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S100 proteins are acidic calcium-binding proteins present in high concentration in the brain and at lower
concentrations in peripheral tissues. Their function remains to be elucidated in many tissues. In this report we
show for the first time that S100 proteins stimulate the bovine photoreceptor membrane guanylate cyclase. The
extent of stimulation varied between the different S100 proteins with the S100b exhibiting the highest level of
influence. The stimulation by all S100 proteins was calcium dependent, with the half-maximal stimulation
occurring at about 35-4QM calcium. These results suggest that in some cells S100 proteins can mediate
calcium signals via cyclic GMP. © 1996 Academic Press, Inc.

S100 refers to a family of acidic proteins which were first discovered in brain (1) and sub
quently found in lower concentrations in many other tissues (2,3). These proteins are made |
two subunits,a and 3, which may exist as monomers, homologous or heterologous dimers,
oligomers. Dimers of the compositierw, o8, andpg are designated as S10§ 100a and S100b
respectively (4—6). Both S108-and S1008 bind calcium and contain two EF-hand calcium-
binding sites each (4,7). Further, both subunits bind zinc, though the affinity ¢ tubunit for
zinc is higher than for calcium (8).

S100 proteins were found to have both extracellular and intracellular effects. S100b was st
to have neurite extension and neurotrophic activities in select neurons (9), and mitogenic ac
in glial cells (10). Among the intracellular effects are calcium-dependent activation of aldolase
both S100« and S1008 (11) and calcium-dependent inhibition of the phosphorylation of th
microtubule-associated protein (12) and other specific proteins in brain by S100b (13). Th
adenylate cyclase activity of skeletal muscle is inhibited by S100b (14) and stimulated by, S1(
(15). There has been only one report on the effect of S100 proteins on guanylate cyclase
enzyme in Tetrahymena is unaffected by S100, though it is stimulated by another calcium-bin
protein, calmodulin (16).

It was hitherto thought that retinal photoreceptor membrane guanylate cyclase is stimulate
a class of calcium-binding proteins termed guanylate cyclase activating proteins (GCAPS) w
stimulate cyclase at calcium concentrations below 250 nM (17,18). However, we observed rec
that this enzyme is dual regulated: besides stimulation by GCAPs at low calcium concentrati
it can also be stimulated at micromolar calcium concentrations by a protein (calcium-depenc
guanylate cyclase activator protein or CD-GCAP) isolated from bovine retina (19). The subunit
of CD-GCAP, as determined by SDS-PAGE, is 6—7 kDa, similar to that of S100 protein subu
(9), and like them, it is also a calcium-binding protein. In view of these similarities, we tested
effects of S100 proteins on photoreceptor guanylate cyclase. In this report we show that
proteins activate guanylate cyclase and that the activation is calcium-dependent.

MATERIALS AND METHODS

Materials. (**P)GTP was purchased from ICN Biomedicals. S10flad S100a were purchased from Sigma and S100
was from Calbiochem. Anti-S108-and anti-S10Q8 monoclonal antibodies were obtained from Sigma.
Isolation of rod outer segment membranes enriched in guanylate cyclase a&iVibperations were conducted under
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infrared light. Fresh bovine eyes were obtained from Wolverine Packing Co., Detroit, Ml, dark adapted for 3—4 hou
room temperature, and intact rod outer segments (ROS) were isolated according to the method of Schnetkamp et
To prepare ROS membranes free of soluble and peripheral proteins, intact ROS were disrupted by freezing and th:
and suspended in and washed three times with 10 mM Tris-HCI (pH 7.5) at 0.1 mg of protein per milliliter. The was
membranes were monitored for cGMP phosphodiesterase activity (21), and guanylate cyclase activities in the prese
either 2 mM EGTA or 1 mM CaGl Only the preparations which did not exhibit phosphodiesterase activity and who
cyclase activity was not influenced by EGTA or Ca were used in this study.

In some experiments guanylate cyclase partially purified from ROS membranes was used instead of the membrane
purification of cyclase by GTP-agarose chromatography was done according to previously published procedures (2

S100 proteinsS100 proteins were dissolved (0.5 mg of protein per ml) in 50 mM Tris-HCI, pH 6.8 containing 50 m
NaCl and concentrated to 0.2 ml in Centricon-10 (Amicon). To remove traces of EGTA present in commercial prc
preparations the solution was diluted in the above buffer to 2.0 ml and concentrated again to 0.2 ml. After one more dil
and concentration, the preparations were tested for effects on cyclase activity.

Guanylate cyclase assaylhe assays were done under infrared light. ieof suitably diluted membranes were assayed
in a reaction mixture of 4Ql. The guanylate cyclase reactions were started with the addition af @0a substrate mixture
giving the following final concentrations in the assay: 40 mM Hepes, pH 7.4, 15 mM M@®hM cyclic GMP, 1.25 mM
IBMX, 4 mM dithiothreitol, 1 mM GTP, and about @Ci of («-*2P)GTP. After 10 min at 30°C, the reactions were
terminated with the addition of 2@l of 150 mM EDTA containing 2 mM each of GTP, cyclic GMP and GMP. The tubes
were left in an 90°C water bath for 5 min, cooled, and centrifuged. T d¢yclic GMP formed in the assay was separated
and measured as described earlier (22).

To measure if guanylate cyclase activity was influenced by the addition of S100 proteins, the assays were supplen
with the desired concentration of test protein and 1 mM Ga€R mM EGTA. In some experiments, the assays were rur
in the presence of the S100 protein at several different concentrations of calcium.

RESULTS AND DISCUSSION

As shown in Figure 1, the basal guanylate cyclase activity in washed ROS membranes
similar in the presence of 1 mM Caind 2 mM EGTA indicating that the soluble protein which
activates the cyclase at low calcium concentrations (17,18) was completely removed by the w
ing of the membranes. When incubated witiM1 S100b, the cyclase activity of the membranes
increased to 600-800% of the control, and the increase was seen only in the presence of cal
At the same concentration, S1@Oiacreased the activity to 300—-350% of control, and S100
increased it to 400-450% of control and again, in both cases, the increase was observed only
presence of calcium. The calcium-dependent activation of guanylate cyclase by S100b appea
be direct and not mediated by other proteins because partially purified cyclase was activated a:
as the cyclase in ROS membranes (data not shown). Since the activation by $&30auch
lower than that by S100b, we tested the possibility that at least a fraction of the activation was
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FIG. 1. Influence of S100 proteins on guanylate cyclase activity. Washed ROS membranes were assayed for gua
cyclase activity in the absence (control) or presence of different S100 proteins. In each case assays were done in the p
of either 1 mM CaCJ or 2 mM EGTA. The concentration of S100 proteins in the assay wad.7The data presented here
are from one of three experiments with similar results.
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to contamination by the latter. Western blot analysis of S308ang antibodies specific for S10®-
revealed no staining (data not shown). Conversely, S100b reacted only with3Sritdzody and
not with antibodies specific for S100- These results suggest that is spite of the differences in tl
level of activation, the different S100 proteins are capable of activating the cyclase independe

Since S100b was the most active of the three proteins, further studies reported here were fo
on S100b. Figure 2 shows the dependence of cyclase stimulation on the concentration of S1C
the assay. Half maximal stimulation was observed at aboufvV2concentration and maximal
stimulation at about 2p.M. Similar dose-dependence pattern was observed with S100a also. Tt
concentrations are well within the range of concentrations at which S100 proteins were report:
influence enzymatic reactions in other tissues. For example, half-maximal activation of skel
muscle adenylate cyclase by S1p@=aat 0.2uM (15). Half-maximal influence of S100 proteins
on phosphorylation of specific proteins in brain is at @@ (23) and 4.0uM (24). The concen-
trations at which S100 proteins stimulated cyclase activity were also within the 10M2€on-
centrations at which they are reported to be present in brain (5). The current studies were dol
the membranes from retinal photoreceptor cells and the concentration of S100 proteins in reti
still unknown. However, that S100 proteins are present in retina is well established (25,
Species-specific differences in the distribution of S100 proteins between retinal glial and neur
cells were reported (26,27). While the experiments discussed here were done on a neuronal cy
it is likely that S100 proteins may activate specific cyclases in glial cells also. Further work
required to identify the distribution of S100-sensitive cyclases in other tissues. It may be mentic
that the photoreceptor guanylate cyclase, activated by S100 proteins as shown here, is not act
by calmodulin (19) whereas the Tetrahymena guanylate cyclase was reported to be activats
calmodulin but not by S100 proteins (16).

S100 proteins are known to have two calcium binding sites per subunit with tfer KKalcium
of 20-50uM for one site and about 200-5Q4M for the other (4). To test which of these sites
might be mediating the calcium-dependent activation of guanylate cyclase, cyclase activity
measured in the presence ofuM S100b and different concentrations of calcium. As shown ii
Figure 3, half maximal activation was observed at about 4Q+@C0calcium. Similar results were
obtained for calcium dependence of the activation by Sy@@ata not shown). These results
suggest that of the two calcium binding sites in S100 proteins, the one with the higher affinity
calcium may be involved in the activation of cyclase. S100b is both a calcium-binding protein
a zinc-binding protein (28). The effects of S100b on myelin ATPase activity (29) and phospt
ylation of 7 protein (12) were potentiated by zinc. We therefore tested the effect of zinc chlor
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FIG. 2. Dependence of guanylate cyclase activation on the concentration of S100b. Guanylate cyclase activity in we
ROS membranes was assayed in the presence of 1 mM, @a€lthe specified concentrations of S100b. Data shown ar
from one of three experiments with similar results.
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FIG. 3. Dependence of guanylate cyclase activation on calcium concentration. Guanylate cyclase activity in wa
ROS membranes was assayed in the presenceudl B100b and the specified concentration of CaGimilar calcium
dependence was observed for Sipakso.

on the activation of guanylate cyclase by S100b. In this case, however, zinc strongly inhibitec
activation, but the inhibition was evident only when dithiothreitol was not present in the ass:
Half-maximal inhibition was observed at 30—g® and full inhibition at about 10QuM zinc (data
not shown). Basal cyclase activity was also inhibited by zinc. The inhibition of both basal ¢
stimulated cyclase activities was completely overcome by 10 mM dithiothreitol. Inhibition of lu
soluble guanylate cyclase by zinc and its reversal by dithiothreitol were reported earlier (30)

The calcium concentrations at which S100 proteins activated photoreceptor guanylate cy:
are much higher than the concentration at which CD-GCAP activated the enzyme (19) but are
within the calcium concentrations likely to be achieved in localized areas of synapses du
transmitter release (31,32). S100 proteins were reported to be present in retinal and brain s
tosomes (33,34), and in retina they were measured in relatively higher concentration in gan
cell and nerve fiber layers (25). It is therefore possible that S100 proteins activate guanylate cy
in the retinal synaptic layers in response to a rise in calcium concentration. In this context,
significant that photoreceptor membrane guanylate cyclase was reported to be present not o
the outer segments but also in retinal synaptic layers (35,36). S100 protein-mediated incree
cyclic GMP may therefore have a role in the modulation of synaptic transmission.
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