
the toxin, but is also functionally affected. 
This loss is compensated for by an increase 
in the concentration of the CryIC receptor 
after several generations of selection. 

Strategies for resistance management are 
needed to extend the lifetime of chemical 
insecticides. It is equally important to imple- 
ment such strategies with B. tlzuringiensis to 
maintain its usefulness as a safe and environ- 
mentally sound insect control agent. Our 
results provide a basis on which to build 
such strategies. When different ICPs are 
available with activity against the same in- 
sect species, resistance to one ICP does not 
always imply resistance against other ICPs. 
ICPs with different binding properties could 
be used in combination or sequentially for 
greater effectiveness or to delay resistance. 
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Derepression of Ferritin Messenger RNA 
Translation by Hemin in Vitro 

Incubation of a 90-kilodalton ferritin repressor protein (FRP), either free o r  com- 
plexed with an L-ferritin transcript, with hemin o~03+-pro toporphyr in  IX prevented 
subsequent repression of ferritin synthesis in a wheat germ extract. Neither FeC13 in 
combinations with HzOz, nor Fe3+ o r  Fez+ chelated with EDTA, nor ~ n ~ + - ~ r o t o ~ o r -  
phyrin IX, nor protoporphyrin IX caused significant inactivation of FRP. FRP that 
had been inactivated by hemin remained chemically intact, as revealed by SDS- 
polyacrylamide gel electrophoresis. Inclusion of chelators of iron o r  free radical 
scavengers did not alter the inactivation produced by hemin. These and other results 
indicate that hemin derepresses ferritin synthesis in vitro. 

F ERRITINS ARE IRON STORAGE PRO- (FRP) that binds to the IRE in the paucity 
teins that are found in virtually all of iron (5-9). 
cells (1). Their synthesis in verte- We now describe properties of a third 

brates is regulated in response to the extra- regulatory component, the "ferritin induc- 
cellular iron supply at the translational level er." The ferritin inducer should be a metab- 
(2). Kinetic evihence suggests that a signifi- olite whose concentration rises and falls in 
cant number of other vertebrate mRNAs are response to the rate of iron uptake, and 
similarly regulated (3). The ferritin transla- which interacts with the FRP, either directly 
tional regulatory machinery consists of a or indirectly, in such a way as to relieve the 
conserved sequence of 28 nucleotides [the repression o f  ferritin mRNA translation. 
iron-responsive element (IRE)] in the Evidence is presented in this report that 
mRNA 5' untranslated region (5' UTR), hemin fulfills these criteria, and therefore 
which makes translation responsive to iron may be a ferritin inducer. 
(4) ,  and a 90-kD ferritin repressor protein To study the effect of iron compounds on 

ferritin synthesis, FRP was ordinarily incu- 

J. J. Lin, S. Daniels-McQueen, R. E. Thach, Department bated with hemin, Or in a 
of Biology, Washington University, St. Louis, MO redox buffer made up of glutathione plus 
63130. 
M, M, Patino, L, GI&eY, W, E, Walden, Depament0f glutahione (rermed GSB) for 
Microbiology and Immunology, University of Illinois at ous times and temperatures. Wheat germ 
Chicago, Chicago, IL 60612. lysate, L-ferritin and apolipoprotein A-1 
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components required for translation were 
then added, and the mixture was further 
incubated for 1 hour at 24°C. The labeled 
fmitin and apolipoprotein products synthe- 
sized during the second incubation step 
were analyzed by SDS-polyauylamide gel 
electrophoresis (PAGE) and fluorography 
(10). The repression of ferritin synthesis by 
partially purified FRP (7) (Fig. lA, lanes 1 
and 2) was partially relieved by the addition 
of hemin directly to the translation reaction 
rnivture (Fig. lA, lanes 3 and 4). This 
derepression was enhanced by first incubat- 
ing FRP with hemin in the presence of GSB 
(lanes 7 to 12). Maximum relief of repres- 
sion was obtained at 200 )1M hemin. Prior 
incubation with GSB alone had a small 
derepressive effect (compare lanes 2 and 7), 
reminiscent of the observation that sulhy- 
dry1 oxidation inactivates a partially purified 
IRE binding protein (6). However, the 
slight derepression caused by GSB did not 
increase with increasing concentrations 
(Fig. lB), or with the ratio of oxidized to 
reduced glutathione in the buffer system 
(11). The omission of GSB often resulted in 
a general inhibition of translational activity 
by hemin (Fig. 1B; compare the apolipopro- 
tein bands in lanes 2, 3 and 7 or 10). This 
nonspecific inhibition was probably due to 
the generation of peroxides and free radicals 
by hemin. GSB also prevented significant 
inhibition of other enzymes (for example, 
Eco RI, Hind 111, Hpa 11, Nar I, Sal I, and 
Xho I) by 200 pM hemin under the prein- 
cubation conditions used in Fig. lA, lane 11 
(11). 

The action of hemin was temperature- 
dependent, being more effective at 37°C 
than at 30°C; higher temperatures (for ex- 
ample, 42°C) inactivated FRP in the pres- 
ence or absence of hemin or GSB (11). The 
derepression activity of hemin was not due 
to hydrogen pemxide formation, because 
H202 in the absence or presence of FeC13 
did not prevent the action of FRP on ferritin 
mRNA translation (Fig. 1C). 

Some partially purified FRP preparations 
contained a nonspecific inhibitory activity 
(compare the apolipoprotein synthesis in 
Fig. lC, lanes 1 and 2). This contaminant 
was absent from highly purified prepara- 
tions of FRP (9). These preparations were 
sensitive to hemin treatment but not to 
Fe3+-EDTA or F~~+-EDTA (Fig. 1D). A 
threefold molar excess of the imn chelator, 
Desferal (desferrioxamine mesylate), did not 
interfere with the relief caused by hemin 
(Fig. ID). EDTA also did not significantly 
reduce the relief activity of hemin (12). Thus 
the effect of hemin was not due to the 
release of chelatable iron. The results (Fig. 
1, C and D) also suggest that FRP activity is 
relatively resistant to the generation of hy- 

droxyl radicals or of superoxide radical ions 
(13). 

A variety of heme analogs were tested for 
relief activity. This was done in the presence 
or absence of 10 mM mannitol, which effec- 
tively scavenges the hydroxyl radical (14). 
Mannitol did not affect the relief activity of 
hernin, again suggesting that the hemin 
effect is not due to the generation of hydrox- 
yl radicals (11). Although Zn2+-protopor- 
phyrin IX had slight relief activity, proto- 
porphyrin IX had none (11). However, 
C ~ ~ + - ~ r o t o p o r p h ~ r i n  IX was as effective as 
hemin (Fig. 1E) in relieving repression (15). 
Low concentrations (10 to 25 CLM) of sn2+- 
protoporphyrin IX caused slight derepres- 
sion, although higher concentrations were 
inhibitory to translation of all mRNAs (11). 

We then addressed the question of wheth- 
er an FRP-mRNA complex can be dissociat- 
ed by hemin or related compounds. Highly 
purified FRP was incubated in the presence 
of ferritin and apolipoprotein transcripts for 
10 min at O°C, conditions that are sufficient 
for complete complex formation (16). Sub- 
sequent incubation steps, first containing 
Co3+-protoporphyrin IX, and then transla- 
tion components, were conducted as de- 
scribed above. Addition of h3+-protopor- 
phyrin IX again allowed ferritin synthesis 

(Fig. 2A), which was probably due to disso- 
ciation of the FRP-mRNA complex (17). 
The time course of the derepression reaction 
was examined (Fig. 2B); the FRP-mRNA 
complexes appeared to form rapidly, as re- 
pression was not increased by incubating the 
transcripts for 10 or 20 min. In contrast, the 
derepression of translation induced by 
Co3+-protoporphyrin IX was a relatively 
slow process, requiring at least 30 min for 
completion. 

Because of the propensity of heavy metals 
and their complexes to generate free radicals 
and peroxides, we have examined whether 
the FRP molecule was either proteolyzed or 
cross-lied (18, 19) by hemin treatment. To 
test for these possible effects, FRP was 
incubated with GSB, or a combination of 
GSB and hemin, and then analyzed by SDS- 
PAGE under nonreducing conditions (19) 
(Fig. 3). Neither proteolysis nor cross-link- 
ing occurred under conditions sufficient for 
derepression of ferritin translation. A similar 
result was obtained when the same reaction 
products were analyzed by SDS-PAGE un- 
der reducing conditions (11). Of course, 
these results do not guarantee that FRP is 
completely inert to hemin-catalyzed peroxi- 
dation (18). Nevertheless, three free radical 
scavengers that inhibit these degradative re- 

a d -  

Desferal: - - - - 
F ~ ~ : -  - + + + + + + Iron. - $22 

FeC[,: - - - + + + + + Source' 3 ' 
m - m 5'b,+ 

H202:- - g C. VI N 0 00 
m 0 22 - - - - 

Fig. 1. Inhibition by hemin of ferritin mRNA translational repression. (A) In lanes 1 to 5, reticulocyte 
FRP and varying hemin (in micromolar concentrations), where indicated, were included directly in the 
translation reaction. In lanes 6 to 12, reticulocyte FRP, varying hemin, and GSB were first incubated in 
a 3.2-pl volume for 10 min at 37°C before the subsequent translation reaction. Ferritin and 
apolipoprotein products analyzed by SDS-PAGE and fluorography are indicated by "P and "a," 
respectively. (B) All translation reactions were preceded by a 30-min incubation step at 3TC, which 
contained, where indicated, reticulocyte FRP, 200 pM hemin, and varying GSB. Subsequent 
translation reactions and product analyses were conducted as described in (A) and (10). (C) The two- 
step protocol described in (B) was used. The first incubation contained reticulocyte FRP, 200 pM 
FeC13 where indicated, and varying H202. (D) The two-step protocol described in (B) was used. The 
first incubation contained highly purified liver FRP, 200 pM hemin, or 200 pM FeNaEDTA, or 200 
pM FeS04 plus 200 pM Na2H2EDTA, or 200 pM hemin plus 600 pM Desferal, where indicated, and 
GSB. (E) The two-step protocol described in (B) was used. The first incubation contained reticulocyte 
FRP, varying hernin or Co3+-protoporphyrin IX, and GSB. 
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actions (18)desferal (at 600 CLM), gluta- 
thione (at 2.5 mM), and protoporphyrin M 
(at 200 m-failed to influence the dere- 
pression of ferritin synthesis by hemin or its 
cobalt analog. Thus it seems unlikely that 
derepression by hemin is due to the nonspe- 
cific degradation of FRP. 

That Cof+ but not zn2+ can effectively 
replace ~ e ~ +  in the porphyrin complex sug- 
gests that a specific binding site for hemin 

Time: - o 5 E? W 

Fig. 2. Reversal of ferritin mRNA translational 
repression by a hemin analog. (A) Transcripts and 
FRP were incubated fbr 10 min at O°C, and then 
varying concentrations of Co3+-protoporphyrin 
IX were added, plus GSB. After incubation at 
37°C for 30 min, the reactions were chilled, and 
translational components were added. Translation 
reactions and product aqalyses were as in Fig. 1 
and (10). (B) Transcripts and FRP were mixed at 
0°C. and at the indicated times, aliquots were 
withdrawn; after 20 min at O°C, G3+-protopor- 
phyrin IX plus GSB were added and the reaction 
temperature was increased to 3TC. Withdrawn 
aliquots were added to translation components at 
O°C, and all translational reactions were started 
simultaneously. 

A 

GSB: + - 
Hemin: + - - 

Fig. 3. Absence of chem- 
ical degradation or cross- 
hnhng of FFU by he- 
min. Highly purified liv- 
er FRP was either not 
incubated or incubated 
for 30 min at 37'C with 
GSB, or with GSB plus 
200 FM hemin, and ana- 
lyzed in the absence of 
reducing agents by SDS- 
PAGE (8% acrylamide) 
and silver staining. Mo- 
lecular size marker pro- 
teins were analyzed in 
lane 1. 

may exist on the FRP molecule. Indeed, 
competition studies revealed that neither 
protoporphyrin M nor zn2+-protoporphy- 
rin IX at high concentrations significantly 
reduced the derepressive effect of hemin 
(11). The concentrations of hemin and 
Co3+-protoporphyrin IX that produced 
half-maximal derepression of reticulocyte 
FRP were on the order of 50 pM, as 
measured by densitomeric scanning of Fig. 
1, A and E. This compares to  the value of 5 
to 20 pM hemin that is required to inhibit 
the hemin-regulated inhibitor in reticulo- 
cytes (20). These numbers seem to define, at 
least in vitro, a relatively narrow concentra- 
tion range for hemin in reticulocytes. At the 
upper end of this range hemin would induce 
ferritin synthesis for the storage of excess 
iron, whereas at the lower end it would 
activate the phosphorylation of edcaryotic 
initiation factor 2 for the shutoff of protein 
synthesis (21). 

Our results show that hemin can dere- 
press ferritin synthesis in vim. However, it 
is not clear whether hemin plays a compara- 
ble role in vivo. Some investigators have 
argued that the agent that causes destabiliza- 
tion of transferrin receptor mRNA (22) and 
the induction of ferritin mRNA translation 
(23) is a chelatable form of iron, and there- 
fore is not hemin or a dose relative thereof. 
However, others have presented evidence 
suggesting that hemin itself may directly 
affect the former reaction (24) and, by infer- 
ence. the latter. Our results are consistent 
with the second view; that is, that hemin can 
induce Prritin synthesis and probably also 
destabilize transferrin receptor mRNA (25). 
However, it should be emphasized that our 
results do not exclude the possibility that 
other, as yet unidentified, forms of iron may 
also serve the same function. It will be of 
interest to determine whether these other 
chelatable forms of iron are derived from 
hemin through the action of heme oxygen- 
ase, the synthesis of which is rapidly induced 
at the transcriptional level by exogenous 
hemin (26). In any event, the fact that the 
inmacellular hemin concentration rises and 
falls in response to the external iron supply 
(27) is consistent with a role as an inducer of 
ferritin synthesis. 
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Inhibition of Angiogenesis by Recombinant Human 
Platelet Pactor-4 and Related Peptides 

Recombinant human platelet factor-4 (rhPF4), purified from Escherichia coli, inhibit- 
ed blood vessel proliferation in the chicken chorioallantoic membrane in a dose- 
dependent manner. Treatment of several cell types with rhPF4 in vitro suggested that 
the angiostatic effect was due to specific inhibition of growth factor-stimulated 
endothelial cell proliferation. The inhibitory activities were associated with the 
carboxyl-terminal, heparin-binding region of the molecule and could be abrogated by 
including heparin in the test samples, an indication that sulfated polysaccharides might 
modulate the angiostatic activity of platelet factor4 in vivo. Understanding of the 
mechanisms of control of angiogenesis by endogenous proteins should facilitate the 
development of effective treatments for diseases of pathogenic neovascularization such 
as Kaposi's sarcoma, diabetic retinopathy, and malignant tumor growth. 

LATELET FACTOR+ (PF4) IS A Angiogenesis inhibitors might be useful 
platelet a-granule protein originally agents for treatment of solid tumors that 
characterized by its high affinity for require neovascularization for growth (13), 

heparin (1, 2). The protein is released from and interest in this therapeutic approach has 
platelets during aggregation as a high mo- increased with the recognition that diseases 
lecular weight com~lex of a tetramer of the 
PF4 polyp~ptide anh chondroitin sulfate (3, 
4), which dissociates at high ionic strength. 
The complete primary structure of PF4 was 
determined by amino acid sequencing of 
proteolytic peptides (5)  and later by isola- 
tion of the human gene ( 6 ) .  Although PF4 
has several biological activities, including 
prevention of immunosuppression (7), che- 
motactic activity for neutrophils and mono- 
cytes (8) as well as for fibroblasts (9) ,  inhibi- 
tion of bone resorption (lo), and inhibition 
of angiogenesis ( l l ) ,  its physiological signif- 
icance is obscure. Of these activities, only 
the immunomodulatory effects have been 
confirmed with recombinant PF4 (12). 

Fig. 1. Inhibition of angiogenesis by recombinant 
PF4 and related peptides. Angiostatic activity was 
measured by blind assessment of the presence or 
absence of avascular zones in the chicken CAM as 
described (14), with minor modifications. Three- 
day-old fertilized eggs were carefully removed 
from their shells and placed into petri dishes in an 
incubator with 3% COz, test substances were 
implanted on day 6, and vessel growth was as- 
sessed on day 8. Implant dsks were made by air- 
drying 10.~1 aliquots of a protein solution con- 
taining 0.5% (wlv) methyl cellulose. (A) Inhibi- 
tion of angiogenesis by rhPF4 (@), (2-41 (0), C- 
13 (A),  and N-29 (m). Data represent the average 
inhibition from several assays; at least ten sample 
disks were implanted per assay. Error bars repre- 
sent SEM. (B) Heparin at 50 pgldisk (Upjohn) 
was either included ( + 'l or omitted ( -'l from test \ ,  ~, 
samples during implant preparation. Peptides 

T. E. Maione, G. S. Gray, J. Petro, A. J. Hunt, A. L. were present at 6.5 nmolidisk. 
Donner, S. I. Bauer, H.  F. Carson, Repligen Corpora- alone or with heparin was inactive in these assays. 
tion, One Kendd Square, Cambr~dge, MA 02139. (C) Inhibition of CAM angiogenesis by short 
R. J .  Sharpe. Repken Corporation and Depament  of carboxyl-terminal peptides of human PF4. Each 
Dermatology, Haward Medical School, Boston, MA peptide was tested at 6.5 nmol/disk in a 
02115. of three assays (30 implants). Error bars represel 
*To whom correspondence should be addressed. peptides used in these studes. 

Protein (nmolldisk) 

C-13 C-12 C-11 C-10 58-68 
Peptide (6.5 nmolidisk) 

Peptide Sequence 

58 60 65 70 
C-13 P L Y K K I I K K L L Z S  

C-i2 L Y K K I I K K L L E S  

C-11 Y K K I I K K L L E S  

C-10 K K I I K K L L E S  

58-68 P L Y K K I I K K L L  

~t SEM. (D) Sequences of short carboxyl-terminal 
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