
Liver and brain mitochondria preparation
Mouse liver mitochondria were prepared as described and resuspended in MRM buffer
(250 mM sucrose, 10 mM HEPES, pH 7.5, 1 mM ATP, 5 mM sodium succinate, 80 mM
ADP, 2 mM K2HPO4) at a concentration of 0.5 mg ml21 (ref. 18). Rat liver mitochondria
were isolated from 4–6-month-old Fischer 344 £ brown Norway F1 rats by differential
centrifugation as described, except the final wash and resuspension buffer had no EGTA,
EDTA or BSA27. Non-synaptosomal rat brain mitochondria were prepared from forebrains
of ,8-week Fischer 344 £ brown Norway rats (Ficoll gradient purification)28,29.

In vitro cytochrome c release
An aliquot of 25 ml of 0.5 mg ml21 mouse liver mitochondrial preparation was
preincubated with minocycline or cyclosporin A for 5 min in MRM buffer. Mitochondria
were incubated with 100 mM CaCl2 or 100 ng of purified mouse Bid protein17 at 30 8C for
30 min (CaCl2) or for one hour (Bid). Mixtures were centrifuged at 10,000g at 4 8C for
10 min and the supernatant evaluated by western blot.

DW/swelling measurements
Rat brain mitochondria (1 mg ml21 in 100 mM KCl, 75 mM mannitol, 25 mM sucrose,
10 mM Tris, 1 mM K-PO4 (pH 7.3)) containing tetraphenyl phosphonium (TPPþ), 25 mM
Ca2þ (from buffer and TPPþ stock) and minocycline (see key in Fig. 3d, e) were added at
t ¼ 0 and energized where marked (Fig. 3d, e) with 5 mM glutamate, 5 mM malate, 1 mM
ATP and 80 mM ADP. Bolus doses of 40 mM Ca2þ were added where shown (Fig. 3d, e).
Simultaneous measurement of DW and light transmittance in stirred samples was
accomplished using a four-channel respiration system designed by B. Krasnikov (ref. 30,
and manuscript in preparation). Oxygen uptake, DW, and Ca2þ were measured using
Clark, TPPþ, and Ca2þ-sensitive electrodes, respectively. A660 was measured using a diode.
Experiments were carried out in triplicate. Plots shown are representative. Mixtures were
sampled and centrifuged at 10,000g at 4 8C for 10 min. Supernatants were evaluated for
cytochrome c (Fig. 3c).

Rat liver mitochondria were used for minocycline-mitochondria co-titration. PT
induction was assessed spectrophotometrically by suspending mitochondria at 25 8C in
200 ml of 310 mM sucrose, 30 mM KCl, 3 mM K-HEPES (pH 7.3), with 5 mM added Ca2þ.
Samples with 0.1 mg mitochondria per ml had 100 mM K-PO4; samples with 0.03 mg
mitochondria per ml had 30 mM K-PO4. Changes in transmittance at 520 nm were
followed for 30 min using a SpectraMax 250 Plate Reader (Molecular Dynamics).
Minocycline does not display appreciable absorbance at this wavelength.

Light scattering data are qualitatively identical at the two wavelengths used. The lower
wavelength (520 nm) was used on the plate reader because it gives a slightly better
signal:noise profile. The higher wavelength (660 nm) was used in the four-channel system
because the light-emitting diode can only be used at that wavelength.
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Many mammalian peripheral tissues have circadian clocks1–4;
endogenous oscillators that generate transcriptional rhythms
thought to be important for the daily timing of physiological
processes5,6. The extent of circadian gene regulation in peripheral
tissues is unclear, and to what degree circadian regulation in
different tissues involves common or specialized pathways is
unknown. Here we report a comparative analysis of circadian
gene expression in vivo in mouse liver and heart using oligonu-
cleotide arrays representing 12,488 genes. We find that peripheral
circadian gene regulation is extensive ($8–10% of the genes
expressed in each tissue), that the distributions of circadian
phases in the two tissues are markedly different, and that very
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few genes show circadian regulation in both tissues. This speci-
ficity of circadian regulation cannot be accounted for by tissue-
specific gene expression. Despite this divergence, the clock-
regulated genes in liver and heart participate in overlapping,
extremely diverse processes. A core set of 37 genes with similar
circadian regulation in both tissues includes candidates for new
clock genes and output genes, and it contains genes responsive to
circulating factors with circadian or diurnal rhythms.

Mice were entrained (synchronized) to a 12-h light/dark cycle for
$2 weeks, and then placed in constant dim light (less than 1 lx) for
$42 h. We collected tissues at 4-h intervals over two circadian cycles
(12 time points). RNA isolated from livers and hearts was analysed
on oligonucleotide arrays7,8 representing 30–40% of the estimated
total number of mouse genes9,10.

We identified circadian patterns in the gene expression data by a
series of filtering steps. For each gene we required: (1) a positive
correlation between the first and second days (selects for a daily
repetition); (2) a negative autocorrelation at 12 h (removes ultra-
dian oscillations and noise); (3) an amplitude threshold (removes
trivial oscillations); and (4) a threshold for the maximum signal
(removes unreliable data). To optimize the filtering parameters, we
designated nine ‘guide genes’ (Per1, Per2, Per3, Bmal1 (also known
as Mop3), Tef, Dpb, E4bp4, Cry1 and Cry2) that are known to exhibit
circadian regulation in both tissues. The guide genes provided a
variety of phases, amplitudes and waveforms. We systematically
varied the parameters to find combinations that minimized the
overall number of genes selected but maximized the number of
guide genes selected. We identified parameters that retained only
about 4% of the genes on the array but $67% of the guide genes.
Further increasing the stringency resulted in sharp reductions in the
selection of guide genes and other genes.

This procedure identified 575 genes in liver and 462 genes in heart
with circadian expression patterns (Fig. 1). The oscillations showed
a variety of phases, amplitudes and waveforms. To estimate the
contribution of noise, we created control data sets identical in
content to the experimental data set, by random permutation of
time order and redistribution of amplitudes and means. Filtering
100 different control data sets for each tissue with the same
parameters as above resulted in selection of 90 ^ 9.2 (s.d.) genes
for liver and 54 ^ 7.8 genes for heart. Thus we estimate that 16% of
our selected genes for liver and 12% for heart can be ascribed to
noise. Of 51 genes regulated by a circadian clock recently identified
in mouse liver by differential display11, 15 were represented on the
array, and none were guide genes. Of these, 8 were included in the
liver circadian set. It seems likely that our analysis has identified a
substantial fraction of clock-regulated genes but probably provides
an underestimate.

Based on a probability of detection (see http://www.affymetrix.
com/products/algorithms_tech.html for statistical algorithms for
monitoring gene expression on GeneChip probe arrays) of P , 0.05
on at least 7 of the 12 arrays, we classified as expressed a total of
4,805 genes in liver and 5,120 in heart (a total of 3,953 genes in
common). Given that 30–40% of all mouse genes are represented on
the array, our estimates agree well with evidence that most cell types
express 10,000–15,000 genes12. After accounting for noise, we
calculate that approximately 10% of the genes expressed in liver
and about 8% of the genes expressed in heart show circadian
regulation. Our data suggest a considerably greater prevalence of
circadian regulation at low amplitudes, particularly in heart (data
not shown). Although it is probable that the clock within each tissue
drives most circadian gene regulation in the tissue, our in vivo
analysis cannot distinguish genes driven locally from those driven
by circadian signals generated in the suprachiasmatic nucleus13 or
elsewhere. In a fibroblast cell line, a model for local circadian
regulation, about 2% of the expressed genes were regulated by a
circadian clock14, but this is probably a substantial underestimate14

because of damping of circadian oscillations1.

The expression profiles of the circadian gene sets are displayed in
Fig. 1. In liver (Fig. 1a), the oscillations showed a broad distribution
of phases (Fig. 1b). In contrast, in heart (Fig. 1c) most of the genes
showed synchronous peak expression at a circadian time of about
4 h (Fig. 1d, CT 4), a phase very sparsely represented in the liver set.
This marked difference in circadian phase distribution was unaf-
fected by significant relaxation or tightening of the filtering par-
ameters. Thus, despite a similar number of genes with circadian
expression in liver and heart, the timing of circadian gene regulation
in the two tissues is markedly different, even though the molecular
clocks in the two tissues were synchronized (Fig. 1b, d; phase
markers).

The liver and heart circadian gene sets revealed very little overlap,
with only 52 genes in common. Of these, a core set of only 37
showed essentially identical phases of peak expression in both
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Figure 1 Temporal profiles of circadian gene expression in liver (a, b) and heart (c, d).

a, c, Each column represents a circadian time point and each row a gene, with the genes

ordered by the phase of maximal expression as determined by Fourier analysis. Light

shades represent expression values above the mean for the gene; dark shades below the

mean. Numbers at the top represent the circadian time (CT), and the bar represents the

time of subjective day (white) and subjective night (grey). For a complete list of genes and

associated expression values, see Supplementary Information. b, d, Phase histograms for

genes with circadian expression patterns in liver and heart. Numbers on nested circles

represent numbers of genes. CT0, circadian time zero hour. Bmal1, Dbp and Tef are

genes with known robust circadian expression serving as phase markers for the circadian

clock within each tissue.
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tissues. This remarkable divergence in circadian gene regulation
could simply reflect preferential regulation of tissue-specific genes
by the clock in each tissue. We therefore examined the genes
showing circadian expression only in liver or only in heart for
detectable expression in the other. Of the 523 genes with circadian
regulation only in liver, 316 (60%) were detectably expressed in
heart. Conversely, of the 410 genes with circadian regulation only in
heart, 242 (59%) were detectably expressed in liver. Thus circadian
regulation of tissue-specific genes cannot account for the divergence
of circadian gene regulation between liver and heart.

The divergence of liver and heart in the timing and content of
circadian gene regulation suggests a specialized role of circadian
clocks in each tissue, but the sheer extent of circadian gene
regulation in both tissues implies a broad function. To address
this apparent contradiction, we used the gene ontology represen-
tation15, which organizes biological knowledge into three hierar-
chies: biological process, molecular function and cellular
component. Gene ontology provides a general and objective basis
for analysing and comparing large biological data sets.

First we mapped the genes in our various sets onto the gene
ontology hierarchies. Of the 4,805 genes expressed in liver and the
5,120 expressed in heart, 3,023 (63%) and 3,182 (62%), respectively,
made a match to at least one gene ontology term; each term
corresponds to a node (category) on a gene ontology hierarchy.
Of the 575 genes in the liver circadian set and the 462 genes in the
heart circadian set, 388 (67%) and 297 (64%), respectively, matched
at least one gene ontology term, proportions similar to the
expressed sets.

To create a framework for comparing the functions of liver and
heart circadian gene regulation, we merged the set of genes
expressed in liver with the set expressed in heart, and mapped the
combined set onto the gene ontology hierarchy for biological
process. The resulting map can be displayed as a tree that shows

only those nodes (biological process terms) represented by genes in
the combined liver and heart expressed gene set. Figure 2 shows this
tree at low resolution (grey structure with dots representing nodes).
The most general processes are represented at the top (examples are
marked by numbers); the most specialized processes are shown at
the bottom. Onto this tree we superimposed the nodes making a
match to at least one gene in the circadian set for liver (green dots)
and those making a match to at least one gene in the circadian set for
heart (red dots)—many make a match to both (yellow dots).

Several conclusions emerge from this global comparison. First,
the circadian gene sets from both liver and heart map across the
entire tree. Thus circadian clocks influence extremely diverse
processes, even within a single tissue. Second, genes in the circadian
sets for liver and heart map to many nodes in common, even at deep
levels representing highly specialized processes. This result was
robust across different filtering and mapping parameters. A few
exceptions were evident, such as the cluster of nodes representing
amino-acid metabolism (liver only; green arrow) and the cluster
representing G-protein-coupled receptor signalling cascades (heart
only; red arrow). We conclude that clock-regulated genes in liver
and heart participate in many related or overlapping processes, even
though the two sets of genes have almost no overlap in content or
temporal expression pattern.

Our results, which address circadian gene regulation, provide a
broad view of the probable physiological functions of peripheral
clocks; however, some caveats apply. First, because protein rhythms
depend in part on protein turnover, a transcript with a circadian
rhythm does not necessarily code for a protein with a significant
circadian rhythm; conversely, a transcript with an undetected low-
amplitude circadian rhythm could code for a protein with a
significant circadian rhythm. Second, a protein circadian rhythm
might have little physiological consequence if, at its trough, the
protein is not limiting or if it does not participate in a rate-limiting
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Figure 2 Global comparison of biological processes associated with the genes exhibiting

circadian expression in liver and heart. The tree (grey dots and connecting paths)

represents those categories (dots) in the gene ontology hierarchy for biological process

that matched one or more genes expressed in liver or heart. Superimposed on the tree are

the biological processes that matched one or more genes in the liver circadian set (green

dots), the heart circadian set (red dots), or both (yellow dots). Marked are atypical

examples of process clusters matching only to the circadian gene set from liver (green

arrow) or heart (red arrow). Selected examples of biological process categories are

indicated by the following numbers: 1, developmental process; 2, death; 3, cell growth

and/or maintenance; 4, cell communication; 5, behaviour; 6, transport; 7, stress

response; 8, metabolism; 9, (metabolism) nucleobase/nucleoside/nucleotide; 10,

(metabolism) amino-acid derivative. More than 1,400 biological process categories are

shown.
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process; conversely, a low-amplitude protein rhythm might drive a
high-amplitude physiological rhythm if the protein participates in a
cooperative process.

Because the set of genes with circadian regulation in both liver
and heart is so small, it is likely to be highly enriched in genes
important for the core functions of all peripheral clocks, such as
synchronization to circulating factors, generation of rhythmicity,
and control of transcriptional outputs. The expression profiles of
the genes in the core common set are shown in Fig. 3a, arranged by
the phase of peak expression as determined for liver. The slight
disorder in the heart profiles arises from minor discrepancies
between liver and heart in the phase assignments for some genes.
The distribution of phases is essentially bimodal (Fig. 3b), with
most genes showing peak expression between circadian time 6 h and
14 h, and a smaller group peaking in phase at about circadian time
20 h. Comparisons of temporal expression patterns for individual
genes in liver and heart are shown in Fig. 4; in many cases the
waveform is conserved in the two tissues.

Six of the nine guide genes appear in the common set (Fig. 4), but
Per3, Cry1 and Cry2 do not because our filtering parameters
excluded them from one or both circadian sets on the basis of low
expression and/or amplitude. Also appearing (but not a guide gene)
was the nuclear receptor gene Rev-erb-a (Fig. 4), which is known to
be clock-regulated in different tissues16.

The other genes in the core common set were not previously
known to exhibit circadian expression. Zfp36 and Sox3, coding for
transcription factors, are potential clock genes or core output genes,
similar to Dbp17. Genes involved in chromatin regulation (Chrac1,
Rad23b homologue, DNMT1-associated protein-1) and in ubiqui-
tin pathways (Usp2, Fig. 4, and Herpud1) suggest a general circadian
influence on gene expression and protein stability, respectively. The
signal-transducing kinases Gprk7 (Fig. 4) and Stk23, and the protein
kinase-A regulatory subunit Prkra1 are plausibly involved in
entrainment, outputs, or regulation of circadian period, as known
for other kinases18. Pbef (Fig. 4) and Tnfaip2 code for secreted
factors that are plausible transmitters of circadian information

within tissues or humorally to distant sites.
Five genes in the common set are regulated by factors with a

diurnal or circadian rhythm in the circulation, of which glucocor-
ticoids3 and retinoids4 have been proposed to act as entrainment
signals for peripheral clocks. The gene Thra (Fig. 4), coding for the
thyroid hormone receptor-a, is itself induced by the thyroid
hormones T3 and T4 (ref. 19), and the phase of its rhythmic
expression agrees with the humoral circadian rhythm of T3 and
T4 in rat20. Transcription of Rev-erb-a is inhibited by glucocorti-
coids16, and the timing of the decline in its expression agrees well

Symbol Name

A1607813 DNMT1 associated protein-1
Chrac1 chromatin accessibility complex 1
A1834950 rev-erb alpha
A1315650 A1315650
AW122395 AW122395
Cstb cystatin B
Dbp D site albumin promoter binding protein
Npc1 Niemann Pick type C1
Sf3b1 splicing factor 3b, subunit 1,155K
Thra thyroid hormone receptor alpha
AW048729 AW048729
Amd2 S-adenosylmethionine decarboxylase 2
A1850638 thyrotroph embryonic factor
Tm4sf7 transmembrane 4 superfamily member 7
Usp2 ubiquitin specific protease 2
Pbef pre-B-cell colony-enhancing factor
Herpud1 homocysteine-inducible ubiquitin-like domain 1
Per period 1
Gprk7 MAP kinase-interacting kinase 2, Mnk2
A1846961 A1846961
A1596362 A1596362
Pdxk pyridoxal (pyridoxinc, vitamin B6) kinase
AW047736 AW047736
Stk23 serine/threonine kinase 23
Ces3 carboxylesterase 3
Per2 period 2
Zfp36l1 zinc finger protein 36, C3H type-like 1
Nfil3 E4bp4
Sox3 SRY-box containing gene 3
A1851394 A1851394
Arntl Bmal1
Rad23b RAD23b homologue (S. cerevisiae)
AW047139 AW047139
Tnfaip2 tumour necrosis factor, alpha-induced protein 2
Il11ra2 interleukin 11 receptor, alpha chain 2
Rsdr1 retinal short-chain dehydrogenase/reductase 1
Prkar1a protein kinase A, regulatory, type 1, alpha
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Figure 3 Temporal expression profiles of genes showing circadian regulation in both liver

and heart. a, Profiles as in Fig.1, ordered by phase as determined for liver. Annotation for

selected genes is indicated by the colour code in the key; gene symbols and names are

from LocusLink. Uncharacterized genes are designated by GenBank accession numbers.

b, Phase histogram of gene expression profiles in a; as in Fig. 1.
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names are indicated in Fig. 3.
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with the rising phase of the cortisol rhythm in mice21. The gene Rsdr
(Fig. 4) is induced by retinoids22, and Tnfai223 and Zfp3624 are
induced by tumour necrosis factor-a (TNF-a), both of which
circulate with a diurnal rhythm25,26. As transcriptional regulators,
Thra, Rev-erb-a and Zfp36 are plausible mediators of entrainment to
humoral circadian signals, respectively thyroid hormones, gluco-
corticoids, and TNF-a.

Our work addresses global aspects of circadian gene regulation in
mammals. We show that in vivo circadian gene regulation within
individual tissues is extensive and diverse, broadly similar to
circadian gene regulation in whole Arabidopsis plants27 and Droso-
phila heads28,29. Our comparative analysis of circadian gene
expression in liver and heart reveals unsuspected features of
circadian organization in peripheral tissues. Although the extent
of circadian gene regulation in the two tissues is similar and the
molecular clocks within the two tissues are in phase, liver and heart
show little overlap in the timing and content of circadian gene
regulation. Nevertheless, a global analysis of function suggests that
circadian gene expression impinges on a large set of related and
overlapping processes in the two tissues. These results suggest that a
common core clock mechanism regulates similar, extremely diverse
physiological processes in liver and heart, but that different down-
stream signalling circuits and effector genes carry out this regulation
in the two tissues.

Note added in proof: A similar comparative analysis of circadian
gene expression in the liver and suprachiasmatic nucleus has been
reported30. A

Methods
Animals, tissue collection and microarray hybridization
Mice (C57/Bl6; Charles River Laboratories) were killed by decapitation under dim white
light (less than 1 lx), and livers and hearts were removed, immediately frozen in liquid
nitrogen, and stored at 270 8C. Total RNA was extracted from individual tissues using
Trizol (Life Technologies) and selected for poly(A)þ RNA by one round of oligo-
desoxythymidine selection (Oligotex, Qiagen). For each time point, 5 mg of poly(A)þRNA
or, in a few cases, 10 mg of total RNA from tissue from a single mouse was used to make
biotin-labelled complementary RNA (cRNA), which was hybridized on an Affymetrix
U74Av2 oligonucleotide array. cRNA generated from poly(A)þ RNA and total RNA
performed equivalently. We carried out cRNA synthesis, hybridization and array scanning
according to the Affymetrix GeneChip Expression Analysis Technical Manual. For
identifying and annotating genes represented on the array, GenBank accession numbers
were used to search Unigene and LocusLink databases.

Data analysis
Raw scanner image files were analysed with dChip8. For each gene, the dChip outputs (‘raw
expression values’) for the first six time points (day 1) and the second six time points (day
2) were each set to a mean of 1 and a standard deviation of 0. We treated them separately
because day 1 and day 2 samples were processed and hybridized to arrays separately. For
each gene, the two normalized (n) data sets were then concatenated to obtain a 12-time-
point expression profile (nday 1–nday 2).

Four parameters (P) were used to select for circadian expression patterns: (P1),
autocorrelation of the concatenated 12 time points (nday 1–nday 2 versus nday 1–nday
2); (P2), correlation of each day with the other (nday 1–nday 1 versus nday 2–nday 2);
(P3), a threshold for the maximum raw expression value within each day; and (P4), a
threshold within each day for the variation of the raw expression value (determined from
the standard deviation) divided by the mean raw expression value.

To optimize the parameters for selection of circadian expression patterns, we
designated nine guide genes with documented circadian expression in both liver and
heart (see text). Parameter selection was performed by moving along the coordinates of
the four-dimensional parameter space, simultaneously minimizing the total number of
genes selected while maximizing the number of guide genes selected. For estimation of
noise within the selected data sets, we randomly permuted the 12 time points (nday 1–
nday 2) and then assigned each gene an amplitude and a mean, randomly selected from the
genes on the array. This procedure keeps the content of the data set constant while
permuting the features operated on by each of the selection parameters. For a full account
of the filtering procedures, see Supplementary Information.

Gene ontology maps
The comparative analysis of expression data using the Gene Ontology structured
vocabulary was performed using the GoSurfer analysis tool, which will be described
elsewhere (O.L. & K-F.S. et al., manuscript in preparation). Briefly, GoSurfer creates
unique identifiers for every path in a gene ontology graph and implements statistical and
other tools for analysing path properties and relationships. The node coordinates of the
tree displayed in Fig. 2 were created as follows. First, we extracted gene ontology identifiers
associated with the genes in each of the sets or their human orthologues from LocusLink

(www.ncbi.nlm.nih.gov/LocusLink) or GO Annotations at the European Bioinformatics
Institute (EBI) (http://www.ebi.ac.uk). Next we matched these gene ontology identifiers
with the gene ontology for biological process (http://www.geneontology.org), and
transformed this subset of the ontology into a tree structure, where each node represents a
gene ontology identifier and where the branches indicate their hierachical relationship as
defined by the gene ontology. For the graphical presentation we used an existing Matlab
program (Trimtreelayout) to generate the tree backbone.
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In cells, molecular motors operate in polarized sorting of mol-
ecules, although the steering mechanisms of motors remain
elusive1. In neurons, the kinesin motor2 conducts vesicular
transport such as the transport of synaptic vesicle components
to axons3 and of neurotransmitter receptors to dendrites4, indi-
cating that vesicles may have to drive the motor for the direction
to be correct. Here we show that an AMPA (a-amino-3-hydroxy-
5-methylisoxazole-4-propionate) receptor subunit—GluR2-
interacting protein (GRIP1)—can directly interact and steer
kinesin heavy chains to dendrites as a motor for AMPA receptors.
As would be expected if this complex is functional, both gene
targeting and dominant negative experiments of heavy chains of
mouse kinesin showed abnormal localization of GRIP1. More-
over, expression of the kinesin-binding domain of GRIP1
resulted in accumulation of the endogenous kinesin predomi-
nantly in the somatodendritic area. This pattern was different
from that generated by the overexpression of the kinesin-binding
scaffold protein JSAP1 (JNK/SAPK-associated protein-1, also
known as Mapk8ip3), which occurred predominantly in the
somatoaxon area. These results indicate that directly binding
proteins can determine the traffic direction of a motor protein.

The neuron, a good model of a polarized cell, is divided into two
molecularly and functionally distinct domains: axons and dendrites.
The precise targeting and localization of proteins within these
domains are critical to every aspect of neuronal function1,5. In
neurons, conventional kinesin, which consists of two heavy chains
(KHC: KIF5) and two light chains (KLC)1,2, is a multifunctional
transporter of both axonal cargo such as synapsin and GAP43 (ref.
3) and dendritic cargo such as messenger RNA6 and the AMPA
receptor4 (Fig. 1a). To elucidate the mechanisms possibly regulating
how kinesin moves toward axons and/or dendrites, we screened the
binding regulators of kinesin in a yeast two-hybrid system7. By this
screening, we identified the glutamate-receptor-interacting protein
GRIP1 (refs 8, 9) as the strongest partner of a cargo-binding
domain10,11 of kinesin heavy chain, and we further showed that
binding proteins could regulate the polarity of kinesin traffic
direction.

All KIF5 isozymes (KIF5A, KIF5B and KIF5C) contained the

minimal GRIP1-binding site (Fig. 1b). The binding site overlapped
with the cargo-binding domain of the fungus kinesin, which lacks
the light chains11. The tails of other major neuronal KIFs, such as
KIF1A, KIF1Bb and KIF17 (which bound to the mLin10 PDZ
domain in this assay7), did not bind to GRIP1. The affinity of direct
KIF5–GRIP1 interaction in vitro by surface plasmon resonance
analysis7 (Kd ¼ 1.9 £ 1028 M) was in good agreement with that
previously reported for kinesin tail binding to brain microsomes in
vitro10. Therefore, we suggest that heavy chains of kinesin directly
bind to GRIP1.

We next investigated whether kinesin transports GRIP1. We used
‘kinesin-null’ primary cultured extra-embryonic cells from KIF5b-

Figure 1 Kinesin binds to GRIP1, and is necessary for normal localization of GRIP1.

a, Schematic diagram of a neuron and its reported kinesin cargo. b, Arrangement of

GRIP1 and the kinesin binding domain. Blue boxes are the binding areas, with

corresponding amino-acid positions indicated. Pale yellow boxes are areas of no binding.

c, Aberrant localization of GRIP1 in cells lacking KIF5 (knockout cells, KO). WT, wild type.

GRIP1 is green; microtubules are red. Slices are confocal plane images at one-third of cell

height. Scale bar, 20 mm. d, The x–z sections of the cells in c. e, KIF5, but not KIF17,

rescued KIF5-knockout cells. f, KIF5 tail, but not KIF17 tail, disturbed the localization of

GRIP. g, KIFs and GRIP1 expression level in knockout and wild-type cells. h, GRIP1 binds

KIF5B in these cells. IP, immunoprecipitate. M, molecular mass marker; Br, brain.
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