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Summary
Deregulated expression of tripartite motif-containing protein 32 (TRIM32, an E3 ubiquitin-protein ligase) contributes to various
diseases. Here we report, using quantitative proteomics and biochemistry, that 14-3-3 proteins bind to phosphorylated TRIM32 and
prevent TRIM32 autoubiquitylation and the formation of TRIM32-containing cytoplasmic bodies, which are potential autoregulatory

mechanisms that can reduce the concentration of soluble free TRIM32. The 14-3-3–TRIM32 interaction is dependent on protein-kinase-
A-catalyzed phosphorylation of TRIM32 at Ser651. We found that the inhibitory effect of 14-3-3 is, in part, a consequence of disrupting
the propensity of TRIM32 to undergo higher-order self-association without affecting its dimerization. Consequently, dimerized TRIM32

bound to 14-3-3 was sequestered in a distinct cytoplasmic pool away from the microtubule network, whereas a TRIM32 mutant that
cannot bind 14-3-3 underwent multimerization and was unavailable to facilitate cell growth. Our results reveal a novel connection
between ubiquitylation and phosphorylation pathways, which could modulate a variety of cell events by stimulating the formation of the

14-3-3–TRIM32 signaling complex.
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Introduction
Tripartite motif-containing protein 32 (TRIM32) is a member of

the expanding family of TRIM proteins that are also known as

RBCC proteins as they contain a RING finger, one or two B-

boxes, and a predicted coiled-coil domain (Reymond et al.,

2001). The RBCC motif is usually followed by additional and

variable C-terminal domains, including the SP1a and ryanodine

receptor (SPRY) domain, the plant homeodomain (PHD), and the

NCL-1, HT2A and LIN-41 (NHL) domain, which are specific to

individual TRIMs and are thought to mediate protein–protein

interactions (Reymond et al., 2001). The human genome encodes

more than 70 TRIM members, and homologs have also been

identified in various species. Several TRIM family members,

including TRIM32, are implicated in diverse biological processes

such as cell proliferation, differentiation, development,

oncogenesis, apoptosis and antiviral response (Nisole et al.,

2005; Hatakeyama, 2011). Despite the prevalence of TRIM genes

in many species and their implication in various cell processes,

whether and how these proteins, in particular TRIM32, are

regulated by cellular signaling is largely unknown.

TRIM32 is an RBCC-NHL-type TRIM member originally

identified as a binding partner for the activation domain of

retroviral Tat (Fridell et al., 1995). TRIM32 is ubiquitously

expressed in mammalian tissues, but the level varies depending

on cell type and conditions (Fridell et al., 1995; Frosk et al.,

2002; Horn et al., 2004; Kano et al., 2008). Abnormally high

expression has been demonstrated in human skin cancer cells

(Horn et al., 2004) and in the occipital lobe of Alzheimer’s

disease patients (Yokota et al., 2006). Moreover, Trim32-null

mice display several myopathic and neurogenic phenotypes

(Kudryashova et al., 2009); the common missense mutation

D489N, which directly causes limb-girdle muscular dystrophy

type 2H (LGMD2H), was recently shown to destabilize TRIM32,

leading to its degradation in cells (Kudryashova et al., 2011).

Like many TRIMs, TRIM32 has two potential autoregulatory

properties. One is that it often self-associates and forms insoluble

high-molecular-mass puncta called cytoplasmic bodies (CBs)

when transiently expressed in cells (Albor et al., 2006; Locke

et al., 2009). Although the role of CBs in TRIM32 functions is

not fully understood, recent studies, particularly with TRIM19

and TRIM5, have suggested that CBs may function as aggresome

precursors or storage compartments that maintain the proper level

of soluble free TRIM proteins (Song et al., 2005; Diaz-Griffero

et al., 2006) or exchange the proteins between CBs and a more

diffuse cytoplasmic fraction (Campbell et al., 2007). Another

property is that TRIM32 has autoubiquitylation activity in

addition to conventional ubiquitin-protein ligase activity (here

called transubiquitylation) (Kudryashova et al., 2005; Albor et al.,
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2006). Autoubiquitylation is used by E3 ligases to regulate their

own levels in cells, although it may also serve as a signal for

localization and trafficking. It was recently reported that TRIM32

overexpression can promote cell proliferation, transforming

activity, and cell motility and prevent apoptosis through the

ubiquitin–proteasome system (Albor et al., 2006; Kano et al.,

2008). It was also shown that TRIM32 overexpression can induce

neuronal differentiation by activating functions of the microRNA

let7 (Schwamborn et al., 2009). Together, these findings strongly

suggest that proper control of cellular TRIM32 concentration is

crucial for the maintenance of normal cell growth, differentiation

and function.

Although the importance of phosphorylation in substrate

recognition by E3 ligases is well documented, relatively few

studies have demonstrated the direct role of ligase

phosphorylation in functional regulation. We and others have

demonstrated that phosphorylation by protein kinase A (PKA) or

SGK1 kinase negatively regulates Nedd4-2, a HECT-type E3

ubiquitin ligase, by recruiting the protein 14-3-3 (Bhalla et al.,

2005; Ichimura et al., 2005; Nagaki et al., 2006). The 14-3-3

proteins constitute a diverse family of eukaryotic proteins that

bind a variety of enzymes and signaling molecules in response to

protein phosphorylation and modulate their activity, stability,

conformation, interactions and intracellular localization. In this

study we have demonstrated a wider repertoire of the 14-3-3-

assited control of E3 ubiquitin ligases using mass-spectrometry-

based quantification. Our results identify TRIM32, in addition to

six other ubiquitin ligases including Nedd4-2, as a PKA-

regulated interactor of 14-3-3 and provide a potential

mechanism for the PKA/14-3-3-dependent regulation of

TRIM32.

Results
Quantitative proteomic screening of 14-3-3 interactions in

PKA signaling pathways in cells

To identify novel interactions of 14-3-3 in PKA signaling

pathways, we employed a previously published proteomics

technology combined with the tandem affinity purification tag,

called MEF (myc-TEV-FLAG) (Ichimura et al., 2005; Ichimura

et al., 2008). Thus, PC12Mh cells [a monoclonal PC12 cell line

stably expressing the MEF-fused 14-3-3g isoform (Ichimura et al.,

2005)] were labeled in medium containing [13C]Lys and

[13C]Arg and stimulated for 20 minutes with 50 mM forskolin,

a PKA activator. Lysate from stimulated cells was mixed with an

equal amount of lysate from unlabeled, non-stimulated cells, and

interacting partners that associated specifically with the

expressed MEF-g were purified from the combined cell lysates

using MEF tag-based multistep immunoaffinity purification and

then identified and quantified by two-dimensional liquid

chromatography–tandem mass spectrometry (Fig. 1A). We

carried out this analysis five times with five independent

preparations and identified 324 proteins that interact with 14-3-

3, of which 200 (62%) were recovered from at least two of the

five tests (supplementary material Table S1; Fig. 1B). To obtain

a global view of the identified interactions, we examined the

distribution of the mean log (ratio) of the response to forskolin

stimulation for the 200 reproducible proteins (Fig. 1C). In

contrast to many proteins that have normal and narrow range

responses, several of the 200 proteins clearly showed highly

variable profiles. We selected 51 proteins that displayed at least a

twofold enrichment (32 proteins) or exclusion (19 proteins) in the

200-protein dataset as candidate forskolin-regulated 14-3-3

targets (Table 1). Interestingly, although 33 of the 51 proteins

(65%) have been reported to bind 14-3-3s (see Table 1), the

involvement of PKA in their association has been limited to only

five interactors: CaMKKa, Nedd4-2, PDE3A, TH and TORC2.

To directly assess the contribution of PKA to the observed

interactions, we performed a co-transfection assay using the

catalytic subunit of PKA (cPKA). We chose 11 proteins based on

three criteria: known targets for 14-3-3 in PKA signaling

(CaMKKa, Nedd4-2, TH, TORC2), known targets for 14-3-3

but unknown for their interactions in PKA signaling (TRIM32,

TPD52L1, WDR20, AKT1S1, TFEB), and those implicated in

neither 14-3-3 binding nor PKA signaling (SMURF1, RNF20).

Intriguingly, all of the associations to be tested, except for that of

TFEB, were successfully reconstituted by coexpression of cPKA

even in the absence of forskolin in HEK293 cells (supplementary

material Fig. S1A). For TFEB, association was reconstituted in

PC12 cells but not in HEK293, probably reflecting cell-type

specificity for this interaction (supplementary material Fig. S1B,

right panel). These results demonstrated the utility of our

proteomic procedure to identify novel interactions and strongly

suggested that most, if not all, of the interactions selected in this

screen were located downstream of PKA.

Fig. 1. Quantitative 14-3-3 interactome analysis in PKA signaling

pathways. (A) Strategy for identifying and quantifying 14-3-3

interactions in PKA signaling pathways. 2D, two-dimensional;

LC, liquid chromatography; MS/MS, tandem mass spectrometry.

(B) Characterization of 14-3-3 interactors identified from five

analyses. The figure shows the number of proteins consistently

identified in at least two analyses (200 proteins total) and the number

of uniquely identified proteins in each analysis. (C) Relative

interaction change of the reproducibly identified proteins plotted

logarithmically. The cutoff points (62-fold change) are indicated

by arrows.
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Confirmation of TRIM32 as a 14-3-3 binding partner

TRIM32 was identified in the screen together with six other

ubiquitin E3 ligases including Nedd4-2 (Fig. 2A). Because

TRIM32, like Nedd4-2, is implicated in several inherited

diseases, we selected this interaction for further analysis. We

initially examined the interaction in a pull-down assay using

bacterially expressed and purified 14-3-3g and GST-fused

TRIM32. 14-3-3g bound to the GST–TRIM32 under conditions

in which it was phosphorylated by PKA (Fig. 2B, lane 4); no

complex was detected with the GST moiety alone (lanes 1 and 2)

or with GST–TRIM32 in the absence of PKA (lane 3), suggesting

that 14-3-3 binds directly to TRIM32 when phosphorylated by

PKA. We next assessed the interaction in a co-precipitation assay

using all seven mammalian 14-3-3 isoforms (g, b, c, e, f, h, s)

tagged with myc. The interaction of all these 14-3-3 isoforms

with FLAG–TRIM32 were stimulated by coexpression of cPKA

in HEK293 cells (Fig. 2C), a cell line widely used in the study of

TRIM32 interaction and localization (Kano et al., 2008; Locke

et al., 2009; Ryu et al., 2011). Phosphate incorporation into

TRIM32 under these conditions was confirmed using phospho-

PKA substrate antibodies (Fig. 2C, bottom panel). Thus,

TRIM32 is capable of interacting with many 14-3-3 isoforms

when co-expressed in HEK293 cells. We then investigated the

interaction between endogenous 14-3-3s and TRIM32.

Endogenous 14-3-3s were immunoprecipitated from naive

PC12 cells with PAN-14-3-3 antibodies, and the

immunocomplexes were analyzed by western blotting with a

TRIM32-specific antibody. TRIM32 was readily detected in the

Table 1. Summary of forskolin-responsive 14-3-3 binding targets identified by LC-MS/MS

Human homolog Protein description Ratioa Binding Human homolog Protein description Ratioa Binding

Upregulated proteins Downregulated proteins

CAMKK1 Calcium/calmodulin-dependent protein
kinase kinase 1, alpha

15.83 Yes UPF1 Regulator of nonsense transcripts 1 0.50 Yes

SPECCIL Cytospin A 15.01 No WASF2 Wiskott-Aldrich syndrome protein family
member 2

0.50 Yes

PDE3A Phosphodiesterase 3A 10.37 Yes PLEKHA7 Pleckstrin homology domain containing,
family A member 7

0.47 Yes

TH Tyrosine hydroxylase 9.78 Yes TFEB transcription factor EB 0.45 Yes
TPD52L2 Tumor protein D52-like 2 7.21 Yes SIPA1L3 Signal-induced proliferation-associated 1

like 3
0.44 Yes

MAST1 Microtubule associated serine/threonine
kinase 1

6.80 No ARHGAP23 PREDICTED: Rho GTPase activating
protein 23

0.44 Yes

PNPLA7 Patatin-like phospholipase domain
containing 7

6.78 No LOC652055 Similar to slit homolog 1 0.43 No

MFF Mitochondrial fission factor 4.48 Yes SPEG Aortic preferentially expressed gene 1 0.43 Yes
CAMSAP2 Calmodulin regulated spectrin-associated

protein family, member 2
4.34 No MLLT4 Myeloid/lymphoid or mixed-lineage

leukemia; translocated to, 4
0.41 Yes

TPD52 Tumor protein D52 4.32 Yes BSN Bassoon (presynaptic cytomatrix
protein)

0.37 No

WDR20 WD repeat domain 20 4.31 Yes KAB KARP-1 binding protein 1 0.37 Yes
TPD52L1 Tumor protein D52-like 1 3.85 Yes TBC1D4 Similar to TBC1 domain family member 4 0.36 Yes
GIGYF1 GRB10 interacting GYF protein 1 3.74 Yes KIAA1598 shootin-1 0.30 No
EPB41L3 Erythrocyte membrane protein band

4.1-like 3
3.63 Yes HECTD1 E3 ubiquitin-protein ligase HECTD1 0.29 Yes

SMURF1 E3 ubiquitin protein ligase SMURF1 3.47 No CRTC2 CREB regulated transcription coactivator 2
(TORC2)

0.28 Yes

ZNRF2 E3 ubiquitin-protein ligase ZNRF2 3.37 Yes COBLL1 Cordon-bleu protein-like 1 0.27 No
RAE1 RNA export 1 homolog (S. pombe) 3.36 Yes HDAC4 Histone deacetylase 4 0.25 Yes
FAM83E PREDICTED: hypothetical protein 3.34 No AKT1S1 AKT1 substrate 1 (proline-rich) 0.18 Yes
PLEKHA6 Pleckstrin homology domain containing,

family A member 6
3.26 No BLM Bloom syndrome, RecQ helicase-like 0.12 No

CDK18 Cyclin-dependent kinase 18 3.16 Yes
MYCBP2 E3 ubiquitin-protein ligase MYCBP2 2.80 Yes
FLJ22471 PREDICTED: similar to DNA

segment, Chr 5
2.66 No

NEDD4L E3 ubiquitin-protein ligase Need4-2 2.59 Yes
RNF20 E3 ubiquitin-protein ligase RNF20 2.58 No
RGNEF Rho-guanine nucleotide exchange factor 2.54 No
CASKIN1 CASK interacting protein 1 2.39 No
MYCBP Similar to c-myc promoter binding

protein
2.29 Yes

KCNC1 Potassium voltage-gated channel,
Shaw-related subfamily, member 1

2.23 No

TRIM32 E3 ubiquitin-protein ligase TRIM32 2.21 Yes
KIAA0226 PREDICTED: similar to mKIAA0226

protein isoform 2
2.15 No

FAM82A2 Regulator of microtubule dynamics
protein 3

2.11 Yes

WNK1 Serine/threonine-protein kinase WNK1 2.04 Yes

aAverage ratio of fold change in 14-3-3 binding with forskolin stimulation compared to basal.
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14-3-3 immunoprecipitate but not the control immunoprecipitate

(Fig. 2D, lane 3). Of note, forskolin stimulation increased the

TRIM32 abundance in the precipitate (lane 4), consistent with

our mass spectrometry data. These results suggested that

endogenous TRIM32 resides in a complex with 14-3-3s upon

PKA activation. Further evidence that TRIM32 is a 14-3-3-

interacting partner was obtained with a colocalization assay using

FLAG–TRIM32 and myc–14-3-3g together with cPKA. The

Fig. 2. Identification of TRIM32 as a PKA-regulated 14-3-3 interacting partner. (A) E3 ubiquitin-protein ligases identified as forskolin-responsive 14-3-3-

binding partners. (B) In vitro association of 14-3-3 with phosphorylated TRIM32 as assessed by western blotting (WB). Purified GST–TRIM32 or GST alone

(,0.5 mg each) was incubated with 14-3-3g (1 mg) in the absence or presence of PKA, pulled down with glutathione–Sepharose, and the precipitates were

analyzed by WB with anti-PAN 14-3-3 (upper panel) and anti-GST (lower panel). (C) PKA-induced interaction of TRIM32 and mammalian 14-3-3 isoforms in

HEK293 cells. FLAG–TRIM32 (5 mg), and myc-14-3-3g, b, c, e, f, h or s (5 mg) plasmids were transfected together with or without cPKA (5 mg) into HEK293

cells at the indicated combinations. After 24 hours, the expressed FLAG–TRIM32 was immunoprecipitated (IP) with anti-FLAG–Sepharose beads, and the

precipitates were analyzed by WB with monoclonal anti-myc (upper panel) and monoclonal anti-FLAG (middle panel). The middle blot was also stripped and

analyzed with anti-phospho-PKA substrate (bottom panel). Molecular size markers, in kDa, are indicated at the left. (D) Association of endogenous 14-3-3 and

TRIM32 in PC12 cells. Cells were maintained as described previously (Nagaki et al., 2006), incubated in serum-free medium for 16 hours, and then stimulated for

20 minutes with 50 mM forskolin as indicated. After IP with anti-PAN 14-3-3 (2 mg, lanes 3 and 4) or preimmune IgG (2 mg, lanes 1 and 2), the

immunocomplexes were analyzed by WB with anti-TRIM32 (upper panel) or anti-PAN14-3-3 (lower panel). The intensity of each TRIM32 band shown in the

upper panel (lanes 3 and 4) was also quantified by densitometry and expressed as fold change of the level in non-stimulated cells. (E) Analysis of the TRIM32

domain responsible for binding 14-3-3. HEK293 cells were transfected with the indicated TRIM32 constructs and cPKA (5 mg each), and the expressed TRIM32

and its truncation mutants were immunoprecipitated with anti-FLAG. The immunoprecipitates were then analyzed by WB with anti-PAN-14-3-3 and monoclonal

anti-FLAG. (F) Effect of the TRIM32 S470A or S651A mutation on 14-3-3 binding. The experiment was conducted as in E, except that S470A and S651A point

mutants of FLAG–TRIM32 (5 mg each) were used instead of the truncation mutants. The bottom blot was also stripped and reprobed with anti-phospho-PKA

substrate to monitor phosphorylation (middle panel). (G) Conserved sequence motifs for 14-3-3 binding located in the NHL domains of known TRIM32s.

Regulation of TRIM32 by 14-3-3 2017
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immunostaining patterns of FLAG–TRIM32 and myc–14-3-3g
were generally similar, confirming that the two proteins indeed

colocalize in cells (see Fig. 3B, left panels).

14-3-3 binds TRIM32 via mode III

TRIM32 contains the tripartite RBCC domain (Reymond et al.,
2001). In contrast, its C-terminus carries the unique NHL domain
that includes six repeats of the 40-residue segment called the

NHL repeat (Fig. 2E, upper panel). To further characterize the
association of TRIM32 with 14-3-3, we generated four FLAG-
tagged TRIM32 deletions (C-140, C-265, C-365, N-361;

Fig. 2E), each of which was truncated either in the N- or C-
terminal domain. Subsequent immunoprecipitation from HEK293
cells revealed specific co-precipitation of endogenous 14-3-3s

with the expressed full-length TRIM32 as well as the N-361
fragment only in the presence of cPKA, but not with C-140, C-
265 and C-365 (Fig. 2E, lower panels, lanes 2 and 10). These

results suggested that the C-terminal NHL domain is necessary
and sufficient for the observed 14-3-3 binding.

14-3-3 proteins recognize a phosphorylated serine or threonine

residue in the consensus sequence motifs Rxx[S/T(P)]xP (mode
I), Rxxx[S/T(P)]xP (mode II), or [S/T(P)]xx-COOH (mode III),
where S/T(P) is phospho-Ser/Thr and x is any amino acid.

Analysis of the amino acid sequence of human TRIM32 revealed
that such sequence motifs indeed occur within the NHL domain
encompassing Ser470 and Ser651 (Fig. 2F,G); importantly, these
motifs are highly conserved in TRIM32 homologs from various

organisms, although Danio rerio TRIM32 contains only the mode
III sequence (Fig. 2G). We thus prepared two point mutants of
TRIM32 that replaced either Ser residue with Ala (S470A and

S651A) and tested these mutants for 14-3-3 binding in an assay
similar to that described above. As shown in Fig. 2F, the
interaction with endogenous 14-3-3s was completely disrupted by

the S651A mutant (lower top panel, lane 6), whereas the S470A
mutant had no effect (lane 4). Interestingly, S651A also caused a
complete loss of binding of the PKA substrate antibody (lower
middle panel, lane 6), suggesting that the antibody preferentially

recognizes this site. Thus, 14-3-3 specifically interacts with
TRIM32 when the ligase is phosphorylated by PKA at Ser651
within its NHL domain. The TRIM32 sequence also contains a

proline two residues downstream of S(P)651 (Pro653), a residue
that fits the consensus mode I 14-3-3 binding site (Fig. 2F,G).
We found, however, that this Pro residue was not necessary for

interaction with 14-3-3 because the mutant P653A could still
bind 14-3-3s in a cPKA-dependent manner in an
immunoprecipitation assay. Thus, 14-3-3 probably binds

TRIM32 via mode III rather than mode I, which does not
require Pro in that position (Ganguly et al., 2005; Coblitz et al.,
2006).

14-3-3 binding affects the formation of TRIM32-
containing CBs

Like many other TRIM32 constructs (Albor et al., 2006; Locke
et al., 2009; Ryu et al., 2011), the FLAG-tagged TRIM32 we
generated spontaneously formed CBs when transiently expressed

in cultured cells (Fig. 3A, left panel). Fluorescence microscopy
and electron microscopy revealed that these CBs vary in size and
shape, but are approximately spherical and hollow (Fig. 3A,

middle right panels), reminiscent of TRIM5a-containing CBs
(Campbell et al., 2007). To investigate the functional significance
of 14-3-3–TRIM32 complex formation, we monitored the effect

of 14-3-3 binding on the formation of TRIM32 CBs.
Coexpression of myc-14-3-3g and cPKA induced a dramatic

shift of TRIM32 (but not S651A) localization from CBs to a
more diffuse cytoplasmic fraction (Fig. 3B). This altered
TRIM32 distribution appeared relevant because coexpression of
AGO1 and Abi2, two other proteins that bind TRIM32 through

its NHL domain (Kano et al., 2008; Schwamborn et al., 2009),
did not cause such a change (supplementary material Fig. S2). To
better dissect the role for 14-3-3 in this process, 14-3-3g was also

expressed before or after transfection with TRIM32 and cPKA,
and the influence of this 14-3-3 on CB formation was assessed.
This experiment indicated that pre-expression of 14-3-3g caused

TRIM32 redistribution similar to that observed upon
coexpression of 14-3-3g, whereas post-expression with 14-3-3g
did not (Fig. 3C). Moreover, post-expressed 14-3-3g did not
colocalize with the pre-existing TRIM32 CBs (Fig. 3C, right

panels), suggesting that the CBs, once formed, may be refractory
to the accessibility of 14-3-3. These observations suggested that
14-3-3 plays a role at the initial step of CB formation through

association with phosphorylated TRIM32.

Time-lapse microscopy was then performed with a fusion
protein tethering cyan fluorescent protein (CFP) to TRIM32 to

demonstrate the observed role for 14-3-3 in living cells. CFP–
TRIM32 was initially detected within 4 hours after transfection.
In these cells, small CBs formed along with faint CFP signals,

and the smaller CBs coalesced to form larger CBs (Fig. 3D, top
two panels). Importantly, when 14-3-3g and cPKA were co-
transfected, CFP–TRIM32 was also observed to be diffuse
throughout the cytoplasm with no visible CBs (Fig. 3D, middle

two panels), consistent with the immunofluorescence data. CBs
containing other TRIMs, e.g. TRIM19 or TRIM5a, are
transported along microtubules to form larger CBs (Campbell

et al., 2007). Consistent with this, we found that addition of
nocodazole, a microtubule destabilizing agent, prevented the
formation of larger TRIM32 CBs (Fig. 3D, bottom two panels).

To further characterize the contribution of 14-3-3 to CB
formation, we analyzed the association of TRIM32 with
microtubules. As expected, TRIM32-bound 14-3-3g was
distributed throughout the cytoplasm away from the

microtubule network, whereas TRIM32 expressed without 14-
3-3g was confined to CBs located along microtubules
(supplementary material Fig. S3, compare top and middle

panels). Because association with microtubules was seen with
the S651A mutant even in the presence of 14-3-3g and cPKA
(bottom panels), it is probable that our results with wild-type

TRIM32 were not due to a general defect in microtubule
integrity. Collectively, these results suggested that TRIM32 is
specifically sequestered into a separate cytoplasmic pool in a

complex with 14-3-3 prior to the incorporation into CBs. Similar
results were obtained with all seven mammalian 14-3-3 isoforms
(supplementary material Fig. S4), in line with the fact that these
isoforms also bound TRIM32 in a cPKA-dependent manner

(Fig. 2C).

14-3-3 binding prevents both TRIM32 autoubiquitylation
and TRIM32 transubiquitylation

We and others have previously shown that 14-3-3 forms a stable
complex with Nedd4-2 phosphorylated by SGK1 or PKA to

maintain the phosphorylated ligase in an enzymatically inactive
form (Bhalla et al., 2005; Ichimura et al., 2005). To examine
whether 14-3-3 binding similarly affects TRIM32 activity, we

Journal of Cell Science 126 (9)2018
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Fig. 3. 14-3-3 prevents the formation of TRIM32-containing CBs. (A) Immunofluorescence and electron microscopy images of TRIM32 CBs in HEK293

cells. HEK293 cells were transiently transfected with FLAG–TRIM32, and TRIM32 localization was analyzed by immunofluorescence (a,b) and electron

microscopy (c,d). (B) Immunofluorescence double labeling of TRIM32 and its S651A mutant (both green) and 14-3-3g (red). Myc–14-3-3g, cPKA and FLAG–

TRIM32 (left panels) or the S651A mutant (right panels) were transfected into HEK293 cells. After 24 hours, cells were stained with polyclonal rabbit anti-FLAG

(green) and monoclonal mouse anti-myc (red). (C) Effect of myc-14-3-3g pre-expression and post-expression on subcellular distribution of TRIM32. The

experiments were conducted as in B, except that myc-14-3-3g was expressed 24 hours before (left panels) or after (right panel) transfection with FLAG–TRIM32

and cPKA. (D) Time-lapse imaging with HEK293 cells expressing CFP–TRIM32 (top two panels), CFP–TRIM32, cPKA and myc-14-3-3g (middle two panels),

or CFP–TRIM32 in the presence of 10 mg/ml nocodazole (bottom two panels). Cells were imaged at 1-hour intervals. Nocodazole was added 6 hours before

imaging. Representative images of cells from three independent experiments are shown.

Regulation of TRIM32 by 14-3-3 2019
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performed an in-cell ubiquitylation assay involving hemagglutinin
(HA)-tagged ubiquitin (Ichimura et al., 2005) (see also Materials

and Methods). Consistent with previous findings (Albor et al.,
2006; Locke et al., 2009; Ryu et al., 2011), the expressed
FLAG–TRIM32 was biologically active and was heavily
autoubiquitylated in the cells, as demonstrated by a smear of

high-molecular-mass species of HA–ubiquitin (Fig. 4A, lanes 2
and 8). We found, however, that the intensity of autoubiquitylated
FLAG–TRIM32 decreased significantly in the presence of 14-3-3g
and cPKA but not cPKA alone (lanes 4 and 10, compare with lanes
3 and 9). Two point mutants were used to assess the specificity of
this finding; one was the V180D point mutant of 14-3-3g, which

specifically disrupts the interaction of 14-3-3g with a variety of
targets including Nedd4-2 (Ichimura et al., 2005), and the other
was the TRIM32 S651A mutant that was deficient in 14-3-3
binding. Little reduction of TRIM32 autoubiquitylation was

detected in these controls (Fig. 4A lanes 5–6, 11–12), indicating
that 14-3-3 binding decreased TRIM32 autoubiquitylation. These
results suggested that 14-3-3–TRIM32 complex formation

suppresses TRIM32 autoubiquitylation in cells. Similar
suppression was observed with all seven 14-3-3 isoforms
(Fig. 4B, lanes 2–8), consistent with results from the CB

formation assay (supplementary material Fig. S4).

We next tested whether 14-3-3 could also affect TRIM32-
mediated transubiquitylation. To this end, we used a FLAG–Abi2

protein [a known in vivo substrate of TRIM32 (Kano et al., 2008)]
as a model and determined its level of ubiquitylation using wild-
type (non-tagged) TRIM32. TRIM32-catalyzed ubiquitylation of
Abi2 decreased to almost the basal level upon coexpression of 14-

3-3g and cPKA (Fig. 4C, lane 4, compare with lanes 2–3) but not
with control constructs (lanes 5–6). Notably, 14-3-3 (s isoform) is
a substrate for Efp (TRIM25) (Urano et al., 2002). We thus tested

whether FLAG–14-3-3g was ubiquitylated and found that this
isoform was not ubiquitylated by TRIM32 under phosphorylating
or nonphosphorylating conditions despite strong ubiquitylation of

FLAG–Abi2 that was used as a positive control (Fig. 4D, upper
panel, lanes 3–5, compare with lane 2). Indeed, coexpression of
TRIM32 did not decrease the steady-state levels of exogenous
FLAG–14-3-3g as well as endogenous 14-3-3 proteins, unlike the

FLAG–Abi2 protein (Fig. 4D, lower panels). We confirmed this
observation with FLAG–14-3-3g as well as FLAG–14-3-3s after
total HA-ubiquitylated proteins were first separated by anti-HA–

Sepharose and analyzed by western blotting with anti-FLAG
(Fig. 4E). Thus, the observed 14-3-3-mediated inhibition of
autoubiquitylation and transubiquitylation of TRIM32 reflects a

specific effect of 14-3-3 binding to phosphorylated TRIM32 rather
than a more general effect such as enzyme–substrate competition.

14-3-3 blocks TRIM32 higher-order self-association but
not homodimerization

To understand the molecular mechanism by which 14-3-3
represses both CB formation and E3 ubiquitin ligase activity,

we investigated the effect of 14-3-3 binding on TRIM32 self-
association. Two discrete modes for self-association have been
described for TRIM proteins; low-order (dimerization) and high-

order self-association, and dimerization is a prerequisite to
efficient higher-order oligomerization (Ganser-Pornillos et al.,
2011; Li et al., 2011) (see Fig. 5A). It also has been reported that

higher-order interaction is implicated in the formation of TRIM-
containing CBs (Ganser-Pornillos et al., 2011) and the expression
of enhanced RING E3 activities (Kentsis et al., 2002; Pertel et al.,

2011). We used sucrose-density-gradient centrifugation to
directly compare the in-cell formed self-association complexes

of TRIM32 and its S651A mutant bound or not bound with 14-3-
3g. As shown in Fig. 5B, the wild-type (non-tagged) TRIM32
complexes were detected predominantly in fraction 1 as well as at
the bottom of the tube that consisted of high-molecular-mass

complexes (S value .16S; top panel). A similar but more
sedimenting profile was obtained with the S651A mutant in the
same assay (Fig. 5B, second panel). When 14-3-3g and cPKA

were coexpressed in cells, however, the wild-type TRIM32
complexes, but not those containing S651A, were almost
completely recovered in the lower-density fractions (,fraction

5; S value ,8S, third panel, compare with the bottom fourth
panel). These results suggested that 14-3-3–TRIM32 complex
formation disrupts TRIM32 higher-order self-association in cells.

We next examined whether 14-3-3 binding affects TRIM32

homodimerization. We used a detergent-solubilized cell extract
as a potential source for TRIM homodimers, which is widely
used for characterization of many TRIMs including TRIM32

(Locke et al., 2009). HEK293 cell extracts containing FLAG-
tagged TRIM32 and the same construct tagged with myc were
prepared with Triton X-100, and the resulting extract was

subjected to co-immunoprecipitation to detect the TRIM32
homodimer. As can be seen in Fig. 5C (top panel, lane 2), the
antibody to FLAG effectively precipitated myc–TRIM32 with

FLAG–TRIM32, confirming that these tagged TRIM32s could
indeed form dimers. Importantly, when the same co-
immunoprecipitation was performed with extracts containing
coexpressed myc-14-3-3g and cPKA, almost equal amounts of

myc–TRIM32 were recovered in the FLAG–TRIM32
immunocomplex even though the expressed 14-3-3g formed a
complex with FLAG–TRIM32 (Fig. 5C, top panel, lane 3).

Furthermore, when the co-immunoprecipitation was carried out
with myc–S651A and FLAG–S651A, a comparable amount of
myc–S651A also co-precipitated with FLAG–S651A in the

presence of myc-14-3-3g and cPKA (lane 4). Thus, 14-3-3
binding does not affect TRIM32 homodimerization. These results
suggested that 14-3-3 binding specifically disrupts TRIM32
higher-order multimerization without affecting

homodimerization. Given that higher-order self-association
appears to be important for both the formation of TRIM-
containing CBs and ubiquitin ligase activity (Kentsis et al., 2002;

Ganser-Pornillos et al., 2011; Li et al., 2011), this may explain
how a single protein interaction has so many effects.

14-3-3 modulates the level of soluble TRIM32 and its ability
to accelerate growth of NIH3T3 cells

Although many TRIM proteins exist in the cytoplasm in both
soluble and insoluble states, the soluble (most probably

monomers and dimers) rather than insoluble forms (higher-
order oligomers or CBs; see Fig. 5A) may constitute the active
protein fraction (Song et al., 2005). Because our data indicated

that 14-3-3 prevents both TRIM32 autoubiquitylation and the
formation of TRIM32-containing CBs – potential autoregulatory
mechanisms that reduce the level of soluble TRIM32 – we

assumed that 14-3-3 might also modulate cellular levels of
soluble TRIM32. Thus, HEK293 cell lysates containing TRIM32
together with increasing amounts of 14-3-3g and cPKA were

separated into soluble and insoluble fractions by centrifugation
and analyzed by western blotting. Indeed, increased 14-3-3
expression promoted an elevated level of TRIM32 in the soluble
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fraction with a concomitant decrease in TRIM32 in the insoluble

fraction (Fig. 6A). This elevation was not detected when we used

cPKA or 14-3-3g alone (Fig. 6B, lanes 1–3 and 19–39, compare

with lanes 4 and 49) or when we transfected the V180D 14-3-3g
mutant or S651A TRIM32 mutant instead of their respective

wild-type constructs (Fig. 6B, lanes 5 and 6, 59 and 69),

consistent with the data from autoubiquitylation and CB

formation assays (Fig. 3B; Fig. 4A,C). The finding was

supported by time-course experiments with the protein

synthesis inhibitor cycloheximide (Fig. 6C). About half of the

Fig. 4. 14-3-3 binding inhibits TRIM32 autoubiquitylation and TRIM32 transubiquitylation. (A–C) HEK293 cells transiently co-transfected with the

indicated plasmids (5 mg each) were lysed with 1% SDS, and the expressed FLAG–TRIM32 (A,B) or FLAG–Abi2 (C) was immunoprecipitated with anti-FLAG.

The precipitated proteins were analyzed by 7.5% SDS-PAGE followed by western blotting (WB) with monoclonal anti-FLAG to detect the precipitated TRIM32

and Abi2 (lower panels) or with monoclonal anti-HA (upper panels) to detect their ubiquitylated forms. Ubiquitylated species are indicated with bars

(polyubiquitylated forms) and arrowheads (monoubiquitylated form). The arrows indicate FLAG–TRIM32 (A,B) and FLAG–Abi2 (C). Similar results were

obtained for at least three independent experiments. (D,E) HEK293 cells transiently co-transfected with the indicated constructs (5 mg each) were lysed with 1%

Triton X-100, and lysates were subjected to immunoprecipitation with anti-FLAG (D) or anti-HA (E) followed by 10% SDS-PAGE. Ubiquitylation of FLAG–14-

3-3 was then analyzed by WB with monoclonal anti-HA (D) or anti-FLAG (E). Cell lysates (10 mg of protein each) treated as in D were also analyzed by WB to

determine protein levels (lower panels). Similar results were obtained for at least three independent experiments.

Regulation of TRIM32 by 14-3-3 2021
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TRIM32 expressed alone in the cells disappeared from the

soluble fraction within 10–12 hours of chase, whereas in cells co-

transfected with 14-3-3g and cPKA, a slower decrease in the

level of soluble TRIM32, but not the S651A mutant, was

detected, with a half-life of .48 hours. Notably, .60% of

TRIM32 was retained in the soluble pool even after a 48-hour

chase. These results suggested that the observed increase in

soluble TRIM32 concentration was due to alterations in the

relative half-life of the protein owing to interaction with 14-3-3.

To examine the potential biological relevance of the 14-3-3–

TRIM32 interaction, we produced stable NIH3T3 cell lines that

expressed FLAG–TRIM32 (WT), FLAG–S651A mutant

(S651A) or an empty vector (Mock) using retroviral infection,

and counted cell numbers at various time points (Fig. 6D). It is

reported that NIH3T3 cells express TRIM32 naturally (Kano

et al., 2008), in addition to PKA and 14-3-3. In agreement with

previous data (Kano et al., 2008), the growth rate of NIH3T3

cells increased significantly upon expression of TRIM32 (WT)

as compared with Mock. We observed, however, that S651A did

not show any stimulatory effect on NIH3T3 cell growth under

parallel conditions (growth rate similar to that of Mock). Thus,

the S651A mutant, which has E3 ubiquitin-protein ligase

activity (Fig. 4A, lanes 6 and 12; Fig. 4C, lane 6) yet cannot

bind 14-3-3 (Fig. 2F, lane 6), could not elicit the intrinsic cell

growth activity. We concluded that PKA-mediated Ser651

phosphorylation and 14-3-3 binding are important factors for

regulating TRIM32.

14-3-3 and TRIM32 co-precipitate from normal tissues

The interaction data described above were obtained with cultured

cells or recombinant proteins. To validate the physiological

importance of the interaction of 14-3-3 with TRIM32, we tested
whether endogenous TRIM32 is associated with native 14-3-3

immunopurified from mouse skeletal muscle and brain (Fig. 6E).

TRIM32 was clearly co-immunoprecipitated with 14-3-3 from

both these tissue homogenates but not with control IgG (lanes 2
and 5, compare with lanes 1 and 4). Importantly, this association

was stimulated by addition of cAMP, ATP and magnesium

chloride to the homogenates, indicating that PKA-dependent

phosphorylation is involved in mediating the complex formation

(lanes 3 and 6). These results suggest that a 14-3-
3:phosphoTRIM32 complex exists even in normal tissues,

which support the notion that this association is physiologically

significant in cells.

Discussion
In the present study we show the bidirectional, coordinated

response of the 14-3-3 interactome in PKA signaling pathways
and identify 51 binding targets of 14-3-3g whose interactions

were significantly altered upon PKA activation (Table 1). For 46

of these 51 proteins, the interactions were novel with respect to

PKA signaling. The newly identified proteins are involved in

many different aspects of cell signaling, metabolism, transport,
growth, gene expression, etc. In addition, the identified proteins

localize to various subcellular locations, including the cytoplasm,

Fig. 5. 14-3-3–TRIM32 complex formation prevents TRIM32 higher-order self-association but not homodimerization. (A) A model of intermolecular

interactions of TRIM proteins. The model is based on the proposal by Ganser-Pornillos et al. (Ganser-Pornillos et al., 2011). (B) HEK293 cells transiently co-

transfected with the indicated constructs (5 mg each) were homogenized in PBS (pH 7.4) and subjected to sucrose density-gradient centrifugation (5–20%,

100,000 g, 18 hours), fractionated from the bottom, and analyzed by SDS-PAGE followed by western blotting (WB) with anti-TRIM32. The intensities of gel

bands were plotted as a percentage of the total amount of protein in each experiment. Marker proteins included Escherichia coli galactosidase (16S), bovine

catalase (11.6S), yeast alcohol dehydrogenase (7.3S), BSA (4.8S), and egg white lysozyme (1.9S). (C) HEK293 cells transiently transfected with the indicated

plasmids (5 mg each) were lysed with 1% Triton X-100 and subjected to precipitation with anti-FLAG after normalizing levels of expressed TRIM32 proteins for

each immunoprecipitation (IP) experiment. The amounts of myc- and FLAG-tagged proteins in the immunoprecipitates (upper panels) and lysates (lower panels)

after normalizing the expressed protein amounts were analyzed by WB with the indicated antibodies. The asterisk denotes monoubiquitylated TRIM32/S651A.

Journal of Cell Science 126 (9)2022
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Fig. 6. 14-3-3/TRIM32 interaction is important for TRIM32 regulation. (A,B) 14-3-3–TRIM32 complex formation elevates the level of TRIM32 in the detergent-

soluble fraction. HEK293 cells transiently transfected with the indicated expression plasmids (5 mg each) were lysed with 1% Triton X-100, and a soluble protein fraction

was prepared by a 20-minute centrifugation at 9,0006g. The remaining insoluble pellet was solubilized in SDS-PAGE sample buffer. The cell lysates were analyzed by

western blotting with monoclonal anti-FLAG and anti-14-3-3g as indicated. (C) 14-3-3 binding affects TRIM32 solubility. HEK293 cells were co-transfected with the

indicated plasmids (5 mg each) and after 24 hours were incubated with cycloheximide (10 mM). Soluble proteins were extracted at the indicated times as in A and B and

analyzed by western blotting with anti-TRIM32. Results were normalized to 1 at time 0 for each experiment and expressed as percentages. (D) 14-3-3 binding is necessary for

the TRIM32-mediated acceleration of NIH3T3 cell growth. NIH3T3 cells infected with a retrovirus encoding FLAG–TRIM32 (WT), FLAG–S651A mutant (S651A) or the

corresponding empty vector (Mock) were seeded at 16104 cells in six-well plates and harvested for determination of the number of cells at the indicated times. Each value

represents the mean 6 s.d. of three experiments. (E) TRIM32 is co-immunopurified with 14-3-3 from mouse skeletal muscle and brain. Anti-PAN 14-3-3 (4 mg) or

preimmune IgG (4 mg) were used for immunoprecipitation from 1% Triton X-100-solubilized mouse skeletal muscle (lanes 1–3) and brain extracts (lanes 4–6). The

immunoprecipitates were subjected to non-reducing SDS-PAGE followed by WB with anti-TRIM32 (upper panel) or anti-PAN14-3-3 (lower panel). Exogenous cAMP

(0.5 mM), ATP (0.5 mM) and magnesium chloride (10 mM) were added to the homogenates and incubated at 32 C̊ for 20 minutes (lanes 3 and 6). The intensity of each

TRIM32 band shown in the upper panel was also quantified by densitometry and expressed as fold change of the levels in non-stimulated homogenates. (F) Schematic

illustration of the proposed role for 14-3-3 in regulation of TRIM32.

Regulation of TRIM32 by 14-3-3 2023
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nucleus, cytoskeleton, mitochondria, endoplasmic reticulum and
cell membrane. Previous genetic studies with yeast have pointed

out that there may be many functional links between 14 and 3-3
and PKA signaling pathways (Gelperin et al., 1995; Roberts et al.,
1997). Indeed, overexpression of TPK1, encoding the catalytic
subunit of PKA, can partially suppress the lethality caused by

depletion of Bmh (yeast homolog of 14-3-3) (Gelperin et al.,
1995). Thus, the diversity of the protein complexes identified in
our study complements the genetic proposal and further provides

experimental evidence for a direct link between 14 and 3-3 and
PKA in a wide range of cell functions.

Our results indicate that 14-3-3 binds TRIM32 directly when

the ligase is phosphorylated by PKA at Ser651, located in the
NHL domain. The NHL domain is a tryptophan-rich protein–
protein interaction module, and indeed TRIM32 has been shown
to interact with various substrates including Abi2 and with AGO1

through its NHL domain (Kano et al., 2008; Schwamborn et al.,
2009). In the crystal structure of the NHL domain of brain tumor
(Brat), a member of the RBCC-NHL family that lacks only the

RING domain (Edwards et al., 2003), the NHL domain forms a
six-bladed b-propeller, with the blades, consisting of the six
individual NHL repeats, arrayed radially around a central shaft.

Importantly, the top is mostly electropositive whereas the bottom
is much more electronegative, and it has been proposed that the
electropositive top surface may represent the ligand-binding face
of NHL-containing proteins (Edwards et al., 2003). From this

perspective, the interaction of TRIM32 with 14-3-3 reported here
appears to be unique because this interaction occurred in
response to phosphorylation of TRIM32 at Ser651 (Fig. 2),

which is located in the C-terminal loop of the NHL domain
exposed outside the propeller shaft and pointed toward the
electronegative bottom side (Edwards et al., 2003). Furthermore,

we indeed found that association of 14-3-3 with phosphorylated
TRIM32 did not significantly affect the interaction of TRIM32
with Abi2 and AGO1 as analyzed by co-immunoprecipitation

(supplementary material Fig. S5). Thus, 14-3-3 may represent a
novel class of NHL-domain-binding proteins whose interaction
inhibits TRIM32 enzymatic activity and CB formation in
conjunction with PKA.

CBs may reflect the ability of TRIM proteins to self-associate
and form large complexes (Song et al., 2005; Ganser-Pornillos
et al., 2011). Because oligomerization and propensity to form

large complexes appear to be common features of all TRIM
members, these characteristics should be intrinsic to their
functions. Kentsis et al. presented the ‘scaffolding’ model

where TRIM oligomers could support the assembly of partner
proteins and amplify or control specific enzymatic reactions
(Kentsis et al., 2002). In the present study, we showed that 14-3-3
interaction specifically disrupted TRIM32 higher-order self-

association without affecting dimerization and that this
interaction repressed both TRIM32 ubiquitin ligase activity and
CB formation (Figs 3–5). Thus, our results complement the

scaffolding model suggested by Kentsis et al. and provide
additional evidences that TRIM self-assembly may be critical for
cellular TRIM functions (Kentsis et al., 2002). This finding is

particularly relevant given the recent finding that a truncated
dimer of TRIM5-21R that lacks the SPRY domain (domain
equivalent to NHL of TRIM32) retains the capacity to form self-

association-based hexagonal arrays, although with somewhat
lower efficiency (Ganser-Pornillos et al., 2011). We assume that
14-3-3 binding may induce a conformational change or mask the

NHL domain and possibly other parts of TRIM32 that is required

for higher-order interaction of TRIM32 dimers once complex

formation is triggered by phosphorylation at Ser651. Future

structural studies will clarify the detailed molecular mechanism

of the 14-3-3 interaction and the role of the NHL domain in the

assembly of TRIM32 higher-order arrays.

Mounting evidence indicates that molecular chaperons such as

Hsp90 and Hsp70 play important roles in the formation and/or

maintenance of various cytoplasmic foci, including TRIM CBs,

processing bodies, and stress granules (Hwang et al., 2010;

Johnston et al., 2010). Importantly, the 14-3-3 family participates

in the formation/maintenance of processing bodies (Okada et al.,

2011) and stress granules (Stoecklin et al., 2004). These

observations, together with our present results, suggest that 14-

3-3 may have functional interplay with heat shock proteins, either

cooperatively or separately, during formation of these cell

structures. From this viewpoint, however, regulation by 14-3-3

appears to be unique because in most cases it requires

phosphorylation for its interactions with other proteins and

because it can modulate the activities of even mature enzymes

and proteins in response to phosphorylation, although

phosphorylation itself may promote unfolding of certain target

proteins. From these results and other information (Vincenz and

Dixit, 1996; Chen et al., 2003) we propose a potential role for 14-

3-3 in PKA-dependent control of TRIM32 (Fig. 6F). Similar to

many TRIM proteins, TRIM32 is distributed in the cytoplasm in

both soluble and insoluble states, and the concentration of soluble

TRIM32 is reduced by self-association-based autoubiquitylation

and CB formation, depending on its expression levels (Locke

et al., 2009). PKA phosphorylates soluble TRIM32 at Ser651; to

be phosphorylated, however, TRIM32 must bind 14-3-3 to

repress CB formation. Although 14-3-3 represses TRIM32 ligase

activity, it may promote TRIM32 stability by blocking

autoubiquitylation and thus degradation via the proteasome.

Thus, 14-3-3 traps phosphorylated TRIM32 in a soluble and

functionally latent complex upstream of autoubiquitylation and

CB formation and drives the soluble–insoluble equilibrium of

TRIM32 toward the soluble state by modulating the self-

association-based protein–protein interactions (Fig. 6F). This

regulatory mechanism should be reversible, as 14-3-3

interactions can be reversed by dephosphorylation (Dougherty

and Morrison, 2004). This model is supported by our viral

transduction experiment, which showed that the S651A mutant,

which is enzymatically active yet unable to bind 14-3-3, could

not facilitate NIH3T3 cell growth (Fig. 6D). We cannot exclude

the possibility, however, that additional protein kinase(s) for

TRIM32 could also phosphorylate Ser651 (or another site) to

support 14-3-3 binding in these as well as other cell types.

In conclusion, we propose that 14-3-3 is a common cofactor

for both the regulation of Nedd4-2 and TRIM32 through a PKA-

dependent mechanism. In the past decade, many efforts have

been made to identify specific TRIM32 substrates and to

elucidate the mechanisms occurring in limb-girdle muscular

dystrophy type 2H. The regulatory mechanism we describe here

is the first and an important step toward understanding signaling

pathways that may control TRIM32 functions at the molecular

level. Because 14-3-3 binds many proteins – not only native but

also denatured or misfolded proteins associated with several

pathological processes – in response to phosphorylation, this

regulatory mechanism may also have an important impact on
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other 14-3-3-binding targets, especially aggregation-prone

targets.

Materials and Methods
Materials
The mammalian expression plasmid carrying FLAG-tagged TRIM32 was
generated by PCR using oligonucleotides 59-CGGGATCCATGGCTGCAGCA-
GCAGCTTC-39 and 59-CGGAATTCCTATGGGGTGGAATATCTTC-39 and
human TRIM32 cDNA (pOTB7, Funakosi) as template. The PCR fragment was
digested with BamHI and EcoRI and then inserted into the cloning site of the
FLAG-tag vector pCMV-Tag2B (Invitrogen), termed pCMV-TRIM32. The
expression plasmids for myc–14-3-3g and its V180D mutant or FLAG–14-3-3g
have been described (Ichimura et al., 2005). The CFP-TRIM32 construct was
created by ligating the BamHI/EcoRI fragment of pCMV-TRIM32 into the BglII/
EcoRI site of pECFP-C1 (Clontech). The deletion and point mutants of TRIM32
were created according to the standard protocol of PCR-based targeted
mutagenesis (Ichimura et al., 2002). The 14-3-3g protein was prepared by
cleavage of GST–14-3-3g (Nagaki et al., 2006) with Factor X (Bio-Rad). The
catalytic subunit of PKA was isolated from porcine brain (Nagaki et al., 2006).
Human TRIM32 was obtained from Abnova. The plasmids shown in
supplementary material Fig. S1 were kind gifts from Drs Richard Roth (for
AKT1S1–HA), Jennifer Byrne (for EGFP–TPD52L1), Daisuke Koya (for myc–
Smurf1), and Danny Reinberg (for FLAG–RNF20) or were made by PCR using
TORC2/pSport6 (kindly provided by Dr Yo Takemori, for FLAG–TORC2 in
pCMV-Tag2B), pME18SFL3 (Toyobo, for FLAG–WDR20 in pCMV-Tag2B),
pCMV-SPORT6 (Funakosi, for FLAG–TFEB in pCMV-Tag2B), or the reported
plasmids of CaMKKa [(Ichimura et al., 2008) for myc–CaMKKa in pcDNA3],
Nedd4-2 [(Ichimura et al., 2005) for myc–Nedd4-2 in pcDNA3], and TH [(Itagaki
et al., 1999) for myc–TH in pcDNA3] as templates. The plasmid for FLAG–AGO1
was kindly provided by Dr Haruhiko Siomi. The PAN-14-3-3 antibody, anti-
TRIM32, anti-GST and monoclonal anti-myc were purchased from Santa Cruz
Biotechnology. Anti-14-3-3g was purchased from Immuno-Biological
Laboratories. Polyclonal anti-myc and anti-phospho(Ser/Thr)-PKA substrate
were purchased from Cell Signaling. Monoclonal anti-HA and anti-FLAG were
purchased from Upstate and Kodak, respectively. Polyclonal anti-FLAG was
purchased from Rockland. Monoclonal anti-tubulin was purchased from Sigma.

Quantitative proteomics
Quantitative proteomics was carried out as described previously (Ichimura et al.,
2008). Six 15-cm dishes of PC12Mh cells (Ichimura et al., 2005) stably expressing
MEF-fused 14-3-3 (g-isoform) were metabolically labeled with [13C]Lys/Arg for
12 days. The labeled cells were stimulated with 50 mM forskolin (Sigma) for
20 minutes, lysed in 3 ml of lysis buffer [50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 10% (w/v) glycerol, 100 mM NaF, 10 mM EGTA, 1 mM Na3VO4, 1% (w/
v) Triton X-100, 5 mM ZnCl2, 2 mM phenylmethylsulfonyl fluoride, 10 mg/ml
aprotinin, and 1 mg/ml leupeptin] and combined with an equal volume of the lysate
from unlabeled, non-stimulated PC12Mh cells. Proteins bound to the expressed
MEF-14-3-3g were then purified from the combined lysates by the MEF method
(Ichimura et al., 2005). The recovered proteins were digested with trypsin and then
identified and quantified by two-dimensional liquid chromatography–tandem mass
spectrometry using the MASCOT (Matrix Science) and STEM software programs
(Shinkawa et al., 2005). For quantification, values were corrected by STEM for an
incorporation efficiency of 81% [13C]Lys and 70% [13C]Arg.

Co-immunoprecipitation and pull-down assay
Co-immunoprecipitation analyses were conducted as described previously
(Ichimura et al., 2005). HEK293 cells (2–46106) were transiently transfected
with expression plasmids (each 5 mg) encoding FLAG–TRIM32 or its mutants,
with or without myc–14-3-3 and cPKA. After 24 hours, the expressed FLAG–
TRIM32 was immunoprecipitated with anti-FLAG–Sepharose (Sigma), washed
five times with buffer A [50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% (w/v)
glycerol and 0.1% (w/v) Triton X-100], and the bound 14-3-3 was released from
the beads with 1 mM synthetic phosphopeptide [LSQRQRSTS(P)TPNVHA, based
on residues 250–265 of human cRaf1). Proteins were then separated by 10% SDS-
PAGE and analyzed by western blotting using the specific antibodies indicated in
each figure. For GST pull-down experiments, GST–TRIM32 or GST alone (each
,0.5 mg) was incubated with 14-3-3g (1 mg) for 20 minutes at 30 C̊ in 25 ml final
volume (50 mM HEPES, pH 7.5, 10 mM magnesium acetate, and 0.1 mM ATP)
in the presence or absence of 0.25 ml of the catalytic subunit of PKA. After
incubation, glutathione–agarose beads (Pharmacia) were added to the reaction and
further incubated for 60 minutes at 4 C̊. The beads were then washed five times
with buffer A, and the precipitated complexes were analyzed by 10% SDS-PAGE
followed by western blotting.

Immunopurification of 14-3-3 from mouse skeletal muscle and brain
Frozen mouse skeletal muscle and brain were homogenized in 10 volumes of lysis
buffer, and the homogenates were centrifuged at 100,000 g for 30 minutes at 4 C̊.

The cleared lysates (1.5 mg) were incubated with 4 mg of anti-PAN 14-3-3 IgG
for 60 minutes at 4 C̊. Immobilized protein A/G–Sepharose (Santa Cruz
Biotechnology) was added, and lysates were further incubated for 60 minutes at
4 C̊. Immunoprecipitated 14-3-3 complexes were washed five times with buffer A
and eluted with SDS-PAGE sample buffer (lacking b-mercaptoethanol).

Immunofluorescence microscopy and electron microscopy
HEK293 cells grown on 3.5-cm plates (FluoroDish, World Precision Instruments,
Inc.) were transfected with the indicated expression plasmids (each 0.5 mg) for
24 hours using Lipofectamine 2000 (Invitrogen). Transfected cells were rinsed
with phosphate-buffered saline (PBS) containing 0.1 g/l CaCl2 and 0.1 g/l MgCl2
[PBS(+)] and fixed with 10% formalin in 70% PBS(+) for 30 minutes at 25 C̊. The
fixed cells were washed four times with PBS, then incubated with 10% fetal
bovine serum in PBS for 30 minutes at room temperature and subsequently
incubated for 1 hour at room temperature with specific primary antibodies (see
figure legends). After washing four times with PBS, the cells were incubated with
Alexa-Fluor-488-conjugated (green) and Alexa-Fluor-594-conjugated (red) anti-
rabbit or anti-mouse secondary antibodies (Molecular Probes) for 1 hour at room
temperature. The stained cells were washed four times with PBS and then
visualized using a Delta Vision microscope system (Applied Precision, Inc.).

For electron microscopy, HEK293 cells transfected with FLAG–TRIM32 were
fixed for 1 hour at room temperature with 2.5% glutaraldehyde (TAAB
Laboratories Equipment Ltd) in 0.1 M sodium phosphate buffer (pH 7.2),
washed with PBS, and postfixed with 1% osmium tetroxide for 1 hour at room
temperature in 0.1 M sodium phosphate buffer. Cells were then dehydrated with
ethanol up to 100%, and finally embedded with Quetol 812-based resin (Nisshin
EM). Ultrathin sections were stained with uranyl acetate and lead citrate and
mounted on 150-mesh copper grids. Electron microscopy images were collected
with a TEM H7100 (Hitachi Ltd) and scanned with a SUPER COOLSCAN 8000
(Nikon). Counting FLAG–TRIM32-expressing and myc–14-3-3-expressing cells
revealed that the efficiency of FLAG–TRIM32 expression was 20–40% and that
more than 90% of the FLAG–TRIM32-positive cells were also positive for myc-
14-3-3 expression.

In-cell ubiquitylation assay
The ubiquitylation assay was performed as described previously (Ichimura et al.,
2005). HEK293 cells (2–46106) were co-transfected with the indicated expression
plasmids (each 5 mg) for 48 hours and lysed in 1% SDS. Samples were
subsequently diluted with 9 volumes of lysis buffer and incubated with anti-
FLAG–Sepharose beads (Sigma) or with anti-HA affinity matrix (Roche). The
beads were washed five times with buffer A, and bound proteins were analyzed by
7.5% or 10% SDS-PAGE followed by western blotting with monoclonal anti-HA
or anti-FLAG.

Sucrose density gradient

HEK293 cells (2–46106) were transfected with the indicated expression plasmids
(each 5 mg) for 36 hours and homogenized in PBS. The homogenates (50 mg
protein) were loaded on to a sucrose density gradient (5–20%, w/v) and centrifuged
at 100,000 g for 18 hours at 4 C̊. The samples were fractionated from the bottom
of the tubes, precipitated with 10% trichloroacetic acid, and subjected to 10%
SDS-PAGE followed by western blotting with anti-TRIM32. The gel image was
quantified with an E-Graph densitometer (ATTO) and the results were expressed
as a percentage of total amounts of protein in each experiment.

Retroviral infection and cell counting
Retrovirus expression vectors for FLAG–TRIM32 wild-type (WT) and S651A
point mutant (S651A) were constructed with pMX-puro (Kano et al., 2008).
NIH3T3 fibroblasts were infected with retroviruses produced by Plat-E packaging
cells as described previously (Kano et al., 2008). Infected cells were seeded at
16104 cells per well in six-well plates and harvested for determination of cell
number at various times.
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