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ABSTRACT The location and environment of tryptophans in the soluble and membrane-bound forms of Staphylococcus
aureus «-toxin were monitored using intrinsic tryptophan fluorescence. Fluorescence quenching of the toxin monomer in
solution indicated varying degrees of tryptophan burial within the protein interior. N-Bromosuccinimide readily abolished 80%
of the fluorescence in solution. The residual fluorescence of the modified toxin showed a blue-shifted emission maximum, a
longer fluorescence lifetime as compared to the unmodified and membrane-bound «-toxin, and a 5- to 6-nm red edge
excitation shift, all indicating a restricted tryptophan environment and deeply buried tryptophans. In the membrane-bound
form, the fluorescence of a-toxin was quenched by iodide, indicating a conformational change leading to exposure of some
tryptophans. A shorter average lifetime of tryptophans in the membrane-bound «-toxin as compared to the native toxin
supported the conclusions based on iodide quenching of the membrane-bound toxin. Fluorescence quenching of membrane-
bound «a-toxin using brominated and spin-labeled fatty acids showed no quenching of fluorescence using brominated lipids.
However, significant quenching was observed using 5- and 12-doxyl stearic acids. An average depth calculation using the
parallax method indicated that the doxyl-quenchable tryptophans are located at an average depth of 10 A from the center of
the bilayer close to the membrane interface. This was found to be in striking agreement with the recently described structure
of the membrane-bound form of a-toxin.

INTRODUCTION

a-Toxin is a soluble hemolytic protein exotoxin secreted by1996), culminating in the model confirmed by the recently
Staphylococcus aureubat is thought to be a major factor solved x-ray structure of the detergent-solubilized heptamer
contributing to the pathogenicity @&. aureusThe amino  (Song et al., 1996). The developments in the understanding
acid sequence aofi-toxin has been deduced from its gene of the transformation of this water-soluble toxin monomer
sequence (Kehoe et al., 1983; Gray and Kehoe, 1984). The a channel-forming membrane-bound oligomer has been
toxin is composed of 293 amino acids and corresponds to @escribed in excellent reviews (Bhakdi and Tranum-Jensen,
calculated molecular weight of 33,400, which is in fair 1991; Thelestam and Blomqvist, 1988; Bhakdi et al., 1996;
agreement with the SDS-PAGE-based determinationsgouaux, 1998).

a-Toxin damages membranes by the formation of nonspe- According to the recently described structure of the hep-
cific oligomeric pores in the target membranes, which leadgmeric form ofa-toxin (Song et al., 1996), the transmem-
to cell |ySiS (FUSSle et al., 1981; Bhakdi et al., 1981) Thes%rane pore Comp|ex is Composed of three regions' the cap,
pores are large in size, and diameters of 1-2 nm have begfe stem, and the rim domains. The large protrusions in
reported (Fussle et al., 1981; Menestrina, 1986). An insighg|ectron microscopic images of the toxin (Ward and Leo-
into the mechanism of membrane insertion and channglarg, 1992) have been identified as the cap and portions of
formation by S. aureusa-toxin and the amino acids in- e yim domain. The stem domain, which defines the 28-A
volved in channel formation have been emerging from the,ije transmembrane channel, is described as a 14-strand
extensive investigations oa-toxin, based on mutational antiparallel-barrel composed of two 65-A-long-strands
(Walker et al., 1993, 1994; Panchal and Bayley, 1995)p,qtihuted by each monomer. The rim domains protrude

E?oczemic?l (Tobkeshet al\./,V19§5; Wfilkfg;‘:_a\l; |1995)’ anlqrom the underside of the heptamer and are in close prox-
lophysical approaches (Ward et al., ; Valeva et a ‘imity to the bilayer. However, the structure of the soluble

form is yet unknown, and the formation of the heptameric
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soluble proteins with membranes. Aqueous soluble quenchmembrane probes failed to quench the tryptophan fluores-
ers like iodide and acrylamide have been used to provideence of the membrane-bound toxin, there was significant
information on the gross location of tryptophan residues imquenching by spin-labeled probes. Depth calculation using
the complex three-dimensional structure of soluble andhe parallax method (Chattopadhyay and London, 1987)
membrane-bound proteins (Eftink, 1991). On the othersuggested a location of tryptophans at an average depth of
hand, membrane-associated quenchers such as bromine & A from the center of the bilayer, indicating that the most
oms (East and Lee, 1982; Markello et al., 1985) or nitroxideof the tryptophan residues are located at the membrane-
(London and Feigenson, 1981; Blatt et al., 1984), groupsvater interface. Based on the x-ray structure, Song et al.
covalently linked to fatty acids or phospholipids derived (1996) suggested that some of the residues in the rim
from these fatty acids, have been effectively used to evaldomain might have some contact with the membrane hy-
uate involvement of tryptophan-containing regions of mem-drophobic environment. This is supported by studies of
brane-interacting proteins. They have also been used tituorescence changes on binding of acrylodan-labeled sin-
determine the location of tryptophan residues of membranegle cysteine mutant at position 266 (Valeva et al., 1996) and
bound proteins in the bilayer (Meers, 1990; Jiang et al.studies of the spectroscopic analysis of conformational
1991; Chattopadhyay and McNamee, 1991; Chung et alghanges im-toxin associated with membrane binding and
1992) and to follow the insertion of soluble proteins in insertion (Vecsey-Semjen et al., 1997).
membranes (Gonzalez-Manas et al., 1992). Another useful It is being increasingly recognized that tryptophan resi-
method to study the environment and organization of tryp-dues of membrane-bound proteins are preferentially located
tophans is red edge excitation shift (REES) (Demchenkoat the membrane-water interface (Weiss and Schulz, 1992;
1988; Mukherjee and Chattopadhyay, 1994, 1995), which i©eisenhofer et al., 1995; Ostermeier et al., 1996; Grigorieff
a shift in the wavelength of emission maxima toward aet al., 1996). Our studies thus confirm that the membrane-
higher wavelength caused by a shift in the excitation wavebound oligomeric pore formed bg. aureusa-toxin is
length toward the red edge of the absorption band. Thisinother example corroborating the preferenceygtophan
effect is observed when a polar fluorophore is present in aesidues to reside in the membrane-water interface.
motionally restricted environment and arises from the slow
rates of solvent relaxation around the excited state of the
fluorophore caused by motional restriction on the solvemEXPER'MENTAL PROCEDURES
molecule in the immediate vicinity of the fluorophore. Reagents of commercial grade and highest purity were used. Spectral grade
In this study we have utilized the intrinsic fluorescence ofwater obtained using Milli-Q Plus from Millipore Corporation, Bedford,
tryptophan to evaluate structural changesdiftoxin on MA, was used in all experiments. Potassium iodide was bought from Loba

Chemicals and acrylamide was from SRL, Bombay, India. NBS was

transition from a water-soluble native form to a membrane-purified by recrystallization from water. 9,10-dibromostearic acid was

bpund oligomeric fOI’m. The' gene Sequencexq[?xm Pre€- prepared by addition of bromine to oleic acid in G@t 0°C according to
dicts 8 tryptophan residues in the toxin at positions 80, 167the procedure of Nevenzel and Howton (1957). The product after chroma-

179, 187, 260, 265, 274, and 286 (Kehoe et al., 1983, Gratpgraphy on silica gel appeared as a single spot. The product was further

and kehoe, 1984). Based on the recent structure of theharacterized by IR, NMR, and mass spectroscopy. Bis-9,10-dibromoste-
deter ent-s7olubilized heptamer. 6 tryptophans at Osition%royl phosphatidylcholine (9,10-BrPC) was prepared from 9,10-dibro-
9 P ! yptop P ostearic acid according to the procedure of Regen et al. (1983) and

80, 179, 187, 260, 265, and 274 appear to be present in thgaracterized by NMR. 5- and 12-Doxyl stearic acids were from Molecular
rim domain, whereas Trp-167 and Trp-286 seem to becrobes (Eugene, OR). Asolectin (Sigma Chemical Company, St. Louis,
present in the cap domain (Song et al., 1996). BesidellO) was further purified by the procedure of Kagawa and Racker (1971)
tryptophans, the rim domain contains several tyrosine res;i@md stored at-20°C as a 0.25 M stock solution in chloroform as deter-

. s . . . mined by phosphate assay (Ames and Dubin, 1960). All lipid concentra-
dues and is thus rich in aromatic residues. We have Studletons expressed are based on phosphate assay. Samples of lyophilized

tryptophan fluorescen(?e quenching using Fhe aqueous SOlyzoxin were a kind gift from Dr. S. Bhakdi (Institute of Medical Micro-
ble quenchers, and spin-labeled and brominated membrangielogy, University of Mainz, Augustusplatz, Mainz, Germany). Concen-
bound quenchers were used to evaluate tryptophan-contaitiation of a-toxin was estimated from absorbance at 280 nm using ap A
. . . . . —1 —1 .
ing regions ofa-toxin in its soluble and membrane-bound ‘z’f lcl mg Tlo (ii';i'aTrS_hmanteF al, 113%8)'$Ili\iengr'tme:t$ (‘;V?ref dong tat
. . . , using 10 mM Tris containing mM NacCl at pH 7.0 (referred to

forms. Quenching studies using aqueous soluble qugncheg standard buffer) unless otherwise specified.
indicated that the tryptophan residues of the solubtexin
were deeply buried within the protein tertiary structure.
N-Bromosuccinimide (NBS) modification, time-resolved Steady-state fluorescence studies
fluorescence measur?ments' and REES Conﬂrme,d that_ Sqrg%ady—state fluorescence measurements were done with a Shimadzu RF-
of the tryptophan residues were very deeply buried withinsag or Hitachi F-4010 spectrofiuorometer using a quartz cuvette of 1-cm
the monomeric toxin structure. The fluorescence of memsypath length. For quenching experiments, the excitation wavelength was set
brane-boundx-toxin, on the other hand, was quenched byat 295 nm with a slit width of 5 nm, and the emission range was set
iodide, indicating exposed tryptophan residues. This Wa%)etween 300 and SOQ nm, with th_e slit width kept at ]_.0 nm. Steady-state

Iso indicated by a shorter average fluorescence lifetime tlorescence quenching was carried out by measuring the fluorescence
a Yy . 9 . q tensities at the emission maxima as a function of the quencher concen-
the tryptophan residues of the membrane-bound toXin ifation or as a function of time. Increasing concentrations of the quencher

comparison with the native toxin. Although brominated were added from a concentrated stock solution of the quencher in water.
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Fluorescence intensities were corrected for dilution. For acrylamide(Lakowicz, 1983)
guenching studies fluorescence measurements were further corrected for

the attenuation of the excitation light intensities due the added acrylamide (alﬁ + azfr%)
(Parker, 1968), which has a molar extinction coefficient-@.23 at 295 T = m
nm, by multiplying the measured fluorescence by the factor as given, 1 272

Factor= antilod (Aex + Acn)/2] Liposome preparation

where A is the absorbance of a given concentration of acrylamide at thmall unilamellar vesicles were prepared from asolectin or bis-9,10-dibro-
excitation and emission wavelengths. The fluorescence quenching data wagostearoyl phosphatidylcholine gmol of lipid was dried on the walls of

analyzed by the Stern-Volmer equation (Stern and Volmer, 1919) a test tube. The thin film was dried under vacuum for 8 h. The film was
hydrated with 1 ml of standard buffer, which was then vortexed. The
(FO/F) 1=K \,[Q] suspension was sonicated for 12 min twice using a Branson B-30 sonicator
S

fitted with a microtip. The resulting clear solution was then spun at 15,000

. o . rpm (15,850X @) to pellet any titanium particles shed from the microtip
whereF, is the initial fluorescencef is the fluorescence at the quencher during sonication.

concentration [Q], an&,, is Stern-Volmer's constant. A plot of{/F) —
1 versus [Q] gives rise to a linear plot which passes through the origin.

However, if all the tryptophans are not accessible to the quencher, th Ll . . .
Stern-Volmer plot deviates from linearity and the quenching process can bZV Bromosuccinimide modification of a-toxin

described by a modified equation by Lehrer (Eftink, 1991): a-Toxin (24 pg/ml) was subjected to NBS modification (Spande and
Witkop, 1967; Lundblad, 1995) using 5-, 10-, 20-, 40-, 50-, and 100-fold
Fo/(Fo — F) = 1K, - [Q] + 1/, molar excess of NBS over the toxin, using a 0.24 mM stock solution of

NBS in water. The fluorescence intensity at 332 nm was monitored as a
where £, — F) refers to the change in fluorescence intensity on additionf“”CtiQ” of time after excitation at_280_ nm. In each case the fluorescence
of the quencher anf refers to the fraction of tryptophans accessible to the intensity of the same amount aftoxin without NBS was used as a control.
quencher.

For REES studies, the fluorescence emission spectra of the samples
were scanned at excitation wavelengths varying from 280 to 310 nm usinfRESULTS
an bandwidth of 5 nm for excitation and emission. For each sample th .
corresponding blank spectra were recorded and subtracted from the saméﬁ!uorescence studies of the soluble
spectra. monomeric a-toxin

Fluorescence lifetimes were calculated from time-resolved fluorescenc[?:/ hi f a-toxin b
intensity decays using a Photon Technology International (London, West- uorescence quenching or a-loxin by aqueous
ern Ontario, Canada) LS-100 luminescence spectrophotometer operated§Q/uble quenchers

the time-correlated single-photon counting mode. The machine uses " ; ; ;

thyratron-gated nanosecond flash lamp filled with nitrogen as the plasmj:he e_mISSIOn maxima of the native toxin and denatured
gas (15* 1 inch of Hg vacuum) and runs at 22—-25 kHz. Lamp profiles toxin in 8 M urea were observed at 333 and 352 nm,
were measured at the excitation wavelength using Ludox as the scatterdieSpectively, indicating that the tryptophans were buried in
To optimize the signal-to-noise ratio, 5000 photons were collected in the¢he nonpolar interior of the toxin. The quenchingoeefoxin
peak channel. The sample and the scatterer were alternated after every 1Gpp solution by aqueous quenchers like iodide, acrylamide,

acquisition to ensure compensation for shape and timing drifts occurrin : . P
during the period of data collection. The sample was excited at 297 nn%Emd trichloroethanol permltted useful conclusion to be

with a slit of 2 nm, and the fluorescence intensity decay at 340 nm wadlr@wn about the degree of tryptophan exposure. Although
measured using a slit of 4 nm. The data were collected and stored in idide is known to quench only the tryptophan residues
multichannel analyzer and were routinely transferred to an IBM PC/ATaccessible to the solvent, i.e., residues in a polar environ-
computer_ for analysis. Intensity decay curves were fitted as a sum Of“nent, acrylamide and trichloroethanol penetrate the protein
exponential terms: interior and can also quench tryptophan residues buried in
the protein (Eftink, 1991).

The Stern-Volmer plots for the quenching of tryptophan
fluorescence of the native toxin and the toxin denatured in
whereq; is a pre-exponential factor representing the fractional contribution8 M ure,a by iodide are Shown in Fig. 1. In the case of iodide
to the time-resolved decay of the component with a lifetimdhe decay ~duenching of the native tpxm, only 8.6% of the quoresF:ence
parameters were recovered using a nonlinear least-square iterative fittinggasS quenched at the highest quencher concentration and
procedure based on the Marquardt algorithm (Bevington, 1969). Themore than 90% of the fluorescence was unquenched. The
program includes statistical and plotting subroutine packages (O Connoéffective st expressed in terms OF(,/F) _ 1/[Q] at the

and Phillips, 1984). The goodness of the fit of a given set of observed data . . ..
and the chosen function was evaluated by the redugedatio, the IgheSt concentration of iodide was 0.38 # The Lehrer

weighted residuals (Lampert et al., 1983), the autocorrelation function ofNalysis gave an accessibility factdt)(value of 0.14,

the weighted residuals (Grinvald and Steinberg, 1974), the runs test (Hanindicating that most of the tryptophan residues of the toxin
burg, 1985), and the Durbin-Watson parameters (Durbin and Watsongre inaccessible to iodide and hence must be deeply buried
1950). A fit was considered to be acceptable when plots of the weighteqn the protein interior. In the case of the toxin denatured in

residuals and the autocorrelation function showed random deviation oé M urea. ~60% of the initial fluor nce w nched
approximately 0 with ay? value not more than 1.2. Mean (average) urea, © 0 e al liuorescence was quenche

lifetimes (1) for the biexponential decays of the fluorescence were calcu-DY i_Od_ide1 and ' the _Stern'V()'mer P'Ot shows a nggative
lated from the decay times and pre-exponential factors using the equatiodleviation from linearity. The analysis of the data using the

F) = Do exp(—t/7)
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FIGURE 1 Stern-Volmer plots for iodide quenching of nativd)(and denaturedd) a-toxin. Increasing aliquots fra a 4 M stock solution of KI
containing 200uM sodium thiosulfate to prevent oxidation of lto I, or I;~ was added to 19.g/ml of a-toxin in standard buffer. The intensity of
fluorescence at the emission maximum (332 nm for natitexin or 352 nm for denatured-toxin) was measured after excitation at 295 nm. The emission
bandwidth was kept at 10 nm, whereas the excitation bandwidth was & nisithe fluorescence intensity in the absence of the quencher, wheisas
the intensity in the presence of the quencher.

Lehrer equation gavg, value of 0.63 for the iodide-acces- In order to study the buried tryptophan residues in
sible fraction ofa-toxin in 8 M urea, showing that only 63% «-toxin, we used acrylamide and trichloroethanol as neutral
is accessible to quenching by iodide. These results indicateguenchers, which can penetrate the protein interior and
that some of the tryptophan residues are still buried even oguench buried tryptophans (Fig. 2). Using acrylamide it was
denaturation of the toximi8 M urea. All of these clearly observed that only 16% of the tryptophansaioxin were
point out to the fact that the tryptophan residues in thequenched at the highest quencher concentration. Thus
native toxin must be deeply buried in the toxin interior. nearly 84% of the tryptophan residues are refractive to
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FIGURE 2 Stern-Volmer plots for quenching of natiwetoxin by acrylamide [(J) and TCE @ ). Increasing aliquots fromra8 M stock solution of
acrylamide in water or neat TCE (10.2 M) were added tqugml of a-toxin in standard buffer. The intensity of fluorescence emission at 332 nm=(slit
10 nm) was measured after excitation at 295 nm ¢slb nm). F, is the fluorescence intensity in the absence of the quencher, wHeisdke intensity
in the presence of the quencher.
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quenching by acrylamide. The quenching is neverthelesBuorescence emission at 333 nm was monitored after exci-
greater than that by iodide. The fluorescence quenchingation at 295 nm. Fig. 3 shows the plot of the residual toxin
fitted into a linear Stern-Volmer plot witks,, = 0.58 M~*  fluorescence versus NBS/toxin ratio, and the inset shows a
is shown in Fig. 2. This is very low in comparison to the decrease in the fluorescence of toxin caused by oxidation of
Stern-Volmer quenching constant for a fully exposed tryp-tryptophans by NBS at various NBS/toxin molar ratios as a
tophan as in the case df-acetyli-tryptophanamide in function of time. The modification was rapid as seen from
water Kg,, = 17.5 M%) (Eftink and Ghiron, 1976), indi- the fact that the fluorescence dropped to its limiting value in
cating the buried nature of tryptophansiiftoxin. However,  about 2.5 min. At an NBS/toxin molar ratio of 5;22% of

it is higher than the quenching constant for acrylamidethe fluorescence is abolished. Further increase in the NBS/
quenching of aldolasekg,, = 0.2 M%) at pH 5.5 (Eftink  toxin molar ratio leads to modification of more tryptophan
and Ghiron, 1976). The lows, value signifies that the residues. However, even at 100 times molar excess of NBS,
tryptophan residues must be buried. Trichloroethanol (TCE}25% of the fluorescence was still observable, indicating
is another neutral quencher, which is less polar than acrylthat some of the tryptophan residues are inaccessible to
amide and has been shown to be more effective as a hydrahemical modification. It was also observed that the residual
philic quencher than acrylamide in some cases (Eftink et al fluorescence had an emission maximum at 328 nm and was
1977). TCE was indeed found to quench the tryptopham—-5 nm blue-shifted, indicating that the residual fluores-
residues ofa-toxin much more than acrylamide. Nearly cence is probably due to some tryptophans, which were in a
30% of the fluorescence was quenched at the highestery hydrophobic environment.

quencher concentration used. The Stern-Volmer plot was

linear with aKg,, value of 2.3 M * and is also shown in Fig.

2. The emission maximum of the tryptophans not quencheg¢luorescence studies of

by TCE was observed at 329 nm, which is blue-shifted withmembrane-bound «-toxin

respect to the native toxin. This clearly indicated tryptophan ) )
heterogeneity, i.e., some of the tryptophan residues werg9/de quenching of membrane-bound a-toxin

more superficially located, whereas others are buried withinodide was found to effectively quench the tryptophans of
the tertiary structure of the toxin. a-toxin in the membrane-bound form, quite unlike the sol-
uble form, which showed minimal quenching by iodide.
Almost 50% of the fluorescence was quenched at the high-
est quencher concentration. The Stern-Volmer plot showed
a negative deviation from linearity. Analysis of the data
Fluorescence quenching studiessafoxin in solution using  according to the modified Stern-Volmer equation indicated
iodide, acrylamide, and trichloroethanol showed that thea fractional accessibility of 0.78. The Stern-Volmer constant
tryptophans of the toxin were deeply buried. We hencefor the accessible fraction was calculated to be 2.96'M
decided to further probe accessibility of the tryptophans towvhile the effectiveK, in terms of E,/F) — 1/[Q] at the
chemical modification using NBS (Spande and Witkop, highest quencher concentration was 2.7 'MThe Stern-
1967; Lundblad, 1995). The toxin was modified using var-Volmer plot of the quenching data is shown in Fig. 4, while
ious molar ratios of NBS to toxin, and the reduction in the analysis according to the Lehrer equation is shown in the

N-Bromosuccinimide modification of
a-toxin in solution

100 ~
E
o 100
o n
o R
I . c 80r e 75%——&
FIGURE 3 NBS modification of a-toxin. ® =
a-Toxin (24 pg/ml) was modified with a 5- 8 <
(+), 10- ©), 20- (), 40- (x), 50- @), and @ £
100- (1) fold molar excess of freshly prepared o 60 é’ 25k
10 mM stock solution oN-bromosuccinimide = 8
in water. The decrease in emission intensity at b ° S o 1 ) L L L
332 nm (slit= 10 nm) was monitored as a = 40| 2 o 5 10 15 20 25 30
. . o (=} Time (min)
function of time after excitation at 280 nm 5 @)
(slit = 5 nm). A plot of the percent residual .2 o
fluorescence®) at equilibrium as a function of 8 20k
molar ratio of NBSé&-toxin is shown. The inset (X
shows the time course of modification of tryp- °\°
tophans ofa-toxin by NBS. 0 \ . . . .
0 20 40 60 80 100 120

[NBS1/TAlpha toxinl
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FIGURE 4 Stern-Volmer plot for fluores-
cence quenching of membrane-bound
a-toxin by iodide.a-Toxin (40 ug/ml) was 08
added to asolectin vesicles (300 nmol/ml)
and incubated for 1 h. The lipid/toxin molar
ratio was 250:1. The membrane-toxin com-
plex was titrated with increasing aliquots
from a 4 M stock solution of Kl containing
200 uM sodium thiosulfate to prevent oxi-
dation of I" to I, or I3~. The intensity of
fluorescence at 332 nm was measured after
excitation at 295 nm. The emission band-
width was kept at 10 nm, whereas the exci- 02k fo)
tation bandwidth was 5 nnf, is the fluo- (6] ° | | | |
rescence intensity in the absence of the 0 ° 2 4 6 8 10
quencher, whereas is the intensity in the o l Y |/[lodlide1 M

presence of the quencher. The inset shows a

Lehrer plot for the iodide quenching data. © ol 02 03 0-4

[lodidel M

0-6r

0-4f

(Fo/F)-I

inset. These results suggests that the buried tryptophan Quenching of the membrane-bounetoxin using 9,10-
residues ofa-toxin in the soluble form are exposed in the dibromostearic acid showed similar results. No decrease in
membrane-bound form. the fluorescence intensity of thetoxin bound to asolectin
vesicles were observed (Fig. 6). Although brominated
quenchers cause minimum perturbation to the membrane,
spin labels can quench virtually any fluorophore including
tryptophans and hence may be more useful than brominated
probes. The radius of quenching for brominated probes is
8-9 A (Bolen and Holloway, 1990), whereas spin-labeled
The quenching of tryptophan fluorescence of membraneprobes quench over a range of 11-12 A (London and
bound proteins or peptides by brominated lipids have beekeigenson, 1981; Chattopadhyay and London, 1987). We
used for evaluating the exposure of tryptophans to lipids ortherefore studied the fluorescence quenching of membrane-
interaction of a protein or a peptide with lipids (East andbound a-toxin by 5- and 12-doxyl stearic acids. It was
Lee, 1982; Berkhout et al., 1987; Bolen and Holloway, indeed encouraging to find that both 5- and 12-doxy! stearic
1990; Gonzalez-Manas et al., 1992, 1993). We thereforacids effectively quenched the fluorescence of membrane-
studied the insertion ofi-toxin into lipid vesicles using bounda-toxin. This is shown in Fig. 6. Quenching of the
guenching of tryptophan fluorescencemfoxin using ves- membrane-bound toxin by 5-doxyl stearic acid was more
icles made of 9,10-BrPC. We also studied the quenching othan that by 12-doxyl stearic acid, indicating that the tryp-
membrane boundr-toxin with 9,10-dibromostearic acid, tophan residues were closer to the membrane-water inter-
5-doxyl stearic acid, and 12-doxyl stearic acid. face. About 37% of the fluorescence was quenched by
Membrane pore-forming activity of the-toxin prepara- 5-doxyl stearic acid, whereas 12-doxyl stearic acid
tion in vesicles prepared with these reporter lipid moleculesjuenched 25% of the fluorescence. The Stern-Volmer plot
was confirmed by checking the release of encapsulatedhowed a negative deviation from linearity, indicating frac-
calcein from asolectin vesicles and 9,10-BrPC vesicles. Wéional accessibility to the quencher. An analysis using the
decided to follow the quenching eftoxin fluorescence on Lehrer equation gave af, value of 0.5 in the case of
its interaction with 9,10-BrPC vesicles under these condib-doxyl stearic acid, indicating that 50% of the tryptophan
tions. However, we observed that there was no appreciablesidues of the membrane-bouneoxin are accessible to
guenching of the toxin fluorescence, which remained almosguenching by 5-doxyl stearic acid. A similar analysis in the
the same. This is illustrated in Fig. 6, where the value ofcase of 12-doxyl stearic acid gave &nvalue of 0.39,
F/F does not show any appreciable change. The quenchinigdicating 39% accessible tryptophans. An average depth
of tryptophan fluorescence should result in an increase iralculation based on the parallax method (Chattopadhyay
the value ofFy/F, which saturates with time. As a positive and London, 1987) suggested that the tryptophan residues
control we checked the quenching eflactalbumin fluo- are located at a distance of 10 A from the center of the
rescence, which has been one of the proteins used ashélayer. The observation that brominated quenchers fail to
model for studying membrane-protein interactions in ourquench the fluorescence of membrane-bowftdxin, while
laboratory (Lala et al., 1995). This is shown in the inset indoxyl probes effectively quench, also leads to the conclu-
Fig. 5. sion that tryptophan residues are not directly in contact with

Quenching of tryptophan fluorescence of a-toxin
by membrane-bound quenchers, bis-9,10-
dibromostearoyl phosphatidylcholine, 9,10-
dibromostearic acid, and doxyl stearic acids
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FIGURE 5 Fluorescence quenchingetoxin in 9,10-BrPC vesiclesx-Toxin (20 wg/ml) was added to vesicles made of 9,10-BrPC (122 nmol/ml). The
lipid/toxin molar ratio was 200:1. The binding aflactalbumin to 9,10-BrPC vesicles was taken as a positive contlohctalbumin (30wg/ml) was added

to 9,10-BrPC vesicles (416 nmol/ml) in 10 mM citrate/phosphate buffer containing 100 mM NaCl at pH 3.8 (lipid/pro2€ia:1). The fluorescence
intensity at the emission maximum (332 nm fetoxin or 335 nm fora-lactalbumin) was monitored as a function of time after excitation at 295 nm. The
fluorescence intensity af-toxin or a-lactalbumin added to asolectin vesicles under the same conditions at a given time was tafentesead was

taken as the intensity af-toxin or a-lactalbumin added to 9,10-BrPC vesicles at the corresponding time. All fluorescence intensities were corrected for
vesicle scatter by subtracting the fluorescence value of the vesicles at 332 nm. The inset shows the queadhatglofimin on binding to 9,10-BrPC
vesicles

the lipid hydrocarbon phase of the bilayer. Addition of This was indeed found to be true based on the recent x-ray
iodide to the doxyl-quenched samples could not furtherstructure of thex-toxin pore (Song et al., 1996).

quench the fluorescence of the membrane-boartdxin

(data not shown). This observation, along with the fact that

iodide, a quencher that barely penetrates the membranE| orescence lifetime measurement

effectively quenched the fluorescence of membrane-bound u urements

a-toxin, leads to the conclusion that both the quenchers aréhe steady-state fluorescence studies of soluble and mem-
sensing the same set of tryptophan residues and hence mdsane-boundu-toxin showed that the tryptophan residues
of tryptophan residues in the membrane-boustbxin oli-  are buried in the native form, whereas it gets exposed in the
gomer must be located near the membrane-water interfacenembrane-bound form of the toxin. We sought to confirm

FIGURE 6 Fluorescence quenching of mem-
brane-bounda-toxin by 9,10-dibromostearic

acid, 5-doxyl stearic acid, and 12-doxyl stearic

acid. Asolectin vesicle-bound-toxin was pre-

pared as described in the legend to Fig. 4. The -6
membrane-toxin complex was titrated with in-
creasing aliquots from a 10 mM stock solution
of 9,10-dibromostearic acid [), 5-doxyl
stearic acid X), or 12-doxyl stearic acid().
The samples were incubated for 20 min after
each addition. At the end of 20 min, the inten-
sity of fluorescence at 332 nm was measured
after excitation at 295 nm. The emission band-
width was kept at 10 nm, whereas the excita-
tion bandwidth was 5 nmE, is the fluores-
cence intensity in absence of the quencher, 0-8 , ] | I ! !
whereasF is the intensity in presence of the 0 20 40 60 80 100 120 140
guencher.

Fo/F

[ Quencher] uyM
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this by fluorescence lifetime measurements of the nativea motionally restricted environment. It also suggests that
NBS-modified, and membrane-boung-toxin. Table 1 there was no drastic change in the average environment
shows the lifetimes of tryptophan residues @toxin in  around the tryptophan residues on membrane binding espe-
solution after NBS modification and after membrane bind-cially in terms of solvent reorientation dynamics. The re-
ing. In all the cases the fluorescence decay fitted into aults are shown in Fig. 7.
biexponential function, with a major component having a NBS modification of the native toxin showed that even a
short lifetime and a minor component having a relatively100-fold molar excess of NBS could not abolish the fluo-
longer lifetime. The mean lifetime for the native toxin was rescence of the toxin. The residual fluorescence showed an
found to be 1.79 ns. In the membrane-bound form theemission maximum at 328 nm and was blue-shifted with
tryptophans are found to have a shorter lifetime of 1.35 ngespect to the unmodified toxin, which had an emission
and hence a faster rate of relaxation. This indicates thanaximum of 332 nm. This argued for the fact that some of
there is a change in the microenvironment around the trypthe tryptophan residues must be in a highly hydrophobic
tophan residues. Changes in fluorescence lifetime, in gerenvironment and must be facing motional restriction from
eral, can be attributed to a number of factors. Howeverijts surroundings. This was confirmed by REES of NBS-
change in polarity of the environment is known to reducemodified toxin, which gave a REES of 5—6 nm. This result
the lifetime of tryptophans (Kirby and Steiner, 1970). Sinceis also shown in Fig. 7.
our results from iodide quenching experiments also indicate
that the tryptophan residues in the membrane-bound toxi
are more exposed to the aqueous environment than in iéISCUSSION
soluble form, the decrease in tryptophan lifetime could ariseStructural aspects of the mechanism of pore formation in
from a more polar environment experienced by the trypto-membranes by pore-forming toxins can be understood only
phan residues in the membrane-bound toxin complex. Thigy the identification of regions of the toxin interacting with
conclusion is strengthened by comparing the second ordehe membrane. Song et al. (1996) have recently described
bimolecular quenching constantg)X obtained from the the structure of the detergent-solubilized heptameric form of
effectiveKy, and the measured unquenched lifetime. Khe S. aureusa-toxin. However, the structure of the water-
for quenching ofa-toxin by iodide increases from 0.378 soluble monomer is not yet known. Thetoxin monomer
M~*nS™! measured in solution, to 1.48 M nS™*, mea- has been described in terms of a two-domain model by
sured in the membrane-bound form, reflecting the increasgobkes et al. (1985). The molecule is thought to be com-
in aqueous exposure of the average tryptophan environmenposed of separately folded N-terminal and C-terminal do-
The residual fluorescence of NBS-modified toxin wasmains connected by a glycine-rich region described as the
seen to have an emission maximum of 328 nm, blue-shiftelinge region. On the basis of the heptamer structure, the
with respect to the unmodified toxin, indicating that it was protomer core has been described g sandwich formed
very deeply buried and in a restricted environment. Lifetimeby separately folded N- and C-terminal domains, connected
measurement of the NBS-modifiegtoxin supported this by the loop region, which forms the stem domain of the
conclusion, as the mean lifetime was seen to be much longéreptameric complex (Song et al., 1996; Gouaux, 1998). The
(2.05 ns) as compared to the native form. toxin is thought to bind to the membrane surface or an
unidentified receptor on the surface as a monomer and to
oligomerize into a non-lytic heptameric prepore complex.
The prepore oligomeric complex is converted to the lytic
REES is a powerful tool to gain information about the oligomer by insertion of the glycine-rich loop (residues
environment around tryptophan residues of a protein inl10-148) from each protomer, which organizes into a 14-
solution and to monitor structural changes during transforstrandedB-barrel in the membrane hydrophobic core.
mation from a soluble from to a membrane-bound form The protein must go through several structural changes
(Demchenko, 1988; Mukherjee and Chattopadhyay, 1994efore reaching its functional pore-forming state. The steps
1995). We used REES to get additional information aboutve can visualize are 1) binding of monomer to the mem-
soluble and membrane-boungtoxin. Both native and brane, probably accompanied by a mild denaturation of the
membrane-bound-toxin showed a 2-nm REES (Fig. 7), monomer at the interface, resulting in a conformational
indicating that on average, tryptophan residues were not ichange and formation of a molten globule state of the

Red edge excitation shift studies of a-toxin

TABLE 1 Fluorescence lifetimes of tryptophans in soluble and membrane-bound «-toxin

Sample a, T a, T X (1)
Native a-toxin 0.95 0.71 0.05 4.82 1.19 1.79
NBS-modified a-toxin 0.90 0.59 0.1 4.00 1.12 2.05
Membrane-bound-toxin 0.96 0.56 0.04 4.00 1.03 1.35

Excitation at 297 nm, emission monitored at 340 nm.
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340
FIGURE 7 Red edge excitation shift in flu-

orescence of native, NBS-modified, and mem- -—~
brane-boundx-toxin. The fluorescence emis-
sion spectra of nativeX), membrane-bound
(©), and NBS-modified ¢) a-toxin were
scanned at various excitation wavelengths 336
ranging from 280 to 310 nm. A bandwidth of 5
nm was used for emission and excitation. The
fluorescence emission spectra, for excitation at
305-310, were an average of three scans re-
corded with a high photomultiplier gain. For
each sample the blank spectra were recorded *
and subtracted from the sample spectrum. An
a-toxin concentration of 4@g/ml was used for
native and membrane-bound-toxin. For
studying REES of NBS-modifiedy-toxin, a

. 328 1 L L
concentration of 1321g/ml was used. Asolec- 278 286 294 302 310
tin vesicle-boundx-toxin was prepared as de-
scribed in the legend to Fig. 4.

Maximum

332 -

sion

Emis
&
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monomer; 2) formation of heptamer by lateral diffusion in much REES, indicating that on average the tryptophan
the plane of the membrane (interfacial region) and stabilitesidues do not encounter motional restriction. As men-
zation of the heptamer by formation of intermonomerictioned earlier, most of the tryptophan residues are localized
contacts; and 3) a second conformational change, resultinig the rim domain of the pore complex described by Song et
in the spontaneous insertion of the loop into the membranal. (1996). It is thought that some regions of the rim domain
and formation of the membrane active heptameric pore. may dip into the membrane (Song et al., 1996; Vecsey-
Our studies reveal several features of the monomer struSemijen et al., 1997). Our measurement of the depth of Trp
ture and structural changes occurring in the transition fronresidues confirms this belief.
soluble to a membrane-bound form. In the monomer, the The membrane-bound form eftoxin thus appears to be
tryptophan residues were buried within a hydrophobic enanother example of a protein in which aromatic residues
vironment, as indicated by an emission maximum of 332seem to be sequestered at the membrane boundary. Other
nm, as well as quenching studies using iodide, acrylamidegxamples are bacterial porins (Weiss and Schulz, 1992), the
and TCE. NBS maodification and REES of the NBS-modi- bacterial photosynthetic reaction center (Deisenhofer et al.,
fied toxin supported the conclusion. Upon binding to mem-1995), cytochrome oxidase (Ostermeier et al., 1996), and
branes the structure goes through a conformational chandsacteriorhodopsin (Grigorieff et al., 1996). Tryptophan is a
as indicated by the exposure of tryptophan residues (whickinique amino acid in that it has the largest nonpolar surface
indicates change in the tertiary structure of the toxin) asarea and is a polar amino acid due to the presence of indole
suggested by iodide quenching and the shift in the lifetimeN-H, which gives it the ability to form an H-bond near the
lodide quenching of the membrane-boundbxin indicated interfacial region of the membrane. This duality in chemical
that about 80% of the tryptophan residues were exposed argdructure helps it to float in the interfacial region. Kachel et
quenched by iodide. The fluorescence lifetime of the memal. (1995) have analyzed the depths intrinsically favored by
brane-boundx-toxin also supported this conclusion, as thetryptophan and tyrosine by studying the location of mem-
mean lifetime of the tryptophan residues of the membranebrane associating Trp and Tyr analogues using the parallax
bound toxin was shorter (1.35 ns) as compared to that of thanalysis of fluorescence quenching. These were found to be
native toxin (1.79 ns). located at the same depths as Trp and Tyr in membrane
Fluorescence quenching by brominated and spin-labelegroteins. The amphipathic nature of Trp and Tyr residues
fatty acids indicated that in the membrane-bound state thkas been implicated in its interfacial partitioning and acting
tryptophans were not exposed to the lipid hydrocarbon coreas anchors or floats for membrane protein inserted into the
One of us (Chattopadhyay and London, 1987) has previmembrane. This gives stability to the vectorial nature of
ously described an elegant method to determine the depth ofiembrane proteins (Chattopadhyay et al., 1997).
a fluorophore in a membrane by comparing the quenching For hydrophilic channel-forming proteins such as
by two membrane-bound quenchers, with the quenches-toxin, this property of aromatic residues should be one of
group at different depths on the fatty acyl chain. Using thisthe factors stabilizing the intermediate membrane-bound
method we calculated the average depth of the membraneaonomer. Besides aromatic residues, the crevice between
quenchable tryptophans to be located at a distance of abotite stem and the rim domain aftoxin is also rich in basic
10 A from the center of the bilayer. This means that theseamino acids. This could provide the basis of the initial
must lie close to the membrane-water interface. Interestelectrostatic interaction of the monomer with the membrane
ingly, both native and membrane-bound toxins did not showsurface, besides participating in interactions with the phos-
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pholipid headgroups. The anchoring of the protein also implications for membrane-bound tryptophan residgephys. J.73:
could be giving the necessary orientation for the formation 839-849:

: : i .. Chung, L. A., J. D. Lear, and W. F. DeGrado. 1992. Fluorescence studies
of this prepore complex, reducmg the collisional require of the secondary structure and orientation of a model ion channel peptide

ment from three dimensions to two dimensions and subse- in phospholipid vesiclesBiochemistry 31:6608—6616.
guent stabilization of the prepore complex by electrostaticpeisenhofer, J., O. Epp, I. Sinning, and H. Michel. 1995. Crystallographic

hydrophobic and hydrophilic interactions. It is striking to refinementat 2.3 A resolution and refined model of the photosynthetic
’ . . . reaction center from Rhodopseudomonas virdis.Mol. Biol. 246:

note that some of the bacterial pore-forming toxins whose 459~ 457

structures are known, like aerolysin and perfringolysin, aréemchenko, A. P. 1988. Site-selective excitation: a new dimension in

rich in tryptophan residues and have domains rich in tryp- protein and membrane spectroscopsends Biochem. Sc13:374-377.
tophan. These are aerolysin froAeromonas hydrophila  Durbin, J., and G. S. Watson. 1950. Testing for serial correlation in least
which has tryptophan-rich domain 2 (Parker et al., 1994), Sduares regression. iometrika 37:409-428.

X . S . East, J. M., and A. G. Lee. 1982. Lipid selectivity of the calcium and
and the perfrlngolysm O fronClostridium perfrlngens magnesium ion dependent adenosinetriphosphatase, studied with fluo-

which has tryptophans concentrated in domain 4 (Rossjohn rescence quenching by brominated phospholiBibchemistry 21:
et al., 1997). More interestingly, these have been implicated 4144-4151.

in binding to its membrane receptors. It is therefore temptEftink, M. R., and C. A. Ghiron. 1976. Exposure of tryptophanyl residues

. . in proteins: quantitative determination by fluorescence quenching stud-
ing to speculate that these tryptophans may be playing a ies?Biochen?istry 15:672—680. Y a g

similar role in the process of the transformation of thesezfink, M. R., C. L. Zajicek, and C. A. Ghiron. 1977. A hydrophobic

family of toxins from a water-soluble to a membrane-bound quencher of protein fluorescence: 2,2,2-trichloroethaBimchim. Bio-
form phys. Acta491:473-481.

Eftink, M. R. 1991. Fluorescence quenching: theory and applications.
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