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Iron complexes of daunorubicin, idarubicin, pirarubicin, and doxorubicin in anhydrous DMF were studied by
UVl/vis, CD, fluorescence, Mesbauer, and EPR spectroscopy. Titration studies of the metal-free anthracyclines
showed one (UV-detectable) deprotonation step requiring 2 equiv of base, compared to 1 equiv for quinizarine.
Metal complexation was studied at three different metal/ligand ratios, and with increasing amounts of base. The
results obtained from optical spectroscopy show the existence of two different complex species and give clear
indications for the requirements of metal complexation. Complex spécfesmed at a low iron-to-ligand ratio,

is less dependent on base addition than complex spiciesned with equimolar ferric ion. EPR and Msbauer
experiments provide further insight into the structures of both complex species. Lack of spin density of the
Mossbauer samples in EPR indicates spin coupling between the metal ceritesbalier spectra consist of single
quadrupole doublets with values typical for high-spin ferric ion in an octahedral arrangement. Fsbader
spectroscopic features @ T exclude the presence of=S 0 dimers. Complex represents a monomeric ferric

iron complex whereas compldk is consistent with a more or less aggregrated oligomeriedrghracycline
system.

with subsequent topoisomerase-induced strand breadijc-
tively activated alkylation of DNA, and radical-induced oxida-

Anthracycline-based antibiotics have gained widespread ap-jye damagé:5 The usefulness of anthracyclines is limited by

plication in the treatment of neoplasi&mong their different  ¢onyentional toxicity as well as cardiotoxic side effet®us,
modes of action under investigation are intercalation into DNA p, their useful action and most of their side effects are related
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to radical formation':® The redox activity of anthracyclines is  Erba, and deferrioxamine B mesylate from Ciba Geigy. All other
related both to their structutand to the formation of complexes ~ reagents were of the highest quality availabigzeCh6H,0 was
with ferric ion1° Therefore, research has been directed at Prepared fromPFe,0; (Wissel Elektronik, Starnberg, Germany), by
modulating efficacy and reducing cardiotoxicity by modifying dissolving in concentrated HCI, heating, filtering from residual solid
the structures of anthracyclifésand applying anthracyclines ~ Paicles, and evaporating gently to dryness.

as metal complexé@A great deal of research has been devoted Spectroscopic MeasurementsUV/vis absorption spectra were

to the studv of complexes of anthracvclines with different recorded on a Hewlett-Packard 8452A diode array spectrometer
13-15 y . P . 6-18 y : equipped with an IBM-compatible personal computer for data acquisi-
metals? especially with iront~18 The partly controversial

. . tion, storage, and evaluation. Samples were measured in quartz cuvettes
data collected so far has shown the complexity of the subject. ith 4 0.2 cm path length, relative to a blank of the pure solvent. For

The anthracyclines glqne as well as their metal Complexes al€titration series, the spectra were recalculated to identical concentrations.
prone to self-association in polar solveft8? and different Circular dichroism (CD) spectra were measured on a Jobin Yvon
spectroscopies (fluorometry, UWis absorption, circular dichro-  Mark V dichrograph. The samples were recorded in 0.2 cm quartz
ism, EPR, NMR, and Mssbauer) need to be performed in very cuvettes, the spectra were accumulated from three acquisitions, and
different concentration ranges, limiting comparability of the the blank of the pure solvent was subtracted from each spectrum. In
results. To overcome these difficulties, we decided to study the titration series, the spectra were corrected for the added reagent volumes,
formation and properties of ferric complexes in anhydrous DMF. as described for the absorption spectra. Processing and evaluation of
The use of DMF serves two purposes: first, avoiding (at metal- (e spectra was performed with JY CD Soft Ver. 3.0 on an Apple Il e
to-ligand ratio 1/10) or greatly reducing the problems of self- microcomputer. i
association between anthracycline molecéfeSecond, in an Uncorrected fluorescence spectra were recorded &€2h a Jobin

anhvdrous environment. the formation of hvdroxo- and/or oxo Yvon JY 3 CS spectrofluorometer. For fluorescence spectra, a small
Y ’ y aliquot of the anthracycline solutions in DMF was diluted to 1/200

bridges can be excluded, simplifying the structural interpretation it anhydrous DMF, and the diluted solutions were measured in quartz
of the metal complexes formed. Using the solvent system DMF, ¢yettes wih a 1 cmpath length. The excitation wavelength was set at
which is not acting as a ligand for ferric iron, and using the 480 nm. Processing and evaluation of the spectra was performed on
appropriate molar ratios of anthracycline ligand and ferric iron, an Apple Il e microcomputer. The Msbauer spectra were recorded
we were able to show that the observed features are definitelyin the horizontal transmission geometry using a constant acceleration
a consequence of the interaction of this particular ligand system spectrometer operated in conjunction with a 512 channel analyzer in
with iron. The use of DMF as a solvent for metal complexes of the time-scale mode. Thesource was 0.9 GBgCo/Rh (Amersham
anthracyclines has also been successfully demonstrated earliefUchler). The spectrometer was calibrated against a metadiion

: L oil at room temperature yielding a standard line width of 0.24 mm
on tin(IV) complexes of doxorubicif: s 1. The Mtssbhauer cryostat was a helium bath cryostat (MD 306,
Oxford Instruments). A small field of 10 mT perpendicular to the
beam was applied to the tail of the bath cryostat using a permanent
magnet. Isomer shifi, quadrupole splitting\Eq, and absorption area
were obtained by least-squares fits of Lorentzian lines to the spectra.
For the high-field measurement a cryostat with a superconducting
magnet was used (Oxford Instruments). This spectrum was analyzed
with the spin Hamiltonian formalisr#.

EPR measurements were made between 10 and 150 K at X-band
(9.6 GHz) using a conventional EPR spectrometer (Bruker ER 200 D
SRC) equipped with a helium-flow cryostat (Oxford Instruments ESR
910). The data acquisition system, based on a personal computer, is
our own development. Spin quantitations were performed by double
integration of the EPR spectra and by comparison with a 0.93 mM
ferric low-spin cytochrome P45y standard. The cytochrome P43Q
was measured dt= 20 K, because a = 10 K the signal is obscured
by passage effects. A Curie behavior of the signal intensity was
assumed. The temperature was calibrated by measuring the resistance
of a silicon diode, which was put into an EPR tube filled with oil, with
the help of a four-pole technique. In order to account for differences
in g values, the integrated areas were weighted with Aasa correction
factors??

For compensation of zero-field splitting of tige= %/, species ay
= 4.3 we assumed equal population of the three Kramer’s doublets at
10 K and multiplied the integral values of tlie= 4.3 signal by 3.

This procedure has been motivated by the fact that zero-field splittings
of related iron compounds like siderophores are generally Dw (

0.5 cn1Y).18 We checked this assumption by quantitations of the sample
Ida(5) which has also been used for théddbauer measurements (see
Figure 8) at 10, 20, and 30 K. The so obtained values were the same
within the experimental error af 20%. There is a small signal around

g = 2 originating from a Cu impurity in the cavity. Subtraction of the
baseline removes this impurity.

Sample Preparation. Anthracyclines were used as hydrochloride
salts and dissolved in anhydrous DMF to a standard solution. The
concentration of this standard was checked by the absorption of an
aliquot, diluted to the micromolar concentration ranggd= 11500

Experimental Section

Chemicals. Daunorubicin, doxorubicin, and idarubicin, each as
hydrochlorides, were obtained from Pharmacia-Upjohn, France.
Pirarubicin was purchased from Roger Bellon, France. Dimethylfor-
mamide (anhydrous), ferric chloride (anhydrous), sodium ethoxide, and
quinizarine were purchased from Aldrich, and morpholinopropane-
sulfonic acid was purchased from Sigma, anhydrous ethanol from Carlo
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305, 139-153.
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Figure 1. Structures of anthracyclines used in this study: (a) :i‘ AL TraeEeeoed
daunorubicin, (b) idarubicin, (c) doxorubicin, and (d) pirarubicin. 2 O:BE / ./:‘,_t._._...—o—o—o—o
4 A
< 6] v A—A—A—A-p oA
M=t cm™1 29, Since anthracycline solutions are sensitive to light and 0.4 ._,_.../f’/./k
oxygen, stock solutions were prepared just prior to use. Samples for 024 /
measurement were prepared in series of aliquots from the same standard, 004 ¥ ¥V
diluted with DMF to the intended concentration, with metal and base -0.2 T T T T T T
added in specified ratios. For the metal-containing solutions, a standard 0 ! 2 2 4 s
of anhydrous ferric chloride in anhydrous DMF was prepared and b poxo in DMF, 15 % EtoH eq. NaOEt
standardized with deferrioxamine B. To an aliquot of ferric chloride
in anhydrous DMF, an excess of aqueous deferrioxamine B was added, 2,04 aday
the complex equilibrated, and its absorption spectrum recorded. The 184 \\
iron content was calculated from the molar extinction of 2800* M 16 \g
cm! at 428 nn# _ _ o 14 ., ‘"‘\kk
Base was added as a solution of sodium ethoxide in anhydrous DMF, 12 g =1=f=
which was prepared fresh for each sample and was added immediately § N
to the anthracycline and ferric anthracycline solutions. £ 107 ”',/
For Mossbauer and EPR spectroscopy, the lactose-containing com- 3 08 v o—0—s—0—9—0—0—0
mercial anthracycline preparations were dissolved in 0.1 M NaHCO < %87 et (o—0—o—0"
and extracted three times with 4/1 CHEIH;OH. The organic solvent 0.4 —e—o—
was evaporated, yielding pure anthracyclines. The ferric complexes were 0.2
prepared by adding solutions ¥FeCZ% in DMF to the stock solutions 0,0 =353
of the anthracyclines in DMF. The iron content was kept constant at 1 o ’ 1 ' M 3 ’ ‘
mM, and the anthracycline content was varied for different iron-to- q. NaOEt
ligand ratios. After the UV-vis absorption, circular dichroism, and ~ ©  0OoxeinDMF, 30 % E:0H
fluorescence spectra of the solutions were recorded and checked, the
solutions were immediately frozen in'dsbauer sample holders made —a— Abs.290nm
Ezaerlrzgazzxﬁllgst in EPR tubes in liquid nitrogen and stored at 77 K —e— Abs.360nm
' —aA— Abs.480nm
Results —v— Abs.570nm
Deprotonation Studies.Solutions of daunorubicin, idarubi- —+— Abs.610nm

cin, plrarub|C|_n, and doxorubicin (F_lgure 1) in anhydrous DMF Figure 2. (a) Titration of doxorubicin,c = 0.67-0.37 mM in

at cpncentratlpns ,Of 0.5 mM were tltrat.ed with freshly prepared anhydrous DMF, with sodium ethoxide. (b) Titration of doxorubicin,
sodium ethoxide in anhydrous DMF, in steps of 0.3 equiv of ¢ =0.60-0.39 mM, in anhydrous DMF, 15 vol % ethanol, with sodium
base, relative to anthracycline. The absorption spectra wereethoxide (c) Titration of doxorubicirg = 0.73-0.45 mM, in anhydrous
recorded and the molar extinctions at selected wavelengthsDMF, 30 vol % ethanol, with sodium ethoxide.

plotted against the base content. All anthracyclines showed one

deprotonation step, the spectral changes occurring between lynich is lacking the side chain functionalities on the anthra-
and 2 equiv of base. The spectra remained stable from 2 equiveyciine ring system. Titration of quinizarine in anhydrous DMF,
and above, until decomposition became apparent&@quiv  carried out analogously to the experiments with anthracyclines,
of base. A test experiment was carried out with quinizarine, showed one deprotonation step. The spectra remained stable
above 1 equiv of base, relative to quinizarine. The final base

(23) Fiallo, M. M. L.; Tayeb, H.; Suarato, A.; Garier-Suillerot, A. consumption was only 1 equiv. The influence of the solvent
Pharm. Sci.1998 87 (8), 967-975. L) o L )
(24) Raymond, K. N.; Mler, G.; Matzanke, B. F. MTop. Org. Chem. has been tested by titrating doxorubicin in DMF, with increasing

1984 123 49-102. content of ethanol (Figure 2). At a composition of 30% ethanol,
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70% DMF, two deprotonation steps could be observed, corre- 1754
sponding to titrations of anthracyclines in water or ethanol. With
15% ethanol, 85% DMF, an intermediate situation with a broad,
“smeared” step was observed.

CD spectra of the deprotonation series of the anthracyclines
were recorded primarily for the purpose of comparison with
the metal complexation series. Taken alone, the circular
dichroism spectra cannot yield conclusive information on the
extent of deprotonation; they give, however, information on the -0 T T 7 ; 7 ;
accompanying conformational changes induced by changes in 30 0o 30 . 70 0
net charge of functional groups. Anthracyclines in DMF have

. . ) "
E n%gat“;goband at 235 nrg & _t_(sh%rt %XISt))Li;E) positive c(daunorubicin)y= 0.65 mM in anhydrous DMF, metal/ligand ratio 1/1.
and a nm (R~ 7*), and a positive band a nm ¢~ Curve 1: no base. Curve 2: 1 equiv of base sodium ethoxide, relative

7* (long axis)). Qn dep.rotonation, the— z* transitions show to iron content. Curve 3: 2 equiv of base sodium ethoxide, relative to
a decrease of intensity. The same holds for the-nsz* iron content. Curve 0: iron-free daunorubicin.

transitions where, in addition, an accompanying shift from 325
to 350 nm was observed. Idarubicin differs from the other
anthracyclines in that the 1+ #* transition shifts, but retains

its full intensity, as for the protonated species. 20— 8\

Metal Complexation. For an estimation of the degree of /
complexation, a reference experiment was carried out for the /i) LR
spectral properties of ferric ions in the solvent dimethylforma-
mide. Series of increasing iron concentrations in anhydrous
DMF were prepared, the iron concentrations being 0.06, 0.2,
and 0.6 mM, analogous to the iron concentrations used in the
anthracycline complexation studies. Different series contain 0.0,
0.6, 1.2, and 1.8 mM sodium ethoxide. The characteristic
contribution of ferric ions to the UV/vis spectra was an
absorption at 360 nm, independent of base content. Correspond-
ing characteristics are thereafter referred to as “free iron”, ) e I | A
denoting iron not bound to anthracyclines. ’ 300 400 500 600 700

In preparing ferric complexes of anthracyclines in DMF, an wavelength [nm]
increasing amount of iron (0.1, 0.33, and 1 equiv, relative to Figure 4. Circular dichroism spectra of daunorubicin/iron complexes
anthracycline) was added to a solution of anthracycline in in anhydrous DMF, 2 equiv of base sodium ethoxide, relative to iron

; ; content. Dashed linec(daunorubicin}= 0.58 mM, metal/ligand ratio
anrri‘ydr\c,’v‘ijtf] BNr”:i'n Th: eXperLTir;tsnwege pegoimg%é“ fe"er.a' 1/10. Dotted line:c(daunorubicin)= 0.53 mM, metallligand ratio 1/3.
Series arying base content (no base, 0.1, 0.33, €AUNV, Thin fine: c(daunorubicin}= 0.41 mM, metal/ligand ratio 1/1. Thick

relative to anthracycline). The base, sodium ethoxide, was addedjne: daunorubicin in DMF c(daunorubicin)= 0.62 mM, no metal,
in quantities corresponding to the iron content of the solutions, no base.
to compensate for the protons liberated from the ligand by the
complexation process. Thus, the base would only assist inmost prominently for 1/10 iron content, decreasing again at
complexation, avoiding an excess of base which would produce higher iron content. When 1 equiv of base is used, relative to
deprotonated free ligand. The spectral characteristics of the metakhe increasing iron content, the maximum at 595 nm appears
complexes are thus not disturbed by the superposition from the same as for the base-free series, with increased amplitude.
spectra of the free anionic anthracyclines. For 1/1 iron and 1 equiv of base, a new feature appears, a
The absorption spectra of the anthracycline/iron complexes maximum at 665 nm, combining with the residual amplitude at
provide insight into the conditions necessary for complex 595 nm to a broad maximum. This feature becomes even more
formation without differentiating between different types of prominent at higher base contents, i.e., with 2 and 3 equiv
complexes. The series of absorption spectra of daunorubicin/relative to the iron content. These spectra show that the
iron samples prepared without base show, with increasing iron maximum at 665 nm combines with a minimum at 575 nm,
content, a weak gain of absorption at 600 nm, with a slight producing an S-shaped curve, best visible for 1/1 iron and 2
decrease of the free anthracycline maximum at 480 nm. At high equiv of base (Figure 4). The curves for 1/3 iron have the
iron content (1/1 against anthracycline), the absorption at 360 characteristics of both the 1/10 and 1/1 CD spectra and are
nm becomes prominent, indicating free iron. With 1 equiv of presumably superpositions of these curves. This could be
base, relative to iron, the absorption band at 600 nm increasesconfirmed by a plot ofAe at 575, 600, and 665 nm against
more, whereas the “free iron” fingerprint at 360 nm is increasing iron content, at 2 equiv of base each, as shown in
disappearing completely. For 2 equiv of base, the absorption atFigure 5. An isodichroic point is found at 629 nm. The formation
600 nm further increases and remains virtually the same for 3 of the complex species at low (1/10) iron content is less
equiv of base (Figure 3). The changes in the CD spectra of thedependent on base addition than the complex species formed
anthracycline/iron complexes occurring with increasing iron with an equimolar ratio of iron. The base-induced features of
content have to be compared with the base titrations of the the iron-free anthracyclines, especially the double maximum at
anthracyclines without iron (see above). Daunorubicin, after 565/595 nm, are not visible in the iron-containing series, even
addition of iron without accompanying base, is not affected at 3 equiv of base. This validates the assumptions for the base
much; i.e., the spectral characteristics below 530 nm do not additions outlined above. The time course of daunorubicin/iron
change significantly. At 595 nm, a single maximum appears, complex formation was monitored by CD spectroscopy. The

1.40 4

Absorbance [AU}

Wavelength [nm]
Figure 3. UV —vis absorption spectra of daunorubicin/iron complexes,

0.0

AE) M1 em ]

20—




5328 Inorganic Chemistry, Vol. 40, No. 21, 2001 Drechsel et al.

—a—CD at 575 nm

08 —e— CD at 600 nm
! —a—CD at 665 nm
0,6
= 04-
£
(3]
- 0,2
= ]
4 004

-0,2

-0,4

- v T . T .
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Figure 5. Evolution of CD spectra of daunorubicin with increasing ) . o .
iron content. Sample data same as in caption to Figure 4. Figure 6. CD spectra of idarubicin/iron complexes in anhydrous DMF,

] ] 2 equiv of base sodium ethoxide, relative to iron content. Dashed line:
samples with 1/1 iron content were kept at room temperature, c(idarubicin) = 0.57 mM, metal/ligand ratio 1/10. Dotted line:

shielded from direct light and from contact with air. Without c(idarubicin)= 0.49 mM, metal/ligand ratio 1/3. Thin linec(idaru-

base, ’[he CD Spectra Of the Samp'es do not Change s|gn|f|cant|yblcln) :035 mM, metal/ligand ratio 1/1. Thick line: idarubicin in

With 1 equiv of base, the maximum at 665 nm increases within DMF: c(idarubicin)= 0.61 mM, no metal, no base.

2 h, indicating slow kinetics of formation of this complex

species. After 3 and 5 days, the spectra collapse progressively,

presumably due to decomposition of the ligand. Samples with 20

2 and 3 equiv of base usually precipitate within several hours

after preparation. —

The absorption spectra of the iron complexes of idarubicin E

indicate complex formation only with the addition of at least 1 -

equiv of base. Complete complex formation is reached with 2 =
W
<

1 l | |

equiv of base and does not increase further with 3 equiv. This
behavior is analogous to the daunorubicin series.

The CD spectra of idarubicin/iron complexes differ to some
extent in several series from the daunorubicin/iron complexes.
Without addition of base, the CD spectra are comparable to the

situation described for daunorubicin. When base is added, from 40— Y { | A \
1 to 3 equiv, the features at shorter wavelength shift batho- 300 400 500 600 700
chromic. The minimum at 285 nm and the maximum at 350 wavelength [nm]

nm decrease in intensity, accompanied by a shift from 285 nm gigyre 7. CD spectra of doxorubicin/iron complexes in anhydrous
to 315 nm and from 350 nm to 385 nm. The maximum at 465 DMF, 3 equiv of base sodium ethoxide, relative to iron content. Dashed
nm, most pronounced in iron-free anthracyclines, decreases withline: c(doxorubicin)= 0.60 mM, metal/ligand ratio 1/10. Dotted line:
the addition of iron, while the positive bands above 530 nm c(doxorubicin)= 0.49 mM, metal/ligand ratio 1/3. Thin linec(doxo-
appear at 1/10 iron and increase with increasing iron content. _rublcm) =0.32 mlv_l,'metallllgand ratio 1/1. Thick line: doxorubicin
With 1 equiv of base, 1/10 iron produces an unsymmetrical " PMF. c(doxorubicin)= 0.66 mM, no metal, no base.
double maximum at 565/595 nm, resembling the CD charac- The CD spectra of doxorubicin/iron samples without base
teristics of free, deprotonated idarubicin. With 1/3 iron, the do not change much upon increasing content of iron, indicating
double maximum develops into a broad single maximum, which the necessity of base for complex formation. With 1 equiv of
shifts to 665 nm with 1/1 iron. With 2 and 3 equiv, the 1/1 iron base, relative to iron content, increasing iron decreases the
complex shows a distinct negative CD contribution, resulting minimum at 295 nm, the maximum at 360 nm, and the
in an S-shaped curve. The 1/10 iron samples still have an maximum at 485 nm. The changes above 530 nm are negligible.
unsymmetrical double maximum at 565/595 nm, as in the iron- With 2 and 3 equiv of base, the decrease in intensity of bands
free preparations. The 1/3 iron samples have contributions fromis accompanied by a bathochromic shift in the CD spectra of
both the high- and low-iron ratio samples and are obviously the samples with high iron/ligand ratio (1/1), from 295 to 325
superpositions of CD spectra from the two different complex nm, from 360 to 385 nm, and from 465 to 485 nm. In the series
species therein (Figure 6). This could be confirmed by plots of with 3 equiv of base, relative to iron content, increasing amounts
the CD effects at different wavelengths against the iron/ligand of iron lead to a negative band at 575 nm accompanied by a
ratio, as demonstrated for daunorubicin. The formation of the smaller maximum at 665 nm. The CD spectra of the 1/1 iron/
complex species at low (1/10) iron content is less dependentdoxorubicin preparations are distinctly different from the other
on base addition than the complex species formed with an CD spectra at lower iron content. The underlying complex
equimolar ratio of iron. species is visible at 2 equiv of base and fully formed with 3
The absorption spectra of iron complexes of doxorubicin in equiv of base (Figure 7).
anhydrous DMF are analogous to those of the other anthracy- The absorption spectra of iron complexes of pirarubicin in
clines. Upon increasing iron, the absorption of free, protonated anhydrous DMF are analogous to those of the other anthracy-
anthracyclines at 480 nm decreases, while a new broadclines. Upon increasing iron, the absorption of free, protonated
absorption band is formed around 600 nm. anthracyclines at 480 nm decreases, while a new broad
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108 - the spectra consist merely of quadrupole doublEts-(0.40—
velocity [mms™] 0.52 mm s1), the Mssbauer parameters of whiah 0.56—
Figure 8. (a) Massbauer spectrum of Ida(5) idarubicin/iron complex  0-58 mm s, AEq = 0.66-0.93 mm s*) are typical for high-
in anhydrous DMF ¢(>Fe) = 1.1 mM, c(idarubicin)= 1.1 mM, 1 spin ferric ion bound to oxygen/nitrogen in an octahedral
equiv of base relative to iron content), taken at 4.2 K. The solid line is arrangement. The nonzero quadrupole splitting reflects a sym-
a Lorentzian fit with the parametergt = 0.56 mm s?, AEqp = 0.82 metry lower than cubic at the iron site.
mm s, I' = 0.56 mm s™. (b) Mossbauer spectrum of Ida(5) taken at  The samples of idarubicin allowed the comparison of the
4.2 Kin afield d 7 T perpendicular to the-beam. The solid line is . .
a simulation with the parameters obtained from Figure 8a assuming aaqueous an(_j the_anhydrous solvent systems. The isomer shift
diamagnetic ground state and a positive sigm\&k. was virtually identical for both solvents. Exchange of the solvent
(water by anhydrous DMF) yields an increase of the quadrupole
absorption band is formed around 600 nm. The spectral SPlitting: +0.09 mm s* for Ida(l)/lda(3) and+0.15 mm s*
characteristics of “free iron” in DMF are only observed for high for the samples Ida(2)/lda(5). Likewise, increasing base content
iron content without base. also increaseAEg at either metal/ligand ratio0.04 mm s?

The evolution of CD spectra of pirarubicin/iron complexes N the Fe/ligand= 1/3 and+0.05 mm st in the iron/ligand=
upon increasing iron content in series with different base content 1/1 Preparations). Finally, replacement of idarubicin by dauno-
is similar to the changes observed for doxorubicin/iron com- Fubicin again results in a slight increasedq, possibly due
plexes. The minimum at 295 nm decreases upon increasingto a sllghtly _altered conf!guratlon of the' anthracycline D-ring.
content of iron, with only a slight shift to 305 nm. The maximum 11 line widthsI" (full width at half-maximum) of all samples
at 330 nm decreases and shifts bathochromic to 395 nm inare fairly large ['= 0.40-0.52 mm s*). At least for Ida(5) [
samples with a 1/1 iron/ligand ratio. The maximum at 465 nm = 0-58 mm s7) and Ida (6) [' = 0.52 mm s7) we attribute
decreases without significant shift, and a new minimum at 600 this finding to the presence of two or more species in solution
nm is formed, beginning with at least a 1/3 iron/ligand ratio €xhibiting very similar Mesbauer parameters.

and 2 equiv of base. This complex species is fully pronounced ~ For 1/1 daunorubicin/iron, with 2 equiv of boase, another
with 1/1 and 1/3 iron/ligand ratio and 3 equiv of base. sample was prepared, equilibrated for 64 h-@0 °C, before

The fluorescence of anthracyclines is diminished by addition freezmg in liquid nitrogen. The Vesbauer spectra of this sqmple
of base, due to formation of the nonfluorescent anionic (N Table 1: Dau(2), aged 64 h) showed the additional
anthracycline species. The addition of iron produces a similar 2PPearance of a magnetic sextet (Figure 9), comprising about
quenching effect. The effect is most pronounced from zero iron 80~ 70% of total iron. This indicates a process of aging of the
content through 1/10 to 1/3 iron/ligand ratio, and less for further

initial complex species through time dependent rearrangement
increasing the iron/ligand ratio to 1/1. This indicates that the
assumed iron species formed at low iron content is fully active

reactions. Spectra similar to this aged sample have been obtained
in suppressing fluorescence of the anthracycline chromophore.

earlier in agueous preparations of ferric daunomygin.
In order to elucidate the magnetic ground state of the samples
Changes in solvent composition, effected by adding increasing
amounts of ethanol to the DMF solutions, do not change the

we have performed high-field Msbauer experiments at=
4.2 K at a field & 7 T perpendicular to the-ray for Ida(l),
fluorescence intensity, either for the iron-free anthracyclines or Ida(5),_ a”_d Da_u(l). As an exampl_e the high-field spectrum of
for their iron complexes in the presence of 1, 2, or 3 equiv of !da(5) IS given In Flgure 8b. A relayvely br_oad.magnetlc pattern
base. relative to iron content. is observed, which is also present in the high-field measurements
Méssbauer spectra were recorded for samples of daunorubicinOf da(l) and Dau(l) (data not shown). Such a pattern is

in anhydrous DMF and of idarubicin in acetate buffer and in cqnsistent neither with the presence of spin-coupled fe_rric_(_jimers
anhydrous DMF. The samples used fof $dbauer spectroscopy with S = 0 ground state nor with the presence of significant
were at a constant iron concentration of 1 mM, with varying ampunts of uncpupled ferric ion. The latter would show aV.Ve”'
anthracycline content. As an example the spectrum of Ida(5) Qefmed magnetic structure_depend_lr]g on the values of th? ligand
obtained at 4.2 K in a weak applied field of 10 mT perpendicular 1_‘|eld25|022rametersD (zero field splitting) andE/D (rhombic-

to they beam is shown in Figure 8a. The spectrum consists of ity).=

a relatively broad quadrupole doublet. Table 1 displayss$Ao (25) Trautwein, A. X. Bill. E.: Bominaar, E. L. Winkler, HStruct
bauer parameters of Ida(5) and of the other frozen solutions of Bonding1991 78, 1-95. T ’ '

the different samples. With the exception of an aged sample, (26) Sctimemann, V.; Winkler, HRep. Prog. Phys200Q 63, 263—353.
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Table 1. Mdssbauer Parameters of Various Ferric Anthracyctines

compound solvent ratié basé o0 (mms?t) AEq (mm s T2 (mm sb)e

Ida(l) ag 1/3 na 0.58(2) 0.67(3) 0.22(2)
Ida(2) aq 1/1 na 0.57(5) 0.68(9) 0.22(6)
Ida(3) DMF 1/3 1 0.57(2) 0.76(3) 0.20(2)
Ida(4) DMF 1/3 2 0.56(1) 0.81(2) 0.21(2)
Ida(5) DMF 1/1 1 0.56(2) 0.83(3) 0.28(2)
Ida(6) DMF 11 2 0.54(2) 0.88(4) 0.26(3)
Dau(l) DMF 1/1 2 0.56(2) 0.94(4) 0.21(3)
Dau(2) DMF 1/1 2 0.56(4) 0.82(2) 0.23(5)
Dau(2), aged 64'h

magnetic species, 58% contribution 0.50(6) 0.87(1)

doublet species, 42% contribution 0.56(6) 0.82(2) 0.46(2)

aMeasurements were performed at 4.2 K in an external magnetic field of 10 mT perpendiculaytbahm. For details see the Experimental
Section.? Ida: idarubicin. Dau: daunorubicifiRatio: molar ratio of iron/anthracycline(Fe)= 1.1 mM. 9 Base: molar equivalents of sodium
ethoxide added, with respect to%Fe® I’y half-widths at half-maximum|Hes = 43.9 T.

Ferric dimers with5= 0 ground state would exhibit a pattern 8 6 g-factors
which is shown as a solid line in Figure 8b. This simulation of T '
a diamagnetic component has been performed with the param- [ e e
eters obtained from the measurement at low fields (Figure 8a). ©
The experimental data clearly differs from the simulation which ©
shows that the majority of the iron is not in a diamagnetic gl VP CUUNUNUENSIREN.
ground state. Thus, on the basis of the high-field experiments,
the formation of ferric dimers exhibiting strong Heisenberg
interaction which causes antiparallel coupling and a diamagnetic
ground state can be excluded. Obviously, the present samples
are different from ferric ion dimers which are connected via
u-oxo bridges and which exhibit strong antiferromagnetic
exchange like the ferric forms of ribonucleotide reductasad K . , )
methane mono oxygen&8eas well as various model com- 100 200 300 400
plexes?® B [mT]

EPR spectra were recorded on samples of the same concengigyre 10. EPR spectra of ferric daunomycin in DMF. Spectrum a
tration as for the optical spectroscopy (iron concentration-0.05  corresponds to sample Dau(6), b to Dau(5), and ¢ to Dau(4). As a
0.5 mM). The series was performed on daunorubicin in standard (spectrum d), a ferric low-spin form of cytochrome P450 (0.930
anhydrous DMF, with 1/10, 1/3, and 1/1 iron/ligand ratio, at 1, mM) measured at 20 K was used. The daunomycin spectra were
2, and 3 equiv of base, relative to iron content. All EPR spectra reécorded at 10 K with 9.6456 GHz microwave frequency ay20

; : — microwave power, modulation amplitude 0.5 mT, and modulation
of th_e greﬁ)aral“on.s Shc;whvery weak .Slgnr?ls r@ar;_4.3 aq% . frequency 100 kHz. A copper impurity originating from the cavity was
et = ; Se eCthn of the spectra Is shown in Figure N eliminated by baseline subtraction. Spectrum a contains a small Mn
comparison to a signal from a cytochrome P450 standard. Injmpurity. For spin quantitation see Table 2.

Table 2 the calculated spin densities of the series of ferric

daunomycin complexes are listed. At high Fe(lll) contents the nation of the amine function is not visible in UV spectra, only
so obtained spin concentration of the EPR signal is very low if the deprotonation of phenol to phenolate can be followed by
compared to the iron concentration; the samples with 167 andUV spectroscopy. The deprotonation of the anthracyclines in
500u4M iron concentration are basically EPR-silent. Also at 50 anhydrous DMF shows only one deprotonation step. These
uM a substantial portion of the iron is EPR-silent. Since the results differ markedly from the titrations of anthracyclines in
magnetic Masbauer data revealed that the samples are notwater and protic solvents, where two UVisible deprotonation
diamagnetic at 4.2 K but all iron is in the ferric high-spin state, steps with the final consumption of 3 equiv of base occur.

the fact of EPR-silent species can only be explained by spin  With the additional results from the titration of quinizarine,
coupling of the ferricS= 5, ions. In order to investigate whether ~ we conclude that, in DMF, the deprotonation of anthracyclines
large oligomers as in ferritin-type structures are present in the and of quinizarine does not proceed beyond the monoanion.
samples, we have performed additional EPR measurements afhe dianionic species, resulting from complete deprotonation
150 K. But also at 150 K, the samples remain EPR-silent (data in titration experiments of the anthracyclines in water or protic

dy"/dB

not shown). solvents, cannot be obtained in anhydrous DMF, because of
) ) the much smaller dielectric constant of DMF (38.25, at 293 K)
Discussion compared to water (78.54, at 293 ¥)For anthracyclines, the

As can be seen from the structure of anthracyclines (Figure firSt equivalent is necessary to deprotonate the ammonium
1), there are three sites for deprotonation. Since the deproto-functionality, without accompanying changes in absorption
spectra. The visible deprotonation step is due to the deproto-
(27) Lynch, J. B.; Juarez-Garcia, C.; Mk, E.; Que, L., JrJ. Biol. Chem. nation of the first phenolic group, yielding a monoanion. The
1989 264 (14), 809t 8096. dianion is energetically unfavorable in a solvent of low dielectric

(28) Fox, B. G.; Hendrich, M. P.; Surerus, K. K.; Andersson, K. K.; Froland, constant, i.e., the i of the second phenol group is shifted
W. A.; Libscomb, J. D.; Muack, E.J. Am. Chem. Sod993 115

36883701 upward, such that ethoxide is insufficient for its deprotonation.
(29) Solomon, E. I.; Brunold, T. C.; Davis, M. |.; Kemsley, J. N.; Lee, S.
K.; Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y. S.; Zhoem. (30) CRC Handbook of Chemistry and Physié8th ed.; CRC Press: Boca

Rev. 200Q 100, 235-349. Raton, 1997.
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Table 2. Percentage of Total Spin Density of tihg: = 4.3 Signal of EPR Samples of Different Ferric Daunorubicin Comphexes

Dau(l) Dau(2) Dau(3)

Dau(4)

Dau(5) Dau(6) Dau(7) Dau(8) Dau(9)

EPR-visible (%) 35 11 4 38

Dau(1)
Dau(2) c(Dau)= 500uM,
Dau(3) c(Dau)= 500,uM,
Dau(4) c(Dau)= 500uM
Dau(5) c(Dau)= 500uM,
Dau(6)
Dau(7) c(Dau)= 500uM
Dau(8) c(Dau)= 500uM,
Dau(9)

8 1 45 14 17

c(Dau)= 500uM, c(Fe)= 50uM, c(OEt)=50uM

c(Fe)= 167uM, c(OEt) = 167uM
c(Fe)= 500uM, c(OEt) = 500uM

, c(Fe)=50uM, c(OEt)= 100uM

c(Fe)= 167uM, c(OEt) = 333uM

c(Dau)= 500uM, c(Fe)= 500uM, c(OEt)= 1000uM
, ¢(Fe)= 50uM, c(OEt)= 150uM

c(Fe)= 167uM, c(OEt) = 500uM

c(Dau)= 500uM, c(Fe)= 500uM, c(OEt)= 1500uM

@ Areas were obtained by double integration of the EPR derivative signals. As a standard, a ferric low-spin form of cytochrome P450 (0.930
mM) measured at 20 K was used. The estimated error is 20% of the calculated values. For details of this procedure, see the Experimental Section,
Spectroscopic Measurements. Experimental parameters: the daunorubicin spectra were recorded at 10 K with 9.6456 GHz microwave frequency

at 20u4W microwave power, modulation amplitude 0.5 mT, and modulation frequency 100 KHz

For quinizarine in DMF, 1 equiv of base produces the mono-
anion, the dianion being likewise inaccessible. Titration experi-
ments of doxorubicin in DMF with increasing content of ethanol
support the interpretation based on solvent polarity.

The UV—vis absorption characteristics of anthracycline/iron

complexes in anhydrous DMF indicate the necessity of base

addition for complex formation. This is clear from the missing
buffering capacity in the solvent used. Th&pfor the
protonation of DMF is reported to bel.3 to—1.431 No more
than 2 equiv is needed for complete complexation. The CD
spectra of anthracyclines show distinct features even without

The CD spectra of doxorubicin/iron complexes indicate the
formation of a complex species at 1/1 iron/ligand ratio, requiring
at least 2 equiv of base for its formation. The existence of
another, different complex species at low iron content cannot
be proven from the spectral data acquired in this study.

Evaluation of the CD spectra of pirarubicin/iron complexes
yielded results similar to those obtained for doxorubicin. A
distinct complex species is formed with high iron content (1/3
and 1/1 ratio). The formation of this species starts with 1 equiv
of base (relative to iron content) and reaches saturation with 3
equiv of base. Another, differerent complex species cannot be

metal complexation due to the presence of chiral centers in theconclusively characterized.

molecule (Figure 1). The aglycon part of the molecule contains
two chiral carbons, C(7) and C(9), both of which have ge
configuration in all anthracyclines used in this study. Another
contribution to the overall dissymmetry arises from different
conformations of the cycle A, the aliphatic six-membered #ig.

The amino sugar, daunosamine, contains five chiral carbons.

And finally, the orientation of daunosamine relative to the
chromophore leads to different conformations of the glycosidic
bond33

In the presence of a metal, complexation occurs, the extent

for the protons liberated in the process of complex formation.
Changes in the conformation of the anthracycline as well as
the configuration introduced at the metal center profoundly
change the CD spectra.

The CD spectra of daunomycin/iron complexes, with the
addition of, ideally, 2 equiv of base, relative to iron content,
indicate the formation of two different complex species. One
complex is formed at low iron content, i.e., at a 1/10 iron/ligand
ratio relative to the anthracycline; the other is formed at high
iron content, i.e., at a 1/1 ratio. The formation of the latter is
strongly base dependent and requires 2 equiv of base for full
development of its CD features.

The CD spectra of idarubicin/iron complexes in anhydrous
DMF show the formation of two different complex species, one
at a low iron/ligand ratio, the formation of which is independent

of base, and another species at a high iron/ligand ratio. The
base dependency of these two complex species is analogous t3

that of daunorubicin, formation of the complex at an equimolar
ratio being strongly base dependent and requiring 2 equiv of
base for full development of its CD features.

(31) Combelas, P.; Costes, M.; Garrigou-Lagrange&z&h. J. Chem1975
53, 442-447.

(32) Brown, S. C.; Kollman, P. A.; Weiner, P. IBiochim. Biophys. Acta
1982 717, 49-55.

(33) Ragg, E.; Ulbricht, C.; Mondelli, R.; Fronza, G.; Pencoz8zz. Chim.
Ital. 1990 120, 501—509.

All ferric complex species suppress the fluorescence of the
anthracycline chromophore. This is analogous to the nonfluo-
rescent behavior of deprotonated anthracyclines produced by
titration with base.

In the Mssbauer measurements, three dependenci®E@f
from the experimental conditions were observed. First, an
increase ofAEq was found when the aqueous solvent was
replaced by DMF. This reflects increased net charge on the
donor atoms in a solvent of lower dielectric constant, consistent
with the dielectric effect discussed in the context of deproto-

%hation of the metal-free ligands. In water, the solvent obviously

shields the negative charges of the ligand oxygen to some extent
by dipole—charge interaction. Second, increase of base in the
DMF preparations increaseésEq. We attribute this shift to the
presence of additional charges in the vicinity of the metal center.
Finally, replacing idarubicin by daunorubicin also yields an
increase ofAEq. The two anthracyclines differ in their sugar
moieties. Although the sugar portion is not directly involved in
complex formation, it obviously affects the complex structare
e.g., by steric means (altered configuration of the anthracycline
D-ring)—giving rise to the observed shift.

In an earlier EPR study of ferric daunomycin in aqueous
solution a signal neayesr = 2 observed at 10 K was attributed
to a doublet species with = 0.58 mm s* and AEq = 0.77
mm s 1. This species was assigned to polynuclear magnetic
aggregates. The majority of the spectrum, however, was EPR-
ilent’® However, the results of the latter and the present
investigations are not directly comparable. Here, samples,
prepared in DMF, were quickly frozen, whereas in the earlier
study pH adjustment of aqueous samples was made slowly
within a time period of 1 h.

The EPR data of the daunorubicin samples clearly disclosed
that the portion of the iron (at 50@M almost all iron) is EPR-
silent. Since Mesbauer spectroscopy clearly reveals that all iron
in the sample is in the ferric high-spin state, the iron sites must
be magnetically coupled to an integer total spin. The observed
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broad Mtssbauer pattern at high external fields revealed that
the major portion of the iron is not diamagnetic. Thus, on the
basis of the high-field experiments, the formation of spin-
coupled ferric dimers witls = 0 can be excluded. Ferric iron
centers can interact through relatively strong exchange interac-
tions which are mediated vjg-oxo bridges, but there are also

CH0 ©O OH Y
cases where, in the absencewdxo bridges, only weak dipolar ' Gll ] /‘pé . ]
spin—spin interactions are effective. Such a situation can also aunosamine > aunosamine
be detected by the application of magnetic fields on the order —
of 5—7 T34 complex I complex 11

The large field Supressgs the spipin r'elaxation rate V‘,’hi_Ch Figure 11. Proposed structures for complexesndll on the example
reveals a spectrum showing a well-defined sextet. This is not of daunorubicin.

the case in our samples, and therefore we can also exclude the
presence of only dipolar coupled iron sités.

It is obvious that none of the above scenarios describes the We therefore propose two structural models for the ferric
experimental facts correctly. An explanation could be a very anthracycline complexes in DMF. The first species, formed
weak magnetic exchange interaction in the range of ap- preferentially at low iron-to-ligand ratio, and visible in its
proximately 2-10 cnT!. At 4.2 K and an external field of 7 T spectral characteristics in the samples with a 1/10 iron/metal
already several excited states are populated. Such a situatiorfatio, binds one ferric ion, at positions 11 and 12, acting as a
cannot be handled in the strong interaction limit anymor& A  keto-phenolate bidentate. This is in agreement with complex
= 0 Hamiltonian is not sufficient as can be seen from the described in another publication on this topié’
simulation given in Figure 8b, because one set of ligand field The second species, which evolves at a 1/3 iron-to-ligand
parameters for each single site and a coupling term have to beratio and reaches full expression in preparations equimolar in
taken into account. The present data do not allow such aniron and ligand, is presumed to be structurally identical to
analysis, and even if we had measured over a wider range ofcomplex Il in which two ferric ions are bound to one
temperatures and magnetic fields, at least 15 significant unkownsanthracycline molecule, occupying the coordination sites of C11/
need to be determined even if all tensors share a commonC12 and C5/C6 (Figure 11).
principal axis system as was stated byndk and co-workers The lack of spin density observed in the EPR spectra is seen
for the case of the biferrous form of the hydroxylase of MMO to be a result of spin coupling between the metal centers. Field
from Methylosinus trichosporiu®@B3b28 Of course, these data  dependent Mssbauer spectroscopy indicates that the exchange
do not allow a definitive statement about the degree of coupling between the two iron sites is weak, since no diamag-
oligomerization (dimer, trimer, etc.) (see Conclusions). Also a netic ground state could be detected at 4.2 K. An exchange path
stacking of the complexes and the formation of small aggregatesmay be possible via the ring system of the idamycin and
(<10 nm) might be possible. Nevertheless, the lack of a broad daunomycin ligands. However, based on the present data we
resonance arourgl= 2 in the EPR spectra at higher temperature cannot exclude the formation of oligomers which could be
(150 K) also excludes the presence of large antiferromagnetically arranged in a ladderlike fashion.
coupled clusters as found for ferritin and bacterioferd#in. A chainlike oligomer exhibiting long-range couplings can be

The amount of the EPR-visible species very likely corre- established through interchain associations, possibly on the basis
sponds to the monomeric complex. At an iron concentration of of z—u interactions which are operative in more concentrated
500 uM (Felligand ratio 1/1) this species exhibits virtually no  solutions of metal-free anthracyclin€° This proposal is in
contribution to the EPR spectrum. Consequently, this componentagreement with the observed tendency of flocculation and
cannot be observed in the dgbauer spectra, where the iron precipitation of aged samples of 1/1 complexes between ferric
concentration is higherc(Fe) = 1.1 mM). ion and anthracyclines. Similar structural conclusions have been

Finally, we attribute the aging effect of the ferric daunomycin
complex, identified by the formation of a magnetic sextet
species, to a cluster growth of the originally formed species.

reached by studies on colloidal preparations of ferric anthra-
cycline complexes?
At low iron concentration (5@M) and a metat-ligand ratio

The current study reveals the presence of-ranthracycline of 1/10, optical spectroscopic data show almost exclusively the
complexes at concentrations as low ag50in a solvent system  presence of monomeric compléx The contribution of this
which avoids self-association between anthracycline moleculesspecies decreases with increasing iron concentration. Qualita-
and the formation of hydroxo-bridged metal centers. On the basistively, the same tendency is observed in the EPR spectra
of the solvent chosen, complex formation is solely possible via showing a decreasing contribution of the EPR-visible species
the ligand. As shown in earlier studies, summarized in ref 1, atg= 4.3 (45% spin density) with increasing iron concentration.
there exist two primary ligating sites of anthracyclines for This, in turn, indicates an increasing contribution of an EPR-
metals, namely, at positions 11 and 12 as well as at positions 5silent magnetically coupled system. Complexwhich is almost
and 6 of the anthracycline ring system; the amino group on the exclusively present (8399%, Table 2) at high iron concentra-
sugar moiety is rarely involved, as in Pd comple¥e3he tion (500uM), is invisible in EPR.
ligating groups (G-C=C—C=0) act as bidentate ligands and In conclusion, this study shows the existence of two distinct

not as bis-monodentates. The latter arrangement is neitheranthracycline/iron complexes, dependent on the stoichiometric
thermodynamically nor sterically favorable.

(36) Fiallo, M. M. L.; Drechsel, H.; Garnier-Suillerot, A.; Matzanke, B.
(34) Saalfrank, R. W.; Dresel, A.; Seitz, V.; Trummer, S.; Hampel, F.; F.; Kozlowski, H.J. Med. Chem1999 42, 2844-2851.
Teichert, M.; Stalke, D.; Stadler, C.; Daub, J.; Schunemann, J.; (37) On the basis of the evaluation of optical data, the stoichiometry of
Trautwein, A. X.Chem—Eur. J.1997, 3, 2058-2062. complex! of idarubicin in DMF has been proven to be 1/1 at a molar
(35) Cheesman, M. R.; Kadir, F. H. A.; Al-Basseet, J.; Al-Massad, F.; ratio of metal to ligand 1/10 (in solution) and an oligomeric to
Farrar, J.; Greenwood, C.; Thomson, A. J.; Moore, GBRchem. J. polymeric complexll, in equilibrium with complexl, at metal-to-
1992 286, 361-367. ligand ratios (in solution) 1/3 and above.
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