
calcium-binding protein, even when a po- 
tential evolutionary relationship is consid- 
ered. 

In other experiments designed to deter- 
mine whether or not cyclophilin and calmo- 
dulin shared similar properties, we found 
that cyclophilin could not activate calmodu- 
lin-sensitiie phosphodiesterase or bind the 
calmodulin inhibitor trifluoperazine. 

In summary, we were not able to demon- 
strate the critical biolop.ica1 effect of CsA on u 

calmodulin activation of phosphodiesterase 
reported by Colombani et a/. We present 
other evidence that structurallv and func- 
tionally distinguishes calmoddin from cy- 
clophilin. It is possible that cyclosporin may 
interrupt a regulatory or metabolic pathway 
that is in some wav modulated bv calcium 
and calmodulin. ~ b w e v e r ,  the exireme hy- 
drophobic properties of CsA and the well- 
defined hvdrophobic domain of calmodulin , L 

may account for much of the experimental 
data presented by Colombani et  al. 
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void volun~e as a complex. This principle 
requires that the binding protein be exclud- 
ed from the gel or not significantly interact 
with the gel bed. We therefore analyzed the 
binding of CsA to calmodulin using the 
LH-20 column assay. We found that calmo- 
dulin (M,, 16,700) significantly interacted 
with the LH-20 column and did not elute in 
the void volume (despite its molecular 
weight), in contrast to chymotrypsinogen 
(M,, 25,000), and ribonuclease A (M,, 
13,700), both of which eluted in the void 
volume with blue dextran on the LH-20 
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column. The elution of calmodulin was sim- 
ilar to that of CsA. This hydrophobic col- 
umn interaction of calmoddin would pro- 
vide the simplest explanation for the fact 
that Hait et al. did not demonstrate CsA 
binding to calmodulin with their assay. This 
interaction of calmodulin with the LH-20 
column is not altogether surprising because 
calmodulin has two different hydrophobic 
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sites that prevent the formation of the CsA- 
calmodulin complex. 

Because the fluorometric demonstration 
of CsA binding to calmodulin in our origi- 
nal report (1) was of concern, we analyzed 
CsA binding to calmodulin in a nonhydro- 
phobic column of Sephadex G-25, as de- 
scribed by other investigators (4). We found 
that calmodulin elutes with blue dextran in 
the void volume of this column in the 
absence or presence of calcium, while CsA 
does not, as expected because of the differ- 
ences in molecular weight. Using this col- 
umn, we demonstrated that there was signif- 
icant binding of CsA to calmoddin and that 
the binding was calcium-dependent (Fig. 1) .  

The data presented in our original report 
demonstrated that the binding of CsA to 
calmodulin is consistent with a high affinity 
association in the micromolar range, which 
is saturable, rather than in the low affinity 
(millimolar range) association, which is 
nonsaturable [figure 1 in (I)] .  Our kinetic 
analysis demonstrated that, as in the case 
of the calmodulin inhibitor, calmidazolium 
(R24571), the absolute increase in fluores- 
cence of dansylated calmodulin upon CsA 
binding is influenced by the concentration 
of dansylated calmodulin [figure 2 in ( l ) ] .  
Therefore a single binding curve based on a 

Response: In our initial report ( I ) ,  we 
hypothesized that the effect of cyclosporin 
(CsA) on T-lymphocyte activation (which 
appears to be calcium-dependent) may be at 
the level of inhibition of calmodulin or other 
calcium-dependent proteins. We also at- 
tempted to correlate our findings with those 
of Handschumacher et al., who have sug- 
gested that cyclophilin is the specific cyto- 
plasmic receptor for CsA (2). Hait e t  al., 
using a Sephadex LH-20 column assay to 
analyze the interaction of CsA and cyclophi- 
lin, do not demonstrate a specific interaction 
of CsA with calmodulin. They therefore 
suggest that this interaction is nonspecific. 

We were perplexed by the inability of the 
LH-20 column to demonstrate binding be- 
tween CsA and calmodulin, although Hies- 

.. i...L. , L.. L _ _ L . -  i... L- . . i .  i...~--l... .- . .... .... - - -  
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Fractions 

Fig. 1. Elution pattern of [3H]CsA on a Sephadex G-25 column alone or with calmodulin. A gel- 
filtration column of fine Sephadex G-25 was prepared in a column 1.0 x 10 cm. Sephadex G-25 fine 
granules were washed for 3 hours in glass-distilled water, columns poured to a bed volume of 4.3 ml 
(1.0 x 5.5 cm) and washed with several bed volumes of appropriate buffer solutions. The buffer 
solution contained 20 mM tris-chloride with or without 0.1 mM CaC12 and 3 mM MgC12, pH 7.5. 
Column filtration was performed at 23°C. Samples (200 p1) were added to the column and eluted by 
gravity. The void volume (Vo) of the column was calculated from the elution volume of blue dextran 
2000 and corresponded to collection fraction 8 (2.2 ml). The elution volume of calmodulin in the 
presence or absence of Ca2+ in the buffer solution corresponded with the calculated void volume of the 
column. Less than 10% of L3H]CsA alone (0) eluted in the void volume of this column. When 
incubated with calmodulin (200 pg) in the absence of Ca2+ and Mg2+, the [3H]CsA elution rofile was 
basically unchanged (El). When incubated with calmodulin in the presence ofCa2+ and MS' (*), the 
[3H]CsA elution profile shifted to the same profile as that of calmodulin, that is, peak counts within the 
void volume. 
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Fig. 2. Inhibition of calmodulin-activated PDE 
activity with cyclosporin. Ability of calmodulin to 
activate phosphodiesterase [measured as absor- 
bance at 660 nm (AM0)] in the presence of 
increasing concentrations of CsA was assessed as 
described (1). Data are expressed relatlve to cal- 
modulin-acuvated PDE alone (100% positive 
control) and to the baseline AMO of PDE alone 
(0% negative control) in the presence of CsA. SE 
from six experiments varied from 5.3 to 21.1%. 

single dansylated calmodulin concentration 
would be an inaccurate estimation of the 
dissociation constant. The technique we 
used would eliminate the error of these 
apparent dissociation constants (5). CsA- 
calmodulin binding requires calcium [Fig. 1 
and fluorimetric data (unpublished)]. Bind- 
ing of CsA to intact peripheral blood lym- 
phocytes is also calcium-dependent and can 
be significantly altered by modifying intra- 
cellular calcium with EGTA or with calcium 
ionophores (6). Our finding that binding is 
saturable and calcium-dependent is inconsis- 
tent with a nonspecific Lteraction. 

In our graphic depiction of the competi- 
tive inhibition of binding of dansylated CsA 
to intact lymphocytes by native CsA and 
calmodulin inhibitors, we primarily wished 
to demonstrate the same y-intercept for each 
line having different slopes indicating com- 
petitive rather than noncompetitive inhibi- 
tion of binding. The lines do not pass 
through the origin because binding in this 
system is saturable. 

With our assay, we observed an inhibition 
of calmodulin's ability to activate 3'3'-cy- 
clic-nucleotide phosphodiesterase (PDE) . 
To do a PDE assay in this system, it is 
tlecessary to limit the PDE and calmodulin 
concentrations, because the affinity for cal- 
modulin to PDE is high (in the nanomolar 
range). Reaction conditions are highly vari- 
able because of the extreme hydrophobic 
nature of CsA. Figure 2 depicts a summary 
of six dose-response experiments showing 
inhibition of calrnodulin by CsA, and Fig. 3 

shows a typical time course of this inhibi- 
tion. Similarly, R24571, which is also high- 
ly hydrophobic, variably inhibits calmodulin 
activity depending on pH, temperature, and 
buffer solutions or concentrations of the 
various reactants, or both. Trifluoropera- 
zine, however, is much more water-soluble 
and a more reliable inhibitor of calmodulin 
in vitro. 

Using a commercially available polyclonal 
antibody to calmoddin (Amersham), we 
found that cyclophilin cross-reacted in a 
radioimmunoassay for calmoddin. We hy- 
pothesized that calmodulin and cyclophilin 
might be related proteins. Hait et  al, have 
sequenced cyclophilin, found no homology 
to calmodulin, and have developed antibod- 
ies to cyclophilin that do not cross-react 
with calmodulin. We must assume that the 
polyclonal antisera we used had recognized a 
common epitope to the tertiary structures of 
both calmodulin and cyclophilin, although 
their primary structures are different. The 
assay in which antibodies to cyclophilin 
were used to assess immunologic cross-reac- 
tivity was not specified by Hait et al. and 
may help explain their findings. Immuno- 
logic cross-reactivity at one shared epitope 
cannot be determined by immunoprecip- 
itation or immunodifision techniques be- 
cause lattice formation cannot occur. Such 
cross-reactivity can best be documented in a 
competitive-inhibition assay such as the ra- 
dioimmunoassay used in our original stud- 
ies. In any case, it appears that more sophis- 
ticated techniques, such as Western blotting, 
should be used to study the immunological 
relation (receptor site similarities) between 
calmodulin and cyclophilin. Along similar 
lines, we used an affinity labeled CsA deriva- 
tive that covalently binds to its receptor after 
ultraviolet irradiation. We found that CsA 
binds four to five distinct cytoplasmic pro- 
teins, with molecular weights of approxi- 
mately 20,000 or less and that three of the 
five cross-react with the polyclonal calmodu- 
lin antisera. These data suggest that there is 
more than one receptor for CsA, one of 
which is calmodulin (7). 

Other calmodulin inhibitors will competi- 
tively inhibit CsA binding and operationally 
substitute for or work synergistically with 
CsA in mediating immunosuppression (8). 
Use of the LH-20 column assay to analyze 
CsA binding to cytoplasmic proteins must 
be approached cautiously with attention to 

Time (minutes)  

Fig. 3. PDE activity. PDE (0.5 U) was pre- 
incubated with CsA (O), with 5 U calrnodulin 
(0) or 5 U calmodulin and 3 x 10-6M CsA (A) 
in tris buffer solution at 30" with 5'-nucleotidase 
(1 mglml) for 15 minutes m a 0.3-ml reaction 
volume. One unit of calmodulin will sumulate 
0.016 activated units of PDE to 50% maximum 
activity. Reactions were initiated by the addition 
of adenosine 3',5'-monophosphate (2 miM) as 
described (1). Reactions were stopped after 5, 10, 
and 15 minutes by the addition of 0.1 ml of 55% 
trichloracetic acid and 0.2 ml of acid molybdate 
solution. After centrlhgation (2500 revimin, 10 
minutes), the supernatants were added to deion- 
ized water (1 ml) and Fisk-SubbaRow reagent 
(0.1 ml). Color was allowed to develop for 10 
minutes and A660 measured for each tube within 
10 minutes. 

assay conditions and to the possibility that 
nons~ecific interaction of  rotei ins wi& the 
column can yield false negative results. 
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