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1. INTRODUCTION

Assembly of large macromolecular complexes such as membrane channels and
_cytoskeletal elements is essential for cell function. A crucial problem of protein complex
assembly is to understand mechanism of assembly processes by elucidating information
on the beginning, intermediate, and final stages involved (Alberts et al., 2002).
Heterogeneous populations of intermediate states, however, are not readily analyzed
using ensemble-averaged data. By contrast, single-molecule imaging methods provide
direct information about individual intermediate states. At high concentrations of proteins,
oligomers could be distinguished from crowded monomers using fluorescence resonance
energy transfer between single pairs of acceptor and donor fluorophores (single-FRET)
because the acceptor only emits fluorescence if located within several nanometers of the
donor. , '

Pore-forming toxins of bacteria are excellent models for studying the nature of.
assembly for oligomeric molecules on membranes because of the high stability of
recombinant monomeric subunits in solution. Staphylococcus aursus Leukocidin fast
fraction (LukF) and y-hemolysin second component (HS) are water-soluble proteins that
assemble into hetero-oligomeric pores of y-hemolysin on membranes of human red blood
cells. The pore has a ring-shaped structure with inner and outer diameters of about 2 and 8
nm, respectively. v ,

Using the powerful single-FRET method, we first directly observed the sequential
assembly stages of single LukF and HS monomers into oligomers on erythrocyte
membranes under the total internal refiection fluorescent TIRF-microscope. As LukF and
HS lack cysteine residues, we created single-cysteine LukF and HS mutants which are
specifically labeled with donor and acceptor dyes, respectively. We developed a method
to calculate the number of subunits in individual oligomers based on the intensity of FRET
and direct acceptor signals. We distinguished multiple species of intermediate oligomers,
and measured equilibrium association constants of sequential intermediate stages.

The final stage, formation of functional oligomeric pores is also great of interest.
This has been extensively studied previously for the related a-hemolysin, based on
various biochemical detection methods, but nof by direct observation. By contrast with
a~hemolysin, intermediate pre-pores have never been obtained so far for the
staphylococcal bi-component toxins. The LukF monomer shares a similar basic structure
with the o-hemolysin protomer (Fig. 7B), a subunit of the staphylococcal a-hemolysin
heptameric pore. The LukF monomer consists of three domains, and three functions have
been ascribed to these domains: the rim domain is for membrane binding, the p-sandwich
(cap) domain is for oligomerization with Hig2 and the pre-stem domain is for membrane
insertion to lyse the cell. The major differences between LukF and a-hemolysin protomers
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are the structures of pre-stem domain. The LukF pre-stem domain folds back against the
cap domain, while in a-hemolysin, it makes a long excursion into the lipid bilayers. To
elucidate the mechanism of pore-formation for y-hemolysin and the role of LukF pre-stem
domain, we detected the structural changes of the LukF stem domain and observed in
real-time Ca®" efflux through the opening pores by a sensitive fluorescent dye (Rhod2). We
designed two double-cysteine mutants of LukF whereby the pre-stem domain is trapped by
an internal covalent disulfide bond formation, so that several intermediates would be
arrested and then released to proceed to pore formation on exposure to a reducing
reagent. These two mutants in fact partially assemble into different types of pre-pores that
then transit into fully functional pores on the addition of a reductant.

2-3. RESULTS and DISCUSSION
2. Single-molecule imaging of cooperative assembly of LukF and HS into oligomers
2.1. Results ‘
2.1.1. Cooperative binding of HS in the presence of LukF
Single-cysteine mutants of LukF (S45C) and HS (K222C) have single cysteines
locating on the top of the respective cap domains (Fig. 1A). Hemolytic activity of the
labeled mutants was the same as that of wild-type proteins.

We verified binding constants (K¢, Ky) and the number of binding sites per um? of
erythrocyte membranes (Rg, Ry) for individual components. Kg, Re, Ky and Ry were
calculated from the fitted curves shown in Fig. 2A. LukF bound strongly to membranes with
a Kgr of 2.1 x 10® um? and a large number of binding sites (Rg) of 2.0 x 10° um?. By
contrast, a lower binding constant (Ky, 1.2 x 10° pm?) combined with a similar number of
binding sites (Ry, 1.8 x 10* um™) indicated a 15-fold decrease in the extent of binding of HS
compared with that of LukF. At a given [F,], [Fp] slightly increased even in the presence of
HS at 5-fold higher concentrations than LukF (Fig. 2B1). Meanwhile the binding of HS was
obviously enhanced by LukF: [Hy] at a given [Ho] was increased with [Fo]. With the same
[Fo] and [Ho], HS bound ~ 4 times more than it did without LukF (Fig. 2B2). We
demonstrate that both LukF and HS can spontaneously bind to HRBC membranes, but
with different binding constants, and that LukF obviously enhances the membrane binding
of HS.

2.1.2. Individual monomers and dimers on the membranes

We visualized assembly of LukF-TRM and HS-IC5 on the membranes, at
equilibrium, under a TIRF-microscope. At very low concentrations of the two proteins, only
a few punctate FRET-IC5 spots, ranging from 0 to 10, were observed on each cell. To
calculate the numbers of LUkF-TMR (m) and HS-IC5 (n) in individual FRET-IC5 oligomers
(FmeHy), the occurrence of stepwise decays in the fluorescence intensity was measured.
(Fig. 3B4). Those single-FRET spots are dimers containing one LukF and one HS (FeH).
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The FRET-ICS intensity (fmerics) were well fitted in a Gaussian distribution with mean of
0.87 i 0.25 relative to IC5 intensities excited by the red laser.. And FRET efficiency was
- 87+ 10 % relative to the TMR intensity in dimers, indicating a distance between LukF-TMR
and HS-IC5 in a dimer of ~ 4.5 nm. The equilibrium association constants for dimerization
Kew (= [FeH] x [F4]' x [H4') were also estimated, based on the concentrations of
monomers ([F4] = 3.8 and [Hy] = 6.9 um?®) and dimers ([FeH] = 0.026 um?®) on the cell
membranes (number of cells = 37), to be 0.0010 + 0.0003 um? (Table 1).
2.1.3. Tetramerization: the dimer-dimer interaction

In assembly of LukF and HS into dimers and other small oligomers, most of the
individual FRET intensities were equal to or twice the value of the single-FRET intensities
measured in Fig. 3B. m and n in Fp*H, were deduced from the number of steps observed
during photobleaching of FRET-IC5 and IC5 signals (Fig. 3C4 and C5).

A tetramer could be formed by two pathways (1) tetramenzatlon of two dimers [FeH +
Fl & (FeH),] or (ii) “step-by-step” oligomerization of monomers [FH + F > FpH, + H>
(FeH), or FsH + H - F,*H, + F > (F+H),]. To test which is the main pathway, we measured
the association constants for each stage from the concentrations of oligomeric
intermediates (Kg,. 4, Ke.w @and K. g, in Table 1; appendix 2). Association constants for
“dimer-dimer” tetramerization, K- p2 = 3.8 um?, were > 30 times those for the step-by-step
processes, Kg,. , = 0.081 um® and K;. 5, = 0.12 um? This result could be interpreted as the
step-by-step pathway being of far less significance than the dimer-dimer pathway.
2.1.4. Assembly into a single porei a cooperative step

Various intermediates from dimers to larger oligomers could be obtained at
intermediate concentrations (Fig. 4). Individual FRET intensities were ~1, ~2 and ~3 times
the single-FRET intensity of FeH (Fig. 4A2 and 4B). The multi-FRET efficiencies of
representative spots was also ~90% (Fig. 4C), indicating a close distance between LukF
and HS components in larger oligomers.

The histogram of FRET intensities was fitted as the sum of three Gaussian distribution
curves (Fig. 4B). The spots at intensity ~3 were more abundant than that at ~2, and ~4.
Assuming the area under each Gaussian curve is proportional to the number of oligomers,
Fei, (F+i),, and F;H;,, we estimated sequential association constants K. py;, and Kg. gs-
4 to be 3.1 and 37 um?, respectively (Table 1). As single y-hemolysin pores have been
reported as hexamers and/or heptamers, Kg., , was assigned as the association
constant for single a pore, K,. Obviously, K, was > 10 times K¢. y,, suggesting that LukF
prefers assembling with HS into hexameric and/or heptameric pores F,<H,_ rather than into
‘tetramers (Fel) ,.

2.1.5. Assembly into clusters of pores
At higher protein concentrations (15-100% hemolysis), the number of pores
incorporated into each FRET spot was deduced from the FRET intensity of the spot divided
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by 3 times the single-FRET intensity. The occurrence of single pores and clusters on the
membranes was plotted as a histogram in Fig. 5B. Association constants of single pores
into two (Kzp), three (Ksp) and four pores (Kgp) were 1.1, 2.7, and 3.4 um?, respectively, as
shown in Table 1. Those increasing values indicate that single pores tend to assemble into
3-pore or 4-pore clusters rather than into 2-pore clusters.

When LukF-TMR and HS-IC5 were increased over the concentrations that start
causing 100% hemolysis (Fig. 5C), the power of the green excitation was re@uced to 2.5%.
Very highly intense domains of multi-molecular FRET-IC5, probably clﬁsters of pores,
could be observed. We plotted a distribution of clusters with various numbers of pores on
the membranes in Fig. 6A, blue circles.

2.1.6. Calculating the population of intermediate states

Taking the binding and association constants (Table 1), we estimated the
theoretical distribution of intermediates and the total number of pores at given
concentrations of proteins. Assuming that K, (n>2) values are similar to Ksp and Kqp (3
um?), at certain [F,] and [H,), for example 25 and 1000 um?, the distribution of monomers
and oligomers could be calculated (Fig. 6A). Populations of clusters of pores (Fig. 6A, blue
circles) used in Fig. 5C fits well with the theoretical red line. ' '

To explain the enhancement in membrane binding of HS induced by LukF, the total
concentrations of HS on the membranes ([H,]) for applied [H,] in Fig. 2B2 were calculated
from the association constants in Table 1. The calculated values (lines) gave a good fit to
the experimental results (circles) for HS binding in the presence of LukF (Fig. 2B2).

2.2. Conclusion

- Various intermediate oligomers of y-hemolysin was first time imaged at single-
molecule level.

- 11 binding and association constants were estimated.

- The three cooperative stages (dimer-dimer interaction, single pore assembly, and
aggregation of pores) substantially enhance the efficiency of assembly of oligomeric pores.

- We propose the model of assembly for y-hemolysin in Fig. 6B.

in general, single-molecule observations and statistical analysis of populations of
intermediateé will be useful in understanding how single molecules are brough"t together
into macromolecular complexes in cells.

3. Studying structural changes of LukF stem-domain during conversion from
pre-pore to pore and Imaging pore-formation event
3.1. Results
3.1.1 Inactivation of cell lysis properties of double-cysteine mutants.

Three amino acid residues of LukF were selected for cysteine substitution,
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including V12, which lies on the turn of the amino-terminal latch, and T117 and T136,
located at the turns of the pre-stem domain, based on the CB-CB distances between pairs
of amino acids (The CB-CB of V12-T136 ~ 0.9 nm, of T117-T136 ~ 0.5 nm, Fig. 7A and
7B). V12C-T136C, which had a single disulfide bond between the top of the cap and the
pre-stem domain, was named Cap-Stem. The second mutant (T117C-T136C), Stem-Stem,
had a disulfide bond between two B-strands of the pre-stem domain. Both mutants
migrated faster than the wild type, because the internal disulfide bonds shortened the
effective length of the SDS-denatured mutant proteins. The double-cysteine mutants are
monomers having single-disulfide bonds

As shown in Fig. 8, both Cap-Stem and Stem-Stem in combination with Hig2
exhibited no hemolysis. In contrast, once exposed to 20 mM BME, hemolytic activities of
both mutants were restored to wild-type levels. The engineered disulfide bonds trapped the
LukF pre-stem domain and prevented pore assembly, causing the loss of hemolysis.
3.1.2. Membrane binding ability of double-cysteine mutants

As shown in Figs. 3A and 3B, both double-cysteine mutants bound to HRBC
membranes at about the same level as the wild type did whether or not their disulfide
bonds were reduced by BME. This result demonstrates that trapping of the pre-stem
domain by disulfide bond formation does not affect membrane binding of LukF.

3.1.3. Inhibition of the transition from pre-pores to pores by disulfide bond
formation ,

We detected the SDS-stability of the oligomeric pre-pore formed by both double-
cysteine mutants based on the intensities of the ~ 200kDa HMW bands (Fig. 9C). Similar
patterns of HMW bands were obtained with LukF, Cap-Stem/(+)BME, Stem-Stem and
Stem-Stem/(+)BME in lanes 4, 8, 10 and 12, respectively. The intenéity of the HMW band
from lane 10 of Stem-Stem was about 67% compared to that from lane 12 of Stem-Stem in
the presence of BME. The two HMW bands in lanes 10 and 12 represerited the pre-pore
and pore, respectively, of Stem-Stem with Hig2. By contrast, Cap-Stem failed to form an
SDsS-stable oligomeric complex with Hig2. Nevertheless, exposure of both mutants to BME
induced pore formation and cell lysis as indicated above and by HMW bands with
intensities similar to that of wild-type LukF.

We then observed the structure of the pre-pore of Stem-Stem under a
transmission electron microscope. The two images in Fig. 10B indicate that the SDS-stable
pre-pores of Stem-Stem had ring-shaped structures similar to those of wild-type
LukF.3.7.4. Complete inhibition of oligomerization by low temperature

It was surprising to note that the hemolysis efficiency observed in Fig.11A with
pore formation occurring at 2°C was almost equal to that at an incubation temperature of
37°C. The concentration for 50% hemolysis was about 8 nM in both cases. This result
clearly proves that pore formation does not require high temperature, and indicates that
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only the pre-pore oligomerization is a temperature-dependent stage. Therefore, we could
effectively inhibit the pre-pore oligomerization by low temperature (2°C). '
3.1.5. Slight inhibition of oligomerization by disulfide bond formation in Cap-Stem

We then investigated how formation of the disulfide bond locking the pre-stem back -
to the cap' domain (Cap-Stem) affected the oligomerization of Cap-Stem. In fact, the
hemolysis did occur after treatment of Cap-Stem as described above with BME at 2°C (Fig.
11B). The difference in hemolysis efficiency of Cap-Stem using these two conditions is
indicative of the effect of disulfide bond formation on oligomerization through locking of the
pre-stem domain to the cap domain. Although the hemolytic curve of pore formation
performed at 2°C was shifted to a slightly higher concentration than that at 37°C, Cap-Stem
was clearly still able to oligomerize with Hig2 into pre-pores, which were then capable of
transition to functional pores once the disulfide bond was reduced. These results show that
disulfide bond formation in Cap-Stem inhibits pore formation, but only slightly inhibits pre-
pore oligomerization.

3.1.6. Real-time observation of the transition of Stem-Stem from pre-pores to pores
on a ghost cell.

It is necessary to test for pore formation using an ion size indicator to ascertain
that no kind of pore is formed unless the disulfide bond is reduced. For a direct view, we
imaged in real-time the transition from pre-pores to pores, as indicated by Ca*? efflux
through the pores. For visualizing the opening of pores, we detected Ca®* release through
pores formed on a Ca*’loaded ghost cell, using a Ca®* sensitive fluorescent dye (Rhod2
tripotassium salt cell impermeant) outside the cell. Before injection of BME (Fig. 12), image
0 s), the background was close to zero, indicating that no Ca%* was released. Indeed, the
pre-pores had not been converted to pores yet. At about 60 s after injecting pME into the
chamber, many bright fluorescence spots progressively appeared with various intensities,
as shown in sequential images of Fig. 6B from 60 s to 226 s. We designated those spots of
Rhod2 signals as Ca?* flames. Obviously, a Ca®* flame appearance is associated with the
transition from pre-pores to pores. And a Ca?* flame reflects a cluster of pores. By 206 s,
almost all the pores of the cell had.opened, since after that new Ca®* flames no longer
appeared. The above evidence demonstrates the complete control of pore formation by
disulfide bond formation in Stem-Stem. ' |

3.2, Conclusion ]
Throdgh the control of y-hemolysin pore assembly using low temperature (2°C)
and disulfide formation (S-S) in LukF mutants (Cap-Stem and Stem-Stem), we were able to
- ldentify intermediate pre-pores and functional pores.
Propose the model of pore-formation for y-hemolysin pore assembly, as follows:
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State: 1 2 3 ‘ 4 : 5
Water-soluble ¥ Membrane-bound X!' “garly-state” 7’ “late-state”
2°C pre-pore  S-Sin
Cap-Stem

—X¥ pore
S-Sin
Stem-Stem

monomer monomer pre-pore
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Data in Constants Concentrations of monomeric and oligomeric intermediates (um)
figures
2A Ke 2.1x10*
K 1.2x10°
Re 2.0x10*
Ry 1.8x10*
3B Ken 0.0010 £+ 0.0003 [F4]=3.8+06 Hi}=69+1.1 [FeH] = 0.026 + 0.004
3¢ Kew 0.081 + 0.032 [F]=3.75+0.05 [F+H] = 0.056 + 0.006 [F2*Hq} = 0.017 + 0.003
Kesz  0.12 +0.084 [H4} = 0.27 +0.02 [FeH] = 0.056 + 0.006 [F1+H2]=0.0017+ 0.0012
Krzaz 3.82+1.23 {FeH] = 0.056 + 0.006  [FH] = 0.056 + 0.006 [F2*Hz]=0.012 + 0.003
4 Kz 3111 [FeH] =0.065 +0.0092 [FeH}=0.065+0.0092  [F,*H;]=0.013 + 0.0041
K, 37+14 [FeH] =0.065 +0.0092 [F*H,]=0.013 +0.0041  [Fy*H;]=0.032 + 0.0063
§AandB Ky 1.1+0.22 [FaHs}=0.24 £ 0.019  [Fs*Hy] = 0.24 + 0.019 [Fe*Hs] = 0.066 + 0.010
Ksp 2.7+0.68 [Fs*Hi] =0.24 £ 0.019  [FerHs]=0.066 +0.010  [FarH,] = 0.043 + 0.0080
Kap 34+1.1 [FsHi] =0.24 +0.019  [Fo*H) =0.043 +0.0080  [F1zoHy] = 0.035+0.0075
6A Kop 3.0
Table 1. Binding and association constants of intermediate stages in the pore assembly

pathway. Binding and association constants are in units of pm? numbers of binding sites (Rr, Ry)
are in um?, Values are given as mean + error, where error = mean x n®°, and n is the number of

measured spots. The values were calculated from the equations described in the Appendix.
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LukF: 0 FIKDKSYDKD .. 234 DGAKK~SKIT
HS: 35 FVKDKKYNKD .. 218 GKGDR-SEFE
a-hemolysin: ¢: FIDDKNHNKK .. 235 KASKQQTNID

Fig. 1. Structures and labeling of LukF and HS

A. 845 (blue) of LukF and K222 (yellow) of HS (corresponding to K238 of LukF) were mutated to Cys,
shown using the LukF structure (A1), the modelled g-hemolysin complex in hexamers or heptamers (A2),
and the amino acid sequence alignment between LukF, HS, and a-hemolysin (A3). B. SDS-PAGE gels of
10 ug of fluorescently-labelled proteins, unstained (B1) and stained (B2) with Coomassie brilliant biue.
Samples included LukF treated with TMR-maleimide (lane1), LukF-S45C (lane 2), LukF-TMR (lane 3,
arrowhead), HS treated with IC5-maleimide (lane 4), HS-K222C (lane 5), and HS-IC5 (lane 6, arrowhead).
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Fig. 3. Visualization of small oligomers of LukF and HS

A. Arrangement of the TIRF-microscope for observation of oligomerization on the membranes (A1).
Fluorescence signals near the basal membrane appeared on the double-view monitor: the left is for the
donor, the right is for FRET and the acceptor (A2). B and C. Images of dimers formed by LukF-TMR and
HS-IC5 on HRBC membranes at low concentrations of proteins (75.pM and 750 pM, respectively) (B1-B3),
and at higher concentrations of LukF-TMR (300pM) and lower HS-IC5 (200 pM) (C1-C3). TMR, FRET, and
IC5 signals are shown after excitation by the green laser (B1 and B2; C1 and C2; time 0), and by the red
laser (B3 and C3; time 0), respectively. B4 shows time traces of TMR (green), FRET (orange) and IC5 (red)
emission corresponding to dimers (FeH=LukF-TMR-HS-IC5). The left (8 frame-averaged) indicates that IC5
photobleaches first, and the right (30 ms- interval) indicates that TMR photobleaches first. Five images of
dual signals of TMR and FRET acquired from the same spots (B5). Thirty ms-interval time traces of
acceptor emission on anticorrelated excitation by the green and red lasers for short (~ 3s) or long times (>
10 s) showing trimers (F,+H,, C4) and tetramers ((FsH),, C5).
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Fig. 4. Visualization of
intermediate oligomers
and single pores
LukF-TMR and HS-IC5 were
incubated with HRBC at
intermediate concentrations
of 400 pM and 4 nM,
respectively. White numbers
on A2 indicate m in F,*H,,. B.
Population histogram of
intermediate oligomers: the
dotted and solid lines
indicate Gaussian distribution
peaks for FeH, (FeH),, Fa*Hs,
and for the total population,
respectively. C. Three
images of dual signals of
TMR and FRET-ICS,
showing single and multi-
molecule FRET efficiencies
between LukF-TMR and HS-
IC5 in oligomers.

Fig. 5. Visualization of

clusters of pores
LukF-TMR and HS-IC5 were
incubated with HRBC at 1.5
nM and 15 nM (A), or of 15 nM
and 150 nM (C), respectively.
White numbers on A2 indicate
m in F*H,. Blue numbers on
C2 indicate the number of
pores in each large spot. B.
Histogram of populations of
F,*H,, corresponding to single
pores and groups of pores at
15% hemolysis. The dotted
and solid lines indicate
Gaussian distribution peaks at
single, two, three and four
pores, and the total population,
respectively.
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Fig. 6. Simulations and models for pore assembly

A. Experimental and theoretical distribution of intermediates at given protein concentrations (K, is assumed ~
Ksp or K4p). The blue circles were measured from 237 spots of data like Fig. 5C, and were fitted by the
theoretical red line. The dotted and solid lines represent theoretical distributions at [F,] and [H,] of 25 and 1000
mm-2, respectively. The red lines represent a fully cooperative process, similar to natural conditions. The black
lines represent non-cooperative processes (K of all stages are ~ K ). ' ’

B. Cartoon model for pore assembly of LukF and HS. Water-soluble LukF (green) and HS (red) monomers bind
to putative binding sites on the membranes. Sequentially, the membrane-bound monomers assemble into small
oligomers (e.g. dimers and tetramers), then into single pores and clusters of pores. The pore is represented as
a hexamer, although formation of hexameric and/or heptameric pores is possible. The FRET signals indicate
oligomers. The blue lines indicate the transmembrane domains inserting through lipid bilayers upon pore
formation. The numbers indicate equilibrium binding and association constants (um?2).
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Fig. 7. Positions of amino acids for creating double-cysteine mutations in LukF
Ribbon representation of LukF monomer (A) and a-hemolysin protomer (B) featured with back-bond
representation of amino acid residues mutated to cysteine: V12 (green), T117 (coban), T136 (red). The violet
ribbon represents the pre-stem/stem domain. The two double-cysteine mutants generated were V12C-T136C
(Cap-Stem) and T117C-T136C (Stem-Stem). (C) Sug of purified proteins in all lanes in the presence and
absence of BME were separated by SDS-PAGE, followed by staining with Coomassie brilliant blue. (D) SDS-
PAGE gel of 5-FM labeled proteins using irradiation by UV-light (left) and Comassie staining
(right) to detect the fluorescent label and all proteins, respectively.
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Fig. 8. Hemolytic activities of
double-cysteine mutants induced
by p-mercaptolethanol (BME).
Hemolytic activities of LukF or double-
cysteine mutants in combination with Hig2
at concentrations from about 2 to 100 nM
toward 1% HBRC were analyzed at 370C
in the absence and presence of 20 mM
BME
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Fig. 9. SDS-PAGE detection of membrane binding, pre-pore oligomerization and pore
formation of double-cysteine mutants

(A and B) Membrane binding: Proteins were applied into 1% HRBC. at protein concentrations of 0.18 to 3.0
nM in the presence and absence of bME. Then, the membrane-bound monomer bands of LukF and Cap-
Stem (A) and Stem-Stem (B) from solubilized membranes were separated by SDS-PAGE, visualized by
Western blotting and immunostaining using antiserum against LukF. (C) Assembly into high-molecular
weight complex: Proteins were applied into 1% HRBC at 30 nM, and the membranes were treated by 1%
SDS at 200C or 1000C, then were separated by SDS-PAGE with a linear gradient gel of 4-15% (w/v)
acrylamide, and were analyzed by Western blotting and immunostaining using antisera against LukF and
HIg2. The intensities of complex bands were measured using NiH free software Scion 4.0.2.
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Fig. 10 Sucrose-gradient fractions and ring-shaped structures of isolated pores (LukF)

and pre-pores (Stem-Stem) .

Fractions 4-7 of LukF (A) and of Stem-Stem (B) containing the high-molecular-weight complexes from
the sucrose were selected based on Western blotting and immunostaining using antisera against LukF
and Hig2. The combined fractions were negatively stained with 1% phosphotungstate sodium pH 7.2
and observed by transmission electron microscopy. (C) Isolated pores of LukF and Hig2. (D) Isolated
pre-pore of the disulfide bond-containing Stem-Stem and Hig2.
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Fig. 11. Hemolytic activity of double-cysteine mutants induced by fME at low temperature
Hemolytic activity of LukF or double-cysteine mutants in combination with HIg2 at about 2 to 100 nM against
1% HBRC was analysed under various incubation conditions. (A) LukF at 2°C and 37°C; Stem-Stem at 2°C
with 20 mM BME; Stem-Stem at 37°C for 10 min, then 2°C for 30 min with 20 mM BME. (B) Cap-Stem at 2°C
with 20 mM BME and 37°C with 20 mM BME; Cap-Stem at 37°C for 10 min, then 2°C for 30 min with 20 mM
BME. Error bars represent the standard deviations of triplicate measurements.
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Fig. 12. Observation of the opening of pores formed by BME-treated Stem-Stem
(A) Ghost cells containing pre-pores of Stem-Stem (blue) were loaded with 10 mM Ca2+(yellow) inside,

adhered onto the slide glass and put in a bath buffer containing 10 nM Rhod2 (gray), a Ca2+ sensitive
fluorescence indicator. The pore opening was triggered by injection of 20 mM BME. Using TIRF-microscopy,
signals of Rhod2 were monitored. The brightness of Rhod2 indicates the openingv of one or clusters of pores.
(B) 29 s interval sequential images showing consecutive pore-openings superimposed on a cell after 60 s of
BME injection. (C) Distribution of Rhod2 signals on a cell in the 206 s image showing the density of Ca2+
efflux. Gradient of color from red to green represents gradient increase in intensity of the Rhod2 signal.

—186—



M XEERKRESR

R, RAET FUREASAMZEUCEBYICERRERZS BT Lot sh, tEmickE
RREL 2> TWD, ZORER, MRSA 2L OZAMEEOHE, WCICHMEREERICLSEE
MIROREICH D, BET FUBREL, BRCEEZAMRBEEAER? A 22V W NICHRILER
BREEABR - ~TI VUV EREBRAWT D, TEOFHBTIMARIZBNT, v at YUy R%y
- ~E Y DU ORER BN REBRERESRY Sh D L ICHEAERBETOZ v —ALIZRIIL
T, (1) MiEHEL LkF 2B S &T5 2 RAMKAERERTHDIZ L, 2) A av YU HEIRR
FIIHHBR 7 7—Y ¢ PVLB LW ¢ SLT ¥/ A LIZEETDIZ L, 3B) v -~TI VI LKF B
LU HIg 23723 % L<IZ3 4 L CREWERB Lie~T v TRECHELL LTESHTLI L, 4) ®
A ATV UFEMEICIE, LukF R U LukS 2> 55 BEAERICINZ T LukS O U VBRIESSBHETHHZ &
R EBRAERERWEICHREEN b L Sz, 51T, LukF OZEMMIRE%E, LukS RO Hig2 &
DOEAMIRRERRIICEDLZ 7 2 ) BBEEEELYARE O 2 MEH Uiz, RIFEE OWERE
PERTB L, * |
(1) ERREE LIz RBIT B KFE Yy ~TY VU AT AMEBOKRERT A~OBIB R EEE 2/
H AT AOERMEEEEE, [FVALMEE~T v TEFHEE] OFBR, BORCT VAT AN
BAT BANDOBITH A LV T OWREEITV, AEFE% Molecular Microbiology IZF#3R L 72,

() BILEAETHERIND y - ~TY VD BF v 3V BREEL 1 HT7HE) 2BEL
T, UTFIRT BF ¥ RV BRETOLTROY TAE A LA TOABLICESI Lz, ZLTEKEE
BIT 3 [BF v 3] OFRE#EE, O LukF OFHROE~DHEE>D Hig2 ® LukF ~OFE&=0
[LukF-Hlg2) #AHHR>@ [LokF-Hig2) BAK3 B T7HL - 6 BEMR=G LukF b U< Hg2
D 6 BKA~DHIRATS. « T BAKT L 2T AHBGEHERSOA T AOHE  EARE->OEAES - BF ¥
KNV, THDHZ EEFER LI,

VLE, ARHFFRIZIE £YBROBEAFTROS THEECFER LT 72E0 0 2L, MigEL
KR BKABUEAESTOFA T v 7 REEEE 4D REEERL [BF v 2] BB
HRIZ K E R R 5 % 7o iR TEBAICEHEO B WA 2R ThH 5 Likic, BFERBEMIEA D
BARE, INHEIEBVWTHLEDIERT2E0HIHETHD. ApLFEIL The EMBO Journal IZFER S
iz,

PEOC ki bBEE—FIE, AREEICHE (B%) OBIEEET30RETSb0LBEL
7.

—187—



