the curves is insensitive to the pres-
ence of hexaarginine in the conjugate or to the chemical
bond between Dau and hexapeptide, while the amplitude of
the spectra depends on the coupling site utilized for conjuga-
tion (amino group or oxo group, see Figure 1). Compounds
conjugated via the oxo group of Dau exhibit almost identical
patterns, which are very similar to that of the free drug.
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FIGURE 5 The effect of covalent linkage on the emission spectra
of daunomycin-hexaarginine conjugates. Spectra were recorded in
distilled water upon excitation at 2 = 473 nm: Dau-[]-Args (green),
Dau=N—O—CH,—CO—Args (blue), H—Glu(Args) —NH—
N=Dau (red) and Dau (black).
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FIGURE 6 The effect of the Dau-oligoarginine conjugates on the
viability of HL-60 and HepG2 cells. Bars represent ICso = SD values
after the 3-h treatment. Dau was used as control.

In contrast, the amplitude of the spectrum belonging to
Dau-[]-Args markedly differs from the above described
curves.

In Vitro Biological Activity

The cytostatic effect as well as the cellular uptake properties
of Dau—oligoarginine conjugates were studied and compared
with the free drug in vitro. Therefor HL-60 human leukemia
and HepG2 human hepatoma cells were treated with com-
pounds at various concentrations in the range of 0.8—100
uM. Cytostatic effect of the compounds was determined by
MTT-assay and characterized by the ICs, values. Data are
presented in Figure 6 and Table II. On the basis of the mean
fluorescence intensity of cells before and after treatment, the
uptake of the compounds was measured with flow cytometry.
Data are summarized in Figures 7 and 8 and in Table II.

Cytostatic Effect. On the basis of the data outlined in Figure
6 and summarized in Table II, the effect of structural ele-
ments (type of the linkage between the two components,
length of the Arg peptide) of the conjugates could be
described on HL-60 cells. Octaarginine conjugates containing
squaric acid linker Dau-[]-Argg) was markedly less cytostatic
than compounds with oxime or hydrazone bond
(Dau=N—O—CH,—CO—Arggs and H—Glu(Argg)—
NH—N=Dau). Interestingly, when Args is present, the cyto-
static effect of all three conjugates is rather similar on HL-60
cells (IC5q values are in the range of 3.0-8.4, IC5, = 5.16 for
Dau-[]-Args, IC5p = 3.02 for Dau=N—O—CH,—CO
—Args, and IG5, = 8.4l H—Glu(Args) —NH
—N=Dau).

for
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FIGURE 7 Concentration dependence of the uptake of Dau-
hydrazone conjugates (H—Glu(Arg,) —NH—N=Dau) by HL-60
(a) and HepG2 (b) cells after 1.5 h incubation with the compounds.
Symbols represent the average of mean fluorescence intensity values
of a representative experiment of two independent assays = SD after
subtracting the control.

Concerning the effect of length of the Arg peptide in the
conjugate in all three linkage-group, different tendency could
be observed. In the squaric acid linkage group, Dau-[]-Argg
was more efficient than Dau-[J-Args. In contrast, in the hy-
drazone linkage-group, the presence of 8 Arg residues pro-
vides more cytostatic variant (H—Glu(Args) —NH—
N=Dau > H—Glu(Args) —-NH—N=Dau), while in the
oxime linkage-group cytostatic effect of hexa- and octa-argi-
nine conjugates was similar (Dau=N—O—CH,—CO—Arg
~ Dau=N—O—CH,—CO—Argy).

It is important to note that very similar findings were
observed on the cytostatic effect of conjugates in case of
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FIGURE 8 Uptake of Dau-oligoarginine conjugates by HL-60 or
HepG2 cells at ¢ = 20 uM. Columns represent the average of mean
fluorescence intensity values of a representative of two independent
assays = SD after subtracting the control. Cells were treated for 1.5 h.
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HepG2 hepatoma cells. Conjugates containing squaric acid
linker Dau-[]-Arg,) are less cytostatic than compounds with
oxime or hydrazone bond (Dau=N—O—CH,—CO—Arg,
and H—Glu(Arg,) —NH—N=Dau). However, in this case,
the oxime-linkage goup (Dau=N—O—CH,—CO—Arg,)
is less cytostatic than the conjugates with hydrazone bond
(H—Glu(Arg,) —NH—N=Dau) regardless of the number
of presented Arg residue. Tendencies mentioned above con-
sidering the number of Arg residues within a linkage group
are rather similar to those documented for HL-60 leukemia
cells. As expected, free Dau was highly cytostatic on both cell
types (Table IT) and oligoarginines had no such effect even at
the elevated concentration (data not shown).

It is worth to mention that on both cell types, the hydrazone
linkage-group of Dau octaarginine conjugates (H—Glu(Argg)
—NH—N=Dau) were highly and similarly cytostatic.

Cellular Uptake. Cellular uptake properties of compounds
were studied by utilizing the fluorescence feature of Dau. As
mentioned earlier, the emission spectra of the chromophore
is very similar to the hexaarginine conjugates regardless of
the nature of the chemical bond (amide, oxime, or hydrazone
bond) between Dau and the peptide. However, the fluores-
cence spectra of Dau-hexaargininine conjugates and of the
free drug indicate some differences between the Dau-conju-
gates. We found, that conjugates with oxime (Dau=N—
O—CH,—CO—Args) or hydrazone (H—Glu(Arge)—
NH—N=Dau) linkage and the free Dau display almost
identical fluorescence spectral patterns (Figure 5). The am-
plitude of the spectrum of conjugate with squaric acid linker
Dau-[]-Argg) differs markedly.

Cellular uptake data expressed as mean fluorescence in-
tensity are presented in Figures 7 and 8 and in Table II. These
Figures were used to identify tendencies related to the traffic
of Dau-conjugates into cells. Considering the differences in
fluorescence properties of conjugates mentioned earlier, we
should handle the potentially proportional relationship
between mean fluorescence intensity measured by FACS and
cellular uptake of the compounds with caution.

The uptake of the compounds proved to be concentration
dependent at all concentrations studied in the 0.8-100 uM
range in case of both HL-60 and HepG2 cells as dem-
onstrated with hydrazone linkage group
(H—Glu(Arg,,) —NH—N=Dau) in Figure 7.

For comparative analysis, data obtained after incubation
of cells with compounds at ¢ = 20 uM are shown (Figure 8
and Table II). Following the method used for the analysis of
cytostatic effect, first we describe the effect of structural ele-
ments (type of the linkage, length of the Arg peptide) of the
conjugates on the uptake by HL-60 cells. Data outlined in

conjugate
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Figure 8 and in Table II showed that Dau-hexaarginine con-
jugates containing squaric acid linker (Dau-[]-Args) or oxime
linkage (Dau=N—O—CH,—CO—Args) are taken up
more efficiently than compound with hydrazone bond
(H—Glu(Arge) —NH—N=Dau,). Interestingly, slightly
reversed observation could be made when Argg is presented:
the translocation of the two conjugates Dau-[]-Argg and
Dau=N—O—CH,—CO—Argg is less pronounced than
that of H—Glu(Argg) —NH—N=Dau (Figure 8).

In the squaric amide group, the cellular uptake of Dau-
[J-Args was higher compared with Dau-[]-Argg. The same
pattern could be appreciated within the oxime linkage group
(Dau=N—O—CH,—CO—Args > Dau=N—0O—CH,
—CO—Argg), while in the hydrazone linkage-group the
presence of eight Arg residues provides the most efficiently
trafficking variant (H—Glu(Argg) —NH—N=Dau > H—
Glu(Args) —NH—N=Dau).

In case of HepG2 cells, the uptake of the conjugates is dra-
matically lower (Table II, Figures 7 and 8). The measured av-
erage of mean fluorescence intensity values for HL-60 are in
the range of 1868 and 4391, while for HepG2 cells data fall
into a much lower range (250-579). It is important to add
that similar tendency was identified by the comparison of the
uptake of free Dau at ¢ = 20 M (fluorescence intensity values
are 48621 for HL-60 and 10131 for HepG?2 cells; Table II).

Interestingly, conjugates with oxime linkage proved to be
taken up more efficiently. Dau=N—O—CH,—CO—Arg,
had the highest membrane translocation on HL-60 cells and
Dau=N—O—CH,—CO—Argg by HepG2 cells at ¢ = 20
uM (Figure 8).

DISCUSSION

Dau is widely used in cancer chemotherapy. Further develop-
ment of its efficacy could cover the synthesis of analogues
and also conjugates for tumor cell targeting. Dau can be con-
jugated to carrier molecules by various coupling techniques
at four suitable sites.'"*>*>** The amino group of the dau-
nosamine moiety, the 13-oxo group, the 4-methyl ether
group, and the modified 14-methyl group of the anthracy-
cline ring are used mostly for conjugation. The identity of
the covalent link as well as the site of coupling could influ-
ence the chemical and also the biological properties of the
conjugate. To establish correlation between structural and
functional properties a new set of Dau-conjugates was pre-
pared and comparative investigation was performed. A group
of oligoarginine peptides was selected as carrier for conjuga-
tion. It has been reported that oligoarginines containing five
or more Arg residues are considered as cell-penetrating pep-
tides capable to translocate covalently attached cargo into the
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cytosol.”” The analysis of cell-penetrating properties are in
the focus of intense research but the mechanism by which
these compounds enter the cells is still not completely clear.>®

We synthesized and characterized a group of novel Dau—
oligoarginine conjugates containing different linkage (squaric
amide, oxime, or hydrazone bond) and different number of
Arg residues (6 or 8). We have produced for the first time
modified oligoarginine peptides containing aminooxy or hy-
drazide group for conjugation. Via the amino group of Dau,
squaric amide conjugates were prepared. Considering that
oligoarginines are essentially insoluble in alcohol daunomy-
cinyl-arginyl squaric acid diamide was synthesized and then
this compound was coupled with oligoarginines in DMSO.
Oxime and hydrazone conjugates were prepared from Dau
and modified oligoarginine tayloring procedures described
for peptide dendrimers.”* The reactions proceeded smoothly,
no side product formation was observed.

As reported earlier, Dau conjugates were mostly purified
by RP-HPLC with eluent containing TFA.»*”>> These meth-
ods would have been satisfactory for conjugates with squaric
amide and oxime linkage, but new approach had to be devel-
oped for the purification and chromatographic analysis of
the highly acid-sensitive hydrazone conjugates. The stability
studies of conjugates in buffers of different pH (pH = 2 and
5) and in distilled water suggest that squaric acid and oxime
conjugates are stable under these circumstances over 2 weeks,
while free Dau was released from the hydrazone conjugate
even within a short period of time (half-life times for
H—Glu(Argg) —NH—N=Dau are 25 min, 70 min, and 2
days at pH = 2, 5, 7, respectively). All Dau-oligoarginine
conjugates were unstable after RP-HPLC purification, when
TFA containing eluent was used. It is known that TFA could
remain non-covalently bound to the basic guanidine group
of arginine.”” This could cause the split and liberation of
daunosamino group of Dau even weeks after the purification.
Therefore, a procedure to remove TFA by using gel chroma-
tography and MCI gel was developed. In this way, the hydra-
zone conjugates were successfully purified and the stability of
all conjugates in solid form were also improved. Further-
more, the new analytical RP-HPLC method was described,
which could be suitable to monitor hydrazone or other acid-
sensitive peptide conjugates.

Cytostatic effect and cellular uptake properties of Dau-
conjugates were analyzed in vitro on HL-60 human leukemia
and HepG2 human hepatoma cell lines. We found that the
conjugates might have at least two properties which could
influence their ICs, value. The first one is the coupling site
on Dau involved for conjugation with oligoarginine : amino
group or oxo group. According to the literature, the presence
of the free amino group is essential for the effectiveness of

Dau;” while the oxo-group could be modified without great
loss of activity.”?

The second factor is the stability of the chemical bond
between Dau and the oligopeptide: oxime and squaric amide
bonds are stable under conditions studied, while the hydra-
zone bond is an acid-sensitive linkage.'® Conjugates with hy-
drazone bond in acidic circumstances would release free Dau
more rapidly as compared with conjugates with stable (am-
ide or oxime) bonds.

We found that Dau-peptide conjugates even with different
type of covalent linkage were taken up more efficiently by
HL-60 than by HepG2 cells. ICsy values of the compounds
were mostly higher on HepG2 cells as compared with those
obtained on HL-60 cells. This indicates that Dau-conjugates
were more effective on HL-60 cells, than on HepG2 cells.
This could be explained by the differences between these two
cell lines.>® Namely, for example HL-60 cells could be cul-
tured in suspension, while HepG2 cells are adherent cells.
Furthermore, these cells have different function, morphology,
division, and more likely Dau-conjugates could be exposed
also to different degradation mechanisms in HL-60 and
HepG2 cells. Our findings are in harmony with those
described by Nakase et al. on the influence of cell type of the
mechanism of cellular uptake of oligoarginines.*®

Taken together our findings indicate that the position and
the type of chemical linkage between Dau and oligoarginine,
as well as its acid-stability could have a marked influence on
the uptake properties as well as on the intracellular events and
routes (e.g., kinetics of degradation, trafficking) of the conju-
gates. Our data also suggest that the ICsy value of the com-
pounds studied depends on the effectiveness of the cellular
uptake, the coupling site applied for conjugation and the acid
sensitivity of the linkage. Further studies are needed to inves-
tigate the type of the uptake mechanism®” and also the degra-
dation of the different peptide conjugates which could be an
essential factor governing the ICs, value. Data presented in
this communication could be considered also as a contribu-
tion to the rational design of improved antitumor agents.

Ms. Zsanett Miklan acknowledges the professional aid of Mihaly
Dernovics (Department of Applied Chemistry, Corvinus University
Budapest, Hungary) during the development of HPLC method.
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