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A major direction of the field of organic
synthesis is the integration ofits powerful
techniques into the solution of problems
that are directly relevant to medicine and
biology. The major advantage of incor-
porating organic synthesis into these ap-
proaches is to provide access to com-
pounds that are designed to study or
probe a particular biological phenome-
non and that cannot be obtained from
natural or commercial sources. Organic
chemists in recent years have increas-
ingly realized the power oftheir field, and
they have entered into productive collab-
orations with biologists and biochemists
which have afforded unique insights into
a number of biological processes. The
fruits of one particularly notable collab-
oration are reported by Danishefsky,
Schreiber, Crabtree, and their colleagues
in this issue of the Proceedings (1). This
report elegantly demonstrates how basic
chemical research into a group of natural
products, the calicheamicins, when com-
bined with some biochemical intuition,
can open new avenues to investigate cel-
lular processes.
Because of its unique biological activ-

ity, unusual chemical structure (Fig. 1),
and unprecedented mechanism of action,
calicheamicin, arguably more than any
other natural product, has spurred syn-
thetic chemists to consider applying their
knowledge to biological problems (2, 3).
Calicheamicin (4-7) is a member of the
enediyne class of antibiotics, which also
includes esperamicin, dynemicin, kedar-
cidin chromophore, C-1027 chromophore,
and necarzinostatin chromophore (8). The
compounds of this class are characterized
by their ability to bind to and cleave
nucleic acids. Each undergoes an activa-
tion event which serves to trigger in some
manner a Bergman rearrangement (9, 10),
thus producing a highly reactive diradical
intermediate. This diradical then abstracts
hydrogen atoms from the sugar backbone
of DNA, ultimately resulting in oxidative
DNA damage.

Calicheamicin exhibits particularly
good selectivity in cleaving duplex DNA
(11-13) and has a preference for tracts
containing the sequence TCCT-AGGA
(14), although other binding sequences
have been identified (15). Additionally,
experiments were performed which

Primary DNA recognition element

FIG. 1. Structure of calicheamicin yIn The carbohydrate domain is the primary DNA
recognition element.

showed that calicheamicin binds in the
minor groove (14). The presence of
known minor groove binders, such as
netropsin, disrupts the cleavage pattern
of calicheamicin. The specific hydrogen
atoms that are abstracted from the de-
oxyribose moieties of DNA have also
been identified (16, 17).

Early hypotheses concerning the ori-
gins of the sequence-selective cleavage
by calicheamicin were the subject of
much debate. It quickly became clear,
however, that most of the DNA binding
and recognition was due to contacts
made by the aryl-tetrasaccharide do-
main. Kahne and coworkers (18, 19)
showed, through NMR studies, that cal-
icheamicin adopts an extended, highly
organized conformation in solution, mak-
ing it well suited to function as a minor
groove binder. They also demonstrated
that the hydroxylamine glycosidic link-
age plays a key role in maintaining this
extended structure (20).
That the oligosaccharide domain was

crucial for selective and tight binding
prior to cleavage was demonstrated by a
series of experiments by Danishefsky,
Crothers, and coworkers (21, 22). These
experiments investigated the cleavage of
DNA by the aglycone of calicheamicin
(calicheamicinone), which itself was pre-
pared in racemic (23) or in either anti-
podal (22, 24) form by total synthesis,
since it could not be obtained from de-
grading the natural product. The agly-
cone was also synthesized in an enanti-
oselective fashion by the Nicolaou group
(25). Danishefsky and Crothers found
that calicheamicinone cleaves DNA non-
selectively and primarily in a single-
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strand fashion. Interestingly, the unnat-
ural enantiomer of the aglycone pro-
duced a slightly higher ratio of double-
strand to single-strand cleavage than that
of the natural enantiomer (22). From
these studies it was concluded that the
"sensing" interactions leading to se-
quence selectivity are due to the aryl-
tetrasaccharide region.
The hypothesis of Danishefsky was

supported by subsequent work of Kahne
et al. (15) which involved the examina-
tion of the cleavage selectivity of a cali-
cheamicin derivative obtained by semi-
synthesis. This derivative, termed cali-
cheamicin T, contained only the A and E
sugar residues. Calicheamicin T exhib-
ited minimal selectivity, implying that the
distal residues ofthe aryl-tetrasaccharide
are important in recognition.

Several models have been advanced to
rationalize the binding of calicheamicin
to DNA (26-33). One of the earliest was
proposed by Schreiber and coworkers
(26), who sought to accurately explain
the relative binding orientation of cali-
cheamicin. This model suggests the im-
portance of an interaction between the
iodine of calicheaniicin and an amino
group of a guanine. Binding studies car-
ried out by Nicolaou (see below) showed
that the iodine atom was indeed impor-
tant for binding and selectivity (29).
However, the specific nature of the con-
tacts made by the iodine is still unclear,
since binding sites which do not have a
guanine have been identified by the
Kahne group (15). A current view is that
a conformational change of DNA is in-
duced upon binding to calicheamicin to
accommodate the interactions necessary
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for selectivity and high affinity (30-33).
This theory is supported byNMR (27, 30)
and CD (31) studies, as well as by mo-
lecular modeling (32), of calicheamicin-
DNA complexes. On the basis of NMR
analysis, Kahne and coworkers (30) have
suggested that the conformational flexi-
bility of oligopyrimidine sequences al-
lows these regions of DNA to distort to
accommodate binding of the drug.
Chazin, Nicolaou, and coworkers (27)
have identified two modes of binding by
NMR. They proposed that the two modes
are due to a shift of the aglycone within
the minor groove. Their NMR data are
also consistent with the occurrence of an
interaction between the iodine and a gua-
nine amino group. Hydrophobic interac-
tions have also been implicated as mak-
ing a major energetic contribution to
binding (34).

It was not until the carbohydrate do-
main of calicheamicin was chemically
synthesized that its role in selectiveDNA
binding could be directly evaluated.
Early degradation studies of the related
antibiotic esperamicin indicated that the
intact carbohydrate could not be recov-
ered from degradations of the natural
product (35, 36). Therefore, the only way
to obtain this compound for study was by
synthesis. The first synthesis of the
methyl glycoside of this carbohydrate
domain was accomplished by Nicolaou
and coworkers (37). To date, two other
syntheses- of the calicheamicin aryl-
tetrasaccharide have been reported (38,
39). Also, the total synthesis of cali-
cheamicin has been accomplished (40,
41). The first was a landmark effort by
Nicolaou and coworkers (40) that set the
standard for future efforts. The total syn-
thesis was also achieved by Danishefsky
and coworkers (41), using a highly con-
vergent strategy.
The first evaluations of the synthetic

aryl-tetrasaccharide, in complementary
investigations by Nicolaou and Danishef-
sky, revealed that it binds to the same
sites and in a similar manner as the parent
natural product (29, 42, 43). Competition
experiments by Danishefsky and co-
workers (42) revealed that the oligosac-
charide will block the cleavage of DNA
by calicheamicin at its preferred binding
site. Therefore, the major DNA recogni-
tion machinery of the drug must reside
within the oligosaccharide domain. Ad-
ditionally, footprinting studies by Nico-
laou and coworkers (29, 43) led to the
similar conclusion that the oligosaccha-
ride is primarily responsible for the se-
quence selectivity, although the aglycone
most likely confers minor additional se-
lectivity and binding energy. Nicolaou
and Joyce (29, 43) have also probed the
nature of the iodine-guanine interaction
by replacing the iodine with hydrogen,
methyl, or other halogens. Each of these
compounds has lower affinity for DNA

than does the iodide. They conclude that
indeed the iodine is involved in binding
and selectivity, although the nature of
this effect still remains to be unambigu-
ously determined.
With a basic understanding of the

mode of binding of calicheamicin in
hand, the consortium of Danishefsky,
Schreiber, and Crabtree realized the rel-
evance of this information to cell biology
(1). That realization was that calicheam-
icin binding sites are present in the bind-
ing sequences of many transcription fac-
tors (1). This, along with the knowledge
that the methyl glycoside of the cali-
cheamicin oligosaccharide (CLM-MG)
binds to sequences similar to those bound
by calicheamicin, suggested that the oli-
gosaccharide would block the binding of
transcription factors to DNA. This was
indeed found to be the case. CLM-MG
inhibited the formation of the transcrip-
tion factor-DNA complexes when the
recognition sequence of the protein con-
tained a calicheamicin binding site. That
the inhibition of the transcription factor
NFAT (44, 45) was due to the binding of
CLM-MG to the calicheamicin binding
site was demonstrated by changing a base
within the CLM-MG binding site. Mini-
mal inhibition of protein-DNA complex
formation was observed when the tran-
scription factor recognition sequence did
not contain a CLM-MG binding site. It is
interesting to note that CLM-MG bound
in the minor groove blocks the associa-
tion of transcription factors in the major
groove. This finding lends further sup-
port to the theory that calicheamicin
binding induces a distortion and change
of conformation of DNA.
An in vivo study showed that CLM-MG

effectively blocked the expression of a
reporter gene under the control ofNFAT,
which contains the CLM-MG binding site
within its binding sequence. CLM-MG
was also found to inhibit the proliferation
ofT cells in a dose-dependent manner (1).
This is apparently a direct result ofblock-
ing the formation of transcription factor-
DNA complexes.

It was kindly brought to the author's
attention that a similar phenomenon was
observed by K. C. Nicolaou, P. Vogt,
and coworkers (personal communica-
tion). This team observed that, in vitro,
the calicheamicin carbohydrate domain
interferes with the binding of an interleu-
kin-6-dependent transcription factor to
its target DNA sequence, within which is
the TCCT tract.
The work presented by Danishefsky,

Schreiber, Crabtree, and coworkers (1)
suggests a new direction for designing
DNA-binding agents. Perhaps glycocon-
jugates such as CLM-MG will be the first
step toward new classes of synthetic an-
tiproliferative and immunosuppressive
compounds. The chemical synthesis of
CLM-MG is also worthy of comment.

The entire oligosaccharide was rapidly
constructed from simple glycal building
blocks in a modular fashion (46-48). The
synthetic methodology should also allow
the rapid assembly of many other conge-
ners for studying the DNA-binding prop-
erties of oligosaccharides and glycocon-
jugates.

This investigation illustrates the power
of combining organic synthesis and cell
biology to arrive at solutions to scientific
problems. The study was dependent on
both organic synthesis, since the intact
CLM-MG cannot be obtained in any
other way, and cell biology. The work
also demonstrates how information ob-
tained from basic research into the syn-
thesis and mechanism ofaction ofnatural
products can ultimately lead to insights
into how to control cellular processes.
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