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Drosophila melanogaster kinesin-14 Ncd cross-links parallel microtu-
bules at the spindle poles and antiparallel microtubules within the
spindle midzone to play roles in bipolar spindle assembly and proper
chromosome distribution. As observed for Saccharomyces cerevisiae
kinesin-14 Kar3Vik1 and Kar3Cik1, Ncd binds adjacent microtubule
protofilaments in a novel microtubule binding configuration and
uses an ATP-promoted powerstroke mechanism. The hypothesis
tested here is that Kar3Vik1 and Kar3Cik1, as well as Ncd, use a
common ATPase mechanism for force generation even though the
microtubule interactions for both Ncd heads are modulated by nu-
cleotide state. The presteady-state kinetics and computational mod-
eling establish an ATPase mechanism for a powerstroke model of
Ncd that is very similar to those determined for Kar3Vik1 and Kar3-
Cik1, although these heterodimers have one Kar3 catalytic motor
domain and a Vik1/Cik1 partner motor homology domain whose
interactions with microtubules are not modulated by nucleotide
state but by strain. The results indicate that both Ncd motor heads
bind the microtubule lattice; two ATP binding and hydrolysis events
are required for each powerstroke; and a slow step occurs after
microtubule collision and before the ATP-promoted powerstroke.
Note that unlike conventional myosin-Il or other processive molecu-
lar motors, Ncd requires two ATP turnovers rather than one for a
single powerstroke-driven displacement or step. These results are
significant because all metazoan kinesin-14s are homodimers, and
the results presented show that despite their structural and func-
tional differences, the heterodimeric and homodimeric kinesin-14s
share a common evolutionary structural and mechanochemical
mechanism for force generation.

presteady-state kinetics | dynamic modeling | microtubules

I n the early stages of mitosis and meiosis, the bipolar metaphase
spindle must be established, and kinesin-14 molecular motors
play key roles in this process (1-4). In contrast to the microtu-
bule (MT) plus-end directed processive kinesins, kinesin-14s are
not processive as single molecules; they promote MT minus-end-
directed force and use an ATP-promoted powerstroke to cross-
link and slide one MT relative to another (5-17). Sequence
analysis indicates that all members of the kinesin-14 subfamily are
dimeric, yet the structural organization of kinesin-14 motors differs
from the N-terminal processive kinesins. The kinesin-14s exhibit
C-terminal motor domains connected by an N-terminal continu-
ous coiled-coil stalk with an N-terminal ATP-independent MT
binding site (7, 18-22). And although most of the kinesin-14s
are homodimeric, some yeast species, including Saccharomyces
cerevisiae and Candida glabrata, contain heterodimeric kinesin-14s
(13, 14, 19). The conventional hypothesis for homodimeric
kinesin-14 force generation proposed that only one motor head
interacts with the MT and only one ATP turnover is required to
complete the powerstroke (Fig. S1A4) (10, 12). In contrast, our pre-
steady-state kinetics (9, 23, 24) and the results of Kocik et al. (25)
concluded that both Ncd heads were required for Necd force
generation and also documented cooperative interactions be-
tween the Ncd heads during ATP-promoted MT interactions.

www.pnas.org/cgi/doi/10.1073/pnas.1505531112

The scheme in Fig. S1B accounted for these results and proposed
that both Ncd heads interact with the microtubule, and two ATP
turnovers are required (24).

Through our recent studies on S. cerevisiae Kar3Vikl and
Kar3Cik1, we discovered novel properties of these yeast kinesin-
14s that challenged the earlier models of how kinesin-14s gen-
erate force for their cellular functions (13, 15, 26-28). The
C-terminal globular domain of Vikl exhibits the structure of a
kinesin motor domain (MD), yet Vikl as well as Cikl lack a
nucleotide-binding site (13, 26). Because the C-terminal domain
of Vikl binds MTs independently of Kar3 and with high affin-
ity (26), it was designated the Vikl motor homology domain
(MHD). A series of site-directed cross-links at the base of the
coiled coil near the motor heads of Kar3Vikl were introduced,
and motility assays indicated that both the Kar3MD and
VikIMHD must interact with the MT lattice to generate sustained
MT gliding, yet significant unwinding of the coiled coil was not
required (>10 A but <20 A) (13). This series of experiments led to
the proposal that Kar3Vikl1 binds the MT lattice on adjacent MT
protofilaments rather than a single protofilament in a head-to-tail
fashion because such a small degree of unwinding of the coiled coil
would not allow the 8-nm separation required for the two-head
bound state. Indeed, high-resolution unidirectional metal shad-
owing, which strongly emphasizes the surface features when
viewed by EM, also captured this mode of MT binding in the
presence of ADP. The unidirectional metal shadowing experi-
ments were repeated for Kar3Cikl and Ncd, and both exhibited
this noncanonical MT binding configuration, suggesting that
the adjacent MT protofilament binding configuration may be
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characteristic of kinesin-14s in general and not specific to Kar3Vik1
and/or Kar3Cikl1 (15).

CryoEM and subsequent helical reconstruction of the MT
complexes of Kar3Vikl and Kar3Cikl at different nucleotide
states captured the same nucleotide-dependent powerstroke in-
termediates as reported for Ncd (10-13, 15). Apyrase was used
to generate the nucleotide-free prepowerstroke state (Fig. 1,
E4), and AMPPNP, the nonhydrolyzable ATP analog, revealed a
postpowerstroke intermediate in which the coiled-coil stalk was
rotated ~70 degrees toward the MT minus end (Fig. 1, ES).
Because Kar3Vik1, Kar3Cik1, and Ncd share common structural
similarities at distinct nucleotide states, we hypothesized that
Ncd must use the same series of structural transitions for force
production even though both Ncd motor heads are catalytic.

Therefore, a series of experiments were pursued to test the
proposed scheme presented in Fig. 1 and to validate or rule out
two earlier models (Fig. S1). The following assumptions were
made based on earlier studies (9, 13, 23, 24, 26-28): (i) In so-
lution, homodimeric Ncd exhibits an asymmetry in which one
head holds ADP tightly bound while the partner head holds
ADP weakly (E0) (24). (1) MT collision is followed by rapid
ADP release (E0-E1) (24). (iii) By analogy to Kar3Vikl, the
head that initially collides with the MT (E1) binds a-tubulin in a
noncanonical MT binding configuration and is rotated relative to
its partner head that binds p-tubulin (E4) (13, 26). (iv) ATP
binding at the first head (E2) promotes MT binding of the
partner head followed by ADP release to generate the pre-
powerstroke intermediate (E2-E4) (24) (v) ATP binding at head
2 generates the postpowerstroke intermediate with the coiled-
coil stalk rotated ~70° (ES) (10, 12). (vi) Motor detachment from
the MT occurs after the ATP-promoted powerstroke and after
ATP hydrolysis (E5-E6) (23). (vii) There are two ATP bind-
ing and hydrolysis events to generate one powerstroke (9, 24).
(viii) The powerstroke occurs later in the scheme and can only
occur upon ATP binding to the Ncd head bound to p-tubulin
(10, 12). (ix) NcdeADPeP; rather than NcdeADP may be the
weakest MT binding state for at least one of the Ncd heads based
on earlier MTeNcd cosedimentation studies (E3 and/or E6) (23).

Results

Two ATP Turnover Events Are Required Per Powerstroke. Before
pursuing new experiments to test the mechanism in Fig. 1, the
pulse-chase and acid-quench presteady-state kinetics experi-
ments were repeated to evaluate whether two ATP binding and
hydrolysis events were required before Ncd detachment from the
MT as proposed previously (9, 24). For these experiments, the
previously characterized N-terminal truncation of Ned MC1 was
used (9, 23, 24, 29).

The results presented in Figs. S2 and S3 and Table S1 show
conclusively that two ATP turnovers occurred before Ncd de-
tachment from the MT with the interpretation that there was one
ATP turnover per Necd head. These results rule out the model in
Fig. S14, in which only one Ncd head interacts with the MT and
one ATP binding event drives the rotation for the powerstroke
(10, 12). However, these results are consistent with the earlier
scheme proposed by Foster et al. (24) (Fig. S1B).

E2

E3 E6

The Foster et al. model (24) (Fig. S1B) was based on the as-
sumption that the Ncd would have an ATPase mechanochemical
cycle more similar to that of kinesin-1 in that there was a MT two-
head bound state with one true step, and the second ATP turnover
was required to detach Ncd from the MT. Note that this model
was proposed before the publications that supported the Ncd le-
ver-arm rotation model (10-12). With the more recent insights
from studies on Kar3Cikl and Kar3Vikl1, a fresh perspective was
needed to test these models, and the next series of experiments
were designed to reveal transient intermediates that were not
captured previously by mechanistic or structural studies.

A Slow Structural Transition Is Required Before ATP Binding. A new
experiment was designed to mimic the reaction condition at the
beginning of the cycle where Ncd collides with the MT followed
by ADP release and subsequent ATP binding at head 1 (Fig. 1,
E(0-E2). For Kar3Cik1 and Kar3Vikl, this strategy was necessary
to capture the transient E1 state in which the MHD collided with
the MT first (27, 28). For these experiments, 10 pM Ncde ADP
was rapidly mixed in the stopped-flow instrument with 40 pM
MTs plus the fluorescent ATP analog 2'-(3')-O-(N-methylan-
thraniloyl) ATP (mantATP). At these concentrations (final:
5 pM NcdeADP, 20 pM MTs), Ned MT association is fast and
occurs before mantATP binding (Table S1). Fig. 24 shows rep-
resentative transients at 0.5-5 pM mantATP, and Fig. 2B pre-
sents the observed rates of mantATP binding as a function of
mantATP concentration. A hyperbolic function plus a y-intercept
was flt to the data and provided the maximum rate constant of
4.4 71, Previous experiments at similar conditions measured the
rate constant of mantATP binding to the preformed MTeNcd
complex at 2.3 pM~'s7!, or for example 35 s7! at 15 uM
mantATP (9). Furthermore, mantADP release from the actlve
site of the first Ncd head upon MT collision was 17.8 s™! (24)
(Table S1). Therefore, these results are consistent with a slow
conformational change that occurs after MT collision followed
by fast ADP release and before ATP binding. We propose that
the experimental design in Fig. 2 has captured the slow con-
formational change that occurs after MT collision to form the
transient E1 intermediate that is poised to bind ATP.

If a slow conformational change were required to form the E1
intermediate poised for ATP binding, then this step can be
bypassed by preforming the MTeNcd intermediate. This strategy
was used to measure the kinetics of ATP binding and ATP hy-
drolysis revealing that both were fast events (Figs. S2 and S3)
and to measure the kinetics for phosphate release (Fig. 3 A-C).

The Intrinsic Rate Constant of Phosphate Release Is Fast. To measure
the kinetics of phosphate release, the Martin Webb fluorescently
labeled phosphate binding protein (MDCC-PBP) assay was used
(30, 31). The MTeNcd complex was preformed, MDCC-PBP was
added (final concentrations: 2.5 pM NcdeADP, 20 pM MTs, 10
pM MDCC-PBP), and then the reactants were rapidly mixed
with ATP plus KCI. The additional salt in the ATP syringe does
not affect the first ATP turnover but limits additional ATP
turnovers by weakening the binding of the second motor head
to the MT (31). ATP binding and hydrolysis occur rapidly at
the active site, followed by phosphate release. The phosphate

ADP
Sggp ATP ATP- X _2ADP Pi Ng ADP
T wy

—(J e

Fig. 1. Proposed Ncd powerstroke mechanism. Homodimeric Ncd in solution is asymmetric with one head holding ADP tightly bound and the other head with

ADP weakly bound. The cycle begins with MT collision of head 1 (low ADP affinity, yellow) followed by rapid ADP release to form intermediate E1. ATP binds to
head 1, promoting the association of head 2 (blue head) to the adjacent MT protofilament to form the E2 transient intermediate. ATP hydrolysis is required at
head 1 for release of ADP from head 2. This transition results in the prepowerstroke E4 intermediate with head 2 tightly bound and nucleotide-free, and head 1
detached from the MT. ATP binding at head 2 drives the ~70° rotation of the coiled-coil stalk toward the MT minus end forming the E5, postpowerstroke state.
ATP hydrolysis at head 2 leads to Ncd detachment from the MT (E6), followed by its rapid transition to the EO intermediate poised for MT binding.

6360 | www.pnas.org/cgi/doi/10.1073/pnas.1505531112 Zhang et al.
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Fig. 2. MantATP binding following MTeNcd association. NcdeADP was rap-
idly mixed in the stopped-flow instrument with MTs plus increasing concentra-
tions of mantATP. Final concentrations: 5 pM NcdeADP sites, 20 pM MTs, and
0.5-15 pM mantATP. (A) Transients are shown from low to high concentrations:
0,0.5,1, 15,2, 25,3, 35, 4,45, and 5 pM mantATP, and a single exponential
function was fit to each. (B) The observed rates of the exponential phase of
mantATP binding were plotted as a function of mantATP concentration. A
hyperbolic function plus a y-intercept was fit to the data, which provided the
maximum rate constant of 4.4 + 0.2 5™, ko of 1.8 + 0.1 57", and K1/ mantate Of
9.4 + 1.4 uM. (Inset) lllustration of experimental design.

released to solution was bound rapidly and tightly by MDCC-
PBP, eliciting an increase in fluorescence that can be quantified
(Fig. 3). Fig. 34 shows representative transients at varying ATP
concentrations. These transients are biphasic and display a lag,
attributed to ATP binding and ATP hydrolysis. The observed
rate of the initial exponential phase of each transient was plotted
as a function of ATP concentration (Fig. 3B), and the hyperbolic
fit to the data provides the maximum rate constant of phosphate
release at 14.3 s

A phosphate standard curve (Fig. 3C, Inset) was used for each
transient to convert the exponential amplitude associated with
phosphate release in units of relative fluorescence to units of phos-
phate concentration. The hyperbolic fit to the data (Fig. 3C)
revealed a maximum amplitude of 1.1 uM phosphate for 2.5-
pM Ncd sites, indicating that the phosphate release data rep-
resent 44% of the sites. These results are consistent with the
interpretation that the experimental design for Fig. 3 A-C
captured the intrinsic rate constant of phosphate release from
head 1 that occurs after step E3 due to the additional salt added
in the ATP syringe for this experiment.

The Slow Structural Transition After MT Collision Can Also Be Captured
by Phosphate Release Kinetics. If a slow conformational change were
required for ATP binding, then the rate constant of phosphate
release would also be slow because phosphate release occurs after
ATP binding and ATP hydrolysis. Fig. 3 D-F shows the results in
which the kinetics of phosphate release were measured from head
1 and head 2. This experimental design mimicked the start of the
cycle as in Fig. 2 where 10 pM Ncde ADP plus 15 uM MDCC-PBP
were rapidly mixed in the stopped-flow instrument with 40 pM
MTs with varying ATP (final: 5 pM NcdeADP, 7.5 pM MDCC-

Zhang et al.

PBP, 20 pM MTs). Note that no additional KCl was added to the
ATP syringe, and at the conditions of this experiment, NcdeADP
collision with the MT occurs before ATP binding. Once ATP
binding and hydrolysis occur, phosphate is released from the ac-
tive site. MDCC-PBP rapidly binds the free phosphate released to
the solution resulting in an increase in fluorescence. Fig. 3D shows
representative transients, and the observed rate of the initial ex-
ponential phase associated with phosphate release was plotted as a
function of ATP concentration (Fig. 3E). The hyperbolic fit to the
data provided a maximum rate constant for phosphate release at
2.9 s7', consistent with the interpretation that a slow conforma-
tional change must occur before ATP binding to limit the rate of
phosphate release.

The phosphate standard curve in Fig. 3F was used to convert
the exponential amplitude associated with phosphate release in
units of relative fluorescence to units of phosphate concentration,
and these data were plotted as a function of ATP concentration.
The amplitude data can be correlated with the concentration of
Ncd sites (5 pM NcdeADP) that bind and hydrolyze ATP, fol-
lowed by phosphate release. The maximum amplitude at 5.7 uM
(1.1 Py/Ncd site) is consistent with the interpretation that two ATP
turnover events were required before Ncd detachment from the
MT (Fig. 1, E0-E6).

The phosphate release kinetics (Fig. 3), in combination with
the results from Fig. 2, place a slow step early in the scheme after
MT collision and before ATP binding. The experimental design
for Fig. 3 A-C captured phosphate release after one ATP turn-
over from head 1 and revealed that phosphate release is in-
trinsically a fast step at 14.3 s

Computational Modeling of the Proposed Mechanism. To test the
validity of the proposed mechanism in Fig. 1, we performed com-
putational modeling. The transients in Fig. 24 were fit to a single
exponential equation. However, from a modeling perspective, this
type of model is the analytical solution of a certain class of dynamic
systems described by a set of linear ordinary differential equations
(ODE:s). Though the exponential equation fits the experimental
data with a very good degree of accuracy, it has to be refit for
different experimental conditions potentially due to the existence of
nonlinearity in the powerstroke process, which makes the estimated
parameter values inconsistent and difficult to interpret. Therefore, a
first principles-based model represented by nonlinear ODEs (32)
was developed with the goal to capture the dynamics of the Ncd
powerstroke process (shown in Fig. 1) for a variety of different
initial concentrations of mantATP (Fig. 2). The model is described
in more detail below and summarized in Fig. 4.

E0 — E1. The start of the Ncd powerstroke consists of three sep-
arate steps: (i) Ncd in solution with ADP on both heads,
NcdeADPeADP (denoted as X; here) collides with a MT and
forms the MTeNcdeADPeADP collision complex (denoted as
Nj): X1 = Nj. Because this step is fast and reversible, the reaction
will quickly reach an equilibrium where the ratio of [N;] to [X1],
where [ ] represents the concentration, is a constant denoted by
K;. (i) After MT collision, ADP on the first Ncd head is released
to form the MTeNcde@deADP intermediate (denoted as N,).
Here, @ represents an empty active site: Ny = N,. This step is
fast and reversible, i.e., it will quickly reach equilibrium, thus
the ratio of [N,] and [N;] is a constant denoted by K. (@ii) The
MTeNcde@e ADP intermediate undergoes a conformational change
and forms the MTeNcd*eJeADP intermediate (denoted as X>).
Here, * represents the complex after the conformational change has
taken place: N = X,. When writing the rate expression, the con-
stants K; and K5 can be combined as part of the overall reaction rate
to yield the following expression:

k
X — Xo, [1]

-1

where k; and k_; represent the reaction rates where the informa-
tion from the three steps above are combined. Eq. 1 describes

PNAS | May 19,2015 | vol. 112 | no.20 | 6361

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY



L T

/

1\

BN AS  PNAS D)

Fig. 3. Phosphate release. (A-C) Phosphate release

O

from the MTeNcd complex. The MTeNcd complex
was preformed, and subsequently the MTeNcd
complex plus MDCC-PBP were rapidly mixed in the
stopped-flow instrument with the increasing con-
centrations of MgATP plus 200 mM KCl (syringe
concentration). The fluorescence enhancement of
MDCC-PBP upon binding inorganic phosphate
(P;) was monitored. Final concentrations: 2.5 pM

Fluorescence

Fluorescence

NcdeADP sites, 20 pM MTs, 10 M MDCC-PBP, 0.025

U/mL PNPase, 75 uM MEG, and 1.25-500 uM MgATP. 1 750 03 0'4 Olﬁ OIB 1 ‘E.BG 5' 1'0 1'5 2'0 2‘5 30
(A) Representative transients of P; product release Time (sec) ’ Time (sec)

from Ncd following ATP hydrolysis are shown from B 16 . : . . E 35 . . ; .

low to high concentrations: 0, 1.25, 2.5, 5, 10, 25, 14k | 3l i
and 100 uM of MgATP. (B) The observed exponential

rate of P; release from each transient was plotted as 12r i 257

a function of MgATP concentration, and the hy- i: 10r T v 2 1
perbolic fit to the data provided kmayx = 143 +0.357" _@ 8r 1 & 15 ADP ADP -
and Kipatp = 23.3 + 2.3 pM. (Inset) Experimental 2 6 ADP P:«' ADP/# xm DP,

design. (C) The amplitude (Ap) of the initial expo- = 4 + ATP - 1 @/' |
nential phase of each transient was plotted as a 2 % ADP] 0.5 ATP ™ 4
function of MgATP concentration, and the hyper- 0 \ \ \ \ \ 0 ,

bolic fit to the data provided the maximum ampli- 0 100 2081 A‘:IS%O JDD 500 600 0 5 I‘?AOE\TP (1 5[\2) 200 250
tude Ao,max = 1.1+ 0.01 uM (~44% Ned sites). (Inset) (3 QAL i) E Lol

Phosphate standard curve used to convert the rela-
tive fluorescence in volts to micromolar P;. (D-F)
Phosphate release following MTeNcd association.
NcdeADP plus MDCC-PBP were rapidly mixed with
MTs in the presence of increasing concentrations of
MgATP, and the fluorescence enhancement was
monitored. Final concentrations: 5 uM NcdeADP,
20 pM MTs, 7.5 pM MDCC-PBP, 0.025 U/mL PNPase,
75 uM MEG, and 0.5-500 pM MgATP. (D) Represen-

Amplitude (uM Pi)

Amplitude (uM Pi)
o = N W &2 0 o

tative transients of P; product release from Ncd fol-
lowing ATP hydrolysis. (E) The observed exponential
rate of P; release was plotted as a function of

1 05 1 15 2 -
KH PO (uM) . " KH,PO, (uM)
100 200 300 400 500 600 0 50 100 150 200 250
MgATP (uM) MgATP (uM)

MgATP concentration, and the hyperbolic fit to the data provided the maximum rate constant for P; release at 2.9 + 0.1 5" with Ky, atp = 16 + 0.97 uM. (Inset)
Illustration of the experimental design. (F) The amplitude of the initial exponential phase of each transient was plotted as a function of MgATP concentration,
and the hyperbolic fit to the data provided Ag,max = 5.7 + 0.25 pM (~1.1 P/Ncd site). (Inset) Phosphate standard curve used to convert the relative fluorescence

in volts to micromolar P;.

the process before the binding of mantATP to the first head
of Ncd.

E1 — E2. MantATP (denoted as M) binds the first head and forms
MTeNcd*emantATPeADP (denoted as X3). A fluorescence
signal is released during this step. The model describing this step
is given by

k.
X2 +M k:z)g, [2]

-2

where k, is the binding rate of mantATP to the first head and k.,
is the mantATP dissociation rate constant.

E2 — E3. MantATP hydrolysis at the first head is fast and
nonreversible.

E3 — E4. MantATP binding at the first head signals the second
Ncd head to bind to the MT and release ADP. MantATP
hydrolysis forms the MTeNcd*emantADPeP;e( intermediate
(denoted as X,) in this process. The Ncd*emantADPeP; head
may detach from the MT followed by rapid phosphate release or
phosphate release may occur first followed by detachment as
Ncd*emantADP. This coupled event is slow and weakly re-
versible. Therefore, the steps from E2 to E4 can be combined
and modeled as follows:

k3
X3 =Xy, [3]
where k3 is a reaction rate incorporating the entire process after

the binding of mantATP to the first head and before mantATP
binding to the second head. It should be noted that the

6362 | www.pnas.org/cgi/doi/10.1073/pnas.1505531112

fluorescence signal still exists when mantADP is bound to
the first head; however, the intensity may potentially change.
E4 — E5. MantATP binds to the second head (denoted as M)
to form the MTeNcd*emantADPemantATP intermediate.
MantATP binding to the second head promotes the rotation
of the coiled-coil stalk, i.e., the powerstroke, and these coupled
reactions are fast.

E5 — E6. MantATP on the second head is hydrolyzed, and then
P; is released to form the MTeNcd*emantADPemantADP in-
termediate (denoted as Xs). This process is fast and non-
reversible. Because the fluorescence signal still exists after
mantATP hydrolysis, although the change of intensity is un-
known, the processes from E4 to E6 are combined and mod-
eled as follows:

X, + M5 xs, [4)

where k4 represents the reaction rate, including the process of
mantATP binding to the second head and the subsequent
hydrolysis.

Parameter Estimation. The initial concentration of mantATP is
different in each of the nine experiments (Fig. 24). Data
obtained from experiments 1, 3, 5, 7, and 9 were used for model
fitting via parameter estimation, and data obtained from exper-
iments 2, 4, 6, and 8 were used to further validate model pre-
diction accuracy (Fig. 4). The method used for estimation is
explained in detail in SI Materials and Methods. The estimated
parameters are listed in Fig. 4C, and the simulation results using
the estimated parameters are shown in Fig. 4D. It can be seen
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Model Symbols C Estimated Parameters

X1 Ncd-ADP-ADP ki k1 k2 k2 ks

ks A1 Az Az

N1 MT-Ncd-ADP-ADP 470 500 231 123 136 252 012 016 0.10
N2 MT-Ncd-@-ADP (s (s (um's™) (s7)  (s) (uMms")
:12 rh:an::'?'pg AOP D Model Prediction
Xs  MT:Ncd**mantATP-ADP A Expt.# 1 4 6 7 8 9
Xa  MT-Ncd*mantADP-@ 0.45} mantATP (uM) 0.5 202.53.03.54.045
Xs  MT-Ncd*-mantADP-mantADP 9 . . .
F Measured fluorescence signal - ? Fig. 4. Modeling of the proposed mthanlsm.
A123 Fluorescence amplitudes ? 9% (A) Model components and the corresponding sym-
® bols. (B) The developed first principles-based model
B Developed Model 2 0.35} describing the steps given in Egs. 1-4 is written as a
@ Y- .
S X e set of ODEs. (C) pnknown par.ameters are est|_mated
. < for the model using data obtained from experiments
Xz = k1X1 - kX2 - k2X2M + k2X3 S 03 1,3,5,7,and 9 (Fig. 2A). (D) Model predictions using
Xa = koXoM - koXa - kaXa = estimated parameters. Circles are experimental data
. under different initial concentrations of mantATP
).(4 = kaXs - aXaM 0.25 (Fig. 2A). Solid lines are model predictions for the
X5 = kaXaM cases where experimental data were used for train-
M = -k2XoM + k2X3 - kaXaM 0.2 ) ) ) ing. Dashed lines are the model predictions where the
0 05 15 27 experimental data were not used for training but for

F = A1Xa + A2Xa + AaXs

that the results obtained for both the training and, more im-
portantly, the validation sets are in good agreement with the
experimental data.

Several conclusions can be drawn from the estimated param-
eters. First, parameter k; has a value of 4.70 s~ which is con-
sistent with the assumption that the conformational change at
the start of the cycle is a slow step. Second, parameter k, has a
value of 2.31 pM~'.s™!, which is within the commonly assumed
range of the ATP binding rate of 2-3 uM~':s™! and which was
experimentally measured at 2.3 pyM~.s™" (Table S1). Third, the
parameter k3 has a value of 1.36 s~L, which is consistent with the
experimentally determined rate constant of mantADP release
from the second head at 1.4 s™! and the steady-state ATPase k¢
measured at 2.1 s™' (Table S1). Fourth, parameter k, has a value
of 2.52 yM~".s™!, which is within the commonly assumed range
of ATP binding rates of 2-3 pM~':s™\.

Discussion

Earlier studies suggested that only one head of Ncd interacted
with the MT at a time (Fig. S14), and the data were based on
cryoEM studies that failed to capture a stable intermediate with
both Ncd heads bound to the MT (10, 12). MT gliding experi-
ments were performed in which Ncd heterodimers with only one
motor head promoted wild-type rates of gliding, and the steady-
state ATPase scaled with the concentration of motor heads (12).
These results appeared at the time to provide definitive evidence
to support the one head/one ATP turnover powerstroke model.
However, these studies can now be interpreted in the context of
multiple single Ncd heads driving normal MT gliding.

The studies with Kar3Vik1 and Kar3Cik1 provided insights for
another potential model for Ncd not previously considered be-
cause the assumption at the time was that an Necd homodimer
would bind to the MT in a head-to-tail fashion on a single MT
protofilament (Fig. S1B). The publications documenting that
Kar3Vikl, Kar3Cikl, and Ncd bind to adjacent protofilaments
on the MT lattice (13, 15) in combination with similarity in their
prepowerstroke and postpowerstroke intermediates resulted in
the experiments reported here to ask if homodimeric Ncd with
two ATP binding sites can modulate MT interactions much like
Kar3Vikl and Kar3Cikl. The scheme in Fig. 1 guided the ex-
periments and led to new insights.

The Initial Steps from EO to E4 to Form the Prepowerstroke Intermediate.
For Ncd, one head holds ADP tightly and the partner head holds
ADP weakly (24); therefore, there is an asymmetry in Ncd remi-
niscent of Kar3Vikl and Kar3Cikl. We propose based on earlier
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work that the initial collision with the MT occurs by the head that
holds ADP weakly resulting in rapid ADP release at 17.8 s (Fig. 1,
EO0-E1; Table S1) (24). The results in Fig. 2 and Fig. 3 D-F indicate
that a slow conformational change at 4.4 s~ must occur after MT
collision to generate the transient E1 intermediate poised for ATP
binding. ATP binding occurs rapidly at 2.3 uyM~"s™" (Table S1) (9),
and ATP binding at head 1 is required for head 2 to bind to the
MT to form the E3 intermediate (24). However, in experiments
designed to look at mantADP release from head 2 specifically
(E3-E4), ATP binding at head 1 was not sufficient for head 2 to
release mantADP upon MT association (24). Rather, ATP hydro-
lysis was also required to generate the E4 prepowerstroke in-
termediate (figure 3 in ref. 24). In other experiments designed to
measure mantADP release from both heads upon MT collision by
inclusion of ATP in the MT syringe (Fig. 1, E0-E4), the transients
were biphasic with an initial fast rate of mantADP at 14.2 s, fol-
lowed by a second slow phase of mantADP release at 1.85 s~ (Fig.
S4; Table S1). These results are consistent with earlier studies as
well as the parameters obtained from the computational modeling

(Fig. 4).

The Steps from E4 to E6 to Complete the Powerstroke. The experi-
ments to measure the steps from E4 to E6 were performed
previously (9, 23, 24), and we propose that head 2 is bound
to B-tubulin and nucleotide-free. The pulse-chase experiments
(Fig. S2) revealed a rapid ATP-promoted isomerization at 81 5™,
which has been interpreted to represent the structural transitions
required to form the intermediate poised for ATP hydrolysis (27,
28). This postpowerstroke intermediate was captured by cryoEM
using the nonhydrolyzable ATP analog, AMPPNP (10, 12). Acid-
quench experiments show that ATP hydrolysis was rapid at 26 s~
(Fig. S3; Table S1) (9, 24) and was required for Ncd to detach
from the MT (E6) (24). Interestingly, ATP hydrolysis for Kar3-
Cikl and Kar3Vikl were also measured at 26 s~ (27, 28),
reflecting the similarity of residues at the pivot point for the
coiled-coil stalk rotation and the active site residue configuration
for ATP hydrolysis. The presteady-state kinetics performed
previously measured the dissociation step at 12-14 s~! (Table S1)
(23, 24), and it is proposed that after detachment from the MT,
the Ncd E6 intermediate returns to the EOQ state, poised to rebind
to the MT.

The NcdeADPeP; State. For kinesins, the data suggest that the ADP
state is the weakest MT bound state. In fact, most kinesins,
including Ncd, are purified with ADP bound at the active
sites. However, when the equilibrium MT Ncd cosedimentation

PNAS | May 19,2015 | vol. 112 | no.20 | 6363

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505531112/-/DCSupplemental/pnas.201505531SI.pdf?targetid=nameddest=ST1

experiments were performed, ADP generated an Ncd intermediate
that remained bound to the MT (23). The interpretation was that
because of the cooperativity, ADP remained bound to the head
detached from the MT with the MT-bound Ncd head, nucleotide-
free. In fact, the only state that was weakly bound to the MT was
generated by the addition of 2 mM ADP plus potassium phosphate.
These data were plotted as the fraction of Ncd partitioning to the
supernatant as a function of potassium phosphate concentration.
Rather than showing a hyperbolic binding curve, a sigmoidal
binding curve was observed, indicating cooperativity between the
two Ncd sites (23). Although it is not known whether detachment
of head 1 occurs as an ADPeP; intermediate or whether phos-
phate release occurs first at 14.3 s~ followed by detachment as
the ADP state (E3—-E4), it is reasonable to propose, based on the
cosedimentation results and the noncanonical MT binding con-
figuration, that head 1 detaches from the MT directly after ATP
hydrolysis as the ADPeP; state. In contrast, Ncd at E6 may de-
tach as the NcdeADP state because the MTeNcd ES intermediate
is bound to B-tubulin rather than a-tubulin. Regardless, the data
indicate that Ncd dissociation from the MT and phosphate release
are coupled reactions with one occurring rapidly and the other
occurring more slowly, and experimentally only the slow step
can be observed.

The Computational Model. The results in Fig. 4 provide further
evidence to support the proposed mechanism in Fig. 1. The two
most important parameters from the modeling were the prediction
of a 4.7 s™" structural transition that occurs after MT collision and
before ATP binding, and a slow step of 1.37 s~ associated with
mantADP release and similar to the experimentally determined
rate constant of mantADP release at 1.4 s~* from the second head
and steady-state ATP turnover at 2.1 s~ (Table S1). In fact, it is
remarkable that the computational model fit the mantATP bind-
ing experimental data so well.
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The computational model was also used to test the validity of
the Foster et al. (24) scheme in Fig. S1B, which lacks the slow
conformational change at 4.7 s™' early in the cycle. The model
predictions for the Foster et al. (24) scheme do not fit the data
well, because almost all of the transients and several of the
steady states for intermediate mantATP concentrations are
poorly predicted by the model. Also, the fits lack the initial lag
phase revealed by the experiments in Fig. 2 and captured by the
computational model presented in this work in Fig. 4.

In conclusion, the studies with S. cerevisiae Kar3Vikl and
Kar3Cikl provided new insights and challenged us to ask ex-
perimentally whether homodimeric Ned behaves more like
Kar3Vikl and Kar3Cikl than the processive kinesins. The sig-
nificance of the findings reported here is the conclusion that the
key principles for force generation by kinesin-14s are evolu-
tionarily conserved from yeast to higher eukaryotes. In addition,
the results show conclusively that for Ncd, two ATP turnovers
are required to generate a single powerstroke displacement or
step in contrast to conventional myosin IT (33) and the processive
myosins and kinesins, which require only a single ATP turnover
for each step (34, 35). Therefore, this study implicates the
homodimeric kinesin-14s as a novel class of molecular motors
where two ATP turnover events are required for each power-
stroke-driven microtubule displacement or step.

Materials and Methods

Errors are reported as +SEM. A complete description of the plasmids, pro-
teins, and methods used is provided in S/ Materials and Methods.
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