
Biophysical Journal Volume 99 December 2010 3905–3915 3905

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Bidirectional Power Stroke by Ncd Kinesin
Anthony E. Butterfield,†* Russell J. Stewart,‡ Christoph F. Schmidt,§ and Mikhail Skliar†*
†Department of Chemical Engineering and ‡Department of Bioengineering, University of Utah, Salt Lake City, Utah; and §Fakultät für Physik,
Drittes Physikalisches Institut, Georg-August-Universität Göttingen, Göttingen, Germany
ABSTRACT Optical trapping experiments reveal details of molecular motor dynamics. In noisy data, temporal structure within
the power stroke of motors can be analyzed by ensemble averaging, but this obscures infrequent subcategories of events. We
have here developed an analysis method that uses Kalman filtering of measurements, model-based estimation of the power
strokes produced by the motor head, and automatic event classification to discriminate between different types of motor events.
This method was applied to optical trap measurements of power strokes of the Drosophila kinesin-14 ncd in a three-bead
geometry. We found the majority of events to be consistent with the previously discovered minus-end directed power stroke
of ncd, occurring with ATP binding. Unexpectedly, 30% of apparent power strokes were plus-directed and 6% of binding events
did not terminate in a discernible stroke. Ensemble averaging for each event category revealed that plus- and minus-directed
strokes have different size and occur at different instants within the ncd-MT attachment sequence.
INTRODUCTION
Within the kinesin superfamily of microtubule (MT) motors,
a variety of dynamics are found (1–4). Kinesins differ in
speed, directionality, reaction to applied forces (5–10),
and processivity, i.e., the number of kinetic cycles a motor
performs per attachment. All motor proteins undergo
conformational changes and transmit those in such a way
that force is exerted on their cargos. When part of the mole-
cule acts as a lever arm, these conformational changes are
dubbed power strokes. Processive motors (most often
dimeric) alternate power strokes to always maintain contact
of one of their monomers to the track and thus perform steps
along the track.

Step sizes have been measured for processive motors
(11). The experimental problem is to achieve a sufficient
signal/noise ratio to detect nm-displacements. At limiting
ATP concentrations, motors slow down enough to directly
observe step distances by low-pass filtering the noisy signals
(11–13). Ensemble averaging of processive events of
kinesin-1 has also been used to resolve fine details of the
motor’s kinetic cycle, such as possible substeps within the
8-nm step (14).

Nonprocessive motors, such as myosin-2 (15) or ncd
(16,17), perform a power stroke and then detach from the
track. Several myosin subtypes (15,18,19) and ncd (20),
have been studied with optical traps in a three-bead geom-
etry (Fig. 1 A). An ingenious method to characterize
substructure in the power strokes of nonprocessive motors
was developed by Veigel et al. (21), using ensemble aver-
aging of events synchronized by attachment and detachment
instants. This worked well with myosins that attach rigidly
to nitrocellulose surfaces (18).
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Less is known about the power strokes of nonprocessive
kinesins. Ncd is a slow minus-end directed kinesin (22).
Ensemble averaging of optical trap data showed that ncd
performs a power stroke of ~9 nm before releasing from
the MT, after binding ATP (20,23). This was later confirmed
by electron microscopy (24). Though ncd and kinesin, both
homodimers with two motor domains and a coiled-coil
stalk, have opposite stroke directions, they are structurally
similar (25). Within the motor domain, the neck region
is thought to primarily determine power-stroke (25,26).
Modifications affect power stroke direction and speed
(27,28). Some kinesins step backward under load in 8-nm
steps in an ATP-dependent manner (10,29). Load also
affects power-stroke amplitude according to the elasticity
of the lever arm as observed for myosin 2 (30). This may
also be anticipated for ncd.

Here we use model-based Kalman filtering to reanalyze
the three-bead optical trapping data with full-length ncd
described in deCastro et al. (20). Model-based filtering
utilizes first-principles or phenomenological models to
produce estimates of the states of the system, conditional
upon measurements. This utilization of a priori information
allows estimating variables that cannot be measured directly
and helps in suppressing noise. For ncd, the method allowed
us to analyze motor events before ensemble averaging
and detect infrequent event types which are obscured by
indiscriminate ensemble averaging. The results indicate
the existence of previously undetected variations of the
ncd power stroke.
METHODS

Three-bead motility assays

The experimental data used in this work were produced by deCastro et al.

(20). A biotin-labeled MT (~4.3-mm-long) was suspended between two

streptavidin-coated silica beads of 1-mm diameter, which were trapped by
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FIGURE 1 (A) Experimental setup. (B) Two-bead model. Refer to

Table S1 in the Supporting Material for the nomenclature and the definition

of all variables. (C) Single-bead model.
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two optical tweezers (Fig. 1 A). The bead/MT structure was then lowered

onto a third bead (2-mm diameter), which was immobilized and sparsely

coated with ncd molecular motors, to create the three-bead geometry.

Low concentration of motors on the surface of the stationary bead ensures

that a single motor is interacting with the MT.

Thermal fluctuations and the ncd-MT interactions displace the two 1-mm

beads, arbitrarily labeled as right, R, and left, L. The position x of the right

bead in the direction connecting the two beads and parallel to the MT was

measured by back-focal-plane interferometry (31,32) using a quadrant

photo diode. The y-displacement orthogonal to the optical axis and the x

direction was also measured. The measurement drift (~0.1 nm/s) was

removed using the following procedure: 90-s data segments were detrended

by subtracting a second order polynomial fit. Because the average duration

of a motor attachment is ~2 s, a small fraction of which corresponds to a

power stroke, such detrending has a negligible effect on the results.

Four data sets (20), obtained with different beads, MTs, and motors,

totaling ~1.5 h of measurements (sampling rate 5 kHz) were used in the

analysis. Two sets were produced with an ATP concentration of 2 mM,

the other two with 5 mM ATP. All experiments were conducted at room

temperature.

The direction of the predominant power stroke in each data set was used

to determine the orientation of þ/� ends of the MT. The predominant

stroke in the first data set was opposite to the orientation observed in sets

2–4. Therefore, the sign of the raw data in Data Set 1 was reversed.
Kalman filtering

Model-based filtering is widely used in engineering and utilizes first-

principles or phenomenological models and the available measurements

to estimate the states of the system. The utilization of a priori information

in the form of a model allows one to estimate variables that cannot be
Biophysical Journal 99(12) 3905–3915
measured directly, such as the molecular motor head displacement, xAT,

in the two-bead model of optical trap experiments, shown in Fig. 1 B. In

the model of Fig. 1 B, the motor is attached to the MTand the force balance

on the R and L handle beads and the MT is given by the following system of

Langevin-like stochastic differential equations of motion for the beads and

the MT (33):

mR€xR þ bR _xR þ ðKTR þ KLRÞxR � KTRxTR � KLRxM ¼ wFR;

(1)

mL€xL þ bL _xL þ ðKTL þ KLLÞxL � KTLxTL � KLLxM ¼ wFL;

(2)

mM€xM þ bM _xM þðKLL þ KLR þ KATÞxM � KLLxL � KLRxR

� KATxAT ¼ wFM: ð3Þ

Thermal fluctuations are modeled by additive Brownian forces wFR, wFL,

and wFM, which are assumed to be white Gaussian processes; b-values

are drag coefficients and m values are masses; x is the displacement from

the equilibrium; and the subscripts are used to identify right (R) and left

(L) beads, right (RT) and left (LT) optical traps, and the MT (M). MT

displacement in the x-axis, xM, is caused by the interaction with the motor,

the optical trap forces translated to the MTs through biotin-streptavidin

links, and by thermal fluctuations. Before ncd attachment, theMT fluctuates

around a mean position xM ¼ 0 and E[xM] ¼ 0, where E is the expectation

operator.

When masses are small and the Reynolds number is low (as in our case),

the inertial terms in Eqs. 1–3 may be ignored without substantially altering

the results. However, in the following analysis, the full-scale model is kept

to maintain the generality of the presentation and its applicability to the

cases in which inertial terms cannot be neglected.

In the above model, the optical trap forces are modeled by Hooke’s law

with spring constants KTR and KTL, the values of which can be indepen-

dently altered by varying the laser power. The biotin/streptavidin connec-

tions between the MT and the handle beads are modeled as springs with

constants KLL and KLR. Because beads are attached laterally to the MTs,

the effective spring constant includes bending of the MTs and is in fact

highly nonlinear (34). We here assume local linear response, which is

a good approximation given that the power stroke amplitudes are small.

The MT-ncd interaction is described by the force FAT ¼ �xATKAT, where

KAT is the spring constant of the flexible motor-MT attachment. The

motor-head displacement xAT is the displacement of the MT during ncd

attachment relative to the mean position of the unattached MT. Another

interpretation is to view xAT as the relative ncd-MT displacement needed

to produce FAT, which explains the measured change in the right bead

positions. Such relative displacement is caused by either the tension, intro-

duced when ncd attaches to the MT that is thermally shifted from its mean

position, or the ncd power stroke. To differentiate between the two causes,

we say that the attachment tension is the source of the equilibrium displace-

ment, whereas the motor action (power stroke) causes terminal displace-

ment. The right bead displacement in x axis, xR, is the only measured

state of the model, Eqs. 1–3. The right bead motion in the y axis is also

measured and can be similarly modeled.

Because the diameter of the handle beads is much larger than the cross

section of the MT, we ignore the drag force on the MTand assume it reaches

its steady-state position instantaneously in response to changes in xR, xL, or

xAT. With this assumption,

xM ¼ KLLxL þ KLRxR þ KATxAT
KLL þ KLR þ KAT

: (4)

We also assume constant optical trap positions (xTR ¼ xTL ¼ 0), and equal

compliances of biotin-streptavidin connections (KLL ¼ KLR ¼ KL). The
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values of KL and KAT were set to constants identified experimentally, as

described below. The only remaining unknown parameter in the resulting

model is xAT, which describes the equilibrium displacement caused by

ncd attachment to a MT which was thermally displaced from the equilib-

rium position xM ¼ 0, and/or the displacement due to the motor’s power

stroke. The estimation of xAT is obtained recursively by continuously adjust-

ing the estimate of xAT for each new measurement, and assuming the

following dynamic model,

_xAT ¼ wAT ; (5)

where wAT is a zero-mean white Gaussian process of a selected intensity.

Such a parameterization is fairly standard and implies that without random

disturbances, xAT is constant. In our specific application, this is a justifiable

assumption if either the motor head position is slowly varying, or intermit-

tent changes in xAT are so fast that we can assume that a new steady-state

value of xAT is reached instantaneously. The case of rapid intermittent

changes in xAT is assumed to describe the ncd-MT interactions.

To apply Kalman filtering, the two-bead model must be written in the so-

called state-space form—as a system of first-order differential equations

describing the dynamics of the system states x (now including positions

and velocities) plus an algebraic measurement model, relating states x to

the available measurements y. Note that y here is unrelated to the bead

displacement y in the direction orthogonal to the MT axis. Rather, in the

state space form, measurements of any kind are typically denoted by a

vector y. With the above assumptions and parameterization of xAT, the

state-space model representation of Eqs. 1–3 has the following form,

_x ¼ Ax þ Bu þ Gw; (6)

y ¼ Cx þ v; (7)

where the augmented state vector is

x ¼ �
xR _xR xL _xL xAT

�T
;

the vector of the model noises is

w ¼ ½wFR wVL wFL wVL wAT �T

and the vector of known external inputs, e.g., movements of the traps, u is

zero if the traps are held steady. Comparison of Eqs. 1–3 with Eq. 6 leads to

the system matrix A describing the system response, which is equal to
A ¼

2
66666666666666664

0 1 0 0 0

K2
L

mRð2KL þ KATÞ �
KTR þ KL

mR

�bR

mR

K2
L

mRð2KL þ KATÞ 0
KLKAT

mRð2KL þ KATÞ
0 0 0 1 0

K2
L

mLð2KL þ KATÞ 0
K2

L

mLð2KL þ KATÞ �
KTL þ KL

mL

�bL

mL

KLKAT

mLð2KL þ KATÞ
0 0 0 0 0

3
77777777777777775

: (8)
Random thermal noise enters through the process noise intensity matrix G,

which is given as

G ¼ diag
�

1
mR

1 1
mL

1 1
�
: (9)

The measured right-hand bead position y is related to the state vector x by

Eq. 7, where

C ¼ ½ 1 0 0 0 0 �;
and measurement noise, v, is assumed to be a zero-mean Gaussian process

with known variance. This equation gives the measurement model in the
state space form, which in our case simply becomes y ¼ xR þ v, i.e., the

measured value is the position of the right bead plus noise.

The problem is now to estimate the state vector x, which would give us

the filtered measurements of xR and, most importantly, the estimated values

of the motor-head displacements, xAT. The specific state estimate that we

seek is the mean of x(t), conditional upon measurements y(t); that is, the

desired estimate is

E½xðtÞjyðtÞ�;
where E[$] is the expectation operator. The solution of this problem is given

by Kalman filtering theory (35,36). Note that in the linear Gaussian case of

Eqs. 6 and 7, it is known that the state estimate found as E[x(t)jy(t)] also
fulfills the least-mean-squares and maximum-likelihood estimation criteria.

In addition to the described two-bead model, which we use to determine

the power strokes, a simplified model of Fig. 1 C is used to detect the exact

time points of ncd-MT attachments in the data tracks. This model assumes

a single-mass-on-a-single-spring representation (single-bead model) of the

experimental system, where the single total spring constant, Ktotal, depends

on the springs depicted in Fig. 1 B as

Ktotal ¼ KTR þ
 

1

KL

þ 1

KAT þ
� 1

KL

þ 1

KTL

��1

!�1

: (10)

Ktotal characterizes the cumulative effect of optical traps, chemical linkages/

MT bending, and ncd-induced forces on the position of the monitored right

bead. Because motor binding adds another spring, KAT, to the system, the

ncd attachment events correspond to elevated values of Ktotal. Therefore,

by analyzing the identified Ktotal(t), the ncd attachment and detachment

instants can be estimated.

The single-bead model of Fig. 1 C can be obtained from Eqs. 1–3 by

assuming that xL and xM achieve their equilibrium positions instanta-

neously. If, similarly to Eq. 5, we assume

_Ktotal ¼ wtotal;

the state space description of the single-bead model is obtained in the

state-space form of Eqs. 6 and 7 with the state vector

x ¼ ½ xR _xR Ktotal �T
and the system matrix

A ¼
2
4 0 1 0

�Ktotal

mSB
R

�bSBR
mSB
R

0

0 0 0

3
5; (11)

where mSB
R and bSBR depend on the mass and radius of the beads in the two-

bead model.
Biophysical Journal 99(12) 3905–3915
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FIGURE 2 Validation of the Kalman filters in simulations. The time

series of true motor head displacements was used in the two-bead model

to produce synthetic measurements, y, of the right bead position (shown

in gray). Ktotal, identified by the single-bead Kalman filter, is shown in

red. Orange line shows Ktotal identified using Eq. 12. The identified xAT
and the filtered xR (green line) were obtained using the two-bead Kalman

filter (Filter 1 in Fig. S1).
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The obtained single-bead model is nonlinear in Ktotal. This makes it

necessary to use the so-called extended Kalman filter (37), which is a stan-

dard approach to state estimation of nonlinear systems. We take a sudden

increase in the estimated value of Ktotal as an indication of the ncd-MT

attachment; the return of Ktotal to the preattachment value indicates ncd

detachment. A similar approach to event detection was used in the literature

(15,20), where Ktotal was estimated using equipartition as

Ktotal ¼ kT

hx2Ri
; (12)

where the variance hx2Ri was calculated using the data in a sliding window.

Filter validation

The performance of our Kalman filters was tuned in simulations. The

primary tuning parameters were the variances of the model noises, w, which

were selected to compromise between rapid response of the Kalman filter to

changes in the measurements due to motor events and reduced sensitivity to

thermal noises. The higher the variance of w, the higher is the filter band-

width. An aggressive Kalman filter with a high bandwidth will provide little

filtering and will produce high variance in the estimated xAT as a function of

time. A sluggishly tuned filter (which corresponds to lower variance of w)

reduces the variance of the results at the expense of slower response that

may result in a biased estimation of xAT when rapid changes occur.

To find an optimal tradeoff between fast response and high variance of

the results, we constructed synthetic data. These were generated using the

two-bead model (Eqs. 1–3) with

mR ¼ mL ¼ 1:1 � 10�14 kg

(mass of the silica bead with 1 mm radius),

bR ¼ bL ¼ 1:68 � 10�8Ns=m;

KL ¼ KLL ¼ KLR ¼ 6 � 10�5N=m;

KAT ¼ 1 � 10�5N=m;

KTR ¼ 1:5 � 10�5N=m;

and

KTL ¼ 2 � 10�5N=m:

To obtain the values of KTR and KTL, separate experiments were conducted

to measure the position of an unattached bead in an optical trap. Using the

variance of the measured position, the trap constants were calculated

assuming equipartition (Eq. 12). With the known trap constants, KL was

calculated from the variance of the measured position of a single bead

attached to a surface-immobilized MT. Ktotal was calculated using Eq. 12,

and the corresponding KAT was obtained from Eq. 10.

In the simulations, the change in the motor head position, xAT, was

produced by random ncd-MT attachments leading to equilibrium displace-

ments, random durations of the attachment events, a randomly chosen

power stroke direction (positive or negative), and the size of the power

stroke occurring just before detachment. A sequence of motor head

displacements generated in this way is shown in Fig. 2.

Simulated right bead position, corresponding to randomly generated xAT,

was obtained using the two-bead model with the additive Gaussian

disturbances, wFR and wFL, representing the effect of Brownian forces.

The variances were set to�
w2

FR

	 ¼ �
w2

FL

	 ¼ 8 � 10�25 N2:

With this choice, the variances of the simulated and measured right

bead positions were equal. Theory predicts a smaller variance equal to
Biophysical Journal 99(12) 3905–3915
1.3� 10�25 N2 (38). Within the range of interest, the identification of Ktotal

was only slightly affected by assuming the theoretical value, and the iden-

tified motor-head position was unaffected.

Synthetic data were filtered with the single-bead Kalman filter to test its

ability to identify Ktotal. The gain of this filter depends on second moments

of the zero-mean Gaussian process and measurement noises, w and v, and

was calculated assuming�
w2

FR

	 ¼ 1 � 10�23N2;

�
w2

VR

	 ¼ 0 ðm=sÞ2;
and �

w2
total

	 ¼ 1 � 10�6ðN=mÞ2:
The measurement noise was set to have a variance�

v2
	 ¼ 2 � 10�18 m2:

The variances of wFR and wtotal were treated as filter tuning parameters and

were set to much higher values than used to produce synthetic data to reflect

the higher model uncertainty inherent in the single-bead approximation.

The identified Ktotal was compared with its true value. Ktotal was most

accurately identified when bSBR =mSB
R in Eq. 11 was twice the corresponding

ratio of the two-bead-model. Thus, the mass and drag of the two-bead MT

complex is double that of what would be experienced with a single bead,

which is an expected result.

The same synthetic data were used as input to the two-bead Kalman filter,

the gain matrix of which was calculated using the above specified variances

of the process and measurement noises. The performance of the two-bead

filter was tested to characterize the accuracy of the identified motor-head

displacements. The maximum steady-state identification error in identi-

fying a constant value of xAT was found to be ~1 nm after 3 s (15,000

samples) of data were used. After a step change in the motor-head position,

the identified xAT reaches a new steady state in <200 ms. For a motor-head

displacement of 10 nm, persisting for 200 ms or longer, the filter reports the

stroke amplitude with <20% error, indicating adequate resolution for most
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ncd attachment events. Power strokes of ~10 nm, persisting for <200 ms,

may be underestimated in size and those persisting for <50 ms may not

be detected.

Synthetic measurements of xR and the corresponding results of the

Kalman filtering are shown in Fig. 2. The comparison of the identified

and the true values shows the filter’s ability to accurately identify and

characterize most motor events. Specifically, the values of xAT, identified

by the two-bead Kalman filter, closely agree with the true motor head

displacements used to produce the synthetic data. Identification errors for

Ktotal are higher, but qualitatively correct, showing an elevated Ktotal during

attachments, which justifies the use of Ktotal to detect the ncd-MT attach-

ments. It was found that Ktotal, estimated using Eq. 12, has consistently

higher estimation errors. Note that with the recursive data processing by

the Kalman filter, large motor-head displacements cause a rapid reduction

in the identified Ktotal. Such an artifact is not unexpected because large

changes in the bead position may be explained by the reduction in the total

spring constant. A similar behavior is observed for Ktotal estimated using

Eq. 12 when hx2Ri is calculated from the measurements in a relatively

narrow data window.

Data analysis

Fig. S1 (Supporting Material) summarizes the developed filtering,

identification, and characterization methods used to analyze the ncd-MT

interactions. We have used two model-based approaches and one model-

independent approach as a control.

In the first approach, a Kalman filter, based on the two-bead model of

Fig. 1 B, was used to filter the measured xR and estimate the motor-head

displacement xAT as a function of time. At the same time, an extended

Kalman filter, based on the single-bead model of Fig. 1 C (Filter 2), was

used to identify Ktotal. Binding event detector in Fig. S1 implements a

Shewhart control chart (39,40)—a standard thresholding method which

we used to detect an increase and decrease in the value of Ktotal. A

MT-motor attachment time point was set when Ktotal exceeded a selected

value (3.75 � 10�5 N/m); when Ktotal dropped below that value, a detach-

ment time point was set. Estimated attachment and detachment time points

were further refined using the decrease in the variance of the measured

right bead position, xR, in a narrow window. This segments the identified

motor-head position, xAT, into ncd-MT attachment events. Each attachment

event, i, was further segmented into motor-head displacements,

½xAT �i;j;
with corresponding displacement values, di,j. The difference between the

last two displacements before ncd’s detachment is the estimate of the power
TABLE 1 Results based on two-bead Kalman filter and syntactic c

All

ATP (mM)

Direction of predominant terminal displacement

Detected events 675

Events with positive equilibrium displacements 322 (48%)

Events with negative equilibrium displacements 353 (52%)

Average equilibrium displacements (nm) �0.8

Average positive equilibrium displacements (nm) 11.6

Average negative equilibrium displacements (nm) �12.1

Events with motor strokes 634 (94%)

Events with minus-end directed strokes 418 (62%)

Events with plus-end directed strokes 216 (32%)

Average of all motor strokes (nm) 3.1

Average of minus-end directed strokes (nm) 8.1

Average of plus-end directed strokes (nm) 6.4
stroke for each attachment event. The average of all power strokes is

reported in Table 1. All attachment events were then automatically classi-

fied into different event types using a syntactic classification procedure

(Fig. S1). The estimated power-stroke values were then grouped into

different event types and averaged. The average stroke for each group is

reported in Table 1, where the results of the syntactic event classification

(frequency of different events as a percent of total) are also listed.

In the second approach, before the estimation of the motor-head displace-

ments, data were ensemble-averaged. As in the previous step, attachment

events were grouped using the outcome of the syntactic classification and

the averaging was carried out separately for different groups. The averaging

reduced the influence of thermal and measurement noises, which obscure

the exact temporal structure of the events. A more aggressively tuned

Kalman filter was then applied to the less noisy averaged measurements.

The identified xAT is shown later in Fig. 5, and the corresponding motor

stroke amplitudes (Table S2) likely give the more accurate estimates

because of the reduced influence of noise.

The described event segmentation and classification depend on the

model-based Kalman filtering of xR measurements and model-based

identification of motor head displacements, xAT. A model-independent,

confirmatory method that uses neural network (NN) classification of motor

events was also implemented (see the Supporting Material). Because NN

classification does not use a priori information about a mechanical model

of ncd-MT interactions, it provides a general consistency check (last

column, Table S2).
RESULTS

Kalman filtering of raw data

Fig. 3 shows the Kalman filtering results for several ncd-MT
events. The range of axial thermal motion of the MTs during
the experiments was ~80 nm. The ncd could attach to the
MT anywhere within this range. Assuming the ncd-MT
orientation of Fig. 1 A, Fig. 3 A shows an event during which
the motor attached to a MT that was thermally shifted by
~30 nm to the right of its mean equilibrium position. The
changed equilibrium position of the ncd-MT complex led
to a noticeable shift in the mean x position of the right
bead. We call this an equilibrium displacement, xeq, to
distinguish it from the displacement caused by the power
stroke. Because the location of the attachment point is an
lassification

Set 1 Set 2 Set 3 Set 4

2 5 2 5

�x þx þx þx

48 147 253 227

20 (42%) 64 (44%) 112 (44%) 118 (52%)

28 (58%) 83 (56%) 141 (56%) 109 (48%)

�1.7 �2.1 �2.5 1.3

13.8 13.4 11.5 10.4

�12.7 �14.0 �13.5 �8.6

45 (94%) 137 (93%) 246 (97%) 206 (91%)

29 (60%) 89 (61%) 162 (64%) 138 (61%)

16 (33%) 48 (33%) 84 (33%) 68 (30%)

2.4 3.1 3.4 3.0

7.3 8.4 8.6 7.4

6.3 6.5 6.7 6.0
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unknown and not directly modeled, the equilibrium
displacement of the right bead leads to a change in the iden-
tified motor head position, xAT, (Fig. 3). Therefore, the
product KATxAT at the beginning of the event models the
force introduced by the addition of the ncd-MT link.

According to published models (20,23), the ncd motor
produces its power stroke when ATP binds, near the end
of an ncd-MT attachment period. We refer to the shift in
the motor head just before detachment as the terminal
displacement, xtm, and assume that it is caused by the power
stroke. With the MTorientation of Fig. 1 A, the power stroke
in the expected direction (minus-end) will displace the
measurement bead in the positive x-direction (positive
xtm). During the power stroke, the terminal and equilibrium
displacements (and the corresponding forces) superimpose.
The size of the power stroke (xtm) is estimated as the differ-
ence between the identified average xAT before the stroke
(xeq) and the peak in the identified xAT during the stroke,
before release.

Events in Fig. 3, A–D, agree with the established model:

1. Ncd attaches to the MT, causing an equilibrium motor-
head displacement, and an increase in Ktotal.

2. At the end of the attachment event, the motor produces
a minus-end directed stroke, resulting in a positive
terminal displacement.

3. Ncd detaches from the MT, causing the return of the
motor head, the MT, and the measurement bead to their
Biophysical Journal 99(12) 3905–3915
original mean positions and a return of Ktotal to its value
before attachment.

All events inFig. 3,A–D, hadpositive equilibriumdisplace-
ments, which led to a loading force against the power stroke.
Approximately the same number of events had negative
equilibrium displacements, resulting in a small assisting force
(Fig. 3,E andF).When the negative equilibriumdisplacement
is small, the power stroke can start with a small assisting force
and end with a loading force (Fig. 3 E). With large negative
equilibrium displacements, the power stroke causes a MT
displacement in the same (þx) direction as the MT’s return
to its original mean position after detachment. As a result,
a positive terminal displacement is not visually apparent
when equilibrium displacement is negative (Fig. 3 F).
Such events, however, are readily detected by the syntactic
and neural network characterization methods.

Fig. 3, G and H, shows infrequent attachment events that
did not terminate in a detectable power stroke. Such events
indicate that ncd could also detach from the MT without
producing a power stroke.

Even more unexpected events are shown in Fig. 3, I and J.
Here, the motor attached and, at the end of the attachment
event, produced a stroke toward the plus-end of the MT,
shifting it and the right bead in the negative x direction—
a negative terminal motor action in our terminology.

The average of the results of syntactic characterization of
all detected events is summarized in Table 1. The direction
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of the predominant power stroke in each data set was used to
determine the orientation of the MT. The motor events were
broken down in terms of their equilibrium displacements
and the direction of the terminal motor action.

The probability of positive and negative equilibrium
displacements is expected to be equal. The results of Table
1 indicate a slight preference for negative equilibrium
displacements (52% vs. 48%). This bias is attributed to
negative drift in the measurements, which was not com-
pletely removed by the detrending procedure. Fig. 4 A
shows that the distribution of equilibrium displacements is
approximately normal with a zero mean, as expected.

An ~60–30% split between the positive and negative
terminal displacements was consistently seen in all four
data sets (Table 1). The average of minus-end directed
strokes is ~8.1 nm, compared with 9 nm reported in deCa-
stro et al. (20). The previously unidentified plus-end
directed strokes are, on average, �6.4 nm.

The distributions of terminal displacements for minus-
and plus-end directed power strokes (Fig. 4 B) are clearly
distinct. The spike at the origin corresponds to ~6% of
the ncd-MT attachment events that did not terminate in a
detectable stroke. Such events correspond to the case
when the identified motor head position is segmented into
a single (equilibrium) displacement. We assume that, due
to reversibility of ncd-MT attachments, some attachments
terminate before ncd completes its kinetic cycle. It is also
possible that:

1. Some of the attachment-pull-detachment events occur
too rapidly for the Kalman filter, used to identify xAT,
to react.

2. The difference between the equilibrium and terminal
displacements is less than the 2-nm threshold, used in
automatic event classification to conclude that a terminal
displacement has occurred.
Kalman filtering of ensemble averaged data

The single-realization filtering and subsequent analysis
allowed us to resolve individual motor events and then
classify events into different types. After classification, the
ensemble averaging of the events of each type can be used
to further reduce thermal noise and resolve more detail.
Attachment events have different durations, due to random
ATP arrival and hydrolysis. Therefore, all events were
time-normalized and aligned using an automated procedure.

First, only the data adjacent to the event start (ncd attach-
ment) and stop (detachment) times were retained. The data
were then aligned by refined attachment/detachment times
(Fig. 5).

The ensemble-averaged measurements of xR (Fig. 5)
were obtained by averaging within different event types,
as classified by the syntactic method. The averaged mea-
surements of 418 and 216 events, respectively, classified
to have positive and negative terminal motor actions
(Fig. 5, E and F), confirm the presence of power strokes
directed toward minus- and plus-ends of the MT.

To further quantify events, the averaged measurements
were used as input to an aggressively-tuned (higher band-
width) two-bead Kalman filter, which produced the estimate
of the right bead position and identified the motor head
displacement, xAT (t) (Fig. 5). A different set of averaged
measurements (not shown) was obtained by averaging
events assigned into different types by NN classifiers and
used as the input to the same aggressively tuned filter.

Fig. 5 A shows the ensemble-averaged right bead position
(x axis) for all detected events without distinguishing event
types. A similar procedure was used in deCastro et al. (20).
The method of this article identified a much larger number
of events than previously found. Fig. 5 A shows that the
events terminate, on average, in an 8-nm positive motor
head displacement, which is consistent with the result of
deCastro et al. (20) and approximately equal to the length
of a tubulin unit. Note the approximately zero average equi-
librium displacement, as expected.

The y component of the average power stroke is close to
the noise level (Fig. 5 B). A slight, ~1.75-nm displacement
is seen at the initiation and termination of the averaged
events which may be attributed to imprecise motor-MT
alignment in the x-z plane. If the MT lies in the x-z plane
of Fig. 1 and the motor on the stationary bead is located
Biophysical Journal 99(12) 3905–3915
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off this plane, then attachment to the MTwill create a force
with a y-axis component.

Fig. 5, C and D, shows the results for the events with
positive and negative equilibrium displacements, averaged
separately. Both groups include events with positive and
negative terminal motor actions. Fig. 5 C shows an average
positive equilibrium displacement of ~11 nm, followed by
a terminal motor action of ~7 nm, a quick release, and return
to the origin. In Fig. 5 D, the negative equilibrium displace-
ment is ~12 nm, followed by a return to the origin. The
power stroke is obscured in Fig. 5 D by the motion of the
measurement bead, returning to its unattached equilibrium
position in the same direction as the displacement caused
by the power stroke. Examination of the detachment
segments in Fig. 5, C and E, shows the presence of either
a positive or negative drift in the averaged measurements
before detachment. This drift is caused by short (<2 s)
Biophysical Journal 99(12) 3905–3915
ncd attachments, which contribute preattachment data to
the detachment segment, thus bringing the average closer
to the origin in the �t direction.

Fig. 5, E and F, show ensemble-averaged events with
positive and negative terminal motor actions, respectively.
The identified terminal displacement for the events ending
with a stroke toward the minus-end of the MT is ~12 nm,
which is significantly larger than a tubulin dimer length
and the value of the stroke reported in deCastro et al. (20).
For a nonprocessive motor, there is no reason for a motor
stroke to be a multiple of the distance between motor
binding sites, which in the case of MTs is 8 nm. Comparison
with Fig. 5 A indicates that ensemble averaging over all
events, positive and negative, reduces the estimated terminal
motor action by ~4 nm. The minus-end directed stroke
notably peaks at essentially the same time as the end of
the event, suggesting an immediate ncd-MT detachment
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after the power stroke, which agrees with the previously
proposed model.

Plus-end events (Fig. 5 F) were clearly different from
minus-end events. The average size of the plus-end strokes
is smaller, ~7 nm. The peak displacement occurred ~100 ms
before the motor-MT release, suggesting that the end of
the power stroke toward the plus-end of the MT does not
coincide with the ncd-MT detachment. An alternative expla-
nation is that the motor does not produce a net negative
displacement before detaching. Instead, it moves the MT
temporarily in the negative direction, then returns it back,
and releases. Finally, a plus-end stroke took ~500 ms to
complete, or 1.5 times longer than a minus-end power
stroke, indicating either:

1. A slower stroke;
2. A stroke with a broader distribution of the ncd-MT

detachments after the motor action.
3. A longer time taken to move the MT back and forth

without net displacement before release.

Although the exact mechanism is unknown, the totality of
observations indicates that the kinetics of the plus-end
strokes differ from the previously reported kinetics of
ncd-MT interactions.

Note that the identified average power strokes for the
events classified by the neural networks (dark shaded lines)
are 1–3 nm shorter for different cases of Fig. 5, but other-
wise consistent with the results obtained with the syntactic
classification method of Fig. S1.
Summary of the results

The results obtained using raw and ensemble-averaged data,
though generally consistent, give different estimates of the
size of the power stroke (Table S2). Note the minus-end
directed stroke of 12 nm in Fig. 5 E (Table S2 for the two
classification methods) vs. 8 nm in Table 1 (also Table S2),
and the plus-end strokes of�7 nm vs. �6 nm (Table 1). The
source of these discrepancies is the difference in how the
classified motor events were used to identify xAT. In all
cases, the detection of ncd-MT attachments and determina-
tion of attachment and detachment times were identical. The
terminal motor head displacements of Table 1 were obtained
by averaging time-normalized segments of xAT produced by
the two-bead Kalman filter with raw measurements as its
input. In contrast, the identified xAT(t) in Fig. 5 is based on
the averaged measurements used as the input to an aggres-
sively tuned two-bead Kalman filter. This aggressive filter
was designed to function with reduced fluctuation intensity
of averaged measurements, and has higher gain and band-
width. Because of the faster response of a more aggressive
Kalman filter, it is likely that Fig. 5 is a more accurate char-
acterization of average motor events of different types than
Table 1. Sources of uncertainty and sensitivity to model
parameters are discussed in more detail in the Supporting
Material.
DISCUSSION

The data obtained from the type of the experiments dis-
cussed here is very noisy. A standard method of analysis
uses ensemble averaging of selected data segments. When
all events are averaged indiscriminately, only the predomi-
nant motor action remains evident, and less frequent events
are obscured. The alternative approach described in this
article started with model-based Kalman filtering of the
data (Fig. 3). This approach suggested the presence of ncd
events that deviate from the previously proposed model
(20). The identified time-dependent event characteristics—
such as the filtered bead position, xR, the motor-head
displacement, xAT, and the overall spring constant, Ktotal—
were used to form a hypothesis about different types of
motor events. Events were then classified using automatic
event classification procedures. Ensemble averaging was
then carried out separately for the different event types,
producing the results of Table 1 and Fig. 5. If the noise in
the original data had been a lot lower, one might, of course,
have been able to detect different types of events by eye
and classify them manually. The strength of the method
introduced here lies exactly in the fact that even in very
noisy data, which are common in single-molecule experi-
ments, different types of events can be detected without
observer bias.

Our approach showed that the majority of ncd motor
events were consistent with the established model. However,
approximately one-third of events terminated with an
apparent plus-end stroke, whereas in ~6% of the events,
the motor detached without an apparent stroke.

Ensemble averaging within the same event type con-
firmed the existence of plus- and minus-end power strokes
and showed that the two types of power strokes have
different sizes and occur at different instants within the
ncd-MT attachment sequence. A minus-end power stroke
can take place essentially immediately before motor detach-
ment, whereas plus-end strokes most likely occur ~100 ms
before motor detachment.

The average duration of both types of attachment events
depended on ATP concentration (Fig. 6) as was reported
before for all events, without segregation into different event
types (20), suggesting that both types of power strokes are
dependent on ATP hydrolysis.

Bidirectionality in ncd’s movement is not entirely unex-
pected. It was reported that even slight (single amino acid)
modification of the neck region can lead to a change in
kinesin’s stroke direction and speed of motion (27,28).
Evidence that some kinesin motors may occasionally step
in the direction opposite to their normal step was presented
in Nishiyama et al. (29). Note, however, that it is unlikely
that reverse of directionality is observable in MT gliding
Biophysical Journal 99(12) 3905–3915
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assays on motor-coated surfaces, even if driven by minimal
numbers of motors. If reversal of direction were random, it
would be exponentially rare to observe enough reverse steps
in a row (i.e., hundreds) to be able to resolve the motion in
fluorescence microscopy. Furthermore, loading and assist-
ing forces may play a role in directionality reversal, as has
already been shown for individual processive kinesins,
which change step direction under certain loads (10). A
systematic load-dependence study for nonprocessing motors
will be more difficult to complete, and will require real-time
detection of the attachment events, followed by feedback
control of optical traps to adjust the loading or assisting
force.
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