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Alternate fast and slow stepping of a heterodimeric

kinesin molecule

Kuniyoshi Kaseda'2, Hideo Higuchi® and Keiko Hirose!*

A conventional kinesin molecule travels continuously along a
microtubute in discrete 8-nm steps. This processive movement
is generally explained by models in which the two identical
heads of a kinesin move in a ‘hand-over-hand' mannerl—2,
Here, we show that a single heterodimeric kinesin molecule (in
which one of the two heads is mutated in a nucleotide-binding
site) exhibits fast and slow (with the dwe!l time at least 10
times longer than that of the fast step) 8-nm steps alternately,
presumably corresponding to the displacement by the wild-
type and mutant heads, respectively. Our results provide the
first direct evidence for models in which the roles of the two
heads alternate every 8-nm step.

Various models have been proposed to explain the processive move-
ment of a dimeric kinesin molecule. In the ‘hand-over-hand’
model™, the two heads of a kinesin exchange their roles at every 8-
nm step (Fig. 1a, left). In contrast, there are other models in which
one of the heads is always leading; for example, the “inchworm’
model®® (Fig. 1a, right}. We thought that the most direct way to dis-
criminate between these models would be to make a heterodimeric
kinesin’ in which the mechanochemical cycle rates of the two heads

are different and to cbserve the time course of the displacement pro-
duced by a single heterodimer through optical trapping nanometry.
For the hand-over-hand model, we expect the dwell time (time inter-
val between successive 8-nm steps) of every other step to be different;
for typical inchworm models, however, there should be no systematic
changes in the dwell time (Fig. 1a).

To detect differences in the dwell time of every other step, if any, 2
heterodimeric kinesin in which the mechanochemical cycle rate of
one head is at least several times slower than the other is required. In
addition, the heterodimer should move processively and produce
enough force. To make such a heterodimer, mutant kinesins with an
altered nucleotide-binding motif were constructed®. When Arg 14 of
a human conventional kinesin construct was mutated to alanine
{R14A), the ATPase rate (1.5 = 0.2 s~! head™!, mean = standard devi-
ation) and the microtubule-gliding speed (36 £5 nm s7!) of the
mutant homodimer were considerably slower than the wild type
(27.6 + 4.3 s~ head~! and 636 = 45 nm s™!; Table 1). In optical trap-
ping experiments, latex beads sparsely coated with the R14A/R14A
homodimers bound briefly to the microtubule {association time
~200 ms; see Supplementary Information, Fig. $1) but did not show
detectable movement at the single-molecule level (see Methods). Ata
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Figure 1 Time course of the displacement of a single heterodimeric
kinesin molecule. (a) Two models explaining the processive movement of
kinesin and expected changes in the dwell time when a heterodimer
kinesin is used. According to the hand-over-hand mode! (left), two heads
are interchanged at stage 2, compared with stage 1, but not in the
inchworm model (right). Therefare, the dwefl times at stages 1 and 2 are
expected to be different only in the hand-over-hand model. Note that in
practice, the dwell time fluctuates because the cycle includes

higher homodimer concentration, where ~60% of the beads showed
attachment signals, ~10% of the beads moved continuously (see
Supplementary Information, Fig. $2), indicating that R14A/R14A-
coated beads can move along a microtubule when more than one
molecule interacts with the microtubule. Michaelis-Menten fitting of
the velocities at varying ATP concentrations showed that R14A/R14A
has a markedly decreased affinity for ATP when compared with wild
type (K (ATP) of ~5 mM and ~30 uM for R14A/R14A and WT/WT,
respectively; see Supplementary Information, Fig. $3).In the presence
of 1.5 mM ATP, the velocity of RI4A/R14A was 58 + 30 nm 571, less
than 10% of the wild-type homodimer rate (679 = 156 nm s~!).

As the velocity of the R14A mutant is slow enough when compared
with the wild type, we made the heterodimeric kinesin, WT/R14A. In
contrast to R14A/R14A, beads coated with WT/R14A moved slowly
but continucusly at the single-molecule level (Fig.1b). The velocity of
WT/R144, calculated from the initial slope of the displacement
traces, was 85+ 33 nm s, which is 12.5% that of the wild-type
homodimer. Microtubule-gliding assays gave similar results (Table 1),
The averaged maximum force was as high as wild type (5.8 = 1.3 pN
and 5.4 = 1.2 pN for WT/R14A and WT/WT, respectively). However,
although the wild-type homodimer clearly showed 8-nm steps

stochastic processes. (b) A representative trace of the displacement of a
bead coated with R14A/WT in an optical trap. In most of the cases, the
steps seem to be 16 nm (horizontal solid gridlines). (¢} An enlarged view
of the traces in b. These traces reveal a shoulder at ~8 nm (dotted
lines), indicating that the observed 16-nm step consists of two
successive 8-nm steps. The far-left trace is an enlarged view of the area
circled in b. {d} Control experiments using the wild-type homodimers
show clear 8-nm steps.

(Fig. 1d), the step size of WT/R14A seemed to be 16 nm (Fig.1b).
Closer inspection of each 16-nm step revealed a shoulder at approxi-
mately 8 nm (Fig. 1c). The averaged height of the shoulder (AX1 in
Fig. 2a) was 8.2 + 1.5 nm (mean = standard deviation), and the size of
the step after the shoulder (AX2)} was 7.8 + 1.4 nm. These two step
sizes are statistically indistinguishable (P=0.05). The results
described here indicate that the observed 16-nm step is actually two
successive 8-nm steps; the second 8-nm (AX2) step occurred after a
very short dwell time.

The above results suggest that for the WT/R14A heterodimer, a step
followed by a short dwell time (here, we call it a fast step) may alter-
nate with one followed by a long dwell time (slow step). Fig. 2b shows
examples of how the dwell time of successive steps changed. In con-
trast to WT/WT, which showed no systematic changes in dwell timne,
WT/R14A took a step with a long dwell time (typically »60 ms) and
one with a short dwell time (typically <30 ms) alternately in most
instances (>94%), irrespective of the applied load. We also compared
the distributions of the dwell times of steps that occurred directly
after a short dwell time (<20 ms; Fig. 2¢, red) with those after a long
dwell time (>100 ms; Fig. 2¢, blue). The majority of steps after a short
dwell time had a dwell time longer than 60 ms, whereas most of the
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Figure 2 Dwet! time analysis. (a) A displacement trace showing how step
sizes (AX1, AX2) and dwell time (x) were measured. (b} The dwell time of
successive steps recorded for several beads and plotted logarithmically
against bead displacement. The corresponding force is also shown on the
upper axis. WT/R14A, but not WT/WT, showed long and short dwell times,
alternately. (c} Distribution of the dwell time of the step directly after a step

steps after a long dwell time had a dwell time shorter than 30 ms.
These results can only be explained by models in which the roles of
the two heads alternate every § nm.

The ATPase rate (2.9+0.7s'head!) and the velocity
(86 = 30 nm s™! in microtubule-gliding assays and 85 = 33 nm ™! in
beads assays) of WT/R14A were also consistent with models in which
the two heads work alternately (see Table 1 legend). This is different
from our previous heterodimers with microtubule-binding defects,
which showed a simple average of the ATPase rates from wild-type
and mutant homodimers”. These results indicate that WT/R14A,
unlike our previous weak-binding heterodimers, retains the tight cou-
pling mechanism,

The simplest interpretation for the above observations is that the
fast steps are caused by the wild-type head and the slow steps are
caused by the mutant head. The force dependency of the averaged
dwell times (see Methods) of the fast steps (tf), the slow steps (xs) and
those of the wild-type homodimer (tw) are shown in Fig. 2d. At all
force levels, Ts was significantly longer than Tw. We could not measure
the dwell time of the R14A/R14A homodimer, because it did not
move processively. The maximum velocity of R14A/R14A at a multi-
ple motor level (58 nm s~!) gives a rate of ~140 ms per 8-nm step at a
low load. In addition, the association time of the R14A/R14A homod-
imer was ~200 ms (see Supplementary Information, Fig. S1). These
rates are similar to s at a low load (150-200 ms at 1-2 pN), in agree-
ment with the idea that the R14A mutant head of a heterodimer is
responsible for the slow step. At a low load (1-3 pN), the dwell time of

with a long {>100 ms) dwel! time (blue), and those following a step with a
short (<20 ms) dwetl time (red). (d) Force dependency of the averaged dwell
time (mean = s.e.m.). Dwell times increased with load. The dwell time of the
slow step (ts; blue square) of WT/R14A was at least 10 times fonger than
that of the fast step (zf; black triangie) at all force levels. f was clearly
shorter than the dwell time of WT/WT (tw; red circle) at a high load.

the fast step (xf} was similar to Tw, supporting the idea that the wild-
type head of WT/R14A is responsible for the fast step. However, tf
showed lower load dependency than the wild type. At a higher load
(>4 pN), tf was significantly shorter than tw.

We wondered how the fast step of a heterodimer could be even faster
than the steps of the wild-type kinesin. With the wild type kinesins,
previous biochemical studies indicated that ATP binding or hydrolysis
by one of the heads triggers binding of the second head to tubulin%19,
followed by ATP binding/hydrolysis by the second head. However, as
RI4A is mutated in the site that is thought to interact with the adenine
ting, the ATP-binding rate of the R14A head is likely to be slower than
that of the wild type. In fact, K,( ATP), determined from the velocity of
R14A/R14A at a multiple molecular level, was >100 times higher than
that of the wild-type molecule (see above). Thus, it is possible that the
wild-type head in WT/R14A can bind and/or hydrolyse a new ATP
molecule during the long waiting time, before the R14A head does so.
Once the mutant head is ready and the slow step is complete, the
already active, wild-type head could produce the next step quickly,
resulting in a step with a shorter dwell time!!. The probability of the
wild-type head entering the active state during the waiting time should
be greater at a high load, because s becomes longer. This could explain
why tf was significantly shorter than tw at a high load, but more simi-
lar to vw when the force was small.

Recently published work using single-molecule fluorescence polariza-
tion'>1 demonstrated that the fluorescently labelled light-chain region
of one of the heads of miyosin V shows two different, well-defined angles
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and two different sizes of displacement alternately, also supporting a
hand-over-hand mechanism. Thus, alternate stepping might be a
common mechanism for the dimeric protein motors to move proces-
sively. In the present study, we used optical trapping nanometry tech-
niques to visualize elementary processes of an actively translocating
heterodimeric kinesin molecule. A single heterodimeric kinesin
showed a step with a long dwell time alternating with one with a short
dwell time. Our results provide the first direct evidence for a model in
which the roles of the two heads of a kinesin molecule alternate as it
displaces by 8 nm, such as the hand-over-hand model. 0

METHODS

Expression constructs and protein purification. The procedures for obtaining
mutant homodimeric and heterodimeric kinesins have been described in
detail previously’, To make the R14A mutant, Arg 14 of K432 (amino acids
1432 of the human kinesin) was mutated to alanine using the QuickChange
mutagenesis kit {(Stratagene, West Cedar Creek, TX). The R14A/R14A homod-
imer was prepared with an amino-terminal glutathione S-transferase (GST)
tag and an additional carboxy-terminal sequence to be biotinylated. The
expressed proteins were purified with a glutathione 4B-Sepharose resin
(Amersham Pharmacia, Tokyo, Japan). To construct the WT/R14A het-

erodimer, a DNA fragment encoding the wild-type kinesin with a C-terminal

His tag and a fragment encoding the R14A mutant kinesin with an N-terminal
GST tag and a C-terminal biotinylation sequence were placed side by side in a
vector, The WT/R14A heterodimer was purified first with a glutathione resin
to separate WT/WT, and then with a Ni-NTA-Agarose resin (Qiagen, Tokyo,
Japan) to scparate R14A/RI4A. GST was removed by thrombin treatment
(Sigma, St Louis, MO).

Optical trapping nanometry. The apparatus for the trapping nanometry
experiments was as described previously!. Streptavidin-coated 0.2-um beads
were incubated with biotinylated kinesins, prepared as described above, and
introduced into an assay chamber. The kinesin concentration (<75 nM) was
determined so that the probability of kinesin-coated beads maving on a
microtubule was 0.15-0.30. Under this condition, it is considered that only a
single kinesin molecule is statistically involved in the movement of a bead'>16,
Beads were optically trapped and positioned near a microtubule bound
directly onto a coverslip. The bead positions were recorded at a sampling rate
of 10 kHz using MacLab software! 1417 (AD Instruments, New South Wales,
Australia). Experiments were performed in 80 mM Pipes at pH 6.8, 2 mM
MgCl,, 100mM NaCl, 1 mM EGTA and 1.5 mM ATP in the presence of an oxy-
gen scavenging system at 24-26 °C. The trap stiffness (0.03 pN nm™") was cal-
ibrated from the amplitude of thermal diffusion! 18,

Analysis of step size and dwell time. Displacement traces were low-pass-fil-
tered at 200 Hz. Step sizes (AX1 and AX2 in Fig. 2a) were determined as the
difference between the plateau levels in the traces. For a short step, it was diffi-
cult to measure the dwell time from the duration of the plateau. Therefore, the
dwell time was defined as shown in Fig. 2a. From these measured dwell times,
we classified the individual steps of the heterodimers into fast and slow steps.
However, because of the fluctuation and force-dependency of the dwell time,
we could not classify them simply by the length of the dwell time, Therefore,
we plotted the dwell time of successive steps as in Fig. 2a and chose only those
points that could be definitively considered as fast or slow steps. For example,
the point indicated by an arrow in Fig. 2b has a dwell time of ~500 ms and is

sandwiched between steps with much shorter dwell times (<20 ms). We cate-
gorized this kind of a step as slow and then defined the steps directly before or
after it as fast. The second steps were considered to be slow steps. Occasionally,
two successive steps had a dwell time shorter than 20 ms (or longer than 80
ms) followed by a long (or short) step. We ignored these small percentages of
steps (~2% for each). Within each population classified as above, the dwell
time/force data sets from different traces were grouped according to the force.
At every 1.0 pN, the dwell time and force were averaged within the group. The
averaged dwell time was plotted against the corresponding averaged force (Fig.
2d). For the wild type, the dwell time/force data were similarly analysed but
were not classified into fast and slow steps.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Conventional isoforms of the motor protein kinesin behave
functionally not as ‘single molecules’ but as ‘two molecules’
paired. This dimeric structure-poses a barrier to solving its
mechanism'. To overcome this problem, we used an unconven-
tional kinesin KIF1A (refs 5, 6) as a model molecule. KIFIA
moves processively as an independent monomer™, and can also
work synergistically as a functional dimer’. Here we show, by
measuring its movement with an optical trapping system'®, thata
single ATP hydrolysis triggers a single stepping movement of a
single KIF1A monomer. The step size is distributed stochastically
around multiples of 8 nm with a gaussian-like envelope and a
standard deviation of 15 nm. On average, the step is directional to
the microtubule’s plus-end against a load force of up to 0.15 pN.
As the source for this directional movement, we show that KIF1A
moves to the microtubule’s plus-end by ~3 nm on average on
binding to the microtubule, presumably by preferential binding
to tubulin on the plus-end side. We propose a simple physical
formulation to explain the movement of KIF1A.

As the tag for the manipulation and measurement, we attached a
0.2-um bead to one end of the wild-type KIF1A construct A382,
residues 1-382 of mouse KIF1A (not containing the neck of
conventional kinesin™®; Supplementary Information 1). The rapid
response time (0.25ms)" and the small pivotal and the rotational
brownian movement of the 0.2-p.m bead enabled us to detect clearly
the small and fast movement at low load'’. For most assays,
biotinylated A382 was attached to the streptavidin-coated bead.
For some assays, non-biotinylated A382 was attached to the bead via
the Fab fragment of an anti-His-tag antibody to avoid the possibility
of pseudo-dimerization on streptavidin. Furthermore, to examine
the contribution by the structural change at the carboxy-terminal
neck linker'?, the bead was attached to the amino terminus or the C
terminus of A382 (Fig. 1a).

When in contact with a microtubule on a coverglass, the KIFIA
bead showed stochastic oscillation {Fig. 1b). The movement was not
affected by the immobilization method of KIF1A or by its anchoring
position on the bead. The Poisson statistics analysis of the fraction
of the moving beads as a function of the mixing ratio of KIFI1A to
beads'*'* confirmed that a single KIFt A molecule was sufficient for
the movement (Supplementary Information 2). For the experi-
ments below, we used a mixing ratio at which the fraction of the
bead movement was less than 0.3, so that more than 99% of the
moving beads would be driven by only one molecule'. At 10-fold
higher mixing ratios, some of the beads showed qualitatively
different movement (Supplementary Information 2), similar to
the movement by artificially dimerized KIF1A (ref. 9). The lack of
this type of movement confirmed that we were actually analysing
single-motor events.

The stochastic oscillation of the KIF1A bead cannot be explained
by simple brownian movement interrupted by binding events,
because the oscillation shifted to the microtubule plus-end, far
exceeding the range of thermal fluctuation (Fig. Ib; Supplementary
Information 3). Furthermore, the same KIF1A bead moved proces-
sively to the microtubule plus-end for more than | pm when the

optical trap was turned off {Fig. 1c). This indicates that the
oscillation reflects the active tug-of-war between the movement of
KIF1A and the external load by the fixed-beam optical trap. With
conventional kinesin, this tug-of-war results in a stall, because it
rarely moves backwards'. In contrast, KIFIA sometimes moves
backwards even under no load™. External load would affect the
probability of forward movement, leading to stochastic oscillation.
Consistently, the mean velocities at various force levels were linearly
related to the force (Fig. 1d).

When ATPase turnover was slowed by decreasing the ATP
concentration, the KIF1 A bead showed a clear bidirectional stepwise
movement (Fig. 2a, b). The interval between steps (dwell time) and
the duration of the stepping movement (stepping time} followed
single-exponential distributions (Fig. 2¢, d}. The mean of the dwell
time was equal to the duration of the nuclectide-free state of a single
ATPase cycle (Fig. 2e), indicating that a single ATP hydrolysis
produces a single mechanical step (Supplementary Information
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stepping time. d, ATP-dependent (squares, 0.8 uM; circles, 2.2 uM) distribution of the
dwell time. in d, squares, 0.8 &M ATP; circles, 2.2 uM ATP. e, Comparison of the dwell
time (d) with the ATPase cycle time (Supplementary Information 1), The construct (N,
BCCP-A382; C, A382-BCCF) and the ATP concentration in M are indicated next to the
data peints. f, Distribution of the step size (A382-BCCP). g, Deviation of the step size
around multiples of 8 nm. The data in f are re-plotted with the best-fit gaussian curve
{mean 0, 5.d. 3nm). h, Load dependence of the distribution of the step size (A382-BCCP,
2.2 uM ATP), Steps of at least =8 nm were scored for their size and the force level, and
pletted with the best-fit gaussian curves (see Methods). A positive load means that the
bead is pulled towards the microtubule minus end. Top panel, —0.5to —0.3 pN; middle

panel, —0.1 1o 0.1 pN; bottorn panel, 0.3 to 0.5 pN. i, Linear dependence of the mean _

step on load, at 2 WM ATP, The line shows the theoretical prediction on the basis of
{5}y = & — (DrfkT)F. Filled circles, A382-BCCP; cpen circles, BCCP-A382. (See the
inset to Supplementary Information 5 for details.)

3}. The size and the direction of this step varied stochastically (Fig,
2f), a behaviour very different from the regular 8-nm step of a
conventional kinesin dimer'""*, However, the step size was distrib-
uted around multiples of 8 nm (Fig. 2f, g), reflecting the periodicity
of the binding site on the microtubule''®, The envelope of this
discrete distribution was approximately gaussian. Its standard
deviation (15 * 2nm) was insensitive to load, whereas its mean
showed a linear dependence on load (Fig. 2h, i).

This gaussian-type envelope of the distribution of the step
size indicates that the stepping movement contains one or more
diffusion-like processes, which agrees with our previous result’.
However, diffusion alone cannot produce a directional movement.
Directional movement should occur either immediately before diffu-
sion (Fig. 3¢, step 2) orimmediately after diffusion (Fig. 3¢, step 4). To
examine these possibilities, we measured the movement at the
transition from the ADP-bound diffusion state into the rigor-binding
state by using the experimental framework established to detect the
movement of myosin when it binds to actin'’. The position of the
KIF1A bead was measured before and after its binding to the
microtubule (Fig. 3a). To confirm that KIF1A bound correctly to
the microtubule, ATP was added to the buffer (2 WM} and only the
binding events followed by the stepping movement were scored. In
this condition, free KIF1A remains in the ADP-bound state owing to
the very slow release of ADP (less than 0.003s™!). Then KIFIA
releases ADP and binds to one of the binding sites. From the transient
kinetic measurements of other kinesins*'®, this transition state is
expected to have the same properties as the intermediate state during
processive movement. The position before and after the binding to the
microtubule was measured by averaging out the pivotal brownian
movement of the bead.

The ensemble average of ~2,000 binding events (Fig. 3b) showed a
rapid plus-end-directed displacement after binding, followed by a
slow plus-end-directed movement. The latter slow movement agreed
with the mean velocity of the KIF1A movement, reflecting the
ensemble average of KIF1A's stepping motion by ATP hydrolysis
{Fig. 3a, blue arrow). The size of the rapid displacement was estimated
by extrapolating the slope of the slow movement to zero time as
2.8 * 0.8 nm. This burst-type displacement is coupled with the
release of ADP or the binding of KIF1A to the microtubule before
ATP binding, because ATP binding takes ~250 ms on average at 2 M
ATP. The simplest interpretations of the rapid displacement are that
KIF1A preferentially selects the binding site on the plus-end side or
changes the structure by ADP release as proposed by ATP binding™'?.

On the basis of these results, we can quantitatively model the
stepping movement of KIF1A (Fig. 3¢, Supplementary Information
5). The hydrolysis of newly bound ATP into ADP releases KIF1A
from the binding site on the microtubule (Fig. 3¢, step 2). Let the
(putative) directional movement of the KIF1A bead during this
process be § ... (in nm). This parameter has not yet been
measured, but contains the displacement by the power stroke and
other putative mechanical processes. The ADP-bound form of
KIF1A moves along the microtubule by one-dimensional diffusion
(step 3) with diffusion coefficient D (26 * 6 nm?ms™Y; Sup-
plementary Information 1). The theory of brownian movement
holds that the mean and variance of the displacement under load
force Fare given by —{zD/kpT)F and 2Dr, respectively (Supplemen-
tary Information 5), where kp, T and = denote the Boltzman
constant, the temperature {299 * 1K} and the duration of this
diffusive movement (4 = 1 ms, measured as the stepping time in
Fig. 2c}, respectively. Finally, KIF1A binds again to the microtubule
and ADP is released (Fig. 3c, step 4). KIF1A moves to the plus-end
by &4i0a (2.8 = 0.8 nm) on average (Fig. 3b). The step movement is
the sum of these factors, and its mean and standard deviation are
calculated to be

(5) = Bretease + Bbind — (D/kg T)TF == Brejease + 2.8 — 25F {in nm)
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and
o(s) = (2D7)/? = 14 (in nm)

respectively. These theoretical estimates fit the observations quanti-
tatively (Fig. 2h, i), and the value for 8 ... is estimated to be
0.8 * 1nm (Fig. 2i). The same theoretical results also explain the
linear force—velocity relationship (Fig. 1d). The velocity of the move-
ment V is expressed as V= (s)koy = (3.6 — 25F)kos. Under the
assumption that the load force does not significantly affect the
turnover rate of ATP hydrolysis, k..., in this weak load range, this
equation gives a linear force-velocity relationship (Supplementary
Information 5). This equation with the k. values for A382 (Sup-
plementary Information 1) agrees well with observation (Fig. 1d).
The nearly zero value for the estimate of 8 ¢1ey5c implies that the
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Figure 3 Plus-end-directed movement after binding to the microtubule. a, Raw (grey) and
filtered (black) displacement with variance tred). The blue arrow shows the stepping by the
ATPase reaction. b, Ensemble mean * s.e.m. of the KIF1A bead displacement {red) after
binding to the microtubule. To minimize possible artefacts in the shift, about half of
the measurement (7 = 875} was with plus-end-up microtutittes (on the menitor) and the
rest {n = 774) was with plus-end-down micrtubules. Means of the bead position 50 ms
after binding to the plus-end-up and plus-end-dawn microtubutes were 3.2 and 3.1 am,
respectively, indicating no artefact in the shift. As controls for the null net displacement,
the off-axis disptacement (green, m = 1649) and the displacement after non-specific
binding to the coverglass (biue, n = 1420) are also indicated. (See Methods for detafls.)
¢, Summary of results.

power stroke or the putative movement during the period from the
ATP binding to its hydrolysis into ADP does not contribute much to
the net movement. This is consistent with our failure to detect a
difference in the step size between N-terminally and C-terminally
anchored beads (Fig. 2i), because the power stroke of the C-terminal
neck would be reflected in a difference in the movement between
beads anchored at the different termini. This also implies that the
movement of KIF1A can be modelled simply by the theory of a
flush-ratchet-type brownian motor'>*, In this model, &pina reflects
the bias in selection of the binding site. This bias might have been
introduced by the artificial linkage of the motor to the bead.
However, a free KIFIA motor moves processively, like the motor
attached to the bead {Supplementary Information 1). Thus, the
effect of anchoring to the bead is negligible and the bias reflects the
asymmetry in the binding potential between KIF1A and the micro-
tubule™.

As predicted from the theories of the brownian motor, the
efficiency of the monomeric KIF1A movement was very low. The
mechanical force and work by a single KIF1A are only 0.15 pN and
~0.1kpT, respectively, ~0.4% of the free-energy change of ATP
hydrolysis (~25kgT). With the clustering of a few KIFLA molecules
on the bead surface, the bead moved at ~800 nms ™’ up to ~2.5 pN
load force (Supplementary Information 2). This enhancement is
also explained by the same theory of the brownian motor™. The
increase in the efficiency and force is caused by suppression of the
diffusive movement of each head by the mechanical link to other
heads (Supplementary Information 6). The putative chemical
coordination between the two heads? and the structural change
at the neck linker*'? further increases the efficiency and force. The
observed directional binding (Fig. 3c, step 4) reflects the mechanism
that enables the leading head to bind to the forward tubulin subunit
but not to the backward subunit during the hand-over-hand
walking of the two-headed kinesin to ensure efficient work. Fur-
thermore, the structural similarities between kinesin, myosin and G
proteins indicate that the energetic strategies and the asymmetrical
binding for movement or signal transduction might be universal,
This would also provide suggestions for the design principles of
artificial nanomachines. a

Methods

Preparation of KIF1A beads

The design, purification and basic characterization of the KIF1A proteins are described in
Supplementary Information 1. Latex beads 0.2 um in diameter were coated with
streptavidin or the F(ab’) fragment of the anti-His-tag antibody***’, After incubation with
KIF1A for 13— b, the bead was diluted with buffer (Supplementary Information 1)
immediately before the measurement. A custom-made optical trapping apparatus'® was
used to measure the movement of the KIF1A bead on the polarity-marked microtubule™
attached to the coverglass. All assays were performed at 25-27 °C.

Data analysis

Bead displacements were recorded at a sampling rate of 20 kHz with a bandwidth of

10 kHz. The force of KIFIA was calculated from the bead displacement multiplied by the
trap stiffness (6 N nm™"), which was determined from the variance of the thermal
fluctuations of a trapped bead by the equipastition theorem of energy''.

For analysis of the force=velocity relationship, the traces of the bead movement were
segmented with a time window that was double the ATPase cycle time. The mean velocity
and mean load force were calculated and scored for each segment.

Steps were detected as a rapid (less than 20 ms) positional change (more than 4 nm)
followed by a long dwell {(more than 10 ms) from the Harr wavelet-filtered trace®. Pre-step
and post-step positions of the bead were calculated by averaging the raw displacement
data. The step size was estimated from the difference between the pre-step and post-step
positions. The mean force bevel was determined as the load force at the middle of the
step (the mean of the pre-step and post-step positions). The dwell time was determined
as the interval from one step to the next. The dwell followed by the detachment or by
the more than 100-nm step back to the zero position was excluded from the statistics.
The stepping time was estimated by fitting the raw data to a sigmoid curve:
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X+ d/{1 +exp[—4(t — 1)/ 7]}, where x4, d and r denote the pre-step position, the step
size and the stepping time, respectively (Fig. 2b, inset). Only steps larger than 20 nm were
analysed, for accuracy in measurement of the stepping time,

For ensemble averaging, the binding events were automatically detected by
thresholding the variance of the bead position {10-ms time window), and were
synchronized at the decrease in the variance (green lines in Fig. 3a}. Only binding events
whose duration was longer than 250 ms and which were followed by the stepping
movement were analysed (n = 1,649). The mean displacemnent (50-ms time window})
from the averaged pre-binding position was fitted with a sigmoidal bump followed by a
linear displacement: df{1 + exp(—44/7)] + v v = 0 (£ < 0}, vo (£ = 0). Asa control, the
non-specific binding of the bead to the coverglass in the absence of microtubules was
analysed similarly {n = 1,420).
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Single-molecule fluorescence imaging was used to
investigate assembly of Staphyloceccus aureus LukF
and HS monomers into pore-forming oligomers
(v-hemolysin) on erythrocyte membranes. We distin-
guished the hetero-oligomers from the monomers, as
indicated by fluorescence resonance energy transfer
between different dyes attached to monomeric sub-
units, The stoichiometry of LukF (donor) and HS
(acceptor) subunits in oligomers was deduced from
the acceptor emission intensities during energy trans-
fer and by direct acceptor excitation, respectively.
Based on populations of monomeric and oligomeric
intermediates, we estimated 11 sequential equilibriom
constants for the assembly pathway, beginning with
membrane binding of monomers, proceeding through
single pore oligomerization, and culminating in the
formation of clusters of pores. Several stages are
highly cooperative, critically enhancing the efﬁciency
of assembly.

Keywords: association constants/cell membranes/
oligomeric intermediates/pore assembly/single-FRET

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 mechanisms of assembly
processes by elucidating information on the beginning,
intermediate and final stages involved (Albens et al.,
2002). Heterogeneous populations of intermediate states,
however, are not readily analyzed using ensemble-aver-
aged data. In contrast, single-molecule imaging methods
provide direct information about individual intermediate
states (Funatsu et al., 1995; Ishijima er al., 1998; Schiitz
et al., 2000). Recently, individual protein—protein inter-
actions at very low concentrations have been observed
in vitro under total internal reflection Huorescence
microscopy (TIRF microscopy) (Mendelsohn er «l,
1999; Taguchi er al., 2001). At high concentrations of
proteins, however, dimers cannot be distinguished from
crowded monomers using these techniques, Fluorescence
resonance energy transfer (FRET) between single pairs of
acceptor and donor fluorophores (single-FRET) has
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allowed observation of the dimerization even at high
concentrations because the acceptor only emits fluores-
cence if located within several nanometers of the donor
(Ha et al., 1996; Sako ez al., 2000; Ha, 2001). Qligomers
consisting of more than two molecules are also of great
interest in protein assembly, although they have not been
analyzed yet using single-molecule imaging.

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 (Olson et al., 1999; van
der Goot, 2001). Staphylococcus aureus 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 (Tomita and Kamio, 1997). Using
the powerful single-FRET method, hetero-oligomeric
toxins consisting of two distinct components are more
advantageous to study than homo-cligomeric toxins
because the individual components can be treated as
specific fluorescence donors and acceptors, respectively,
The crystal structure of LukF monomer in solution and the
pore structures observed by electron microscopy suggest
beginning and ending stages of pore assembly.
Nevertheless, an HS structure is not yet available, and
little information about intermediates has been reported so
far (Olson er al., 1999, Nguyen ¢t al., 2002),

Here, we directly observed the assembly of single LukF
and HS monomers into pore-forming oligomers on
erythrocyte membranes under the 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.
Equilibrium constants associated with several of the stages
were much higher than others, indicating cooperative
assembly which resulted in great numbers of pores formed
on the membranes.

Results

Fluorescence labeled proteins and model of pore
assembly

We designed single-cysteine mutants of LukF (S45C) and
HS (K222C) in which introduced cysteines were located
on the top of the respective cap domains (Figure 1A).
Fluorophore-labeled LukF-845C-TMR (LukF-TMR) and
HS-K222C-IC5 (HS-ICS) were purified with labeling
degrees of »95% and were almost free of unbound dyes
(Figure 1B). Hemolytic activity of the labeled mutants was
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Cys. shown using the LukF structure (A1), the modelled v-hemolysin complex in hexamers or heptamers (A2), and the amino acid sequence alignment
between LukF. HS. and o-hemolysin (A3). (B} SDS-PAGE gels of 10 pg of fluorescently labeled proteins, unstained (81) and stained (B2) with
Coomassie brilliant blue, Samples included: lane 1, LukF weated with TMR-maleimide; lane 2, LukF-345C; lane 3, LukE-TMR (arrowhead); lane &,
HS treated with IC5-maleimide; lane §, H$-K222C: and lane 6, HS-ICS (arrowhead).

the same as that of wild-type proteins [LukF (3 nM) and
HS (30 nM) caused 50% hemolysis against 6 X 1019
HRBCA), indicating that fluorophore labeling of both
mutants did not inhibit membrane binding and pore
oligomerization. We detected sequential stages beginning
with the binding of monomers to the membranes, then the
assembly of dimers, small oligomers and single pores, and
finally the formation of clusters of pores, and measured
their equilibrium constants as described in the following
results (Figure 6B).

Cooperative binding of HS in the presence of LukF
We verified binding constants (K, K3) and the number of
binding sites per um? of erythrocyte membranes (Rg, Ry)
for individual components. Concentrations of LukF-TMR
or HS-IC5 bound to the membranes ([Fy), [Hp]) were
estimated by subtracting the free, unbound protein in the
supernatant from the initial protein concentration ([F,],
[H,)) applied 10 a significant number of cells (e.g. 6 X 10?
or 6 X 10'0 cells/l). The concentrations of initial and
unbound proteins were measured using a spectrofluorom-
eter (Okada and Hirokawa, 1999). Both components
quickly bound to the membranes, giving the same levels
at 1 and 30 min, confirming that the standard incubation
time of 10 min is long enough for equilibrium binding of
LukF or HS. K, Ry, Ky and Ry were calculated from the
fitted curves shown in Figure 2A. LukF bound strongly to
membranes with a Kg of 2.1 X 10 um? and a large
number of binding sites (Rp) of 2.0 X 10* um= In
contrast, a lower binding constant (K, 1.2 X 10~ um?)
combined with a similar number of binding sites (Ry, 1.8

X 10* pm-?) indicated a 15-fold decrease in the extent of
binding of HS compared with that of LukF.,

The binding ability of one component in the presence of
the other was also determined. At a given [Fol, [Ful
slightly increased even in the presence of HS at 5-fold
higher concentrations than LukF (Figure 2B1). Meanwhile
the binding of HS was obviously enhanced by LukF: [A})
at a given [H,] was increased with [F,]. With the same [F,]
and [H,], HS bound ~4 times more than it did without
LukF (Figure 2B2). Combining all these data, we demon-
strate 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.

Individual monomers and dimears on the
membranes

We visualized assembly of LukF-TMR and HS-ICS on
the membranes, at equilibrium, under a TIRF microscope
equipped with a double-view unit to observe images
simultaneously al lwo wavelengths, 565-595 nm (the
TMR signal} and 650-690 nm (the IC5 signal) (Figure 3A).
Using very low concentrations of the two proteins (75 pM
LukF and 750 pM HS), at which hemolysis did not occur,
Figure 3B1 and B2 show TMR and FRET-ICS signals on
the same cell, excited by the green laser. Figure 3B3 shows
ICS signals on that same cell, excited by the red laser. The
spots on Figure 3B1 and B3 represent membrane-bound
LukF-TMR and HS-ICS, and the spots on Figure 3B2
represent LukF-TMR assembling into oligomers with HS—
ICS. Only a few punctate FRET-ICS spots, ranging from 0
to 10, were observed on each cell.
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To calculate the numbers of LUKF-TMR (m) and HS-
ICS (n) in individual FRET-IC5 cligomers (Fq-H,), the
occurrence of stepwise decays in the fluorescence intensity
was measured. An acceptor (orange line at 8 s in
Figure 3B4, left panel) was suddenly photobleached, and
at the same time the intensity of donor was increased
(green line). In another case, the donor was photobleached
first (at 12 s in the right panel of Figure 3B4) as the FRET
signal suddenly dropped without an increase in donor
emission. This was confirmed by the fact that the acceptor
signal detected by direct excitation with the red laser
remained until its own photobleaching at 57 s (Figure 3B4,
right panel). All of the stepwise photobleachings were
classified into these two groups (acceptor photobleached
first, number of spots = 31; donor photobleached first,
number of spots = 14), The absence of anticorrelated
fluctuations between the donor and acceptor indicated the
flexible rotations of the labeled dyes during video

recording (33 ms), allowing us to exclude the effect of
polarization of dyes in deducing the distance between
donor and acceptor from FRET efficiency. This behavior
proves that single FRET spots are dimers containing one
LukF and one HS (F-H).

We measured the FRET-ICS intensity (Jpret.1cs) and
the FRET efficiency (number of spots = 45) on the dimers,
Ierer1cs values were well fitted in a Gaussian distribution
with a mean of (.87 * 0.25 relative to IC5 intensities
excited by the red laser. Five representative images
(Figure 3B5) showed large FRET efficiencies, ranging
from 72 to 100%. FRET efficiency was 87 = 10% relative
to the TMR intensity in dimers, indicating a distance
between LukP-TMR and HS-IC5 in a dimer of ~4.5 nm,
estimated from a Forster distance (Ry) of 5.4 nm between
TMR and IC5 (R between TMR and CyS5 is 5.3 nm; Ha
et al., 1996). This distance is consistent with predicted
distances between IC5 and the two neighbouring TMR
moieties, as shown in Figure 1A2.

The equilibrium association constants for dimerization
Key = ([F-H] X [F]' X [ were also estimated,
based on the concentrations of monomers ([F;] = 3.8 and
[H)] = 6.9 pm~2) and dimers ([F-H] = 0.026 um~2) on the
cell membranes (number of cells = 37), to be 0.0010 *
0.0003 pum? (Table I). In this experiment, the ghost cells
were incubated with low concentrations of proteins as
above, but without washing off free proteins in solution.
[F-H] in both the washed preparations (0.026 = 0.004
um-2) and the non-washed ones (0.027 = 0.008 pm-2) was
similar, confirming that dissociation of F-H into monomers
is negligibly slow in our conditions. Therefore, in further
experiments, we washed off the unbound proteins to
reduce the background from monomers in FRET-IC5
detection and to analyze the oligomers more precisely.

To confirm that LukF and HS do not dimerize in
solution before incubation with cells, we incubated the two
components in aqueous solution at 6-fold higher concen-
trations than those used in the presence of cells, then
observed these in the same system. However, there is no
observable FRET signal, confirming that LukF and HS are
monomers in solution and oligomerize only on the
membranes.

To test for the possibility of homodimer oligomerization
(F-F or H-H) on the membranes, we observed each
individual component labeled with both dyes, that is,
mixtures of LukF-TMR and LukF-IC5, or of HS-TMR
and HS-IC5, on the membranes. And to test whether
FRET actually is an indicator of direct interaction between
the two components, a couple of mutants of LukF
(LukF33~-TMR) and HS (HS2e-IC3) that failed to form
oligomers were used as a negative control for FRET, In
both cases, no FRET-ICS was detected even at concentra-

Fig. 3. Visualization of small oligomers of LukF and HS. (A} Amangement of the TIRF microscope for observation of cligomerization on the mem-
branes (Al). Fluorescence signals near the basal membrane appeared on the double-view menitor: the left is for the donor, the right is for FRET and
the accepior (A2). (B and C) Images of dimers formed by LukF-TMR and HS-IC5 on HRBC membranes at low concentrations of proteins (75 and
750 pM. respectively) (BI-B3), and ar higher concentrations of LukF=TMR (300 pM) and lower HS-ICS (200 pM} (C1-C3). TMR, FRET and IC5
signals are shawn after excitation by the green laser (B1 and B2; CI 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 ICS (red) emission corresponding to dimers (F-H = LukF—TMR HS~-IC5). The left trace {eight
frame-averaged) indicates that ICS phatobleaches first, and the right trace (30 ms interval) indicates that TMR photohleaches first. Five images of dual
signals of TMR and FRET acquired from the same spots (BS). Thirty millisecond interval time traces of acceptor emission on anticorrelated excitation
by the green and red lasers for short {3 5) or long times (>10 £), showing trimers (Fy-Hy; C4) end tetramers [(F-H); C5).
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tions 6-lold higher than those used for the helerodimer of
LukF-TMR and HS-IC5, confirming that only the LukF
and HS couple have a high affinity for direct interaction to
form oligomers on the membranes.

Tetramerization: the dimer-dimer interaction
To achieve assembly of LukF and HS inte dimers and
other small oligomers, the concentration of LukF
(Figure 3C) was increased to four times that of
Figure 3B, and the concentration of HS-IC5 monomers
was decreased. Most of the individual FRET intensities
were equal to or twice the value of the single-FRET
intensities measured in Figure 3B. The FRET-ICS inten-
sity of oligomers should be proportional to the number of
donors if the acceptors are close to the donors and
excitations of two or more donors do not overlap due to the
low excitation power of the green laser (Lakowicz, 1999).
The requirement for close distances between the acceptors
and neighbouring donors is likely met, as supported by the
evidence that single HS-ICS absorbed nearly 90% of
the energy emitted by single LukF-TMR within dimers.
The FRET intensily of heterodimers was proportional to
the intensity of the green laser up 1o 10 times higher than
our standard illumination, indicating that the excitations of
the donors did not overlap under our condition. m and n in
FoH, were deduced from the number of steps observed
during photobleaching of FRET-ICS (orange lines) and
IC5 signals (red lines), respectively (Figure 3C4 and C5).
The left panel of Figure 3C4 shows representative
photobleaching steps of trimers: single IC5 intensity on
excitation by the red laser up to 2 s indicates a single HS
(H\). Then, on switching to the green laser, the intensity of
the FRET-ICS signal doubled, indicating the presence of
two molecules of LukF (F;). Switching back to the red
laser at ~15 s caused the single photobleaching of HS-ICS5,
confirming H|. Similarly, dimers, trimers and teteramers
were characterized and shown in representative images
and profiles of FRET and acceptor intensities, such as F-5
(Figure 3C2), Fy-H, (Figure 3C4), F|-H, (data not shown),
and {F-H), (Figure 3CS).

A tetramer could be formed by two pathways: (i)
tetramerization of two dimers [F-H + F-H — (F-H);} or (i)

*step-by-step’ oligomerization of monomers [F-H + F —
FoHy+H—> (FHor FE+H = Fi-Hy + F— (F-H),).
To test which is the main pathway, we measured the
association constants for each stage from the concentra-
tions of oligomeric intermediates (Key.11, Ke.iz and Kipayo
in Table I; Appendix 2). In observations from 20 cells
(number of spots = 104), even though [F,] was ~10-35
times higher than [H}, the number of Fy-H, complexes
was almost equal to that of (F-H); complexes, and much
fewer than the number of F-H heterodimers, indicating that
monomers prefer to oligomerize into dimers and tetramers
rather than into trimers. Association constants for ‘dimer—
dimer’ tetramerization, Kz = 3.8 ptm?, were >30 times
those for the step-by-step processes, Ky = 0.081 pm?
and Kgpz = 0.12 um2, This result could be interpreted as
the step-by-siep pathway being of far less significance than
the dimer—dimer pathway. Moreover, we did not find any
spot corresponding to F3-H, or F4H), confirming that the
complementary side-by-side interaction between LukF
and HS is specific for dimerization and that oligomers
containing multiple F-H pairs are stable.

Assembly into a single pore: a cooperative step

To analyze the next oligomerization steps, we raised the
concentrations of both proteins so that various intermedi-
ates from dimers to larger oligomers could be obtained
(Figure 4). Figure 4A2 shows various intense spots
scattered on the membrane. Individual FRET intensities
were ~1, ~2 and ~3 times the single-FRET intensity of F-H
(Figure 4A2 and B). The multi-FRET efficiencies of
representative spots was also ~90% (Figure 4C), indicating
a close distance between LukF and HS components in
larger oligomers.

Because the major pathway for tetramerization was via
dimer—dimer interaction, the spots at relative intensities of
~2 should be tetramers consisting of pairs of dimers.
Considering heterodimers to be of high stability, the spots
at an intensity of ~3 could be resolved as hexamers of three
heterodimers. However, it is also possible to resolve these
spots as heptamers consisting of 3F and 4H because the
FRET-ICS intensity of oligomers is proportional to the
number of donors if the acceptors are close to the donors.

Table L Binding and associntion constants of intermediate stages in the pore assembly pathway

Data in Figures Constants Concentrations of monomeric and oligomeric intermediates (um=?)

A Ky 2.1 x 10
Ky 1.2 X 1078
Ry 2.0 x 104
Ry 1.8 x 10%

3B K 0.0010 = 0.0003 [F1=38 %056 [H]=69 % 1.0 [F-H] =0.026 = 0.004

ic Kexn 0.081 = 0.032 (Fi1=375 = 0.05 [F-H] = 0.056 * 0.006 [FH] = 0.017 £ 0.003
Kena 0.12 = 0,084 {Hi1=027 £ 0.02 [FH) = 0.056 = 0.006 [Fy-H3) = 0.0017 *= 0,0012
Keamn RS ek [F-#H] = 0.056 = 0.006 [FH] = 0.056 £ 0.006 [FyH3] = 0,012 = 0.003

4 Ko ho 3=zt [FAH] = 0,065 = 0.0092 [F-H) = 0.065 = 0.0092 [Fe-H3] = 0.013 *= 0.0041
K, 37+ 14 [F-H] = 0.065 = 0.0092 [FyHal = 0,013 % 0.0041 [Fy-Hs] = 0.032 %= 0.0063

5Aand B Kz 1.1 =022 [Fy-H3) = 0.24 * 0.019 [FyH3) = 024 = 0.019 [Fs-Hg] = 0.066 = 0.010
Kyp 2.7 = 0.638 [FyH3]l =024 = 0.019 [Fa-Hg) = 0.066 > 0.010 [Fo-Hy 1=0.043 * 0.0080
Kip 4= 11 [FyH3] = 0.24 = 0,019 [FgH5) = 0.043 * 0.0080 [Fi2-Fi2] = 0.035 ®= 0.0075

6A Ko 3.0 -

Binding und association constants are in units of um? numbers of binding sites {(Re, Ry) are in jim=2. Values are given as mean = error, where error =
mean X 704, and n is the number of measured spots. The values were calculated from the equations described in the Appendix,
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Fig. 4. Visualization of intermediate oligomers and single pores, LukF-TMR und HS-JCS were incubated with HRBC at intermediate concentrutions
of 400 pM and 4 nM, respectively. (A} TMR {Al; time 0). FRET (A2; time 0) and IC5 signals (A3; time 44 5) are on the same cell. White numbers
on A2 indicate m in F,,H,. (B) Population histogram of int¢rmediate oligomers: the dashed and solid lines indicate Gaussizn distribution peaks for
F-H, {F-H);. F3-H,_, 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-ICS5 in dimers and larger oligomers.

For statistical analysis, the histogram of FRET intensities
was fitted as the sum of three Gaussian distribution curves
(Figure 4B). The spots at intensity ~3 were more abundant
than those at ~2, and ~4. Since the ratio of inmijtial
concentrations of F:H applied to the cells is 1:10, the
population of spots at intensity ~4 presenting heptamers of
4F:3H were low. The possible octameric formation of
4F:4H also appeared minor. Assuming the area under each
Gaussian curve is proportional to the number of oligomers,
F.H, (F-H), and F3.-H3 4, we estimated sequential associ-
ation constants Kpy, and Kgs i to be 3.1 and 37 um?,
respectively {Table I). As single vhemolysin pores have
been reporled as hexamers and/or heptamers (Sugawara
ef al., 1997; Comai et al., 2002; Sugawara-Tomita et al.,
2002), Kg3.n3a was assigned as the association constant
for single a pore, K. Obviously, K, was more than 10
times higher than K.y, suggesting that LukF prefers
assembling with HS into hexameric and/or heptameric
pores Fy H;_4 rather than into tetramers (F-H),.

Assembly into clusters of pores

The final experiment was conducted 10 analyze distribu-
tions of large oligomers by increasing concentrations of
LukF-TMR and HS-ICS to achieve 15-100% hemolysis.
Al higher concentrations (~15% hemolysis}), we lowered

the excitation powers of the green and red lasers by 25% to
stay within the linear intensity range of the camera. This
resulted in an ability to resolve FRET signals of about
twice the value of single-FRET. Therefore, we could
reliably observe FRET signals which were equal to or
higher than three times the single-FRET signal, corres-
ponding to a pore. The number of pores incorperated into
each FRET spot was deduced from the FRET intensity of
the spot divided by three times the single-FRET intensity.
The pores did not scatter randomly on the membranes but
aggregated into small clusters consisting of 2-3 pores, a5
estimated from the intensity of the spots (Figure 5A2). The
occurrence of single pores and clusters on the membranes
was plotted as a histogram in Figure 5B, indicating that
single pores were abundant compared to clusters of pores.
Association constants of single pores into two (Kzp), three
{K3p) and four pores (K4p) were 1.1, 2.7 and 3.4 um?,
respectively, as shown in Table I. 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-ICS were increased over the
concentrations that start causing 100% hemolysis
(Figure 5C), the power of the green excitation was reduced
to 2.5%. Very highly intense domains of multi-molecular
FRET-ICS, probably clusters of pores, could be observed.
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The domains were far from being randomly distributed on
the cell, but appeared with an occurrence of 7-15 domains/
cell. We plotted a distribution of clusters with various
numbers of pores on the membranes in Figure 6A (blue
circles). The distribution dropped gradually with the sizes
of clusters. The FRET efficiency values of those domains
were about 73 = 13%. These values were slightly lower
than that of single-FRET or multi-FRET of a pore,
presumably due to co-localization of LukF-TMR mono-
mers in areas of the clusters.

Calculating the population of intermeadiate states

Taking the four binding (Kp, Ky, Rp. Ry) and five
association (Krpn, Krnp K Kap Knp) constants
(Table I; Appendix sections 2 and 3), we estimated the
theoretical distribution of intermediates and the total
number of pores at given concentrations of proteins,
Assuming that K,,, (1> 2) values are similar to K3, and Ky,
(3 pm?), at certain {F,] and (H,], for example 25 and
1000 pm-2, the distribution of monomers and oligomers
could be calculated, At low concentrations of LukF and
HS (25 mm™?) close to those used in Figure 4, the
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Fig. 5. Visualization of clusters of pores. LukF-TMR and HS-IC5 were incubated with HRBC at high concentrations of 1.5 and 15 nM (A), or of 15
and 150 nM (C). respectively. LukF-TMR and HS-IC5 were excited by two lasers at 25% power (A), and at 2.5% power {C), compared to that used
for single FRET observation. TMR (Al and C1) and FRET (A2 and C2) signals show clusters of pores scattered on the membranes. ICS signals {A3)
are on the same cell with Al, A2, White numbers on A2 indicate m in F,-H,, Blue numbers on C2 indicate the number of pores in each large spat.
(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.

calculated distribution of dimers, tetramers and single
pores (Figure 6A, dotted red line) is similar to the
distribution data shown in Figure 4B. The total number of
pores is calculated to be Zn X [P,] ~ 0.036 um-2. Using
1000 um-2 each of LukF and HS (Figure 6A, red solid
line}, almost the same concentrations used in Figure 5C,
the total concentration of pores (Zn X [P,]) was ~300
um2, Populations of clusters of pores (Figure 6A, blue
circles} measured from 237 spots on cell membranes at the
concentration used in Figure 5C fits well with the
theoretical red line, confirming the assumption that K,
(n>2)=3pumi

To explain the enhancement in membrane binding of
HS induced by LukF, the total concentrations of HS on the
membranes ([Hy]) for applied [H,) in Figure 2B2 were
calculated from the association constants in Table I The
calculated values (lines) gave a good fit to the experimen-
tal results (circles) for HS binding in the presence of LukF
(Figure 2B2). At very high concentrations of LukF, most
of the HS bound to the membranes. The effect of LukF on
membrane binding of HS was probably due to the
sequential oligomerizations that shifted the membrane
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association—dissociation balance of HS in the direction of
association.

Discussion

Advantages of single-FRET in tha detection of
intermediate oligomers

Ensemble methods such as equilibrium analytical ultra-
centrifugalion have been used to measure concentration
averages of assumed monomers, tetramers and octamers
during cooperative association of an oligomeric DNA-
binding protein (Daugherty et al., 1999). However, the
oligomers are not well separated and the concentrations of
monomers required are high (M). Transmission electron
microscopy at the level of single molecules cannot allow
for the observation of the oligomerization process from
monomers to tetramers due to limited spatial resolution.
QOur single molecule observation technique offers the
ability to distinguish intermediates under physiologically-
relevant conditions. The FRET measurement for single

and multiple molecules is effective in distinguishing
oligomers [rom crowded monomers. Moreover, we
developed a novel method to deduce the number of
LukF {(donor} and HS (acceptor) molecules in small
oligomers, such as trimers and tetramers, by measuring the
stepwise photobleaching of FRET and acceptor signals,
respectively.

Cooperativa assembly of monomers into
oligomers

The membrane binding affinity of each component of
y-hemolysin has been unclear and controversial because of
low resolution in detecting protein concentrations (I nM)
(Kaneko et al, 1997; Ferreras er al., 1998). Here, we
demonstrate that both LukF and HS individually bind to
membranes as monomers, even at 20 pM. LukF binds to
membranes with a 20-fold higher affinity than does HS (X¢
= 10 X Ky), consistent with the data reported by Kancko
and colleagues in 1997. The higher K for LukF supportsa
previous suggestion regarding stable interactions between
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aromalic amine acids of the rim domain of LukF and the
phospholipid head groups on the outer membranes (Olson
et al., 1999). The lower Ky for HS suggests different
properties of putative binding sites for HS or different
membrane-binding surfaces compared with those of LukF.

At the dimerization stage, stepwise photobleaching of
single-FRET in the presence of LukF~-TMR and HS-ICS
on the membranes proved the existence of heterodimer
F-H (Figure 3B4). However, the lack of observable FRET
of the couples LukF-TMR and LukF-ICS, and HS-TMR
and HS-ICS5 proves that there is no possibility of F-F and
H-H homodimer formation. The heterodimer F-H is
formed not in solution but on the membranes because no
FRET was observed in solution. The specific formation of
heterodimer on the membranes may be promoted by two
dimensional side-by-side collisions between LukF and HS,
as confirmed by negative FRET evidence using LukFy—
TMR and HS;9-IC5, the point mutants at interaction
surfaces lacking oligomerization ability. We suggest that
structural changes of LukF or HS induced at membrane
binding strengthen the side-by-side interactions between
the two subunits.

Membrane-bound trimers and tetramers were observed
for the first time. The abundance of dimers compared to
trimers, together with the observation of similar concen-
trations of trimers and tetramers, even when the mem-
brane-bound LukF monomer concentrations are ~10-35
times those of HS monomers, prove that monomers have a
tendency to oligamerize into dimers and tetramers, rather
than into trimers. Thus, dimer—dimer interaction is the
major pathway for formation of tetramers (Figure 6B). It is
possible that dimerization triggers structural changes at the
interaction sides of their subunits for further cooperative
tetramerization.

In the assembly of pores and clusters of pores, the
required high HS concentration did not allow us to discern
an HS oligomer from crowded HS monomers under direct
acceptor excitation, Therefore, we were obliged 10 assume
that the ratio of F to H in an oligomer is close to 1:1,
Fon-Hpyy OF FyrH,,y 1, as suggested previously from stability
of the multi-dimer oligomers. Concerning the subunit
stoichiometry of single poras, an exact number has not
been determined yet as the fine crystal structure of
y-hemolysin purified from membranes is not available.
Recent reports by Comai er al,, and Sugawara et al.,
respectively, suggest that six and seven subunits of LukF
and HS make up a single pore (Sugawara et al., 1997;
Comai et al, 2002; Sugawara-Tomita et al., 2002).
However, the latter group also observed ~25% hexameric
pores in addition to the heptameric pores, suggesting the
coexistence of hexamers and heptamers (N.Sugawara,
T.Tomita and Y.Kamio, unpublished data). In another
report, Miles et al. proposed an octameric structure for the
staphylococcal leukocidin pore of LukF and LukS formed
on lipid bilayers, based on the results obtained from gel
shift electrophoresis and site-specific chemical medifica-
tion during single-channel recording, but not by direct
imaging (Miles er al., 2002). However, their results are
also consistent with the heptameric stoichiometry with 3:4
or 4:3 compositions of LukF and Luk$ (Sugawara-Tomita
et al., 2002}, In view of this, we assume that the 3 single
FRET spots, which could be resolved as either hexamers
(F-H)3 or heptamers F3-H;, represent single pores, and that
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the spots exhibiting intensity with a common mulliple (n
times) of three LukF molecules (F3-f34), present clusters
of pores. Cell lysis started occurring at the protein
concentrations (Figure 4) applied, confirming that func-
tional pores were formed, although we have not been able
to correlate the 3X single-FRET spots with the direct
imaging of pore opening. Actually, in modeiling the
pathway of pore assembly (Figure 6B), whether the pore is
assumed to be composed of six or seven subunits, the
further calculation of association constants and final fitting
of intermediate populations (Figure 6A) are not affected
because the populations of groups and clusters of pores
were simply deduced based on the value of 3X single
FRET. Here, the F-H dimers, (F-H), tetramers and Fy-Hs 4
single pores presented major macroscopic intermediates in
single pore oligomerization (Figure 6B). The high value of
Ky3.u3— or K, (37 pm?) is an indicator of the cooperative
assembly of subunits to generate single pores. The closed,
ring-shaped structure of a pore would be very stable for
minimizing the free energy at surface regions. At the pore
formation step in Figure 6B, we depict the transmembrane
domains (blue lines) inserting into lipid bilayers because
previous data report that the transmembrane domain of
LukF inserts into membranes to form a barrel-shaped
channel on conversion from a pre-pore to a functional
hemolytic pore (Nguyen et al., 2002),

Yhemolysin pores have a greater tendency to condense
into clusters as the concentration of toxin is increased, and
may assemble into 23 pores because K, and Ky, were ~3
times higher than K,,. This result is supported by the
previous data showing that large clusters of pores could be
observed at higher concentrations of proteins (1 uM) under
a transmission clectron microscope (TEM) (Sugawara
et al., 1997). Since clusters of pores are also observed in
many other toxins, even in lipid vesicles (Wallace er al.,
2000), we suppose that the aggregation of pores is not only
driven by the distribution of their receptors on the
membranes, but also by non-covalent linkages between
amino acids located at the outer surfaces of the pores, One
advantage of pore aggregation could be the switching of
the equilibrium balance of single pore assembly toward
association, thereby increasing the total number of pores
per cell. The other advantage would be that large clusters
of pores on the membranes weaken the cell membranes
and enhance the cell bursting. Cell membranes were
recently found to be prominently disrupted in areas
surrounding the clusters, as observed under TEM
(N.Sugawara, T.Tomita and Y.Kamio, unpublished data).

Self-assoembly of macrostructures and association
constants

We estimated the distributions of intermediate oligomers
over a wide concentration range of toxin applied to the
cells. The cooperative assemblies for tetramers, single
pores and clusters of pores greatly enhance the totul
concentration of pores (En X [P,] = 300 pm2) up to
~2.5 X 10° times of that in a non-cooperative assembly
(En X [P,) = 0.0122 pm2) for which the assembly for all
stages is assumed to be ~Kgy of 0.0010 pm? (Figure 6,
black solid line). Such overall cooperativity is, indeed,
critical for yhemolysin to burst the erythrocytes in a
human body at low concentrations of the toxin. With this
new understanding of the cooperative assembly, we may
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interfere with the loxicity of y-hemolysin by suppressing
cooperalive stages. For example, a chemical reagent that
binds specifically to an interaction surface of either LukF
or HS could effectively inhibit tetramerization and pore
formation.

Other toxins from pathogenic bacteria, such as aero-
lysin, streptolysin and perfringolysin O which form homo-
oligomeric pores on human target cell membranes (van der
Goot, 2001), may also cooperatively assemble in a
mechanism similar to that of y-hemolysin. Qutside of the
toxin field, there are many kinds of ring-shaped membrane
channels and pumps made up of multiple subunits.
Selective, cooperative interactions between distinct sub-
units may establish structures, distributions and functions
of these membrane proteins (Alberts et al., 2002). Notably,
cooperalive assembly is also fundamental to the linear
polymerization of actin filaments and microtubules,
wherein the nucleation mechanism is similar to coopera-
tive single pore oligomerization (Oosawa and Kasai, 1962;
Alberts et al., 2002).

In conclusion, the three cooperative stages (dimer—
dimer interaction, single pore assembly and aggregation of
pores) substantially enhance the efficiency ol assembly of
oligomeric pores. Here, the results present the first
application of single molecule fluorescence microscopy
to the observation of cooperative oligomeric pore assem-
bly for a bacterial toxin on target cell membranes, The
detection of heterogenous oligomeric populations, based
on single and multi-FRET analysis, is applicable for the
study of individual protein interactions in live cells using
conjugates fused with fluorescent proteins including CFP,
GFP and YFP, In general, single-molecule observations
and statistical analysis of populations of intermediates will
be useful in understanding how single molecules are
brought together into macromolecular complexes in cells.

Materials and methods

Design and preparation of proteins

The residues for cysteine substitutions in LukF (S45) and HS (K222) were
selected based on; (i) the LukF structure (Olson ef al., 1999); (ii) the
related staphylococcal a-heptameric pore (Song ¢ al., 1996); and (iii} the
amino acid sequence homology between LukF, HS and o-hemolysin
(Gouaux er al.. 1997). We modetled the structure of y-hemolysin pore in
hexamers or heptamers by fitting six or seven units of LukF into the
structure of &-heptameric pores, The distances between S45 and K222
were estimated to be ~2.2 and 3.0 nm in the hexamer (Figure 1A2, lef?)
and ~3.0 nm in the heptamer (Figure 1A2, right). The glutathione S-
transferase (GST) fusion pGEX-4T-1 plasmids GST-LukF-$45C and
GST-HS5-K222C, were transformed into Escherichia coli DHSa for
expression of GST-LukF-$45C and GST-HS-K222C, respectively,
GST-LukF-S45C and GST-HS-K222C bound 1o glutathione agarose
were labeled with & 10-fold excess of TMR-6-maleimide (Molecular
Probes} and 1C3-PE-maleimide (Dojindo) for 30 min at room tempertre,
and then washed free of unreacted dyes. LukF-TMR and HS-IC5 were
finally eluted after incubation with 40 U of thrombin.

The degrees of labeling were determined by percent of flucrophore-
labeled proteins (10 pg) on SDS-PAGE (12%), using NIH Image Scion
4.02. These agreed with measurements of the absorbance of TMR and IC5
at 546 and 630 nm, respectively. The labeled mutants electrophoresed
(Figuore [B, lanes 3 and ) more slowly than did the non-labeled (lanes 2
and §). No bunds of non-labeled proteins were observed in lanes 3 and 6,
confirming that the lubelling of both mutunts was >95%. The specificity
of the cysteine labeling wus confirmed by negative controls of wild-type
LukF and HS (lanes 1 and 4). The speciral FRET overlap between TMR
emission and 1C5 absorption is 4.6 X 10" sm*M-'em~!, The extinction
coefficient of IC5 (e = 220 000 M-'em!) is slightly smaller than that of
Cy5 (e = 250 000 M-lcrn~') while the spectral profile of IC5 is similar, but

Single-molecule imaging of oligomers on membranes

shifted to a wavelength 3 nm shorter than that of Cy3. The Forsier
distance between TMR and ICS was 5.4 nm,

To make mutants as negative controls for interactions observed by
FRET signals, Ser33 of LukF and Thr29 of HS located at the side-by-side
interaction surface (Olson et al,, 1999) were mutated to His and Asp,
respectively. Such point mutations dramatically inhibit interaction of
LukFg334 with HStagp, resulting in no oligomer or pore formation, and an
absence of hemolytic activity, although the mutants ¢could bind weil to the
membranes. These mutants were combined with singte-cysteine muta-
tions (LukFsyynsase and HS'mu/ch) to label the thiol groups with
TMR (LukF;3-TMR} and IC5 (HS2~1C5). respectively, and were tested
in the same system with LukF-TMR and HS-ICS,

Hemaolytic titration assay

Hemolytic assays of LukI=TMR and HS-ICS in phosphate-containing
saline buffer (PBS) ut pH 7.4 were performed as described previoasly
with the wild-type proteins (Kaneko ¢1 al., 1997), except that 0.1% bovine
serum albumin (BSA) wus added to prevent the binding of proteins to the
tubes, the incubation temperature was 25°C, and the concentration of
HRBC was 6 X 10'® cells/1 (1% cellsfvol),

Ensemble membrane blnding assay of sach component

Sarmple preparation. LukF-TMR or HS-IC5 at concentrations ranging
from 250 pM to 100 nM were incubated with either 6 X 108 or 6 X 100
HBRCYL, in PBS containing 0.1% BSA at 25°C for; (1) 10 min to messure
equilibrium binding constants: or (ii) for different periods of time {1-
30 min) to meusure binding rates. Unbound proteins in the supematunt
(F.. H,) were obtdined by centrifuging the cells at 2000 g, and measured
using a spectrofluorometer. When both components were incubated with
the eells for 15 min, F, and H, were measured in a similar way. The initial
concentrations of LukF=TMR (F,) and HS-IC5 (H,) applied to cells were
determined by performing parallel incubations in the absence of HBRC.

Spectrofluorometer set-up. LUKF-TMR and HS-IC5 in PBS containing
0.1% BSA were measured in a spectroflusrometer (FP-750, Jusco) under
excitution of 532 nm (green) und 635 nm (red), respectively. Cut-off
filtery ut 560 nm and 650 nm (Omega) were inserted in front of the
fluorescence detector W reduce the light scattering of green und red,
respectively. Oxygen scavengers (Funatsu ef al., 1995) were used to
reduce photobleaching. Experiments were performed in triplicate and the
detectable resolution was ~10 pM flucrophores.

Single-molacule Imaging of oligomerization

Sample preparation. To visualize LukF and HS monomers, ~20 pM of
LukF-TMR or 400 pM of HS-IC5 were individually incubated with
HRBC (6 » 10'cells/T) for S min at 25°C. To visualize the dimerization
of LukF and HS, we incubated the ghost cells with low protein
concentrations (75 pM of LukF-TMR and 750 pM HS-IC3), and then
detected monomers and dimers in the presence of soluble proteins at
equilibrium. However, as the crowded monomers prevented the precise
analysis of oligomers, this method was applied only in measuring the
association constant of dimerization, In the other experiments, both
components were incubated with HRBC at 25°C for 15 min to teach
equilibrium {oligomerization efficiencies at t5 und 30 min wers similar).
As LukF bound to BRBC more strongly than Jid HS, the ratio between
LukF-TMR and HS-IC5 was ulso sel at 1:10 w0 lower the buckground of
TMR signals interfering with the detection of FRET-ICS spots. The cells
were Lhen washed with PBS once (o remove unbound Ioxins,
homogenized in 5 mM Tris bulfer, resealed to generate ghost cells
using PBS, and finally adbered on L-polylysine-coated glass chamber in
PBS containing oxygen scavengers.

TIRF microscopy set-up and fmaging. Samples were observed under a
TIRF microscope (Figure 3A; Funatsu er al., 1995; Ishii er al., 1999).
LukF-TMR was excited by a Nd:YAG laser (TIM-6222, Transverse) at
532 nm, and HS-IC5 was excited by a diode laser (F44-30M, Coherent) at
635 nm. In Figure 3C, to distinguish spots corresponding to dimers.
trimers and tetramers, the two lasers were switched on and off in an
anticorrelated fashion. Emission signals were collected using an objective
(plan Apo X640, N.A 1.4; Olympus). split by a dichroic mirror (610 nm
DM: Ashuhi), und pussed through barrier filters (580DF30 for TMR;
670DF40 for ICS, Omega). The Auvrescence images were captured by o
SIT cumera (C2400-08, Humunalsu Photonics) with an image intensifier
(V54-1845, Video Scope). Images were, in some cases, inlegrated for
eight frames in tracing the intensity of fluorescence (Figure 3B4, lef(). and
in other cases for 32 frames in measuring the intensily of Ruorescence to
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improve the ratio of signal-to-noise. Thus, the spatial and temporal
resolution of this system is 80 nm (pixel size) and 266 ms or 1.1 s,
respectively, Adobe Photoshop was used for multi-color featured
imaging: white spots showing signals for TMR, FRET-ICS and ICS
were filled with green, orange and red, respectively. Offset was made with
errors up to 10% in every image for easy detection of FRET spots from
background, NIH Image with & custom macro program was used for
analysis of photobleaching steps.

Data analysis. For the visualization of each component. meun intensity
values of LukF=-TMR (n = 97} and HS-IC5 (n = 106) molecules were
1.0 % 0.39 and 1.0 £ 0.42 urhitrary units (a.u.), respectively. Those single
spols emitted almost constant intensities with average life times of 10—
30 s, then photobleached in one step, proving that membrane-bound
LukF-TMR and HS-IC5 were monomers. The monomers exhihited two
styles of motion on tha membranes, restricted movements (D~ 1-5 X
1072 um¥/s; 16 per total 29 spots for LukF—TMR, and 16 per total 27 spots
for HS=IC5) und free bilaterat diffusion (D = 2-8 X 10+ pm?/s; 13 spots
for LukF-TMR and 11 spots for HS-IC5).

For FRET efficiency measurements of dimers (single-FRET of F-H),
the 1 s-averaged images were used to anatyze the TMR (i) and IC5
(et ics) intensities on TMR excitation, Measuring the average
intensities was appropriate in our case because random anticorrelated
fluctuation between the donor and acceptor was not observed. The single-
FRET efficiency was calculuted as follows: FRET efficiency = fiyer.ac
(IereT-1cs + Ymp) where ¥ is the correction factor which accounts for
detection efficiency by the established microscope with the two dyes,
determined to be 1.0 based on the methed proposed by Deniz er af. (1999).

FRET-ICS and ICS intensities of spots representing trimers and
tewamers were also measured from the 1 s-integrated images,
Photobleaching steps of IC5 were analyzed from 30 ms interval images
to critically confirm the reliability of the intensity deduction. In the
assembly of larger oligomers, we estimated F,,-H, based only on the
FRET from maltiple IC5 fluorophores in the oligomers (muld-FRET).
The above equation for single-FRET efficiency was also applied 10 multi-
FRET efficiency. Tracking the oligomers on the membranes, oligomers
appeared to exhibit restricted motion, remaining essentially stationary,
with D = 1-3.5 X 10-? um?¥/s (dimers, trimers, tetramers), and there were
a few (reely-diffusing oligumers. The larger the oligomers/clusters were,
the slower and more restricted their diffusion was observed to be.
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