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1G5: A Calmodulin-binding, Vesicle-associated, Protein Kinase-like
Protein Enriched in Forebrain Neurites

Martin Godbout,'» Mark G. Erlander,’ Karl W. Hasel," Patria E. Danielson,’ Kenneth K. Wong,' Elena L. F.
Battenberg,? Pamela E. Foye,' Floyd E. Bloom,? and J. Gregor Sutcliffe'

Departments of 'Molecular Biology and 2Neuropharmacology, The Scripps Research Institute, La Jolla, California 92037

We have characterized cDNA clones of 1G5, an mRNA highly
enriched in the mammalian forebrain that encodes a 504-
residue protein found in association with perikaryal mem-
branes and neurites. The protein, which accumulates pre-
dominantly postnatally, is associated with vesicles in both
axons and dendrites. The sequence of the 1G5 protein highly
resembles those of protein kinases with serine/threonine
specificity; however, although most residues universally
conserved among protein kinases are present, a few sig-
nature residues are absent from the 1G5 protein. Further-
more, although recombinant 1G5 protein binds calmodulin
in the presence of calcium, it lacks kinase activity with a
sample substrate.
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It is widely known that thousands of proteins are expressed
exclusively or in a highly enriched fashion by the mammalian
CNS (Sutcliffe, 1988). Many of these are expressed in patterns
of neuronal subsets, reflecting anatomical or neurosystem sub-
divisions (or both) within the brain hierarchy, and these proteins
presumably account for some of the functional specializations
of the subsets. Evidence supporting this assertion has been rap-
idly accumulating: one might consider as examples the G-pro-
tein—coupled receptor superfamily, with some members ex-
pressed exclusively in the neurons of the olfactory epithelium
and contributing to olfactory function (Buck and Axel, 1991),
whereas other members, D, dopamine receptors, are located
primarily in the striatum and contributing to extrapyramidal
motor activity (Zhou et al., 1990). The method of subtractive
hybridization (e.g., Travis and Sutcliffe, 1988) provides a means
to identify cDNA clones of undiscovered mRNAs that encode
anatomically restricted proteins and therefore to learn about
their natures.

Because the distribution of many of the thousands of neuronal
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proteins is not anatomically uniform, the ensembles of bio-
chemical processes differ among various subsets of neurons from
different brain regions. Furthermore, because of protein com-
partmentalization within the highly elaborate morphology of
neurons, the ensembles of biochemical processes differ within
neurons themselves. For example, type II calcium/calmodulin-
dependent protein kinase (CaMKII), a molecule involved in
long-term potentiation, is highly enriched in the postsynaptic
density (Kennedy et al., 1983, Silva et al., 1992a,b), whereas
GAP43, also associated with forms of plasticity, is highly en-
riched in axonal processes (Skene, 1989).

To learn about molecules of particular importance to the
function of mammalian forebrain, we have used subtractive
strategies for identifying cDNA clones of mRNAs enriched in
cerebral cortex compared to cerebellum (Travis et al., 1987;
Travis and Sutcliffe, 1988; Bernal et al., 1990; Watson et al.,
1990). We describe here one of these cortex-enriched mRNAs
that encodes a putative protein with domains similar to mem-
bers of the protein kinase superfamily. We have detected the
protein and shown by immunoelectron microscopy that it is
associated with membranes and vesicles present in neurites of
subsets of noncerebellar neurons. We have produced the protein
in bacteria and shown that the expressed protein binds to cal-
modulin but neither phosphorylates a peptide substrate of
CaMKII nor contains a complete ATP-binding site.

Materials and Methods

Nucleic acids methodologies. For library construction and Northern
blotting, total RNA was isolated from dissected tissues of developing
and adult Sprague-Dawley rats (Charles River) by extraction with guan-
idinium isothiocyanate (Sambrook et al., 1989). Oligo(dT)-cellulose
chromatography (Aviv and Leder, 1972) was used to enrich for polyA+
RNA. For anchored polymerase chain reaction (PCR) experiments, RNA
was extracted from frozen tissue (Zivic-Miller) and polyA-selected using
Fast Track (Invitrogen).

c¢cDNA was synthesized from adult male rat hypothalamic mRNA
according to a modified version of the procedure described by Gubler
and Hoffman (1983) and cloned into Zap II (Stratagene), using EcoRI
as cloning site. Apparently full-length 1G5 clones were isolated by
screening the hypothalamic library with the 6E9 ¢cDNA insert. Twenty-
two positive, full-length clones were obtained from 1 x 10¢ phage plated.

The 3.0 kilobase (kb) fragment containing the full cDNA insert of the
shorter 1GS clone (Fig. 1) was digested with exonuclease 111 to generate
overlapping subclones in pBluescript SK + (Stratagene). DNA sequenc-
es were determined by the dideoxy chain termination method with «-35S-
dATP (3000 Ci/mm) as label (Sanger et al., 1977), using the Sequenase
2.0 kit (United States Biochemical). The sequence of the longer cDNA
insert was determined, and that of the shorter clone confirmed, by the
partial chemical degradation method (Maxam and Gilbert, 1977).

For Northern blots, 10 um per lane of each mRNA sample was re-
solved by electrophoresis on a 1.2% agarose, 1.2 M formaldehyde gel,
transferred to nitrocellulose membrane (Amersham, Hybond C Extra)



AGTCGAAGCGGCTGCAGCTGGCGCCGCGTCTGCCCCGCGTEGCCCGGAGCGGATTC TGCCGGCCGCCCCCGGAGCCCTGCTGAGCCGGTTA 90

METProPheGlyCysValThrLeuGlyAspLysLysAsnTyrAsnGln 16
TCGCTTCCTGCCTGTCACCGACCAGCGTTGCAGAGCCTAGCAATGCCGTTTGGTTGTGTGACTC TGGGTGACAAGAAGAACTATAACCAG 180
ProSerGluValThrAspArgTyrAspLeuGlyGlnValVallysThrGluGluPheCysGluIlePheArgAlaLysAspLysThrThr 46
CCATCGGAAGTGACTGACAGATATGATTTGGGACAAGTCGTCAAGACCGAGGAGTTTTGTGAAATCTTCCGGGCCAAGGACAAGACAACA 270
GlyLysLeuHisThrCysLysLysPheGlnLysArgAspGlyArgLysValArgLysAlaAlaLysAsnGluIleGlyIleLeuLysMet 76
GGCAAGCTGCATACCTGCAAGAAATTCCAGAAGCGTGATGGCCGCAAGGTTCGGAAGGCAGCCAAGAACGAGATTGGAATCCTGAAGATG 360
ValLysHisProAsnIleLeuGlnLeuValAspValPheValThrArgLysGluTyrPheIlePheLeuGluLeuAlaThrGlyArgGlu 106
GTAAAGCACCCCAACATCCTGCAGCTGGTAGATGTGTTTGTGACCCGCAAAGAATACTTCATCTTTCTGGAGCTGGCCACGGGGAGGGAG 450
ValPheAspTrpIleLeuAspGlnGlyTyrTyrSerGluArgAspThrSerAsnValValArgGlnvalLeuGluAlavalAlaTyrLeu 136
GTGTTTGACTGGATCCTGGACCAGGGCTACTACTCGGAGCGAGACACGAGCAACGTGGTGCGGCAGGTCCTGGAGGCTGTGGCCTACTTG 540
HisSerLeuLysIleValHisArgAsnLeulysLeuGluAsnLeuValTyrTyrAsnArgLeulysAsnSerLysIlevalIleSerAsp 166
CACTCTCTCAAGATTGTGCACAGGAACCTCAAGCTAGAAAACCTAGTGTACTACAACAGGCTAAAGAACTCAAAGATTGTCATCAGTGAC 630
PheHisLeuAlaLysLeuGluAsnGlyLeuIleLysGluProCysGlyThrProGluTyrLeuAlaProGluValValGlyArgGlnArg 196
TTTCACCTGGCTAAGCTAGAGAACGGTCTTATCAAGGAGCCCTGTGGAACGCCGGAGTATC TGGCACCGGAAGTGGTAGGACGGCAACGG 720
TyrGlyArgProValAspCysTrpAlaIleGlyValIleMetTyrIleLeuLeuSerGlyAsnProProPheTyrGluGluValGluGlu 226
TATGGACGTCCTGTGGATTGTTGGGCCATTGGTCTCATCATGTATATCCTGC TTTCAGGCAACCCGCCCTTCTATGAGGAGGTAGAAGAA 810
ASpAspTyrGluAsnHisAspLysAsnLeuPheArglLysIleLeuAlaGlyAspTyrGluPheAspSerProTyrTrpAspAsplleSer 256
GATGACTATGAGAACCATGATAAGAATCTC TTCCGCAAGATCCTCGCCGGTGACTATGAGTTTGACTCTCCGTACTGGGATGATATTTCT 900
GlnAlaAlaLysAspLeuValThrArgLeuMetGluValGluGlnAspGlnArgIleThrAlaGluGluAlaIleSerHisGluTrpIle 286
CAAGCAGCCAAAGACCTGGTCACAAGGCTGATGGAGGTGGAGCAAGACCAGCGGATCACCGCCGAAGAGGCCATCTCCCATGAATGGATT 990
SerGlyAsnAlaAlaSerAspLysAsnIlelysAspGlyValCysAlaGlnIleGluLysAsnPheAlaArgAlalysTrpLysLysAla 316

TCTGGCAATGCAGCTTC TGATAAGAACATCAAGGATGGCGTCTGTGCCCAGATCGAGAAGAACTTTGCCAGAGCCAAGTGGAAGAAGGCC 1080

ValArgValThrThrLeuMetLysArgLeuArgAlaProGluGlnSerGlyThrAlaAlaThrSerAspAlaAlaThrProGlyAlaAla 346
GTCCGAGTGACCACTCTCATGAAGCGGCTCCGGGCACCAGAGCAGTCTGGAACGGCTGCTACTTCAGATGCTGCCACTCCCGGGGCTGCT 1170

GlyGlyAlaValAlaAlaAlaAlaGlyGlyAlaAlaProAlaSerGlyAlaSerAlaThrValGlyThrGlyGlyAspAlaGlyCysAla 376
GGTGGGGCCGTCGCTGCAGCTGCAGGTGGAGCTGCCCCAGCCTCTGGAGCCAGTGCTACTGTAGGCACAGGGGGTGATGCTGGGTGTGCA 1260

AlaLysSerAspAspMetAlaSerAlaAspArgSerAlaThrProAlaThrAspGlySerAlaThrProAlaThrAspGlySerValThr 406
GCCAAGAGCGATGACATGGCCTCTGCAGATCGTAGTGCCACCCCAGCCACAGATGGCAGTGCCACCCCAGCCACAGATGGCAGTGTCACC 1350

ProAlaThrAspGlySerIleThrProAlaThrAspGlySerValThrProAlaThrAspArgSerAlaThrProAlaThrAspGlyArg 436
CCAGCCACTGACGGGAGCATCACCCCAGCCACTGATGGGAGTGTCACTCCAGCTACTGACAGGAGTGCTACACCAGCTACTGATGGGAGA 1440

AlaThrProAlaThrGluGluSerThrValProAlaAlaGlnSerSerAlaAlaProAlaAlaLysAlaAlaAlaThrProGluProAla 466
GCCACACCAGCCACAGAAGAGAGCACAGTGCCCGCCGCTCAAAGCAGTGCCGCGCCAGCTGCAAAGGCAGCAGCCACCCCTGAGCCGGLT 1530

ValAlaGlnProAspSerThrAlaLeuGluGlyAlaThrGlyGlnAlaProProSerSerLysGlyGluGluAlaThrGlyCysAlaGln 496
GTGGCCCAGCCGGACAGCACAGCCCTAGAGGGTGCCACAGGCCAGGCTCCACCCTC TAGTAAAGGAGAAGAGGCTACTGGCTGTGCCCAG 1620

GluSerGlnArgValGluThrSer**+ 504
GAGTCTCAGAGGGTGGAGACAAGCTGAATGCGGCAGTC TG TTGGGGGTTTTGAGGGATGGGAAGGAGGGTGCGAGTTTGGATGAGGGGCTT 1710

CTCACTGTATATAGAGTCACTGGCATGATGCCCTAGCTCCCCCCAAGCTCCCTCATCCCAGTGGGGCATGCCTGGGGGCCATGGGAGAGC 1800
AGTGTCGTCTCCTGTGTGGATGTATGTGAGTGGTGGGCAGGCCAGAGGCAGGGCCAGCCCCAGCCCCTGCATGGATTCCTTGTGGCTTTC 1890
TGTCTTTCGCTAGCTTCACCAGTTTCTGTTCCTTGTGGGATGCTGCTCTAGGGATACTCAGGGGGTCCTTGCTCTCCTTCCCTTCCCGTC 1980
TTCTCATGTCCCCAGGCAGGCCCTGCAAGCCTCATACTTTCCCAGGCCCTAAATGGGTGGCCTTGCCCTGAGAGCTGGTCCTCCAGCGAG 2070
GCCCTGTCAGCAGTGTTAGGCTCCTGCACACGAAGGTGTGTGTACCTGTGGTGTTTGGGCTGCTCTAGGAGTAGATGCTGGCTGTAARAG 2160
ATGATGCAGAAATCTAGGGCAGTGTGCTTTAAGTTAAGTCTGGTCACATGGTTGGGGGCAGGCACTGCATGTTAGC TGTGGGGATCCTCA 2250
GAAGTGGGAGAGAGAATGGGTAGAAGCGTCCATCTTTTTCCCTGGGTGGGGGTGGGGATCTTCCCTCTGAAGATCCTTGTGTTATTTCAT 2340
AGCCTCCTGAGTCCTGTAGTGGGTTGCTCTGCATCCTGATTCTTACGACACTCCAAAGGAAGAGAGAAACATGTTGGATGCAGCAGCGAT 2430
GCCTAGGAGAACAGAGTACAGGGCCAGCAGCACCAGTGCCCCAGCCTATCTGGGTCTTC TCTGTGAGCGAGATAGGGAGGGCTGGTGTCC 2520
CCCATGGTCTTCCTAGATGCCACTACCAACGAAGAGACCTTTCCCATAACCACCTCATGCAGGCTCAGGCCATAAATCCTCTTCCTCCCA 2610
GGGAGGCATGGCAGTACCTCATAGGCTGCTTTGGGAGC TTGCTTTTCACAGCAGCAGATTTTCTGTTCTTCGTTCAGCAATGCGGAGAGG 2700
CTTTACCTCTGTGTCTACTACCAGAGGCTGAGGTATCGCTCAGCCATGGGATGAGGAAGTAGAATAAGATTTCCCAGC TCCCTGAGGGAT 2790
GCTCTCGGCAGGCACCCTTGGTCAGACTCTACCACAGCCTGCACAGGCAGCCACGCTGGTCCTTGCCCTTGCTCGGCACTCCATGGTGGT 2880
ACTGCCCTTCTCCCTGCATGCCTGTGGGTCTGCTC TGGTATGTGAAGGTTGGTGGGC TAACTGTGTGCCTGCTGAACCTGGCAAATAAAC 2970
GTCACCCTGCAAAGCCTCTGGCCACCCTCTTGCCTTTGCTTCCTCTGTCCTATTGGGCAGGAGCCTATGGAAGGCAGTGTGGGAGGGAAG 3060
AGGCCATGGGAGCAGTTCCGGGTAGCGGCTGATGC TCAGTGCATTGCTTGGGGTAAGAGTGGAGGTCACCTTCTCCGATGTGTACCTGGA 3150
TGATGTTAATGGTAAATCCTCTGGGCTCAAAAAAACCATGAGTGGTGTGTTTAAGCCAAGAAGTATCCCTAGCCGAGCACTGAAGGGCTG 3240
ATGCTTTTCCAATTCTTGTTGACGAAGAGCCTTTGTCTTAACTTGGACATAGAGETGGAATCCACTCAGGGACAACCACTATAGGAAGTG 3330
ACCTTGTTCATGGGCACAGTGGGCCTCCTTGGGCTGGGGAGAAAGTGGGGTTGCACAAGTTTTGTGCTGTATGTTGATGCCTACTTCCTG 3420
TGAATACCTGTGCTTTCCACTTAGACCAAAAAGATTTCATTC TGTCTTCCCTGGCTGACGCAGACCTGCTTTATAATATGGAGTCATGTA 3510
TGTTCCTTTTGGGGGAGTAATATTGCTAATGATACTATAAAAATCCCTAAGGAGATTCGCTTCAACTCGGAGGGGC TTTGGTAAACTCAT 3600
CTGGGTTGCTTTCTCAGGGAGGACCTTAAATTATCTGATGTGGGAATAATAAAGA 3655

Figure 1. Nucleotide and deduced amino acid (italics) sequence of 1G3. The sequence is a composite qf the sequences of two ¢cDNA clones. The
3’ nucleotide of the shorter clone is underlined. Nucleotide and amino acid (italics) numbering appears in margin. Accession no. L22557.



(Thomas, 1980), and hybridized to a **P-labeled insert from 1G5. Blots
were hybridized in 56% formamide at 37°C as described previously
(Sutcliffe et al., 1982) and washed at high stringency in 0.1 x SSC (1 x
SSC is 0.15 M NaCl, 0.015 M sodium citrate), 0.5% SDS at 68°C. To
confirm that similar amounts of intact RNA were loaded in each gel
lane, blots were stripped and hybridized or simultancously hybridized
with a 3>P-cDNA probe for ubiquitously expressed cyclophilin mRNA
(Danielson et al., 1988).

Antisera and Western blotting. To obtain 1GS5-specific antisera, 400
ug of synthetic peptides (1G5-4: GATGQAPPSSKGE, residues 477-
489; 1G5-5: KAAATPEPAVAQPD, residues 458-471), corresponding
to regions within the 1G5 sequence, was conjugated with glutaraldehyde
to an equal weight of the carrier protein edestin. The conjugates were
used to immunize rabbits as previously described (Green et al., 1982;
Sutcliffe et al., 1983).

Protein extracts were prepared from various rat tissues by homoge-
nization in 0.16 M NaCl, 11 mm sodium phosphate, pH 7.4, and sol-
ubilization in SDS-extraction buffer (125 mm Tris HCI, pH 6.8, 4.6%
SDS, 10% B-mercaptoethanol). Extracts were boiled and centrifuged at
10,000 x g at room temperature to remove cellular debris. Aliquots
(50 ug) of the supernatants were resolved by electrophoresis on 10%
SDS-polyacrylamide gels and transferred to nitrocellulose filters by elec-
troblotting (Towbin et al., 1979). Filters were preincubated overnight
at 4°C with Blotto solution (5% nonfat milk, 12 mm sodium phosphate,
56 mm NaCl, pH 7.4), incubated in a sealed plastic bag with diluted
1G5 anti-peptide antisera overnight at room temperature, washed three
times for 10 min with Blotto solution, and rinsed briefly with water.
Immunoreactive polypeptide bands were visualized enzymatically in a
secondary antibody reaction using horseradish peroxidase conjugated
to goat anti-rabbit IgG. Peroxidase activity was detected by incubation
for 1 min with the Amersham enhanced chemiluminescence detection
system and exposure to x-ray film. For blocking experiments, 60 ug of
1G5 synthetic peptide was combined overnight at 4°C with diluted anti-
peptide antisera prior to incubation with Western filters. Blocking com-
pletely eliminated immunoreactivity.

Anchored PCR. PolyA-selected RNA extracted from rat hippocampus
was converted to first-strand cDNA using random hexamer oligonucle-
otide primers and MMLV-reverse transcriptase, and the cDNAs were
subsequently tailed with dGTP using terminal transferase. Anchored
PCR (Frohman et al., 1988) was performed using this dG-tailed cDNA
as template in a reaction with a primer complementary to nucleotides
478-501 of 1G5 (5'-ACGTCCGCGGAAGCTTGCTCGTGTCTCGC-
TCCGAGTAGTA-3’) and an anchored primer (5'-GCACCGCGGAG-
CTCAAGCTTCCCCCCCCCCCCCCCCC-3). The PCR products were
separated by gel electrophoresis, the DNA transferred onto nitrocellu-
lose, and the filter was hybridized with a radioactively labeled oligo-
nucleotide (5'-GTTTGACTGGATCCTGGACCAGGGC-3') repre-
senting nucleotides 453-477 of the 1G5 sequence. A major band of
approximately 500 base pairs (bp) was detected, as well as a smear of
shorter material. DNA larger than 100 bp was eluted, concentrated,
subcloned into the HindIII site of pKS Bluescript (Stratagene), and
transformed into DH12S (GIBCO/Bethesda Research Labs) cells by
electroporation, as suggested by the supplier. Individual clones were
grown overnight. DNA was extracted by the lysozyme/boiling method
(Maniatis et al., 1982), denatured in 0.2N NaOH, and purified on Seph-
acryl S400 spin columns, and sequences were determined on double-
stranded templates.

Computer searches. The nucleic acid (Genbank 72.0) and protein
(Swiss-prot 22.0) databases were searched (6/92) with the entire coding
region of 1G5 and various subregions using the FASTDB program (Brutlag
et al., 1990; Intelligenetics, Inc.). In addition, a database developed by
Hanks and Quinn (1991), containing the amino acid sequences from
the catalytic region of 206 protein kinases, was searched with the pu-
tative catalytic region of 1G5. Because 1G5 lacks the conserved se-
quences in subdomain I of the catalytic region, we used the initial
methionine residue of 1G5 for the N-terminal boundary of the 1G5
catalytic region. '

In situ hybridization. In situ hybridization was performed on 20-um-
thick cryostat sections of perfused rat tissues according to the modified
protocol of Higgins and Wilson (1987) as described by Forss-Petter et
al. (1989). For autoradiography, slides were coated with Iiford K-5
emulsion diluted 1:1 with water and incubated for 5-21 d.

Immunohistochemistry. After perfusion fixation of normal and col-
chicine-pretreated (50 ug, 1.c.v., injected 48—72 hr before fixation) adult
rats, 40 um cryostat sections of brain, prepared as described in Bloom
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et al. (1985), were incubated overnight at 4°C in a fresh solution of PBS
containing 1% BSA, 0.3% Triton X-100, and a 1:1000 dilution of an-
tisera. The sections were then washed in PBS. The primary antibody
was detected on the tissue sections by a commercial avidin-biotin com-
plex (Vectastain ABC, Vector Labs, Burlingame, CA), with horseradish
peroxidase as the marker and diaminobenzidine as the chromophore.
At the end of processing, sections were briefly exposed to 0.1% OsO,,
and counterstained with cresyl violet to enhance cellular morphology.

Samples for electron microscopy were exclusively from normal un-
treated rats prepared as described (Bloom et al., 1985), with the following
modifications. The avidin-biotin complex (see above) was used to detect
the primary antibody. Primary antibody, biotinylated secondary anti-
body, and avidin-biotin complex incubations were extended to 12-24
hr at 4°C. The horseradish peroxidase reaction employing diaminob-
enzidine as the chromophore, and subsequent processing of samples for
electron microscopy were as described (Bloom et al., 1985). Ultrathin
sections, mounted on 200 mesh copper grids, were stained with lead
citrate and viewed in a Zeiss EM 10B microscope.

Bacterial expression of 1G5 and «CaMKII. Overexpression of “fu-
sionless” 1G5 and «CaMKII was accomplished by directionally sub-
cloning 1G5 and «CaMKII ¢cDNA (Bulleit et al., 1988) into pRK172
(McLeod et al., 1987), which had been digested with Ndel and EcoRI,
to produce clones pRK-1G5 and pRK-aCaMKII. To obtain compatible
sticky ends for proper in-frame subcioning of the 1G5 and aCaMPK
coding region, we performed selective amplification by PCR, using con-
ditions suggested by Perkin Elmer/Cetus to decrease infidelity of Taq
polymerase: 200 um dANTPs and 1.5 mMm MgCl,, AmpliTAQ in the
incubation mixture, annealing at 55°C with 20 cycles. For 1GS5, the
primer containing the initiation codon (ATG) and Ndel site was 5'-
GCATCATATGCCGTTTGGTTGTGTGACTCTG-3'. For a«CaMKII
the primer was 5'-GCGGAGCCCATATGGCTACCATCACCTGCA-
CC-3'. The primer containing the complementary sequences of the stop
codon (TGA) and EcoRI site for 1G5 was 5'-GCATGAATTCTCAGC-
TTGTCTCCACCCTCTG-3"; for aCaMKII the primer was
5-GCGGAGCCGAATTCTCAATGGGGCAGGACGGAGGG-3'. The
1G5 and «CaMKII PCR products were subcloned into pRK 172, trans-
formed into DHS5« (GIBCO/Bethesda Research Labs), and plated as
described (Maniatis et al., 1982). Colonies were picked and grown over-
night in LB broth with 50 pg/ml ampicillin. Subclones containing the
1G5 and «CaMPK ¢cDNA inserts were transformed into the BL21(DE3)
(Studier et al., 1990) strain for overexpression. The nucleotide sequence
of the 1G5 subclone was verified across the entire open reading frame
(ORF). Expression of 1G5 was induced when cells reached ODgy, = 0.6
by adding a final concentration of 1 mm isopropyl-3-p-thiogalactopy-
ranoside (IPTG), followed by an additional 2 hr of shaking at 32°C. As
a negative control, the pRK172 vector with no insert was also trans-
formed into BL21(DE3) and subsequently induced. For immunoblot
analysis, bacteria were spun down and analyzed on SDS-PAGE gels as
described by Sambrook et al. (1989).

Calcium-dependent calmodulin binding of 1G5. Several independent
bacterial colonies harboring either pRK-1G5 or pRK-aCaMKII were
each added to 100 ml of LB and 100 ug/ml ampicillin. Cells were induced
at OD,,, of 0.6 with 1 mm IPTG, and incubated for 2 hr. Cells were
spun down, washed twice with ice-cold 10 mm Tris pH 8.0, and resus-
pended in 5 ml of homogenization buffer [10 mm Tris, pH 7.5; | mm
EDTA, pH 8.0; 1 mm EGTA, pH 8.0; 0.5 mm dithiothreitol (DTT), 0.1
mm phenylmethylsulfonyl fluoride]. The resuspended cells were then
put through one cycle of freeze/thaw (liquid nitrogen followed by 37°C)
and sonicated until the solution was no longer viscous. Cell debris was
removed by centrifugation and the homogenate volume was measured
in order to add CaCl, to a final concentration of 5 mm. The homogenate
was applied to a 17 ml calmodulin-sepharose 4B (Pharmacia) column,
washed with 100 ml of homogenate buffer containing 5 mm CaCly; 1G5
was then eluted from the column with 100 ml of homogenate buffer
containing 2 mM EGTA. Fractions (6 ml) were collected and analyzed
by SDS-polyacrylamide gel electrophoresis.

Protein kinase assay. 1G5- and «CaMKII-containing bacterial ex-
tracts or column fractions were assayed for their ability to phosphorylate
syntide-2 peptide as previously described (Hashimoto and Soderling,
1987; Ohsake et al., 1990). Briefly, 5 ul of extract or column fraction
was added to 45 ul of the following solution: 25 mm HEPES pH 8.0,
mm CaCl,, 4 mm Mg(CH;COOH),, 0.25 mm DTT, 26 uM syntide-2
peptide, 2.4 uM calmodulin, 15 um ATP, and 0.5 umM ?P-ATP (150 mCi/
ml, 6000 Ci/mmol; New England Nuclear). The reaction was incubated
at 30°C for 60 sec and then stopped by the addition of 8 ul of 0.5 M



4 Godbout et al. + CaM-binding Kinase-like Forebrain Neurite Vesicle Protein

EDTA. The reaction was then spotted on phosphocellulose disks, washed
with 75 mm phosphoric acid three times at 2 min intervals, air dried,
and counted by liquid scintillation.

Results

Cloning of a cortex-enriched mRNA

We previously isolated clone 6E9 from a monkey cerebral cortex
¢DNA library by screening with a monkey cortex-minus-cere-
bellum subtracted cDNA probe (Travis and Sutcliffe, 1988; Ber-
naletal., 1990). The cDNA clone hybridized to a 3.6 kb monkey
cortex polyA+ RNA, not detectable in liver or cerebellum but
present in several other brain regions, and also to a human
polyA* RNA of the same size (Bernal et al., 1990). Clone 6E9
was used as a hybridization probe for screering a rat hypo-
thalamus ¢cDNA library and apparently full-length clones were
isolated. The rat homologs, called 1G5 clones, could be sepa-
rated by length into two groups. The complete nucleotide se-
quence of one member of each group was determined on both
strands (composite shown in Fig. 1). One sequence was 3636
bp in length (exclusive of polyA); the second, 2986 bp. The
shorter sequence extended 19 bp farther at the 5' end and the
two sequences were identical in their 2967 bp overlap. The
shorter sequence contained the consensus polyA addition se-
quence AATAAA (Proudfoot and Brownlee, 1976) 18 nucleo-
tides from its 3’ end, suggesting that the two groups of cDNA
clones represent two pools of mRNA that are derived by alter-
native polyadenylation of the transcripts of a single rat gene.
This interpretation is consistent with the observation that a
single 1G5-hybridizing band was detected in Southern blots
prepared with rat EcoRI-digested genomic DNA (data not
shown). The single mouse homolog of the 1G5 gene has been
mapped by RFLP analysis of recombinant inbred lines to chro-
mosome 9 in the vicinity of the tip locus (PED, JGS, W. Frankel,
unpublished observations).

To establish that nearly full-length cDNA clones had indeed
been isolated, we performed anchored PCR (Frohman et al.,
1988), using rat brain cDNA as template and an oligonucleotide
complementary to nucleotides 478-501 as primer, cloned the
products, and isolated individual clones for sequence analysis.
The sequences of the six longest cloned products matched the
composite sequence (with occasional single-base differences pre-
sumably introduced by PCR) and extended 12-58 nucleotides
farther 5’ than the cDNA sequence, suggesting that our com-
posite sequence represents nearly full-length 1G5 mRNAs or,
possibly, that 1GS5 transcription initiates at multiple clustered
sites. The composite of the two mRNA sequences contains a
single, common long ORF. A 5' untranslated region of 132
nucleotides precedes the 1512 nucleotide ORF, which is fol-
lowed by 3’ untranslated regions of 2011 or 1342 nucleotides.

1G5 resembles Ser/Thr protein kinases

The encoded putative protein of 504 amino acids, which has a
predicted unmodified molecular weight of 54,105, was used to
search the Genbank and Swiss-prot databases. The amino ter-
minal region (residues 1-325) exhibited a high degree of identity
with the catalytic and calmodulin-binding domains of CaMKII,
a serine/threonine kinase (Bennett and Kennedy, 1987). Resi-
dues 326-374 exhibit general similarity to the glycine/alanine/
serine-rich domain near the carboxy terminus of the shaggy gene
product of Drosophila melanogaster, also a Ser/Thr protein ki-
nase (Bourouis et al., 1990). The carboxy-terminal region of the
1G5 sequence did not exhibit any striking similarities to proteins

in the databases. A notable feature of the carboxy-terminal re-
gion is the eight-residue motif DR/GSA/VTPAT, which occurs
seven times in tandem, with echoes occurring several times
thereafter. This region could be related to PEST sequences,
thought to confer short half-lives to proteins that contain them
(Rogers et al., 1986). There is a 19-residue hydrophobic region
(residues 203-221) that could span a membrane and a 32-res-
idue uncharged region (340-371) that is not particularly hydro-
phobic. There are no putative sites for N-glycosylation.

The amino acid sequences of the catalytic domains of protein
kinases strongly resemble one another, and 206 kinase sequences
(as of July 1992) have been compiled into a database (Hanks
and Quinn, 1991; Hunter, 1991). We compared residues 1-325
of 1G5 to the members of the compiled database and found
greatest sequence identity (42%) with a putative serine kinase
from human HeLa cell cDNA (J. R. Woodgett, unpublished
observations), the subunits of CaMKII (o = 39%; 8 = 38% and
38%), the y-subunit of phosphorylase kinase (35%), and two
homologs of CaMKII from S. cerevisiae (CMK2 = 35%; CMK 1
= 34%). Alignment of the amino termini of 1G5 and «CaMKII
is shown in Figure 2 and considered in detail in the Discussion.

Immediately downstream from the catalytic domain of
CaMKII is its calmodulin-binding domain. 1G5 contains a sim-
ilar sequence (ARAKWKKAVRVTTLMKR, residues 309-325)
in the same relative position (Fig. 2). Significantly, the W-X,,-R
conserved among other known calmodulin-binding kinases
(Bagchietal., 1992)is present. 1G5 does not contain a consensus
sequence (RXXS/T) similar to the autophosphorylation site lo-
cated between the catalytic and calmodulin-binding domains in
CaMKII (Miller et al., 1988). Cumulatively, these sequence
comparisons suggest the hypothesis that 1G5 might have cal-
modulin-binding and/or protein-kinase properties.

Spatial and temporal restriction of 1G5 mRNA

A probe corresponding to nucleotides 1191-1524 of the rat 1G5
cDNA sequence was used in a Northern blot hybridization study
to examine polyA* RNA isolated from several rat peripheral
tissues, from several regions of rat brain, and from whole brains
of embryonic and early postnatal rats of several ages. The probe
detected two RNAs of approximately 3.2 and 3.8 kb (ratio of
5:1) present in brain (Fig. 34) and eye (data not shown), but
not detected in liver or kidney (Fig. 34), or spleen, thymus,
bladder, aorta, lung, intestine, esophagus, stomach, skeletal
muscle, heart, diaphragm, uterus, tail, ear, skin, submaxillary
gland, prostate, epididymis, placenta, pancreas, ovary, testis,
adrenal gland, parathyroid gland, thyroid gland, pineal gland,
pituitary, or sciatic nerve (data not shown). Within the brain of
adult rats, the RNAs were most prevalent in hippocampus,
caudate nucleus, cortex, hypothalamus, olfactory bulb, and mid-
brain, were faintly detected in pons, brainstem, and spinal cord,
but were not detected in cerebellum (Fig. 34). These results are
similar to those obtained with the monkey homolog 6 E9 (Bernal
etal., 1990). The RNAs were first faintly detectable in the brains
of developing rats at embryonic day 16 (E16), but accumulation
was primarily postnatal with maximal steady state levels reached
at postnatal day 10 (P10; Fig. 3B).

A portion of the 1G5 ¢cDNA insert (nucleotides 1191-1524)
was transferred to a transcription vector and riboprobes cor-
responding to 1G5 sense and antisense were generated and used
for in situ hybridization studies on rat brain sections. Only low-
level background hybridization was detected with the sense probe.
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Figure 2. Comparison of the conserved protein kinase subdomains of «CaMKII (CAMII; residues 13-314) to the amino terminus (residues 15-
325) of 1G5. Gaps in the amino acid sequences, shown by dashes, were introduced by eye to optimize the alignment. The sequences are contiguous,
but are broken into segments corresponding to the 12 protein kinase subdomains and the calmodulin-binding domain. Asterisks indicate amino
acid identities. Residues shown in boldface are conserved among known protein kinases.

The antisense probe hybridized (Table 1) to discrete neuronal
groupings in many regions of the brain including some regions
in which the mRNA had not been interpreted as abundant by
Northern blot analysis. Thus, in keeping with the Northern blot
data, there was a generally high hybridization signal throughout
cortical regions, especially the frontal, cingulate, and entorhinal
cortices. In addition, strong hybridization was detected over
neuronal groups within specific structures immediately adjacent
to the entorhinal cortex, such as the central nucleus of the amyg-
dala (Fig. 44, B), the medial septal nucleus, and the bed nucleus
of the stria terminalis, with more moderate hybridization de-
tected over the caudate nucleus. High-intensity hybridization
was also detected over subsets of neurons occupying propor-
tionately smaller volumes of regions that were not noted in the
Northern blot survey: the external cortex of the inferior collic-
ulus, several pontine nuclei, the trigeminal sensory system
throughout the spinal and medullary zones (Fig. 4C,D), the
arcuate and premammillary nuclei of the hypothalamus, and in
various thalamic nuclei. More moderate but definitive hybrid-
ization was observed over the CAl and CA3 fields of hippo-
campus and the adjacent parahippocampal cortex, but not over
neurons of the dentate gyrus. A less definitive, low-level signal
was observed over the cerebellum. It was not concentrated over
any particular cell type and, given the results from Northern
blotting and the immunochemical analyses described below, is
presumed to be background.

Detection of the 1G5 protein

To demonstrate that the 1G5 protein exists in vivo and to learn
about its anatomical and subcellular distribution, we generated
antisera to synthetic peptides corresponding to nonoverlapping
regions of the 1G5 amino acid sequence. The antisera were
shown to react with bacterially expressed 1G5 (see below for
more detail regarding bacterial expression) and were used in
Western protein immunoblotting experiments to examine tissue
extracts. The antisera to each of two nonoverlapping peptides,
designated 1G5-4 and 1G35-5, reacted with a band in whole-
brain extracts that migrated at M, 72-80 kDa (depending upon
the acrylamide gel percentage), the same migration as the bac-
terially expressed 1G5 protein (Fig. 5¢). Figure 5 shows data
with 1G5-5 antisera; comparable data were obtained with 1G5-4
antisera (not shown). Immunoreactivity against the 72-80 kDa

target was completely blocked by preincubating the antisera with
their respective synthetic peptides (data not shown).

The immunoreactive target was detected in extracts from cor-
tex, hypothalamus, medulla, retina, and olfactory bulb, and at
higher levels in hippocampus and caudate nucleus, but was not
detected in extracts from spinal cord, thalamus, pons, or cere-
bellum (Fig. 5b). The protein was not detected in extracts from
liver or kidney (Fig. 5b), or muscle, thymus, spleen, uterus, or
testes (data not shown). In extracts from brains of developing
rats, the protein was first faintly detectable at E20, and accu-
mulated during postnatal development, attaining maximal lev-
els at P10 (Fig. 5¢). Incubation of brain extracts with endogly-
cosidase F, an enzyme that removes N-linked glycans from
glycoproteins, did not affect the mobility of the immunoreactive
band (data not shown), consistent with the absence of consensus
N-glycosylation motifs in the 1G5 sequence.

Cumulatively, these data show that the detected polypeptide
represents the protein product of the 1G5 mRNAs. Moreover,
there is a good match between the RNA and immunoblot data
for the regional distribution of 1G5 in the brain.

Association with neurite membranes and vesicles

Only one of the two Western-reactive antisera (1G5-5) was found
to be suitable for immunohistochemical analyses. Its reactivity
was, in almost all cases, blockable by preincubation with cognate
synthetic peptide and only blockable reactivity is reported here.
The antiserum, as observed by light microscopy, reacted with
structures in all regions of the brain except the cerebellum (Fig.
6). Reactivity was predominantly observed in neurites, with
fainter reactivity detected over cell soma. The overall distri-
bution of immunoreactivity (Table 1, Fig. 64) was generally
consistent with the distribution of the 1G5 mRNA detected by
in situ hybridization, although no immunoreactivity was de-
tected in the arcuate nucleus or premammillary nuclei. Dense
1G5 immunoreactivity was observed in dendritic structures in
several regions of the cerebral cortex including the cingulate
(Fig. 6B) and the external cortex of the inferior colliculus (Fig.
6C), in fascicles of axons in the fimbria at the lateral boundary
of the hippocampal formation (Fig. 6D), in the bed nucleus of
the stria terminalis (Fig. 6E), and in the spinal trigeminal tract
(Fig. 6F), as well as both fibers and perikarya in the dorsal horn
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Figure 3. Northern blot detection of 1G5 mRNAs. 4, PolyA-enriched RNA from rat kidney (1), liver (2), olfactory bulb (3), cerebral cortex (4),
caudate nucleus (5), hippocampus (6), hypothalamus (7), midbrain (8), cerebellum (9), pons (10), medulla (I7), and spinal cord (12). B, PolyA-
enriched RNA from whole brains of developing rats aged E16 (1), E18 (2), E20 (3), P1 (4), P5 (5), P10 (6), P15 (7), P20 (&), P25 (9), P30 (10),
and adult (/7). mRNA was separated by electrophoresis and probed with 1G5 ¢cDNA or cyclophilin cDNA as a positive control. The mobility of
size markers is indicated in the margin.




of the spinal cord and several other pontine and thalamic nuclei
(Table 1).

High levels of 1G5 were detected in cortical regions, by both
in situ hybridization and immunocytochemistry, the highest
being in the cingulate and entorhinal cortical regions, but only
slightly lesser amounts in other cortical regions. Because of the
difficulty of immunocytochemical detection of definitive peri-
karyal profiles against the dense background of vertically ori-
ented dendritic profiles in the cortical regions, we used colchi-
cine to reduce centrifugal transport in an effort to enhance
perikaryal immunoreactivity. This treatment gave slight en-
hancement to perikarya that were already detectable in the dien-
cephalic, hindbrain, and spinal regions, but did not conclusively
enhance perikarya in cortical regions.

Electron microscopic visualization of brains of non-colchi-
cine-treated rats revealed that both cell soma and processes
(dendrites and axons) contained 1G5-immunoreactive material,
including soma in cortical fields (Fig. 7). Immunoreactivity was
abundant throughout the dendritic trees of neurons in each of
the regions where immunoreactivity had been detected by light
microscopy. Within the perikarya and larger dendritic branches,
immunoreactivity was restricted to the perimeter of the struc-
tural element, immediately beneath the plasma membrane
(shown in entorhinal cortex, Fig. 74). In smaller dendrites, im-
munoreactivity was associated with microtubules and with small
smooth endoplasmic reticular vesicles (shown in cingulate cor-
tex, Fig. 7B). In dendritic spines, immunoreactivity was asso-
ciated with the postsynaptic membrane specializations as well
as other sites (shown in cingulate cortex, Fig. 7C). In axon
terminals, immunoreactivity was associated with synaptic ves-
icles, including those clustered near the plasma membrane op-
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Figure4. Insituhybridization to 1G5
mRNA: autoradiographic localization
of **S-labcled riboprobe in tissue sec-
tions of the central nucleus of the amyg-
dala (4, B) and the spinal trigeminal
nucleus (C, D). For each structure, the
micrographs demonstrate grain locali-
zations at low magnification with dark-
field illumination (4, C) and at higher
magnification by bright-field illumina-
tion counterstained with Richardson’s
stain (B, D). A high density of grains
over large neurons is seen in both dark-
field views, while the bright-field mi-
croscopy shows clusters of grains that
are more dense over the cytoplasm of
these neurons than their smaller darkly
stained nuclei. No autoradiographic la-
bel is seen surrounding the nuclei of
presumptive astrocytes in the sur-
rounding neuropil. Scale bars: 4 and C,
50 ym; B and D, 25 pm.

posite postsynaptic specializations (shown in cingulate cortex,
Fig. 7D). Although 1G5 immunoreactivity was detected in both
dendrites and in axons, we observed no cases in which there
was contact between the immunoreactive axons and dendrites.
Anatomical observations will be reported in more detail sepa-
rately.

Calcium-dependent calmodulin binding

To test hypotheses about 1G5’s biochemical function, we used
PCR to tailor the 1G5 ORF for cloning in a bacterial expression
vector and produced clone pRK-1GS5, which was expected to
express the full-length 1G5 protein under control of the lac
promoter. Bacteria transformed with pRK-1G5 were treated
with the /ac operon transcriptional inducer IPTG, and protein
extracts were prepared and examined by SDS-PAGE. Extracts
from IPTG-induced bacteria contained a protein that migrated
at 72-80 kDa, which was not detectable in nontransformed
bacteria (induced or uninduced) or transformed, uninduced bac-
teria. The expressed protein was reactive with 1G3 anti-peptide
sera, whereas there was no reactive band in IPTG-induced bac-
teria that received the vector with no 1G3 sequences (Fig. 3a).

A bacterial extract containing the expressed 1G5 protein was
applied in the presence of 5 mm calcium to a calmodulin-se-
pharose column. The column was washed extensively with a
calcium-containing buffer, and then with a buffer containing
EGTA but no calcium. Fractions were collected and analyzed
by electrophoresis (Fig. 8). Some of the 1G5 protein eluted with
the flow-through material, but none with the calcium washes.
The remaining 1G5 eluted after EGTA treatment. An extract
from bacteria containing pRK-«CaMKII, a clone expressing
a«CaMKII, was chromatographed in parallel, and «CaMKII ac-
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Table 1. Localization of 1G5 by in situ hybridization and immunocytochemistry

Location In situ (cells) Immunocytochemistry
Spinal cord

Ventral horn N.E. ++

Dorsal horn N.E. +++, cells and fibers
Pons

Motor cranial Ns, V, VII +++ +++, cells and fibers

Sensory V (spinal also) ++++ +++, cells and fibers

Gigantoreticular nuc. + 4+ +++, cells and fibers

Inferior olivary complex +++ +++, cells and fibers

Substantia nigra +++ +++, cells and fibers

Locus coeruleus ++ + 4, cells and fibers
Cerebellum +—+/—- 0
Midbrain

Inferior colliculi +++ +++, cells and fibers
Diencephalon

Arcuate nucleus +4+/+++ 0

Premammillary nuc. +4+/+4++ 0

Thalamic nucl.: Ant.-Vent., ant.-

med, periventricular, vent.-post.,
vent.post.-lat. ++/+++ +++, cells and fibers

Telencephalon

Central nuc. amygdala ++4++ ++, cells and fibers

Entorhinal, cingulate, and frontal

cortex
Parietal, occipital cortex
Hippocampal formation
Medial septal nucleus
Bed nuc. stria terminalis
Caudate nucleus
Olfactory bulb

++++ +++, mainly fibers
+4+/+++ ++, mainly fibers
++ ++, mainly fibers
+++ ++, cells and fibers
+++ ++, cells and fibers
+ ++, mainly fibers
+++ +++, cells and fibers

This table indicates the density of autoradiographic grains for in situ hybridizations of neuronal perikarya and their
dendrites and the intensity of immunocytochemical reactivity for cells and fibers in specific macroscopic brain regions.
For each set of regional estimates, density of grains or intensity of immunoreactivity was based upon the number of
reactive elements, the clustering of grains, or the density of the immunoperoxidase end product and graded on a relative
four-point scale, from + (minimum detectable reactivity) to ++ + +, using the spinal trigeminal nucleus as the maximum
density for both indices. N.E., not examined; Ns., nerves; nuc., nuclei; ant., anterior; vent. = ventral; post., posterior;

lat., lateral.

tivity eluted from the calmodulin column in the same fractions
as 1G5 (data not shown). Thus, 1G5 binds to calmodulin when
calcium is present, but not in its absence.

A bacterial extract containing recombinantly expressed 1G5
protein and, as a positive control, an extract containing the
a-subunit of CaMKII, recombinantly expressed by the same
method, were incubated with the synthetic peptide CaMKII/
protein kinase C substrate syntide-2 (Hashimoto and Soderling,
1987), in the presence of calmodulin and 3P-ATP. After the
reaction, the syntide was applied to phosphocellulose and la-
beled syntide-2 was measured by liquid scintillation. The
syntide-2 peptide was labeled by «-CaMKII but not by 1G5
(data not shown). Comparable results were obtained with the
1G5-containing and «CaMKII-containing fractions from the
calmodulin-sepharose column (data not shown). No peptide la-
beling was detected for either 1G5 or CaMKII when either
calcium, calmodulin, or both were omitted from the reaction.

Discussion

By analyzing clones of mRNAs enriched in cerebral cortex over
cerebellum, isolated by a procedure using subtractive hybrid-
ization, we have learned about a 504-residue protein related in

sequence to protein kinases. The 1G5 protein, which is first
detected at E20 and thus accumulates predominantly during
postnatal development, binds to calmodulin in the presence of
calcium. It is detected only in the CNS, is absent from cere-
bellum, but is detected in most other brain regions, especially
regions of the cortex. The protein is predominantly detected in
association with the plasma membrane of soma and in neurites,
both axons and dendrites, and is frequently observed in active
zones, usually associated with vesicle-like structures. Its se-
quence suggests that 1G5 may be membrane associated. In a
previous study (Bernal et al., 1990), we showed that the con-
centration of the human 1G5-homologous mRNA in frontal
cortex is greatly reduced relative to normal controls in patients
with Alzheimer’s disease.

Hunter and colleagues have recognized 12 subdomains within
the catalytic domains conserved among all known protein ki-
nases (Hanks et al., 1988; Hunter, 1991). The catalytic domains
are not conserved uniformly, but rather consist of alternating
regions of high and low conservation: subdomains I, II, ITI, VIB,
VII, VIII, IX, and XI contain cither nearly or totally invariant
residues, whereas subdomains IV, V, VIA, and X are only struc-
turally conserved. In Figure 2 we compare the sequence of the
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Figure 5. Western blot immunodetection of 1G5 protein. a, Extracts from bacteria containing the parent vector pRK172 with no cDNA insert
induced with IPTG ([), bacteria containing pRK-1G35 plasmid induced with IPTG (2), and rat brain (3). b, Extracts from rat brain (/), spinal cord
(2), medulla (3), pons (4), cerebellum (5), thalamus (6), hypothalamus (7), hippocampus (8), caudate nucleus (9), cortex (/0), olfactory bulb (11),
retina (12), kidney (13), and liver (14). ¢, Extracts from whole brains of developing rats aged E16 (/), E18 (2), E20 (3), P1 (4), P5 (5), P10 (6),
P15 (7), P20 (8), P25 (9), and adult (/0). For all panels, the migration of molecular weight size markers (in kDa) is indicated at the /efi. Each blot

was reacted with antisera directed against peptide 1G5-5.

amino terminal region of 1G5 to the 12 subdomains of eCaMKII.
Most of the subdomains and invariant residues (11 of the 15
invariant or nearly invariant residues of known protein kinases)
appear in the 1G5 sequence, whereas some do not. Furthermore,
1G5 contains significant amino acid sequence identity with
aCaMKII in the structurally conserved domains (subdomain IV
= 47%, V = 40%, VIA = 48%, and X = 50%, excluding gaps
introduced to maintain alignment).

Analysis of sequence conservation within protein Ser/Thr or
protein tyrosine kinases has suggested (Hanks et al., 1988) that
certain conserved residues within subdomains VIB and VIII
determine substrate specificity (Ser/Thr vs Tyr). In subdomain
VIB, 1G5 contains the sequence NLKLEN, which closely re-
sembles the conserved sequence DLKPEN and, in subdomain
VIII, GTPEYLAPE, which matches the consensus sequence GT/

S-Y/F-APE, these sequence conservations strongly indicate Ser/
Thr specificity for 1GS5.

Curiously, 1G5 is missing conserved residues in subdomains
I, VIB, and VII, which have been either implicated or proven
to be involved in ATP binding (Hanks et al., 1988). We do not
detect the consensus ATP-binding sequence of subdomain I
containing three glycine residues (G-G-G-) in 1GS5; the second
glycine is invariant in all known protein kinases (Fig. 2). The
totally invariant aspartate residue in VIB, which is thought to
stabilize ATP binding via magnesium salt bridges, is instead an
asparagine residue in 1G5. The almost invariant glycine residue
(found in 116 of 117 protein kinases as of the 1990 database
compilation) of subdomain VII is replaced by a histidine residue
in 1GS5. Thus, although the putative 1G5 protein is highly re-
lated in sequence to several known protein kinases (in fact, it
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Figure 6. Survey of 1G5 protein distribution by immunocytochemistry (4, /-4) with examples of neurons, dendrites, and fibers in specific locations
(B-F). The locations of the fields from which B—F were taken are indicated by boxes in A. The survey scale images in 4 are shaded from digitally
scanned images in proportion to the density of the immunoreactivity, indicating the cerebral cortex, and certain subcortical areas to be the most
enriched. Typical dense patterns of dendritic immunoreactivity can be seen throughout the neocortex (B), in the external cortex of the inferior
colliculus (C), and in dense fascicles of axons with the fimbria at the lateral boundary of the hippocampal formation (D) and in the spinal trigeminal
tract (F); both immunoreactive perikarya and fibers are seen within the bed nucleus of the stria terminalis (E). Scale bars, 25 um.

is as related to CaMKII and phosphorylase kinase as these are
to each other), preserves the critical residues of several char-
acteristic kinase subdomains, and undoubtedly has evolved from
a kinase progenitor, it appears to be deficient in some of the
signature residues that functionally define members of this pro-
tein family. Furthermore, 1G5 failed to function as a kinase
with a sample substrate when expressed recombinantly, al-
though comparably prepared CaMKII exhibited kinase func-
tion.

We considered the possibility that our 1G5 clones contained
artifactual sequences substituting for a putative bona fide ATP-
binding domain. We rejected this possibility because of three
observations. First, independent cDNA clones possessed the
same sequences. Second, anchored PCR performed with a prim-
er complementary to putative subdomain VIA yielded a product
that contained the same amino terminal sequence as the 5’ end
of our cDNA clones, showing that subdomain I is truly missing
from 1G5 mRNAs. Third, domains VI and VII, within the body
of the 1G5 sequence and also implicated in ATP binding in
protein kinases, also lack some otherwise invariant or highly
conserved residues. Thus, the failure of 1G5 to mimic precisely
stereotypical kinase catalytic domains and its failure to act en-
zymatically as a kinase cannot be due to a cloning artifact.

Nevertheless, the sequence similarity to protein kinases is
unmistakable and extends for nearly 300 amino acids. Assuming

that 1G5 is not vestigial, we can suggest three alternatives to
explain our results. First, 1G5 may indeed be a protein kinase
but we have failed to detect its activity, either because we have
not offered the correct substrate or conditions, or because the
recombinant protein is inactive. If so, then 1G5 must have a
nonclassical ATP-binding site. Second, the 1G5 protein may
catalyze a calmodulin-regulated reaction other than phosphor-
ylation, such as sulfation (although the 1G5 sequence is unre-
lated to those of sulfate transferases). Third, the 1G5 protein
may act via its obvious structural similarity to protein kinases
with Ser/Thr specificity to mimic some aspect of kinase activity,
perhaps as a calmodulin-affected regulator of biochemical pro-
cesses.

There is precedent for the latter hypothesis in the membrane-
associated guanylate cyclases. These are three-domain proteins
whose structural organizations (extracellular ligand-binding do-
main and intracellular protein Tyr kinase-like and guanylate
cyclase domains) are similar to protein Tyr kinase/growth factor
receptors, such as the platelet-derived growth factor receptor
(Singh et al., 1988). Their Tyr kinase-like domains are missing
conserved residues in subdomains I, VIB, and IX (including
two of the conserved residues missing from 1G5) and no kinase
activity has been measured for the proteins. Mutant forms of
one of these guanylate cyclases, the atrial natriuretic peptide
(ANP) receptor, from which the kinase-like domain has been
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Figure 7. Ultrastructural immunoperoxidase localization of 1G5 in rat brain. A medium-sized pyramidal-shaped neuron of the entorhinal cortex
exhibits a thin band of immunoreactivity at the cell perimeter and extending into the apical dendrite (4). Immunoreactivity is also seen throughout
medium-sized long dendrites of the cingulate cortex (B) and within dendritic spines receiving synapses from nonimmunoreactive terminals (C), as
well as in synaptic terminals abutting nonimmunoreactive dendrites (D). The latter findings are typical of all cortical regions examined. Scale bars:
A, 1 ym; B-D, 0.5 pym.
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Figure 8. Binding of bacterially expressed 1G5 to calmodulin. Extract of IPTG-induced bacteria containing pRK-1GS5 (lane 1) was applied to 17
ml calmodulin-sepharose column in the presence of calcium and 6 ml fractions were collected (lanes 2-10, 20-32). The column was washed with
a buffer containing 5 mm calcium (lanes 2-10, 20-23). A buffer containing EGTA but no calcium was applied (lanes 24-32). Equal volumes of
each sample were separated by SDS gel electrophoresis and the gel stained with Coomassie blue and photographed. Lanes 11-19 were blank and
are not shown.
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deleted, exhibit constitutive guanylate cyclase activity no longer
requiring ANP for activation nor ATP for potentiation, sug-
gesting that the kinase-like domain interacts with ATP, although
it does not transfer phosphate, and that the domain acts in the
absence of ligand as a repressor for the guanylate cyclase function
(Chinkers and Garbers, 1989). By analogy, the 1G5 kinase-like
domain may confer calmodulin (and hence calcium) regulation
and, possibly, ATP potentiation to a biochemical function that
resides either within the carboxy-terminal portion of 1G5 or
within a protein that interacts heteromerically with 1GS5. If the
kinase-like domain of 1GS5 plays such a role as a calcium sensor,
the Ser/Thr specificity of its sequence could be vestigial.

Also of interest is the tandemly repeated sequence near the
carboxy terminus of 1G5. A partial sequence of the monkey
homolog 6E9 indicates complete amino acid conservation across
this domain. Two of the seven repeated sequences contain the
consensus CaMKII phosphorylation target RXXS/T (Pearson
et al., 1985), suggesting that 1G5 could itself be a substrate for
protein kinases or that the 1G5 kinase-like domain, through its
apparent Ser/Thr specificity, might interact with the repeated
sequence, depending upon Ca?*/calmodulin availability. We
considered the possibility that the repeated region might form
an independent structural motif and fold into a higher-order
structure, bending at the prolines that appear at eight-residue
intervals. However, pilot two-dimensional nuclear magnetic
resonance experiments with a 58 residue synthetic peptide con-
taining the tandem repeats did not suggest the presence of any
stable solution conformation (J. Dyson, P. Wright, and J. G.
Sutcliffe, unpublished observations).

The 1G5 protein is found associated with membranes and
vesicular structures in both axons and dendrites of a subset of
neurons enriched in, but not restricted to, forebrain. Vesicles
are not well-known structures of dendrites; however, we have
previously documented the presence of vesicle-like structures
in dendrites of neurons that contain secretogranin III (Ottiger
etal., 1990). Here, the observation that 1G5-associated vesicles
are present in both axons and dendrites suggests, assuming that
the vesicles at each pole are equivalent, that their function is
not specialized to a particular part of the neuron. Similarly,
neurons that contain 1G5 are at highest density in certain regions
of the cerebral cortex, but are present in many other regions of
the brain, thus, again assuming equivalence, their function is
not anatomically restricted.

In general, there is good correspondence between the local-
ization of sites expressing the 1G5 mRNA as detected by North-
ern blotting and in situ hybridizations, and the neurons and
fibers containing the 1G5 protein, as detected by immunoblot-
ting or immunocytochemistry. Minor differences between the
chemical estimates made on extractions of mRNA or proteins,
or the cellular estimates based on the microscopic methods can
logically be attributed to the density of the detected cellular
systems, the accuracy of the boundaries of the dissected brain
regions, and the relative proportions of a given regional sample
occupied by the detected cell systems. Thus, the correspondence
was highest, most generally, for those cortical regions expressing
a high level of mRNA and protein, such as the cortex and
amygdaloid complex, while lesser correspondence was seen for
regions such as the hypothalamus, hippocampal formation, cau-
date nucleus, and thalamus, in which select groups of neurons
were found to express 1G5 markers within larger anatomic
regions. Within the regions examined by the microscopic cel-
lular methods, there was excellent correspondence between the

in situ hybridization data and the immunocytochemistry, with
the sole exception of the arcuate nucleus and the immediately
adjacent premammillary nucleus. In the latter two regions, there
was significant in situ hybridization, and a conspicuous lack of
immunoreactivity {see Table 1). Whether this represents an ar-
tifactual outcome of either microscopic method or perhaps sug-
gests alternative processing of the 1G5 protein to forms unre-
cognizable by our antisera remains to be determined.

Taken as a whole, those regions of the brain in which the 1G5
expression is most abundant share at least two potentially note-
worthy features: (1) there is abundant expression within the
somatosensory and auditory systems, in terms of both the pri-
mary and secondary relay nuclei for these systems, as well as
their cortical terminations; (2) there is significant but somewhat
less intense expression within brain systems traditionally linked
to emotional (amygdaloid formation, hippocampal formation,
entorhinal cortex, and striatum) and integrative (locus coeru-
leus, substantia nigra) operations.

Our studies suggest that the 1G5 protein is most likely a
vesicle-associated membrane protein whose activity is regulated
by calcium, calmodulin and, possibly, ATP and phosphoryla-
tion.
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