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Kinesin motor proteins perform several essential cellular functions powered by the
adenosine triphosphate (ATP) hydrolysis reaction. Several single-point mutations in
the kinesin motor protein KIF5A have been implicated to hereditary spastic paraplegia
disease (HSP), a lethal neurodegenerative disease in humans. In eatlier studies, we have
shown that a series of HSP-related mutations can impair the kinesin’s long-distance
displacement or processivity by modulating the order—disorder transition of the linker
connecting the heads to the coiled coil. On the other hand, the reduction of kinesin’s
ATP hydrolysis reaction rate by a distal asparagine-to-serine mutation is also known to
cause HSP disease. However, the molecular mechanism of the ATP hydrolysis reaction
in kinesin by this distal mutation is still not fully understood. Using classical molec-
ular dynamics simulations combined with quantum mechanics/molecular mechanics
calculations, the pre-organization geometry required for optimal hydrolysis in kinesin
motor bound to o/p-tubulin is determined. This optimal geometry has only a single
salt-bridge (of the possible two) between Arg203-Glu236, putting a reactive water
molecule at a perfect position for hydrolysis. Such geometry is also needed to create the
appropriate configuration for proton translocation during ATP hydrolysis. The distal
asparagine-to-serine mutation is found to disrupt this optimal geometry. Therefore,
the current study along with our previous one demonstrates how two different effects
on kinesin dynamics (processivity and ATP hydrolysis), caused by a different set of
genotypes, can give rise to the same phenotype leading to HSP disease.

Kinesin motor protein | ATP hydrolysis mechanism | HSP disease | classical MD simulations |
QM/MM calculations

Kinesin-1 is a motor protein that walks along microtubule (MT) filaments toward the
plus-ends using energy acquired from the adenosine triphosphate (ATP) hydrolysis reaction
while performing various cellular activities. For instance, it is responsible for the intracel-
lular transport of vesicles, organelles, and signaling complexes (1-3). Neuronal kinesin
KIF5A, for example (4, 5), is particularly important for retrograde axonal transport inside
neurons. Several single-point mutations of the KIF5A kinesin are found to be extremely
pathological, leading to a lethal neurodegenerative disease in humans, hereditary spastic
paraplegia (HSP) disease (6, 7).

Generally, kinesin motor proteins function in a homodimeric state. In earlier studies
(8, 9), we have shown that all kinesins have some structurally important regions: motor
domains which perform the catalytic conversion of AT as well as binding to the MT,
the coiled-coil stalk region that is essential for dimerization, and the neck linker region
that connects the motor domain to the coiled-coil stalk region. It was shown that the
energetic balance between kinesin binding to the MT and coiled-coil interactions in the
dimerization interface is crucially important for the required order—disorder transition of
the neck linker (8). This transition mediates the coordination between two motor domains
of the kinesin dimer faithfully, which is required for a long-distance run on the MT. This
process is referred to as processivity (10, 11). On the other hand, the rate of hydrolysis of
ATP determines the gliding velocity of the kinesin on the MT. It is important to note
here that the processivity, directionality of stepping, and gliding velocity are crucial for
their function (7-12).

Mutations related to HSP disease are genotypic. While most of these mutations are
found to be in the motor domain of the kinesin, some are also found to be in the dimer-
ization region. As shown in our earlier studies, which investigated the effect of HSP dis-
ease-related mutations on the dynamics of kinesin, these mutations are either at the
MT-binding interface or at the dimerization region. Therefore, they destroy the energetic
balance between the relative strength of these interactions, impairing the kinesin proces-
sivity that leads to HSP disease (8, 9). However, some other mutations in the motor
domain are found not to affect the MT-binding strength but also lead to the disease.
Experiments have shown that those mutations actually reduce the rate of ATP hydrolysis
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and thereby affect the gliding velocity of the kinesin (6, 7). It has
been proposed that such kinesins, due to their sluggish movement,
act as road blockers for other normally moving kinesis. In this
article, we will concentrate on one of such mutations which is
distal to the ATP hydrolysis reaction center.

Like other motor proteins (13-25), the hydrolysis of the ATP
molecule is an essential step in the mechanochemical cycle of
kinesin. Here we focus on the mutation of the asparagine residue
at a distal position with respect to the hydrolysis reaction center
that is changed to a serine residue (Asn255Ser for PDB ID:
4HNA) (26). This mutation causes a reduction in the kinesin
gliding velocity on the MT and in the ATPase rate compared to
the wild-type one (8). The large distance (-11.5 A) between the
asparagine residue and the terminal y-phosphorus atom of the
ATP in the kinesin-1 structure suggests a long-distance or second
sphere control of the ATP hydrolysis reaction (Fig. 1). Similar
large distance effects have been previously observed. Biochemical
studies have shown that the rate of ATP hydrolysis of kinesin-1
increases by -33-fold upon binding to the MT (6). The
MT-binding site and ATP hydrolysis reaction center are also far
apart from each other (Fig. 1). Herein, using all-atom explicit
solvent molecular dynamics (MD) simulations, hybrid quantum
mechanics/molecular mechanics (QM/MM) methods, and an
enhanced sampling approach for calculating free energies, we pro-
vide an explanation for the molecular origin of this second sphere
control of the ATP hydrolysis reaction in kinesin-1, which is
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Fig.1. ATP-bound kinesin-o/p-tubulin complex. It is composed of the kinesin
motor domain region, a-tubulin, and p-tubulin. The tubulins are the units of
the microtubule filaments. The y-phosphate group of the ATP is surrounded
by the Glu236, Arg203, Ser202, Thr92, Mg®* ion, and six water molecules. The
HSP disease-related residue, Asn255, is also shown, and the proposed second
sphere interactions are highlighted.
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needed to understand its connection to HSP disease. In this con-
nection, it is important to note that an earlier study (23) on this
topic focusing on the ATP hydrolysis mechanism of kinesin did
not consider the effect of MT binding and was limited to aqueous
kinesin only. Inclusion of the MT-bound state is required to
understand the complete process of ATP hydrolysis which is
attempted in this study.

In this study, we will first present the three different reaction
schemes for the AT hydrolysis reaction in the wild-type kinesin
bound to MT. We will then discuss our findings on the reaction
mechanism and energetics for those three reaction schemes using
hybrid QM/MM calculations and most importantly determine
the pre-organization geometry for the reaction. Next, the effect
of mutation and MT unbinding on the pre-organization geometry
will be described using all-atom explicit solvent MD simulations
and an enhanced sampling approach for calculating free energies.
A multiple sequence alignment will also be presented to show how
important are the residues/interactions of pre-organization geom-
etry. Finally, we will discuss our results in the context of the HSP
disease.

Results and Discussion

Probing ATP Hydrolysis Reaction Mechanism to Extract
Pre-Organization Geometry. Standard MD simulation of the
MT-bound kinesin-1 with ATP in its active site prov1des the
equilibrium geometry of the reaction center (Fig. 1). A Mg ion
forms an octahedral coordination with two water molecules, two
hydroxyl groups from Thr92 and Ser202 residues, and two non-
bridged oxygen atoms of the ATP molecule (S Appendix, Fig. S1).
A salt-bridge pair between the Arg203 and Glu236 residues is found
to be in close proximity to the ATP molecule. Additionally, a few
other water molecules were present near and around the reaction
center. On the basis of classical dynamics, three distinctly different
reaction schemes for the ATP hydrolysis process in the kinesin-ot/
fB-tubulin complex are proposed in order to better understand the
role of active site residues and water molecules (Fig. 2). In model
A, a lytic water molecule attacks the terminal phosphorus atom
of the ATP substrate and the same water molecule also provides
the proton to complete the reaction. Within model B, three water
molecules are directly and cooperatively engaged in the hydrolysis
reaction. One water molecule acts as attacking water, one as proton
donor while the other one acts as mediator for proton transfer. In
model C, the Arg203-Glu236 salt-bridge is broken and phosphate
hydrolysis reaction occurs in a stepwise manner. Here, Glu236 acts
as a base to activate the lytic water molecule triggered by the relay
proton transfer mechanism via a second water molecule in the first
step. The proton ended up on Glu236, and yielding HPO,* as an
intermediate product In the subsequent step, one of the oxygen
atoms of the HPO,” abstracts a proton from another water
molecule, Glu236 is deprotonated via a relay proton shuttle, and
the final product is formed. Next, QM/MM simulations of three
different reaction models were performed for the ATP hydrolysis
reaction in the MT-bound kinesin-1. These simulations provide the
possible mechanisms and pre-organization geometries required for
optimal hydrolysis (Fig. 2). Several configurations of the ATP-bound
kinesin-MT complex are selected from our classical MD simulations
based on different choices for the water chain between the ATP and
the Arg203-Glu236 salt-bridge and for the orientation/stabilities of
the Arg203-Glu236 salt-bridge pair. These configurations are used as
initial structures for our (QM/MM) optimization calculations. Over
the last decades, unrevealing the mechanism of the AT hydrolysis
reactions has come into prominence for ATP-dependent molecular
motor proteins, such as kinesin, myosin, dynein, F1-ATPase, and
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Fig. 2. The proposed mechanisms for the ATP hydrolysis reaction in the kinesin-a/p-tubulin complex. AMP denotes adenosine monophosphate. To simplify,
the coordination of Mg?* ion with two water molecules is not shown. Displayed atom numbering and nomenclature are used throughout this study. In model A,
a lytic water (w1) molecule attacks the terminal phosphorus atom (P,) of the ATP substrate of the kinesin-tubulin complex and a proton (H1) from the lytic water
(w1) is shifted to the y-phosphate group to yield an inorganic phosphate (H,PO,"). The salt-bridge pair of Arg203-Glu236 remains fully intact during this process.
In model B, Arg203-Glu236 salt-bridge pair is transiently broken. The OE2 atom of the carboxylic group of the Glu236 residue establishes a strong hydrogen
bond with the second water molecule during the hydrolysis reaction. Simultaneously, a proton transferred from the lytic water molecule to one of the non-
bridge oxygen atom (O,,) of the terminal y-phosphate of the ATP to form an inorganic phosphate through the proton translocation mechanisms. Within model C,
phosphate hydrolysis reaction occurs in a stepwise manner. The Glu236 activates the lytic water molecule through the relay proton transfer mechanism via the
second water molecule. Glu236 acts as a base, the proton ended up on Glu236, and yielding HPO,* as a product. In the second step, one of the oxygen atoms
of the HPO,*™ abstracts a proton from the third water, and consequently, Glu236 is un-protonated via relay proton shuttle from the Glu236 to the third water.

GTPases (13-25). These studies reinforce a common mechanism
involving a proton transfer mechanism with the help of either an
active site residue (such as Glu, Asp, Lys), an Arg-Glu salt-bridge
pair, or neighboring water molecules. In our QM/MM model A, a
lytic water (w1) attacks the P, atom of the ATP, and subsequently,
the same water is deprotonated to form the inorganic phosphate
(H,POy") and ADP (S/ Appendix, Fig. S2). The activation barrier
for the ATP hydrolysis reaction of model A is 39.4 kcal/mol when
computed using a B3LYP-D3/def2-TZVP/OPLS level of theory
(Fig. 3). To decipher whether the proton translocation happens
directly from an attacking water or via a neighboring auxiliary one,
we have explored another model (i.e., model B) in which three
water molecules are explicitly involved in the reaction mechanism.

PNAS 2023 Vol.120 No.1 e2215170120

Here, a second water molecule (w2) concurrently acts as a base and
a proton transporter. It abstracts a proton from the lytic water (w1)
molecule, the P.-O,,; bond is formed, and a relay proton transfer
happens, all the way, from the lytic water molecule to the non-
bridged O,; atom of the y-phosphate of the ATP molecule through
another auxiliary water molecule (w3) (see ST Appendix, Fig. S3 for
details). The second water molecule is stabilized by Glu236 through
a hydrogen-bonding interaction. Our results show indeed multiple
water molecules mediating ATP hydrolysis reaction. In this case,
the activation barrier is 19.7 kcal/mol, and therefore, the reaction
is significantly more feasible than model A.

In model C, a broken salt-bridge Arg203-Glu236 of the

enzyme-substrate state activates the lytic water (wl) through a
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Fig.3. Potential energy profiles of the ATP hydrolysis reaction of the kinesin-o/p-tubulin complex for the different reaction schemes at the B3LYP-D3/def2-TZVP/
OPLS level of theory. QM/MM optimization calculations were first performed at the B3LYP/6-31+G(d,p)/OPLS level of theory. Subsequently, the energies of all
the optimized stationary state structures were corrected by single-point calculations using dispersion-included B3LYP-D3/def2-TZVP/OPLS level of theory. TS,
and TS, represent the transition states along the path for models A and B, respectively. TS.,; and TS, represent the transition state structures along the path for
model C. Furthermore, ES, INT, and EP denote enzyme-substrate complex, intermediate, and enzyme-product complex, respectively. Optimized TS, TS,, and

TS, structures with the key interatomic distances (A) are presented.

relay proton translocation mechanism with the participation of
auxiliary water molecules. The Glu236-assisted ATP hydrolysis
reaction is divided into two steps (S Appendix, Fig. S4). In the
first step, Glu236 abstracts a proton from the second water (w2)
which helps to activate the lytic water (wl) through the relay
proton transfer mechanism with an extended network engaging
the ATD, lytic water, second water, and Glu236. In this step, the
phosphate hydrolysis is started by the cleavage of the P,-Op; bond
(TS;: 2.68 A) and concurrently the P,-O,,, bond is formed (TS ;:
1.91 A) (Fig. 3). The activation energy barrier for the y-phosphate
hydrolysis process of the ATP is 11.9 kcal/mol, and the associated
stability of the intermediate is exothermic by -13.2 kcal/mol. In
the second step, a proton from the carboxylic moiety of the
Glu236 is transferred to the O,; atom of the ATP through another
proton transfer mechanism involving another auxiliary water mol-
ecule (w3) to form an inorganic moiety (H,PO,"). This process
has a low barrier (0.9 kcal/mol) associated to an exothermic pro-
cess with an overall reaction energy of -33.0 kcal/mol. Here,
Glu236 is acting as a base as well as a proton reservoir during the
ATP hydrolysis reaction. MOF] analysis showed that ATP hydrol-
ysis in kinesin follows a so-called concerted-like pathway in its
rate-limiting step (S/ Appendix, Fig. S5). Our computed barrier
for the ATP hydrolysis reaction of this model system is in a com-
parable range with the experimental barrier (12.4 kcal/mol) as
derived from its rate constant (k _,:17.58 s (7). The Mg2+ ion

40f9 https://doi.org/10.1073/pnas.2215170120

plays an important role to stabilize the enzyme-substrate, the tran-
sition state (TS), and the enzyme-product state structures by
forming an octahedral coordination sphere with two non-bridging
oxygen atoms of the ATP, two water molecules, and the Ser202
and Thr92 residues, respectively (SI Appendix, Tables S2-S4). It
is noteworthy to mention that the Arg203-Glu236 salt-bridge
pair remains intact in model A (high barrier) and is broken for
both models B and C (low barrier). In particular, for model C,
the broken salt-bridge is an absolute necessity for the proper
pre-organization geometry of the reaction. Our findings spell out
that model C is most favorable pathway for ATP hydrolysis reac-
tion. Therefore, model C provides optimal pre-organization envi-
ronment for efficient ATP hydrolysis reaction in this system. The
broken salt-bridge-assisted water-mediated mechanistic pathway
for the ATP hydrolysis process (model C) in kinesin was also
suggested in a previous study by McGrath et al. (23) The broken
configuration of the salt-bridge ensures the lytic water (w1) posi-
tion by a hydrogen-bonding interaction with Arg203 and the
proton abstraction from auxiliary water (w2) by Glu236, needed
for initiating the activation of lytic water through proton translo-
cation. The mechanistic picture emerging from our extensive cal-
culations implied that the water molecules present close to the
kinesin motor protein’s active site play a key role in the binding
of the ATP substrate, the subsequent ATP hydrolysis reaction, and
the release of the product. Our study along with several others

pnas.org
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revealed that one of the vital aspects in an enzymatic ATP/GTP
hydrolysis reaction is a relay proton transfer event through an
extended water chain during different steps of the reaction, sug-
gesting a common mechanism (13-22).

Effect of Disease-Related Mutation and MT Binding on the Pre-
Organization Environment. Next, to explore the effect of binding
to the MT and the Asn255Ser mutation on this pre-organization,
we have performed MD simulations of the ATP-bound wild-
type kinesin (W), of the wild-type kinesin-o/p-tubulin (W-MT),
and of the mutated (Asn255Ser) kinesin-o/f-tubulin (M-MT)
complexes. First, we examined the stability of the salt-bridge pair
between Arg203 and Glu236 residues. In an earlier study, McGrath
et al. suggested the involvement of the Arg203-Glu236 salt-bridge
pair during the ATP hydrolysis for the wild-type kinesin (23).
These studies, however, have not quantified the stability and
the orientation of this salt-bridge. Herein, the minimum inter-
atomic distances of NH1-OE1 (or OE2) and NH2-OE1 (or OE2)
have been computed for the last 50 ns of the equilibrium MD
simulations of the three systems (Fig. 4). For the W-MT system,
the minimum distance of NH1-OE1 (or OE2) remains well below
3.5 A throughout the MD simulations, whereas the minimum
distance of NH2-OE2 (or OE1) fluctuates in the range of 2.2 to
4.0 A (with a distribution having a peak at ~-3.0 A, ST Appendix,
Fig. §7). These results indicate that two salt-bridges interactions
are possible, while one is strong, the other one is broken for a
W-MT system. For W and M-MT systems, both the distances
and corresponding distributions suggest the presence of both
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salt-bridges simultaneously. Since classical dynamics may mislead
the actual scenario due to poor sampling, we have carried out the
2D-free energy simulations using well-tempered metadynamics
simulations to investigate the stabilities and conformation of the
Arg203-Glu236 salt-bridge pair for the three systems (Fig. 4). Two
densely populated regions are found in the free energy landscape
for the W-MT system. The minimum at the region marked as A
corresponds to a conformation where the salt-bridge involving
the interaction between the NH1 and OE1 remains intact, but at
the same time, the interaction between NH2 and OE2 is broken.
The highlighted B region represents a symmetrically opposite
conformation. For the W state, there are three minimum regions
with comparable stability. In addition to minima A and B, there
is a third minimum, marked as AB, which corresponds to the
state having the two salt-bridges forming simultaneously. For the
M-MT system, three similar minima are also present as observed
for the W system but with the AB region being a more populated
one. Therefore, MT binding to the wild-type kinesin stabilizes
the broken conformation of the Arg203-Glu236 salt-bridge
facilitating the pre-organization. On the other hand, Asn255Ser
mutation secures the perfectly intact conformation of the Arg203-
Glu236 salt-bridge pair disrupting the pre-organization.

Mutation Perturbs the Optimal Geometry of Lytic Water.
Then, we turned our attention toward the lytic water. A water
molecule is designated as a lytic water if the Ow1-Py distance
is <4.5 A, the Ow1-H21 distance is <3.5 A, and the Ow1-Py-
Op angle is >100° (Fig. 5 and SI Appendix, Fig. S10). A single
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Fig. 4. The stability and orientation of the Arg203-Glu236 salt-bridge for three different systems (W-MT, W, and M-MT) using classical MD simulations. (A) The
structure of the salt-bridge interactions between the Arg203 and Glu236 near the ATP-binding site of the kinesin motor. (B) The time evolution of the minimum
distances of the NH1-OE1/OE2 (blue) and NH2-OE1/OE2 (red) obtained from classical MD simulations of three different systems. The distribution of these
two distances, NH1-OE1/0E2 (blue) and NH2-OE1/OE2 (red), obtained from the classical MD simulations were also plotted. If the above-mentioned measured
distance falls well below 3.5 A, then it signifies a strong salt-bridge interaction between Arg203 and Glu236, while the distance toward 3.5 A or above indicates
the weak or broken salt-bridge. (C) The 2D-free energy profiles for the stability of the conformation states of the Arg203-Glu236 salt-bridge pair of the W-MT,

W, and M-MT systems. The unit of free energy is kJ/mol.
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Fig. 5. The interactions of the lytic water with the side chain of Arg203. (A) The structure of broken Arg203-Glu236 salt-bridge, ATP molecule, and lytic water
in the kinesin motor domain is displayed. The joint probability distribution plots of the interatomic distances of Ow1-H21 and Ow1-Py (in A) are shown for the

(B) W-MT, (C) W, and (D) M-MT systems.

lytic water molecule is present in all the frames throughout
our simulation trajectories for the W and W-MT systems. On
the contrary, the lytic water is detected in only ~10% of the
total frames for the M-MT system (S Appendix, Fig. S11).
More importantly, while the identity of the lytic water does
not change throughout the simulation for W and W-MT,
it frequently changes its identity for the M-MT system. We
observed that the lytic water molecule is slightly closer to the
y-phosphate of the ATP in the case of the W (Ow1-Py: 3.27 +
0.01 A) and W-MT (Ow1-Py: 3.27 + 0.02 A) systems than for
the M-MT system (Ow1-Py: 3.53 + 0.29 A). The angles of Ow-
Py-OB for the W-MT, W, and M-MT systems are 154.5 + 5.5,
154.9 + 5.3, and 130.2 + 21.1 degrees. The ATP hydrolysis is
generally an S\ 2-type reaction for which the nucleophile (lytic
water) should approach an electrophile at an angle of 180° with
respect to the leaving group (Oy-ADP). Therefore, the angle
distributions results suggest that the phosphate hydrolysis is
more favorable for the W-MT and W systems than for the
M-MT one (S Appendix, Fig. S10). Interestingly, the lytic
water forms a strong hydrogen bond between the oxygen atom
of the lytic water and H21 atom of the Arg203 residue for
the W system (1.97 + 0.03 A) and for the W-MT one (1.89 +
0.02 A) (Fig. 5). This hydrogen-bonding interaction helps to
hold the lytic water in an optimum position for the hydrolysis
reaction. This hydrogen-bonding interaction is weak and less
frequently observed for the M-MT system (3.52 + 0.28 A)
(Fig. 5). Additionally, we have calculated the number of water
molecules forming a water chain between y-phosphate of the
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ATP and the Glu236 for these three systems (S7 Appendix, Figs.
S8 and S9).

Change in Local Environment Near the Mutation Site. We
explore the local environment near the mutation site (Asn255).
We found that there are two stable hydrogen-bonding inter-
actions. The HN,05—OD1,,,55 (W: 2.34 + 0.04 A and
W-MT: 2.35 £ 0.05 A) and the Ogp36—HD22,,555 (W: 2.24
+0.04 A and W-MT: 2.18 + 0.04 A) between the backbone
of Glu236 and the side chain of the Asn255 residue for the
W-MT and W systems (Fig. 6 and S/ Appendix, Figs. S12 and
S13). For the Asn255Ser mutation,othe interatomic distances
of HN1036—OGserass (593 £ 0.07 A) and Ogyp36—HG 15055
(6.75 £ 0.05 A) become quite large (SI Appendix, Fig. S14).
Therefore, these two aforementioned hydrogen-bonding
interactions are completely lost in the M-MT system (Fig. 6).
Instead, a weak interaction is found between the HG1 atom of
the side chain of Ser255 residue and the O atom of the backbone
of the Met413 of a-tubulin (S7 Appendix, Figs. S14 and S15).
This interaction makes the serine residue to rotate far away from
the Glu236. Hence, a gap between the Ser255 and the Glu236
is created which allows more water molecules to flow into the
ATP-binding site of the mutated M-MT system (Fig. 6).
Furthermore, multiple sequence alignment analysis of the dif-
ferent kinesin motors has demonstrated that the Agr203, Glu236,
and Asn255 residues are highly conserved among different organ-
isms (SI Appendix, Fig. S16). This finding suggests that those three

residues have a crucial functional role in catalysis.
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Fig.6. The second sphere interactions network for the W-MT and M-MT systems. Snapshot structures highlighting the ATP, lytic water, Arg203-Glu236 salt-bridge,
and Asn255 residue on kinesin motor domain region and Met413 residue on the a-tubulin are shown for the W-MT, M-MT model systems. HNg;236—0D1 z¢n255
and Og)p36—HD22,,55 interactions for the W-MT and the Oyeis13—HG 15,255 interaction for the M-MT systems are displayed.

Taken together all the results obtained in our study, we can
explain the modulation of the ATP hydrolysis rates observed in
the experiments. Let’s consider the rate constant of the ATP
hydrolysis reaction for the optimal reorganized geometry as k..
Therefore, the observed rate of hydrolysis can be expressed as

K, [Pre- organized] where [Pre-organized] is the concentration
of optimal pre-organized geometry. Binding to MT [Pre-
organized] of wild-type kinesin is found to be increased. This
explains the few fold increase in ATP hydrolysis rate upon MT
binding. On the contrary, the distal mutation of Asn255 residue
decreases [Pre-organized] and thereby decreases the ATP hydrol-
ysis rate.

Conclusion

In conclusion, our analysis uncovered that the pre-organization
environment of the ATP hydrolysis reaction of kinesin-1 is criti-
cally dependent on having the broken state of the Arg203-Glu236
salt-bridge sufficiently populated. This salt-bridge in turn is con-
trolled by a second sphere Asn255 residue (also by MT-binding
interactions located far away) through backbone-mediated inter-
actions with Glu236. We demonstrated that the Asn255Ser muta-
tion allosterically disrupts the whole interaction network, causing
a destabilization of the pre-organization environment required for
efficient ATP hydrolysis reaction in the kinesin motor. This dis-
ruption is responsible for the HSP disease in humans. In carlier
studies, we have shown that some of the HSP-related genotypic
mutations altered the energetic balance between the MT binding
and coiled-coil dimerization interactions (8). Such a disruption
affects the order—disorder transition of the neck linker domain
leading to heavy loss in communication between the two motor
head domains of the dimer. This makes kinesin very inefficient by
reducing its processivity and therefore shortening of the MT run.
In this work, we demonstrate that another genotypic mutation
leads to impaired ATP hydrolysis by essentially making the kinesin

PNAS 2023 Vol.120 No.1 e2215170120

very sluggish on the MT. Such slow kinesin blocks the road ahead
for other swiftly moving kinesins. The fate is again HSP disease.
Therefore, different mutations in the same gene (genotypic muta-
tion) manifest two distinct mechanisms in the phenotypic level
but ultimately lead to the same HSP disease.

Materials and Methods

Setup of Enzyme Models and Classical MD Simulations. The o/f-tubulin-hu-
man kinesin 1-ADP-AIF,” complex (PDB ID: 4HNA) was resolved by Gigant et al.
(26)and used as an initial crystal structure for our present study. The a/-tubulins
are heterodimers which are units of a MT. In this crystal structure, kinesin is bound
with a stable ATP hydrolysis TS analogue, ADP-AIF,~.To prepare our enzyme model
system, the designed ankyrin repeat protein, which prevents tubulin self-assem-
bly, is removed from the crystal structure. Then, AIF, moiety of the ADP-AIF, ~is
replaced with the PO, group to prepare the ATP molecule. In the crystal structure,
there was only one Mg“™ ion present in the ATP-binding site of the kinesin motor
domain region and two crystallographic water molecules were also present that
are bound with the Mg?* ion. The three model systems have been prepared in
this present investigation, for instance, wild-type-o/p-tubulin complex (W-MT),
Asn255Ser-mutated-o/ B-tubulin complex (M-MT), and wild-type kinesin (W). In
the case of a mutated (M-MT) system, the asparagine residue in the 255th residue
of the kinesin motor domain was mutated with the serine residue. The classical
MD simulations have been performed to equilibrate the ATP-bound enzyme
complexes using Gromacs 5.1 simulations program (27). The atomic charges
and force field parameters of the ATP molecule were obtained by SwissParam
(28), atopology builder compatible with CHARMM forcefield (29). The Charmm
27 force field parameters (30) were used for the entire protein. The ATP-enzyme
complexes were subsequently solvated in a cubic box with a 10 Aradius layer of
water molecules using the TIP3P water model (31). Then, the entire ATP-bound
enzyme complex was neutralized by adding 37 sodium ions for the W-MT and
M-MT model systems, and six sodium ions for the W model system. Afterwards,
the resulting systems of the W, W-MT, and M-MT were energy minimized with
50,000 steps of steepest descent method. The long-range cutoff for nonbonded
interactions was taken as 10 Afor all the above minimization steps and also for all
subsequent MD simulations. The electrostatic interactions are treated using par-
ticle mesh Ewald method (32). We apply the LINCS algorithm to constrain bonds

https://doi.org/10.1073/pnas.2215170120 7 of 9



Downloaded from https://www.pnas.org by RICE UNIVERSITY FONDREN LIBRARY/MS 235 on May 30, 2023 from IP address 168.5.27.78.

8 of 9

involving hydrogen atoms (33). The minimum image convention and the periodic
boundary conditions were applied in all directions. A time step of 1fs is used in
all MD simulations. The Berendsen barostat and the Berendsen thermostat (34)
were used to control the pressure and temperature with relaxation times of 1 ps
and 0.1 ps, respectively. The system was simulated at 300 K for 250 ps using the
NVT ensemble, and 70 ns of MD simulation is performed using NPT ensemble
for each system. Visual MD (VMD) 1.9.2 is used in order to study trajectories and
explore atomic-level insights (35). GROMACS 5.1 toolkit has been employed to
further analysis of each system.

Metadynamics Simulations for the 2D-Free Energy Calculations. The
well-tempered metadynamics (36) simulations were performed in order to
compute the two-dimensional free energy profiles for the stability of the Arg203-
Glu236 salt-bridge pair using the PLUMED 2.4.3 plugin (37) for GROMACS.
Combination of metadynamics and collective variables (CVs) techniques has
shown to be a successful treatment for complex systems. In the Arg203-Glu236
salt-bridge pair, the OE1 and OE2 atoms of the carboxylic moiety of the Glu236
interact with the hydrogen atoms of the NHT and NH2 atoms of the Arg203.
(Fig. T and Fig. 4) The effective way to measure the stability of the Arg203-Glu236
salt-bridge is to determine the coordination numbers of OE1 and OE2 atoms. We
have used the coordination number as effective CVs for our 2D-free profiles calcu-
lations. The coordination number calculates the number of contacts between two
groups of atoms which represents a distance-dependent switching function (s;).

ij ‘I_(ﬂ>m
o

In this 2D-free energy profile, first group along the X-axis displays coordination
of the OE1 atom of the Glu236 with four hydrogen atoms of the NHT and NH2
moieties of the Arg203 residue. The second group along the Y-axis describes the
coordination linkage of the OE2 atom with the aforementioned four hydrogen

atoms of Arg203, respectively. This switching function (s;) is close to one, if r;; <

r, otherwise, the function smoothly decays to zero, when r; > r, On the other
hand, the values of r, dy, m, and n used in the metadynamics simulations are
0.25nm,0,12,and 6, respectively. The bias factor, height, and width of the added
Gaussian were 15,0.25 kJ/mol, and 0.05, respectively, and hills were deposited
in every 10 steps.
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