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Abstract: We previously reported cloning of cDNAs en-
coding both components of a protein doublet induced
during goldfish optic nerve regeneration. The predicted
protein sequences showed significant homology with the
mammalian 2’,3'-cyclic-nucleotide 3'-phosphodiester-
ases (CNPases). CNPases are well-established markers
of mammalian myelin; hence, the cDNAs were desig-
nated gRICH68 and gRICH70 (for goldfish Regeneration-
Induced CNPase Homologues of 68 and 70 kDa). Homol-
ogous cDNAs have now been isolated from zebrafish
encoding a highly related protein, which we have termed
zRICH. RNase protection assays show that zZRICH mRNA
is induced significantly (fivefold) in optic nerve regener-
ating zebrafish retinas 7 days following nerve crush.
Western blots show a single band in zebrafish brain and
retina extracts, with immunoreactivity increasing three-
fold in regenerating retinas 21 days postcrush. Immuno-
histochemical analysis indicated that this increase in
zRICH protein expression is localized to the retinal gan-
glion cell layer in regenerating retina. We have character-
ized and evaluated the relevance of a conserved B-keto-
acyl synthase motif in zRICH to CNPase activity by
means of site-directed mutagenesis. Two residues within
the motif, H334 and T336, are critical for enzymatic ac-
tivity. A cysteine residue within the motif, which corre-
sponds to a critical residue for B-ketoacyl synthase, does
not appear to participate in the phosphodiesterase activ-
ity. Key Words: 2',3'-Cyclic-nucleotide 3’'-phosphodies-
terase—Retinal ganglion cell—Teleost.
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The CNS of warm-blooded vertebrates does not sup-
port nerve regeneration, in sharp contrast with the regen-
erative potential of their PNS. This difference has obvi-
ous clinical implications, and the study of the biochem-

1984; Grafstein, 1991). Following injury, the axons of
the retinal ganglion cells regenerate and reconnect with
their targets in the tectum, maintaining topological spec-
ificity (Sperry, 1948, 1963; Attardi and Sperry, 1963).
Biochemical studies with these systems have led to the
identification of several proteins that may play a role in
axonal regeneration (Heacock and Agranoff, 1982; Be-
nowitz and Lewis, 1983; Skene, 1989; Grafstein, 1991,
Glasgow et al., 1992; Paschke et al., 1992; Herdegen et
al., 1993).

A doublet of acidic proteins on sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE)
shown to be induced in regenerating retinal ganglion
cells of goldfish was designated p68/70 to reflect the
apparent molecular weights of the components (Heacock
and Agranoff, 1982). The protein doublet was purified
from brain tissues and was shown to represent two re-
lated proteins, able to form heterodimers and ho-
modimers and at least partially associated with the
plasma membrane (Leski and Agranoff, 1994). Exten-
sive use of a polyclonal antibody against the purified
protein (Wilmot et al., 1993) confirmed the induction of
p68/70 in retinal ganglion cells following optic nerve
crush. The doublet was found in other tissues as well
(Wilmot et al., 1993). A partial peptide sequence was
used to clone cDNAs encoding a p68/70-related protein
(Ballestero et al., 1995). Sequence analysis showed sig-
nificant homology to 23'-cyclic-nucleotide 3-phospho-
diesterase (CNPase), a marker enzyme of mammalian
myelin (Sprinkle, 1989). Subsequently, the encoded pro-
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istry involved in axonal regrowth is thus of considerable pepartment of Biological Chemistry and Mental Health Research In-
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marked regenerative potential. The teleost and amphib- Abbreviations usedCNPase, 23'-cyclic-nucleotide 3-phosphodi-

ian optic nerves have been used extensively as example§

steraseBKAS, B-ketoacyl-acyl carrier protein synthag{AT, B-ke-
oacyl-CoA thiolase; mCNP1, mousé,Z -cyclic-nucleotide 3-phos-

of successful regeneration in the vertebrate CNS ppogiesterase I protein: ORF, open reading frame; SDS-PAGE, sodium

(Agranoff et al., 1976; Agranoff and Ford-Holevinski,

dodecyl sulfate—polyacrylamide gel electrophoresis; WT, wild-type.
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tein was designated gRICH (for goldfish Regeneration- purification. The clone insert was subc_loped _into
Induced CNPase_Homologue). The corresponding PGEMS3Zf(+) (Promega) and analyzed by restriction diges-
mRNA is expressed in several tissues and is strongly tion, and fragments of it were subcloned into pSP73 (Pro-
induced in goldfish retinas during optic nerve regenera- Mmega) and pBluescript-KS (Stratagene) and sequenced by
tion (Ballestero et al., 1995). Recently, a novel cDNA the dldeoxynupleotldes method using a Sequenase T7 DNA
encoding a protein highly homologous to gRICH was Polymerase kit (USB-Amersham). A°st-Sst fragment
also cloned (Ballestero et al., 1997). The corresponding (~0:6 kb) from the zRICH-C1 cDNA was used to generate
mRNA was similarly induced in retinas of regenerating aradiolabeled probe as described above..The probe was used
optic nerves. Recombinant proteins were expressed in'©_Screen €1.75 X 10° clones) a zebrafish 24-h embryo
both prokarvotic and eukarvotic svstems and found to A-ZAP cDNA library (Stratagene), and at least 40 additional

P Y . y y . . positive clones were identified. Four such clones, zRICH-
possess CNPase activity. The gRICH proteins were iden-

ified | i b f th C3, zRICH-C5, zRICH-C6, and zRICH-C7, were isolated by
tified as novel nonmammalian members of the CNPase , fyrther rounds of plate purification and excised as plas-

family, implicating these enzymes for the first time in  ,i4s (stratagene protocols), and their inserts were prelimi-
nerve regeneration (Ballestero et al., 1997). A highly payily characterized by end-sequencing and restriction anal-
specific polyclonal antibody was generated against re- ysjs’ Clone zRICH-C3 was further sequenced by the use of
combinant gRICH peptide and was used to confirm the specific oligonucleotides designed to the effect (oligonucle-
identity of the two cloned goldfish proteins with the otides synthesized at the University of Michigan DNA core
components of the p68/70 doublet. The proteins were facility). Sequence analysis was performed with the Univer-
correspondingly renamed gRICH68 and gRICH70. The sity of Wisconsin-GCG and DNASTAR software packages.
antibody was used in immunodepletion experiments to
suggest that these gRICH proteins are responsible for

almost all of the CNPase activity detected in goldfish total RNA isolation have been described previously (Ballestero

retinas (Ballestero et al., 1997).' . et al., 1995). Total RNA was purified from 70 control retinas
The present study characterizes an analogous protein

. ; ; . - left eye) and from 70 nerve-regenerating retinas (right eye) 7
induced during optic nerve regeneration in the zebrafish ( ve) g g (right eye)

. . . ) days after the right optic nerve was crushed. $st—BanH|
a species that is emerging as a model system for classic_q 4-kp) fragment from the zRICH-C1 clone was selected as

and molecular genetic studies on neural developmentemplate and subcloned into pSP73 (Promega), generating plas-
(Streisinger et al., 1981; Eisen, 1996; Gaiano and HOp- mjd pSP-zRICH1-SB0.4, which was digested witbaRI, and

kins, 1996). We have previously observed a single a 481-base-long riboprobe @@pmjug) was synthesized by
gRICH-like protein in the zebrafish nervous system run-off transcription using T7 RNA polymerase (GibcoBRL)
(Wilmot et al., 1993), and experimental evidence for by standard protocols (Sambrook et al., 1989). Four micro-
successful optic nerve regeneration in this species hasgrams of the retinal RNA was used in the sample tubes. For the
been reported (Bernhardt et al., 1996). The regeneratingcontrol, the tube contained dg of yeast tRNA. The RNAs
zebrafish optic nerve thus presented the opportunity to were hybridized to 4< 10° cpm of antisense riboprobe. After
learn whether CNPase activity is induced during optic the RNase protection assay procedure, the protected fragments
nerve regeneration in another species and also to learn(427 bases) were separated in a 6% polyacrylamide sequencing

which features of the peptide sequence were most highly 9el. Radiolabeled DNA markers and 2 10° cpm of the
conserved. antisense riboprobe were electrophoresed in the gel as refer-

ences. The gel was exposed to a Phosphorlmager screen (Mo-

lecular Dynamics) and quantitated using the manufacturer’s
MATERIALS AND METHODS software.

RNase protection assays
The procedures used for the RNase protection assays and the

Animals
Zebrafish Danio rerio) 1-3 cm in body length were ob-  Protein extract preparation and western blot
tained from local aquariums and maintained in aerated tanks atanalysis
25-28°C. Intraorbital optic nerve crushes were performed with  Protein extracts from goldfish brain, zebrafish brain, and
the zebrafish under tricaine anesthesia as described previouslyzebrafish retinas (nerve-regenerating and control, 21 days post-
for the goldfish (Springer and Agranoff, 1977). All the exper- crush) were prepared by a protocol similar to that described for
iments were performed in accordance with the guidelines of the goldfish retinas (Ballestero et al., 1997). Twenty zebrafish
National Institutes of Health. retinas were used in each sample. Protein concentrations were
Library screenings determined (Bio-qu reagent) on a B_eckman Biomek-1000
A PCR-generatedBglll fragment containing the open automated workstation. One hundred micrograms of total pro-

reading frame (ORF) of gRICH68 (Ballestero et al., 1997) tein fro.m. the extracts was separated. by 10% SDS-PAGE (Bio-
was used to prepare a radiolabeled probe<(50° cpm/ug) Rad miniapparatus), transferred to nitrocellulose, and immuno-
with [«-32P]dATP (ICN) by standard random priming pro-  blotted with anti-gRICH antiserum (Ballestero et al., 1997).
tocols (Sambrook et al., 1989). A zebrafish 16—20-h embryo The western blot procedure has been described in detail else-
Agt10 cDNA library (kindly provided by Dr. John Kuwada) where (Ballestero et al., 1997). The blots were photographed
was screened~10° clones) with the probe. Hybridization  Wwith a Kodak DC40 digital camera for quantitation with Kodak
and washing procedures were performed as previously de- 1D image analysis software. The intensities of the bands were
scribed (Ballestero et al., 1997). A single clone, zRICH-C1, normalized to positive controls (50 ng of purified H7-
was identified and isolated by two further rounds of plate gRICHG68).

J. Neurochem., Vol. 72, No. 4, 1999



1364

CNPase tests with protein extracts
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phosphatase method. Two microliters of each supernatant was

All CNPase assays were performed by the alkaline phospha- added as the source of enzyme in a }0@eaction containing
tase method as previously described (Ballestero et al., 1997)1 mM 2',3'-cyclic AMP and incubated for 10 min at 22°C.

using 4 nM 2’,3'-cyclic AMP as substrate. Four micrograms of

Control reactions were performed with the WT bacteria and

extracted protein was used as the enzyme source. Assays werdvith bacteria harboring the plasmid without any insert. The

performed in triplicate. Control values were obtained from

presence of blue product generated by the alkaline phosphatase

assays with all of the components except the extract, and thesemethod was assessed visually.

were subtracted from the values obtained with the extracts.
Immunodepletion analyses of the extracts were performed es-

sentially as previously described (Ballestero et al., 1997).
Twenty-five microliters of a 2.5ug/ul dilution of the extracts

was used. In all cases, control immunodepletions were per-

formed with the preimmune serum obtained from the same
rabbit. All the immunodepletion procedures were performed in
triplicate. The specific activities determined were then normal-
ized to the results obtained with the preimmune controls for the
same extract.

Immunohistochemical analysis of retinal sections

Protein purification and determination of kinetic
constants

The zRICH-WT and the R332A, H334A, and C339A mu-
tants were expressed in bacteria as heptahistidine-tagged pro-
teins and were purified essentially as previously described
(Ballestero et al., 1997). All CNPase assays were performed as
above, and minus enzyme control values were subtracted. En-
zyme specific activities were determined with 4AMn2’,3'-
cyclic AMP in 20-min assays at 30°C. Five nanograms of
H7-zRICH-WT and H7-zRICH-C339A, 100 ng of H7-zRICH-
R332A, and 6ug of H7-zRICH-H334A purified proteins were

Whole eyes were removed 7 days postcrush and fixed in 4% used in the assays, which were performed in triplicate. For the

paraformaldehyde fol h atroom temperature. The eyes were
rinsed in 0.1M sodium phosphate (pH 7.0). Eyes were cryo-

determination of the catalytic constants, the assays were per-
formed essentially as described for the goldfish proteins (Ball-

protected sequentially in 5, 10, 15, and 20% sucrose followed estero et al., 1997). Five nanograms of H7-zRICH-WT and

by 30 min in 20% sucrose/OCT (2:1 vol/vol) and then frozen in

H7-zRICH-C339A and 100 ng of H7-zRICH-R332A purified

liquid nitrogen that had been cooled in isopentane. Sectioning Proteins were used. The assays were performed in triplicate,

was performed at-20°C, and 5zm sections were mounted on
polylysine-coated slides.

and results were used to generate Lineweaver—Burk plots with
Sigmaplot software (Jandel). All enzyme activity determina-

Sections were allowed to dry and warm to room temperature tions were made between 5 and 20% substrate Consumption and

before blocking fo 1 h atroom temperature with 20% goat
serum in diluting buffer (0.1M sodium phosphate, 0.15l
NaCl, 0.1% sodium azide, and 0.5% Triton X-100). The gRICH
polyclonal antiserum was diluted 1:500 with 1% goat serum in
diluting buffer. Sections were washed for 30 min with diluting
buffer and then incubated with fluorescein isothiocyanate-la-
beled goat anti-rabbit antibody (Sigma) diluted 1:1,000 in di-
lution buffer. The sections were washed before mounting in
60% glycerol, 0.IM sodium carbonate (pH 9.0), and 0.4 mg/ml
phenylenediamine.

Bacterial expression constructs for zRICH wild-type
(WT) and mutant proteins

PCR was used to generateBalll-flanked DNA fragment
containing the full ORF of zRICH by a strategy similar to that
used for gRICH proteins (Ballestero et al., 1997). The fragment
was subcloned into th&anHI site of the vector pKKR2
(Ballestero et al., 1997), generating the vector pKKR2-zRICH-
WT. For the generation of the site-directed mutants, the

were linear with respect to enzyme concentration and time of

incubation.

RESULTS

Cloning of zRICH cDNAs

A radiolabeled probe generated from the ORF of
gRICH68 was used to screen a zebrafish embryo cDNA
library. One positive clone, designated zRICH-C1, was
isolated. The cDNA insert was subcloned and analyzed
by sequencing. The results indicated that it contained a
partial ORF highly related to that of the gRICH68 and
gRICH70. A fragment from the zRICH-C1 cDNA was
used to screen a second zebrafish embryo cDNA library.
Four clones were isolated and characterized by restric-
tion analysis and end-sequencing. All the clones con-
tained an~3-kb insert. The results suggested that the

pKKR2-zRICH-WT vector was used as template, and standard clones were unique but represented the same mRNA
PCR mutagenesis protocols were used (Innis et al., 1990) with transcript. The clone zRICH-C3 was selected for further

specific oligonucleotides designed to the effect. @st—Kpnl
(~0.3-kb) fragment of the PCR products was substituted for the
original one in pKKR2-zRICH-WT, generating the bacterial
expression plasmids for each mutant.

Rapid screening of mutant RICH constructs for
enzyme activity

Escherichia col(XLI-Blue strain) bacteria transformed with
the bacterial expression plasmids were grown in a miniculture
(3 ml) overnight. Two hundred microliters of the culture was
centrifuged in a microfuge at top speed for 1 min, the super-

natant was removed, and the pellet was resuspended by brie

vortex-mixing in 100wl of STE-0.1% T buffer [10 v Tris-
HCI (pH 7.5), 100 iVl NaCl, 1 mM EDTA, and 0.1% Triton

characterization. A full ORF could be completed from
combined sequencing of clones zRICH-C1 and zRICH-
C3. The predicted ORF encoded a 424-amino acid pro-

tein, designated as zRICH (Fig. 1).

ZRICH is highly homologous to gRICH68 and
gRICH70

Alignment of the zRICH protein sequence with those
of gRICH68, gRICH70, and mouse CNPase | protein
(mCNP1) showed high homology (Fig. 2) to gRICH68

fnd gRICH70 along their entire sequence (75 and 78%

amino acid identity, respectively; 30% with mCNP1).

The N-terminal third showed the highest divergence

X-100]. The suspension was centrifuged as above, and theamong RICH proteins, and the alignment presented sev-
supernatant was tested for CNPase activity by the alkaline eral gaps. This region does not show significant homol-

J. Neurochem., Vol. 72, No. 4, 1999
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TCGAGTTTCCGTTTTATTTCCTGATTATTGCTAGTCCTCGGAACGGACAGGCGGGGGTTTCTGCAGCGGAGAAACGTGGAATTTGGCCGAACGGCTTTTGAACCTTCAGCTTCAGGGAAC 120
AGTGACAGCTTTTCTACATCTGCCAGCGTTATAATCCARAGCAGTGTAGCAATGGAAGCTGAACAGAATCAGGAAGTTCAAGAGGCAGTTCCTGAGACGCAGGAAGTGGCGGCTCAGCAA 240
1 M E A E Q N Q E V Q E AV P ET Q E V A A Q Q
GAGGAGAAATCAGAGCCCAAGTCCGAAGAGGCGCCTCAGGCTCCTTCAGRAGCAGCAGCAGATCCTCCAGCAGCGGCCCCTGAACCGGAGARAGCCCCAAGAGACAGAGCCTTCTGCCGAG 360
24 EE K S EP K S EEAPGQAPSEAARAZADTZPU?PAAAPTEU®PEIZ KU PO QETEUZPS AE
GAACAGCAGAAAGCAACAGAATCTGCAGCATCTCCTGCCAAACCCTCTGAACCCGAGGCAAAATCTCCAGAGGATTCCTCTGAAARRACCCCTGAGCAGCAGCAGAAGTCGTCCGAGGAG 480
6 E Q Q K A TE S A A S PA KPS EUPEA AI KSUPEDSSEIZ KTU®PEUZQQQ K S S E E
CCATCGCTTCAAGTCAATTCTGAGCCCGAGAAGCAGGAGGAGGAAGCTGTGAAAGAGGCTGAGTCTAAGAAAGAGGAGCCTCTCAAAGAGGCGGAGTCCAAACCTGCTGCTGTGAATGAA 600
104 P S L Q V N S E P E K Q E E E A YV K EAUE S XK K EEVPTILZ KEAZESZ K P A AV N E
GTCAAGCCAGAGGAGTCTGAGAAAAGTGAGACGACAAAAGCAGAAGGAGAAAAGGTACAAGTGCCCGAGGCTGATGGAGTTCAAGCTGAGCCTCCAAARGAGACCGAACCTGAGGAGAAG 720
144 VvV XK P E E S E K S ET T K A E G E K V Q VPEADGV QAZEUZPU?PIKETE P E E K
AAACCAGAGCTGCCACTCTTTTATGGCTGGTTCCTGCTTAAAGAGGAAGAGGAGCGAATTAAGTGTGCAACCATGGACTTCCTAAAGACGCTGGATACATTGGAAGCCTTCAAAGAACAC 840
184 XK p E L P L F ¥ G W F L L K E E E E R I K CA TMUDVF DL K TULDTULEATF K EH
ATAAGTGAATTTACGAGTGAGGCAAATARAGAGGTGGATCTTGAGCAGTATTTCCAGAACCCACTGCCACTCCACTGCACTACARAAGTTCTGTGACTACGGCAAAGCAGAAGGAGCAAAA 960
224 I 38 E F T S E A N K E V DL E QY F @Q NPILUPILHTCTTI KT FCDJYG KAE G A K
GAGTACGCAGAGATGCAGGTGGTCAAGGAAGCGACTGGCAAATCAGAGGAGCTCTCGGTTACCGCTCTCATCGTGACCCCTCGTACATTCGGGGCACGTGTGGCTTTGACCGARACCCAG 1080
264 E Y AEM Q VV K EATSGIZ XK S EEL SV TaATILTIVTZ®PIRTTFGA ARV ALTETQ
CTGAATCTGTGGCCTGAGGGAGAGGATARAGTTGGGGTTGCTCCAACCCTCTTGCCCGGCGTAGAGTCTCTGCCGGCTGGCAGTCGCGCCCACGTCACATTAGGCTGCTCGGCTGGTGTG 1200
304 L. N L W P E G E P®» KV GV aAPTILILPGVESTLZPAGS®RAHRUYVTTULGT CS A GV
GAGGCGGTTCAGACAGGTCTGGATCTGCTGGAGATCCTGGTTCTCCAGAAGGAGGGTAAGGAGGGCACTCAGGTGGAGATGGATATGGGCACTTTGTCCTACCTTAGCGAGGGCCGLTGG 1320
344 E AV Q T G666 L DL L E I L VL Q XK E G XKEGTQV EMDMSGTTUL S Y L S E G R W
TACCTAGCCCTGAGGGAAGCCATTACCGCAGACACCACCTTCTCTAGCTTCTCTGAAGACAAGCCTGTCAGCGACCAGGGCAAAAAGGATGGAGAGAAGAAAAAGAAAAAGTGTACCATT 1440
33 Y L AL R EA I TADTTT F S S F S EDIZXUPV S D QG KK D G EKIEKIZKI KZKCT
CTGTGAGCTGAAAGCACGAGGAGGAGGAGAGAGGGTGAAGGAGACATTTTTTCCTAAGGGCTCCGGCTGCGETTGTCTGAGGCTGATGTTGTGTTTTTGCATGTGTGTAGGTGGATTTGC 1560
424 L *
GTGTGTTTCGCAGCTTTAATGTGTGCACAGGGATGGCTGGGGATGATTTGGCTGGCAGTGTGAAACCARAGCGGCCTGCTGGCTTTCTCTTTAGCTGGTGCCTTT 1665

FIG. 1. cDNA and protein sequence of zRICH. The zebrafish cDNA clone zRICH-C1 was purified by means of probes derived from the
gRICH68 cDNA and low-stringency hybridization conditions. A second screening with probes derived from zRICH-C1 resulted in the
isolation of the zRICH-C3 cDNA clone. The partial sequence shown is a composite derived from the zRICH-C1 and zRICH-C3 cDNA
clones. The complete ORF codes for a 424-amino acid protein as indicated by the single letter abbreviation code.

ogy with mCNP1. The putative catalytic domain (ap- blot analysis, respectively. For basic characterization,
proximately the C-terminal two-thirds; from amino acid single time points were designated based on the time
187 in zRICH) shows high conservation with both gold- courses previously determined for the goldfish (Balles-
fish RICH proteins {-88% amino acid identity) and  tero et al., 1995, 1997). RNase protection assays (Fig.
MCNP1 (46% amino acid identity), including the pres- 3A) with zebrafish control and nerve-regenerating retinas
ence of a prenylation CaaX box at the C terminus 7 days postcrush showed significant induction (5.2-fold)
(Clarke, 1992). This sequence has been shown to beof the zRICH mRNA (Fig. 3B). The magnitude of the

required for prenylation in CN?ases and for membrane inqyction was very close to that observed for the gRICH
attachment (Braun et al., 1991; De Angelis and Braun, ,\RNAs at similar time points during goldfish optic

1994). nerve regeneration (Ballestero et al., 1995, 1997). Anti-
Induction of zZRICH mRNA and protein during gRICH antibody was used to follow zRICH protein lev-
optic nerve regeneration in zebrafish els by immunoblot (Fig. 3C). Immunoreactivity with a

Levels of zRICH mRNA and protein during regener- 49-kDa protein was observed in the zebrafish tissues.
ation were established by RNase protection and westernControl and nerve-regenerating retinas 21 days postcrush

ZRICH 1 64

gRICH6S 1 52

gRICH70 1 64

mCNP1 1 62

zRICH 65 122
gRICHES 53 18
gRICH70 65 181
mCNP1 63 126
zRICH 123 186
gHICH68 119 172
gRICH7[) 132 192
mCNP1 127 164
ZRICH 187 249
gRICHs8 173 235
gRlCH70 193 255
mCNP1 165 231
zRICH 250 316
gRlCHsa 236 302
gRlCH70 256 322
mCNP1 232 298
ZRICH 317 382
gRICHG8 203 368
9RICH70 323 388
mCNP1 299 358
ZRICH 383 424
gRlCHGB 369 41
gRlCH70 389 431
mCNP1 359 400

FIG. 2. Alignment of zRICH gRICH68, gRICH70, and mCNP1. The sequences of the zRICH protein (top) was aligned with those of
gRICH68, gRICH70, and mCNP1 by the Clustal method. Note the high degree of amino acid identity with both gRICH68 and gRICH70.
The highest divergence is localized to the N-terminal third of the molecule, the region of lowest homology with mammalian CNPases.
The putative catalytic domain (C-terminal two-thirds) is highly conserved among all of the RICH proteins and shows high homology to
mCNP1, including an isoprenylation motif at the C terminus.

J. Neurochem., Vol. 72, No. 4, 1999
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FIG. 3. zRICH mRNA and protein are A B
induced in zebrafish retina during optic

nerve regeneration. A: zZRICH mRNA

analysis by RNase protection assay. 5
Four micrograms of zebrafish retinal

RNAs (control and nerve-regenerating, o« >

7 days postcrush) was used. A nega- Q‘o &é“o d\ 33\
tive control (4 pg of yeast tRNA) was Q‘b g *&g Qf
also included in the assay. The posi- ,3> .3# (5’ ‘é’
tions of the full-length riboprobe and - —

the protected 427-base fragment are {,‘

Fold Induction

the _ _ S e eeasn
indicated by arrows. Notice the induc- B St a

tion of zRICH mRNA levels in the re- - * <= 42T
generating retinas (retinas-R7 lane)

compared with the control retinas (ret-

inas-C7 lane). B: Phosphorlmager quan-

titation of zZRICH mRNA induction. The

regenerating retinas showed 5.2-fold

higher zZRICH mRNA levels than the C
control retinas. This induction is very

similar to that previously observed for

retinas-C7

retinas-R7

=)

both gRICH68 and gRICH70. C: West- 1.4
ern blot analysis of zRICH expression
in zebrafish brain and retinas. Extracts 1.24

from goldfish brain (gf-BRAIN), ze-

brafish brain (zf-BRAIN), and zebrafish

control and regenerating retinas 21

days postcrush (zf-RETINA-C21 and
zf-RETINA-R21, respectively) were an- 71 kDa-
alyzed (100 pg of protein) by immuno-

blotting with anti-gRICH antibody. The

gRICH68 and gRICH70 proteins are 43 kDa-
clearly identified in the gf-BRAIN lane.
Cross-reactivity with a 69-kDa protein
in zebrafish tissues was detected, and
the zRICH band is seen to be induced
in the regenerating retina lane. Fifty
nanograms of purified H7-gRICH68
served as a positive control. MW-stds,
molecular weight standards. The fig-
ure is representative of two indepen-
dent western blots. D: Densitometric
quantitation of relative zRICH protein
levels during regeneration. The intensities of the digitized bands were normalized to the positive control lane and averaged. zRICH is
induced 3.0-fold in the regenerating retinas 21 days postcrush, in accordance with previous observations for the gRICH proteins.

28 kDa-

Normalized Densitometry Intensity

19 kDa+

5 £
: g
A "

Z-RETINA-C21
#-RETINA-R21

showed a threefold induction in zRICH levels in the 1997). Similar approaches were used to learn whether
regenerating retinas (Fig. 3D). The magnitude of the this was also true for zRICH. Activity assays with ze-
induction is similar to that shown for gRICH proteins at brafish retinal protein extracts showed induction of ac-
the corresponding time during regeneration (Wilmot et tivity in the nerve-regenerating retinas versus the con-
al., 1993; Ballestero et al., 1997). trols (Fig. 5A). The magnitude of the induction in activ-
ZRICH protein is induced specifically in retinal ity (3.7-fo[d) was similar to the induction seen in protein
ganglion cells of regenerating retina !evels by |mmunoblot. (Fig. ;SD). Immunpdepletlon.stud—
To define the cellular sites of induction, sections were €S Of the extracts with anti-gRICH antibody confirmed
made of control and regenerating zebrafish retina 7 daysthat the CNPase activity in the regenerating zebrafish
following optic nerve crush. As demonstrated in Fig. 4, rétinas was due primarily to zRICH (Fig. 5B). This
the retinal ganglion cells are stained intensely with the Observation was extended to complete brain extracts

anti-gRICH68 antibody in the regenerating retina but not from both zebrafish and goldfish (Fig. 5B), suggesting
in control retina. These findings are consistent with pre- thatif a closer homologue of mammalian CNPases exists

vious studies in the goldfish (Wilmot et al., 1993). in teleosts, it is not abundant.
ZRICH is the major CNPase in zebrafish nervous A highly conserved motif between RICH and
tissues CNPase proteins shows homology to thg-ketoacyl

Assays with protein extracts and immunodepletion synthase and thiolase active site motifs
demonstrated that gRICH proteins were the major source The sequence homology within the C-terminal two-
of CNPase activity in goldfish retina (Ballestero et al., thirds of RICH proteins and mammalian CNPases (Fig.
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FIG. 4. Immunohistochemical analysis demon-
strates induction of zRICH in retinal ganglion cells.
Five-micrometer sections of (A) control and (B)
postcrush zebrafish retina were incubated with a
polyclonal antiserum raised against the gRICH68
protein followed by incubation with a fluorescein
isothiocyanate-labeled goat anti-rabbit secondary
antibody. Control sections incubated in the ab-
sence of gRICH68 antibody and exposed for the
same time showed no specific staining.

2) and the conservation of the CNPase activity suggesta critical cysteine absolutely required in tB&AS and
that regions highly conserved between the teleost and BKAT motifs is also conserved in RICH proteins and
mammalian enzymes may play a role in the observed CNPases. As shown in the alignment, the motif has been
activity. Also, a very highly conserved motif between highly conserved during evolution of these enzymes.
mammalian CNPases and RICH proteins matches the

consensus sequence of tBeketoacyl-acyl carrier pro- ~ Mutagenesis analysis of theB-ketoacyl synthase

tein synthaseKAS) active site motif {G-x(4)-[LIVM- homologous motif in zZRICH _

FAP]-x(2)-[AGC]-C-[STA](2)-[STAG]-X(3)-[LIVMF]}. The conservation of theKAS domain between RICH
A highly related sequence is also present in faketo- ~ Proteins and mammalian CNPases suggested that it
acyl-CoA thiolase BKAT) active site {[LIVM]-[NST]- might participate in CNPase activity (hereby designated
X(2)-C-[SAGLI]-[ST]-[SAG]-[LIVMFYNS]-x-[STAG]- as RCD1 for RICH and CNPase Domain 1). The cysteine

[LIVM]-x(6)-[LIVM]}. The indicated motifs are critical critical for BKAS andKAT catalysis has been shown to
for the enzymatic activity of these proteins related to act as a nucleophile that shows high reactivity toward
fatty acid metabolism (Kasama-Yoshida et al., 1997). An cysteine-modifying reagents and forms a covalent inter-
alignment of the RICH/CNPase conserved motif and the mediate in each of the respective reactions (Stoops et al.,
BKAS/BKAT active site motifs is presented in Fig. 6. 1983; Davis et al., 1987; Thompson et al., 1989). To test
The absolute amino acid conservation within these mo- the hypothesis that some of the amino acids of the RCD1
tifs is not very high (boxed in Fig. 6); however, most of domain might be important for CNPase activity in
the requirements to match the consensus sites are preser#RICH, a site-directed mutagenesis approach was used.
in both RICH proteins and CNPases. It is noteworthy that Five residues within the RCD1 of zRICH were selected

FIG. 5. zRICH is the major CNPase in ze- A B
brafish retina and brain. A: CNPase activity in
zebrafish brain and retina extracts. Activity
assays were performed by an alkaline phos-
phatase-coupled method with 4 mM 2',3'-
cyclic AMP as substrate. The regenerating
retina extract 21 days postcrush (zf-RETINA-
R21) showed 3.7-fold higher CNPase activity
than did the control retina extract (zf-RETINA-
C21), indicating the induction of the zRICH
protein (gf-BRAIN, goldfish brain; zf-BRAIN,
zebrafish brain). Data are average + SD (bars)
values from triplicate determinations. B: Im-
munodepletion analysis of brain and retina
extracts. The gf-BRAIN, zf-BRAIN, and ze-
brafish regenerating retina protein extracts
were immunodepleted of RICH proteins with
the anti-gRICH antibody, and CNPase activ-
ity was measured in the supernatants. Re-
sults were normalized to immunodepletion
with control preimmune serum. The results demonstrate that, as was seen in the goldfish, RICH proteins are the major source of CNPase
activity in the regenerating retina of the zebrafish. This is also true of brain extracts from both goldfish and zebrafish. Data are average
+ 8D (bars) value from triplicate determinations. SA, specific activity.
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zRICH 30 [GIS[RAHV.TLGC|SA[GVEAVQTGLDL|L 38
gRICHe8 316 [GIS|RAHVTLGC|S AlGVE[TVQTGLDLIL 3%
gRICH70 36 [G|SIRAH VT LGC|AAGVEAVQTGLDL|[L 30
mCNP1 305 RAHVTLGC|/AAD|V[QP[VQTGLDL|L 32
tFAS 152 Q[NAYQA[I] 175
yFAS2 1303 ; s[V[D I[G]V E T[] 1326
EcKAS2 155 [G|PS IS I ATA[CITS HNITGHAARI|I| 178
rThiol-M 8 TGALTLNRL[c/GS|G[Fas | vs[GlcaEll|l e
EcThiol 2 VPAVTVNRL|C/GSSMQ[ALHDAARMI| 105

FIG. 6. Alignment of a highly conserved motif between RICH
and CNPase with the B-ketoacyl synthase and thiolase active
site motifs. Sequence identity is indicated with the boxes.
There is high amino acid identity among the RICH proteins
and mCNP1 and very limited identity with the BKAS and BKAT
sequences. Amino acids that conform to the BKAS and BKAT
active site motifs {PS00606, G-x(4)-[LIVMFAP]-x(2)-[AGC]-C-
[STA](2)-[STAG]-x(3)-[LIVMF]; PS00098, [LIVM]-[NST]-x(2)-
C-[SAGLI]-[ST]-[SAG]-[LIVMFYNS]-x-[STAG]-[LIVM]-x(6)-[LIVM],
respectively} are shaded. The sequence from the RICH and
CNPase proteins is generally in agreement with the BKAS and
BKAT active site motifs. The critical cysteine for catalysis for
BKAS and BKAT, present also in the RICH proteins and mCNP1,
is indicated by an asterisk. rFAS, rat fatty acid synthase; yFAS,
Saccharomyces cerevisiae fatty acid synthase; ECKAS2, Esche-
richia coli ketoacyl synthase 2; rThiol-M, rat thiolase-M; EcThiol,
Escherichia coli thiolase.

based on the presumed potential of the side chain for
participation in catalysis: S331, R332, H334, T336, and
C339. All five residues were initially mutated to alanine,
generating the recombinant protein H7-zRICH-5A.
Analysis of bacterial extracts (described in Materials and
Methods) indicated that the CNPase activity of H7-
ZRICH-5A was severely reduced compared with that of
the WT protein H7-zRICH-WT (Fig. 7). This result
suggested that the domain could indeed participate in
catalysis or else be in a critical position for structural
stability of the proteins. Each of the residues was indi-
vidually mutated to alanine. Analysis of extracts indi-
cated that H7-zRICH-S331A had activity levels similar
to the WT protein, and, surprisingly, this was also true
for the H7-zRICH-C339A mutant (Fig. 8). H7-zRICH-
R332A had a significantly lower but detectable level of
activity in the test, whereas basically no activity was
detected for H7-zRICH-H334A and H7-zRICH-T336A
(Fig. 8). Gel electrophoresis analysis of the extracts

PROTEIN MOTIF SEQUENCE ACTIVITY
H7-zRICH-WT 33 GSRAHVTLGCS AGV343 +++
H7-zRICH-5A AA A A A

H7-zRICH-S331A A +++
H7-zRICH-R332A A +
H7-zRICH-H334A A

H7-zRICH-T336A A

H7-zZRICH-C339A A ++

FIG. 7. Analysis of zRICH mutant proteins in bacterial extracts.
Bacteria expressing several zRICH mutant proteins in the RCD1
domain were lysed partially by detergent treatment, and the
supernatant was tested for CNPase activity. The amount of the
blue product was estimated visually and rated — to +++. The
H7-zRICH-C339A protein showed WT levels of activity, whereas
the H7-zRICH-H334A and H7-zRICH-T336A showed no detect-
able activity.
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FIG. 8. Purification of H7-zRICH-WT, H7-zRICH-R332A, H7-
zRICH-H334A, and H7-zRICH-C339A recombinant proteins. The
recombinant proteins were purified from the bacterial lysates by
a single nickel affinity chromatography step. The purified pro-
teins were analyzed by SDS-PAGE (10% acrylamide). Five mi-
crograms of H7-zRICH-WT, H7-zRICH-R332A, and H7-zRICH-
H334A and 10 pg of H7-zRICH-C339A were loaded in the gel.
Both the WT and the mutant proteins migrated at ~69 kDa. MW
stds, molecular weight standards.

indicated similar levels of all the mutants in the extracts

(data not shown). The H7-zRICH-WT and mutant pro-

teins exhibited anomalously slow migration on SDS-

PAGE relative to the predicted mass of the proteins. This
anomalous migration has also been observed for
gRICH68 and gRICH70, where it was attributed to the

highly acidic amino acid composition of these proteins

(Ballestero et al., 1997).

Purification and kinetic analysis of RCD1 mutants
of zRICH

The results with the extracts suggested that although
the RCD1 domain in zRICH is critical for catalysis, there
are significant differences with the function of tAKAS
motif. To analyze these results in detail, some of the
proteins were purified for kinetic analysis. Figure 8
shows 5ug each of purified H7-zRICH-WT, H7-zRICH-
R332A, and H7-zRICH-H334A and 1fg of purified
H7-zRICH-C339A resolved by SDS-PAGE. The specific
activity of the mutant proteins was determined with a
fixed concentration of substrate (4 Mh The H7-

TABLE 1. Apparent specific activities of the recombinant
purified enzymes for’' B'-cyclic AMP

Specific
activity
Enzyme (wmol/min/mg) Fold reduction
H7-zRICH-WT 130.58+ 6.92 —
H7-zRICH-R332A 17.15+ 0.61 7.6
H7-zRICH-H334A <0.001 >130,000
H7-zRICH-C339A 76.98- 6.40 1.7

Data are average: SD values from triplicate determinations. Fold
reduction was calculated by comparison with the WT activity.
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TABLE 2. Apparent kinetic constants of the recombinant
purified enzymes for’' B'-cyclic AMP

zZRICH-WT enzyme showed a specific activity of 130.58
* 6.92 umol/min/mg (Table 1). The specific activity of
the H7-zRICH-C339A mutant was only reduced 1.7-

Vmax
fold. Conversely,_ the I—_|7_-zRICH-R332A mutant had 7.6- Enzyme K., (mM) (umolimin/mg)
fold lower specific activity than the WT enzyme (Table
1). The specific activity of the H7-zRICH-H334A mutant  H7-zRICH-WT 0.32+ 0.04 150.2+ 8.4
protein was reduced at least by 5 orders of magnitude, H7-ZRICH-R332A 2.50+ 0.60 26.7+ 2.7

H7-zRICH-C339A 0.39+ 0.07 117.2+ 26.1

rendering the protein basically devoid of CNPase activity

(Table l)' . . . Data are average: SD values from at least three independent
The three purified enzymes \_’\”th_ deteCtame activity - experiments performed in triplicate. Constants were determined from
were further analyzed for their kinetic properties. Initial the axis intercepts on Lineweaver—Burk plots.

rates were determined with increasing substrate concen-

trations, and the results were plotted as Lineweaver—

Burk plots. A representative example is presented in Fig. scribed for the gRICH protein doublet (Ballestero et al.,
9. Kinetic constants were derived from the plots and 1995): an N-terminal variable domain not conserved in
averaged (Table 2). The data again indicate that only a mammalian CNPases, a putative catalytic domain highly
relatively minor effect in the kinetic properties is derived conserved within the RICH family and highly homolo-

by the mutation C339A, with a 1.2-fold increaseKy,
and 1.3-fold reduction o¥,,,,,. The H7-zRICH-R332A

gous with mammalian CNPases, and a C-terminal iso-
prenylation box preceded by a polybasic motif (Fig. 2).

protein, however, clearly has a more pronounced effect Characterization of the regenerating zebrafish visual sys-

on bothK,, (7.8-fold increase) an¥,,., (5.6-fold de-

tem shows that both zebrafish mRNA and protein are

crease), suggesting that residues in this domain partici- significantly induced during regeneration (Fig. 3) and are
pate both in substrate binding and in catalysis. As dem- correlated with an increase in retinal CNPase activity.
onstrated previously for the gRICH proteins (Ballestero Furthermore, zRICH accounts for almost all of the
et al., 1997), the product of the reaction for the H7- CNPase activity present in zebrafish nervous tissues (Fig.
ZRICH-WT enzyme was demonstrated by paper chroma- 5), confirming the conclusion that there is only one RICH
tography to be the '2adenosine monophosphate exclu- protein and also that the possible presence of a myelin

sively (data not shown).

DISCUSSION

The present study reports the cloning of cDNAs that
encode a single protein (zRICH) that is highly homolo-

CNPase in this tissue is therefore minimal.

Analysis of the sequences of the goldfish and zebrafish
RICH proteins indicates homology to ti#AS active site
motif. This motif, together with a closely related one in the
active site of enzymes that catalyze a complementary reac-
tion (BKAT), was also recently reported in a CNPase pro-

gous with two previously described goldfish regenera-
tion-associated proteins, gRICH68 and gRICH70.
ZRICH shows all of the characteristics previously de-

tein cloned cloned from chickens (Kasama-Yoshida et al.,
1997). The sequence alignments indicate thatBKAS

motif lies in one of the domains most conserved between
RICH proteins and CNPases (Fig. 6), a result that led to the
suggestion that this motif is a component of the active site
of the enzymes (Kasama-Yoshida et al., 1997). This hy-

v H7-zZRICH-WT

E 035 4 |0 e cnn pothesis was tested in the present report by the generation of
3 0304 several site-directed mutants in which amino acids of the
£ 024 domain were mutated to alanine. The cysteine critical for
i 020 1 BKAS and BKAT activities does not in fact appear to
E 081 participate in the CNPase activity of zRICH (Fig. 6 and
> 0101 Tables 1 and 2), indicating differences in the catalytic
e W S mechanisms g8KAS andBKAT from that of CNPase. On
DU 1 2 : i . the other han_d, an arginine gnd a histidine within the con-
IS] (VmM) served domain do seem critical for CNPase activity. The

H334A mutation resulted in a reduction in specific activity
of >5 orders of magnitude (Table 1). It is notable that the
corresponding residues are not considered relevant to the
activity of BKAS or of BKAT, and in some isoforms,
alanine is the natural amino acid present at those positions
(Fig. 6). These results, however, do not rule out a role for
cysteine in the cellular function of these enzymes.

Despite the widespread use of CNPase as a myelin and
oligodendrocyte marker protein, théZ-cyclic nucleo-
tide substrates used for its assay are not considered to be
natural substrates, and the true cellular role of the mam-

FIG. 9. Enzyme kinetics analysis of H7-zRICH-WT, H7-zRICH-
R332A, and H7-zRICH-C339A recombinant proteins. The re-
combinant proteins (5 ng of H7-zRICH-WT and of H7-zRICH-
C339A and 50 ng of H7-zRICH-R332A) were used in CNPase
assays with several concentrations of 2’,3'-cyclic AMP (Line-
weaver-Burk plots). Assays were performed in triplicate, and
data are average *= SD (bars) values. A representative example
is shown. Small errors are contained within the symbol. Kinetic
constants were determined from axis intercepts. The C339A
mutation did not affect dramatically the kinetic properties of the
enzyme, whereas both the K., and V., are significantly affected
in the R332A mutant.
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