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SPECIAL TOPIC — Soft matter and biological physics
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Docking of the kinesin’s neck linker (NL) to the motor domain is the key force-generation process of the kinesin.
In this process, NL’s β10 portion forms four backbone hydrogen bonds (HBs) with the motor domain. These backbone
hydrogen bonds show big differences in their effective strength. The origins of these strength differences are still unclear.
Using molecular dynamics method, we investigate the stability of the backbone HBs in explicit water environment. We
find that the strength differences of these backbone HBs mainly arise from their relationships with water molecules which
are controlled by arranging the surrounding residue sidechains. The arrangement of the residues in the C-terminal part of
β10 results in the existence of the water-attack channels around the backbone HBs in this region. Along these channels the
water molecules can directly attack the backbone HBs and make these HBs relatively weak. In contrast, the backbone HB
at the N-terminus of β10 is protected by the surrounding hydrophobic and hydrophilic residues which cooperate positively
with the central backbone HB and make this HB highly strong. The intimate relationship between the effective strength
of protein backbone HB and water revealed here should be considered when performing mechanical analysis for protein
conformational changes.

Keywords: kinesin, neck linker, water

PACS: 87.16.Nn, 87.10.Tf, 87.15.hp DOI: 10.1088/1674-1056/27/2/028704

1. Introduction

Conventional kinesin[1] (kinesin-1, here is referred to as
kinesin) is a highly processive motor protein, which effectively
converts the chemical energy carried by adenosine triphos-
phate (ATP) into mechanical force and walks hundreds of steps
along a microtubule with cargos.[2–5] Kinesin’s neck linker
(NL) docking to the motor domain is the key force genera-
tion step of kinesin.[6] The NL consists of ∼ 14 amino acids
that connect kinesin’s motor domain and coiled-coil stalk.[7]

The C-terminal β10 of NL docks to the motor domain through
forming four backbone hydrogen bonds (HBs). These back-
bone HBs, though they are formed in the same way, show
big differences in their effective strength.[8] To understand the
docking mechanism of β10, it is necessary to find out the ori-
gin of the strength difference among these backbone HBs at
an amino acid level.

In kinesin walking cycle, NL undergoes a large confor-
mational change from the undocked state to the docked state
repeatedly (Fig. 1).[6,9] The NL consists of three parts, includ-
ing the first three N-terminal amino acids (Lys325, Thr326 and
Ile327 in 2KIN[10]), β9 and β10 (Fig. 1(a)).[11,12] These three
parts of NL dock to the motor domain in three different ways.
The first three amino acids dock to the motor domain through
forming an extra turn structure, which is the initial step of
the NL docking process driven by ATP binding induced mo-
tor head rotation and torsion.[11] The β9 docks to the motor
domain through forming a cover-neck bundle (CNB) structure
with the N-terminal β0 strand, which has a forward bending
tendency.[12,13] In the docked state, β10 forms four backbone
HBs with the motor domain (Fig. 1(b)). In their work on the
CNB mechanism of NL docking, Hwang et al.[12] performed
MD simulations of the undocking process of NL and found
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that the backbone HBs at the C-terminal part of β10 can be
broken easily. However, the backbone HB at the N-terminus
of β10, the backbone HB between Asn334 and Gly77 (the
ASN latch), is much stronger than other backbone HBs. They
used ∼ 450 pN force to break the ASN latch in their simula-
tions with implicit water model. In one of our previous studies,
we investigated the binding strength of NL with the motor do-
main by using MD simulations with explicit water model.[8]

We found that the minimal unbinding force for the N-terminal
ASN latch within tens of nanoseconds is 160 pN. In contrast,
the backbone HBs at C-terminus of β10 are unstable and can
be broken even in the case without an unbinding force.

trailing head leading head

β10β10
β9 β9

microtubule

extra turn

Gly77

HB4

Ser225
Leu224 Lys223

Lys222

Val333 Asn334Leu335Glu336

HB1HB3 HB2

Leu337

Thr338

β10

Glu221

(a)

(b)

Fig. 1. (color online) Structure of kinesin motor domain and the back-
bone hydrogen bonds of the β10 zipper. (a) Two motor heads and the
neck coiled coil on microtubule. The neck linker (red) of the leading
head is in the undocked state and that of the trailing head is in the
docked state. (b) Definition of the four backbone HBs in the docked
β10 region. The HBs are indicated with broken lines. The oxygen
atoms are shown in red balls, the hydrogen atoms in white, the nitrogen
atoms in blue and α carbon atoms in bigger black balls.

The difference between the unbinding forces in the above
two studies with implicit and explicit water models may be
attributed to the difference in simulation times. However, an-
other reason for the difference might be due to the way the
role of water is described. In this work, we set up an MD
model with kinesin motor head surrounded by explicit water
molecules and investigate the origin of the strength difference
of β10’s backbone HBs. We find that the effective strength of
a backbone HB is mainly determined by whether its hydrogen
bonding sites could be attacked by water molecules. The high
strength of the N-terminal ASN latch is achieved due to the
perfect protection against water attack from both sides of the
β -sheet and the C-terminal backbone HB has two water attack

channels that make it rather weak. The water-dependence of
the effective strength of protein backbone HBs must be taken
into account when performing mechanical analysis for pro-
teins.

2. Method
The MD simulations were performed by using NAMD

(version 2.9)[14] with force field CHARMM.[15] Modeling and
data analysis were performed with VMD (version 1.9.2).[16]

The non-bonded Coulomb and van der Waals interactions were
calculated with a cutoff using a switching function starting at
a distance of 20 Å and reaching zero at 22 Å. The structural
model for simulation is based on a crystal structure of rat ki-
nesin (PDB ID: 2KIN).[10] The 2KIN’s β7 (the residues af-
ter Ala339), ADP and SO4 were deleted since they had lit-
tle relation with interactions between β10 and motor domain.
Because L11 loop could not affect β10-motor domain inter-
action, the missing part of L11 loop was ignored. The Val239
and Asn256 were directly connected in the modeling. The mo-
tor domain was surrounded by explicit water molecules and
the spherical boundary condition was used. The water model
is TIP3P.[17] To mimic the microtubule-bound state, we fixed
the Cα atoms of Asn264, Ser267, Lys315, and Met319 in the
simulation. The system was minimized to 30000 steps and
the MD simulation took 40 ns. The system was simulated 11
times to perform statistical analysis. Molecular drawing was
produced by using Discovery studio 3.5 visualizer.

3. Results
3.1. Four backbone HBs between kinesin’s β10 and motor

domain showing big stability difference in NL docked
state

A backbone HB in protein is formed between the back-
bone carbonyl oxygen and the backbone amide hydrogen. In
the docked state, the β10 portion of NL forms four back-
bone HBs with the motor domain, including HB1 (Glu336:O–
Lys223:H), HB2 (Glu336:H–Lys223:O), HB3 (Asn334:O–
Ser225:H), and HB4 (Asn334:H–Gly77:O) (Fig. 1(b)). The
strengths of backbone HBs can be described by the bond
length, i.e., the distances between the oxygen and hydrogen
atoms, denoted as dHB1, dHB2, dHB3, and dHB4. Figure 2 shows
the distance–time curves of the four HBs in one of our MD
simulation trajectories (40 ns) for the docked NL (see Sec-
tion 2). As seen, the four curves fluctuate with different ampli-
tudes, indicating that the four backbone HBs have big stability
differences in thermal environment. Taking 3 Å between hy-
drogen and oxygen atoms as the hydrogen bonding criterion,
the bond stability can be quantified by calculating the bonding
ratio over the entire trajectory ensemble (11 runs altogether,
40 ns each, see supporting information). The statistical result
gives that the bonding ratios for HB1, HB2, HB3, and HB4
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are 37%, 80%, 78%, and 97%, respectively. The big differ-
ence in the bonding ratio reflects that the four backbone HBs
have quite different effective strengths, though they are formed
in the same way. The N-terminal HB4 (the ASN latch) is
highly stable while the C-terminal HB1 is rather weak, which
is consistent with the previous findings.[8,12] The origins of the
strength of these backbone HBs will be analyzed below.
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Fig. 2. (color online) Distance–time curves of the four backbone HB
donor–acceptor distances in one typical MD trajectory with docked NL.
HB4 is highly stable with dHB4 (red)< 3 Å. HB1 (black) is highly un-
stable. The regions where HB2 is broken (i.e., dHB2 (blue) > 3 Å) are
always contained in the regions where HB1 is broken.

3.2. Water attacks along two water channels making the
C-terminal backbone HB unstable

A detailed analysis of the trajectories shows that the in-
stability of HB1 arises from water attacks. The HB1 is located
at the C-terminus of β10. In Fig. 3, the distance–time curve of
the distance between the hydrogen atom of a water molecule
and the oxygen atom of HB1 (dEO−WH) is depicted together
with that of the donor–acceptor distance (dHB1), which shows
a typical water attack process. It is seen clearly that the HB1 is
broken when the water molecule forms HB with the acceptor
atom (oxygen) of HB1.
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Fig. 3. (color online) HB1 breaking caused by water attack. The curve
of dHB1 (black) shows a typical breaking event of HB1 (dHB1 > 3 Å) at
around 400 ps, where the curve of the distance between the hydrogen
atom of one water molecule and the oxygen atom of HB1 (red) shows
a typical HB formation event (dEO−WH < 3 Å). Three typical structures
are shown in the three boxes.

The possible water attack region around the four HBs is
divided into three sides, A, B, and C, respectively (as shown
in Fig. 4). The structures of these three sides are different.
On the A side of HB1 two hydrophobic residues (Leu335 and
Leu337) and the aliphatic moiety of Lys222 form a compact
group through hydrophobic interactions which effectively pro-
tect HB1 from water’s attacking from this side (Fig. 5(a)).
Four residues (Glu221, Lys223, Glu336, and Thr338) on the
B side of HB1 form a channel for water attack (Fig. 5(b)). The
average diameter of the water channel is ∼ 4 Å (Fig. 5(b)),
just large enough for the entrance of a water molecule (the
diameter of a water molecule is ∼ 2.8 Å). Analysis of the sim-
ulation trajectories shows that some breaking events of HB1
are caused by the attack of water molecule coming through
this channel as shown in Fig. 5(b). On the C side of HB1,
the backbone parts of Thr338 and Glu221 form another wa-
ter channel (Fig. 5(c)). The water attack through this chan-
nel takes a different way. Thr338 and Glu221, whose loca-
tions are adjacent to HB1, expose their backbone HB sites
to the water environment. In the crystal structure of kinesin
(2KIN), there is a water bridge between these two residues in-
stead of a backbone HB. In the dynamical trajectories, the wa-
ter molecule, which forms a water bridge between Thr338 and
Glu221, can sometimes form HB with the oxygen of Glu336
to break HB1. An event of water attack through this channel
is shown in Fig. 5(c).

A

B

C

Fig. 4. (color online) Definitions of the three sides of β10 zipper. The
upper region over the β -sheet formed by β10 and motor domain is de-
fined as the A side, the lower region under the β -sheet the B side, and
the side region the C side.

Glu336 and Lys223 form two backbone HBs, i.e., HB1
and HB2. The bonding ratio of HB2 is 80%, indicating that it
is an effective HB. Structural analysis shows that there is a wa-
ter channel formed by Lys223, Ser225, Asn334, and Glu336
at the B side of HB2 that allows direct water attack on this
backbone HB. However, the water attack along this channel is
barely effective due to the constraint from two adjacent back-
bone HBs (HB1 and HB3). The breaking of HB2 has a corre-
lation with the status of HB1. As seen from the distance–time
curves of dHB1 and dHB2 in Fig. 2, the periods of HB2 breaking
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are always contained in the periods of HB1 breaking, indicat-
ing that HB2 breaking needs HB1 breaking as a necessary con-
dition. When HB1 is broken, the C side of HB2 is exposed to
the surrounding water and, hence, similar to the case of HB1,
HB2 can be broken through water attack from both B and C
sides.

Lys223

Lys222

Leu335 Glu336

HB1

HB2

Leu337

Lys223

Glu336

HB1
HB2

Thr338

Glu221
WBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWB

Lys223

Lys222

Glu336

Glu221

WBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWBWB

(a)

(b)

(c)

Fig. 5. (color online) Residue structures of the three sides around
HB1. (a) A-side residue structure of HB1 formed by the sidechains
of Lys222, Leu335, and Leu337. Two hydrophobic residues Leu335
and Leu337 form tight hydrophobic binding with the aliphatic stalk of
Lys222 sidechain that effectively covers the A side of HB1 and prevents
water attack on HB1 from this side. (b) Water attack channel at the B
side of HB1. A water attack process is illustrated. (c) A C-side water
attack on HB1. The water molecule becomes close to the acceptor oxy-
gen atom of HB1 through forming a water bridge between the backbone
oxygens of Glu221 and Glu336.

3.3. High strength of the backbone HB at the N-terminus
of β10 arising from the cooperation among residues in
this region which effectively prevent water’s attacking

At the N-terminus of β10, Asn334 forms two backbone
HBs with Ser225 (HB3) and Gly77 (HB4). The bonding ra-
tio of HB4 is 97%, meaning that it is highly stable. How-
ever, the bonding ratio of HB3 is 78%, even lower than that of
HB2 (80%). Figure 6 shows the conformation of the residues
around HB3. As seen from Fig. 6(a), the hydrophobic group
formed by Leu224, Val333, and Leu335 at the A side effec-
tively protects HB3 from water attacking through this side.
However, the residues (Ser225, Asn334, and Glu336) at the B
side form an open structure that allows water molecules to at-
tack HB3 easily (Fig. 6(b)). From the distance–time curves of
HB3 in Fig. 2 and Fig. SI, it is seen that HB3 is not quite stable
but the fluctuation of dHB3 is limited (generally smaller than
4 Å). The HB2 and HB4, adjacent to HB3, provide constraint
on the distance fluctuation of HB3. Since HB4 is formed by
Asn334 and Gly77 at the C-terminus of the helix β1, the con-
straint from HB4 is not so strong as that from HB2 located on
the same β -sheet with HB3.

Ser225 Leu224

Val333 Asn334 Leu335

HB3

Glu336
Asn334

Lys223

HB3

Ser225

(a)

(b)

Fig. 6. (color online) Residue structures of the A and B sides of HB3.
(a) Hydrophobic cover at A side of HB3 formed by Leu224, Val333,
and Leu335. (b) Open water attack channel at B side of HB3 that al-
lows water molecule to attack HB3 easily.

The HB4 is the central HB of the ASN latch which has
a high effective strength. In the unbinding case,[11,12] ASN
latch shows strong resistance to the unbinding force. The
high stability of ASN latch is achieved through the cooper-
ation of the residues arranged exquisitely (Fig. 7). At the
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A side of HB4, three typical hydrophobic residues Leu224,
Val333, Leu335 and an aromatic residue TYR78 bind tightly
through hydrophobic interaction. These residues effectively
protect HB4 from water attacking (Fig. 7(a)). The hydropho-
bic binding of these hydrophobic residues also makes a contri-
bution to the high strength of ASN latch. At B side of HB4, the
two residues (Ser225 and Asn334) with multi-HB sites cover
the bonding region of HB4 (Fig. 7(b)). This special struc-
ture effectively protects HB4 through forming HBs with water
molecules. When forming HBs with these two residues, water
molecules cannot further enter into the HB4 region.

Asn334

Gly77 Leu224

Leu335

HB4
Tyr78

Val333

Asn334

Gly77

Ser225

HB4

(a)

(b)

Fig. 7. (color online) Two-sided protection of HB4 from water attacking. (a)
Hydrophobic cover at A side of HB4 formed by Tyr78, Leu224, Val333, and
Leu335. (b) Hydrogen bonding sites (black arrows) around HB4 at B side that
prevents water molecules attacking the donor and acceptor of HB4 directly.

4. Discussion
Kinesin is a molecular walking device working in water

environment. The movement of kinesin is achieved through a
series of conformational changes, in which many nonbonding
interactions, especially backbone HBs, are formed or broken.
The result of this work shows that water is highly important
in controlling the effective strength of backbone HBs. This
knowledge must be taken into account in understanding the
design principle of kinesin.

4.1. Highly water-dependent effective strength of back-
bone HBs

The average bond energy of a protein backbone HB is
∼ 25 kJ/mol. Taking the force-range of a HB to be ∼ 1 Å, the
average force of a backbone HB is ∼ 410 pN. In this calcu-
lation, the water influence is not taken into account, i.e., the
direct breaking of an HB in the absence of water needs a force

> 400 pN. The result of this work, however, shows that the
effective strength of an HB is highly water-dependent. Due
to the presence of two water attack channels, HB1 is easily
attacked by water molecules and its breaking can even occur
without any force. Therefore, the bonding ratio of HB1 is quite
low (37%). The water channel of HB3 is an open structure that
allows water molecules to attack HB3 more easily than to at-
tack HB2. This thus makes the bonding ratio of HB3 (78%)
lower than that of HB2 (80%). The HB4 (the central backbone
HB of the ASN latch) is perfectly protected from water attack-
ing so that its bonding ratio (97%) is close to 100%. These
bonding ratio differences among the backbone HBs are consis-
tent with the unbinding force differences among the backbone
HBs revealed in Hwang et al.’s work and one of our previous
works.[8,12] It is found that the unbinding force for HB4 (the
ASN latch) is much stronger than for the other three and the
unbinding force for HB1 is rather weak.

The backbone HBs play a major role in the mechanical
behavior of proteins. Since the effective strength of backbone
HBs is highly water-dependent, this water dependence must
be taken into account in the analysis of the mechanical behav-
ior of proteins. Then, how to quantitatively describe the water
dependence of backbone HBs becomes an unavoidable ques-
tion. Due to the complicity concerning the properties of the
sidechains of the related residues and their relationship, this
question is still a challenging open question.

4.2. Arrangement of the backbone HBs with gradient
strength ensuring efficient docking of NL

The NL docking is the key force-generation process of
kinesin, which is accomplished in three steps including the
initiation step of the first three residues forming an extra turn,
the docking of β9 via the CNB mechanism, and the docking
of β10. Unlike the first two steps, the docking of β10 takes a
zipper mechanism, i.e., the four backbone HBs form one after
another automatically. As shown in the above section, neigh-
boring backbone HBs have close correlations. Formation of
one backbone HB will largely promote the formation of the
neighboring one. Hydrogen bonds are of short-range inter-
actions with force-range within 3 Å. Once a backbone HB is
formed, the donor and acceptor atoms of the neighboring HB
are restricted in a small space so that the formation probabil-
ity of the neighboring HB is greatly increased. A backbone
HB might be attacked by water molecules from all possible
channels. Formation of one backbone HB will lessen the wa-
ter attack on the neighboring HB. Evidently, to ensure efficient
docking of NL, the formation of the initial backbone HB of the
zipper is crucial. This HB should be strong and stable so that
zippering up process could go on efficiently. In the design of
kinesin, the initial backbone HB of the β10 zipper is HB4. As
shown above, HB4 is the strongest and stablest backbone HB
of the β10 zipper. Once HB4 is formed, it is hard to break. In
one of our previous works,[8] we find that more than one-third
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of the work done in unbinding the entire NL is for deposition
in the process of opening the ASN latch. The design with HB4
serving as the first HB of the β10 zipper ensures the efficient
docking of NL.

It should be pointed out that the high strength of HB4
does not mean that its spontaneous formation could take place
easily. The simulation work with implicit water by Hwang
et al.[12] shows that CNB bends toward the binding pocket
nearly deterministically, but the docking of β10 from an un-
docked state, especially the latching of the ASN latch, was
not observed within the simulation time. In our simulation
with explicit water, we capture the spontaneous docking of
β10 starting from a CNB docked and β10 undocked structure.
Figure 8 shows the details of the β10 docking process within
25 ns. As seen from Fig. 8(a), the docking process occurs in
four steps. At the beginning, the four distances between the
backbone HB binding sites are all much larger than 3 Å, indi-
cating that β10 is totally unbound, see Fig. 8(b). In the second
step, β10 enters into a metastable state with dHB4 fluctuating
around 4 Å. This metastable state is obtained mainly through
forming two water bridges between NL and motor domain.
The first water bridge is formed between the backbone parts of

Asn79 and Ser332 and the second water bridge is formed be-
tween the acceptor and donor sites of HB4 (Fig. 8(c)). In the
third step, HB4 is stably formed while the other three back-
bone HBs are still open. One must be quite interested in what
happens between the second and third step. The intermediate
state with dHB4 = 3.21 Å is shown in Fig. 8(d). As seen, two
standard water bridges are found to be along the two sides of
HB4 and finally form HB4. The first water bridge is formed
via the same water molecule as that in Fig. 8(c), indicating
that this water bridge is rather stable. In the crystal structure
of 2KIN,[10] this water molecule is retained as a bound wa-
ter molecule and plays an important constructive role.[18] The
second water bridge is found through a water molecule differ-
ent from that in Fig. 8(c). It is worth noting that this water
bridge is formed between the sidechain of Asn334 and the ac-
ceptor site of HB4 on Gly77 rather than between the donor and
acceptor site of HB4 as in the case of Fig. 8(c). Formation of
this water bridge effectively promotes the formation of HB4,
while the water bridge directly formed between the donor and
acceptor site of HB4 inhibits the HB4 from forming. In the
fourth step, the next three backbone HBs are normally formed
with HB1 weaker than the others.
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Fig. 8. (color online) Docking process of β10. (a) Distance–time curves of dHB1, dHB2, dHB3, and dHB4 in the β10 docking process with four steps.
Three black arrows indicate the positions of three typical conformations shown in panels (b), (c) and (d). (b) Conformation of unbound β10 at ∼ 1.5 ns
(first arrow) in the first step. The distances are all in unit [Å]. (c) Conformation of β10 in the metastable state at ∼ 4.8 ns (second arrow) in the second
step. Two water bridges are formed between NL and the motor domain, which make a key contribution to the formation of the metastable state. (d)
Conformation of β10 in the intermediate state between the second and third step at ∼ 6.7 ns (third arrow). Two water bridges are formed with the
second one formed between the sidechain of Asn334 and the acceptor site of HB4 on Gly77 rather than between the donor and acceptor site of HB4 as
in the case of panel (c).
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Life arises from water. The intimate relationship between
protein backbone hydrogen bonds and water as revealed here
shows that the protein properties are determined together with
water. Therefore, to obtain a real understanding of protein be-
havior, one must figure out those protein–water interaction de-
tails.
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Supporting information
Distance–time curves of dHB1, dHB2, dHB3, and dHB4 in

40-ns simulations of 11 runs.
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Fig. S1. Distance–time curves of dHB1 in 11 MD simulations.
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Fig. S2. (color online) Distance–time curves of dHB2 in 11 MD simulations.

d
H
B
3
/
A

Time/ns

0 5 10 15 20 25 30 35 40
0
6
12
0
6
12
0
6
12
0
6
12
0
6
12
0
6
12
0
6
12
0
6
12
0
6
12
0
6
12
0
6
12

Fig. S3. (color online) Distance–time curves of dHB3 in 11 MD simulations.
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Fig. S4. (color online) Distance–time curves of dHB4 in 11 MD simulations.
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