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ABSTRACT. 3F4, a monoclonal antibody raised against partially purified paired helical filaments (PHFs),
strongly labeled neurofibrillary tangles and some plaque neurites but barely labeled neuropil threads. The
levels of the 65-kDa antigen were significantly increased in the soluble fraction of the brains affected by
Alzheimer’s disease (AD), as compared with that in the case of control brains. The antigen was previously
identified as human collapsin response mediator protein-2 (hRCRMP-2) by sequencing the immunoaffinity-
purified 65-kDa antigen [Yoshida, H., Watanabe, A., and Ihara, Y. (1998iol. Chem. 2739761~

9768]. Here, we show that the 3F4 antigen represents a highly phosphorylated form of CRMP-2. The
3F4-reactive phosphoepitope was localized to the carboxyl-terminal portion of hCRMP-2, and was created
by a novel 45-50-kDa protein kinase in rat brain extract. Site-directed mutagenesis of this portion showed
that multiple sites of CRMP-2 are differentially phosphorylated within residues-502, and that
phosphorylation of three sites, Thr-509, Ser-518, and Ser-522, is required for full 3F4 binding. The
phosphorylation of this particular portion carboxyl-terminal to the basic region of CRMP-2 may play an
important role in regulating its activity, and may be involved in the formation of degenerating neurites in
AD brain.

The formation of innumerable neurofibrillary tangles to neuronal death in AD. This speculation has recently been
(NFTs) throughout the cerebral cortex is one of the substantiated by the discovery of a new entity of familial
neuropathological hallmarks of Alzheimer's disease (AD). dementia called frontotemporal dementia and parkinsonism
The unit fibrils of NFTs are designated as paired helical linked to chromosome 17 (FTDP-1%:-7). In this disease,
filaments (PHFs), and their framework is composed of the extensive loss of neurons and the formation of PHF-like
hyperphosphorylated full-length tau (PHF-tad), (or pro- fibrils in distinct areas are caused by intronic or exonic
cessed and smeared t&, §). Although primary significance ~ mutation of the tau gene (for review, see 8f
has been placed on senile plaques in the investigation of the 3F4, a monoclonal antibody, was raised against partially
pathogenesis of AD, the density of senile plaques was foundpurified PHFs. It intensely stained NFTs and some plaque
not to be related to the extent of neuronal loss in AD brains neurites, but barely stained neuropil threads. Western blotting
(4). In contrast, the density of NFTs in AD brains has been with 3F4 uncovered a 65-kDa cytosolic protein distinct from
repeatedly reported to be well correlated with the extent of tau, and quantitative analysis showed that its levels were
neuronal loss and dementid)( Thus, the intraneuronal significantly increased in the soluble fraction of AD brains
formation of PHFs has been considered to be closely relatedas compared with that in the case of control bra@sRartial
sequencing of the purified 3F4 antigen revealed that it was
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ganglion (DRG). In the neuron, CRMP-2 is located in the  For all of the glutathioneStransferase (GST)-fusion
growth cone, the shaft of the axon, and the cell botl¥, (  proteins prepared in this study, the cDNA clone pTARGET-
16, 19. hCRMP2 was used as the template. The fusion proteins GST-
We previously found that the immunoaffinity-purified 3F4 Nd (amino-terminal specific domain; residues #4B84),
antigen consisted of two bands at 60 and 65 kDa on-SDS GST-Cd (carboxyl-terminal specific domain; residues-486
PAGE. Although both of them were proved to be CRMP-2 528), and GST-hCRMP2 (full-length hCRMP-2) were pre-
by sequencing, only the 65-kDa band was 3F4-reacfiye ( pared for generating monoclonal antibodies to CRMP-2.
This result raised the possibility that the 3F4-reactive protein Oligonucleotide primers containing restriction endonuclease
is a modified form of the 60-kDa protein and that 3F4 sites were designed. The PCR-amplified fragments for GST-
recognizes this rather specific modification for AD. Another Nd (sense primer, '"59tgggatccCAGCGAGTGGCATAAG-
possibility is that the two are closely related isoforms GGCAT-3; antisense primer,gagaattccTATGGCGCCAAT-
presumably generated by alternative splicing, and that 3F4ATCCCGGA-3) and GST-Cd (sense primer-&gggatcc-
recognizes only the larger one. In either case, an abundancAGCAGGCTGGCTGAGCTGAGA-3 antisense primer,'5
of the 65-kDa protein characterizes the soluble fraction of gagaattcgGGCCTGCTGCTTGGCAGGAGA}8/ere cleaved
the cortex in AD, and may explain the complicated picture with BanHI and EcoRlI, and cloned into the pGEX-2TK
of neuronal degeneration which occurs in the AD cortex (Amersham Pharmacia Bioteck) coli expression vectors.
(9): axonal and dendritic sprouting and/or retractia8- The PCR-amplified full-length hCRMP-2 sequence (sense
21). primer, B-CGCGTGAATTCCCAGGAGAGAGATGT-3
Here we show that (i) the NFT-associated 3F4 antigen antisense primer, 55GTGACACGATAGAATACTCA-3)
represents a highly phosphorylated form of CRMP-2; (ii) was inserted intoEcaRI sites of pGEX-2TK, and the
the phosphorylated epitope is located carboxyl-terminal to orientation was verified by restriction enzyme digestion and
a highly basic domain, which may be involved in protein ~ Western blot analysis of the expressed fusion protein with
protein interaction or membrane association; (iii) at least three the peptide antibodies to hCRMP-2.
phosphorylation sites, Thr-509, Ser-518, and Ser-522, are The following GST-fusion proteins were prepared for in
required for full 3F4-binding; and (iv) a protein kinase with vitro phosphorylation: GST-Cp (residues 48&28) was
a molecular mass of 450 kDa is responsible for creating prepared by inserting the same PCR-amplified fragment as

this phosphoepitope. that for GST-Cd into pGEX-4T-3 (Amersham Pharmacia
Biotech). GST-S507A, GST-T509A, GST-T512A, GST-
EXPERIMENTAL PROCEDURES T514A, GST-S517A, GST-S518A, GST-T521A, and GST-

Materials Unless otherwise indicated, all the reagents S522A are all mutated forms of GST-Cp where each of the
employed in this study were obtained from Nacalai Tesque indicated Ser or Thr residues was replaced by Ala. Mutagen-
(Kyoto, Japan) or Wako Pure Chemical Industries (Osaka, esis of individual codons was performed by PCR using

Japan). Trizma base, phenylmethylsulfonyl fluoriti&;p- mutated primers. The mutation in each of the inserts was
tosyl4 -lysine chloromethyl ketone, diisopropyl fluorophos- verified by DNA sequencing.
phate, bacterial alkaline phosphatalscherichia colitype Antibodies The fusion proteins GST-Nd and GST-

Ill; BAP), tetrasodium pyrophosphate, and dithiothreitol hCRMP2 were obtained as inclusion bodies using the stan-
(DTT) were obtained from Sigma; culture medium and dard methodZ4). GST-Cd was purified as a soluble protein
supplements were from Life Technologies, Inc.; antipain, by affinity chromatography on glutathion&epharose 4B
pepstatin, and leupeptin were from Peptide Institute (Osaka,(Pharmacia Biotech) according to the manufacturer’s instruc-
Japan); -32P]JATP (>3000 Ci/mmol) was from NEN Life  tions. The inclusion bodies of GST-hCRMP2 were solubi-
Science Products; rabbit polyclonal anti-MAP 1/2 IgG was lized with 8 M urea by sonication, dialyzed against 1% Triton
from Upstate Biotechnology, Inc. X-100 in phosphate-buffered saline (PBS), and purified on
cDNA Cloning of Human CRMP-2 and Construction of glutathione-Sepharose 4B. Recombinant hCRMP-2 was
the Expression Vecto’A pTARGET-hCRMP-2 construct  isolated by gel filtration on a Sephacryl S-200 HR (Pharmacia
containing the complete coding sequence for hCRMP-2 Biotech) column after proteolytic cleavage of GST-hCRMP2
cDNA and a translation initiation consensus seque2@ ( with thrombin.
was created by inserting a PCR fragment amplified from a New monoclonal antibodies were raised against GST-Nd
human brain Lambda ZAP cDNA library (Stratagene), using or GST-Cd, essentially as describ&), gxcept that the mice
the primers 5tcccaggagagagatgtctt-8nd 3-ggcacagcccag- — were boosted twice (on days 4 and 7) and fusion was done
gagctcta-3 into the pTARGET mammalian expression on day 10. Recombinant hCRMP-2 was used for screening
vector (Promega). The sequence was verified on both strandghe antibody-producing hybridomas by ELISA.
using the dideoxynucleotide chain-termination method with ~ Polyclonal antibody A667 was raised against a synthetic
a SequiTherm Long-Read cycle sequencing kit (Epicentre peptide of residues 147161 of hCRMP-2 in the same way
Technologies, Madison, WI) and an Automated Laser as A660 and A666 weredy.
Fluorescent DNA Sequencer (model 4000; LI-COR, Lincoln,  Partial Purification of Rat CRMP-2 (rCRMP-2)CRMP-2
NE). was partially purified from rat brain using Western blotting
Plasmids expressing human dihydropyrimidinase-related with N3E (or C4G) to monitor each purification step. All
protein-1 (DRP-1, CRMP-1), DRP-2 (CRMP-2), DRP-3 steps were performed on ice or af@.
(CRMP-4), and DRP-4 (CRMP-3) were prepared by sub- Fresh adult rat brains (20 g) were homogenized in 4
cloning the respective complete coding sequences (GenBankvolumes of SP buffer (25 mM sodium phosphate, pH 6.0,
Accession Numbers D78012, D78013, D78014, and 10 mM 2-mercaptoethanol, 10 mM tetrasodium pyrophos-
AB006713) in a pCR3 vector (Invitrogen2y). phate, 1 mM EGTA) containing a cocktail of protease
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inhibitors (0.5 mM phenylmethylsulfonyl fluoride,dg/mL
N*-p-tosyl-L-lysine chloromethyl ketone, Ag/mL leupeptin,

1 ug/mL pepstatin, and gg/mL antipain). The homogenate
was centrifuged at 3000Q0for 30 min at 4°C, and the
resultant supernatant was loaded onto an-Sépharose
column (80 mL; Pharmacia) equilibrated with SP buffer.
After washing the column with SP buffer, bound proteins
were eluted with a linear gradient{@50 mM) of NaCl in
SP buffer. CRMP-2-containing fractions were pooled and
concentrated with Centriprep (Amicon). After being ex-
changed into Q buffer (20 mM Tris-HCI, pH 8.0, 0.5 mM
EDTA) containing 10 mM tetrasodium pyrophosphate and
a cocktail of protease inhibitors using a PD-10 column
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antigen from the rat brain cytosolic extract was carried out
as previously described for the TS-soluble fraction of human
brain ©).

All immunoprecipitation steps were performed af@.
After preclearing it with protein GSepharose CL-4B
(Amersham Pharmacia Biotech) for 1 h, the rat brain
cytosolic extract was incubated with antibody N3E or C4G
for 1 h. The immunoprecipitates were recovered by incubat-
ing overnight with protein G Sepharose CL-4B. The beads
were washed 3 times with RIPA buffer (150 mM NacCl, 0.5%
deoxycholic acid, 1.0% Nonidet P-40, and 50 mM Tris-HClI,
pH 8.0), boiled for 5 min in Laemmli’'s sample buffer, and
subjected to Western blotting.

(Pharmacia Biotech), the sample was applied to a Mono Q = Other Methods Two-dimensional electrophoresis was

eluted with a linear gradient {8400 mM) of NaCl in buffer

range 3.5-10) in the first dimension with Immobiline strips

Q. Fractions containing rCRMP-2 were pooled, concentrated according to the manufacturer’s instructions (Pharmacia,

by Centricon (Amicon), and further purified on Superdex
200 HR 10/30 (Pharmacia Biotech) using 50 mM sodium
phosphate buffer (pH 7.0) as the elution buffer.

In Vitro Phosphorylation of GST-Fused hCRMP-2 Frag-
ments Newborn rat brains were homogenized in 4 volumes
of TS buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl)
containing 200 nM okadaic acid, 10 mM 2-mercaptoethanol
1 mM EGTA, and a cocktail of protease inhibitors (see
above), and the homogenate was centrifuged at 3@pfad0

Uppsala, Sweden). Ten percent SEFFAGE was used for
the second dimension, and the separated proteins were
transferred onto a polyvinylidenedifluoride (PVDF) mem-
brane (Immobilon). Subsequent immunodetection was per-
formed as described previousI26).

Transient transfection of each hCRMP clone in COS-7

' cells was performed with Lipofectamine (GIBCO BRL)

according to the manufacturer’s instructions. Plasmids for
transfection were prepared by endotoxin-free maxi-prep kits

30 min at 4°C. The supernatant was used as a source of (Qiagen).

protein kinase for the in vitro phosphorylation.

GST-Cp and its mutants were prepared as described forRESULTS

GST-Cd. In vitro phosphorylation was carried out by adding
0.15 volume of the supernatant into a reaction mixture
containing GST-fusion proteins at a final concentration of
150ug/mL, 50 mM Tris-HCI (pH 7.5), 2 mM ATP, 5 mM
MgCl;, 0.2 mM CaC}, 1 uM okadaic acid, 0.1 mM

Further Confirmation of the 3F4 Antigen as CRMPTae
presence of two hCRMP-2 species for the immunoaffinity-
purified 3F4 antigen raised the following questions: (i)
Which band represents the 572 residue hCRMP-2? (ii) What

Othovanadate’ 0.5 mM DTT, and a cocktail of protease is the identity of the other band? (III) What is the epitope of

inhibitors (see above). After incubation for 12 or 24 h at 37

3F47?

°C, the reaction was stopped by adding the same volume of To address these questions, we first transiently expressed

2 x Laemmli buffer, and the samples were boiled for 5 min.

hCRMP-2 in COS-7 cells. Western blotting with A666 and

Proteins in the sample were separated on 8% Tris/tricine gelA667, both of which are distinct peptide antibodies to

and subjected to Western blotting with 3F4.

To detect the protein kinase activity by autoradiography,
the final concentration of 20M [y-32P]ATP with a specific
activity of 10 Ci/mmol was employed, and the reaction
mixture was incubated for 20 min at 3€. The gel was
dried and exposed to an imaging plate (Fuji Film, Tokyo,

CRMP-2 0), showed that the transiently expressed hCRMP-2
in COS-7 cells had an apparent molecular mass of 62 kDa.
3F4, however, labeled exclusively a 66-kDa band in the
cytosolic fraction of both newborn and adult rat brains (see
Figure 1D). It is possible that the 66-kDa band represents a
distinct isoform of CRMP-2 generated as a result of

Japan), which was analyzed with a laser image analyzeralternative mRNA splicing, or is posttranslationally modified

(Fujix BAS 2000).

Immunocytochemical Studidsnmunocytochemical stain-
ing of isolated NFTs prepared from AD brains was performed
using the Vectastain ABC kit (Vector Laboratories, Burlin-
game, CA), as described previousBb). Dephosphorylation

CRMP-2. Alternatively, the 66-kDa band could be another
member of the CRMP family, because at least four members
of the CRMP family are known to exist in the brain, and
the peptide antibodies used here could cross-react with them
(see below).

of NFTs on a glass slide was carried out by incubating them  To further confirm that the 3F4 antigen is indeed CRMP-

with 10 units/mL bacterial alkaline phosphatase (BAP) in
50 mM Tris-HCI (pH 8.0) and 1 mM MgGlat 65°C for 2

2, two specific monoclonal antibodies were raised against
GST/CRMP-2 fusion proteins. N3E was raised against

h in the presence or absence of 100 mM sodium phosphateresidues 142194, and C4G against residues 48&28. To

Immunoaffinity Purification and ImmunoprecipitatidRat

assess the specificity of these monoclonal antibodies, each

brain cytosolic extract was prepared by homogenizing fresh Triton X-100 (0.5%) extract of the COS-7 cells transiently
newborn rat brains in 4 volumes of 50 mM phosphate buffer transfected with hCRMP-1, -2, -3, or -4 was subjected to
(pH 7.4) containing 10 mM tetrasodium pyrophosphate, 10 Western blotting. To confirm the expression of the hCRMP

mM 2-mercaptoethanol, 1 mM EDTA, and a cocktail of
protease inhibitors, followed by centrifugation at 30000
for 30 min at 4°C. Immunoaffinity purification of the 3F4

members, we used the peptide antibody A660, which was
raised against residues-2848 of hCRMP-2, a homologous
region among the four members, and was therefore expected
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Ficure 1: Western blot analysis of CRMPs in rat brain and transiently transfected COS-7 cells. Human CRMP-1, -2, -3, or -4 was transiently
expressed in COS-7 cells. The cultured cells were washed in PBS and lysed with Tris-buffered saline (TS) containing 0.5% Triton X-100.
Newborn (D1) and adult (Ad) rat brains were homogenized in TS. After high-speed centrifugation, the supernatants were subjected to
Western blotting with the antibodies A660 (A), N3E (B), C4G (C), or 3F4 (D), as described under Experimental Procedures. For transfected
or mock-transfected COS-7 cells, an aliquot of lysate containing 6f protein was loaded onto each lane, except for CRMP-1 sample for
A660-blotting and CRMP-2 sample for N3E- or C4G-blotting, where one-tenth of this amount (equivalentitpdi.protein) was loaded.

For the rat brain samples, TS-soluble fractions fromu8Qfor A660- or 3F4-blotting) or 2@g (for N3E- or C4G-blotting) wet weight of

the brains were loaded onto each lane. The arrow and arrowhead in each panel indicate the 62- and 66-kDa CRMP-2, respectively. It should
be noted that N3E and C4G labeled only CRMP-2, while A660 cross-reacted with other CRMPs. The apparent molecular masses are
indicated on the left.

to cross-react with other members of the CRMP family A W o B

(Figure 1A). The apparent molecular masses of human o 523_ o 5% &<
CRMP-1, -3, and -4 were a little smaller than that of 200— : 200— ¢
hCRMP-2 (Figure 1A). This is also the case for mouse Ulips

(11). For some unknown reason, A660 labeled hCRMP-1 100— 100—

much more strongly than it did other hCRMPs. As reported

before (L0), the bands corresponding to CRMP-1, -3, and -4 8= cngpen - m*™ mew
were found in the newborn rat brain, but not in the adult rat e

brain. 1— S 4o

In contrast to A660, N3E and C4G showed strict specific-

ity toward hCRMP-2: Both sensitively and specifically
detected only hCRMP-2, but none of the other hCRMPs on 3F4 N3E C4G
Lher\]NeSt%m blot gFlgdurle 1B,bC)._In thl\?chytosgll((::igclztlgnls gf FiIGUrRe 2: CRMP-2 as the 3F4 antigen. (A) Newborn rat brain

oth newborn and adult rat brains, N3E an abeled a,yas homogenized in 4 volumes of phosphate buffer. The high-
major band at 62 kDa, and an additional band at 66 kDa, speed supernatant was immunoprecipitated with N3E or C4G. The
and rather faint bands at 64 and 70 kDa, especially in the supernatant (left lane) and N3E- (middle lane) or C4G-immuno-
newborn rat brain extract (Figure 1B,C). precipitate (right lane) were subjected to Western blotting with 3F4.

: ) Peroxidase-conjugated rat anti-mouse kappa light chains were used
In sharp contrast, 3F4 exclusively labeled the 66-kDa band as the second antibody. (B) Newborn rat brain extract (D1, left

of CRMP-2 in the brain extract, but not CRMP-1, -2, -3, 0r  |ane) and 3F4 antigen (Ag, right lane) immunoaffinity-purified from
-4 in transfected COS-7 cells, even if larger amounts of the the extract were subjected to Western blotting with N3E (left) or
sample were loaded. Thus, the 3F4 antigen is neither CRMP-CA4G (right).

1, -3, or -4 nor the major form of CRMP-2.

When rat CRMP-2 was immunoprecipitated with N3E or at 37 °C. Nonspecific phosphatase inhibitors such as
C4G and probed with 3F4, only the 66-kDa band was labeled phosphate and pyrophosphate prevented this loss of 3F4-
(Figure 2A). In contrast, when the immunoaffinity-purified immunoreactivity (Figure 3B). These lines of evidence
3F4 antigen was probed with N3E or C4G, a strong band at strongly suggest that the 3F4 epitope is phosphorylation-
66 kDa and a faint band at 64 kDa were observed (Figure dependent, although it was highly resistant to conventional
2B). Altogether, these results strongly suggest that the 3F4treatment with BAP at 37C.
antigen at 66 kDa is posttranslationally modified CRMP-2.  Longer incubation of brain extract resulted in disappear-

3F4 Epitope Is Phosphorylatedrhe 3F4 epitope was ance of the 64- and 66-kDa bands, and concomitant enhance-
resistant to BAP treatment at 3T (9), suggesting initially ment of the 62-kDa band and emergence of a new 70-kDa
that the 3F4 epitope was not phosphorylation-dependent.band (Figure 3B). The 64- and 66-kDa bands should
However, when smears of NFT-rich fractions on glass slides represent two phosphorylated isoforms of the 62-kDa CRMP-
were treated with BAP at a higher temperature {69, the 2. Possibly, the 70-kDa band may be a larger isoform of
3F4-immunoreactivity of NFTs decreased significantly (Fig- CRMP-2 arising from alternative mRNA splicing, almost
ure 3A). Inclusion of sodium phosphate prevented this indiscernible when phosphorylated but becoming discernible
decrease, suggesting that this effect was a result of dephosafter dephosphorylation (see Figure 7).
phorylation by BAP, rather than of proteolytic degradation = Okadaic acid and microcystin-LR were able to prevent
(Figure 3A). Furthermore, we found that the 3F4-positive the loss of 3F4 immunoreactivity, while EGTA and vanadate
band at 66 kDa disappeared gradually or rapidly, respectively,were not (Figure 3C). Thus, protein phosphatase PP-1 and/
when newborn or adult rat brain homogenate was incubatedor PP-2A but not phosphatase PP-2B (calcineurin) or protein
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Ficure 3: 3F4 epitope is phosphorylated. (A) An NFT preparation from an AD brain smeared onto a glass slide was incubatéd at 65

for 2 h with 10 units/mL BAP in the presence-) or absence-) of sodium phosphate, and stained with 3F4. Baru20 (B) Newborn

rat brain extract was incubated in TS buffer without phosphatase inhibitors°& 8 the indicated periods, or for 60 min with 100 mM

sodium phosphate (Pi) or 20 mM pyrophosphate (PPi). The samples were subjected to Western blotting with 3F4 (upper panel) or N3E
(lower panel). (C) Newborn rat brain extract was incubated Gfor 45 min in the presence of various phosphatase inhibitors: okadaic
acid, 2 nM, 200 nM, or «M (OA); microcystin-LR, 200 nM (MC); EGTA, 5 mM (EGTA); vanadate, 0.5 mM (Vanadate); glycerol
phosphate, 5 mM (Gp); potassium fluoride, 5 mM (KF); sodium phosphate, 100 mM (Pi); or pyrophosphate, 20 mM (PPi). Samples were
subjected to Western blotting with 3F4 (upper panel) or N3E (lower panel). The arrowhead and arrow in (B) and (C) indicate phosphorylated
CRMP-2 at 66 kDa and nonphosphorylated CRMP-2 at 62 kDa, respectively.

tyrosine phosphatase is likely to be responsible for dephos- A B
phorylation of CRMP-2 in vitro, and also possibly in vivo.

Mapping of the 3F4 Epitope to the Carboxyl-Terminal
Portion of CRMP-2 Since this particular phosphorylation
mentioned above caused a large mobility shift of CRMP-2
on SDS-PAGE, we expected that the CNBr-cleaved frag-
ment(s) bearing this particular phosphorylation site(s) would
still retain this characteristic. P

We thus separated 3F4-positive and -negative rCRMP-2 »
by SDS-PAGE following several steps of chromatography ' CaG  3Fa
(Figure 4A). After being transferred onto a PVDF membrane, g re 4: Mapping of the 3F4 epitope to the carboxyl-terminal
the two bands were separately cut out and cleaved with portion of CRMP-2. (A) Partially purified rCRMP-2 was separated
CNBr. A panel of polyclonal (peptide) and monoclonal into 3F4-positive (3F4; arrow) and 3F4-negative (3F4 arrow-
antibodies to CRMP-2 were used to compare the two sets 80 BEa08 0 @) Each 3F4-posiive.or
of (_:Ieaved fragments on the Wgstern blot. C4G dete.cted a-negative band was separately cut out, and cleaved F\)/vith CNBtr.
major band at 17 kDa and a minor band at 24 kDa in the pragments generated were separated on a 15% Tris/tricine gel and
CNBr digest of 3F4-negative CRMP-2, and a major band at subjected to Western blotting with C4G (left panel) or 3F4 (right
19 kDa and a minor band at 26 kDa in the digest of the panel). The arrow and arrowhead indicate the positions of 19- and
3F4-positive CRMP-2. As expected, 3F4 labeled the 19- and 17-kDa bands, respectively. The bands at 24 and 26 kDa probably
26-kDa bands only in the digest of 3F4-positive CRMP-2 irr?gcr)%sent a 197-residue fragment (see Figure 6) resulting from

. i . . plete CNBr cleavage.
(Figure 4B). Probably, the previous failure to detect positive
CNBr fragments using 3F4 is due to the use of the avidin  molecular mass of 14.5 kDa and spans the C4G epitope (see
biotin method 9), instead of the enhanced chemilumines- Figure 5). The 17- (in 3F4-negative CRMP-2) and 19-kDa
cence method. CNBr cleavage gives rise to a carboxyl- (in 3F4-positive one) bands should represent the 135-residue
terminal 135-residue fragment which has a theoretical fragment. When cleavage is incomplete, a 197-residue

-

——




4272 Biochemistry, Vol. 39, No. 15, 2000 Gu et al.

b

---MDENQFVAVTSTNAAKVEFNLYPRKGR 400

|

IAVGSDADLVIW[DPDSVKTISAKTHNSSLEYNIFEGMECRGSPLVVISQG 450

KIVLEDGTLHVTEGSGRYIPRKPFPDFVYKRIKARSRLAELRGVPRGLYD 500

x # %

x
GPVCEVSVTPKTVTPASSAKTSPAKQQA]PPVRNLHQSGFSLSGAQIDDNI 550

PRRTTQRIVAPPGGRANITSLG

Ficure 5: Carboxyl-terminal 198 amino acid sequence of human CRMP-2. Arrows indicate the Met residues cleaved with CNBr.
Phosphorylation sites essential (*) and not essential (#) for 3F4 recognition are marked. The brackets indicate the carboxyl-terminal-
specific region, within which the basic amino acids are shown in boldface letters. The portion used for generating C4G and for in vitro
phosphorylation is underlined.

fragment remains. The 24- or 26-kDa bands arose most likely A s
from such incomplete CNBr cleavage of CRMP-2 (see Figure é
5). This experiment indicated that the 3F4 epitope is located 486 f
in the 135-residue portion of the carboxyl terminus, and may @SRLAELRGVPRG“DGP"CE"S"TPK
be close to the epitope of C4G (Figure 5).
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522, Is Required for Full 3F4 BindingThe 135-residue utant g g é § § § § §
fragment of the carboxyl terminus was digested with en- AT ._i+ = = = == —_— =
dopeptidase Asp-N oAchromobacter lyticugprotease I. KD
Mass spectral analysis of the digests showed that two or more _ : : 2 3 y —68
sites are phosphorylated in the region of residues-H2% —45

(data not shown). This region happened to be located within
the Cd portion (residues 48%28) used for generating C4G.
This led us to use the GST-fused Cd as a substrate and ra.
brain extract as the protein kinase source for creating the Figure6: In vitro phosphorylation of the carboxyl-terminal portion
3F4 phosphoepitope. Rat brain extract did create the 3F4of hCRMP-2 and its mutants. (A) Schematic representation of GST-
phosphoepitope on this fragment as well as on endogenougused residues 48628 of hCRMP-2 and site-directed mutants.

_ : ; Ser or Thr was replaced with Ala in each of the mutants at the
CRMP-2. Except for Ser-486, a site not phosphorylated indicated sites. (B) In vitro phosphorylation of wild-type (wt) and

according to mass spectral analysis, any single residue Ofmytated proteins in the absence) (or presence-£) of 2 mM ATP
any combination of the other eight Ser and Thr residues is using newborn rat brain extract as a protein kinase source. Samples
a candidate for this distinct phosphorylation specifically were subjected to Western blotting with 3F4. A faint band at 66
recognized by 3F4. kDa probably represents the endogenous CRMP-2 included in the
To identify the phosphorylated residue(s) required for 3F4 €N#YMe source.
binding, we adopted a site-directed mutagenesis strategy to
alter the codes for these Ser and Thr residues. These Ser ohere could also be phosphorylated in vitro or in vivo. Thr-
Thr residues were substituted by Ala, and the mutant 514, for example, is most likely to be phosphorylated in vitro
fragments were designated as S507A, T509A, T512A, (and may also be so in vivo). The T514A mutation did not
T514A, S517A, S518A, T521A, or S522A (Figure 6A). The affect the formation of the 3F4 epitope in vitro, but prevented
GST-fused wild-type and mutant fragments were purified a mobility shift on SDS-PAGE after in vitro phosphorylation
from E. coli and subjected to in vitro phosphorylation. (Figure 6B). Thus, without phosphorylation on Thr-514, the
Newborn rat brain extract created the 3F4 phosphoepitopemobility shift of CRMP-2 would not occur to the full extent.
on all the mutant fragments in addition to the wild-type one  Western blot analysis following two-dimensional poly-
(Figure 6B). However, semiquantitative assessment indicatedacrylamide gel electrophoresis (2D-PAGE) of newborn rat
that the extent of 3F4-immunoreactivity of T509A, S518A, brain cytosol supported the above view: phosphorylation of
or S522A was only one-fourth to one-sixth as compared with all three aforementioned sites is required for full 3F4 binding.
that of the others (Figure 6B). Because the concentrationsRat CRMP-2 isoforms fell into two groups by 2D-PAGE-
of these fusion proteins were the same, the decreased 3Fd4ased Western blotting with C4G (or N3E; data not shown),
binding of these mutants was attributable to the absence ofwith the low-molecular-mass (6266 kDa) group being
phosphorylation at the corresponding residues. Thus, phospredominant. Eight isoforms were identifiable in the low-
phorylation of all three sites, Thr-509, Ser-518, and Ser- molecular-mass group (designated specie8 i Figure 7).
522, is required for the creation of the 3F4 epitope; the first These isoforms can be postulated to represent nonphospho-
and the last are proline-directed sites (see Figure 6A). rylated and phosphorylated CRMP-2 with a difference of
We cannot, however, exclude the following two possibili- one phosphate between neighboring specl&s. (Species
ties: mutation of certain Ser or Thr residues may affect the 1, 2, and 3 are presumed to be nonphosphorylated, mono-
phosphorylation of other sites in the 3F4 epitope; or mutation phosphorylated, and diphosphorylated forms, respectively.
itself may cause a decrease in 3F4 binding. In this context, These gave stronger signals than specie8 4n Western
it must be pointed out that in addition to the three 3F4 blots with C4G or N3E (data not shown), while they
epitope-related residues, other Ser or Thr residues examinecexhibited no (species 1) or much weaker (species 2 and 3)
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FiIGure 7: Two-dimensional PAGE of newborn rat brain extract
- -

and subsequent Western blotting with 3F4 or C4G. Cytosolic ———

fraction from 10 mg (for 3F4) or 2 mg (for C4G) wet weight of .

newborn rat brain tissue was subjected to two-dimensional PAGE, ‘ -

followed by Western blotting with 3F4 or C4G. Two groups, with - Figure 8: Characterization of kinase(s) responsible for the phos-
low (1—-8) and high (1b-5b) molecular masses of CRMP-2, are  phorylation of CRMP-2. (A) A 45-50-kDa protein kinase phos-

recognized. Phosphorylated forms are numbere8, 2vith species rghorylated CRMP-2. Gel filtration fractions of newborn rat brain
8 being the most phosphorylated one. The spot above species 5 oigytosolic extract from a Superdex-75 FPLC column were analyzed

the 3F4 blot may represent a phosphorylated high-molecular-masstq kinase activities using GST-fused residues-4888 of \CRMP-2
CRMP-2, because a corresponding spot became discernible by ECLgg the substrate. Each reaction mixture was subjected to-SDS

detection on the C4G blot after longer exposure. PAGE and autoradiography. Relative molecular masses are indi-
cated above the fraction numbers. ext, newborn rat brain extract.
signals on Western blots with 3F4 (Figure 7). Careful (B) MAP kinases are not responsible for the phosphorylation of
comparison of 2D-PAGE and SDPAGE showed that  ErlEe oo o o O et & Kinase assay (upper
species 1 and 2 corresponded .to the 62-kDa band, species anel, autoradiography) and Westejrn blotting using anti-)éng:FL)/
to the 64-kDa band, and species8to the 66-kDa band.  ERk2 antibody (lower panel). (C) The kinase activities in gel
The isoforms in the high-molecular-mass group (designatedfiltration fractions 2 (fr 2) and 10 (fr 10) in (A) and in the cytosolic
species 1b5b in Figure 7) are likely to be differentially  extracts from newborn rat brain (brain) and COS-7 cells (COS-7).
phosphorylated 70-kDa CRMP-2. They are expressed only (D) The CRMP-2 kinase(s) is (are) activated by—1D0 ug/mL

. : - heparin. Kinase activities in newborn rat brain extract were
at lower levels, but some isoforms with multiple phospho- examined in the absence or presence of 10, 30, andu@0@AL

rylation sites were observed on 3F4-blotting by longer heparin. Kinase activities in (C) and (D) were analyzed by in vitro
exposure. phosphorylation of the GST-fused residues 48@8 of hCRMP-
Characterization of Protein Kinase(s) Responsible for the 2. followed by Western blotting with 3F4 (upper panel) or by
Phosphorylation of CRMP-20n gel filtration chromatog- autoradiography (lower panel).
raphy of rat brain extract, a major protein kinase activity
with an apparent molecular mass of about-%$8 kDa was
eluted (Figure 8A). The 3F4 phosphoepitope was created by
this active fraction (Figure 8C). In particular, the protein
kinase was not cofractionated with MAP kinases ERK1/
ERK2 by Mono-S column chromatography (Figure 8B).
Glycogen synthase kinase (GSKj- also not responsible
for the protein kinase activity (data not shown). The protein
kinase activity is also present in COS-7 cells, suggesting that
it is not central-nervous-system-specific, although 3F4 im-
munoreactivity was indiscernible in the transiently transfected
COS-7 cells (Figure 1D). The CRMP-2 kinase(s) was (were)
activated by heparin (Figure 8D), and sensitive to salt
concentration, as the presence of 200 mM NacCl significantly
inhibited its activity (data not shown).

carboxyl-terminal portion (residues 56%22) appears to be
the primary region phosphorylated in vivo, because prelimi-
nary 2D-PAGE analysis showed that B sites in this small
portion could be phosphorylated by the in vitro phospho-
rylation protocol, accounting for almost all of the phospho-
rylation sites of CRMP-2 in vivo (Gu, Y., and lhara, Y.,
unpublished data; see Figure 7). Many phosphorylation sites
clustered within this small region prompted us to carefully
examine the characteristics of this and neighboring domains.
Residues 412527 exhibited relatively low homology among
the members of the CRMP family, and this region is thus
called the “C-terminal-specific region”1(). In all four
members of the CRMP family, this region is rich in basic
residues. Nineteen of the 115 residues are basic, resulting
in a calculated pof about 12.5 for this domain of CRMP-2
DISCUSSION (see Figure 5). Similarly, 20, 18, or 20 basic residues are
present in this specific domain of CRMP-1, -3, or -4,
The present study clearly shows that the monoclonal respectively. Moreover, for all the members of the CRMP
antibody 3F4, which strongly stains NFTs in AD brains, family, a cluster of 10 basic residues exists in a 30 amino
recognizes a highly phosphorylated form of CRMP-2. acid stretch (residues 46496 of CRMP-2) just amino-
Phosphorylation of the sites identified here may play terminal to the phosphorylated region of CRMP-2 (see Figure
important roles in the regulation of CRMP-2 functions in 5). The “C-terminal-specific region” seems critical neither
vivo, and thus in neurite extension. Semiquantitation by to the interaction among members of the CRMP fantiy) (
densitometry of the phosphorylated and nonphosphorylatednor for direct mediation of the collapsin signd?j. It is
forms indicated that the former amounts to approximately tempting to speculate that this region is a regulatory domain
half of the total CRMP-2 in the newborn and one-third of of the CRMP molecules. Phosphorylation at several sites in
that in the adult rat brain (see also Figures3). The this region may allow an interaction with the neighboring
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basic domain, thereby inhibiting the interaction of CRMPs transfected COS-7 cells cannot phosphorylate CRMP-2 to a
with other proteins or membrane, or changing the three- significant level.
dimensional conformation of the CRMP tetramer. Tau shares with CRMP-2 the characteristic of high level
The phosphorylation sites recognized by 3F4 are resistantof phosphorylation in NFTs. Increased kinase activities have
to BAP, while some other sites are not: Treatment of purified been suggested as one possible cause of this pathologic
3F4 antigen with BAP at 37C caused a mobility shift on  lesion. Several kinases are involved in tau phosphorylation,
SDS-PAGE but little loss of 3F4 immunoreactivityo. among which mitogen-activated protein kinase (MAP ki-
Decreased immunoreactivity was first observed on the BAP- nase), GSK-8, cdc2/cyclin B1, and cyclin-dependent kinase
treated NFT preparation, presumably because (i) the phos-{(CDK) 5 are proline-directed kinase3(Q). It is intriguing to
phorylated CRMP-2 becomes partially unfolded af6%and investigate if any of these kinases are also responsible for
BAP can gain access to the phosphorylation sites, and (ii) CRMP-2 phosphorylation. MAP kinases and GSK+8ere
immunocytochemistry may be even more sensitive to the investigated in this study because their apparent molecular
loss of epitope than Western blotting. In contrast to its masses are close to that of the kinase responsible for CRMP-2
resistance to BAP treatment, CRMP-2 appeared to be a goodphosphorylation. Furthermore, 3F4-epitope-related phospho-
substrate for endogenous protein phosphatases in the brainylation sites are consistent with their consensus sequences.
the 3F4-positive band at 66 kDa was found to rapidly However, neither of the kinases appear to be a CRMP-2 ki-
disappear when the adult rat brain homogenate was incubatethase(s). Thus, the identity of “CRMP-2 kinase(s)” responsible
at 37 °C. This may explain why the 3F4 epitope was for the phosphorylation of the 3F4 epitope remains elusive.
undetectable in adult rat brain in the previous study, in which Characterization of the protein kinase(s) may shed some light
we included no phosphatase inhibitors during sample prepa-as to how extracellular signals of semaphorin/collapsin are
ration @). Rapid dephosphorylation of CRMP-2 by endog- relayed to intracellular events, and also how increased levels
enous phosphatases could occur in human brains during thevf phosphorylated CRMP-2 are related to the formation of
postmortem period. Nevertheless, the levels of the 3F4 numerous, abnormally growing and apparently dying-back
antigen, a phosphorylated form of CRMP-2, were signifi- neuronal processes observed in AD brai@s (
cantly increased in the cytosolic fraction of AD brain
homogenates compared with that in the case of control brainsACKNOWLEDGMENT
(9). This may be consistent with the previous observation We thank Dr. T. Yamazaki for the immunofluorescence
that the activities of protein phosphatases, especially PP1observations, Dr. H. Yoshida for his critical reading of the
and PP2A, are significantly suppressed in the AD braB).(  manuscript, and Mrs. M. Anzai for typing the manuscript.
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