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Abstract
Conditioned stimulus pathway protein 24 (Csp24) is a β-thymosin-like protein that is homologous
to other members of the family of β-thymosin repeat proteins that contain multiple actin binding
domains. Actin co-precipitates with Csp24 and co-localizes with it in the cytosol of type-B
photoreceptor cell bodies. Several signal transduction pathways have been shown to regulate the
phosphorylation of Csp24 and contribute to cellular plasticity. Here, we report the identification of
the adapter protein 14-3-3 in lysates of the Hermissenda circumesophageal nervous system and its
interaction with Csp24. Immunoprecipitation experiments using an antibody that is broadly reactive
with several isoforms of the 14-3-3 family of proteins showed that Csp24 co-precipitates with 14-3-3
protein, and nervous systems stimulated with 5-HT exhibited a significant increase in co-precipitated
Csp24 probed with a phosphospecific antibody as compared with controls. These results indicate
that posttranslational modifications of Csp24 regulate its interaction with 14-3-3 protein, and suggest
that this mechanism may contribute to the control of intrinsic enhanced excitability.
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The 14-3-3 family of acidic proteins consists of seven mammalian isoforms (β, ε, γ, η, θ, ρ,
and ζ) that exist primarily as homo- and heterodimers within all eukaryotic cells. A number of
functions have been established for the family of 14-3-3 proteins including modulation of the
interactions between proteins (for reviews see [2–4,23,25]). Major roles for the 14-3-3 family
of proteins include the mediation of the formation of protein complexes involved in signal
transduction, regulation of the cell cycle, intracellular trafficking/targeting, cytoskeletal
structure and transcription [16–19,24,27]. Because of the interest in the role of 14-3-3 proteins
in signal transduction pathways in general, and specifically in its contribution to ERK activation
and the regulation of PKC, we have examined the potential interaction between 14-3-3 proteins
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and the β-thymosin-repeat protein (Csp24) [7] in the nervous system of the marine mollusk
Hermissenda.

Posttranslational modification of Csp24 is regulated by one-trial Pavlovian conditioning [7–
10]. Here we show that a polyclonal antibody that is broadly reactive with members of the
14-3-3 family of proteins recognizes a 32 kDa band on western blots from lysates of
Hermissenda circumesophageal nervous systems. Mass spectrometric analysis of the 32 kDa
protein bands from nervous system lysates resolved by 1-D PAGE identified peptides with
amino acid sequences homologous to 14-3-3 proteins. Moreover, mass spectrometric analysis
of 32 kDa immunoprecipitates also revealed the same amino acid sequence that is homologous
to protein 14-3-3. The interaction between Csp24 and 14-3-3 proteins was supported by the
results of immunoprecipitation experiments showing that Csp24 co-precipitates with
immunoprecipitated protein 14-3-3 and stimulation of circumesophageal nervous systems with
5-HT results in a significant increase in co-precipitated phosphoCsp24.

Samples of isolated circumesophageal nervous systems from adult Hermissenda
crassicornis obtained from Sea Life Supply, Sand City, CA were rinsed with PBS and lysed
in ice-cold radioimmunoprecipitation (RIPA) assay buffer containing PBS, 1% nonidet NP-40,
0.5% deoxycholate, 0.1% SDS, 0.1 mg/ml AEBSF, 0.6 U/ml aprotinin, and 1 mM sodium
orthovanadate. All steps were conducted at 4°C. Lysates were centrifuged at 18000×g for 20
min, and the supernatants were recovered and incubated with rabbit polyclonal anti-14-3-3
(ZYMED) antibody for 1 hr. Protein A/G-agarose (Santa Cruz Biotechnology, Santa Cruz,
CA) was then added for overnight incubation with rotation. Immunoprecipitates were collected
by centrifugation (18000×g) for 10 min, and the pellets were carefully washed in the RIPA
buffer four times. The washed pellets were rinsed an additional two times in RIPA buffer, then
suspended in 40 μl sample buffer (0.5 M Tris, 2.3% SDS, 10% glycerol), boiled 3 min, and
centrifuged. The immunoprecipitated samples were resolved on non-reducing SDS gels
(without β-mercaptoethanol) to facilitate the detection of protein 14-3-3 due to the shift of the
antibody heavy and light chains to a higher molecular weight under non-reducing conditions.
Co-precipitation experiments involved 14-3-3 immunoprecipitated samples that were
transferred to PVDF membranes and probed with anti-Csp24 antibody. For the analysis of the
interaction between phosphorylated Csp24 and 14-3-3 protein, nervous systems (N=4) were
exposed to 5-HT (10−4M, 5 min), lysed, and 14-3-3 immunoprecipitates were blotted and
probed with two different antibodies directed at two distinct Csp24 phosphorylation sites.
Control samples were incubated in normal ASW. The immunocomplexes were detected with
enhanced chemiluminescent reagent (Amersham) following the manufacturer’s procedures.
Normalization of the samples to total Csp24 levels involved stripping the membranes and re-
probing with anti-Csp24 antibody. Ratios of phosphoCsp24 to total Csp24 were generated by
densitometric scanning of the PVDF membranes (Molecular Dynamics, NJ).

Bands were excised and digested in-gel with trypsin. Protein digests were spotted on a MALDI
target plate, with matrix, dried and the analysis performed in reflector mode on an ABI/SCIEN
4700 proteomic analyzer TOF/TOF mass spectrometer. Detected monoisotopic peptide masses
were analyzed using the systems software interfaced with a database search engine to identify
the proteins by peptide mass fingerprinting. Selected peptide precursor ions were subjected to
high-energy collision induced dissociation to generate fragment ions (MS/MS fragmentation
data, MS/MS sequence tags) that were analyzed to generate amino acid sequences of the
peptides. In some cases, digests were also analyzed by liquid chromatography MS/MS using
a hybrid triple quadrupole linear ion trap MS (ABI 4000 Q TRAP) following LC reverse phase
chromatography (LC packings nanoflow LC system).

The circumesophageal nervous systems from three animals were isolated, lysed, and prepared
for immunoprecipitation with anti 14-3-3 antibody. Protein bands from the lysate samples were
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resolved with 1-D PAGE and stained with Coomassie blue. Protein bands in the expected
apparent molecular weight range of 14-3-3, 32 kDa, were excised from the gel followed by in-
gel digestion with trypsin. Protein digests were analyzed using MALDI-TOF MS. In addition,
MS/MS fragmentation data was generated to identify amino acid sequences of peptides. In
some cases confirmation of the MALDI-TOF analysis was obtained by electrospray LC/MS/
MS analysis of protein digests. A representative example of two replicates showing 1-D gel
resolution of protein bands from lysate samples, supernatants, and immunoprecipitates from a
non-reducing gel is shown in Figure 1. The effectiveness of the immunoprecipitation procedure
is indicated by an absence of the 32 kDa protein bands in the supernatant samples and the
identification of the bands in the immunoprecipitates (arrow). The arrow next to the lysate
samples indicates putative 14-3-3 protein band that was analyzed by MS. The MS analysis of
the 32 kDa band from the lysates resulted in the identification of three peptides with an amino
acid sequence homologous to 14-3-3 proteins from Xenopus (see Fig. 2A). The bands from the
immunoprecipitates with an apparent molecular weight of 32 kDa were excised from the gel
and subjected to the same MS analysis as the lysate samples. The results of the MS analysis
of the immunoprecipitates generated the same three peptides with an amino acid sequence
homologous to 14-3-3 proteins (Fig. 2A). There appears to be a high degree of conservation
between Xenopus 14-3-3 protein and Hermissenda 14-3-3 protein based upon the sequence
alignment of the three peptides shown in Figure 2A. An examination of sequence alignments
of evolutionary diverse 14-3-3 proteins suggests a high degree of conservation [4].

To determine whether 14-3-3 interacts with Csp24, lysates were immunoprecipitated with
anti-14-3-3 and the resulting western blots were probed with an antibody raised against Csp24.
A representative example of immunoblots of lysates, supernatants, and immunoprecipitates
probed with anti-Csp24 from four replicates is shown in Figure 2B. The immuno procedures
with anti-14-3-3 successfully precipitated most of the Csp24 from the lysates as shown by an
absence of Csp24 in the supernatant sample. In contrast, Csp24 was present in all of the
immunoprecipitate lanes (see Fig. 2B). The finding that Csp24 from the Hermissenda
circumesophageal nervous system co-precipitates with 14-3-3 protein suggests that the two
proteins interact.

Two phosphorylation sites on Csp24 have been recently identified using electrospray mass
spectrometry. One-trial in vitro conditioning regulates the phosphorylation of Ser122, but not
Ser49 of Csp24 [11]. The potential regulation of the interaction between 14-3-3 protein and
Csp24 by phosphorylation was assessed by the analysis of 5-HT-dependent phosphorylation
of Csp24 co-precipitates generated by immunoprecipitated 14-3-3 protein. Isolated
circumesophageal nervous systems (N=4) received a 5 min incubation with 10−4M 5-HT and
control nervous systems (N=4) were incubated with ASW. The nervous systems were lysed
and immunoprecipitation experiments were conducted with anti 14-3-3 antibody. The
immmunoprecipitates from experimental and control groups were blotted and probed with
phosphospecific antibodies directed to Ser122 or Ser49 as previously described [11]. Following
densitometric scanning the membranes were stripped and reprobed with anti-Csp24 antibody
and scanned to provide assessment of total Csp24 levels. The densitometric scans of the
immunoprecipitates from the experimental groups (N=6) and ASW controls (N=6) probed with
the two phosphospecific antibodies were normalized to the respective total Csp24 levels. The
statistical analysis of the ratios of 5-HT treatment relative to total Csp24 and ASW controls
relative to total Csp24 for the densitometric scans of phosphospecific antibodies directed at
the two phosphorylation sites were significantly different (t10=2.07; P < .05). The 5-HT
treatment resulted in an increase in co-precipitated phosphoCsp24 at Ser122 (X=1.76 ± .35),
but not phosphoCsp24 at Ser49 (X=.91 ± .15) (see Fig. 3). Examples of blots from the
experimental and control procedures for the phosphospecific antibodies directed at Ser49 or
Ser122 are shown in Fig. 3A. The group summary data shown in Fig. 3B depicts the mean
ratios of the experimental and the control procedures generated from densitometric scans of
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the membranes probed with the phosphospecific antibodies. These results suggest that the
interaction between Csp24 and 14-3-3 proteins is influenced by the phosphorylation of Csp24
at a specific serine residue, the same site which is regulated by in vitro conditioning [11].

In this study we demonstrate for the first time that 14-3-3 proteins are present in the
circumesophageal nervous system of Hermissenda, and that the β-thymosin repeat protein
Csp24 co-precipitates with 14-3-3 proteins. In addition, we provide evidence that the
interaction between Csp24 and 14-3-3 protein is regulated by posttranslational modifications.
The phosphorylation of Csp24 is regulated by both Pavlovian conditioning and several signal
transduction pathways [7–10,26]. Specifically, protein kinase C and ERK have been shown to
contribute to the induction and expression of cellular and synaptic plasticity associated with
Pavlovian conditioning of Hermissenda [5,6,14]. Interestingly, 14-3-3 proteins have been
implicated in PKC regulation [22], and they interact with Raf-1 kinase, resulting in an increase
in Raf-1 activity and the activation of ERK [1,13]. Taken collectively, the interaction of specific
14-3-3 isoforms with Raf-1 in the mitogen-activated protein kinase cascade is well-documented
in many systems. Therefore the potential role of 14-3-3 activation of Raf-1 and its subsequent
activation of MEK1 and ERK is suggested in Hermissenda, since conditioning is dependent
upon the activation of ERK and the expression of the cytoskeletal-related protein Csp24 [6,
9]. Indeed, previous studies have suggested that 14-3-3 proteins have a role in synaptic
plasticity and learning and memory. Mutations of alleles of 14-3-3ζ result in deficits of
olfactory learning in Drosophila [12]. In the mouse cerebellum, LTP of the granule cell-
Purkinje cell synapses involves binding of 14-3-3 protein to phosphorylated Ser413 of the
active-zone protein RIM1α [21]. We previously reported that Csp24 co-precipitated with actin
and co-localizes with actin in the cytosol of type B-photoreceptors [8]. Downstream of ERK
are several protein kinases that control cytoskeletal architecture [20]. One substrate of an ERK-
activated protein kinase is 14-3-3 protein. The activity of p160 ROCK phosphorylates Lim
kinase which results in cofilin phosphorylation and the stabilization of F-actin [15]. Cofilin in
its inactive phosphorylated conformation is bound to 14-3-3 proteins and its dephosphorylation
by protein phosphatases is inhibited. Following stimulation, small Hsps are phosphorylated
and compete with phosphorylated cofilin for 14-3-3 protein binding. This results in the
dephosphorylation of cofilin and its binding to the barbed ends of actin, which blocks actin
polymerization and results in actin remodeling. The interaction of Csp24 and 14-3-3 protein
may be important for the posttranslational modifications of proteins contributing to actin-
filament dynamics underlying conditioning-dependent structural remodeling.
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Fig. 1.
14-3-3 protein is found in the Hermissenda circumesophageal nervous system. Scan of
Coomassie blue-stained 1- D gel of protein bands from lysate (Lys) samples, supernatant
(Supn) and anti-14-3-3 immunoprecipitates (IP). Three circumesophageal nervous systems
were included in each of the two replications. Immunoprecipitation with anti-14-3-3 antibody
dramatically reduced the 32 kDa protein levels in the supernatant samples. The arrowhead on
the right identifies the bands in the lysates and immunoprecipitates excised from the gel for
mass spectrometric analysis.
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Fig. 2.
Hermissenda peptide sequences are homologous to 14-3-3 proteins. (A) Alignment of the three
peptides identified from mass spectrometry with corresponding amino acid sequences for
Xenopus protein 14-3-3. Accession number AAH45025. Identical amino acids are shaded in
black and similar amino acids are shaded in gray. The same peptides were identified from the
lysate samples and immunoprecipitate samples. (B) Csp24 co-precipitates with 14-3-3 protein.
Co-precipitation of Csp24 and 14-3-3 protein is shown by the western blots generated from a
non reducing gel of anti-14-3-3 immunoprecipitates probed with anti-Csp24 antibody. The
blots of the lysate samples indicate relative levels of Csp24. Three nervous systems were used
in each of the four replications.
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Fig. 3.
The interaction between 14-3-3 proteins and Csp24 is regulated by phosphorylation. (A)
Representative examples of blots from a non-reducing gel of anti-14-3-3 immunoprecipitates
probed with phosphospecific antibodies directed at Ser49 or Ser122 of Csp24 for experimental
(N=6) and the control procedure (N=6). The membranes were stripped following densitometric
analysis and reprobed for total Csp24 for each respective group. (B) Group data showing mean
± SE ratios of densitometric scans for phosphoSer49 co-precipitates and phosphoSer122 co-
precipitates from experimental and control groups (N=6 respectively) * P < .05
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