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Lysosomes concentrate juxtanuclearly in the region
around the microtubule-organizing center by inter-
action with microtubules. Different experimental and
physiological conditions can induce these organelles to
move to the cell periphery by a mechanism implying
a plus-end-directed microtubule-motor protein (a kine-
sin-like motor). The responsible kinesin-superfamily
protein, however, is unknown. We have identified a
new mouse isoform of the kinesin superfamily, KIFB,
an alternatively spliced isoform of the known, neuronal
kinesin, KIF2. Developmental expression pattern and
cell-type analysis in vivo and in vitro reveal that
KIF2B is abundant at early developmental stages of
the hippocampus but is then downregulated in differen-
tiated neuronal cells, and it is mainly or uniquely
expressed in non-neuronal cells while KIF2 remains
exclusively neuronal. Electron microscopy of mouse
fibroblasts and immunofluorescence of KIFB-transi-
ently-transfected fibroblasts show KIF2 and KIF2B
primarily associated with lysosomes, and this associ-
ation can be disrupted by detergent treatment. In
KIF2 B-overexpressing cells, lysosomes (labeled with
anti-lysosome-associated membrane protein-1) become
abnormally large and peripherally located at some
distance from their usual perinuclear positions. Over-
expression of KIF2 or KIF2p does not change the size
or distribution of early, late and recycling endosomes
nor does overexpression of different kinesin super-
family proteins result in changes in lysosome size
or positioning. These results implicate KIFB as a
motor responsible for the peripheral translocation of
lysosomes.

Keywords kinesins/lamp-1,2/lysosomes/microtubules/
motor proteins

Introduction

Cell morphogenesis and differentiation entail centrifugal
elongation of membranes to form extended tubular struc-
tures and bidirectional intracellular membrane and organ-
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elle movement. Many of these translocations require the
presence of an intact microtubule (MT) network, are ATP-
dependent and are mediated by MT-based motor proteins
that power both anterograde (kinesin and kinesin-super-
family proteins) and retrograde (dynein and dynein-super-
family proteins) movement (reviewed by Bloom and
Endow, 1994, 1995; Dillmaret al, 1996; Hirokawa,
1996a, 1998; Ogawa and Mohri, 1996).

In neurons, the different metabolic demands and require-
ments for macromolecules of the distinct neuronal domains
(somatodendritic or axonal) necessitate a tightly controlled
system for efficiently transporting and positioning organ-
elles, vesicles, membrane and other proteins within the
cell with different patterns of trafficking in axons versus
dendrites. Hence, it is of interest to unravel the MT-based
machinery that is involved in neuronal differentiation and
polarized targeting, and to analyze the precise function
of motor proteins, and their interactions, biochemical
properties and ligands.

We undertook a screen to identify novel motor proteins
in mouse that are differentially expressed during distinct
stages of neuronal differentiation and to analyze their
possible role in intracellular organelle transport. There is a
wealth of genetic, molecular biological and immunological
data that has led to the identification of ~100 kinesin-like
proteins, present in essentially all the major eukaryotic
phyla (reviewed in Bloom and Endow, 1995; Moore and
Endow, 1996),>30 in mouse alone (Hirokawa 1996a,b,
1998; Nakagaweet al, 1997). Although not proven,
the consensus suggests that kinesin superfamily proteins
(KIFs) can have specific interactions with their cargoes
through their non-conserved, variable domains and this
determines the type of the membrane-bound cargo for
each member. The sheer number of different members of
the kinesin superfamily in each organism, increased by
the presence of multiple isoforms and the potential for
combinatorial heteromerization can provide endless possi-
bilities for cargo selectivity and multiplies the functional
complexity of the motor machinery.

The identification of distinct cargoes for distinct mem-
bers, an essential step in elucidating the motor function,
is emerging, however, more slowly for interphase or
neuronal KIFs, than for meiotic or mitotic kinesins (Moore
and Endow, 1996; Walczak and Mitchison, 1996). Such
cargoes include organelles and vesicles: mitochondria are
the cargo of murine KIF1B (Nangaket al, 1994), its
isoform KIF1A transports synaptic vesicle precursors
along the axon (Okadeat al, 1995), while the membrane-
bound organelles transported by the heterotrimer KIF3A—
KIF3B-KAP3 (Yamazakiet al, 1995, 1996; Scholey,
1996) as well as the cargo of KIF4 (Sekieeal, 1994)
or KIF2 (Nodaet al, 1995; Morfini et al, 1997) have
not yet been conclusively characterized.

The possible role of kinesin and dynein-like motor
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proteins in the movement and positioning of late endocytic
organelles has been well documented by diverse evidence.
Lysosomes accumulate centrally, suggesting an interaction
with microtubules via dynein (Herman and Albertini,
1984; Matteoni and Kreis, 1987; Lin and Collins, 1992;
McGraw et al, 1993; Odeet al, 1995) but they can also
move towards the cell periphery in a kinesin-dependent
manner (Hollenbeck and Swanson, 1990; Feigtiral.,
1994; Nakata and Hirokawa, 1995). Experimental proto-
cols that depolymerize MTs or disturb the dynein—kinesin
balance have a profound effect on lysosome morphology
and positioning. Examples include nocodazole-induced
dispersion of lysosomes (Matteoni and Kreis, 1987), the
dramatic re-distribution of lysosomes upon cytoplasmic Fig. 1. |dentification and cloning of a novel KIF2-like isoform.
acidification/alkalinization or overexpression of dynamitin (A) RT-PCR on E15 cDNA, using an internal set of primers designed
or elimination of cytoplasmic dynein expression (Heuser, t amplify the region of KIF2 included between nucleotides 709 and
1989: Partoret al. 1991: Burkhardet al. 1997: Harada 1048 (set 1, see Materials and methods) reveals, in addition to the_

! L. ) . . ’ S expected product of 339 bp, a second, smaller mol. wt band (asterisk).
et al, 1998), anti-kinesin antibody-induced inhibition of gy For cloning of the second, unknown product, RT-PCR was
radial lysosomal movement (Hollenbeck and Swanson, repeated with E15 cDNA, using a set of primers (set 2, see Materials
1990) and blocking of anterograde lysosome transport by and methods) designed to amplify the complete ORF of KIF2 (2189
mutations in the ATP-tinding domain of overexpressed ) ! tsses o sutanaous srvlfesnr ora ety ol
kinesin (Nakata and Hirokawa, 1995). Moreover, kinesin- . .
mediate(d, microtubule-dependent, di)rectional migration of the ORF of a novel isoform, termed K|B3see Figure 2).
host lysosomes towards the site of parasite attachment
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is critical for effective Trypanosoma cruzinvasion in
mammalian cells (Tardieuxet al, 1992; Rodriguez
et al, 1996).

entire open reading frame (ORF) of KIF2 (set 2, see
Materials and methods). This resulted in a product with
the correct mol. wt for the primers used (2189 bp of

This collective evidence implicates a role for MT-based KIF2) as well as a second, smaller-sized band (Figure
motor machinery in the formation of lysosomes, suggesting 1B). The two PCR products were directly cloned in the
that aberrant morphology and localization of these organ- T/A cloning vector, and analyzed for insert size with
elles may be caused by a perturbation of the organelle EcoRI restriction digests, and the two different-sized
and plus/minus-end-directed motor interaction. However, inserts were subjected to full-length sequencing of both
the native specific KIF(s) responsible for centrifugal strands using primers to overlapping fragments. The cDNA
lysosomal movement has not yet been identified. sequence of the large band corresponded to the known

Here we identify a novel kinesin superfamily protein, mouse KIF2 sequence (data not shown; Aizastaal,,
KIF2p3, which is an isoform of KIF2. We show that the 1992). The sequence of the smaller product revealed the
two isoforms KIF2 and KIFR are differentially expressed ORF of a novel KIF2-like isoform which we name
during neuronal differentiation in the hippocampus, both KIF2p3 (Figure 2A; DDBJ/EMBL/GenBank accession No.
in vivo andin vitro, and while the expression of KIF2 is  Y15894).
neuron-specific, KIFR is expressed in mitotic cell types KIF2( has 171 nucleotides (57 amino acids, aa) less
such as astrocytes and fibroblasts. KBH2 specifically than KIF2, otherwise the two isoforms are identical (except
associated with lysosomes and its overexpression inducedor an alanine instead of a glycine at position 106).
these organelles to become significantly enlarged andThe missing amino acids are in non-conserved, variable
redistribute from their usual perinuclear location towards domains of the protein and distributed in two regions: one
the cell periphery. These findings provide, to our know- (19 aa) is upstream and the other (38 aa) is downstream

ledge, the first direcin vivo identification of a functional
association of lysosomes with a distinct, native member
of the kinesin superfamily.

Results

Isolation and sequencing of KIF23 cDNA
We first observed the possible existence of a KIF2-
like isoform when we carried out a reverse-transcription

of the conserved protein motor domain (Figure 2B).

The motor domain of KIFR is centrally localized
and contains the conserved motifs typical of kinesin
superfamily proteins (Trayer and Smith, 1997). In addition,
it harbors an RKTK sequence which resembles sufficiently
the nuclear localization (NLS) motif K-R/K-X-R/K
(Chelskyet al, 1989; Mattaj and Englmeier, 1998) and
could possibly function as an NLS (Figure 2A).

From the sequence, it is clear that Kp-and KIF2 are

polymerase chain reaction (RT-PCR) of E15 embryonic differentially spliced products of a common primary
mouse hippocampal mRNA, using a set of primers, transcript. Some of the murine KIFs that have been
designed to amplify part of the motor domain region of identified to date appear to exist in isoforms but those
KIF2 (set 1, see Materials and methods). This reaction are derived from distinct genes with extensive sequence
revealed a product with the expected mol. wt for the KIF2 similarity (KIF1A and B, KIF3A and B, and KIF5A-C;
amplified region and a second, smaller mol. wt product summarized in Nakagawet al,, 1997). In contrast, KIH2
(Figure 1A). In order to determine the identity of the and KIF2 appear to be a subfamily of spliced isoforms.
smaller product, we carried out a second RT-PCR of E15 This may be a common pattern in other organisms,
MRNA using a set of primers designed to amplify the given the recent identification of HK2 (human kinesin 2;
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Fig. 2. (A) Nucleotide and protein sequence of the novel isoform
KIF2B. The complete ORF of KIR2is 171 nucleotides shorter but
otherwise completely identical to KIF2. Compared with KIF2, KBF2
lacks two internal, non-contiguous, sequences, one in the upstream
variable domain (nucleotides 823—-879 of KIF2) and the other in the
downstream variable domain (2065-2178 in KIF2), respectively. The
positions of these deletions, in respect to KIF2, are shown in detail at
the bottom panel. The motor domain is centrally localized, as in KIF2
(Nodaet al, 1995). The ATP-binding domain is boxed and a putative
nuclear localization signal, within the motor domain, is underlined.
The sequence of KIFRwas deposited to the DDBJ/EMBL/GenBank
database with accession No. Y15898) Protein sequence alignment
of KIF2(3 and KIF2 over the regions of difference. The KB-frotein
lacks two short regions of 19 aa (amino acid residues 107-125 of
KIF2) and 38 aa (residues 521-557). Residue 106 of Rlis2an

alanine (asterisk), compared with a glycine at the same position in
KIF2.

Debernardet al., 1997) which is>90% similar to mouse
KIF2 and a shorter form, HKZ containing a 57 bp
deletion in its ORF, that is identical to the first of the two
deletions in KIFB, reported here. However, Hik2loes
maintain the second region of 113 bp that is missing in
KIF2B. KIF2/2B also show high sequence similarity,
particularly within the motor domain, with other central
motor domain KIFs: MCAK from Chinese hamster
(Wordeman and Mitchison, 1995), XKCM1 ofenopus
(Walczaket al, 1996) and rat rKRP2 (Sperry and Zhao,
1996), although it is not clear whether these proteins also
exist in multiple isoforms. Despite the sequence similarity
it appears that the above proteins are not the true corres-
ponding homologues of mouse KIF2 (or KIB2(Walczak

et al,, 1996).

KIF2 and KIF2p are differentially expressed during
differentiation of hippocampal cells in vivo and

in vitro

In order to start characterizing the novel KIF, we were
interested in determining the pattern of expression of
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Fig. 3. (A) Comparative analysis by RT-PCR of the pattern of
expression of the two KIF2-like isoforms during distinct stages of
differentiation of the hippocampua vivo and of hippocampal cultures

in vitro. RT-PCRs were carried out with a set of primers (set 4, see
Materials and methods) generating different-size products, diagnostic
for KIF2 and KIFZ3 (top panel). cDNA was constructed from identical
amounts of RNA, isolated from the hippocampus of E13 and E15
mouse embryos, juvenile (2.5 weeks) and adult (3 months) animals as
well as from hippocampal neurons differentiatimgvitro and
corresponding to stage 2 (unpolarized) and stage 5 (fully mature
neurons), as per Dotét al. (1988) and from pure, proliferating,
astrocyte cultures from newborn animals. The negative control reaction
consisted of a mock reverse transcription reaction (no reverse
transcriptase was added) with E13 RNA. Equivalent reactions
amplifying mouse GAPDH (oligo set 5), were carried out in parallel
with the same amounts of cDNA as test reactions and used as internal
standards (bottom panelB) Expression of the KIF2-like isoforms in
NIH 3T3 mouse fibroblasts. RT-PCR as in (A), reveals that only the
KIF2p isoform is expressed in the mouse NIH 3T3 fibroblast cell line
[a sample from astrocyte cDNA, identical as in (A), is run alongside
for qualitative and quantitative comparison]. Control reactions for
GAPDH (bottom panel).

the two KIF2 isoforms during hippocampal neuronal
development. Equivalent amounts of cDNA were con-
structed from isolated hippocampi of E13 and E15 mouse
embryos, juvenile and adult animals as well as from
cultures of hippocampal neurons differentiatiimg vitro

and corresponding to stage 2 or 3 (unpolarised) and stage
5 (fully mature neurons), as described previously by Dotti
et al. (1988). cDNA isolated from all these sources was
subjected to PCR using a set of primers (set 4, see
Materials and methods), generating products diagnostic
for KIF2 and KIFZ3. Figure 3A shows the result of this
analysis. Early in the development of the hippocampus,
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KIF2B is the predominant isoform, while by E15 both
KIF2 and KIFZ3 are expressed at similar levels. After
birth however, there is a clear change in the molar ratio
in favor of KIF2, which is maintained in the adult.
Similarly to the results obtained from hippocampi (tissue)
MmRNA, RT-PCR of mRNA obtained from mouse
hippocampal neurons, maintained in culture for 3 (stage
2-3) and 15 days (stage 5), and corresponding develop-
mentally to post-natal animal stages, resulted in the
predominance of KIF2 over KIF2 Given that a small
proportion of glial cells are present in the hippocampal
cultures and also that glial cells are present in the hippo-
campusin situ, we performed RT-PCR using mRNA
obtained from a 100% pure astrocytic primary culture. In
the material from these cells only the band corresponding
to KIF2(3 was detected (Figure 3A).

It is known that in E13 hippocampus different cell
types are present: glia (radial astroglia and microglia),
differentiating neurons and neuroepithelium that will give
rise to neuron and glia progenitor cells. Hence, at this
early stage, the abundant KIgproduct that we detected
could be derived from any of these cell types or be of
purely glial origin. In any case, after birth, KIBbecomes
downregulated in hippocampal cells, boith vivo and .
in vitro, and is only, or mainly, expressed in the non- Fig. 4. Anti-KIF2/28 immunoreactivity revealed by
neuronal astrocytes (Figure 3A). The paucity of KBF2  immunofluorescence in cultured hippocampal neurons and NIH 3T3
in vitro at later stages and im situ hippocampal cells, Tibmb'aﬁfcgﬁ;g%gﬁlé’fﬁnil zlnFt'z*fr'lthaigfgriflufE a(ﬁszncfze%) and
compared with the abundance of Kffan the .mRNA Ir:Ti]prEgrc]gmpal neurons (Cyl, and CZA)(KIFZ—Ia)t/JeIed hippocampal
from the pure astrocyte culture, could be explained by the neyrons and one glial cell (upper right comeB) KIF2 immuno-
low percentage of glial cells in hippocampal cultures and reactivity in mouse interphase fibroblast€1j phase contrast of a
post-natal isolated hippocampi. On the basis of our results, hippocampal neuron in culture that was transfected with
we cannot rule out that KIFRcontinues to be expressed pSVmycKIF2; 2) equivalent anti-myc immunofluorescence,

in diff tiated H if this is th revealing a dense, punctate, vesicular-like staining which is mainly
In aiirerentiatéd neurons. HOwever, | IS 1S the case, perinuclear but also localized in some of the processes, at a distance

KIF2B is at most only a minor isoform, compared t0 from the cell body (arrows). Scale bar in confocal micrographs (A and

KIF2. Similarly to glia, NIH 3T3 fibroblasts, another non-  B): 6 um; in light micrographs (C1 and C2): @n.

neuronal type, also express KIEZxclusively (Figure

3B). The results of the RT-PCR analysis on the expressionThis pattern is typically observed for interphase cells

of the two KIF2-like isoforms were also corroborated when antisera that recognize cytoplasmic KIFs are used
by Western blot analysis (see Figure 5a later in the (discussed by Bloom and Endow, 1994) and was not

results section). very informative as we could not resolve the distinct
In conclusion, our analysis suggests that KIF2 is the cytoplasmic compartment with which labeling was associ-

main or exclusive neuronal isoform, while KiB2is ated. Interestingly, using the monoclonal anti-KIF2 anti-

mainly, or solely, expressed in non-neuronal cells that body, labeling was also detected at the poles of the mitotic

retain the ability to divide. spindle in dividing fibroblasts (data not shown).

Intracellular distribution of KIF2 and KIF28 in Overexpressed KIF2 and KIF2(3 associate with

neurons and fibroblasts mature lysosomes and the nucleus

To analyze the intracellular distribution of KIB2using To gain some insight into the intracellular distribution and
polyclonal and monoclonal antibodies against KIF2 (Noda possible role of these kinesin-like proteins, KIF2 was
et al, 1995) we performed indirect immunofluorescence overexpressed in cultured hippocampal neurons. Cells
microscopy in cultures of hippocampal neurons and NIH were transfected by a modified calcium/phosphate precipit-
3T3 fibroblasts. It is not possible to raise K[-2pecific ation method (see Materials and methods) and immuno-
antibodies that do not recognize KIF2, as KfHacks 57 stained with anti-myc antibody. In neurons, mycKIF2
aa but is otherwise identical to KIF2. However, given the overexpressed protein appeared mainly concentrated in
pattern of isoform expression, the antiserum used is small vesicular structures densely scattered in the cell
expected to recognize KIF2 in neurons while it will body mainly juxtanuclearly, in the initial segments of the
specifically recognize KIR2 in fibroblasts, as this is the  processes, both of the axon and dendrites (Figure 4, C1
only isoform expressed in this cell type (see Figure 5a). and C2), similar to the results obtained with anti-KIF2
In neurons, a fine punctate cytosolic staining, extending immunofluorescence; but also in some larger vesicular
to the cell body and the proximal part of the thicker structures localized at some distance along the processes
processes, was detected (Figure 4A). In interphase (arrows in Figure 4, C2). Nextwe repeated the transfections
fibroblasts we also observed a very fine punctate labeling of tagged KIF2 or KIFB proteins in NIH 3T3 mouse
extending to both nucleus and cytoplasm (Figure 4B). fibroblasts, where we continued our analysis taking advant-
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Fig. 5. () Western immunoblotting on equivalent total protein fractions from mouse extracts. The left panel was probed with anti-KIF2 polyclonal
antiserum and the right panel with anti-myc monoclonal antibody. (Left panel) KIF2 (black arrowheads) afd(&ifé@vs) can be detected

respectively in a hippocampal sample derived from adult mouse (3 months) and NIH 3T3 cultures (lanes 2 and 3). In lane 3 (NIH 3T3 transfected
with myc-KIF2B3) an additional, prominent band is detected, corresponding to the tagge Kitb®in (white arrowheads; the slightly higher mol.

wt is due to an additional 13 N-terminal amino acids, including the myc epitope, that contribute 1334 Da). (Right panel) The prominent band is
confirmed as immunoreactive to the anti-myc monoclonal antibody and is uniquely detected in the sample derived from transfected fibroblasts.
(b) A gallery of confocal micrographs showing immunolocalization of myc-tagged KliRZransiently transfected NIH 3T3 mouse fibroblasts. In
transfected cells, anti-myc immunolabeling was typically detected (A) in the nucleus, excluding nucleoli; (B) in both nucleus and in small
(0.25-0.5um) cytoplasmic, vesicular-like structures, localized in the cytoplasmic periphery; (C) occasionally, a diffuse, fine, punctate cytoplasmic
labeling was also detected in addition to the vesicular structures; (D and E) the organization of the immunopositive vesicular structures appeared
dynamic, as their size exhibited great heterogeneity (0.25+#h)p They were dispersed at a distance from the nucleus and bordering the plasma
membrane; (F) very large vesicular structures (up {8 were regularly observed. Identical results were obtained in transfections with myc-KIF2.
Scale bars in confocal micrographs: fith for (A—C) and 5um for (D-F). (G) Stereo projection of a reconstruction of a stack of serial confocal
sections through a transfected, KB-xpressing fibroblast, revealing immunolabeling of the nucleus, striking cytoplasmic vesicular structures and
also a diffuse punctate pattern. Observe the ring-like appearance of staining in many of the vesicles. Scale bar of stereo pnafection: 5

age of the ease of routine transfections in this cell type myc and anti-KIF2 staining in mycKIF2- oftransfected
compared with neurons, whose survival suffered from the NIH 3T3 (data not shown).
toxic effects of the transfection reagents. In transfected NIH 3T3 cells, anti-myc immunolabeling
Western blot analysis confirmed high levels of KBF2  was typically detected in the nucleus, excluding nucleoli
expression in NIH 3T3 fibroblasts following transfection (Figure 5b, A) and in prominent cytoplasmic, vesicular-
(Figure 5a). A prominent, immunoreactive band that is both like structures (Figure 5b, B-G). Occasionally, a diffuse,
KIF2- and myc-immunopositive was uniquely detected in fine, punctate cytoplasmic labeling was also detected in
transfected cells, in addition to the native Kf-grigure addition to the vesicular structures (Figure 5b, B). The
5a, compare left and right panels). To confirm that the organization of the immunopositive vesicular structures
anti-myc antibody was a reliable indicator of KIF2 (or appeared dynamic, as their size exhibited great hetero-
23) expression for immunofluorescence staining, double- geneity (usually from 0.25-1.fm and occasionally up
labeling experiments were carried out using the two to 3um), and seemed unrelated to the presence or absence
antisera. This revealed an exact correspondence of anti-or the level of nuclear staining (Figure 5b, B-G). Figure
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5b, G shows a stereo reconstruction of a series of opticaltransfected and non-transfected cells and after a longer
confocal sections through a transfected fibroblast, illustrat- incubation time Tf-labeled structures were mostly posi-
ing that in most of the labeled vesicles, staining decoratestioned juxtanuclearly, suggesting that KIFg/@verexpres-

the peripheral rim of the vesicular structure and not its
interior. Identical results were obtained with the use of
myc-tagged KIF2- or KIFR-bearing plasmids and thus,

we refer to KIF2/8 in the description of subsequent

experiments. It is notable that in our transfections we did
not obtain the spindle pole labeling observed in dividing
fibroblasts stained with the monoclonal anti-KIF2 anti-

sion does not have an effect on the normal endocytic
trafficking (Figure 6B and C, green labeling). Similar to
the lack of colocalization with eeal, internalized Tf did
not co-localize with KIF2/KIFB either (Figure 6B and
C), suggesting absence of labeling in early endosomes
and the recycling compartment (late endosomes are not
usually labeled via Tf internalization). Consistently, no co-

body, although as mentioned above, prominent nuclearlocalization was observed in double-labeling experiments
anti-myc labeling was observed in transfected interphase using anti-myc and an antibody against the Tf receptor

fibroblasts.
Nuclear labeling and immunopositive cytoplasmic

(Figure 6D). Finally, late endosomes and the pre-lysosomal
compartment, labeled with two independent antisera

vesicles, like those observed in transfected cells, were against different domains of the cation independent man-

also detected following nuclear microinjection of plasmid
pSVmMKIF2 or B in NIH 3T3 (R.Saffrich, EMBL,; data
not shown).

As a control, to demonstrate that the intracellular

nose 6-phosphate receptor (CI-MPR; see Materials and
methods) were also negative for KIFB/AFigure 6E
and F).

Having excluded early, recycling and late endosomes,

targeting of the overexpressed protein in our particular we then examined the final compartment of the endocytic

mammalian expression system is not artifactually influ-
enced by the type of the in-framé &g, we carried out
transfections with his-tagged KIF2 (pSVhisKIF2) and

pathway, mature or secondary lysosomes (where MRPs
are not present; Geuzt al, 1988; Griffithset al,, 1988).
Indeed, using antibodies to the lysosomal markers, the

obtained the same characteristic pattern of nuclear pluslysosome-associated membrane proteins, lamp-1 (Figure

cytoplasmic vesicular staining (data not shown). In addi-
tion, to demonstrate that the transfection vector
pSVmyc1.0 is a valid tool for the localization of tagged

7A) and lamp-2 (data not shown), we were able to
demonstrate that the KIF2- or KIB2associated vesicles
in transfected cells were lysosomes. In transfected cells,

proteins in mammalian cells, an unrelated protein, human cytoplasmic anti-myc and anti-lamp-1 staining were co-

ribosomal protein L22, with a distinct subcellular localiz-

ation, was tested. Myc-tagged L22 localized appropriately,

incident (Figure 7A, A3 and B3 for overlays). In the
transfected cells shown as an example in Figure 7A, it is

both to the nucleolus and to the ribosomes in the cytoplasmpossible to see that 100% of both KIF2 (panel A3) or

(data not shown). To rule out a non-specific cytoplasmic

sequestering or localization of overexpressed motor pro-

teins due, for example, to interaction of the MT-binding

motor domain with microtubules, we also transfected cells

with two other myc-tagged kinesin-like proteingenopus
XKLP1 (a chromosome-binding kinesin; Vernes al.,
1995) and a new, cytoplasmic mouse KIF (E.Piddini and

KIF2B-positive vesicles (panel B3) are positive for lamp-1
but some lamp-positive lysosomes are not labeled with
the myc antibody (green vesicles in Figure 7A, A3 and B3).
To confirm the lysosomal localization of the KIF2-like
isoforms and exclude that it may be an artifact of overexpres-
sion, double labeling was performed using anti-KIF2 anti-
serum and anti-lamp-1 monoclonal antibody in saponin-

C.G.Dotti, unpublished results). We observed that each extracted, non-transfected fibroblasts. This clearly showed

kinesin localized appropriately and uniquely to its corres-
ponding subcellular compartment: XKLP1 to the nucleus,
excluding nucleoli, and the novel KIF to ER membranes
(data not shown).

Next we analyzed the identity of the KIF2 of32
immunopositive vesicular structures in NIH 3T3 trans-
fected cells. Given their peripheral distribution and round

that 70-80% of lamp-1-labeled tubulo-vesicular lysosomes
were simultaneously immunopositive for KIFEZdata
not shown; however, see Figure 9B), indicating that the
lysosomal association of the motor proteins is bona fide.

Overexpression of KIF2 and KIF2p causes aberrant
lysosomal morphology and peripheral dispersion

shape we hypothesized that these structures may be ofn addition to having identified lysosomes as the cytosolic
endocytic origin: early endosomes, recycling endosomes, compartment with which KIF2f2 is associated, we
late endosomes or lysosomes, the contents of which areobserved that KIH2-immunopositive lysosomes were

transported, bothn vivo andin vitro in a microtubule-
mediated fashion (Anientet al,, 1993; Odeet al,, 1995).

strikingly larger and less numerous in transfected cells than
in non-transfected cells (0.25-1Bn and occasionally up

To discern between these possible localizations, transfectedo 3um in size in transfected cells compared with O.2b

cells were subjected to double immunofluorescence usingon average in non-transfected cells; compare Figures 5b
anti-myc and antibodies which serve as markers for early, and 7a with Figure 7b). Furthermore, whereas normal
recycling and late endocytic structures. The results of lysosomes in non-transfected cells occupied a character-
these experiments are shown in Figure 6. KIF2/HIF2 istic perinuclear rim-like position (Figure 7b, Al and
and eeal, a marker for early endosomes @¢lal., 1995), A2), KIF2B-labeled lysosomes of transfected cells were
did not colocalize (Figure 6A). To analyze whether the dispersed throughout the cytoplasm and were usually
KIF2/KIF2B-positive structures corresponded to endo- localized peripherally, at some distance from the nucleus
somes involved in plasma membrane recycling, transfectedand some were close to the plasma membrane (Figures 6
cells were incubated for short and longer times with and 7a). A statistical analysis of lysosome positioning in
fluorescein-conjugated transferrin (Tf). Tf internalized transfected versus non-transfected cells showed that the
for short times appeared uniformly distributed in both closest distance of enlarged lysosomes to the edge of the
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Fig. 6. Double immunolocalization of myc-tagged KIF2 o Zred) and various markers of the endocytic pathway (green) in transiently transfected
NIH 3T3 mouse fibroblasts shows no co-localizatioh) Anti-mycKIF2 and anti-eeal, a marker for early endosomB¥;afiti-mycKIF2 and FITC-

labeled transferrin, internalized for 5 min as described in Materials and methods, as a marker for the early endocytic @tiawtymycKIFZ3

and FITC-labeled transferrin internalized for 20 min to label both early endosomes and the recycling compartment [in this example the perinuclear
recycling compartment is visible (arrow)Pf anti-mycKIF2 and anti-transferrin receptor, also a marker for early and recycling endos@&nastif
mycKIF2 and anti-mprl, an antibody recognizing the cytoplasmic tail of the mannose-6-phosphate receptor (CI-MPR), serving as a marker for late
endosomes;H) anti-mycKIF2 and anti-mpr2, an antibody recognizing the lumenal domain CI-MPR. Scale bar in confocal micrographs: 8.5

nucleus was 1.77 0.56 um (averagex SD) and the saponin (2 min, Figure 8, B1 and B2), although the ‘MT-
furthest distance 11.65% 3.43um. The respective values staining’ was no longer detectable or was greatly reduced.
for non-transfected cells were 0 and 7.722.38 pm, Nevertheless, more prolonged Triton X-100 pre-extraction
clearly showing that not only were enlarged lysosomes (2 min) clearly abolished all lamp-1 and myc labeling
more dispersed throughout the cytoplasm but overall were (Figure 8, D1 and D2), strongly suggesting that under
positioned more remotely from the nucleus. these conditions, membrane association of both resident
To analyze the association of KIB2with lysosomes lysosomal proteins and interacting proteins is disrupted.
and demonstrate that the motor protein is membrane- Finally, immunolocalization was also performed on
bound, we examined the effect of mild extraction with thawed cryosections of fixed, non-transfected, NIH 3T3
the detergents saponin and Triton X-100 in transfected Cells using electron microscopy (EM). In single-labeling
cells, before fixation. The use of detergent prior to fixation €xperiments KIFR decoration was observed close to
results in the removal of non-membrane-bound cytosolic Vesicular structures that resembled lysosomes and were
protein. Saponin at 0.01% and Triton X-100 at 0.25% Cclearly distinct from ER membranes, Golgi stacks or

were tested for different incubation periods, ranging from clathrin-coated vesicles (Figure 9A) but also internally
20 s to 2 min, applied prior to cell fixation and immuno- located in structures that had the appearance of caveolae

fluorescence processing. Brief pre-extractions (40 s for &nd were decorated with caveolin antibodies (data not
saponin and 30 s for Triton X-100) did not seem to have SNOWn). Importantly, and consistent with our observation
any effect on either KIFR distribution (as illustrated by 1N immunofluorescence studies of KIF2 g-Bansfected
myc-labeling, Figure 8, Al and A2) or lamp-1 staining of fibroblasts, EM double-immunolabeling experiments with
lysosomes (Figure 8, B1 and B2). Under these relatively NOn-transfected cels revealed that KfFdecoration co-
mild pre-extraction conditions, lysosomal membrane pro- i;)callzed in structures that were heavily labeled for

teins and associated proteins appear to remain intact (se aé?;g};ﬁgr',ggﬁ 258%%%5' %g:ﬁg: aenxtfsmveilteh osfeilg:wl:jlga:ne:nuﬂs_
also inset in Figure 8, C1). An interesting observation Y y

bodies conjugated with different size gold particles: 5 nm,

was that br_lef pre-extraction, especially with saponin, indicative of lamp-1 immunoreactivity, and 10 nm, indicat-
revealed a distinct labeling of what appeared as a character-lve of KIF2B

istic microtubule network (Figure 8, A1, A2 and A2 inset

at higher magnification), which had not previously been Discussion

detectable under standard immunofluorescent processing

of transfected cells. Both myc-KIBand lamp-1remained  In the present work we report the identification of a new
non-pre-extractable, even at longer incubations with member of the KIFs, KIFR. This is an alternatively
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Fig. 7. () Identification of lysosomes as the site of cytoplasmic localization of KIF2ostwn by co-localization of KIF2 orand lamp-1 in
transiently transfected mouse NIH 3T3 fibroblasts. (A1 and B1) Anti-mycKIF2 and anti-myckde@ning, respectively; (A2 and B2) anti-lamp-1,

a marker of lysosomes in fibroblasts; (C1 and C2) overlay, revealing cytoplasmic co-localization. Exactly the same results were obtained with myc-
KIF2 or 2B-transfected cells and an anti-lamp-2 antibody. Scale bar in confocal micrographs: ®) lamp-1-staining in non-transfected NIH 3T3

to illustrate the normal morphology and positioning of the lysosomal compartment as a dense perinuclear rim. (A1) Wide field with six cells; (A2)
detail of two cells at higher magnification. Scale bars in confocal micrographs.5

spliced variant isoform of the known KIF2 protein (Noda exclusively to mRNA from cells of non-neuronal origin
et al, 1995). Besides differences in sequence, RIF2 (glia), it is also plausible that KIH2 expression at this
distinct from KIF2 in (i) the pattern of developmental stage may originate from neuronal precursors or even
regulation, and (ii) the type of expressing cells. KIF2 and from early differentiating neurondn situ hybridization
KIF2[B are expressed at similar levels in early embryonic in neurons using a KIA2specific probe could resolve
hippocampal tissue but at later developmental stages KIF2this point, however it is not possible to design such probes
is the main (or sole) isoform of mature hippocampal as there are no KIFRunique sequences that would
neurons and it becomes undetectable in glial cells (Figure discriminate KIF$ from KIF2. In conclusion, our analysis
3A). Conversely, our RT-PCR and Western blot analysis demonstrates that, upon differentiation, KIF2 is exclus-
shows KIF3 as the only isoform in astrocytes and also ively neuronal and KIFR is exclusively or predominantly

in fibroblasts. Although the presence of K[Fdh early non-neuronal.

embryonic hippocampus mRNA could be attributed  Our most interesting finding was the identification of

5862



A putative motor for lysosome centrifugal transport

Fig. 8. Effect of detergent extraction, prior to fixation, on lysosomal association of [KIR2ransfected NIH 3T3. Top panels show cells pre-

extracted with 0.01% saponin (Al and A2 for 40 s; B1 and B2 for 2 min) and the bottom panels cells pre-extracted with 0.25% Triton X-100 (C1
and C2 for 30 s; D1 and D2 for 2 min). (A1 and A2) Characteristic examples of myc-immunoreactivity in transfected cells that were subjected to
brief saponin pre-extraction reveal distinct labeling of what appears like MT as well as lysosomes. Note the localization of myc-labeled lysosomes
on such ‘MT-tracks’ (inset in A2 for detail at higher magnification). (B1 and B2) Even at more prolonged saponin pre-extraction, both lamp-1- (B1)
and myc-KIFB- (B2) association with lysosomal membranes is maintained (but MT-labeling is no longer visible). (C1 and C2) A similar
immunofluorescent pattern as with saponin pre-extraction is obtained at short Triton X-100 pre-extraction (although the MT staining is much harder
to discern and record; C1 for lamp-1 and C2 for myc). Inset in (C1) illustrates typical, perinuclear, dense lamp-1 labeling in three untransfected cells
on the same coverslip, to indicate that this brief extraction appears not to have any effect on lamp association with lysosomal membranes. (D1 and
D2) Both antigens are extractable at longer Triton X-100 pre-extraction periods (D1 for lamp-1 and D2 for myc). A large, representative field
including seven cells is shown, devoid of leveling for both antigens. Scale bars in confocal micrographsfdall panels, 2.5um for the insets.

lysosomes as the cytoplasmic vesicles with which FIF2 of KIF2 as the only (or major) isoform in terminally
associates. Both EM localization in non-transfected differentiated, post-mitotic neurons and of K[FF2s the
fibroblasts and light microscopy results in transfected cells isoform expressed in cells which maintain their mitotic
make us confident that lysosomes are the nativeivo activity. While it may be tempting to speculate that KIF2
site with which KIFZ is functionally related. We carried  has a unique role in cytoplasmic transport in non-mitotic
out a series of control experiments illustrating that our cells whereas KIH2, in addition to this role, may have
anti-tag antibody was a reliable marker for following an additional role during mitotic division in proliferating
the fate of transiently overexpressed protein, that our cells, we have, nevertheless, not been able to observe
transfection vector was a reliable tool for the expression tagged-protein accumulation at the poles of the mitotic
and appropriate targeting of proteins with diverse and spindle, contrary to labeling of these structures with
distinct intracellular localizations, and that the localization anti-KIF2 monoclonal antibody in untransfected mitotic
of expressed proteins was consistent and irrespective offibroblasts. The reason for this discrepancy is not clear,
the tag used. More importantly, we showed that over- but a possible explanation could be that spindle labeling
expression of other kinesin superfamily proteins in NIH by the anti-KIF2 monoclonal antibody may be due to
3T3 cells, under identical conditions, resulted in appro- crossreactivity to mouse CAK/KCM1, the murine homo-
priate localization in each case. Finally, consistent with a logue of hamster mitotic kinesin-like protein MCAK
role of a lysosome plus-end transporter for KB-2he (Wordeman and Mitchison, 1995) which has70%
staining of lysosomes was membrane-associated, both orsequence similarity to KIF2.
the basis of visualization on thin confocal optical sections  Overexpression of KIF2 or KIFin fibroblasts resulted
(Figure 5b, G), detergent pre-extraction (Figure 8) and in complete re-organization of the lysosomal compartment
also by EM (Figure 9). The presence of K[ caveolae- in transfected cells. KIH2associated lysosomes were
like structures in non-transfected cells, which was observed (i) strikingly larger and less numerous than their counter-
by EM, may suggest a possible trafficking pathway parts in non-transfected cells (up to 5-10 times larger,
between caveolae and lysosomes, but this point has to becompare Figure 7a with b); and (ii) they were clearly
investigated further before conclusions can be drawn. not confined to the juxtanuclear sites, typical of non-
In our transient transfection assays as well as by transfected cells, but were dispersed throughout the cyto-
immunofluorescence using polyclonal anti-KIF2, we also plasm, nearer the plasma membrane and at a distance
identified in interphase fibroblasts, but not in neurons, the from the nucleus (again compare Figures 7a with b). For
nucleus as a site of distinct association of KB-Zhis is several reasons, this peripheral location upon overexpres-
an interesting finding in the light of the identification sion is not surprising. First, because KIF2/@re conven-
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Fig. 9. Electron microscopy immunolocalization of KIB2n mouse NIH 3T3 fibroblastsA) KIF2p single labeling. Gold particles (arrowheads) are

mainly found in the proximity of tubular and vesicular membranous organelles. Unlabeled Golgi cisternae (G) and clathrin-coated vesicles (C, arrow)
are indicated to emphasize the specificity of the labeliBy.KIF2[3 (10 nm gold particles; arrowheads) and lamp-1 (5 nm gold patrticles; arrows)

double labeling co-localizes on the periphery of a lysosome. Note the absence of labeling for either marker over other membranes, like the
endoplasmic reticulum (ER) or the plasma membrane (P). Scale bars in electron micrographs: 100 nm.

tional plus-end-directed motors and MT plus-ends of (i.e. by measuring concentration of endocytosed ligands).
vertebrate cells in culture face the cell periphery. Secondly, Preliminary experiments (not shown) suggest that they are
strong evidence about the possible implication of a kinesin- not active and upon internalization for up to 2 h with
like protein in centrifugal lysosome translocation has lucifer yellow, a fluid-phase marker, we could not detect
accumulated in the last 10 years (see Introduction), ligand in these large lysosomes, suggesting that RIF2
although the identity of the specific, endogenous kinesin- overexpression induces a type of response not compatible
like protein had remained elusive. We propose that RIF2 with ligand degradation. However, endocytoper seis
in non-neuronal cells is an endogenous plus-end-directednot perturbed in the large lysosome-bearing cells, as Tf
motor that moves lysosomes from their usual site of was internalized normally into early endosomes and the
cytoplasmic accumulation near the nucleus to more peri- recycling compartment (Figure 6B and C).
pheral sites close to the plasma membrane. Our work shows that KIFR is a motor protein that
Lysosomes are highly dynamic organelles and have associates with lysosomes in non-neuronal cells. Moreover,
the ability of homotypic fusion as well as fusion with our results suggest that KIB2overexpression may be
endosomes (Ferriest al,, 1987; Deng and Storrie, 1988; responsible for changing the balance between two oppos-
Storrie and Desjardins, 1996, Waetlal,, 1997). Itremains  ing forces that keep lysosomes in their juxtanuclear
to be elucidated whether the large, KB-associated, position, of dynein, the minus-end-directed motor
peripherally located lysosomes are formed as a result of attracting lysosomes close to MT minus-ends and of the
enhanced clustering and/or fusion or inhibition of fission kinesin-like, plus-end-directed motor, capable of trans-
due to increased motor protein activity. It also remains to locating them in the opposite direction, resulting in net
be tested whether these lysosomes are functionally activelysosome movement towards the cell periphery. Such
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‘imbalance’ in favor of KIF3 may normally be triggered

as part of certain physiological responses, such as, for
example, the centrifugal transportation of lysosomes and
their recruitment to the plasma membrane site of parasite
invasion duringTrypanosoma cruzinfection (Tardieux

et al, 1992; reviewed by Andrews, 1995)rypanosoma
cruziinfection (otherwise known as Chagas’ disease) is a
serious, potentially lethal and incurable health hazard
putting at risk 25% of the total South and Central American
population and causing chronic ailments in about 16% of
affected individuals (World Health Organisation data on
Chagas’ Disease Control, Internet site: www.who.ch).
Given that we propose KIfRas a motor protein involved

in lysosomal outward movement, it is attractive to envisage
that its expression and/or its recruitment from cytoplasmic
pools may be induced by the parasite, ultimately facilitat-
ing lysosome-mediated parasite entry. It appears tempting
to test whether blocking KIH2 expression in host cells
may inhibit parasite entry without affecting host cell
viability. If this occurs, then KIFB antisense oligonucleo-
tides could act as preventive agents for parasite infection.

Materials and methods

Hippocampal mouse cell cultures, mouse astrocyte cultures

and NIH 3T3 cell line

Primary cultures of hippocampal neurons were prepared from isolated
hippocampi of E15 mouse embryos, according to the protocol of Goslin
and Banker (1991) at densities of 2x40° cells per 60 mm diameter dish.
To reduce glial proliferation, the DNA synthesis inhibitor cytosine-b-
arabinofuranoside was added to the cultures|a¥155 days after plating.
Cells were cultured for periods of between 1 day and 2 weeks MEM
(Bottenstein and Sato, 1979) at 37°C in 5%2@d harvested for poly(&)
RNA purification or for immunofluorescence at distinct neuronal develop-
mental stages [stages 1-5 according to Daitél. (1988)].

Proliferating pure astrocyte cultures [prepared according to Levison
and McCarthy (1991)] were derived from newborn animals and main-
tained in MEM medium, containing 10% horse serum, 0.6% glucose,
2 mM glutamine and 1 ng/ml fibroblast growth factor.

NIH 3T3 mouse fibroblasts were cultured in DMEM containing 10%
fetal calf serum (FCS; Gibco-BRL), 2 mM glutamine, 50 U/ml penicillin/
streptomycin and maintained at 37°C in 5% £0

Antibodies

The following primary antibodies were used for immunolabeling: anti-
myc epitope, affinity purified, mouse monoclonal antibody 9E10 (Evan
et al, 1985; maintained by A.Sawyer at the EMBL; 1:800 dilution for
immunofluorescence, IF), anti-myc epitope, affinity-purified rabbit anti-
serum (Ratgeretal.,, 1998; a gift from T.Nilsson, EMBL,; 1:50 for IF), anti-
lamp-1 rat monoclonal antibody 1D4B (lysosome-associated membrane

A putative motor for lysosome centrifugal transport

Oligonucleotides

The following pairs of oligonucleotides were used for this work:

Set 1: (upstream) actgtggcagctgttaagaa, (downstream) aatccaagctccct-
ctgaagtc. This set was designed to amplify an internal region, included
between nucleotides 709 and 1048, of the ORF of KIF2 (EMBL D12644).
Set 2: (upstream) gactgcagactgccgaatacac, (downstream) ccgctcgagttag-
tagcaaacgccaactta. This set was designed to amplify sequences containing
the full-length ORF of KIF2 (nucleotides 478-2673) for direct ligation
into the T/A cloning vector (InVitrogen, The Netherlands) and subsequent
nucleotide sequencing. Set 3: (upstream) cgggatccgcaatggtaacatctttaaatg,
(downstream) ccgctcgagttagtagcaaacgccaactta. This set was designed to
amplify the full-length ORF of KIF2 (nucleotides 502—-2673 ) and enable

its cloning into tagged mammalian expression vectors. The upstream
oligo contains an additional’ BanH| site and the downstream oligo a

5’ Xhd site, engineered to enable cloning and maintenance of the correct
reading frame upon subsequent ligation of BenHI-Xhd digested

PCR products into the mammalian expression vectors pSVmyc1.0 and
pSVhis1.0 (see below). Set 4: (upstream) ggatcgatttgcitayggrcaracngg,
(downstream) agtagcaaacgccaacttaga. To amplify another internal region
of the OFR of KIF2 (nucleotides 1288-2671). The upstream oligo is
degenerate and bears an additional Gal site. Set 5: (upstream)
tgggaagctggtcatcaatgggaaacc, (downstream) tcatggatgaccttggccagggg. To
amplify part of the ORF (nucleotides 233-538) of the mouse glycer-
aldehyde-3-phosphate dehydrogenase cDNA (mGAPDH; EMBL
M32599), used as an internal control for PCR amplification.

RNA extraction and RT-PCR

Poly(A)* RNA was directly affinity-purified from staged hippocampal
cultures (typically starting from 210° cells), from isolated hippocampi
(2—-4 organs) of E13, E15, juvenile (2.5 weeks), or adult (3-month-old)
mice, from pure mouse astrocyte cultures and NIH 3T3 mouse fibroblast
cultures, using the QuickPrep Micro mRNA purification kit (Pharmacia
Biotech, Sweden). cDNA was synthesized with MMLV reverse tran-
scriptase from equivalent amounts of polytARNA from each source
(typically 10 ng), using the Advantage RT-for-PCR kit (Clontech
Laboratories, Inc. Palo Alto, CA, USA).

PCRs were carried out using the Expand Long Template PCR system
(Boehringer Mannheim, Germany) on a Perkin-EImer model gene Amp
PCR system 2400. The full-length ORF of KIF2 and KfR&as amplified
with oligo set 2 or 3 (Figure 1B), using the following protocol: 2 min
denaturation of the E15 cDNA template at 94°C; 33 cycles of a 10 s
denaturation at 94°C; a 30 s annealing at 55°C; and an extension of 3 min
at 68°C; followed by a final 5 min extension at 68°C. The same protocol,
but with 30 cycles, was used for the study of the developmental pattern of
expression of KIF2 andRduring neuronal differentiatiom vivo and
in vitro (Figure 3), using oligo set 4 for the simultaneous amplification of
the two isoforms and oligo set 5 as an internal control. Finally, for the
diagnostic PCR co-amplification of KIF2 an@ @ith oligo set 1 (Figure
1A), the extension time was reduced to 1 min.

PCR products were directly cloned into vector pCR2.1, using the
Original T/A cloning kit (InVitrogen) and sequenced on both strands by
the EMBL sequencing service with cycle sequencing and internal labeling
on a robotic workstation.

Standard molecular biology techniques and Western
blotting

protein 1) and anti-lamp-2 rat monoclonal antibody ABL-93 (originally  All standard molecular biology techniques (plasmid purifications, restric-
developed by T.August and obtained from Developmental Studies tion digests, ligations, blue/white bacterial colony selection, etc) were
Hybridoma Bank, University of lowa, USA; 1:100 for IF, and EM), anti-  performed according to Sambroak al. (1989). SDS—PAGE electro-

mprl and anti-mpr2 rabbit antisera to the cytoplasmic tail or the lumenal phoresis was carried out on 7% gels as described by Laemmli (1970)
domain, respectively, of the cation-independent mannose-6-phosphateand Western blotting was performed on a mini trans blot wet transfer

receptor (Griffithset al, 1988; provided by J.Lanoix, EMBL; 1:100 for
mprl and 1:150 for mpr2 for IF), anti-eeal (early endosomal antigen)
human autoimmune antiserum (Mai al, 1995; a gift of H.Stenmark,
EMBL; 1:1000 for IF), anti-transferrin rabbit antiserum (Zymed, Germany;
1:50 for IF), anti-transferrin receptor, mouse monoclonal antibody H68.4
(Zymed; 1:50 for IF) and affinity-purified rabbit antiserum to KIF2 (Noda
etal, 1995; 1:100 for IF and Western blotting, and 1:10 for EM).

The secondary antibodies used were: fluorescein isothiocyanate (FITC)-
conjugated, goat anti-mouse 1gG1 (Southern Biotechnology Associates,
Birmingham, AL, USA), FITC-conjugated, donkey anti-mouse IgG
(Dianova, Hamburg, Germany), Texas Red-conjugated, goat anti-mouse
IgG+M (Dianova), rhodamine (TRITC)-conjugated, donkey anti-mouse
IlgG+M (Dianova), FITC-conjugated, donkey anti rabbit IgG (Dianova),
TRITC-conjugated, donkey anti-rabbit IgG (Dianova), FITC-conjugated,
goat anti-rat IgG (Cappel, Organon Teknika Corporation, Durham, NC,
USA) and TRITC-conjugated donkey anti-human Ig (Dianova).

blotting apparatus (Bio-Rad) and developed with the enhanced chemi-
luminescence kit (Amersham Life Sciences). SDS—PAGE samples were
prepared by direct lysis of culture monolayers or tissue homogenization
in 50 mM Tris pH 8.0, containing 1% SDS and a cocktail of protease
inhibitors, followed by standard TCA precipitation.

Construction of mammalian transfection vectors

A modified version of mammalian expression vector pSG5 (Stratagene,
Germany), with an extended polylinker cloning site, was used to construct
the tagged expression vectors pSVmyc 1.0 and pSVhis 1.0. For pSVmyc
1.0, an oligonucleotide linker, encoding part of the human c-myc epitope
(ASKLISEEDL GS), was inserted in-frame to the initiator Methionine
and an in-frame (catcagequence, corresponding to a poly-histidine
track (Hig) was present in pSVhis1.0. The complete ORFs of KIF2 and
KIF2B were ligated into pSVmyc1.0/his 1.0 &anHI-Xhd in-frame
inserts, generating'8nyc or his-tagged versions of the two kinesin
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isoforms (pSVmycKIF2, pSVmycKIR2 pSVhisKIF2 and pSVhis-
KIF2B). The integrity of the coding sequences of all plasmids was
confirmed by full-length nucleotide sequencing.

Plasmid pSVmycL22, bearing d fyc-tagged version of the human
ribosomal protein L22 (Toczyslet al, 1994), was constructed by in-
frame ligation of the PCR-amplified ORF of L22 and used as positive
control for transient transfections, together with a plasmid encoding a
myc-tagged XKLP1 kinesin oKXenopus(Vernoset al, 1995) (a gift
from Isabelle Vernos, EMBL) and pSVmyc1.0, as a negative control.

Transient transfections of myc-tagged KIF2 in hippocampal
neurons and NIH 3T3 cell line
E18 rat embryonic hippocampal cultures, growing on coverslips in
60 mm dishes, were transfected 24 h after plating. Prior to addition to
the cultures, 1Qug of pSVmMKIF2 in 250 mM CaGl were mixed with
an equal volume of 8 HBS (274 mM NaCl, 10 mM KCI, 1.4 mM
Na,HPOy, 15 mM glucose, 42 mM HEPES pH 7.07) and a calcium/
phosphate precipitate was allowed to form for 30 min at room temper-
ature. Three hundred and sixty microlitres of the transfection mix was
added to each dish for 20 min at 37°C in 5% £&nd the transfection
was stopped by washes with,NMEM. Cultures were subsequently
maintained at 37°C in 5% CfQOand coverslips were sampled and
processed for immunofluorescence 3 days post-transfection.
Exponentially growing NIH 3T3 cultures were harvested and replated
onto coverslips in 60 mm diameter dishes, 24 h prior to transfection.
Routinely, 1-5ug of plasmid were added to 250 mM CaChixed
with an equal volume of 2 BES-buffered saline (50 mM N,N-
bis [2-hydroxyethyl]-2-aminomethanesulfonic acid, 280 mM NaCl and
1.5 mM NgHPO,02H,0, pH 6.96), incubated for 15 min at room
temperature and added dropwise, in a total volume of 40@ each
dish of cells in complete DMEM. Transfections were allowed to proceed
for 20 h at 37°C in 5% Cg the transfection medium was then removed,
and the dishes rinsed three times with fresh DMEM and incubated under
standard conditions. Coverslips were retrieved for immunofluorescence
12-36 h after removal of the transfection medium.

Immunolabeling of cultured cells and transferrin

internalization

Cells grown on glass coverslips were fixed with 3.7% paraformaldehyde
in PHEM buffer (65 mM PIPES, 30 mM HEPES pH 6.9, 10 mM EGTA
and 2 mM MgC}) for 10 min. They were quenched with 50 mM
ammonium chloride in PBS for 10 min, permeabilized for 10 min with
0.5% Triton X-100 in PHEM buffer and blocked with 2% BSA, 2%
FCS, 0.2% fish skin gelatin (‘blocking mix’) in PBS for 30 min. Cells
were incubated with primary antibodies, in PBS containing 5% blocking
mix, for 1 h atroom temperature. For double labeling, incubation was

lllustrator 6.0. Three-dimensional reconstruction imaging of stacks of
serial confocal sections (Figure 5b, G) was performed using the software
of the Zeiss LSM510. Precision measurements of distances of lysosomal
structures from the nucleus were carried out in batches of 25 transfected
or non-transfected cells on the same coverslip, using the LSM software.
Such statistical analysis was carried out several times in independent
experiments and the results presented are from a representative sampling.
For EM, confluent monolayers of NIH 3T3 cells grown in 6 cm
dishes, were fixedn situ by addition of 8% paraformaldehyde/0.2%
glutaraldehyde in & PHEM to an equal volume of medium. Cells were
scraped from the dish afta 2 hincubation at room temperature and
collected by centrifugation. The first fixative was then replaced by 8%
paraformaldehyde in PHEM and left overnight at 4°C. Cells were washed
with 0.12% glycine in PBS, resuspended in PBS containing 2% low
melting agarose at 37°C, spun for 5 min at 13 @@and immediately
put on ice. The agarose-embedded cells were cut in small blocks,
infiltrated with 2.3 M sucrose and frozen in liquid nitrogen. Cryosections
were singly or doubly labeled with appropriate combinations of primary
and 5 or 10 nm gold-labeled secondary antibodies (Dianova), according
to Slotet al. (1991), and examined with a Zeiss EM10.
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