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Rat brain Fe65 and its truncated forms correspond-

ing to the combined PTB1 and PTB2 domains, as well as

to the isolated PTB2 domain, were expressed in Esche-

richia coli and purified from inclusion bodies by affinity

chromatography. The recombinant proteins were re-

folded and judged functionally active by their ability to

interact with native APP. Limited proteolysis of re-

combinant Fe65 and PTB1–2 with trypsin, chymotryp-

sin and V8 proteases showed that the most sensitive

proteoltytic sites were positioned at the level of the

interdomain regions comprised between WW/PTB1

and PTB1/PTB2. Secondary structure of the recombi-

nant proteins, evaluated by CD spectroscopy, showed a

different degree of unordered structures, the PTB2

domain being the higher organised region. In addition,

intrinsic fluorescence measurements of PTB2, indicated

that a conformational transition of the protein can be

induced by denaturating agents such as GuHCl. These

data provide first evidences on the secondary structural

levels of Fe65.

Key words: rat brain Fe65; PID/PTB domain; recombi-

nant proteins; limited proteolysis; circular
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Fe65 is an adaptor protein expressed in neurons of
several regions of the mammalian nervous system.1,2) Its
gene belongs to a mammalian multigene family com-
posed of three different members; its relevance during
evolution is justified by the presence of a single
orthologue gene in the nematode Caenorhabditis ele-
gans.3) The encoded proteins contain two different types
of protein-protein interaction domains: a WW and two
phosphotyrosine binding (PTB)-related domains. Rat
Fe65 is made of 711 amino acid residues; its WW

domain (aa 254–288) interacts with several proteins, like
Mena, the mammalian orthologue of Drosophila enabled
protein, and the non-receptorial tyrosine kinase Abl.4,5)

The two phosphotyrosine binding domains PTB1 (aa
365–510) and PTB2 (aa 538–665) are responsible for the
interaction of Fe65 with membrane and nuclear proteins:
the PTB1 domain binds the CP2/LSF/LBP1 transcrip-
tion factor6) and the histone acetyl transferase Tip607)

while the PTB2 domain is responsible for the interaction
of Fe65 with the cytosolic, carboxy terminal region of
the Alzheimer’s �-amyloid precursor protein (APP),
through the consensus motif NPXY.8) The N-terminal
region of the protein (aa 1–253) does not contain
obvious protein domains, shows no relevant identities to
any known protein, and is characterised by a high
content of acidic amino acids, also found in a class of
nuclear proteins containing a HMG-like (High Mobility
Group I) acidic region.9) The interaction of Fe65 with
APP10) has important functional consequences because it
is implicated in the pathogenetic mechanisms of
Alzheimer’s disease. In fact, APP is a membrane protein
that upon proteolytic processing produces the Alzheimer
�-amyloid peptide (A�)11) the main constituent of the
senile plaques of Alzheimer disease.12,13) This process
is affected by the interaction of APP with other
two proteins containing a PTB domain: X11 and
mDab1.14,15) Overexpression of Fe65 determines in cell
cultures an increment of A�16,17) whereas the over-
expression of X11 inhibits the APP processing.18–20)

Despite the knowledge on the functional aspects of
Fe65, not so much is known about its structural
properties. In this work, we analysed recombinant rat
Fe65 protein and its truncated forms containing both
phosphotyrosine binding domains (PTB1–2), or the
single PTB2 domain by means of biochemical and
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spectroscopic methods. The results obtained provide first
structural data on the secondary structure of Fe65.

Materials and Methods

Plasmid construction, expression and purification of
intact and truncated Fe65. Plasmid containing full
length Fe65 rat cDNA (Clone 21)1) was used as template
in PCRs in order to prepare DNA fragments corre-
sponding to intact Fe65 and to the regions containing
PTB1–2 and PTB2 domains. The following forward
primers were used, respectively: (Fe1) 50-CGCAG-
GATCTACTAAGCATATGTC, (Fe8) 50-GAGAATC-
TGCCCCATATGAACGC and (Fe7) 50-ACTCTAAA-
CATATGGATGTCCCTT all containing an NdeI re-
striction site; the reverse primer 50-CTACCTGCCC-
CAAAAGCTTGAG (Fe5), which contained a HindIII
site, was common to all three constructs. The PCR
products were first inserted into pGEM-T Easy and
subsequently cloned into the NdeI-HindIII sites of
pET22b(+) expression vector (Novagen).21,22) Recombi-
nant plasmids were then used to transform E. coli
BL21(DE3). Cells were grown up to 0.6A.U. and
induced with 100mg/ml IPTG (Inalco) for 3 h. After
centrifugation at 5000 rpm for 15min, cells were
resuspended in lysis buffer (20mM Tris HCl, pH 7.8,
50mM EDTA, 1mM �-mercaptoethanol for Fe65; 20mM

Tris HCl, pH 6.8 for PTB1–2 and PTB2) and disrupted in
a cell disruption system (Constant Systems, Ltd., UK) at
1.5 kbar. Samples were then centrifuged at 10,000 rpm
(28;000� g) for 30min, and the recombinant proteins
were solubilized and purified from inclusion body
according the following procedures: pellets from 1 liter
of cell culture were first dissolved in 50ml of 8M urea,
centrifuged at 10,000 rpm for 30min and then exten-
sively dialysed against 20mM Tris–HCl, pH 7.8, 100mM

NaCl, 1mM �-mercaptoethanol, 0.5mM EDTA and 10%
glycerol in the case of intact Fe65 whereas, in the case of
PTB1–2 and PTB-2, were first rapidly diluted 1:1 with a
buffer containing 20mM Tris HCl, pH 9 and 0.8 M

arginine and then dialysed against 10mM Na2HPO4,
pH 10, 1mM arginine, 1.5mM cysteine and 0.5mM

cystine.23) Samples were loaded onto a Ni–NTA Super-
flow (Qiagen) column (2� 20 cm), connected to a FPLC
system (Pharmacia), equilibrated with 50mM Na2HPO4

pH 8, 300mM NaCl, 10mM imidazole, in the case of
intact Fe65, or 50mM Na2HPO4 pH 10, 300mM NaCl,
10mM imidazole, in the case of PTB1–2 and PTB2. After
extensive washes with the above buffers containing
50mM imidazole (10 column volumes), proteins were
eluted raising the imidazole concentration up to 200mM.
Fraction containing a single protein band on SDS–PAGE
stained with Coomassie Brilliant Blue were pooled,
concentrated with Aquacide IIa and dialysed against
10mM Tris HCl pH 8, in the case of intact Fe65, and
10mM Na2HPO4 pH 10, in the case of PID1–2 and PID2
and stored at �20 �C. Protein concentration was deter-
mined by the method of Lowry.24)

Antibody, pull down and western blots. Fe65 or
PTB1–2 and PTB2 constructs were detected with anti-
His-Tag monoclonal antibodies (Santa Cruz), anti-Fe65
serum (I12) and anti-PTB1–2 serum (E9), raised in
rabbit.25) Pull down were performed according the
following protocol: GST-Sepharose resin equilibrated
in PBS 1�, 1mM DTT (35ml), was incubated with
10 mg of GST–APP,25) or with GST as control, and after
two 5min washes with the equilibration buffer, each
sample was incubated at 4 �C for 2 hours with 200 ng of
purified PTB2, or with lysates. Samples, after three
5min washes at 4 �C with 20mM Na2HPO4 pH 10 were
denatured and resolved on SDS–PAGE for western
blotting. Proteins were then transferred to Immobilion P
membranes (Millipore), blocked in 5% non-fat dry milk
in PBS-T for 1–2 hours at 4 �C and incubated with
appropriate dilution of the primary antibody for 2 h at
room temperature. The excess antibody was removed by
sequential washing of the membranes in PBS-T, and
then a 1:20,000 dilution of horsereadish peroxidase-
conjugated protein A (Amersham Pharmacia Biotech)
was added to the filters for 1 h at room temperature.
Filters were washed and the signals detected by
chemiluminescence using the Super Signal West Pico
(Pierce).

Proteolysis. Samples of purified intact Fe65, or
PTB1–2 and PTB2 (80 mg), were incubated in 20mM

Tris–HCl pH 7.8, 1mM MgCl2, 50mM KCl, 1mM �-
mercaptoetanol with 0.8 mg of trypsin, chymotrypsin or
V8 in a final volume of 80 ml. At the indicated times,
20 ml aliquots were withdrawn from the reaction mixture
and analysed on SDS–PAGE26) or by Western blot. N-
terminal amino acid sequence of the products was
determined after transfer on membrane for microse-
quences (Problot) in CAPS by an automatic sequencer
(Mod 473 A, Applied Biosystem) connected on line to a
HPLC apparatus for PTH-amino acid identification.

CD and fluorescence spectroscopy. CD spectra,
recorded in a Jasco J-715 spectropolarimeter equipped
with a Peltier type temperature control system (Model
PTC-348WI), at time constant of 16 s, 2 nm band width,
and scan rate of 5 nmmin�1, were signal-averaged over
at least five scans, and baseline corrected by subtracting
a buffer spectrum. The instrument was calibrated with
an aqueous solution of d-10-(+)-camphorsulfonic acid
at 290 nm.27) Molar ellipticity per mean residue, [�] in
deg�cm2�dmol�1, was calculated from the equation:
½�� ¼ ½��obs mrw/10�l�C, where ½��obs is the ellipticity
measured in millidegrees, mrw is the mean residue
molecular weight, C is the protein concentration in g�l�1

and l is the optical path length of the cell in cm. A
0.1 cm path length cell and a protein concentration
ranged from 0.05 to 0.1mg�ml�1 were used. Fluores-
cence spectra were recorded in a Perkin Elmer LS50B
spectrofluorimeter equipped with a Perkin Elmer PTP-1
Peltier System, at 10 �C, 1 cm sealed cell, 5 nm emission
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slit width and corrected for background signal. The
excitation wavelength was set at 290 nm and the protein
concentration ranged from 0.02 to 0.04mg�ml�1. The
protein concentration for CD and fluorescence measure-
ments was determined spectrophotometrically using
theoretical, sequence-based28) extinction coefficients
of 98,400M�1�cm�1, 59,000 M�1�cm�1 and 27,500 M�1�
cm�1 at 280 nm for Fe65, PTB1–2 and PTB2, respec-
tively.

Results and Discussion

Purification of intact Fe65, PTB1–2 and PTB2
domains

Intact recombinant rat brain Fe65 (Mr 79,048) and its
isolated PTB1–2 (aa R362-P711, Mr 40,045) and PTB2
(aa V525-P711, Mr 21,799) were purified from E. coli
inclusion bodies by affinity chromatography on Ni–NTA
Sepharose (Fig. 1). Recombinant proteins were identi-
fied, in the case of Fe65, by sequencing the N-terminal
region and by Western blot with antibodies anti-WW
and anti-His-Tag whereas, in the case of PTB1–2 and
PTB2, by interaction with antibodies anti-PTB2 and
anti-His-Tag (not shown). Because Fe65 and its PTB
domains do not have enzyme activity, to assess if the
refolding procedures were efficient, we tested their
ability to interact with the cytosolic region of APP by
pull-down. As reported in Fig. 2, both antibodies anti-
WW and anti-PTB2 were able to precipitate the GST–
APP.Fe65 and GST–APP.PTB2 complexes, respective-
ly, thus suggesting an appropriate refolding of the
recombinant proteins (Fig. 2). Same result was obtained
with recombinant PTB1–2 (not shown). All three
proteins resulted soluble if the concentration was not
higher than 0.1–0.2mg/ml. Above this value, aggregates
were observed.

Limited proteolysis
Figure 3 shows the time course of the proteolytic

cleavege of Fe65 with chymotrypsin, V8 and trypsin.
Chymotrypsin produced two major fragments of about
60 and 19 kDa. The formation of the proteolytic
products was accompanied by the disappearance of
intact Fe65 (Fig. 3A). Edman degradation of the larger
fragment gave the N-terminal sequence of the intact
protein, whereas the sequence of 19 kDa fragment
showed the presence of a proteolytic site at the level
of Phe544. Limited proteolysis of intact Fe65 with V8
yielded the formation of two major peptides of about 50
and 35 kDa (Fig. 3B). The sequence of the 35 kDa
fragment contained the N-terminal sequence whereas the
larger fragment indicated an exposed site in correspond-
ence of Glu298. Proteolysis with trypsin (Fig. 3C)
showed the formation of two major fragments of about
60 and 25 kDa. Sequencing of the larger fragment
indicated the presence of a proteolytic sites at the level
of Arg214, whereas no sequence was possible to collect
with the other fragment. Also the recombinant PTB1–2
was analysed by digestion with the same proteases. In
the case of trypsin and V8, no discrete products were
detectable on SDS–PAGE. Using instead chymotrypsin
with a ratio protease/PTB1–2 of 1:150 w/w, two
products were detected on SDS–PAGE of approximately
20 and 16 kDa (not shown). The size of the fragments
and their recognition by the specific anitibodies anti-
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Fig. 1. SDS–PAGE of His-Tagged Fe65, PTB1–2 and PTB2 Purifi-

cation Steps.

A, 10% acrylamide gel loaded with: 1) molecular weight markers,

2) 25 mg P30 extract (Fe65), 3) 2.5mg of purified Fe65, 4) 50 mg P30

extract (PTB1–2), 5) 2 mg of purified PTB1–2. B, 12% acrylamide

gel loaded with: 6) molecular weight markers, 7) 25 mg P30 extract

(PTB2), 8) 2.5mg of purified PTB2.
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Fig. 2. Pull Down of Intact Fe65 and Its PTB2 Form.

A, 20 ml Glutathione-Sepharose slurry were saturated with: 1)

2.5 mg wild type GST, 2) 2.5mg GST in presence of 0.1mg of intact

Fe65, 3) 2.5 mg GST–APP, 4) 2.5 mg GST–APP in presence of 0.1 mg
of intact Fe65. Each Sample was incubated for 2 h at 4 �C and after 4

washes in 20mM phopsphate buffer, pH 10, was centrifuged and the

resin was loaded onto a 10% polyacrilamide gel. Western blot assay

was done with anti-WW (I12). B and C, 20ml Glutathione-

Sepharose slurry were saturated with: 1) 5mg GST in presence of

0.2 mg of PTB2, 2) 5mg GST–APP in presence of 0.2mg of PTB2.

Samples were incubated at 4 �C for 2 h and after 4 washes in 20mM

phopsphate buffer, pH 10, they were centrifuged, loaded on 10%

polyacrilamide gel and assayed by (B) Western blot with anti-

PTB1–2 (E9), (C) coomassie blue staining.
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PTB2 and anti-His-Tag, respectively suggested the
presence of a cleavage site between PTB1 and PTB2
(Phe544), as well as of another proteolytic site at the
level of one of the aromatic amino acid present in the
C-terminal sequence after PTB2 domain (most likely
Trp698), as deduced by the size of the small fragment
detected by anti-His-Tag (Fig. 4). These results are in
agreement with those obtained by digestion of the intact
Fe65 with chymotrypsin, thus confirming the presence
of an exposed site between PTB1 and PTB2 domains.
Figure 5 shows the positions of the exposed sites
localised between the regions of Fe65 containing the

WW domain and the phosphotyrosine interacting do-
mains PTB1 and PTB2.

Circular dichroism and fluorescence measurements
Secondary structure of recombinant Fe65 and of

PTB1–2 and PTB2 domains was investigated by means
of CD in the far-UV region. Figure 6 shows the CD
spectra of the intact Fe65, PTB1–2 and PTB2 domains
recorded in a phosphate buffer 10mM pH 10. The
spectra suggested that PTB1–2 and PTB2 domains
displayed a higher content of secondary structure
compared to the intact protein. In fact, the more intense
negative band near 200 nm present in Fe65 is indica-
tive of unordered structures, whereas in PTB2, the CD
spectrum showed a large negative band at 222 nm.
The estimation of the secondary structure of Fe65,
PTB1–2 and PTB2 performed on the basis of the CD
spectra, according to the Variable Selection Method
(CDSSTR),29) by using DICHROWEB30) is reported in
Table 1. The level of secondary structure found in PTB2
was compared to those of the corresponding PTB
domain of X11 (aa R324-G491) and Shc (aa H40-
P200) as evaluated from their 3D structures, respective-
ly.31,32) Despite the very low amino acid sequence
identities between these domains,3) PTB2 displayed a
comparable content of secondary structures. In fact, X11
and Shc showed 58% and 54% secondary structures,
respectively, with a content of �-helix (26% and 23%,
respectively). These results suggested that PTB2 domain
possesses a folded structure in solution. In order to
evidentiate the folded state of PTB2 domain, we studied
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Fig. 3. SDS–PAGE of Fe65 Digested with Chymotrypsin, V8 and Trypsin.

Aliquots of Fe65 at different incubation times were withdrawn from the reaction mixture and analysed on SDS–PAGE (insets). A,

Chymotrypsin digestion at 0 �C: ( ) Intact Fe65, ( ) 60 kDa band, ( ) 19 kDa band. B, V8 digestion at 37 �C: ( ) Intact Fe65, ( ) 50 kDa

band, ( ) 35 kDa band. C, Trypsin digestion at 37 �C: ( ) Intact Fe65, ( ) 60 kDa and ( ) 25 kDa band. Gels were scanned and bands

densitometry were normalized.
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Fig. 4. Western Blot of PTB1–2 Digested with Chymotrypsin.

PTB1–2 was incubated with 0.5mg of chymotrypsin at 0 �C for

5min. The reaction was stopped with 2� loading buffer and 20 ml
aliquots were loaded on 12% SDS–PAGE and analysed by Western

blot using anti-PTB2 (E9) (lane 1, zero min; lane 2, 5min

incubation) or using anti-His-Tag (lane 3, zero min; lane 4, 5min

incubation).
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the GuHCl-induced denaturation. Figure 7 shows the
comparison of the fluorescence of PTB2 in the absence
and presence of 6M GuHCl, respectively. The emission
spectra were registered upon excitation at 290 nm in
order to eliminate the fluorescence tyrosine contribution.
In the absence of the denaturating agent, PTB2 domain
showed the maximum of emission intensity at 342 nm
that shifts to 352 nm, in the presence of 6M GuHCl. A
maximum around 335 nm is characteristic of tryptophan
residues well buried in the hydrophobic core, whereas
fluorescence spectra with a maximum around 350 nm are
characteristic of tryptophan residues exposed to the
aqueous solution.33) The spectra indicated that PTB2
domain have the tryptophan residues buried in the native
structure, and well exposed in the GuHCl-induced
unfolded state. The results obtained by fluorescent
spectra gave an indication that PTB2 domains have a
defined conformational structure in solution.

In conclusion, in this work we studied the properties
of recombinant rat brain Fe65 and of its isolated
phosphotyrosine binding domains PTB1–2 and PTB2,
with the aim of obtaining insights about its structure.
The expression and purification system adopted was
suitable to produce functional recombinant proteins.
Although the maximum possible concentration of the

refolded proteins was not high, it was sufficient to carry
out some structural investigations using limited proteol-
ysis and spectroscopic methods. The results obtained
showed that: i) the most exposed proteolytic sites were
found localised between the regions of Fe65 containing
the WW domain and the phosphotyrosine interacting
domains PTB1 and PTB2. These findings are in agree-
ment with the general observation that limited proteol-
ysis of native globular proteins generally occurs at the
level of the inter-domain regions and in particular at
hinges and fringes of the polypeptide chain;34) ii) the
data collected by CD spectroscopy suggested in partic-
ular that PTB2 domain represents a region of the protein
with high secondary structure levels.
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and Scott Turner, R., The X11 protein slows cellular
amyloid precursor protein processing and reduces A40
and A42 secretion. J. Biol. Chem., 273, 14761–14766
(1998).

20) Sastre, M., Scott Turner, R., and Levy, E., X11
Interaction with �-Amyloid precursor protein modulates
its cellular stabilization and reduces amyloid �-protein
secretion. J. Biol. Chem., 273, 22351–22357 (1998).

21) Maniatis, T., Sambrok, J., and Fritsh, E. F., Molecolar
cloning: a laboratory manual II�, Cold Spring Harbor,
New York (1989).

22) Studier, F. W., Rosenberg, A. H., Henn, J. J., and
Dubendorff, J. W., Use of T7 RNA polymerase to direct
expression of cloned genes. Meth. Enz., 185, 60–89
(1990).

23) Rudolph, R., and Lilie, H., In vitro folding of inclusion
body proteins. FASEB J., 10, 49–56 (1996).

24) Lowry, O. H., Rosebrough, N. J., Farr, A., and Randall,
R. J., Protein measurement with the Folin phenol
reagent. J. Biol. Chem., 193, 265–275 (1951).

25) Zambrano, N., Buxbaum, J. D., Minopoli, G., Fiore, F.,
De Candia, P., De Renzis, S., Faraonio, R., Sabo, S.,
Cheetham, J., Sudol, M., and Russo, T., Interaction of
the phosphotyrosine interaction/phosphotyrosine bind-
ing-related domains of Fe65 with wild-type and mutant
Alzheimer’s �-amyloid precursor proteins. J. Biol.
Chem., 272, 6399–6405 (1997).

26) Laemmli, U., Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature, 227,
680–685 (1970).

27) Sreema, N., and Woody, R. W., A self-consistent method
for the analysis of protein seconday structure from
circular dichroism. Anal. Biochem., 209, 32–44 (1993).

28) Gill, S. C., and von Hippel, P. H., Calculation of protein
extinction coefficients from amino acid sequence data.
Anal. Biochem., 182, 319–326 (1989).

29) Venyaminov, S. Y., and Yang, J. T., Determination of
protein secondary structure. In ‘‘Circular Dichroism and
the Conformational Analysis of Biomolecules’’, ed.
Fasman, G. D., Plenum Press, New York, pp. 69–107
(1996).

30) Lobley, A., Whitmore, L., and Wallace, B. A., Dichro-
web: an interactive website for the analysis of secondary
structure from circular dichroism data. Bioinformatics,
18, 211–212 (2002).

31) Zhang, Z., Lee, C. H., Mandiyan, V., Borg, J. P.,
Margolis, B., Schlessinger, J., and Kuriyan, J., Se-
quence-specific recognition of the internalization motif
of the Alzeimer’s amyloid precursor protein by the X11
PTB domain. EMBO J., 16, 6141–6150 (1997).

32) Zho, M. M., Ravichandran, K. S., Olejniczak, E. T.,
Petros, A. M., Meadows, R. P., Sattler, M., Harlan, J. E.,
Wade, W. S., Burakoff, S. J., and Fesik, S. W., Structure
and ligand recognition of the phosphotyrosine binding
domain of Shc. Nature, 378, 584–592 (1995).

33) Lakowicz, J. R., ‘‘Priciples of Fluorescence Spectrosco-
py’’, Plenum Press, New York (1983).

34) Neurath, H., The versatility of proteolytic enzymes.
J. Cell. Biochem., 32, 35–49 (1986).

2400 A. LAMBERTI et al.


