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ABSTRACT: Single-molecule imaging of the entrance of a protein into the hydrophobic environment of a
cell membrane was investigated. The pre-stem of LukF, one of the two components of the pore-forming
toxin staphylococcgb-hemolysin, was specifically labeled with 6-bromoacetyl-2-dimethylaminonaphthalene
(Badan), an environment-sensitive fluorophore. Incubation of this derivative with erythrocyte ghost
membranes resulted in a pronounced increase in fluorescence indicating insertion of Badan into the
hydrophobic interior of the lipid bilayers. However, the increase in fluorescence was completely dependent
on the interaction of Badan-labeled LukF with thehemolysin second component. Individual spots of
Badan fluorescence on erythrocyte membranes were visualized that were associated with single pores.
Analyses of the intensities of these fluorescent spots and their photobleaching independently showed that
a single pore contained-3} LukF molecules. Thus, environment-sensitive fluorophore signals can be
used to study the insertion of specific protein domains into cell membranes at the single-molecule lever,
and the use of this approach in the present study revealed that a;singtaeolysin pore opening contains

at least three LukF molecules.

Recently, single-molecule imaging of proteins has been components are secreted as water-soluble monomers that
studied intensively, and it is believed that a number of novel cooperatively form ring-shaped pores that can insert into
data regarding multistep interactions of enzymes with human and animal erythrocyte membrangsg). A single
substrates, proteins with proteins, or movements of proteinspore may contain 3 or 4 molecules of LukF and 3 or 4
on membranes can only be obtained by using this approachmolecules of HS$—12). On the basis of the water-soluble
(1—4). Probes for single-molecule imaging have been limited structure of the LukF monomer7,(13), as well as the
to several visible light-excitable fluorophores. Environment- structure of the related-hemolysin homoheptameric pore
sensitive fluorophores (ESRhat require excitation with UV (14), it was suggested that the pre-stem of LukF remains on
light for their fluorescence are powerful tools for detecting the outside of the cell membrane when LukF binds to the
environmental changes, but their use for the study of single- membrane as a monomer and that it is subsequently inserted
molecule imaging has not been investigated. The use of ESFinto the hydrophobic interior of the membrane to form
for single-molecule imaging requires a high sensitivity functional pores as a result in a conformational change in
detection system as well as a good model of proteins thatLukF. The dramatic change in the environment surrounding
undergo conformational changes in response to a change irthe pre-stem of LukF appears to be controlled by the
their environment. interaction of LukF with the HS component. Thus, the

Staphylococcal-hemolysin is a bacterial pore-forming  y-hemolysin toxin is an ideal system for testing the applica-
toxin that consists of two components, LukF (leukocidin fast tion of ESF for the study of single-molecule imaging.

fraction) and HS ¥-hemolysin second component). These  \ye recently determined that%, 16) oligomerization of
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results of the experiments presented here are the first

demonstration of protein entrance into the hydrophobic , ”,3' S45C 8,45C *
environment of a cell membrane at the single-molecule level Py | p‘ﬁ 36C L
with an environment-sensitive probe. In addition, these data / k: \ 14
provide a quantitative description of how threhemolysin } )
toxin pores insert into cell membranes, and they support the 3
conclusion that this approach can be employed for gaining \ ] (
insights into mechanisms involved in other membrane-bound ./{f o o}

protein interactions. % /
Ry 8| T136C
MATERIALS AND METHODS y

A (

Preparation of ProteinsThe T136C mutation was con-
structed on the basis of two considerations: (i) the crystal
structure of the LukF stem domain in the water-soluble form
and the crystal structure of thehemolysin in pore-formation
form (7, 14) (Figure 1A) and (ii) the fact that inhibition of
the structural change in pre-stem of LukF by formation of a
disulfide bond in the double-cysteine mutant T117C/T136C
abolished pore formation on the cell membranEg.(The
expression, purification, and labeling of the cysteine mutant,
LukFi36c with Badan were performed as previously de-
scribed (5). The labeling efficiency was-96% as deter-
mined by the absorbance of the derivative at 390 nm. The
presence of free fluorophore was negligible as no band of i
free fluorophore was detected by SBBAGE (Figure 1B,
lane 3, UV illumination). A cysteine residue was also
introduced into LUkF at S45 (Lulgk) located at the top of
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the cap domain of LukF, and this construct was also labeled —r—
with Badan to yield LukkscBd (Figure 1A,B). The Lukksc e
Bd derivative served as a negative control since, unlike the CBS-Stain UV illumination

pre-stem region of LukF, it was expected that the top of the
cap domain would remain outside the membranes following

formation of pores. c 100-‘
Hemolytic Titration AssayHemolytic assays of LukF ] Wild type ./l-‘—‘-':_!;'
mutant proteins together with HS were performed using 80 o LukF _ Bd
HRBC (1% cells/volume) in phosphate-containing saline 601 136c
buffer at pH 7.4 as described previously for the wild-type ]
proteins (7, 18). 40

Assay for Determining Shifts in the Emission Profile of 20- /‘ LukFIﬁICBd
Badan.Badan-labeled LukF (30 nM) was incubated with or
without erythrocyte ghost cell membranes, either in the 0 W=
presence or in the absence of HS, for 30 min in phosphate- T ' J
containing saline buffer. The fluorescence of Badan-labeled 1 1 0 1 00
proteins was detected using a spectrofluorometer (Jasco). LukF (I'IM)
Spectra were obtained using an excitation wavelength of 408
nm and by measuring the emission at wavelengths from 435Ficure 1: Structures and labeling of genetically altered LukF. (A)

to 600 nm. All spectra were corrected for background Position of T136 (blue) and S45 (green) on the crystal structure of

e ; : LukF in the water-soluble conformation (left) and the pore-
emission using the appropriate buffer blanks. formation conformation (right)7, 14). (B) SDS-PAGE gels of

Single-Molecule Imaging of Membrane Inserti@ample  Badan-labeled and unlabeled Lukgsc stained with Coomassie
preparation, settings of TIRFM, imaging, and data analysis brilliant blue (left), or visualized under UV light (right). Each lane
were performed as described previousl,(16). In brief, was loaded with 1xg of protein. (C) Hemolytic activity of wild-
various concentrations of LukisdBd were mixed with HS ~ /P€ LukF and labeled LukF mutants.
to give a final molar ratio of 1:9, and the mixtures were
incubated with 1% HRBC in phosphate-containing saline were conducted using Macro software and Scion free
buffer at 25°C for 30 min. Samples containing toxin-bound software.
ghost erythrocytes were excited by a NEO ARK blue laser  The glass chamber for sample preparation was assembled
at 408 nm, and the resulting fluorescence of longer 435 nm using a quartz glass slide, a cover slip and two spacers (25
was observed under TIRFMY) using plan Apox 60 N. um thick). These items were sonicated with 0.1 M KOH
A. 1.4 objective (Olympus), a 435 nm long pass filter and and 5 M HCI, and then rinsed with distilled water before
SIT camera (Hamamatsu Photonics, C2408) with an use to reduce the background autofluoresceh@e A pinch
image intensifier (VS4-1845, Video Scope). Signal analyses hole was made to illuminate only 3@m? of the sample
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during focusing in order to avoid the unnecessary photo-

bleaching of Badan. 100  ——LukF,, Bd+HS+HRBC
LukF , Bd+HRBC
RESULTS ] LukF,, Bd
80 { ——LukF,_Bd+HS+HR
Preparation of Badan-Labeled LukF Mutani® monitor LUKF , BAHHRBC

the insertion of LukF into lipid bilayers during the formation e 60-
of pores, the pre-stem of LukF was specifically labeled with ©
Badan, an environment-sensitive fluorophore, since the ®
insertion process was expected to be accompanied by &= 40 -
conformational change in this domain, (L7, 20, 21). Thus,

it was anticipated that the insertion of Badan would be 20;

reflected by a shifting of its emission spectra and/or by an

increase in the intensity of its emissioB2]. Since LukF A

does not contain any cysteine residues, the labeling of LukF 0- = i

with Badan was made possible by introduction of a cysteine Y ) . ) : ) .
into LukF at T136 near the turns of the pre-stem domain 0 40:50 Waveml]eongth (ms,:;’ 600

(LukF360), a position expected to be within the hydrophobic

interior of the lipid bilayer when the stem domain inserts FIGURE 2: dE_ffeCt of e?\éir%nmelné CindtfﬂekflLuqrrﬁscelnCQ emission

into membranes to form pores (Figure 1A). The mutant SPectraand intensity of Badan-labeled LukF. The relative emission
. o . spectra of Badan-labeled LukF bound to HRBC was measured in

LukFl_gec prqtem was specifically labeled at the introduced the presence or absence of HS.

cysteine with Badan to generate LukfBd, and the

derivative protein was then purified to remove free Badan |iyiq pilayers 0, 21). These experiments revealed that there
(Figure 1B). A cysteine residue was also introduced into \yas no shift in the emission maximum and only a minor

LukF at S45 (Lukfsc) located at the top of the cap domain  jycrease in the emission intensity 1.3-fold) upon binding
of LukF, and this construct was also labeled with Badan to 4t the monomer to HBRC membranes as compared to
yield LukFuscBd (Figure 1A,B). The LukksdBd derivative incybation of LukkasdBd in aqueous buffer in the absence
served as a negative control since, unlike the pre-stem regionyf HRBC (Figure 2). In contrast, the addition of HS to the
of LUkF, it was expected that the top of the cap domain j,cupation mixtures containing both LukkdBd and HRBC
would remain outside the membrane following formation of empranes resulted in a dramatic increase in the emission
pores. intensity (5-fold) of LukkssdBd, and this was accompanied
The mole ratio of Badan/LukF in the Badan-labeled LUKF by a blue shift in the emission spectra of approximately 20
preparations was 0.96:1, thus indicating a high labeling nm (Figure 2). These spectral changes are similar to those
efficiency. The hemolytic activities of these preparations observed when LukksdBd was incubated with methanol
were similar to that of wild-type proteinr{3 nM LukF (data not shown). Neither an increase in emission intensity
caused 50% hemolysis againsk6L0'° HRBC/L), suggest-  nor a shift in the emission peak was detected when similar
ing that both Badan and the introduced cysteine had noexperiments were conducted with LukBBd (Figure 2).
significant effect on the formation of functional pores (Figure  The method, used to verify that Acrylodan (a dimethyl-
1C). aminonaphthalene derivative, similar to Badan) actually
Hydrophobic Sensitity of Labeled BadanThe “water- interacts with lipid bilayers described by Valeva and col-
soluble” structure of LukF shares some basic structural leagues 20), was employed to verify for Badan in our
features with the membrane-inserted subunit (protomer) of experiment. Briefly, deoxycholate (DOC) was used to
the related staphylococcathemolysin, except that the stem  solubilize erythrocyte membranes that had been previously
domain of “water-soluble” LukF folds back to the core incubated with LukedBd and HS, and the intensity of
structure {) while the stem domain of “membrane-inserted” Badan fluorescence was determined by fluorospectrometry
o-hemolysin protomerl(4) projects from the core structure before and after addition of DOC. An increase in emission
and is inserted into lipid bilayers. On the basis of the amino intensity and a shift in the emission spectra of LukEBd
acid sequence homology of the these protei2d) @nd was detected in the presence of HRBC and HS. However,
similarities in the core structures of LukF anghemolysin these changes were reversed following delipidation with
(7), Thr136 of LukF was shown to correspond to Val140 of DOC, thus indicating that Badan linked to the stem domain
a-hemolysin stem domain. Since the predicted 3D structure had indeed inserted into the hydrophobic lipid bilayer of the
of a-hemolysin in lipid membranes indicates that Val140 is HRBC membrane. Furthermore, examination of the delipi-
located within the lipid bilayer4), it follows that Thr136 dated sample by TIRFM revealed that the LygH3d in
of LukF would also be expected to insert into the membrane the sample could not be observed as discrete regions of
of HRBC whenevery-hemolysin pores are formed. fluorescence. These observations support the conclusion that
In the absence of HS, LukF binds as a monomer to the the change in the fluorescence of Badan is due to the insertion
HRBC membrane without the membrane insertion of the pre- of residue 136 of LukksdBd into the membrane. These data
stem domain?, 17). Accordingly, the spectrum and intensity ~ further indicate that LuklzsdBd can be used as a reporter
of emission by LuksdBd were measured at the monomeric  to monitor the insertion of pre-stem domain of LukF into
stage of pore formation on HRBC membranes in order to the hydrophobic lipid bilayer of the HRBC membrane.
determine whether the Badan on LukéBd could be used Single-Molecule Imaging of Badar highly sensitive
as a signal to monitor the insertion of pre-stem domain into camera was used to observe single-molecule signals of Badan
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Ficure 3: Single-molecule imaging of Lukbed3d. (A—C) Rep- FiGURE 4: (A—C) Single pore formation by insertion of three or

resentative microphotos taken under TIRFM of ghost HRBC oy |ukF,5sd8d molecules. Representative microphotos were taken
(bordered within dashed line circles) incubated with mixtures ,nder TIRFM of ghost HRBC (bordered within dashed line circles)
containing 0.1 nM LukssdBd and 0.9 nM unlabeled LukF. Note  jhcubated with 1 nM (A) or 3 nM (B) LukEssdBd in the presence

that fluorescent spots (arrows) were observed with LgdgBd in of HS or 3 nM LukF 36d8d in the absence of HS (C). (D) Intensity
the presence of HS (A) but not with LukfsdBd in the absence of  pistogram of LukissdBd fluorescent regions obtained from the
HS (B) or with LukRscBd in the presence of HS (C). (EF) experiment shown in panel A. Data were fitted to a Gaussian curve

Analyses of the fluorescent regions observed in panel A. (D) (gashed line). (E) Three steps of the intensity bleaching of Badan
Intensity histogram fitted to a Gaussian curve (dashed line). (E) i the experiment shown in (A). (F) Intensity histogram of LukE
Intensity bleaching steps. (F) Histogram of bleaching times fitted gq gpots taken from the experiment shown in panel B, the data
to an exponential curve (an average time of 6.7 s was observed).peing Gaussian fitted (dashed line).

upon insertion of the pre-stem domain of Lyk§Bd into model protein to monitor single molecules of a protein or
the hydrophobic environment of the lipid bilayers as polypeptide inserted into the hydrophobic environment of a
described previously16). Preliminary experiments revealed lipid bilayer from a hydrophilic environment.
that pretreatment of glass slides lw M HCI was a critical Obsewation of Single Membrane-Inserted Por&/e
step for the reduction of background of autofluorescence. previously reported that LukF and HS oligomerize into
In addition, the blue light was let through a pinch hole to intermediate LUkFHS heterodimers, then heterotetramers
illuminate only 30um? of the sample during focusing in order  ([LUkF—HS],), before forming a pore, which may be a
to avoid the unnecessary photobleaching of Badan. Data weréheterohexamer ([LukFHS]), a heteroheptamer (3Lukf
also obtained from an illuminated area of 10@®? near 4HS or 4LukF3HS), or heterooctamer ([LukFHS]), on
the focus area following removal of the pinch hole. the membranes of HRBCLY). However, it was unclear at
Recent studies suggest that LukF and HS assemble inwhat stage of oligomerization the insertion of the pre-stem
HRBC membranes as pores, each of which contains 3 or 4domain of LukF into the lipid bilayers occurs. Thus,
units of LUkF and 3 or 4 units of H®M¢12). To observe experiments were conducted in order to obtain this informa-
LukFi3sBd as a single molecule in the HRBC membrane, tion. LukF3sdBd (1 nM) was incubated with HRBC in the
the number of LuklzsdBd molecules able to contribute to  presence of HS, and approximately 15 individual fluores-
the formation of single pores was minimized by diluting cence regions per cell were observed (Figure 4A). A single
LukF13sdBd with unlabeled LukF to give a molar ratio of peak at approximately 1000 au was observed when the
1:9. A low concentration (1 nM) of the LukFLukF;3sdBd intensities of these regions were fitted to a Gaussian curve
mixture was then incubated with HRBC in the presence of (Figure 4D). This intensity was about 3.5 times higher than
HS to form individual pores, and these were observed asthat observed for pores containing single LwydgE3d mol-
distinct regions of fluorescence by TIRFM (Figure 3A). A ecules (280 au, Figure 3D). Therefore, in accordance with
single peak with a maximum at approximately 280 au recent datad—12), it is likely that each fluorescence region
(arbitrary units) was observed when the intensities of was associated with a single pore that contained ap-
LukF136dBd fluorescent spots were fitted to a Gaussian curve proximately 3-4 molecules of LukizsdBd. This conclusion
(Figure 3D). Most of these spots were bleached as a singlewas supported by the examination of 60 fluorescent regions
step (90%,n = 20) (Figure 3E), suggesting that the in order to determine the number of steps that resulted in
fluorescence in these spots originated from single moleculesthe bleaching of their emission intensity. Thus, only three
of LukF13sdBd. The histogram of the emission times of single regions (5%) were bleached in two steps and nine regions
LukF13sdBd molecules was fitted to an exponential curve (15%) were bleached in more than three steps, whereas 48
(Figure 3F), giving an average emission time of about 6.7 s. regions (80%) were bleached in three steps (Figure 4E).
These spots of fluorescence were not observed when similatwhen the Lukk;sdBd concentration was increased 3-fold
experiments were carried out in the absence of HS (Figureto a concentration of 3 nM, on average approximately 24
3B) or when LukksBd was used (Figure 3C), thus confirm-  distinct regions of fluorescence were observed per cell
ing that the observed fluorescence in these spots was emittedFigure 4B), and this was accompanied by hemolysis. The
by LukF;36dBd present in membrane-inserted pores. Taken fluorescent intensities these regions were distributed into
together, we conclude that LukfsdBd can be used as a several peaks that were multiples of approximately 1000 au
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(Figure 4F), suggesting that fluorescent regions with intensi- pores. About 5% of the regions were found to contain only
ties of approximately 2000 and 3000 au might represent the2 molecules of LukizsdBd; however, this is reasonable if
association of two and three pores, respectively. Indeed, awe consider that a Poisson distribution predicts that the
determination of the number of steps involved in the preparation of LukizsdBd contained 4% unlabeled LukF.
bleaching of the emission intensities of fluorescent regions When similar experiments were conducted with LukE
with a peak at approximately 1000 au was in agreement with Bd at a final concentration of 3 nM, the range of the
this conclusion. Thus, within 60 regions examined, four of intensities of fluorescence in fluorescent regions was dis-
these regions (approximately 7%) were bleached in two steps tributed into three peaks. The maximum fluorescence inten-
43 regions (72%) were bleached in three steps, and 13sity of the first peak was approximately 1000 au, which
regions (approximately 22%) were bleached in more than suggests that it was derived from single pores. The maximum
three steps. In contrast, a similar analysis of 20 fluorescentfluorescence intensities of other peaks were at even multiples
regions with peaks of approximately 2000 au or higher of 1000 au, indicating they comprised groups of pores.
revealed that 95% of these regions were bleached in more The formation of g-hemolysin pore in HRBC membranes
than three steps. In addition, the fluorescence in the regionsinvolves two processes, the oligomerization of LukF and HS
visualized in our experiments was specifically emitted as a and the insertion of the oligomers into the membrane. We
result of the translocation of Badan into HRBC membranes, recently demonstrated that the oligomerization process
as indicated by the lack of fluorescence in the experimentsincludes formation of a LukFHS heterodimer and a [LukF
where LukkssdBd was incubated with HRBC in the absence HS], heterotetramerl). The mechanism of the membrane

of HS (Figure 4C) or, alternatively, when LuldcBd was insertion process gf-hemolysin is still unclear with regard
incubated with HRBC in the presence of HS (data not to (i) the intermediate stage at which the insertion is initiated
shown). and (ii) how many stem domains contribute to the formation

of a pore upon its insertion into the membrane.
DISCUSSION Details regarding the mechanism involved in the initiation
Single-Molecule Obseation of an ESF.Although the of insertion are lacking not only fop-hemolysin, but also
dependence of the intensity of fluorescence and the spectrdor other pore-forming toxins. Alternative models for mem-
of emission of ESF on a hydrophobic environment suggests brane insertion have been proposed for pore-forming toxins
they can potentially be powerful tools for investigating the (24). A prepore model, whereby monomers first oligomerize
formation of transmembrane pores/channels and other phaseito a prepore that is subsequently inserted into the membrane
dependent protein interactionfor example, membrane Vvia a specific transmembrane domain, has been proposed for
transport or the ligation of molecules to membrane-bound Clostridium septicun-hemolysin 25), Clostridium per-
receptors-the application of ESF has thus far been limited fringenscytolysin 26, 27), anthrax protective antige2§),
by mass level detectior2Q—22). The use of ESF has been perfringolysin O 29, 30), and aerolysin31). By contrast,
extended in this study into the single-molecular imaging the “continuous growth model” was originally proposed for
methodology for visualization of protein functional insertion the pore-forming streptolysin O38). According to this
into a native cell membrane. An increase in the emission model, transmembrane domains of monomers are first
intensity and a shift in the emission spectra of LukBd inserted into the membranes, and the completed pore is then
were detected when this protein was incubated with HRBC assembled in situ from membrane-localized monomers.
membranes, and these changes were observed only wheStaphylococcadi-toxin andy-hemolysin have been proposed
experiments were conducted in the presence of HS. Theseo belong to the prepore model group, mostly on the basis
observations are in agreement with the HS-dependent inser-of the observations that their mutants, in which transmem-
tion of the pre-stem domain of LukF into the hydrophobic brane/stem domains were either trunca®y 83) or locked
lipid bilayers of HRBC membranes. In addition, distinct back to the core structure by disulfide bonds, could form
fluorescent regions were observed when mixtures of LukF artificial prepores 17, 34). However, these observations do
(0.9 nM) and LukkssdBd (0.1 nM) were incubated with  not eliminate the continuous model from consideration since
HRBC and HS, and the intensity of emission of the majority the insertion of the stem domain had already been inhibited
of these regions was bleached in one step, thus indicatingbefore the first stage of membrane-bound monomers. In the
that these regions contained a single molecule of LgF present study, direct observation of a single Badan label on
Bd. The observation that approximately 10% of these regions the LukF pre-stem domain allowed us to distinguish between
bleached in two steps is reasonable if we consider the Poissorthe intermediate oligomers, and we found that insertion does
distribution of LukFRssdBd into pores where each pore not occur at the heterodimer or heterotetramer stages.
contained 3 or 4 molecules of LukF. There have been data suggesting a hexamet®, (
Insertion of LUkF To Form a PoraVhen LukkzsdBd at heptameric9), or octameric structure gf-hemolysin pores,
a concentration of 1 nM was incubated with HRBC in the at least in the SDS-stable forni) 12). However, the
presence of HS, the range of the intensities of fluorescencequestion regarding how many stem domains insert into the
in fluorescent regions was distributed into a single peak. The cell membrane to form a functional pore has not previously
peak had intensity at~1000 au that was about 3.5 times been answered. The novel approach of ESF single-molecule

greater than regions containing a single molecule of LigF imaging in this study brought us to the conclusion that a
Bd. Most of these regions bleached in three or more steps,pore may contain 3 or 4 membrane-inserted LukF units,
indicating that they contained 3 or 4 molecules of LukE which in turn indicates the oligomer size of functional

Bd. Considering the previous finding that opéhemolysin y-hemolysin pores could be variable from hexamer to
pore contains 34 molecules of LUKF&), these data strongly ~ octamer. It is noteworthy that, in a difference from previous
suggested that the observed fluorescent regions were singlestudies, the measurements in our study were carried out
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Ficure 5: Model for the oligomerization of staphylococcal
y-hemolysin. In a solution containing LukF, HS, and HRBC, LukF 6
binds on HRBC membranes with its stem domain folded back to

the cap domain (stage 1). LukF then dimerizes with a HS to form

a LukF—HS heterodimer without insertion of the stem domain into

the bilayers of the HRBC membrane (stage 2). Two LukiS 7.

heterodimers are then oligomerrized to form a heterotetramer (stage
3). Succeeding oligomerization steps (stages 4) result in the
association of additional heterodimers and monomers to form either

hexameric [LukFHS]s, heptameric [3LukF4HS or 4LukF3HS], 8.

or octameric [LukFHS], oligomers to yield a prepore complex.
Formation of the prepore complex is followed by a conformational
change in the prepore proteins that result in the concerted insertion
of three (or four) LukF stem domains into the HRBC membrane
bilayers (stage 5).

directly on native cell membranes and in the physiological
range of protein concentrations. On the basis of the results
presented both here and in previous studies (7), we
propose the following model for the formation of the
y-hemolysin functional pore (Figure 5). In a solution
containing LukF, HS, and HRBC, LukF binds on HRBC with
its stem domain folded back to the cap domain (stage 1).
LukF then dimerizes with a HS to form LukfHS het-
erodimer (stage 2). Two LukFHS heterodimers are then
oligomerized to form a heterotetramer (stage 3). Successive
association of additional heterodimers and monomers giving
rise to a complete ring-shaped oligomer, which may be a
heterohexamer [LukFHS]; or heteroheptamer [SLukFAHS

or 4LukF—3HS] or heterooctamer [LukFHS], (stage 4).
Stages 24 occur without insertion of the stem domain into
the HRBC membranes. However, when oligomerization is
complete, a conformational change in the protein complex
occurs that results in the concerted insertion of three or four
LukF stem domains into the membrane (stage 5) to form a
functional hydrophilic transmembrane pore/channel through
the HRBC that allows the influx of water and hemolysis.

In conclusion, we demonstrate here for the first time the
single-molecule imaging of a protein labeled with ESF, a
novel class of fluorescence probes. It is anticipated that the
information we obtained using this novel approach to
determine howy-hemolysin inserts its pores into the native
cell membranes will be extremely useful for investigations
of other membrane-bound protein interactions.
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