
"event" was an episode in the history of 
Earth from approximately 1000 to 2000 Ma 
of wides~read intrusion of rocks com~osed 

I I 

nearly exclusivel!~ of plagioclase feldspar, or 
"anorthosites." Additional evidence for t h ~ s  
postulated change in mantle source may also 
be prov~ded by its close correlation in time 
with the minimum age of"secondaq1 mantle 
isochrons" (22). 
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Does the Binding of Cyclosporine to Calmodulin 
Result in Immunosuppression? 

The cyclosporines are a family of cyclic endecapeptides that cause a profound 
suppression of primary immune stimulation both in vitro and in vivo. Recently, the 
regulatory protein calmodulin (CaM) has been implicated as a target for cyclosporin A 
(CsA) binding. This study utilized two less-active isomers of CsA to evaluate the 
specificity and biological significance of CaM binding. The three cyclosporines 
exhibited equivalent in vitro binding to CaM, regardless of immunosuppressive 
activity. Furthermore, CaM-dependent enzyme systems were inhibited equally by 
active and inactive cyclosporines, but only at concentrations 100 times those necessary 
to block lymphocyte activation. Thus the exquisite immunosuppressive stereospecifici- 
ty displayed by cyclosporine isomers is not reflected in the binding to and inhibition of 
CaM, suggesting that inhibition of CaM-dependent processes is not sufficient to 
explain the immunosuppressive activity of CsA. 

S YNTHETIC AND NATURALLY OCCUR- 
ring isomers of the cyclosporines ex- 
hibit a wide range of biological activi- 

ty, from the strongly immunosuppressive 
cyclospdrin A (CsA), to the weakly suppres- 
sive [ ~ a l ~ ] c ~ c l o s ~ o r i n e  (CsD), to the immu- 
nologically inactive stereoisomer [(u)-N- 
methyl-~al"]cyclosporine (CsH). Amino 
acid substitutions at or adjacent to the 
unique N-methyl-4-butenyl-4-methyl-threo- 
nine (MeBmt) at position 1 appear to have 
the greatest erect upon drug uptake and 
immunosuppressi~e activity (1, 2). 

Specific defects in helper T (thymus-de- 
rived) lymphocytes treated in vitro with CsA 
include a blockade in transcriptional activity 
of at least two lvmphokine genes: y-interfer- 
on and interleukin-2 (3, 4) .  The hydropho- 
bic CsA molecule does not interact with 

specific cell surface receptors but rather par- 
titions through the plasma membrane, 
where it may interact with cytoplasmic tar- 
get sites (2). Two candidates for CsA-bind- 
ing proteins are calrnodulin (CaM) (5) and 
an unrelated protein termed cyclophilin (6). 
Inhibition of CaM-dependent cascades dur- 
ing lymphoc!lte activation would be consist- 
ent with the central regulatory role of CaM 
in CaZ+ -mediated cellular processes (7). 

The bindlng of Ca2' ions by CaM results 
in the formation of hydrophobic domains 
through which CaiM can bind to and regu- 
late the a c t i v i ~  of target proteins (7, 8). 
Lipid-soluble conlpounds of both synthetic 
and natural origin can antagonize the activi- 
ty of CaM by binding to and blocking the 
exposed hydrophobic domain (8). Thus, 
CaM antagonists such as N-(6-aminohexp1)- 

5-chloro-1-naphthalenesulfonamide (W-7) 
(Sigma), trifluoperazine (TFP) (Sigma), 
and chlor~romazine also block the Ivm~ho- , I 

proliferative response to antigens, mitogenic 
lectins, or calcium ionophores without in- 
hibiting the response to exogenous interleu- 
hn-2 15, 8, 9) .  Analysis of the structure- 
function relations of sGnthetic CUM antago- 
nists suggests that inhibitory activity is relat- 
ed to the hydrophobic index of the 
compound and ster~ospecific interactions of 
Qe ligand with its binding site (8). The 
availabilini of structural and stereoisomers 
of cyclosporine has allowed us to examine , . 
the structure-function relations between 
CaM binding and immunosuppressi\~e activ- 
itv. 

The cyclosporines under investigation 
contain single amino acid replacements in 
the clinicallv useful isomer CsA 13). Substi- 

\ ,  

tution of valine for a-aminohutyric acid at 
position 2 yields CsD, while CsH has an L to 
D stereoisomerization of methylvaline at po- 
sition l l. The immunosuppressive activities 
of the three cyclosporine isomers were pro- 
foundly affected by the single amino acid 
substitutions, as demonstrated by their rela- 
tive abilities to block lymphoproliferation of 
murine spleen cells in response to the mito- 
genic lectin concanavalin A (Con A) (Fig. 
1). The dissociation constant (binding affin- 
ity) (ICd) for CsA "binding" to lymphocytes 
and the dose of CsA yielding a 50% suppres- 
sion of mitogen-induced lymphoprolifera- 

S. J ,  LeGrue, De artnlent of Immunology, The Un~ver- 
smw of Texas 2 D. Anderson Hospital and Tunior 
Institute (Box 178). Houston, TX 77030. 
R. Turner, N. We~sbrodt, J .  R. Dedman, Departments of 
Phvsiology and Cell Biology, The Univers~n of Texas 
Medical Scliool, Houston, TX 77025. 
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tion (SDS0) have both been reported to be 
in the range of 50 to 100 nM (2,4,5). The 
SDso for CsD was three- to fivefold higher 
than for CsA, while CsH was unable to 
inhibit lymphocyte activation at concentra- 
tions up to 30 pW For comparison, we also 
examined the in vitro immunosuppressive 
activities of two synthetic CaM antagonists 
(Fig. 1) : W-7 and TFP had SDS0 values of 5 
pA4 and 2 pl4, respectively. 

The binding of agonist; and antagonists 
to dansylated proteins can lead to conforma- 
tional changes that are manifested by change 
in the fluorescence intensin1 and are some- 
times accompanied by a moderate shift in 
the emission spectrum toward shorter wave- 
lengths (5, 10). We used this property to 
examine the binding of the cyclosporine 
isomers and of known CaM antagonists to 
dansyl-CaM. All three cyclosporines in- 
duced a similar Ca2+-dependent increase in 
dansyl-CaM fluorescence intensity, regard- 
less of the biological activity of the isomer 
(Fig. 2). Concentrations of CsA, CsD, and 
CsH ranging from 3 x 10-'M to 3 x 
10-'M yielded reproducible shifts, with a 
maximum effect achieved at 1 x 1 0 - ' ~ .  
The half-maximal response at I O - ~ M  was 
tenfold above the SDS0 for CsA. Addition of 
0.3 x 10e6M to 1 x I O - ~ M  melittin, a 26- 
amino acid CaM antagonist from bee ven- 
om, induced very large increases in the 
fluorescence intensity of dansyl-CaM. How- 
ever, W-7 yielded only a slight shift in the 
emission spectrum, even at the highest con- 
centrations tested (Fig. 2). TFP could not 
be analyzed in this assay because of its 
spectral properties. Addition of 2 rnM 
EGTA to the reaction mixtures in all cases 
returned the fluorescence profiles to the 
ground state, demonstrating the require- 
ment of Ca2+ for binding. 

Because the hydrophobic domain on 
CaM is the binding site for both calmodulin 
acceptor proteins (CAP'S) and antagonists, 
CaM also associates with other hydrophobes 
such as phenyl-Sepharose in a Ca2+-depen- 
dent fashion. CsA, CsH, and TFP had com- 
parable effects on the binding of 125~-labeled 
CaM to phenyl-Sepharose (Fig. 3). At mi- 
cromolar concentrations. where TFP is bio- 
logically active, it increased the relative hy- 
drophobicity of CaM and promoted the 
association of labeled CaM with phenyl- 
Sepharose. The cyclosporines showed a 
comparable, but weaker, promotion of 
binding (Fig. 3). These data demonstrate 
that TFP and the cyclosporines increased the 
hydrophobic index of activated CaM, con- 
sisten; with their binding at or near the 
hydrophobic domain. 

The equivalent binding to CaM by the 
three cyciosporines without apparent stereo- 
specificity or correlation with biological ac- 

tivity led to an investigation of the hnction- 
a1 significance of the CSA-CaM association. 
The equivalent binding of CsA and CsH to 
CaM suggested that the drugs should be 
equipotent in the inhibition of CaM-depen- 
dent assays: the binding of CaM to its 
isolated CAP's and the activation of cyclic 
nucleotide phosphodiesterase. CAP's were 
isolated by affinity chromatography by 
means of immobilized CaM in the presence 

of 100 @f Ca2+ and eluted with 1 rnM 
EGTA. The binding of 12S~-labeled CaM to 
affinity-purified CAP'S immobilized on ni- 
trocellulose paper was abrogated by the 
CaM antagonist melittin at micromolar con- 
centrations (Fig. 3).  Conversely, binding 
was not blocked by CsA at concentrations 
up to 10-'M, 100-fold above the SDso for 
suppression of lymphoproliferation. Al- 
though the Ca2+-dependent activation of 

Con A nM CsA nM CsD nM CsH p M  W-7 p M  TFP 

Fig. 1. Immunosuppressive activities of the cyclosporines (CsA, CsD, and CsH), W-7, and TFP. 
Splenic lymphocytes were obtained from pathogen-free C57BLl6 mice (Charles River Breeding 
Laboratories, Kingston, NY) by buoyant density centrifugation on Lympholyte-M (Accurate Chemical, 
Westbury, NY). The proliferative response of splenocytes to the mitogenic lectin Con A was assessed 
after 3 days of in vitro culture by the addition of 0.5 kCi [3H]thymidine (ICN, In~ine, CA). Values are 
the mean * SE of triplicate assays. The compounds were dissolved in ethanol to yield 10-'M stock 
solutions (2). Prior to use, stocks were diluted tenfold with ethanol before being added to complete 
medium or buffer at the appropriate concentrations. 

Fig. 2. Dansyl-calmodulin I I 1 
binding assay..The binding 
of cyclosporine to dansyl- 
CaM was monitored as an 
increase in fluorescence in- 
tensity (excitation at 345 
nm, emission maximum at 2 
495 nm). A cuvette contain- 'iii 
ing 54 kg (1 pH) of dansyl- 2 
CaM (Sigma) in 50 pH .5 
MOPS 12-(N-moroholin- ", 

n h  KCI, and 1 M ~ C ~ C I ~  
was supplemented with in- 
creasing concentrations of 
(a) CsA, (b) CsD, (c) CsH, 
(d) W-7 or melittin (Mel) 
and the emission spectrum 
was obtained. The Ca2+ re- 
quirement for binding was 
demonstrated by the return 
of the emission spectrum to 
the ground state after the 
addition of 2 mM EGTA. 
Lines: A, 2 mM EGTA; B, 
3 x 10-6M ligand; and F, 1 

- 
a, 

V) 

L 

0 
3 - 

LI. 

Wavelength (nm) 

with 
x 10- 

1 mM CaC12; C, 3 x lO-'M ligand; D, 1 x 10-6M ligand; E, 
' M  ligand. 
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Fig. 3. lzI-labeled calmodulin biding assays. (a) 
The binding of '2'I-labeled Cah4 to its isolated 
acceptor roteins was measured with a dot-blot 
radiobinAg assay. i ~ q u o t s  containing 5 pg 
(left) or 10 a ((right) of CAP'S protein in buffer 
were immobilized on nitrocellulose paper, and 
unreacted sites blocked with 1% bovine serum 
albumin. Radiolabeled CaM \I0 ng; 6 pCi/pg) 
was preincubated with 10- M antagonist in 
Ca2+-containing buffer for 30 minutes and then 
applied to the immobilized CAP'S. After a 2-hour 
incubation, the blots were washed, dried, and 
autoradiographed for the times indicated. (b) 
Aliquots containing 10 ng of 1251-labeled CaM (6 
pCi.pg) were incubated with the indicated con- 
centrations of OA, O H ,  or TFP for 10 minutes 
in the presence of 1 4 4  CaC12. Phenyl-Sepharosc 
(Pharmacia, Uppsala, Sweden) was pretreated 
with 1% bovine serum albumin to reduce nonspe- 
cific binding. The reaction mixtures were added 
to 50 p1 of phenyl-Sepharose in a microcentrifuge 
tube, and the incubation was continued for an 
additional 10 minutes. The resin was washed 
three times, and the amount of bound radioactiv- 
i was determined. The net counts per minute of 'Y 'I-labeled CaM bound was obtained by sub- 
tracting the counts bound in the absence of Ca2'. 
The three drugs had no effect on binding in 
the absence of ca2+. 

3',5' cyclic nucleotide phosphodiesterase 
(PDE) has been reported to be inhibited by 
CsA (5), we did not observe a significant 
inhibition of PDE activity at CsA concentra- 
tions below 3 x ~o-'M, whereas TFP and 
melittin sigmficantly blocked PDE activity 
in the 10 concentration range (11). 

The inability of CsA to inhibit either the 
Ch2+-dependent binding of CaM to immo- 
bilized W s  or the activation of PDE, 
despite the apparent low-ai€inity binding of 
CsA and CsH to purified CaM, led us to 
investigate the effects of CsA on contraction 
of an isolated smooth muscle tissue. In 
smooth musde, the CaZ+ mobilized during 
excitation activates CaM that binds to and 
activates myosin light chain kinase, resulting 
in light chain phosphorylation and muscle 
contraction (12). Stimulation of smooth 
muscle isolated from the opossum esopha- 
gus by either carbachol or electrical pulses 
was not attenuated by CsA or CsH concen- 
trations up to ~o-'M (Fig. 4). Compound 
W-7 caused a slight reduction in tension 
development. In conaast, TFP significantly 
inhibited contractions at concentrations of 
10?M and ~o-'M, analogous to its effects 
on other CaM-activated systems. 

Assays used in this study demonstrate the 
equivalent, low-a5inity binding of CsA and 
CsH to CaM, with half-maximal binding at 
about lO?M. However, at concentrations 
10-fold higher and 100-fold above the SDSo 
of CsA for suppression of lymphocyte pro- 
liferation, neither CsA nor CsH was able to 
sipficantly inhibit CaM-dependent enzy- 
matic assays. Thus, though we can confirm 
that CsA does bind to CaM, the absence of 
stereospecificity and the inability of CsA to 

2 4 
hour 

IO-'M 1 0 - ' ~  
CsH Mel 

antagonize CaM function suggest that this 
med;anism cannot explain the& v i m  or in 
vivo immunosuppressive activity of CsA. 

In addition to the ca2+-dependent CaM 
activation. the other maior metabolic ~ a t h -  
way trig&red in T lym~hocytes after'anti- 
gen or rnitogen stimulation is the hydrolysis 
of phosphatidylinositol4,5-bisphosphate to 
in&itof 1,4,5~trisphosphate &d &acylgly- 
cerol(13), resulting in activation of protein 
kinase C (PKC). We have found no evi- 
dence that CsA can inhibit the activity of 

partially purified rat brain PKC at rate- 
limiting concentrations of phospholipid and 
diacylglycerol (14). Additional Ca2+-depen- 
dent hydrophobic proteins, the calcimedins, 
have been identified in a wide variety of cell 
types, including lymphocytes (7, 15). The 
hydrophobic nature and drug-binding speci- 
ficities of the calcimedins suggest that they 
may be involved in the mechanism of CsA 
i~unosuppression. Other possible sites 
for CsA action subsequent to the activation 
of CaM and PKC include downstream sig- 
nal-transducing enzyme cascades, nuclear 
regulatory components, or cyclophilin. 

The equivalent biding of CsA and CsH 
to CaM, despite their profound differences 
in immunosuppressive activities resents a ,. p paradox. One possible explanation is that 
CsA does not exert its immunosuppressive 
activity by antagonism of CaM function. 
The lack of stereospecific binding and the 
apparent low afKnity of the cydosporines for 
CaM may be used as arguments against 
designating CaM as the target fbr CsA 
action. Alternatively, the D to L isomeriza- 
tion at position 11 in CsH may result in a 
change the hydrophobic ind& of the drug 
and an inability to enter the cell. Evidence in 
support of this model is available from CsA- 
bdding studies, where cold CsH was not 
able to displace radiolabeled CsA from ei- 
ther lymphocytes or phospholipid vesicles 
(2). Whatever the site or sites for CsA 
action, the mechanism of immunosuppres- 
sion will likely be stereospecific and involve 
hydrophobic associations at or near the - - 
unique MeBmt amino acid at position 1. 

SCIENCE, VOL. 234 

100 

50 

A x 

E o -  

-, 

- 

ae 
lo-8 UIh C A H W  C A H W  C A H W  - 

Fig. 4. Smooth muscle contraction. Carbachol concentration (M) 
The isomemc tensions developed - 
by strips of esophageal muscle were % O0 

recorded as described (12). Each I- 

strip was stimulated with either 
three different doscs of carbachol 
(a) (n = 1) or electrical pulses (b) 
(5 msec, supramaximal voltage, 50 
n = 2) delivered transmurally at 
four different frequencies both be- 
fore (C) and after the addition of 
 lo-'^ CSA (A), 1 0 - 5 ~  OH (HI, 
10-'M W-7 (W), or TFP 

- 
b 

- 

(TI = 10-6M, T2 = 10-'M). Ten- 0 - 
slon IS expressed as a percentage of 

L 
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the maximal tension developed by 6 8 10 
each strip. Electrical stimulation (Hz) 
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Leucosulfakinin, a Sulfated Insect Neuropeptide with 
Homology to Gastrin and Cholecystokinin 

A sulfated, myotropic neuropeptide termed leucosulfakinin (Glu-Gln-Phe-Glu-Asp- 
Tyr(S03H)-Gly-His-Met-Arg-Phe-NH2) was isolated from head extracts of the cock- 
roach Leucopbaea maderae. The peptide exhibits sequence homology with the hormo- 
nally active portion of the vertebrate hormones human gastrin I1 and cholecystokinin, 
suggesting that these peptides are evolutionarily related. Six of the 11 amino acid 
residues (55 percent) are identical to those in gastrin 11. In addition, the intestinal 
myotropic action of leucosulfakinin is analogous to that of gastrin. 

I NSECTS UTILIZE VERTEBRATE-LIKE 
neuropeptides for a variety of regula- 
tory functions. Partial sequence analyses 

of the amino termini of several neuropep- 
tides that have prothoracicotropic hormone 
( M T H )  activity reveal homology with the 
human insulin A chain. Prothoracicotropic 
hormones, which have been isolated from 
silkworm (Bombyx muri) head extracts, medi- 
ate molting hormone synthesis and meta- 
morphosis. Melanization and reddish color- 
ation hormone from the same silkworm 
species has been partially sequenced at the 
amino terminus to reveal homology with the 
carboxyl terminal region of insulin-like 
growth factor I1 (1). Homology has also 
been reported between the amino terminus 
of the vertebrate peptide glucagon and the 
cardioacceleratory-hypertrehalosemic pep- 
tide CC-2, the latter isolated from the cor- 
pora cardiaca of the cockroach Periplaneta 
americana (2). In addition, material that 
reacts with antisera to at least nine verte- 
brate neuropeptides, including gastrin and 
cholecystokinin (CCK), has been noted in 
insect tissues (3 ) .  The presence of gastrin or 
CCK-like immunoreactivity in tissues of the 
tobacco hornworm moth Manduca, silk- 
worm Bonzbyx, drone fly Eristalis, cockroach 
Periplaneta, and in neurons of the central 
nervous system (CNS) and the neuroendo- 
crine system of the blowfly Calliphora has 
been demonstrated by fluorescence immu- 
nocytochemistry. Antisera specific for the 

carboxyl terminus and amino terminus of 
both gastrin and CCK peptides have been 
used in these studies. The antisera directed 
against the carboxyl terminus of gastrin or 
CCK stained a number of neurons in the 
brain, thoracic ganglion, and corpora cardia- 
ca, whereas the antisera directed against the 
amino terminus did not cross-react with any 
cells of young blowflies (4). 

We report here the isolation, characteriza- 
tion, and synthesis of a sulfated myotropic 
neuropeptide from head extracts of the Ma- 
deira cockroach Leucrnhaea nzaderae that ex- 
hibits sequence homology with the carboxyl 
terminus of the human brain-gut hormones 
gastrin I1 and CCK. The sequence homolo- 
gy and intestinal myotropic activity analo- 
gous to that of gastrin suggest that molecu- 
lar evolution of the gastrin-CCK peptides 
did not begin in vertebrates, but rather be- 
gan earlier in time. Unlike other known neu- 
ropeptides from invertebrates, this neuro- 
peptide, designated leucosulfakinin (LSK), 
is sulfated. LSK has also been identified in 
extracts of L. nzaderae corpora cardiaca, 
which are the major neuroh-oral organs 
of insects and are analogous to the verte- 
brate hypothalamus-hypophyseal system. 

We isolated LSK from methanol-water- 
acetic acid (90:9: 1) extracts of 3000 L. 
nzaderae heads by a four-step high-perform- 
ance liquid chromatography (HPLC) purifi- 
cation procedure with Waters pBondapak 
phenyl, Rainin Microsorb C1, Techsphere 3 

Cl8,  and Waters 1-125 Protein-Pac columns 
(5). Activity was detected by observing the 
myotropic effect of various fractions, that is, 
changes in the frequency or amplitude of 
spontaneous contractions of the cockroach 
proctodeum (hindgut) (6). Initial separa- 
tion of the extracts on a pBondapak phenyl 
column yielded five fractions of active mate- 
rial. Four of these fractions were also found 
in brain-corpora cardiaca extracts of L. ma- 
derae (6). One of those four, eluting at 62 to 
64 minutes, was purified on a Microsorb C1 
column and an active fraction eluting at 43 
to 45 minutes was collected (7) .  The active 
fraction was further purified on a Tech- 
sphere 3 C18 column and a single active 
peak at 51 minutes was isolated. Final puri- 
fication was effected on a Waters 1-125 
Protein-Pac column and 1.3 pg of pure 
peptide (eluting at 55.3 minutes) was ob- 
tained (Fig. 1) .  Amino acid analysis of the 
pure peptide revealed the molar ratio com- 
position as Arg(l), Asx(l), GIx(3), Gly(l), 
His(l), Met(l), Phe(2), and Tyr(1). Micro- 
sequence analysis (8) of the peptide yielded 
the primary structure Glu-Gln-Phe-Glu- 
Asp-Tyr-Gly-His-Met-Arg-Phe, which ac- 
counts for all the amino acids. However, 
two synthetic replicas of the established 
sequence--one with a carboxyl terminal am- 
ide and the other with a carboxyl terminal 
carboxylic acid (9)-behaved differently 
from the active substance on HPLC analysis 
and were also inactive in the hindgut bioas- 
say up to a concentration of 2 x 10-6M. 

Our realization that LSK exhibited se- 
quence homology with human gastrin and 
CCK (Fig. 2) provided an important clue to 
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