Page 25 of 49

The Journal of Neuroscience
For Peer Review Only
changes in ATPase domain (Nollen et al., 2001). Therefore, the interaction between Leu-lle and Hsc70
may result in conformational and functional regulation of Hsc70.

Hsc70/Hsp90 chaperones are specially considered to be an integrated co-chaperone machinery. They
often work together as essential components of a process that alters the confonnau'o.ns of a certain
number of signaling transducers to ‘states that respond in signal transduction, such as glucocorticoid
receptors, Akt and Src kinases (Pearl and Prodromou, 2001; Rajapandi et al., 2000). Moreover,
activities of Hsc70/Hsp90 machinery are affected by a wide range of cofactor proteins that interéct
directly and specifically with either, and modulation of Hsc70 ATPase may affect Hsp90’s functions
towards its client proteins. We thus proposed that Leu-Ile, upon binding to Hsc70, influenced
Hsc70/Hsp90 chaperoning function towards client signaling proteins, résulting in mobilizéxtion of
downstream signaling. To explore this hypothesis, we first studied some tyrosine and serine/threonine
kinases, including mitogen-activated proteiﬁ kinases, Akt and Src, which are closely associated with
Hsp90 and neuron survival (Richter and Buchner, 2001). Akt phosphorylation was elevated apparently
by Leu-Ile, whereas other kinases showed no change, implying the functional modulation of Hsc70 by
Leu-Ile and involvement of Hsc70/Hsp90 co-chaperone in the regulation of Akt phosphorylation.
Thulasiraman et al. (2002) reported a similar finding that a small hydrophobic peptide, binding to
ATPase domain of Hsc70, affects ATPase activity and Hsp90/Hsc70-dependent transformation of

eukaryotic initiation factor 2o kinase into an active form.
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Heat shock response has been implicated in mediating the neuroprotective effect of FK506
(Klettner and Herdegen, 2003; Gold et al., 2004) and in activating Akt by conformational regulatioﬁ of
this molecule (Maisuzaki et al., 2004; Konishi et al., 1999). However, Leu-lle did not affect the
expression of Hsc70, Hsp70 or Hsp90, indicating that it unlikely exerts neuroprotective action by a
mechanism of heat shock response. Given the possibility that the binding of FK506 to Hsp90/steroid
receptor complexes might dissociate Hsp90 from heat shock factor, thus inducing heat shock response
(Gold et al., 2004; Klettner and Herdegen, 2003; Gold et al, 1999), Leu-lle unlikely affect the
association between Hsp90 and steroid receptor, which may underlie its incapability in inducing heat
shockrresponse.

GA is known to bind ATP-binding pocket of Hsp90 and to inhibit ATP binding and hydrolysis,
thereby disrupting its function (Basso et al., 2002). GA significantly blocked the increased pAkt levels
induced by Leu-Ile, whereas PI3-k inhibitor L'Y294002 failed. On the basis of these findings, Leu-lle is
considered to activate Akt through Hsp90. It is clear that Akt interélcts with Hsp90 via its catalytic
domain and that Hsp90 promotes Akt activity by reducing PP2A-mediated pAkt dephosphorylation at
threonine 308 residue (Sato et al., 2000). Therefore, Leu-Ile, ﬁpon binding to Hsc70, may facilitate
Hsp90-Akt interaction through conformational regulation, resulting in an increase in pAkt through
protecting it from dephosphorylation. Immunoprecipitation assays demonstrated such hypothesis, as it
revealed a significant increase in pAkt-Hsp90 interaction. We also observed an elevation in total Akt

immunoprecipitated by Hsp90 in spite that the difference was not significant. Considering that GA
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causes the ubiquitin-mediated degradation of client Akt (Prodromou et al., 1997), Leu-Ile may inhibit
proteasomal degradation of Akt mediated by Hsc70/Hsp90, resulting in pAkt elevation accordingly.
This notion is supported by previous studies, which shows that CAIR-1, upon binding to Hsc70
A’I‘Pase domain, increases Akt phosphorylation by inhibiting its shift from Hsp90 to Hsc70, where Akt
is ubiquitinated and degraded (Doong et al., 2003). Our data cannot distinct from these two
mechanisms. Anyway, Hsc70, upon binding to Leu-Ile, appears to be crucial for the transmitting of
neurotrophic signals of this dipeptide, which brings about Hsp90/Akt signaling. Nakagomi et al (2003)
reported that Hsp27 promotes survival in PC12 cells and ganglion neurons by promoting Akt activity,
which is independent of upstream activator. A chaperone-like protein, B-synuclein, exerts
neﬁroprotectjve effect by directly stabilizing Akt activity rather than by acting on PI3-k (Hashimoto et
al., 2004). Therefore, these findings together with ours further support a notion that chaperones like
Hsp90 may participate in neuroprotection by confonnaﬁonal or chaperoning modulation of Akt rather
than by acting on upstream effectors of thé pathways. Additionally, Akt activation is required for
increased expression of astroglial GDNF induced by melatonin (Lee et al., 2006).

GA blocked CREB activation induced by Leu-lle, indicating that CREB activation proceeds via
Hsp90/Akt signaling. These findings are supported by earlier studies, which show that modulation of
Akt based on Hsc70/Hsp90 co-chaperones results in the maintenance of downstream CREB activation
(Doong et al,, 2003). Although CRE exists in the promoter sequence of GDNF gene, there is no direct

evidence showing the role of CREB in GDNF transcriptional regulation. Moreover, Akt promotes
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phosphorylation of CREB, stimulates recruitment of CREB binding protein to promoters, and activates
gene expression (Leinninger et al., 2004; Pugazhenthi et al., 2000). We thus intensively investigated the
“role of Leu-Ile-activated pCREB in GDNF expression. We found that Leu-Ile-induced GDNF mRNA
production and protein expression were attenuated when CREB was inhibited. Furthermore, CREB
activation was accompanied by an increased capacity to activate transcription of target genes, since
pCREB-CRE-binding activity was promoted. These results demonstrated that CREB-dependent
transcriptional regulation is responSible for the dDNF-inducing properties of Leu-Ile. Although GDNF
expression likely involves combinatorial interactions gvith multiple transcription factors including
CREB, NF-xB and AP-2 (Woodbury et'al., 1998), Len-lle-induced CREB activation is sufficient for
inducing GDNF expression, indicating that CREB functions as an important transcriptional factor for
GDNF gene. Similarly, FK960 induces GDNF expression in CREB-dependent mechanisms (Koyama et
al., 2004). The extent to which transcription factor is required for GDNF transcxiptiqnal regulation is
likely to depend on the character, strength or duration of extracellular stimuli. For example, NF-«B
seems to play a role in GNDF induction in response to cytokines (Tanaka et al., 2000), while CREB
likely participate in GNDF induction by growth factors like bFGF (Lenhard et al., 2002). The defined
Hsp90/Akt/CREB pathway may provide a novel significant signaling that regulates GDNF expression.
Several cascades have been implicated in undberlying neurotrophic activity of FK506. For example,
FK306 potentiates NGF-induced neurite outgrowth via Ras/Raf/MEK pathway and involves PI3-k

signaling (Price et al., 2003; Price et al, 2005). Gold et al. (1999) reported that GA blocked
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neurotrophic action of FK506, suggesting FK506 interaction with Hsp90 via binding to FKBP52 is
important for its neuroregenerative properties. However, FKBP-12 is not necessary for its neurotrophic
effects (Gold et al., 2005; Gold et al., 1999). As suggested from QCM findings, FK506 may not interact
wiﬁ1 Hsc70 directly. Although the role of Hsc70 in mediating neuroprotective action of FK506 is
unclear at present, it is tempting to speculate that FK506 might regulate chaperoning function of
Hsp90/Hsc70 through FKBP, and thus modulate certain signaling kinases. It remains to be investigated
intensively.

GDNF is a promising therapeutic agent for the treatment of neurodegenerative diseases. However,
the delivery of GDNF to central nervous system provides an interesting challenge, because GDNF is
unable to cross the blood-brain-barrier (Kirik et al.. 2004), and use of low-molecular-weight drugs is an
interesting alternative. FK506 exerts neuroprotective action, which is thought to depend on its
GDNF-promoting effect (Tanaka et al., 2003). However, it cannot be used in therapy for neurological
disorders because of its immunosuppressive effects. Leu-Ile, a small hydrophobic molecule, can
penetrate neuron and promote GDNF expression, whereas shows no immunosuppressive activity. Thus,
it may represent a novel lead-compound for treatment of dopaminergic neuron or motoneuron diseases
such as Parkinson disease.

In conclusion, Leu-lle targets Hsc70/Hsp90 co-chaperone and thus then triggers Akt/CREB

signaling, resulting in upregulation of GDNF expression. This defined cascade may provide a deep

insight into the cellular mechanism of GDNF expression regulation.
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FOOTNOTES

The abbreviations used are: GDNF, glial cell line-derived neurotrophic fagtor; CREB, cAMP response
element binding protein; CRE, cAMP response element; PI3-k, phosphoinositide 3-kinase; Hsp§0,
heat-shock protein 90; Hsc70, 70-kDa heat-shock cognate protein; PKC, protein kinase C; MAP2,
microtuble-associated protein-2; ERK1/2, extracellular signal-regulated kinase 1/2; CaMK., calmodulin
kinases: PP-2A, protein proteases 2A QCM, quartz crystal microbalance; ODN, oligodeoxynucleotide;
GA, geldanamycin; pAkt, phosphorylated Akt; pCREB, phosphorylated CREB; GFAP, glial fibrillary
acidic prdtein; PBS, phosphate-buffer saline; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel

electrophoresis. CBB, Coomassie brilliant blue; FKBP, FK506 binding protein
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Figure Legends

Figure 1. Transmembrane transport of Leu-Tle. A, Cultured neurons were exposed to
FITC-Leu-lle or FITC at various concentrations for 30 min, and uptakg was analyzed according to
intracellular fluorescent densities (n=3). B, Neurons were incubated with 10 pg/ml FITC-Leu-lle or
FITC at 37°C for the indicated time periods. Time-course uptake was analyzed (n=3). C, Neurons were
exposed to FITC-Leu-Ile for 30 min in the presence of various concentrations of Leu-Ile, which were
indicated by different symbols. Penetration of FITC-Leu-Ile was significantly inhibited by competitive

Leu-Ile. D, High concentrations of Leu-Ile could not inhibit FITC transport.

Figure 2. Identification of the specific protein binding to Leu-Ile. A, The reaction complexes of
brain homogenate and FITC-Leu-lle were subjected to gel electrophoresis, followed by fluorescent
scanning. FITC-Leu-lle alone was used as a control. The protein binding with FITC-Leu-Ile is marked
by arrow. B, Brain homogenate was incubated with Leu-lle Affigel-10, followed by washing and
elution. The eluates were separated by electrophoresis, followed by silver staining. The protein band
(arrow) was analyzed by mass spectrometry. C, The figure incorporates the observed mass (Obs),
expected nominal mass (Exp) and calculated mass (Cal), together with the Miss, Score, Rank from
Mascot Search and Peptide sequence. D, The picture shows the amino acid sequence assigned to each
peptide (underlined) and their position in Hsc70 sequence (NBCI, Gi:123647). E, Brain homogenate

was reacted with Leu-Ile or not (control), and the reaction complex was subjected to SDS-PAGE,
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followed by immunoblotting with anti-Hsc70 antibody. Leu-lle-Hsc70 (closed arrow) and Hsc70 (open
arrow) are shown. F, Recombinant Hsc70 was reacted with Leu-Ile or not (control), and the reaction
complexes were subjected to SDS-PAGE, followed by CBB staining. Leu-lIle-Hsc70 (closed arrow) and
Hsc70 (open arrow) are shown. G; Brain homogenate was incubated with Leu-Ile- or FK506-Affigel,
followed by washing and elution. The eluates were separated by electrophoresis and probed with

anti-Hsc70 antibody.

Figure 3. Affinity of Leu-Ile and Hsc70 was assayed by QCM. - A, Time course of frequency
change (-delta F) of dipeptide-immobilized QCM is shown, responding to the addition of Hsc70 to the
aqueous solution. B, Binding behavior of Leu-Ile to Hsc70 is dependent on Leu-Ile concentration. C,

Frequency change of FK506-immaobilized QCM was not observed upon Hsc70.

Figure 4. Leu-lle stimulates Akt phosphorylation. A, Neurons were exposed to Leu-lle (10
ng/ml) for the indicated times. Cell lysates were subjected to SDS-PAGE and probed with various
antibodies. The representative immunoblots are shown. B, Neurons were exposed to Leu-Ile (10 pg/ml)
for the indicated times. Immunoblots were probed with antibodies against Hsp90, Hsp70 and Hsc70. C,
Neurons were sﬁmulated with Leu-lle, Pro-Leu and Ile-Pro (10 pg/ml) for 30 min. Cell lysates were

subjected to SDS-PAGE and probed with antibodies against pAkt and Akt.
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Figure 5. Akt activation induced by Leu-Ile is mediated by Hsj)90. A-B, Neurons were stimulated
with Leu-Ile (10ug/ml) alone for 0, 10, 20 and 30 min, or pre-treated with GA (10 uM) for 3 h (A) or
LY294002 (15 uM) for 2 h (B), followed by Leu-Ile (10 pg/ml) treatment for 30 min. Cell lysates were
immunoblotted with antibodies against pAkt and Akt. Each column represents the mean + SEM (n=4).
Leu-Ile +GA, neurons were pre-treated with GA, followed by Leu-lle; GA, neurons were pre-treated
with GA alone; Leu-Ile+LY, neurons were pre-treated with 1LY294002, followed by Leu-Ile treatment;
LY: neurons were pre-treated with 1Y294002, ** p<0.01 versus control (0 min); ## p<0.01 versus
Leu-lle (30 min); $$ p<0.01 versus LY294002. C, Cultures were exposed to 10 pug/ml of Leu-Ile for
the periods indicated. Cell extracts were immunoprecipitated (IP) \.vith anti-Hsp90 antibody or control
rabbit.IgG, followed by ilmnﬁnoblotﬁng (WB). Densitometric data are presented as the mean + SEM (n
= 4), ** p<0.01 versus control (0 min).

Figure 6. C/REB is a downstream target of Hsp90/Akt signaling activated by Leu-Ile. A, Cultured
neurons were exposed to 10 pg/ml of Leu-lIle for 0, 10, 20 and 30 min, and pCREB was measured by
immunoblotting. B, Western blotting with anti-pCREB antibody reveals CREB activation induced by
Leu-lle but not Pro-Len and Ile-Pro. C, Visualization of CREB phosphorylation (red) in
MAP2-positive neurons (green) induced by Leu-Ile. D, Phosphorylated CREB (red) induced by Leu-lle
is not located in GFAP-positive cells (green). E-F, Neurbns were treated with Leu-Ile (10 pg/mi) for 0

(control), 10, 20 and 30 min respectively, or pre-treated with GA (10 pM) for 3 h (E) or LY294002 (15
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uM) for 2 h (F), followed by Leu-Ile (10 pg/ml) treatment for 30min. Each column represents the mean
+ SEM (n = 4). Leu-lle+GA, neurons were pre-treated with GA, followed by Leu-Ile; GA. neurons
were pre-treated with GA; Leu-lle+LY, neurons were pre-treated with L'Y294002, followed by Leu-Ile;
LY: neﬁrons were pre-treated with L'Y294002. ** p<0.01 versus control (0 min); ## p<0.01 versus
Leu-Ile (30 min); $$ p<0.01 versus LY294002. G, PKC, pERK1/2 and pCaMKIlo./B vWere measured

after Leu-Ile (10 pg/ml) treatment by immunoblotting.

Figure 7. Leu-Ile increases GDNF expression in CREB-dependent manner. A, Leu-lle
significantly increased GDNF expression, whereas Pro-Leu and Ile-Pro showed no GDNF-inducing
activities. ** p<0.01 versus conirol (n = 4); B, GDNF mRNA levels induced by Leu-lle er various
periods were studied by real-time RT-PCR. * p<0.05 and ** p<0.01 versus control (0 h); C, CREB
expression was blocked by CREB antisense ODN, as revealed by Western blotting. D, Neurons were
incubated with Leu-Ile (10 pg/mi) for 24 h in the presence of CREB antisense ODN or sense ODN.
Data are expressed as a percentage of the control (imean = SEM, n = 4). ** p<0.01 versus control and *
p<0.05 versus Leu-Ile or Leu-He plus CREB sense ODN. E, Neurons were incubated With Leu-Ile (10
ug/ml) for 24 h in the presence of CREB antisense ODN or sense ODN. Data are expressed as a
percentage of control (mean + SEM, n = 4). *** p<0.001 versus control; ## p<0.01 versus Leu-lle or

Leu-lle plus CREB sense ODN. F, Neurons were labeled with anti-GDNF (green) and anti-pCREB
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antibodies (red). G; CRE-pCREB binding activities were quantified after Leu-Ile treatment for 30 min.

*% n<0.01 versus control; ### p<0.001 verse mutant ODN (n = 4).
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