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Abstract
Kinesin motor proteins transport a wide variety of molecular cargoes in a spatially and temporally
regulated manner. Kinesin motor domains, which hydrolyze ATP to produce a directed
mechanical force along a microtubule, are well conserved throughout the entire superfamily.
Outside of the motor domains, kinesin sequences diverge along with their transport functions. The
non-motor regions, particularly the tails, respond to a wide variety of structural and molecular
cues that enable kinesins to carry specific cargoes in response to particular cellular signals. Here,
we demonstrate that intrinsic disorder is a common structural feature of kinesins. A bioinformatics
survey of the full-length sequences of all 43 human kinesins predicts that significant regions of
intrinsically disordered residues are present in all kinesins. These regions are concentrated in the
non-motor domains, particularly in the tails and near sites for ligand binding or post-translational
modifications. In order to experimentally verify these predictions, we expressed and purified the
tail domains of kinesins representing three different families (Kif5B, Kif10, and KifC3). Circular
dichroism (CD) and NMR spectroscopy experiments demonstrate that the isolated tails are
disordered in vitro, yet they retain their functional microtubule-binding activity. Based on these
results, we propose that intrinsic disorder is a common structural feature that confers functional
specificity to kinesins.
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Introduction
Kinesin motor proteins are involved in a myriad of cellular processes, from the transport of
neurotransmitters, to mitosis, to the distribution of mRNA during development1-3. All
kinesins have a common motor domain that, in most instances, hydrolyzes ATP and
reversibly binds to microtubules (MTs). In addition to the motor domain, most kinesins
contain coiled-coil stalk domains of up to several hundred residues that allow the kinesins to
form multimers, and a tail domain adjacent to the end of the stalks opposite the motor
(Figure S1). There are 43 known members of the human kinesin superfamily, and each one
appears to be tailored to its specific cellular functions via its non-motor domains (reviewed
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by Hirokawa et al, 20094). It follows that, unlike the superfamily-conserved motor domains,
kinesin non-motor domains are structurally diverse.

The literature contains detailed and sophisticated structural and functional studies of kinesin
motor domains from several families. In contrast, there are relatively few investigations of
the stalk or tail domains. Even for the most well-studied flagship kinesin motor, Kif5B, the
mechanisms of cargo selection and regulation are still being discovered5-7. C-terminal to the
motor, Kif5B (conventional kinesin) contains a mostly coiled-coil stalk domain of roughly
550 residues followed by a 50 residue tail region of unknown structure. The Kif5B tail is
auto-regulatory, binding directly to the motor domains to inhibit their ATPase activity5,8.
However, the same region of the tail binds specifically to several cargo proteins, including
microtubules (MTs)9, Fez110,11, and RanBP212. The Kif5B tail is therefore a critical node
for regulation and cargo selection. Frustratingly, the Kif5B tail and most other kinesin tails
do not contain any known conserved protein-protein interaction sequences. Therefore, we
sought to determine the general structural features of the kinesin non-motor domains,
particularly the tails, in order to better understand how cargo proteins are selected and
bound.

In this work, we have performed a bioinformatics survey to identify intrinsically disordered
(ID) regions within the sequences of all 43 human kinesin motors. The resulting predictions
indicate that significant ID regions are found throughout the kinesin superfamily,
particularly in the non-motor domains. An ID protein or domain is a polypeptide chain that
lacks a single, folded, “native” state, but rather exists as an ensemble of locally
interconverting structural states. The structural details and biological functions of ID
proteins have been reviewed in detail elsewhere13-15. Intrinsic disorder is common; it is
estimated that 35-50% of all eukaryotic proteins contain at least one region of forty or more
consecutive ID residues16. The predicted ID regions we identified in this work have
different distributions of length and net charge depending on whether they are located in the
motor, stalk, or tail domains, suggesting that kinesin ID regions have domain-specific
properties or functions.

We tested the predictions resulting from our bioinformatics survey by performing CD and
NMR spectroscopies on the tail regions of a selection of three kinesins: Kif5B, Kif10, and
KifC3. Our results indicate that these tails do not contain any stable secondary structural
elements, validating the ID prediction results. The tails retain their abilities to bind to a
common known ligand (microtubules), showing that these intrinsically disordered tails are
also functional9,17,18. ID domains are particularly useful in situations where structural
flexibility, regulation by post-translational modifications, and / or high-affinity high-
specificity ligand binding are desirable (reviewed by Dyson, 201119). The tails of the three
kinesins featured in this work, like those of many other kinesin families, are hubs for cargo
binding and regulatory interactions with other proteins. A lack of stable secondary structure
may therefore be a functionally useful property of ID regions in kinesin motors.

Methods
Bioinformatics methods

The canonical sequences for each of the 43 human kinesin superfamily members for which
complete protein sequences are available, as listed in the UniProt database
(http://www.uniprot.org/), made up the primary data set for this work. Sequences were
aligned, and sequence identity and similarity were calculated using ClustalW20,21. GlobPlot
was used to determine the boundaries of known globular domains22. Isoelectric points were
calculated using the “calculate pI/MW” tool on the ExPASy server23
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(http://web.expasy.org/compute_pi/). Coiled-coil domains were predicted with the program
COILS (http://www.ch.embnet.org/software/COILS_form.html)24.

For intrinsic disorder prediction, the combined outputs of a set of algorithms can
theoretically yield a consensus prediction that is considered more accurate than the results of
a single algorithm25. In the present work, the outputs of seven intrinsic disorder prediction
algorithms that utilize different datasets, protein or sequence characteristics indicative of ID,
or data analysis methods were combined to achieve a consensus as to which residues are
most likely to be disordered for each human kinesin isoform. The seven ID prediction
algorithms used were GlobPlot (http://globplot.embl.de/)22, DisEMBL
(http://dis.embl.de/)26, DISOPRED2 (http://bioinf.cs.ucl.ac.uk/disopred/)27, IUPred
(http://iupred.enzim.hu/index.html)28, DISpro (http://scratch.proteomics.ics.uci.edu/)29,
OnD-CRF (http://babel.ucmp.umu.se/ond-crf)30, and DRIP-PRED
(http://www.sbc.su.se/~maccallr/disorder/).

The results of each algorithm were converted to a simple binary output of ordered or
disordered based on the default cut-off values for disorder prediction for each algorithm, and
the number of algorithms predicting that a residue was intrinsically disordered (0-7) were
tallied and plotted on a per residue basis for each kinesin sequence. We found that elements
known to be disordered in the motor and stalk domains were best identified as such by a
consensus between at least 3 of the 7 predictors, and therefore, in our final analysis, we
classified a residue as disordered if at least 3 of 7 predictors identified it as disordered
(further details are described in the Results and Discussion section below).

Protein Expression and Purification
The following human protein constructs were used in this work: Kif5B 822-963, Kif5B
860-963, Kif5B 905-963, Kif10 2600-2701, and KifC3 1-99. All constructs contained a C-
terminal histidine hexamer tag for purification purposes. Proteins for CD and microtubule
pull-down assays were expressed in BL21 DE3 RP competent bacteria (Aligent
Technologies, Santa Clara CA) grown in 2.0 L TPM media (20 g/L tryptone, 15 g/L
bactoyeast extract, 150 mM NaCl, 15 mM Na2HPO4, 7 mM KH2PO4) supplemented with
50 mg/L kanamycin and 34 mg/L chloramphenicol. Uniformly 15N-labeled proteins for
NMR experiments were grown in 2.0 L M9 media (50 mM Na2HPO4, 20 mM KH2PO4, 10
mM NaCl, 1 mM MgCl2, 0.1 mM CaCl2) supplemented with 50 mg/L kanamycin, 34 mg/L
chloramphenicol, and 1 g/L 15N-ammonium sulfate (Cambridge Isotope Laboratories Inc.,
Andover MA). Cells were pelleted at 7000xg, lysed by sonication, and pelleted again at
70,000xg. The soluble fraction was bound to Ni-NTA resin(Qiagen, Valencia, CA), washed
with several column volumes of wash buffer (50 mM phosphate buffer pH 7.0, 200 mM
NaCl, 75 mM imidazole), eluted with elution buffer (50 mM phosphate buffer pH 7.0, 200
mM NaCl, 300 mM imidazole), and then further purified with a 5 mL HiTrap SP HP column
(GE Healthcare, Piscataway, NJ). Fractions containing the purified protein were identified
by gel analysis, pooled, concentrated, and buffer exchanged into CD buffer (10 mM
phosphate buffer pH 7.0, 10 mM NaCl) or NMR buffer (50 mM phosphate buffer pH 7.0,
100 mM NaCl, 10% D2O v/v). Protein concentrations were determined by measuring the
intensities of protein gel bands relative to known lysozyme standards with ImageJ
(developed by Wayne Rasband, National Institutes of Health, Bethesda, MD). Protein
identities were confirmed by mass spectrometry analysis. Porcine microtubules were
prepared as previously described9.

CD Spectroscopy
Circular dichroism measurements were performed on samples containing 0.05 to 0.12 mg/
mL protein in a quartz cuvette with a 2.0 mm path length. Measurements were made on a
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Jasco J-815 CD spectrometer (Jasco, Eason, MD) at 20°C. Spectra between 195 and 260 nm
were collected in triplicate and automatically averaged, baseline measurements for buffer
alone were automatically subtracted from the spectra, and the final spectra were the average
of measurements from three separate protein samples. Data between 200 to 241 nm were
analyzed for secondary structure content with the K2D program on the DichroWeb server31.

NMR Spectroscopy
NMR measurements were performed on samples containing 0.1 to 0.5 mM protein. 1H 15N
HSQC (heteronuclear single quantum coherence) spectra were collected on a Varian Inova
600 MHz spectrometer at 25°C.

Microtubule Pull-Down Assay
1.0 μM kinesin tail proteins with and without 10 μM polymerized paclitaxel-stabilized
microtubules were incubated at room temperature for 15 minutes in 30 μL total volume of
binding buffer (50 mM HEPES pH 7.0, 50 mM NaCl, 2 mM MgCl2, 1 mM EGTA, 1% v/v
paclitaxel). The samples were centrifuged at 50,000×g for 15 minutes at 25°C, the
supernatants were removed, the pellets were resuspended in an equal volume of binding
buffer, and 50% of each supernatant and pellet sample were run on a gel and stained with
Coomassie Blue.

Results and Discussion
ID is a structural element predicted to be found throughout the kinesin superfamily

In order to investigate regions of kinesin molecules whose structures are unknown, the
sequences of all 43 human kinesins were analyzed by a set of 7 predictors of intrinsic
disorder. The plots in Figure 1 and Figure S1 show the number of predictors (0-7) that
classify a residue as ID verses the residue number. An inspection of these plots indicates that
there is at least one prominent region in each kinesin isoform in which the combined outputs
of the predictors suggest that it is likely to be disordered. These particular seven predictors
were selected because they all employ significantly different learning datasets, protein or
sequence characteristics indicative of ID, or data analysis methods (summarized in
Dosztanyi, et al32). Similar to other published combinations of algorithms assembled into
“meta-predictors”, our set of algorithms is not entirely orthogonal33. Methods for combining
ID prediction algorithms into meta-predictors are being refined constantly, and combining
them using a non-weighted “majority vote” manner similar to the method here has been
shown to yield a more accurate prediction by overriding the least accurate predictors for a
given input34. Despite these considerations, some regions may still be erroneously classified
as ID by our set of algorithms, and therefore we took advantage of the structural information
that is available for the motor and stalk domains in order to establish a threshold level of
consensus amongst the ID prediction algorithms that must be met for a residue to be
classified as disordered.

An examination of the structures of the Kif5B motor domain that are available in the Protein
Data Bank (PDB) showed that approximately 30% of the motor domain is made up of
surface-accessible loops that may or may not have stable secondary structures in solution. In
addition, approximately 70% of the Kif5B stalk is predicted to be coiled-coil (Table S2),
implying that 30% of the stalk has an unknown structure. These two estimates are therefore
upper bounds for the percentage of residues that may be disordered in the respective motor
and stalk domains of Kif5B. In order to filter out some of the noise associated with the
disorder predictors, and thus decrease the likelihood of falsely predicting that a residue is
disordered, we required that there was a consensus of three or more predictors in order to
consider a prediction of disorder to be valid. Using a consensus of 3 out of 7 algorithms as a
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lower threshold for ID prediction, the average kinesin motor domain is predicted to be
18.2% disordered, and the average stalk domain is predicted to be 29.5% disordered, while
the average ID content for an entire kinesin molecule is predicted to be 34.8% (Table I).
These ID predictions are in reasonably good agreement with the above ID estimates for the
motor and stalk domains based on experimentally determined structures of the motors and
coiled-coil predictions for the stalks. Consequently, we believe that our ID prediction
approach and constraints are appropriate and sufficient to produce generally accurate
structural information about the non-globular regions of kinesins.

Surprisingly, the average tail domain was predicted to be 71.8% disordered, suggesting that
ID may be the dominant structural feature of many kinesin tails. This finding is at odds with
the widely held, but poorly substantiated, belief in the kinesin field that kinesin tails are for
the most part globular. In addition, an analysis of the sequence similarity and identity
amongst the various kinesin subfamilies showed that outside of the motor domains, kinesin
sequences are generally not well conserved (Table S1). Interestingly, the percentage of
predicted ID content per domain is inversely related to the amount of sequence identity or
similarity for that domain (Table I), suggesting that ID regions are more likely to be found in
the unique portions of kinesin molecules (non-motor) than the conserved regions (motor).

The predicted ID regions have a wide range of lengths (Figure 2A), and these lengths are
also domain-dependent. Within the motor domain the median length of an ID region is 9
residues, 14 residues in the stalk, and 31 residues in the tail (Table II). ID regions in the
motor domain correspond to various short flexible loops that have been observed in many of
the atomic resolution kinesin motor structures (Table S3), while ID regions in non-motor
domains, particularly the tails, are significantly longer, suggesting that ID regions may
contribute to different structural or functional roles in the motor and non-motor domains.

ID domains generally have a greater propensity for charged amino acids than globular
domains, so we examined the isoelectric points (pIs) of the predicted ID sequences within
kinesins (Table S II). The distribution of the isoelectric points (pI) of predicted ID sequences
(Figure 2B) is bimodal with two peaks at pI values of approximately 5.0 and 10.0. The
disordered regions in the motor and tail domains are evenly divided between positive and
negative pIs, while the percentages of positively charged and negatively charged ID regions
are 70.6% and 29.4%, respectively, in the stalk domain (Table II). The distribution of pIs for
the entire sequences of all 43 kinesins is also bimodal (Figure 2B), with peak pI values of
approximately 6.0 and 9.0 (Table II). This is reminiscent of distributions that have been
constructed for entire eukaryotic proteomes, which also generally have bimodal distributions
of pIs, with the acidic peak centered at a pI value of 5.5 and the basic peak at 9.035. The
average acidic pI of the predicted ID regions is more acidic than the average acidic pI of the
whole kinesin proteins at a statistically significant level as determined by a student's t-test (p
< 0.01), and similarly, the average basic pI of the predicted ID regions is more basic than the
average basic pI of the whole kinesin proteins at a statistically significant level as
determined by a student's t-test (p < 0.01) (Table II). The more acidic and alkaline average
pIs observed for the ID regions relative to the whole kinesin proteins or whole eukaryotic
proteomes likely reflect the higher propensity of disordered regions to contain charged
amino acids relative to structured regions, and may have functional implications for these ID
regions.

Predicted ID segments correspond to functional loops in kinesin motor domains
The motor domain is the common structural link amongst the various kinesin proteins, and
even where the primary sequences are not well conserved, the secondary and tertiary
structures are. The ID prediction plots indicate that there are discrete regions of disorder in
each of the motors (Figure 1, Figure S1). A comparison of the ID predictions to the known
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structural topology of the motor domain assigns these ID regions to known loop structures
(see Table S3 for a summary of these predictions). The motor structures that are most
consistently predicted to contain ID residues include Loop 1, Loop 2, P-loop, Loop 7,
Switch I, Loop 10, Switch II, Loop 12, and the neck-linker. Many of these loops are known
to undergo conformational changes in response to the nucleotide state and / or microtubule
binding and release36. Several kinesin motors also contain inserts of ID sequence in various
loops, relative to the canonical motor Kif5B, which contribute to the different motile or
functional properties of these motors (see Table S3 for a description of the most significant
differences). For example, all Kinesin-13 motors contain an unstructured insert in Loop 2
that is important for the microtubule depolymerase activity of these motors37. Therefore,
disordered structural elements are important components of the communication link between
the ATP and microtubule binding-sites and the neck-linker, and of loops that impart unique
functions to a given motor. In addition, the fact that our bioinformatics approach was able to
identify known disordered or structurally flexible regions in the motor domains, gave us
confidence in the reliability of the ID predictions for the non-motor domains of the
molecules.

Predicted ID segments correspond to non-globular regions of the stalk and tail domains
The non-motor domains of kinesin molecules facilitate the formation of multimers and
contain the majority of the known sites of post-translational modifications and ligand
binding. While it has been assumed that kinesin stalks fold into roughly continuous coiled-
coils and the tails are globular structures, the ID predictions presented in Figure 1 and Figure
S1 show that this is not generally the case. For example, the stalks of the Kinesin-11
proteins are over 1000 residues long and are predicted to be almost completely disordered,
while the stalk of Kif10 is over 2000 residues long and is predicted to be nearly all coiled-
coil with several unstructured breaks of approximately 10-100 residues each. A possible
purpose of ID residues in the midst of coiled-coils in the stalk domain has been established
in Kif5B, in which it has been experimentally determined that the stalk contains several
short flexible hinge regions that enable the molecule to fold into a compact conformation
under certain conditions38, and these hinge regions correspond to sequences that have a high
ID probability (Figure 1). Whether disordered regions in the stalks of other kinesins serve a
similar purpose remains to be experimentally determined, but clearly the structures of
kinesin stalks are more complex than an uninterrupted coiled-coil.

ID predictions in regions of predicted coiled-coil should be viewed with caution since
coiled-coils are often cross-predicted to be ID39. These cross-predictions were minimized in
our analysis by requiring a consensus of 3 of 7 predictors in order for a residue to be
considered disordered. Using this cutoff, 14.2% of the stalk residues that are predicted to be
coiled-coil are also predicted to be ID. Most of these cross-predicted residues are within the
first or last 10 residues of the predicted coiled-coil region (Table S2), suggesting that much
of the error associated with these cross-predictions is due to an imprecise definition of the
boundary between the predicted ID and coiled-coil regions. Thus, while the general trend of
coiled-coil regions broken by ID regions seen in our data is probably correct in most
instances, the precise boundaries between ID and coiled-coil regions may differ from our
analysis.

The stalk and tail domains of some Kinesin-3, -4, -10, and -13 families contain small
globular domains including FHA (forkhead-associated), PH (pleckstrin homology), PX
(phox), CAP-Gly (cytoskeleton-associated protein Gly-rich), WD40 (Trp-Asp 40), HhH
(helix-hairpin-helix), and SAM (sterile alpha motif) domains (Figure S1). Most of these
small globular domains are known to facilitate protein-ligand interactions, and while the
functions of many of these domains in the context of the whole kinesin molecules are
unknown, a few have been shown to bind to various ligands40-44. Since only a minority of
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kinesin isoforms contain these small globular domains, the majority of the other kinesin
isoforms must interact with their ligands via another structural mechanism. Also, these
globular domains were clearly predicted to be structured by the ID algorithms, providing
further support for the accuracy of the ID predictions (Figure S1).

The tail domains are defined here as the region of the kinesin molecule that extends from the
end of the stalk coiled-coil to the C-terminus of the protein (N-terminus for some kinesins
including members of the Kinesin-14 family, whose motor domains are located at the C-
terminus). The results of the prediction algorithms for these tail domains were striking. For
10 out of 14 kinesin families whose tails do not contain any known globular domains, a
strong consensus of algorithms predicted that the tails are disordered (Figure 1, Figure S1),
and the tail domains that contain ordered residues also contain various small globular
domains (Kinesin-3, 4, 10, and 13 isoforms). The ID tail regions within most kinesin
families vary in length from tens to hundreds of residues, and are involved in the auto-
regulation of the motor domain, are substrates for a variety of post-translational
modifications, and contain numerous ligand binding-sites (reviewed by Hirokawa et al,
20094 and Gindhart, 200645). Thus, our bioinformatics predictions indicate that intrinsic
disorder is a conserved structural element utilized extensively for a variety of purposes by
the kinesin non-motor domains, challenging the notion that the kinesin stalk and tail
domains are predominantly structured.

Experimental evidence for intrinsic disorder: structural analysis of tail domains from three
kinesin families

We next sought to experimentally verify the findings of our in silico predictions, particularly
the striking finding of ID in large portions of the kinesin tail domains. We examined several
tail domains that were predicted to contain ID residues by circular dichroism (CD) and
NMR spectroscopies. Three constructs of 50-100 residues from the human Kif5B C-
terminus were examined (Kif5B 822-963 dimer, Kif5B 860-963 dimer, Kif5B 905-963
monomer), along with the Kif10 C-terminal tail (Kif10 2600-2701 monomer), and the KifC3
N-terminal tail (KifC3 1-99 monomer). The motor domains of Kif5B and Kif10, and most
kinesins, are located at the N-terminal ends of the molecules, whereas in KifC3, the motor
domain is located at the C-terminal end of the molecule. This alternative arrangement of
domains results in the KifC3 motor moving towards the minus end of the MT and the Kif5B
and Kif10 motors moving towards the plus end of the MT. Therefore, ID in the kinesin tails
is not contingent on whether the tails are located at the C-terminal or N-terminal ends of the
molecule (Figure 1).

CD spectroscopy is a standard method for determining the secondary structural content of
proteins, and the CD spectra of disordered proteins show a characteristic minimum at
approximately 200 nm46. The CD spectra of Kif5B 905-963, Kif10 2600-2701 and KifC3
1-99 are typical for disordered polypeptides in that there is a single minimum at 200 nm and
no other significant features (Figure 3A), indicating that these tails contain little to no stable
secondary structure. The dimeric Kif5B 822-963 and 860-963 constructs both contain the
final predicted 49-residue coiled-coil region of the stalk domain, and their CD spectra show
a strong α-helical component in addition to the disordered component observed in the
monomeric 905-963 construct. Estimates of the secondary structure content of the Kif5B tail
constructs obtained from fits of the CD data are remarkably consistent with the structure of
the Kif5B C-terminus as predicted by the ID algorithms and the coiled-coil predictor COILS
(Table S4). Our reconstruction of the Kif5B C-terminus based on the CD data and coiled-
coil predictions shows that the tail domain is in fact disordered (Figure 3B). Importantly,
both monomeric and dimeric tail constructs contain ID segments of approximately the same
length. This argues that the lack of stable secondary structure within the Kif5B tail
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constructs is not due to their being expressed as truncated recombinant proteins, but rather
reflects the actual structures of these tail domains.

We also examined the Kif5B 860-963, Kif5B 905-963, Kif10 2600-2701, and KifC3 1-99
tail constructs by NMR spectroscopy. The 1H 15N HSQC spectra of disordered proteins have
a characteristically narrow range of spectral dispersions, particularly in the 1H axis46. All of
these constructs had very narrow spectral dispersions in both axis (1H < 1 ppm and 15N < 20
ppm) (Figure 3C), indicating that the tail domains of these kinesins do not contain any stable
secondary structure that is visible on the timescale of the HSQC experiment. Some ID
proteins have been shown to contain regions of preformed or transient structure54, and
although we did not observe any such structures in our NMR experiments, we cannot
exclude the possibility that some disordered kinesin tails may contain preformed or transient
structures. Interestingly, we were only able to observe peaks for residues 905-963 in the
Kif5B 860-963 construct, as indicated by the nearly identical 1H 15N HSQC spectra of the
Kif5B 860-963 and 905-963 constructs (Figure 3C). The peaks from residues 860-905,
which are predicted to form a coiled-coil, may not be visible as a result of decreased
tumbling in solution due to the rod-like shape of the coiled-coil, while the disordered tail
residues are visible due to their less restricted range of motion. The fact that the NMR
spectra of Kif5B 860-963 and 905-963 can be superimposed so well indicates that the tail of
Kif5B remains disordered in the context of the coiled-coil dimeric stalk domain, and
therefore the two tails of a Kif5B dimer are structurally distinct entities. This conclusion is
consistent with the CD data described above. Both the Kif10 and KifC3 tail constructs were
designed such that they would not include any of the predicted coiled-coil stalk domains,
and therefore their spectra appear very similar to the Kif5B tail spectra, in that none of these
tails appear to contain any stable secondary structure.

The kinesin tail domains are the substrates for a variety of post-translational modifications
and the binding-sites for various ligands. We tested the disordered Kif5B, 10, and C3 tail
constructs used in the above assays to determine if they retained their ligand-binding
functionality. The Kif5B, Kif10, and, by sequence similarity to its Drosophila homolog Ncd,
KifC3 tails have all been shown to bind to microtubules9,17,18. A microtubule pull-down
assay showed that all three of these disordered tail constructs retain their abilities to bind to
microtubules (Figure 3D). Thus, our experimental results together confirm the ID
predictions by showing that the Kif5B, Kif10, and KifC3 tail domains are both disordered
and functional.

Conclusions
In this work, we show that regions of ID having a wide range of lengths and charges are
predicted for every member of the human kinesin superfamily. ID in the motor domain is
localized to surface loops, most of which are involved in communicating structural changes
between the nucleotide and microtubule binding-sites and the neck-linker. ID residues are
also found throughout the non-motor domains. The stalks are a mixture of coiled-coil
regions and unstructured regions, both of varying lengths. There was a striking consensus of
the seven algorithms used, predicting that kinesin tail domains contain significant
unstructured regions. We verified our conclusions experimentally by examining the tail
domains of Kif5B, Kif10, and KifC3 by CD and NMR spectroscopies and a microtubule
pull-down assay. These assays together demonstrated that these three tail domains are both
disordered and functional.

The question remains as to why intrinsic disorder is such a prominent structural component
in kinesin proteins. One can imagine that three properties of ID proteins may be particularly
useful to kinesins: structural flexibility, accommodation of post-translational modifications,
and high-affinity high-specificity ligand binding14. Structural flexibility might allow the
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efficient transmission of conformational changes between the nucleotide binding pocket and
microtubule binding interface and the neck-linker in the motor domain. Structural flexibility
in the stalk might allow various kinesins to adopt compact auto-inhibited conformations that
have been observed in several distinct kinesin isoforms, including Kif5B38, Kif1747,
Kif1A48, Kif13B49, and Kif1050. In the stalk and tail regions, ID sequences may also
provide structurally compact substrates for high-affinity and high-specificity interactions
with kinesin cargoes. Binding interactions of this nature have been observed in a variety of
situations including the interactions between the dynein light chain protein LC8 and its
various ligands. LC8 has been shown to bind to over 22 different proteins, and these various
binding interactions are all accommodated while maintaining binding specificity through
specific interactions between disordered residues on both LC8 and its ligands51. Post-
translational modifications have also been shown to regulate kinesin-ligand interactions52,
and therefore a post-translational modification of an ID ligand binding-site may alter the
structure and consequently the affinity of that binding-site for ligands in a regulated manner.

The present work provides a structural insight into how intrinsic disorder may enable
kinesins to accomplish their specific tasks in vivo. Further experimentation will be necessary
to test whether these ideas are applicable to kinesin proteins. In particular, regions of ID
often contain ligand binding-sites53, therefore it will be intriguing to identify the specific tail
ID residues responsible for kinesin-binding partner interactions, and to determine if and how
kinesin tails become ordered upon binding to their ligands, as has been observed for other
ID proteins54.
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Figure 1. Kinesin molecules contain significant discrete regions of intrinsic disorder
The disorder predictions for three representative kinesin molecules are shown. The x-axis
corresponds to the residue number, and the y-axis is the number of disorder predictors
indicating that a particular residue is disordered (0-7). The colored bars below the graphs
represent the boundaries of the predicted motor and coiled-coil domains.
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Figure 2. Lengths and isoelectric points of predicted kinesin ID regions are domain-specific
A) The lengths of the predicted kinesin ID regions found in specific kinesin domains are
indicated on the x-axis, and the numbers of predicted ID regions that fall within each bin are
indicated on the y-axis. B) The isoelectric points of the predicted kinesin ID regions are
indicated on the x-axis, and the numbers of predicted ID regions that fall within each bin are
indicated on the y-axis. The motor, stalk, and tail domains are color-coded as indicated. The
shaded gray bars show the distribution of the isoelectric points of the entire kinesin proteins.
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Figure 3. Kinesin tails isolated from three distinct families are intrinsically disordered and
functional
A) CD spectra of three Kif5B tail constructs of varying lengths (left), as well as Kif10
(center) and KifC3 (right) tail constructs. B) A reconstruction of the secondary structure of
the three Kif5B tail constructs based on a best-fit of the CD spectroscopy data (Table S4)
and the predicted coiled-coil boundaries (Table S2). C) 1H15N-HSQC spectra of two
different Kif5B tail constructs (left), and Kif10 (center) and KifC3 (right) tail constructs. D)
Protein gel of a microtubule pull-down assay showing that the Kif5B, Kif10, and KifC3
unstructured tail constructs sediment with 10 μM microtubules. MT = microtubule, S =
supernatant, P = pellet.
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Table I

Sequence conservation and predicted intrinsic disorder are inversely related.

Domain Average Sequence Identity Average Sequence Similarity Average % Disorder

Motor 40.1 ± 19.1 69.3 ± 15.5 18.2 ± 6.6

Stalk 13.3 ± 17.3 32.3 ± 25.5 29.5 ± 19.5

Tail 5.4 ± 6.9 19.3 ± 12.7 71.8 ± 23.9

Total Protein 20.5 ± 18.7 40.77 ± 23.4 34.8 ± 13.3
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