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Translocase of outer mitochondrial membrane 34 (TOMM34)
orchestrates heat shock protein 70 (HSP70)/HSP90–mediated
transport of mitochondrial precursor proteins. Here, using in
vitro phosphorylation and refolding assays, analytical size-
exclusion chromatography, and hydrogen/deuterium exchange
MS, we found that TOMM34 associates with 14-3-3 proteins
after its phosphorylation by protein kinase A (PKA). PKA pref-
erentially targeted two serine residues in TOMM34: Ser93 and
Ser160, located in the tetratricopeptide repeat 1 (TPR1) domain
and the interdomain linker, respectively. Both of these residues
were necessary for efficient 14-3-3 protein binding. We deter-
mined that phosphorylation-induced structural changes in
TOMM34 are further augmented by binding to 14-3-3, leading
to destabilization of TOMM34’s secondary structure. We
also observed that this interaction with 14-3-3 occludes
the TOMM34 interaction interface with ATP-bound HSP70
dimers, which leaves them intact and thereby eliminates an in-
hibitory effect of TOMM34 on HSP70-mediated refolding in
vitro. In contrast, we noted that TOMM34 in complex with 14-
3-3 could bind HSP90. Both TOMM34 and 14-3-3 participated
in cytosolic precursor protein transport mediated by the coor-
dinated activities of HSP70 andHSP90. Our results provide im-
portant insights into how PKA-mediated phosphorylation and
14-3-3 binding regulate the availability of TOMM34 for its
interaction with HSP70.

Two highly conserved families of molecular chaperones,
HSP70 and HSP90, represent core machineries surveying fold-
ing and conformational status of cellular proteome (1, 2). Some
client proteins of HSP70/HSP90 are either terminally folded or
directed for degradation when misfolded to prevent their
aggregation (3, 4). A working model for a subset of clients
destined to particular cellular compartments, namely mito-
chondria, suggests that these precursors are kept in a semi-
folded transfer-competent state by cycling between HSP70
and HSP90 organized in large multiprotein complexes (5–8).
To be imported, mitochondrial precursors processed by
HSP70/HSP90 complexes are delivered to the translocase

of outer mitochondrial membrane (TOM) complex, which
serves as the main gate for diverse precursors transferred into
mitochondria (5, 7, 9, 10). TOM is a multiprotein complex
consisting of receptors and transmembrane channels. TOM20
and TOM22 receptors of TOM facilitate the transport of pre-
cursors containing cleavable presequences, as well as b-barrel
proteins (11–13). The transfer of noncleavable hydrophobic
precursors, such as the carrier precursors, is mediated by
TOM70 receptor (5, 8). The precursors delivered via different
receptors are then translocated through the transmembrane
channel formed by TOM40 b-barrel protein (14). Recent
studies in yeast demonstrated that the metabolic switch from
respiration to fermentation is accompanied by a decrease of mi-
tochondrial import capacity, which is induced by protein kinase
A (PKA)–mediated phosphorylation of TOM components
(15–18). These data indicate that mitochondrial import can be
tuned by post-translational modification of the TOM import
machinery.
In the multiprotein HSP70/HSP90 complexes transferring

mitochondrial precursors, a group of co-chaperone proteins
containing two or more tetratricopeptide repeat (TPR)
domains enable recurrent precursor shuttling by physically
bridging HSP70 to HSP90 (6, 7). This process is mediated
through accommodation of the C-terminal HSP70/HSP90
EEVD motifs by conserved charged residues in the TPR
domains, forming a so-called two-carboxylate clamp (19, 20).
The function of TPR domain co-chaperones goes beyond
mere scaffolding because they were reported to regulate the
ATPase and folding activities of HSP70/HSP90 (6, 21, 22). In
higher eukaryotes, the TOMM34 (34-kDa translocase of the
outer mitochondrial membrane) co-chaperone, bearing two
TPR domains joined by a flexible interdomain linker, partici-
pates with HSP70/HSP90 in mitochondrial precursor protein
transport in the cytosol (7, 22, 23). At the molecular level,
the TPR2 domain of TOMM34 accommodates the EEVD
motif of HSP90 (23). The interaction between HSP70 and
TOMM34 is more extensive and requires contacts between
the ATP-bound conformation of HSP70 and determinants in
the TPR1 domain and the interdomain linker (21). Formation
of the HSP70·TOMM34 complex leads to rapid disassembly of
ATP-bound dimers of human HSP70 (HSPA1A) and inhibition
of HSP70/HSP40-mediated refolding (24). Nevertheless, the
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physiological role of TOMM34 in precursor protein transport is
largely unknown.
14-3-3 dimeric adaptor proteins recognizing phosphorylated

targets are involved in a plethora of cellular processes such as
cell-cycle control, growth factor signaling, apoptosis, and pro-
tein trafficking, including precursor protein transport into mi-
tochondria (25–31). The a-helical structure of 14-3-3 mono-
mers is highly similar to TPR domains and contains residues
that electrostatically interact with phosphorylated segments of
their partner proteins (19, 32). Mode I RXX(pS/pT)X(P/G),
mode II RX(F/Y)X(pS/pT)X(P/G), and mode III (pS/pT)X1–2–
COOH were identified as optimal binding sites for 14-3-3
proteins; however, noncanonical modes of binding also exist
(33–35). Motifs recognized by 14-3-3 proteins are predomi-
nantly found in structurally disordered regions of the partner
proteins (36). Binding of 14-3-3 adaptors has a variety of effects
on the bound phosphorylated proteins, including induction of
structural changes and steric blockage of interaction interfaces
with other proteins or with DNA (34, 37, 38).
In this study, we identified PKA-modified TOMM34 as a

novel interaction partner of 14-3-3 proteins. TOMM34 phos-
phorylation induces structural changes in its TPR domains that
are augmented by 14-3-3 protein binding and modulate the
interaction of TOMM34 with HSP70. TOMM34 complexed
with 14-3-3g is largely excluded from interaction with HSP70,
leaving HSP70/HSP40-mediated refolding intact. Our data sug-
gest a role of both TOMM34 and 14-3-3 proteins in chaper-
one-assisted transport of precursors to mitochondria and show
that post-translational modification of cytosolic, as well as
TOM components of the mitochondrial import cascade, are
involved in context-dependent regulation of the mitochondrial
proteome.

Results

TOMM34 phosphorylation by PKA induces its binding to
14-3-3 proteins

We have shown previously that the TOMM34 TPR1 domain
and the highly flexible interdomain linker (amino acids;140–
190) play a role in ATP-dependent TOMM34·HSP70 complex
formation (21). Because a number of serine and threonine
residues are present in the TPR1 domain and the linker, post-
translational modifications of these residues might regulate
TOMM34 interaction with HSP70. Therefore, we performed a
prediction analysis of potential kinase target sites in TOMM34
(Table S2) (39). This analysis revealed two high-scoring PKA
motifs containing serine residues: Ser93 localized in the TPR1
domain and Ser160 present in the interdomain linker (Fig. 1a).
Both of these sites were shown to be phosphorylated in vivo
(40). To test whether PKA mediates phosphorylation of these
sites, we performed in vitro phosphorylation of TOMM34 by
PKA and analyzed the resulting phosphosites by MS (Fig. 1b
and Table S3). We observed that PKA phosphorylates Ser93

and Ser160 with 94 and 65% efficiency, respectively. The higher
modification level of Ser93 likely reflects the preference of PKA
for the 91RRASA95 motif compared with 157RWNSLP162 (41).
Other TOMM34 residues were phosphorylated to considerably
lower degrees, with the exception of Ser280 exhibiting 24%

modification (Fig. 1b and Table S3). Interestingly, both Ser93

and Ser160 are localized in motifs predicted to be recognized by
14-3-3 adaptor proteins, in contrast to Ser280 (42) (Fig. 1a and
Table S4). Moreover, Ser160 resides in a highly flexible region of
TOMM34, a structural feature facilitating binding of 14-3-3
proteins (Fig. 1a) (23, 43, 44). To test whether TOMM34 binds
14-3-3 proteins, we performed size-exclusion chromatography
(SEC) analysis of PKA-phosphorylated pTOMM34 alone and
preincubated with six 14-3-3 isoforms: b, g, e, s, t, and z (Fig. 2
and Fig. S1). Phosphorylation of TOMM34 does not change its
SEC mobility, and nonphosphorylated TOMM34 protein does
not interact with 14-3-3g (Fig. 2 and Fig. S1b). The experiments
showed that pTOMM34 forms early-eluting complexes with
all tested 14-3-3 isoforms but with differing efficiency and
peak distribution. Together, these experiments revealed that
TOMM34 is readily phosphorylated by PKA at Ser93, Ser160,
and Ser280 residues, and this modification enables 14-3-3 iso-
forms binding.

Ser160 phosphorylation by PKA is crucial for 14-3-3 dimer
binding

To define the contribution of individual serine residue phos-
phorylation on the interactions between pTOMM34 and 14-3-
3, we analyzed the binding of in vitro phosphorylated WT,
S93A, S160A, and S93A/S160A TOMM34 variants to 14-3-3g
protein using SEC (Fig. 3). WT, pWT TOMM34 and 14-3-3g
proteins eluted as single peaks with elution volumes of 14.3 and
13.7 ml, respectively. Complex pWT·14-3-3g eluted in a main
peak with elution volume of 12.5ml and aminor peak (shoulder
of 14-3-3g elution peak) eluting at ;13.1 ml. The elution pro-
file of pS93A/14-3-3g protein mixture revealed largely intact
complex formation; however, the main elution peak shifted to
elution volume of 12.8 ml. Importantly, only a small fraction of
pS160A/14-3-3g protein mixture formed a complex with elu-
tion volume 12.5 ml, and mixture of p(S93A/S160A) with 14-3-
3g eluted as noninteracting single proteins. Coomassie staining
of selected fractions separated in Phos-tag gels (45), together
withMS analysis of phosphosites (% of phosphorylated peptides
in the selected fractions), enabled the distinction of individual
phosphorylated forms (Fig. 3c and Table S3b). We observed
that the main elution peak of the pWT·14-3-3g complex (12.8
ml) contains TOMM34 protein phosphorylated simultane-
ously at both Ser93 (98%) and Ser160 (99%) residues. Noninter-
acting pWT fraction (14.3 ml) contains residual nonphos-
phorylated protein, pSer93 (93%), and only 7% pSer160 protein.
Further, 98% of pSer160 in the pS93A/14-3-3g sample is com-
plexed with 14-3-3g (elution volume 12.8 ml). Interestingly,
because the bulk pWT and pS93A proteins are phosphoryl-
ated at Ser160 to 65 and 58%, respectively (Fig. 1 and Table
S3a), the 14-3-3g–interacting fractions are highly enriched
for pSer160 modification. Conversely, pSer93 species in
pS160A/14-3-3g protein mixture remain largely in the
unbound TOMM34 fraction. These results clearly show that
Ser160 phosphorylation by PKA is both necessary and suffi-
cient for the interaction between pTOMM34 and 14-3-3g.
However, the simultaneous presence of a phosphate group on
Ser93 and Ser160 accelerates pTOMM34·14-3-3g complex
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Figure 1. Unstructured and structured regions of TOMM34 contain PKA-targeted serine residues. a, prediction of TOMM34 disordered regions (43). The
red dashed line denotes the prediction threshold. TOMM34 domain structure with the indicated location and sequence context of the preferentially PKA-tar-
geted serine residues is depicted. The regions of TOMM34 implicated in the interaction with HSP70 (TPR1 domain and interdomain linker) are marked. b,
summed extracted ion chromatograms for selected TOMM34 peptides covering PKA phosphorylation sites Ser93 (peptides 79–95), Ser160 (peptides 145–170),
and Ser280 (peptides 265–281). Traces for nonphosphorylated (blue) and phosphorylated (red) versions of the peptides derived from nonphosphorylated
TOMM34 and PKA-phosphorylated TOMM34 (pTOMM34) are shown. The level of the targeted sites phosphorylation is indicated as percentages.
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mobility in SEC, suggesting that the architecture of Ser93/
pSer160·14-3-3g and pSer93/pSer160·14-3-3g differ. The phos-
phorylation of Ser280 does not contribute to the interaction
between pTOMM34 and 14-3-3g. To determine the stoichi-
ometry of pTOMM34·14-3-3g assembly, we performed
native electrospray ionization MS with TOMM34/14-3-3g
mixture (Fig. S2). We detected ions corresponding selectively
to pTOMM34 complexed with 14-3-3g dimer, excluding the
possibility of 14-3-3g monomer binding to TOMM34 protein
(46).

Phosphorylation induces destabilization of TOMM34
secondary structure strengthened by 14-3-3g binding

To gain insight into the structural consequences of TOMM34
phosphorylation by PKA and subsequent 14-3-3g binding, we
performed hydrogen/deuterium exchange (HDX)–MS mea-
surement of nonphosphorylated/phosphorylated WT, S93A,
S160A, and S93A/S160A TOMM34 in the presence and ab-
sence of 14-3-3g (Fig. 4). This method measures the level of
peptide bond hydrogens exchange for deuterium present in
the reaction buffer, reflecting the changes in hydrogen bond-
ing and in solvent accessibility of the corresponding protein
regions (47). The deuteration levels were followed on pep-
tides/phosphopeptides derived from TOMM34, pTOMM34
and 14-3-3g proteins reflecting site-specific structural changes
introduced by phosphorylation. Introduction of alanine substi-
tutions (S93A, S160A, and S93A/S160A) had virtually no effect
on the overall TOMM34 deuteration, indicating that these
mutations do not affect TOMM34 secondary structure (Fig. S3).
PKA-mediated phosphorylation of WT TOMM34, targeting
preferentially Ser93, Ser160, and Ser280 residues (Fig. 1 and
Table S3), led to destabilization of the TPR2 domain detectable
at early deuteration intervals (20 s, 2 min) followed by TPR1

domain destabilization at longer incubation times (20 min, 2
h) (Fig. 4a). The analyses of pS93A, pS160A, and p(S93A/
S160A) variants revealed that pSer160 has a minor role in
phosphorylation-induced changes in TOMM34 (Fig. 4a).
Conversely, mutants lacking Ser93 phosphorylation (pS93A
and p(S93A/S160A)) exhibited similar deuteration profiles
that differ from the pWT protein (Fig. 4a). These differences
include slightly reduced destabilization of TPR2 domain
opening and particularly the absence of TPR1 destabilization.
These findings support the role of Ser93 phosphorylation for
the stability of the TPR1 domain. The rapid opening of the
TPR2 domain region, localized in proximity to Ser280, is pres-
ent in all phosphorylated TOMM34 variants, demonstrating
that Ser280 phosphorylation regulates local structural features
of the TPR2 domain.
To test the structural effects of 14-3-3g association with

TOMM34, we measured HDX of PKA-phosphorylated WT
and phosphoablative variants in the presence or absence of 14-
3-3g (Fig. 4b). We recapitulated that the pSer160 modification is
crucial for pTOMM34·14-3-3g interaction (Fig. 3), because
both pS160A and p(S93A/S160A) variants showed lower HDX
changes in the presence of 14-3-3g compared with pWT and
pS93A proteins (Fig. 4b). Interestingly, pWT association with
14-3-3g leads to simultaneous destabilization of both TPR
domains (Fig. 4b). Comparable structural loosening in the
TPR2 domain is detectable also in the pS93A·14-3-3g complex,
but in contrast, TOMM34 lacking Ser93 phosphorylation has
compromised TPR1 destabilization. These observations are in
agreement with our SEC analyses (Fig. 3), suggesting that Ser160

phosphorylation is both necessary and sufficient for 14-3-3g
binding to TOMM34, whereas Ser93 phosphorylation is required
for additional positioning of bound 14-3-3g. A subtle structural
loosening of the TPR2 domain in the presence of 14-3-3g is

Figure 2. PKA-phosphorylated TOMM34 interacts with 14-3-3 proteins. PKA-phosphorylated TOMM34 (T34, 35 mM) was preincubated with various 14-3-3
isoforms (70mM) for 30min at 21 °C before separation by analytical SEC.
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observed also in nonphosphorylated TOMM34, indicating that
14-3-3g transiently contacts this part of the TOMM34 protein.
HDX levels monitored in 14-3-3g peptides were largely

unchanged by TOMM34 or its variants, mirroring the struc-
tural rigidity of dimeric 14-3-3 (48, 49). However, several
regions showed differential deuteration (Fig. 4, c and d). We
observed phosphorylation-independent opening of the C-ter-
minal end of helix H9 in 14-3-3g, which was slightly enhanced
in the presence of phosphorylated TOMM34 proteins. This
region might be responsible for the above-mentioned contacts
with the TPR2 domain of nonphosphorylated TOMM34. 14-3-
3g helices 3, 5, and 7, which map to the phosphopeptide-bind-
ing groove, were protected from deuterium exchange selec-
tively by phosphorylated TOMM34 (Fig. 4d) (50). Conversely,
the protection of helix 8 cannot be ascribed directly to phos-
phopeptide accommodation and implies the presence of an
additional protein–protein interface between phosphorylated
TOMM34 and 14-3-3g as has been shown previously for other
14-3-3 interaction partners (38, 51).

Together, using HDX-MS, we have determined that phos-
phorylation of TOMM34 Ser93 by PKA is responsible for over-
all structural opening of the TPR1 domain and has a role in
positioning of 14-3-3g during pTOMM34·14-3-3g complex
formation mediated through phosphorylation of the TOMM34
Ser160 residue. 14-3-3g is likely to interact with TOMM34
through accommodating its phosphosites in the ligand-binding
groove and also by an additional interface localized at helix 8 of
14-3-3g (38, 50, 51).

Phosphorylation of Ser160 modulates TOMM34 interaction
with HSP70
The HDX-MS (Fig. 4, a and b) analyses suggested that

TOMM34 phosphorylation by PKA at Ser93 and Ser280 residues
destabilizes its TPR1 and TPR2 domains, respectively, and
destabilization is further strengthened by pSer160–dependent
14-3-3g recruitment. Because the TPR1 and TPR2 domains
interact with the C termini of HSP70 and HSP90, respectively,
to enable efficient binding of the molecular chaperones (21,

Figure 3. Ser160 phosphorylation by PKA is crucial for 14-3-3 dimers binding. a, PKA-phosphorylated TOMM34 variants (T34, 35 mM) were preincubated
with 14-3-3g protein (70mM) for 30min at 21 °C before separation by analytical SEC. b, indicated fractions from (a) and from SEC separations of nonphosphory-
lated TOMM34/14-3-3g (see Fig. 2 and Fig. S1) were analyzed by gel electrophoresis and Coomassie staining. c, indicated fractions from (a) and (b) as well as
nonfractioned proteins were separated in Phos-tag gels retarding the migration of phosphorylated proteins and stained by Coomassie (45). MS-identified
phosphoforms of TOMM34 in 14-3-3g-bound (elution volume, 12.8 ml) and unbound (elution volume, 14.3 ml) fractions are indicated.
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23), we tested the interaction of phosphorylated TOMM34 var-
iants with HSP70 and HSP90 C-terminal EEVD peptides in the
presence of 14-3-3g by fluorescence polarization (Fig. 5a). We
observed that all nonphosphorylated proteins, as well as phos-
phorylated TOMM34 variants bearing a S93Amutation, bound
HSP70 EEVD peptide with comparable affinity as nonphos-
phorylated WT protein. Conversely, proteins phosphorylated

at Ser93 residue exhibited reduced association with HSP70
EEVD peptide independently of 14-3-3g. Experiments with
HSP90 C-terminal EEVD peptide did not show a phosphoryla-
tion/14-3-3g–dependent decrease of TOMM34 interaction
with the peptide (Fig. 5a). 14-3-3g did not exhibit binding to
EEVD peptides. To further delineate the structural consequen-
ces of HSP70/HSP90 EEVD peptides binding to phosphorylated

Figure 4. Phosphorylation induces destabilization of TOMM34 secondary structure augmented by 14-3-3g binding. Time resolved deuteration level differ-
ences between selected experimental conditions (indicated on the left side) presented in the form of heat maps. Horizontal gray lines separate individual experi-
mental conditions. Within each experimental condition, the four rows correspond to exchange times (20 s, 2min, 20min, and 2 h from top to bottom), indicated on
the right side. The vertical gray lines mark sequence positions (spaced by 50 amino acids). a, difference between phosphorylated (p) TOMM34 WT, S93A, S160A,
and/or S93A/S160A proteins and their nonphosphorylated forms. TOMM34 domain structure is depicted above the heat map with PKA-modified sites indicated
by arrowheads (see Fig. 1). Regions in gray boxeswere not covered. b, differences between nonphosphorylated TOMM34WT and phosphorylated (p) TOMM34WT,
S93A, S160A, and/or S93A/S160A proteins in the presence and absence of 14-3-3g protein. c, differences between 14-3-3g protein incubated in the presence or ab-
sence of nonphosphorylated TOMM34 WT and PKA-phosphorylated (p) TOMM34 WT, S93A, S160A, and/or S93A/S160A. 14-3-3g domain structure is depicted
above the heatmap. d, deuteration level differences between 14-3-3g protein incubatedwith andwithout PKA-phosphorylated TOMM34 protein after 2 h of deut-
eration (indicated in c by an arrowhead) mapped on the structure of 14-3-3g dimer in complex with phosphopeptide (in red) (PBD code 6A5S; Ref. 50). Residues
involved in phosphoserine interaction (Lys50, Arg57, Arg132, Tyr133, Glu136, Leu177, and Glu185) anda-helices are highlighted in one of 14-3-3g protomers.
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TOMM34 variants in the presence of 14-3-3g, we performed
HDX-MS (Fig. 5b and Fig. S4). Differences in deuteration of pep-
tides covering the two-carboxylate clamp residues accommodat-
ing HSP70/HSP90 C-terminal motifs revealed an unchanged
ability of HSP90 EEVD peptide to induce protection of the
TOMM34 TPR2 domain (23). On the contrary, protection of

the TPR1 domain, the main binding site for HSP70 EEVD
peptide, was reduced (23). Again, the effect of 14-3-3g on the
peptide-induced deuteration changes was low. These results
revealed that although destabilization of the TPR1 domain
by Ser93 phosphorylation (Fig. 4a) decreases affinity to the
HSP70 C terminus (Fig. 5a), the loosening of TPR2 by Ser280

modification is not accompanied by diminished binding of
HSP90 EEVD peptide. The role of 14-3-3g in reducing the
affinity of pTOMM34 for HSP70/HSP90 EEVD motifs is
negligible.
Having investigated the binding of HSP70/HSP90 C-termi-

nal peptides, we proceeded with analyses of full-length protein
interactions by pulldown with streptavidin-binding peptide
(SBP)-tagged proteins (Fig. 6). Because the TOMM34·HSP70
interaction is ATP-dependent (21, 24), the corresponding buf-
fers were supplemented with ATP. All the nonphosphorylated
TOMM34 variants interacted with SBP-HSP70 to the same
level in the presence of ATP, indicating that the introduced
mutations do not affect binding (Fig. 6a). Expectedly, no inter-
action was detected between SBP-HSP70 and phosphorylated
TOMM34 variants in the absence of ATP. Surprisingly, PKA
treatment decreased the association of TOMM34 pWT and
pS93A proteins with SBP-HSP70, whereas pS160A and p(S93A/
S160A) proteins exhibited unaffected binding to SBP-HSP70.
These results show that phosphorylation of Ser160, rather than
pSer93–mediated structural changes of the TPR1 domain (Figs.
4a), decreases TOMM34 binding to full-length HSP70. SBP-
HSP90 pulldown showed that all phosphorylated TOMM34
variants are able to bind HSP90, recapitulating that the opening
of the TPR2 domain by Ser280 phosphorylation does not pre-
clude HSP90 binding (Figs. 4a and 5).
To delineate the influence of 14-3-3g binding on the interac-

tions between TOMM34 and HSP70, we performed SBP-pull-
down assay using the S93A/S160A variant that is unable to
bind 14-3-3g (Fig. 3). We detected a phosphorylation-depend-
ent and 14-3-3g–independent decrease of TOMM34 binding
to SBP-HSP70 (Fig. 6b). 14-3-3g protein was not co-precipi-
tated with residual WT TOMM34 interacting with SBP-
HSP70. This result indicates that the pWT·14-3-3g complex is
excluded from interaction with SBP-HSP70. Conversely, SBP-
HSP90·pWT·14-3-3g assembly is effectively pulled down using
the same experimental setup (Fig. 6b). Collectively, the data show
that although phosphorylation of Ser93 decreases binding of the
TOMM34 TPR1 domain to HSP70 EEVD peptide, the interac-
tion of full-length HSP70 with phosphorylated TOMM34 is pre-
cludedmainly by phosphorylation at Ser160.

pTOMM34 complexed with 14-3-3g dimer does not disrupt
ATP-dependent HSP70 dimer

We next used SEC to further study interactions between
HSP70, TOMM34, and 14-3-3g, because this method does not
require immobilization (Fig. 7, a and b). All analyses were per-
formed in the presence of ATP. First, we evaluated HSP70 and
TOMM34 protein samples in the absence of 14-3-3g. HSP70
eluted as a major peak with elution volume 11.9 ml, which cor-
responds to the ATP-bound HSP70 dimer (24). The HSP70
dimer was disrupted by interaction with nonphosphorylated

Figure 5. Phosphorylation of Ser93 decreases TOMM34 interaction with
HSP70 C-terminal EEVDmotif. a, equilibrium binding curves of fluorescein-
labeled C-terminal HSP70 (GGSGSGPTIEEVD) or HSP90 (GDDDTSRMEEVD)
peptides binding to nonphosphorylated and PKA-phosphorylated (p)
TOMM34 WT, S93A, S160A, and/or S93A/S160A proteins in the presence or
absence of 14-3-3g measured by fluorescence polarization. Error bars repre-
sent S.D.; n = 3 independent experiments. b, deuteration level differences
(percentage of deuteration) between selected peptides covering the respec-
tive two-carboxylate clamps of TPR1 and TPR2 domains in nonphosphory-
lated and PKA-phosphorylated (p) TOMM34WT and/or S93A/S160A proteins
detected in the presence of HSP70 (70) and HSP90 (90) C-terminal peptides
and in the peptides’ absence. The effect of 14-3-3g presence on peptide-
induced deuteration changes is also shown.
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TOMM34, forming a complex with 1:1 stoichiometry (24) elut-
ing at ;12.4 ml. Interestingly, the presence of phosphorylated
TOMM34 also led to HSP70 dimer disruption, although the
pTOMM34·HSP70 complex was less abundant, and a signifi-
cant portion of HSP70 redistributed into early-eluting oligo-
meric fractions. This observation suggests that the decreased
level of pTOMM34 binding to HSP70 detected by pulldown
analysis (Fig. 6a) is caused by modulated mechanism/kinetics
of pTOMM34/HSP70 interaction compared with nonphos-
phorylated TOMM34 protein. To unravel the role of 14-3-3g
in TOMM34·HSP70 complex formation, we first analyzed
HSP70/14-3-3g protein mixture, showing that 14-3-3g does
not interact with the ATP-bound HSP70 dimer and leaves it
intact (Fig. 7a). Nonphosphorylated TOMM34 interacts with
HSP70, disrupting its dimeric structure independently of the
presence of 14-3-3g. Strikingly, pTOMM34/HSP70/14-3-3g
mixtures eluted as two main peaks with elution volumes 12.5
and 13.1 ml, respectively. Although the peak at 13.1 ml corre-
sponds to pTOMM34·14-3-3g late eluting assembly enriched
for HSP70 monomers, the 12.5-ml peak contains early-eluting
pTOMM34·14-3-3g complex together with HSP70, as shown
by Coomassie staining (Fig. 7, a and b). That the elution profile
of pTOMM34·14-3-3g complexes is unchanged by the pres-
ence of HSP70 (Fig. 7b) strongly suggests that pTOMM34 com-
plexed with 14-3-3g is largely excluded from interaction with
HSP70. This is further demonstrated by the presence of a 12.5-
ml peak shoulder corresponding to ATP-bound HSP70 dimer
(elution volume of;11.9 ml).
To further test whether pTOMM34 complexed with 14-3-3g

loses its interaction with ATP-bound HSP70 dimers, we per-
formed chemical cross-linking with glutaraldehyde and analyzed
the resulting complexes by SDS-PAGE/Western blotting using
antibodies recognizing HSP70, TOMM34, and 14-3-3g proteins

(Fig. 7c and Fig. S5). ATP-induced HSP70 dimer migrated at
;150 kDa. The addition of nonphosphorylated WT TOMM34
and S93A/S160A proteins led to HSP70 dimer disruption, and
comparable levels of HSP70·WT and HSP70·S93A/S160A com-
plexes appeared migrating at 110 kDa. In contrast, both pWT
and p(S93A/S160A) proteins disrupted HSP70 dimers; however,
the level of pWT·HSP70 assembly was lower compared with the
p(S93A/S160A)·HSP70 complex. This observation corresponds
with our SEC analysis of pWT/HSP70 samples (Fig. 7a) showing
that pTOMM34 contacts HSP70 dimer inducing its disassembly,
but the resulting pTOMM34·HSP70 complex is less stable.
Importantly, the simultaneous presence of p(S93A/S160A)
and 14-3-3g led to HSP70 dimer disassembly, and a p(S93A/
S160A)·HSP70 complex was formed. Conversely, a significant
fraction of HSP70 dimer is preserved in the presence of the
pTOMM34·14-3-3g complex, and the level of pTOMM34·
HSP70 assembly is strongly decreased. Surprisingly, pTOMM34·
14-3-3g assembly was detected migrating at ;70 kDa by
TOMM34 antibody, indicating 1:1 stoichiometry (Fig. 7b),
which is in contrast to our native ESI analysis of pTOMM34·14-
3-3g complex stoichiometry (1:2, Fig. S2). The corresponding
signal for p(S93A/S160A)·14-3-3g complex is less populated.
Detection using 14-3-3g antibody showed the presence of 14-3-
3gmonomers/dimers and only a weak signal for corresponding
pTOMM34·14-3-3g dimer tripartite complex (Fig. S5). Coo-
massie staining of pWT and p(S93A/S160A) proteins cross-
linked to 14-3-3g revealed clear separation of pWT, p(S93A/
S160A) and 14-3-3gmonomers/dimers (Fig. S5). These observa-
tions suggest that the pTOMM34 complex with 14-3-3g dimer is
inefficiently cross-linked and decays in the presence of SDS leav-
ing only traces of pTOMM34·14-3-3g assembly with 1:1 stoichi-
ometry detectable by Western blotting. Alternatively, the epi-
topes of antibodies raised against 14-3-3g and TOMM34 are not

Figure 6. Phosphorylation of Ser160 modulates TOMM34 interaction with HSP70 protein. a, SBP pulldown analysis of the interaction between SBP–
HSP70/SBP–HSP90 and nonphosphorylated (Non-phos) and PKA-phosphorylated (Phos) TOMM34 protein variants. Because the interaction of TOMM34 with
HSP70 is ATP-dependent (21), these experiments were performed in the presence or absence of ATP. b, SBP pulldown analysis of SBP–HSP70/SBP–HSP90 inter-
action with nonphosphorylated and PKA-phosphorylated TOMM34 and/or S93A/S160A proteins in the presence and the absence of 14-3-3g. C1 denotes
purified 14-3-3g protein used as a positive control forWestern blotting.
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readily accessible in the cross-linked tripartite complex. Taken
together, the SEC and chemical cross-linking analyses revealed
that themodulated interaction of phosphorylated TOMM34 pro-
tein withHSP70 is largely prevented by interaction of pTOMM34
with 14-3-3g dimers, leaving the ATP-bound HSP70 dimer
intact.

Binding of pTOMM34 to 14-3-3g eliminates TOMM34’s
inhibitory role in HSP70-mediated refolding

TOMM34 protein at high concentrations inhibits HSP70/
HSP40-mediated luciferase refolding, likely through HSP70
dimer disruption (21, 24). Therefore, we tested the influence

of TOMM34 phosphorylation by PKA onHSP70/HSP40-medi-
ated luciferase refolding (Fig. 8a). We detected that both
WT and S93A/S160A proteins either phosphorylated or non-
phosphorylated completely inhibited luciferase refolding. This
observation reflects the finding that HSP70 dimers are disrupted
by both modified and unmodified TOMM34 proteins (Fig. 7).
Next, we monitored HSP70/HSP40-mediated luciferase refold-
ing in the presence of constant pTOMM34 concentration and
increasing concentrations of 14-3-3g (Fig. 8b and Fig. S6).
pTOMM34-inhibited luciferase refolding was recovered by 14-
3-3g in a concentration-dependent mode. At equimolar concen-
trations of pTOMM34 and 14-3-3g dimers (5 mM), the refolding
efficiency reached the level of TOMM34-free refoldingmixtures.

Figure 7. Binding of pTOMM34 to 14-3-3g dimer prevents disruption of ATP-dependent HSP70 dimer. a, phosphorylated/nonphosphorylated
TOMM34 WT preincubated with/without 14-3-3g (30 min, 21 °C) was mixed with HSP70 in the presence of 0.2 mM ATP and incubated 20 min at 21 °C before
separation by analytical SEC. The final concentrations of TOMM34, 14-3-3g, and HSP70 in the proteinmixtures were 35, 70, and 35mM, respectively. b, indicated
fractions from (a) were analyzed by gel electrophoresis and Coomassie staining. c, intact or PKA-phosphorylated WT and/or S93A/S160A (final concentration,
60 mM) proteins were mixed with 14-3-3g (final concentration, 120mM) or buffer. HSP70 protein (60mM) preincubated with or without ATP (0.4 mM) was added
to TOMM34/14-3-3g samples in 1:1 ratio, and the mixture was chemically cross-linked by glutaraldehyde addition. The reactions were stopped after 10 min
with Tris, pH 8, and separated by SDS-PAGE, blotted, and probed with anti-TOMM34 and HSP70 antibodies. Molecular mass markers and captured protein
assemblies are indicated by numbers and dots, respectively.
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Together, the refolding assays suggest that complex formation
between pTOMM34 and 14-3-3g prevents TOMM34-mediated
decomposition of ATP-boundHSP70 dimers and allows for pro-
ductive luciferase refolding.

14-3-3 Isoforms interact with TOMM34 ex vivo

To verify whether the interactions between 14-3-3 isoforms
and pTOMM34 detected in vitro (Fig. 2) are physiologically rel-
evant, we performed ex vivo pulldown of HA-tagged TOMM34
WT and S93A/S160A proteins reintroduced into TOMM342/2

MCF-7 cells (52) using biotinylated 14-3-3 proteins (Fig. 9). To
induce cellular signaling, the cells were treated with 12-O-tet-

radecanoylphorbol-13-acetate (PMA) (53–55). Because PKA
kinase is encoded by several genes in the human genome (56),
we decided to use H89 PKA kinase inhibitor with relaxed
specificity (57, 58) to ensure robust inhibition of all kinases
sharing PKA-like activity. This allowed us to distinguish phos-
phorylation/PKA-dependent pTOMM34·14-3-3 complexes.
We observed that all the analyzed 14-3-3 isoforms (b, g, e, s, t,
and z) interacted with TOMM34 in a PMA-dependent man-
ner, and the interaction was decreased in PMA/H89 co-
treated samples. S93A/S160A variant also exhibited PMA-
induced binding to 14-3-3 isoforms that was sensitive to
H89; however, the levels of pulled down S93A/S160A pro-
tein were lower. These results indicate that TOMM34 inter-
action with 14-3-3 isoforms takes place in cells and is heavily
dependent on Ser93/Ser160 phosphorylation by PKA or possi-
bly other kinases inhibited by H89 inhibitor (57). Neverthe-
less, the residual PMA-induced S93A/S160A interaction
with 14-3-3 isoforms suggests that an pSer93– and pSer160–
independent mechanism of TOMM34/14-3-3 binding also
exists in vivo.

Discussion

TOMM34·HSP70 complex formation requires both accom-
modation of the HSP70 EEVD C-terminal motif by the
TOMM34 TPR1 domain and docking of so-far-unknown
determinants in the TOMM34 interdomain linker to HSP70 in
the ATP-bound conformation (21, 23). The TPR1 domain and
the interdomain linker of TOMM34 contain several serine/
threonine residues, suggesting that their modification might
regulate interaction between TOMM34 and HSP70.
Here, we have shown that Ser93 (TPR1 domain) and Ser160

(interdomain linker) TOMM34 residues are effectively phos-
phorylated by PKA (Fig. 1 and Tables S2 and S3). The phospho-
rylation of Ser93 induces destabilization of the TPR1 domain
(Fig. 4a). Opening of the TPR1 domain can be ascribed to re-
pulsive electrostatic interactions introduced by the phosphate
group into a structurally stable region of TPR1 domain (Fig. 1a)
(23, 59). These structural rearrangements are a likely cause of
diminished HSP70 EEVD peptide binding because the two-car-
boxylate clamp of TPR1 domain preferentially accommodates
the C terminus of HSP70 (Fig. 5b) (23). However, the interac-
tion of the phosphorylated S160A TOMM34 variant (bearing
pSer93) with full-lengthHSP70 is unaffected (Fig. 6a). This indi-
cates that the reduced binding of the HSP70 EEVDmotif into a
destabilized TPR1 domain does not preclude the formation of a
high-affinity interaction interface between ATP-bound HSP70
and TOMM34 in vitro (21). PKA modification of residue Ser93

might, however, regulate the TOMM34/HSP70 interaction in
vivo, where the TOMM34 TPR1 domain competes with other
TPR co-chaperones for binding to the HSP70 C terminus (60,
61). Analogously, phosphorylation of Ser280 residue interferes
with TPR2 stability (Fig. 4a), however, without reducing the af-
finity of HSP90 C-terminal peptide toward this domain in vitro
(Fig. 5).
The phosphorylation of Ser160 does not have an effect on

TOMM34 structure (Fig. 4a). This observation is in line with
that fact that Ser160 is located in the flexible solvent-exposed

Figure 8. Sequestration of pTOMM34 by 14-3-3g eliminates TOMM34’s
inhibitory role in HSP70-mediated refolding. a, firefly luciferase incubated
with HSP70 (1 mM), HSP40 (2 mM), and BAG1 (0.5 mM) proteins was thermally
denatured at 42 °C for 30 min in the presence of 5 mM nonphosphorylated/
PKA-phosphorylated TOMM34 WT and S93A/S160A proteins. The kinetics of
luciferase reactivation was measured after shifting the reaction temperature
to 37 °C. b, firefly luciferase denatured as in (a) was refolded in the presence
of 5 mM PKA-phosphorylated TOMM34 WT protein and increasing concentra-
tions of 14-3-3g dimer (0.3, 1.25, and 5 mM). The signal from samples with
native luciferase was set as 100%. As negative controls, we measured the lu-
ciferase activity of denatured luciferase only. Error bars represent S.D.; n = 3
independent experiments.

Figure 9. 14-3-3 isoforms interact with TOMM34 ex vivo in a phosphoryl-
ation-dependentmanner. TOMM342/2MCF-7 cells transfected with pCMV-
N-HA-TOMM34 WT and pCMV-N-HA-TOMM34-S93A/S160A constructs were
treated with PMA (0.3 mM), PKA inhibitor H89 (20 mM), and vehicle control
(DMSO, -) for 12 h, collected, and lysed. Next, biotinylated 14-3-3 isoforms
prebound to streptavidin–agarose beads were incubated with the cell lysates
at 4 °C for 1 h. The eluted complexes were analyzed by gel electrophoresis
andWestern blotting using anti-HA antibody.
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interdomain linker (23) (Fig. 1a). Importantly, Ser160 phosphory-
lation modulated the TOMM34/HSP70 interaction (Figs. 6–8).
Although the ATP-bound HSP70 dimer (24) is effectively dis-
rupted by phosphorylated TOMM34, the level of pTOMM34·
HSP70 assembly is substantially reduced compared with
TOMM34·HSP70 (Fig. 7, a and b) unless stabilized by chem-
ical cross-linking (Fig. 7c and Fig. S5). Because the
TOMM34 interdomain linker is involved in the entropically
driven TOMM34 interactions with HSP70, the presence of
the phosphate group at Ser160 is likely to preclude the for-
mation of a stable protein–protein interface (21). The exact
topology of this interface is unknown. These observations
also indicate that dissociation of ATP-bound HSP70 dimers
is independent of the stable TOMM34·HSP70 complex for-
mation. Accordingly, pTOMM34 exhibits an inhibitory
effect on HSP70/HSP40-mediated refolding (Fig. 8), which
requires the presence of ATP-dependent HSP70 dimers
(24). It is of note that disassembly of HSP70 dimers selec-
tively by pTOMM34 is accompanied by HSP70 oligomeriza-
tion (Fig. 7, a and b). We speculate that the released HSP70
monomers lacking stabilization through interaction with
TOMM34 oligomerize to form a mixed population of mole-
cules in different nucleotide states (21, 62). However,
detailed analysis of these oligomers is yet to be performed.
Taken together, the mechanism of PKA phosphorylation-
induced reduction of TOMM34 binding to HSP70 is 2-fold:
pSer93 diminishes TPR1-EEVD interactions, and pSer160

perturbs the interaction interface formed between the
TOMM34 interdomain linker and HSP70.
Structural changes triggered in proteins phosphorylated at

particular motifs are often secured by subsequent binding of
14-3-3 proteins (63–65). All tested 14-3-3 isoforms (b, g, e, s,
t, and z) bound phosphorylated TOMM34 in vitro and ex vivo
(Figs. 2 and 9), and pTOMM34·14-3-3g assembly was analyzed
in detail. Phosphorylation of Ser160 in the context of the 152RXX
(pS/pT)X(P/R)WNSLP162 consensus binding motif localized in
the flexible interdomain region is both necessary and sufficient
for pTOMM34·14-3-3g interaction (Figs. 3 and 4) (36, 65).
However, the distinct SEC profiles of pWT and pS93A proteins
in complex with 14-3-3g (Fig. 3) indicate that the architecture
of these assemblies differ. The structural analysis supports this
notion by showing that pS93A retains 14-3-3g–induced TPR2
destabilization but lacks the opening of TPR1 domain observed
in pWT protein (Fig. 4b). 14-3-3g forms a structurally stable
dimer (48) that interacts with TOMM34 monomer (Figs. 4 and
7b and Figs. S2 and S5). We suggest that the phosphorylated
Ser160 residue serves as a “gatekeeper” enabling the initial con-
tact of TOMM34 with one of the two amphipathic grooves in
the 14-3-3g dimer (66, 67). Subsequently, the phosphorylated
Ser93 residue can be accommodated by the second amphipathic
groove. Although the 90RRASAY95motif deviates from the con-
sensus mainly by lacking proline residue at 12 positon (65), it
was shown that the amphipathic grooves of 14-3-3 proteins can
coordinate noncanonical sequences (34). Simultaneous binding
of two distinct phosphosites in one peptide/protein to 14-3-3
dimers has been previously described (34, 68–70). Moreover, a
bidentate 14-3-3 binding was shown to induce conformational
changes in Nth11–751 enzyme regulating its activity (34). The

presence of a flexible solvent-exposed interdomain linker
allows the TPR1 and TPR2 domains of TOMM34 to be mutu-
ally oriented with a certain degree of freedom (23, 71). Thus,
simultaneous accommodation of phosphorylated Ser93 and
Ser160 residues by structurally rigid 14-3-3g (Fig. 4, c and d) (32,
48, 66) might force TOMM34 TPR domains to assume a more
defined orientation. As TOMM34 becomes generally more sol-
vent-accessible in the presence of 14-3-3g (Fig. 4b), the biden-
tate binding mode of 14-3-3g might impose constraints on
TOMM34 structure, leading to its structural loosening. This
mode of interaction is rather unusual because studies dealing
with the structural consequences of 14-3-3 binding mostly
report 14-3-3–induced stabilization of the partner protein (38,
49, 51). However, the fast deuteration kinetics of the flexible
protein regions may abrogate the detection of the stabilizing
interaction event, as seen with other 14-3-3–interacting pro-
teins (38). Similarly, the protein–protein contacts mediated
mainly by electrostatic and side-chain interactions may also
showminimal or no detectable changes in peptide bond hydro-
gen-exchange rates (23, 38, 49). As the gatekeeper pSer160 mod-
ification resides in a flexible part of TOMM34 protein (Fig. 1),
the putative local stabilizing effects of 14-3-3 binding, there-
fore, could be undetectable by HDX-MS. Moreover, our data
support the existence of an additional interaction interface
between pTOMM34 and 14-3-3g involving the surface of helix
8 (Fig. 4, b–d). Similar interfaces encompassing helix 8 of 14-3-
3 proteins have been reported previously (38, 51). Conversely,
phosphorylation-independent transient contacts are likely to
occur between the TOMM34 TPR2 domain and helix 9 of 14-
3-3g (Fig. 4, b–d) (72, 73). Helix 9 is commonly a part of phos-
phopeptide-binding grooves and becomes stabilized by the
presence of phosphorylated protein partner (38, 51). In con-
trast, helix 9 was also shown to exhibit intrinsic flexibility in the
presence of nonphosphorylated interaction partner that was
increased in the presence of phosphorylated interactor, allow-
ing the assembly to reach a more compact conformation (67).
This model is supported by our HDX data (Fig. 4, c and d),
although more detailed structural data are needed to fully
delineate pTOMM34·14-3-3g complex architecture and the
role of helix 9.
Importantly, formation of a complex of pTOMM34 with 14-

3-3g dimer eliminates its ability to disrupt ATP-bound HSP70
dimers and interact with HSP70 (Fig. 7), allowing HSP70/
HSP40-mediated refolding in the presence of pTOMM34 (Fig.
8b). We propose that 14-3-3g sterically occludes the TOMM34
interdomain linker, thereby preventing its interaction with ATP-
bound HSP70 (21). Conversely, destabilization of the TPR2 do-
main in pTOMM34·14-3-3g assembly (Fig. 4b) does not inhibit
HSP90·pTOMM34·14-3-3g complex formation (Fig. 6). Thus,
Ser160 phosphorylation and subsequent 14-3-3 protein binding
might serve as a specific mechanism for suspending HSP70 from
TOMM34 alone or as a part of HSP70·TOMM34·HSP90
tripartite complex (Fig. 10) (21, 23). Whether this mode of
TOMM34·14-3-3 interaction is generic for other 14-3-3 iso-
forms awaits further investigation; however, peak distribu-
tion heterogeneity of TOMM34 complexes with different 14-
3-3 isoforms (Fig. 2) suggests possible structural/functional
diversification of TOMM34·14-3-3 assemblies (32, 48).
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What is the physiological outcome of PKA-mediated
TOMM34 interaction with 14-3-3 proteins? From a systemic
perspective, TOMM34 (74) was reported to be transactivated
by NRF1 and NRF2, transcription factors governing the expres-
sion of mitochondrial respiratory subunits (75) and Tom20/
Tom70 translocases (76, 77). At the protein level, TOMM34
participates on preprotein transport in the cytosol as a compo-
nent of large multichaperone complexes in which it coordi-
nates HSP70 and HSP90 (7, 23). Elevated levels of TOMM34

inhibited import of mitochondrial precursor proteins contain-
ing N-terminal presequences translocated by the Tom20 path-
way (ornithine transcarbamylase), as well as of carrier proteins
(phosphate carrier, PiC; ADP/ATP carrier protein, ACC) char-
acterized bymultiple integral targeting elements imported via a
Tom70-dependent mechanism (7, 8, 11, 78). In contrast, an
antibody against TOMM34 blocked mitochondrial import of
preproteins bearing presequences (79). These data suggest that
tightly regulated levels of TOMM34 are necessary for effective

Figure 10. TOMM34 interaction with HSP70 dimers is regulated by its PKA-mediated phosphorylation and 14-3-3 binding. ATP-bound HSP70 antipar-
allel dimers cooperate with HSP40 during protein substrate (dotted red line) processing (24). a, nonphosphorylated TOMM34 stably interacts with HSP70 in the
ATP-bound state through TPR1-EEVD (c) contacts and an interface encompassing the TOMM34 interdomain linker (21, 24). This interaction leads to HSP70
dimer disruption, preventing substrate processing. b, PKAmediates TOMM34 phosphorylation (pTOMM34) on Ser93 and Ser160 residues (red circles), leading to
structural loosening of the TPR1 domain and perturbation of the interaction interface formed between the TOMM34 interdomain linker and HSP70. pTOMM34
transiently interacts with HSP70, disrupting its dimeric structure and substrate processing activity, but a stable pTOMM34·HSP70 complex is not formed. c,
14-3-3 binding to pTOMM34 sequesters TOMM34 fromHSP70 dimers leaving their substrate processing activity intact.
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transport of a variety of import-competent precursors from ribo-
somes to mitochondria. In recent years, PKA has been shown
to suppress mitochondrial protein import by phosphorylating
Tom70 (15), Tom40 (16), and Tom22 (17) translocases upon
metabolic switch from respiratory to glycolytic metabolism.
Interestingly, PKA can be sequestered to the proximity of the
outer mitochondrial membrane by protein kinase A anchor
proteins (AKAPs) (80, 81) to perform a plethora of functions
including regulation of apoptosis by Bad protein phosphoryla-
tion (18, 82). Local accumulation of PKA at the surface
of TOM might therefore integrate signaling and metabolic
demands of the cell by tuning of mitochondrial import path-
ways, with TOMM34 as a newly identified PKA target. In
mammals, 14-3-3 proteins were first described to participate
in mitochondrial import by recognizing presequences of pre-
protein; however, later studies showed that they also facilitate
the import of b-barrel proteins lacking presequences (26–31).
These observations reveal a more general role of 14-3-3 pro-
teins in mitochondrial import, although the exact mechanism
of their action remains elusive. A recurrent bidirectional trans-
fer of precursor proteins between HSP70 and HSP90 seems to
be vital for maintaining their import-competent conformation
while preventing aggregation (5, 6). We suggest that the action
of TOMM34 and 14-3-3 proteins coordinated by PKA phos-
phorylation of TOMM34 helps to fine-tune shuttling of various
transport-competent precursors between HSP70 and HSP90 by
timely destabilization of TOMM34 binding to HSP70. This pro-
cess would be further regulated by the level of PKA activation
under different signaling andmetabolic circumstances (15–17).
Collectively, we have described TOMM34 protein phosphory-

lated by PKA as a novel interaction partner of 14-3-3 adaptor
proteins. This interaction, established via phosphorylation of
residues Ser160 and Ser93, leads to large structural changes in
TOMM34 and prevents TOMM34 binding to HSP70 eliminat-
ing its inhibitory role on HSP70/HSP40-mediated refolding.
Because the mechanism of HSP70/HSP90–regulated precur-
sor protein transport to mitochondria is largely unknown,
our data suggest novel testable hypotheses about the role of
TOMM34 and 14-3-3 proteins in this process.

Experimental procedures

Cloning and protein preparation

All coding sequenceswere cloned byGateway recombination
technology (Invitrogen). The full coding sequences of the
human TOMM34 (NM_006809.4), DNAJB1 (HSP40, NM_
006145.2), and human BAG1 (BAG1s, NM_001172415.1)
genes, sequences coding for TOMM34 point mutants (S93A,
S160A, S93A/S160A), were cloned into a vector containing an
N-terminal His6-GST tag cleavable by tobacco etch virus prote-
ase. The sequences coding for TOMM34WT and S93A/S160A
point mutant were furthermore cloned into a vector containing
an N-terminal SBP tag. The full coding sequences of the human
HSPA1A (HSP70, NM_005345.5) and HSP90AA1 (HSP90a,
NM_001017963.2) genes were cloned into a vector containing
an N-terminal His6 or SBP tag cleavable by tobacco etch virus
protease. All cloned genes were expressed in BL21(DE3) RIPL
cells and purified as described previously (21). 14-3-3 protein

isoforms (b, g, e, s, t, and z) were cloned into a vectors contain-
ing either N- or C-terminal His6 tag (see Table S1) and
expressed in BL21(DE3) RIPL. Bacteria expressing 14-3-3 pro-
teins were grown in LB medium at 37 °C with an A600 of up to
0.5. Induction of gene expression was achieved by adding iso-
propyl b-D-thiogalactopyranoside to the culture (final concen-
tration, 1 mM). The bacterial culture was grown at 30 °C for
another 3-4 h and then pelleted by centrifugation. Next, the
cells were resuspended in His-binding buffer (50 mM Hepes,
pH 7.6, 0.3 M KCl, 5 mM imidazole, 5% glycerol). Cell suspen-
sions were enriched with lysozyme (1 mg/ml) and phenylmeth-
ylsulfonyl fluoride (1 mM) and then sonicated. Bacterial lysates
were obtained by centrifugation for 30 min at 12,0003 g. His6-
tagged 14-3-3 proteins were captured on a HisTrap column
and eluted with 250 mM imidazole. The eluted fractions were
subsequently subjected to buffer exchange into His-binding
buffer to remove imidazole. All proteins were finally exchanged
into final assay buffers using 7-kDa molecular mass cutoff Zeba
spin desalting columns (Thermo Fisher Scientific).

Cell culture, transfection, and treatment

TOMM342/2 MCF-7 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum and 300 mg/liter L-glutamine in a humidified atmos-
phere of 5% CO2 at 37 °C. Transient transfections of cells
(grown to 70% confluency on 15-mm-diameter dishes) with the
plasmids pCMV-N-HA-TOMM34 WT and pCMV-N-HA-
TOMM34-S93A/S160A (10 mg of DNA) were performed by
Lipofectamine 3000 according to the manufacturer’s manual
(Thermo Fisher Scientific). 12 h after transfection, the cells
were split to three 15-mm-diameter dishes and cultured for
another 6 h before treatment with PMA (0.3 mM), PKA inhibi-
tor H89 (Selleckchem, Munich, Germany, 20 mM), and vehicle
control (DMSO) for 12 h. Next, the cells were collected and
lysed in 50 mM Hepes, pH 7.5, 150 mM KCl, 2 mM MgCl2, 5 mM

NaF, 1% Nonidet P-40 supplemented with proteinase and
phosphatase inhibitors mixture (Sigma–Aldrich).

Site-directed mutagenesis

The full-length TOMM34 coding sequences were mutated to
encode desired mutations using QuikChange site-directed mu-
tagenesis kit (Agilent Technologies, Santa Clara, CA, USA) and
mutagenic oligonucleotides according to the manufacturer’s
instructions.

In vitro phosphorylation assay

TOMM34 and all its variants (40 mM) were incubated with
PKA (New England Biolabs, Ipswich, MA, USA; 62,500 units/
mg TOMM34) and ATP (2mM) in PKA assay buffer at 30 °C for
24 h. After incubation, the phosphorylation reaction was
stopped by exchanging the buffer to 50 mM Hepes, pH 7.5, 150
mMKAc, and 2mMMgCl2 (HKMbuffer).

Analytical size-exclusion chromatography

Separations by SEC were carried out using Superdex 200
Increase 10/300 GL (GE Healthcare) pre-equilibrated with

TOMM34 binds 14-3-3 adaptors

8940 J. Biol. Chem. (2020) 295(27) 8928–8944

https://www.jbc.org/cgi/content/full/RA120.012624/DC1


HKM buffer. 75 ml of phosphorylated/nonphosphorylated
TOMM34 proteins (35 mm) preincubated with/without differ-
ent 14-3-3 isoforms (70 mM) for 30 min at 21 °C was injected
and isocratically eluted at 0.3 ml/min. In experiments testing
the influence of TOMM34·14-3-3g complex formation on
HSP70 dimers, phosphorylated/nonphosphorylated TOMM34
preincubated with/without 14-3-3g (30 min, 21 °C) was mixed
with HSP70 in the presence of 0.2 mM ATP and incubated for
20 min at 21 °C. The final concentrations of TOMM34, 14-3-
3g, and HSP70 in the protein mixtures were 35, 70, and 35 mM,
respectively. Injection volume and flow rate was as described
above. From each run, 300-ml fractions corresponding to pro-
tein peaks were collected and analyzed using standard or Phos-
tag (Wako Pure Chemical Industries, Osaka, Japan) gel electro-
phoresis followed by Coomassie staining.

Pulldown assay for biotinylated proteins ex vivo

10 mg of biotinylated 14-3-3 isoforms (EZ-LinkTM Thermo
Fisher Scientific) per sample were prebound to streptavidin–
agarose beads and incubated at 4 °C for 1 h with TOMM342/2

MCF-7 cell lysates prepared after cell transfection and treat-
ment as described above. After washing with assay buffer (50
mM Hepes, pH 7.5, 150 mM KCl, 2 mM MgCl2, 5 mM NaF, 1%
Nonidet P-40), the bound complexes were eluted by boiling the
beads in 3 loading sample buffer for 10 min and analyzed by
SDS-PAGE andWestern blotting.

SBP pulldown assays

Before performing pulldown experiments, all proteins were
exchanged to HKM buffer. Next, 60 pmol of SBP-tagged
HSP70 or HSP90 was incubated with streptavidin–agarose
beads at 4 °C for 30 min After washing with assay buffer, 60
pmol of phosphorylated/nonphosphorylated TOMM34 var-
iants (WT or mutant proteins) preincubated with/without 120
pmol of 14-3-3g (30 min, 21 °C) were added to the beads. Mix-
tures containing SBP–HSP70 were supplemented with/without
0.2 mM ATP. After 1 h of incubation at 4 °C, the beads were
washed with ATP-containing/ATP-free buffers. Finally, the
proteins were eluted with 2 mM biotin in assay buffer and ana-
lyzed by Coomassie staining orWestern blotting.

Antibodies

Monoclonal anti-TOMM34 and anti-HA tag antibodies used
in this study were prepared in-house. Monoclonal anti-14-3-3g
was purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). For SBP-tagged protein detection, we used peroxidase-
conjugated streptavidin (Sigma–Aldrich) diluted in 5% milk in
the presence of avidin (10 ng/ml). Avidin was added to prevent
streptavidin binding to biotinylated proteins present in the
milk. The blots were developed with polyclonal anti-mouse/
rabbit IgG secondary antibodies conjugated with horseradish
peroxidase (Dako, Santa Clara, CA, USA).

Luciferase refolding assay

Firefly luciferase (50 nM, Promega) incubated with HSP70 (1
mM), HSP40 (2 mM), and BAG1 (0.5 mM) proteins in HKM buffer

supplemented with 5 mM DTT, 5 mM ATP was thermally dena-
tured at 42 °C for 30 min in the presence of 5 mM phosphor-
ylated/nonphosphorylated TOMM34 WT or S93A/S160A and
increasing concentrations of 14-3-3g dimer (0.3, 1.25, and 5mM).
The refolding reaction was started by shifting the temperature to
37 °C. At given time points, 2 ml of the reaction were mixed with
D-luciferin (100 mM in 100 ml of 50 mM glycylglycine, pH 7.8,
30 mM MgSO4, 4 mM DTT), and the luciferase activity was
measured at 21 °C using an Infinite M1000 Pro (Tecan, Männe-
dorf, Switzerland) at emission wavelengths of 560 nm and 500/
100 ms settle/integration time. The signal from samples with
native luciferase was set as 100%. As negative controls, we meas-
ured the luciferase activity of denatured luciferase only.

Peptide binding

Phosphorylated/nonphosphorylated TOMM34 WT, S93A,
S160A, and S93A/S160A in various concentrations were
titrated against 30 nM fluorescein-labeled C-terminal HSP70
(GGSGSGPTIEEVD) or HSP90 (GDDDTSRMEEVD) peptide
in HKM buffer supplemented with 0.01% Tween 20. In titra-
tions containing 14-3-3g protein, the molar ratio between 14-
3-3g and TOMM34 was 2:1. All reactions were carried out in a
total volume of 12 ml in a 384-well black Nunc Plate (Thermo
Fisher Scientific). The plate was incubated for 1 h at room tem-
perature with shaking. Fluorescence polarization wasmeasured
at 21 °C using an Infinite M1000 Pro (Tecan) with excitation
and emission wavelengths of 470 and 520 nm, respectively. The
analysis was performed using GraphPad Prism, version 5.03,
forWindows (GraphPad Software, San Diego, CA, USA).

Chemical cross-linking

Intact or PKA-phosphorylated TOMM34WT or S93A/S160A
proteins (final concentration, 60 mM) were mixed with 14-3-3g
(final concentration, 120 mM) or buffer in HKM buffer supple-
mented with 0.4 mM ATP and incubated for 30 min at 21 °C.
Next, HSP70 protein (60 mM) preincubated with or without ATP
(0.4 mM) for 30 min at 21 °C was added to TOMM34/14-3-3g
samples in 1:1 ratio, and the mixture was incubated for 1 min at
21 °C. Glutaraldehyde was added (final concentration, 1 mM), and
the reactions stopped after 10 and 20 min with Tris, pH 8 (final
concentration, 80 mM). The samples were diluted 1003 in 23
CSB loading buffer, and 5 ml was separated by SDS-PAGE, blot-
ted, and probedwith TOMM34, HSP70, and 14-3-3g antibodies.

MS and hydrogen/deuterium exchange

Native ESI-MS analysis of TOMM34 and 14-3-3g was
performed on proteins alone or mixed in 1:2 molar ratio
(TOMM34:14-3-3g, 10 mM:20 mM). After preincubation in
HKM buffer, the proteins were buffer exchanged into 200 mM

ammonium acetate, pH 7.5, using Zeba Spin columns (0.5 ml,
7-kDa cutoff). The samples were loaded to homemade quartz
tips and electrosprayed to Waters Synapt G2Si. MS settings
was a follows: spray voltage, 1.2 kV; trap collision energy, 70 V;
sampling cone voltage, 20 V; source offset, 10 V; trap gas, 4 ml/
min; and source temperature, 30 °C.
HDX was followed for all TOMM34 variants (WT, S93A,

S160A, S93A/S160A) in phosphorylated and nonphosphorylated
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state. Nonphosphorylated and phosphorylated WT and phos-
phorylated mutant forms of TOMM34 were also studied in the
presence of 14-3-3g. Finally, nonphosphorylated and phosphory-
lated WT and phosphorylated S93A/S160A mutant were ana-
lyzed in complex with HSP70 or HSP90 C-terminal peptides or
with the peptides and 14-3-3g. TOMM34 concentration during
HDX (initiated by a 5-fold dilution into D2O based HKM buffer)
was 10 mM. 14-3-3g was used in 2-molar excess and C-terminal
peptides in 5-molar excess to TOMM34. Exchange was followed
for 20 s, 2min, 20min, and 2 h and then quenched by 1:9 dilution
into 0.5 M glycine (pH 2.3) and subjected to rapid freezing in liq-
uid nitrogen. Each sample was thawed, online-digested on immo-
bilized pepsin column (66-ml bed volume), desalted, and sepa-
rated using water–acetonitrile gradient (10–45% B in 7 min) on a
setup consisting of a trap cartridge (ACQUITY UPLC BEH C18,
130 Å, 1.7 mM, 2.1 mm 3 5 mm, Waters) and an analytical col-
umn (ACQUITY UPLC BEH C18, 130 Å, 1.7 mM, 1 mm 3 100
mm,Waters). Digestion and desalting by 0.4% formic acid (FA) in
water was driven by the 1260 Infinity II quaternary pump (Agilent
Technologies) pumping at 100 ml/min and lasted 3 min. Separa-
tion was done using the 1290 Infinity II LC system (Agilent Tech-
nologies) pumping at 40 ml/min and using the following solvents:
A: 0.1% FA, 2% acetonitrile in water; and B: 0.1% FA, 2% water in
acetonitrile. All steps were performed at pH 2.5 and 0 °C to mini-
mize back-exchange. The LC systemwas interfaced to an ESI FT-
ICRMS (15T Solarix XR, Bruker Daltonics) operating in positive
MS mode. Hydrogen/deuterium data processing used the in-
house developed program Deutex as described previously
(24, 83). Identification of pepsin generated peptides was achieved
by separate LC–MS/MS analyses and database searching (MAS-
COT, MatrixScience) against a custom database containing
sequences of the studied protein forms and proteases. Phospho-
rylation of Ser and Thr was included as a variable modification.
Estimation of the phosphorylation extent on the identified sites
via extracted ion chromatograms was done in DataAnalysis 5.0
(Bruker Daltonics).

Data availability

All data are contained within the article and the accompany-
ing supporting information.
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