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LukF and Hlg2 of staphylococcal y-hemolysin assemble into hetero-oligomeric pores
on human red blood cells (HRBC). Here, we demonstrate, using a single-molecule
imaging technique, that a W177T/R198T mutant of LukF, which exhibits no binding
activity toward phosphatidylcholine, could form intermediate oligomers with Hlg2,
including dimers, tetramers, and hexamer/heptamers, on HRBC. But, the mutant nei-
ther caused K* efflux nor lysed HRBC, indicating that functional pores were not
formed. Hence, we conclude that the W177 and R198 residues are essential for proper
pore-formation by staphylococcal y-hemolysin. We also suggest that the interaction
between the W177 and R198 residues, and phosphatidylcholine on membranes is the
key to the formation of functional pores.

Key words: bi-component cytolysin, hetero-heptameric pore, membrane binding, sta-
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Staphylococcal y-hemolysin has been isolated as a two-
component pore-forming cytolysin from Staphylococcus
aureus, consisting of LukF and Hlg2 (HS) (1). These com-
ponents assemble on the membranes of mammalian
erythrocytes into ring-shaped hetero-heptamers with
inner and outer diameters of 3 and 9 nm, respectively;
the complexes have alternating subunit stoichiometries
of 3:4 and 4:3 between LukF and HS (2, 3). The crystal
structure of water-soluble monomeric LukF consists of
cap, rim, and pre-stem domains (Fig. 1A), sharing a simi-
lar basic structure with a subunit (protomer) of the sta-
phylococcal o-hemolysin homo-heptameric pore, except
in the pre-stem domain (4, 5). The LukF pre-stem domain
folds back against the cap domain, while in a-hemolysin,
it extends far into the lipid bilayer (5). These two struc-
tures suggest the beginning and ending points for a
model of y-hemolysin pore assembly, as follows: the rim
domain for membrane binding, the B-sandwich (cap)
domain for oligomerization with HS, and the pre-stem
domain for the formation of pores through membranes
(4). In our preceding study, the assembly of LukF and HS
monomers into hetero-oligomers on the membranes of
human red blood cells (HRBC) was clarified using a sin-
gle-molecule fluorescence imaging technique (6). We esti-
mated 11 sequential equilibrium constants for the
assembly pathway, which includes initial membrane
binding of monomers, single pore oligomerization, and
finally the formation of clusters of pores. Nevertheless,
the multiple functions of the individual domains of LukF,
for example, the rim domain, during various stages of the
pore assembly process have not yet been studied. Up to
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now, most studies have focused on the individual func-
tions of domains; for example, 1) Y72 of the rim domain is
a crucial residue for LukF binding to HRBC membranes
(7), 2) S34 of the B-sandwich domain is essential for side-
by-side interactions between LukF with HS to form oli-
gomers (6), and 3) structural changes in the pre-stem
domain are essential for pore-formation, but not for
membrane-binding (8—11). Therefore, it is of interest to
know if there are keys for such switching of the pre-stem
domain. For a better understanding of the mechanism of
spontaneous oligomerization and opening of the y-hemo-
lysin pore, we wanted to find, if there are any, key amino
acids that do not directly participate in pore formation,
but which can regulate this spontaneous stage. We
looked for critical amino acids in the rim domain of LukF
that function not only in membrane-binding, but also in
later oligomerization stages. We also hoped to reveal
multi-functional roles for the rim domain both in the
membrane-binding and in the whole assembly process.
For that purpose, we constructed 21 mutants, the amino
acids located on the bottom surface of the LukF rim
domain being replaced by either alanine or threonine, to
identify residues that affect the hemolytic acivity of LukF
(with HS). Mutations at the Y72, W177, R198, W257,
F260, and Y261 residues (Fig. 1A and B) resulted in dra-
matic decreases in hemolytic activity of 5~10% compared
to that of the wild-type LukF (detailed results for the Y72
mutation were published previously (7)). Interestingly,
mutations at W177 and R198 resulted in about 5-fold
lower membrane-binding activity compared with that of
the wild-type LukF, as detected on Western immunoblot-
ting, while the other four mutants (Y72A, W257A,
F260A, and Y261A) almost completely lost the binding
activity toward HRBC membranes. These four mutants
were not suitable for studying critical amino acids for
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Fig. 1. Mutation, labeling, and activity of the LukF mutant. A:
Three-dimensional structure of LukF. The cap (cobalt), pre-stem
(green), and rim (violet) domains are indicated. The position of
S46C for TMR fluorescence labeling is indicated by a green dot.
W177 and R198, at the bottom of the rim domain of LukF, were
selected for Thr substitutions. B: Close-up view of the model for the
interaction between W177/R198 and the choline head group of PC.
C: Detection of fluorescence labeling. The expression, purification,
and labeling of W177T/R198T/S46C with TMR (W177T/R198T-
TMR), as well as the preparation of LukF-TMR, LukF/S34C-TMR
(LukF34-TMR), HS-IC5, and HS/T29C-IC5 (HS29-IC5) were per-
formed as previously described (6). The degree of labeling for
W177T/R198T-TMR was ~95%, as judged on measurement of the
absorbance of TMR at 546 nm. The presence of free dye was negligi-
ble as no band of free dye was detected (lane 3). The specificity of
the labeling at the Cys residues was confirmed by negative controls
involving wild-type LukF (lane 2). Ten micrograms of fluorescent,
TMR-labeled W177T/R198T-S46C protein was separated from free
fluorescent dye on SDS-PAGE (lane 3, arrowhead); shown are the
control of free dye alone (lane 1) and wild-type LukF treated with
TMR-6-maleimide (lane 2). D: Potassium ion efflux by the wild-type
(lane 1) and mutant (lanes 2 and 3). One % HRBC were incubated
with LukF or W177T/R198T (1 pg/ml) and HS (1 pg/ml) (lanes 1 and
2), or W177T/R198T (10 pg/ml) and HS (10 pg/ml) (lane 3) at 37°C
for 30 min, followed by centrifugation to obtain the supernatant for
measuring K* efflux. The amount of potassium was determined
using an atomic absorption spectrophotometer set at 766.5 nm
(Hitachi A-2000). Full (100%) release was based on the concentra-
tion of K* released from cells exposed to 5 mM Tris-HCI (pH 7.4).
Zero % release of K* was defined as the background K+ level in the
solution containing cells without the toxin.
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pore formation as the initial binding stage did not occur.
Thus, the W177 and R198 residues remained as candi-
dates for studying effects on the later stages. In the previ-
ous study, we generated LukF mutants, named W177T,
R198T, and W177T/R198T, in which W177, R198, and
both the W177 and R198 residues were replaced by thre-
onine (7). The W177T/R198T mutant never showed
hemolytic activity with HS even at the extremely high
protein concentration of 5 pM, whereas the wild-type
LukF showed hemolytic activity at 1.36 nM. The single
mutants, W177T/A and R198T, showed hemolytic activity
(56-10% of the wild-type LukF) at the high protein con-
centration of 10 pg/ml (291 nM compared to 2 nM LukF
for 50% hemolysis). In view of this, W177T/R198T is suit-
able for studying essential amino acids for the pore-for-
mation stage of staphylococcal y-hemolysin (data not
shown). Here, we managed to examine “step-by-step”
activities or the defective W177T/R198T mutant in the
sequential stages of the pore assembly process, including
membrane-binding, intermediate oligomerization, pore
formation, and the formation of clusters of pores.

We created single-cysteine mutants, at S46 of W177T/
R198T and at K222 of HS, and labeled them with fluores-
cence donors and acceptors, respectively, so that interme-
diate oligomers of the mutants could be detected by
means of our recently-developed single-molecule imaging
technique (6). The oligomerization of W177T/R198T with
HS is indicated by the observation of fluorescence reso-
nance energy transfer (FRET) between different dyes
attached to W177T/R198T and HS. We examined an early
stage of pore assembly, that is, membrane binding. To
confirm maintenance of the three-dimensional structure
of the mutant, circular dichroism (CD) analyses of the
wild-type LukF, W177T/R198T and W177T/R198T/S46C
were performed with a Jasco J-720 spectropolarimeter at
room temperature in a 1-mm path length cell containing
5 uM protein in 5 mM potassium phosphate buffer (pH
6.5). The CD spectral profile of the mutant was similar to
that of the wild-type LukF, indicating that the global
structure of the mutant was not affected by the muta-
tions (data not shown). The association constant K,y for
membrane-binding of the single-cysteine W177T/R198T/
S46C mutant labeled with tetramethyl rhodamine (TMR)
as a fluorescence donor (W177T/R198T-TMR; Fig. 1C)
was calculated to be 10® um=2, by the method described
previously (6) (Table 1), whereas K for the wild-type
was ~2 x 104 um2 (6). This demonstrates that the W177
and R198 residues play a role, though not a pivotal one,
in the early stage of membrane-binding. Overall, based
on the previous data obtained by us (7), and the model (4)
of interactions between W177, R198 and dipropionyl-
phosphatidylcholine (DiC;PC) (Fig. 1B), we suspected
that interactions between these two residues and mem-
brane components including the choline head group may
play a role in regulating the pore-assembly stages that
lead to hemolysis of y-hemolysin. Therefore, to determine
if this mutant can undergo any further oligomerization
steps or at which stage of pore assembly it stops, we
detected intermediate oligomers formed by W177T/
R198T-TMR and HS labeled with a fluorescence acceptor,
IC5 (HS-IC5), under a single-molecule fluorescence
microscope. The concentration of W177T/R198T-TMR
was increased to 20 nM, compared to 1 nM LukF, in order
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A C T Fig. 2. Visualization of oligomers
T g formed by WI177T/R198T and HS
Donor Donor FRETm . Acceptor ﬂ (Panels A-G), and visualization of

clusters of pores (Panels H and I). For
single-molecule imaging of oligomeriza-
tion, sample preparation, the total inter-
nal reflection fluorescent (TIRF)—micros-
copy, imaging, and data analysis were
performed as described in the preceding
paper (6). Briefly, 20 nM W177T/R198T-
TMR and 10 nM HS-IC5 were both incu-
bated with 1% HRBC in PBS at 25°C for
30 min. Samples containing toxin-bound
ghost erythrocytes were observed under a
TIRF-microscope (6, 12-14). TMR and
IC5 fluorophores (the fluorescence donor
and acceptor) were excited with a Nd:
YAG laser (Transverse Co., TIM-6222) at
532 nm and a He-Ne laser (Coherent Co.,
W177T/R198T-TMR and HS-IC5 F44-30M) at 635nm, respectively. The
objective (plan Apo x60, N.A 1.4; Olympus
D E Co.), dichroic mirrors (610 nm DM; Asahi
Co.), 565-595 nm and 650—-690 nm band-
120 T T T T T 20°C 100°C 20°C 100°c pass filters (580DF30, 670DF40; Omega
Co.), and a SIT camera (Hamamatsu Pho-
WMWM WMWM tonics, C2400-08) were used to detect the
dual signals of TMR and IC5. Adobe Pho-
toshop was used for multi-color featured
< imaging. For calculation of association
< constants, the W177T/R198T mutant pro-
tein was assigned as ™F to distinguish it
from the WF, which was the assignation
| gy fus for the wild-type. Unit conversions for
E concentrations of proteins from molar to
4 pm~2 membranes are shown as [*F] =
7 T ———— ] [®F" 1/(120 x [C']), where [*F ] and [F' ]
i are the initial concentrations of W177T/
- R198T in um2 and M, respectively. One
. hundred and twenty pum? is the mem-
i i brane area of one erythrocyte. [C'] is the
o 2 3 4 > 6 anti LukF anti H|92 cell concentration in M (1% cells = 6 x 1010
lerer / 11prer Of @ SPOL cells/liter = 0.1 pM). Association con-
stants (um?2) were estimated as described
previously (6), as follows: Kup.y, = ["F-H]
F G x [BF 71 x [Hyl L Kwpy, = [(®F-H),l x
[MF-H] x [F-H] . Kog, g, = ["FyHy ]
[(F-H),"! x [»F-H]-'. where ["F;] and
[H,] (um?) were obtained by dividing the
total fluorescence intensity by the inten-
sity of single monomers. [*F-H], [("F-H),],
and [®F3-H; 4] are the numbers of dimers,
tetramers, hexamer/heptamers per pm?
estimated based on the FRET-IC5 inten-
sity spots corresponding to 1, 2 and 3 times Igggpics. Panels A—C: LukF-TMR (1
nM) and HS-IC5 (10 nM), LukF34-TMR (1 nM) and HS29-IC5 (10 nM), or W177T/
R198T-TMR (20 nM) and HS-IC5 (10 nM) were incubated with 1% HRBC. Donor
TMR (A1-C1), FRET-IC5 (A2-C2), and acceptor IC5 (A3-C3) signals, respectively,
are from the same cell. Individual orange spots denote intensities which are sev-
eral times that of the single FRET-IC5 value, indicated by (®F-H),, as indicated by
the white numbers (n). Panel D: Population histogram of oligomers. The red lines
indicate Gaussian distribution peaks for ®F-H, (®*F-H),, ™F5-H,_,, and the total pop-
ulation formed by the mutant. Panel E: Immunoblotting analysis of the erythro-
cyte-bound wild-type LukF and W177T/R198T, and HS using anti-LukF and anti-
| Donor FRET Acceptor  HS antibodies. Human erythrocytes (2 x 108 cells in 0.7 ml of PBS) were incubated
with LukF (W; 20 pmol) and HS (20 pmol), or W177T/R198T (M) and HS at 37°C
for 10 min. The cells were harvested by centrifugation at 8,000 x g for 10 min and
then suspended in 5 mM sodium phosphate buffer (pH 7.4) to lyse intact cells, if
any. The membrane fractions were solubilized with 1% SDS at 20°C or 100°C for 5
min. LukF and HS in the membrane preparations were analyzed by SDS-PAGE (8
% acrylamide) and Western immunoblotting as described previously (8). Black and
white arrows represent the [LukF-HS]complex and LukF, W177T/R198T, or HS.
Panels F-G. Ring-shaped structures formed by the wild-type (F) and W177T/R198T
(G), which were solubilized in 1% Triton X-100, observed under a Hitachi electron
microscope, H-8100 (Hitachi, Tokyo, Japan), as described previously (3). Panels H and I: W177T/R198T-TMR and HS-IC5 were applied to
HRBC at 1,600 nM and 800 nM, respectively. In the case of LukF-TMR and HS-IC5, the concentrations were 40 and 400 nM. The laser
power was adjusted to 1% power relative to that used in Fig. 2. No FRET signals were observed in the case of W177T/R198T (I), unlike the
bright FRET region detected in the case of the wild-type (H).

LukF-TMR and HS-IC5

Donor & FRET & 6

Number of Events

—
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to have an equal number of membrane-bound monomers
for LukF and the mutant. The middle image in Fig. 2C
shows various FRET-intensity spots formed by W177T/
R198T-TMR and HS-IC5 scattered on the membrane.
The individual FRET intensities were ~1, ~2 and ~3
times the intensity value for a single molecule. As was
examined carefully in a preceding study (6), a single-
FRET spot should represent a dimer containing 1 mole-
cule of W177T/R198T-TMR and 1 molecule of HS-IC5; we
assigned this as ™F-H. The positive control, wild-type
LukF, was confirmed by observation of various FRET-
intensity spots (Fig. 2A). The negative control comprised
the mutant LukF34-TMR and HS29-IC5, and showed the
absence of any FRET-intensity spots due to the defective
side-by-side interactions of these mutants (Fig. 2B) (6). If
W177T/R198T-TMR and HS-IC5 form a dimer, ™F-H,
exhibiting single-FRET intensity, spots at relative inten-
sities of ~2 should represent tetramers consisting of pairs
of dimers ("F-H),. Considering the heterodimers to be
highly stable, the ~3 x single-FRET spots were resolved
as hexamers ("F-H);. However, it is also possible to
resolve these spots as heptamers consisting of 3F and 4H
because the FRET-IC5 intensity of oligomers is propor-
tional to the number of donors if the acceptors are close to
the donors. Thus, we assign the 3 x single-FRET as hex-
amer/heptamers, ™Fs-H,_, (6). The population of each oli-
gomeric intermediate was determined, and is presented
as a histogram of FRET intensities (Fig. 2D). The histo-
gram was the sum of three Gaussian distribution curves,
in which the peak of spots at intensity ~3 was smaller
than that of spots at intensity ~2. This is unlike the case
of the wild-type, where the peak of the 3 x FRET spots is
higher than that of the 2 x FRET spots. Assuming the
area under each Gaussian curve is proportional to the
number of oligomers, ™F-H, ("F-H),, and "F;-H; 4, we
were able to estimate sequential association constants
Kop.p), Koppy,, and Kwp, g, ) to be 0.00054, 9.4, and 5.8
um?, respectively (Table 1). Kmp, g, ) was slightly lower
than Kwnpy),, suggesting that W177T/R198T did not
assemble into stable hexamer/heptamers or, in other
words, oligomerization to form hexamer/heptamers is not
cooperative in the case of W177T/R198T and HS.

To ascertain whether or not the hexamer/heptamers
are similar to normal pore structures, we observed iso-
lated hexameric/heptameric complexes under a transmis-
sion electron microscope. When the membranes, which
had been treated with HS and W177T/R198T, were solu-
bilized in 1% Triton X-100, we observed several scattered
ring-shaped structures with outer and inner diameters of
9 and 3 nm, similar to the structure of pores formed with
wild-type LukF (Fig. 2F and G). But, if the membranes
were solubilized in 1% SDS, we detected neither com-
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plexes of 195-240 kDa on SDS-PAGE (Fig. 2E) nor ring-
shaped structures. At even when an extremely high con-
centration (5,000 nM) of the W177T/R198T protein was
applied to 1% HRBC in the presence of HS, we did not
observe significant potassium ion efflux through the
pores with the double mutant, unlike with wild-type
LukF (Fig. 1D). This value was >4,000 times of the con-
centration of wild-type (1.2 nM), which starts lysing
HRBC (~1-2% hemolysis) (data not shown). Thus,
W177T/R198T and HS could form ring-shaped structures
with pre-pores which are unstable in SDS.

In the preceding paper, we mentioned that y-hemolysin
pores have a greater tendency to condense into clusters
as the concentration of the toxin is increased, and may
assemble into >3 pores because K, and K, were ~3 times
higher than K,, (6). This finding was supported by the
previous data showing that large clusters of pores are
observed with higher concentrations of proteins (1 pM)
under a transmission electron microscope (3). Since clus-
ters of pores are also observed with many other toxins,
even in lipid vesicles (15), we suppose that the aggrega-
tion of pores is not only driven by the distribution of their
receptors on membranes, but also by noncovalent link-
ages between amino acids located on the outer surfaces of
the pores. One advantage of pore aggregation might be
the switching of the equilibrium balance of single pore
assembly toward association, thereby increasing the total
number of pores per cell. Another advantage would be
that large clusters of pores on the membranes weaken
the cell membranes and enhance cell bursting. Electron
microscopy of y-hemolysin-treated erythrocytes revealed
that the cluster formation of the pore complexes occurred
together with hemolysis of human erythrocytes upon
exposure of the cells to lower doses of the toxin, whereas
the formation of single pore complexes was more strongly
correlated with the swelling the cells. Thus, clustering of
the pore complexes would cause intensive damage to the
cell membranes in limited areas, leading to enhancement
of hemolysis, and the cluster-forming ability of the pore
complexes may be due to the asymmetric hetero-hepta-
meric architecture, including the homodimeric linkage
(3). Therefore, we examined if the ring-shaped hexamer/
heptamers, which were defective in pores, can form clus-
ters. We reduced the power of the excitation laser to 1%
to achieve a linear response of the camera. While the
wild-type formed clusters of pores, as indicated by bright
FRET regions (Fig. 2H), there were no detectable bright
FRET spots or regions even with 1,600 nM W177T/
R198T and 800 nM HS (Fig. 2I), indicating that further
cluster formation did not occur.

Taking the binding and three association constants
into consideration (Table 1), we estimated the theoretical

Table 1. Binding and association constants of intermediate stages in the pore assembly pathway.

Constants for wild-type LukF (K ) Constants for mutant W177T/R198T (K ) Ratio Kz /K ,p
2.1x 10 (K, p) 10 (K,p) 21
0.0010 (K pyp) 0.00054 (K pp) 1.8
3. 1(K ypo-110) 9.4 (K po-12) 0.3
37 (Kyp3-n3-4 KY) 5.8 (K p3-34) 6.6
Totally multiplied ratio 75

Constants are given in units of pm?. “w” in K and “m” in K,y denote the K, values for the wild-type and mutant,
respectively. The ratio K /K indicates the reduction in pore assembly efficiency caused by the mutation.
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efficiency of hexamer/heptamer assembly for W177T/
R198T to be ~75-fold lower than that for the wild-type
(see Table 1). Assuming that hemolysis is proportional to
the number of pores, the concentration of W177T/R198T
for 50% HRBC (C50%) hemolysis should be 75 times Cjy,
for the wild type (4 nM), which is equal to ~300 nM. How-
ever, W177T/R198T neither caused K* efflux nor lysed
HRBC (Fig. 1D). Therefore, the mutant hexamer/hep-
tamers, which were unstable and could not further oli-
gomerize into clusters, must be nonfunctional pores. As
we observed that ring-shaped structures were formed by
the mutant (Fig. 2QG), it is possible that the hexamer/hep-
tamers are defective because the pre-stem domain of
LukF can not insert through the membranes. We con-
clude that interaction between W177 and R198 of the
LukF rim domain and a special binding site on erythro-
cyte membranes is essential, functioning like a switch for
the formation of pores. We also suggest that PC or its
choline head group could be the special binding mem-
brane component, as W177 and R198 are key residues for
PC-binding.
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manuscript. We also thank Dr. Kazuhiko Kimura for his help
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in-Aid for Scientific Research from the Ministry of Education,
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