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SLMWX: The nm&mmLmaging alpha-toxin aggregate of Staphylococcus aureus was characterized 
physicochemkally. ‘Ihe aggregate eight of the toti formed by various methods appeared to be 
6 times higher than the mlecular weight of the mnmer as detetined by the laser light 
scattering technique, suggesting the presence of a hexaner in the rrembrane. The aggregates 
fluoresced 20 to 50 % more than the mmcmr at 336 nm. Circular dichroism measurements 
revealed that both the mmmr and the olig 

- 
T 

ellipticity about -8,400 deg.m*.dml 

r shmed essentially8-sheet structure with the 

at 215 nm. Circular $ichro$m spectrum of the 
oligoners shmed ellipticity difference of -6,600, -44 and +84 deg.cm .chml , at 200, 250 and 

280 nm, respectively, ccmpared with the mnmer. All these results suggest that the 
conformational change in the toxin mlecule occurs concomitant with the transformation of the 
water-soluble mncmer to the mnbrane+mbedded hexamx. : 1985 Academic Press, Inc. 

Alphi-toxin, a cytolytic em-protein produced by Staphylococcus aureus has been 

accounted to be a major cause of the pathogenecity of this organism (1,Z). ‘Ihe m&anism of 

eliciting the cytolytic activity of this toxin is the formtion of the trammnbrane hollaJ or 

pore in the plasma mkmne of susceptible cell (3-5), through which intracellular materials 

leak out (4-7). The trdrane pore is formed by an aggregate of the toxin rmlecules, 

although the toxin mnomr is an water-soluble protein. This cytolytic activity can be easily 

treasured in vitro by the hmlysis (8, 9). -- In the process of a-toxin action, thewater-soluble 

toxin mlecules mst be triggered to elicit a conformational change to gain an ability to 

penetrate into the hydrophobic dmain of the target membrane. 

We have tested this assmption by masuring the spectroscopic properties of the toxin 

mlecule. The result suggested that the oligmmization accompanied a conformational change(s) 

in protein mlecules. 

Abbrevatiom used: RBC, red blood cell; SDS, scxlium dcdecylsulfate; Dx, sodium deoxycholate; 
C E , polyoxyethyleneglycol dodecylether; 
8!s;8 Hepes, 

Buffer A, 10 nM Tris-HCl-50 &I NaCl-3 &I NaN3, pH 
N-Z-hydroxyethylpiperazin~N’-2-ethanesulfonic acid; CD, circular dichroism; IS, 

light scattering; RI, refractive index. 
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MATERIALS and METHODS 

Purification of ~to.xIn. Alpha-toxin was purified frtxn the culture supematant of S. - 
aureus wood 46 in Tryptic soy broth. In a typical experimt, a 4 liters of the culture 
supernatant was fractionated by 70 I saturated (NH ) SO at 4 “C. 

43 4 
The insoluble materials 

were dissolved in 10 ml of 50 KM Tris-HCl, pH 8.5 an were passed through a Sephadex GlOO 
colurrn (2.5 x 100 cm) equilibrated with 50 n+l Tris-HCl, pH 8.5. The fractions containing a 
major herrnlytic activity wre applied onto twn sequentially connected colurms (a CN-Sepharose 
CL-6B and a DEXE-Sephacel, of 0.5 x 20 cm each) equilibrated with 50 nM Tris-HCl, pH 8.5, and 
the columns were eluted with the sarae buffer. “ihe totin preparation in a flcx+throl@ fraction 
appeared to be a homogeneous protein band with an apparent M 33,ooO as examined by polyacryl- 
amide gel electrophoresis in SDS. Protein was quantified byrthe lowry’s nethod (10) or by the 
absorption at 280 nm. Absorption coefficient at 280 nm at 1 cm light path of 1 n&ml nf the 

toxin was determined to lx 1.97. 
Oliganerization of cc-toxin. (i) The oligcnre rs induced by DX (DX-oligorrers) were the 

procedure described by Bhakdi et al (11). The toxin (1 r&O.2 ml in Buffer A) was mixed with 
20 1~1 of 68.7 ti LXX in Buffer A, and the mixture was incubated at 25 “C for 30 min. (ii) The 
oligomers formad on the membrane of phosphatidylcholine lipos~ (FC-oligoner). ‘lhe liposo~ 
membrane prepared by the procedure described earlier (12) (7.5 w/O.6 ml in Buffer A) was 
mixed with 3.45 mg of a-toti in 0.46 ml of Buffer A and the mixture was kept at 25 “C for I 
h. (iii) The oligomers formed on the &rane of rabbit RK (RBGolig~r). The RX rrembranes 
prepared according to the procedure of Dodge et al (13) (2.6 q protein/ml in Buffer A) wre 
mixed with 3 w/O.4 ml of purified a-toxin and the rrdxture was kept at 25 “C for 7 h. 

Determination of nrolecular and aggregate weights. lhe irnlecular or aggregate weight 
was determined by the laser LS technique combined with the high performance gel permeation 
chronntography and refract-try (for details, see ref. 14-16). 

Other mathods. CD was measured by using a JASW spectropolartiter J-W! equipped 
with a DP-501 data system. Fluorescence was treasured by using a Shtidzu fluorophotrnreter 
RF-450 equipped with a recorder DR-3. 

RESULTS and DISCUSSION 

State of the totin aggregates. Since the oligomrric aggregates ofa-toxin nnlecules 

can ix formed on plasm3 m+mbrane, liposone membrane and in Dx micelle, it must be confinred 

that the aggregates forrred by these techniques are the samz in physiccchemical criteria. Fig. 

1 depicted an SDS-polyacrylamide gel electropherogram of the purified oligorzrs as ~11 as 

their heat-dissociated mxxxers. The result shaJed that the nligmrs were electrophoretically 

homogeneous . 

The oligcnrars xere separated from the m3noIIErs by the gel filtration through a 

Sephacryl S-xx) colt in the presence of C12E8 and their low-angle LS, W-absorption and KI 

wre measured in the presence of 2 nM C12E8. C12E8 does not cause neither oligcnrarization of 

the mlnomar nor dissociation of the oligorrer. A typical elution profile was shm in Fig. 2. 

Molecular- and aggregate weights of the protein moiety in the surfactant was calculated accord- 

ing to the procedure described earlier (14-16). Ihus, the mlecular weight of native w-toxin 

mlecule appeared to be 32,400 (Table 1). The aggregate weights of the oligmrs formad in 

LXX, PC-membrane and RBC-membrane were calculated to be 203,ooO, 186,ooO and 189,0(x), respecti- 

vely (Table I), indicating the presence of hexamxs as suggested previously (3-5, 17-19). 
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Fig. 1: Polyacrylamide gel electrophoresis of the oligmers forned by various methods. llw 
toxin oligarers kere formed in DX, PC-mrkmne and FZGmmbrane as described above. A part 
of the sample was treated with 100 &ml of ttypsin at room tanperature to cmfirm the trypsin 
resistance (5). They are dissolved in the smple buffer and nm for electroptmresis in the 
buffer systm described by laannli (22) with or without heating at 95 “C for 5 min. km?s 1, 
2 and 7, DOC-oligcmr native, trypsiu-treated and heated; lanes 3, 4 and 8, PC-oligcmr native, 
trypsiu-treated and heated; lanes 5, 6 and 9, FX-oligcmr native, try&n-treated and 
trypsin-treated-heated; lane lO,a-toxin mnamer heated in the sqle buffer. 

This is the first report, to our lmmledge, that the aggregate weight and the subunit number 

of the mmbran~assmbled a-toxin were determined by the technique based on the firm physical 

rule. 

Spectroscooic properties of the cc-toxin nmcmar and oligmr. In the process of the 

oligomr formtion, the water-soluble wtoxin mlecule turns to be the water-insoluble membrane 

protein or the surfactmt-solubilized protein oligcmsr. ‘This drastic change of the protein 

enviroments my elicit a certain conformational change in the toxin molecule. We have 

examined fluorescence tissions of tryptophan residues in the nmomars and the oligomrs in 

the presence of 2 nM C12ES. The oligmers famed in XC, Pc-mnbrane and the PX-mnbrane 

There extracted by 1 % of C12Es and purified by passing through a Sephacryl S-303 calm. The 

mnomxs wre dissolved in 1 % of C E in an identical absorption at 280 nm to the respective 
12 a 

oligawrs . Finission spectra of the protein shmed the following; (i) The oligmrs fluoresced 

mre intense than the mnomrs under the identical conditions. (ii) Extent of fluorescence 

incrarent was not always the same, but was reproducible anmg the oligcmrs forned by the 

different methods. Incremnts of fluorescence intensity in the oligcmrs wre 33, 48 and 10 % 

for IX-, PC- and RPGoligcmer, respectively. Reason for this difference is not clear at 

present. (iii) The emission mxkm of the oligomrs was shifted from 332 to 336 m. These 

results suggested that the protein confomtion or the enviroment around the tryptophan 

residues changed, concotitant with the oligomar formation (Fig. 3). 
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Fig. 2: Typical tracings of the detector response of a LS photweter, a W-detector and a RI 
mter. A '!Xgel G3WXW calm (0.75 x 60 cm) was connected to a high performnce liquid 
chramtography system in the follming sequence; a double plunger pmq - a calm - a 
differential LK-flux detector - a laser IS photazter - a differential RI mzter and the signals 
fran the detectors wre recorded. A, wtoxin moors wre dissolved in a solution containing 
2 d-l C E -10 pH 7 (0.3 &ml) axd a 0.1 ml portion was 
inject ~2 .a ti HepesloO &I NaCl-3 dl NaN3, 

mto the calm equilibrated with the above ylution. 'Ihe calm was eluted with the 
sam Wfer in the rate of 0.4 ml/min at 15 kg/cm . Peaks 1, 2 and 3 correspond to an 
unidentified mterial (probably a spontaneous ly formd higher aggregate of the toxin), 
micelle amI the toxin mrmm, respectively. B 'IheprrifiedREC-oliga~~rsware disso~&~ 
1.5 q/ml in a solution described above. A pbrtion of this mterial (0.2 ng/O.l3 ml) was 
injected into a column and the colum was eked as above. Peaks 1, 2 and 3 are unidentified 
wterial (see above), the toxin oligmer and the micelle, respectively. l%lecular (aggregate) 
Eight of protein or protein miety of protein surfactant canplex was calculated from a 
calibration line cm the basis of IS/RI.l/(dn*/dc) of the reference proteins of kncm mlecular 
Eight, where I5, RI and (dn*/dc) are the Ls intensity, the relative RI and the specific RI 
incranent of the protein (or proteinsfactant complex). (dn*/dc) was calculated as RI/@I~~~ 

and K are absorption at 280 nm and an absorption coefficient of 
(for a detail, see ref. 14-16). Reference proteins used wre 

rilmuclease, chynotrypsimgen A, alcohol dehydrogemse and bovine serum albwnin. 
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Table 1. Aggregate wight and submit mrber of alpha-toxin oligawr detetiwd by the mzthcd 
of the laser IS technique in the presence of C12E8 

Alpha-totin Aggregate tight 

XltKXlEr 32&d 

WC*ligmr 203,ccc 

FC-oligcmr 186,300 

RK-oligarer 189,400 

Subunitb 

6.2 

5.7 

5.9 

t &Gcular wight 
Aggregate weight of oligcmr/mlecular wight of munzr 

Since the fluorescence incremnt was recognized in the oligcmrs, wz have examined the 

confonmtional states of the toxin mnmr and the oligomr by recording CD spectra. Fig. 4A 

shmd a typical trace of the recordings. ‘Ihe CD profiles between the mncmr and the oligmxx 

fran 190 to 205 nm appeared to be significantly different but that frmn 215 to 240 m were 

indistinguishable. The m&mm mlar ellipticity of both the mncmr and the oligmr appeared 

to be about -8,400 deg.an2.drm1 
-1 

at 215 mm. Matharetical tre?twnt of the data according to 

the procedure described by Chen et al (20) shaJed that the mnwrs contain&a-helix,B -sheet -- 

and randwn coil, 11, 61 and 28 %, respectively and those in the oligomzrs wre 12, 58 and 30 

B 

Wavelength (nm) 

Fig. 3 : Fluorescence spectra of cttoxin. lhe t&n nmcmm and the oligmrers were dissolved 
0.30 inppropriate solution to,%m m= (0.152 rl$nl). Ihe fluorescence spectra wxe 

recorded fran 300 to 400 nm cnt an excitation wavelength at 280 nm at room temperature. Slit 
widths for an excitation and an emission were 5 and 10 nm, respectively. A, the nun-r in 
Buffer A; B, the mm-r and iIK*ligurer in Buffer A containing 1.25 rrcl LCC; C, the rmnorrer 
and K-oliganer in Buffer A containing 2 &l CL2E8; D, the snarer and RBC-oligcxwr in 2 ti 
C12E -10 
spec a 

rrM Hepes-100 &I N&1-3 ti NaN3, $I 7. Solid and dotted lines show the emission 
ra from the INXIUIE~ and the oliganer, respectively. 
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Wavelength 

Fig. 4: CD spectra of wtoxin nxxwxr and the oligorrer. 
oa&GE-s here ciissolved at 

‘Ihe mnazrs and the purified XIX- 
%8o m= 1.04 (0.529 &ml) in 2 ti C E -10 ti Hepes-100 ti N&l-3 

xi-4 NaN3, pH 7 and the 0 spectra wre recorded. A, record fran l2 &I to 240 nm at wavelength 
expansion 5 dtin, a tinrz constant 0.25 set, a scan speed 50 tin&in and a light path 0.01 an 
at room tanperature. The Sloan residue tight was calculated from the tina acid composition. 
The curve presented was the average of 16 repeated scans. B, record from 240 to 310 nm. 
Coalitions are similar to above except that a light path was 1 cm. ‘Ibe scan was repeated 4 
tirres. Solid and dotted lines show the m-r and oligerer, respectively. 

%, respectively. As long as these calculations are concerned, the oligwrization showed no 

significant conformational change in the backbone structure of the protein rnxlecule. Hwever , 

a significant change in CD spectra between the nrxorwr and the oligonxzr was seen in the region 

fran 190 to 205 nm. The difference of ellipticity be-en them at XXI nm appeared to be 6,600 

-1 
deg.cmL.dr& . This significant difference in the ellipticitv rrust be waningful and, 

therefore, w believe that the confonnational change in the protein nxxlecule occwred 

conc&tant with the mxxnwr to the oligar transformtion. Si ncc , there is no xrxiel study 

in such change at 190 to 215 nm region, to our knowledge, we are unable to characterize the 

nature of the alteration. iim.ever, it must be stressed that the change of CD spectrum at this 

region was reproducibly observed (16 repeated experiments) and the change was significantly 

large. One reason why no rrodel study could be nwde in such change at this region might be 

that a thenrodyntically-unstable Mel cqound (like the rrPnomer) could not be synthesized, 

or even if it was mde the ccqxund readily transformed into a stable form (like theoligowr). 

In fact, a-toxin tends to form aggreagate spontaneously at relatively high concentration (about 

1 q/ml) by a light mhanical force like a vortexing. A similar change of C1) profile upon 

spntaneous insertion of a water-soluble protein into wmbrane was reported in6 -toxin FrtKn S. 

aureus (21). 
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As shmm in Fig. 48, the changes of CD spectrum at 250 and around 28Otua, corresponding 

to tyrosine and tryptophan residues, respectively, were observed, concomitant with the nrmmr 

to the oligarer conversion. The data confirmed the result of fluorescence change. The 

ellipticity changes at 250 and 280 nm by the oligcmrization of the t&n rmlecule were -44 

and +84 deg.cm2.dml-', respectively. The conformtioml change of the toxin mlecules was 

observed consistently regardless of the method of the oligomr formation. 

Ihe results reported in this paper revealed a major conformational transition of the 

toxin rmlecule upon the oligmer formation as detected in the change of CD spectrum and of the 

fluorescence intensity. 'lhe studies on the conformtional change of the protein mlecules 

commitant with the transformation of the water-soluble to the mnbrane protein are essential 

to elucidate a ~chanisn of the transmmbrane protein assembly. The studies also contribute 

in understanding of the pathogenecity of the staphylococcal infection. 

We are grateful to T. Takagi and K. Kamzyam of the Institute for Protein 
Research, Osaka University, for the use of CD instruments. A part of this study was supported 
by a Tokai Medical Research Grant. 

REFERENCES 

l.&mheimzr, A.W. (1974) Bicchim. Biophys. Acta 344, 27-M. 
Z.F'reer, J. H., and Arbuthnott, J. P. (1983) Phamc. Iher. 19, 55-106. 
3.Arbuthnott, J. P., Freer, J. H., and Ekmheimr, A. W. (1967) J. Eiacteriol. 94, 117G-1177. 
4.Freer, J. H., Arbuttmott, J. P., and Bernheimr, A. W. (1968) J. Bacterial. 95, 11531168. 
5.F%sle, R., Bhakdi, S., Sziegoleit, A., Tranum-Jensen, J., Kranz, T., and Wellensiek, H. J. 

(1981) J. Cell Biol. 91, E-94. 
h&doff, M. A., Cooper, L. Z., and Weinstein, L. (1964) J. kcteriol. 87, 145149. 
7.Cassidy, P., Six, H. R., and Harshman, S. (1974) Biochim. Biophys. Acta 332, 413-423. 
B.Cmper, L. Z., Madoff, M. A., and Weinstein, L. (1964) J. Bacterial. 87, 127-135. 
9.Ikigai, H., and Nakae, T. (1984) E?MS Microbial. I&t. 24, 319-322. 
lO.kmry, 0. H., Rosebrough, N. J., Far-r, A. L., and Randall, R. J. (1951) J. Biol. aan. 193, 

265275. 
ll.Bhakdi, S., FHssle, R., and TrammJensen, J. (1981) Prcc. Natl. Acad. Sci. USA 78, 5475- 

5479. 
12.Tokunaga, M., Tokunaga, H., and Nakae, T. (1979) FEBS l&t. 106, 85-88. 
13.Dodge, J. T., Mitchell, C., and Han&an, D. J. (1963) Arch. Biochem. Biophys. 100, 119-130. 
14.Ishii, J. N., Takagi, T., Kameyam, K., and Nakae, T. (1982) Tokai J. Ekp. Clin. Med. 7 

(suppl.), 157-164. 
15.Karmeyam, K., Nakae, T., and Takagi, T. (1982) Biochim. Biophys. Acta 706, 19-26. 
16.Maezawa, S., Hayashi, Y., N&e, T., I&ii, J., Kameyam, K., and Takagi, T. (1983) Biochim. 

Biophys. kta 747, 291-297. 
17.kmheimr, A. W., and Schwartz, L. L. (1963) J. Gen. Microbial. 30, 455-468. 
18.Coulter, J. R. (1966) J. lkcteriol. 92, 16551662. 
19.%x, H. R., and Harskmn, S. (1973) Bicchemistry 12, 2677-2683. 
2O.Chen, Y. H., Yang, J. T., and Chau, K. H. (1974) Biochemistry 13, 3350-3359. 
Zl.Collacicco, G., Basu, M. K., Buckelew, Jr., A. R., and Bemheimer, A. W. (1977) Biochim. 

Biophys. Acta 465, 378-390. 
22.-i, U. K. (1970) Nature (lotion) 227, 680-685. 

181 


