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Abstract: The Y362K mutation in the neck domain of conventional kinesin from Neurospora crassa provokes
a significant reduction of the rate of movement along microtubules. Since the α-helical coiled-coil structure
of the neck region is implicated in the mechanism of the processive movement of kinesins, a series of
peptides related to the heptad region 338–379 of the wild-type and the variant fungal kinesins were
synthesized as monomers and as N-terminal disulfide dimers, crosslinked to favour self-association into
coiled-coil structures entropically. A comparison of the dichroic properties of the peptides and the effects
of trifluoroethanol and peptide concentration clearly confirmed the strong implication of the single point
mutation in destabilizing the intrinsic propensity of the peptides to fold into the supercoiled conformation.
That there is a correlation between the stability of the coiled-coil and rate of movement of the kinesin
is confirmed. Copyright  2003 European Peptide Society and John Wiley & Sons, Ltd.

Keywords: kinesin peptides; neck region; synthesis; conformation; coiled-coil; circular dichroism

INTRODUCTION

Conventional kinesins are molecular motor proteins
capable of transforming energy derived from ATP
hydrolysis into movement [1,2]. They are thought to
transport vesicles and organelles along the micro-
tubules toward the microtubule plus end and thus
from the centre to the periphery (anterograde trans-
port) [3]. The N-terminal approximately 400 amino
acid portion of conventional animal kinesins forms
the so-called functional motor and is sufficient for
wild-type motility behaviour. It forms the nucleotide-
and microtubule-binding core motor domain (‘head’)
and the neck region, whose relatively short coiled-
coil structure is sufficiently stable to promote dimer-
ization of the two heads [4–8]. A characteristic of the
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motion of conventional kinesins is its processivity;
the protein ‘walks’ along microtubules in steps of
8 nm that correspond to the distance between two
consecutive tubulin subunits [9]. In the course of
this movement, the two heads alternate in func-
tion. While one head is bound to the filament in
a nucleotide-free state, the other is loosely associ-
ated to the microtubule, but in a strong ADP-binding
state [10]. The neck region apparently plays a crucial
role in coordinating the interlaced reaction cycles of
the two heads, as it is responsible for tethering
the loosely microtubule-bound head to the filament,
and may also be involved in guiding it to the next
microtubule binding site. Possibly, a ‘zipping’ and
‘unzipping’ process of the neck coiled-coil structure
allows the detached head to reach its next binding
site, which is otherwise prevented for steric reasons
[4,11,12].

Conventional fungal kinesins differ from those
isolated from animals in lacking the light chains.
Furthermore, fungal kinesins move approximately
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three to five times faster (around 2.7 µm/s) than
animal kinesins, and their ATP affinity is signifi-
cantly lower [13–15]. In the neck coiled-coil region,
the sequence composition of conventional fungal
kinesin predicts a greater coiled-coil propensity than
the neck region of conventional animal kinesins. As
the neck region plays a crucial role in the process
of movement, a more stable coiled-coil conforma-
tion could somehow be correlated to a higher rate of
movement [15]. Replacement of Tyr-362 in the neck
coiled-coil region of Neurospora crassa kinesin by
Lys (NkinY362K ), the residue present in the analogous
position in the Drosophila melanogaster kinesin,
caused a significant acceleration of the steady
state ATPase (kcat = 262 s−1 vs 72 s−1), but a strong
decrease of the gliding velocity (1.1 ± 0.2 µm/s vs
2.6 µm/s for the wild-type) [16]. This effect provoked
by the single mutation may be attributable to con-
formational changes in the neck region, i.e. in the
two-stranded α-helical coiled-coil.

In coiled-coil structures, two or more helices
interact with each other forming a super coil. This
structural motif is characterized by heptad repeats
(a-b-c-d-e-f-g)n where the positions a and d are
predominantly occupied by hydrophobic residues
[17,18]. The interhelical hydrophobic interactions
between amino acids present in positions a and d

are essential in stabilizing, as well as holding
together, the whole coiled-coil. The positions e and
g, if occupied by side-chain charged amino acids,
can be involved in ionic interactions with each
other, although the role of such salt bridges is not
always decisive for the stability of this structure
[19,20]. In the case of N. crassa kinesin, Tyr-
362 is located in position g of the heptad at
the edge of the hydrophobic core, while in the
Y362K variant this position is occupied by a Lys
residue, which could form a salt bridge with Glu-
367 in position e, and thus stabilize the coiled-coil
structure.

The aim of the present study was to analyse the
conformational preferences of peptides related to the
neck region of N. crassa kinesin, in order to prove or
disprove the effect of the Y362K mutation on coiled-
coil propensities (and thus on the possibly correlated
rates of movement). For this purpose peptides
corresponding to the neck domain and comprising
the sequence 338–379 (Kn1) of the wild-type kinesin
(Kn1) as well as of the variant Y362K (Kn2) were
synthesized (Figure 1). This sequence exceeds the
expected coiled-coil by five amino acid residues at
both the N- and C-termini. To favour the onset
of the coiled-coil structure entropically, a second
set of peptides (Kn3 and Kn4) was synthesized in

a b c d e f g a b c d e f g a b c d e f g a b c d e f g a b c 

338 341 362 372 379 

Kn1 Ac A E L S P A E L K Q ML A K A K T Q I T S F E N Y I V N L E S E V Q V W R G G E T V - NH2 

Kn2 Ac A E L S P A E L K Q ML A K A K T Q I T S F E N K I V N L E S E V Q V W R G G E T V - NH2 

Kn3 S C A E L K Q ML A K A K T Q I T S F E N Y I V N L E S E V Q V W R G G E T V - NH2 

S C A E L K Q ML A K A K T Q I T S F E N Y I V N L E S E V Q V W R G G E T V - NH2 

Kn4 S C A E L K Q ML A K A K T Q I T S F E N K I V N L E S E V Q V W R G G E T V - NH2 

S C A E L K Q ML A K A K T Q I T S F E N K I V N L E S E V Q V W R G G E T V - NH2 

Kn5 S C A E L K Q ML A K A K T Q I T S F E N Y I V N L E S E V Q V - NH2

S C A E L K Q ML A K A K T Q I T S F E N Y I V N L E S E V Q V - NH2

Kn6 S C A E L K Q ML A K A K T Q I T S F E N K I V N L E S E V Q V - NH2

S C A E L K Q ML A K A K T Q I T S F E N K I V N L E S E V Q V - NH2

Figure 1 Peptides related to sequences of the fungal conventional kinesin neck domain from Neurospora crassa and the
related Y362K variant.
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which the Pro residue in position a of the first
heptad was replaced by a cysteine, since disulfide
crossbridging into dimers in this position is known
not to affect sterically a supercoiling of the dimers
[17,21]. Moreover, the peptides were shortened C-
terminally to facilitate the synthesis (Kn5 and Kn6).

EXPERIMENTAL

Materials and Methods

All reagents and solvents used were of the highest
quality commercially available. Amino acid deriva-
tives were from Alexis (Grünberg, Germany) or were
prepared according to standard protocols. TentaGel-
S-PHB resin (loading 0.25 mmol/g) and MBHA resin
(loading: 1.2 mmol/g) were used as solid supports.
Analytical RP-HPLC was carried out on ET 125/4
Nucleosil 100-5 C8 columns (Macherey & Nagel,
Düren, Germany) by elution with a linear gradi-
ent of MeCN2% H3PO4 from 5 : 95 to 80 : 20 in
12 min at a flow rate of 1.5 ml/min and monitor-
ing at 210 nm. Amino acid analyses of the acid
hydrolysates (6 M HCl containing 2.5% thioglycolic
acid, 110 °C, 24 h) were performed on a LC 6001
Biotronic amino acid analyser.

Synthesis of Kn1 and Kn2

The peptides were synthesized on TentaGel S RAM
resin on an automated Applied Biosystem model
431A peptide synthesizer by Fmoc chemistry using
tert-butanol based side-chain protection. Double
coupling was applied in each acylation step with
Fmoc-amino acid/HBTU/HOBt/DIPEA (4 : 4 : 4 : 8
equiv) (2 × 30 min) in DMF/CH2Cl2 (8 : 2). Fmoc
cleavage was performed with 20% piperidine in NMP
(1 × 3 min and 1 × 15 min). The N-terminal acetyla-
tion was carried out with Ac2O/DIPEA (10 : 15 equiv)
in DMF (2 × 40 min) and deprotection/resin cleav-
age with TFA/H2O/triisopropylsilane (95 : 10 : 1.5) in
90 min. The resin was filtered off and washed with
the cleavage cocktail; the filtrates were combined
and taken to dryness. The crude products were
precipitated from MeOH with diisopropyl ether, dis-
solved in 50 mM AcOH and lyophilized. Purification
of the crude products was carried out by RP-HPLC
using a Nucleosil C18 column (Macherey & Nagel,
Düren, Germany) and as eluent a linear gradient
of 0.1% TFA in water and 0.08% TFA in MeCN at
a flow rate of 9 ml/min. Fractions containing the

desired material were pooled and lyophilized to con-
stant weight.

Ac-Ala-Glu-Leu-Ser-Pro-Ala-Glu-Leu-Lys-Gln-
Met-Leu-Ala-Lys-Ala-Lys-Thr-Gln-Ile-Thr-Ser-Phe-
Glu-Asn-Tyr-Ile-Val-Asn-Leu-Glu-Ser-Glu-Val-
Gln-Val-Trp-Arg-Gly-Gly-Glu-Thr-Val-NH2 (Kn1).
Overall yield: 6%; HPLC: tR = 9.7 min; ESI-MS:
m/z = 2376.0 [M + 2H]2+, 1584.2 [M + 3H]3+,
1188.4 [M + 4H]4+; Mr = 4750.4 calcd for
C211H339N55O67S; amino acid analysis: Asp 2.08 (2),
Thr 3.33 (3), Ser 2.87 (3), Glu 8.88 (9), Pro 1.00
(1), Gly 2.07 (2), Ala 3.59 (4), Val 3.83 (4), Met 0.94
(1), Ile 1.75 (2), Leu 3.71 (4), Tyr 0.95 (1), Phe 1.14
(1), Lys 2.75 (3), Trp 0.96 (1), Arg 1.00 (1): peptide
content: 70.8%.

Ac-Ala-Glu-Leu-Ser-Pro-Ala-Glu-Leu-Lys-Gln-
Met-Leu-Ala-Lys-Ala-Lys-Thr-Gln-Ile-Thr-Ser-Phe-
Glu-Asn-Lys-Ile-Val-Asn-Leu-Glu-Ser-Glu-Val-
Gln-Val-Trp-Arg-Gly-Gly-Glu-Thr-Val-NH2 (Kn2).
Overall yield: 4%; HPLC: tR = 9.4 min; ESI-MS:
m/z = 2358.4 [M + 2H]2+, 1572.8 [M + 3H]3+,
1179.8 [M + 4H]4+, 944.2 [M + 5H]5+; Mr = 4715.4
calcd for C208H342N56O66S; amino acid analysis: Asp
1.94 (2), Thr 3.04 (3), Ser 2.86 (3), Glu 8.10 (9), Gly
1.95 (2), Ala 3.51 (4), Val 3.43 (4), Met 0.95 (1), Ile
1.68 (2), Leu 4.05 (4), Phe 1.00 (1), Lys 3.95 (4), Trp
1.04 (1), Arg 1.07 (1); peptide content: 75.1%.

Synthesis of Kn3, Kn4, Kn5 and Kn6

The peptides were synthesized manually on MBHA
resin by Boc chemistry, using for side-chain protec-
tion Lys[Z(2-Cl)], Glu(cHxl), Tyr[Bzl(2-Br)], Arg(Tos)
in addition to benzyl ethers and esters. Despite the
acid lability of S-Mob protection, Cys(Mob) was used,
as this residue is introduced in the penultimate acy-
lation step and thus exposed to acid treatment only
once before the final deprotection. Couplings were
generally performed with Boc-amino acid/DCC (2 : 2
equiv) in CH2Cl2 (1.5 h), except for Boc-Gln(Trt)-OH,
Boc-Asn(Trt)-OH and Boc-Arg(Tos)-OH which were
coupled with Boc-amino acid/DCC/HOBt (2 : 2 : 3
equiv) in DMF (1.5 h). When double couplings (were
required according to the Kaiser test [22]), cou-
pling was repeated with 1 to 2 equiv Boc-amino
acid/TBTU/DIPEA (1 : 1 : 2.5) in DMF for 1.5 h. If
required, capping was performed with 20% Ac2O in
CH2Cl2 for 15 min. After each coupling and capping
step the resin was washed with MeOH (2 × 3 min)
and CH2Cl2 (2 × 3 min) or with DMF (1 × 3 min),
MeOH (2 × 3 min) and CH2Cl2 (2 × 3 min) when
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DMF was used as solvent in the acylation reac-
tion. Boc cleavage was carried out with 60% TFA
in CH2Cl2 containing 0.5% anisole (30 min), then
the resin was washed with CH2Cl2 (2 × 3 min),
isopropanol (2 × 3 min), 10% TEA in CH2Cl2 (1 ×
1 min and 1 × 9 min), CH2Cl2 (1 × 5 min), MeOH
(2 × 3 min) and CH2Cl2 (2 × 3 min). For deprotec-
tion/resin cleavage the resin was treated with liq-
uid HF (6.0 ml/g resin) containing 10% anisole for
75 min at 0 °C. The resin was washed several times
with cold MTB and extracted several times with 5%
AcOH. The extracts were combined and lyophilized.
The crude products were purified by RP-HPLC on a
preparative PrepPak C18 column using as eluent
a linear gradient of 0.1% TFA in water and 0.1%
TFA in MeCN at a flow rate of 100 ml/min. Frac-
tions containing the desired product were pooled
and lyophilized.

H-Ser-Cys-Ala-Glu-Leu-Lys-Gln-Met-Leu-Ala-Lys-
Ala-Lys-Thr-Gln-Ile-Thr-Ser-Phe-Glu-Asn-Tyr-Ile-
Val-Asn-Leu-Glu-Ser-Glu-Val-Gln-Val-Trp-Arg-
Gly-Gly-Glu-Thr-Val-NH2 (Kn3 monomer). Over-
all yield: 0.7%; HPLC: tR = 9.16 min and a minor
contamination at tR = 8.7 min (dimer); ESI-MS:
m/z = 2200.6 [M + 2H]2+, 1468.0 [M + 3H]3+, 1101.0
[M + 4H]4+, 881.2 [M + 5H]5+; Mr = 4401.3 calcd for
C193H313N52O61S2.

H-Ser-Cys-Ala-Glu-Leu-Lys-Gln-Met-Leu-Ala-Lys-
Ala-Lys-Thr-Gln-Ile-Thr-Ser-Phe-Glu-Asn-Lys-Ile
-Val-Asn-Leu-Glu-Ser-Glu-Val-Gln-Val-Trp-Arg-
Gly-Gly-Glu-Thr-Val-NH2 (Kn4 monomer). Over-
all yield: 1.5%; HPLC: tR = 8.78 min and minor
contamination at tR = 8.85 min (dimer); ESI-MS:
m/z = 2183.8 [M + 2H]2+, 1456.4 [M + 3H]3+, 1092.4
[M + 4H]4+; Mr = 4366.3 calcd for C190H315N53O60S2.

H-Ser-Cys-Ala-Glu-Leu-Lys-Gln-Met-Leu-Ala-Lys-
Ala-Lys-Thr-Gln-Ile-Thr-Ser-Phe-Glu-Asn-Tyr-Ile-
Val-Asn-Leu-Glu-Ser-Glu-Val-Gln-Val-NH2 (Kn5
monomer). Overall yield: 4%; HPLC: tR = 9.19 min;
ESI-MS: m/z = 1808.4 [M + 2H]2+, 1205.8 [M +
3H]3+, 904.6 [M + 4H]4+; Mr = 3615.4 calcd for
C158H261N41O51S2.

H-Ser-Cys-Ala-Glu-Lys-Gln-Met-Leu-Ala-Lys-Ala-
Lys-Thr-Gln-Ile-Thr-Ser-Phe-Glu-Asn-Lys-Ile-Val-
Asn-Leu-Glu-Ser-Glu-Val-Gln-Val-NH2 (Kn6
monomer). Overall yield: 3%; HPLC: tR = 8.67 min;
ESI-MS: m/z = 1791.0 [M + 2H]2+, 1194.4 [M +
3H]3+, 896.0 [M + 4H]4+; Mr = 3580.4 calcd for
C155H264N42O50S2.

The monomeric monocysteine peptides were oxi-
dized to homodimers at about 1 mg/0.2 ml water
concentration by gentle stirring overnight under air
oxygen. The progress of the reaction was monitored
by HPLC and Grassetti test [23]. The products were
isolated as lyophilizates.

[H-Ser-Cys-Ala-Glu-Leu-Lys-Gln-Met-Leu-Ala-
Lys-Ala-Lys-Thr-Gln-Ile-Thr-Ser-Phe-Glu-Asn-Tyr-
Ile-Val-Asn-Leu-Glu-Ser-Glu-Val-Gln-Val-Trp-
Arg-Gly-Gly-Glu-Thr-Val-NH2]2 (Kn3). HPLC: tR =
11.15 min at 45 °C; ESI-MS: m/z = 2201.2 [M +
4H]4+, 1761.2 [M + 5H]5+, 1467.6 [M + 6H]6+,
1258.0 [M + 7H]7+, 1101.0 [M + 8H]8+, 978.8 [M +
9H]9+; Mr = 8800.6 calcd for C386H624N104O122S4;
amino acid analysis: Asp 3.88 (4), Thr 5.61 (6), Ser
5.10 (6), Glu 14.09 (14), Gly 3.99 (4), Ala 5.06 (6),
Cys 2.01 (2), Val 7.67 (8), Met 1.70 (2), Ile 3.34 (4),
Leu 5.36 (6), Tyr 1.85 (2), Phe 1.94 (2), Lys 4.96 (6),
Trp 1.50 (2), Arg 2.00 (2); peptide content: 87.5%.

[H-Ser-Cys-Ala-Glu-Leu-Lys-Gln-Met-Leu-Ala-
Lys-Ala-Lys-Thr-Gln-Ile-Thr-Ser-Phe-Glu-Asn-Lys-
Ile-Val-Asn-Leu-Glu-Ser-Glu-Val-Gln-Val-Trp-
Arg-Gly-Gly-Glu-Thr-Val-NH2]2 (Kn4). HPLC: tR =
10.79 min at 35 °C; ESI-MS: m/z = 1747.2 [M +
5H]5+, 1456.0 [M + 6H]6+, 1248.0 [M + 7H]7+,
1092.4 [M + 8H]8+, 971.0 [M + 9H]9+; Mr = 8730.6
calcd for C380H628N106O120S4; amino acid analysis:
Asp 4.22 (4), Thr 5.88 (6), Ser 5.29 (6), Glu 15.21
(16), Gly 4.37 (4), Ala 5.56 (6), Cys 1.16 (2), Val
7.92 (8), Met 1.80 (2), Ile 5.83 (6), Phe 2.00 (2),
Lys 7.28 (8), Trp 1.91 (2), Arg 2.40 (2); peptide
content: 79.8%.

[H-Ser-Cys-Ala-Glu-Leu-Lys-Gln-Met-Leu-Ala-
Lys-Ala-Lys-Thr-Gln-Ile-Thr-Ser-Phe-Glu-Asn-Tyr-
Ile-Val-Asn-Leu-Glu-Ser-Glu-Val-Gln-Val-NH2]2
(Kn5). HPLC: tR = 9.55 min; ESI-MS: m/z = 1808.2
[M + 4H]4+, 1446.6 [M + 5H]5+, 1206.0 [D + 6H]6+;
Mr = 7228.8 calcd for C316H520N82O102S4; amino acid
analysis: Asp 4.00 (4), Thr 3.88 (4), Ser 5.15 (6), Glu
13.84 (14), Ala 5.52 (6), Val 5.48 (6), Met 1.86 (2),
Ile 3.56 (4), Leu 6.25 (6), Tyr 2.09 (2), Phe 1.99 (2),
Lys 5.64 (6); peptide content: 78.7%.

[H-Ser-Cys-Ala-Glu-Lys-Gln-Met-Leu-Ala-Lys-
Ala-Lys-Thr-Gln-Ile-Thr-Ser-Phe-Glu-Asn-Lys-Ile-
Val-Asn-Leu-Glu-Ser-Glu-Val-Gln-Val-NH2]2
(Kn6). HPLC: tR = 9.25 min; ESI-MS: m/z = 1790.8
[M + 4H]4+, 1432.6 [D + 5H]5+, 1194.0 [M + 6H]6+,
1023.8 [M + 7H]7+, 896.0 [M + 8H]8+, 796.2 [D +
9H]9+, 717.0 [D + 10H]10+; Mr = 7158.8 calcd for
C310H526N84O100S4; amino acid analysis: Asp 4.00
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(4), Thr 3.94 (4), Ser 5.83 (6), Glu 13.47 (14), Ala
6.77 (6), Cys 1.82 (2), Val 5.37 (6), Met 1.93 (2), Ile
3.04 (4), Leu 6.24 (6), Phe 2.15 (2), Lys 7.41 (8);
peptide content: 69.4%.

Circular Dichroism

The CD spectra were recorded on a Jasco J-715
spectropolarimeter equipped with a thermostated
cell holder and connected to a data station for signal
averaging and processing. All spectra were recorded
in the range 190–250 nm with a scanning speed
of 50 nm/min, a response of 1 s and a band width
of 1.0 nm, at 20 °C in quartz cuvettes of 0.1 cm
optical path length. The collected spectra (average of
10 scans) were all normalized and the ellipticity
expressed as mean residue molar ellipticity [�]R
(deg cm2 dmol−1). For sample preparation each
solution was filtered through membrane filters
(0.45 µm) and the concentration was determined by
UV absorbance at 280 nm based on the absorption
coefficients of Tyr and Trp, and in the absence
of these chromophores by weight and peptide
content as determined by quantitative amino acid
analysis. The UV spectra were taken on an UV/VIS
spectrometer Lambda 19 of Perkin Elmer. If not
stated otherwise, the CD spectra were recorded
in 50 mM phosphate buffer at the indicated pH
and at 20 °C. The CD spectra of the peptides Kn1
and Kn2 at different concentrations were recorded
with cuvettes of a path length of 0.01 cm, 0.1 cm
and 1 cm.

The melting curves were measured by following
the change of the molar ellipticity at 222 nm in
function of temperature with a temperature slope of
30 °C/h, the response of 16 s and the band width
of 1 nm. The temperature at the zero point of the
second derivative of the relative melting curve was
taken as melting temperature (Tm).

Mass Spectrometry

Mass spectra were measured on a PE SCIEX API
165 single quadrupole MS system. The spectra for
detecting the non-covalently bound dimers were
taken in the range 700–2000 Da, with an infusion
pump rate of 0.3 ml/h, an ion source high voltage
of 4.5 kV, an orifice voltage of 15V, a dwell time of
0.6 ms per scan and a step size of 0.2 Da with 10
scans summed.

RESULTS

Peptide Synthesis

To better mimic the peptides of the neck coiled-
coil region of Neurospora crassa kinesin as integral
fragments of the proteins and particularly to pre-
vent unfavourable electrostatic interactions between
helices in a coiled-coil conformation [17,24] Kn1 and
Kn2 (Figure 1) were N-acetylated and C-amidated,
while the N-terminally disulfide crosslinked Kn3–
Kn6 peptides were not Nα -acetylated to possibly
facilitate purification and enhance the solubility. In
fact, in the synthesis of this series of peptides diffi-
culties were encountered in the assembly on resin
as well assessed by the continuous need of double
couplings and by the complete failure in the synthe-
sis of Kn5 by the Fmoc chemistry. The sequence was
purposely shortened at the C-terminus to facilitate
the synthesis, but the opposite effect was observed.
Therefore only the Kn1 and Kn2 were accessible
by the Fmoc chemistry at a degree of purity of the
crude products that allowed their isolation as homo-
geneous materials by RP-HPLC adopting a very slow
gradient, although at very low yields. Boc chemistry
was chosen for the synthesis of Kn3, Kn4, Kn5 and
Kn6, since this strategy is well known to yield better
results with difficult sequences because of the repet-
itive acidic TFA treatments. However, particularly in
the case of the peptides Kn5 and Kn6, very careful
monitoring of each coupling step and capping with
Ac2O was required, even using this strategy. Again
the low yields reflect the difficulty of obtaining these
molecules as well characterized compounds and at a
degree of purity that serves for a careful examination
of the their conformational preferences.

Conformational Properties of the Monomeric
Kinesin Peptides Kn1 and Kn2

Circular dichroism. In a previous communication we
have reported and discussed the dichroic properties
of the wild-type Kn1 peptide [25]. Similarly to
Kn1 the CD spectra of Kn2 corresponding to
the Y362K variant sequence, also show a clear
pH dependence and are supportive of significant
helical structure at pH 3, whereas at higher pH
values a tendency to aggregation is noted (Figure 2).
Although the spectrum of the variant at pH 3 and
20 °C is consistent with an α-helical conformation, in
contrast to the wild-type Kn1 a coiled-coil has to be
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Figure 2 CD spectra of Kn2 in 50 mM phosphate buffer at
increasing pH values.

excluded because of the low value of the [�]222/[�]208

ratio (<1) [17,18,24].
TFE is known to stabilize secondary structures

such as helices, but at the same time to destabilize
tertiary folds such as coiled-coils [26,27]. Increasing
the content of TFE in the Kn2 solution at pH 3 from 0
to 70% causes an increase of the α-helical structure
(data not shown), but the ratio [�]222/[�]208 remains
<1 as additional evidence for the absence of coiled-
coil at 20 °C. The formation of a two-stranded
α-helical coiled-coil is a bimolecular process and
the monomer/dimer equilibrium is thus affected by
the peptide concentration [18]. For Kn1 the helical
content increases with the peptide concentration
reaching a plateau value at about 10−5 M (Figure 3)
where a maximum of ordered structure is reached.
In the case of Kn2 such concentration-dependent
helical content is also observed, but a plateau
value is not reached. At 10−3 M concentrations both
peptides display a great tendency to aggregation.

Thermal denaturation of both Kn1 and Kn2 was
monitored at 222 nm in the 5° to 70 °C temperature
range. A cooperative transition with a Tm of 47.2 °C
was obtained for Kn1 which was accompanied by
a concurrent decrease of the coiled-coil structure
[25]. The CD spectra of Kn2 at pH 3 monitored
at increasing temperatures are characterized by an

Figure 3 Concentration dependency of the dichroic
intensities at 222 nm of the Kn1 and Kn2 peptides.

isodichroic point at 203 nm which is supportive of a
two-state transition from a folded to unfolded form.
Moreover, at 5 °C a [�]222/[�]208 ratio of 1.07 was
determined that clearly confirms that even Kn2 is
capable of assuming the coiled-coil conformation
at least at low temperature. Compared with Kn1,
the folded state of Kn2 is significantly less stable
(Tm = 19.6 °C) and thermal denaturation leads to
aggregation, thus making the process irreversible.

Mass spectrometry. The presence of a coiled-coil
conformation in solution implies that the peptides
form dimers linked by non-covalent bonds. An
indirect mode of proving such conformation in
solution consists in the detection of dimers. Among
the various techniques that allow identification of
non-covalent complexes, ESI-MS has been shown
to be very useful [28,29]. Therefore mass spectra
were recorded for Kn1 and Kn2 in aqueous AcOH
(pH 3) where CD spectra were almost identical to
those recorded in phosphate buffer at pH 3.0. For
Kn1 the presence of peaks corresponding to the
dimer ions [M + 5H]5+ and [M + 7H]7+ confirm that
this peptide folds as a two-stranded α-helical coiled-
coil at pH 3. For Kn2 only a peak of low intensity
and corresponding to the dimer ion [M + 5H]5+ was
detected confirming the lower propensity of this
Y364K variant to adopt the coiled-coil conformation.

Conformational Properties of the Dimeric Kinesin
Peptides Kn3–Kn6

The CD spectra of the dimeric peptides (Kn3–Kn6)
at different pH values are significantly different from
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Figure 4 Variation of the [�]222/[�]208 ratios with pH for
the peptides Kn3, Kn4, Kn5 and Kn6.

those of the monomeric Kn1 and Kn2 (Figure 4).
While Kn3 and Kn5 display a propensity to fold
as a two-stranded α-helical coiled-coil in the whole
pH range investigated, the conformation of Kn4 and
Kn6 is pH dependent, and an increase of the pH
is associated with a decrease of the helical content
and solubility.

Thermal denaturation was recorded at pH 3 and
at pH 5. At 5 °C the [�]222/[�]208 ratios of Kn3
and Kn5 are clearly >1, supporting the coiled-coil
conformation. A plot of the ratios vs temperature
at both pH values reveals two transitions. The
first, corresponding to dissociation of the supercoil

Figure 5 Thermal denaturation of Kn3 in 50 mM phos-
phate buffer (pH 3.0); insert: plot of [�]222/[�]208 vs
temperature.

into the α-helix, is a continuous monotonous
process whereas the second transition is cooperative
and thus related to unfolding of the α-helix and
formation of aggregates (Figure 5). At pH 3 the Tm

corresponding to the transition α-helix/aggregates
is higher than that at pH 5, because of the higher
helix stability under more acidic conditions. For the
dimeric Kn4 and Kn6, the melting process involves
only unfolding of the helix, while aggregation is not
so significant compared with the wild type peptides.

DISCUSSION

The conventional kinesin neck region is folded into a
two-stranded α-helical coiled-coil which is believed
to play a key role in the mechanism of movement.
Since the variant NkinY362K of N. crassa kinesin
displays a significantly lower rate of movement than
the wild-type motor domain, this single mutation in
the neck region has to provoke structural changes
that decrease rates of movement.

In contrast to the prediction algorithms, a compar-
ison of the dichroic properties of monomeric Kn1 and
its Y364K variant (Kn2) indicates that the mutation
reduces the propensity for self-association into the
supercoiled structure, particularly at acidic pH val-
ues. At neutral pH both peptides tend to aggregate.
This phenomenon of aggregation was not observed
with peptides related to the homologous neck region
of the human kinesin where the coiled-coil fold was
detected at pH 7 [4,8]. A stabilization of the super-
coil under acidic conditions has been reported and
explained with the positive effects of protonated glu-
tamic acid residues which display greater helical
propensity and higher hydrophobicity, thus enhanc-
ing the hydrophobic surface and correspondingly,
the contact area between the helices if located in
position e or g of the heptad repeat [19,20]. In
the peptides analysed in the present study two
Glu residues are located in the position e of the
heptades. By disulfide crosslinking of the peptides
entropically to favour the supercoil, the effect of
the Y362K mutation becomes even more evident.
In fact, the wild-type dimeric fragment is folded as
coiled-coil in the pH range between 3 and 7, while
for the dimeric Y362K variant the supercoil can be
excluded and the α-helical conformation decreases
with increasing pH values. These results indicate
that a salt bridge between Lys-362 and Glu-367
as promoted in the variant does not stabilize the
coiled-coil conformation, whereas the protonated
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side chain of Glu apparently provides a greater con-
tribution in this context in agreement with previous
studies [19,20,30].

In summary, the present study demonstrates that
peptides derived from fungal kinesin’s wild-type
neck domain have a higher coiled-coil propensity
than those based on the NkinY362K variant. These
data agree with the observation that the NkinY362K

mutants in constructs comprising the sequence
portions 1–391 or 1–433 are monomeric, while
their corresponding wild-type counterparts form
dimers [16]. These motor-protein mutants seem
to uncouple ATP hydrolysis and stepping because
of the absence of two coordinated motor heads.
Apparently, a rate-limiting step of the ATPase cycle
is connected to the presence of a second head which
is connected via the neck domain. Surprisingly,
the Y362K mutation seems to exert an additional
effect in the protein context that is unrelated to
the dimerization behaviour. In fact, by comparing a
monomeric Nkin variant (Nkin383) with the Y362K
point mutant in the same background a 6- to 7-
fold higher ATPase activity of the mutant was still
observed [16]. Thus, the neck Tyr residue conserved
in fungal conventional kinesins may fulfil a dual
physiological function, i.e. stabilize the neck coiled-
coil structure in an active dimeric motor, and down-
regulate the activity in a repressed state, probably
in a non-supercoiled neck conformation.
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