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Anthracycline Antitumor Antibiotics

Xiangdong Wei and Li-June Ming*

Department of Chemistry and Institute for Biomolecular Science, University of South Florida,
Tampa, Florida 33620-5250

Receied June 12, 1997

The binding of several lanthanide(lll) ions to anthracycline antitumor antibiotics daunomycin and adriamycin in
methanol and aqueous solutions has been studied by means of optical and 2D NMR (COSY, TOCSY, and EXSY)
techniques. These results indicate that a 1:#"arug complex 1) is the predominant complex at a metal-
to-ligand ratio<10 with slightly higher proton activities, e.gwpH 4—5 in an agueous solution. In the presence

of a base, a 1:22 or 1:3 @) Yb3*—drug complex can be formed. In addition, a 2:1 compkxg formed when

the metal-to-drug ratio is 25. These YB"—drug complexes undergo slow chemical exchange with each other
relative to the NMR time scale. Therefore, 1D and 2D magnetization transfer experiments can be utilized for the
assignment of the isotropically shifted signals arising from the drug nuclei in the various paramagnetic complexes.
The spin-lattice (T;) relaxation times and solution magnetic susceptibilities of thes& Ythrug complexes
confirmed the binding of the metal ion to 11, B2etophenolate in all the complexes (except the secorid Wb

the 2:1 complex which binds to the 5@ketophenolate). Several other lanthanide(lll) iond"PEW", and

Dy3* show similar binding properties to daunomycin based on optical and NMR studies. The binding"of Yb

to daunomycin has a profound effect on the reduction potential of the drug, showing a decrease in the potential
by 150 mV upon addition of 1 equiv of ¥ to the drug solution. This observation indicates that metal ions
must play a significant role in the action of these family of drugs in vivo.

Introduction Yb3+
S0 H

Daunomycin (Dau) and Adriamycin (Adm) are the prototypi- H ﬂ ? H\1 O/H 8 \14:H
cal members in the anthracycline antitumor antibiotic farhily. \1 12 N ﬁi( H
Despite their severe cardiotoxicity and other side effects, these H\z/ \ \ Hmg_ O
drugs have been widely used as dose-limited chemotherapeutic /\3\ 6/ 7{H H
agents for the treatment of human cancers such as leukemia H \4\ i | é H
since their discovery in the early 196DsThese antibiotics HH O © 8 HA_'._C};'Z\%
contain a quinone-containing chromophore and an aminogly- - " n T_{H
coside sugar (Figure #).The antineoplastic activity of these H TRy
drugs has been mainly attributed to their strong interactions with H N/H3+ 8

DNA in the target cells. There are two major mechanisms for _. N
these drugs to deform DNA structure and terminate its biological Figure 1. Structure of a daunomyciiYb®: complex. The structure

. A ) . < of daunomycin is drawn on the basis of its crystal structuaad the
function? (1) an intercalation of the drugs into the base pairs metal ion is placed at the 10,Jtketophenolate site on the basis of
in the DNA minor grooves, where the major contributions of the NMR studies described in this report. The 14-methyl is replaced
the intercalative binding arise from hydrogen bonding, electro- by a CH(OH) group in adriamycin.
static, van der Waals, and hydrophobic interactions; (2) via a
free radical damage of the ribose, where the free radicals are(O;”) and hydrogen peroxide @@;) can be produced via
formed during the redox cycle of the anthraquinone. These dioxygen receiving electrons from the semiquinone. Then,
drugs can be reduced to their semiquinone form by biological hydroxyl radical (OH) can be generated, which can attack cell
reducing agents, such as NADH and NADPH. Superoxide components, such as membrane and DNA, and stops cell growth.

A number of papers reported that metal ions?{Fe&, Cu2*,
* Corresponding author. Tel: (813) 974-2220. Fax: (813) 974-1733. and TI3") played an important role in altering the biochemical

E('lr;‘a(ig) ’Xiggggg‘gmgggsﬁﬂig%‘:' Chem1979 2, 102. (b) Arcamone properties of the anthracyclines and indicated a new direction

F. Doxorubicin Anticancer AntibiotigsAcademic: New York, 1981. inthe prSUit_ Qf C.hemOthera.-pe.UtiC efficacy Qnd lowering toxicity
(c) Weiss, R. B.; Sarosy, G.; Clagett-Carr, K.; Russo, M.; Leyland- of these antibiotic. The binding of metal ions may cause a

Jones, BCancer Chemother. Pharmacdl986 18, 185. (d) Lown, iyifi ;
J. W., Ed.Anthracycline and Anthracenedione-based Anticancer significant influence on the redox property of these drugs, thus

Agents Elsevier: Amsterdam, 1988. affecting their activity. The interactions of these metdiug

(2) Courseille, C.; Busetta, B.; Geoffre, S.; Hospital, Atta Crystallogr. complexes with DNA and other cell components, and their
1979 B35, 764-767.

(3) (@) Lown, J. W.Mol. Cell. Biochem 1983 55, 17. (b) Pindur, U.; SUbeequent dqmage by the metal_complexgs, have .also b?en
Haber, M.; Sattler, KJ. Chem. Educl993 70, 263. (c) Lown, J. W. previously studied by the use of various physical and biochemi-
Chem. Soc. Re 1993 22, 165. cal methods.
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Iron is an important element in that it participates in the action of the complexes remain unanswered, such as the identity of

of several drugs (such as bleomytiand streptonigrif)

different species detected in the spectra, the stoichiometry of

functioning as a redox center that can generate free radicals inthe metat-drug complexes, and the metal binding mode.
the presence of dioxygen under reducing conditions and damage The Lr** ions are considered useful probes for the study of

cell components. It has been shown tha#'F@n can bind

this drug system because of their unique magnetic and chemical

three anthracycline molecules in aqueous solution, with the metalproperties®1° (1) The paramagnetic naturd € %,—1%,) of

chelated by the 11,13-ketophenolate groufs. A 1:2 F&t—
adriamycin complex forms a stable complex with calf-thymus
DNA in solution, and this tertiary complex is distinct from both
the free F&"—drug complex and DNA-intercalated drug on the
basis of optical and chromatographic studresiowever, Fé&"—

some LF" ions allows us to look into the structures of their
drug complexes by the use of NMR, where theNMR signals
of a coordinated drug are paramagnetically shifted by th Ln
ions which act as “shift reagent$. (2) Like the alkaline earth
metal ions, LA™ ions have a strong affinity to oxygen-rich

anthracyclines have also been observed not being able toligands and can bind to thé-ketophenolate moiety of these

intercalate into DNA base pairs until releasing théFimn,
despite the strong binding of Fewith the drugs'e Although
studies have shown significant interactions between meltaig
complexes and DNA that resulted in DNA damage, the

antibiotics. This ligand binding property makes3trions the
best substitutes for the alkaline earth metal ions in biomolecules
with oxygen-rich metal-binding environmeris.(3) The radii,
charges, Lewis acidity, and preferred oxygen-rich ligand

structures of these metal complexes have not been clearlyenvironment of the L# ions are similar to those of Fg

described in all the previous studies.
Since a large variety of metal ions (such asgCa+, and
the transition metal ions) exist in living organisms and are

despite their different preferred coordination geometries, sug-
gesting that a better study of the physical and chemical
properties of LA"—drug complexes may afford a better

presumably available for binding with these drugs, the study understanding of the irepdrug complexes.

of metal-drug interactions is crucial for a better understanding
of the drug action in vivo. A better understanding of metal
drug interactions and the formation of the metdfug com-
plexes will enable us to gain further insight into their antibiotic

We report here comprehensive studies of several paramagnetic
Ln3*—anthracycline complexes by the use of optical, electro-
chemical, and 1D and 2fH NMR techniques. The use of 2D
1H NMR techniques allows us to assign all the proton signals

mechanisms. In addition to the above-described ions, severalof these LA™—drug complexes and to determine their configu-
other metal ions with preferable spectroscopic and magnetic rations in solution which was not accomplished in previous
properties have been utilized as probes for the study of metal studies. On the basis of the optical and NMR studies, we
anthracycline interactions. Particularly, the lanthanide(lll) conclude that four different L51—drug complexes with metal-
(Ln%") ions have been used as substitutes for the alkaline earthto-drug ratios 1:1, 1:2 1:3, and 2:1 (plus an amorphous polymeric
metal ions and have also served as nonredox active metalform) are formed in solution under different proton and metal

substitutes for transition metal ions in those studidsowever,

some questions regarding the metal binding and the structureexchange with each other in solution.

(4) General information: (a) Martin R. B. IMetal lons in Biological
SystemsSigel, H., Ed.; Dekker: New York, 1985; Vol. 19. Copper
binding: (b) Greenaway, F. T.; Dabrowiak, J. L.Inorg. Biochem.
1982 16, 91—-107. (c) Tachibana, M. Iwaizumi, M.; Tero-Kubota, S.
J. Inorg. Biochem1987 30, 133-140. Iron binding: (d) Matzanke,
B. F.; Bill, E.; Butzlaff, C.; Trautwein, A. X.; Winkler, H.; Hermes,
C.; Nolting, H.-F.; Barbieri, R.; Russo, WEur. J. Biochem1992
207, 747-755. (e) Massoud, S. S.; Jordan, R.IBorg. Chem1991,
30, 4851-4856. (f) Gelvan, D.; Berg, E.; Saltman, P.; Samuni, A.
Biochem. Pharmacoll99Q 39, 1289-1295. (g) Beralso, H. Garnier-
Suillerot, A.; Tosi, L.; Lavelle, FBiochemistryl985 24, 284—289.
Other metal binding: (h) Moustatih, A.; Fiallo, M. M. L.; Garnier-
Suillerot, A.J. Med. Chem1989 32, 336—342. (i) Fiallo, M. M. L.;
Garnier-Suillerot, ABiochemistryl 986 25, 924-930. (j) Pasini, A.;
Pratesi, G.; Savi, G.; Zunino, forg. Chim. Actal987 137, 123—
124. (k) Allman, T.; Lenkinski, R. EJ. Inorg. Biochem1987, 30,
35-43.

Copper complexes: (a) Phillips, D. R.; Carlyle, G. Biochem.

Pharmacol.1981, 30, 2021-2024. (b) Spinelle, M.; Dabrowiak, J. C.

Biochemistry1982 21, 5862-5870. (c) Mariam, Y. H.; Glover, G.

P. Biochem. Biophys. Res. Comm®86 136, 1-7. Iron complex:

(d) Myers, C. E.; Gianni, L.; Simone, C. B.; Klecker, R.; Greene, R.

Biochemistryl982 21, 17071713. (e) Eliot, H.; Gianni, L.; Myers,

C. Biochemistryl984 23, 928-936. (f) Beraldo, H.; Garnier-Suillerot,

A.; Tosi, L.; Lavelle, FBiochemistryl985 24, 284-289. (g) Cullinane

C.; Phillips, D. R.Biochmeistry199Q 29, 5638-5646. (h) Akman,

S. A.; Doroshow, J. H.; Bruke, T. G.; Dizdaroglu, Biochemsitry

1992 31, 3500-3506.

(6) Hecht, S. MAcc. Chem. Red.986 19, 383-391.

(7) Hajdu, J. InMetal lons in Biological SystemsSiegel, H., Ed.;
Dekker: New York, 1985; Vol. 19.

(8) (a) Mclennan, I. J.; Lenkinski, R. B. Am. Chem. Sod 984 106,
6905. Lenkinski, R. E.; Sierke, S.: Vist, M. R.lJless-Common Met
1983 94, 359-365. (b) Lenkinski, R. E.; Sierke, 8. Inorg. Biochem
1985 24, 59-67. (c) Mariam, Y. H.; Wells, WJ. Solution Chem
1984 13, 259, 269. (d) Canada, R., G.; Carpentier, R.B&ichim.
Biophy. Actal991, 1073 136. (e) Haj-Tajeb, H. B.; Fiallo, M. M. L,;
Garnier-Suillerot, A.; Kiss, T.; Kozlowski, Hl. Chem. Soc., Dalton
Trans.1994 3689-3693.

©)

ion concentrations. These complexes are under slow chemical
With a complete
assignment of théH NMR spectrum of the 1:1 Y& —drug
complex!?the spectra of the other species are possible to assign
by the use of exchange spectroscopy (EXSY). The configura-
tions of the lanthanide(lll) complexes of the drug daunomycin
have been determined to be the same as the crystal structure of
the free drug. We use these lanthanide{tinthracycline
complexes as model systems for the understanding of the
binding of alkaline earth metal and transition metal ions with
these drug$ and the effect of metal ion binding on the action
of other quinone-containing drug®

Experimental Section

Chemicals and Sample Preparation. Daunomycin and adriamycin
were purchased from Sigma Chemical Co. and were also supplied as
gifts by Farmitalia Carlo Erba, Milan, Italy. All lanthanide(lll) chloride
salts (99.99%) were obtained from Sigma Chemical Co. All organic

(9) (@) Ming, L.-J. Paramagnetic Lanthanide(lll) lons as NMR Probes
for Biomolecular Structure and Function. INuclear Magnetic
Resonance of Paramagnetic Moleculea Mar, G. N., Ed.; NATO-
ASI; Kluwer: Dordrecht, The Netherlands, 1995. (b) Ming, L.-J.
Magn. Reson. Chem 993 33, S104.

(10) (a) Bunzli, J.-C. G.; Choppin, G. R.anthanide Probes in Life,
Chemical and Earth SciencElsevier: Amsterdam, 1989. (b) Evans,
C. H. Biochemistry of the LanthanidePlenum: New York, 1990.

(11) (a) Morrill, T. C., Ed.Lanthanide Shift Reagents in Stereochemical
Analysis VCH: New York, 1986. (b) La Mar, G. N.; Horrocks, W.
DeW., Jr.; Holm, R. HNMR of Paramagnetic Moleculp8cademic:
New York, 1973; Chapters 12 and 13.

(12) Ming, L.-J.; Wei, X.Inorg. Chem 1994 33, 4617-4618.

(13) (a) We have studied the binding of the transition metal ions Co(ll)
and Fe(ll) with these drugs in methanol and found that their binding
modes with these drugs are similar to that off¥lon. (b) Wei, X.
Ph.D. Dissertation, University of South Florida, 1996; Chapters 2 and
3.
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solvents were HPLC grade. Other reagents were the highest grade 0.6 o
available from the commercial sources. Daunomycin and adriamycin ’ ﬁ—vﬁ 1% A Ao

solutions were prepared just before the experiments to avoid their ™ “

I TR 00 o0

degradation. The concentrations of the stock solutions were around ) 0597 a9 o8 95 T
50—2004M for optical titrations and the continuous variation method g 04 FeVEn(oauD
(the Job plot method) and were about 1 mM or higher for .g

electrochemistry and NMR studies. The concentrations of the drugs 3

was determined by their absorption at 478 nm (11.5 them1).% -5: 0.2

The metal concentration was determined by EDTA standard titration
with xylenol as an indicator. All the UMvisible absorption spectra
and optical titrations were performed on a Hewlett-Packard 8452A diode
array spectrophotometer at ambient temperature using a quartz cell of
0.1 or 1 cm path length.

Electrochemistry. The electrochemical studies were performed on Wavelength (nm)
an OMNI 90 potentiostat (Cypress Systems, Inc.) with a Linseis Figure 2. Formation of a YB*—Dau complex in HEPES buffer at
recorder. A three-electrode cell with a 0.6-mL sample volume was pH 7.5. A Job plot reveals the formation of a 1:2 or 1:3%¥bDau
used. A Pt electrode with 0.1 mm diameter surface was used as thecomplex, similar to the case in methanol in the presence of alBase.
working electrode while another Pt electrode was used as the supporting
electrode, with a Ag/AgCI electrode as the reference electrode. The _
working electrode surface was cleaned with EDTA and 0.1 M HNO
following by methanol rinsing before use. Sodium tetraphenylborate
or tetrabutylamonium hexafluorophosphate at 50 mM was used as the
supporting electrolyte. The solvent was degassed and then saturatechesuhS and Discussion
with argon. All the experiments were performed under argon.

Nuclear Magnetic Resonance.Proton NMR spectra were acquired Optical Studies. The formation of YB™—Dau complexes
on a Bruker AMX360 spectrometer at 360.13 MHz. Thechemical in methanol can be monitored by the use of a spectrophotometer
shift was referenced to an external TMS (tetramethylsilicane) to avoid and has been described in our previous communicagiom
the effect of Lii* paramagnetism on the chemical shift of internal TMS. summary, new absorptions appear at 541 and 576 nm while

A 90° pulse (7 us) was used for the acquisition of 2B NMR spectra - .
with 8K data points, while 1024 512 data points were used for COSY, the freﬁ drug absorption at 4.80 nm decreases upon the addition
of Yb3* to a DawHCI solution in methanol, indicating the

TOCSY, and EXSY spectra which were acquired using standard pulsef . f abd | f Ei
sequences with a presaturation pulse for solvent suppression.—A 45 _ormat'o_n 0 . a metatdrug complex (cf. Figure 2)j TWO_
60° shifted sine-squared-bell apadization function was applied to both iISOSbestic points at 295 and 512 nm are observed, which indicate

dimensions prior to Fourier transformation for phase sensitive EXSY that only one complex (i.e., a 1:1 complex) is formed during
and TOCSY spectra. A °Oshifted sine-squared-bell apadization this titration. A plot ofAls;¢against YB* concentration gives
function was applied to COSY spectra and processed in magnitude an affinity constant of 8.2 10* M~! for DawHCI binding
mode and then followed by symmetrization. For base titration, a certain with Yb3*. A Job plot suggests that a complex of 1:1 metal-
amount of triethylamine was added to samples with a 1:3 metal-to- to-drug ratio is formed without base while species with lower
drug ratio, and monitored by NMR. These drugs tend to self-aggregate metal-to-drug ratios (1:2 and 1:3) are formed upon the addition

at high concentrations in aqueous solution but not in mett#ndhus, of triethylamine in methanol with a concomitant shift of the
the concentrations of NMR samples in aqueous solution wdrenM .
576-nm absorption to 580 niA.

to avoid extensive self-association. The proton sghttice relaxation
times () for all the metal complexes were determined by the use of  1h€ Ka values for the proton on the phenols C11 and C6
the inversion recovery method (186r—90°) with 16 differentr values are 10.0 and 13.7, respectivéfy. Therefore, one can expect
and a recycle time-5T,. The data were fitted by a three-parameter that the metal binding site in the 1:1 complex is the 11412-
fitting program on the spectrometer based on a plot of peak intensity ketophenolate. Anothes-ketophenolate site at positions C5
versus ther values. and C6 can bind metal ions only when the3YHo-drug ratio
The magnetic susceptibility values of 1:1, 1:2, and 1:3"vrug is high (>25), to give a 2:1 metal-to-drug complex (cf. NMR
complexes were determined on the Bruker AMX360 NMR spectrometer stydies; vide infra). Upon deprotonation of the C6 phenol at
by following the Evans methotl,where a methanol solution of TMS high pH, a precipitate is formed in the presence ofYbThis
inside a capillary coaxial tube served as the diamagnetic reference o initate s not soluble in either polar or nonpolar solvents
substance which was placed inside a 5-mm NMR tube containing the nd d not melt at 42&C. which i iblv an amorph
paramagnetic substance (metal concentration~@t5 mM). The a OQS ot melt a - €N 1S possSIbly an amorpnous
polymeric complex formed with Y& bound at bottg-ketophe-

formation of different YB™—drug complexes was monitored by the .
14 NMR spectra of the sample, in which the intensities of the 1g-cH nolate sites (C5/C6 and C11/C12) between two or more drug

proton signals served as the criteria for this purpose. An appropriate Mmolecules. A similar observation was reported previously on
amount of the inert reference (TMS), with its intensity comparable to the C#" complex of this drug under alkaline conditions, in
the reference in the capillary tube, was used to monitor the influence which the formation of a polymeric chain structure was
by the paramagnetism of the complexes. The difference between theproposed®? These YB*—drug complexes with different metal-
chemical shifts of the TMS inside and outside the Capillary tube was to_drug ratios are under equ|||br|um in solution and can be
measured, and the molar magnetic susceptibility of the metal complexes.qnyverted from one to the other by changing proton or metal
was calculated according to the Evans methoghas: Ad/[1000M(7s concentration. The same result was obtained when the titration
(14) (@) Job, PAnn. Chim 1936 6, 97. (b) Polster, J.. Lachmann, H was performed in buffered aqueous solutions, where a 1:1

Spectrometric TitrationsVCH: New York, 1989. ' complex was formed at pH 5.5 as observed previously in
(15) Gabbay, E. J.; Grier, D.; Fingerle, R. E.; Reimer, R.; Levy, R.; Pearle, methanol? and a 1:2 or 1:3 complex was seen at pt6.5

S. W.; Wilson, W. D.Biochemistryl1976 15, 2062. (Figure 2). The overall spectral features are similar to that of

(16) Chaires, J. B.; Dattagupta, N.; Crothers, D. Blochemistry1982 ; ; i ;
21, 3927. (b) Mclennan, I. J.: Lenkinski, R. E.: Yanuka, @an. J. the complex in methanol but with a lower absorption intensity.

Chem 1985 63, 1233.
(17) (a) Evans, D. FJ. Chem. Sacl959 2003. (b) Philips, W. D.; Poe, (18) Martin, R. B. InMetal ions in Biological Systemsigel, H., Ed.;
M. Methods Enzymoll972 24, 304. Dekker: New York, 1985; Vol. 19.
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)], in which A¢ is the difference of chemical shift in ppm (i.e.,
107%), M is concentration in molarity, and = O for data obtained in
a superconducting magnét.
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Figure 3. Cyclic voltametric diagrams of (A)»0.5 mM Dau and Dau
with the introduction of (B) 1 and (C) 2 equiv of ¥bin DMF with
a scan rate at 30 mV/s and referenced against Ag/AgCl. A significant
shift of the initial reduction potential to more anodic direction by at
least 150 mV is observed upon ¥bbinding to Dau.

Other Lr** ions bind Dau in a similar way except with
different binding affinities due to their different charge-to-radius

ratios caused by the lanthanide contraction. On the basis of
the increase of the absorption at 576 nm upon the addition of

Ln3* to DauHCI in methanol, the apparent affinity constants
for the formation of 1:1 complexes are obtained in the order of
PRt < EW" < Dy3* < Yb3*t < Lu3* with the values 13.6,
27.2,43.1, 82.1, and 97.5 mM respectively, where the largest
affinity constant for L&" is clearly due to its largest charge-
to-radius ratio.

In comparison to these Bh complexes, the Ca—Dau
complex has a dramatically smaller formation constant (21.5

M~1) based on optical titrations. Nevertheless, as anthracycline

is taken up in the amount of75 mg/n? body surface per
treatment¢ the mM concentrations of divalent alkaline metal

ions in the body can bind these drugs and may affect the redox

potential (vide infra) and likely the efficacy of these drugs.
Because L#" ions are good chemical and biochemical mimics
for alkaline earth metal ion¥, the Lr*t—anthracycline com-

plexes can serve as model systems to provide further insight

into the physical and molecular properties of2QMg2™—

anthracycline complexes. Moreover, the effects on the physical

and chemical properties of the drugs uporfLhinding can be

more clearly monitored due to the large formation constants of

the Lr¥"—drug complexes.

Electrochemistry Study of the Yb**—Dau Complex. The
binding of YI* to Dau has been studied by means of cyclic
voltometry (Figure 3). The free drug shows an initial reduction
potential for the formation of semiquinone Bty = —0.45 V
in both methanol and DMF, and this electrode reduction is
reversible (trace a). A second reduction potential is found at
1.1 V with little reversibility. The first reduction potential of
the drug is shifted to more anodic potential with the addition
of Yb3* (traces b and c). Our study reveals that the addition
of 1 equiv of YIP" to the drug affects the initial reduction
potential of the drug by a significant value of at least 150 mV
(trace b), indicating that less work is taken for the reduction of
the drug in the presence of metal ions. That is attributable to
the formation of a stable Y¥—semiquinone drug complex upon

Wei and Ming

reduction. It has been previously reported that metal ions form
more stable complexes with semiquinones than their corre-
sponding quinone forms due the presence of an extra charge
on the semiquinonéS. The accessibility of the metaddrug
complexes to reduction has an important biological consequence,
since the reduction of the drugs to their semiquinone forms has
been considered the initial step in their antibiotic acfion.
Nuclear Magnetic Resonance StudiesNMR is one of the
most powerful tools for the study of the environment about
paramagnetic metal ions, such agFeCo**, Ni?t, and some
Ln3* ions, in metal complexes and metalloproteins via the
assignment of the isotropically shiftebH NMR signals2®
Paramagnetic LY complexes have been used as shift reagents
for structural determinations of diamagnetic compouHds.
Furthermore, they have similar radii and ligand binding prefer-
ences to that of G4 and can easily substitute for &ain
proteins!® Hence, NMR has been utilized for the structural
and mechanistic studies of severaPGainding proteins such
as parvalbumin, calmodulin, ardlactabumin by using para-
magnetic LA" as probe$. The isotropic shift in paramagnetic
Ln3* complexes is mainly attributable to the distance and
geometry-dependent dipolar shift mechanism (e iyhere

AP 3cod 6 —

= _l/BN[Xz - l/Z(Xx + Xy)]( 3 1) -

NG, — Xy)(sinz 0;05 ZQ) 1)

x's are the principal components of the magnetic susceptibility
tensor,d the angle between thevector and the axis, andQ

the angle between theaxis and the projection of thevector

on thexy plane. Of much smaller importance is the contact
shift mechanism, since the valence f orbitals are shielded and
do not participate in covalent bonding with ligands. Because
of this, the environment about the metal can be studied via the
isotropically shifted signals and is not restricted to only the first
coordination sphere. In this report, we describe the use ¥f Ln
ions as redox-inactive NMR probes for modeling the binding
properties of alkaline earth and transition metal #éngith
anthracycline drugs.

A. H NMR Spectrum of 1:1 Yb3*—Anthracycline Com-
plexes. In our previous communicatio¥,we have reported a
full assignment of théH NMR spectrum of the 1:1 Y& —
DauwHCI complex in methanol by the use of chemical exchange
(EXSY) and coherence transfer (COSY) NMR techniques. In
summary, the proton NMR spectrum of this complex in
deuterated methanol exhibits 13 isotropically shifted signals
clearly detected in the upfield regions between G-#&0 ppm.

The signals from the free antibiotic are still well resolved in
the diamagnetic region, suggesting that the drug is in slow
exchange with its metal-bound form on the NMR time scale in
solution. We have thus taken the advantage of the fully assigned
IH NMR spectrum of the free drug for the assignment of the
isotropically shifted features of the 1:1 ¥b-Dau complex by

the use of the 2D EXSY technique. Allthe 17 paramagnetically
shifted solvent nonexchangeable protons in the metal complex
can be correlated to their counterparts in the free drug and

(19) Scaott, S. L.; Bakac, A.; Espenson, J.JJHAm. Chem. S0d992 114,
4605-4610.

(20) Bertini, I.; Luchinat, CNMR of Paramagnetic Molecules in Biological
SystemsBenjamin/Cummings: Menlo Park, CA, 1986.

(21) (a) Luchinat, C.; Steuernagel, S.; Turanolrfdrg. Chem.199Q 29,
4351-4353. (b) Ming, L.-J.; Jang, H. G.; Que, L., Jnorg. Chem
1992 31, 359-364.
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Figure 4. TOCSY spectrum of Y& —Dau complex in the presence . 8 us ¢
of excess Dau in methandkat 303 K with a spin lock 25 ms. Both ] )
coherence transfer (dotted lines), chemical exchange (numbered), and & 70
secondary exchange (primed and double-primed numbers) cross-peaks T— 0
are detected in the rotating frame. In addition, coherence transfer cross B e, 2
signals in free drug are also detected (asterisked). The exchange cross- B - 4
peaks are associated with the protons 10-CHand 2 at—36.2 and v 3 o K s
—30.7 ppm, not shown), 8-CH3), 7-CH (4), 8-CH (5), 1-CH (6), . . 24 5 o
2'-CHe (7), 14-CH; (8), 2-CH, (9), I'-CH (10), 3-CHs (11), 3-CH ' i pom
(12), 3-CH (13), 4-OCH (14), 4-CH (15), 3-CH (16), and 2-CH (17). ppm P 2 "o »
rTehsep:(?tR/Seﬁ;pts a and e indicate the axial and equatorial positions, Figure 5. Proton EXSY spectra (30 ms mixing time) of (A) Y-

Dau in DO at pH 5.8, 298 K, (B) Pr—Dau in methanot, at 298 K,
assigned. The metal binding site has been determined to belC) EW'—Dau in methanot, at 303 K, and (D) Dy*—Dau in
the 11,128-ketophenolate moiety methanold, at 298 K and COSY cross-peaks alongCH, (inset 1)

; ; ; . S
One convenient tec_hnique that can be utilizeq for the study 22? dit(e:?feg?ﬁ?ﬁg{,\,iﬂ%g{j\llsr'aﬁgzlég F?é_rl]sq'.g{]ﬁlessénpgong r?qua;im

Of EXChange SyStemS IS the detec“on Of magnet|zat|0n transferto >200 ppm on the basis of the chemical shift of the 7-CH proton
in the rotating frame. Particularly, the TOCSY sequence is and eq 1. The numberings in these spectra follow the numbering and
known to reveal chemical exchange-based saturation transferassignment in Figure 4. The dashed line in the spectra shows the fold-
and bond-correlated coherence trandfeChemical exchange_ Oyel' diggonal Signals due to the U.SE of a small window in the second
originated cross-peaks can be differentiated from bond-correlategdimension to enhance the resolution.

coherence transfer when one of them can be recognized, e.g., Our earlier attempts at studying ¥ binding with the

by means of EXSY in the former case and COSY in the latter anthracyclines in agueous solutions by NMR was not successful
case. The TOCSY spectrum of the 1:13YbDau complex owing to drug coagulation and the formation of metal hydroxide
(Figure 4) shows clearly the bond correlation among several precipitates at neutral and higher pHs. This problem was solved
protons (dotted lines, which have also been confirmed in a by using low drug concentration~L mM or less) in slightly
COSY spectrum). The'@H proton shows intense cross-peaks acidic solutions €pH 6). The spectrum of a Y—drug

with one 2CH proton, indicating they are anti to each other. complex in aqueous solution is shown in Figure 5A. The 1:1
Moreover, cross-peaks are also observed for the chemicalYb3"—Dau complex in agueous solution exhibits much broader
exchange between the metalrug complex and free drug 'H NMR signals than that in methanol (cf. Figure 6A). The
(numbered signals). These exchange cross signals (labeledpectra of the Y& complex in water and in methanol are very
3—17) are the same as those observed in an EXSY spectrumsimilar, in which 7 signals differ by>1 ppm (Table S1
which, however, does not reveal bond correlations. In addition (Supporting Information)). An average of the difference of all
to the chemical exchange and coherence transfer cross-peakghe signals is 1.05 0.86 ppm and is only 0.5% 0.24 ppm
several weaker “secondary exchange” cross-peaks, i.e., coherfor the 10 less different signals (in a spectral winde#0 ppm).
ence transfer-mediated exchange cross-peaks (primed and doublBespite their broad features and low intensities, the isotropically
primed numbers), and coherence transfer cross signals in freeshifted 'H NMR signals of the 1:1 Y& —Dau complex in
drug (asterisked) are also observed in the TOCSY spectrum. Aaqueous solution have been assigned via their exchanges with
full assignment of the signals (via exchange-based cross-peaksjhe signals of the free drug in an EXSY spectrum (Figure 5A).
has been achieved, and an elucidation of the molecular structureThe two farthest upfield shifted signals-a26.5 and—36 ppm

(via coherence transfer cross-peaks) becomes possible in thare in chemical exchange with the drug 10-{tlotons in the
TOCSY spectrum. The TOCSY results corroborate the results EXSY spectrum and can thus be assigned. Other signals can
acquired from EXSY and COSY studi&ssuggesting that  also be assigned in the EXSY spectrum (cross-peakk7)L
TOCSY can be a very useful tool for the study of chemical The spectrum of the complex in aqueous solution is similar to
exchange in metaldrug systems. that in methanol, suggesting the structure of theé¥kDau
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As the ground state of Btiis J = 0, it should be considered
diamagnetic. However, its lowest paramagnetic excited state
is close to the ground state and is accessible even at room

C temperature (3.64g). Therefore, one can expect theé NMR
spectrum of E&r—Dau complex to exhibit isotropically shifted
signals, studied by the use of the EXSY technique (Figure 5,
spectrum C). The 10-CHprotons at—5 and—5.5 ppm still
gain the largest dipolar shifts in this complex. This suggests
B that E#* also binds to the C11/18-ketophenolate position,
similar to other L&"—Dau complexes.
The 1:1 Dy*—Dau complex shows 81 NMR spectrum with
sharp paramagnetically shifted signals in a large spectral window
v' due to the fast electronic relaxation ratesl 02 s) and the large

A magnetic moment of BY (J = %, and 10.5ug). This suggests
that NMR is very useful for the study of the interaction ofDy

with small metal-binding biomolecules, where Curie relaxation

is not a concern. Despite the large spectral window, the EXSY

—

T T T T T 1

ppm 10 0 -10 -20 -3 spectrum of this complex has been successful acquired. Most
Figure 6. Base titration of YB*—Dau complex (in the presence of 3  Of the signals can be assigned in the EXSY spectrum (Figure
times excess Dau) in methanj-at 298 K and monitored byH 5D) and confirmed by the COSY spectrum (insets). The

NMR: (A) Yb*"—Dau complexl; (B) complex1 with ~0.4 equiv of geminal 2-CH, protons at 44.8 and 31.7 ppm show intense
triethylamine added to give, i.e., Yb**—(Dau; (C) complex1 with cross-peaks in the COSY map, and the latter signal also shows
~0.7 equiv of base introduced to gigei.e., YIP*—(Dau). The addition weaker cross-peaks with th&-GH proton at 34.9 ppm. This
of more base to (C) results in the formation of a precipitate shortly. indicates that tF;]e'ECH proton and Ft)he 317 pprﬁ E?Hp pfoton

indi - -
complex remains the same in methanol and water. Therefore,are at axial positions trans to each other, corroborating with
the information acquired in methanol is applicable to the the configuration found in the free drug and in the 1:1%¥b
understanding of the complex in aqueous solutions. Dau complex.

Daunomycin was the first anthracycline drug used for clinical  C. !H NMR and Base Titration of Yb3+—Dau. We have
trial; however, it was later replaced by the more potent and less ytilized Yb** ion in the study of LA"—anthracycline interac-
cardiotoxic adriamycin (Adm) for cancer treatméfitDespite  tions. This is because ¥b has a large binding affinity with
their similar structure (Figure 1), these two drugs show different the drugs (82.1 mM) and possesses a large magnetic moment
clinical properties. However, the NMR spectra of YB'— (4.4u5) and fast electronic relaxation rates{0'3 s %) that are
Dau and YB*—Adm show a great similarity to each other, feasible to NMR studies. Job plots show that the stoichiometry
suggesting a similar overall structure. The COSY spectrum of ¢ Yb3*—drug complex varies under different conditions, where
the 1:1 YF*—Adm complex indicates that its sugar conforma- 5 change from the 1:1 ¥b—drug complex to a 1:3 complex is
tionis 5|m|Ia3rbto thatlof the 1:1 Y —Dau complex (Spectrum  gpserved in alkaline solutions. The farthest shifted signals at
not shown):® The *H NMR spectrum of 1:1 Y&'~Adm _30 and—36 ppm in the 1:1 complex in methanol have been
shows the presence of a minor species that is not seen in theassigned to the 10-GHprotons by using COSY, TOCSY, and

) v . , ;

L1 ng [()jal:] spgctgjbnl. §IOW exclhange between Fhe minor exsy techniques (Figures 4 and 5) and are used for monitoring
SPECIES an .t ell Adm comp ex.prevents.ass]gn'ment the effect on the complex by base in solution. Upon the addition
of this species. Nevertheless, this minor species is likely a of triethylamine to the 1:1 complext), different YB*—Dau
complex formed by a cooperative Adm binding to the metal to complexes can be formed dependiné upon the amount of the
form a complex with higher metal-to-drug ratios, as observed base added. A second complé} ¢an be completely formed

in Yb**—Dau discussed above. The slightly different metal upon the addition of0.4 equiv of base, which exhibits the
E:Pfglr;%t%?rﬁggﬁlesrobingn Dau and Adm may reflect their farthest shifted signals at20 and—25 ppm that are presumably

B 1H NMR o?OtFLer 1_i Ln 3 —Dau Complexes. Both due to the 10-Chiprotons (Figure 6B). With addition of the

Dau and Adm can bind other Ehions to form 1:1 complexes t():ﬁe;?;gﬁz ea?g“;)'r:stjhr::gbﬁgrggtiﬁ (;S—;g(;maendd ngSSp%T? )
. C o . 2 -
that have virtually the sarme bmd-mg mode as t_he 1'f+Yb (Figure 6C). Upon further addition of the base, a precipitate
complex. Due to their smaller affinities of these®tnons with oceurs within a few hours. A gradual shift i, from 576 to
. ax

the drugs, the intensities of the dipolar-shifiétINMR signals . i - ;
in these LA™ complexes are weaker than those in the*Yb 580 nm during this base titration can be observed using a 1-mm
optical cell, suggesting the formation of 1:2 and 1:3%¥b

complexes. The several paramagnetié'Lions have different . -
magnetic anisotropy valueg\f) which result in the shift of Dau complexes as determined b_y_ th_e J_ob plots_. These different
complexes are under fast equilibria in solution and can be

signals to different regions; in some cases signals are found in

opposite directions in the spectra between differert'Lions studied in details by using the magnetization transfer EXSY
(such as YB' versus F¥").11 The 1:1 P#*—Dau complex shows ~ technique (vide infra).

mainly downfield-shifted signals up to 20 ppm im&0-ppm D. Spin—Lattice Relaxation Times of Yb**—Dau during
spectral range, which can be fully assigned in the EXSY Base Titration. The spin-lattice (T1) relaxation times of the
spectrum (Figure 5, spectrum B). The 10-Cptotons still protons 1-CH, 7-CH, 8-Chl 10-CH, 1'-CH, 5-CH, 5-CH;,

exhibit the largest shifted signals at 22 and 19 ppm, indicating and 14-CH in the complexi are 12.1, 217, 150/180, 16/20.8,
that P#+ binds to the C11/C13-ketophenolate site. Thisis 232, 263, 357, and 183 ms, respectively. Relative distances to
consistent with the results from the study of the 1:13%h the metal for the above protons can be estimated withi¥b
Dau complex. 1-CH set to be 4.2 A as the refereA@nd calculated as T¢/
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Table 1. T; and Magnetic Susceptibility Values of the 10-CProtons and the Magnetic Susceptibility of the Threé*“Dau Complexes in
Methanol

complex
Yb3*—Dau,1 Yb3+—(Dau), 2 Yb3+—(Dau), 3
chem shift of 10-CH —30.0 —36.1 —-16.4 —18.3 —8.8 —-10.1
T1 (Ms) 19.9 17.8 16.6 14.1 204 16.7
relative YIB*—H dist (%) 100 100 97.0 96.2 100.4 98.9
molar magn susceptibilityyy (10-7 m® mol™) 1.33 1.37 1.31

a A 1:1 mixture ofl and2 gives a value 1.35, a 1:1 mixture 8fand the complex formed with large excess base gives a value of 1.17, and the
latter gives a value 0.85 prior to its precipitation.

Tia-chH)Y® x 4.2] A according to the Solomon equatiéras susceptibility tensor. Since these complexes are in chemical

following (with distances obtained based on the structure in exchange with each other, the magnetic susceptibility values

Figure 1 shown in parentheses): 4.2 (4.2), 6.8 (7.4), 6.4/6.6 can only reflect the average of the different complexes. No

(6.7/8.2), 4.4/4.5 (4.4/4.7), 6.9 (8.8), 7.0 (9.7), 7.4 (11.5), and matter what the mechanism is, the conclusion made in the above

6.6 (7.4), respectively. Large discrepancies of the values aresection is still valid. Considering that the magnetic susceptibility

observed for sugar protons with apparently shorter distances.of the YI** is not significantly altered during base titration,

A free rotation of the sugar along the €0—C1 bonds can the decrease in the magnetic susceptibility of the complex

afford transient configurations with shorter sugaretal dis- formed with a larger amount of base suggests a possible

tances. However, this cannot explain the much shorter estimatedpresence of an antiferromagnetic coupling in the amorphous

distance for the 'tCH proton. A possible cause might be due polymeric form before its precipitation.

to transient interactions of the metal ion with the hydroxyl F. H EXSY Experiments of Yb3*—Dau Complexes.

groups on the sugar, which have significant affinities witi'Ln ~ Since the'H NMR spectrum of the 1:1 Y4 —Dau complexi

ions!t has been assigned, it can be used for the assignment of
The spin-lattice (T;) relaxation times of the 10-Ctprotons complexe and3 by the use of the EXSY technigue owing to

of the three different Yb"—Dau complexe4—3 formed during the presence of chemical exchange between the different

base titration are listed in Table 1. The values of the two complexes. The proton signals of compxan be assigned

10-CH, protons in these complexes are very similar (averaging in a one-to-one mixture df and2 using the EXSY technique.

19.0 and 16.2 ms) and shorter than those of the 7-CH and8-CH The two signals at-20 and—25 ppm of complex2 can be

protons. This reflects the following: (1) The metal binding clearly assigned in the EXSY spectrum to the 10,@dminal

site is theS-ketophenolate moiety at positions C11 and C12 proton pairs (Figure 7A). Several other signals in com#ex

rather than the positions C5 and C6. (2) The distances betweercan also be assigned in the spectrum due to chemical exchange

10-CH, protons and YB" do not change much in these three with their counterparts in compleix(spectral region not shown).

complexes, as the relaxation tim&;) is proportional to the The observation of exchange cross-peaks (marked with arrows)

sixth power of the distance between the proton and the between comple® (but not the 1:1 complei) and the free

paramagnetic metalrg—_y%). (3) The significantly different drug indicates that the observed chemical exchange has the

chemical shifts of the same protons in the three complexes areequilibrium shown in (2), where only the 1:2 complex3¥b-

not due to a change of the metgdroton distance in the dipolar

shiftterm ¢~2in eq 1). (4) The electronic relaxation rates¢) Yb3+—(Dau)2 = Yb* —Dau+ Dau 2

of the paramagnetic Y&y center in the different complexes are

similar, sinceT; is proportional tore * in Yb3t complexes with (Dau), shows primary chemical exchange with the free drug.

largete ! values ¢ < 10712 5)21 Combining with the results from optical studies, this EXSY
E. Magnetic Susceptibilities of YI3™—Dau during Base study indicates that compleXis the 1:2 YB*—(Dau), complex.
Titration. The solution magnetic susceptibility of the ¥b- Upon further addition of base, the equilibrium is driven to

Dau complex is not significantly changed during base titration the formation of comple®8. The 10-CH signals are detected
(Table 1, complexe$—3). This indicates that the very different at —10 and—15 ppm in complex3, which are in chemical
chemical shifts (as shown by the 10-gidrotons) in these  exchange with the corresponding signals-20 and—25 ppm
Yb3*—Dau complexed—3 are not due to a change in solution in complex2 as determined in the EXSY spectrum of a one-
magnetic susceptibility. The ratios of the chemical shifts of to-one mixture o and3 (Figure 7B). The signals in complex
all the signals between two complexes are constants in axially 3 show exchange cross-peaks with both comexd the free
symmetric magnetic systems upon changing\gf(e.g.,6(1)/ drug, indicating that this chemical exchange follows the
0(2) = Ay(1)/Ax(2) = constant). A~20% deviation in the equilibrium shown in (3), in which only the 1:3 ¥b—(Dau)
rations of the chemical shifts for the signals 10-CAHCH, and

8-CH, between the complexdsand3 may indicate that either Yb**—(Dau), = Yb*" —(Dau), + Dau 3)
there is a significant geometric change that affects the terms in

eq 1 (which is ruled out in the relaxation study discussed above) complex shows primary chemical exchange with the free drug,
or there is significant magnetic rhombicity in the complexes and can be assigned to comp&xThis corroborates the optical
and the three complexes have differAptvalues. Alternatively,  studies.

the different shifts can be simply accounted by a change in  On the basis of the optical titration of the drug with¥ba
ligand coordination sphere in axially symmetric magnetic forth complex @) is formed when the metal is in large excess
systems that result in a change of the relative position of protons (>25 equiv). This complex is partially formed by adding@0

(the # and Q terms in eq 1) with respect to the magnetic equiv of YB** to the drug and shows a totally differeit NMR
features (asterisked signals in Figure 7C) from the complexes
(22) Solomon, IPhys. Re. 1955,99, 559-565. 1, 2, and 3. Complex4 shows exchange cross-peaks with
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signal. Moreover, the 8-Ciprotons also shift further upfield,
F . _t-20 and the sugar' Jroton gains a significant downfield shift. These
--30 r results suggest that ¥b is bound to the 5,8-ketophenolate

b

. o a0 site at higher metal concentrations in addition to the 1@%11-
2 : 20 F ketophenolate site. The formation of the 2:13YbDau
10 [ complex is reminiscent of the result from the study ofFe
A s F 0 binding with this drug family’® This further suggests that the
*x A - 0 . B I information acquired from the study of the ¥ncomplexes is
' E opm [ ppm applicable to the understanding of other metahthracycline

ppm 30 -40 -10 -20 systems.

m | h | the 1:1 complex to-45 ppm and become the farthest shifted

* 5ok Concluding Remarks and Perspectives

C 2. v o |f The anticancer antibiotics Dau and Adm contain a pair of
. L -40 pB-ketophenolate groups and an amino sugar, which are good
S [ candidates for the binding of transition metal and lanthanide
ions. We present in this report comprehensive NMR studies
of Yb3" binding with Dau. The optical and NMR results
L discussed in this report show that 3his bound primarily to
o 10 the 11,128-ketophenolate site with a configuration similar to
N 3 the free drug as shown in Figure 1. Depending upon the proton
1 - activities, several different metatirug complexesl—4 with
. . g 1:1, 1:2, 1:3, and 2:1 metal-to-drug ratios, respectively, are
’ [ formed in both aqueous and methanol solutions. The similar
;10 Yb3* binding properties of Dau in aqueous and methanol
F ppm solutions suggest that the information acquired in methanol
om0 -0 -20 -3 40 solution can be used for better understanding of the metal

Figure 7. Proton EXSY spectra (at 298 K in methartl-only 10- ?rug Sﬁtems n aq.ltf(t)l_lljs. Sg.lug.ons undert_phys_lol_(l)glct:altﬁond|
CH, signals shown) of one-to-one mixtures of (A) %b-Dau (1) and lons. vloreover, wi (.E'r én ing proEer €S simi a_r o those
Yb3*—(Dau) (2) in which the detection of the exchange cross-peaks ©f other metat-anthracyclined? these LA*—daunomycin com-
betweenl and 2 and betweer? and free drug (asterisked) indicates ~plexes can serve as model systems for the understanding of other
the presence of an equilibrium (eq 2) between the two complexes andmetal-anthracycline systems. The use of paramagnetfc Ln

(B) 2and YI*—(Dau) (3) in which the exchange cross-peaks between jons as NMR probes for the study of metalrug interactions
goaﬁ:gli )?ef‘sd ubr?é‘é"%%@aaf”a‘ltfrgguﬂ{gﬁuﬁsgzr'iﬁisv)nr?:eecé t:?azct:;]eP?gt(())n has been demonstrated in this report. The methodology present
EXSY spectrum (at 298 K in methandl) of 1 in the presence of 20 here is also a_ppllca_ble _to the study of other r_‘nemitlblotl_c

equiv of YB** to form partially the complex (YH),—Dau @) in which systems and investigation of the role metal ions play in the
1 is in exchanges with both free drug (primed numbers) and  interactions of antibiotics with macrobiomoleculés.

(numbered) as in eq 4. The asterisked signals in the 1D spectrum are
due to complexXd. The numbering follows the assignment in Figure 4.

. - ¢ ’ F-30
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