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ABSTRACT. Cytoplasmic dynein contains a series of accessory proteins associated with the motor containing
heavy chaind. These include three distinct classes of light chaMs< ~22 000). Here we demonstrate

that a previously cloned protein termed rp3 is a bona filel4 000 light chain component of this
microtubule motor complex. The rp3 polypeptide~$5% identical to the Tctex1l dynein light chain,

and together, these two proteins define one branch of a diverse fanMlylaf 000 light chains associated

with both cytoplasmic and flagellar dyneins. The Tctex1 and rp3 light chains are differentially expressed
in various tissues: rp3 is most prevalent in liver and brain cytoplasmic dynein, whereas those tissues
contain the least amounts of Tctex1. Immunofluorescence analysis was consistent with the tissue-specific
distribution of these proteins and revealed that both rp3 and Tctex1 are present in multiple perinuclear
punctate particles. Furthermore, in two cell lines, rp3 was found associated with an elongated structure
located in the layer of cytoplasm above the nucleus. Electrophoretic/immunological analysis indicates
that there are only single isoforms for these proteins in brain and PC-12 cells, suggesting that alterations
in the M; 14 000 light chains of dynein are achieved at the level of the individual proteins and not by
posttranslational modification. Dissection of the cytoplasmic dynein complex revealed that Tctex1, an
M, 8000 LC dimer, and IC74 associate to define a basal-located intermediate chain/light chain complex
analogous to that found in flagellar outer arm dynein.

Cytoplasmic dynein acts as a molecular motor and in ref 9), several (probably two) copies of a 74 kDa
transports the cargo to which it is attached toward the minusintermediate chain (IC74)0) that is a member of the WD
end of microtubules. In addition to its several proposed (Gg) repeat family {1) and therefore likely forms a
functions in the movement of both spindles and chromo- j-propeller structure 12), four light intermediate chains
somes during mitosisl-4), known cytoplasmic dynein  (LICs) of 50-60 kDa that are distantly related to ABC
cargoes include the Golgi apparatus and other membranoudransporters 3, 14, and several light chains (LCs) with
organelles §—8). Clearly, in order to accomplish the masses less than22 kDa (15, 16.
directed movement of these diverse intracellular components, Intriguingly, recent studies have uncovered considerable
there must be regulatory mechanisms that impinge on heterogeneity in the polypeptides that go to form this motor
cytoplasmic dynein to ensure the spatial and temporal controlenzyme, which may well reflect specific requirements for
of motor activity as well as to determine to which cargo a specialized motor, cargo-binding, and/or regulatory activities
particular motor unit should be attached. within different cell and tissue types. The observed hetero-

The cytoplasmic dynein complex has a total mass b25 geneity derives both from different gene products for a given
MDa and consists of two heavy chains (HEs530 kDa) component (e.g., there are two IC74 genes and three classes
that contain the motor and ATP hydrolytic sites (reviewed of cytoplasmic HC known at preserit7, 1§ and from the

multiple variants generated by differential phosphorylation
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and/or alternative splicing (e.g., IC74 and the LICH),(13, subcomplexes subsequently were separated by sedimentation
14, 19-21). through a second-520% sucrose gradient containing 0.6

Recently, we identified LC components o, 8000, M KI.- _ _ o
14 000, and 22 000 associated with cytoplasmic dynein. The Fusion Protein and Antibody PreparatiorDligonucleo-
M. 8000 protein is a highly conserved molecule that is tides encoding a 20-residue segment of the rp3 protein (and
common to both cytoplasmic and flagellar dyneifi§,(22, an in-frame stop codon) were synthgsmed directly, annealed,
23). This 89-residue polypeptide exists within the dynein and subcloned across tienn/Xbd sites of pMal-c2 (New
complex as a dimeric structurg4). It also has been found ~ England Biolabs, Beverly, MA). The resulting C-terminal
associated with other enzyme systems including myosin Vv fusion of the 20-residue section of rp3 to maltose binding
(25) and neuronal nitric oxide synthas2éf; in the latter ~ Protein (MBP) was purified by amylose affinity chromatog-
case the LC has been implicated in the regulation of enzymeraphy and used for the immunization of rabbit R5270. The
activity both in vitro and in vivo, raising the possibility that ~ €ntire human rp3 coding region was obtained from IMAGE
it acts as a generalized regulatory element in a mannerconsortium clone no. 291896 using the polymerase chain
analogous to that of calmodulin. Moreover, biochemical réaction. Sequencing revealed that this clone contained a
fractionation strongly suggests that this small protein interacts Single base pair change compared to the previously published
with additional flagellar and cytoplasmic components that €0ding sequence (U0255@0). This C to T transition
have yet to be identified. occurred in the third position of an Ala codon and did not

TheM, 14 000 LC was identified as the murineomplex- affect the primary structure of the encoded protein. The rp3

encoded protein Tctex1L6) which is a candidate for one of codmg region was subclone_d Into the_ PMAL-c2 vector as
g " . .. described above. The fusion protein was subsequently
the “distorter” products responsible for the extreme meiotic

. M s X - . digested with factor Xa to separate rp3 from MBP, and the
drive (transmission ratio distortion) exhibited by this complex . . ; .
. : . : electrophoretically isolated rp3 protein was used to obtain a
genetic unit (see ref27—29 for recent discussions). Ex-

o ) highly specific antibody fraction by blot purification.
amination of the GenBank database with the Tctex1 sequence A rabbit polyclonal antibody that specifically reacts with

identified another previously cloned protein (termed rp3) that : !
is closely related to Tctex1; these molecules shab&% ;‘;ﬁg& E)Ffzsrﬁgi)o \c/;\f(a)lria?le;ﬁtrilgggigsre;/r:g?srlg.ogiihzaera}cctsz of
identity (30). The rp3 protein was initially of interest as it cytoplasmic dynein (74-1), kinesin heavy chain (H-2), and

was a candidate for causing X-linked retinitis pigmentosa :
i . the p50 component of dynactin (5Q) has been reported
type 3; more recent studies have revealed that the dRR@l by Dillman and Pfister 19), Pfister et al. 84), and Paschal

protein is a guanine nucleotide exchange fact8i).( et al. @5), respectively

However, on the basis of the high degree of similarity . .

. Gel Electrophoresis and Immunoblottinggamples were
between '!'ctexl and_ p3, we suggested prewous_ly that t.heroutinely sepgrated by electrophoresis %15(2 SDS-
I:F())?n p(:(r)]';ellrglgsi\)lso might represent a cytoplasmic. dynein polyacrylamide gels as described previouS8§)( Gels were

p. ' o either stained with Coomassie blue or were blotted to

In this report, we demonstrate that the rp3 protein is indeed pjtrocellulose in 10 mM NaHC® 3 mM NaCOs, 0.01%

dynein-associated and that it is most highly expressed in cellssps and 20% methanol. All solutions used for probing the
and tissues distinct from those which contain Tctex1. The pots contained 5% dry milk and 0.1% Tween-20 in Tris-
data presented here support the hypothesis that multiple cellyyffered saline except for the final washes with 0.5% Triton
and tissue-specific variants of cytoplasmic dynein exist which x_100 and 50 mMm Tris-HCI, pH 6.8. Antibody reactivity
may be defined by thei, 14 000 LC content. Furthermore, \yas observed using a peroxidase-conjugated secondary
salt-induced dissociation of the cytoplasmic dynein particle antibody combined with chemiluminescent detection (ECL,
has allowed us to determine the intradynein associations OfAmersham) and Fuji RX film.

the LC components and thus to further define the global  T\yo-dimensional electrophoresis of dynein immuno-

organization of this microtubule motor complex. precipitates was performed as described by Dillman and
Pfister (19). Following electrophoresis the gels were either
EXPERIMENTAL PROCEDURES dried for autoradiography or blotted to PVDF membrane and

probed sequentially with antibodies against Tctex1 and rp3

Dynein Purification. Cytoplasmic dynein was purified @S described above.
from rat brain by the ATP-sensitive microtubule affinity  Computational Methods.Searches of the Genbank and
procedure 32) using the modifications described previously Expressed Sequence Tag databases were performed with
(15). Subsequently, ATP-eluted dynein was further purified BLAST (37). Pairwise sequence comparisons were made
by sedimentation through a20% sucrose density gradient. USing GAP 88). _ .
Alternatively, the enzyme was obtained directly from ho-  Cell Culture and Immunofluoresence Microscoplri-
mogenates of rat brain, kidney, liver, spleen, and testis by Mary cultures of rat brain ollgodepdrocytes were flx'ed with
immunoprecipitation with monoclonal antibody 74-1 that  formaldehyde and treated for immunocytochemistry as
specifically recognizes 1C7410). detailed by Amger et al.39) and Barbarese et aI.4(Q)._

For dynein dissection experiments, sucrose gradient- Normal rat kidney fibroblast (NRK) cells were fixed with

purified dynein was dissociated by the additich3oM KI methanol (20 °C) for 10 min followed by 1 min in acetone

: X ; X . at 0°C. Rat B104 CNS-derived neuronal cells were prepared
to a final concentration of 0.6 MLB, 33. Dissociated dynein using both fixation procedures. Tctexl, rp3, and IC74 of

cytoplasmic dynein were detected using rabbit polyclonal
3S. E. Benashski and S. M. King, unpublished results. antibodies R52051() and R5270 and monoclonal antibody
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rp3 1 MEEYHRHCDEVGFNAEEAHNIVKECVDGVLGGEDYNHNNINQWTASIVEQ 50

T A T A A S N T R R A

Tctexl 1 MEDY.QAAEETAFVVDEVSNIVKEAIESAIGGNAYQHSKVNQWTTNVVEQ 49

rp3 51 SLTHLVKLGKAYKYIVTCAVVQKSAYGFHTASSCFWDTTSDGTCTVRWEN 100

S A R R A e R AR e A A

Tctexl 50 TLSQLTKLGKPFKYIVTCVIMQKNGAGLHTASSCFWDSSTDGSCTVRWEN 99

rp3 101 RTMNCIVNVFAIAIVL 116
sl TH e
Tctexl 100 KTMYCIVSAFGLSI.. 113
Ficure 1: Sequence comparison of rp3 and Tctex1. This comparison between human rp3 (UBB%66& human Tctex1 (H112038)
was generated by GAP using the default parameters. The symbolsrepresent identity and conservative and semiconservative substitutions,
respectively. The 20-residue segment of rp3 outlined in bold type was fused to MBP for polyclonal antibody production.

74-1 (19), respectively. Microtubules were stained with a Oligodendrocytes

commercial anti-tubulin monoclonal antibody. Fluorescein-, 205 - ~
Cy3- and Texas red-conjugated secondary antibodies were 16 - g ~
used. The Golgi apparatus was detected using Texas red-  93.5- & &
conjugated wheat germ agglutinin and membrane-bounded .
acidic compartments stained with the dye LysoSensor CBB i —
(Molecular Probes, Eugene, OR). B104 cells and oligoden- a
drocytes were imaged using a Zeiss Axioskop microscope i R5205
coupled to a Bio-Rad MRC 600 laser scanning confocal 29. .
imaging system or a Zeiss Axiovert 135 with an LSM
confocal system. Both microscopes were equipped with a R5270 .
63 x 1.40 na Plan Apochromat objective. NRK cells were LR
observed using a Nikon Diaphot microscope with epifluo- b
. 0 < o DF -
rescence illumination and a &0objective.
Am.Bl. R5270
Rat adrenal pheochromocytoma (PC-12) cells were grown a

in DMEM medium containing 5% fetal calf serum and 10% Ficure 2: Specificity of the R5270 antibody. (a) Total cellular
equine serum. TheS(_e cells were radlo_la.beled §9Bhn VIVO protein from ~107 rat brain oligodendrocytes was blotted to
by overnight growth in medium containing’$]methionine  hitrocellulose and probed with blot-purified R5270 antibody
(20). (R5270). A single band dfl, ~14 000 was observed. Subsequently,
the blot was stained with Amido Black (Am.Bl.) to reveal total
protein. (b) Recombinant Tctex1 and rp3 were separated from MBP
RESULTS by factor Xa digestion, electrophoresed, and stained with Coomassie
blue (upper panel). Identical samples were blotted to nitrocellulose
and probed with the R5205 and R5270 antibodies (lower panels).

Previous analysis of aM, 14 000 LC associated with Both antibodies are highly specific for their respective antigens.
cytoplasmic dynein found that it was identical to the murine o ) ) ]
t complex-encoded protein Tctex1d). Examination of the  further test the specificity of this preparation, recombinant
Genbank database revealed that Tctex1 is closely related tof ctex1 and rp3 proteins were separated from the MBP fusion
another previously cloned protein termed rp30)( A partner by factor Xa digestion and electrophoresed to resolve
sequence comparison between these two molecules generaté@de LCs from MBP. When probed with the R5270 and
using GAP is shown in Figure 1. Tctex1 and rp3 share 55% R5205 (made against recombinant Tctek) antibodies,
sequence identity (74% similarity); the probability of this itwas found that both antisera were highly specific for their
match occurring by chance is 60 104 (calculated by ~ respective polypeptides and did not cross-react (Figure 2b).
BLAST). These observations raised the possibility that the The recombinant rp3 protein migrated slightly more slowly
rp3 protein also might be a cytoplasmic dynein LC. in polyacrylamide gels than did Tctex1, which is consistent

To test this hypothesis, it was necessary to generate anWith their calculated molecular weights of 13 061 and 12 451,

antiserum that specifically reacts with rp3 but not with eSPectively.

Tctex1. Accordingly, the 20-residue segment of rp3 thatis ~ To determine whether the rp3 protein was associated with
most dissimilar between these two molecules (outlined in cytoplasmic dynein, a rat brain homogenate was fractionated
bold type in Figure 1) was fused to MBP and used for and probed with the R5270 antibody. This revealed that
polyclonal antibody production in rabbit R5270. Following most (~70%) of total brain rp3 protein was microtubule-
blot affinity purification of the R5270 antiserum against the associated following the addition of taxol to the homogenate;
full-length recombinant rp3 protein, the antibody preparation a similar proportion of the IC74 component of cytoplasmic
was used to probe total protein derived from rat brain dynein also was observed in the microtubule pellet (Figure
oligodendrocytes (the cell type previously used to character-3). Both IC74 and rp3 remained microtubule-associated
ize both Tctex1 andM, 8000 LC antiseral5, 16 (Figure through a buffer wash. A minor amount$%) of rp3 (but
2a). This antibody preparation was highly specific and no detectable IC74) was released from microtubules upon
recognized a single band migrating &t ~14 000. To treatment with 5 mM GTP. Elution with 5 mM ATP
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FiGurRe 3: The rp3 protein copurifies with cytoplasmic dynein from
rat brain extracts. Electrophoretic analysis of the fractionation of
microtubule-associated proteins from a rat brain homogenate in a
5—15% acrylamide gradient gel. Equivalent samples of high-speed
supernatants (S) and pellets (P) are shown following sequential
incubations of the homogenate with taxol, buffer, 5 mM GTP, 5
mM ATP, ard 1 M NaCl. The upper panel shows the Coomassie
blue-stained gelsM; markers and dye front (DF) are indicated at
the left]. The lower panels are immunoblots of identical samples
probed with 74-1 and R5270 to reveal IC74 of cytoplasmic dynein
and the rp3 protein, respectively.

solubilized ~75% of both rp3 and IC74; the remaining
microtubule-bound fractions of both proteins were completely
released wh 1 M NaCl. Thus, the elution characteristics
of rp3 closely paralleled those of a known cytoplasmic dynein
component in that both proteins were completely released
by a combination of ATP and salt treatment. We previously
reported that Tctex1 is also completely eluted from micro-
tubules by sequential treatment with ATP and sal)(
Intriguingly, however, in that study (see Figure 4 in &

King et al.
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FicurRe 4: The rp3 protein comigrates with cytoplasmic dynein in
sucrose gradients. Proteins eluted from microtubules with 5 mM
ATP were sedimented through a80% sucrose density gradient.
Equal volumes of each fraction were electrophoresed-d 3%
acrylamide gradient gels and either stained with Coomassie blue
(upper panel) or blotted to nitrocellulose and probed with the R5270
antibody (lower panel). The bottom of the gradient is at the left.
The positions at which thkl, markers and the dynein HC (DHC),

which employed the same protein samples as those shownc74 (IC74), kinesin heavy chain (Kin), dynactin (p150/135), and

here) only~50% of Tctex1 was released from microtubules
with ATP alone, the remaining 50% being eluted by
subsequent salt treatment. Thus, that fraction of brain dynein

the dye front (DF) migrated are indicated on the upper panel. The
locations of rp3 and thkl, markers are marked on the lower panel.
The rp3 protein precisely comigrates with the HC and IC74 of
cytoplasmic dynein.

containing Tctex1 appears less amenable to ATP release than

does rp3-containing dynein, raising the possibility that
functionally distinct isoforms of cytoplasmic dynein exist.

To further assess the interaction of rp3 with cytoplasmic
dynein, proteins eluted from microtubules with ATP were
fractionated in a 520% sucrose density gradient. Im-
munological examination of the individual fractions (Figure
4) revealed that rp3 cosedimented with bona fide cytoplasmic
dynein proteins at-20 S in fractions 69. In addition, the
sedimentation profile of rp3 was clearly different from that
of kinesin (found in fractions 1813). As reported previ-
ously, under our conditions dynactin sediments as a poly-
disperse structure from the dynein peak to the bottom of the
gradient {5, 16. In Figure 4, the p150/135 components of
dynactin are clearly present in fractionsQ. Thus, the rp3
sucrose gradient profile does not coincide with that of
dynactin.

To obtain independent confirmation for the association of

nonspecific association of rp3 with the bead matrix. Im-

munological analysis of the resulting precipitates (Figure 5)
revealed that rp3 was present exclusively in the dynein
sample and was not detectable in either the kinesin or
dynactin immunoprecipitates or in the bead control. Thus,
the rp3 protein exhibits all the biochemical attributes of a

bona fide cytoplasmic dynein component.

Message for the rp3 protein is highly abundant in brain,
retina, and fibroblasts (see r80) but is present only at
relatively low levels in many other tissues (specifically
esophagus, heart, liver, lung, muscle, spleen, and testis).
Therefore, to assess whether this dynein component is present
in large amounts only in certain tissues as is Tcted@),(
cytoplasmic dynein was purified from rat brain, kidney, liver,
spleen, and testis homogenates by immunoprecipitation with
antibody 74-1. For electrophoretic analysis, the dynein
loadings were normalized on the basis of quantitative

rp3 with cytoplasmic dynein, the motor enzyme was purified densitometry of the Coomassie blue-stained IC74 band (note
directly from a rat brain homogenate by immunoprecipitation that, in brain, the IC74 band is not so tightly focused
with monoclonal antibody 74-1. Immunoprecipitation of apparently due to the presence of multiple isoforms that are
kinesin, dynactin (using antibodies H-2 and 50-1, respec- distinguished following one-dimensional electrophoresis).
tively), and beads alone was used to control for any When probed with the R5270 and R5205 antibodies, Tctex1
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Ficure 7: Two-dimensional electrophoretic analysis of thie
- 14000 LCs. (a) Cytoplasmic dynein immunoprecipitated from

- L whole rat brain homogenate using monoclonal antibody 74-1 was
separated by two-dimensional gel electrophoresis and blotted to
nitrocellulose. The blot was probed sequentially with the R5205
and R5270 antibodies to detect Tctex1 and rp3, respectively. Only

- DF single spots are evident for the two LC proteins. (b) Immunopre-
cipitated dynein obtained from PC-12 cells that had been metaboli-
rp3- e cally labeled with $*S]methionine was subject to two-dimensional
gel electrophoresis. Thd, 14 000 LC region of the autoradiograph
is shown. Both Tctex1 and rp3 appear as single electrophoretic

Ficure 5: The rp3 protein is immunoprecipitated by the 74-1 species.

antibody. Cytoplasmic dynein, kinesin, and dynactin were purified
directly from a rat brain homogenate by immunoprecipitation with  nqreactive species for both rp3 and Tctexl were present

monoclonal antibodies 74-1, H-2 and 50-1, respectively. These ,: :
samples and a bead control were electrophoresed in- 6% (Figure 7a). Although somewhat spread out possibly due

acrylamide gradient gel and either stained with Coomassie blue t0 charge 'heterogeneity, no obvious 'additional spots were
(upper panel) or blotted to nitrocellulose and probed with the R5270 observed in these samples. Autoradiography of the analo-

antibody (lower panel). The positions at which various components gous region from a two-dimensional gel loaded with
°Lf thi'mm””‘?pretc'g'tates. ['(;TC'”td'('jngT"’l‘qm'bogy hetayy (H) agdtllg?t 4 Metabolically labeled PC-12 cell dynein also revealed only
(ex)C|(I:JS?\I/r;T)]/ m'%zi ?:ytgg?a?mligadye/néin searngplg r%ﬁ',nd‘;,vgsfmﬁfc € two dis_crete spots (Figure 7b). .This suggests that there are
single isoforms for both proteins. Thub), 14 000 LC
heterogeneity in cytoplasmic dynein is achieved at the level
of the individual proteins and does not appear, at least in
brain or adrenal-derived PC-12 cells, to be further compli-
cated by the presence of posttranslational modifications as
is found for other components of this complex.
To determine the associations of the LCs with other
rp3 - ame wme a= ==  R5270 components of the dynein complex, purified cytoplasmic
dynein was dissociated by treatment with 0.6 M HB),
and the various subparticles were separated by centrifugation
Tetex-l =  am = = = RS205 in Kl-containing sucrose gradients. Electrophoretic and
immunological analysis of the resulting fractions revealed
FIGURE 6: Tissue-specific differences in the distributions of the that KI caused cytoplasmic dynein to sediment as two distinct
rp3 and Tctex1 LCs. Cytoplasmic dynein was purified from rat particles as described previousB8[. The HCs were found

brain, kidney, liver, spleen, and testis by immunoprecipitation with o 15 g indicating that they had dissociated from each other
monoclonal antibody 74-1. Sample loadings were normalized on !

the basis of densitometry of the Coomassie blue-stained IC74 band(41: 43. Following KI treatment, the HC particles have
(upper panel). Identical samples were blotted to nitrocellulose and previously been shown also to contain the LIC8)( IC74
probed with R5270 and R5205 to detect rp3 and Tctexl, respec-was found nearer the top of the gradient as was the
e o s b oo e P COMITaUG Tetexd L. Thi suggests that C74 and Ttexd
is significantly reduced bo)t/h in that tissue and also in brain. mteracft directly, as the IQS and LCs of other dyneins do not
otherwise cofractionate in sucrose gradients (see48gf
was found at low levels in brain and liver dynein as described Examination of these same fractions with the R5270 antibody
previously (L6). In contrast, the rp3 protein was relatively did not reveal any detectable rp3 immunoreactivity. In
abundant in all samples, with clearly the most present in liver subsequent tests using whole brain immunoprecipitates (not
dynein and the least associated with the testis enzyme (Figureshown), Kl treatment was found to result in a very significant
6). decrease in signal intensity for both antibodies R5270 (vs
To further analyzévi, 14 000 LC heterogeneity, cytoplas- rp3) and R4058 (v, 8000 LC). In the latter case, however,
mic dynein was purified by immunoprecipitation using the a low signal was detected in the Kl sucrose gradient fractions
74-1 antibody both from a whole rat brain homogenate and following very prolonged exposure and revealed that\the
also from cultured PC-12 cells that had been metabolically 8000 LC also cofractionated with IC74 (Figure 8, lower
labeled with f°S]methionine. Samples subsequently were panel) as predicted previousl§5).
separated by two-dimensional gel electrophoresis to assess The M, 8000 and 14 000 LCs are present in cytoplasmic
whether additional isoforms were present. Sequential im- dynein at a ratio of one per IC741¢). Quantitative
munostaining of the whole brain dynein sample using the densitometry of sucrose gradient-purified cytoplasmic dynein
R5270 and R5205 antisera revealed that only single immu-in Coomassie blue-stained gels indicates that there is one
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Bottom Top (Figure 10). No organelles reminiscent of the rp3-positive
HC S CBB elongated structures (see Figure 9) were observed in NRK
cells.
s 74-1
17 DISCUSSION
Tetex1 E—— R5205

In this report, we demonstrate that the protein rp3
originally identified by Roux et al. 30) is a LC of
cytoplasmic dynein. This polypeptide ts55% identical
Ficure 8: Kl-induced dissociation of dynein. Purified cytoplasmic with Tetexd, Vé/hlcg_wehhav_e SlhOV\(Ijn_preVIoulsly _to llje a ?ynem
dynein was treated with 0.6 M Kl to dissociate the complex into cOmponent16). Biochemical and immunological analyses

discrete subparticles and sedimented through -2 KI- of these two proteins have revealed several intriguing
containing sucrose gradient. Fractions were electrophoresed infeatures. First, these polypeptides are differentially expressed

5—15% acrylamide gels and either stained with Coomassie blue jn hoth a tissue-specific and a cell type-specific manner.

or blotted to nitrocellulose. The panels show the Coomassie blue- : :
stained HC and immunoblots of identical fractions probed to reveal Second, these LCs are associated with IC74 andii8900

IC74 (antibody 74-1), Tctexl (R5205), and thé 8000 LC LC and thus define within the cytoplasmic isozyme an IC/
(R4058). The HC sedimented at12 S, whereas IC74 and both LC complex similar to that found in flagellar outer arm
LC species were present in the upper portion of the gradient. Note dynein. Third, immunofluoresence analysis suggests that
that KI treatment seriously affected the immunoreactivity of both p3_containing dynein specifically marks an elongated struc-
theM, 8000 LC and rp3; in the latter case our antibody could detect : : .
no signal even following very prolonged exposure. ture in both gllal_(ollgodendrocytes) and neur(_)nal (3104)
cells but not in kidney cells. Finally, the dynein particles
with which these two LCs associate appear to elute under
different conditions from microtubules, suggesting that they

8 kD LC - B R4058

Table 1: Stoichiometry of IC74 within Cytoplasmic Dyngin

relative copies per ) - - .
component stoichiometry dynein particle may define functionally distinct subsets of cytoplasmic
HC 1.00 2 dynein.
IC74 113, 1.14,1.17 2 Considerable heterogeneity in cytoplasmic dynein polypep-

D , — ; . tides has been observed for the HCs, ICs, and LIOs {3,
etermined by quantitative densitometry of sucrose gradient- . - . .

purified cytoplasmic dynein in Coomassie blue-stained gelalues 14, 17-21). By identifying rp3 as a cytoplasmic dynein LC,
are quoted relative to the HCs. we now extend that concept to include at least one of the
three LC classes so far identified within this dynein motor
complex. However, in this case no alternatively spliced or
phosphorylation variants were observed following two-
dimensional electrophoresis. This suggests kat4 000

LC activity is modulated only by the incorporation of

copy of IC74 per HC (Table 1). Therefore, individual dynein
particles contain two copies of the HC, IC74, and both LCs.
To assess whether members of the Tctexl LC family
interact with similar or distinct cargoes within the cell and ~ ; . ) :
to further address whether these proteins are indeed presel‘g'ﬁer_ent polypeptides into d|scretg subsets .O.f Cytoplasmlc
in a cell type-specific as well as a tissue type-specific fashion, dYN€in rather than by posttransiational modification.
the R5205 and R5270 antibodies were used to investigate Recently, we found that@hlamydomonagagellar outer
the location of Tctex1 and rp3 in three rat cell types: normal &m dynein LC (and its murine homologue Tctex2) were
kidney fibroblasts (NRK), brain oligodendrocytes, and the distantly related to Tctex1/rp2§). Moreover, at least in
B104 neuronal cell line. For both brain-derived cell lines, ChlamydomonasTctex1 is associated with both cytoplas-
no Tctex1 staining over background was observed, consistenfMiC dynein and one of the flagellar inner am®2)  The
with the low amount of this protein observed in whole brain current databases contain several additional sequences, from
following immunoprecipitation (Figure 6). In contrast, rp3 Mammals  (W64276 and N79692), Caenorhabditis
was present in many punctate perinuclear particles (Figure®l€9angD1009-5 and TOSC12-5), anktypanosoma brucei
9). These particles appeared to coincide with a subset Of(TBU86346>, that share S|_gn|f|cant similarity W|t_h, but are
those stained to reveal IC74 of cytoplasmic dynein. The clearly distinct from, various members of this family.
rp3-positive puncta were not stained by either wheat germ Together, these observations sugg(_est the_ existence of an
agglutinin or the dye LysoSensor. Thus, they do not appear€Xtensive group of related LCs associated with both flagellar
to derive from the Golgi or to represent acidic membrane- @nd cytoplasmic dyneins. It will be of great interest to
bounded organelles. determine whether these other proteins also are cytoplasmic
The rp3 protein was also present in elongated structures.dynein components perhaps expressed only in specific cells
The latter were observed in the layer of cytoplasm above OF tissues and/or. if some represent unrecognized components
the nucleus and in some cases appeared to align along th®f flagellar dyneins.
microtubules present in this region for at least part of their ~ Previously, Roux et al.30) demonstrated that the amount
length. These elongated structures were observed in bothof rp3 message varied considerably between tissue types.
formaldehyde- and methanol/acetone-fixed cells. It is pos- Specifically, they found large amounts of message in brain
sible that these structures derive from microtubule minus end-and retina but lesser amounts in many other tissues. At the
directed membranous organelles such as recycling endofrotein level, we observed the most rp3 (on a per dynein
somes. Another possibility is that they represent vesicles basis) in liver and brain and the least in the testis enzyme.
involved in endoplasmic reticulum to Golgi trafficking.
In the kidney-derived NRK cell line, both Tctex1 and rp3 4 Ngither the W64276 nor the N79692 sequence tags encode full-
were found in multiple puncta throughout the cytoplasm length proteins.
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Ficure 9: Localization of the rp3 LC in neuronal cells. The upper row¢a shows three frames from a confocal z-series through a
formaldehyde-fixed B104 neuronal cell double labeled to reveal rp3 (green) and microtubules (red). The optical sections derive from near
the substratum (a), the central portion of the cell (b), and the region of cytoplasm on top of the nucleus (c). Below (d, €) are the individual
channels for the section shown in (a) to more clearly reveal the punctate perinuclear distribution of rp3. The origin of the rp3-positive
elongated structure located above the nucleus in (c) is unclear at present. The seal2Oyamn.

rp3 (R5270) Tetex1 (R5205)

Ficure 10: Localization of rp3 and Tctex1 in NRK cells. Immunofluoresence microscopy of kidney-derived NRK cells stained with antibodies
R5270 and R5205 to identify the rp3 and Tctex1 LCs, respectively. Both LCs were found in numerous punctate structures located throughout
the cytoplasm. The contrast on these images has been adjusted to maximize signal intensity. However, Tctex1 staining was considerably
more intense than that observed for rp3. The scale=had um.

The large amount of rp3 message in brain presumably is athat the rp3 protein is expressed in a developmentally
reflection of the considerable quantity of dynein motor regulated fashion as are the various isoforms of ICZ4. (
present in this organ. More importantly, Roux et al. observed Intriguingly, message for Tctex1 in brain is regulated in the
a very significant difference in the amount of rp3 message opposite fashion to rp3, being highly expressed only during
present in adult vs fetal brain, raising the exciting possibility fetal development and for a few days post partuid).(
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Previous electron microscopic studies of dyneins contain- is highly reminiscent of the signals observed with other
ing truncated HCs have led to a generic model of the dynein cytoplasmic dynein-specific antibodies which demonstrate
particle where the C-terminal portion of the HCs comprises that this motor associates with lysosomes, endocytic vesicles,
the globular heads with the N-terminal region corresponding and possibly also mRNA-containing granules (elé., 56,
to the stems of the compleX%; reviewed in ref46). For and57). Importantly, the staining observed for each LC was
cytoplasmic dynein, the LICs have been found to interact cell type-dependent: only rp3 was found in brain-derived
directly with the HCs 13) and have been predicted to bind cells whereas both LCs were present in the kidney NRK line.
toward the base of the particléq) although there is as yet These observations strongly support the differential expres-
no direct evidence for this localization. However, recent sion of these proteins deduced from immunoprecipitation
immunoelectron microscopic studies have placed IC74 at theexperiments. Intriguingly, in both B104 cells and oligoden-

base of the soluble dynein comple83] as was found
previously for the related IC69 within théhlamydomonas
outer arm 48). Structural and subfractionation studies of
flagellar outer arm dyneins from several organisms have
defined a basal component comprising two 1Cs-Gf0—80
kDa and several chains of less thas22 kDa, including
multiple copies of thé/; 8000 LC @1—43, 49, 5Qreviewed
in ref 51). Here we demonstrate that, in mammalian
cytoplasmic dynein, both thd, 8000 LC dimer and at least
one member of the Tctex1 LC family (Tctex1) cofractionate
with 1C74 following dissociation of the enzyme by the
chaotrope KI. The cytoplasmic dynein particle has previ-
ously been reported to contain either two or three copies of
IC74 (52—-55). The densitometry reported here strongly
supports the lower value. This analysis indicates the
presence of an IC/LC complex within cytoplasmic dynein
containing two copies each of IC74 and thk 8000 and
14 000 LCs (the location of thil, 22 000 LC is unknown
at present) and further underlines the structural similarities
between the cytoplasmic isozyme and the flagellar outer arm.
We were unable to determine directly the intradynein

drocytes the rp3 antibody strongly stained an elongated
structure situated along microtubules in the cytoplasm above
the nucleus. This structure was not observed with Tctex1
nor was it found in the NRK cell line. The origin of this
structure remains unclear at present. However, its presence
in two distinct neural cell types and its identification
following both formaldehyde and methanol/acetone fixation
would argue against an artifactual origin. This structure is
not stained by wheat germ agglutinin or by LysoSensor and
thus does not appear to represent the Golgi or lysosomes; it
is possible that it originates through the coalescence of minus
end-directed organelles.

In conclusion, we demonstrate here that Tctex1 and rp3
define a family of differentially expressed cytoplasmic dynein
LCs. Further detailed study of dyneins containing either or
both of these proteins will allow their role in cytoplasmic
dynein activity to be determined.
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