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me role of the 2-amino group of sphingoeine on the in vitro inhibition 
of protein khse C was investigated by ccanparing protein kiMseactivity in 
the presence and absence of sphingosine at various pH's. Inhibition by 
csphingosinewas foundtobepHdependent. Above pH 7.75, sphinsosine has 
little or no inhibitory effect. In fact, at pH 8.5, sphingosine slightly 
enhames enzyme activity above thatwhich cccurswhenthe enzyme is stimulated 
by diacylglycerol ard phcsphatidylserine. After toeing for electrc&atic 
remsion, we find that the intrinsic pK for sphingcsine in l?fiton micelles is 
8.5. Inhibition of protein kinase C by sphingmine at physiological pH@s 
thereforecorrelateswiththepresen ce of a positive charge. 0 1989 Academic 

mess, Inc. 

Varicusagonistsactingthrcqhtheirspecificmembrane receptorsmediate 

b viva effects by generating secoti messengers, some of which activate 

proteinkinasec. ProteinkinaseChasattract&lniuchinterestbecmseithas 

been implicated in cell growth and differentiation, as well as cellular 

regulation and oncogenesis [l]. As a result, many investigations have 

uncaveredarnrmbesofccanpounds,~ingdiversechemicalstructureswhi~ 

activate or inhibit protein kinase C [2-41. Inparticular,chqehasbeen 
shcwn tc play an important role in modulating enzyme function [3]. A nmber 

of positively charyed cmpomds inhibit polycationic sub&rate phosphorylation 

by protein kinase C [2,3]. Specific inhibitors are of interestbecause they 

can potentially increase our under&m-&q of the mechanism of enzyme action 

as well as enzyme function in cells. sphinsosi=, a constituent of the 

sphingolipids is a potent protein kinase C inhibitor [for a recent review, see 

51. Much intmest has been given to studying sphingosine inhibition of 

protein kinase C because it is a natural constituent of cells [6]. In fact, 
it has been proposed that sphingosine my be an iqmrtant in vivo modulator of 

signal transduction and further, through the inhibition of protein kinase C, 
it may be a causative agent in the pathogenesis of the sphingolipidoses [7,8]. 

Yet, despite numxms investigations, the exact rmchaniem by which sphingosine 
inhibits protein kinase C still remain3 speculative. --Y, a detailed 
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study investigating the important structural features of sphingoid bases 

indicated that maximum inhibition of protein kinase C requires a free amino 

group and a C-18 aliphatic side chain [9]. The results of our study suggest 

that csphirqosine~s inhibitory effect on protein kinase C is dependent on its 

positive charge. 

Materials: Bovine brain phosphatidylserine was purchased from Avanti 
Polar Lipids, Bimiqham AL, D-sphingcdne and hi&one (type III-S) were 
purchased frcnn the Sigma &-m&al Company, St. Lmis, MD and [Y-~~P] adenosine 
5'-triphcsphatewas fromNEt?, Quebec. Pmteinkinase Cwas purifiedfmrat 
brain as previously described [lo]. 9% enzyme was never frozen and was 
stored at 4°C at a protein concentration of 115 w/n& in 25% ethylene glycol. 

Mixed mioelle assay for pmtein kina5e C: The Triton X-100 assay as 
pr~iauslydescribedby Belland~rk~wasusedto measureenzymactivity 
El11 * Material soluble in organic solvent, including @sphatidylserine and 
1,2-diolein with and without sphingcsine were cmbined in a solution of 
chlorofolqD&haml (2/l, v/v). The chloroforn@ethanol solutions were 
dispensed into appropriate assay tubes. Solventwas evaporatedwith a stream 
ofni~enandlasttmes removed in a vacuum desiccator at 40°C. The lipid 
films were then solubilized by the addition of 3% Triton X-100, vortexed 
vigorously for 30 set and then incubated at 30°C for 10 min to allm 
equilibration. A 25 w  aliguot of this solution was used in a final assay 
volume of 250 @, Containing 20 r&J Tris-HCl, 10 IIM l&$12, 200 w/mL histone 
III-S, 100 w  Cac12, 10 ClM [y-32 P] adenosine 5'-triphosphate, 2.75 nM Triton 
X-100 with 8 mol % phcsphatidylserine and 2.5 mol % diolein. Where present, 
the sphingosine concentration was 160 @L !Ihe reaction was carried out at 
various pH's ranging frcxn pH 7 to pH 8.5. For controls, 25 @ of 2 mM EGTA 
replaced the mC12. To initiate the r&c&ion, 90 ng of protein kinase C was 
added. After briefly vow, the tubes wexe incubated for 15 min at 30°C. 
!Ihe reaction was terminated by adding 1 mL of cold 0.5 mg/mL ESA and 1 mr., of 
cold 25% trichloroacetic acid. The sanples were placed on ice for 15 min, 
then filtered thrcugh Whatman GF/C filters which were then washed 5 tines with 
2 I& each of ice-cold 25% trichloroacetic acid. 
were counted with 6 I& ACS scintillation fluid. 

After drying, the filters 

Estimation of the int,rinsic pK of spkingosine: The intrinsic pK of 
Sphbgcdne b-i the Triton micelle assay was estimated using [lH] NMR. NM'8 
spectmwererecordedonaBruker-AM500 qxxtrmeter. A sample for NM8 was 
prepared by taking 1 mL of a 10% Briton solution made up in 5% 2H20, 95% 
deionized distilled water, and vortexing vigorcusly with 10 iq of D- 
sphingosine until hamogeneous. sphing~ine-co ntaining Triton micelles were 
tkZ&ed with 0.01 M NaOH and 0.01 M HCl, taking a pH reading before and after 
the NMR spectra were rewrdd. In an independentqiment, the same result 
was confirmed by potentimtric titration after correcting for the amount of 
base required to alter the pH of a solution of the detergent alone. 

This study assayed protein kinase C activity in the presence andabsence 
of sphingcsine over the pH range of 7 to 8.5. The pH range for optimal enzyme 
activity in the absence of sphingosine is between 7.5 and 8.0, agreeing with 
previous findings [lo]. Whensphixqosine isp resent in Triton micelles, 

inhibition of protein kinase C occurs in a pH dependent manner (Fig. I). We 
find that between pH's 7 and 7.5, inhibition appears to remain constant: the 
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Fiqure 1. The pH dependence of diolein-stinnilated protein khase C activity 
in Triton X-100 micelles in the abznceofqhingceine (0) andinthe 
presence of 160 @.I sphingosine (A). Control in Triton X-100 nkelles with 
EGTA a!xI with no other additives (m). 

cunresoftheinhibi~anduninhibitedenzymeare~yparallel. Hawe~er, 

at @i's above 7.75, sphi.ngcxGne is not as potent an inhibitor; both curves 

kegin to converge. AtpH 8.5 sphingcsh actually activates the enzymeto a 

small extent. We were unable to extend this study blower 0rhigherpH's 

because of loss of buffering capacity or loss of enzyme activity, 

respectively. 

The d eQ-easing inhibition with increasing pi suggested an effect 

resulting from a change in the state of ionization of sphiqchne either in 
the Triton micelle or bound to protein kinase C. To assess the state of 

protonation of sphhgchne in !Priton nkelles at various pHIs, a titration 
measuring the NMR spectra as a fur&ion 0fpHwas Carried out. The chemical 

shiftoftheCHprotonadjacenttothe~groupinsphingosine issensitive 

to the pmtonation state of the amino group and was displaced from 4.24 to 

3.88 ppn between the @-I's 4.38 and 8.95. We could not generate a coqlete 

titrationcumeathigkrpH1sbecausetheCHprotonsignalof interestmerged 

witha resomnmgeneratedbythedetergent. Nevertheless, atextrmelyhigh 

pH's, the chemicdl shift was not displaced beyond this resonance to a 1cwe.r 

chemical shift thus allawing us to approximate the upper limit of the 
titmtim cume. In an hdepemknt experiment, a potentitmfkric titration 

gavea cutvethatwas superimposablewiththatwhichwas obtainedby NMR [Fig. 

21. Frm the titration curve, the apparent pK of sphingosine in Triton 

micelles is 7.7. ThisisincontrasttoarecentstudywhichreportedthepK 

to be 6.7 [9]. This may be due to our use of a 20 fold greater concentmtion 
of qhingosine and Triton X-100. Although the sphhgc5ineto Tritonratiois 

the same in both studies, more acid and base is xquired for titrating the 20 
fold greater quantity of sphirgc&ne presen t in cur !Criton micelles. 

Consequently the ionic strength of the solution would be inmeas& . BYi.9 
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2. Figure, pH titration axves of sphingosine in Triton X-100 mzmzed 
patenticmetrically (0) a&with [lH] NMR (0) as described uxkrmethcds. 

wouldsuppressel e&rcstatic repulsion and as a result, raise the apparent pK 

to higher values probably contributing to the observed discrepancy. 

Regardless of the precise details of the ionization properties of sphiqkne, 

it is clear that inhibition of protein kinase C by sphingosine correlates with 

its state of protomtion. 

Anunusual feature of the sphinqsinetitrationcurve is thatunlikethe 

titration curves of small, soluble imlecules, the titration curve obtained for 

s@Angosim in Triton micel1e.s is broad. This can be explained by 

electroStatic interaction among sphingosine rmlecules within a detergent 

micelle [13]. Figure 3 shows the data for the titration curve plotted to take 

into amount electrc&atic repulsion [13]. In cases where electrostatic 

interactions do not omur, pH-loq[a/(l<)] is independent of pH. However, 

this is not the case for sphixjosine in Tritonmicelles, suggesting that the 

0.0 0.2 0.4 0.6 0.8 1.0 
Degree of Dissoclatum. ~1 

Fiqure 3. Dependence of pH-lq[a/(la)] on the degree of dissociation of 
SFhingosh (a). ThedatausedarefrcxnFigure2. EecausetheNMRtitration 
rrethcd does not require correction for a blank, the data frcan NMR is 
consideredmore accurate andisuse togeneratethisanalysis. HoWeVer, 
abovepH 9,weusedthepotenticmkrictitrationcurvetoccqlete this plot. 
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apparent pK is affected by electrostatic repulsion in the micelle. When the 
net charge of sphingosine is zero (i.e. when the degree of dissociation, a is 

l), the int.rinsicpK canbe obtained fromthevalue oftheordinate. We find 

that the intrinsic pK for sphingosine is 8.5. 

We suggest that the inhibition by sphGqosine requires the presence of 
positive charge. Anmberofprevious studieshavenotedthe necessityofthe 

free amino group of qhingosim for the inhibition of protein kinase C, 

implicating the importance of a positive charge. N-acetyl sphingosine, an 

arldlogofsphingosinedoesnotdltertheactivityofisolatedproteinkinasec 

nor the effect of this enzyme in human platelets 1141. Neither does N,N 

dimethyl sphingcsine, a derivative withcut a dissociable proton, affect 

protein kinase C activity [9]. The mechanism of inhibition of protein kinase 

Cby sphingceineis ccmplex. It has been shcwn to be a cmpetitive inhibitor 

with respect to Ca2+ [15], which could iqolicate it binding to an anionic site 

on the protein. However, sphitqosine is also competitive with respect to 

diolein and to phorbol dibutyrate [15]. It has also been suggest that 

sphingosine inhibitsproteinkinasecby interactkgwitharxlneutralizingthe 

charge of anionic lipids necessary for protein kinase C activation [16]. This 

type of interaction was shown to inhibit histone trmslooation to the rmbrane 

[161. In addition to charge, it has been shmn that the effect of n-mbrane 

additives on lipid phase propensity determines their effect on protein kinase 

C activity [3,17]. Since sphingosine is a hexagonal phase-promoter [3], it 

would be expeckd to be an activator of protein kinase C, if it were not for 

its positive charge. At @-I 8.5, where the positive charge on sphingosine is 

almst completely removed (Fig. 2), sphingceine becomes a weak activator of 

protein kinase C (Fig. l), as predicted on the basis of its effect on lipid 

polymorphism [3,17]. Unfortunately, protein kinase C did not exhibit activity 

at higher @-I values reguired for the complete deprotonation of sphingosine- 

Nevertheless, it is clear that the presence of a substantial fraction of the 

positive charge on sphingosine is required for its inhibitory effect on 

proteinkinasec. 
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