
that produced by the competent substrate. 
The peaks eluting with 50, 53, and 60% 
methanol. which re~resented NCS-chrom 
spontanedus degrada;ion 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 3H when the 
substrate was a 16-mer DNA with a 3H 
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 
Dresence of bulged DNA contrasts with the 
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thiol-promoted reaction in which the final 
drug product is the same, whether duplex 
DNA is present or not (1 5). 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 bv the drug from C-5' is 
sufficient to accoun; for the I ~ N A  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 (1 6). 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 mav enhance the abilitv of - ,  
a nucleophile, either the phenolate anioi 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 (1 7). It is 
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 
stiuctures 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 studv of the latter as a target for 
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both natural and synthetic enediynes. 
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Rat Annexin V Crystal Structure: 
Ca2+ -Induced Conformational Changes 

N. 0. Concha,* J. F. Head, M. A. Kaetzel, J. R. Dedman, 
B. A. Seatont 

Annexins are afamily 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. 

T h e  annexin family of proteins (1) is 
identified bv 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 NH2-terminal region (2). 
The conserved core region gives rise to the 
Ca2+-dependent binding to phospholipid 
membranes that is ,shared by all annexins. 
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The sequence differences found in the NH2- 
terminal regions of the molecules mav 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" 
Ca2+ 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 Ca2+ than the E-F hand family; 
however, when annexins are bound to the 
phospholipid bilayer, their apparent Ca2+- 
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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because soluble phospholipids are bound 
with very low affinity (5). 

Previous annexin V crystal structures 
(6-8) have identified potential Caz+-bind- 
ing sites in surface loops on the proposed 
membrane-facing surface of the molecule 
(6, 9). Calcium ions have been identified in 
three of the four homoloeous domains in ... 
annexin V. Each of these domains contains 
a conserved Caz+-binding motif (Table I), 
which is structurally related to the CaZ+ 
and phospholipid-binding site of phospho- 
lipase A, (6). No CaZ+ ions have been 
found i n  domain 3, where this sequence 
motif is not conserved (10). 

The crystal structure of rat annexin V 
has been determined to 1.9 A resolution by 
multiple isomorphous replacement (Table 
2). The amino acid sequences of human 
and rat annexin V (3) share 92% identitv. . , 
Most of these substitutions are conservative 
replacements and occur mainly in domain 
1. The two molecular structures are super- 
imposable (Fig. 1) except in domain 3, 
which differs in conformation despite its 
close sequence similarity. The rat but not 
the human annexin V crystal structure 
shows CaZ+ bound in this domain, and 
CaZ+ ligation is the most likely explanation 
for the conformational difference (I 1 ). 
Chicken and human annexin V share 78% 
sequence identity, but their crystal struc- 
tures show similar conformations and nei- 
ther has CaZ+ bound in domain 3 (8). 

The conformational difference between 
the human and rat annexin V crystal struc- 
tures correlates well with previous spectro- 
scopic results. Fluorescence studies have 
re~orted a Caz+-induced solvent exDosure 
of the domain 3 tryptophan in annexin V 
and, in the presence of phospholipid vesi- 
cles, the insertion of this tryptophan into 
the membrane in close proximity to phos- 
pholipid headgroups (12). In the rat an- 
nexin V structure, with CaZ+ bound in 
domain 3, the tryptophan of the 3AB (13) 
loop extends away from the molecule (Fig. 
2). In contrast, in the crystal structures of 
annexin V with no CaZ+ in this domain, 
the tryptophan is buried in the hydrophobic 
protein core (1 4). 

Table 1. Sequence alignment of the annexin V 
AB-loop Ca2+-binding sites (18). The first three 
coordination positions (boxed) bind Ca2+ through 
carbonyl oxygens. The spatially close but se- 
quentially distant acidic residues occupy the 
fourth and fifth coordination positions. The re- 
maining two positions may be water molecules. 

Domain 
(residues) Sequence 

K G L G T  E : h Z k j 7 i 2 )  0 K 0 A 0 T [ 
3(181-187,226) G E L K W G T E 
4 (257-262.301) M K G A G T D 

In the unlieated domain 3 of the human 
L. 

annexin V structure, the carbonyl oxygen 
of GlylE3 is hydrogen-bonded to the main 
chain amide group of Lysls6 in a reverse 
turn. In rat annexin V this interaction is 
broken, and the corresponding (15) GlylE1 
and LyslE4 carbonyl oxygens both bind 
CaZ+. As a result, the lysine side chain 
adopts a new position pointing in the op- 
posite direction. This repositioning affects 
the main chain conformation of the adja- 
cent TrplE5, causing the aromatic side 
chain to move 18 A from its original posi- 
tion in the hydrophobic core to the surface 
location (Fig. 3). 

The movement of the tryptophan from a 
buried to an exposed position would be 
expected to be energetically unfavorable. 
However, in the rat annexin V crystal, the 
tryptophan is stabilized by hydrophobic 
contacts with an adjacent molecule in the 
crystal lattice, which may mimic the hydro- 
phobic bilayer environment in membrane- 
bound annexin. The burying of the tryp- 
tophan, as seen in the human annexin V 
structure, is accompanied by a comparative- 
ly strained geometry in the unligated re- 

verse turn loop conformation. In the hu- 
man annexin V structure, LyslE6 and Trpls7 
are two of five residues that occur in left- 
handed helical conformations (6). In the 
rat annexin V structure, the corresponding 
residues occur in a more energetically favor- 
able conformation. Thus, the relief of the 
conformational strain cou~led with CaZ+ 
binding may provide stabilization energy to 
the tryptophan-containing loop in its new 
conformation (1 6). Membrane binding 
would further stabilize this conformation. 
Indirect support for the proposed stability of 
the 3AB loop is our observation that the 
crystallographic b factors of this region are 
among the lowest in the molecule, indicat- 
ing little thermal disorder or flexibility. 

Calcium liganding groups in site 3AB of 
the rat annexin V structure assume the 
same pentagonal bipyramidal configuration 
seen in AB sites in the other domains, 
despite the sequence differences (Table 1). 
However, the main chain conformation has 
a slight bend to accommodate the single- 
residue insertion. 

The 3DE loop also binds CaZ+ in the rat 
annexin V structure, although CaZ+ coor- 

Fig. 1. Superposition of IX carbon-backbones of rat and human (6) annexin V molecules. Domain 1, 
blue, both proteins; domain 2, magenta, both proteins; domain 3, red, rat annexin V; yellow, human 
annexin V; and domain 4, green, both proteins. TrplE5 (rat) and TrplE7 (human) are also shown. 

Fig. 2 (left). Comparison of 3AB and 3DE loop positions in the Ca2+-bound (rat, red) and unligated 
(human, yellow) states. The Ca2+ ion on the right is in the AB loop and the Ca2+ ion on the left is 
in the DE loop. Prepared with MOLSCRIPT (19). Fig. 3 (right). View of the 1.9 A electron density 
of the 3AB loop (20). 
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dination is somewhat different from that in 
the 3AB site. The 3DE Ca2+-binding site - 
includes two peptide carbonyl oxygens 
(Aspzz4 and Thrzz7) and a bidentate car- 
boxylate group (Gluz3'). Consistent with 
the observation that Asuzz4 and Thrzz7 
provide main chain carbonyl rather than 
side chain oxygen ligands, neither residue is 
highly conserved among annexin sequences 
(6). The existence of this type of site could 
not be predicted from sequence data. Glu- 
tamate-232, which provides an acidic side 
chain. is invariant in annexins exceut in 
the case of domain 7 of annexin VI, where . 
the corresponding residue is basic. Howev- 
er, the residue immediately after is an as- 
partate, so this domain may include an 
insertion in the DE loop relative to other 
such domains. 

Comparison of the rat and human an- 
nexin V crystal structures reveals even 
greater displacements in atom positions in 
the 3DE loop than in the 3AB loop. The 
carboxylate oxygens of G1uZz6 move 23 A, 
swinging over the entire DE loop and per- 
mitting the CaZ+ to bind in the 3AB site. 
Binding of Ca2+ at the DE site does not 
appear to trigger this transition, because 
other DE loops in the molecule can adopt a 
similar conformation without binding 
Caz+. The pattern of events implied by 
these observations is that Ca2+ binds first to 

the 3AB site, triggering movement of the 
AB loop, which in turn triggers the move- 
ment of the 3DE loop into a conformation 
favorable for binding the second CaZ+. 

The conformational change that occurs 
as CaZ+ is bound in the 3DE loop can be 
roughly described as a coil-to-helix transi- 
tion. The biggest changes in backbone an- 
gles occur in residues 222 through 224, 
which adopt characteristic a helix geome- 
try (17). This positions the G1uzz6 side 
chain so that it can coordinate the Ca2+ in 
the adjacent 3AB loop. 

In the Ca2+-bound form, the AB and 
DE loops are held together further by a 
hydrogen bond between the peptide carbo- 
nyl oxygen of G1uzz6 in the DE loop and the 
hydroxyl group of Thrlg7 in the AB loop. In 
annexin V, this threonine occurs in the 
X-K-G-X-G-T (18) sequence in the con- 
served loop motif and in the W-G-T of the 
third domain loop. To underscore the im- 
portance of this interaction in all annexins, 
the residue at the position equivalent to 
G1uZz6 in all domains is acidic, and the 
equivalent to Thrlg7 is a hydroxyl-contain- 
ing residue. In the only exceptions, domain 
1 of annexins I and 11, the absence of the 
acidic residue correlates with the absence of 
the hydroxyl. 

Changes in domain 3 appear to facilitate 
interactions between the adjacent CaZ+- 

Table 2. Structure determination. Rat annexin V was purified and crystallized as previously 
described (21). The R3 crystals have unit cell dimensions of a = b = 156.9 A and c = 37.03 A. 
Native diffraction data were collected to 1.87 A from two crystals on a Xentronics area detector 
using CuKa radiation, and derivative data sets were collected to the resolution shown from one 
crystal each. Data were processed with the XENGEN data processing software (22). Both 
isomorphous and anomalous difference data from three derivatives were used. Complete details of 
the structure determination will be published elsewhere (23). The model was built on a Silicon 
Graphics Iris 4D35 workstation using the software package 0 (24) and refined using the program 
XPLOR (25). The final model was refined against F/a(F) 2 2 (where a is the standard deviation) data 
from 6 to 1.9 A resolution. The final 1.9 A resolution model containing 2528 non-hydrogen atoms had 
an Rfactor (26) of 20.2%, with a bond length root-mean-square deviation (rmsd) of 0.01 5 A and a 
bond angle rmsd of 2.9". The overall bfactors were 29 and 33 for main chain and side chain atoms, 
respectively. The last five residues at the COOH-terminus were too disordered to be included in the 
model. Seven calcium atoms, two sulfate ions, and 40 water molecules were refined. Omit maps 
were used to check the Ca2+-binding loops and other regions. 

Parameters Native CMNP* K2Ptl, GdCI, 

Data resolution (A) 1.87 3.10- 2.50 3.05 
Data completeness (%) 78.7 88.8 92.0 91.7 
Observations (number) 42509 9778 22208 10866 
Unique reflections (number) 22374 5661 10709 6078 

Rsyrnt 0.041 5 0.0376 0.0445 0.0663 
Mean fractional isomorphous 0.165 0.21 6 0.233 

difference$ 
k e r g e s  0.148 0.173 0.200 
Sites (number) 2 3 2 
Phasing power 11 2.35 1.95 1.43 

*CMNP, 2-chloro-4-mercury nitrophenol. tR,,, = ZB(ll(h)! - (I(h))l)DXl(h),, where I(h), is the intensityof the ith 
measurement of the reflection hand (I(h)) is the mean intensrty of the N equrvalent reflections. The summation is 
over all the reflections in a given resolution range. $Mean fractional isomorphous difference = BIFpH - FpIIFp, 
where the summation is over all the reflections in a given resolution range. SR,,,,, = XZ(IF(h), - 
(F(h))l)DXF(h),, where F(h), is the structure factor amplitude of the ith measurement of the reflection h, and (F(h)) 
is the mean structure factor amplitude of the N measurements. The summation is over all the 
reflections. 11 Phasing power = FHIE, where FH is the rms mean heavy atom contribution, and E is the rms 
residual defined as [Z(FpHc - FpH)21N]'12 where the summation is over all the reflections in a given resolution 
range. FpHc is the calculated structure factor amplitude of the heavy-atom derivative, and FpH is the observed 
structure factor amplitude of the heavy atom derivative. 

binding loops and also between the loops 
and the uhosuholiuid membrane. The dis- 
position of h;dropkobic residues in the AB 
loops in general may be an important link 
between CaZ+ binding and membrane in- 
teraction. In each of the three conserved 
X-K-G-X-G-T loops, the first hydrophobic 
(X) residue (Metz6, Leug8, or Metz57) coor- 
dinates Ca2+ through peptide carbonyl oxy- 
gens. These side chains are buried in the 
protein core, thus helping to anchor the 
loop. The second hydrophobic residue X 
(Leuz9, Alalol, or Alaz60) is solvent-ex- 
posed in the Ca2+-bound AB conforma- 
tion, where it may be capable of inserting 
into the lipid bilayer of the membrane. In 
domain 3, Leulg3 and Trpla5 both adopt a 
similarlv exnosed orientation in the Caz+- , . 
bound loop conformation, though neither 
is directly involved in Caz+ coordination. 
The distribution of the exposed hydropho- 
bic residues acrhss the membrane-facing 
side of the molecule may explain the 
strong preference of annexins for mem- 
branes and micelles rather than phospho- 
lipid monomers. 
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Cooperative Interactions Between the 
Caenorhabditis elegans Homeoprotei ns 

UNC-86 and MEC-3 

Ding Xue, Yuan Tu, Martin Chalfie* 
The POU-type homeodomain protein UNC-86 and the LIM-type homeodomain protein 
MEC-3, which specify neuronal. cell fate in the nematode Caenorhabditis elegans, bind 
cooperatively as a heterodimer to the mec-3 promoter. Heterodimer formation increases 
DNA binding stability and, therefore, increases DNA binding specificity. The in vivo sig- 
nificance of this heterodimer formation in neuronal differentiation is suggested by (i) a 
loss-of-function mec-3 mutation whose product in vitro binds DNA well but forms het- 
erodimers with UNC-86 poorly and (ii) a mec-3 mutation with wild-type function whose 
product binds DNA poorly but forms heterodimers well. 

T h e  differentiation of six touch receptor 
neurons in the nematode C. elegans requires 
two homeobox genes, unc-86 and mec-3. 
The unc-86 gene encodes a POU-type ho- 
meoprotein required in touch cell precur- 
sors. to generate the touch receptor neurons 
(1, 2). The mec-3 gene, which encodes a 
LIM-type homeoprotein, is needed to spec- 
ifv the touch cell fate once the cells have 
been produced (3-5). The presence of unc- 
86 protein (UNC-86) in the touch cells 
(2), the binding of UNC-86 to the mec-3 
promoter, and the requirement for some of 
the UNC-86 binding sites in vivo for mec-3 
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expression .(6) suggest that unc-86 directly 
initiates mec-3 expression. Furthermore, ' 
mutation of one UNC-86 binding site in 
the mec-3 promoter reveals that unc-86 is 
also required to maintain mec-3 expression 
(6), a role consistent with the finding that 
UNC-86 is present in the touch cells 
throughout the life of the animals (2). 

The mec-3 gene is required for proper 
expression of genes such as mec-4 and mec-7 
(3, 7, 8) that are needed for touch receptor 
function (4, 9), and it is required for the 
maintenance of its own expression (5, 6, 
10). Because mec-3 protein (MEC-3) binds 
to its own promoter and mutations in some 
MEC-3 binding sites affect the maintained 
expression of mec-3hcZ fusions, such auto- 
regulation is likely to be direct (6). 

The proteins UNC-86 and MEC-3 bind 
to overlapping regions in the mec-3 promot- 
er (Fig. IA), two of which (CS2 and CS3) 
are needed for mec-3 expression (6). We 
examined the binding of UNC-86 and 
MEC-3 to oligonucleotides of these regions 
in gel mobility-shift assays (1 1). UNC-86 
bound differently to the two oligonucleo- 
tides, yielding one retarded band with CS2 
and two retarded bands with CS3 (Fig. 1B). 
The two CS3 bands represent the binding 
of UNC-86 as a monomer and a dimer (12). 
Homodimer formation has been observed 
with three other POU-type homeoproteins, 
Pit-1, Oct-2, and Cfl-a (13, 14). 

As for MEC-3, it bound to both oligo- 
nucleotides and resulted in a single retarded 
species (Fig. lB), although the binding of 
MEC-3 to CS2 was weak. When both 
MEC-3 and UNC-86 were added to each of 
the oligonucleotides, the MEC-3 band was 
reduced and a more intense band (the UM 
complex) appeared at a position near the 
UNC-86 monomer band. The UM com- 
plex contains both MEC-3 and UNC-86 
because it can be supershifted by either an 
antibody to MEC-3 (anti-MEC-3) or an 
antibody to an influenza virus epitope tag 
added to UNC-86. In the UM complex, 
MEC-3 bound at least 24 times as much 
oligonucleotide (CS2 or CS3) as it did 
without UNC-86. The binding of oligonu- 
cleotide by UNC-86 in the UM complex 
increased at least sixfold over the binding of 
DNA to UNC-86 alone. These data suggest 
that the binding of both proteins to DNA, 
especially the binding of MEC-3 to DNA, 
is greatly increased by a cooperative protein 
interaction. Although the UM complex is 
observed in gel shifts with both oligonucle- 
otides, most of the following experiments 
were done with the CS3 oligonucleotide. 

Interactions between UNC-86 and 
MEC-3 were also detected by chemical cross- 
linking (15) (Fig. 2A), which showed that a 
heterodimer is formed, and by irnrnunoprecip- 
itation (16) (Fig. 2B), which showed that the 
proteins can interact without DNA. 

Truncated UNC-86 and MEC-3 allow 
for visualization of the heterodimers in gel 
shifts and help define the yomains needed. 
for these interactions (Fig. 3) .' The POU 
domain of UNC-86 [UNC-86(POU)] is 
sufficient for both DNA binding and het- 
erodimer, formation. For MEC-3, a region 
of only 76 amino acids (amino acids 2 17 to 
293) containing the homeodomain and the 
adjacent COOH-terminal 16 amino acids 
was sufficient for DNA binding and het- 
erodimer formation, whereas the MEC-3 
homeodomain (amino acids 217 to 277) 
alone bound DNA but formed heterodimers 
with UNC-86 on DNA very poorly. The 
LIM domains, which neither bind DNA 
nor form heterodimers, appear to inhibit 
DNA binding. The extrahomeodomain re- 
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