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Trk Activation of the ERK1/2 Kinase Pathway Stimulates
Intermediate Chain Phosphorylation and Recruits
Cytoplasmic Dynein to Signaling Endosomes for Retrograde
Axonal Transport
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The retrograde transport of Trk-containing endosomes from the axon to the cell body by cytoplasmic dynein is necessary for axonal and
neuronal survival. We investigated the recruitment of dynein to signaling endosomes in rat embryonic neurons and PC12 cells. We
identified a novel phosphoserine on the dynein intermediate chains (ICs), and we observed a time-dependent neurotrophin-stimulated
increase in intermediate chain phosphorylation on this site in both cell types. Pharmacological studies, overexpression of constitutively
active MAP kinase kinase, and an in vitro assay with recombinant proteins demonstrated that the intermediate chains are phosphorylated
by the MAP kinase ERK1/2, extracellular signal-regulated kinase, a major downstream effector of Trk. Live cell imaging with fluorescently
tagged IC mutants demonstrated that the dephosphomimic mutants had significantly reduced colocalization with Trk and Rab7, but not
amitochondrial marker. The phosphorylated intermediate chains were enriched on immunoaffinity-purified Trk-containing organelles.
Inhibition of ERK reduced the amount of phospho-IC and the total amount of dynein that copurified with the signaling endosomes. In
addition, inhibition of ERK1/2 reduced the motility of Rab7- and TrkB-containing endosomes and the extent of their colocalization with
dynein in axons. NGF-dependent survival of sympathetic neurons was significantly reduced by the overexpression of the dephospho-
mimic mutant IC-1B-S80A, but not WT IC-1B, further demonstrating the functional significance of phosphorylation on this site. These
results demonstrate that neurotrophin binding to Trk initiates the recruitment of cytoplasmic dynein to signaling endosomes through
ERK1/2 phosphorylation of intermediate chains for their subsequent retrograde transport in axons.

signaling endosomes. The retrograde transport of the endosomes
to the cell body by cytoplasmic dynein is essential for the signal-
ing required for axonal and neuronal survival (Heerssen et al.,
2004; Wu et al., 2007). Dynein is also responsible for the retro-

Introduction
Axonal neurotrophin receptor kinases, Trks, play important roles

in neuronal survival (Miller and Kaplan, 2001; Ginty and Segal,
2002; Huang and Reichardt, 2003; Howe and Mobley, 2005).

Upon neurotrophin binding to the Trks, they are internalized in
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grade axonal transport of other cargos including lysosomes, mi-
tochondria, viruses, and neurofilaments (Vallee et al., 2004; He et
al., 2005; Leopold and Pfister, 2006; Uchida et al., 2009). In
addition, cytoplasmic dynein is transported as an organelle-
associated cargo in the anterograde direction (Dillman and
Pfister, 1994; Ha et al., 2008; Hirokawa et al., 2010).
Considerable information is known about the mechanisms
used to regulate binding of kinesin family members to
membrane-bounded organelles, including Trk carrier vesicles for
anterograde transport into the axon (Morfini et al., 2002; Gomes
etal., 2006; Arimura et al., 2009; Ascano et al., 2009; Hirokawa et
al., 2010; Huang et al., 2011). Less is known about the regulation
of cytoplasmic dynein during anterograde and retrograde axonal
transport (Kardon and Vale, 2009; Akhmanova and Hammer,
2010). We used live cell imaging of fluorescently tagged proteins
to study the recruitment of dynein to signaling endosomes in rat
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embryonic neurons and pheochromocytoma (PC12) cells (Ha et
al., 2008). Dynein is a large protein complex with six subunits.
The motor domain is a single subunit (Pfister et al., 2006). Two
of the subunits, DYNCII [the intermediate chain (IC)] and
DYNCILI (the light intermediate chain), have been implicated in
dynein binding to membrane-bounded organelles (Niclas et al.,
1996; Steffen et al., 1997; Vallee et al., 2004; Pfister et al., 2006).
We demonstrated previously that neurons and PC12 cells recruit
different dynein complexes, as defined by their different IC iso-
forms, to Trk-containing organelles. We also found that neuro-
nal dynein was phosphorylated, and that after the addition of
nerve growth factor (NGF) to PC12 cells, the level of dynein IC
phosphorylation increased (Dillman and Pfister, 1994; Salata et
al., 2001).

The Trk receptor kinase is upstream of several major kinase
signaling pathways (Huang and Reichardt, 2003). Therefore, we
sought to determine whether Trk-dependent IC phosphorylation
regulated dynein binding to signaling endosomes. We identified
anovel conserved phosphoserine on IC-1 and IC-2 isolated from
embryonic neurons and PC12 cells and found that the level of
phosphorylation is dependent on neurotrophin and Trk kinase
activity. The ICs are phosphorylated by the MAP kinase ERK1/2,
one of the major downstream effectors of Trk. Live cell imaging
of fluorescent wild-type (WT) and mutant intermediate chains,
and biochemical analyses of purified Trk-containing organelles,
demonstrated that phosphorylation at this site enhances dynein
binding to endosomes, but not binding to mitochondria. These
data reveal a mechanism by which Trk regulates the retrograde
transport of its signaling endosome to promote neuron survival.

Materials and Methods

Cell culture and transfection

Rat pheochromocytoma (PC12) cells were cultured as described previ-
ously (Ha et al., 2008), except that medium for undifferentiated cells was
supplemented with 5% FBS and 10% FCS (Hyclone). For colocalization
studies, PC12 cells were cotransfected with the siRNA nucleotide to the 3’
UTR of the IC-2C gene, TrkA-GFP, and IC-2C-monomeric RFP (mRFP)
wild-type or mutant plasmids by electroporation using Nucleofector Kit
V and program U-029 (Lonza). Approximately two million cells were
used per transfection. Rat embryonic cortical and hippocampal neurons
[embryonic day 17 (E17)-E19, of either sex] were prepared as described
previously (Goslin et al., 1998; Ha et al., 2008) except that the cells were
inverted on 25-mm-diameter coverslips in Neurobasal medium supple-
mented with B-27 and Glutamax (Invitrogen) without glia (Brewer et al.,
1993). Embryonic E17-E19 cortical and hippocampal neurons in sus-
pension were transfected with siRNA oligonucleotides to the UTR re-
gions of IC-1 or IC-2 using electroporation with the Rat Neuron Kit and
setting O-030; ~5.5 million cortical neurons were used per transfection
and were plated for biochemical assays on a 6 cm dish, and 4 million
hippocampal neurons/transfection were plated on two 6 cm dishes con-
taining coverslips. Neurons grown on coverslips for 3—6 d in vitro (DIV)
were transfected with fluorescent-tagged proteins for live cell imaging
using the CaPO, for Mammalian Cells Transfection Kit (Clontech) and
the method used by Jiang and Chen (2006).

Time course of neurotrophin stimulation

PCI12 cells were grown on 6 cm dishes coated with poly-1-lysine. NGF
was added to the medium at 4 nM final concentration, and the cells were
incubated at 37°C for 5-60 min. The dishes were washed two times with
1X PBS and then the cells were incubated on an ice slurry for 5 min in
lysis buffer [50 mwm Tris, pH 8.1, 5 mm EDTA, 150 mm NaCl, 1.0% Triton
X-100, 2 mm PMSF, 10 pg/ml leupeptin and pepstatin, 10 mm benzami-
dine, 1 ul/ml Phosphatase Inhibitor Cocktail IT (Sigma), 20 num calyculin,
and 200 nm staurosporine]. The cells were scraped from the dishes, and
the samples were spun at 4°C for 5 min at 10,000 rpm. The supernatant
was removed and mixed with SDS-PAGE sample buffer. Embryonic cor-
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tical neurons were plated on poly-L-lysine-coated 6 cm dishes at 2.5 X
10° cells/dish. For experiments with growth factor depletion, the dishes
were washed three times in Neurobasal medium with Glutamax, but no
B27 (growth factors), and incubated overnight. The next morning, the
dishes were washed three times with Neurobasal medium only and incu-
bated for an additional 2 h in 3 ml/dish. Then, brain-derived neu-
rotrophic factor (BDNF) at 100 ng/ml final concentration was added for
5—60 min. The cells were washed and lysed as for PC12 cells. The control
dishes did not have medium replacement. For some experiments, the
function blocking anti-BDNF antibody was added at 1 ug/ml to the
overnight and morning growth factor depletion incubations.

Kinase inhibition

PC12 cells were grown on poly-L-lysine-treated tissue culture dishes under
regular culture conditions. The medium was removed and replaced with
fresh serum-free medium containing the appropriate drug or DMSO as
vehicle control, and the dishes were incubated for 30 min at 37°C. Then the
medium was replaced with fresh medium containing both the drug and 4 nm
NGF and incubated for 30 min at 37°C. The cells were lysed and gel samples
prepared as described above. Embryonic cortical neurons were starved as
described above, and after the 2 h incubation in fresh Neurobasal medium,
the appropriate volume of drug or DMSO was added to the dishes. Thirty
minutes later, BDNF was added to the dishes to a final concentration of 100
ng/ml. After 15 min, all of the dishes were washed twice with PBS and lysed as
for PC12 cells. The following kinase inhibitors were used: MAP kinase kinase
1 (MEK1)/MEK2, UO126 (C,gH,(NgS,) at 10 um (Promega) and PD
184352 (C,,H,,CIF,IN,0,) at 1 uM (Santa Cruz Biotechnology); MEK1/
2/5,PD 184352 at 10 um; Trk, K252A (C,,H,,N;0,) at 200 nm; Cdk, rosco-
vitine at 1 um; GSK3, LiCl at 10 mm and AR-A014418 (C,,H,,N,0,S) at 10
mum; PI3K, LY294002 (C,,H,,NO;) at 50 um; protein kinase A (PKA),
KT5720 (C;,H; N;05) at 500 nm; and PKC (@, B, v, 8), GO 6983
(C,6H,6N,05) at 25 nu (all from Calbiochem).

Kinase activation in vivo

The effect of the activation of ERK1/2 on IC phosphorylation in PC12
cells was determined by cotransfecting cells with myc-tagged IC-2C and
either constitutively active MEK [pCMV HA MEKI1 (S218D, S222D)] or
pCMYV HA using electroporation. MEK is the immediate upstream acti-
vator of ERK1/2. Cotransfection with myc-IC-2C was used to compen-
sate for the low efficiency of plasmid transfection into PC12 cells. The
myc-IC-2C in the transfected cells was immunoprecipitated, and its
phosphorylation level was analyzed by SDS-PAGE and Western blotting.

Isolation of membrane-bound organelles

Membrane-bound organelles were isolated from control and NGF-
stimulated PC12 cells using the method of Grimes et al. (1996) (Ha et al.,
2008), except that 20 nm calyculin, 200 nm staurosporine, and 1 wl/ml
Phosphatase Inhibitor Cocktail II (Sigma) were added to the lysis buffer.
Trk-containing organelles were isolated by immunoaffinity and analyzed
by SDS-PAGE and Western blotting as described previously (Ha et al.,
2008). The relative amount of antibody staining on blots was quantified
from high-resolution scans of films with exposures in the linear range of
the signals. The intensities of the bands were quantified and corrected for
background using MetaMorph?7.

Immunoprecipitation, SDS-PAGE, and Western blotting
Endogenous dynein from whole rat brain lysate (either sex) and cortical
neurons, or myc-tagged IC from transiently transfected PC12 cells, was
immunoprecipitated on protein A-Sepharose-4B beads as described pre-
viously, using either 74.1, IC-1, or the 9E10 antibody to myc (Dillman
and Pfister, 1994). SDS-PAGE and Western blotting were as described
previously (Ha et al., 2008).

In vitro phosphorylation

Escherichia coli Rosetta (DE3) pLysS (Novagen) expressing rat IC-2C in
pET 21a were grown, and IC-2C was purified as described previously
(A. K. Pullikuth and A. D. Catling, unpublished observations). Briefly,
bacterial lysates were clarified by centrifugation and loaded onto a 1 ml
HiTrap HP nickel column (GE Healthcare Life Sciences). The IC-2C was
eluted with a linear gradient of 15-500 mm imidazole. Fractions contain-
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Figure 1. Identification of cytoplasmic dynein IC phosphorylation by mass spectrometry. A, Detection of a phosphorylation site on IC-2 in NGF-stimulated PC12 cells. MS/MS spectra analysis for the
phosphorylated peptide EAEALLQSM ®*GLTTDSPIVPPPM ®*S*PSSKis shown. MS/MS was acquired on a triply charged peptide atm/z965.8, corresponding to the singly phosphorylated version of the peptide with
oxidation of both methionines. The fragments at m/z 1023.4 and 512.2 correspond to the singly and doubly charged phosphorylated versions of y9 (bold), respectively. This localized the site of phosphorylation
to the nine C-terminal amino acids. The fragment at m/z 418.2 corresponds to the nonphosphorylated version of y4 (bold). This excluded the four C-terminal amino acids as the site of modification. Therefore,
serine 81(IC-20) is the site of phosphorylation. The phosphorylated serine s indicated with an asterisk. B, Location of the phosphorylation site on the intermediate chain domain map. The two alternative splicing
regions are indicated as AT and A2 (red). The green bar below the domain map shows the position of the neurotrophin-sensitive phosphopeptides found in the IC-28, IC-2C, IC-1B, and IC-1Cisoforms and their
amino acid sequences. The phosphorylated serines are indicated with asterisks. The phosphopeptide does not include the first alternative splice region (white gap in green bar), which is excised from the A
isoforms to make the Band Cisoforms. Further toward the ICN terminus is a coiled-coil region (yellow). Part of this region binds the p150 subunit of dynactin and/or NudE (blue bar above the domain map). There
areseven WD repeats at the C terminus (purple), which mostlikely form a 3-propeller structure and bind the heavy chain. The regions that bind the three light chains are shownin orange above the map. A region
important for intermediate chain dimerization (Dimer; light blue) is also indicated. €, Identification of IC-1 phosphorylation in adult brain by CAD mass spectrometry. CAD MS/MS analysis of phosphorylated IC-1
peptide ETEALLQSIGISPEPPLVPTPM ®*S*PSSK from adult rat brain shows the C-terminal SP serine as the phosphorylated residue. The predicted b- and y-type fragment ions are provided above and below the IC
peptide amino acid sequence, respectively. Observed fragment ions are labeled within the spectrum and are underlined to indicate they were observed. The M label indicates the presence of oxidized
methionine as aresult of the in-gel digestion process. The presence of y4, m/z418, shows that there is no phosphorylated residue on the last four amino acids, PSSK. The low abundance y ion, y5 at m/z 585, lends
evidence that the phosphorylated residue s at the following serine. The y7 at m/z 829, validates that there has been an 80 Da mass shift. Therefore, we conclude that the serine residue in between y4 and y7 has

been phosphorylated. The phosphorylated serine is indicated by an asterisk.
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Table 1. Quantitation of neuronal intermediate chain phosphorylation from mass spectra

Area (ion counts), phosphorylated

Area (ion counts), unphosphorylated Totalarea  Percentage phosphorylation

Source [Cisoform  Peptide

Embryonic neuron  2B/2C EAEALLQSMGLTTDSPIVPPPMS*PSSK  6.53E + 06
Embryonic neuron  1B/1C ETEALLQSIGISPEPPLVPTPMS*PSSK  5.89E + 07
Adult brain 18/1C ETEALLQSIGISPEPPLVPTPMS*PSSK  1.46E + 07

6.02E + 07 6.67E + 07 9.8%
4.03E + 07 9.92E + 07  59.4%
6.12E + 07 7.58E + 07 19.3%

Cytoplasmic dynein from the indicated sources was purified by immunoaffinity and the ICs resolved by SDS-PAGE. The IC bands were treated with trypsin and resulting peptides analyzed by mass spectrometry as described in Materials and
Methods. The phosphorylated and unphosphorylated ion counts for the indicated peptides were calculated and converted to percentage of phosphorylation.

ing IC-2C (200-300 mm imidazole) were pooled and applied to a Q2
anion exchange column (Bio-Rad) and eluted with a linear gradient of
0-450 mMm NaCl. Fractions containing IC-2C were pooled, frozen as
aliquots in liquid nitrogen, and stored at —80°C. Yield was ~0.5-1 mg
per 3 L culture, of which ~50-75% was full-length IC-2C protein. In
vitro phosphorylation reactions were performed essentially as described
previously for MEK substrates (Slack-Davis et al., 2003; Eblen et al.,
2004). Briefly, 450 ng of recombinant IC-2C was incubated with or with-
out recombinant ERK1 (MBL International) in the presence of 25 mm
HEPES-NaOH, 10 mMm magnesium chloride, I mm ATP, and 1 mm DTT
for the indicated times at 30°C.

Reagents

Antibodies. Rabbit polyclonal antibodies were prepared by Biomatik us-
ing peptide antigens, the peptide EAGSQDDLGPLTR for the a-IC-1-
specificantibody, and the phosphopeptide TTDSPIVPPPMS*PSSKSVST
PSE for the phospho-specific antibody, a-pS-IC (the asterisk indicates
the phosphorylated serine). Both antibodies were affinity purified using
their antigenic peptide, except that for the phospho-specific antibody,
antibodies that reacted with the unphosphorylated peptide were first
removed by affinity chromatography with the unphosphorylated pep-
tide. Other antibodies used were as follows: a-pan IC, 74.1, a monoclo-
nal pan anti-intermediate chain (Dillman and Pfister, 1994; Pfister et
al., 1996b); «-IC-2, polyclonal anti-intermediate chain 2 isoform
(Vaughan and Vallee, 1995; Pfister et al., 1996a,b); DF18, a polyclonal
pan Trk (gift from R. Segal, Harvard Medical School, Boston, MA); a-pan
Trk, B3 (Santa Cruz Biotechnology) (Bronfman et al., 2003; Arévalo et al.,
2006); o-Tu, Tu27, monoclonal anti-tubulin (Lee et al., 1990a,b) (gift from
T. Frankfurter, University of Virginia, Charlottesville, VA); a-syn, SY38,
anti-synaptophysin, (Millipore) (Wiedenmann and Franke, 1985);
function-blocking anti-BDNF (Millipore/ThermoFisher; catalog
#AB1513P); a-pERK1/2 (Cell Signaling Technology; catalog #9101);
a-Rab7 (gift from A. Wandinger-Ness, University of New Mexico, Albu-
querque, NM) (Feng et al., 1995); a-rab5 (BD Transduction Laboratories;
catalog #610281); and 9E10, anti-myc (University of Virginia Lymphocyte
Culture Center).

Plasmids. 1C-2C-mRFP, IC-1B-mRFP, TrkB-mRFP, TrkB-GFP, and
constitutively active MEK1 S218D and S222D were described previously
(Catling et al., 1995; Watson et al., 1999; Ha et al., 2008). TrkA in pLP-
LNCX (Clary and Reichardt, 1994) was a gift from Dr. L. Reichardt,
University of California, San Francisco, CA. The TrkA-GFP plasmid was
created by using PCR to add Xhol and EcoR1 restriction sites for inser-
tion into the eGFP vector (Clontech). Rab7-GFP (green lantern)
(Guignot et al., 2004) was a gift from Dr. J. Casanova, University of
Virginia, Charlottesville, VA. Mito-GFP was a gift from Dr. P. Hollene-
beck, Purdue University, West Lafayette, IN. Point mutations of wild-
type IC-2C and IC-1B to make phosphomimic, serine to aspartic acid
(S/D), and dephosphomimic serine to alanine (S/A), mutants were engi-
neered using the QuikChange II Site-Directed Mutagenesis Kit from
Stratagene (Agilent Technologies), and the resulting PCR products were
transformed in XL1-Blue supercompetent cells and sequenced to con-
firm the mutation. For IC-2C mutants, S81A was generated using the
PCR primer GTC CCT CCT CCC ATG GCT CCA TCC TCC, and S81D
was generated using GTC CCT CCT CCCATG GAT CCA TCC TCC. For
IC-1B mutants, S80A used G TGC CAA CCC CTA TGG CTC CCT CTT
CGA AAT, and S80D used G TGCC AA CCC CTA TGG ATC CCT CTT
CGA AAT.

siRNA RNA oligonucleotides were as follows: IC-2 experimental, GACT
GGGTTTTAATACAGGAAGCAAA; IC-2 control, GACGGTTATTACAG
AAGGACGTAAA; IC-1 experimental, AGTACATGTAAGCACAAATTCA

ACC and CCAAGCTCAGGAGAGAGGAAGTGAT; IC-1 control, GGTT
TAAGTGTATTCGTACTGTACT and CCAACTCGAGGGAGAGAAGTG
AGAT.

Live cell imaging

Coverslips with differentiated PC12 cells or primary hippocampal neu-
rons were placed with culture medium in a custom made temperature
control chamber at 37°C (Brook Industries) and imaged with an Olym-
pus IX81 microscope equipped with a 94% neutral density filter and
external exciter and emission filter wheels and internal dichroic filters
(matched sets for GFP and mRFP from Chroma). The shutters, filter
wheels, and camera were coordinated by MetaMorph7 (Photometrics).
For kinetic analyses, single-color time-lapse illumination was used, and
movies of puncta in living axons were collected for 25 s with a 100X lens
(numerical aperture, 1.4) using a QuantEM camera (Photometrics) with
no binning. Exposure times were 100 ms every 0.5 s. Motile fluorescent
dynein puncta were spots with two to three bright pixels. Kinetic analy-
ses, including discrete interval movement velocities between each pair of
movie frames, and excursive movements were calculated as described
previously (Ha et al., 2008). One pixel equaled 0.17 um. The smallest
detectable velocity was 0.3 wm/s.

Colocalization

To determine whether puncta of two fluorescently tagged proteins colo-
calized, fixed material was not used because it was observed that the
smaller dynein puncta (one to two pixels) were often lost during the
fixation. Movies of puncta in living axons were collected as above, except
that a DualView (Photometrics) was used to simultaneously project the
light emitted from the red and green fluorescent proteins on to different
sides of the camera chip. Exposure times were 500 ms in streaming mode.
The images from each side of the chip were aligned and superimposed
with the Splitview analytic module (MetaMorph?7), with manual verifi-
cation of the alignment relative to either the fluorescent axon or a sepa-
rate DIC image of the axon. Individual puncta were manually identified
in each color channel of the combined image. Colocalization of the
puncta was determined by sequentially turning off the display of one
color at a time for every puncta. Partially overlapping puncta were not
counted as colocalized. Adjacent movie frames were examined for veri-
fication if necessary. This method compensated for those axons or neu-
rites with high uniform background of one of the colors and for the range
of puncta intensities observed for both the dynein and the cargo (see Figs.
6, 7). Individual movie frames were cropped and scaled in MetaMorph7;
image Tiffs were arranged for presentation with Photoshop7 (Adobe),
using the Auto Levels, Levels, Brightness, Contrast, or Curves functions,
and labeled with Illustrator CS (Adobe).

To image dynein in axons of hippocampal or cortical neurons with the
expression of endogenous IC reduced by siRNA (transfected at time of
plating), the neurons plated on coverslips were transfected by calcium
phosphate with fluorescent protein plasmids on DIV 3 and imaged on
DIV 4. To analyze dynein in neurites of differentiated PC12 cells, with the
expression of endogenous IC reduced by siRNA, the cells were trans-
fected at time of plating and imaged 4 d after transfection. To image
Rab7-GFP movement in UO126-treated hippocampal neurons, the
transfected cells on coverslips were placed in fresh growth medium and
incubated with UO126 or vehicle control for 30 min before assembly of
the imaging chamber; coverslips were then imaged for 60 min. To image
TrkB-GFP movement in UOI126-treated hippocampal neurons, the
transfected cells on coverslips were placed in fresh growth medium and
incubated with UO126 or BDNF control for 30 min before assembly of
the imaging chamber; coverslips were then imaged for 60 min.
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Figure 2.  Neurotrophin stimulation of cytoplasmic dynein IC phosphorylation. A, Characterization of -pS-IC, an antibody to

the PPMS*PSSK phosphorylation site. Top left lane, Blot of a P(12 cell lysate probed with the phospho-site-specific antibody
(a-pS-1C). Aband corresponding to the IC-2 isoforms was detected by the antibody in lysate. Right lanes, Brainimmunoprecipitate
(IP). Cytoplasmic dynein was immunoprecipitated from a rat brain lysate with 74.1, a pan IC antibody (c-pan-IC), which reacts
with all intermediate chain isoforms. The IP was divided into two equal fractions, and half was treated with lambda phosphatase
(APtase) and the other with buffer as a control (Ctrl). The samples were analyzed by SDS-PAGE and Western blotting. The
phospho-specific antibody detects at least two intermediate chain bands in the control sample, but none in the phosphatase-
treated sample, demonstrating that the antibody is specific for phosphorylated intermediate chains. Molecular weight markers are
indicated on the left of the lane. Bottom, Portions of identical gels probed with the pan-ICantibody, showing that ICis present in
all three lanes. B, Time-dependent stimulation of cytoplasmic dynein IC phosphorylation by the neurotrophin NGF in PC12 cells.
PC12 cells were incubated with NGF for the indicated times (in minutes). Left, Blots of cell lysates were probed with the antibodies
indicated on the right, c-pS-IC, a-pan-ICaas a loading control, and c-pERK1/2, an antibody to the ERK1/2 kinases activated by
phosphorylation. Right, The intensities of the bands were quantified with MetaMorph (in arbitrary units). The a-pS-IC and
a-pERK1/2 intensities from three experiments were averaged, and the means and SEM are graphed with time after NGF addition.
After a short lag, an average 2.3-fold increase in IC phosphorylation was observed within 20 min of the addition of NGF to the cells,
and it remained constant for the duration of the experiment. ERK1/2 was maximally activated within 5-10 min of the addition of
NGF, but the level of ERK1/2 activation deceased after 10 min. Dashed line, pS-IC; solid line, p-ERK1/2. C, Time-dependent
stimulation of neuronal dynein IC phosphorylation by the neurotrophin BDNF. Left, Blots of lysates of cortical neurons probed with
a-pS-IC, ce-Tu, tubulin antibody as a loading control, and c-pERK1/2. C, Control cells grown under standard culture conditions; 0,
cells grown in neurotrophin depleted medium, as described in Materials and Methods; B27, cells to which the B27 supplement was
added to neurotrophin depleted medium (for 60 min). The numbers above the other lanes are the times in minutes after the
addition of BDNF to cells in neurotrophin-depleted medium. The phospho-specific antibody reacts with three to four phosphory-
lated IChands present in the neuron lysates (the resolution of the fastest migrating band varies from 1-2 bands with changesin gel
conditions). Right, The intensities of the bands were quantified with MetaMorph in arbitrary units. The quantified pS-IC and
pERK1/2 intensities from five experiments were averaged, and the means and SEM are graphed with time after addition of BONF.
An increase in IC phosphorylation was observed within 5 min of the addition of BDNF to the cells, and it reached maximum
(2.9-fold) within 10 min. Maximum ERK1/2 activation was observed within 5 min of the addition of BDNF. The extent of ERK1/2
activation remained constant for the duration of the experiment (60 min). Dashed line, pS-IC; solid line, p-ERK1/2. D, A function
blocking antibody to BDNF significantly reduces phosphorylation of neuronal ICs. Blots of neuron cultures grown under different
conditions are shown for control cells grown under standard culture conditions (C), cells depleted of neurotrophin by medium
replacement (0), cells depleted of neurotrophin by medium replacement and the addition of a function blocking antibody to BDNF
(+Ab), and cells grown in medium depleted of neurotrophin then incubated with BDNF for 20 min (BDNF). The blot was probed
with a-pS-IC and a-Tu as a loading control. R.l., Relative intensity. The intensities of the phospho-IC bands in the lanes were
measured with MetaMorph and quantified relative to the level of BDNF-treated cells to demonstrate the effects of the different
growth conditions relative to the level of the neurotrophin-stimulated IC phosphorylation in cells that were depleted of
neurotrophin.
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Survival assay

Sympathetic rat neurons were isolated from
postnatal day 0 (P0)-P2 rat pups (Harlan) as
described previously (Zareen and Greene,
2009). The neurons were cotransfected with ei-
ther IC-1 siRNA scrambled control and mRFP
(control), or cotransfected with IC-1 siRNA
and either IC-1B-mRFP-WT or IC-1B S80A-
mRFP by Lonza nucleofection using the man-
ufacturer’s instructions for the rat neuron
high-viability program. The neurons were plated
in 96-well dishes coated with poly-L-lysine and
laminin and grown in DMEM supplemented
with 10% FBS, penicillin/streptomycin (1 U/ml),
and 50 ng/ml of NGF. Glial contamination was
removed from cultures by adding 5 puMm cytosine
arabinofuranoside on DIV 1. On DIV 3, cells
were washed three times with DMEM and placed
in medium without NGF (in the presence of anti-
NGF) or 20 ng/ml NGF for 36 h. Cells were fixed
with 4% paraformaldehyde at room temperature
for 15 min and then stained with Hoechst 33258
(1 pg/ml; Invitrogen) at room temperature for 5
min. Images of Hoechst staining were acquired
and blinded for unbiased quantification. Dead
versus live neurons were scored as described pre-
viously (Deckwerth and Johnson, 1993). The sur-
vival of control neurons treated with 20 ng/ml
NGF was set to 1, and all other conditions are
relative to this.

Mass spectrometry analysis of PC12 cell
dynein intermediate chains

Dynein was immunoprecipitated from control or
NGF-treated PC12 cells (+ = 1 h) and the sub-
units separated by SDS-PAGE and visualized by
staining with Coomassie blue. Protein gel bands
were excised and digested as described previously
(Zhang et al., 2009). The resulting peptides were
analyzed by liquid chromatography-MS/MS us-
ing an Eksigent HPLC (AB Sciex) coupled to a
QSTAR Elite mass spectrometer (AB Sciex).

Mass spectrometry analysis of embryonic
neuron and adult brain dynein
intermediate chains

Dynein was immunoprecipitated from starved or
BDNF-treated (¢ = 20 min) embryonic cortical
neurons and adult rat brain, and the subunits
were separated by SDS-PAGE and identified by
staining with Coomassie blue. Gel bands were ex-
cised, destained with 50:50 ethanol/0.1% acetic
acid, and subjected to in-gel trypsin digestion as
reported previously (Shevchenko et al., 1996).
After extraction of in-gel digest peptides, the
sample was dried down via SpeedVac and recon-
stituted in 20 ul of 0.1% acetic acid. For each
sample, an aliquot of 5 ul was loaded onto an
irregular C18 (5-20 um) reverse-phase precol-
umn [360 wm outer diameter (0.d.), 75 wm inner
diameter (i.d.); Polymicro Technologies] and
rinsed with 0.1% acetic acid to remove any salts.
For sample analysis by mass spectrometry, the
precolumn was Teflon-sleeve connected to an
analytical reverse-phase HPLC column (360 wm
0.d., 50 umi.d.; Polymicro Technologies) packed
with 7 cm regular C18 beads (5 wm; ODS-AQ;
YMC) with a 5 wm emitter tip. Each sample was
then analyzed by on-line nanoflow RP-HPLC
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Figure3. Identification of neuronal phospho-IC-1and phospho-IC-2 by siRNA and immuno-

precipitation. 4, Characterization of a-IC-1, an antibody specific for the IC-1intermediate chain
isoforms. The first two panels are blots of PC12 cells and embryonic cortical neuron (Neu)
lysates. The first panel was probed with c-pan IC and shows that comparable amounts of
cytoplasmic dynein intermediate chains were loaded in the PC12 cell and neuron lanes. The
second panel is an identical blot probed with the IC-1-specific antibody («-IC-1), and no inter-
mediate chains were detected in the PC12 cell lane. PC12 cells contain only dynein with the 1C-2
isoforms. This demonstrates that the antibody does not cross-react with IC-2 isoforms. Neurons
express IC-1and IC-2 isoforms, and the antibody clearly detects the IC-1intermediate chains in
the neuronal lane. In the third panel (Brain IP), cytoplasmic dynein was immunoprecipitated
from a rat brain lysate with the pan IC antibody (c-pan-IC). The IP was divided into two equal
fractions, and half was treated with lambda phosphatase (APtase) and the other with buffer as
acontrol (Ctrl). The samples were analyzed by SDS-PAGE and Western blotting. The IC-1-specific
antibody detected two intermediate chain bands in the control sample and one in the
phosphatase-treated sample. The top band is likely to be the phosphorylated IC. Molecular
weight markers are indicated on the left of the blot panels. B, IC-1-specific immunoprecipita-
tion. Cytoplasmic dynein containing only the IC-1isoform was purified by immunoprecipitation
with a-1C-1 from BDNF-stimulated cortical neurons. Identical blots of the immunoprecipitate
(IPIC-1) and a cortical neuron lysate (NL) were probed with c:-1C-1and «-pS-IC. Dashes on the
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(Agilent 1100), gradient-eluted into a microelectrospray ionization
source of an Orbitrap mass spectrometer (ThermoFisher Scientific)
equipped with front-end ETD (electron transfer dissociation, an in-house
design). Mass analyses were completed with one high-resolution (60,000
resolution at 400 m/z) full MS scan followed by five each of CAD (collision-
activated dissociation) and ETD data-dependent MS? scans. For ETD exper-
iments, MS? parameters were as follows: 30 ms reaction time, 3 mj/z
precursor isolation window, charge state rejection “on ” for +1 charge state
precursors, 2 X 10° Fourier transform mass spectrometry full AGC target,
1 X 10*ion trap mass spectrometry AGC target, and 2 X 10° reagent target
with azulene as the electron transfer reagent. Data were searched using the
Open Mass Spectrometry Search Algorithm (OMSSA) against a database of
all dynein IC-74 isoforms. Search parameters allowed for a variable modifi-
cation of oxidation at methionine residues; variable modification of phos-
phorylation at serine, threonine, and tyrosine; and specified trypsin cleavage
at lysine and arginine (except before a proline group), with up to two missed
cleavages allowed. Searches were performed with a precursor mass tolerance
of 0.1 amu and a fragment mass tolerance of 0.35 amu. Peptide sequence and
OMSSA phosphorylation site assignments were validated manually from the
raw MS/MS spectra.

Results
Identification of neurotrophin-sensitive dynein
phosphorylation
The primary microtubule-based motor for retrograde axonal
transport is cytoplasmic dynein, a large protein complex with six
subunits. To investigate dynein interactions with signaling endo-
somes, we concentrated on one subunit, the intermediate chain,
because of its central scaffold-like role in the dynein complex (Lo
etal., 2006; Pfister et al., 2006). There are multiple IC isoforms in
vertebrates, the product of two genes and alternative splicing. The
IC-1B, IC-1C, IC-2B, and IC-2C isoforms are expressed in cul-
tured neurons, while only IC-2C and IC-2B are expressed in
PC12 cells (Pfister et al., 1996a,b; Crackower et al., 1999; Salata et
al., 2001; Myers et al., 2007; Kuta et al., 2010). We have shown
that the ICs define dynein complexes with different properties
and functions in neurons (Dillman et al., 1996; Ha et al., 2008).
We have also shown that the ICs are phosphorylated in neurons,
optic nerves, and PC12 cells, and that differentiation of PC12
with NGF resulted in increased IC phosphorylation (Dillman and
Pfister, 1994; Salata et al., 2001).

To determine the functional significance of the IC phosphor-
ylation, we used mass spectrometry to identify the phosphory-

<«

right mark the positions of the bands. The a-IC-1 reacted with two bands in neuron lysates and
inthe a-IC-1immunoprecipitate. Three bands that reacted with c-pS-IC were resolved in the
cortical neuronal lysates. One ce-pS-IC-reactive IC band was detected in the IC-1 immunopre-
cipitate, and it corresponds to the fastest migrating band of the three observed in cortical
neurons; that band is therefore identified as IC-1. ¢, IC-1 depletion with siRNA. Cortical neurons
were transfected with siRNA oligonucleotides to the IC-1 UTR (Experimental) or scrambled
control oligonucleotides (Scrambled). Transfected cells were then lysed on DIV 4, after neu-
rotrophin depletion by medium exchange (—) or with the addition of BDNF to depleted me-
dium for 15 min (+). The a-IC-1 reacted with two bands in the control lanes, but there was
substantial depletion (90%) of the immunoreactivity in the experimental siRNA lanes. The
a-pS-ICreacted with three bands in the control lanes, but depletion of IC-1lead to a reduction
in the amount of the fastest migrating band in the c-pS-IC blot, in agreement with the IC-1
immunoprecipitation (Fig. 3B). D, IC-2 depletion with siRNA. Cortical neurons were transfected
with a siRNA oligonucleotide to the IC-2 UTR (Experimental) or a scrambled control oligonucle-
otide (Scrambled). Transfected cells were then lysed on DIV 4 after neurotrophin depletion (—)
or with the addition of BDNF to depleted medium for 15 min (+). The a-IC-2 (an IC-2-specific
antibody) reacts with two bands in the control lanes, but there is substantial depletion (80%) of
immunoreactivity in the experimental siRNA lanes. There may be band shifting in the presence
of neurotrophin, perhaps the result of phosphorylation. Depletion of IC-2 resulted in a reduction
intheimmunoreactivity of the two slowest migrating bands in the c-pS-ICblot, demonstrating
that these two bands are IC-2 isoforms.
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Figure4. ICphosphorylation requires active Trk and ERK1/2. The indicated kinase inhibitors (both the inhibitor and the
target kinase are listed for clarity) or vehicle control (DMSO) were added to the PC12 cells and embryonic neurons as
indicated, and identical blots of cell lysates were probed with c-pS-IC and a-pan IC or a-Tu as loading controls. The
intensities of the IC bands were measured with MetaMorph and were quantified relative to neurotrophin-treated cells
[relative intensity (R.I.)] to evaluate the efficacy of the inhibitors in reducing the level of the neurotrophin-stimulated IC
phosphorylation. The level of inhibition produced by the MEK inhibitor, U0126, provides an additional calibration between
the different experiments. A-D, PC12 cells. The inhibitors were added to the PC12 cell culture medium for 30 min before
addition of NGF. The cells were lysed 30 min after addition of NGF. A, Addition of NGF increased the level of IC phosphor-
ylation ~1.7 fold over control cells without NGF. Addition of the Trk kinase inhibitor, K252a, blocked the NGF induced
stimulation of IC phosphorylation and reduced the IC phosphorylation level to below that of control cells. U0126, which
blocks the activation of MEK and thus the activation of ERK1/2, also inhibited the neurotrophin stimulation of IC phosphor-
ylation. B, Two structurally unrelated MEK inhibitors U0126 and PD184352 blocked ERK1/2 activation (c-pERK1/2), and
the NGF induced stimulation of IC phosphorylation (c-pS-10). €, Inhibitors of cell cycle kinases (Cdk) and GSK3 did not block
the NGF induced stimulation of phosphorylation. D, Inhibitors of PKCand PI3K, signaling pathways downstream of Trk, and
PKA did not block the NGF stimulation of phosphorylation. E~H, Neurons. Cortical neurons were grown on dishes and
depleted of growth factors. The inhibitors were added to the culture medium 30 min before addition of BONF. The cells were
lysed 15 min after addition of BDNF. E, Inhibitors of the Trk kinase and the MEK ERK activator blocked the BDNF induced
stimulation of IC phosphorylation. Two concentrations of PD 184352 were used to distinguish between ERK1/2 and ERK5.
Inhibition of IC phosphorylation with the lower concentration identifies ERK1/2 as the inhibited kinase. F, Inhibitors of cell
cycle kinases (Cdk), GSK3, and PKC did not block the BDNF-induced stimulation of phosphorylation. G, Inhibition of PKA or
PI3K did not block IC phosphorylation. H, Cortical neurons were grown under regular culture conditions. Left, Blot showing
a comparison of IC phosphorylation levels in control (untreated) cells to cells treated with U0126 for 30 min before lysis.
Right, Blot comparing IC phosphorylation levels in cells treated with either BDNF or U0126 for 30 min before lysis.
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lated amino acid(s) of cytoplasmic dynein
ICs isolated from neurons and PC12 cells.
When the IC of dynein purified from
PC12 cells was analyzed, a tryptic peptide,
EAEALLQSMGLTTDSPIVPPPMS*PS
SK, was found to be phosphorylated (Fig.
1A). MS/MS fragmentation of this pep-
tide indicated that serine 81 was the site of
phosphorylation (marked with an aster-
isk). Brief exposure of PC12 cells to NGF
increased the MS signal intensity for this
peptide threefold to fourfold relative to
ICs from unstimulated cells. This pep-
tide is found in the IC-2B and IC-2C
isoforms. Both isoforms have the first
alternative splice region excised. The pep-
tide is located near the N terminus of the IC,
and about two-thirds of it precedes the first
alternative splicing region (Fig. 1B).

Neurons express both IC-1 and IC-2
isoforms. We next used mass spectrome-
try to characterize IC-1 phosphorylation
in dynein purified from adult rat brain.
WefoundanIC-1peptide, ETEALLQSMG
LTTDSPIVPPPMS*PSSK, that was phos-
phorylated (Fig. 1C). This IC-1 peptide
corresponds to the IC-2 peptide described
above. It is found in both the IC-1B and
IC-1C isoforms, and the phosphorylated
amino acid corresponds to S80 in IC-
1B/C (marked with an asterisk) (Fig.
1B, C). Phosphorylated IC-1 S80 and IC-2
S81 were also found in cultured embry-
onic cortical neurons. By comparing the
signals from the phosphorylated and un-
phosphorylated peptides, we estimated
that in the cultured neurons, ~10% of the
IC-2 and 60% of the IC-1 was phosphor-
ylated, and in adult brain, ~20% of the
IC-1 was phosphorylated (Table 1). No
peptide that could be assigned to IC-1A or
IC-2A was detected by mass spectrometry
of the brain or neuron IC samples, consis-
tent with our previous observation that
they are not expressed in cultured embry-
onic neurons, and their expression in
brain is at low abundance (Pfister et al.,
1996a,b; Kuta et al., 2010). These newly
identified IC phosphorylation sites are
conserved in vertebrates, but are not con-
served in lower organisms.

To investigate the role of the IC phos-
phorylation in the recruitment of dynein
to Trk-containing signaling endosomes,
we prepared a phospho-specific antibody
to the phosphorylation site on the two
ICs. The antibody reacted with the dynein
ICs in PC12 cell lysates (Fig. 2A). It also
reacted with the ICs of dynein immuno-
purified from rat brain, and pretreatment
of the dynein with lambda phosphatase
removed the immunoreactivity. This
characterization of the antibody demon-
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strated that it was specific for the phosphorylated forms of IC-1
and IC-2.

We then characterized the changes in IC phosphorylation lev-
els in response to neurotrophin in PCI2 cells and neurons. In
PC12 cells, it was observed that after an initial lag, within 10-20
min, the IC phosphorylation level had increased 2.3-fold to its
maximal level, and it remained relatively constant for at least 60
min (Fig. 2 B). The effect of BDNF on the phosphorylation level
of the ICs in cultured cortical neurons was also examined. BDNF
is secreted by neurons and thus is found in conditioned culture
medium (Altar and DiStefano, 1998; Chang et al., 2003; Dep-
pmann et al., 2008). To determine whether cortical neuron IC
phosphorylation was stimulated by BDNF, we first depleted the
neurotrophins by replacing the conditioned medium as de-
scribed in Materials and Methods. The phospho-specific IC an-
tibody detected three to four IC bands in cortical neurons grown
under normal culture conditions, and the depletion protocol re-
duced the level of phosphorylation (Fig. 2C). Within 5 min after
the addition of BDNF to the depleted medium, there was an
increase in the phosphorylation levels of the ICs, and by 10 min it
had increased 2.9-fold to its maximal level. As was observed with
PC12 cells, this increase in phosphorylation persisted for at least
60 min. Interestingly, the growth factors present in the B27 neu-
ron medium supplement, including insulin, induced only a 1.3-
fold stimulation of the IC phosphorylation (Fig. 2C). To
determine whether the residual phospho-IC observed in cells de-
pleted of neurotrophin might be due to BDNF secreted into the
medium by the cells, we added a function blocking antibody to
BDNF to the fresh medium. The presence of the antibody in the
growth factor depleted medium lowered the amount of phospho-
antibody staining (Fig. 2 D). This further demonstrated that the
level of IC phosphorylation is sensitive to the concentration of
BDNF in the medium.

Cortical neurons express both IC-1 and IC-2 isoforms, and
axonal TrkB signaling endosomes are transported by IC-1 dynein
(Pfister etal., 1996a,b; Ha et al., 2008). Two approaches were used
to determine whether IC-1 and/or IC-2 isoforms were phosphor-
ylated in response to BDNF. First, we developed an IC-1-specific
antibody (Fig. 3A) and used it to immunopurify dynein com-
plexes containing exclusively IC-1 from rat brain. Two IC-1-
reactive bands were identified in the immunoprecipitate and in
the cortical neuron lysates (Fig. 3B). Three phospho-IC-reactive
bands were found in the lysates, and the phospho-specific anti-
body showed reactivity with one band in the IC-1 immunopre-
cipitate, a band that comigrated with the fastest migrating band in
cortical neuron lysates (Fig. 3B). The identification of the fastest
migrating band as IC-1 was confirmed by depleting cultured neu-
rons of IC-1 with siRNA. When the experimental siRNA oligonucle-
otides were transfected into cultured neurons, they substantially
reduced the expression of the two bands detected by the IC-1-
specific antibody. In the experimental IC-1 siRNA lanes, there were
also markedly reduced amounts of the fastest migrating band de-
tected by phospho-specific antibody, while comparable amounts of
the two slower migrating bands were observed in the control and
experimental lanes (Fig. 3C). These experiments demonstrate that
the fastest migrating band detected by the phospho-specific anti-
body is an IC-1. The two slower migrating bands detected by the
phospho-specific antibody were shown to have reduced levels after
transfection with IC-2-specific siRNA, demonstrating that they are
the product of IC-2 (Fig. 3D). Since all three of these bands show
increased phospho-specific antibody reactivity after the addition of
BDNF, there is increased phosphorylation of both IC-1 and IC-2
isoforms upon the addition of BDNF to the neuronal culture me-
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Figure 5.  ERK phosphorylation of the cytoplasmic dynein IC. A, Constitutively active MEK1
stimulates IC phosphorylation independent of NGF in PC12 cells. PC12 cells were cotransfected
with myc-IC-2Cand constitutively active MEK-HA (C.A. MEKT) or HA-vector (Control). The ICwas
immunoprecipitated from cell lysates with an antibody to myc. Blots of the immunoprecipitates
were probed with a-pS-ICand ce-pan-IC antibody as a loading control. Blots of the cell lysates
were probed with c-pERK1/2 and cx-Tu as a loading control. Cotransfection of IC-2C and C.A.
MEK increased the amount of active ERK in the cell lysates and increased IC phosphorylation in
the absence of NGF. B, ERK1 phosphorylation of IC-2Cin vitro is recognized by the pS-ICepitope.
Recombinant IC-2C was incubated with (+) or without (—) recombinant ERK1and Mg2 + ATP
for the indicated times in minutes. Blots were probed with c-pS-IC. The intensities of the bands
in were quantified with MetaMorph in arbitrary units. Incubation with ERK1 resulted in a time-
dependent increase in the amount of IC phosphorylation detected with the pS-IC-specific
antibody.

dium. These data further demonstrate that the levels of IC-1 and
IC-2 can be specifically depleted in cultured neurons with siRNA.

ERK1/2 and phosphorylation of the cytoplasmic dynein
intermediate chain

We next characterized the effect of kinase inhibitors on the in-
creased IC phosphorylation observed in response to the addition
of neurotrophins. First, we showed that inhibition of the Trk
kinases with K252a blocked the NGF and BDNF induced stimu-
lation of dynein phosphorylation in PC12 cells and neurons (Fig.
4 A,E). This provided evidence that the IC kinase was either Trk
or a downstream effector of the Trk kinases. The ScanSite algo-
rithm (Obenauer et al., 2003) was used to search for motifs within
the IC peptide sequences that were likely to be phosphorylated by
specific protein kinases. The algorithm proposed ERK, cell cycle
kinases, and GSK3 as kinases with the potential to phosphorylate
the ICs on this site. In particular, the IC-1 S80 and IC-2 S81
amino acids fell within an excellent consensus sequence (PXSP)
for phosphorylation by ERK (Songyang et al., 1996).

ERKs, members of the MAP kinase family, are a major down-
stream effector of the Trk kinase. We next inhibited the activation
of ERK1/2 by using UO126 to block the activation of MEK. Since
MEK must be activated to activate ERK, this compound blocks
the activation of ERK (Fig. 4B). We found that this inhibitor
prevented the stimulation of IC-2 phosphorylation by NGF in
PC12 cells and the stimulation of IC-1 and IC-2 phosphorylation
by BDNF in neurons (Fig. 4 A, E). In most experiments there was
5- to 10-fold less IC phosphorylation when the inhibitor was pres-
ent. Additional evidence for the involvement of ERK1/2 was ob-
tained by the finding that PD 184352, which is structurally
unrelated to UO126 and inhibits MEK1/2 activation in a different
way (Davies et al., 2000; Bain et al., 2003), also blocked the
neurotrophin-stimulated phosphorylation in PC12 cells and ac-
tivation of ERK1/2 (Fig. 4 B). ERKS5 is the downstream effector of
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Figure 6.  IC dephosphorylation reduces dynein binding to Trk-containing endosomes. A. The dephosphomimic IC-1B S80A
mutation reduces the colocalization of dynein with TrkB in cultured neurons. Cultured embryonic hippocampal neurons depleted
of IC-1 by siRNA were cotransfected with TrkB-GFP and either IC-1B-mRFP WT, dephosphomimic IC-1B S80A, or phosphomimic
mutant IC-1B S80D. Axons of living cells were simultaneously imaged in the GFP and RFP channels with DualView, and the
percentage of overlapping puncta was quantified. The dephosphomimic IC-1B S80A showed significantly less colocalization with
TrkB than WT 1B (*p < 0.02, Student’s t test). Numbers of puncta analyzed were 83 WT 1B and 96 TrkB, 164 S80A and 83 TrkB, and
66 580D and 71 TrkB. The difference between WT 1B and the IC-1B S80D phosphomimic mutant was not significant. B, Imaging the
colocalization of IC-1B with TrkB in axons of cultured hippocampal neurons. The three pairs of panels are portions of single
DualView frames from the movies of axons prepared as described in A with the TrkB and IC-1B signals aligned and the puncta
displayed in reverse contrast. The bottom panel of each pair is the TrkB-GFP portion of the frame, and the top panel of each pair is
the IC-1B-GFP (WT or mutant) portion as indicated. Red arrowheads identify puncta that colocalize. Puncta that showed only
partial overlap or that did not colocalize in all frames are not identified. In these examples, 25% of the IC-1B WT dynein colocalized
with TrkB, 12.5% of the IC-1B S80A colocalized with TrkB, and 25% of the IC-1B S80D colocalized with TrkB. €, The dephospho-
mimic mutation IC-2C S81A has reduced colocalization with TrkA in living PC12 cells. PC12 cells were depleted of endogenous IC-2
by siRNA and cotransfected with TrkA-GFP, and either IC-2C-mRFP WT, dephosphomimic IC-2C S81A, or phosphomimic mutant
IC-2CS81D. Neurites of living cells were simultaneously imaged in the GFP and RFP channels with DualView, and the percentage of
colocalizing puncta was quantified. The dephosphomimic IC-2C S81A showed significantly less colocalization with TrkA than WT
(***p <<0.001, Student's t test). Numbers of puncta analyzed were 187 WT 2Cand 311 TrkA, 200 S81A and 327 TrkA, and 342 581D
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TrkB that promotes neuronal survival
(Watson et al., 2001; Valdez et al., 2005).
To distinguish between ERK1/2 and
ERKS5, we used two different concentra-
tions of PD 184352. While high concen-
trations of the drug inhibit ERK1/2 and
ERKS5, ERK1 and ERK2 are selectively in-
hibited by lower concentrations (Bain et
al., 2007). We found that the lower con-
centration of PD 184352 inhibited the
BDNF-stimulated phosphorylation of
both IC-1 and IC-2 in neurons and IC-2
in PC12 cells, providing evidence that
ERK1/2 is the more likely IC kinase (Fig.
4B,E).

Inhibitors of GSK3 and the cell cycle
kinases, the alternative candidate IC ki-

<«

and 444 TrkA. The difference between the WT IC-2C and the
$81D mutant was not significant. D, Imaging the colocaliza-
tion of IC-2C with TrkA in PC12 cell neurites. The three pairs of
panels are portions of single frames from the DualView movies
of PC12 cell neurites described in € with the TrkA and 1C-2C
signals aligned and the puncta displayed in reverse contrast.
The bottom panel of each pair is the TrkA-GFP portion of the
frame, and the top panel of each pair is the IC-2C-GFP (WT or
mutant) portion as indicated. Red arrowheads identify puncta
that colocalize. Puncta that only showed partial overlap or that
did not colocalize in all frames are not identified. In these ex-
amples, 44% of IC-12C WT colocalized with TrkA, 12.5% of
IC-2B S81A colocalized with TrkA, and 40% of IC-1B S81D
colocalized with TrkA. E, Phosphorylated IC is enriched on
immunoaffinity-purified Trk-containing organelles. PC12 cells
were briefly stimulated with NGF to induce formation of sig-
naling endosomes. The cells were homogenized, and the ini-
tial cytosol (S1) and crude total membrane factions (P2) were
obtained by centrifugation. Trk-containing membranes were
isolated from the P2 by immunoaffinity (Trk IP), and the blots
were probed with c-pS-ICand ae-pan-IC. When the pS-ICand
pan-IC antibody signals in the S1, P2, and Trk-IP lanes were
quantified, a 2.4-fold enrichment of pS-IC associated with the
Trk organelles relative to the S1and P2 was observed. F, The
MEK kinase inhibitor UD126 reduces the amount of dynein as-
sociated with Trk-containing organelles. Top, Blots of equal
volumes of crude total membrane fractions (P2) prepared
from NGF-stimulated control (€) and U0126 (U) pretreated
PC12 cells were probed with a-pS-IC, and antibodies to the
membrane proteins synaptophysin («-Syn) and Trk (a-pan
Trk) were used as loading controls. Treatment with U0126 re-
duced the amount of phospho-ICin the crude total membrane
pellets by 90%. Bottom, Blots of immunoaffinity-purified Trk-
containing organelles prepared from the P2s from control (C)
orU0126 (U) pretreated cells were probed with pan-Trk, pS-IC,
pan-IC, pERK1/2, Rab5, and Rab7 antibodies. Both immuno-
precipitates contain Trk, Rab7, and Rab5. The presence of hoth
Rab5 and Rab7 suggests that the purified signaling endo-
somes are from different stages of the endosome cycle. Acti-
vated ERK1/2 was present in the immunoprecipitate from
control cell membranes, but not the immunoprecipitate from
U0126-treated cells. The position of the antibody used in the
immunoprecipitation is indicated by Ab on the pERK1/2 blot.
U0126 treatment of PC12 cells before the addition of NGF re-
duced the amount of the dynein ICs that copurified with Trk-
containing organelles. Scale bars: 5 wm. Error bars indicate
SEM.
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nases identified by ScanSite, did not block the neurotrophin-
stimulated IC phosphorylation in PC12 cells or neurons (Fig.
4C,F). Inhibitors of PI3K and PKC, components of two other
major Trk-stimulated signaling pathways, also did not inhibit
neurotrophin-stimulated IC phosphorylation in the two model
cell systems (Fig. 4D,F,G). In PCI12 cells, the presence of the
GSK3 inhibitors resulted in a slight stimulation of the IC phos-
phorylation, which was not observed in neurons. The Trk inhib-
itor K252a is known to inhibit PKA. Therefore, to confirm that
PKA did not contribute to IC phosphorylation, we used KT5720,
a PKA inhibitor that does not inhibit Trk kinase, and found that
it did not block the neurotrophin-stimulated IC phosphoryla-
tion increase in PC12 cells or neurons (Fig. 4D, G).

We compared the time course of ERK1/2 activation in re-
sponse to neurotrophin stimulation in PC12 cells and neurons to
that of the IC phosphorylation and observed subtle differences
between the two systems (Fig. 2 B, C). There was a brief lag in IC
phosphorylation relative to ERK1/2 activation in PC12 cells that
was not observed in neurons. Also, the level of ERK1/2 activation
began to decrease gradually after 10 min in PC12 cells but not in
neurons. In both cell systems, IC phosphorylation level was rela-
tively stable for 60 min once the maximal level was reached.

To further demonstrate the role of ERK1/2 in the phosphor-
ylation of the IC, constitutively active MEK1 was transfected into
PC12 cells. It was observed that constitutively active MEK was
sufficient to induce ERK activation and IC phosphorylation in
the absence of NGF (Fig. 5A). When the intensities of the pS-IC
bands were quantified, a 2.2-fold increase was found in the phos-
phorylation of the IC from the constitutively activated MEK
transfected cells relative to the control transfected cells. We next
sought to determine whether ERK1/2 phosphorylation of the IC
was sufficient to generate the epitope recognized by the phospho-
site-specific antibody in vitro. ERK1 and IC-2C were purified
from bacteria and combined in the presence of Mg "> ATP. As
assayed by the phospho-site-specific antibody, ERK1 phosphor-
ylated IC-2 S81 in a time-dependent manner (Fig. 5B). These
results support the evidence that ERK1/2 is responsible for the
phosphorylation of the ICs.

Intermediate chain phosphorylation modulates dynein association
with Trk-containing organelles

We demonstrated previously that IC-2C associated with TrkA in
PC12 cells, whereas in hippocampal neurons, which express four IC
isoforms, IC-1B colocalizes with TrkB-containing signaling endo-
somes to a greater extent than IC-2C (Ha et al., 2008). To examine
the functional significance of the observed neurotrophin-stimulated
IC phosphorylation, we analyzed the distributions of the intermedi-
ate chains and Trks in living cells by expressing fluorescently tagged
Trks and ICs in hippocampal neurons and PC12 cells. After deplet-
ing the cells of the relevant endogenous IC isoform with siRNA (Fig.
3) (Ha et al., 2008), we compared the levels of colocalization of Trk
with the S/D phosphomimic and S/A dephosphomimic mutants
relative to WT IC. In cultured hippocampal neurons, there was no
significant difference in the extent of colocalization of TrkB puncta
with WT IC-1B and IC-1B S80D phosphomimic mutation puncta
(Fig. 6 A, B). However, there was a significant decrease in the level of
colocalization of the S80A dephosphomimic mutant with TrkB. The
decreased Trk colocalization observed with IC-1B S80A was not due
to relative differences in protein expression, as there was no dif-
ference in the densities of fluorescent dynein puncta in axons
between the three IC-1B proteins (Table 2). In PC12 cell neurites,
more than 40% of the IC-2C colocalized with TrkA (Fig. 6C,D). It
was also observed that the IC-2C S81A dephosphomimic mutant
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Table 2. Comparison of the density and retrograde interval velocities of WT IC-1B
and the IC-1B 580 phosphomimic and dephosphomimic mutants

Intermediate chain isoform WT S80A S80D

Mean dynein density (puncta/ 0.090 (0.007) 0.099 (0.007) 0.096 (0.007)
m of axon length) (==SEM)

Mean interval retrograde 0.84(0.02) 0.71(0.01) 0.77 (0.01)
velocity (um/s) (== SEM)

Number of measurements 986 880 1328

Number of puncta 298 328 528

Number of axons 24 27 36

Cultured embryonic hippocampal neurons were transfected with IC-1 siRNA by electroporation, cultured on cover-
slips for 3 d, and then transfected with either IC-1B-mRFP wild-type, dephosphomimic S80A, or phosphomimi
mutant S80D with calcium phosphate and imaged the next day. The siRNA oligonucleotide reduced the amount of
endogenous IC-1 in the cells to minimize WT compensation for mutant phenotypes. There was no significant
difference in the mean puncta density or interval retrograde velocity when the phospho- and dephospho-IC-1B S80
mutants were compared.

puncta were significantly less likely to colocalize with TrkA
puncta compared to WT or the IC-2CB S81D phosphomimic
mutant in PC12 cells (Fig. 6C,D). These results are consistent
with the hypothesis that IC phosphorylation enhances dynein
binding to signaling endosomes.

While there was a significant decrease in the extent of colocal-
ization of the dephosphomimic mutants with Trks, there was
some residual colocalization. To determine whether this was be-
cause the S/A mutants were not perfect mimics, we investigated
the association of dynein with immunoaffinity-purified Trk-
containing organelles (Fig. 6 E). We first quantified the ratio of
intensities of the phospho-IC to the pan-IC. No difference was
observed when the cytosol (S1) and crude total membrane frac-
tions (P2) were compared. However, there was a 2.4-fold enrich-
ment of the phosphodynein associated with immunopurified
Trk-containing membrane-bounded organelles relative to the
cytosol and crude total membrane fraction (Fig. 6 E). We then
compared the amount of phospho-IC on organelles purified
from NGF-treated cells and cells that were pretreated with the
MEK1/2 inhibitor UO126 before the addition of NGF. We found
that pretreatment with UO126 substantially reduced the amount
of phospho-IC dynein found in the crude total membrane frac-
tion (P2) and the Trk-containing organelles (Fig. 6 F). When the
intensities of the pan-IC antibody signals were quantified, we
found that pretreatment of cells with UO126 decreased by 60%
the amount of all ICs copurifying with Trk-containing vesicles
(Fig. 6 F). Most of the decrease in total IC associated with Trk-
containing organelles isolated from UQO126-treated cells was due
to the loss of 92% of the upper, phospho-IC band. Importantly,
there was no compensatory increase in the level of the lower,
dephospho-IC band in the UO126-treated Trk-containing or-
ganelles; rather, there was also a slight decrease (21%) in the
amount of the dephospho-IC band in the UO126-treated Trk-
containing organelles. We also observed that after pretreatment
of cells with the MEK inhibitor UO126, there was almost no
activated ERK1/2 associated with the Trk-containing organelles.

The role of intermediate chain phosphorylation for dynein binding
to Rab7-positive endosomes and mitochondria

The enrichment of phosphodynein on Trk-containing organ-
elles, but not the crude total membrane pellet, suggested that this
phosphorylation site was not used by all classes of membrane-
bounded organelle for dynein recruitment. We therefore ana-
lyzed the colocalization of dynein with two other organelles in
cultured neurons, Rab7-positive endosomes and mitochondria.
We found that in living axons, Rab7 extensively colocalizes with
IC-1B and that the two markers often moved together in the
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Figure 7.  Dynein binding to Rab7-positive endosomes utilizes S80 phospho-IC-1. 4, Rab7-positive endosomes are more likely
to associate with cytoplasmic dynein with the IC-1B isoform, and the dephosphomimic IC-1B S80A mutation reduces the level of
dynein colocalization with Rab7 in cultured neurons. Cultured embryonic hippocampal neurons were cotransfected with Rab7-GFP
and either IC-2C-mRFP, IC-1B WT, dephosphomimic IC-1B S80A, or phosphomimic mutant IC-1B S80D. Axons of living cells were
simultaneously imaged in the GFP and RFP channels with DualView, and the percentage of colocalizing dynein and Rab7 puncta
was quantified. IC-1B is significantly more likely than IC-2C to colocalize with Rab7 (***p << 0.001, Student’s ¢ test). Numbers of
puncta were 176 1C-2Cand 224 Rab7, and 144 1C-1B and 170 Rab7. The dephosphomimic S80A shows significantly less colocaliza-
tion with Rab7 than WT IC-1B (***p << 0.0071, Student’s ¢ test). Numbers of puncta analyzed were 203 IC-1B S80A and 183 Rab7,
and 242 1C-1B S80D and 263 Rab7. The difference between WT and S80D phosphomimic mutant was not significant. B, Live cell
imaging of the retrograde transport of Rab7 by dynein with the IC-1B isoform. Cultured embryonic hippocampal neurons were
cotransfected with Rab7-GFP and IC-1B WT. The pairs of images are aligned portions of DualView frames of a movie taken of an
axon of a living cell, and the white arrowheads point to IC-1B-mRFP (top panel of each pair; red) and Rab7-GFP (bottom panel of
each pair; green) puncta that move concomitantly in the axon. The time intervals between the pairs of images are indicated on the
right. The direction of movement is retrograde (cell body to the left). The velocity of movement of the spot was 0.35 us. C,
Colocalization of Rab7 and IC isoforms in cultured hippocampal neurons. Neurons were cotransfected as described for 4, and
movies of axons of living cells were made with the GFP and mRFP signals collected simultaneously using DualView. The pairs of
panels are from single DualView frames with the indicated IC-mRFP isoform (top of each pair) and Rab7-GFP (bottom of each pair)
signals aligned and the puncta displayed in reverse contrast. Red arrowheads identify puncta that colocalize. Puncta that showed
only partial overlap or that did not colocalize in all frames are not identified. In these examples, 25% of the IC-2C WT colocalized
with Rab7, 50% of the IC-1B WT colocalized with Rab7, 33% of the IC-1B S80A colocalized with Rab7, and 40% of the IC-1B S80D
colocalized with Rab7. Scale bars: 5 wm. Error bars indicate SEM.
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retrograde direction (Fig. 7A—C). When
the extent of colocalization of the IC-2C
and IC-1B dynein intermediate chain iso-
forms with Rab7 puncta was quantified, it
was observed that dynein with IC-1B was
significantly more likely to associate with
Rab7 than dynein with IC-2C (Fig. 7A, C).
We then compared the colocalization of
the IC-1B S80 phosphomimic and de-
phosphomimic mutants with Rab7 and
found that, as for signaling endosomes,
the IC-1B S80A dephosphomimic mutant
was significantly less likely to colocalize
with Rab7-positive endosomes in hip-
pocampal axons when compared to WT
or the S80D phosphomimic mutant (Fig.
7A,C). This demonstrated that IC phos-
phorylation enhances dynein binding to
Rab7-positive endosomes.

We next investigated dynein associa-
tion with mitochondria. It was observed
that dynein with IC-2C was significantly
more likely to colocalize with mitochon-
dria than dynein with IC-1B (Fig. 8 A, B).
We further found that the extent of colo-
calization of dynein with either the IC-2C
S81 phosphomimic or dephosphomimic
mutants with mitochondria was not sig-
nificantly different from that of wild-type
dynein (Fig. 8A,B). These data demon-
strate that phosphorylation of IC-2C S81
is not necessary for dynein binding to mi-
tochondria, and therefore that not all
membrane-bounded organelles use ERK
phosphorylation of the ICs to regulate dy-
nein recruitment.

IC-1 S80 phosphomimic mutants have
similar retrograde kinetics

Our data demonstrated that ERK1/2
phosphorylation was important for dynein
binding to specific types of organelles. We
next sought to determine whether the IC
phosphorylation also modulated dynein ki-
netics by examining the kinetic properties of
dynein complexes with the IC-1B S80A and
S80D mutants in axons. No significant dif-
ference was observed between the velocities
of the phosphomimic and dephospho-
mimic IC mutations, although there was a
small difference between the mean velocities
of both mutants and WT (Table 2). These
data are consistent with the observation that
not all organelles use phosphorylation on
this serine for dynein recruitment. These
data also suggest that IC phosphorylation,
though enhancing dynein binding to Trk-
containing signaling endosomes, had no ef-
fect on dynein motor activity.

The role of IC phosphorylation in
retrograde axonal transport

To examine the role of IC phosphoryla-
tion for dynein function, we used the
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Figure8.  Dynein binding to mitochondria utilizes IC-2 and is independent of S81 phosphor-

ylation. A, Mitochondria are more likely to colocalize with cytoplasmic dynein with the IC-2C
isoform, and the colocalization is not sensitive to IC-2C S81 phosphorylation. Cultured embry-
onic neurons were depleted of endogenous IC-2 by siRNA and cotransfected with Mito-GFP and
either |C-1B-mRFP, IC-2C-mRFP, dephosphomimic IC-2C S81A, or phosphomimic mutant IC-2C
S81D. Axons of living cells were simultaneously imaged with DualView in the GFP and RFP
channels, and the percentage of overlapping dynein and mitochondria puncta was quantified.
IC-2Cis significantly more likely than IC-1B to colocalize with mitochondria (*p << 0.03, Stu-
dent's ¢ test). Number of puncta were 185 IC-2C and 425 mitochondria; 172 1C-1B and 274
mitochondria; IC-2CS81A, 105 dynein, and 240 mitochondria; and IC-2C S81D, 276 dynein, and
376 mitochondria. There was no significant difference in colocalization with mitochondria be-
tween WT IC-2C and either mutant (Student’s ¢ test). B, Colocalization of mitochondria and
IC-2Cdynein in cultured hippocampal neurons. Neurons were cotransfected as described in 4,
and movies of axons of living cells were made with the GFP and mRFP signals collected simul-
taneously using DualView. The pairs of panels are from single DualView frames with the indi-
cated IC-mRFPisoform (top of each pair) and Mito-GFP (bottom of each pair) signals aligned and
the puncta displayed in reverse contrast. Red arrowheads identify puncta that colocalize. Puncta
that only showed partial overlap or that did not colocalize in all frames are not identified. In
these examples, 14% of the IC-1B WT colocalized with mitochondria, 50% of the 1C-2C WT
colocalized with mitochondria, 20% of the IC-2C S81A colocalized with mitochondria, and 33%
of the IC-2C S81D colocalized with mitochondria. Scale bars: 5 m. Error bars indicate SEM.
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Table 3. The effect of ERK1/2 inhibition on TrkB and Rab7 transport and
colocalization with dynein

TrkB Rab7
Control ~ U0126 u/C
0.1(0.01) 0.13(0.01) 1.30 0.14(0.01)

uo126  U/C
0.2 (0.01) 1.43

Control

Mean dynein density (punc-
ta/pum of axon length)

(*=SEM)“

Excursive motility (% of total  17.8 (2.1) 10.8(1.2) 0.61 13.1(24)  53(1.3) 0.40
puncta) (= SEM)®

Retrograde motility (% of 10.7(1.6)  59(1.5 055 10.2(2.0) 3.6(1.0) 0.35
total puncta) (2= SEM)*

Number of puncta 326 273 489 467

Number of axons 37 18 28 20

Colocalization with IC-1B (%  21.7(5.7) 5.9(2.0) 027 54.6(48) 424(3.2) 0.78
puncta) (= SEM)“

Number of 1B puncta 83 532 144 495

Number of cargo puncta 9% 489 170 692

Number of axons 26 9% 17 61

Cultured hippocampal neurons were transfected with either TrkB-GFP or Rab7-GFP, or they were cotransfected with
1B-mRFP and TrkB-GFP or Rab7-GFP. Axons in control or UO126-treated dishes were imaged, and the indicated
measurements were obtained as described in Materials and Methods. U/C, Ratio of indicated measurement from
U0126-treated cells compared to control cells.

“Addition of U0126 caused a significant increase in the density (number of puncta per micrometer of axon length) of
both TrkB and Rab7 (p << 0.02 and p << 0.002, respectively; Student’s t test).

®Addition of U0126 significantly reduced the excursive motility of TrkB and Rab7 (p < 0.006 and 0.007, respec-
tively; Student’s ¢ test).

“The retrograde motility of Rab7 was significantly decreased in the presence of U0126 (p << 0.005, Student's ¢ test).

9Addition of U026 caused a significant decrease in the colocalization of IC-1B dynein with TrkB and Rab7 ( p < 0.02
and p << 0.04, respectively; Student's t test).

MEK inhibitor UO126 to reduce the level of IC phosphorylation
in cultured neurons (Fig. 4 H) and characterized the effects of the
drug on the transport of Rab7- and TrkB-containing organelles
and their colocalization with IC-1B (Table 3). After a 30 min
incubation with drug, IC phosphorylation was reduced 50% rel-
ative to cells grown under normal culture conditions, and 70%
compared to BDNF-treated cells (Fig. 4H). The addition of
UO0126 also significantly reduced the extent of colocalization of
both TrkB and Rab7 with IC-1B (Table 3). In the presence of the
inhibitor, a significant increase in the density of TrkB and Rab7
puncta in axons was observed (Table 3), a result consistent with a
decrease in the number of axonal cargo moving in the retrograde
direction. When the motility of Rab7 and TrkB puncta were ex-
amined in the presence of the drug, a significant reduction in
excursive motility was observed for both TrkB and Rab7 puncta
relative to control. In addition, there was a significant decrease in
the number of Rab7 puncta moving in the retrograde direction.
Also, only 55% as many TrkB puncta were moving in the retro-
grade direction in UO126-treated cells relative to control cells,
but this was not found to be significant, possibly due to the dis-
tortion caused by the large, relatively immotile pool of TrkB on
the axon surface and the presence of anterograde TrkB carrier
vesicles (Table 3).

IC phosphorylation and NGF-dependent neuronal survival

Dynein is known to mediate long-distance neurotrophin survival
signaling (Heerssen et al., 2004). We next sought to determine the
role of S80 phosphorylation on NGF-dependent survival. To-
ward this end, we made use of cultured sympathetic neurons
whose survival requires transport of NGF-TrkA endosomes.
When cells were transfected with WT IC-1B-mRFP, there was no
effect on cell survival compared to control transfected cells (Fig.
9). However, when cells were transfected with the dephospho-
mimic mutant IC-1B-S80A-mRFP, a significant decrease in
NGEF-dependent neuronal survival was observed. Thus, expres-
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Figure9.  Expression of the dephospho-IC-1B S80A mutant in sympathetic neurons reduces
NGF-dependent cell survival. Sympathetic neurons were cultured as described and transfected
with either the IC-1B WT or S80A dephospho mutant by nucleofection, and the survival of the
transfected cells in the presence of antibody to NGF in the absence of NGF (c-NGF) or presence
of 20 ng/ml NGF was determined. When the S80A mutant was expressed, there was a 45%
decrease in cell survival relative to WT transfected cells in the presence of NGF (**p << 0.003,
Student's t test, highly significant). Green, Control transfected cells; yellow, WT IC-1B-mRFP
transfected cells; blue, IC-1B-S80A transfected cells. n = 6 transfections with 122—182 cells for
each bar. Error bars indicate SEM.

sion of an IC that cannot be phosphorylated on this specific site
has a dominant-negative effect on neuronal survival. This obser-
vation supports a role for phosphorylation of this site in recruit-
ing dynein to Trk-containing signaling endosomes. These data,
in combination with the reduced colocalization of the dephos-
phomimic IC-1B mutant with the two cargos and the reduced
amount of dynein on immunoaffinity-purified Trk-containing
organelles from UO126-treated cells, all support a model in
which phosphorylation enhances dynein binding to organelles
for retrograde transport. The finding that the dephosphomimic
and phosphomimic mutations had similar kinetic properties sug-
gests that IC phosphorylation does not modulate motor kinetics.

Discussion

An essential step in neurotrophin survival signaling is the trans-
port of Trk-containing endosomes from the axon to the cell body.
We identified a mechanism used to recruit the retrograde trans-
port motor, cytoplasmic dynein, to the signaling endosome. In
two model systems, PC12 cells and neurons, a signaling cascade
beginning with neurotrophin binding to Trk and terminating in
ERK1/2 resulted in phosphorylation of the cytoplasmic dynein IC
subunit on a novel conserved serine that enhanced dynein re-
cruitment to the signaling endosome (Fig. 10). Although PC12
cells and hippocampal neurons use dynein complexes with dif-
ferent IC isoforms to bind to signaling endosomes, the two sys-
tems use a common regulatory mechanism based on conserved
IC phosphorylation.

Our data demonstrate that phosphorylation on this serine
enhances dynein binding to Trk signaling endosomes and Rab7-
containing endosomes. Using live cell imaging studies, we found
that the dephospho-IC mimic mutants show significantly de-
creased colocalization with fluorescent markers for the two or-
ganelles in PC12 cells and hippocampal neurons. Expression of
the dephosphomimic mutant IC significantly reduced NGEF-
dependent cell survival of sympathetic neurons. Also, phospho-
ICs were enriched on affinity-purified Trk-containing organelles,
and the MEK inhibitor significantly decreased total dynein asso-
ciation with the purified organelles.

In sensory neurons, the addition of neurotrophin to either cell
bodies or distal axons leads to activation of ERK1/2 and ERK5
(Watson et al., 2001). Our inhibitor studies suggest that ERK5
does not phosphorylate the IC. Kinase prediction algorithms,
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specific pharmacological inhibition, in vitro phosphorylation,
and in vivo expression of constitutively active MEK support the
identification of ERK1/2 as the most likely kinase to phosphory-
late the IC at this site. We also observed that maximal ERK1/2
activation (phosphorylation) preceded maximal dynein phos-
phorylation in PC12 cells and cortical neurons. The time differ-
ential may indicate that other components are involved in IC
phosphorylation (Lewis et al., 2000; Wu et al., 2001; Huang and
Reichardt, 2003). Interestingly, while IC phosphorylation levels
were stable for at least 60 min in both cell types, the level of
neurotrophin-stimulated ERK1/2 phosphorylation in PC12 cells
decreased gradually. We also observed that there is phosphory-
lated IC in PC12 cells that had not been stimulated by NGF and in
cells that had low levels of active ERK1/2. These data suggest that
only a relatively small amount of active ERK1/2 may be necessary
to regulate IC phosphorylation, or that the turnover of phosphate
on the IC may be relatively slow, perhaps because it is protected
by binding to another protein (Fig. 10). Alternatively, other
growth factors or signaling pathways may also be involved in
dynein phosphorylation at this site (Vaudry et al., 2002; Reich-
ardt, 2006). While further investigation will be necessary to iden-
tify the additional components involved in the regulation of IC
phosphorylation, our data suggest a model in which phosphory-
lation on this site enhances dynein binding to signaling endo-
somes for their transport (Fig. 10).

Phosphorylation of dynein subunits has been implicated pre-
viously in dynein regulation (Dillman and Pfister, 1994; Lin et al.,
1994; Niclas et al., 1996; Dell et al., 2000; Addinall et al., 2001;
Salata etal., 2001; Vaughan et al., 2001; Whyte et al., 2008). How-
ever, previous studies suggested that phosphorylation inhibits
dynein binding to organelles. In Xenopus mitotic extracts, phos-
phorylation of light intermediate chains was correlated with de-
creased dynein binding to uncharacterized membrane-bounded
organelles, and phosphorylation of IC-2C at S84 decreased dy-
nein binding to Golgi and dextran-positive membranes in fibro-
blasts (Niclas et al., 1996; Vaughan et al., 2001). In contrast, our
results indicate that IC phosphorylation, at the site we identified,
enhances dynein binding to some cargos.

Our data suggest that phosphorylation on this specific site of
the IC is not involved in in regulating dynein binding to all or-
ganelles, as it is not required for dynein colocalization with mi-
tochondria. Rather, we predict that mitochondria and other
organelle types will be found to use other mechanisms to recruit
dynein. The existence of other mechanisms for dynein recruit-
ment to organelles would account for our finding that while
phospho-IC is enriched on Trk-containing organelles, it is not
enriched in the crude total membrane fraction. The model would
also account for the observation that some dephosphodynein
remains associated with Trk organelles immunopurified from
ERK-inhibited cells. One characteristic of the axon as a model
system is that all proteins that become retrograde cargo, and
dynein itself, must first be delivered to the axon terminal by an-
terograde transport, and it has been observed that most organ-
elles move in both directions. The immunoaffinity procedure
should purify both Trk-containing signaling endosomes that are
moved in the retrograde direction by dynein and Trk-containing
carrier organelles that are delivered to the axon plasma mem-
brane by members of the kinesin family (Gomes et al., 2006;
Arimura et al., 2009; Ascaio et al., 2009). This possibility is con-
sistent with the description of organelles purified by immunoaf-
finity to the Jip3 homolog, Sunday Driver (Abe et al., 2009).
Immunoaffinity purification yielded organelles with two distinct
morphologies as characterized by electron microscopy, and mass
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Figure 10.

Model for ERK1/2 phosphorylation of ICs regulating cytoplasmic dynein hinding to endosomes in response to neurotrophin. The Trk kinase is a transmembrane neurotrophin (NT)

receptor resides in the plasma membrane (PM). Neurotrophin binding induces Trk autophosphorylation on the cytoplasmic tail and internalization as a signaling endosome (SE), with neurotrophin
remaining bound to the Trk. Downstream of Trk, Ras is activated by GTP binding, and it activates Raf, which activates MEK, which phosphorylates and activates the ERK1/2 MAP kinase. ERK1/2
phosphorylates the cytoplasmic dynein IC-1and IC-2. This enhances dynein binding to the signaling endosome through a factor (green box) in addition to dynactin.

spectrometry provided evidence for the presence of both endo-
somal and anterograde carrier membrane proteins in the immu-
noprecipitates. If dynein were bound to the anterograde carrier
organelles through a mechanism that did not require ERK phos-
phorylation, then, consistent with our observations, approxi-
mately half of the Trk-containing organelles would be bound to
ICs that were not phosphorylated on this site. However, we can-
not rule out the possibility that there may be an alternate mech-
anism for recruiting dynein to the Trk-containing endosomes.
This would also account for the observation that some sympa-
thetic neurons survive when the dephospho-IC mimic mutant is
expressed. The observations that CK1 linked phosphorylation
of the ICs is important for microtubule minus end-directed
melanosome movement in amphibian melanophores (Ikeda et
al., 2011) and that IC-2C phosphorylated at T89 binds to
mammalian kinetochores (Whyte et al., 2008) are also consis-
tent with dynein binding to organelles being regulated by sev-
eral mechanisms.

We found that the kinetics of dynein complexes containing
the dephosphomimic IC mutants were comparable to those of
the phosphomimic mutants. This is consistent with the hypoth-
esis that IC phosphorylation is one of several mechanisms used to
link dynein to cargo and that it is not used to regulate dynein
kinetics. Nevertheless, since IC phosphorylation enhances dynein
binding to both the Rab7 and Trk organelles, it is important for
their transport. When IC phosphorylation is reduced by the MEK
inhibitor UO126, there is less dynein associated with Rab7 and
TrkB endosomes, and both cargo organelles accumulate in axons
and exhibit less motility.

Models of mechanisms to regulate dynein binding to organ-
elles postulate changes to dynein, changes to proteins on the
organelle, or both. Our results indicate that at a minimum, IC

phosphorylation enhances dynein binding to both the TrkB- and
Rab7-containing endosomes. The dynactin complex is thought
to link dynein to membrane-bounded organelles and other car-
gos, since the p150 subunit of dynactin binds the dynein ICs
(Vaughan and Vallee, 1995; Karki and Holzbaur, 1999; Schroer,
2004; Kardon and Vale, 2009; Akhmanova and Hammer, 2010).
Dynactin is also important for dynein motor activity (Culver-
Hanlon etal., 2006), and it has been suggested that dynactin’s role
is motor coordination, not the attachment of dynein to the mem-
brane (Haghnia et al., 2007). It was shown previously that
organelle-specific membrane proteins are involved in recruiting
dynactin to membrane-bounded organelles, including RILP
(Rab7-interacting lysosomal protein) (Jordens et al., 2001; Kar-
don and Vale, 2009; Akhmanova and Hammer, 2010). However,
we found no difference in the ability of bacterially expressed
dephospho-WT IC-2C or IC-2C S81 phosphomimic to bind dy-
nactin in pulldown experiments (A. K. Pullikuth and A. D. Ca-
tling, unpublished observations), and similar results with the S81
phosphomimic and dephosphomimic mutants were reported us-
ing a solid phase assay (Vaughan et al., 2001). These data demon-
strate that ERK1/2 phosphorylation of the ICs does not alter
dynein binding to dynactin. Thus, while the dynein—dynactin
interaction is important for dynein function, a yet-to-be-
identified additional component must be also involved in dynein
binding to endosomes (Fig. 10, green box). It has also been sug-
gested that one of the dynein light chains, DYNLT1 (Tctex1)
binds to all three Trk growth factor receptors (Yano et al., 2001).
However, this was independent of Trk activation and thus IC
phosphorylation. It also does not account for the specificity for
dynein complexes with IC-1 binding to signaling endosomes in
neurons (Ha et al., 2008).
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In summary, our data support a model in which cells use
different mechanisms to recruit dynein to different organelles.
Dynein recruitment to TrkB signaling endosomes, but not mito-
chondria, is enhanced by the phosphorylation of the IC subunits
by ERK1/2 (Fig. 10). Phosphorylation is permissive for cytoplas-
mic dynein recruitment to the organelles, but not for the kinetic
properties of the motor. For Trk signaling endosomes, the regu-
latory pathway begins with neurotrophin binding to Trk kinase
and subsequent activation of the MAP kinase pathway. Thus, the
Trk-containing signaling endosome regulates its own retrograde
transport.
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