expected because larger wire diameter facil-
itates the formation of multidomains,
hence degrading the coercivity. For wire
diameters less than 50 nm, the coercivity in
some cases becomes smaller. This decrease
may be due to the imperfections in the
nanostructure. These results also suggest
that coercivity can be further enhanced by
improving the process for fabricating wires
with diameter less than 50 nm.

Perpendicular magnetic recording has
been a field under intense exploration. By
having their preferred magnetization per-
pendicular to the film plane, magnetic me-
dia with perpendicular anisotropy can allow
a smaller bit size to be used and thus
increase the recording density (15). For a
magnetic medium, it is desirable that it be
resistant to magnetization reversal, that is,
the coercivity should be moderately large.
It is also desirable that the remnant magne-
tization (the magnetization that persists
even when the field is absent) be large. As
shown in Fig. 4, the magnetic nanowire
arrays studied in this work exhibit high
perpendicular anisotropy because of their
artificial structure. In Fig. 5, we plot the
wire diameter dependence of the square-
ness, which is the ratio of the remanence to
saturation magnetization. As expected, the
perpendicular squareness is much larger
than the parallel squareness. In the case of
both Co and Ni nanowires, the perpendic-
ular squareness increases as the wire diam-
eter decreases. The 30-nm Ni nanowire
array retains as much as 90% of the magne-
tization at zero field. The high remanence,
together with large coercivities, may make
these materials useful for high-density per-
pendicular recording.

The significance of artificially created
one-dimensional structures is much more far
reaching than the novel magnetism of the
magnetic nanowires studied in this work.
One-dimensional structures composed of
other suitable materials can also be antici-
pated to exhibit characteristics of both fun-
damental (7) and practical (16) interest.
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DNA Conformation—Induced Activation of an
Enediyne for Site-Specific Cleavage

Lizzy S. Kappen and Irving H. Goldberg*

Neocarzinostatin chromophore (NCS chrom) was found to induce site-specific cleavage
at the 3’ side of a bulge in single-stranded DNA in the absence of thiol. This reaction
involved the oxidative formation of a DNA fragment with a nucleoside 5’'-aldehyde at its
5’ terminus and generated an ultraviolet light—absorbing and fluorescent species of
post-activated drug containing tritium abstracted from the carbon at the 5’ position of the
target nucleotide. The DNAs containing point mutations that disrupt the bulge were not
cleavage substrates and did not generate this drug product. Thus, DNA is an active
participant in its own destruction, and NCS chrom may be useful as a probe for bulged

structures in nucleic acids.

Neocarzinostatin chromophore (NCS-
chrom) (1), like the other enediyne anti-
cancer antibiotics calicheamicin (2), espe-
ramicin (3), and kedarcidin (4), is activat-
-ed for the cleavage of duplex DNA by
reaction with thiol. Nucleophilic addition
of thiol at C-12 of NCS-chrom (Fig. 1A)
results in cycloaromatization of the drug
through a Bergman-type reaction to gener-
ate the diradical species (5). Sequence-
specific hydrogen atom abstraction by the
diradical from the C-5', C-1’, or C-4'
positions of deoxyribose in the minor
groove of double-stranded (ds) DNA ulti-
mately leads to strand cleavage (1). This
cleavage is at least 1000 times greater in the
presence of thiol than in its absence. Sin-
gle-stranded (ss) DNA is not a substrate for
thiol-activated enediynes except, as shown
for NCS-chrom, where regions of ds struc-
ture can be generated intramolecularly (6,
7). Here, we report that a ssDNA that
contains a bulge is cleaved efficiently and in
a site-specific manner by NCS-chrom in the
absence of activating thiol; a new drug
product results from this reaction.

We found that treatment of ssDNA that
corresponded to the 3’ terminus of yeast
transfer RNA (tRNAF®) (31-I; Fig. 1B)
with NCS-chrom in the absence of thiol
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(8) resulted in cleavage at a single site, T22

“(Fig. 2A). This observation suggested that
the radical form of NCS-chrom acts

monofunctionally in cleaving the DNA. By
contrast, dsDNA was not cleaved under
these conditions. In the presence of thiol,
NCS-chrom induced breaks in both ds- and
ssDNAs, predominantly at T and A resi-
dues. The mobility of the T22 band in
relation to chemical markers and its re-
duced mobility after exposure to the 3’-
phosphatase activity of polynucleotide ki-
nase suggested that the DNA fragment
contained a 3’ terminal phosphate. Cleav-
age was not enhanced by piperidine treat-
ment. Thiol-independent cleavage at T22
in the ss 31-I DNA was dependent on O,;
in its absence, a product (presumably a
DNA-drug adduct) that migrated slower
than the starting material was formed in an
amount comparable to the amount of cleay-
age product formed in thé presence of O,
(9). Thus, drug activation takes place
anaerobically, but cleavage of the DNA is
an oxidative reaction.

The chemistry of damage at the 5’ end of
the break at T22 in the thiol-independent
reaction was revealed in experiments with 3’
32P.labeled ss 31-1 (Fig. 2B). Treatment
with NCS-chrom produced a band with
electrophoretic mobility characteristics con-
sistent with those of a DNA fragment that
contained a nucleoside 5'-aldehyde-at its 5'
end. Thus, the predominant band (a)
moved 3.5 nucleotides more slowly than the
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marker band at T22, was converted by pip-
eridine treatment to a fragment with a 5’'-
phosphate (b), moved slightly faster after
conversion to the alcohol (thymidine) by
NaBH, treatment (c), was protected from
piperidine-induced cleavage by prior NaBH,
treatment, and was oxidized to the faster
migrating nucleoside 5'-carboxylic acid by
sodium hypoiodite treatment (d) (10).
These results suggest that, in the absence of
thiol, NCS-chrom—induced cleavage occurs
exclusively by oxidation at the C-5' of de-
oxyribose at T22. The high specificity of
cleavage exceeds that described earlier for
thiol-dependent, double-stranded lesions
generated by NCS-chrom at (AGC)-(GCT)
and (AGT)-(ACT) sequences (1), as well as
that observed with other enediynes (2—4).
Even at high concentrations (50 uM), cali-
cheamicin +y} or esperamicin A, did not
cleave 31-I in the absence of thiol.

To determine the minimal structural re-
quirements of the DNA substrate for the
thiol-independent reaction, we tested a se-

ries of 31-I-based DNA substrates contain-
ing various nucleotide deletions, insertions,
and single and double point mutations.
These experiments (9) showed that a 16-mer
encompassing nucleotides 10 to 25 of 31-1
satisfied the basic substrate structural re-
quirements. This oligomer can be folded
into a hairpin structure with an apical loop
and a 2-base pair stem hinged to a longer
base-paired region by a bulge containing T22
on the 3' side (Fig. 1B). The DNA is
presumably bent at the region of the bulge
(11-13). The substrate requirement is also
satisfied in a duplex DNA that consists of an
8-mer strand and a 6-mer strand and that
contains the same two-base bulged structure
as in 31-1 (9).

We tested the effect of a single base
change in two competent substrates (Fig. 3).
A 22-mer that contained a T23C mutation,
which destabilizes the bulged structure, was
not cleaved by the drug. By contrast, a
16-mer that contained a T22C mutation (a
site within the bulge) was cleaved 60% as

2 5

Fig. 1. Drug and DNA structures. (A) Thiol activation of NCS-chrom (1) to the diradical species (2).
(B) Sequence and proposed conformation of 31-1 DNA. Nucleotides correspond to positions 47 to
76 in yeast tRNAPPe, which includes the T stem loop. The arrow indicates the side of cleavage at

T22. Ar, naphthoate; RSH, any thiol.

Fig. 2. NCS-chrom-induced
cleavage of 31-I DNA. (A)
Strand cleavage of 5’ 32P-la- =
beled 31-1 DNA in the absence o
or presence of 3 mM glutathione
(GSH). Reactions (8) contained
dsDNA without and with GSH
(lanes 1 and 2); ssDNA with
GSH, without GSH, and without
drug or GSH (lanes 3 to 5); and
T + C and G + A sequence
markers (lanes 6 and 7). (B)
Strand cleavage of 3’ 32P-la-
beled 31-1 DNA in the absence
of thiol (8). Cleaved DNA prod-
ucts (lane 4: nucleoside alde-
hyde terminus, band a) were
subjected to piperidine (PIP)
treatment (lane 5: phosphate
terminus, band b); reduction
with NaBH, (lane 7: hydroxyl 1
terminus, band c); reduction
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with NaBH, followed by PIP treatment (lane 8); or oxidation with hypoiodite (lane 10: carboxylic acid
terminus, band d) (70). The sequence of 31-1 is shown at the side.
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efficiently as the parent 16-mer; the site of
cleavage remained the same.

To determine whether the DNA sub-
strate directly participates in the activation
of NCS-chrom in the absence of thiol, we
analyzed reaction mixtures that contained
the competent 22-mer substrate and the
incompetent 22-mer by high-performance
liquid chromatography (HPLC) (14). The
competent substrate produced a major flu-
orescent and ultraviolet light—absorbing de-
rivative of the drug that eluted with 46%
methanol (Fig. 4A). With the incompetent
substrate (Fig. 4B) or with no DNA at all
(Fig. 4D), this peak represented <5% of

Fig. 3. Effect of a sin-
gle base change in a
competent  substrate
on NCS-chrom-induced
cleavage. Standard re-

22-mers

actions were performed ., o - 2C22
in the absence of thiol, 12345678

with the following 5’ 32P-

labeled ssDNA substrates: lanes 1 and 2, 22-mer
[C,,GATCCACAGAAT,,TCGCACCAC,, (630
M phosphate)]; lanes 3 and 4, 22-mer with T23C
mutation; lanes 5 and 6, 16-mer [C,,GAT-
CCACAGAAT,,TCG (450 uM phosphate)]; and
lanes 7 and 8, 16-mer with T22C mutation.
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Fig. 4. Detection by HPLC of a post-activated
form of NCS-chrom that contained 3H abstract-
ed from C-5’ of the target nucleotide. (A) Com-
petent 22-mer (1.9 mM phosphate). (B) Incom-
petent 22-mer. (C) Competent 16-mer (1.35 mM
phosphate) that contained a H label at C22 and
C24 (49.5 Ci per millimole of 3H with 42% of the
label at the C-5 position and 58% at the C-5’
position). (D) NCS-chrom with no DNA. Num-
bers above the peaks indicate the percentage of
methanol in the eluate, and arrows in (A) and (C)
indicate the product of DNA-mediated drug ac-
tivation eluting with 46% methanol.



that produced by the competent substrate.
The peaks eluting with 50, 53, and 60%
methanol, which represented NCS-chrom
spontaneous degradation products, were di-
minished with the competent substrate.
That the new material is the post-activated
form of NCS-chrom that is involved in
hydrogen atom abstraction from DNA was
shown by its incorporation of *H when the
substrate was a 16-mer DNA with a ’H
label at the C-5" of C22 (Fig. 4C). These
results show that the conversion of NCS-
chrom into a hydrogen-abstracting (pre-
sumably radical) species requires the partic-
ipation of a particular DNA structure and
confirm the involvement of C-5' chemistry
in the cleavage reaction. Our finding of a
new post-activated form of the drug in the
presence of bulged DNA contrasts with the
thiol-promoted reaction in which the final
drug product is the same, whether duplex
DNA is present or not (15). Radioactive
peaks eluting at 4 min and 30 to 45 min
represent cytosine (from the partial sponta-
neous breakdown of nucleoside 5’-alde-
hyde) and smaller oligonucleotides, respec-
tively, generated in the DNA damage reac-
tion (Fig. 4C). Quantitation of the three
radioactive peaks showed that the amount
of 3H abstracted by the drug from C-5’ is
sufficient to account for the DNA products.

DNA cleavage involves general base ca-
talysis and is optimal at pH ~9.0. This
observation suggests that drug activation re-
quires ionization of the phenolic hydroxyl
group of the NCS-chrom naphthoate moi-
ety, which has an equilibrium constant
(pK,) of ~8.5 (16). One possibility is that
the bent DNA substrate induces a confor-
mational change in NCS-chrom so as to
bring the hydroxy naphthoate and the bicy-
clic enediyne within proximity of the reac-
tion. This change may enhance the ability of
a nucleophile, either the phenolate anion or
a tautomeric species associated with the
naphthoate moiety, to attack C-12 of NCS-
chrom and initiate the cycloaromatization
reaction to form the radical species (17). Itis
also possible that this reaction is a sponta-
neous one (18) and that a subsequent step is
modified by the DNA to generate another
intermediate form of the drug.

Our study suggests the potential use of
NCS-chrom as a general probe for bulged
stfuctures in nucleic acids. The resemblance
of the structure studied here and that of the
trans-activation response sequence in hu-
man immunodeficiency—type 1 viral RNA
warrants study of the latter as a target for
both natural and synthetic enediynes.
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Rat Annexin V Crystal Structure:
Ca2?*-Induced Conformational Changes

N. O. Concha,* J. F. Head, M. A. Kaetzel, J. R. Dedman,
B. A. Seatont

Annexins are a family of calcium- and phospholipid-binding proteins implicated in mediating
membrane-related processes such as secretion, signal transduction, and ion channel
activity. The crystal structure of rat annexin V was solved to 1.9 angstrom resolution by
multiple isomorphous replacement. Unlike previously solved annexin V structures, all four
domains bound calcium in this structure. Calcium binding in the third domain induced a
large relocation of the calcium-binding loop regions, exposing the single tryptophan residue
to the solvent. These alterations in annexin V suggest a role for domain 3 in calcium-
triggered interaction with phospholipid membranes.

The annexin family of proteins (1) is
identified” by a characteristic amino acid
sequence that contains a highly conserved
core region, consisting of four or eight
repeats of approximately 70 residues, and a
highly variable NH,-terminal region (2).
The conserved core region gives rise to the
Ca’*-dependent binding to phospholipid
membranes that is shared by all annexins.
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The sequence differences found in the NH,-
terminal regions of the molecules may con-
tribute to the specific cellular function of
each annexin.

Amino acid sequence data (3) indicate
that annexins do not have the “E-F hand”
Ca?* coordinating sites found in calmodu-
lin and its homologs. Several studies suggest
that annexins in the absence of membranes
have a much lower (millimolar as compared
to micromolar dissociation constants) affin-
ity for Ca’* than the E-F hand family;
however, when annexins are bound to the
phospholipid bilayer, their apparent Ca®*-
binding affinity is greatly enhanced (to mi-
cromolar levels) (4, 5). The binding of
annexins to phospholipids appears to re-
quire a membrane or micelle structure,
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