
the earliest step of replication initiation ( I ,  
2),  FFA-1 is likely to be a factor involved in 
the establishment of functional origin corn- 
plexes within n ~ ~ c l e i .  The purification of 
quantities of FFA-1 able to be sequenced 
should allon for a direct molecular dissection 
of its role in foci formation. Moreover, the in 
vitro system and the assay procedures used 
for purification of FFA-1 should facilitate 
the purification of the remaining f, actors re- 
quired for the assembly of foci. Purification 
of these factors will provide a biochemically 
tractable sysrern for understanding how the 
spatial aggregation of DNA into discrete, 
intranuclear domains participates in the ini- 
tiation of DNA replication, in particular, 
and in DNA function, in general, in eukary- 
otic cells. 
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The baculovirus antiapoptotic protein p35 inhibited the proteolytic activity of human 
interleukin-1 p converting enzyme (ICE) and three of its homologs in enzymatic assays. 
Coexpression of p35 prevented the autoproteolytic activation of ICE from its precursor 
form and blocked ICE-induced apoptosis. Inhibition of enzymatic activity correlated with 
the cleavage of p35 and the formation of a stable ICE-p35 complex. The ability of p35 to 
block apoptosis in different pathways and in distantly related organisms suggests a 
central and conserved role for ICE-like proteases in the induction of apoptosis. 

Apoptosis (programmed cell death) is es- ever, because ICE-deficient mice do not 
sential for normal development and ho- exhibit the hallmarks of defective apoptosis, 
rneostasis in m~~lticellular organisms and 
provides a defense against viral invasion 
and oncogenesis (1) .  The p35 gene from 
Autographs californica nuclear polyhedrosis 
vlrus (AcMNPV) encodes an inhibitor that 
blocks apoptosis in lnamrnalian and insect 
cell lines (2-3) and In developing ernbryos 
and eyes of transgenic Drosophila melano- 
gaster (4)  and partially substitutes for ced-9 
function in Caenorhabditis elegans (5). The 
ability of p35 to block apoptosis induced by 
different s~gnals in diverse organisms sug- 
gests that it acts at a central and phyloge- 
netically conserved point in the apoptotic 
pathway. The mechanism by lvhich p35 
blocks apoptosis is not kni~\vn, but it may be 
an inhibitor of the Droteases of the ICE 
farnily. The involvement of these proteases 
in apoptosis was suggested when ICE or the 
related proteins ICE-CED-3 homolog-1 
(ICH-1), ICH-2, or CPP32 induced cell 
death n h e n  each was overexpressed in 
lnalnrnalian or Insect cell lines (6-9). Hon- 
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the apoptotic process may require the in- 
volvement of more than one rnernber of the 
ICE gene family (1 0). 

We tested the ability of p35 to inhibit 
ICE activity in a COS-1-derived cell line 
that constitutively expressed human proin- 
terleukin-1 p (proIL-l p )  (1 1 ). Cotransfec- 
tion of these cells n i th  increasing amounts 
of plasmids encoding p35 and encoding ei- 
ther the p45 forrn (residues 1 to 404) or the 
p32 form (residues 120 to 404) of ICE re- 
sulted in decreases of as much as 90% in the 
release of mature IL- 1 p (Fig. 1A). T o  con- 
trol for the possibility that p35 interfered 
\vith the expression of ICE or proIL-l p, we 
~mmunoprecipitated these protelns and 
shelved that the amounts of n32 ICE Dre- 
cursor and proIL-lp were similar in the 
presence or absence of p35 (1 2) .  These 
findings suggest that p35 inhibits the enzy- 
matic activity of ICE. 

T o  conf~rln more directly that p35 is an 
ICE inhibitor, \ve purified recombinant p35 
and tested ~t in a colorimetric assay that 
measured the activity of purified recombi- 
nant human ICE on a tetrapeptide sub- 
strate. In addition, we tested p3 i  n i th  three 
other purlfied recornbinant human ICE ho- 
mologs, ICH-1, ICH-2, and CPP32 (13. 
14). Cleavage of the respective tetrapeptide 
substrates by ICE, ICH-1, ICH-2, and 
CPP32 \\.as inhibited in a concentration- 
dependent manner \vhen the en:ymes were 
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first preincubated wi th p35. Maximal inhi- 
bit ion was achieved in each case at approx- 
imately equimolar amounts of p35 and the 
protease (Fig. 1B). Purified p35 had no 
effect o n  the proteolytic activity of gran- 
zyme B, a serine protease wi th similar pref- 
erence for aspartic acid at the P1 site of its 
substrates (15). 

When the reaction mixtures that con- 
tained varying ratios of p35 and ICE were 
analyzed by SDS-polyacrylamide gel electro- 
phoresis (PAGE) and immunoblotting (16), 
p35 was completely cleaved to a 25-kD frag- 
ment in the presence of excess ICE. When 
p35 was in excess, ICE-mediated cleavage of 

~ 3 5  reached a maximum that corres~onded 
to the total amount of inhibited enzyme (Fig. 
1C). The apparent lack of substrate turnover 
suggested that p35 i s  an irreversible inhibitor 
rather than a competitive substrate for the 
protease. A similar pattern of p35 cleavage 
was obtained with ICH-2 (17). 

We confirmed that p35 acts as an irrevers- 
ible, or very slowly reversible, inhibitor by 
isolating a complex of ICE and the cleavage 
fragments of p35. To  isolate this complex, we 
prepared 35S-labeled p35 protein and reacted 
it with excess amounts of ICE. Because ICE i s  
a homodimer (18) and because inhibition 
by p35 is stoichiometric, isolation of an 

Fig. 1. Functional inhibi- 
t~on of ICE family pro- 
teases by AcMNPV p35. 
(A) COS cells that consti- 
tutively expressed prolL- 
1 p were cotransfected 
with 7.5 pg of plasmid 
encoding the p45 form 
(C and V) or the p32 
form (0 and 8) of ICE 
and increasing amounts 
of pkV vector alone (0 
and 7) or plasrnid en- 
coding p35 (. and V) 

0- 
0 2 4 6 8 1 0  

Amount of plasmid DNA (pg) Molar ratio, p35:enzyme 

( 7  7). At 24 hours after transfection, the culture media were harvested C 1 2 3 4 5 6 7 
and the amount of IL-1 p was measured by enzyme-linked immunosor- 45- 
bent assay (ELISA) with the use of a kit specific for mature IL-1 P (R&D 
Systems). Each point represents the average value of triplicate deter- 31- U- 

minations. (6) Increasing amounts of p35 were combined with 1.0 KM 21- 
purified ICE(3). N-His-ICH-1 (7). or N-His-CPP32 (V)for 30min, orwith 
N-His-ICH-2 (e) for 120 min at 30°C. Residual enzyme activity was 
measured with tetrapeptidep-nitroanilide (pNA) substrates in colorimet- 
ric assays (14). Each point represents the average value of triplicate samples. Granzyme B assays (0) 
were performed with 10 nM protease and tert-butyloxycarbonyl-Ala-Ala-Asp-thiobezy ester as sub- 
strate (15). (C) Reaction mixtures containing 1.0 FM ICE and 0, 0.3, 0.9, 2.8, or 8.3 FM p35 (lanes 1 to 
5, respectively) were incubated in assay buffer at 30°C for 30 min and analyzed by SDS-PAGE and 
immunoblotting with anti-p35 (76). The NH,-terminus of p35 is not recognized by the anti-p35 used in 
these studies. Lane 6 contains 0.6 pg of p35 alone; lane 7 represents the Coomassie blue-stained gel of 
purified p35 used in all the experiments. Molecular masses are indicated in kilodaltons: the arrow on the 
right designates the 25-kD cleavage product of p35. 

Fig. 2. Association of ICE with the cleavage products of 
p35. (A) 35S-labeled p35 was incubated alone (lane I ) ,  A 1 2 3 4 5 6  ' 1 2 3 4  

45---- * " 
- - 

with ICE (lanes 2,5, and 6), or with enzyme that had been 67- * 

* inhibited with AcYVK(biotin)D-CHO (lanes 3 and 4). After 31- 
incubation at 30°C for 30 min, AcYVK(biotin)D-CHO was 21- 
added to the sample in lane 5, followed by addition of 
streptavidin-agarose (lanes 4 to 6). The beads were 
washed extensively and the eluted proteins were ana- 
lyzed by SDS-PAGE and autoradiography (19). The NH,- 
terminal portion of p35 includes five methionines, and the 
darker bands at 10 and 11 kD probably represent two 
alternate cleavage products derived from the NH,-terminus. The residual band at 35 kD (lane 2) may 
represent an alternate translation product because it was not cleaved by a large molar excess of ICE. The 
doublet at 30 kD was observed only with the addition of DNA encoding p35 and probably represents 
translation products that either started at internal methionines or stopped prematurely. (B) SDS-PAGE 
and immunoblot analysis of ICE-p35 complex purified from SF-9 cell cultures. The ICE-p35 complex was 
purified by affinity chromatography (lanes 1 to 3) (23) and analyzed by SDS-PAGE. After electrophoresis, 
proteins were transferred to nitrocellulose membranes (lanes 2 and 3) and the blots were incubated with 
anti-p35 (lane 2) or with anti-p20 and anti-pl 0 ICE (lane 3) visualized by enhanced chemiluminescence. 
The arrows on the right denote the positions of the native p20 and p10 subunits of ICE. Similar results 
were obtained when N-His-ICE-p35 was purified by IMAC (lane 4) (24). In the preparation of N-His-ICE, 
the 25-kD fragment of p35 comigrated with the N-His-p20 subunit of ICE in these gels (lane 4). The 
proteins in lanes 1 and 4 were developed by silver staining. 

ICE-p35 complex by active-site ligand-af- 
finity chromatography i s  possible when ex- 
cess enzyme i s  present. The p35 cleavage 
fragments copurified wi th the enzyme tipon 
addition of a biotinylated tetrapeptide alde- 
hyde, Ac-Tyr-Val-Lys(biotin)-Asp-aldehyde 
[AcWK(biotin)D-CHO], and streptavidin- 
agarose (1 9, 20). When p35 was mixed with 
ICE that had been completely inhibited with 
the tetrapeptide aldehyde, no p35 cleavage 
was observed and the intact p35 did not co- 
purify with ICE. In the absence of the affinity 
ligand, p35 did not bind to streptavidin-aga- 
rose (Fig. 2A). Although radiolabeled human 
proIL-lp was efficiently cleaved upon incuba- 
tion with ICE, no detectable cleavage prod- 
ucts of this natural substrate copurified with 
the enzyme (21). We conclude that cleavage 
by ICE is necessary and sufficient for the 
formation of the ICE-p35 complex and that a 
stable interaction i s  not a property of ICE 
with its natural substrate, proIL-lp. 

Stable complexes of ICE and p35 were 
found in culture media of Spodoptera Ggi- 
perdu SF-9 cells infected with recombinant 

A Time (hours) 
0 0.5 1 1.5 2 

101 " ' " " "  1 

Fig. 3. Profile of ICE activity ahd ICE protein in E. 
coli after heat induction. (A) Escherichia coli that 
expressed the p32 form of ICE alone (8) or bicis- 
tronically with p35 (A) under the control of the A pL 
promoter were induced at 40°C (28). Cells (25 ml) 
were removed at the time intervals shown; these 
aliquots were lysed and the clarified lysates were 
saved for measurement of ICE activity. ICE ac- 
tivity was measured in a colorimetric assay with 
AcYVAD-pNA as substrate and is expressed in 
relative absorbance units. (B and C) lmmunoblot 
analysis of expression of the p32 form of ICE 
alone (6) or bicistronically with p35 (C). SDS- 
PAGE and immunoblot analysis with anti-p20 
ICE and enhanced chemiluminescence were 
performed on 10-pl aliquots of the lysates re- 
moved at the time intervals shown in (A). The 
arrows on the right denote the positions of the 
p32 form (6 and C) and the p20 form (6) of ICE. 

1 886 SCIENCE VOL. 269 29 SEPTEMBER 1995 



viruses expressing either the p45 or p32 form 
of ICE (22). A typical complex isolated by 
sequential cation exchange and ligand-affin- 
ity chromatography with the use of AcYVK- 
(biotin)D-CHO and streptavidin-agarose 
(23) contained four bands that migrated at 
25, 22, 11, and 10 kD (Fig. 2B). Immuno- 
blotting with antibodies to ICE showed that 
the 22-kD and 10-kD bands corresponded to 
the p20 (residues 120 to 297) and p10 (res- 
idues 317 to 404) subunits of ICE, respec- 
tively. We showed that the 25-kD protein 
was derived from p35 by imlnunoblotting 
with antibody to p35 (antikp35) (Fig. 2B). A 
similar colnplex of ICE and p35 was ob- 
tained when we purified enzyme with a poly- 
histidine f ~ ~ s i o n  tag at the NH2-terminus (N- 
His-ICE) by immobilized metal affinity chro- 
matography (IMAC) (Fig. 2B) (24). Se- 
quence analysis showed that the NH2- 
terminus of the 25-kD polypeptide started 
with the sequence Gly-Phe-His-Asp-Ser-Ile- 
Lys-Tyr-Phe-Lys-Asp-Glu-His, correspond- 
ing to residues 88 to 100 of p35 (25). In the 
intact p35 sequence, Glf8 is preceded by 
Asp8', a likely site for cleavage by ICE. The 
NH2-terminus of the 11-kD band was 
blocked, but the sequences of internal tryptic 
fragments showed that this band was derived 
from the NH2-terminal portion of p35 (26). 

Activation of ICE requires the proteolyt- 
ic removal of an NH,-terminal prodomain as 
well as the amino acids that connect the p20 
and p10 subunits (27). T o  determine wheth- 
er p35 could inhibit the activation of ICE, 
we coexpressed the proteins in Escherichia 
coli by inserting the p35 gene upstream of the 
DNA sequence of p32 ICE in an expression 
vector plasmid (28). Bacteria transformed 

with this plasmid had no ICE activity in the 
soluble fraction of cell lysates upon induc- 
tion, and only the p32 form of ICE was 
detected in cell lvsates. In the control lvsates 

somal DNA, which gave rise to oligonucleo- 
somal ladder patterns (30). Apoptosis could 
also be induced by transient expression of ICE 
in Trichoblusia ni TN-368 (Table 1 ). an insect 

that contained Anly ICE, protease ac;ivity 
was readilv detectable 30 lnin after heat in- 

, , 

cell line that is more resistant to apoptosis (2). 
Cotransfection with n35 resulted in an 85% 

duction a& correlated with the appearance 
of the p20 subunit (Fig. 3) .  Thus, the pres- 
ence of p35 may block autoactivation of ICE 
in vivo and may effectively prevent ICE-like 

reduction in apoptosis. These results support 
the hypothesis that the antiapoptotic effects 
of p35 are mediated through the inhibition of 
ICE-like nroteases. 

The  involvement of a proteolytic acti- 
vation mechanism at a critical point in 
pathways that lead to apoptosis obviates the 

proteases from initiating apoptosis. 
Infection of insect cells with baculovirus 

vectors that expressed ICE, ICH-2, or 
CPP32 under the control of the polyhedrin 
promoter induced apoptosis despite the 
presence of p35 in these systems (8,  10). 
Such results would be expected because p35 
is a stoichiolnetric inhibitor of ICE-like 
proteases. When quantities of virally encod- 
ed p35 are insufficient to block all of the 
recombinant ICE-like enzymes, apoptosis 
should proceed. When u7e introduced ICE 
into SF-9 cells through the viral vector and 

requirement for gene expression. The pro- 
tease inhibitor p35 has no apparent ho- 
mologs in available databases and no o b v -  
ous sequence motifs that suggest a relation 
to other known protease inhibitors. The 
cleavage fragments of p35 remain associated 
with its target protease, reminiscent of the 
behavior of cytokine response modifier 
(crmA), the cowpox inhibitor of ICE and 
granzvlne B 131 ). Unlike crmA. n35 has 

u 

the protease was overexpressed under the 
control of the polyhedrln promoter, even 
the amount of p35 produced under the con- 
trol of the Drosoph~la Hsp70 promoter from 
a separate plasm~d was lnsufflc~ent to block 
ICE-medlated cell death ( Table I ) .  

An  effectwe blockade of ICE-lnduced aD- 

iroader specificity for the ICE-like cysteine 
proteases but has no effect on granzyme B. 
The  different profile of inhibition of these 
two viral inhibitors will help to delineate 
the cascade of ~roteolvtic events reuuired 
for apoptosis. T'he ideitification of h t e n -  
tial homologs of n35 or crmA will enhance 

optosis in insect cells would require expression 
of p35 at amounts co~nparable to that of ICE. 
To  achieve this, u7e cotransfected SF-21 cells 
with plasmids encoding p35 or ICE (29). In 
the presence of p35, apoptosis was reduced by 
81% and 45% with and without heat shock, 
respectively (Table 1).  Cell death was associ- 
ated with the formation of apoptotic bodies 
and resulted in the degradation of chromo- 

L> L 

our understanding of the regulation of life- 
versus-death decisions in mammalian cells. 
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Honeybees and Magnetoreception 

Chin-yuan Hsu and Chia-Wei Li (I ) pro- 
pose that magnetite particles in the fat 
body of honeybees are part of a magnetic 
field sensory system used for navigation. 
Thev make the following statements that 
we think are in error o'may have other 
interpretations. 

1) Honeybees contain iron in "granules" 
only in the fat body. Iron granules have 
been described in honevbee midgut as well - 
as the fat body (2). They are mineral con- 
cretions in vacuoles derived from the rough 
endoplasmid reticulum (RER) and form in 
response to iron in pollen in the diet. 

2 )  Iron in honevbee fat bodv occurs in 
particles 7.5 nm in diameter. We have iden- 
tified iron in holoferritin in the RER of many 
insects. Holoferritin has dense cores 7.5 nm in 
diameter (3, 4), the size of the particles men- 
tioned by Hsu and Li. The dense masses in the 
iron granules look like hemosiderin degrada- 
tion products of holoferritin described in oth- 
er insects (5). Hsu and Li make no mention of . , 

ferritin or hemosiderin. 
3) The fat body is innervated. Their s c k -  

ning electron micrograph [figure 2B in (I)] 
illustrating innervation of a fat body shows a 
filamentous structure resembling a trachea. 

L. 

Hsu and Li do not mention the tracheae and 
tracheoles commonly observed on the surface 
of the fat body-oenocyte complex, or how 

they may be distinguished from nerves in 
scanning electron micrographs. Innervation 
of insect fat bodv has not been described. 
Should the honeybee fat body-oenocyte com- 
plex prove an exception, it may be related to 
the control of wax secretion rather than to 
magnetotaxis. The transmission electron mi- 
crograph of a nerve ending in a fat body 
[figure 2C in (I)] shows the synaptic vesicles 
appropriate for an excitatory nerve rather 
than the sensory nerve required for a magne- 
totactic organ. 

4) Nerve endings in the fat body are 
stimulated through a transducer mecha- 
nism. We could find no structure corre- 
sponding to the proposed transducer com- 
plex needed to convert intracellular stress 
to extracellular nerve action votentials. 

5)  The granules are attached to cytoskel- 
etal filaments that form the stress-activated 
part of the transducer complex. Honeybee 
vacuoles have no special attachment to cy- 
toskeletal filaments (Fig. 1). Their bound- 

L . ,  

ing membranes resemble those of the rest of 
the RER. Preparations without osmication 
to Dreserve the cvtoskeleton show filaments 
between mouse bancreas lamellate ER ( 6 ) ,  
but not around honeybee iron-containing 
vacuoles. 

Iron concretions are abundant through- 
out honeybee fat body, as would be expect- 
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