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�1-Chimaerin is a neuron-specific member of the Rho
GTPase-activating protein family that selectively inactivates
the small GTPase Rac. It is known to regulate the structure of
dendrites and dendritic spines. We describe here that under
basal conditions �1-chimaerin becomes polyubiquitinated and
undergoes rapid proteasomal degradation. This degradation is
partly dependent on the N-terminal region that is unique to
this isoform. Mimicking diacylglycerol (DAG) signaling with a
phorbol ester stabilizes endogenous �1-chimaerin against deg-
radation and causes accumulation of the protein. The stabili-
zation requires phorbol ester binding via the C1 domain of the
protein and is independent of PKC activity. In addition, over-
expression of a constitutively active Rac1 mutant is sufficient
to cause an accumulation of �1-chimaerin through a phospho-
lipase C-dependent mechanism, showing that endogenous
DAG signaling can also stabilize the protein. These results
suggest that signaling via DAGmay regulate the abundance of
�1-chimaerin under physiological conditions, providing a new
model for understanding how its activity could be controlled.

Dendritic spines are the post-synaptic component of most
excitatory synapses in the central nervous system and exhibit
a large degree of structural plasticity (1). The actin cytoskele-
ton is highly enriched within spines, acting both as a struc-
tural support and driver of morphological change (2). Mem-
bers of the Rho small GTPase family control the dynamics of
actin through a complex set of downstream effectors (3), and
in neurons the family member Rac1 is closely involved in reg-
ulating spine structure and density (4, 5).
Two groups of proteins have important roles in Rho

GTPase regulation; their signaling is activated by guanine nu-
cleotide exchange factors, which promote formation of the
active GTP-bound form, whereas GTPase-activating proteins
(GAPs)2 increase the level of the inactive GDP-bound form by
accelerating hydrolysis of GTP (3). In previous work, we

found that the neuron-specific Rac GAP �1-chimaerin regu-
lates spine and dendrite morphology through a mechanism
that depends on its GAP activity. We showed that overexpres-
sion of �1-chimaerin in neurons causes spine pruning,
whereas knockdown promotes overgrowth of atypical spines
and filopodia from dendrites (6). These effects suggest �1-
chimaerin has a role in the maintenance of normal spine
structure.
Vertebrate genomes contain two chimaerin genes: CHN1

encodes the �-chimaerins, and CHN2 encodes the �-chimae-
rins, with each gene giving rise to two alternative transcripts
that are translated into proteins differing at their N termini
(7). �1- and �1-chimaerin have a relatively short N-terminal
region that does not encode any recognizable domains,
whereas �2- and �2-chimaerin both include a functional SH2
domain that can bind to phosphotyrosine motifs within re-
ceptors such as EphA4 (8–12). All chimaerin isoforms con-
tain a GAP domain with specificity in vitro for Rac1 (13, 14),
and they are unique among other Rho GAPs because they also
contain a diacylglycerol (DAG)-binding C1 domain, more
commonly associated with members of the protein kinase C
(PKC) family (15). DAG is a lipid second messenger produced
at cell membranes from phosphatidylinositol 4,5-bisphos-
phate by members of the phospholipase C (PLC) family in
response to a wide variety of stimuli. The C1 domain allows
chimaerins to translocate to membranes in response to DAG
signaling (6, 16) and is likely to anchor them in close proxim-
ity to activated Rac.
It is becoming clear that the SH2 domain is central to the

regulation of �2- and �2-chimaerin activity, as under un-
stimulated conditions it folds over and occludes the C1 and
GAP domains, auto-inhibiting the whole molecule (17–19).
However, because �1-chimaerin lacks this SH2 domain, it is
not clear how its activity is regulated. Because accurate con-
trol of Rac activation is essential for maintaining normal neu-
ronal structure, we hypothesized that other mechanisms
would also exist to finely regulate �1-chimaerin within these
cells. We show here that the abundance of �1-chimaerin in
neurons is actively controlled by proteasomal degradation and
selective stabilization following DAG signaling, suggesting a
novel means by which �1-chimaerin activity may be
regulated.

EXPERIMENTAL PROCEDURES

Reagents, Antibodies, and Drugs—Unless otherwise noted,
all general reagents were obtained from Sigma; cell culture
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reagents were from Invitrogen, and drugs were fromMerck.
Polyclonal rabbit anti-�1-chimaerin antibody was a gift from
P. Scheiffele (University of Basel), and its production and
characterization have been described before (6). This anti-
body produces a background band when used for Western
blotting; for clarity this is not shown in the figures. Other
antibodies were from commercial sources as follows: rat
monoclonal anti-HA 3F10 (Roche Applied Science); mouse
monoclonal anti-�-actin AC-15 (Sigma); mouse monoclonal
anti-ubiquitin P4D1-A11 (Millipore); mouse monoclonal an-
ti-HA 16B12 (Covance); rabbit polyclonal anti-GFP (Invitro-
gen); mouse monoclonal anti-GFP 3E6 (Invitrogen), and rab-
bit polyclonal anti-phospho-myristoylated alanine-rich C
kinase substrate (Ser-152/156) (Cell Signaling Technology).
MG132 and clasto-lactacystin �-lactone were dissolved in
DMSO and used at 10 �M; cycloheximide was dissolved in
ethanol and used at 200 �g/ml; phorbol 12-myristate 13-ace-
tate was dissolved in DMSO and used at 2 �M; and Ro 31-
8220 was dissolved in DMSO and used at 2 �M. Solvent-only
controls were used wherever appropriate, and the total
DMSO concentration in culture medium never exceeded
0.2%.
Cell Culture and Transfection—293 cells were grown as

monolayer cultures in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated fetal calf
serum (FCS), 100 units/ml penicillin, 100 �g/ml streptomy-
cin, and 0.25 �g/ml amphotericin B. Primary hippocampal
neuron cultures were generated using a protocol based on
previously described techniques (20), with some modifica-
tions. Hippocampal tissue from Sprague-Dawley rat embryos
(Charles River) at day 18 of gestation was collected in Hanks’
buffered saline solution (Ca2�- and Mg2�-free) and then di-
gested in 0.25% trypsin for 15 min at 37 °C followed by gentle
trituration using a fire-polished glass pipette. This produced a
single cell suspension that was diluted into warmed DMEM
supplemented with 10% FCS and an additional 0.8% glucose
and then plated at a density of 1 � 105 viable cells/well into
24-well tissue culture plates (Nunc) coated with 250 �g/ml
poly-D-lysine (30–70 kDa, Sigma). The cultures were incu-
bated for 4 h to allow cell attachment, and then the medium
was changed to Neurobasal supplemented with 2% B27 and
1% GlutaMAX. Unused spaces within the plates were filled
with sterile water to minimize evaporation, and 50% of the
medium was changed every 7 days to promote long term cell
survival. All neuronal cultures were grown for 18–22 days in a
tissue culture incubator at 37 °C with a humidified 7% CO2/
air atmosphere before being used in experiments. Cells were
transfected with plasmid DNA using Lipofectamine 2000 (In-
vitrogen) according to the manufacturer’s instructions, and an
equal mass of DNA was used in each transfection condition.
Plasmid Construction—EGFP was expressed from

pEGFPN1 (Clontech). Plasmids encoding Rac1 wild type,
Q61L, and T17N, all tagged at their N-terminal with EGFP,
were a gift fromM. R. Philips (New York University School of
Medicine), and their construction has been described before
(21, 22). HA3-tagged constructs were made using the
pCAGGS/ES backbone (23, 24), which contains a chicken
�-actin promoter to drive transcription and an expanded

multiple cloning site. Annealed oligonucleotides encoding a
triple repeat of the HA antigen (YPYDVPDYA) followed by a
stop codon were inserted between the KpnI and SacI sites at
the 3� end of the pCAGGS/ES multiple cloning site to create
pCHA3. Full-length (FL) and N-terminally truncated (�N58)
�1-chimaerin were isolated as PCR products amplified from
IMAGE Clone ID 7315609 (25), which contains full-length
Rattus norvegicus �1-chimaerin. The primers introduced a
Kozak consensus sequence and also NotI- and XhoI-cloning
sites. Products were inserted between these sites in pCHA3 to
create C-terminal fusions with HA3. Point mutations P91A
and C114A were made using a QuikChange Lightning kit
(Stratagene), following the manufacturer’s instructions, with
the original IMAGE clone as a template. The resulting point
mutants were propagated and sequenced, and clones carrying
the appropriate mutations were used as templates for sub-
cloning into pCHA3 as above. The N-terminal region (N58)
of �1-chimaerin was isolated by PCR from the original IM-
AGE clone. The primers introduced a Kozak consensus se-
quence, and BamHI and HindIII cloning sites, and the prod-
uct was inserted into pEGFPN1 using these sites to create a
C-terminal fusion with EGFP. All plasmids were sequenced to
confirm their identity. Full details of inserted oligonucleotides
and primers used to create these plasmids are available upon
request.
SDS-PAGE and Western Blotting—Cells were lysed on ice

in chilled RIPA buffer (50 mM Tris, pH 7.4, 1% IGEPAL CA-
630, 0.25% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1
mM EDTA) supplemented with MiniComplete EDTA-free
protease inhibitors (Roche Applied Science) and also 1 mM

NaF and 1 mM Na3VO4 if protein phosphorylation was being
examined. Lysates were cleared of insoluble material by cen-
trifugation at 18,000 � g for 10 min at 4 °C, and for examina-
tion of total protein, the whole cell lysates were sonicated us-
ing a Soniprep 150 (MSE) to reduce sample viscosity.
Samples were denatured by heating to 95 °C for 10 min in

reducing LDS sample buffer (Invitrogen), separated by elec-
trophoresis using a BisTris-based SDS-PAGE system (26), and
then transferred to Hybond P PVDF membrane (GE Health-
care). Proteins were detected by Western blotting, and anti-
body binding was detected by chemiluminescence using ECL
Plus substrate and Hyperfilm ECL (both from GE Healthcare).
Films were scanned on a flatbed scanner with image gamma
set to 1.0 (linear response), and bands were quantified using
the Gel Analyzer module of ImageJ (National Institutes of
Health).
Cellular Ubiquitination Assay—293 cells were transfected

with pCHA3-�1-chimaerin and treated the following day with
10 �M MG132 for 2 h. Cells were lysed on ice in chilled RIPA
buffer supplemented with protease inhibitors and 10 mM N-
ethylmaleimide to inhibit deubiquitination. After centrifuga-
tion of the lysate to remove insoluble material, 50 �g of pro-
tein was diluted with lysis buffer (containing inhibitors as
above) to 1 ml and pre-cleared with nProtein G-Sepharose 4
Fast Flow (GE Healthcare) for 1 h at 4 °C. HA-tagged proteins
were immunoprecipitated from the supernatant by incubation
with 0.5 �g of rat monoclonal anti-HA for 2 h at 4 °C, fol-
lowed by antibody capture with nProtein G-Sepharose 4 Fast
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Flow. The beads were thoroughly washed with cold RIPA
buffer, and bound proteins were eluted and denatured by
heating in reducing LDS sample buffer and then subjected to
SDS-PAGE as described above.
Quantitative Immunofluorescence—Hippocampal neurons

were grown on nitric acid-washed coverslips for 17–21 days,
transfected as described in the text, and fixed 1–2 days later
with 4% paraformaldehyde in phosphate-buffered saline (PBS)
for 10 min at room temperature. Coverslips were blocked
with 5% donkey serum in PBS containing 0.1% Triton X-100
(PBST) for 1 h, incubated for 1 h with primary antibodies di-
luted in 2% donkey serum/PBST, and then thoroughly washed
in PBST. Primary antibody binding was detected by incuba-
tion for 30 min with Alexa-488- or Alexa-594-conjugated
donkey secondary antibodies (Invitrogen) diluted in 2% don-
key serum/PBST. Coverslips were then washed again in PBST
and mounted on slides with FluorSave (Calbiochem). Images
were acquired on a Leica DM6000 B wide field fluorescence
microscope equipped with a Leica DFC350FX camera, using a
63� 1.40–0.60 NA (set at 1.0 NA) plan apochromatic oil im-
mersion objective. Image acquisition settings were kept con-
stant between imaging sessions to allow direct comparison of
data. At least 20 images were taken of stained neurons from
two coverslips per condition for each experimental repeat,
and data from three repeats were combined for presentation
and analysis. ImageJ was used to quantify the images by man-
ually tracing the outline of each cell body and then using the
program to calculate the mean fluorescence intensity for the
appropriate channel within the traced area.

Statistics and Data Analysis—Data are presented as mean
values � S.E., unless otherwise stated. Selected differences
between conditions were compared using two-tailed unpaired
t tests. Protein half-lives were calculated by nonlinear regres-
sion with a one-component exponential decay model in Prism
(GraphPad Software), using span � 1, K � 0, and plateau � 0
as constraints.

RESULTS

�1-Chimaerin Protein Is Degraded by the Ubiquitin-Protea-
some System—Cells can actively regulate protein expression
levels by targeted degradation. To explore whether �1-chi-
maerin might be regulated by this type of mechanism, we
transfected 293 cells with �1-chimaerin tagged at its C termi-
nus with an HA3 tag (�1-chimaerin-HA3), and we measured
the half-life of the protein by blocking protein synthesis with
cycloheximide (CHX) to reveal the rate of degradation. The
amount of �1-chimaerin-HA3 remaining at several time
points was assessed by Western blotting, and we found that
�1-chimaerin-HA3 was rapidly lost, with a half-life of 36 min
(95% CI, 33–41 min) (Fig. 1A).
The proteasome is a major site of cytosolic protein degra-

dation in healthy cells. We tested whether it mediates �1-
chimaerin degradation by transfecting 293 cells with �1-chi-
maerin-HA3 and inhibiting proteasome activity using MG132
or clasto-lactacystin �-lactone. Both drugs caused an accumu-
lation of �1-chimaerin-HA3 (Fig. 1B), suggesting that the pro-
teasome is involved in its degradation.

FIGURE 1. �1-Chimaerin protein degradation in 293 cells. A, 293 cells were transfected with �1-chimaerin-HA3 and treated with CHX (200 �g/ml) for the
indicated times and then analyzed by Western blotting. Left panel, representative blots; right panel, densitometric analysis of �1-chimaerin-HA3 abundance,
expressed as a proportion of the starting level (n � 3). B, 293 cells were transfected with �1-chimaerin-HA3, treated with the indicated drugs (both at 10 �M

for 4 h) or DMSO, and then analyzed by Western blotting. Left panel, representative blots; right panel, densitometric analysis of �1-chimaerin-HA3 abun-
dance, expressed as a proportion of the DMSO treated level (n � 3; ***, p � 0.001). C, 293 cells were transfected with �1-chimaerin-HA3 and treated with
MG132 (10 �M for 2 h) as indicated and then lysed. HA-tagged proteins were immunoprecipitated (IP) from the lysates and analyzed by Western blotting
(WB). Ub, ubiquitin.
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However, an alternative possibility is that the proteasome
degrades an intermediate stabilizing factor that prevents �1-
chimaerin from being broken down by a nonproteasomal
route. We therefore examined whether �1-chimaerin could
become polyubiquitinated, a common modification of protea-
some substrates. 293 cells were transfected with �1-chimae-
rin-HA3, and proteasomal degradation was inhibited with
MG132 to promote accumulation of polyubiquitinated pro-
teins. �1-Chimaerin-HA3 was immunoprecipitated from the
cellular lysate and analyzed by Western blotting. We found
that polyubiquitinated proteins were present at high mo-
lecular weights in the precipitated material from trans-
fected cells and that this signal increased with MG132
treatment (Fig. 1C). This suggests that �1-chimaerin can
be polyubiquitinated and targeted directly for degradation
by the proteasome.
To investigate whether endogenous �1-chimaerin under-

goes the same process, we used cultured mature hippocampal
neurons, as the protein is expressed in these cells in vivo. The
half-life of �1-chimaerin was again measured by blocking pro-
tein synthesis with CHX to reveal the rate of degradation by
Western blotting. We observed that �1-chimaerin was rapidly
lost, with a half-life of 19 min (95% CI, 16–25 min), suggest-
ing that rapid degradation is a common feature of both over-
expressed and endogenous �1-chimaerin (Fig. 2A). To test
whether the proteasome is also responsible for �1-chimaerin
degradation in neurons, we inhibited proteasome activity with
MG132. In treated cultures, �1-chimaerin was stabilized
against degradation, with its half-life increasing to 214 min
(95% CI, 137–492 min) (Fig. 2A). Correspondingly, inhibition
of proteasomal degradation in the absence of CHX caused an
accumulation of endogenous �1-chimaerin in neurons
(Fig. 2B).
Isoform-specific Sequences Are Involved in �1-Chimaerin

Degradation—The �-chimaerins differ at their N termini,
with �1-chimaerin containing a short and apparently unstruc-

tured N-terminal region (NTR), whereas �2-chimaerin con-
tains a functional SH2 domain. To investigate whether the
unique �1-chimaerin sequence regulates its degradation, we
constructed a truncated mutant lacking the �1-chimaerin-
specific NTR (�N58), tagged at its C terminus with an HA3
tag to avoid interfering with any functional sequences at the
N terminus.
Neurons were co-transfected with either the FL or �N58

�1-chimaerin-HA3 and a second plasmid expressing EGFP so
that transfected cells could later be identified using an unbi-
ased marker. The relative stabilities of FL and �N58 �1-chi-
maerin were measured by examining abundance of the HA3
tag by quantitative immunofluorescence in transfected neu-
rons across several time points after blocking protein synthe-
sis with CHX. As expected, FL �1-chimaerin was rapidly lost,
with a half-life of 33 min (95% CI, 26–44 min), whereas the
truncated mutant was more stable with a half-life of 117 min
(95% CI, 90–168 min), representing a 3.5-fold increase (Fig.
3A). This finding suggests that the unique �1-chimaerin NTR
contributes to the rapid degradation of the protein, although
other regions are also likely to be involved, because the trun-
cated mutant still underwent a slow degradation when com-
pared with �1-chimaerin in MG132 treated neurons (Fig. 2A).

We then tested whether the NTR is sufficient to direct the
proteasomal degradation of a heterologous protein by using
EGFP modified to carry the �1-chimaerin NTR at its N termi-
nus (N58-EGFP). We expressed both EGFP and N58-EGFP in
293 cells and assessed the half-life of each protein by blocking
protein synthesis with CHX. Western blotting showed that
unmodified EGFP appeared to be extremely stable with a half-
life of 1.5 days, whereas the complete N58-EGFP protein was
rapidly degraded, with a half-life of 77 min (95% CI, 69–86
min) (Fig. 3B). The N58-EGFP appeared to be expressed in
three forms with different molecular weights, most likely due
to alternative translation from start sites downstream of the
correct initiation codon. By using an antibody that recognizes
first 14 residues of �1-chimaerin, we confirmed that the
higher molecular weight band represented the complete fu-
sion protein. Importantly, the proteasome inhibitor MG132
significantly blocked the degradation of the full-length fusion
protein N58-EGFP (Fig. 3C), suggesting the �1-chimaerin
NTR contains a sequence that specifically targets the protein
for proteasomal degradation.
PMA Stimulation Stabilizes �1-Chimaerin and Causes It to

Accumulate—The targeted nature of �1-chimaerin degrada-
tion suggested it might be a regulated process, forming a
mechanism for actively controlling abundance of the protein.
Because all chimaerin isoforms contain a DAG-binding C1
domain, we tested whether application of the artificial C1 do-
main ligand PMA could influence the degradation rate of �1-
chimaerin. The protein half-life was tested as above, by block-
ing protein synthesis and measuring protein loss by Western
blotting. We found that treatment of cultured neurons with
PMA slowed the loss of �1-chimaerin in the presence of
CHX, with a significant increase in half-life from 23 min (95%
CI, 21–25 min) to 168 min (95% CI, 108–382 min) (Fig. 4A).
This result shows a DAG-signaling mimetic causes �1-chi-
maerin to be stabilized against proteasomal degradation. Con-

FIGURE 2. �1-Chimaerin protein degradation in cultured neurons. A, cul-
tured neurons were treated with CHX (200 �g/ml) in the presence of
MG132 (10 �M) or DMSO for the indicated times and then analyzed by
Western blotting. Upper panel, representative blots; lower panel, densito-
metric analysis of �1-chimaerin abundance, expressed as a proportion of
the starting levels (n � 3). B, cultured neurons were treated with MG132 (10
�M) for the indicated times and then analyzed by Western blotting. Upper
panel, representative blots; lower panel, densitometric analysis of �1-chi-
maerin abundance, expressed as a proportion of the starting level (n � 3;
**, p � 0.01).
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sistent with this finding, we observed that treatment of neu-
rons for 2 h with PMA alone caused a robust and significant
accumulation of the protein, whereas the inactive phorbol
ester isomer 4�-phorbol-12,13-didecanoate failed to produce
any change (Fig. 4B).

PMA is not only bound by �1-chimaerin but also by many
other proteins that contain C1 domains, including members
of the PKC family. This raises the possibility that PMA could
be acting via PKC. We therefore assessed the effect of PKC
inhibition on �1-chimaerin stabilization by PMA, using the
pan-PKC inhibitor Ro 31-8220. This inhibitor caused no
change in �1-chimaerin accumulation following PMA expo-
sure, but it blocked phosphorylation of the known PKC target
myristoylated alanine-rich C kinase substrate (27), confirming
its effectiveness (Fig. 4C). This shows that the stabilizing ef-
fect of PMA does not require PKC activity.
PMA Stabilizes �1-Chimaerin by Acting through the C1

Domain—To investigate whether PMA was instead acting
directly on �1-chimaerin, we used versions carrying different
point mutations within the C1 domain that are known to
cause loss of phorbol ester binding. We have previously ob-

served that �1-chimaerin bearing a C114A mutation fails to
translocate in neurons following PMA application (6), and
mutations of this residue have also been shown to prevent
phorbol ester binding in biochemical assays (28). However,
this mutation causes loss of binding by disrupting Zn2� chela-
tion within the C1 domain and is therefore likely to prevent
correct folding of the tertiary structure of the domain; this
may trigger the entire protein to be constitutively degraded by
mechanisms that remove damaged and misfolded proteins.
We therefore also created a version containing a P91A muta-
tion, which strongly reduces the affinity of the C1 domain for
phorbol esters (28) and prevents translocation in response to
PMA, while avoiding disruption to the overall domain struc-
ture (18). The ability of PMA to stabilize these C1 domain
point mutants was tested in neurons by co-transfecting them
as HA3-tagged constructs in combination with EGFP as a
transfection marker. After stimulation with PMA, the cells
were analyzed by quantitative immunofluorescence for the
HA epitope. The wild type protein accumulated as expected,
whereas the P91A and C114A point mutants displayed signifi-
cantly less accumulation following PMA stimulation (Fig. 5).

FIGURE 3. Functional analysis of the �1-chimaerin N-terminal region. A, cultured neurons were co-transfected with EGFP as a transfection marker and
either FL or N-terminally truncated (�N58) �1-chimaerin-HA3. Cultures were treated with CHX (200 �g/ml), and then fixed and immunostained. Upper
panel, representative images of HA staining in neurons transfected and treated as indicated (scale bar � 10 �m); lower panel, mean HA fluorescence intensi-
ties from neurons following treatment with CHX for the indicated times, expressed as a proportion of the starting intensity for each construct (20 neurons/
experiment for each condition, n � 3 experiments). B, 293 cells were transfected with EGFP or N58-EGFP and treated with CHX (200 �g/ml) for the indicated
times and then analyzed by Western blotting. Upper panel, representative blots showing expression of EGFP and fusion protein N58-EGFP (arrow), with
truncated forms (asterisks) presumed to represent alternate start sites; blots are probed with either anti-GFP or anti-�1-chimaerin N-terminal antibody;
lower panel, densitometric analysis of EGFP and complete N58-EGFP abundance, expressed as a proportion of the starting level (n � 3). C, 293 cells were
transfected with N58-EGFP and treated with DMSO or CHX (200 �g/ml) alone or in combination with MG132 (10 �M) for 4 h. Upper panel, representative
blots; lower panel, densitometric analysis of N58-EGFP abundance, expressed as a proportion of the DMSO treated level (n � 3; ***, p � 0.001).
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This effect shows that stabilization of �1-chimaerin by PMA
requires direct binding to the C1 domain. Moreover, lack of
stabilization was more pronounced in the C114A mutant
compared with the P91A mutant, consistent with data show-
ing that the loss of phorbol ester affinity is greater for C114A
than P91A (28). Because both mutants were expressed from a
plasmid backbone identical to that of the wild type, the differ-
ences were most likely caused by impaired PMA-mediated
stabilization.
Activated Rac1 Also Causes an Accumulation of �1-Chi-

maerin via a Phospholipase C-dependent Mechanism—As
PMAmimics DAG signaling, we next asked whether �1-chi-
maerin could be stabilized by endogenous DAG. We used
Rac1 to generate a DAG signal, because Rac1 activation can
trigger a downstream increase in PLC-�2 and PLC-�2 activity
(29). To test whether activated Rac1 has a stabilizing effect on
�1-chimaerin, we transfected neurons with �1-chimaerin-
HA3 in combination with EGFP-tagged Rac1 wild type or
Rac1 containing T17N (dominant negative) or Q61L (consti-
tutively active) mutations. Analysis of transfected cells as de-
scribed above showed that co-expression of constitutively
active Rac1 caused a 2.2-fold accumulation of tagged �1-chi-
maerin in comparison with EGFP alone, suggesting that acti-
vation of Rac1 could indeed stabilize �1-chimaerin (Fig. 6A).
Importantly, the effect appeared to be specific to the activated
form of Rac1, with neither wild type nor dominant negative
Rac1 showing a significant change, matching the known acti-
vation dependence of Rac-PLC coupling. Because our anti-
bodies were not specific enough to pick up the endogenous

protein by immunofluorescence, we were unable to determine
whether the same effect occurred with endogenously ex-
pressed �1-chimaerin.
To determine whether the stabilizing effect of active Rac1

was mediated by increased activity in the DAG signaling path-
way, we used the PLC inhibitor U73122. In neurons trans-
fected with Rac1 Q61L, incubation with U73122 caused a sig-
nificant drop in the abundance of tagged �1-chimaerin, to a
level similar to that in control neurons transfected with EGFP
(Fig. 6B). This result indicates that activated Rac1 causes an
accumulation of �1-chimaerin protein through a PLC- and
DAG-dependent pathway, suggesting that endogenous DAG
signaling, generated through activation of PLC, is capable of
stabilizing �1-chimaerin against degradation in neurons.

DISCUSSION

In this study, we provide evidence that endogenous �1-
chimaerin protein in neurons undergoes degradation by the
proteasome and that this process is negatively regulated by
phorbol ester binding, causing the protein to accumulate.
Overexpression of a constitutively active mutant of Rac1 also
triggered a PLC-dependent accumulation of �1-chimaerin,
suggesting that the phorbol ester is mimicking a physiological
action of DAG. Together these results suggest a novel regula-
tory mechanism that may contribute to controlling �1-chi-
maerin abundance, and thus its activity.
In contrast to �1-chimaerin, much progress has been made

in understanding the regulation of �2- and �2-chimaerin,
both of which contain an N-terminal SH2 domain. Structural

FIGURE 4. Analysis of the influence of PMA on �1-chimaerin degradation. A, cultured neurons were treated with CHX (200 �g/ml) in the presence of
PMA (2 �M) or DMSO for the indicated times and then analyzed by Western blotting. Upper panel, representative blots; lower panel, densitometric analysis of
�1-chimaerin abundance, expressed as a proportion of the starting levels (n � 3). B, cultured neurons were treated with the indicated phorbol esters (at 2
�M) for 2 h and analyzed by Western blotting. Left panel, representative blots; right panel, densitometric analysis of �1-chimaerin abundance, expressed as a
proportion of the starting levels (n � 3; ***, p � 0.001). 4�PDD, 4�-phorbol 12,13-didecanoate. C, cultured neurons pretreated with either DMSO or Ro 31-
8220 (Ro, 2 �M) for 15 min, exposed to either DMSO or PMA (2 �M) for 2 h and then analyzed by Western blotting. Left panel, representative Western blots
from whole cell lysates; right panel, densitometric analysis of �1-chimaerin abundance, expressed as a proportion of the starting levels (n � 3; ***, p �
0.001; ns, p � 0.05).
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data have shown that the N-terminal region in these proteins
is auto-inhibitory through its occlusion of the C1 and GAP
domains when the molecule is unactivated. Point mutation of
the SH2 domain or truncation of the N-terminal region pre-
vents auto-inhibition and exposes the C1 and GAP domains,
creating hyperactive mutants; such mutants are able to bind
DAG more avidly and inactivate Rac more readily (17–19).
This finding was underscored by the recent discovery of sev-
eral point mutations in the human CHN1 gene (encoding the
�-chimaerins) that destabilize the auto-inhibited conforma-
tion, leading to a form of Duane retraction syndrome in which
occulomotor axon guidance is disrupted by hyper-activated
�2-chimaerin (30).

Because �1-chimaerin lacks the auto-inhibitory N-terminal
domain, it is likely to adopt a continuously “activated” confor-
mation, ready to bind DAG in membranes. Brain tissue frac-
tionation studies support this idea, with �2-chimaerin present
in the cytosolic fraction, whereas �1-chimaerin is found only
in a microsomal fraction (31). It therefore seems likely that
alternative mechanisms exist to tightly regulate the activity of
�1-chimaerin. The pathway we have described could be one
such mechanism, and our demonstration that the unique N-
terminal region of �1-chimaerin is involved in its instability

suggests that regulated degradation may be specifically im-
portant in this isoform.
Controlled degradation could also represent a method for

ensuring that active �1-chimaerin is present precisely where
it is needed. Our data suggest that �1-chimaerin will be elimi-
nated from sites where there are no appropriate signaling in-
puts; this will result in its activity being focused to particular
subcellular structures where Rac is active. In the �2- and �2-
chimaerin, isoforms such signaling specificity is achieved
through SH2 binding to transmembrane receptors (8–12).
However, specific binding is not excluded for �1-chimaerin,
and it is likely that other mechanisms also direct its localiza-
tion. For example Tmp21, a Golgi transport protein that may
also associate with the presenillin complex (32), can anchor
chimaerins through a protein-protein interaction with the C1
domain (33, 34).
The �1-chimaerin knockdown and overexpression pheno-

types reported previously suggest that its main functional role
is carried out in dendritic spines (6), and it may also interact
with the synaptic glutamate receptor subunit NR2A (35).
These findings suggest that �1-chimaerin is active within
spines, where it may be subject to the regulated degradation
we describe. Reports that the proteasome complex can shuttle
into spines in response to synaptic activity (36, 37) suggest
that �1-chimaerin may therefore be part of a set of proteins
regulated post-translationally in this way (38). Importantly,
this mechanism would also allow �1-chimaerin activity to be
locally coupled to signaling within a specific spine. It will be
interesting to examine whether specific PLC isoforms, or up-
stream partners of PLC, are important for controlling �1-
chimaerin degradation via DAG and also whether any of the
functional effects of those signals are relayed via
�1-chimaerin.

Most substrates degraded by the proteasome are covalently
tagged with polyubiquitin chains. �1-Chimaerin can also be
modified in this way, although this has not yet been shown
directly in neurons. The final stage of polyubiquitination is
catalyzed by E3 ubiquitin ligases, a large group of molecules
that recognize specific substrates and facilitate the transfer of
activated ubiquitin molecules onto them (39). It is currently
unknown which particular E3 ligase targets �1-chimaerin for
polyubiquitination, although a number of E3 ligases have been
identified that are known to affect dendritic spine structure in
mammals (40–43). Inhibition of polyubiquitination by an E3
ligase may be one mechanism by which PMA and DAG block
the degradation of �1-chimaerin. Because PMA is unable to
stabilize �1-chimaerin carrying a point-mutated C1 domain,
it seems likely that translocation or ligand binding by the C1
domain is essential for avoiding the E3 ligase action. Interest-
ingly, the PMA-mediated stabilization of �1-chimaerin is the
opposite of what is seen in the PKC family, several members
of which undergo proteasomal degradation following phorbol
ester stimulation (44).
We have also shown that overexpression of activated Rac1

can cause a PLC-dependent accumulation of �1-chimaerin in
neurons. This is important because it indicates that DAG gen-
erated within neurons can stabilize �1-chimaerin against deg-
radation. However, it is not currently clear whether activation

FIGURE 5. Analysis of C1 domain point mutant stabilization by PMA.
Neurons were co-transfected with EGFP as a transfection marker and either
wild type or point-mutated �1-chimaerin tagged with HA3. Cultures were
treated with PMA (100 nM) or DMSO for 2 h and then fixed and immuno-
stained. Upper panel, representative images of HA staining in neurons co-
transfected and treated as indicated (scale bar � 10 �m); lower panel, mean
HA fluorescence intensities, expressed as a proportion of the DMSO treated
wild type value (20 neurons/experiment for each condition, n � 3 experi-
ments; *, p � 0.05; **, p � 0.01).
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of endogenous Rac by signaling events within a neuron can
cause a similar stabilization. Others have shown that �2-chi-
maerin translocates because of DAG signaling occurring con-
currently with Rac1 activation after stimulation of the epider-
mal growth factor receptor, which is linked to both these
signaling networks (16). Translocation in this instance was
primarily due, however, to a direct coupling between the EGF
receptor and PLC�, rather than between Rac and PLC. Fur-
ther work is needed to explore whether stimulation of PLC
activity by Rac is the dominant physiological pathway stabiliz-
ing �1-chimaerin in neurons. If confirmed, it would lead to
the interesting possibility that �1-chimaerin could take part

in a generalized negative feedback loop to constrain Rac activ-
ity, becoming locally stabilized in areas of increased Rac
activation.
In our previous work, we found that both knockdown and

overexpression of �1-chimaerin was sufficient to alter the
density and morphology of mature dendritic spines in neu-
rons (6). Accurate control of �1-chimaerin protein levels is
therefore critical for maintaining the structure of mature
spines, which can be stable over long periods in cortical re-
gions of the adult brain (45). Our current findings define a
new pathway by which this regulation of �1-chimaerin levels
may be achieved, and it will be interesting in the future to de-

FIGURE 6. Analysis of �1-chimaerin stabilization triggered by activated Rac1. A, neurons were co-transfected with �1-chimaerin-HA3 and either wild
type or point-mutated EGFP-tagged Rac1. Cultures were then fixed and immunostained. Upper panel, representative images of HA staining in neurons co-
transfected as indicated (scale bar, 10 �m); lower panel, mean HA fluorescence intensities, expressed as a proportion of the value from EGFP co-transfected
neurons (20 neurons/experiment for each condition, n � 3 experiments; **, p � 0.01; ***, p � 0.001). B, neurons were co-transfected with �1-chimaerin-
HA3 and either EGFP or EGFP-tagged Rac1 Q61L. Cultures were treated with the PLC inhibitor U73122 (U) or DMSO for 4 h, and then fixed and immuno-
stained. Left panel, representative images of HA staining in neurons co-transfected and treated as indicated (scale bar, 10 �m); right panel, mean HA fluores-
cence intensities, expressed as a proportion of the value from EGFP co-transfected DMSO treated neurons (20 neurons/experiment for each condition,
n � 6 experiments; **, p � 0.01).
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termine whether dysregulation of �1-chimaerin expression
levels is involved in the pathogenesis of neurological problems
such as Alzheimer disease, where spine structure and density
are affected (46).
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