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1. Introduction

A. Historical Development

The actinomycins are orange to red antibiotic metabo-
lites from various species of Streptomyces. Although
these compounds are highly toxic, they have found usage
in nontoxic dosages because of their antineoplastic ef-
tect. Actinomycins D(C4) and C; are highly effective che-
motherapeutics in the treatment of Wilms’ tumor, tropho-
blastic tumors, and rhabdonyosarcoma.! Current thera-
peutic efforts are largely directed at utilization of the drug
in combination with other active agents against these
tumor types. Because of its binding to DNA and subse-
quent inhibition of RNA synthesis, actinomycin has be-
come an important tool in molecular and cell bioclogy. The
exciting potentialities of actinomycin D have stimulated a
great deal of research into its chemical and physical na-
ture. One of the primary objectives of such studies has
been the interpretation of the biological activity in terms
of a plausible molecular structural model.

The group name actinomycin was coined by Waksman,
who discovered these antibiotics in cultures of Actinomy-
ces antibioticus in 1940.2 Only 9 years later publications
revealed a first glimpse into the structure of actinomy-
cins. Early work by Todd's and Johnson's school®:4 was
soon followed by a major investigative effort by Brock-
mann’s school, starting in 19495 and continuing to the
present.

In 1960 the constitution of the actinomycins had been

well established, and a first total synthesis of an actino-
mycin had been achieved.®

The actinomycins had at an early stage of the investi-
gation been recognized as chromopeptides; that is, the
molecule contains a chromophore moiety, absorbing in
the visible, linked to a peptide part. Thus, two distinct
structural problems had to be solved: (i) the structure of
the chromophore with the point of attachment of the pep-
tide and (ii) the amino acid sequence in the peptide.
After initial difficulties caused by unwanted isomeriza-
tions and transformations, the actinomycin chromophore
"actinocin” could be isolated and was assigned the
structure 3-amino-1,8-dimethyl-2-phenoxazone-4,5-dicar-
boxylic acid. It is of interest to note that the same 2-
amino-3-phenoxazone ring system is found in the ommo-
chrome insect eye pigments’ and in several pigmented
mold metabolites.® It was then determined that the chro-
mophore carried as amides at its two carboxyl groups
two pentapeptides, whose amino acid sequences were
elucidated by various partial hydrolyses.®

Actinomycins with the same two pentapeptide residues
are called isocactinomycins, while those with two different
residues are referred to as anisocactinomycins. The amino
acids linked by amide bonds to the 4- and 5-carboxyls
are always L-threonine whose hydroxyl is always lacton-
ized with the carboxyl of the fifth amino acid. The second
amino acid can be p-valine or D-allo-isoleucine, the third
can be L-proline, L-y-hydroxyproline, L-y-ketoproline, pi-
pecolic acid, or sarcosine, the fourth is always sarcosine,
and the fifth can be L-N-methylvaline or L-N-methyliso-
leucine. It is remarkable that the peptide groups contain
free NH groups only in the two threonine residues since
all other amino groups are methylated or contained in the
ring of an imino acid. Also, it is of interest that the sec-
ond amino acid (valine or allo-isoleucine) has the 'un-
natural” D configuration.

The limits within which a peptide group is variable are
relatively narrow. Yet, the existence of numerous actino-
mycins is possible because of the unusual structure. A
cell which during the biosynthesis is limited to n patterns
of one chain can theoretically synthesize n2 actinomy-
cins. As an example, the structure of the presently most
studied actinomycin D (’Dactinomycin,” "Actinomycin
C4"') is shown (1).

B. ‘Purpose and Scope

Several reviews cover the literature on actinomycins
through 1961.'°-'6 The literature from 1961 through May
1973 which is reviewed here contains further synthetic
work, investigations into the secondary and tertiary struc-
ture of actinomycin, studies on the binding of actinomy-
cin to mono- and polynucleotides, and a considerable
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amount of work toward establishment of a model for the
mechanism of antibiotic action of actinomycin. The latter
aspect has been reviewed several times in recent
years.'7-24

This review is written because interest in these unusual
compounds has continued in the areas of chemistry, mo-
lecular biology, and medicine and because no compre-
hensive survey of the findings of the last decade has
been published. Its contents are not extended into the
tields of medicine and cell biclogy.

C. Nomenclature, Symbols, and Abbreviations

During the early years of investigation several different
crystalline actinomycin preparations were available to the
investigators. These were later recognized as mixtures
and could be separated by various partition chromato-
graphic techniques. According to their characteristic
chromatographic properties or origins, the mixtures were
referred to as C, D, E, F, I, X, and Z and Roman numer-
als. Components carry designations such as C, C,, Cj,
whereby the increasing subscript refers to increasing R¢
value. A second index was necessary when new compo-
nents with intermediate Ry values were isolated. For in-
stance, actinomycin Xy, travels between X, and Xj;.
When seemingly homogenous fractions could be further
separated, a different second index was introduced. Sep-
aration of the Xy fraction led to components Xq5, Xo, with
increasing Rr values.

The following abbreviations are used throughout the
rest of this review:

_ N NH,

Me Me

« chain = peptide chain on benzenoid ring
[} chain = peptide chain on quinoid ring
Thr = L-threonine
Val = p-valine
a-lle = p-allo-isoleucine

U. Hollstein

Pro = L-proline
Pip = pipecolic acid
Oxopip = 4-oxopipecolic acid
Hypro = L-hydroxyproline
Oxopro = L-y-oxoproline
Sar = sarcosine
MeVal = L-N-methylvaline
Me-a-lle = L-methyl-a/lo-isoleucine
MeAla = L-N-methylalanine

Table | lists the amino acid sequences in chain « and
chain 8.

If one considers actinomycin Cy as the basic structure,
all other variations can be derived either by methylation

H
_COCH C,Hs. _COCH
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or by replacement of Pro by Sar(CH3;NHCH,COOH),
while Thr always remains unchanged.

H NH,
CHen, | | _.COOH
~ _c/
HOY  WH

Table |1 depicts the relationships between various acti-
nomycins.

11. Synthesis
A. Biosynthesis

Many of the biosynthetic studies took place before
1960. Reviews cover this topic through 1967.2%-28 There
are nine major areas of study: (1) controlled biosynthe-
sis; (2) biosynthesis of Val, a-lle, 4-Oxopro, 4-Hypro,
Sar, MeVal and MeAla; (3) derivation of the actinocin
chromophore; (4) synthesis of the pentapeptides and
linking of the pentapeptide; (5) lactone formation and
time of occurrence during total biosynthesis; (8) the
biogenetic relationship to similar polypeptide antibiotics
(e.g., polymyxin, gramicidin); (7) relationship to protein
synthesis; (8) role of the antibiotic in the metabolism of
the organism producing it; and (9) simultanecus synthe-
sis of several closely related actinomycins by the same
organism.

Controlled biosynthesis, a technique of predetermining
the structure of a new antibiotic by furnishing specific
chemical precursors to the antibiotic producing microor-
ganism, has been applied successfully to the formation of
modified forms of actinomycin. If an amino acid, already
present in actinomycin or similar in structure, is supplied
exogenously to the culture medium, it competes with the
endogenously synthesized amino acid and is incorporated
into the peptide chain either with increased formation of
a trace actinomycin component or with formation of a
new actinomycin. Examples are two “new’ actinomycins
Ey and E; which were formed in the presence of DL-lle.
In these compounds one or two molecules of Melle re-
place one or two molecules of MeVal. Other modifying
amino acids are Sar, pipecolic acid, azetidine-2-carbox-
ylic acid, and methyl and halogenated prolines. For in-
stance, S. antibioticus produces a mixture of actinomy-
cins in the presence of pipecolic acid in which proline is
replaced by the analog. The three new antibiotics are
designated actinomycins Pip 1a, Pip 18, and Pip 2. Pip
18 and Pip 2 had molar ratios pipecolic acid/proline of
1:1 and 2:0, respectively. Pip 1a contains one pipecolic
acid and one 4-oxopipecolic acid.29-31

Thr is presumably synthesized from aspartic acid, as in
other organisms. Thr-"4C supplied to S. antibioticus is in-
corporated. Surprisingly, L-Val is employed in preference
to D-Val for the synthesis of peptide bound p-Val. Incor-
poration of L-Val-1-14C suggests that the carbon skeleton
of L-val is employed for synthesis ot D-Val. L-Val-1-14C is
not an intermediate. Feeding experiments with L-Val-15N
showed that the amino nitrogen of L-Val is retained dur-
ing the inversion to the D isomer. A crude enzyme has
been obtained which is probably involved in the activation
of L-Val prior to incorporation into actinomycin.32

Radioisotope experiments suggest the metabolic se-
quence L-Thr — «-ketobutyrate — L-lle — Dp-a-lle. Pro is
synthesized from glutamic acid, a pathway which is re-
versible. In contrast to mechanisms found in animals and
plants, 4-Hypro does not arise from oxidation of peptide
bound Pro but is directly incorporated. 4-Oxopro, which is
also derived from Pro, is not an intermediate in the for-
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TABLE I. Amino Acid Sequences in Different Antinomycins

Amino acid
Actinomycin  Chain 1 2 3 4 5
C. (IV,D,1,X) a Thr Val Pro Sar MeVal
8 Thr Val Pro Sar MeVal
Ca (V1) a Thr  Val Pro Sar MeVal?*
¢l Thr  a-lle Pro Sar MeVal
Caa (i-Co) a Thr a-lle Pro Sar MeVal®
8 Thr Val Pro Sar MeVal
C. (VIL,15) a Thr a-lle Pro Sar MeVal
B Thr  a-lle Pro Sar MeVal
Il (Fs) a Thr Val Sar Sar MeVal
8 Thr Val Sar Sar MeVal
E a Thr e-lle Pro Sar [MeVaI]
B Thr a-lle Pro Sar | Me-lle
Es « Thr a-lle Pro Sar  Me-lle
B Thr a-lle Pro Sar Me-lle
Fi a« Thr [Val :| Sar Sar MeVal
B Thr |a-lle Sar Sar MeVal
Fa a Thr [Val [Pro] Sar MeVal
g Thr a-IIe] Sar Sar MeVal
F. a Thr o-lle Sar Sar MeVal
8 Thr a-lle Sar Sar MeVal
F. « Thr alle [Pro] Sar MeVal
8 Thr a-lle Sar Sar MeVal
Pip/a « Thr Val [Pip :| Sar MeVal
8 Thr Val Oxopip_| Sar MeVal
Pip/8 « Thr Val [Pro Sar  MeVal
g8  Thr Val Pip:| Sar MeVal
Pip 2 « Thr Vval [Pip Sar MeVal
g8 Thr Val Pip:| Sar MeVal
Xoa « Thr Vval [Sar :| Sar MeValiw
8  Thr Val Hypro| Sar Meval
Xog (1) a Thr Val [Pro :| Sar MeVal®
8 Thr Val Hypro | Sar MeVal
Xov (I11,Fg) « Thr Val [Sar] Sar MeVali®
8 Thr Val Pro Sar MeVal
Xos « Thr Val [Pro :| Sar MeVal®®
8 Thr Val Hypro | Sar MeVal
Xia a Thr Val Sar :| Sar MeValwo
8 Thr Val [Oxopro Sar MeVal
XoV) « Thr Val Pro ] Sar MeVal
g Thr Val [Oxopro Sar MeVal
Z In unknown order: Thr, Val, MeAla, Sar,

MeVal, 5-Me(?)4-Oxopro and an unidentified
hydroxyamino acid? 1

mation of 4-Hypro. Instead, in the formation of 4-Hypro
the trans 4-hydrogen atom of proline is displaced by OH
with complete retention of configuration.

Glycine is the direct precursor of Sar in actinomycins,
with Gly-C, and Gly-C, going to Sar-Cy and Sar-C,, re-
spectively, while some Gly-C, is used for the Sar-N-CHg.
L-Val is not only the precursor of D-Val but also of L-
MeVal. The main source of the N-methyl in Sar and
MeVal is methionine. It is not clear whether the methyl-
ation step takes place before or after incorporation of Gly
and L-Val, respectively. However, in controlled biosynthe-
sis Sar-'4C is completely utilized.

Tracer experiments revealed the biosynthesis of the
chromophore unit actinocin. The path proceeds from
tryptophan via kynurenine, 3-hydroxykynurenine to 3-hy-
droxyanthranilic acid. The latter is methylated by methio-
nine at the 4 position in a most unusual benzene methyl-
ation step to give 3-hydroxy-4-methylanthranilic acid.33:34
The enzymic synthesis of actinocin and of actinocinyl
peptides has been accomplished with phenoxazinone
synthetase.35 This enzyme catalyzes the oxidative cou-
pling of o-aminophenols to the corresponding phenoxaz-
inone, regardless of the presence of 1-carboxyl, 1-car-
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TABLE Il. Relations between Actinomycins
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bonyl peptide, and 4-methyl, such as in 3-hydroxy-4-
methylanthranilic acid or -anthraniloyl peptide. Three
atoms of oxygen were utilized in the formation of one
molecule of phenoxazinone. Figures 1, 2, and 3 depict
the entire biosynthetic pathway.

About the synthesis of the peptide moiety itself little is
known, although it is clear that, as in other peptide anti-
biotics, the pathway difters markedly from the mecha-
nism known for protein synthesis. Also, the exact point at
which two 3-hydroxy-4-methylanthraniloyl units couple is
not known. Possibly two such units couple and the amino
acids are added in subsequent mechanistically obscure
reactions, or the pentapeptide lactone is built up first on
the monomer which then dimerizes. A number of poly-
peptides whose sequences are found in actinomycin D
and their 4-methyl-3-hydroxyanthranoyl derivatives have
been prepared as possible substrates.3®

B. Synthesis of Actinomycins

Brockmann is to be credited with the recognition that
the actinomycin chromophore (3) could be biosynthes-
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acid anthranilic
acid(4-MHAA)
Figure 1. Biosynthesis of 4-methyl-3-hydroxyanthranilic acid

from tryptophan and methionine.

ized from two identical 3-hydroxy-4-methylanthranilic acid
moieties (2) by oxidative coupling, a hypothesis which
was later confirmed.3% He also succeeded in synthesizing
this chromophore as well as actinomycin-like compounds
truncated at the peptide chains, by such a biogenetic
type dimerization, using potassium ferricyanide as oxi-
dant.

The synthesis of actinocinylbis(L-threonines) 4 was ac-
complished by Brockmann37 as follows:

Thr_OCH3
COOH co
NO, NO,
— — —_—
OH OH
CH3 CHg Thr  Thr
|
co €O
4

Deamination gave deaminoactinocinylbis(L-threonine)
with NH, replaced by OH. The compounds were useful in
identifying degradation products of natural actinomycins
and as intermediates in later synthetic work.

The first structure confirming synthesis of an actual
actinomycin could not be achieved at that time by the ex-
pected straightforward coupling of two ready-made mo-
nomeric units but was based on the serendipitous obser-
vation by Sunderkotter, that actinomycin C3 could be hy-
drolytically cleaved between Sar and MeVal to give bis-
(seco-actinomycin C3) (5).38

Actinomycin C3 could be regenerated from the bis-
seco compound,® and the bis-seco compound could be
synthesized by dimerization through oxidative coupling.3®
Thus, the first total synthesis of an actinomycin had been
achieved and its postulated structure had been con-
firmed.

Brockmann synthesized several actinocinylbis(di- and
tripeptides) in order to establish the identity of degrada-
tion products from actinomycin Cy, Cz, and C3.4%*! Two
pathways were followed to the monomeric dipeptide (6)
(Scheme ). The same reactions were done with Val in-
stead of a-lle. Oxidative coupling of the two aminophe-
nols, containing either a-lle or Va), yielded the four bis-
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Figure 2. Biosynthesis of amino acid precursors from intracellu-
lar amino acid pool.
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Figure 3. Oxidative condensation of two molecules of 4-MHAA
pentapeptide lactone to form one molecule of actinomycin.
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Pro Pro
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dipeptides, separable through cellulose or paper chroma-
tography

a-lle a-lle \'/al Val
Thr Thr Thr Thr
{from C,) (from C,) ’
: \'/al a-ile a-ile \I/al
Thr Thr Thr Thr
, and
(from C,)

which in that order were identical with the degradation
products from actinomycins C3, Cy, and C,. The fourth
one found no use in this work.

Identification of the third and fourth isomeric bis-dipep-
tides could be established by alkaline hydrolytic degrada-
tion to a 3-hydroxyanthranilic (7) and a 2,5-dihydroxyben-
zoquinone (8) fragment. To obtain the monomeric tripep-
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SCHEME |
a-lle-OCHj,4
COOH Thr
Z-Thr-a-lle-OCH, CO
—_—
OBz
OBz
10
Thr-OH ng/Pd
a-lle-OCHj,4
a-lle-OCH,
Thr—OH Thr
010) CO
NO, NH,
OBz OH
CHg CHg
9 6

tide 9 was coupled with a-lle-Pro-OCHj; or better 10 with
Pro-OCHj3. No products in the hydrolyzate of actinomycin
C; corresponded to the bis-tripeptide thusly synthesized.

Ry R,
Thr Thr
N NH,
= OH™
(0] (0]
CH, CHj
R, R,
Thr Thr
NH, O OH
+
OH . HO 0]
CHj, CH,
7 8

It was noticed that lengthening of the peptide chains
attached to the phenoxazone becomes increasingly diffi-
cult with the number of amino acids present, and it is
concluded that the bis-peptides are more advantageously
- synthesized by carrying out the oxidative dimerization as
the last step. In principle, there are several ways in
which an actinomycin can be synthesized*?™*® as shown
in Table I11.

After weighing the disadvantages against advantages,
path E was chosen for the synthesis of the isoactinomy-
cins and path D for the synthesis of the anisoactinomy-
cins2%-2% path C-1 was found to be particularly disadvan-
tageous. Only a few per cent yield was achieved. Brock-
mann ascribed this result to a steric hindrance in the ap-
proach of the amino group of one peptide chain to the

U. Holistein

TABLE [il. Pathways for the Synthesis of Actinomycinss

COOH COOH COOH COOH

Ny, . NH, \ NO,
0 Q OH 0Bz
CH, CH, CH,

CH,

% Path A: Connection of two intact lactone rings with actinocin,
prepared by oxidative dimerization. Path B: Connection of an
intact lactone ring with the monomeric unit, followed by oxidative
dimerization. Path C: Connection of two peptide residues either in
the open pentapeptide chain (C-1) or with amino acid[B]esterified
with[1J(C-2) to actinocin followed by cyclization to the lactone rings.
Path D: Building up of one pentapeptide chain (D-1) or one tetra-
peptide esterified at [I] with [§}(D-2) on the monomeric unit, followed
successively by oxidative dimerization and lactonization. Path E:
Building up of one pentapeptide chain (E-1) or one tetrapeptide (E-2)
esterified with[Blat[l to the monomeric unit, followed successively
by lactonization and oxidative dimerization.

bulky actinocin and an even more severe steric hin-
drance to the approach of the second peptide chain.

The same difficulty was experienced by Brockmann in
his first actinomycin synthesis (C3) via bis(seco-actino-
mycin), when an attempt was made to esterify the two
Thr hydroxyls on the actinocinyl residue with two MeVal
molecules. The bis-seco compound (11), however, was
obtained in high yield via pathway D-2/E.

In the synthesis of the required monomeric unit two
pitfalls were avoided: (i) stepwise construction of the te-
trapeptide which gave ever decreasing yields, and (ii)
coupling of a ready tetrapeptide which would mean ex-
change of the amino protective group against the benzoic
acid residue. The latter residue was therefore used as
protective group for Thr and the resulting compound 12
was coupled with a-lle-Pro-Sar.

Brockmann used N-formyl and benzyl ester protective
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+ 2MeVal —

MeVal—0 O——MeVal
11
COCH
NO, Sar
—
OBz Pro
CHj5 a-lle
Thr Thr
co Co
NO, NO,
—_—>
OBz OBz
CHg CH,4
12

groups. Coupling was achieved with dicyclohexylcarbodi-
imide (DCCI) or, better, to the Thr residue with Wood-
ward’s reagent.?’ The esterification of the Thr-OH with
MeVal could best be achieved with N,N'-carbonyldiimida-
zole.*® The final coupling of MeVal to Sar was done with
ethyl chloroformate.4® The total yield was 0.13%, later
improved to 2%.

Another pathway for the synthesis of actinomycins was
visualized by Brockmann, when he found that the two
lactone rings could be opened with 99.2% methanolic 4
N sodium methylate5°:51 without destruction of the pep-
tide chains and the chromophore, but with partial racemi-
zation, probably of the MeVal residue. The resulting acti-
nomycinic acid (15) could function as an intermediate in
an actinomycin synthesis. Unlike esterification to the bis-
seco compound with carbonyldiimidazole, the esterifica-
tion (=lactonization) of actinomycinic acid was not suc-
cessful with this reagent, nor with its thionyl analog, pre-
sumably because of steric inhibition of the esterification
of the Thr hydroxyl with the bulky azolide group. Fortui-

@ OH OH

Ac Ac
13

OAc OAc 0]
I:OH ‘:OH

14

OH OH
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tously, an equimolar mixture of acetylimidazole and ace-
tyl chloride was found to be an effective lactonizing
agent. Brockmann explains the reaction to take place via
1,3-diacetylimidazolium chloride (13) and the mixed an-
hydride of acetic acid and actinomycinic acid (14).

The success of this reaction is further ascribed to the
sterically facile formation of the mixed anhydride as op-
posed to the sterically hindered acetylation of the Thr hy-
droxyl. Although it is not a major pathway, lactonization
between carboxyl and hydroxyl of different peptide chains
cannot be excluded.

When Brockmann had learned how best to lactonize
actinomycinic acids, a new synthetic pathway could be
applied to the total synthesis of several actinomy-
cins.52-54 The new method yielded 20-30% yields, as
compared to the older bis(seco-actinomycin) route with
3-4% yield.

The general reaction scheme is given in Scheme |I.

SCHEME 11
OCH-Z}OH + H-[3l0Bz
COOH l
NO,
OCH OBz
OBz l
CHg
l OCH OH + H{4}0B:z
Thr ete.
co l
N
O OCH{ZI3Ta[5+08Bz
0Bz l
CHg H42]3]4[5}-0Bz
15 16
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A Thr residue is coupled to the monomeric unit (15).
This step was also done with D-threonine, L-serine, and
L-Thr-Gly. The required tetrapeptide (16) is then synthe-
sized, starting with amino acid [2], blocked with formyl,
and amino acid in its benzyl ester form. The dehyd-
rating agent is DCCI. After hydrogenolysis of the dipep-
tide [2][3], amino acids and [5] are added succes-
sively, repeating the same steps. The intact tetrapeptide
with its free amino end and benzyl ester block is coupled
to the Thr residue in 60-80% using Woodward's re-
agent.*” Hydrogenation followed by immediate oxidative
coupling with potassium ferrocyanide yields the acti-
nomycinic acid (17) in 53-90% yield. Brockmann ob-
tained ten isoactinomycinic acids, a mixture of two iso-
meric anisoactinomycinic acids, one actinocinylbis(pen-
tapeptide), and one actinocinylbis (hexapeptide). This set

SCHEME 111
OH
o
OH
co co
+ —_
NH, NH,
OH OH
CH, CH,

OH H H
0]
+ +
l:OH OH ﬁ |:ZH
-
18 19
OH
0]
H +
20 21

SCHEME IV
R, Ry
NH, NH
+ —_
OH 0
RZ RZ
R, R, R, Ry
N\ NH, N\ NH,
—_—>
OH (0] o (0]
R2 Ra Ra R,
Ry R,
N\ OH
(0] NH
R, 1
22

R, = COR
R2 = CH3

U. Hollstein

of compounds contained the precursors for actinomycin
C1 and Cj; as well as variations in amino acid contigura-
tion and structure and addition of a sixth amino acid
(Gly).

_Final cyclization, /.e., lactonization, with acetyl chlo-
ride/N-acetylimidazole of the appropriate actinomycinic
acids led to actinomycin Cy (D) (first total synthesis) and
to actinomycin C3 (second total synthesis). Also a nonse-
parable mixture of the anisoactinomycin C, and its posi-
tion isomer i-C, (C.q) was obtained.

Of interest furthermore were the generation of a set of
new actinomycins, some of which showed biological ac-
tivity. There were obtained: an analog of C; with D-Leu
instead of p-a-lle, an analog of Cy with L-Ser instead of
L-Thr, and an analog of Cy or C; with D-Ala instead of
D-Val or p-a-lle.

These and further lactonization experiments revealed
the following rules: cyclizations will only give worthwhile
yields if (i) variations are limited to the alkyl residues of
amino acids [1], [2], or [5] and (ii) if the peptide chain
has the natural sequence of configurations LDLL or its
enantiomers DLDD. Apparently easy cyclization requires a
certain favorable conformation of the 15-membered pen-
tapeptide chain which in turn is predetermined by the
alkyl residues and the configurations. Perhaps this is the
reason for the "unnatural” D configuration in amino acid
[2]. Presumably, these conditions were advantageous in
Brockmann’s syntheses via actinomycinic acids, because
diastereocisomeric intermediates, formed by partial race-
mization, were not converted to the lactones and, thus,
Brockmann's products Cy and C3 were optically pure.

That actinomycins C, and i-C, are not chromatographi-
cally separable is not surprising:55-57 the position isomers

. with regard to Val and a-lle have almost identical solubili-

ties. Brockmann solved the separation problem by oxida-
tively coupling a mixture of an open-chain benzoylpepta-
peptide and a lactonized benzoylpeptapeptide (Scheme
II1). The four products (18, 19, 20, 21) could be easily
separated. Thus, by choosing an appropriate combination
of open chain and lactonized monomer, one can obtain
any desired anisoactinomycin.

The oxidative coupling of two o-aminophenols to the
actinomycin chromophore, as developed by Brockmann
in yields of 90%, proceeds presumably by attack of the
amino group of one monomer onto the position para to
oxygen in the other monomer which reacts in the oxi-
dized quinoid form, followed by attack of oxygen on the
position para to the amino group%® (Scheme V). Appar-
ently a condensation in reverse direction to a phenoxazim
(22) is not a noticeable competing pathway.

Brockmann investigated the same reaction for mono-
mers which had the substituents Ry and R, reversed.25:59
Surprisingly the reaction in reverse direction was now
predominant. Oxidative coupling of air-stable 3-amino-2-
hydroxyl-4-methylbenzoic acid methyl ester (23) with fer-
ric chloride gave 13% of the expected pseudoactinocin
dimethyl ester (24) and 53% of the phenoxazim (25)
which was isolated as the hydrolysis product of the 2-
deamino-2-hydroxyactinocin structure (26). The latter
could be converted to the corresponding 2-amino-3-phe-
noxazone (27) (Scheme V).

Likewise, the oxidative dimerization ot N-(3-amino-2-
hydroxy-4-methylbenzoyl) -L-threonine methyl ester (28)
gave 21% of the desired pseudoactinocinylbis(L-threo-
nine methyl ester) (29) and 19% of the "wrong” 2-deam-
ino-2-hydroxyactinocin (30). By reverting to the oxidative
coupling reagent potassium ferricyanide and acetylating
the threonyl hydroxyl, much better results were obtained:
65% pseudoactinocinylbis(O-acetyl-L-threonine methyl
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ester) and 26% of the corresponding "wrong” 2-deamino-
2-hydroxyactinocin.
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The presence of significant amounts of the phenoxazim
products in the condensation of monomers in which the
COR and CHj; groups are interchanged can be explained
by simple considerations involving reinforcing or opposing
interplays of resonance and inductive effects on the
C=C—C==N and C=C—C==0 system.58

It was now of importance to develop a synthetic meth-
od which allowed for separate formation of two isomeric
aniscactinomycins. For this purpose Lackner synthesized
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anisoactinocinylpeptide pairs with an incomplete bis-pen-
tapeptide lactone moiety.25:59

Upon deuteration of the monomeric unit in the 6 posi-
tion, oxidative coupling in admixture with a nondeuterated
monomeric unit differing in the peptide moiety produced
four products: two isoactinomycins (31a, 32a) and two
isomeric anisoactinomycins (31b, 32b). In each pair one
compound is deuterated (see Scheme VI). When Ry =
OCH; and R; = Thr-OCH; the two aniso compounds
could be separated from the iso compounds and from
each other. Their structures could be easily assigned
from the nmr spectrum of the deuterated and the non-
deuterated compound. Upon extending the chains to Ry
= Thr-Val-OCHj3; and R, = Thr-a-lle-OCH; the mixture of
aniso compounds could still be separated and structures
could be assigned with nmr. Knowing that the full penta-
peptide chains in isomeric anisoactinomycins would not
allow for separation, Lackner synthesized isomers with
large differences in the a and B8 chain. The isomeric mix-
ture with Ry = OCHj; and R, = lactonized Thr-Val-Pro-
Sar-MeVal-O- was separable. Attempts to separate the
mixture with Ry = open-chain pentapeptide methyl ester
and R; = open-chain pentapeptide were unsuccesstul.
Separable was the isomeric mixture obtained with Ry =
open-chain pentapeptide methyl ester and R, = penta-
peptide lactone. Nmr allowed again for assignment of
structures. The isomeric mixture of the bis-pentapeptide
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SCHEME VII
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lactones deuterioactinomycin i-C, and actinomycin Cy,
however, could not be separated. It had now become
clear that separation of aniso isomers must be accom-
plished at the intermediate stage in the synthesis. The
synthesis of individual actinomycin C, and i-C, was final-
ly achieved via the separable mixture of isomeric acti-
nomycinic acid-monolactones (33, 34, Scheme VII).
Thus, for the first time the components of a nonseparable
isomeric aniso mixture had been obtained pure- and their
structure assigned unambiguously. For the study of the
interaction of the two peptide rings with each other as
well as with DNA the conformation had to be known. For
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this purpose Lackner synthesized selectively deuterated
pentapeptide lactones and coupled these to actinomycins
deuterated in the « or B peptide ring.62 Only then can ab-
sorptions be assigned to the « .or 8 position. The actino-
mycins 35, 36, 37 and 38 were synthesized via suitable
oxidative couplings of one lactonized monomer with one
open-chain monomer, separation, and lactonization of
the second chain, as shown earlier (Scheme VII1).

A conformation of the monomeric unit has been pro-
posed.®® To assign the actinomycin Cy signals, only the
spectra of selected iso- and anisodeuterioactinomycins
were needed.

An approach different from Brockmann’s was followed
in a synthesis of actinomycin D (Cy) whereby the penta-
peptide was built up stepwise starting with MeVal-t-OBu
and coupled to 2-nitro-3-benzyloxy-4-methylbenzoic acid
N-hydroxysuccinimide ester (39) in 53% yield. Actinomy-
cinic acid 40 was obtained after hydrogenation and oxi-
dative dimerization. Cyclization to the bis-lactone pro-
ceeded only with poor yields.®

MeVal-t-OBu

- — B—oH
OSu
CO >
NO,
OBz
CHj,
39
OH OH
OH H
e
—_
40 ~

In another approach actinomycin D (C4) was formed
by coupling of a preformed

Z-Sar-MeVal-Thr-Val-Pro-OBu- ¢
BOC

chain to the substituted benzoyl chloride to give 41, fol-
lowed by hydrogenation and oxidative coupling in 80%
yield.'

C. Proof of Two Pentapeptide Lactone Rings

Earlier degradative studies on actinomycins had not
unequivocally demonstrated whether the ten amino acids
belong to two pentapeptide lactone rings or to a deca-
peptide-dilactone ring. The latter possibility had been ta-
citly ignored on biogenetic grounds, although space-filling
models allow for considerations in favor of the decapep-
tide ring.85 Brockmann presented two independent proofs
of the bis-pentapeptide structure, after attempts through
X-ray structure analysis had failed. %®

The first proof proceeded via degradation®”®® Actino-
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mycin Cz was converted into its 2-deamino-2-hydroxy de-
rivative (42) and oxidation of the latter with acetic acid-
30% hydrogen peroxide yielded an N-oxalylpentapeptide
lactone (43) and not a dioxalyldecapeptide dilactone
(44), a distinction which could be made on the basis of
cryoscopic and mass spectral molecular weight determi-
nations of the corresponding methyl ester (Scheme [X)
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Actinomycin C,, for which the position of Val in the a-
sequence and a-lle in the QB-sequence had been
proved,?5:4%:41 yielded upon similar treatment an N-oxa-
lylpentapeptide lactone containing a-lle. Apparently the
N-oxalyl derivative is cleaved only from the quinoid ring.
This result obviates a molecular weight determination.
Moreover, this finding opens a road to the amino acid po-
sition determination in anisoactinomycins, provided the
B-peptide ring does not contain oxidizable amino acids
such as hydroxy- and oxoproline. Brockmann presents
solid arguments, in part based on experimental data,
against the possibility of a transition of a decapeptide to
a more stable bis-pentapeptide during any of the phases
of the degradative-oxidative procedure.

In a second procedure Brockmann proceeded via syn-
thesis. He not only provided a second independent proof
tor the bis-pentapeptide lactone structure, but at the
same time presented a novel approach to the synthesis
of actinomycins%5-57 according to path E discussed
above; that is, the lactonization is accomplished before
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oxidative dimerization. Synthesis of the protected tetra-
peptide CHO-[2][3]4]5]-OCH3; was done as before and the
fragment was coupled to N-(2-nitro-3-benzyloxy-4-meth-
ylbenzoyl)-L-threonine with Woodward’s reagent.*” Hy-
drolysis of 5-methyl ester 45 was followed by lactoniza-

OBz 0Bz
CH, CH,
45

NO,

OBz

tion, again through the advantageous use of acetylchlor-
ide-acetylimidazole. Oxidative coupling of the appropri-
ate monomers gave actinomycin Cy, Cz, and a nonsep-
arable mixture of actinomycins C, and i-C,. Again it must
be assumed that the pentapeptide lactones remain unal-
tered after the oxidative condensation and are not trans-
formed into a decapeptide-dilactone ring. This assump-
tion is reasonable because such a transition would re-
quire a sterically improbable and unprecedented four-
center transesterification. There remains the possibility
that during the monomer lactonization step a decapep-
tide-dilactone (46) was formed. This could be ruled out

OH — 0
FOH o
CO CO Co
NO, NO, NO,
—
"OBz OBz OBz
CH, CHjy CH,
46

for two reasons: (i) the osmotic molecular weight deter-
mination of the lactonization product was in agreement
with a monobenzyl-monopentapeptide lactone, and (ii)
oxidative coupling of the equimolar mixture of the mono-
meric pentapeptide lactones containing for amino acid
Val or a-lle should give equimolar amounts of actino-
mycins Cy and C; and the cross products C, and i-Cy,
while with the decapeptide-dilactone derivative oxidative
coupling would merely yield actinomycins C; or C3. The
former case was observed.
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D. Synthesis of Actinomycin Analogs

Because of the antibiotic action of the actinomycins,
attempts have been made to improve the chemothera-
Jpeutic index by altering the actinomycin molecule. The
alterations have been done (i) on the peptide chain, (ii)
on the chromophore, and (iii) on the peripheral groups of
the chromophore. The biological activities of these ana-
logs are listed in Table I X, section VIII.

1. With Different Peptide Groups

The existing peptide chain can be modified, viz., re-
duction of the oxyproline carbonyl!,®® esterification of the
hydroxyproline residue®:’® or by entirely new buildup of
the peptide chain, such as actinomycin (L-Ser-p-Val-L-
Pro-Sar-L-MeVal)”! and the optical antipode of actinomy-
cin Cy (D).72

An actinomycin analog to Cy with L-Ser instead of Thr
was synthesized by Brockmann?' from benzoylserine +
tetrapeptide, oxidative coupling, and lactonization.

Actinomycin D lactam (49), an analog in which the
threonine oxygen (L-hydroxyl) is replaced by NH, was
obtained via the stepwise buildup of Sar-MeVal-Thr*-Val-
Pro (Thr* = L-threo-a,B-diaminobutyric acid) which was
cyclized to the lactam (47) and coupled to the substitut-
ed benzoyl moiety in the anhydride form (48) followed by
the usual steps (Scheme X). The analog was biologically
active.78:74
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An analog of actinomycin D, lacking the four N-methyl
groups ([4'.4'-bis(glycine)-5',5-bis(valine) Jactinomycin
D) was secured by cyclizing the preformed pentapeptide
L-Thr-D-Val-L-Pro-Gly-L-Val and coupling of this lactone
to the benzoyl moiety, followed by the usual reduction
and oxidative coupling. The CD spectrum of the product
in hexafluoroacetone indicates a conformation very simi-
lar to that of actinomycin, but different if taken in metha-
nol, chloroform, and acetonitrile solutions. The compound
showed no biological activity.”®

2. With Different Chromophore

One attempt has been made to synthesize an actino-
mycin sulfur analog with a different chromophore skele-
ton”® The synthesis was not carried beyond the 4,6-
phenoxathiindicarboxylic acid.

U. Hollstein
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3. With Diftferent Peripheral Groups on the
Chromophore

Intensive studies have been carried out with regard to
a change in the C,-NH; group.
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A group of N-substituted compounds, shown in Table
IV, which could be obtained via the 2-deamino-2-chloro-
actinomycins,®' was of particular interest since several
substitution products photochemically reverted to the cor-
responding antinomycin. It was hoped that the less active
or inactive derivatives could penetrate into the tumor
where they, upon irradiation, would be converted to acti-
nomycin. None of the derivatives possessed an antibiotic,
cytostatic, or toxic activity which even approached that
of the corresponding actinomycin.

TABLE IV, Synthetic C,-N-Substituted Actinomycins
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The photolysis of N-alkylated derivatives of actinocin
dimethyl ester has been investigated.82,83

Since models for the interaction of actinomycin with
DNA had been postulated, whereby the chromophore
moiety is inserted between two adjacent base pairs along
the double helix, it became of interest to modify the pe-
ripheral groups on the chromophore to see how the bio-
logical activity would be altered. Brockmann synthesized
actinomycin Cy analogs whereby the 4- and 6-methyl
groups are substituted by H, OCHj;, CyHs, and
C(CH3)3.84-88 The synthesis proceeded via the route:
substituted benzoyl-Thr + tetrapeptide — monomeric
unit — actinomycinic acid — actinomycin. Preliminary
tests with the tert-butyl substituted benzoylmethyl ester
showed an aberration of the usual pattern: oxidative cou-
pling not only produced the 2-amino-3-phenoxazone (50)
but also the benzoquinone anil (51).

COOMe iOOMe
NH, :

COOMe
K3[Fe(CN

OH COOMe  COOMe

@i

Adding the Thr-OCHj3; or the complete pentapeptide to
the tert-butyl substituted monomer prevents formation of
the phenoxazone entirely, and only the benzoquinone
anils are formed. Cyclization of the latter could be
achieved with trifluoroacsetic acid. Isolation of the inter-
mediate benzoquinone anils supports the earlier hypothe-
sis that the oxidative coupling starts with addition of the
amino group of one unit to the quinoid oxidation product
of the other unit.

According to the model of the actinomycin DNA com-
plex (see section VII), substitution of the 4- and 6-meth-
yls by larger groups would be expected to hinder interca-
lation of the chromophore. This could be confirmed. The
methoxyl group seems to be an exception; however, its
behavior can be explained by hydration and concomitant
energy loss of the binding energy. In addition it is possi-
ble that, because of the vicinity of hydrophobe DNA
groups, the normal hydrophobic interaction with C,Hs or
CHj is absent with OCHj. It is surprising that the H ana-
log has such a low activity. Again, the lack of hydropho-
bic interaction may play arole.

In view of the intercalative interaction of actinomycin
with DNA, it was also of interest to synthesize actinomy-
cin analogs substituted elsewhere in the chromophore.
Brockmann found a facile entrance to the 7-position of
the phenoxazinone chromophore.®%:87 Reduction to the
3,10-dihydro derivative and condensation with pyruvic
acid produced an oxazinone (52) whose 7-position could
be oxidized (53, 54). After cleavage of pyruvic acid, the
7-hydroxyactinomycin C, (55) was obtained. Also the 7-
nitro derivative (C2) (56) could be obtained from the oxa-
zinone (see Scheme XlI).

Catalytic hydrogenation yielded the 3,10-dihydro-7-
amino derivative (57) which was air oxidized to the 7-
amino derivative (C;) (58). The amino group of the
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3,10-dihydro actinomycin condenses with ketones. After
hydrogenation and reoxidation, N-substituted actinomy-
cins (Cz) (59) are secured.

Introduction of Cl and Br in the 7-position was
achieved via the 2-deamino-2-chloroactinomycin (Cs)
(60)79:88 (Scheme XII).

The 4,6-dedimethyl-4,6-dibromo analog of actinomycin
Cy (D) was synthesized by Seela®® by the now classical
method: benzoylthreonine + tetrapeptide, oxidative cou-
pling, and dilactonization.

A number of 4,6-dichloro-4,6-dedimethyl analogs (61)
were synthesized with p-quinone or K3;Fe(CN)g from the
suitably substituted monomers.

Actinocin analogs in which the 4- and 6-methyl groups
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are replaced by substituted acyl groups (62) were ob-
tained from appropriately substituted monomers by the
usual method.%®

111. X-Ray Studies

Because of the initial ambiguity between a bis-penta-
peptide lactone or a decapeptide dilactone®® and be-
cause of the discovery by Kersten'%2 that the biclogical
action of actinomycin was due to its complexing with
DNA, it became important to study the steric arrange-
ment of the peptide lactone rings. The study was first un-
dertaken in G()ttingen36 by X-ray analysis of several poly-
morphs of actinomycin C;. It was argued that any deca-
peptide-dilactone chromophore could be ruled out be-
cause of its inability to fulfill the requirements of the hex-
agonal (rhombohedral) space groups determined. It was
also suggested that the bis-pentapeptide structure would
lend itself far more easily to sandwiching between DNA
base pairs than the far more bulky decapeptide dilactone
arrangements.

Perutz disagreed with the former conclusion, claiming
that a choice between the two alternate structures can-
not be made from considerations of space group symme-
try alone. Actinomycin C; appears to possess a pseudo-
twofold axis of symmetry in the plane of the phenoxazine
ring.108

The decapeptide structure was again tentatively pre-
terred on the basis of additional X-ray diffraction data.1%4

1V. Behavior of Actinomycin in Solution

A. Dimerization

Mdller initiated the investigation of the behavior of acti-
nomycin (C3) in solutions.'%5 Molecular weight determi-
nations by sedimentation equilibrium showed that actino-
mycin aggregates in aqueous solution. Between concen-
trations of 10~5 and 10~3 M dimers predominate, above
10~% M oligomers. In organic solvents only monomers
were found. An increase in temperature causes an in-
crease of aggregation. The inverse solubility gradient (20
g/100 ml at 1° and 0.08 g/100 ml at 20°) is ascribed to
this. Proposed models require a stabilization by the hy-
drophobic interaction of the amino acid alkyl residues.
This was confirmed by a polarographic determination of
the ditfusion coefficients which depend on the viscosity
of water—methanol mixtures.'%®

Actinomycin shows a remarkable increase in solubility
with temperature decrease. The solution entropy change
is large and negative at low temperatures (—37 eu/mol
at 1.0°).797 |t corrections were made for the entropy of
fusion and mixing, the remaining entropy of solvation
would be found to be even larger. The solution AH®° goes
from —37 kcal/mol at 11.7° to —6 kcal /mol at 61.0°. It
is likely that the controlling interaction is that between
actinomycin and the solvent.

B. CD/ORD Studies

Electronic, ORD, and CD spectra of actinomycin have
been measured in water and various less polar sol-
vents. 1% While the AmaxH © lies at 441 nm, the spec-
trum in methanol, ethyl acetate, and benzene shows two
peaks at about 425 and 445 nm. The ORD in water
shows weak minima at about 400 and 460 nm, while the
spectrum in the less polar solvents exhibits one intense
minimum at 410 nm. The optical activity in the visible
does not seem to be associated with the Amax at 441 nm
but with an absorption band at 375 nm. It was concluded
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that the visible absorption spectrum of actinomycin in
water is the sum of several bands representing different
electronic transitions. This situation is the same in the
apolar solvents, but one can notice that the splitting of
the absorption peak may correspond to two vibrational
carbonyl bands. Two explanations may be given for the
difference between the spectrum in water and in organic
solvents: (i) interaction between solvent molecules and
chromophore, and (ii) deformation of actinomycin, possi-
bly through the polypeptide chains, because of differ-
ences in dielectric constants of the solvents.

Crothers reinvestigated the solution behavior of actino-
mycin C3 by equilibrium sedimentation and by optical ro-
tatory dispersion.1%9 The results from equilibrium centrifu-
gation indicate that, as the concentration approaches
zero, monomers (M = 1283) predominate, but with in-
creasing concentration, Map, rises to a plateau near
2566, reached at about 2 mg/ml at 20°. A simple dimeri-
zation equilibrium is consistent with their observations
with K values of 3.6 X 108 M~1 at 5° and 9.0 X 102 M~
at 20°. From this the heat and entropy of dimerization are
estimated: AH gimer = —15 kcal/mol, and AS°gimer =
—38 eu/mol.

The ORD curve shows negative Cotton effects cen-
tered at 449 nm, induced by the asymmetric pentapep-
tide rings, near the chromophore absorptions at 425 and
441 nm, and at 376 nm near which wavelength there are
no strong absorption bands. The ultraviolet negative Cot-
ton effects centered at 269 and 213 nm represent resul-
tant dispersion related to the optically active amino acid
and peptide bond transitions as well as to the induced
symmetry in uv transitions of the phenoxazone system.
The Cotton effects at 269 and 449 nm increase with ris-
ing concentration until a plateau is reached, for which
dimerization is responsible. At constant concentration the
amplitude of the Cotton effect at 376-383 and 269-272
nm varies with solvent surface tension. Thus, solvent-
dependent conformational changes, probably intramolec-
ular ordering of the peptide rings, can be distinguished
from dimerization which produces a Cotton effect at 449
nm.
Crothers ascribes the interactions, which give the
dimer particular stability in water, to the hydrophobic
class, an interpretation strengthened by the presence of
several nonpolar amino acids in the molecule. The large
negative heat of dimerization can be explained at least in
part by assuming that during dimerization two cavities in
the solvent accommodating two solute molecules merge
to one, releasing heat due to the energetic distribution to
the surface free energy (vide infra). The correlation of
ORD with solvent surface tension supports this view.

CD studies show an inversion of sign of the Cotton ef-
fects in going from acetonitrile or chloroform to hexatluo-
roacetone hydrate.!1? The etfect is ascribed to two con-
formations imparting opposite chirality to the molecule:
the twin peptide rings are face to face and perpendicular
to the chromophore. In one case the C4 carbonyl is
above and the Cy carbonyl below the chromophore plane;
in the other case the situation is reversed. The CD spec-
trum in trifluoroethanol can be explained on the basis of
a 70/30% mixture of the two isomers or by the existence
of two opposite atropisomers in the same molecule, giv-
ing rise to a local "quasi’’ mesoform.

The inversion of the CD spectrum was further tested
with other hydroxylic solvents, among which was chloral
hydrate, a gem-dicl.’'? Only the latter produced an inver-
sion like hexafluoroacetone, also a gem-diol. It is now
proposed that actinomycin interacts with gem-diols by
exchange of the two intercycle NH-COya hydrogen
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TABLE V. Actinomycin D Chemical Shifts
8
CDCl3 Dimethylform-
Proton 5@ J Benzene Acetone Pyridine amide D;0?
NHC=0 D-Val 1,91 5.7 1.14 1.74 1.25 1.79
NHC=0 D-Val 2.06 6.0 1.37 1.82 1.35 1.79
NHC=0 Thr (1) 2.18 6.2 1.84 2.18 1.51 1.90
NHC=0 Thr (2) 2.80 6.8 2.25 2.50 1.74 2.06
ArNH, 2.6-2.7 ~2.5 1.78 2.60
ArC;H 2.36 7.8 2.33 2.41 2.22 2.53 2.49
ArC;H 2.63 7.8 3.17 2.57 2.70 2.53 2.49
a-CH-MeVal 3.97 ~7.5 ~3.64 3.81 3.31 3.74 3.83
a-CH-MeVal 4,02 ~7.5 ~3.66 3.85 3.39 3.74 3.83
B:CH-Thr 4,79 2.0-2.5 (B) 4,28 4.77 4.26 4,80
B:CH-Thr 4.85 6.0 (8v) 4.28 4.77 4,26 4.80
aCH-Thr (1) 5.38 ~6.5 (a-NH) 4,94 5.29 4,83 5.29
a-CH:Thr (2) 5.49 2.0-2.5 (aB) 4.9 5.35 4,83 © 5,29
5.21 5.51 5.33 5.13 5.40
sar () 6.37} 17.8 7.08} 6.07 6.12 5.88
5.28 5.55 5.33 5.13 5.40
Sar (@) 6.37} 17.8 7.08} 6.07 6.12 5.88/
a-CH-Pro ~6.0 Inde ~5.7-6.1 ~6.0 5.6-5.7 ~5.9-6.0
a«-CH-Pro ~6.1 Inde ~5.7-6.1 ~6.4? 5.6-5.7 ~5.9-6.0
a-CH-D-Val 6.38 Inde ~6.0 ~6.32 5.8-5.9 6.14
a-CH-D-Val 6.38 Inde ~6.0 ~6.32 5.8-5.9 6.14?
CH;,N-Pro (2 H) 6.25-6.30 ~6.0 ~6.32 5.25-5.40 6.3-6.4
NCH; 7.06 B H) 7.23 7.11 (3) 7.24 3 H) 7.06 (6 H) 6.98(6H)
7.25 7.14 (3) 7.20 (3 H) 7.08 (6 H)
NCH;, 7.11 (9 H) 7.80 7.18 (6) 7.00 (6 H) 7.17(6 H) .7.09(6H)
7.85
CHsN-Pro (2 H) 7.33 (m) 7.2-7.5 7.1-7.3? 6.88 6.92
7.56 (4 gem 9.0) 7.2 ~7.2-7.3
B:CH-MeVal 7.25-7.40 7.3-7.4 7.34-7.44 7.15-7.25  ~7.48
6-CH; 7.44 7.91 7.48 7.65 7.46 7.44
4-CH; 7.76 8.13 7.9 7.85 7.83 7.84
8-CH-D-Val ~7.8 7.5-7.6 7.79-7.89  ~7.35-7.45 ~7.90
3 4+ 4-CHyPro 7.8-7.9 7.8-8.2 ~7.9 7.7-8.0 ~7.85
4-CHx(2 H)Pro 8.15¢ ~8.2¢ 8.2d 7.7-8.0 8.17¢
Thr-CH, 8.73 6.0 8.35 8.70 8.38 8.71 8.64
8.72 8.73
D-Val-CH; 8.87 6.5 8.49 8.86 8.48 8.88 8.91¢
D-Val-CH; 9.09 6.5 8.52 9,11 8.74 9.14 9.13¢
MeVal-CH, 9.04 ggg 9.04 8.94 9.03 9.02¢
MeVal.CH; 9.24 ggg 9.24 9.26 9.24 9.19¢

@ r scale. ® Relative to internal dimethylsilapentanesulfonic acid. ¢ Indeterminate. ¢ Tentative.

bonds for hydrogen bonds with the gem-diol by rotation of
the cyclopentapeptide rings by 180° with resulting inver-
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sion of chirality. In support of this model, the correspond-
ing actinocinylbis(Thr-methyl ester) gave no inversion in
hexafluoroacetone.

The actinomycin chromophore is isolated from the

nearest asymmetric carbon in the peptide chains, and the
question arises whether this chromophore is optically ac-
tive.112 ORD and CD spectra of actinomycin were com-
pared with those of the mono- and diactomycinic acid
(one and two lactones opened), in water, ethanol, and
benzene. The optical activity of the major absorption
band (450-440 nm) is weak. However, a strong optically
active band is present at ~380 nm. Both bands require
the presence of both lactone rings. Two explanations are
given: (i) through interaction the intact lactone rings as-
sume one rigid conformation imparting dissymmetry to
the molecule; upon scission of the lactone rings the free
movement of the chains cancels dissymmetry; or (ii) as
a result of steric interaction between the two lactone
rings planarity of the chromophore is distorted as to be-
come dissymmetric. The strain is released upon opening
of the lactone rings.

C. Nmr Studies

Arison and Hoogsteen completely assigned 100- and
220-MHz nmr spectra of actinomycin to establish specific
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TABLE VI. Conformational Properties Deduced from
Coupling Constants

Residue Type Magnitude Conformation
Thr HN.CH 6.3 Trans
Thr HN-C2H 5.7 Trans
Val HN-C=H 5.7 Trans
Val HN-CaH 5.7 Trans
Thr (e-8) HC=-CfH 1.5 [4.8 Gauche
Thr («-8) HC=-CAH 1.5[4.8] Gauche
Val («-8) HCe-CAH 0.5[4.4] Gauche
Val («-8) HCe-CfH 0.5[4.4] Gauche
MeVal («-8) HCe.CAH 9.2[7.2] Trans
MeVal («-8) HC®.CAH 9.217.2] Trans

¢ Values in square brackets refer to couplings in the free amino
acids.

Table Vil. The 100-MHz Nmr Spectrum of 63 in CDCI|;-D.0

&, ppm (Hz)
NH Thr 9.70 (9.5)
NH Val 6.49 (8.2)
H-6 7.47 (8.0)
H-5 7.39 (8.0)
H-3 Thr 5.81 (6.3/1.0)
H-2 Thr 4.90 (9.5/1.0)
H-2a Sar 3.05 (14.0)
H.2b Sar 4.75(14.0)
H-2 Pro 4.80-4.90
H-2 MeVal 4.74 (11.6)
H-2 Val 4.39 (8.2/7.0)
H-5a Pro 4.10
H-5b Pro 3.55
CH;0 3.88
N-CH; Sar 3.39
N-CH; MeVal 3.22
4.CH;, 2.37 (<0.3)
H-3 MeVal 2.0-2.4
H-3 Val 1.8-2.2
H-3/4 Pro 1.8-2.4
CH; Thr 1.27 (6.3)
(CHs): Val 0.97 (6.3)
0.97 (6.3)
(CHs)2 MeVal 0.91 (6.6)
0.80(6.6)

geometric relationships in the pentapeptide rings.15 Sol-
vent effects and the behavior of active hydrogens shown
in Table V led to the following conclusions: (i) the §-
NHrnhy forms a hydrogen bond with the Cg=0, likewise
between the C1-CO and C,-CH; (the a-NHry, is not in-
volved in hydrogen bonding); (ii) the negative centers ot
Thr and Val are located near the molecular periphery;
(iii) the MeVal-a-CH and one of the Sar methylene pro-
tons are close to and coplanar with a carbonyl group of
either Pro or Sar; (iv) the Pro methylenes are close to the
Pro and Val carbonyls, especially the NCHzpyo; and (v)
the two pentapeptides are parallel to each other and per-
pendicular to the phenoxazone, anchored by the hydro-
gen-bonded B-Thr-NH (see (i)).

Danyluk observed the nmr spectrum of actinomycin
and its solvent and temperature effects.114.116.117 | g||
four Thr and Val residues the HC=-NH protons favor
trans conformations. Furthermore, a gauche vicinal rela-
tionship is indicated for the HC2-~CPH protons of the Thr
side chains. Gauche and/or trans conformations are fa-
vored for the HC*-C“H protons of Val and MeVal. These
relationships are shown in Table VI. There is no intermo-
lecular solute-solute hydrogen bonding (N-H) or stack-
ing (actinocin) in nonaqueous solvents. However, the NH
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TABLE Viil. The 220-MHz Nmr Shifts of Actinomycin in D,0=

Shift Shift
(ppme = (PpmC =
8.01 0.01
Proton type ppm) Proton type ppm)

MeVal CHy(1) 0.82 MeVal N-CH,(1y 3.01
Val CHs(1y 0.85 MeVal N-CH,(2y 3.05
MeVal CH,3(2p 0.99 Val C,H 3.35
Val CH(2y 1.10 MeVal C_H 3.40
Thr CH; 1.38 Sar CHx 3.70
Actinocinyl 1.69 Sar CH. 3.77
group CH;(B)
Pro CH, 2.05 Thr C.H 4.24
Val CgH 2.15 Thr CgH 6.24
Actinocinyl 2.49 Pro C,H (1Y 6.35
group CHjs(A)
MeVal CgH 2.55 Pro C.H (2y 6.37
Sar N-CH;, 2.90 Actinocinyl 7.47
group HA, HB

s Concentration of actinomycin = 3.90 X 10-3 M; u= 0.40 M. * The
numbers refer to nonequivalent groups. ° Shifts are in ppm relative
to internal sodium 3-trimethylsilylpropionate.2,2,3,3-d:.

and NH; groups are involved in intra- and intermolecular
(solvent-solute) interactions in the proton acceptor sol-
vent CDCl;. The (NH)yga; protons are more strongly intra-
molecular bonded than the (NH)Tnh, protons. The possi-
bility of intra-ring (NH)ya; to C=0g,a, bonding is consid-
ered. There is a pronounced conformational rigidity of the
cyclic peptides in nonaqueous sclvents, a stabilizing ef-
fect undoubtedly due to intra- or inter-ring H bonds.
There is indication that the proline rings are in very close
proximity to the Sar methyl groups on the basis of these
studies and Overhauser experiments by Danyluk. At room
temperature the Thr—-NH-C=0 group must be out of the
plane of the phenoxazinone.

Danyluk arrived at a conformational model with the fol-
lowing features.''” The backbones of each peptide ring
lie roughly in one plane. The two pentapeptide planes are
parallel to each other and normal to that of the actinocin
ring system. The two Sar-N-CHj; groups face the interior
region between the peptide rings and are, therefore,
screened from solvent molecules on the inside, while
their outside is protected by the Pro rings.

Lackner investigated the secondary and tertiary struc-
ture with regard to the peptide ring and the dihedral angle
around the actinocinyl-C4(Cg)-C=0- and the Thr-N-
Cz- bond.''® Rotational isomers may arise from variation
of angles ¢ and ¢'.

-CH—0O —(to MeVal)

{to Val)

The 100-MHz spectrum of 63 is tabulated in Table
VII.83 It is in agreement with a conformation (64) which
is also arrived at by models, assuming trans amide bonds
and a long NHyg) +«- O=Cgar hydrogen bond. The dihe-
dral angle around bond ¢ is 120°, around NH-CyHrnr
180°, around bond p 90°, around C;H-CsHmeva; 180°
and around NCH3-CHy, sar 180°.

It is interesting to note that this unicyclic monomeric
unit dimerizes (Mgsm = 1400) in benzene, observable
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through nmr side bands. Presumably two parallel units
are placed face to back.

For the study of actinomycin itself, Lackner used syn-
thetic products which were selectively deuterated in the
a- or B-peptide ring.62 Only then can nmr signals of cor-
responding groups be assigried to the a or B ring.11°

A picture of the secondary and tertiary structures
emerges: (i) the two rings have the same conformation;
(ii) their conformation corresponds to that of the mono-
meric unit;%® and (iii) the twin rings are situated face to
tace, whereby the N-CH3gar) groups lie inside. Coplanar
arrangement of rings and chromophore are excluded on
steric and nmr spectroscopic grounds; and (iv) the an-
gles ¢, and ¢g''® are believed to be equal; however,
they cannot be 0 or 180°.

The existence of a dimer at >10~* M was established
with no detectable formation of higher aggregates, even
at concentrations approaching saturation, but the orienta-
tion of the two actinomycin molecules leaves still open
an interaction between the pentapeptide rings or involve-
ment of the actinocinyl chromophore. The aggregation of
actinomycin D was once more investigated by nmr.113 A
60-MHz''* and 100-MHz''5 assignment were known.
Thus, a distinction between peptide or chromophore in-
volvement is possible based on dimerization-induced pro-
ton shifts in key groups. Actinomycin D was measured at
220 MHz at various concentrations, pH, and temperature.
Only dimers were confirmed involving vertical stacking
interaction of the actinocinyl group with one chromo-
phore inverted with respect to the second.

U. Hollstein

The measurements were done in benzene-ds binary
CeDe-CD30D mixtures, CD3zCOD, binary CD3;COD-D,20
mixtures, and D0, employing deuterium exchange and
spin-decoupling techniques. Variation of solvent produces
characteristic shift changes. The chemical shifts in D20
are given in Table VIII.

The spectrum was then studied at different concentra-
tions at 4 and 18° in D,0 and at different pH values. At
increasing concentration the shifts of the pentapeptide
ring protons remain unchanged in marked contrast to the
two aromatic actinocinyl hydrogens and the two actino-
cinyl methyls, which shift upfield. Simultaneous line
broadening is observed indicating decreased relaxation
times, as would occur in an aggregate. The actinocinyl
groups also show temperature and slight pD dependence.
Dimerization equilibrium constants of 2.70 X 103 M~ at
4° and 1.40 X 10° M~1 at 18°, both at pD 7.2, were
obtained. Danyluk interprets the negative enthalpy
change for the dimerization as an aggregation process
involving stacking interactions between w-electron sys-
tems. He arrives at a model (65) after considering vari-

65

ous arguments, notably the behavior of the actinocinyl
methyl shifts in connection with an estimated shielding
anisotropy of the actinocinyl chromophore.

In another 100-MHz nmr study'2? the corresponding
protons in the a- and B-chain are observed to be magnet-
ically nonequivalent. The NHy,; protons are strongly hy-
drogen bonded, and there may be a weak hydrogen bond
at the NHtpr. All N-CHj3 protons are trans with respect
to the peptide bond. The strong hydrogen bond must be
intramolecular between rings from NHyga; to COpeva; (in
disagreement with Danyluk’'s and Lackner's findings).
The dihedral angle in C,H-CgHrn, is about 60°.

Two types of structures have been derived'21.122 py
studying sterically allowed conformations of the penta-
peptide lactones on the basis of energy calculations tak-
ing into account nmr, infrared, CD data, preliminary X-ray
data, and the geometrical conditions for ring closure.
One corresponds to a structure with two intracyclic
NHya}++«CO—Cyg1 hydrogen bonds, and one corre-
sponds to a structure proposed earlier®®''°* and contain-
ing intracyclic NHyaj---COsar hydrogen bonds. The latter
structure suffers from lack of rigidity, a factor required by
the relative invariance of the CD and nmr spectra upon
changing temperature or solvents. Another set of two
structures, similar to the structure proposed by So-
bell,24:123-125 ha5 the two rings out of plane and on oppo-
site sides of the phenoxazone plane and contains two in-
tercyclic NHya;+-+COval hydrogen bonds. The two struc-
tures are very similar; one has the Sar peptide bond cis,
the other trans. Unlike Sobell’'s model the angles be-
tween the CO-NHThr plane and the phenoxazone plane
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are not equal (38 and 118° for the a- and B-chain, re-
spectively), explaining the difference in NHTnhr nmr shifts
and the abnormal chemical shift of one CH,;Npro group,
presumably due to its close contact with the Cy-CO
group.

V. Complexes with Constituents of Nucleic
Acids

The complex binding between actinomycin and DNA
has been known in the late 1950’s. Since it has become
clear that the binding was specifically to the bases, a
number of binding studies with bases and nucleosides
was undertaken. The complex is detected by a hypo-
chromic (up to ~50%) bathochromic (+10 nm) shift ot
the visible absorption maximum at 442 nm. Kersten'2®
measured the effect expressed as a difference between
maximum and minimum of the difference spectrum
(complex minus actinomycin), deriving a binding ability
sequence: deoxyguanosine > guanine > adenine >
adenosine = deoxyadenosine > AMP, ADP, ATP > inos-
ine =~ xanthosine.

The tendency of purines and their nucleosides or nu-
cleotides to form molecular associations, poessibly of the
charge-transter complex type, with electron acceptors is
not uncommon. Pullman'?? calculated the energy coeffi-
cient of the highest occupied molecular orbital of a num-
ber of purines. The smaller this coefficient, the lower the
tirst 7 ionization potential and the greater therefore their
electron donor ability. He arrives at a sequence, resem-
bling that deduced from data of Reich,2® viz., thioguan-
ine > guanine > 2,6-diaminopurine = 6-dimethylamino-
purine > 6-methylaminopurine =~ aminopyrazolopyrimi-
dine > adenine =~ 2-fluoroadenine > 2-aminopurine =
benzimidazole > 8&-methylpurine > purine. The most
probable agreement in the complex is of the stacking
type, with plane-to-plane interaction.

The spectral properties of a number of purine-actino-
mycin mixtures were investigated.128 It is shown that the
structural features in DNA which account for its complex
torming capacity cannot be deduced from a study of the
model reaction with purines (see section VI), because
hypochromic shifts with the latter are 10-20 times weak-
er and no single structural feature of the purine ring
seems indispensable for the reaction with actinomycin, in
marked contrast to the reaction of nucleic acids where
only the guanine in DNA can react with actinomycin. The
same conclusion was reached by Gellert,'%” who com-
pared the free energy, enthalpy, and entropy of binding of
actinomycin to DNA with that of deoxyguanosine. The lat-
ter is characterized by a relatively small association con-
stant (~10%). The entropy change is unfavorable for in-
teraction (—15.1 eu/mol), but AH is negative (—9.1
kcal/mol). On the other hand, DNA binds actinomycin
~1000X stronger, the reaction is accompanied by a
negligible enthalpy change, and the driving force for the
reaction arises from a large entropy increase (+31 eu/
mol).

However, it should be pointed out that a crystalline ac-
tinomycin-dG, complex, studied later, could be used ad-
vantageously to arrive at a model for actinomycin-DNA
interaction13® (see section VI1).

From molecular weight determinations by equilibrium
sedimentation and stoichiometric and kinetic (tempera-
ture-jump) measurements,’? it was concluded that the
actinomycin Cz;-deoxyguanosine complex consists of two
molecules of each partner and is formed in the reaction
(actinomycin), + 2dG = (actinomycin);(dG),. The two
binding sites on the actinomycin dimer are equivalent
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and independent of each other. Association constants of
22 natural and synthetic atinomycins were found in the
range 102 to 10%, with AH® = 8.3 kcal/mol and AS® =
13 cal/(mol deg) for actinomycin C;. Because of the
high rate constant for the complex formation (1.5 X 108
I./{(mol sec)) for actinomycin Csz, the reaction must be
diffusion limited; /.e., the partners react at each sterically
tavorable collision.

Spectrophotometrically determined association con-
stants for 1:1 complexes of actinomycin D with a variety
of purines and purine derivatives vary in the 102 to 10°
range. Guanosine binds stronger than adenosine, and
deoxyribose derivatives bind stronger than ribose deriva-
tives. 130

Crothers and Ratner'®' measured thermodynamic con-
stants for the formation of the actinomycin-deoxygua-
nosine complex in water-methanol mixtures with the spe-
cific purpose of distinguishing between the surface ten-
sion approach to solvophobic etfects!% and the standard
view of hydrophobic effects as arising from an ordering of
solvent molecules around the solute. The latter view is
tavored because the complex is destabilized (AG® =
—4.44 kcal/mol at 100%. H,O and —3.50 kcal/mol at
40% methanol) in the presence of increasing methanol
concentration, due to an increasingly negative entropy of
complex formation (AS® = 19.8 cal/(mol deg) at 100%
H»0 and —33.2 cal/(mol deg) at 40% methanol).

Homer132 measured the CD spectrum of actinomycin
with a 100-fold excess of dG-5'-phosphate, conditions
under which Muller's 2:2 complex was formed.'2% |t ex-
hibits a positive and negative band, which would be ex-
pected for a dimer with the chromophores close to one
another. The geometry involved is quite different from
that of the complex of actinomycin with DNA.132

So far two types of configuration have been proposed
for the 1:1 purine-actinomycin complexes: (i) the purine,
e.g., guanine, is assumed to hydrogen-bond with the quii-
noid portion of actinocin to form a complex in which the
aromatic rings of both molecules are coplanar?3® (66);

deoxyribose—N/\d
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and (ii) the purine ring is assumed to be stacked over the
actinocin ring analogous to stacking of purine derivatives
themselves (67). Initial nmr evidence for an actinomycin
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-dG, complex was provided by Arison and Hoogsteen.
They arrived at a stacking-type interaction for this com-
plex.’'® Further attempts to confirm the correct structure
by nmr were made by Danyluk.''7 Type (i) would lead to
downfield shifts while (ii) would produce the opposite ef-
tect. From the fact that the two actinocin ring hydrogens
and the benzenoid methyl are shifted upfield by purine
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Figure 4. ORTEP illustration of the actinomycin-2dG complex,
viewed down its quasi dyad axis. Dotted lines indicate hydrogen
bonds connecting the pentapeptide chains with each other and
with the deoxyguanosine molecules. Bond distances and angles
obtained from the heavy-atom analysis are shown in parenthe-
ses; those shown without parentheses have been obtained from
the light-atom analysis (from Jain and Sobell,'?% with permis-
sion).

derivatives (pyrimidines produced no shift at all), it can
be concluded that the purine rings must be stacked over
the actinocin system. With dG and dG-5'-PO, the quinoid
methyl was shifted downfield. The latter situation points
to a structure in which the guanine ring is predominantly
located over the benzenoid ring, while the deoxyribose
(phosphate) is situated near the quinoid ring.

The weak actinomycin-deoxyguanosine complex can
also clearly be distinguished from the much firmer DNA
complex by ORD.'%¢ The ORD curves of the two com-
plexes are different both in amplitude and shape. Pre-
sumably this is due to the greater steric freedom of the
former complex, which imposes much less constraint to
the conformation of the bound actinomycin molecule.

A major breakthrough in the elucidation of the struc-
ture of an actinomycin-dG complex was achieved by So-
bell123-125 by X-ray diffraction. It is clear that X-ray dif-
fraction determination of a structure in the solid state
would be an acceptable substitute for the determination
of its conformation in solution since it is unlikely that the
conformation will be much different in the liquid state.
Yet, the difference between the solid and liquid state
must be kept in mind. Such an X-ray analysis has be-
come possible because of the successful crystallization
of a 1:2 actinomycin D-dG complex. Work proceeded on
two crystalline modifications, one of which has been re-
ported in detail.'25 X-Ray diffraction data were collected
from a 7-bromoactinomycin C;-2dG complex with almost
identical cell parameters as the actinomycin D-2dG com-
plex. Analysis shows that actinomycin has quasi-C, sym-
metry with the axis lying roughly along a line connecting
O and N in the center ring of the phenoxazinone. Exact
C, symmetry is not achieved because of the Cy-amino
group and the C3=0 group. Both polypeptide rings obey
this twofold symmetry: the "benzenoid”-attached a-chain

" Thr-carboxamide carbonyl

U. Hollstein

Figure 5. Interaction of actinomycin with G-containing di- or po-
lynucleotides (after Schara and Muller'34).

lies above the plane of the chromophore, and the "qui-
noid'-attached B-chain, having identical conformation,
lies below this plane. The peptide linkages are Thr-Val,
trans; Val-Pro, cis; Pro-Sar, cis; Sar-MeVal, trans; and
oxygen and C4(Cg)-C=0,
trans. A strong hydrogen bond exists between neigh-
boring cyclic pentapeptide chains connecting NHy,; («)
to C=0va1(8) and NHy4,(8) to C=0vy;(a).

The two dG units are situated symmetrically with re-
spect to actinomycin, preserving the quasi-C, symmetry;
they are stacked on alternate sides of the phenoxazine
system. A strong hydrogen bond connects one guanine
2-amino group with the C=Orpr () and one with the
C=Ory(B). There is a weaker hydrogen bond between
the guanine Nj's and the corresponding NHrhr(a or B)
(Figure 4).

The 1:2 stoichiometry of the complex is a direct conse-
quence of the quasi-twofold symmetry of actinomycin
and has important implications for a model for the inter-
action of actinomycin with DNA (see section VI).

The stoichiometry in the actinomycin-dG, crystal,
however, is contrasted by the n:n compositions found in
aqueous solutions.107,109,130 Therefore, Miller investi-
gated the interaction of actinomycin C3; with several dinu-
cleotides and a tetranucleotide.'* The sequence speci-
ficity was studied by measuring the dissociation con-
stants of the complexes by spectral titrations. G-Contain-
ing dinucleotides form complexes of roughly ten times
higher stability than G-free dinucleotides. The former
group may be subdivided into three classes: (i) d{(pX-G)
which bind actinomycins with similar affinity as the
dGMP, K = 2 X 103%; (ii) d(pG-X) which bind actinomy-
cins less strongly than dGMP, K = 7 X 102; and (iii)
d(pG-C) which binds actinomycins in a 1:2 complex cor-
responding to Sobell's structure,123-125 K ~ 1.4 X 107.
Further support for this 1:2 complex was obtained
through molecular weight determination by sedimentation
equilibrium. The tetramer d{(pC-T-A-G), which behaved
like type (i), dnd d(pC-G) yielded 2:2 complexes with ac-
tinomycin.

These results are in agreement with the model in
which the binding of the actinomycin chromophore to 5’-
d(GMP) takes place at the 3'-end (Figure 5). Thus, in a
di- or polynucleotide the nucleotide at the 5'-end of dG
(X) feels no influence from the actinomycin d(GMP) in-

-teraction. However, a nuclectide on the 3'-side (Y) clear-

ly influences this interaction. When Y = A or T, the com-
plex stability is lowered, but if Y = C, a 1:2 complex is
formed.

The association constant for the actinomycin-d(pG-C)2
complex formation can be split into a Ky = 10% and a K3
~ 1.5 X 10% The relative high value of K, must be due
to the complexing of two GC base pairs, between which
an actinomycin chromophore is intercalated. The stabili-
zation of the complex is a consequence of the coopera-
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Figure 6. The 1:2 actinomycin:[d(pG-C)], complex (after Schara
and Miiller 34,

5' P ' OH

p
c
3’ OH 5 p

Figure 7. The 2:2 actinomycin:(pG-C) complex (after Schara
and Miller;®* in view of Sobell’s model'5¢ the complex as
shown would be sterically impossible because the peptide por-
tion of actinomycin covers three base pairs on either side of the
phenoxazone ring system).

tivity between generated hydrogen bonds, electronic and
hydrophobic forces.

The 1:2 actinomycin-d(pG-C), complex and the 2:2
actinomycin-d{(pC-G) complex are represented in Figures
6 and 7, respectively.

Figure 8 shows a schematic view of the 2:2 (actinomy-
cin);—-[d(pC-T-A-G)]2 complex. It is of interest to note
that the latter complex does not form higher aggregates
in which additional double helix tetramers are joined with
their 3'-terminal dG's to the already bound actinomycin
chromophores. This problem is related to the apparent
inability of actinomycin to form a 1:2 complex with
d(GMP).

A similar study was carried out by Krugh.'35 Specifi-
cally, it could be shown that d(pGpC) interacts strongly
with actinomycin in a cooperative fashion, indicating that
actinomycin has a preference for GpC sequences of DNA
as potential binding sites. The dinucleotides d-(pXpG)
with X = C, T, and A resemble dG in their binding prop-
erties, the reaction being first order. However, dinucleo-
tides of the type d(pGpX) (X # C) bind less tightly, with
tirst-order character. Stereochemically, this can be ex-
plained on the basis of the geometry found in the actino-
mycin-dG, complex but does not involve intercalation
between the two bases of the dinucleotide. Similarly, the
d-(pGpX) (X # C) complexes use the same geometry
and do intercalate, but complex formation with one dinu-
cleotide prevents complexing with the second dinucleo-
tide, because the bases are noncomplementary. The sit-
uation is unique in d-(pGpC), where the steric fit for in-
tercalation between two complementary dinucleotides is
perfect. The reaction proceeds cooperatively between
one actinomycin and two d-(pGpC)’s.

In continuation of former nmr work,''3:115,117 Krugh
also studied actinomycin D-deoxymononucleotide!3® and
—-deoxydinucleotide'3” complexes by nmr (100 MHz) at
various nucleotide:drug ratios in order to determine the
stoichiometry and geometry of the complexes. The chem-
ical shifts of the actinomycin D protons changed until the
ratio [dGMP]/actinomycin > 2, providing evidence that a
complex with two dGMP molecules is formed. The char-
acteristic changes of the C4-CH3z and Cg-CHjz proton
shifts are in agreement with the following mechanism.
Initially dGMP binds to the actinomycin dimer, which is
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Figure 8. The 2:2 (actinomycin)z:[d(pC-T-A-G], complex (after
Schara and Muller;'4 in view of Sobell's mode|'5® the complex
as shown is sterically impossible because the peptide portion of
actinomycin covers three base pairs on either side of the phe-
noxazone ring system).

predominantly present at the concentration (0.02 M) nec-
essary for nmr measurements. The dimer, which is clear-
ly of the antistacking type (63), has two outer binding
sites available. As the dGMP/actinomycin ratic in-
creases, the actinomycin dimer is disrupted in a competi-
tion between actinomycin-(dGMP), complex formation
and actinomycin chromophore dimerization. The situation
is similar for the actinomycin—-(GMP), complex, which
possibly has a hydrogen bond between the 2’'-OH of GMP
and the C3;=0 of actinomycin.

Titration of actinomycin D with 5'-TMP produced no
changes in the chemical shifts, consistent with previous
tindings that TMP does not interact with actinomycin. In-
teraction with dAMP exists, presumably with similar ge-
ometry as in the complex with dGMP. The situation is
less clear in the case of AMP, although binding clearly
occurs. The studies further indicate a difference between
the binding sites on the benzenoid ring and on the qui-
noid ring.

VI. Binding of Actinomycin to DNA

This topic has been reviewed frequently in recent
years,'7-24 from a molecular biology point of view. The
subject will therefore only briefly be dealt with in this re-
view. While the cytostatic properties of actinomycin have
been known since its discovery,’3® the reasons for this,
viz. the complexing of actinomycin with DNA'%2 and the
consequential inhibition of RNA synthesis,139:140 only be-
came known in the early 1960’s. The complex formation
has been studied using spectrophotometric methods,
buoyant density measurements, equilibrium dialysis, CD
and ORD,193:132.147 mejting temperature, and inhibition
of DNA template controlled RNA synthesis. By much
larger actinomycin concentrations DNA controlled DNA
synthesis is also inhibited, but the mechanism seems to
be a different one. While the former is a direct conse-
quence of steric interference by the antibiotic, the latter
seems to be a stabilization of DNA.128 Actinomycin also
interferes with reactions in which DNA is modified, such
as methylation. 142

Actinomycin complexes with DNA but not with RNA,
The association constant is about 5 X 108 M~'. The
DNA must be double-stranded helical and contain gua-
nine residues.'” The number of nucleotide pairs per
bound actinomycin molecule runs from 0 at 0% dG con-
tent to about 8 at 50% dG in poly-d(G-C),'43 with relative
constance of the number of binding sites in the middle
range,'%7 possibly suggesting the involvement of more
than one base pair. In DNA with adjacent dG’s less than
half of these sites are available for binding. '44-146



646 Chemical Reviews, 1974, Vol. 74, No. 6

H
NH N
» (e H
NK ,

8]

c

Figure 9. Schematic representation of Hamilton, Fuller, and
Reich’s model of the actinomycin—-DNA complex: (a) front view,
(b) top view. Circles represent pentapeptide lactones.

Figure 10. Schematic representation of Gurskii's model of the
actinomycin-DNA complex: (a) front view, (b) top view. Circles
represent pentapeptide |actones.

The conception of actinomycin-DNA complex was fur-
ther refined with the discovery that a 2-amino group on a
purine was required for binding;'*” 2,6-diaminopurine can
replace dG as a binding factor. Two exceptions to the dG
specificity are known. In one case the presence of dG is
not required for binding. Single-stranded poly-dl binds
actinomycin, possibly because of a peculiar conformation
of the polymer.1%% In the other case the presence of dG
is not sufficient for binding. Poly-d(A-T-C):poly-d(G-A-T)
does not interact with actinomycin by spectrophotometric
measurement, equilibrium dialysis, buoyant density, melt-
ing temperature and inhibition of RNA synthesis,43:148
and circular dichroism.149 Again, this may be due to a
difference in conformation or to the fact that actinomycin
requires a specific base sequence not present in this po-
lytrimer. Actinomycin is bound more tightly to a polydeox-
yribonucleotide that contains both purines and pyrimi-
dines on both strands than to the isomer with all purines
on one strand and all pyrimidines on one complementary
strand. 143

Actinomycin interferes with the RNA chain elongation
step and not with the initiation or termination step. Kinet-
ic studies have shown that specifically the CTP and GTP
incorporation is slowed down.'3% This result has a bear-
ing on the alternative between an inside or outside model
tor binding, since the data require the actinomycin not to
be bound symmetrically with respect to a G-C pair and
an adjacent pair (see section VII).

Vil. Models for the Actinomycin—-DNA Complex

During the last decade four models have been pro-
posed for the complex between actinomycin and DNA. In
two of these actinomycin is bound to the outside of the
double-stranded DNA helix, while the other two represent
inside bound complexes whereby the chromophore inter-
calates between two successive base pairs. There are
arguments pro and con for these two types. Support for

U. Hollstein
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Figure 11. Schematic representation of Muller and Crothers
model of the actinomycin-DNA complex: (a) front view, (b) top
view. Circles represent pentapeptide lactones.

<
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Figure 12. Schematic representation of Sobell and Jain's model
of the actinomycin-DNA complex: (a) front view, (b) top view.
Circles represent pentapeptide lactones.

the outside-binding models comes from (i) flow-di-
chroism studies showing an angle of 67° between the
DNA axis and the transition moment of the visible ab-
sorption band of actinomycin, 7 (ii) decrease in DNA
viscosity when actinomycin binds,'°7 (iii) the fact that
lengths of intact lambda virus DNA, as measured by the
electron microscope, were not affected by actinomy-
cin, 31 (iv) kinetic evidence against the symmetrical
placement of actinomycin with respect to two base pairs
as in intercalation,’5? and (v) molecular model building.
In support of the intercalation models stands the fol-
lowing evidence: (i) the length of the DNA molecule is
increased by a remarkable 4-5 A (base pair spacing =
3.4 A) upon complex formation as evidenced by in-
creased viscosity and decreased sedimentation coeffi-
cient of low molecular weight DNA (M = 1 X 10%) which
behaves like rigid rods (opposite effects occur for high
molecular weight DNA which is flexible);152 (ii) substitu-
tion of a ‘bulky group at the 7-position of actinomycin sig-
nificantly reduces complex formation;'%2 (iii) a marked
decrease in binding upon increased ionic strength can be
related to a decrease in repulsion of adjacent phosphate
groups through an electrostatic shielding effect;'52:152
(iv) the unwinding of the supercoiled structure of the re-
plicative form of bacteriophage, ¢$X174 DNA, can be in-
terpreted on the basis of intercalation!54-15¢ although an
unwinding pressure exerted by the polypeptide moieties
could also be the cause; (v) the structure of the actino-
mycin-dG, complex2* shows clearly the steric fit in an
intercalative model; and (vi) molecular model building
supports.

The first model (Figure 9) depicts actinomycin in the
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Figure 13. Computer-generated stereopairs showing the first step in the assembly of the actinomycin~-DNA model. The bottom pair
represents actinomycin viewed perpendicular to its dyad axis in the direction benzenoid to quinoid ring. In the top pair two deoxygua-

nosines have been added (after Sobell' 58 with permission).

Figure 14. As in Figure 13, but turned ~45°.

minor groove of helical DNA.'33 Hydrogen bonds be-
tween C3=0 and the 2-amino group of guanine and be-
tween C,-NH, and both the guanine-N; and the deoxyri-
bose ring oxygen stabilize this outside complex. The pep-
tide lactones permit further stabilization through four hy-
drogen bonds between four NH groups and the phospho-
diester oxygens. The minor groove is occupied over three
nucleotide pairs. Thus, for every actinomycin bound at
least two guanine residues are blocked. The relationship
of occupied sites vs. dG content is accounted for by this

model, although it permits somewhat higher saturation
values than actually observed.

A second similar "outside’” model (Figure 10) places
actinomycin in the minor groove, with an angle ot 20° be-
tween the chromophore and the base planes.’s” Hydro-
gen bonds exist between the C;-NH, and the phosphate
oxygen of DNA and between the C3=0 and the 2-amino
group of guanine. Some uncoiling of the DNA helix is re-
quired. The two peptide rings are on opposite sides of the
chromophore, thus occupying a longer DNA segment
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TABLE IX. Biological Activities of Natural Actinomycins and Synthetic Analogs

Compound Activity, ug/ml® Method of expression Ref
Actinomycin C, 0.25 Concn required to inhibit growth of 60
Actinomycin C. 0.25 B. subtilis
Actinomycin C; 0.25
Actinomycin F, 1.0
Actinomycin Xog ‘ 1.5
Actinomy¢in Xes 0.35
N-Methylactinomycin C, 1.0
N-(8-Dimethylamino)actinomycin C; 2.5
Deaminoactinomycin C; 10
Chloroactinomycin C; 10
N:(p-Aminophenyl)actinomycin C; 10
N:Aminoactinomycin Cs 10
Actinomycin C; 70 100X minimal inhibitory 100
Actinomycin X, 1.5 (B. subtilis) conen of
Actinomycin Xog 2.5 actinomycin C;: minimal inhib-

Actinomyeln Xoy 30 itory concn of cpd in
Actinomycin Xgs 40 first column
Actinomycin Xy, 70
Actinomycin X, 150
Actinomycin C, 1:20 X 108 Minimal inhibitory concn (B. subtilis) 61
Actinomycin X, 1:30 X 108
Actinomycin Xos 1:10 X 10¢
Actinomyein Xog 1.0.5 x 108
Actinomycin Xqs acetate 1:2.5 X 108
Actinomycin Xog acetate 1:1,5 X 108
7.Bromoactinomycin C; 1:4 x 10¢
7-Hydroxyactinomycin Cy, pH 6.0 1:0.5 X 108
7-Hydroxyactinomycin C;, pH 7.1 1:5 X 10°
7-Nitro actinomycin C, 1:10 X 10¢
7-Aminoactinomycin C. 1:2 X 105
7-Methoxyactinomycin C, 1:2 X 108
Deaminoactinomycin C, 1.8 X 108
3-Chloroactinomycin C, 1:2 X 10¢
N- Methylactinomycin C. - 1:2 X 108
N - (8-Hydroxyethylhactinomycin C, 1:6.4 x 10¢
N- Dimethyleneactinomycin.C; 1:4 % 108
N-(8-Diethylaminoethyl)- 1:20 X 108
a ctinomycin C;
N-(p-Aminophenyl)actinomycin C; 1:3.2 X 10¢
N-(8-Aminoethylactinomycin C; 1:6.4 X 104
N-Trimethyleneactinomycin C; 1:6.4 X 10¢
N-Isopropylactinomycin C; 1:5 X 102
N-Cyclohexylactinomycin C; 1:5 x 102
N-(a:Carbomethoxylethyl). 1:5 X 108 ‘
actinomycin C; 4
N-(3-Chloroethylactinomycin C, 1:6.4 X 10¢ “
Actinocin Inactive
seco -Actinomycin C; Inactive
Bis(seco-actinomycin Cs) Inactive
Actinomycinic (C;) acid Inactive -
Actinomycin C, with L-Ser instead 8% Min inhibitory concn {B. subtilis) relative 71
of L-Thr to actinomycin Cs
Actinomycin Z; 50X Min inhibitory concn (B. subtilis) relative 9
to actinomycin C;
Enantiomer of actinomycin C Inactive Activity against B. subtilis 72
7-Hydroxyactinomycin C. <0.25% Activity against B. subtilis relative 80
7-Nitroactinomycin C. 40% to that of actinomycin C;
7-Aminoactinomycin C, <1%
7-Chloroactinomycin C, 50%
2-Deamino-2-chloro- Inactive
7-bromoactinomycin C;
7-Bromoactinomycin C 150%
Actinocyl-gramicidin S None Complexing with DNA 158
Actinomycin C; with pD-Leu instead 25% Activity against B. subtilis relative 54
of D-a-lle to that of actinomycin C;
Actinomycin C, with L-Ser instead 20%
of L-Thr
Actinomycin C, or C; with D-Ala 1%

instead of D-Val or D-o-lle
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Actinomycin D 0.02 Min inhibitory concn against 30
Actinomycin pip la 0.25 B. subtilis
Actinomycin pip 18 0.02
Actinomycin pip 2 0.1
Various actinomycins Inactive Activity against B. subtilis 25
with « or g ring
truncated or open
Various natural actinomycins 0.05-12 Min inhibitory concn against B. subtilis 28
4,6-Didemethylactinomycin C, 0.01 Activity against B. subtilis relative 86
4,6-Didemethyl.4,6- 0.01 to that of actinomycin C,
dimethoxyactinomycin C:
4,6-Didemethyl-4,6-diethyl. 0.5
actinomycin C;
4,6-Didemethyl-4,6-di-tert- 0
butylactinomycin C;
4,6-Didemethyl-4,6- 23% Activity against B, subtilis relative 83
dibromoactinomycin C; to that of actinomycin C;
Actinomycin D lactam 0.5 IDso L. arabinosus 73, 74
[Gly¥, Val*¥]actinomycin D 0 Activity against B. subtilis 75

¢ Except where noted.

than in the previous model. The entire molecule covers
about six base pairs, fitting the binding data closely.

In the third model (Figure 11) the actinomycin chro-
mophore is intercalated between two successive base
pairs,’52 one of which is G:C, with the peptide rings pro-
jecting into the minor groove. Stabilization occurs in a
number of ways: through electronic interaction of the
chromophore © complex and the guanine 2-amino group
and through hydrogen bonds between the carboxamide
NH to the deoxyribose ring oxygen. Several forms of this
complex are thought to exist at equilibrium. In the most
stable form the two peptide rings, after having undergone
conformational changes, interact with each strand in the
minor groove of the double helix. The slow reversal of
these conformations is responsible for the slow associa-
tion-dissociation which in turn is the basis for the high
effectiveness of the antibiotic, in preventing the RNA
polymerase of progressing along the DNA.2° The disso-

Figure 15. Asin Figure 13, but viewed along the dyad axis.

ciation is characterized by three time constants (12, 44,
and 570 sec), which may correspond to three different
binding sites on DNA. When only one peptide ring com-
plexes, the time constant is either 12 or 44 sec. When'
both peptides interact, the time constant should be the
product, 540, as experimentally verified.135

The fourth and most recent model (Figures 12-15) is
based on the structure of the crystalline actinomycin-dG;
complex and combines the guanine 2-amino group speci-
ficity of the first two models with the intercalative feature
ot the third.24:158 The phenoxazone chromophore interca-
lates between adjacent G-C pairs where the guanine resi-
dues are on opposite strands. The 2-amino groups of
guanine binds to C=O0ry, of the peptide rings which lie
in the minor groove, trans with respect to the plane of the
chromophore. The NHy,; is bound to the C=0Qv4, of the
other ring and vice versa. Since in the uncomplexed acti-
nomycin molecule these groups may be involved in intra
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cyclopeptide hydrogen bonding,''€:12° the breakage of
these and subsequent formation of new hydrogen bonds
may provide a physical explanation for the slow confor-
mational adjustments of the peptide lactones as suggest-
ed by the kinetic data of Muller and Crothers.152

Sobell’'s model has quasi-C, symmetry in the immedi-
ate vicinity of the actinomycin chromophore, as in the
actinomycin-dG, complex.'25 |t predicts that poly-d(G-
C):poly-d(G-C) which contains the alternating sequence
GpC should bind actinomycin best, although other se-
quences containing guanine can bind the antibiotic, but
with lower efficiency. This picture does not seem to be
supported by Gellert's data.'®” Binding data of Wells,
however, seem to support the model.143

The model explains most data concerning the binding
of the antibiotic to DNA. It has received a high level of
confidence throughout the scientific community. It is of
interest that the model possibly demonstrates a general
principle which several classes of proteins utilize in rec-
ognizing symmetrically arranged nucleotide sequences
on the DNA helix. If a protein molecule, e.g., a repressor,
has identical subunits related by C. symmetry when it
binds to DNA and the C, axis coincides with the dyad
axis in DNA, then a necessary consequence is that the
base sequence in the recognition site, e.g., an operator,
have C, symmetry.24

Viil. Biological Activity

Actinomycin is one of the most potent antitumor
agents kmown. Unfortunately, it has found only limited
use clinically because of its extreme toxicity. It is, there-
fore, not surprising that numerous investigators have syn-
thesized actinomycin analogs (see section |1.D) in the
hope of enhancing the biological activity or at least to im-
prove the chemotherapeutic index (maximum tolerable
dose over minimum curative dose). As the picture of the
mechanism of action of actinomycin emerges (see sec-
tion VII), it becomes increasingly clear that the potency
of actinomycin is due to a high specificity which requires
a precise and unique steric fit between the two mole-
cules DNA and actinomycin. Any change in either mole-
cule that will interfere with this sensitive geometry of the
binding complex will render the system less active or in-
active. It is remarkable that natural actinomycins seem
to provide already an optimum combination between the
antibiotic and the polydeoxyribonucleotide and that any
attempt to improve their activity has failed. Improvement
of the chemotherapeutic index, however, is a different
problem which is related to a difference in cell wall per-
meability of the healthy and the unwanted cell. Many
possibilities remain open in this area. Fascinating
suggestions have been made by Sobell2* after he could
ascertain on the basis of his model which groups could
be altered without affecting the steric fit of the actinomy-
cin—-DNA complex.

While the naturally occurring actinomycins difter only
slightly in their activity, any changes in different portions
of a synthetic actinomycin molecule may affect its inhibi-
tory activity to a greater or lesser extent.13:17:152 The
presence of several groups is essential: the unaltered
C2-NH; and C3;=0 groups and the intact pentapeptide
lactones. Of interest is the replacement of the two penta-
peptide lactones by the monocyclic peptide system of the
antibiotic gramacidin S.759 The resulting actinocyl-grami-
cidin S did not complex with DNA and did not inhibit RNA
synthesis.

The activities of various actinomycins and actinomycin
analogs are listed in Table IX.

U. Hollsteln

IX. Addendum

After submission of the manuscript, additional publica-
tions have come to the attention of the author. These
update the review through September 1974.

Structure~activity relations were reviewed by Meien-
hofer.18® The cancer chemotherapy aspects were re-
viewed in the Selman A. Waksman Conference on Acti-
nomycins. The conference comprises, among others, re-
ports on the moditication of actinomycin molecules, the
synthesis of analogs of actinomycin, 7-substituted actino-
mycin analogs as fluorescent DNA-binding and experi-
mental antitumor agents, controlled biosynthesis of acti-
nomycins, actinomycin monolactones, origins of the base
specificity in actinomycin and other DNA ligands, and the
stereochemistry of actinomycin binding to DNA. In addi-
tion, several chemotherapeutical and pharmacological
aspects are discussed. 18!

Reverse-phase high-pressure liquid chromatography of
actinomycins was investigated. 162

Several new actinomycins were discovered. Actinomy-
cin Z contains 3-hydroxy-4-oxo-5-methylproline.18% Zg
contains L-4-0xo-5-methylproline, L-MePro, and L-
MeAla.'4 An actinomycin D, was isclated with one Sar
replaced by one Gly.1%5 The cis configuration of 5-MePro
in actinomycin Zs was established. 66

Actinomycin monolactones were investigated.'®” The
role of 3-hydroxy-4-methylkynurenine in the biosynthesis
of actinomycin was studied. 98

A conformational analysis of actinomycin'®® and of di-
methyl actinocynilbis(L-threonate) 7% is discussed. The
atomic coordinates of actinomycin obtained by X-ray
analysis by Sobell have been refined to fit a set of stan-
dard bond lengths and bond angles.?”!

Lackner reported on conformations and interannular
relationships of free and one-sidedly fixed pentapeptide
lactones by nmr.'72 The '3C spectrum of actinomycin has
been measured and interpreted on the basis of numerous
model compounds.173

The interactions of actinomycin with several deoxydi-
nucleotides were studied by 100 MHz pmr at different
nucleotide to drug ratio. pdG-dC formed an intercalated
type complex.'37 Similarly the structure of the 1:2 com-
plex of actinomycin with D-GMP was investigated by nmr
by monitoring the chemical shifts of 'H, 13C, and 31P.174

The stereochemistry of actinomycin binding to DNA
was discussed.’”® A small angle X-ray scattering study
on the interaction of actinomycin Cz with calf thymus
DNA has been reported.176
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