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FKBP-type peptidyl prolyl cis/trans isomerases (PPlases)
are folding helper enzymes involved in the control of
functional regrowth of damaged sciatic, cortical choliner-
gic, dopaminergic and 5-HT neurones. Here, we show that
the constitutively inactive human FK506-binding protein
38 (FKBP38) is capable of responding directly to intracel-
lular Ca®" rise through formation of a heterodimeric
Ca?* /calmodulin/FKBP38 complex. Only complex forma-
tion creates an enzymatically active FKBP, displaying
affinity for Bcl-2 mediated through the PPlase site.
Association between Bcl-2 and the active site of Ca%™/
calmodulin/FKBP38 regulates Bcl-2 function and thereby
participates in the promotion of apoptosis in neuronal
tissues. FKBP38 proapoptotic function mediated by this
interaction is abolished by either potent inhibitors of the
PPlase activity of the Ca?™" /calmodulin/FKBP38 complex
or RNA interference-mediated depletion of FKBP38,
promoting neuronal cell survival.
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Introduction

FK506-binding protein 38 (FKBP38), a multidomain protein,
is characterized by pronounced expression of its correspond-
ing mRNA in human brain tissue (Lam et al, 1995), and its
specific antitumor effects in mice caused by regulation of the
anti-invasive syndecan 1 gene expression and suppression of
the proinvasive MMP9 gene (Fong et al, 2003). The protein
belongs to the FKBP (FK506-binding protein) family of pepti-
dyl prolyl cis/trans isomerases (PPlases) by sequence simi-
larity, but neither enzymatic activity nor FK506 binding has
been detected so far (Lam et al, 1995; Shirane and Nakayama,
2003). PPlases form a class of folding helper enzymes that
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assist biogenesis, assembly and intracellular trafficking of
proteins by catalyzing the cis/trans isomerization between
native-state prolyl bond isomers of different biological activ-
ity (Harrar et al, 2001; Fischer and Aumuller, 2003). Prolyl
bond conformational dynamics were shown to be involved in
the control of the cell cycle (Ryo et al, 2002), p53 transcrip-
tional activity (Zheng et al, 2002) and the formation of
neurofibrillary lesions in Alzheimer’s disease (Lu et al,
2003). In addition, the FKBP38-related FKBP6 was described
as a critical regulator in homologous chromosome pairing
during male meiosis (Crackower et al, 2003).

Several studies highlight the importance of multidomain
FKBPs in the control of signal transduction pathways. For
example, FKBP52 was found in steroid hormone receptor
complexes and is thought to play an important role in
complex formation and translocation of receptor-ligand com-
plexes from the cytosol to the nucleus (Silverstein et al,
1999). Notably, this multidomain FKBP shares structural
characteristics as shown by an N-terminal PPlase domain
followed by three tetratricopeptide repeats (TPR) and a
putative calmodulin (CaM)-binding motif. A membrane an-
chor at the C-terminus, as previously described for its
Arabidopsis thaliana homolog AtFKBP42 (Kamphausen
et al, 2002), completes the FKBP38 polypeptide chain.

Using the yeast two-hybrid system, FKBP38 was found
to bind Bcl-2. This interaction is thought to play a role in
regulation of apoptosis (Shirane and Nakayama, 2003). The
regulation of Bcl-2 function is a crucial event in various
apoptotic pathways, because resistance to apoptosis can lead
to cancer, whereas enhanced apoptosis contributes to acute
neurodegenerative or neuromuscular diseases (Mattson, 2000).
In this respect, it is noteworthy that various peptidomacrolides
and their derivatives, such as FK506 and GPI1046, exhibit
antiproliferative, neurotrophic, antineoplasmic and antimigra-
tory effects via binding to members of the large FKBP family.
Some of the observed effects of FKBP inhibitors are due to the
formation of a binding platform by the immunophilin for
FKS506 presenting the bound drug to cellular interaction part-
ners. In contrast, neuroregenerative properties of FKBP ligands
are directly caused by drug-mediated inhibition of the PPIlase
activity of various FKBPs (Gold, 2000).

The nonimmunosuppressive GPI1046, for instance, has
been reported to possess neuroprotective effects in the
6-hydroxydopamine toxicity model in rats (Zhang et al,
2001), to display neurotrophic effects on the penile innerva-
tion that preserve cavernous tissue structure and promote
erectile function recovery in rats after extensive nerve injury
(Sezen et al, 2001; Burnett and Becker, 2004) and is anti-
apoptotic in H,0,-stressed NG 108-15 cells (Tanaka et al,
2001). Currently, 16 FKBP genes have been identified in the
human genome, of which FKBP12 and FKBP52 have been
discussed to mediate neurotrophic actions of FKBP ligands
(Gold et al, 1999; Christner et al, 2001).

However, neurotrophic properties of FKBP inhibitors and
inhibition of residual PPlase activity measured under cellular
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conditions indicate the existence of at least one, still unrec-
ognized FKBP involved in neuronal survival and regeneration
being the cellular target of neurotrophic FKBP ligands
(Christner et al, 2001).

Here, we report that FKBP38 exhibits a Ca?* /CaM-stimu-
lated PPlase activity that is essential for FKBP38-Bcl-2 inter-
action to occur. Thus, FKBP38 represents the first example of
a cofactor-regulated PPIase. This activity participates in Bcl-
2-mediated apoptosis control, and might provide the cellular
mediator of neurotrophic effects of neuroimmunophilin
inhibitors.

Results

FKBP38 interacts with CaM in a Ca’* -dependent
manner

Based on the prediction of a putative CaM-binding site,
FKBP38 was investigated for its potential to interact with
CaM. Therefore, we analyzed the interaction of both proteins
in co-immunoprecipitation experiments using the endogen-
ous protein of SH-SYSY neuroblastoma cells. As shown in
Figure 1A, endogenous FKBP38 interacted with CaM in the
presence of Ca® ", whereas both proteins showed no interac-
tion in the absence of Ca®". In order to verify the Ca**
dependence of this interaction, we incubated recombinant
FKBP38 with CaM-Sepharose beads in the presence of Ca®*
or EGTA, indicating a Ca* " -dependent interaction of FKBP38
with the immobilized CaM, as well (Figure 1B). Experiments
using isothermal titration calorimetry revealed a 1:1 stoichio-
metry for the proteins assembling the Ca’?*/CaM/FKBP38
complex. The dissociation constant calculated from the titra-
tion curve was 1.8 +0.4 uM.

Using tandem silica cells, near-UV circular dichroism (CD)
spectra of a sample of FKBP38/CaM in buffer containing
Ca®™ showed significant spectral changes in the range be-
tween 268 and 280nm in comparison to the sum of the
spectra of the separated proteins (Figure 1C). Under condi-
tions of high calcium and CaM concentrations, FKBP38 is
fully complexed and spectral contributions of the uncom-
plexed immunophilin can be neglected. The ellipticity of
FKBP38 dominates the near-UV CD spectrum, because CaM
had only a minor contribution in this spectral region. The
appearance of fine structure of the spectrum points to aro-
matic side chains that rearrange during heterodimer forma-
tion. Spectral changes were not found either in the absence
of Ca’* or in the presence of EGTA, indicating strict
requirement for calcium ions. Far-UV CD spectra did not
reveal spectral changes upon complex formation, indicating
lack of secondary structure rearrangements (data not
shown). In conclusion, the CD spectrum of the Ca**/CaM/
FKBP38 complex exhibits a substantially increased level
of tertiary structure, with only a minor change in the
secondary structure.

The heterodimeric Ca?" /CaM/FKBP38 complex exhibits
enzymatic activity

To investigate whether the observed interaction influences
the enzymatic properties of FKBP38, we examined recombi-
nant FKBP38. This protein was completely inactive in PPlase
assays in the absence of Ca?"/CaM. However, considerable
rate acceleration of the peptidyl prolyl cis/trans isomerization
of the standard PPlase tetrapeptide substrate succinyl-AFPF-
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Figure 1 FKBP38 interacts with CaM in the presence of ca’t. (A)
Co-immunoprecipitation of endogenous FKBP38 and CaM. SH-SYSY
cell lysate preincubated with 500 uM EGTA was incubated with
rabbit anti-FKBP38 antibody. Antibody/protein complexes were
bound to protein G-Sepharose. Samples were washed. Precipitates
and input were subjected to SDS-PAGE and analyzed by Western
blot using mouse anti-CaM antibody. As a control, cell lysate
preincubated with control rabbit immunoglobin was used. In an
additional experiment, cell protein was incubated with mouse anti-
CaM antibody and analyzed with rabbit anti-FKBP38 antibody. f-
Actin and mouse immunoglobin were used as loading controls. In
the presence of 1 mM Ca**, FKBP38 bound to CaM. No interaction
occurred in the absence of Ca*". (B) Recombinant FKBP38 (30 ug)
was subjected to CaM-Sepharose in the presence of 1 mM CaCl, or
1mM EGTA. Bound protein (P) and supernatant (S) were subse-
quently analyzed by SDS-PAGE with Coomassie blue staining. (C)
Near-UV CD spectra of 1 uM FKBP38 and 5 uM CaM were measured
in the presence of 2mM CaCl, either separated (dotted line) or
mixed (solid line) in a tandem silica cell (Hellma, Germany).

4-nitroanilide was observed in the presence of Ca’*/CaM
(Figure 2A). The PPlase activity that was found was strictly
depending on the concentration of FKBP38 under conditions
of Ca®**/CaM saturation (Figure 2A, inset). Excess FK506
competed with the substrate for binding to the PPlase site,
and thus decreased the rate of the cis to trans isomerization of
the substrate down to the rate of the spontaneous intercon-
version. Neither Ca?" nor CaM alone promoted FKBP38
activity, indicating that only the heterodimeric Ca**/CaM/
FKBP38 complex is the active form of FKBP38. At Ca* " /CaM
saturation, the limiting value for the bimolecular rate
constant of FKBP38 catalysis was calculated to be kcy/
Ku=1.1x10*M"'s™! for succinyl-AFPF-4-nitroanilide as
substrate (Figure 2B). To determine the required calcium
concentrations activating FKBP38, we measured the
FKBP38 PPlase activity in the presence of 5uM CaM and
various calcium concentrations. Figure 2B, inset, shows that

The EMBO Journal VOL 24 | NO 14| 2005 2689



FKBP38 is activated by CaM
F Edlich et a/

about 70% of the fully activated FKBP38 was achieved at
500nM calcium (about 50% active enzyme is present at
290nM). Therefore, FKBP38 is activated by the second mes-
senger calcium and its sensor protein CaM at concentration
levels found intracellularly after Ca?* bursts (Feske et al,
2001). In the presence of CaM inhibitory MLCK peptide
(1 M), the PPlase activity of the Ca?*/CaM/FKBP38 com-
plex disappeared.
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Now, the basis for the inhibitory action of FK506 is
provided since only the Ca®*/CaM/FKBP38 assembly
forms the binding pocket for FK506 (Figure 2C, inset).
Usually, the inhibitory interaction of FKBP-type PPlases and
FK506 is characterized to follow tight-binding Kkinetics.
Micromolar concentrations of Ca**/CaM/FKBP38 required
in the PPlase assay render calculations of K; values that are
based on this inhibition type impossible. To determine
inhibition constants for FK506, rapamycin and GPI1046, a
novel assay was established on the basis of competition
between Ca®*/CaM/FKBP38 and FKBP12 for inhibitor bind-
ing. Superior catalytic efficiency is achieved by FKBP12 (kc./
Ky=1.2x10°M"'s™!) compared with Ca?*/CaM/FKBP38
(keat/Kn=8 x 10° M~ s71) in a PPlase assay using the succi-
nyl-ALPF-4-nitroanilide substrate. When both FKBPs exhibit
comparable inhibitor affinities, a fraction of highly active
FKBP12 emerged from a fully inhibited enzyme sample
when the Ca®"/CaM/FKBP38 complex was allowed to se-
quester FKBP12-bound inhibitor molecules. Dose-dependent
changes in emerging PPlase activity allowed the derivation of
inhibition constants K; for the drug-FKBP38 interaction
(Figure 2C). In this assay, the nonimmunosuppressive, neu-
rotrophic compound GPI1046 proved to be as potent as FK506
in inhibition of Ca®*/CaM/FKBP38 with a K; of 48nM. In
contrast, rapamycin inhibited Ca®*/CaM/FKBP38 less effi-
ciently with a K; value of 499 nM.

In comparison, FKBP12 was found to be inhibited by
FK506 and rapamycin with K; values of about 1nM, but
GPI1046 was less efficient in inhibiting FKBP12 with a K;
value of 364, showing that GPI1046 will be preferentially
bound by FKBP38 in neuronal cells.

The active site of Ca®" /CaM/FKBP38 interacts with Bcl-2
Based on suggestions of the physical interaction between
FKBP38 and Bcl-2 (Shirane and Nakayama, 2003), we inves-
tigated whether Ca® " /CaM plays a role in this interaction. In
co-immunoprecipitation experiments, endogenous FKBP38
and Bcl-2 associated only in the presence of Ca®*/CaM in
SH-SYSY cell lysate. In the absence of Ca®*", no interac-
tion was observed. GPI1046 disrupted the Bcl-2-FKBP38

Figure 2 FKBP38 exhibits enzymatic activity after complex forma-
tion with Ca?*/CaM. (A) PPlase activity of 1uM FKBP38 was
measured in the presence (dotted line) and the absence (solid
line) of 5mM CaCl, and 5 pM CaM in the protease-coupled standard
PPlase assay. The dashed line represents the PPlase activity of
FKBP38 in the presence of Ca®"/CaM and 2 uM FK506. The inset
shows the dependence of PPlase activity on FKBP38 concentration
at constant calcium (SmM) and CaM (10 uM) concentrations. (B)
CaM dependence of PPlase activity of 1M FKBP38. The Ca®™
dependence of the activation of FKBP38 by CaM was determined
using 1puM FKBP38, S5uM CaM and various concentrations of
calcium in the range of 50nM-12puM (inset). (C) Inhibition of
Ca**/CaM/FKBP38 PPlase activity by FK506 (@) and GPI1046
(A) was studied in a competition assay with FKBP12. PPlase
activity of 12nM FKBP12 was inhibited by preincubation with
20nM FKS506 or 1140 nM GPI1046, respectively, 5mM calcium and
SuM CaM and subsequently recovered by addition of FKBP38.
Because of competition of both FKBPs for inhibitor binding, inhibi-
tion constants can be determined. Calculation of inhibition con-
stants was performed using Dynafit software. Regain of FKBP12
activity from the FKBP12/FK506 complex in the presence of 500 nM
FKBP38 is strictly dependent on the CaM concentration (inset).
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interaction, indicating that the active site of FKBP38 is
important for Bcl-2 binding (Figures 3A and 7B).
Furthermore, we analyzed the interaction of endogenous
FKBP38 from SH-SY5Y cell lysate in a binding assay with
Bcl-2. As shown in Figure 3B, Western blot immunodetection
using anti-FKBP38 antibody revealed binding of maltose-
binding protein-Bcl-2 fusion protein (MBP-Bcl-2) to endogen-
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ous FKBP38 present in the cell extract, but only to a small
extent. The addition of Ca** and CaM (final concentrations
were 2mM and 20 pM, respectively) increased Bcl-2 binding
about 120-fold. Ca®>* alone sufficed to get a 13-fold increase
in FKBP38 molecules that were able to bind Bcl-2, indicating
a limiting role of CaM under high cytosolic calcium concen-
trations.

In order to substitute endogenous FKBP38 in in vitro
binding experiments, recombinant FKBP38 was tested for
Bcl-2 interaction. Again, only the Ca®* /CaM/FKBP38 com-
plex was able to interact with Bcl-2, whereas FKBP38 did not
show affinity for Bcl-2 in the absence of Ca*' or CaM
(Figure 3C). GPI1046 and Bcl-2 competed for binding to
FKBP38, as observed with endogenous FKBP38 (Figure 3C,
lane 4). Based on these results, the PPlase activity of the
Ca’*/CaM/FKBP38 complex was tested in the presence of
recombinant Bcl-2. As shown in Figure 3D, Bcl-2 reversibly
and competitively inhibited enzymatic activity of FKBP38
with a K; value of 415+63nM, supporting the notion of
FKBP38 active site involvement in Bcl-2 binding.

Inhibition of FKBP38 prevents apoptosis

Because the Ca?"/CaM/FKBP38 complex interacts with
Bcl-2, we were interested in the effect of FKBP38 activity on
apoptosis of neuroblastoma cells. Therefore, the influence of
FKBP38 inhibition by FKBP38 RNA interference (RNAi) and
the FKBP ligands GPI1046, FK506 and rapamycin on apopto-
tic SH-SY5Y cells was tested. Rapamycin and GPI1046 were
found to be especially discriminating among FKBP inhibitors
tested.

As shown in Figures 4A-F, GPI1046 prevented apoptosis in
neuroblastoma cells and increased the cell survival rate up to
75% in a concentration-dependent manner when cells were
subjected to the apoptosis-inducing compound etoposide
(Figures 4A and G). Similar antiapoptotic effects of GP11046
on cells were observed when apoptosis was induced by
daunorubicin, ionomycin and camptothecin (Figures 4C, D
and F). However, neither FK506 nor rapamycin increased cell
survival rates (Figures 4A-F).

Figure 3 Only enzymatically active FKBP38 interacts with Bcl-2.
(A) Co-immunoprecipitation of endogenous FKBP38 and Bcl-2.
After preincubation with 500 uM EGTA, SH-SYSY cell lysate was
incubated with rabbit anti-FKBP38 antibody. Antibody/protein
complexes were bound to protein G-Sepharose. Samples were
washed. Precipitates (lanes 1-3) and input were subjected to
SDS-PAGE and analyzed by Western blot using mouse anti-Bcl-2
antibody. Cell lysate preincubated with rabbit immunoglobin was
used as a control. FKBP38 bound to Bcl-2 in the presence of 1 mM
calcium. This interaction was disrupted by 1uM GPI1046. No
interaction was observed in the absence of Ca?™. (B) SH-SY5Y
crude cell extract was applied in the absence and presence of 20 uM
CaM and 2mM Ca®*' to maltose-binding protein-Bcl-2 fusion
protein (MBP-Bcl-2) immobilized on amylose resin. After three
washing steps, protein was eluted by 200 mM maltose and analyzed
by Western blot using polyclonal anti-FKBP38 antibody. The pro-
portion of active endogenous FKBP38 was quantified by Biorad
Multi-Analyst software. (C) MBP-Bcl-2 was immobilized on amy-
lose resin and incubated with (1) FKBP38, (2) FKBP38 and CaM, (3)
FKBP38 and Ca**/CaM and (4) FKBP38, Ca**/CaM and 200nM
GPI1046. After washing, protein was eluted and analyzed by
Western blot using polyclonal anti-FKBP38 antibody. (D)
Inhibition of PPlase activity of 1 pM FKBP38 by Bcl-2 was measured
in the PPlase assay in the presence of 5mM CaCl, and 5uM CaM.
The calculated K; value was 0.74 uM.
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Figure 4 Inhibition of FKBP38 activity protects neuroblastoma cells from apoptosis. Survival rates of SH-SYSY cells treated with 50 uM
etoposide (A), 150 uM antimycin A, (B), 50 nM daunorubicin (C), 10 uM ionomycin (D), 100 nM staurosporin (E) and 5 pM camptothecin (F)
and various concentrations of GPI1046 (black bar), FK506 (gray bar) and rapamycin (dark gray bar) were determined by using Guava Viability
Assay with a Guava personal cell analyzer. (G) SH-SYSY cells treated with 50 uM etoposide (Eto) and various concentrations of GP11046 were
analyzed by phase-contrast microscopy. Apoptotic cells were visualized with DAPI staining using a fluorescence microscope.

To analyze whether the neuroprotective effect of GP11046 is (Figure 5B) was observed. The antiapoptotic effect of FKBP38
due to the inhibition of FKBP38, we performed RNAIi experi- RNAi was exclusively obtained with GPI1046-sensitive apop-
ments. FKBP38 RNAi expression resulted in a significant totic stimuli of wild-type cells (etoposide, daunorubicin, camp-
reduction of endogenous FKBP38 protein in neuroblastoma tothecin), but not with GPI1046-insensitive stimuli (antimycin
cells (Figure 5A). A concomitant enhancement of cell survival A,, staurosporin) (Figures 4A-F). Thus, the antiapoptotic
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Figure 5 FKBP38 depletion by RNAI inhibits apoptosis in neuro-
blastoma cells. (A) SH-SY5Y neuroblastoma cells were transfected
with a vector producing specific FKBP38 RNAI or the empty vector
(control). Further controls using an unspecific oligonucleotide and a
vector construct containing the unspecific sequence were performed
showing no effect of the vector control on SH-SYSY cell survival
rates (data not shown). Expression of FKBP38 was analyzed by
Western blot using rabbit polyclonal anti-FKBP38 antibody. B-Actin
was used as a loading control. (B) Cells transfected with FKBP38
RNAIi vector or empty vector were stimulated to apoptosis with
50 uM etoposide, 50 nM daunorubicin, 5puM camptothecin, 150 pM
antimycin A, and 150 nM staurosporin in the absence and presence
of 5uM GPI1046. Survival rates of SH-SY5Y cells were determined
by using Guava Viability Assay with a Guava personal analyzer.

effect of FKBP38 depletion by RNAIi paralleled the effect of
blocking the PPlase site of FKBP38 by GPI1046. In further
support of the role of FKBP38 inhibition by GPI1046 for
neuronal cell survival, the drug inhibited the residual
FKBP38 activity in etoposide-treated cells containing FKBP38
RNAi, completely abolishing the proapoptotic effect of
FKBP38. This compound proved to be completely inactive in
both staurosporin- and antimycin A,-treated wild-type cells
and FKBP38-depleted cells. These findings are in contrast to
previous observations of FKBP38 depletion by RNAi in HeLa
cells (Shirane and Nakayama, 2003). To analyze whether the
contradicting data were due to the different cell lines used, we
investigated the influence of our FKBP38 RNAi construct on
HeLa cells. Indeed, HeLa cells transfected with FKBP38 RNAi
showed increased cell survival rates compared to cells trans-
fected with the control vector (Supplementary Figure 1). The
differences in the effects of RNAi between the neuronal SH-
SYSY cell line and the epithelial-like HeLa cell line are perhaps
cell type specific due to different apoptotic pathways
(Bursztajn et al, 2001; Fulda et al, 2001), various Bcl-2 inter-
action partners and their expression pattern (Mackrill et al,
1997; Makin et al, 2001). For example, depletion of endoplas-
mic reticulum (ER) calcium that leads to an increased cytosolic
calcium concentration appeared to have a protective function
for HeLa cells, whereas depletion of ER calcium was toxic for
SH-SYSY cells (Pinton et al, 2001; Nguyen et al, 2002).
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Given the GPI1046-induced protection of neuroblastoma
cells and the fact that GPI1046 interferes with Bcl-2/Ca®*/
CaM/FKBP38 complex formation, the GPI1046-dependent
subcellular distribution of Bcl-2 and FKBP38 was studied
using various apoptotic stimuli. In our experiments,
FKBP38 and Bcl-2 colocalize in the presence and absence of
GPI1046 (Figure 6A). These results indicate that PPlase
activity of FKBP38 does not influence the subcellular distri-
bution of Bcl-2 in SH-SY5Y cells. The subcellular localization
of FKBP38 was investigated comparing the immunostaining
of mitochondria, ER and actin filaments (Figure 6B). FKBP38
colocalized with the staining of mitochondria and ER of the
neuroblastoma cells, but not with actin staining. The mito-
chondrial and endoplasmic localization of FKBP38 is similar
to the localization of Bcl-2, as could be inferred from pub-
lished data (Kim et al, 2004). However, the Ca®*/CaM-
stimulated PPlase activity of FKBP38 does not mediate delo-
calization of its substrate Bcl-2 (Figure 6A).

The mitochondrial and ER localization of FKBP38 and
Bcl-2 in neuroblastoma cells was confirmed by analyzing
isolated fractions of mitochondria, ER, nuclei and cytosol of
SH-SY5Y cells by Western blotting (Figure 6C). FKBP38 is
found in the ER and mitochondrial fractions. Bcl-2 can be
detected in these fractions as well. Only a small portion of
this protein was additionally detected in the nuclear fraction
of neuroblastoma cells.

Bcl-2 function is regulated by its interaction
with FKBP38
We have shown by co-immunoprecipitation and PPlase
activity assays that Bcl-2 binds to the active site of FKBP38.
Therefore, we examined the tertiary structure of Bcl-2 com-
plexed with Ca®*/CaM/FKBP38 by near-UV CD spectro-
scopy. As shown in Figure 7A, complex formation of Ca**/
CaM/FKBP38 with Bcl-2 changes significantly the near-UV
CD spectrum realizing a blue shift of about 3nm, and a
concomitant amplitude reduction in the range of 270-
290nm indicating the formation of a ternary complex.
Altogether, the structural and kinetic data showed features
consistent with the idea that Bcl-2 turned out to be a substrate
for FKBP38 that undergoes bioactivity relevant changes
that might be related to a prolyl cis/trans isomerization. We
next tested whether the observed Bcl-2/FKBP38 interaction
affects the antiapoptotic function of Bcl-2 in neuroblastoma
cells. The cellular function of Bcl-2 is determined by the
ability to bind to several proapoptotic proteins preventing
apoptosis initiation. Therefore, we investigated whether
FKBP38 influences the interaction of Bcl-2 with a binding
partner, such as Bad. In a co-immunoprecipitation experi-
ment, FKBP38 was able to block Bad interaction with Bcl-2 in
the presence of Ca®’", whereas in samples containing a
specific inhibitor of the FKBP38 active site, both proteins
interact with each other (Figure 7B). Furthermore, we
tested whether FKBP38 interferes with Bad/Bcl-2 complex
formation in a binding assay, using Bcl-2 immobilized on
maltose beads. As shown in Figure 7C, FKBP38 is only able
to disrupt Bad/Bcl-2 complexes in the presence of calcium
and CaM.

Based on the interaction assays, the influence of the
FKBP38 inhibitor GPI1046 and FKBP38 RNAi on the subcel-
lular localization of Bad was studied. In untreated cells, Bad
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did not colocalize with Bcl-2. Similarly, colocalization did not These data suggest that the active form of FKBP38 might
occur when cells were stimulated to apoptosis (Figure 7D). change the tertiary structure of Bcl-2 and influence thereby
However, in the presence of the PPlase inhibitor GP11046 or the ability of Bcl-2 to interact with its partner proteins.
in neuroblastoma cells transfected with FKBP38 RNAi, Bad However, at this point, a steric hindrance of Bad/Bcl-2
and Bcl-2 colocalize when cells are stimulated to apoptosis. interaction by FKBP38 cannot be excluded.

A Anti-Bcl-2 Anti-FKBP38

Control

50 uM
etoposide

50 uM etoposide
+1 uM GPI11046

B Compartment Anti-FKBP38 DAPI Merge

Mitochondria

Endoplasmic
reticulum

Actin
filaments

Figure 6 FKBP38 and Bcl-2 colocalize in neuroblastoma cells. (A) Localization of Bcl-2 and FKBP38 in SH-SYS5Y neuroblastoma cells was
analyzed by immunostaining with Cy5-conjugated goat anti-hamster antibody against hamster anti-Bcl-2 antibody and FITC-conjugated goat
anti-rabbit IgG against rabbit anti-FKBP38 antibody. Cells were treated for 16 h with 50 M etoposide and 2 uM GPI1046. Nuclei were stained
with DAPI. (B) Subcellular distribution of FKBP38 in SH-SYSY cells was studied by immunostaining with FITC-conjugated goat anti-rabbit IgG
against rabbit anti-FKBP38 antibody and a subcellular structure localization kit (Chemicon). (C) Subcellular localization of FKBP38 and Bcl-2
was studied by preparing mitochondria, ER, nucleus and cytosol from SH-SYSY cells and analyzing these fractions by Western blotting using
anti-FKBP38 and anti-Bcl-2 antibodies. Antibodies detecting cytochrome c (Cyt c) and FKBP13 were used as controls for mitochondrial and ER
localization, respectively.
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Discussion

Here, we demonstrated that the activity of FKBP38 is con-
trolled by its association with Ca® " /CaM. Enzymatic activity
was observed at calcium concentrations below 1uM.
Simultaneously, appearance of an FK506-binding site in the
heterodimeric complex was observed. In the absence of
Ca’*/CaM, the enzyme remained completely inactive, and
commonly known FKBP ligands, such as immunosuppressive
and nonimmunosuppressive peptidomacrolides and their
derivatives, failed to bind.

Our study provides the first example for a cofactor-regu-
lated folding helper enzyme. In order to verify enzyme
activation by intracellular Ca® ™ rise, the active site concen-
tration of endogenous FKBP38 was determined by co-immu-
noprecipitation and affinity absorption on MBP-Bcl-2
amylose beads. The inactive form of FKBP38 dominates in
unstimulated SH-SY5Y cells.

Near-UV CD spectroscopy revealed activation of FKBP38 in
the Ca®>" /CaM/FKBP38 complex by changes of the tertiary
structure-related signals of the enzyme. As observed for most
Ca’* /CaM-regulated enzymes, the mechanism of cofactor
activation might involve an altered conformation of a regu-
latory segment of FKBP38 that complements FKBP38 in the
FKBP-like catalytic core. In calcineurin (CaN), the Ca®*/
CaM-mediated displacement of an autoinhibitory segment
caused an increased accessibility of the catalytic site (Klee
et al, 1998). The identification of the putative autoinhibitory
domain of FKBP38 requires further experiments.

Previous investigations using yeast two-hybrid system
revealed physical interaction of FKBP38 and Bcl-2 (Shirane
and Nakayama, 2003). Our data demonstrate that this inter-
action occurs only with the active form of FKBP38. Therefore,
it can be assumed that the identified interaction of both
proteins in yeast depended on the calcium concentration as
well. A highly homologous form of CaM present in yeast
likely mediated FKBP38 activation (Cyert, 2001). In addition,
it was shown that the interaction of Bcl-2 and FKBP38 is
involved in apoptosis. In contrast to these findings in HeLa
cells, we observed a proapoptotic role of FKBP38 in SH-SY5Y
cells that is strictly dependent on the formation of PPlase

©2005 European Molecular Biology Organization
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active form of FKBP38. It is noteworthy that protein-protein
interaction experiments, confocal imaging and apoptosis
assays using specific FKBP38 inhibition demonstrate that
the cellular functions of FKBP38 investigated here are not
mediated by the membrane anchor, as previously suggested.
Our results show that the cellular function of FKBP38 de-
pends on the enzymatic activity of the protein.

Furthermore, in the same report, FKBP38 and Bcl-2 were
exclusively identified in mitochondrial membranes (Shirane
and Nakayama, 2003). However, the mitochondrial and ER
localization of Bcl-2 and FKBP38 in our assay agrees well
with the colocalization of FKBP38 and Bcl-2 and published
data about the subcellular distribution of Bcl-2 (Vander
Heiden and Thompson, 1999; Demaurex and Distelhorst,
2003; Kim et al, 2004). The colocalization of FKBP38
and Bcl-2 is most likely because both proteins contain a
C-terminal membrane anchor and are found in the same
cellular compartments. However, interaction between both
proteins occurs only upon calcium influx and subsequent
FKBP38 activation. The proposed dual function of FKBP38,
mitochondrial targeting of Bcl-2 and direct inhibition of the
protein phosphatase CaN (Shirane and Nakayama, 2003) do
not play a part in the apoptotic pathway of neuroblastoma
cells, because CaN is inert against FKBP38 (Weiwad et al,
2005). More specifically, our data indicate that FKBP38
neither in the presence nor absence of Ca** inhibits or
interacts with CaN. Only the FK506/Ca®"/CaM/FKBP38
complex has affinity to CaN, inactivating its protein phos-
phatase activity (Weiwad et al, 2005).

Competition experiments revealed participation of the
active site of Ca?"/CaM/FKBP38 in Bcl-2 binding. These
findings suggest that Bcl-2 belongs to the cellular substrates
of FKBP38. The Ca®"/CaM-mediated structural changes of
FKBP38-bound Bcl-2 might indicate proline-directed confor-
mational changes, thereby altering the biological activity of
the protein. It has been demonstrated that PPlases are able to
display cis/trans isomer ratios of substrates in the Michaelis
complexes that are rather different from those obtained for
the unbound substrates (Howard et al, 2003). Such an isomer
shift may be important in isomer-specific reactions if the
concentration of the Michaelis complex is high (Fischer and
Aumuller, 2003). In addition, we have shown that formation
of the Ca**/CaM/FKBP38 complex subsequently led to dis-
ruption of the Bcl-2 interaction with physiological interaction
partners in vitro and in vivo, implying that the homeostasis of
Bcl-2 complexes is disturbed in cells with high FKBP38 level
after calcium rise.

The neuroimmunophilin inhibitor GPI1046 efficiently
blocks progression of apoptosis induced by various stimuli
in neuroblastoma cells. Using FKBP38 RNAI, the concentra-
tion of endogenous FKBP38 was significantly reduced in
neuroblastoma cells. The RNAi experiments demonstrated
that GPI1046 targets the Ca** /CaM/FKBP38 complex and
blocks the proapoptotic function of endogenous FKBP38 in
SH-SY5Y cells, because an antiapoptotic effect by RNAi was
only observed with GPI1046-sensitive apoptotic stimuli.
Antimycin A,- and staurosporin-induced apoptosis that is
not affected by FKBP38 RNAi was not attenuated by
GPI1046 as well. Remarkably, most of the GP11046-sensitive
stimuli have been described to be antagonized by Bcl-2
overexpression (Eliseev et al, 2003; Kim et al, 2003). The
effect of RNAi-mediated FKBP38 depletion on apoptosis
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correlated well with the antiapoptotic effect of the FKBP38
active site inhibition by GP11046, showing a relation between
FKBP38 activity and apoptosis in neuroblastoma cells.

The antiapoptotic effect of FKBP inhibitors is probably
mediated by preventing the interaction of Bcl-2 with the
Ca?*/CaM/FKBP38 complex. Subsequent to stimulation,
GPI1046 administration led to changed subcellular localiza-
tion of the Bcl-2 interaction partner Bad in SH-SY5Y cells.
These data are consistent with a recent report showing that
FKBP38 reverses the antiapoptotic effect of Bcl-2 (Massaad
et al, 2004).

Rapamycin, which inhibits constitutively active FKBPs
preferably, did not increase cell survival rates. The lack
of a pronounced antiapoptotic effect for FK506 is, in part,
at variance to its relatively high affinity for FKBP38. The
manifold of biochemical processes affected by FK506 renders
cellular effects of FK506 difficult to interpret (Fischer and
Aumuller, 2003). In this respect, it is noteworthy that con-
stitutively active FKBPs will not respond to Ca® ™" rise in their
FK506 affinity. However, they collectively form an efficient
sink for FK506, reducing its availability to the active site of
the Ca®*/CaM/FKBP38 complex.

Our study indicates that the proapoptotic function of
FKBP38 can be explained partly by the regulation of Bcl-2
interaction with Bad. In this respect, it may be interesting to
see whether FKBP38 affects binding of Bcl-2 to other inter-
action partners. It would be of special interest to elucidate the
functional mechanism of the Ca? " /CaM-mediated activation
of the FKBP38 PPlase site and the mechanism by which this
activity regulates Bcl-2. Interestingly, a proline-directed con-
formational change was observed in the Bcl-2-related Bax
protein that is functionally important (Schinzel et al, 2004).
In addition, it is important to clarify the inhibition of different
FKBP activities by the ligands available to gain an insight into
the physiological processes that these proteins are involved
in. The identification of the first FKBP functionally controlled
by a second messenger raises the question of whether the
physiological processes involving similarly structured multi-
domain FKBPs might also respond to calcium signals.

Materials and methods

Sources of enzymes used in the experiments are as follows:
recombinant human FKBP38, lacking the membrane anchor

FKBP38 is activated by CaM
F Edlich et al

(FKBP38'733%), recombinant human FKBP12, recombinant human
CaM and human Bcl-2 were recombinantly expressed by using a
pET28a-vector in Escherichia coli Rosetta™ cells. MBP-Bcl-2 fusion
protein and His-tagged Bad were purchased from Sigma (Deisenho-
fen, Germany). The FKBP38 antibody was an affinity-purified
section 4 polyclonal antibody from rabbit against purified FKBP38
domain (amino acids 1-165). Additional antibodies used were
polyclonal rabbit anti-actin (Sigma), monoclonal hamster anti-Bcl-2
(Pharmingen), monoclonal mouse anti-Bcl-2 (Santa Cruz), poly-
clonal rabbit anti-CaM (Santa Cruz), monoclonal mouse anti-CaM
(Sigma), monoclonal mouse anti-Bad (Pharmingen) and polyclonal
goat anti-mouse ImageBlue labeled (Leinco). The subcellular
structure localization kit (Chemicon) was used.

Peptide substrates used were obtained from Bachem (Heidelberg,
Germany). FK506 and rapamycin were purchased from Calbiochem
(La Jolla, CA). Low-molecular-weight substances were synthesized
according to standard procedures (Christner et al, 1999) and
characterized by ESI mass spectrometry.

Measurement of PPlase activity

PPlase activity was determined using protease-coupled assays
(Fischer et al, 1989). Typically, FKBP38 PPlase activity was
measured in a reaction mixture containing 1uM FKBP38, 5uM
recombinant human CaM and 5 mM CaCl,. Inhibition constants for
the PPlase activity of the Ca®>*/CaM/FKBP38 complex by low-
molecular-weight inhibitors were determined by a competition
assay using recombinant FKBP12 and succinyl-ALPF-4-nitroanilide
substrate. Based on different acceleration rates for FKBP12 and
FKBP38 (kcat/Km=0.9 x 10° and 1 x10* M~ 's™!, respectively), it is
possible to detect exclusively FKBP12 activity. Because of competi-
tion of both FKBPs for inhibitor binding, PPlase activity of FKBP12
increases after addition of FKBP38. PPlase activity of 12 nM FKBP12
was inhibited either by 20 nM FK506, 23 nM rapamycin or 1140 nM
GPI1046 and subsequently recovered by addition of FKBP38. Assay
mixtures were allowed to equilibrate for 20min. Because of
competition of both FKBPs for inhibitor binding, inhibition
constants could be determined by using Dynafit software (Kuzmic,
1999) according to the following reaction mechanism:

EI=E + I K; (nrkBp12)
FI=F + I K; (rkBp38)

where E and F represent the concentrations of FKBP12 and FKBP38,
respectively, and I the concentration of the FKBP inhibitors.

In the case of Bcl-2 and CaM, insensitivity to proteolytic
digestion by a-chymotrypsin in the time range of the kinetic
experiments was verified.

Protein-protein interaction

Co-immunoprecipitation: Cells were grown in flasks and incubated
with 50puM etoposide for 16h and harvested. Cell lysis and co-
immunoprecipitation experiments were performed according to the
manufacturer’s protocols of the immunoprecipitation starter kit
(Amersham Bioscience). Prior to incubation, 0.5mM EGTA was

Figure 7 FKBP38 activity influences Bcl-2 function. (A) Near-UV CD spectra of 1 uM Ca® " /CaM/FKBP38 and 3 uM Bcl-2 were measured either
separated (dotted line) or mixed (solid line) in a tandem cuvette. (B) Co-immunoprecipitation. SH-SY5Y cells were stimulated to apoptosis by
50 uM etoposide. Cell lysate preincubated with 500 uM EGTA was incubated with monoclonal mouse anti-Bcl-2 antibody. Antibody/protein
complexes were bound to protein G-Sepharose. Samples were washed. Precipitates (lanes 1-3) and input were subjected to SDS-PAGE and
analyzed by Western blot using rabbit anti-FKBP38 antibody. Cell lysate preincubated with control mouse immunoglobin was used as a control.
FKBP38 bound to Bcl-2 in the presence of 1 mM Ca”*, whereas 1 uM GPI1046 abolished the interaction. Bcl-2/Bad interaction was investigated
by incubation of SH-SYSY cell lysate with hamster anti-Bcl-2 antibody and protein was detected using mouse anti-Bad antibody. Bad/Bcl-2
interaction was observed in the presence of 1 mM calcium and 1 uM GPI1046. In addition, SH-SYSY cell lysate was incubated with monoclonal
mouse anti-Bad antibody, and antibody/protein complexes formed were bound to protein G-Sepharose. Precipitates (lanes 1-3) and input were
subjected to SDS-PAGE and analyzed by Western blot using hamster anti-Bcl-2 antibody. Cell lysate preincubated with mouse immunoglobin
was used as a control. Bcl-2 bound to Bad in the presence of 1 mM Ca® " and 1 uM GPI1046, indicating that GPI1046 interfered with the Bcl-2/
FKBP38 interaction, allowing Bad/Bcl-2 complexes to form. (C) MBP-Bcl-2 fusion protein was immobilized on amylose beads and incubated
with Bad (Sigma), FKBP38 and CaM either in the presence or absence of 2mM Ca?*. Pellet (P) and supernatant (S) were subjected to 12.5%
SDS-PAGE and analyzed by Western blotting using mouse anti-Bad antibody and hamster anti-Bcl-2 antibody. (D) Subcellular distribution of
Bcl-2 and Bad in SH-SYSY neuroblastoma cells was analyzed by immunostaining with FITC-conjugated goat anti-mouse antibody against
mouse anti-Bad antibody and Cy5-conjugated goat anti-hamster antibody against hamster anti-Bcl-2 antibody. Nuclei were stained with DAPIL.
Cells were treated for 16h with 50 uM etoposide either in the absence or presence of 1uM GPI1046. Cells transfected with FKBP38 RNAi
construct were analyzed with ImageBlue-conjugated goat anti-mouse antibody against mouse anti-Bad antibody and TRITC-conjugated goat
anti-hamster antibody against hamster anti-Bcl-2. Nuclei were stained by 7-AAD. Because of better understanding, colors of this panel were
adapted to other results presented in this figure. Again, inhibition of FKBP38 activity allows Bcl-2/Bad interaction after induction of apoptosis
by 50 uM etoposide.
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added to the samples. A 1 mM portion of CaCl, was added to those
samples incubated in the presence of Ca’*.

CaM-binding assay: CaM-Sepharose (Amersham-Pharmacia Bio-
tech) was pre-equilibrated in 25mM Tris-HCl buffer (pH 7.5,
200mM NaCl, 1 mM DTT) in the presence of either 2 mM CaCl, or
2mM EGTA. Subsequently, 30pg recombinant FKBP38 was
incubated with CaM-Sepharose. Sepharose was washed and bound
proteins were analyzed by 12.5% SDS-PAGE and Coomassie
blue staining.

Bcl-2-binding assay: A 40pl volume of 6uM MBP-Bcl-2 fusion
protein (MBP-Bcl-2) was subjected to 40l amylose resin (New
England Biolabs, Beverly, MA) and incubated for 30 min. There-
after, beads were washed twice with buffer B (25 mM Tris-HCl, pH
7.5, 200mM NaCl, 1 mM DTT) and subsequently incubated for 1 h
with 40 pl reaction mixture containing either FKBP38, FKBP38
(50 uM) and CaM (200 uM), FKBP38 and Ca**/CaM, or FKBP38/
Ca”/CaM and 200nM GPI1046. In some experiments, SH-SYS5Y
crude cell extract was applied in the absence and presence of 20 pM
CaM and 2mM Ca’* to maltose-binding protein-Bcl-2 fusion
protein (MBP-Bcl-2) immobilized on amylose resin. To prepare
SH-SYSY crude cell extract, cells were harvested, centrifuged for
10 min at 2000g and cell pellets were resuspended in the same
volume of hypotonic lysis buffer, followed by sonication. Beads
were pelleted, washed three times and mixed with an equal volume
of Laemmli sample buffer. Then, samples were subjected to 12.5%
SDS-PAGE and analyzed by Western blotting using a polyclonal
rabbit anti-FKBP38 antibody.

Circular dichroism spectroscopy: Near-UV CD spectra were recorded
at 25°C on a Jasco J-710 CD spectrometer in 10 mM HEPES pH 7.8,
2mM CaCl, containing 1puM FKBP38 and SpuM CaM either
separated or mixed in a 10mm tandem cuvette. Interaction of
1 uM FKBP38 and 3 uM Bcl-2 was measured in the presence of 1 mM
CaCl, and 5puM CaM in a tandem cuvette as well.

Cell culture

To test the antiapoptotic effect of FKBP38 inhibitors, the neuro-
blastoma cell line SH-SYSY (DSMZ Braunschweig, Germany)
was used. Cells were cultured in DMEM (Biochrom, Berlin,
Germany) supplemented with 2mM L-glutamine and 10% (v/v)
heat-inactivated FCS in a humidified incubator at 37°C in 10% (v/v)
CO,. SH-SY5Y cells were seeded at 5x10°cells/ml in six-well
plates.

Induction of apoptosis

The cells were preincubated with various concentrations of
GPI1046, rapamycin or FK506 for 10 min at 37°C before apoptotic
stimuli were applied. Stock solutions of the substances in DMSO
(Sigma, Deisenhofen, Germany) were added to a final concentration
of 0.5% (v/v) DMSO in each sample. After stimulation, cells were
grown for 16h at 37°C and 10% CO..

Apoptosis assay

Cells were analyzed after treatment for 16h by phase-contrast
microscopy at 400-fold magnification. Survival rates of SH-SY5Y
cells treated with apoptotic stimuli and various concentrations of
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GPI1046, FK506 and rapamycin were determined by using the
ViaCount assay (Guava Technologies, Hayward, CA). The Guava
ViaCount assay distinguishes viable and nonviable cells based on
the differential cell permeability of a combination of DNA-binding
dyes in the Guava ViaCount reagent. The assay was performed
according to the manufacturer. The data presented are means+s.d.
of three independent experiments.

Depletion of FKBP38 by RNAi

For depletion of FKBP38 by RNAI, a pair of 64 nt oligonucleotides
containing the sequence 5-AAGAGTGGCTGGACATTCT-3’ was con-
structed. The fragment of annealed oligonucleotides was cloned
into the RNAI producing vector pSUPER.neo—GFP (Oligoengine,
Seattle, WA) according to the manufacturer’s instructions. The
PSUPER construct was introduced into SH-SYSY and HeLa cells
by electroporation (Amaxa, Cologne, Germany). After 16h, the
transfection efficiencies between 75 and 85% were determined
by FACS. The reduction of the cellular FKBP38 by RNAi was tested
by Western blotting, and compared to cells containing the
RNAI control vector.

Confocal imaging

SH-SY5Y and HeLa cells were cultured on 10 mm coverslips and
transfected or incubated with 50 uM etoposide and 1 puM GPI1046
for 16 h. Cells were fixed in 3.7 % paraformaldehyde in phosphate-
buffered saline (PBS) for 30min at room temperature. After
washing in PBS, the cells were permeabilized for 30 min on ice
with 0.5% saponine in PBS containing 10% FCS, blocked with PBS
containing 10% FCS for 1 h, incubated with PBS containing primary
antibody (1:100 dilution for hamster anti-human Bcl-2 antibody (BD
Biosciences Pharmingen), 1:100 dilution for mouse anti-human Bad
antibody (Pharmingen) and 1:50 dilution for rabbit anti-human
FKBP38 antibody) and 10% FCS for 1h and incubated with PBS
containing secondary antibody (1:100 dilution for TRITC-conju-
gated goat anti-mouse antibody IgG and 1:100 dilution for FITC-
conjugated goat anti-rabbit IgG, 1:50 dilution for Cy5-conjugated
goat anti-hamster antibody (Biomol, Hamburg, Germany)) and 10%
FCS for 30min. Nuclei were stained with DAPI (BD Biosciences
Pharmingen). Coverslips were mounted onto glass slides with
Vectashield mounting medium H-1000 (Vector Laboratories Inc.).
Cells were analyzed by confocal laser scanning microscopy (Carl
Zeiss LSM 410) at 750-fold magnification.

Cellular fractions of SH-SY5Y cells were isolated using the Sigma
ER isolation kit, mitochondrial isolation kit and Nuclei isolation kit
PURE prep and analyzed by Western blot using rabbit anti-FKBP38,
mouse anti-Bcl-2, mouse anti-Cyt ¢ and rabbit anti-FKBP13
antibodies.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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