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Propofol is a widely used general anesthetic to induce and maintain
anesthesia, and its effects are thought to occur through impact on
the ligand-gated channels including the GABAA receptor. Propofol
also interacts with a large number of proteins including molecular
motors and inhibits kinesin processivity, resulting in significant de-
crease in the run length for conventional kinesin-1 and kinesin-2.
However, the molecular mechanism by which propofol achieves this
outcome is not known. The structural transition in the kinesin neck-
linker region is crucial for its processivity. In this study, we analyzed
the effect of propofol and its fluorine derivative (fropofol) on the
transition in the neck-linker region of kinesin. Propofol binds at two
crucial surfaces in the leading head: one at the microtubule-binding
interface and the other in the neck-linker region. We observed in
both the cases the order–disorder transition of the neck-linker was
disrupted and kinesin lost its signal for forward movement. In con-
trast, there was not an effect on the neck-linker transition with
propofol binding at the trailing head. Free-energy calculations show
that propofol at the microtubule-binding surface significantly re-
duces the microtubule-binding affinity of the kinesin head. While
propofol makes pi–pi stacking and H-bond interactions with the
propofol binding cavity, fropofol is unable to make a suitable in-
teraction at this binding surface. Therefore, the binding affinity of
fropofol is much lower compared to propofol. Hence, this study
provides a mechanism by which propofol disrupts kinesin pro-
cessivity and identifies transitions in the ATPase stepping cycle
likely affected.
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Propofol (2,6-diisopropylphenol) is a widely used intravenous
general anesthetic to induce and maintain anesthesia (1–4).

It is a small hydrophobic molecule, and upon binding propofol
can alter the activities of ligand- and voltage-gated channels in-
cluding the GABAA receptor and others (5–11). It is the change
in their activities that is believed to lead to the desirable clinical
effects including unconsciousness, analgesia, amnesia, and im-
mobility. However, through the use of photoactive derivatives
of propofol many other target proteins have been discovered,
leading to an emerging hypothesis that the state of anesthesia is a
result of a network of target proteins including the intracellular
transport kinesins (4, 11).
Conventional kinesin-1 (KIF5) and two heterodimeric kinesin-

2s (KIF3AC and KIF3AB) were shown to be inhibited by the
anesthetics propofol, ketamine, and etomidate at clinically rel-
evant concentrations with a similar inhibition profile (12), sug-
gesting that kinesins may contribute to the anesthetic effects on
memory and consciousness. There are 45 human kinesin genes,
38 of which are expressed in brain, with 15 to 20 kinesins thought
to mediate long-range, microtubule (MT)-based vesicle transport
in neurons (reviewed in refs. 13–16). The transport kinesins are
dimeric with their catalytic motor domains dimerized through a
coiled-coil stalk with globular carboxyl-terminal domains that in-
teract with specific adaptors for cargo binding. From each motor
domain there is short ∼14-residue peptide, termed the neck linker

(NL), that connects each of the kinesin heads to the common stalk
(17–19).
The movement of these kinesins is precise with each adeno-

sine 5′-triphosphate (ATP) turnover coupled to an 8-nm step,
the distance between adjacent αβ-tubulin dimers along the MT
lattice, and kinesins as single molecules can complete 100 steps
or more in an asymmetric hand-over-hand manner (20–23). This
behavior has been referred to as “processive movement” with the
distance a kinesin travels along the MT before detachment de-
fined as its run length. To maintain processive stepping, the
ATPase cycle of each motor domain must be coordinated such
that they remain out of phase with each other. If both motor
heads were to reach the adenosine 5′-diphosphate (ADP)-bound
weak binding state to the MT the kinesin motor with cargo
completely detaches from the MT, ending the processive run.
In single-molecule motility studies, propofol reduced the overall

run length for kinesin-1 and kinesin-2 KIF3AB and KIF3AC by 40
to 60% with half maximal effective concentration <100 nM pro-
pofol without an effect on the velocity of movement (12). These
results indicated that propofol was not binding to the ATP-binding
site or to allosteric sites that modulate MT-activated ATP turn-
over, suggesting that a transient propofol allosteric site forms
when the motor head binds to the MT during kinesin stepping.
Moreover, when the single-molecule experiments were repeated
with fropofol, a propofol analog in which the 1-hydroxyl group was
substituted with fluoride, there was no effect on kinesin motility,
suggesting that the propofol hydroxyl group was required to form
the allosteric site during the processive run (12). Note that fropofol
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cannot induce anesthesia or the sedative properties associated with
propofol, yet fropofol can cause similar adverse cardiovascular ef-
fects as observed for propofol (24).
Subsequent studies identified the kinesin allosteric sites using

a photoactive derivative of propofol in combination with semi-
quantitative radiolabeling and microsequencing assays (25). The
results were consistent for the three kinesins, where there was
little labeling of free kinesin in solution or MTs but labeling was
predominantly localized to the motor domain of the MT•kinesin
complex in the presence of the nonhydrolyzable ATP analog,
AMPPMP. Woll et al. identified the photolabeled residues of
kinesin-1 and kinesin-2 motor domains (25) and mapped these
residues onto the X-ray crystal structures of the tubulin-kinesin
motor domain without nucleotide, the apo state (Protein Data
Bank [PDB] ID code 4LNU; ref. 26) and the tubulin-kinesin
motor domain with ADP aluminum fluoride that is considered
representative of the ATP state (PDB ID code 4HNA; ref. 27).
The results suggested that the propofol binding site was specific
for these three kinesins and that the binding pocket identified

within the AMPPNP-bound MT•kinesin complex better repre-
sents the high-affinity and/or propofol-specific site (25). What
was most compelling was that the propofol binding site localized
near the NL, which is a critical mechanical element to maintain
head–head communication to coordinate the two heads as they
step processively (25).
These experimental observations can now be explained com-

pletely by our theoretical framework that shows that processivity is
directly connected to the synergy between the ability of the motor to
bind to the MT and the order/disorder transition of the NL which
controls the structure and binding ability of the kinesin pocket to
the nucleotides. Disruption in any of these two effects may disrupt
motor processivity and directionality. A recent review article pro-
vides a detailed discussion of the underlying physical mechanisms
governing the function of kinesin and other motor proteins (28).

Results and Discussion
Conventional kinesins are able to carry out ∼100 steps before
detachment from the MT (29). Various studies regarding the
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Fig. 1. Mechanochemical cycle of kinesin stepping. (E0) Dimeric kinesin in solution. (E1–E3) E1 represents the ATP-waiting state with the leading L head
bound tightly to the MT and the trailing T head detached from the MT with ADP bound at its active site. The L head binds ATP (E2), which leads to the
diffusive movement of ADP-bound T head toward the next binding site on MT (E3). (E4–E6) Two-head-bound state of kinesin to the MT. The release of ADP
from the L head generates asymmetric strain on the NLs of L and T heads (E5 state, red circle). Strain on the NL of the L head is much higher than that of the T
head. ATP hydrolysis and Pi release results in an ADP weakly bound state at the T head, intermolecular strain is reduced, and the L head becomes tightly
bound to the MT, reforming the ATP-waiting state (E1).
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structural and dynamical aspects of kinesin suggest that for this
kind of processive movement at least one head remains strongly
attached with the MT during the mechanochemical cycle to
prevent premature detachment (30). To maintain such coordi-
nation, two motor heads need a mechanism to communicate
between their nucleotide and structural states. It has been pro-
posed that this communication is mediated through the internal
load generated in a configuration when both the leading (L) and
trailing (T) heads are tightly bound to the MT (31). A simplified
version of the mechanochemical cycle is shown in Fig. 1. It has
been suggested that in this cycle, the two-head-bound E5 state
(shown in a red circle in Fig. 1) is important for the processive
movement of kinesin (32, 33). In this state, the binding of ATP at
the L head is inhibited to ensure that the two heads remain out
of phase with each other rather than entering an ADP weak
binding state with the MT. The NL remains in either the docked
(ordered) or undocked (disordered) state dependent upon the
nucleotide state at the active site. Previous studies have revealed
that in the E5 intermediate the NL of the T head is docked, but
in the L head it is undocked due to the internal strain (34, 35). In
such a situation, the nucleotide binding pocket of the L head
adopts a disordered configuration that is not suitable for ATP
binding. Upon detachment of the T head from MT, the internal
strain is released. Therefore, the L head can now bind to ATP,
leading to the NL transitions from the undocked to the docked
state (34, 35). These transitions allow for the diffusive search of
the T head biased toward the MT plus-end to its next binding site
16 nm away. Thus, different states of the NLs for the two heads
of kinesin in the E5 state are crucial for the coordination of the
two heads of kinesin to step processivity for long-distance move-
ment (34–36). Any perturbations that can negatively affect this
coordination such as mutations or small-molecule binding in the
motor domain can hamper kinesin’s processivity (12, 25, 37, 38).
Recently, Bensel et al. (12) and Woll et al. (25) revealed that the

widely used general anesthetic propofol significantly decreases the
average run length of kinesin-1 and kinesin-2 in single-molecule
assays, although the velocity of movement remained unchanged.
In the work presented here, we investigated the mechanisms by
which propofol affects kinesin’s processivity when it is bound to
the L head or T head in the two-head-bound condition (Fig. 1, E5
intermediate). In this state, the L head is nucleotide-free and the
T head is bound to ATP, which results in asymmetric strain on
the NLs. This study aims to evaluate the consequences of
propofol binding on the order–disorder states of the NLs of the
E5 intermediate.
For a comprehensive understanding of the mechanism, we

have used the following procedures. First, a coarse-grained
structure-based model (SBM) was built to investigate the effect
of propofol binding on the processivity of kinesin, and second an

all-atom physical force field including explicit solvent simulation
was used to determine how propofol interacts with the kinesin
head. Previously, these methodologies were used successfully to
explore the mechanisms of different motor proteins (34, 38–49).
For these studies, two kinesin X-ray crystal structures were con-
sidered. PDB ID code 4LNU (26) provided the tubulin-bound
apo-kinesin state representing the L head of the E5 intermedi-
ate, while PDB ID code 4HNA (27) provided the tubulin-bound
ATP state of the T head. To explore the possible binding pockets

A B

C

Fig. 2. Propofol binding pocket in the L and T heads of kinesin. (A) The L
head has two propofol binding sites. Pocket-1 is close to the MT binding
surface and pocket-2 is far from the MT interface. The T head has only one
propofol binding site, pocket-1 which is far from the MT-binding interfaces.
The circles with red dotted lines show MT-binding interfaces. (B) Propofol,
2,6-diisopropylphenol. (C) Fropofol, 2-fluoro-1,3-diisopropylbenzene.

A

B

Fig. 3. The two-head-bound state (E5) to the MT shows asymmetry between
L (green) and T (red) heads. (A) The NL of the L head remains undocked due
to the strain. (B) The rmsd of the L head is higher (peak at 0.42 nm) than the
T head (peak at 0.18 nm), which indicates a larger deviation from the initial
native state. Rmsd was calculated with respect to the crystal structure (PDB
ID code 3KIN) of the initial solution state of kinesin in the absence of the MT.
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of propofol in these two states of kinesin, the docking simulations
were performed using the AutoDockVina (ADV) software (50).
The propofol binding pockets with the highest scores are shown in
SI Appendix, Fig. S1 (see SI Appendix, Tables S1 and S2 for the
ADV scores of 4LNU and 4HNA, respectively). In the nucleotide-
free L head, two binding pockets with very close highest score
values were observed: Pocket-1 is close to the MT binding inter-
face while pocket-2 is in a distant position from the MT surface
but closer to the NL region (SI Appendix, Fig. S1B). In the T head,
one pocket (pocket-1) with a high score value was obtained. The
T-head pocket-1 is found to be far away from both the MT-binding
interface and the NL (SI Appendix, Fig. S1A). We superimposed the
apo-head (4LNU) with the L head and ATP-bound head (4HNA)
with the T head of the two-head-bound E5 intermediate. Fig. 2
shows the binding pockets of L and T heads in the E5 intermediate.
To explore the effect of propofol binding on kinesin during the

mechanochemical cycle, we have performed molecular dynamics
simulations of kinesin–MT complexes (with and without propo-
fol) and kinesin heads (with propofol or fropofol) in solution
using the coarse-grained and the detailed force fields described
above. Using the methodology developed earlier by our group
(51–54), we first prepared the coarse-grained SBM of the kinesin
dimer where both heads are bound to the MT to mimic the E5
state. Subsequently, we have performed stochastic dynamics
simulation of the same state to uncover the structural ensemble
of the two-head-bound state. It is important to mention that the
dimeric kinesin structure in the absence of the MT (E0) is

symmetric where both the heads have negligible structural dis-
tortions, that is, no strain is present (55). First, we assessed the
configurations of the two NLs related to the L and T heads in the
E5 state of dimeric kinesin in the absence of propofol (Fig. 3).
We observed that while the NL of the T head remains in its
initial docked state as expected, the configuration of the NL of
the L head changes significantly and becomes undocked from the
motor domain (Fig. 3A). From the rmsd (relative to the crystal
structure) distribution plot, we observed that the L head shows
its peak value around 0.42 nm and T head at 0.18 nm (Fig. 3B).
Consistent with our previous studies, this observation indicates
an asymmetry between the two heads in the MT-bound condi-
tion. Here the undocked NL of the L head creates strain that
ultimately perturbs the structural state, particularly of the nucle-
otide binding pocket of the L head. Previously, we showed that
this structural asymmetry between L and T heads in the E5 in-
termediate is very important for the motility of kinesin (34, 38).
Please note that such asymmetry is also related to the order to
disorder (docked to undocked) transition of the NL of the L head.
As discussed earlier, the leading head has two propofol binding

pockets; one is close to the MT-binding interface and the other is
in the NL region. Hence, to investigate the mechanisms of how
propofol affects the processivity of kinesin when bound to the L
head, we have divided our results into three parts. First (Effect 1),
we have presented the consequences of propofol binding at the
MT–head interface. Next (Effect 2), we examined the results when
propofol is absent but instead the MT–head interaction is

A B

C

Fig. 4. Consequences of propofol binding at pocket-1 of the L head at the MT–kinesin interface. (A) A snapshot was taken from the coarse-grained molecular
dynamics simulation trajectory. Pocket-1 is in close vicinity of the MT-binding surface. The NL of the L head shows a docked conformation. (B) There are
common contacts (blue circles) between the L head and MT and propofol. (C) Peak values of the rmsd distributions for the L head and T head are 0.26 nm and
0.18 nm, which are close to each other.
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destabilized to mimic the implicit binding of propofol, a simpler
implicit version of Effect 1. Finally, we investigated the effect of
propofol binding at the NL region of the L head (Effect 3). The
propofol binding at the T head of kinesin is discussed separately.
All our studies assume that propofol binding and unbinding is
sufficiently fast and that the occupation of these binding sites by
propofol is sufficiently high to make these effects significant. This
appears to be true for the experiments analyzed here, but clearly
these results will depend on propofol concentration.

Propofol Binding at the L Head.
Effect 1. In this section, we focused on pocket-1 of the L head
which is located at the kinesin–MT interface region (Fig. 4A).
We generated a contact map of the MT–head interface including
propofol using the SMOG@ctbp server (51). We found that
propofol and the MT interact indirectly through common resi-
dues of the L head because propofol binds to the MT–head in-
terface region (Fig. 4B). Blue circles in Fig. 4B show the regions
of the L head through which the MT and propofol interact. To
further explore this situation, we developed a coarse-grained
SBM of a dimeric kinesin bound to MT (E5 state) where pro-
pofol is bound to the MT binding interface of the L head. From
Fig. 4C, it is evident that the rmsd values of the L and T heads
are now 0.18 nm and 0.26 nm, respectively. This result indicates
significant reduction of the asymmetric nature between the two
heads when compared to the results obtained in the absence of
propofol (Fig. 3B). Most importantly, the NL of the L head
shows a docked conformation (Fig. 4A). Therefore, propofol
binding to the MT binding interface region of the L head affects
the order–disorder transition of the NL and thereby dissipates
the structural asymmetry needed for functionality between the
two heads significantly.
Effect 2. We mentioned earlier that there are few common resi-
dues of the L head which can interact with both the MT and
propofol (Fig. 4B). We hypothesized that upon propofol binding
these common contacts between the MT and L head will be
destabilized. To this end, we have removed these interactions
between the MT and L head that are common with propofol to
implicitly include the propofol effect. Instead, we provide a re-
pulsive potential to these contact pairs of the L head and MT in
our SB Hamiltonian in its two-head-bound state (E5 interme-
diate). Please note that propofol is not present in this model
explicitly, but contact modifications ensure its implicit presence
in the pocket-1. We observed that the rmsd (Fig. 5B) of the L
head decreases significantly (0.30 nm) compared to Fig. 3B, and
the NL of the L head is in a docked conformation (Fig. 5 A and
B). Thus, we propose that propofol binding to the L head at the
kinesin–MT interface compromises the binding strength of the L
head to the MT. As a result, there is significant strain reduction in
the NL of the L head in the E5 state. In such a situation, the
conformation of the NL of the L head becomes docked and ul-
timately reduces the structural asymmetry between the two heads.
Effect 3. Next, we focused on pocket-2 of the L head. Although
this binding pocket is far from the MT–kinesin interface, it is
very close to the NL region of the L head. We observed from the
contact map analysis that propofol directly interacts with the NL
region of the L head (Fig. 6B). Consequently, we built the SBM
of the two-head-bound dimeric kinesin in its E5 state considering
propofol at binding pocket-2. Rmsd calculations in Fig. 6C show
that the L head has an rmsd value of ∼0.29 nm, which is similar for
the T head at ∼0.18 nm. These results signify that the asymmetry
of the two heads has disappeared considerably, and the NL of the
L head is found to be in a docked conformation (Fig. 6A).
These results suggest that for both binding sites propofol in

the L head reduces the structural asymmetry between L and T
heads in its two-head-bound E5 state. As a consequence, it sig-
nificantly disturbs the order–disorder transition of the NL of the
L head. Our previous studies suggest that any perturbations in
the MT–head interface and/or in the coiled-coil dimerization
region of dimeric kinesin in its E5 state can potentially disrupt
structural asymmetry between the two heads in the MT bound
condition and thereby affect the processivity of the kinesin (38).
Here, propofol binding in pocket-1 can affect the MT-binding
strength and therefore can modulate the order–disorder transi-
tion of NL. On the other hand, direct interaction of propofol
with the NL region can also affect the order–disorder transition
of the NL of the L head.

A

B

Fig. 5. Disruption of the asymmetry between the L and T heads after mu-
tating the common contact pairs between the MT and kinesin-head inter-
face when propofol is absent. (A) The L head shows a docked NL. (B) The
rmsd of the L head decreases significantly.
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Effect of Propofol Binding on the T Head. Because propofol binding
at the T head may also affect the run length of kinesin by
inhibiting its order–disorder transition, we tested this hypothesis
directly. We built the SBM for the two-head-bound kinesin in its
E5 state with propofol in the T head. The propofol binding surface in
the T head is away from both the MT-binding surface and from the
NL region (Fig. 7A). Fig. 7B suggests that there are no common
contacts or direct contacts of propofol with these two important re-
gions (MT–head and NL) as the MT and NL regions range from
residue numbers 1 to 2070 and 2439 to 2447, respectively, in the
two-head-bound structure of our model (see Materials and Methods
for details). Interestingly, we found that the rmsd of the L head
is ∼0.41 nm and that of T head is ∼0.18 nm (Fig. 7C). These
values are similar to those observed in the case of the kinesin
dimer bound to MT in its E5 state without propofol. Therefore,
propofol binding to the T head retains the asymmetry of the
structural ensembles between two heads. Most importantly, the
NL of the L head remains undocked as in the case of propofol-free
kinesin in the E5 state (Fig. 7A). Therefore, propofol binding in the
T head has no direct effects on the processivity of kinesin.

Change in MT-Binding Affinity upon Propofol Binding at Pocket-1 of
the L Head. To quantify the effect of propofol binding at pocket-1
on the MT–head interactions of kinesin we went beyond the
coarse-grained models and calculated its binding free energy by
estimating the potential of mean force (PMF) of the MT and
kinesin head using all-atom explicit solvent simulations and the
umbrella sampling method (56). Fig. 8 shows that the binding free

energy at the minimum is destabilized by ∼20 kJ/mol when pro-
pofol is bound compared to the propofol-free state. This result
suggests that propofol binding to the L head in the E5 state
weakens its MT binding affinity that leads to loss of the asymmetric
nature of the structural states between the two NLs of E5 state.

Local Interactions of Propofol and Fropofol within the Kinesin Motor
Domain. To investigate the local molecular level picture, we have
performed all-atom molecular dynamics simulations of the
kinesin head in explicit solvent. In these simulations, propofol
makes pi–pi stacking and H-bond interactions with the kinesin
head at the MT-binding surface (Fig. 9B). Fig. 9D shows that the
1-hydroxyl group of propofol makes an H-bond with the back-
bone –CO group of 258Leu. The distribution of O–O distances
shows a peak at 0.35 nm (SI Appendix, Fig. S2A). Additionally,
the phenyl ring of propofol forms pi–pi stacking interactions with
318Phe of the kinesin head (Fig. 9D). The distribution of pi–pi
stacking distances between phenyl ring of propofol and phenyl ring
of 318Phe shows its peak at 0.45 nm (SI Appendix, Fig. S2A). A
representative snapshot depicting H-bond and pi–pi stacking in-
teractions of propofol with the kinesin head is shown in Fig. 9D.
Bensel et al. reported that fropofol, which is a fluorine deriva-

tive of propofol in which the 1-hydroxyl of propofol is substituted
with fluoride, does not decrease the run length of kinesin as ob-
served for propofol (12). There are two possible interpretations of
these results. Either fropofol, which lacks the 1-hydroxyl group,
cannot bind to kinesin with high enough affinity to decrease its run
length observed with propofol or, alternatively, fropofol is bound

A B

C

Fig. 6. Consequences of propofol binding at pocket-2. (A) A snapshot was taken from the coarse-grained molecular dynamics simulation trajectory. Pocket-2
is very close to the NL coil of the L head. The NL of the L head shows a docked conformation. (B) Contact map shows propofol directly interacts with the NL. (C)
The rmsd of the L head (peak value 0.29 nm) decreases significantly, which signifies break down of asymmetry between the two heads.
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but cannot disrupt the order–disorder interactions between the
kinesin heads that lead to kinesin detachment from the MT pre-
maturely. To explore these two possibilities, we checked the
binding affinity of fropofol at pocket-1 of the L head of kinesin at
the MT binding interface region (Fig. 2) by calculating binding
free energy. We used the umbrella sampling technique (56) to
assess the distance between propofol or fropofol and the binding
pocket as an order parameter. From the PMF plots, it is evident
that the binding free energy for propofol is at a minimum more
stable by ∼60 kJ/mol compared to fropofol at pocket-1 of the L
head (Fig. 9A). The thermodynamic picture suggests that fropofol
cannot properly interact with the binding site. Further investiga-
tions demonstrated that fropofol is unable to make the H-bond
interaction with the binding pocket because of the absence of the
1-hydroxyl group of propofol. Additionally, the calculated dis-
tances between the two benzene rings of fropofol and 318Phe
show higher fluctuations than observed for propofol (Fig. 9C).
The distance distribution plot is broad for fropofol with a peak
around 0.57 nm and a tail toward the larger distances (SI Ap-
pendix, Fig. S2B), which indicates the absence of suitable pi–pi
stacking interactions. In a previous study, Qiu et al. calculated the
binding energy of propofol and fropofol in three different proteins
(57). In their study, they found that the differences in binding
energies between propofol and fropofol for some of the proteins
are in the range of values similar to those obtained in our calcu-
lations. Our study also showed that fropofol failed to show any
effect on the kinesin’s run length as a consequence of the lack of
proper interactions at the propofol binding site. A representative
snapshot of fropofol bound to the kinesin head is shown in Fig. 9E.
It is evident that the phenyl ring of fropofol is shifted toward a
configuration in which pi–pi interaction with 318Phe is unfavorable.

Discussion
Experimental evidence suggests that propofol, a widely used
anesthetic agent, inhibits kinesin run length and processivity (12,
25). However, we still lack the molecular-level picture of the
interactions and their consequences on the kinesin motor pro-
tein. In this study, we used all-atom explicit solvent simulations
and coarse-gained SBM simulations, along with different free-
energy calculation methods, for a comprehensive understanding
of the mechanisms governing propofol disruption. A large number
of previous studies suggested the importance of order–disorder
transition of NL for the forward movement of kinesin (31–35).
Here we investigated the effect of propofol binding and its impact
on the order–disorder transition of NL (Fig. 10). Propofol binds at
two crucial surfaces, the MT-binding interface and the NL region
in the L head. We observed that in the two-head-bound condition
(E5 intermediate), propofol at both binding surfaces inhibits the
order–disorder transition of the NL of kinesin and thereby dis-
turbs the asymmetry nature between two heads. Therefore, kinesin
lacks the signal for the processive forward movement. Propofol
in the T head has a negligible effect because the binding pocket
is in a distant position from the MT-binding and/or NL regions.
Therefore, the T-head effect can be ignored. Free-energy calcu-
lations show that the MT-binding affinity decreases in the pres-
ence of propofol at the MT-binding surface. We determined that
propofol makes a pi–pi stacking and H-bond interactions with
binding pocket-1 in the L head. Fropofol, a propofol fluorine
derivative, lacks a suitable interaction with the binding pocket. As
a result, fropofol has a low binding affinity compared to propofol.
Our conclusions are well supported by the experimental work of
Bensel et al. (12) and Woll et al. (25). They observed that propofol
disrupts kinesin motility by reducing the run length significantly

A B

C

Fig. 7. Effect of propofol binding at the T head. (A) A snapshot was taken from the coarse-grained molecular dynamics simulation trajectory. The propofol
binding pocket is far from both the NL and MT-head interface. The NL remains undocked in the L head. (B) Propofol does not show any direct or common
contact with NL or MT-binding surfaces. The MT–kinesin interface and NL domain ranges from 1 to 2070 and 2739 to 2747 residue numbers, respectively, in
our model. (C) The L head rmsd is much higher (0.41 nm) than the T head (0.18 nm), which indicates persistence of asymmetry between two heads.
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whereas fropofol showed no significant effect on run length and was
similar to the results obtained in the absence of propofol. Therefore,
this study is important in that it provides a probable mechanism by
which propofol, and possibly other anesthetics, disrupt kinesin long-
distance transport. Most important, the agreement between theory
and experiments provides additional support to our proposed the-
oretical model of the mechanism governing kinesin processivity.

Materials and Methods
System Preparation. The two-head-bound crystal structure of kinesin has not
been reported yet. Therefore, following our previous studies (38, 44), we manu-
ally built a model system where two heads bound with the MT using the crystal
structures available in the PDB. In the dimeric crystal structure of kinesin [PDB ID
code 3KIN (55)], each monomer folds into its native state in absence of MT. We
used the crystal structure of single head bound to the MT (PDB ID code 4HNA)
(27) and superimposed this structure to dimeric kinesin. Next, we broke a few
contacts related to NL and NL binding sites in the motor domain head. Addi-
tionally, wemodified the structure of 3KIN around the NL region of the L head to
generate a two-head-bound state of kinesin. Now, the interactions of each
kinesin head with its MT binding site provides a minimum-energy structure which
is different from the native dimeric crystal structure without the MT. The initial
structure was relaxed, and an ensemble of equilibrated dimeric kinesin on theMT
was obtained. To dock propofol in the kinesin head, we used ADV (50), which is a
well-tested optimized method to perform docking experiments. The input
structure files were prepared using AutoDock Tools (58) by adding hydrogens and
Kollman charges and by merging the nonpolar hydrogens. In a previous experi-
mental study by Woll et al. (25) they mapped the preferred binding sites of
propofol in the kinesin head in the kinesin–MT complex using a photoactive
derivative of propofol, meta-azipropofol (AziPm), followed by mass spectrometry
microsequencing. Based on these studies, we validated our docking simulations.

SBM of Kinesin. To access the alteration of order–disorder transition of NLs in
different propofol bound states we developed the SBM of kinesin. The SBM is
built based on the energy landscape theory of protein folding (54, 59–61). The
SBM force field stabilizes the interactions present in the native configurations
and ignores the frustration due to nonnative interactions. All nonnative in-
teractions are considered repulsive and therefore the landscape is perfectly
funneled (53, 62, 63). In this study, the SBM models were built based on the MT-
bound dimeric structure of kinesin for both cases, in presence and absence of
propofol, using the SMOG2@ctbp server (51). The Cα coarse-grained model was
developed utilizing a single bead at the Cα position of each amino acid
residue of the protein and at each heavy atom of propofol. The ranges of

the residue number for different regions of dimeric kinesin bound to the
MT and a single propofol at the kinesin head are as follows: 1 to 2784 for
MT, 2071 to 2432 for T head (2385 to 2393 for the NL), 2433 to 2784 for L
head (2739 to 2747 for the NL), and 2785 to 2798 for propofol. To account
for the interactions between propofol and kinesin head/MT, an attractive
contact-like potential was added for the pair of residues between Cα atom
of kinesin head/MT and heavy atom of propofol when the distance be-
tween them is within 10 Å in the docked structure.

The Hamiltonian is

HSBM{(~ri)} = HB + HNB  .

Here HB and HNB represent the local bonded and nonbonded components,
respectively.

HB = ∑N−1
i=1

Kr

2
(ri,i+1 − r0i,i+1)2 + ∑N−2

i=1

Kθ

2
(θi − θ0i )2

+ ∑N−3
i=1

∑
n=1,3

K(n)
ϕ (1 − cos[n(ϕi − ϕ0

i )]).
The first term ri,i+1 is the distance between residues i and i+1 and is

constrained harmonically by a spring constant Kr = 200 (kJ·mol−1·Å−2) with
respect to the native distance r0i,i+1. In the second term, θi represents the

angle between residues of i, i+1, and i+2 and it is constrained with respect to

native value, θ0i , by a harmonic spring constant Kθ with value 40 (kJ·mol−1·rad−2).
The third term represents the dihedral angle potential which describes the ro-
tation of the backbone involving successive residues from i to i+3 with

K(1)
ϕ = 2K(3)

ϕ where K(1)
ϕ = 1(kJ·mol−1).

The nonbonded part of the Hamiltonian HNB( ) is

HNB = ∑N−4
i=1

∑N
j=i+4

«0 5
r0ij
rij

( )12 − 6
r0ij
rij

( )10
⎛⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎠Δij + «r
σ

rij
( )12 1 − Δij( )⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦.

Here we consider that if the i and j residues are in contact at the native
configuration, then Δij = 1; otherwise, Δij = 0 and nonnative pairs (Δij = 0)
feel repulsive potential. Here, «0 = «r = 1(kJ·mol−1).

SBM Simulations. Initial structures were relaxed under the SB Hamiltonian and
the structures of different equilibrium ensembles were collected from Langevin
dynamics at low friction limit to improve sampling. Simulationswere performed
at 300 K. The equation of motion for Langevin dynamics used for integration is

m~r
::

i = −ζ _~ri − ∂~rH({~ri}) +~Γi(t),
where ζ is the friction coefficient, −∂~rH({~ri}) is the conformational force, and

~Γi(t) is random force which satisfies Æ~Γi(t).~Γj(t’)æ = (6ζKBT=h)δij(t − t’) where

ζ = 0.05τ−1L and h = 0.0025τL with τL = (mσ2/«0)
1 =

2

were used. This low friction

value was chosen for the purpose of effective conformational space sampling.

All-Atom Explicit Solvent Simulations and Free Energy Calculations. For the all-
atom explicit solvent simulations, we have considered the MT-bound monomeric
crystal structure of kinesin (PDB ID code 4LNU) (26) in the presence and absence
of propofol. We also included the possibility for the kinesin head (without MT) to
be bound to either propofol or fropofol. We performed simulations using the
GROMOCS96 53a6 force field (64) and the SPC water model using the GROMACS
simulation package (65). The simulation box sizes were 11.6 × 12.0 × 16.5 nm3

with 70,951 water molecules for the kinesin–MT complex and 7.31 × 6.20 ×
8.21 nm3 with 10,696 water molecules for the free kinesin head in solution. Before
energyminimization, we neutralized both systems, the kinesin–MT complex and
the free kinesin head, by adding 32 and 5 counterions, respectively. The steepest
descent minimization method was used to perform energy minimization and
1-ns NVT simulations with position restrain were carried out restraining the
initial positions of the protein atoms by a harmonic potential. Finally, a 100-ns
NPT simulation was performed using a V-rescale temperature coupling at a
constant temperature bath of 300 K and Parrinello–Rahman pressure cou-
pling at a constant pressure bath of 1 atm. The SHAKE algorithm (66) was
used to keep all bonds rigid. A PME cutoff scheme (67) was used for the
nonbonded interactions.

For free-energy calculations, an umbrella sampling technique (56) was
implemented in GROMACS. To evaluate the binding free energy of the
kinesin head on the MT in the presence and absence of propofol, we choose

Fig. 8. PMF of the MT-binding affinity of the kinesin head in presence (red)
and absence (black) of propofol. Propofol destabilizes the MT-binding af-
finity of the kinesin head relative to the state in the absence of propofol.
Here d(MT-head) indicates COM distance of head domain from MT where
d represents distance.
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the COM distance between the head and the MT as an order parameter.
Additionally, to calculate the propofol and fropofol binding free energies in
the binding pocket, we considered the free kinesin head bound to propofol/
fropofol in explicit solvent. The distance between the ligand and the binding
pocket was used as an order parameter in these calculations. In each window, a
biased force of 1,000 kJ·mol−1·nm−2 was applied to fix the desired value for this

distance and a 10-ns NPT production run was performed at a constant tem-
perature for the bath of 300 K and at a constant pressure bath of 1 atm. The
weighted histogram analysis method (56) was employed to extract the energy
profile from the histogram of distances obtained by combining all windows.

Data Availability.All study data are included in the article and/or SI Appendix.

A B C

D E

Fig. 9. Molecular picture of local interactions of propofol and fropofol in the kinesin-motor domain. (A) Binding free energy of propofol and fropofol at
pocket-1 of the L head. Minima for fropofol is destabilized relative to propofol which indicates low binding affinity of fropofol. d(Ligand-binding pocket) in-
dicates COM distance of ligand from the binding pocket where d represents distance. (B) Distances of pi–pi stacking interactions and H-bond interactions of
1-hydroxyl group of propofol with 318PHE and backbone -CO of 258LEU respectively. (C) For fropofol the pi–pi stacking interactions fluctuate more than those of
propofol. (D) Representation of pi–pi stacking and H-bond interactions in propofol-bound kinesin head. (E) The orientation of fropofol and 318PHE has changed
and the increment of distance makes pi–pi stacking interactions less favorable. An H-bond interaction is not possible here as fropofol lacks the 1-hydroxyl group.
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Fig. 10. A schematic diagram to show the effects of propofol and fropofol binding at the kinesin motor domain. The E5 intermediate binds propofol at the
leading head, which reduces the asymmetric strain between two NLs of the L and T heads (E5 (1)). The loss in the asymmetric strain leads to the loss of the
signal for the forward movement. Propofol at the trailing head is unable to reduce the asymmetric strain between the NLs [E5 (2)] and kinesin moves forward
[E5 (3)]. Fropofol cannot bind at the pocket-1 properly and does not show any significant effect on kinesin motility.
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