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Abstract
We investigated the folding, stability, and specificity of dimerization of the neck regions of the
kinesin-like proteins Kif3A (residues 356–416) and Kif3B (residues 351–411). We showed that the
complementary charged regions found in the hinge regions (which directly follow the neck regions)
of these proteins do not adopt any secondary structure in solution. We then explored the ability of
the complementary charged regions to specify heterodimer formation for the neck region coiled-coils
found in Kif3A and Kif3B. Redox experiments demonstrated that oppositely charged regions
specified the formation of a heterodimeric coiled-coil. Denaturation studies with urea demonstrated
that the negatively charged region of Kif3A dramatically destabilized its neck coiled-coil (urea1/2
value of 3.9 M compared with 6.7 M for the coiled-coil alone). By comparison, the placement of a
positively charged region C-terminal to the neck coiled-coil of Kif3B had little effect on stability
(urea1/2 value of 8.2 M compared with 8.8 M for the coiled-coil alone). The pairing of complementary
charged regions leads to specific heterodimer formation where the stability of the heterodimeric neck
coiled-coil with charged regions had similar stability (urea1/2 value of 7.8 M) to the most stable
homodimer (Kif3B) with charged regions (urea1/2 value of 8.0 M) and dramatically more stable than
the Kif3A homodimer with charged regions (urea1/2, value of 3.9 M). The heterodimeric coiled-coil
with charged extensions has essentially the same stability as the heterodimeric coiled-coil on its own
(urea1/2 values of 7.8 and 8.1 M, respectively) suggesting that specificity of heterodimerization is
driven by non-specific attraction of the oppositely unstructured charged regions without affecting
stability of the heterodimeric coiled-coil.
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Kinesin superfamily proteins are microtubule-activated ATPases that share homology in their
microtubule binding/ ATP hydrolyzing motor domains. Conventional kinesin is the most
studied member of the superfamily and has been shown to be composed of two heavy and two
light chains (1–3). The second protein in the kinesin superfamily of proteins to be completely
characterized was found to be a heterotrimeric complex composed of two large subunits with
microtubule-activated ATPase activity similar to conventional kinesin heavy chains and an
accessory protein (Fig. 1) (4). This heterotrimeric protein was termed kinesin-II but is also
called the Kif3 complex, where Kif represents the kinesin family (5).
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The sequence identification and characterization for the subunits of the Kif3 complex, isolated
from sea urchin, have been completed. The 85-kDa subunit was the first to be characterized
and was termed spKRP85 (for Strongylocentrotus purpuratus kinesin related protein 85 kDa)
(6). The characterization of the mouse protein homolog Kif3A has also been reported (7). In
1995, the sequence of the 95-kDa subunit found in sea urchin, termed spKRP95, was published
(8), followed by the sequence publication of its mouse homolog, Kif3B(9). The accessory
proteins in sea urchin and mouse were sequenced and reported in 1996 (4,5). These proteins
have since been named kinesin-like associated proteins (KAPs). Within the same organism,
spKRP85 was found to have 52% sequence identity with the full-length spKRP95, and 73%
within the motor region. Kif3A and Kif3B were found to have 47% sequence identity along
their full length and 61% in their motor regions.

Upon analysis of the spKRP85/95 and Kif3A/B motor subunits, it was noted that the NH2
termini (approximately residues 1–350) were likely, based on sequence homology, to comprise
a motor domain similar to conventional kinesin. The NH2 terminal domains were predicted to
be separated from the small globular COOH-terminal domains by a central α-helical segment
thought to form a coiled-coil similar to the one shown for conventional kinesin (Fig. 1) (10).
A similar stalk-like structure as seen for conventional kinesin was noted for the Kif3A/B
complex in electron micrographs (9). Interestingly, in the similarity profiles between spKRP85/
Kif3A and spKRP95/Kif3B, a small portion of sequence was found to have strikingly low
sequence homology and was not predicted to form a coiled-coil. This region was located in the
sequence between the neck and stalk regions (Fig. 1) and had low probability for α-helix
formation (6,8,9). This region is referred to as the hinge region (Fig. 1). When these regions
were further scrutinized, it was noted that spKRP85/Kif3A had a stretch of amino acids with
a number of negatively charged amino acids closely spaced (11 and 13 negatively charged
amino acids in spKRP85 and Kif3A, respectively). This negatively charged segment was found
to be followed by a segment of positively charged amino acids (nine in both proteins). This
region of sequence disparity in spKRP95/Kif3B was found to begin with a stretch of positively
charged amino acids (eight in each protein) followed by a segment of negatively charged amino
acids (11 and 14 in spKRP95 and Kif3B, respectively) (Fig. 1). It was postulated that these
complementary charged regions in the hinge region could help the motor subunits form
spKRP85/95 and Kif3A/B heterodimers through the destabilization of homodimers, and
stabilization of heterodimers through electrostatic attractions (8). It was also noted that polar
and charged residues were found in the stalk region a and d positions of the coiled-coil (8).
The a and d positions are classically reserved for hydrophobic residues in a coiled-coil (11),
and it was predicted that the formation of heterodimers would prevent electrostatic repulsions
in the hydrophobic core of the coiled-coil stalk region of the homodimeric proteins (8). Support
for the possible role of a and d positions in the stalk region in heterodimer formation has been
bolstered by a recent study (12), where the ability of the C-terminal heptads of the stalk domain
to form heterodimers was demonstrated.

In our efforts to characterize the neck region coiled-coil and complementary charged regions
(hinge region; Fig. 1) of the motor proteins Kif3A and Kif3B, we analyzed the ability of each
neck region to form a coiled-coil on its own (13,14). Previously, we focused on the effects of
complementary charged regions on the formation of the homodimeric coiled-coils of Kif3A
and Kif3B (13,14); i.e. the coiled-coil segment was homodimeric but, with oppositely charged
regions attached, the molecules were heterostranded. We demonstrated that the negatively
charged segments of both Kif3A and Kif3B charged regions, when attached directly to the
neck region coiled-coils, destabilized their respective neck region coiled-coils, while, in
contrast, the positively charged segments did not affect the stability of the coiled-coil neck
regions. Furthermore, it was shown that a negative and positive charged extension was required
to specify heterostranded coiled-coil formation in the presence of identical coiled-coil
sequences.
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In the present study, we examine the formation of heterodimeric molecules of Kif3A and Kif3B,
where both the coiled-coil regions and the charged segments represent the sequences found in
native Kif3A and Kif3B. These results allowed us to determine the role of the complementary
charged regions in determining the specificity and stability of the heterodimeric Kif3A/Kif3B
coiled-coil.

Experimental Procedures
Synthesis of peptides

Peptides were synthesized on a 4-methylbenzhydrylamine (MBHA) hydrochloride resin using
conventional Nα-tbutyloxycarbonyl (t-Boc) chemistry and standard solidphase synthesis
methodology (15,16). Each coupling step used a four times excess of amino acid per free amino
group on the resin with 2-(1H-benzotriazole-1-yl)-1,1,3,3- tetramethyluranium
hexafluorophosphate (HBTU)/N-hydroxybenzotriazole (HOBT) activation. The extent of each
coupling was determined by conducting a Kaiser test (17) on a small sample of resin. An
additional coupling was performed if the coupling reaction was <99% complete. Acetylation
was used to terminate any unreacted amino groups from the coupling step as well as the final
Nα-amino group of the polypeptide chain. Cleavage of the peptide from the resin and
deprotection of the side-chain-protecting groups was achieved using a low
trifluoromethanesulfonic acid (TFMSA) and high hydrogen fluoride (HF) procedure for 3 and
1.5 h, respectively (18). HF was removed under vacuum and the peptide-resin was washed
several times with cold ether. The peptide was dissolved and extracted by filtration from the
resin using a 50 : 50 mixture (v/v) of acetonitrile : water containing 0.05% aqueous
trifluoroacetic acid (TFA) and lyophilized.

Peptide purification
Purification of each peptide was performed by reversed-phase high-performance liquid
chromatography (RP-HPLC) on a Varian 5000 Liquid Chromatograph (Varian, Walnut Creek,
CA, USA) using an Aquapore RP-300 C8 column [250 × 7.0 mm internal diameter (i.d.), 7
μm particle size, 300 Å pore size; Applied Biosystems, Foster City, CA, USA] with a linear
AB gradient (ranging from 0.2% to 1.0% B/min) at a flow rate of 2 mL/min, where solvent A
is aqueous 0.1% TFA and solvent B is 0.1% TFA in aceto-nitrile. The column was kept at 80
°C throughout the duration of the purification using a column heater.

Amino acid analysis
Purified peptides were hydrolyzed in 6 N HCl containing 0.1% phenol for 1.5 h at 160 °C in
evacuated, sealed tubes. Amino acid analysis was performed on a Beckman model 6300 amino
acid analyzer (Beckman Instruments, Berkeley, CA, USA).

Mass spectrometry
The correct molecular masses of the purified peptides and proteins were confirmed by
electrospray mass spectrometry using a Mariner electrospray ionization time of flight mass
spectrometer (Applied Biosystems) calibrated with horse heart myoglobin (mass 16, 951.51).
The molecular masses were determined with an uncertainty of ±2–3 Da.

Circular dichroism spectroscopy
Circular dichroism (CD) spectra were recorded on a Jasco J-810 spectropolarimeter (Jasco Inc.,
Easton, MD, USA). The temperature-controlled cuvette holder was maintained at the desired
temperature with a circulating water bath. The instrument was calibrated with an aqueous
solution of recrystallized d-10(+)-camphorsulfonic acid at 290.5 nm. Results were expressed
as mean residue molar ellipticity [θ] (deg cm2/dmol) calculated by using the equation
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θ =
θobs − MRW

10lc

where, θobs is the observed ellipticity expressed in millidegrees, MRW the mean residue
molecular weight (molecular weight of the peptide divided by the number of amino acids), l
the optical path length in centimeters, and c the final peptide concentration in milligrams per
milliliter. For wave scans, data were collected from 190 to 255 nm at 0.05-nm intervals, and
the average of 10 scans reported. GdnHCl and urea denaturation studies were carried out by
preparing mixtures of a stock solution of peptide in buffer (0.1 M KCl, 0.05 M K2HPO4/
KH2PO4, pH 7), buffer alone and a solution of 8 M GdnHCl or 10 M urea in buffer, where the
ratios of buffer and 8 M GdnHCl or 10 M urea solutions were varied to give the appropriate final
GdnHCl or urea concentrations. All peptide concentrations were determined by amino acid
analysis.

Protein unfolding measurements
Denaturation midpoints: GdnHCl1/2, and urea1/2 values for the disulfide-bridged peptides were
determined by following the change in molar ellipticity at 222 nm. Ellipticity readings for
GdnHCl and urea denaturations were normalized to the fraction of the peptide population that
was folded (ff) using the standard equation

f f =
θ − θ u
θ n − θ u

,

where [θ]n and [θ]u represent the ellipticity values for the fully folded and fully unfolded peptide
population, respectively. [θ] is the observed ellipticity at 222 nm at any denaturant
concentration.

Preparation of oxidized peptides
Formation of homo-two-stranded disulfide-bridged molecules was carried out by dissolving 5
mg of each peptide in 2 mL of 100 m M NH4HCO3, pH 8, buffer and the reaction vessel stirred
overnight at room temperature. Oxidized peptides were re-purified by RP-HPLC and oxidation
verified by mass spectrometry.

Redox experiments
Redox experiments were carried out in a similar manner to that described previously (19,20),
with modifications as indicated. Disulfide-bridged, homo-two-stranded peptides were mixed
together from stock concentrations to final concentrations of 100 μ M each in 0.1 M KCl, 0.05
M K2HPO4/KH2PO4, pH 7.0 buffer and degassed by blowing steady stream of N2 through the
buffer for 16 h. The reactions were carried out at room temperature in Reacti vials
Chromatographic Specialties, Inc., Brockville, ON, Canada). The peptides were then mixed in
a 1 : 1 ratio in the presence of a 10 times molar excess of reduced and oxidized glutathione. At
set time intervals, 15-μL aliquots were taken from the Reacti vials and the reaction was
quenched by the addition of either 10 μL of 3% aq. phosphoric acid or 10 μL of 5% TFA. Each
aliquot was then injected onto a Zorbax 300SB-C8 column (150 × 2.1 mm i.d., 5-μm particle
size, 300-Å pore size; Agilent Technologies, Little Falls, DE, USA) and eluted with a 1%
acetonitrile/min gradient to assess the ratios of disulfide-bridged homostranded and
heterostranded peptides in the reaction mixture.
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Results
Secondary structure of the complementary charged regions of Kif3A and Kif3B

The complementary charged regions we have investigated are those of Kif3A (residues 378–
416) and Kif3B (residues 373–411). We synthesized two peptides to represent these regions
(P5 and P10, respectively) (Fig. 1). CD analysis of the peptides showed that, on their own and
mixed equally at a 1 : 1 molar ratio, they did not adopt any secondary structure (Fig. 2A); i.e.
the CD spectrum of each sample was similar to a random coil spectrum. When the peptides
were linked by a disulfide bond at the N-terminus using a flexible CGG linker, to remove the
concentration dependence, the peptides still did not adopt any detectable defined secondary
structure. The oxidized (disulfide-linked) peptides P5, P10 and the heterostranded peptide P5/
P10 all showed a spectrum characteristic of a random coil peptide (Fig. 2B).

Folding of neck-region coiled-coil
We next characterized the neck-region coiled-coil of Kif3A, Kif3B and Kif3A/B to compare
and contrast differences between the homostranded and heterostranded neck regions. The
sequences for peptide P2 (Kif3A residues 356–377) and peptide P7 (Kif3B residues 351–372)
are shown in Fig. 3 (top and bottom panels). The CD spectrum of disulfide-bridged P2/P7 (Fig.
4A) was characteristic of a fully folded α-helical coiled, based upon the following
characteristics: high molar ellipticity value in benign medium, double minima at 208 and 222
nm, and a maximum at 190 nm; an α-helical content of 100% and 22 calculated α-helical
residues of 22 (Table 1); the addition of 50% trifluoroethanol (TFE) did not increase the α-
helical content (determined at 222 nm) (Table 1); the [θ]222/[θ]208 ratio in benign medium
(1.05) is characteristic of coiled-coils, i.e. >1.0 (23) and this value decreased to 0.86 in the
presence of the helix-inducing solvent TFE. Although TFE stabilizes the helical secondary
structure, it denatures tertiary and quaternary structure, i.e. the coiled-coil is dissociated to
single-stranded α-helices as clearly demonstrated by high-performance size-exclusion
chromatography of coiled-coils (19,24–27). In Fig. 4A, the spectrum of the oxidized
heterostranded peptide P2/P7 is compared with the spectra of the oxidized homostranded
peptidesP2 and P7. The values observed by CD spectroscopy for the heterostranded and
homostranded peptides are shown in Table 1. The heterostranded peptide shows an increased
α-helical content and complete folding compared to the two homostranded peptides. The
flexible Cys-Gly-Gly linker was used to link peptides P2 and P7 to ensure that we were
exclusively analyzing the heterostranded peptide.

Role of complementary charged regions in dimer formation
To understand the role of charged regions on specificity and stability of the heterodimeric
coiled-coil, we synthesized a series of peptides derived from the neck-hinge region (Fig. 3).
The top panel of Fig. 3 shows the native sequence taken from Kif3A; the neck region coiled-
coil-forming residues are boxed in the native sequence and depicted beneath each of the
synthetic peptides. The residues found in the hydrophobic ‘a’ and ‘d’ positions are shown in
bold. The individual charged extensions added C-terminally are depicted by the boxes
containing ‘−’ and ‘+’ signs, representing the charged amino acids. Similarly, the bottom panel
shows the native Kif3B and derived peptide sequences.

In our previous studies, we showed the need for both positively and negatively charged regions
to be present in order to specify the formation of heterostranded peptide (13), and that the
stability of the coiled-coil could affect the rate of heterostranded peptide formation when the
starting peptides were homostranded (14). In the present study, the results of redox equilibrium
experiments (see Methods) showed that the presence of charged extensions C-terminal to the
coiled-coil-forming sequences can specify the formation of a truly heterodimeric coiled-coil
(Fig. 5, reactions A, B, C). Notice that the presence of two segments of complementary charged
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regions C-terminal to the coiled-coils behave similarly (Fig. 5, reaction A) to one segment of
complementary charge (Fig. 5, reactions B and C) in specifying heterostranded coiled-coil
formation. The absence of charged regions leads to the formation of only 50% heterodimer, a
value expected for random exchange of polypeptide strands (Fig. 5, reaction D), i.e. no
specificity for heterodimer formation. In this study, we tested the ability of the complementary
charged region found in Kif3A and Kif3B to specify formation of heterostranded coiled-coil
in the presence of 3 M NaCl (Fig. 6). We see that in redox buffer (20,21) containing 3 M NaCl
there was a decreased ability of the charged regions to contribute to the formation of
heterostranded coiled-coil, producing only approximately 60% (Fig. 6) heterostranded coiled-
coil product instead of the original 95% (Fig. 5). The percentage of heterostranded coiled-coil
formed approaches the amount formed by random mixing of the coiled-coils without charged
extensions in 3 M NaCl (Fig. 6, reaction D).

Effect of complementary charged regions on coiled-coil stability
To assess how the stability of the heterostranded coiled-coil is affected by adding
complementary charged extensions in comparison to the homostranded coiled-coils of Kif3A
and Kif3B, that have repulsive charged extensions, we denatured the α-helical structure of the
neck coiled-coil using the chemical denaturants GdnHCl and urea. Since GdnHCl masks
electrostatic interactions, repulsions and attractions (28), the denaturation midpoints of the
disulfide-bridged homostranded peptides P2 and P7 and the disulfide-bridged heterostranded
peptide P2/P7 will be a reflection of the stability of the coiled-coils’ hydrophobic cores (Fig.
4B;Table 2A). The denaturation midpoint value of the heterostranded peptide P2/P7 (3.6 M) is
approximately intermediate between the values for the homostranded peptides (P2, 3.1 M and
P7, 3.9 M;Fig. 4B;Table 2A). Urea, an uncharged denaturant, does not mask electrostatic
interactions (28) and so the stability results will reflect the combined effect of the hydrophobic
interactions in the hydrophobic core and the effect of charged regions on the stability of the
coiled-coil. As there are no charged extensions on peptides P2 and P7, the denaturation
midpoints of these coiled-coils in urea will reflect the stabilities of the coiled-coils alone and
this serves as our control experiment. Again the stability of the heterostranded P2/P7 coiled-
coil (8.1 M; Fig. 4C; Table 2A) is approximately intermediate between the values of the two
homostranded coiled-coils, P2 and P7 (P2, 6.7 M and P7, 8.8 M; Fig. 4C; Table 2A).

For peptides with only one segment of the complementary charged region added C-terminally
to the coiled-coil-forming sequences, peptides P3 and P8, we expect a relative stability pattern
in GdnHCl between the homostranded and heterostranded peptides to be similar to the stability
pattern for the coiled-coils alone, because, as noted above, GdnHCl masks electrostatic
interactions. The stability of the heterostranded P3/P8 in GdnHCl, was slightly higher than the
expected midpoint (3.5 M; Fig. 7A; Table 2B, compared with a theoretical 3.3 M). The
denaturation midpoint values of the homostranded peptides P3 and P8 in GdnHCl were 2.8 M

and 3.7 M, respectively (Fig. 7A and Table 2B). In urea, where the effects of the charged region
interactions can be observed, it would be expected that the value for the heterostranded peptide
would not lie intermediate between the values of the two homostranded peptides. In fact, the
hetero- two-stranded peptide (P3/P8) exhibited a coiled-coil stability (urea1/2 value of 7.6 M)
closer to the most stable homostranded peptide P8 (8.2 M; Fig. 7B; Table 2B). A urea
denaturation midpoint value that came half way between the values of the two homostranded
peptides (3.9 and 7.6 M) would be 5.8 M. The heterostranded peptide is considerably more stable
than the homostranded peptide P3 (compare urea1/2 values of 7.6 and 3.9 M, respectively).

Finally, for the peptides that incorporate the full-length charged region found in Kif3A and
Kif3B, peptides P1 and P6 (Fig. 3), the GdnHCl midpoint value of the heterostranded P1/P6
(3.1 M; Fig. 8A; Table 2C) came between the GdnHCl midpoint values for the homostranded
peptides P1 and P6 (2.7 M and 3.6 M, respectively). In urea, we see that the heterostranded peptide
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(P1/P6) again exhibited a stability (urea1/2 value of 7.8 M) similar to the most stable
homostranded peptide P6 (8.0 M; Fig. 8B, Table 2C). The heterostranded peptide P1/P6 is
substantially more stable than the homostranded peptide P1 (compare urea1/2 values of 7.8 and
3.9 M, respectively).

Discussion
We have explored how the structure, stability and specificity effect of the charged hinge regions
affect heterodimer formation of the neck region coiled-coil found in the heterotrimeric motor
protein complex Kif3A/Kif3B. The complementary charged regions alone (residues 378–416
and 373–411 for Kif3A and Kif3B, respectively) were examined by CD spectroscopy and found
to adopt a random coil structure by themselves and when mixed together in a 1 : 1 molar ratio.
Furthermore, the charged regions were not induced into any secondary structure when attached
to the neck coiled-coil regions (data not shown). Peptides, including the neck coiled-coil and
the complementary charged regions (residues 356–416 and 351–411 for Kif3A and Kif3B,
respectively) were studied in their disulfide-bridged form (CGG linker added to the N-
terminus) either as homo- or hetero-two-stranded peptides. To assess the ability of the
complementary charged regions to specify heterodimer formation of a coiled-coil, we mixed
disulfide-bridged homo-two-stranded Kif3A and Kif3B peptides with their respective charged
regions attached, in redox buffer (20,21). Contrary to recent findings (12), where it was
suggested that the charged regions were not necessary for heterodimer formation, we observed
that oppositely charged regions specified the formation of a hetero-two-stranded peptide (Figs
3 and 5, reactions A, B, C). Furthermore, mixing the disulfide-bridged Kif3A neck coiled-coil
together with the disulfide-bridged Kif3B neck coiled-coil led to a 1 : 2 : 1 ratio of Kif3A
homostranded : Kif3A/B heterostranded : Kif3B homostranded peptides, the ratio expected
from a non-specific random pairing of peptides (Fig. 5 reaction D). The ability of the
complementary charged extensions on the C-terminus of the neck coiled-coil of the two
proteins to form preferentially a heterostranded peptide was diminished through charge
screening in the presence of NaCl (Fig. 6). Similar charge screening by salt has been reported
elsewhere (29,30).

To assess how complementary charged extensions may affect the stability of the heterodimeric
neck coiled-coils in comparison to the homodimeric coiled-coils, we denatured the peptides in
urea, a denaturant shown to reveal the effects of electrostatics on protein stability (31–34). The
results indicate that for the neck region coiled-coils alone, the heterodimeric coiled-coil made
up of the neck regions of both Kif3A and Kif3B has an intermediate stability between the
homodimeric neck coiled-coils (Fig. 4C, Table 2A). With complementary charged regions
added to the C-terminus of the heterodimeric neck region coiled-coil, the stability of the coiled-
coil is increased relative to the intermediate stability position and is similar to the stability of
the more stable homodimeric neck region of Kif3B (Fig. 7B, Table 2C).

In accordance with the original postulate (8) for the functional role of the complementary
charged regions in the Kif3 complex, we see that complementary charged regions can specify
hetero-two-stranded coiled-coil formation. The results of this study and our previous
investigations (13,14) show the effects of the charged extensions on the stability of the coiled-
coil regions. Thus, the pairing of negatively charged regions directly C-terminus to the coiled-
coil led to a dramatic decrease in stability of the homostranded Kif3A neck region, while the
pairing of positively charged regions did not decrease the stability of homostranded Kif3B
neck region (compare Table 2A and 2B) (13,14). Thus, the formation of the heterostranded
Kif3A/3B coiled-coil with a negatively charged extension on Kif3A and a positively charged
extension on Kif3B prevents the destabilization observed for the homostranded Kif3A neck
region while maintaining the stability similar to that of the homostranded Kif3B. Interestingly,
adding a second oppositecharged segment to the first charged extension already present on

Chana et al. Page 7

J Pept Res. Author manuscript; available in PMC 2006 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



either Kif3A or Kif3B had no effect on the stability of the homodimeric coiled-coils (Table
2B,C). Correspondingly, the heterostranded coiled-coil with the two complementary charged
C-terminal extensions maintained essentially the same stability of the most stable homodimeric
coiled-coil (Table 2C) and the second charged extension had no effect on specificity. The
question arises as to the role of the second charged segments. Perhaps in the full-length
molecule, the negatively charged segment of the Kif3A charged region functions to destabilize
its homodimeric neck region while the negatively charged segment of the Kif3B charged region
functions to destabilize its homodimeric stalk region. In the heterodimer the positively charged
regions neutralize the destabilizing effect of the negatively charged regions adjacent to the
neck and stalk regions.

The results of a previous study (12), which makes use of truncated mutants of Xlklp3A and
Xlklp3B (Xenopus laevis kinesin-like protein subunits 3A and 3B), homologous to the neck
and highly charged regions of Kif3A and Kif3B, respectively, demonstrated the ability of the
C-terminal heptads of the stalk domain to form heterodimers. It was shown that heterodimers
could form between the C-terminal regions of the stalks in the absence of the highly charged
regions (12). When the investigators used full-length XlKlp3A protein, and a C-terminally
truncated XlKlp3B (and vice versa) protein that still had the complementary charged region
present, they were not able to detect heterodimers, but this can be explained by their results
pertaining to the C-terminal region of the stalk. Thus, these investigators found that there was
a distinct need for the C-terminal portion of the stalk domain for the two proteins to bind
together so that they could be immunoprecipitated. Hence, the inability of the investigators’
C-terminally truncated mutants to form heterodimers with a full-length partner does not
preclude the importance of the complementary charged regions described in the present study
in heterodimer formation. The complementary charged regions may simply be one component
in a two-component system that favors heterodimer formation. The C-terminal heptads of the
stalk could be important for binding and specificity, while the complementary charged regions
next to the neck coiled-coil could further increase binding specificity. These two regions could
work in concert to control/modulate heterodimer formation.

This study clearly demonstrates the importance of highly charged unstructured regions in
protein structure and function.
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Figure 1.
Top panel shows a schematic of the kinesin-like heterotrimeric motor protein Kif3A/Kif3B/
KAP3. This protein consists of two different polypeptide chains, Kif3A and Kif3B, which
resemble conventional kinesin heavy chains. Each polypeptide chain contains a N-terminal
globular motor domain, followed by a potential neck coiled-coil region, a highly charged hinge
region, a coiled-coil stalk region and the C-terminal tail region (which binds to an accessory
unit, the kinesin-like associated protein KAP3). Bottom panel shows the amino acid sequences
of the complementary charged regions in Kif3A and Kif3B. Shown are the charged regions,
residues 378–416 and 373–411, which comprise the non-homologous regions of Kif3A and
Kif3B, respectively. The charged region of Kif3A begins with negatively charged amino acids
followed by positively charged amino acids; the analogous region in Kif3B begins with a
positively charged region followed by a glycine spacer and then a negatively charged region.
CGG represents a flexible linker added N-terminally to each peptide. Ac-denotes Nα-acetyl
and -amide denotes Cα-amide.
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Figure 2.
Circular dichroism (CD) spectra of the complementary charged regions. Panel A depicts the
random coil spectra of the non-linked (reduced) peptides denoted P5r, P10r and P5r mixed
P10r (1 : 1) denoted P5r/P10r. Panel B shows the random coil spectra of the disulfide-bridged
(oxidized) homostranded peptides denoted P5x, P10x and the heterostranded peptide P5/P10x.
P5, open squares; P10, open triangles; and P5/P10, closed circles. The peptide sequences are
shown in Fig. 3.
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Figure 3.
Amino acid sequences of the Kif3A and Kif3B peptides used in this study. The native mouse
Kif3A and Kif3B sequences, residues 356–416 and 351–411, are shown above the synthetic
peptides prepared for this study. The open box around the native sequence indicates the
predicted neck α-helical coiled-coil region. The heptad repeat of the coiled-coil is denoted by
abcdefg, where positions a and d are typically the non-polar residues (shown in bold) involved
in the 3–4 hydrophobic repeat. The boxed regions below the peptide sequences denote the
predicted coiled-coil region and the highly negatively charged and positively charged regions.
The negatively charged residues and positively charged residues are indicated by a (−) or (+)
sign, respectively. CGG represents a flexible linker added N-terminally to each peptide. Ac-
denotes Nα-acetyl and -amide denotes Cα-amide. All of the synthetic peptides are aligned to
the native sequence except peptides P4 and P9, which consist of coiled-coil regions, residues
356–377 and 351–372, respectively, combined with the positively charged region, residues
403–416, and the negatively charged region, residues 394–411.
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Figure 4.
Comparison of hetero-two-stranded coiled-coil with homo-two-stranded coiled-coil neck
regions. Panel A depicts the CD spectra of the three heptad coiled-coils for the neck regions
of Kif3A/Kif3B, Kif3A, and Kif3B (peptides P2/P7, P2 and P7, respectively). Panel B depicts
the relative stabilities of the neck region coiled-coils in guanidine hydrochloride. Panel C
depicts the relative stabilities of the neck region coiled-coils for the homo-and hetero-two-
stranded peptides in urea. Homostranded Kif3A neck region, P2, (open circles); homostranded
Kif3B neck region, P7, (open squares); heterostranded Kif3A/ Kif3B neck region, P2/P7,
(closed triangles). Peptide sequences are shown in Fig. 3.
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Figure 5.
The formation of oxidized, heterostranded P1/P6, P3/P8, P4/ P9, and P2/P7 from redox
experiments as a function of time. Reaction A represents the redox results of oxidized peptides
P1 and P6 (closed triangles in plot). Reactions B and C represent the redox reactions of oxidized
P3 with P8 and P4 with P9, respectively (open diamonds and open squares). Reaction D
represents the redox reaction of peptide P2 with P7 (open circles). The percent heterostranded
peptide was calculated by dividing the integrated area of the hetero-two-stranded HPLC peak
by the total integrated area of both the homo- and heterostranded peptides for each time point.
Peptide sequences are shown in Fig. 3.
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Figure 6.
Formation of heterostranded peptides in the presence of NaCl. The dashed line is the theoretical
maximum in benign medium. Reaction A represents the redox results of oxidized peptides P1
and P6 (closed triangles). Reaction B represents the result of mixing oxidized peptides P3 and
P8 (open diamonds). Reaction C is the result of mixing oxidized peptides P4 and P9 (open
squares). Reaction D is the result of mixing oxidized peptides P2 and P7 (open circles). Percent
heterostranded peptide was calculated as described for Fig. 5.
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Figure 7.
Comparison of stabilities of oxidized peptides P3, P8, and P3/ P8: coiled-coils with the first
segment of the complementary charged region. Panel A depicts the relative stabilities, in
guanidine hydrochloride, for homostranded peptide P3, heterostranded peptide P3/P8, and
homostranded peptide P8. The peptides are comprised of the neckregion coiled-coils with the
first segment from the complementary charged regions found in Kif3A and Kif3B (Fig. 3)
added C-terminally. Panel B depicts the relative stabilities of peptides P3, P3/P8, and P8 in
urea. Homostranded peptides P3 and P8 (open circles and open squares, respectively);
heterostranded peptide P3/P8 (closed triangles). Peptide sequences are shown in Fig. 3.
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Figure 8.
Comparison of stabilities of oxidized peptides P1, P6, and P1/P6: coiled-coils with both
segments of complementary charged residues. Panel A depicts the relative stabilities of the
coiled-coil neck regions for homostranded P1, heterostranded P1/P6, and homostranded P6 in
guanidine hydrochloride. The peptides are comprised of the coiled-coils with the full
complementary charged regions (Fig. 3) added C-terminally. Panel B depicts the stabilities of
the peptides in urea. Homostranded peptides P1 and P6 (open circles and open squares,
respectively); heterostranded peptide P1/P6 (closed triangles). Peptide sequences are shown
in Fig. 3.
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Table 2
Denaturation data

Oxidized

Peptidea GdnHClb1/2 (M) Ureac
1/2 (M)

(A) For synthetic coiled-coil peptides
 P2 3.1 6.7
 P7 3.9 8.8
 P2/P7 3.6 8.1
(B) For synthetic peptides with one charge segment
 P3 2.8 3.9
 P8 3.7 8.2
 P3/P8 3.5 7.6
(C) For synthetic peptides with both charge segments
 P1 2.7 3.9
 P6 3.6 8.0
 P1/P6 3.1 7.8

a
Disulfide-bridged homostranded peptides P2, P7, P3, P8, P1 and P6. Disulfide-bridged heterostranded peptides P2/P7, P3/P8 and P1/P6. The amino acid

sequence for each peptide is shown in Fig. 1.

b
GdnHCl1/2 is the concentration of guanidine hydrochloride (M) required to give a 50% decrease in the molar ellipticity at 222 nm.

c
Urea1/2 is the concentration of urea (M) required to give a 50% decrease in the molar ellipticity at 222 nm.
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