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ABSTRACT. The crystal structure of the DNA-actinomycin D (AMD) complex and a simple molecular
modeling study indicated that AMD analogues derivatizedNahethyli-valine residues (fifth amino

acid residue in the cyclic depsipeptide of AMD) could bind to DNA as strongly as the parent AMD. The
analogues in whiciN-methyl+-valine residues were replaced with and p-forms of N-methylvalines,
N-methylthreoninesN-methylphenylalanine\-methyltyrosines, anl-methyl-O-methyltyrosines have
been totally synthesized. The characteristics of binding of the analogues to various DNAs including
DNA-1 [d(TATATATGCATATATA)], DNA-2 [d(TATATACGCGTATATA)], DNA-3 [d(ATATAT-
AGCTATATAT)], and DNA-4 [d(ATATATGGCCATATAT)] have been examined by using visible
absorption spectrum methods. The association constants calculated from the absorption spectra indicate
that the modifications of thEl-methyl+.-valine residues in the AMD molecule do affect the DNA binding
characteristics of the analogues. Tharomatic analogues bind slightly better thanitfdiphatic analogues
except for binding to DNA-1 (-TGCA-), whereas tbealiphatic analogues bind consistently better than
thep-aromatic analogues. In theform analogues, the-Tyr analogue has the highest overall association
constant, whereas theVal analogue has the highest association constant amongfthren analogues.

In spite of substitution of bulky aromatic groups, th@romatic analogues bind to the DNA-1 quite well.
However,p-aromatic analogues have significantly reduced their binding capacities to the other DNAs,
indicating that the substitution of threaromatic residues creates a unique four-base sequence preference
(-TGCA-). The RNA polymerase inhibitory activities of the AMD analogiresivo have been examined
using human cells (HeLa). All AMD analogues except for th€hr analogues severely inhibit RNA
synthesis at relatively low drug concentrations. Bh¢al, L-OMT, L-Phe, and-Phe analogues inhibit

RNA synthesis more strongly than the natural antibiotic (AMD itself).

Many naturally occurring antibiotics contain cyclic dep- acid residues (Thm-Val, Pro, SarN-Me-Val) and is best
sipeptides closed by an ester linkage. Some of these act byknown for its effectiveness as an inhibitor of transcription
binding to DNA. The planar residue (chromophore) inter- (Goldberget al,, 1971; Kersteret al, 1974; Waring, 1981).
calates between the base pairs of DNA, and the other moietylt has been employed clinically as an antitumor agent for
binds to the surface of double-helical DNA. The role of treatment of highly malignant tumors such as Wilms tumor
the planar residue is relatively well established, and it is also (Farber, 1966) and gestational choriocarcinoma (Lewis, 1972;
known that some amino acid residues in the depsipeptideschinket al, 1992). However, its selective toxicity is poor
ring are essential to bind the antibiotic to DNA by forming pecause it is an extremely potent, specific inhibitor of DNA-
hydrogen bonds. However, although it is well recognized gjrected RNA synthesis in practically all types of cells which
that the other amino acid residues are equally necessary tave been examined [reviewed by Meienhofer and Atherton
maintain the biological activity, the exact role of these (1977)]. Currently AMD is used with combinations of other
residues is not well established. Thus, for example, it is gntitumor drugs to treat high-risk tumors. For example, the
extremely d|ff|.c.ult 'to predicta priori pre.c'se'.y which EMA/CV regimen (etoposide, methotrexate, AMD, cyclo-
_chemlcal moc_j|f|ca_t|on W(.)'“.'Id be appropriate in order to phosphamide, vincristine) has been used to treat gestational
increase the biological activity of the antibiotics isolated from trophoblastic tumors (Newland al, 1991), and the VAC
nature. regimen (vincristine, AMD, cyclophosphamide) (Mariat

Actinomycin D (AMD),! whose molecular formula is al., 1992) and the VAB-6 regimen (vinblastine, AMD,
shown in Figure 1, contains a planar phenoxazone ring as

well as two cyclic depsipeptide rings composed of five amino

1 Abbreviations: AMD, actinomycin D;-Val-AMD, 5,5-N-methyl-
L-valine-AMD; b-Val-AMD, 5,5'-N-methyl-p-valine-AMD; L-Thr-
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1994). In this study, the-valine residue has been found to

o o . AT, I
HSC‘NJQN“K)\ )\))_(N ] °| CHa be an important biological modulator of the antibiotic.

H,C O-ring (. J B-ring &y In addition to its biological importance, AMD has been
o o he Eo '=o stud@_d as a mpdel for drugs that bind tq DNA_ sequence-
N ool l °=| tHe 0 ; specifically. Miller and Crothers (1968) investigated the
HiC \/ll_ ML .0 O o—”\( “CHs binding properties of AMD analogues by hydrodynamic,
R NH R kinetic, and thermodynamic studies. They have shown that
NS NH drugs bind preferentially in the’'&C-3 steps of double-
o o stranded DNA by intercalation. The'-&C-3 binding
CH, CHa preference was confirmed by X-ray crystallography (Sobell
et al, 1971; Takusagawet al, 1982) and 2D-NMR studies
R L-form D-form (Brown et al, 1984; Zhouet al,1989; Liu et al, 1991).
Several thermodynamic investigations have established that
_< L-Val-AMD D-Val-AMD enthalpies of AMD pinding to_DNA provide small negat.iv_e
values compared with other intercalators such as ethidium
OH bromide and daunomycin, which bind to DNA with large

_Q L-Thr-AMD D-Thr-AMD enthalpic driving forces (Snydet al, 1989; Baileyet al.,
1993; Gellertet al,, 1965; Chouet al,, 1987; Breslaueet
/—O L-Phe-AMD D-Phe-AMD al., 1987; Chen, 1988). It has been proposed that AMD
binding occurs with a very large entropic driving force
/—O—OH L-Tyr-AMD D-Tyr-AMD resulting from changes of hydrations around DNA (Gellert
et al, 1965; Markyet al, 1983). This characteristic of the
/_Q. thermodynamic behavior of AMD may relate to the unusual
solubility of AMD in water, which exhibits a large negative
Ficure 1: Molecular formulas of AMD and AMD analogues. temperature dependence (Gelletial, 1965). Recently, it
has been revealed by various biological analydes,
bleomycin) (Nakamuraet al, 1992) are used to treat footprinting and transcription assays, that neighboring and
childhood germ cell tumors. next-neighboring bases of thé-6C-3 steps affect the
Analogues of AMD have been produced by directed binding of AMD to DNA (Scamrowet al., 1983; Goodismen
biosynthesis, partial synthesis, and total synthesis [reviewedet al, 1992; Phillipset al, 1986). Further, Chen studied
by Meienhofer and Atherton (1977) and Mauger (1980, the DNA binding affinity of AMD using a series of
1990)], in order to reduce its cytotoxicity while retaining oligonucleotides containing different XGCY sites (Chen,
most of its antitumor activity. In many cases, replacements 1988, 1992). He has reported that AMD binding strength
of amino acid residues in the cyclic depsipeptides of AMD decreases in the order of TGCA CGCG > AGCT >
have been found to render such analogues inactive or lessGGCC.
active. However, a few analogues have shown very promis- Here we report the syntheses of ten AMD analogues
ing results. For example, 3;8l-methylleucine-AMD {- derivatized at thé\-methyl+ -valine residues, and their DNA

methylvaline at the C-terminal is replaced witrmeth-  phinding characteristics and RNA synthesis inhibitory activi-
ylleucine) displays less antimicrobial activity but higher tjes.

antitumor activity than AMD itselin vitro (Maugeret al,

1991) Recently, we have determined the crystal structures EXPERIMENTAL PROCEDURES
of the complexes between d(GAAGCTT&And AMD/N8-

AMD (Kamitori & Takusagawa, 1992, 1994; Shinomiga Syntheses

al., 1995), in which AMD intercalated between the middle
5'-GC-3 base pairs. These crystal structures of the com-
plexes show how the drug interacts with DNA. In the
DNA—AMD complex structures, the isopropyl! groups of the
p-valine residues are pointed to the outside of the complex
and thus these groups are considered not to participate i
interaction with DNA. Therefore, AMD analogues in which
the p-valine residues are replaced with otlreamino acid
residues are expected to bind to DNA as strongly as AMD
does. If AMD inhibits RNA synthesis by just binding
intercalatively to DNA, these AMD analogues will inhibit
RNA synthesis as strongly as AMD does. However, if the
cyclic depsipeptides of AMD play an unexpected role in
inhibition of RNA synthesis, replacement of tievaline
residues with other residues would affect the inhibition
activities of the AMD analogues (Takusagawa, 1985). We
have synthgsized se\_/eral AMD gnalogues withnhalin(_e DNA Syntheses

replaced with aromatio-amino acid residues and examined

the effects of these replacements on DNA-binding charac- The self-complementary 16-mer DNAs, in which the AMD
teristics and transcription inhibitory activities (Clet al., binding site (-GC-) is in the middle of the sequence, were

OCHg L-OMT-AMD D-OMT-AMD

Melting points are uncorrected. The NMR spectra were
obtained with 300 MHz Varian XL-300 NMR Spectrometer.
For the mass spectrum measurements, electron ionization (EI)
and chemical ionization (Cl) spectra were obtained on a
'Nermag R10-10 quadrupole GC/MS system with SPEC-
"rRAL 30 data system. Fast-atom bombardment mass spectra
(FABMS) were obtained on a ZAB HS mass spectrometer.
All mass spectrum measurements have been carried out at
the Mass Spectrometry Laboratory of the University of
Kansas. The homogeneity of the products was checked by
thin-layer chromatography on silica-gel plates. The inter-
mediates and the final products of the AMD analogues were
confirmed by NMR and mass analyses. The details of
syntheses of the AMD analogues are given in the supporting
information.
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synthesized at 1aM scale by a Cruachem PS-250 DNA/  with penicillin and streptomycin and 5% fetal bovine serum,
RNA synthesizer using the protocol provided from the in an atmosphere of 55% GQusing a total sodium

company. After the deprotection procedure, the crude bicarbonate concentration of 2.3 g/L. The cells were
oligonucleotides were purified by reverse-phase HPLC using incubated in duplicate cultures with various concentrations

a Cg column. of the drugs for 30 min. Then 10 mCi ofH]uridine was
) added to label the RNA synthesized during a 30 min
UV/Vis Spectrum Measurements incubation at 37C. The labeled RNA was isolated by the

UV/vis absorption spectra were measured on a JASCO rapid procedure of Chomczynski and Sacchi (1987). This
V-560 double-beam spectrometer. All measurements wereinvolves homogenization of the cells in the presence of
carried out at 2C in order to prevent DNA melting. The guanidine thiocyanate to inhibit RNases, acid phenol/

cuvette chamber was slightly modified to fill with100°C ~ chloroform extraction to remove protein and DNA, concen-
dew-point dry air to prevent the condensation of moisture fration by isopropanol precipitation, and dissolving the RNA
on the cuvette windows. Stock solutions (2@ of double- ~ in TE (10 mM Tris-HCI, pH 8.0, 1 mM EDTA). The label

strand DNA) of the five DNAs were prepared with binding incorporated into RNA was determined by liquid scintillation
buffer (50 mM Tris-HCI, pH 7.5, 10 mM MgG] and 10 counting.

mM KCI). All binding experiments were carried out in the

same buffer. The concentrations of the five DNAs (single- RESULTS AND DISCUSSION

strand) were determined from the absorbance at 260 nm usingS .

the extinction coefficients 17.1& 1%, 16.61x 10%, 16.77 ynthesis

x 10!, 16.81x 1(f, and 17.81x 10' M™* cm* (Cantor & AMD analogues in whictN-methyl+-valine residues were
Warshaw, 1970), respectively. The concentrations of AMD replaced withL- and p-forms of N-methylvalines (-Val-

analogue solutions were determined from the absorbances :
. o o AMD, p-Val-AMD), N-methylthreoninesLtThr-AMD, b-
at 440 nm using an extinction coefficient of 2.4510* M1 b ) y L °

cm1 (Chen, 1988). Thr-AMD), N-methylphenylalaninesL{Phe-AMD, p-Phe-

The absorption spectra of drugs during titration with DNAs ﬁ'\f\?e)th l\:-onierzr:g%/rlltyliors olrs]%SeLéLP(l)rl\’/T'lM AD‘MB'Tg_r(')AMMI.I?g"N? S;j
were stored on a computer disk to examine the binding y Yty !

e have been synthesized by a slightly modified procedure of
g??rgcl;ei 'CS);E'S?UO]C gcr)ru%so:]o(:tT%Dl\l\Al)Aisr{ bﬁwf:j?; thsu?fgfs\:ggnce Maugeret al. (1991). The molecular formulas of AMD and
) 9 i g bt AMD analogues are illustrated in Figure 1-Val-AMD is
measured from 600 to 350 nm afg, a small aliquot of a ) :
; ) : AMD itself, while the others are new compounds. A
known concentration of the DNA solution was placed in the : . ; .

: schematic synthetic procedure is shown in Scheme 1.
sample cuvette and spectra were measured ten minutes later.
This procedure was repeated six times so that six spectr
were measured at six different DNA concentrations. The

absorbances of visible spectra were read at one nm intervals. A simple molecular modeling study has been carried out

Dilution factors were applied to all spectra. The base lines using the crystal structure of the d(GAAGCTEERAMD
of the spectra of AMD analogues were slightly corrected complex (Shinomiyaet al, 1995). TheL-Phe-AMD and
with a straight line addition/subtraction, in order to super- _pne-AMD molecules were built by replacing tNemethyl-
impose the spectra on the AMD spectrum. The association, _y5jine residues of the AMD molecule WitR-methyl- -
constants pf AMD analogues were ca}lculated based on thephenylalanine andN-methyl-o-phenylalanine residues, re-
spectra using the method developed in our laboratory (Chugpectively. The model crystal structures were refined by the
et al, 1994). program X-PLOR (Btager, 1993). In the calculation, the
weight W,) for the X-ray contribution part was set to very
small humber (1.0) so that the energies of the molecular
A JASCO HMC-358 constant temperature cell holder geometry and interaction were minimized. The water
connected with a NESLAB RTE-111 bath circulator was molecules found in the crystal structure (Shinométaal.,
used to obtain the melting profiles of DNA. A 1 aliquot 1995) were included in the calculations. The structures were
of DNA solution (20uM) was added into the sample cuvette refined by 500 cycles of POSITIONAL protocol of X-PLOR.
containing 99QuL of binding buffer, and the absorption at  The total energies of the model systems were convergent at
260 nm was measured from O to 6&. The cuvette  —1063 kcal/mol for-Phe-AMD,—1068 kcal/mol fom-Phe-
temperature was monitored by putting a thermocouple AMD, and —1043 kcal/mol for AMD itself. The refined
directly in the cuvette; it increased approximately 0.5 degree complex structures are illustrated in Figure 2. Although the
per minute. model structures may not represent the actual BNAug
complex structures, they should suggest how the substituted
bulky aromatic groups affect the complexes.

AMD and AMD analogues were dissolved in the binding  As discussed in the crystal structure papers (Kamitori &
buffer until the compounds were saturated. After centrifuga- Takusagawa, 1992; Shinomi al, 1995), the DNA was
tion, the concentrations of drugs were determined spectro-nwound asymmetrically by intercalation of the AMD
photometrically. molecule into the middle GC sequence. This asymmetric
unwinding of the DNA helix creates differently shaped minor
grooves above and below the intercalation site. One is a

Human (HelLa) cells were cultured at 3€ in a 1:1 relatively wide and shallow groove, and the other is a
mixture of DME and Harn’'s F-12 medium, supplemented relatively narrow and deep groove. The cyclic depsipeptide

@Molecular Modeling

DNA Melting Profile Measurements

Water Solubility Measurements

RNA Polymerase Inhibition
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Scheme 1: Syntheses of AMD Analoggées
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CH,

c,d
Z-Thr-D-Val-Pro-Sar-O'Bu—2-2 Boc-X-Thr-D-Val-Pro-Sar-O'Bu -
) Z
2 X=Me(O-Bz)Thr 3 X=D-Me(O-Bzl)Thr
4 X=MePhe 5 X=D-MePhe
6 X=Me(0-2,6-di-C1-Bz1)Tyr 7 X=D-Me(O-Bzl)Tyr
8 X=Me(O-Me)Tyr 9 X=D-Me(O-Me)Tyr
| O a. e | O
Z-Thr-D-Val-Pro-Sar-X . - CONH-Thr-D-Val-Pro-Sar-X
10 X=Me(O-Bzl)Thr 11 X=D-Me(O-Bzl)Thr NO,
12 X=MePhe 13 X=D-MePhe
14 X=Me(0-2,6-di-C1-Bzl)Tyr 15 X=D-Me(O-Bzl)Tyr OBzl
16 X=Me(O-Me)Tyr 17 X=D-Me(O-Me)Tyr
CH;
18 X=Me(O-Bzl)Thr 19 X=D-Me(O-Bzl)Thr
f 20 X=MePhe 21 X=D-MePhe
22 X=MeTyr 23 X=D-MeTyr
24 X=Me(O-Me)Tyr 25 X=D-Me(O-Me)Tyr
a, g
r 0
CONH-Thr-D-Val-Pro-Sar-X CONHR CONHR
NO N
2 a, g N NHz
OH o) (@)
CH, CH,

26 X=MeThr 27 X=D-MeThr

Q
-D-Val-Pro-Sar-X

R=
28 X=MeThr 29 X=D-MeThr
30 X=MePhe 31 X=D-MePhe
32 X=MeTyr 33 X=D-MeTyr

34 X=Me(O-Me)Tyr 35 X=D-Me(O-Me)Tyr

(a) Pd/C, Hy; (b) Boc-X-OH, DCC, DMAP; (c) F3C-COOH; (d) Bop-Cl, N(Et)s3;
(e) 3-Benzyloxy-4-methyl-2-nitrobenzoic acid, DCC; (f) F3C-SOsH
(g) K3Fe(CN)g, PH=7.12

2 The product numbers-135 correspond to the product numbers in the supporting information.

o-ring attached to C9 of the chromophore fits quit well into  the minor groove, leaving too little space for the bulky phenyl
the wide and shallow groove, whereas fheing attached group. As will be discussed below, the weaker DNA
to the C1 of the chromophore does not fit well into the associations of the-aromatic analogues might be due to
narrow and deep groove and appears to be forced out of thethis steric hindrance of the substituted aromatic groups at
DNA minor groove. As a result, there is a large space thea-ring, but not thgs-ring. In conclusion, this molecular
between thé\-methyl+ -valine residue and the AT base pair modeling study indicates that theform analogues can bind
adjacent to the intercalation site. As described in the intercalatively at the GC site as AMD does. The amino acid

previous paper (Shinomiyet al.,1995), the isopropyl group
of the N-methylp-valine fits well into this space. In the

side chain at th@-ring might enhance the association with
DNA, whereas the amino acid side chain at¢hgng might

p-Phe-AMD analogue model, even the bulky phenyl group inhibit the DNA binding of the analogues.

attached to thg-ring fits well into the minor groove space,
whereas the phenyl group attached todheéng is apparently
forced out of the minor groove since thering already fills

For the L-Phe-AMD analogue model, the substituted
phenyl groups apparently do not inhibit the interaction
between the cyclic depsipeptides and the DNA minor groove
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(B) D-form

Ficure 2: DNA—(Phe-AMD) complex models derived from the crystal structure of d(GAAGCTEFBMD. The N-methylL-valine residues
were replaced wittN-methyl+-phenylalanine residues (A) amtimethyl-o-phenylalanine residues (B). The model structures were refined
500 cycles by X-PLOR using the positional refinement protocol. The welyh} for the X-ray contribution part was set to 1.0. The DNA
and drug are drawn with open and solid bonds, respectively. The substituted phenyl groups are drawn with thick solid bonds.

surfaces. The phenyl group attached todheng might be mycin (Dickersonet al,, 1986), since there are not enough
able to interact with the minor groove. In particular, if the polar groups+NH, —OH, >N, =0, and>O) on the surface
valine residue is replaced with a tyrosine residue, the phenolof the chromophore. Therefore, the binding mode available
OH will be able to form a hydrogen bond with the O2 o the AMD analogues is either intercalation or weak side-
carbonyl oxygen of cytosine or thymine bases. As will be pinding to the charged phosphate backbone of DNA. Since
fjescribed below, this.hydrogen bond formation might greatly he visible spectrum (350600 nm) of the chromophore is
increase the association constant ofitfig/r-AMD analogue. slightly shifted to the longer wavelength region (red shift)

and the magnitude of absorbance is reduced (hypochromic
effect) by the drug intercalating into the nucleic acid, the

From the crystal structures of AMD and AMD analogues binding characteristics of the AMD analogues can be
(Kamitori & Takusagawa 1992, 1994; Shinomiy al,, observed in the spectra of the analogues by titration of DNA
1995), it is very clear that the chromophore of AMD cannot solution. The following five self-complementary 16-mer
bind to the major and/or minor groove of DNA as do typical oligonucleotides were utilized to examine the binding
minor groove binding agents, such as netropsin and dista-characteristics of AMD and AMD analogues.

Consideration of DNA Binding Experiment
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DNA-1: 4d(T-A-T-A-T-A-T-G-C-A-T-A-T-A-T-A) 14 o 2

—o— DNA-1 o 0000
DNA-2: d(T-A-T-A-T-A-C-G-C-G-T-A-T-A-T-3) —0—DNA-2 :

—a— DNA-3
DNA-3: d(A-T-A-T-A-T-A-G-C-T-A-T-A-T-A-T) 1 3 4|~ DNA4

—2-DNAO],  APHE el
DNA-4: d(A-T-A-T-A-T-G-G-C-C-A-T-A-T-A-T)
DNA-0: d(T-A-T-A-T-A-T-A-T-A-T-A-T-A-T-A) <°

1.2 4
<

These oligonucleotides were selected for the following
reasons:

(1) AMD and its analogues can intercalate only at GC in 1.1 4
-XGCY- sequences. DNA-1, -2, -3, and -4 have only GC
in the middle of the sequence. Thus, the visible spectra of
AMD analogues titrated by DNAs can be interpreted

relatively simply. 1 T T y y

(2) AMD and its analogues should interact with the DNA 0 10 20 8 40 50 60
residues adjacent to the intercalation site. Thus, all four Temperature
possible symmetrical sequences (-TGCA-, -CGCG-, -AGCT-, Ficure 3: Melting profiles of DNA-1, DNA-2, DNA-3, DNA-4,
-GGCC-) were used. and DNA-0. The concentrations of DNAs are Q.®1.

(3) Purine-pyrimidine alternating sequences form a stable

double-stranded helix even at a relatively low concentration Theb-aromatic analoques showed relatively large hvoochro-
(~0.2uM). A DNA melting experiment indicates that these 9 y large nyp

five oligonucleotides indeed form double-stranded helices mic effects, whereas theahp_hahc analogues showed small
under 10°C (Figure 3). effects. These hypochromic effects should be caused by

weak side-bindings of analogues. The magnitudes of the
spectrum changes are well correlated with the amount of the
titrated DNA, suggesting that the hypochromic effect is a
linear function of [DNA]/[drug]. Thus, an absorption
spectrumA,(4) of r = [DNA]/[drug] was approximated as

A1) = (1 — CAR)

However, significant hypochromic effects were observed.

(4) Since DNA-0 does not have an AMD intercalation site
(-GC-), the interactions of this DNA with the AMD
analogues should occur only through side-binding. Thus,
the side-binding effects on the spectra obtained with DNA-
1, -2, -3, and -4 can be estimated by comparison with the
spectra obtained with DNA-O.

Although the binding experiment was carried out at a
relatively low drug concentration (1.2M) in order to
eliminate any possibility of dimerization of the drug in an
aqueous solution, the possibility of dimerization in the buffer
solution used in this study was examined by measuring the
absorbance at 440 nm at various temperatures (20, 30, 40
50, 60, and 70C). No significant change in the absorbance
was observed, suggesting that neither AMD nor AMD
analogues formed detectable amounts of dimers aM1
concentration. The dimerization equilibrium constant of
AMD was reported to be 2.% 10° M™%, as determined by
the NMR method (Angermaret al, 1972). Using this
dimerization equilibrium constant, 99.7% of AMD molecules
are calculated to be in monomer form ati concentration.
The dimerization equilibrium constants of the AMD ana-
logues might be slightly larger than the value of AMD, since
the substituted aromatic amino acid residues can stabilize
the dimer formation by stacking on the chromophore as seen
in the crystal structure of 2:2-O-methyltyrosine AMD (Chu
et al, 1994). However, even if the dimerization equilibrium
constants of AMD analogues are estimated to be 2 orders of
magnitude higher than the value for AMD, the equilibrium
calculation indicates that 81.9% of the molecules are in
monomer form at uM concentration.

The coefficientC, of the hypochromic effect was determined
by a least-squares fitting and was found to be 0.020 for
L-aliphatic analogues, 0.043 foraliphatic analogues, 0.079
for L-aromatic analogues, and 0.117 foraromatic ana-
logues. As will be described below, tkg values were used
for the association constant calculation.

The visible absorption spectra of AMD analogues were
measured at seven different concentrations of the oligonucle-
otides. The spectra of the aliphatic analogues (Val and Thr)
are quite similar to each other, and the spectra of the aromatic
analogues (Phe, Tyr, and OMT) are also quite similar to each
other. Thus the spectra of Val and Tyr analogues are shown
in Figure 4. The spectra of both andp-form analogues
titrated by DNA-1, DNA-2, and DNA-3 show significant
red shifts as well as hypochromic effects, indicating that the
AMD analogues bind intercalatively to -XGCY- sites of the
DNAs. However, the spectra titrated by DNA-4 did not
show significant red shifts, indicating that the AMD ana-
logues bind only weakly to this DNA.

The spectra were analyzed numerically by a slightly
modified method described in our previous paper (€hu
al., 1994). The coefficient€, andC; andAA in eq 1 were
determined by minimizing [Ac(A)obsd — Ac(A)caicd >

AC(A)calcd: COAd(i)obsd-i_ ClAd(/‘L - Aj')obsd (l)
The visible absorption spectra of AMD analogues were

measured with seven different concentrations of DNA-0, and whereAc(4)caica and Ag(4)onsa @re calculated complex absor-
the representative spectra of AMD and Tyr-AMD analogues bance and observed drug absorbance at wavelehgtil
are shown in Figure 4. As expected, the spectra were notis the red shift of spectra by drug intercalation. The
shifted by titration of the DNA, indicating no intercalation. association constank)(and hypochromic effectH) were

Overall DNA Binding Characteristics of AMD Analogues
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Ficure 4: (Left two columns) Visible absorption spectraiel/al-AMD and p-Val-AMD titrated by DNA-O, DNA-1, DNA-2, DNA-3,

and DNA-4. The drug concentration is scaled to M. The ratios of [DNA]/[drug] are 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2, respectively.

The spectra of the drug and each DNA titration are drawn from top to bottom, respectively. (Right two columns) Visible absorption spectra
of L-Tyr-AMD and b-Tyr-AMD titrated by DNA-O, DNA-1, DNA-2, DNA-3, and DNA-4. The drug concentration and titration conditions

are the same as in the left two columns.

calculated from the coefficients, andC; as shown below. = GGCC. Our result agrees with Chen'’s observation of AMD
binding strength (Chen, 1988, 1992). Although the binding
k=a/[(1—o)(r —a)D] and H=Cj/a preference order of the-aromatic analogues is similar to
that of the aliphatic analogues, there is no significant
reduction in binding affinity between TGCA and CGCG.
With theL-Tyr analogue, the binding affinities to the TGCA
and CGCG sequences are inveise, CGCG> TGCA >
AGCT > GGCC. For theo-form analogues, the binding

1994), we modified it tadCo = 1 — a. — Cor(1 — @), since order is the same as that of thaliphatic analogues. Both

we have obtained side-binding effects (coeffici€g) from L- and p-analogues bind very little to -GGCC- sequence,
the titration of DNA-0 as described above. The association €SPecially the.-aliphatic andp-aromatic analogues, which
constant K), hypochromic effect H), and red shift A1) show no detectable binding. It is quite clear that AMD
obtained from the spectra are listed in Table 1. The red shifts @nalogues bind preferably to pyrimidinpurine alternating
of the spectra are constantly around 22 nm. On the othersequences. Thus, the binding preference might be due to
hand, there is a trend in the hypochromic effects in spite of the different DNA helical conformations. As discussed in
the correction for side-binding. The hypochromic effects the molecular modeling study, d(@%CT TC) is unwound
of aliphatic analogues (Val and Thr) are slightly smaller than asymmetrically at the intercalation site, and, for this reason,
those of aromatic analogues (Phe, Tyr, and OMT). the S-ring does not fit well into the minor groove. Similar
TheL-Val (AMD) andL-Thr aliphatic analogues have clear asymmetrical unwinding might be further amplified in the
sequence specificityi.e.,, TGCA > CGCG > AGCT > GGCC sequence site, and, as a result, the cyclic depsipeptide

wherea = (1 — Co — Cur)/(1 — Cyr), andr andD are the
ratio of DNA per drug and drug concentration, respectively.
C,is a coefficient of the hypochromic effect of side-binding
obtained from the spectra obtained with DNA-0. Although
we assume@, = 1 — a in the previous paper (Chet al.,
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Table 1: Association Constantk & 1076 M~1), Hypochromic Effect ),
DNA Concentrations of 100 nM

Red Shift A1), and Complex Formation (%) at Both Drug and

L-form p-form
analogue k H AA complex k H AL complex
DNA-1
Vval 5.0 0.57 23 27 37 0.60 21 22
Thr 3.9 0.57 22 23 23 0.60 22 16
Phe 4.3 0.53 22 25 2.3 0.49 20 16
Tyr 4.0 0.53 20 23 2.2 0.49 20 16
oMT 33 0.47 21 21 1.0 0.46 16 8
DNA-2
val 2.4 0.60 22 17 3.0 0.52 24 20
Thr 2.0 0.57 22 15 1.4 0.59 22 11
Phe 3.2 0.59 22 20 0.7 0.49 16 6
Tyr 5.4 0.58 22 28 0.9 0.48 22 8
oMT 24 0.53 22 17 0.9 0.40 21 8
DNA-3
val 0.9 0.54 22 8 0.8 0.58 22 7
Thr 0.7 0.63 25 7 0.5 0.63 23 5
Phe 1.0 0.46 24 8 0.2 0.40 23 2
Tyr 1.4 0.53 22 11 0.3 0.47 18 3
oMT 0.8 0.41 22 7 0.2 0.44 13 2
DNA-4
val 0.1 0.66 17 1 0.3 0.56 15 3
Thr 0.1 0.67 24 1 0.1 0.70 22 1
Phe 0.2 0.43 22 1 - - 0 -
Tyr 0.4 0.47 17 3 - - 0 -
oMT 0.3 0.35 19 3 - - 0 -
would not fit into the minor groove. This could be the reason ) @ 5
that AMD analogues bind very poorly to the -GGCcc- Lt I~ AX
sequence. P B-ring P
These association constants indicate that the modifications [ ¢ Jf l G |
of the N-methyl+i-valine residues in the AMD molecule do T i ;i_
affect the DNA binding characteristics of the analogues. The P phenoxazone ring [~NH, P
L-aromatic analogues (Phe, Tyr, OMT) bind slightly better |
than theL-aliphatic analogues (Val and Thr) except for | G arm' L c |
_ _ _ ing
DNA-1 (-TGCA-), whereas the-aliphatic analogues bind P . P
constantly better than the-aromatic analogues. In the ;li@ """"
L-form analogues, the- Tyr analogue has the highest overall 5 3

association constant, whereas th&/al analogue has the
highest association constant among théorm analogues.

Binding Characteristics ob-Form Analogues

Although the molecular modeling study described above
predicts that the-form analogues can bind intercalatively
into DNA as strongly as the-form analogues, we were
interested in examining how the DNA binding characteristics
are changed by introducing tlreform amino acid residues
into theL-amino acid residue sites of the natural antibiotic
AMD. As described above, the overall DNA binding
capacity of theo-form analogues are decreased. However,
the p-aliphatic analogues (Val and Thr) bind the DNAs as
strongly as the-aliphatic analogues. Interestingly, thé/al
substitution increases the DNA binding capacity of the
analogue to CGCG and GGCC sites over the natuial
compound (AMD itself). On the other hand, thearomatic
analogues bind well only to the DNA-1 (TGCA). There are
significant reductions in their binding capacities with other
DNAs. These binding characteristics indicate that the
substitution of thev-aromatic residues creates a unique four-

FiIGurRe 5: Schematic diagram of thePhe-AMD binding site. The
substituted phenyl groups are located near the bases X. The cyclic
depsipeptide attached at C9 of the chromophore is called-tire,

and the other cyclic depsipeptide, which is attached at C1 and is
near the amino group (NH is called thes-ring (Meienhofer &
Atherton, 1977).

(1) As schematically illustrated in Figure 5, the aromatic
groups of thep-amino acid residues should locate near the
X base (T for DNA-1, C for DNA-2, A for DNA-3, and G
for DNA-4). The pyrimidine bases (T and C) are smaller
than the purine bases (A and G). Thus=XT or C gives
a slightly larger space for the substituted aromatic group.

(2) The minor groove surface of the G-C base pair is quite
hydrophilic, and thus the [G]-N2-+-02-[C] should be
hydrated, whereas the [A}O2-[T] is not as hydrophilic as
the [G]-N2-H,:+-O2-[C]. Thus, the hydrophobic phenyl
group can interact more easily with the A-T base pair than
with the G-C base pair.

(3) The L-form analogues indicate that the cyclic dep-
sipeptide rings of the AMD analogues fit better into the minor
groove of the pyrimidine-purine alternating sequence's 5
TGCA-3 and 3-CGCG-3 than into the minor groove of
the nonalternating sequenceésM>CT-3 and 3-GGCC-3.

base sequence preference (TGCA). The sequence selectivity The DNA binding data suggest that if the phenyl group is

could be due to the following three causes.

slightly modified to increase its T-base affinity and to
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Table 2: Solubility £g/mL) in Aqueous Solution at 22 1 °C, Drug Concentrations (nM) at 50% Inhibition of RNA Synthesiss§)Gn HelLa
Cells, and the Calculated Bound Drug Concentrations (nM) at 100 nM Drug and XGCY Binding Site Concentratiibrts

L-form p-form
drug solubility 1Go bound drug solubility 1Go bound drug
Val 2900 30 52 160 1 52
Thr 4700 >1000 45 180 100 33
Phe 20 10 55 30 20 25
Tyr 40 80 66 40 80 26
OMT 10 8 47 30 80 20

decrease its affinity for other bases, such an analogue bindsmight reduce the diffusion capacity of the analogue into cells,

only at the 5TGCA-3 sequence.
Water-Solubilities of AMD Analogues

Solubilities of the analogues in water were determined,
since this physical character may play an important role in
their binding and biological characteristics. As listed in

Table 2, the solubilities of the aromatic analogues are very

low in comparison withL-Val (AMD). Surprisingly, the
water solubility of b-Val and b-Thr is also quite low in
comparison withL-Val and L-Thr. As discussed in our
previous paper (Chet al, 1994), the water solubilities of

and consequently, the biological activities of the analogue
are reduced. Apparently theThr analogues cannot diffuse

well into cells, and this makes it inactive in RNA synthesis

inhibition. This is consistent with the relatively high water
solubility of this compound. Interestingly, however, the
L-Tyr, b-Thr, andp-Tyr analogues, which have relatively
low water solubility, are quite active, indicating that those
analogues can diffuse into cells. Thus, a molecular shape
is an important diffusing factor. In general, the DNA binding
capacities of the-form analogues are slightly weaker than
theL-form analogues, and consequently the RNA synthesis

the analogues are very peculiar and are almost impossibleMibitory activities are slightly lower than the-form

to predict. For example, the water solubility of 22Thr-
AMD is only 31 ug/mL while that of 2,2p-Val-AMD is
2900ug/mL (Chuet al, 1994). However, the differences
between 2,2p-Val-AMD and 2,2-p-Thr-AMD [-CH(CH3),

vS -CH(OH)CH;] are slight even though the -CH(OH)GH
group is generally more hydrophilic than the -CH(gH
group. In contrast to 2\-Thr-AMD, the L-Thr analogue

is much more water soluble (47@@/mL) than AMD. These
data indicate that the hydration environments play an
important role in the water solubility of the analogues. In
connection with this observation, the binding of AMD is
often described as being entropically driven in terms of the
solvation of the free drug (Gelleet al, 1965; Markyet al.,,
1983). The hydration environments of the AMD analogues
should be drastically changed by introducing different amino

acid residues in the cyclic depsipeptides. It is noted that

AMD is the only compound that has hydrophobic amino acid

analogues. However, it should be noted that th¥al
analogue binds DNA at the same level as ith¢al (AMD
itself) and inhibits the RNA synthesis much more strongly
than AMD (30-fold improvement). Also, the RNA synthesis
inhibitory activities of the L-Phe, L.-OMT, and p-Phe
analogues are better than that of the parent AMD.
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are given (9 pages). Ordering information is given on any
current masthead page.
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