
(20). By analogy with dopamine's effect on 
teleost horizontal cells (21, 22), dopamine 
release in the IPL mav also alter the electrical 
coupling among AIIs and between AIIs and 
cone bipolar cells, thereby regulating the 
passage of rod signals to ganglion cells (14). 

The present results suggest that the bou- 
tons along the axon-like component provide 
the synaptic connection between the DA 
amacrine and the A11 amacrine cells (Fig. 
3D). Moreover, the unique structure of the 
DA amacrine cell provides a clue to the 
function of this synapse; the morphology of 
the axon-like processes indicates a signifi- 
cant convergence of input from DA ama- 
crines onto the AII amacrines. The magni- ., 
tude of this convergence, given by dividing 
the estimated number of DA boutons per 
square millimeter (20,000 to 200,000) by 
the known density of AII amacrine cells 
(500 to 5,000) (23) could be as high as 40 
boutons per A11 amacrine. Their en passant 
location along the long axon-like 
indicates that each of these 40 boutons 
could originate from a different DA ama- 
crine. ~onversely, the boutons from a single 
DA amacrine must diverge to contact as 
many as 1800 A11 amacrine cells. 

understanding the biological significance 
of such convergent-divergent neuronal ge- 
ometry requires, in part, discovery of the 
function of the axon-iike Drocess. The strik- 
ing transition from the thick, proximal den- 
drite to the thin, axon-like process may act 
as a high-resistance bottleneck, electrically 
isolating two parts of the dendritic tree. This 
would be analogous to those horizontal cells 
that have thin, axon-like processes that serve 
not to conduct action potentials but to 
prevent the passive spread of current be- 
ween two independent dendritic systems 
(24). If this were the case, the DA boutons 
could operate independently, as local input- 
output units (25, 26). However, this hy- 
pothesis is not supported by electron micro- 
scopic studies that have found DA boutons 
in the IPL to be presynaptic only, resem- 
bling typical axonai synapses (2-4); Alterna- 
tively, the transition from dendritic to axon- 
like process may be equivalent to an axon 
hillock and ma" funciion as the site for 
initiation of an action potential that travels 
along the axon-like process. Dendritic action 

occur in retinal amacrine cells 
(27-29), and in turtle retina the physiologi- 
cal effects of dopamine on horizontal cells 
can be mimickedbv veratridine. a releaser of 
transmitter from the terminals of spike-gener- 
ating neurons and prevented by tetrodotoxin, 
a blocker of voltage-gated Na+ channels (30). 
The possibility that DA amacrine cells can 
transmit information laterally over long dis- 
tances via an excitable axon suggests a synaptic 
mechanism by which global changes in ill-- 

nation during light and dark adaptation could 
influence local changes in ganglion-cell recep- 
tive-field sensitivity. 
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Calicheamicin ,I: An Antitumor Antibiotic That 
Cleaves Double-Stranded DNA Site Specifically 

Calicheamicin yI1 is a recently discovered dyne-ene-containing antitumor antibiotic 
with considerable potency against murine tumors. In vitro, this drug interacts with 
double-helical DNA in the minor groove and causes site-specific double-stranded 
cleavage. It is proposed that the observed cleavage specificity is a result of a unique fit 
of the drug and DNA followed by the generation of a nondiffusible 1,4-dehydroben- 
zene-diradical species that initiates oxidative strand scission by hydrogen abstraction 
on the deoxyribose ring. The ability of calicheamicin yI1 to cause double-strand cuts at 
very low concentrations may account for its potent antitumor activity. 

ALICHEAMICIN (STRUCTURE 1) biochemical assay of prophage induction (6) 
(1, 2) has been recently isolated (active at picogram per milliliter concentra- 
from fermentations of Micromano- tions) suggested that its activity was due to 

spora ecbinospora ssp, calichensis and is a its ability to damage DNA. In addition, the 
member of a newly discovered class of natu- drug can also cause chromosome aberrations 
ral products (3, 4) found to be unusually 
potent antitumor agents. It is approximately 

Infectious Disease Research Section, American Cyana- 
1000-fold more active than adriamycin h d  ~ ~ ~ ~ ~ - ~ ~ d i ~ ~ l  ~~~~~~~h ~ i ~ i ~ i ~ ~ ,  ~ , ~ d ~ ~ l ~  

against murine tumors and is optimal at 0.5 Laboratories, Pearl River, NY 10965. - 
kg per body weight i5)' "Present address: Genentech Inc., South San Francisco, 

The high potency of calicheamicin in the CA 94080. 
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Fig. 1. Cleavage of 1 2 3  
4x174 replicative form I Oc - - rn - 
DNA with calicheamicin 
-+,I analvzed on a 1% - 
& ~ - ~ s e  iel. The drug (1 
pg of a solution of either 
1orO.luelml~wasincu- CCC --- 
bated wi&"the DNA (0.1 
N) and 10 mM p-mer- 
captoethanol in 10:m di- 
methylsulfoxide:50 mM 
nis-HCI, pH 7.5 at 37°C for 15 min in a total 
reaction volume of 10 pi. The reaction mixture was 
loaded duecrly on a 1% agarose gel with subse- 
quent ethidium bromide staining. Lane 1, DNA 
control; lane 2, calicheamicin yll at 0.1 &d, lane 
3, calicheamicin yI1 at 0.01 &ml. OC, open circle; 
CCC, covalently closcd circle (supercoil). 

in human diploid lung fibroblasts (7) and 
mutagenesis in E s c h m  coli (8). 

Calicheamicin -yll contains several unusu- 
al structural features, including a glycosylat- 
ed hydroxylamino sugar and a labile meth- 
yltrisulfide grouping that, upon reduction 
with thiols, initiates aromatization of the 
diyne-ene moiety via a 1,4-dehydroben- 
zeneAradical (2). I t  is believed that this 
diradical species (structure 2) is responsible 
for the DNA damaging properties and cyto- 
toxicity of calicheamicin. We report here 
that calicheamicin -yll causes site-specific 
double-stranded (ds) DNA scission in vitro 
with different cleaving mechanisms for each 
strand. 

In the presence of thiol cofactors, cali- 
cheamicin -yll at concentrations as low as 
0.01 pg/ml (7  nM) causes ds and single- 
strand breaks in supercoiled 4x174 DNA, 
as evidenced by the formation of linear and 
open-circular forms, respectively (Fig. 1). In 
the absence of thiol cofactors, only slight 
cutting was observed at 0.1 kg/&. At 0.1 
pg/ml, single-strand 4x174 (+ strand) was 
unaffected by the drug, indicating the pref- 
erence of calicheamicin -y for cis DNA. 

T o  determine the specificity of the strand 
cleavage, we examined the reaction of cali- 
cheamicin -yll with several 5' end-labeled 
restriction fragments obtained from PUC 
18 and from cloned Streptomyces promoter 
regions (9). Comparison of the electropho- 
retic mobility of the drug-induced cleavage 
products with the markers produced by the 
Maxam-Gilbert sequencing reactions (10) 
indicated that, in the presence of thiols, 

calicheamicin -yll causes strand breaks 3 bp and three nucleotides toward the 3' side of 
apart in the two DNA strands at specific the 3' G in the complementary AGGA box 
sites. Without exception, the preferred site (Fig. 2B). Other sites such as GCCT, 
of attack was the 5' C (3' to the adjacent TCCG, TCCC, C T C T  (Fig. 2B), TCTC, 
thymidie) of a TCCT sequence (Fig. 2A) ACCT, TCCA, and their complementary 

Fig. 2. Autoradiograms of high-resolution denaturing gel of calicheamicin yl' cleavage of restriction 
fragments labeled at the 5' end with 32P. Reaction conditions were 10: 90 dimethylsulfoxide: 50 mM 
tris-HCI, pH 7.5, carrier calf thymus DNA at 5 p@ml [2QM excess (in base pairs) to the drug], 10 mM 
P-mercaptoethanol, and end-labeled DNA (-6000 cpm) in a total volume of 50 pl. Reactions were run 
for 15 min at 3TC, then the DNA was ethanol-precipitated and washed. Cleavage products were 
analyzed on a 12% polyacrylamide sequencing gel at 1200 V for 3 hours. G, AG, C, and TC are 
Maxarn-Gilbert chemical sequencing lanes. (A) Cleavage of 144-bp fragment Eco RI-Pvu I1 from 
plasmid PUC 18. Lane 1, DNA control; lanes 2 to 4, calicheamicin yll at 10, 1, and 0.1 @ml, 
respectively. Preferred cleavage site 5' C of TCCT shown with a solid line and arrow. Secondary 
cleavage sites 5' C of ACCT and two nucleotides off toward the 3' side of AGAG shown with dotted 
line and small arrow. (B) Cleavage of 125-bp fragment Eco RI-Barn HI containing 80-bp Screptomycu 
red promoter PCLL-pr7b (9). Reaction conditions and work-up are identical to those in (A). Lane 1, 
DNA control; lanes 2 to 4, calicheamicin yI1 at 1,0.5, and 0.1 d m l ,  respectively. Preferred cleavage 
sites were at the 5' T of CTCT and two nucleotides off toward the 3' side of AGGA. Secondary cleavage 
site was two nucleotides in the direction of the 3' side of AGGT. 
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Fig. 3. (A) Calichearnicin -y,' ds cleavage sites on a portion of a B 
restriction fragment Sal I-Barn HI from pBR322. The arrows indicate 
the preferred sites of attack of calicheamicin -yI1 on both strands. 
Preferred sites are (from 3' to 5') AGGA, TCCT, TCCA, and their 
complementary sequences. (B) Double-strand cleavage from the reac- 
tion of calicheamicin -yI1 and 5' end-labeled Sal I-Bam HI fragment " 
from pBR322 analyzed on a nondenaturing polyacrylamide gel. Reac- 
tion conditions were identical to those in Fig. 2; reaction volumes were 
10 ~ 1 ;  reaction solutions were loaded directly on the gel after addition 
of brornphenol blue in glycerol. Cleavage products were analyzed on a 
10% nondenaturing polyacrylamide gel at 130 V for 7 hours. Lanes 1 
and 6, pBR322 Hae 111 DNA molecular markers; lanes 2 to 4, g y 
calicheamicin -yll at 0.1, 2.5, and 5 pglml, respectively; and lane 5, 
DNA control. Approximate ske of fragments resulting from major ds ar * 
breaks (as compared to the DNA molecular markers and with Sal I 
defined as origin of the fragment) are from 3' to 5': 20,30,50,80, and ' 
90 bp, corresponding to locations of AGGA, TCCT, TCCA, TCCT, 
and TCCT sites. 

sites were also cleaved in the same fashion, 
with the extent of cleavage apparently de- 
pending on the flanking sequences. This 
asymmetric cleavage pattern to the 3' side 
on opposite strands indicates interaction of 
the drug with the minor groove of the DNA 
(11). A competition experiment with ne- 
tropsin, which is known to  bind in the 
minor groove (12), caused significant alter- 
ation of the calicheamicin -y ,' cleavage sites. 

Sequencing studies of the reaction of cali- 
cheamicin -yl l  with a 275-bp pBR322 DNA 
restriction fragment (Sal I-Bam HI; both 
strands were 5' and 3' end-labeled) that is 
rich in TCCT-AGGA sequences (13) con- 
firmed the preferred site of specific asym- in the migration of product b to a position 

on the gel (Fig. 4, lanes 3 and 4) where it 
matched the chemical marker corresponding 
to the 5' C of the TCCT box (as was 
observed with the 5' end-labeled strands). 
The alkaline treatment yields also product a 
in the same intensity as product b (Fig. 4, 
lanes 3 and 4). 

These observatic ~sistent with the 
formation of 5' t e  Ling in 5' alde- 

metric c~eavige (Fig. 3A). ~urthermore, ex- 
amination of the reaction mixture on a 
nondenaturing gel revealed excellent corre- 
lation between the observed ds cleavage sites 
and those cleaved sites observed on the 
denaturing gel (Fig. 3B). In the case of the 
TCCT sites, cutting reactions with the 5' Fig. 4. Autoradiogram of high-resolution dena- 

turing gel of calicheamicin -yll cleavage of a 3' 
end-labeled 275-bp Sal I-Bam HI fragment from 
pBR322. Incubation conditions were identical to 
those in Fig. 2 unless otherwise noted. Lane 1, 
calicheamicin -y l l  at 0.5 pg/ml; lane 2, calichearni- 
cin -y,' at 0.5 pglrnl in the presence of 1 rnM 
EDTA; lanes 3 and 4, obtained after heating 
products of reaction identical to that of lane 2 in 
0 . M  NaOH at 90°C for 3 min (lanes 3 and 4 are 
identical except that lane 3 contained twice the 
amount of labeled DNA); and lane 5, obtained 
after treating reaction products from lane 2 with 
0 . 2 M  NaBH, for 90 min; the DNA was precip- 
itated and washed with ethanol after incubation 
with drug and prior to hrther treaunent with 
NaOH or NaBH,. TC, G, and AG are Maxam- 
Gilbert chemical sequencing lanes. 

)ns are cor 
:mini enc 
product b: 

end-labeled strand indicated that calicheami- 
cin -yll breaks DNA at the 5' Cs and to a 
lesser extent at the adjacent 5' Ts. These hvde nucleosides ( 1  I i d  5' carbox- 
reactions yielded fragments that exhibited 
electrophoretic mobilities identical to the 
corresponding chemically produced mark- 
ers, thus suggesting the presence of 3' phos- 
phates at these breaks. However, when a 3' 
end-labeled strand was cleaved (Fig. 4), two 
major drug-induced oligonucleotide prod- 
ucts were observed that migrated on the gel 
as if they were one and two nucleotides 
longer than expected from the studies of 5' 
end-labeled strands (Fig. 4, lane 1, bands a 
and b, respectively). Addition of EDTA to 
the cleaving reactions had no effect on the 

ylic acid nucleosides (product a), a process 
(Fig. 5) first described by Goldberg and co- 
workers with neocarzinostatin. another dia- 
cetylene-containing antitumor agent (14, 
15). Release of the terminal 5' aldehyde 
nucleoside via a base-catalyzed p-elimina- 
tion of its 3' phosphate gives a polynucleo- 
tide fragment ending in 5' phosphate, which 
comigrates on the gel with the correspond- 
ing chemical marker. T o  confirm these as- 
signments, the EDTA-containing reaction 
products were further treated with sodium 
borohydride (NaBH4); this caused the band 
corresponding to b to move slightly faster 
than the aldehvde band (Fig. 4, lane 5, band 

hydroxymethyl nucleoside. Product a (the 5' 
carboxylic acid derivative) could be formed 
bv further oxidation of the 5' aldehvde, a 

formation bf product b but inhibited the 
formation of product a (Fig. 4, lane 2). 
Sodium hvdroxide treatment of the EDTA- reaction that was inhibited in presence of 

EDTA (Fig. 4, lane 2) and favored in the 
b') as is consistent with the-reduction of the 
5' aldehyde to  the corresponding 5' containing reaction products caused a shift 
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Fig. 5. Possible cleavage mechanism of the TCCT site at the 5' C. A carbon-centered radical abstracts a 
5' hydrogen from the deoxyribose sugar. The sugar is then attacked by dioxygen to form a peroxyl 
radical, which in the presence of thiol (RSH) forms an aldehyde and causes strand scission. Aldehyde b 
could oxidize to the corresponding carboxylic acid a. It could also undergo a Baeyer-Villiger-like 
oxidative rearrangement to give the formate c. 

presence of strong base (Fig. 4, lanes 3 and 
4). When EDTA was added, an additional 
band (c) was observed, which could possibly 
represent the 5 '  formate ester formed by 
oxygen insertion between C-4, and C-5, via 
a Baeyer-Villiger-like oxidative rearrange- 
ment on the aldehyde (16) (Fig. 5). This 
modified nucleoside would no doubt also be 
released by base treatment as observed in 
Fig. 4, lanes 3 and 4. 

In contrast to the TCCT site, the electro- 
phoretic mobility of the oligonucleotides 
produced by the reaction of calicheamicin 

on the complementary AGGA site was 
not affected by base treatment. Whether the 
5' or the 3' end-labeled strands were used, 
the cutting always occurred two bases to- 
ward the 3' side of the AGGA box (Figs. 2B 

and 4). This result indicates the presence of 
intact phosphorylated 5 '  and 3' termini after 
strand scission. 

Exclusion of oxygen from the reaction 
mixture inhibited strand scission, while the 
use of excess superoxide dismutase or cata- 
lase did not alter the DNA damage due to 
the drug (17). This suggests that neither 
superoxide radicals nor hydrogen peroxide 
are involved in the strand scission. The 
addition of ferrous ions had no effect on the 
cutting properties of the drug. The strand 
breaks in all of these reactions were remark- 
ably specific, which argues against the pres- 
ence of a diffusible radical species. Similar 
results have been observed with neocarzin- 
ostatin (14, 15) consistent with the mecha- 
nism depicted in Fig. 5 for the cleavage of 

the DNA at the TCCT sites. Neocarzinostat- 
in, however, does not seem to recognize a 
specific sequence but instead produces sin- 
gle strand nicks almost exclusively at thymi- 
dylic and deoxyadenylic acid residues. 

In conclusion, the staggered nature of the 
cleavage sites on the complementary strands 
of DNA and the unusual specificity of the 
cutting reaction suggests a unique fit of the 
drug and DNA. The partial insertion of the 
diyne-ene moiety into the minor groove 
where the diradical attacks the preferred 
sugars would account for the above find- 
ings. The physicochemical significance of 
the preferred cutting sites is unclear but 
seems to reflect some unique secondary 
structural feature related to the nucleotide 
sequence of the scission site and flanking 
regions (18). 
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