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Introduction

Microtubule-based motor proteins are utilized to move and position a wide range of
organelles and protein complexes in cells [1-3]. The members of the kinesin superfamily are
responsible for movement of cargo toward microtubule plus-ends. Cytoplasmic dynein is the
major microtubule-based motor protein for cargo transport toward microtubule minus ends
[4]. Cytoplasmic dynein is a large protein complex (~1.5 MDa) composed of six subunits,
all of which are present as dimers [5, 6]. The largest subunit, the heavy chain (DYNC1H)
has distinct head and tail domains. The head contains the motor with the microtubule
binding and ATP hydrolysis domains that generate movement along microtubules [7]. The
other five subunits, the intermediate chain (DYNCLI, IC), the light intermediate chains
(DYNC1LI, LIC), and three light chains, roadblock (DYNC1LRB), LC8 (DYNC1LL), and
Tctex (DYNCLLT) and bind directly or indirectly to the heavy chain tails and comprise the
cargo binding domain [6, 8, 9].

One important characteristic of cytoplasmic microtubule based transport is that there are
many kinesin motor genes but only one gene for the cytoplasmic dynein motor. Mammals
contain approximately forty five kinesin genes that can be grouped into fourteen classes [1].
This provides a large choice of motors for the transport of specific cargos toward
microtubule plus ends. In contrast there is a single gene for the cytoplasmic dynein motor
(although there are approximately sixteen genes for the axonemal dynein motors that move
flagella) [9, 10]. The cargos cytoplasmic dynein moves toward microtubule minus ends
include viruses, protein complexes such as mitotic check point proteins, cytoskeletal
filaments including intermediate filaments and microtubules, and most membrane bounded
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organelles including endosomes, lysosomes, mitochondria and nuclei [4, 6]. Since there is a
single microtubule-minus end based motor, it is important to identify the mechanisms that
allow cytoplasmic dynein to be differentially regulated to accomplish its many diverse
functions. One hypothesis is that isoforms of the non-motor subunits contribute to dynein
cargo specific regulation. There are two genes for each of those five subunits in vertebrates
[9]. The light chains were hypothesized to link various proteins to cytoplasmic dynein, but
structural studies showed that most of the putative binding partners bind to the light chains
at their intermediate chain binding domains and thus compete for binding to the intermediate
chains [6, 11]. There is also evidence that the light intermediate chains and intermediate
chains specify individual dynein roles in cultured cells [6]. This review will focus on the
role of different isoforms of the cytoplasmic dynein intermediate chain in dynein function
and regulation.

Domains of the vertebrate intermediate chains

The intermediate chain (DYNCLI) has a scaffold role in the dynein complex (Figure 1). It
binds directly to four of the other five subunits, the heavy chain and the three light chains.
The intermediate chain also binds components of several dynein regulators, including the
p150 subunit of dynactin, NUDE (which interacts with Lis1), Huntington, ZW-10, and the
La RNA chaperone protein [3, 12]. The intermediate chain's C-terminus contains seven WD
repeats which are thought to form a beta propeller structure, and this region is necessary for
binding to the tail of the heavy chain. Mapping studies using heavy chain fragments suggest
that the binding regions for the light intermediate chains and intermediates are close to one
another or overlap [13]. A point mutation in the intermediate chain binding region of the
mouse heavy chain results in age dependent motor neuron neurodegeneration and other
neurological defects [14, 15]. The mutation lowers the affinity of the heavy chain for the
intermediate chain and alters dynein motor function [16].

The N-terminus of the intermediate chain contains a coiled-coil region involved in binding
to the p150 subunit of dynactin [17]. NUDE(L)/Lis1 also bind to this region. Current data
indicate that the binding of the two regulator complexes to the intermediate chain is
mutually exclusive, with binding to the p150 subunit of dynactin being favored [18]. This
region also contains the binding site for a pan IC antibody (74.1), and the antibody competes
with p150 for binding to the intermediate chain. This provides the basis for the ability of the
antibody to block some dynein functions [18-20].

Just downstream of the intermediate chain coiled-coil are two domains that can be removed
by alternative splicing and a serine rich region. Next are the binding sites for two of the light
chain families, the LC8 (DYNLL) and Tctex1 (DYNLT) families, which bind as
homodimers to an intermediate chain dimer [21-23]. The binding region for the roadblock
light chain family is more C-terminal and is located just upstream of the first WD repeat
domain [24, 25]. The dimerization domain of the rat intermediate chain was identified using
independent biochemical and structural analytical techniques and it was found to be
immediately N-terminal to the roadblock light chain binding region [11, 24]. Studies using
over-expression of intermediate chain truncation mutations indicated that mammalian
intermediate chain dimerization did not require the binding of any light chains. However,
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structural studies of the Drosophila intermediate chain in vitro found that dimerization
required light chain binding and that the roadblock binding site partially overlapped with the
proposed intermediate chain dimerization domain [26]. These results, and differences in the
alternative splicing pattern of Drosophila mMRNA, suggest that that some subdomains of the
intermediate chain may not be well conserved among higher and lower eukaryotes.

Alternative splicing generates intermediate chain isoforms

There are two intermediate chain genes in vertebrates and both undergo alternative splicing
at two conserved splicing sites in their N-termini. In the rat this results in three protein
isoforms from each gene [17, 27-29]. In Drosophila, at least ten isoforms are produced by
the single gene [30]. Recently a systematic survey of vertebrate alternative splicing was
performed in the mouse [31]. This study identified eleven potential intermediate chain
protein isoforms, five 1C-1 isoforms and six 1C-2 isoforms. Splicing in the mouse
intermediate chain genes occurs at the same locations as that observed in rat intermediate
chains, but in the mouse the size of the two spliced regions is variable. Interestingly, eleven
different IC-2 mRNAs were identified. The 1C-2 gene has two different promoters and first
exons, but since the first exon does not contribute to the protein coding sequence, only six
different 1C-2 protein isoforms are produced. The presence of two different promoters
suggests another potential point for regulation of the I1C-2 isoform expression.

The intermediate chain isoforms have different tissue and cell expression patterns [28, 29,
31, 32]. One IC-2 isoform, IC-2C, is found almost in all cell types and tissues and it is often
the only isoform found in cultured cells such as fibroblasts [27]. Although the IC-2B
isoform is commonly found in most rat organs, to date it has only been found in cultured
neurons and neuroblastoma cell lines [27, 28, 33]. The IC-1 isoforms are found primarily in
mouse and rat brain tissues, although 1C-1C is also detected in ovary and testis [28, 31].
IC-1 and IC-2 mRNAs that encode the full length proteins were found only in brain, and
then only at very low levels, suggesting that there is little full length intermediate chain
protein in cells. Four intermediate chain isoforms are found in cultured rat embryonic
hippocampal and cortical neurons [29].

The expression of the intermediate chain isoforms is regulated during brain development
[27-29]. At ages earlier than embryonic day 13 in the rat (E13) only IC-2C, the sole isoform
found in fibroblasts, is observed. With increased time in development the presence of 1C-2B
is observed. Later in embryonic development, the IC-1 isoforms are also expressed.
However 2 dimensional gel analyses of the isoforms show that it is not until five days after
birth that adult protein levels are observed. Interestingly, a similar, albeit simpler, pattern is
observed during nerve growth factor induced differentiation of rat pheochromocytoma,
PC12, cells. Upon addition of nerve growth factor, cell division stops and the cells extend
long neurite like processes. Within 24 hours of nerve growth factor addition, the
intermediate chain isoform expression pattern changes from primarily IC-2C to
predominantly 1C-2B [33].

The six isoforms of the rat intermediate chain are capable of forming all combinations of
homo-and hetero-dimers when they are over-expressed in cultured cells [24]. Further
evidence that the intermediate chains can heterodimerize was obtained from studies on
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dynein isolated from a mouse model which has a “knock-in” of 1C-1 with GFP (green
fluorescent protein) and the FLAG epitope tag located at the C-terminus [34]. When dynein
complexes containing 1C-1 were immune-purified with antibodies to FLAG, 1C-2 was also
detected in the purified dynein sample. The functional significance of intermediate chain
heterodimer formation is unclear. It has been hypothesized that heterodimer formation of by
a dynein subunit will increase the number of potential dynein motor subtypes available for
cargo-binding specificity. It could also allow for multiple forms of dynein regulation on an
individual cargo. Structural and biochemical studies indicate that homodimers of the light
chains bind to dimers of the intermediate chains and that all six light chains can bind the six
rat intermediate chains [11, 23].

Dynein complexes with different intermediate chain isoforms have distinct functions in

neurons

The mRNA and protein expression patterns indicate that dyneins with different intermediate
chain isoforms cannot be important for differential dynein regulation or cargo binding in
fibroblasts, as these cells express only one isoform, but the various intermediate chain
isoforms may be important for regulation of dynein function in neurons or other
differentiated cells. Neurons are highly polarized cells and their long axons are particularly
dependent on motor protein transport of material for axon growth and survival. Neurological
defects are often the first phenotypes to be observed when dynein or kinesin is mutated in
mouse and Drosophila Suggesting that the long distance transport in axons pushes the motor
proteins’ capacities to their limits [14, 15, 35-39].

Anterograde transport

Axons have their microtubule plus ends pointing to axon terminals, and the microtubule plus
end directed kinesins are responsible for delivering the cargos necessary for growth and
maintenance of the axons. Dynein complexes must be transported into the axon in order to
be positioned at the terminals to move material back to the cell bodies in retrograde
transport. Axonal dynein cargos include the signaling endosomes necessary for survival as
well as lysosomes and other organelles targeted for degradation. The transport of dynein
complexes in the anterograde direction in axons was studied in optic nerves of adult rats.
Cytoplasmic dynein complexes containing 1C-2C were found in anterograde fast axonal
transport, in association with membrane bounded organelle cargos transported by members
of the kinesin family [20, 40, 41]. Interestingly, dynein complexes containing the other three
intermediate chain isoforms were found in slow component b with the “cytosolic” proteins
[40, 41]. These data indicate that neurons can distinguish dynein complexes with different
intermediate chain isoforms and target them in different ways, most likely for different
functions. One attractive hypothesis is that dynein with 1C-2C is found on membrane
bounded organelle cargos moving rapidly in the anterograde direction in order to provide
those organelles with a reverse motor in case obstructions or other obstacles to movement
are encountered. Dynein complexes containing the other isoforms would be recruited for
regulated retrograde transport such as endocytosis.
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Cargo specificity

Live cell imaging of fluorescent protein-tagged intermediate chain isoforms was used to
characterize the properties of dynein complexes with different intermediate chains in
neurons. When fluorescent protein-tagged 1C-1B and 1C-2C were transfected into cultured
embryonic hippocampal neurons and imaged with fluorescence microscopy the intermediate
chains were concentrated in small (1-2 pixels) puncta indistinguishable from puncta
observed with markers for membranous organelles [27, 42, 43]. Two experiments
demonstrated that the puncta observed with fluorescent intermediate chains identify dynein
complexes. When dynein complexes were isolated from cell lines with stable expression of
the 1C-2C GFP, all the IC-GFP co-purified with the dynein complex [43]. Second, when the
motility properties of the fluorescent puncta in axons of hippocampal neurons transfected
with fluorescent intermediate chains were analyzed, they were comparable to those of
fluorescent puncta in axons of cultured neurons from the mouse model with knock in of IC-1
tagged with GFP and FLAG [34].

When the distributions of two fluorescent intermediate chains, IC-1B and IC-2C, were
compared to those of organelle markers, it was observed that dynein complexes with
different intermediate chains co-localized with different organelles. Dynein complexes
containing 1C-1B were more likely to co-localize with organelles containing the
transmembrane neurotrophin receptor kinase, TrkB (signaling endosomes), and Rab7
containing endosomes than dynein complexes containing IC-2C [42, 43] Dynein complexes
containing 1C-2C were more likely to co-localize with mitochondria [42]. A low level of co-
localization of the three organelles with the other intermediate chain was observed. This
could be due to over-expression/transfection artifacts. Alternatively, it maybe evidence for a
small level of heterodimerization of the intermediate chains. The co-localization of I1C-1
with Trk containing signaling endosomes was also verified by biochemical methods. No
IC-2 was found when the intermediate chain composition of Trk containing organelles
immuno-purified from rat brain was characterized. These data demonstrate that dynein
complexes with different intermediate chains have responsibility for different cargo
transport in neurons.

Dynactin is a large protein complex that binds dynein and microtubules and is an important
adaptor linking dynein to many cargos. Several proteins have been identified that bind to
various dynactin subunits and thus recruit dynactin to different organelles, including RILP,
Bicaudal, Milton/Trak, and ZW10 reviewed in [3]. Two over-expression assays have been
developed to dissect the role of dynein binding to dynactin for transport in vivo. Over-
expression of the dynamitin (p50) subunit of dynactin causes the release the p150 subunit
from dynactin. Since the dynein intermediate chains bind to p150, dynein is released from
its cargo and dynein based motility is inhibited [44]. CC1 (coliled-coill) is the region of
p150 responsible for binding the intermediate chain [45]. Over-expressed CC1 competes
with the full length p150 subunit for binding to the intermediate chain and thus prevents
dynein from binding to an intact dynactin complex and thus to cargo, inhibiting dynein
based motility. Over-expression of CC1 in neurons has different effects on the movement of
dynein containing the 1C-1B and IC-2C isoforms (Smiley et al. Abstracts of the Annual
Meeting of the American Society for Cell Biology, 2014). The motility of dynein containing
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IC-2C is inhibited in the presence of CC1. However, there is no inhibition of the motility of
dynein containing IC-1B. These results confirm the established model that binding to
dynactin is required for the motility when dynein contains 1C-2C. However the data further
suggest that dynein complexes containing IC-1B do not require intermediate chain binding
to p150 to associate with cargo or for motility.

Functional roles of phospho-intermediate chain isoforms

Phosphorylation is a common protein regulatory mechanism. There is considerable evidence
that multiple dynein subunits are phosphorylated in vivo, and that phosphorylation is a
component of dynein regulation [12, 20, 46-49]. Two dimensional gel analyses demonstrate
that the neuronal intermediate chain isoforms are phosphorylated [28, 29, 33]. Nerve growth
factor (NGF) triggers a differentiation pathway in PC12 cells, which then extend long
neurite processes, and NGF also induces increased phosphorylation of PC12 cell dynein
intermediate chains [33]. Neurotrophins, such as nerve growth factor, are also required for
the survival of some neurons. The neurotrophin binds to its receptor tyrosine kinase, Trk,
and the receptor and ligand are internalized as a signaling endosome. The endosome is
transported toward microtubule minus ends and the nucleus where signal transduction
pathways promote gene expression [50].

Neurotrophin signaling and endosome formation were used as a model system to investigate
the role of intermediate chain phospho-isoforms for dynein regulation [42]. A
phosphorylation site on dynein containing 1C-2 (S81) from PC12 cells and a conserved site
on IC-1 (S80) on dynein from neurons were identified by mass spectrometry. Upon addition
of nerve growth factor, a time dependent increase in 1C-2 S81 phosphorylation was observed
with a phospho-site specific antibody. Increased phosphorylation of 1C-1 S80 was also in
cultured cortical neurons after addition of brain derived neurotrophic factor (BDNF). An
inhibitor of the Trk kinase activity blocked IC phosphorylation. The intermediate chain
kinase was identified as a member of the MAP kinase family, ERK1/2, a major downstream
effector of the Trk kinase [50]. These observations demonstrated that intermediate chain
phosphorylation levels are modulated by extracellular signals.

When phospho- and dephospho-mimetic mutants of 1C-1B S80 were transfected into
cultured hippocampal neurons, the dephospho-mutant showed significantly reduced co-
localization with Trk containing signaling endosomes, and the same result was obtained with
IC-2C S81 mutants in PC12 cells. In biochemical studies it was found that inhibition of the
ERK kinase led to decreased levels of intermediate chain (and less phospho-IC) co-purifying
with Trk containing organelles. These data are consistent with the hypothesis that
intermediate chain phosphorylation on this serine increases dynein binding to the organelle.
Interestingly, the IC-2C S81 phospho- and dephospho-mimetic mutants co-localized with
mitochondria to the same extent as wild type IC-2C suggesting that this phosphorylation site
is specific for endosomes. ERK is a major downstream effector of the Trk kinase necessary
for cell survival. When the dephospho-mimic IC-1B mutant was over-expressed in in
cultured sympathetic neurons there was decreased cell survival. This supports the hypothesis
that there is decreased dynein binding to and transport of signaling endosomes in the
absence of IC phosphorylation. Importantly, phosphorylation of S81 of 1C-2C had no effect
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on intermediate chain binding to p150, either in a solid phase assay or in a solution assay
[47, 51]. This suggests the presence of a yet to be identified component of the organelle that
discerns the phosphorylation state of the intermediate chain and enhances the binding of
phospho-IC to the signaling endosome in addition to, or independent of, dynactin see Figure
2. [42].

Similar increases in 1C-2C S81 phosphorylation were observed when epidermal growth
factor was added to PC12 cells (Blasier and Pfister unpublished data). In addition, IC-2C
S81 is phosphorylated is response to epidermal growth factor stimulation of mouse
fibroblasts [51]. These data suggest that phosphorylation of this intermediate chain serine by
ERK kinases may be a generic mechanism to recruit dynein for the transport of many
receptor kinase containing signaling endosomes.

Serine and threonine phosphorylation of other IC-2C intermediate chain amino acids has
been implicated in regulating dynein function on other cargos [12]. On kinetochores,
phosphorylation of the 1C-2 T89 stimulated dynein transport to spindle poles mitosis [52].
Phosphorylation reduced binding of IC-2C to p150 in a solid phase assay, but it increased
IC-2C binding to ZW10. The intermediate chain is also phosphorylated on tyrosine during
mitosis [52]. Phosphorylation of IC-2C on S84 also decreased binding of p150 in the solid
phase assay and this was proposed to be the basis for the disrupted membrane bounded
organelle transport observed in vivo [47], but see also [53]. Live cell imaging of S84
phospho- and dephosphomimetic mutants suggests that neither of the two mutants inhibits
dynein, rather they modulate dynein motor activity [54].

A comprehensive study to identify the phosphorylation sites on the dynein intermediate
chains isolated from brain, cultured cortical neurons, and PC12 cells by mass spectrometry
has been performed (Zhang et al in preparation). Six phosphorylation sites (serine and
threonine) were found on IC-2 all of which were in the serine rich region near to the second
alternative splicing site. Eight sites were identified in IC-1. Four of the IC-1 sites, in the
serine rich region, are conserved with those found in 1C-2. However, four of the IC-1
phosphorylation sites are not shared with IC-2, including 1 near the LC8 binding region, 1 in
the IC dimerization region, and 1 at the C-terminus. It remains to be determined if the
identification of unique phosphorylation sites for both IC-1 and 1C-2 are evidence of
differential regulation of IC-1 and IC-2 by phosphorylation. Interestingly none of the
phosphorylation sites found in vertebrate neuronal tissue are conserved in the intermediate
chain sequences of non-vertebrates, although the N-terminal domains of invertebrate
intermediate chains do have serine rich regions.

The cytoplasmic dynein intermediate chain plays a key scaffold role in the complex. It is
also has a major role in communicating with other protein complexes and for dynein
regulation. In neurons cytoplasmic dynein alternative splicing isoforms are developmentally
regulated, transported in different anterograde transport compartments and are involved in
binding to specific classes of organelles for retrograde transport. The cytoplasmic dynein
intermediate chain isoforms are phosphorylation by ERK kinase on a conserved serine in
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response to external signals such as growth factors. This intermediate chain phosphorylation
enhances dynein binding to singling endosomes and their transport to the nucleus for cell
survival. These data support the hypothesis that the intermediate chain isoforms contribute
to the regulation of dynein for specific transport functions.
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Figure 1. Domain map of the rat intermediate chain (IC)
The N-terminus is to the left. The coiled-coil is yellow; The two alternative splicing regions

are red (Al & A2); the dimerization domain is blue, the WD repeats are purple. The binding
regions of the other dynein subunits and the subunits of dynein regulators, NudE and p150

(dynactin), are show above the map.
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Figure 2. Model for Phospho-intermediate Chain Binding to Signaling
A. Dynein binding to the signaling endosomes requires a component in addition to dynactin

to detect changes in intermediate chain phosphorylation state (green box). B. Symbol index:
NT is neurotrophin; SE is signaling endosome. Modified from Figure 10 in [42].
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