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Abstract

Ž .We identify a novel subtype of adenylate kinase, which is the 4th adenylate kinase AK4 , in the vertebrate. AK4 mRNA is expressed
in the mammalian central nervous system in a region-specific manner from the middle stage of embryogenesis to the adulthood in the

Ž .rodent. The presence of three isozymes of adenylate kinase AK1, AK2 and AK3 that maintains the homeostasis of adenine and guanine
nucleotide composition has been reported in the vertebrate. Obtained mouse AK4 cDNA is 3667 bp in size. The predicted open reading
frame consists of 223 amino acid residues. Rat AK4 cDNA is also obtained, and the predicted open reading frame is the same length as
that of the mouse. The predicted rat AK4 molecule shows 97.8% homology with mouse AK4. Rat AK4 protein is distinct from rat AK3,
53.8% homologous with rat AK3, although the adenylate kinase signature and the mitochondrial energy transfer protein signature are
found in both sequences. Interestingly, rat AK4 is 89.2% homologous with the human AK3 over 223 amino acid residues and rat AK3 is

Ž53.7% homologous with the human AK3 indicating that the reported human AK3 actually belongs to the AK4 group therefore, it should
.be referred to as human AK4 . Although the sequence of AK4 is most similar to that of AK3 among the AK isozymes, its in vivo

Žexpression is completely different from AK3; AK4 mRNA is expressed in the pyramidal cells in the hippocampus mainly in the subfield
.CA3 , the granular cells in the cerebellum, nasal neuroepithelium and the liver while AK3 mRNA is expressed ubiquitously in the body.

It is probable that AK4 acts on the specific mechanism of energy metabolism rather than control of the homeostasis of the ADP pool
ubiquitously. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .The adenylate kinases AKs are ubiquitous enzymes
which are involved in maintaining the homeostasis of
adenine and guanine nucleotide composition in various

w xorganism 24 . Each AK has been demonstrated to catalyze
Ža similar reaction, MgNTPqAMPmMgNDPqADP N

. w xsA or G 26 .
In the central nervous system, ATP and GTP are thought

to be not only the energy source but also the principal
neurotransmitter or neuromodulator at purinergic synapses,

) Ž .Corresponding author. Department of Anatomy 2 , Faculty of
Medicine, Fukui Medical University, 23 Shimoaizuki, Matsuoka, Fukui,
910-1193, Japan. Tel.: q81-776-61-8303; Fax: q81-776-61-8155;
E-mail: makosato@fmsrsa.fukui-med.ac.jp

1 Present address: Department of Anatomy and Neuroscience, Osaka
University Medical School.

2 Ž .Present address: Department of Anatomy 2 Fukui Medical Univer-
sity.

and the evidence for the presence of a synaptic plasma
w xmembrane associated AK has been reported 12,28 . In

addition to these facts, recent studies have revealed that
purines can act as trophic factors with potential to regulate
neural development, proliferation and apoptosis of glial
and brain capillary endothelial cells, neural plasticity and
the response of the nervous system to disease processes
w x14 . Furthermore, it has been found that there is substan-
tial AK activity in developing mouse brain during the
period of rapid neural growth and it has been concluded

w xthat AK is involved in neural functioning 8 .
ŽThe presence of three AK isozymes AK1, AK2 and

.AK3 has been reported in vertebrates. These isozymes are
characterized by significantly conserved sequences and

w xtheir sequences are fairly comparable 23 . Each isozyme
has a distinct intracellular distribution and a preferred
substrate. AK1 is a cytosolic enzyme for which ATP is the
substrate. AK2 catalyzes the same reaction as AK1, but it
is localized in the mitochondrial intermembrane space.

0169-328Xr98r$ - see front matter q 1998 Elsevier Science B.V. All rights reserved.
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AK3 is present in the mitochondrial matrix and prefers
w xGTP over ATP as the substrate 1,13,15,24 . Cytoplasmic

AK1 participates in energy metabolism when local high
energy phosphate levels are low, by sustaining ATP levels
at the expense of ADP. Mitochondrial AKs may function
in the salvage pathway of AMP because this adenine
nucleotide which accumulates in periods of energy demand
cannot enter the mitochondrion and will be lost by deami-

w xnation if not phosphorylated 4,10 .
In the course of our search for genes that are expressed

predominantly in the rat forebrain during the middle stage
Ž .of neurogenesis embryonic day 11, E11 , we have ob-

served that the transcripts of apparent novel adenylate
kinase gene are localized in specific tissues, especially in
the central nervous system during the embryonic stage.
Here we report the cloning and analysis of this newly
identified rat and mouse AK4, the first 4th adenylate
kinase in the vertebrates.

2. Materials and methods

2.1. Nucleic acid sequence data

DNA database accession number for the mouse adeny-
Ž .late kinase 4 cloned mouse D94 is D85036 and the rat

Ž .adenylate kinase 4 cloned rat D94 is D87809.

2.2. Animals

Wistar rats at various embryonic and postnatal ages
Žwere used: Embryonic day 9 E9, E0 is defined as the day

. Ž . Žof confirmation of the vaginal plug ns22 , E11 ns
. Ž . Ž . Ž .86 , E15 ns8 , E18 ns46 , E21 ns5 , postnatal day
Ž . Ž . Ž . Ž .0 day of birth, P0 ns3 , P2 ns3 , P5 ns3 , P7

Ž . Ž . Ž .ns3 , P14 ns3 , P21 ns3 , and three two-months
old male rats. Male adult rats and pregnant rats were

Ž .purchased from a local vender Keari, Japan , housed at a
constant temperature and humidity and provided with food
and water ad libitum. Diurnal lighting conditions were
maintained with lights on from 08:00–20:00 h.

2.3. Isolation of a rat cDNA fragment by differential
display

w xWe employed the mRNA differential display method 9
to search for genes expressed transiently in the cortex on

Ž Ž ..E11. First, polyadenylated poly A q RNA was ex-
Ž .tracted using a micro Fast Track kit Invitrogen, USA

from the telencephalon of fifteen rat embryos on E11 and
E18, respectively. Then we employed sets of two primers;
one being anchored to polyadenylate tail of a subset of
mRNAs and the other being short and arbitrary, to display
mRNAs and isolate DNA fragments.

Ž .Complementary DNAs cDNAs , synthesized with the
Ž .former primer from poly A q RNAs extracted from the

telencephalon of E11 and E18 rats, were subjected to
Ž .polymerase chain reaction PCR using the same two sets

of primers used for mRNA display in the presence of
w 35 xay S dATP; then the products were separated by elec-
trophoresis on a DNA sequencing gel. Amplified cDNA
fragments were visualized as bands in order of their molec-
ular weights by autoradiography. Some of these bands
appeared only in the E11-derived lane. These E11-derived
lane specific bands were considered to be cDNA fragments
of genes which are expressed in the E11 telencephalon but
not significantly in the E18. We extracted these apparent
E11-derived lane specific DNAs from the gel, subcloned

Ž .them into the pGEM plasmid Promega, USA and deter-
mined their nucleotide sequences by dideoxy DNA se-

Žquencing method using an automated sequencer 373A,
. ŽABI, USA . After an inquiry into DNA databank DDBJ,

.EMBL, GenBank using FASTA program, we found a
novel DNA fragment which was temporarily designated
aD94 among the clones we had obtained. The employed
set of two primers for identification of aD94 was T AA12

and GATCTAACCG.

2.4. Tissue preparation

All animals were deeply anaesthetized by hypothermia
Ž . Žfor P0–P7 or sodium pentobarbital for P8-adult includ-

.ing pregnant; 40 mgrkg, intraperitoneal injection . Whole
Ž . Ž .bodies E10–E21 or brains and livers E21-adult were

immediately frozen with powdered dry-ice. Parasagittal
Ž . Ž .sections E10–E21 or frontal sections P0-adult were cut

at a 15 mm thickness with a cryostat. Sections were then
Žthaw-mounted onto glass-slides coated with TESTA 3-

. Ž .amino propyltriethoxysilane Sigma, USA and stored at
y808C until use.

2.5. In situ hybridization histochemistry

The protocol for in situ hybridization histochemistry
w xwas based on the published method 11,27 . In brief,

sections were fixed with 4% paraformaldehyde in 0.1 M
Ž .phosphate-buffer PB , acetylated with 0.25% acetic anhy-

dride, treated with 0.1 M triethanolamine and dehydrated
w 35 xwith ethanol. ay S UTP-labeled single-strand RNA

synthesized with the NotI-digested template plasmid
Ž .pGEM containing the rat aD94 fragment and T7 RNA
polymerase was used as an antisense probe. That synthe-
sized with the NcoI-digested template plasmid containing
the rat aD94 fragment and SP6 RNA polymerase was
used as a sense probe. Hybridization and washing proce-

w xdures were the same as those published 11,27 . Hybridiza-
tion signals were visualized by macroautoradiography with

Ž .New-RX X-ray film Fuji, Japan and microautoradiog-
Ž .raphy using emulsion Ilford, UK . The nomenclature of

w xthe brain is based on the published atlas 18 .
On identification of positive hybridization signals, only

cells with a grain density at least 3 times higher than the
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background density were considered to be positive in this
w xstudy 16 . No positive signal was observed in the sections

hybridized with a sense probe. Based on this criteria,
however, we found a limited number of cells andror
regions difficult to identify as either positive or negative.
Such cells andror regions were regarded as negative in
our results.

2.6. Northern blot analysis

Ž .Poly A q -RNA was isolated from the forebrain of
ŽE11 embryos using a micro Fast track kit Invitrogen,

. Ž .USA . For Northern blotting, 5 mg of poly A q -RNA
Žwas separated on formaldehyde-1% agarose gel 120 V,

. Žfor 2 h and transferred onto PVDF membrane Immobi-
.lon-N, Millipore, USA . Membranes were hybridized with

w 32 xthe fragment of rat aD94 labeled with ay P dCTP by
Ž .Bca Best labeling kit Takara, Japan . Hybridization was

Žperformed overnight at 558C in 6= SSC 1= SSC: 15
. ŽmM sodium citrate, 150 mM NaCl , 0.5% SDS sodium

.dodecyl sulfate , 50% formamide, 5= Denhardt’s solution
and 100 mgrml denatured salmon testis DNA for 16 h.

ŽThe membranes were washed at high stringency 0.1=
.SSC, 0.1% SDS at 658C and hybridization signals were

visualized by macroautoradiography.

2.7. Screening of mouse and rat cDNA library

ŽA mouse E11 whole body cDNA library kindly pro-
.vided by Dr. Akira Kakizuka, Osaka Bio-Science Inst.

and a rat E11 forebrain cDNA library constructed in
lambda ZAP II were screened using aD94 DNA fragment

w 32 xlabeled with ay P dCTP by the BcaBest labeling kit
Ž . 6Takara, Japan . Approximately 1=10 plaques were

Žtransferred to replicated filters Hybond-Nq ; Amersham,
.UK . The filters were hybridized at 428C in a buffer

Žcontaining 5= SSPE 1= SSPE: 150 mM NaCl, 20 mM
NaH PO , 20 mM ethylene diamine tetraacetic acid solu-2 4

.tion , 2= Denhardt’s solution, 0.1% SDS, 40% for-
mamide and 100 mgrml denatured salmon testis DNA.
We obtained mouse full length cDNA from the mouse
cDNA library, and subsequently, we got the rat cDNA for
open reading frame by RT-PCR based on the homology
between mouse and rat. We applied the RT-PCR with
degenerate primers. Degenerate oligonucleotide primers,

Ž .TGGCCACCGCCAAAGC ArCrGrT and TGGT-
Ž .TCTTCCCATGGC ArCrGrT , were designed based on

the mouse aD94 cDNA sequence. Fifty ng of first-strand
Ž .oligo d T -primed cDNA from E11 rat embryos, 1 mg of

each primer, 200 mM dNTPs and 2 U of Taq polymerase
Ž .Perkin-Elmer, USA were mixed in 50 ml of the supplied

Ž .reaction buffer with Taq polymerase Perkin-Elmer, USA ;
then 40 cycles of amplification procedures were performed
at 948C for 20 s; 508C for 30 s; 728C for 1 min. Amplified
DNA fragments were then separated on a 1.8% agarose
gel, subcloned into pGEM plasmid and sequenced. In

order to avoid a replication error accompanied by PCR
amplifications, four independent clones were isolated and
sequenced. The same procedure was applied to detect

Ž .aD94 later, designated AK4 mRNA expression in tis-
sues.

2.8. DNA and protein database inquiry and motif analysis

Sequence entry and analysis were performed using the
Ž .DNASIS program Hitachi, Japan . Values for percentage

identity and similarity between sequences were obtained
using the same program. DNA database searches were
performed using the FASTA program of Pearson and

w xLipman 19 by directly accessing the database at DNA
Ž .Data Bank of Japan DDBJ . Consensus amino acid se-

quences were searched for with the motif analysis program
Ž .written by Dr. Miki, N. Osaka Univ. .

3. Results

3.1. aD94 clone was identified by differential display

w xWe employed the mRNA differential display method 9
to search for genes expressed transiently during the middle
stage of neurogenesis, around E11 in the case of rat. A
cDNA fragment of 345 bp in size recognized in E11-de-
rived lane but not in E18-derived lane was picked up as
the candidate clone which is expressed in a stage-specific

Ž .pattern in the brain during ontogenesis Fig. 1 . Its prefer-
ence in expression for the middle stage of neurogenesis

Fig. 1. An example of mRNA fingerprints. Lane 1 and 2 show examples
of mRNA fingerprints amplified and displayed using the same set of

Ž .primers T AA and GATCTAACCG . mRNA used for the lane 112
Ž .display is extracted from E 11 embryonic day 11 rat forebrains, whereas

Žthat for the lane 2 is from E18 rat forebrains. aD94 clone later referred
.to as the 4th adenylate kinase, AK4 that is recognized only in lane 1 is

indicated with an arrow.
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Fig. 2. In vivo expression of aD94 mRNAs in the E11 and E18 rat
embryos. Parasagittal sections. Film-autoradiograms. Expression of aD94
mRNA is observed in the cerebral cortex and the inferior colliculus with
rostro-caudal gradient. Significant signals are noticed in the hippocampal

Ž .formation and in the liver. In the cortex, transcripts of AK aD94 are
gradually restricted to the subfield CA3 in the hippocampus during the
embryonic period. 4V: 4th ventricle, cx: cortex, hi: hippocampal forma-
tion, mes: mesencephalon, nc: nasal cavity, scale bars1 mm.

Ž .preplate stage of corticogenesis was confirmed by in situ
Ž .hybridization histochemistry Fig. 2 . This cDNA fragment

was temporarily designated aD94 and used for further
experiments.

Fig. 3. aD94 mRNA transcript is approximately 3.6 kb in size. Northern
Ž .blot analysis. mRNA 5 mgrlane extracted from the E11 rat forebrains

were used. Apparent aD94 mRNA transcript is indicated by an arrow.

3.2. PositiÕe band of 3.6 kb in size was detected by
Northern blot analysis

Northern blot analysis of the gene containing aD94
Ž .DNA fragment was performed with poly A q RNA
Ž .extracted from the forebrain of E11 rat embryos Fig. 3 . A

positive band of 3.6 kb in size was noticed.

( )3.3. Mouse aD94 homologous gene AK4 was cloned

To obtain a full-length cDNA of aD94, a rat E11
forebrain cDNA library was screened using the aD94
DNA fragment as a probe. Since the mouse has an advan-
tage for further gene manipulation, mouse E11 cDNA
library was also screened at the same time. From the
mouse cDNA library, three positive clones were identified
but no obvious positive ones were obtained from the rat
cDNA library. The cloned, apparent full-length mouse

Ž .Fig. 4. Nucleotide sequence of the mouse AK4 aD94 cDNA. The
complete nucleotide sequence and the predicted amino acid sequence of

Ž .mouse aD94 cDNA. The location of the cDNA fragment 345 bp
Ž .obtained by the mRNA differential display aD94 fragment is under-

Ž .lined nucleotide 1665–2009 . Kozak’s proposed translation initiation
Ž .sequence nucleotide 80–86 and the possible poly-adenylation signal

Ž . w xnucleotide 3608–3613 are indicated with bold underlines 7,21 . A
translation stop codon at the end of the predicted open reading frame is
indicated by an asterisk.
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Ž .Fig. 5. Predicted amino acid sequence of the rat AK4 aD94 . The
w x w x w xadenylate kinase signature, LIVMFYW 3-D-G- FY -P-R-x3- NQ , is

shown with a broken-underline and the mitochondrial energy transfer
w x w x w x w x w xprotein signature, P-x- DE -x- LIVAT - RK -x- LRH - LIVMFY is un-

w xderlined 6,17,24 . These signatures are conserved between the AK3 and
AK4.

cDNA identified with rat aD94 DNA fragment, was 3667
Ž .bp in size Fig. 4 . Predicted open reading frame encodes a

Ž .protein of 223 amino acid residues nucleotides 83–751 .
The predicted amino acid sequence of the mouse aD94

w xcDNA has an adenylate kinase signature, LIVMFYW -D-3
w x w x w xG- FY -P-R-x - NQ 24 , shown with a broken-underline3

in Fig. 5. The underlined region matches a mitochondrial
Ž w x w xenergy transfer protein signature P-x- DE -x- LIVAT -

w x w x w x. w xRK -x- LRH - LIVMFY 6,17 . The nucleotide sequence
carries Kozak’s proposed translation initiation sequence
ŽŽ . w x.ArG CC AUGG, 80–86 7 and the consensus poly-

Ž w x.adenylation signal AAUAAA, 3608–3613 21 .

( )3.4. Rat aD94 gene AK4 was cloned

Since no obviously positive clones could be obtained by
a rat cDNA library screening, PCR with degenerate oligo-
nucleotide primers was carried out to acquire a rat gene
containing aD94 fragment. The sequence of degenerate
oligonucleotides was designed based on the identified

mouse sequence in order to obtain an equivalent open
reading frame sequence of the rat. Finally, one DNA

Ž .fragment rat aD94 cDNA of 709 bp in size was ob-
tained.

Sequence inquiry into the reported DNA database re-
vealed that the obtained rat aD94 cDNA nucleotide se-
quence has a 95.1% homology with the mouse aD94
cDNA and 85.1% with the human adenylate kinase 3
Ž . w xAK3 29 over the corresponding open reading frame

Ž .region Table 1 . Deduced amino acids sequence of the rat
aD94 contains the adenylate kinase signature and the
mitochondrial energy transfer protein signature, which are
found in the mouse aD94 homologue.

( )3.5. aD94 encodes the fourth adenylate kinase AK4

The predicted amino acid sequence of the rat aD94
cDNA reveals a 89.2% homology with the human adeny-

Ž .late kinase 3 AK3 and a 53.8% identity with the rat AK3
w x Ž .25,29 Table 1 . Alignment of the predicted amino acid
sequence of rat and mouse aD94 cDNA with that of
already reported adenylate kinases in other species is
depicted in Fig. 6. This alignment suggests that the re-

Ž .ported AK3s and AK4s can be divided into two groups,
Ž .the authentic AK3 group rat AK3, bovine AK3 and the

Žunknown AK group human AK3, rat aD94, mouse
.aD94 . As shown in Fig. 6, there are highly conserved

Ž .amino acid sequences 87.2%–97.8% in each group, while
52.9%–56.1% sequences are maintained between the two

Ž .groups Table 1 .
Thus, we concluded that the rat aD94 cDNA encodes

Ž .the 4th adenylate kinase adenylate kinase 4, AK4 , al-
though the existence of only 3 types of adenylate kinases
has been reported in mammals. Rat AK4 is 53.8% homolo-

Ž .gous with that of rat AK3 over 223 amino acids Fig. 6 .
Since the nucleotide sequence of mouse aD94 clone is

Table 1

Rat AK4 Mouse AK4 Human AK3 Rat AK3 Bovine AK3
Ž . Ž .rat aD94 mouse aD94

Ž . Ž . Ž . Ž . Ž .Rat AK4 rat aD94 – 97.8 95.1 89.2 85.1 53.8 56.8 55.2 59.3
Ž . Ž . Ž . Ž . Ž .Mouse AK4 mouse aD94 97.8 95.1 – 90.1 87.6 54.7 56.8 56.1 59.2

Ž . Ž . Ž . Ž .Human AK3 89.2 85.1 90.1 87.6 – 54.7 58.0 56.1 59.3
Ž . Ž . Ž . Ž .Rat AK3 52.9 55.8 53.7 55.8 53.7 57.0 – 87.2 84.6
Ž . Ž . Ž . Ž .Bovine AK3 54.2 58.3 55.1 58.1 55.1 58.3 87.2 84.6 –

Simple homologous scores among amino acid and nucleotide sequences of AKs.
Ž .Values are matching percentages of amino acid sequences or nucleotide sequences of the open reading frame given in parentheses . Difference in values

between the same matching pairs are due to the difference in the length of compared sequences. Sequences of AKs listed in the first column are compared
with those of AKs listed in the first row, e.g., when the amino acid sequence of rat AK3 is compared with that of rat AK4, 120 amino acids match against

Ž .227 amino acids of rat AK3 52.9% , while the amino acid sequence of rat AK4 is compared with that of rat AK3, 120 amino acids match against 223
Ž . Žamino acids of rat AK4 53.8% . Based on the sequence similarity, AK3s and AK4s can be divided into two groups; the authentic AK3 group rat AK3,

. Ž .bovine AK3 and novel AK4 group rat AK4, mouse AK4 and human AK3 . There are highly conserved amino acid sequences within each group
Ž .87.2%–97.8% , while 52.9%–56.1% are maintained between the two groups. Sequences of human AK3, rat AK3 and bovine AK3 are based on the

w xpublished reports 3,25,29 .
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Fig. 6. Comparison of amino acid sequences of AK3 and AK4 among various species. Predicted amino acid sequences of the rat and mouse AK4s are
compared with those of the already reported AK3s in other species. Based on the sequence similarity, AK3s and AK4s can be categorized into two groups:

Ž . Ž Ž . Ž ..the authentic AK3 group rat AK3 and bovine AK3 and the novel AK4 group human AK3 group, the rat AK4 aD94 and the mouse AK4 aD94 .
Ž .There are some group-specific conserved sequences indicated by dark gray or light gray dotted boxes and several sequences maintained through the two

Ž .groups indicated by black boxes . Homologous scores among AKs are listed in Table 1.

95.1% homologous with that of rat AK4 and 56.8% ho-
mologous with that of rat AK3, we concluded that cloned
mouse aD94 is the mouse AK4. A phylogenetic tree of
the AK3 and AK4 family in vertebrates is depicted in Fig.
7. Simple homologous scores among amino acid and nu-
cleotide sequences of AKs are summarized in Table 1.

3.6. AK4 mRNA was expressed dominantly in the hip-
( )pocampus especially in the subfield of CA3 and the liÕer

during ontogenesis

The spatial and temporal localization of the rat AK4
mRNA during embryogenesis was examined by in situ

Ž .hybridization histochemistry Fig. 8 . No specific labeling
for the AK4 mRNA was detected in rat E9 embryos nor
obvious expression of rat AK4 mRNA could be confirmed

Ž .by RT-PCR method data not shown . Positive but weak
signals were observed in E11 embryos. Signals were no-

Žticed in the telencephalon, especially in the cortex includ-
.ing the primordium of hippocampal formation , the liver

Ž .and the olfactory neuroepithelium Figs. 2 and 8 . In the
cortex, signal intensity was continuously changed with a
gradient. Intensity was stronger in the caudal region than
in the rostral region. The strongest signals were observed
in the primordium of the hippocampal formation.

During the later ontogenesis, expression of AK4 mRNA
in the cortex was gradually confined to the hippocampal
formation, particularly in the subfield CA3 of Ammon’s

Fig. 7. A phylogenetic tree of the AK2, AK3 and AK4 family in
vertebrates. Only the members of reported AKs 2, 3 and cloned AK4 in
vertebrates are utilized. Sequence divergence is calculated by the Neigh-

w xbor-joining Method 22 and the result is depicted as a tree using the
ŽCLASTAL algorithm this program is available on the World Wide Web

.server at http:rrwww.ddbj.nig.ac.jprE-mailrhomology-j.html . The ex-
istence of a human homologue of rat AK3 isozyme is suggested. The

w x w xsequences used in the tree construction are bovine 30 , rat 25 and
w x Ž .human 29 AKs 2 and 3 and rat cloned AK4.
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horn. This delineated distribution pattern in the cortex was
Ž .substantially maintained into adulthood Fig. 9 . In the

adult, distinct expression of the AK4 mRNA was detected
in the pyramidal cell layer of the subfield CA3 of Ammon’s
horn, with faint expression in the CA1, CA2 and the

Ž .dentate gyrus Fig. 9 . Another strong expression of AK4
mRNA was recognized in the granular cell layer of the
cerebellum in the adult. Localization of AK4 mRNA in the
cerebellum was detected only after postnatal day 3 during

Ž .ontogenesis Figs. 8 and 9 . Positive cells bearing AK4
mRNA in the adult brain were identified as neurons based
on their localization, although we could not exclude the
possibility of some glial cells expressing AK4 mRNA
because cells are arranged too compact in the pyramidal

Fig. 8. In vivo localization of AK4 mRNA during the rat embryogenesis.
Ž .Parasagittal sections of the rat embryos. A Forebrain of E 11 embryo,

Ž . Ž .B Telencephalon of E18 embryo, C Liver of E18 embryo. Emulsion-
autoradiograms. During the ontogenesis, expression of AK4 mRNA in the
cortex is gradually confined to the hippocampus especially in the subfield
CA3. cx: cortex, hi: hippocampus. Scale bars1 mm.

Fig. 9. In vivo localization of AK4 mRNA in the adult rat brain. Frontal
Ž .sections of the adult rat. A Hippocampus. Distinct expression of AK4

mRNA is detected in the pyramidal cell layer of the subfield CA3 of
Ž .Ammon’s horn. B Cerebellum. Positive signals of AK4 mRNA are

Ž .observed in the granular cell layer of the cerebellum. C High magnifica-
Ž .tion of B . CA1: the subfield CA1 of Ammon’s horn, CA3: the subfield

CA3 of Ammon’s horn, DG: dentate gyrus, gr: granular cell layer, mol:
Ž . Ž .molecular cell layer. Scale bars1 mm A and B , 100 mm C .

cell layer of the hippocampus or in the granular cell layer
of the cerebellum to identify individual small glial cells.

Positive signals were continuously observed in the liver
during ontogenesis. Strong hybridization signals in the
adult liver were also confirmed.

4. Discussion

Ž .To date, three types of adenylate kinase AK have been
identified in mammals. In rat, all 3 isozymes have been

w xstudied 25 . The amino acid sequence of our rat clone is
Ž .similar to rat AK3 53.8% but is different from the other

two AKs. Therefore we designate this newly cloned
Ž .molecule the rat adenylate kinase 4 AK4 cDNA. Because

our cloned mouse cDNA encodes a protein which is very
Ž .similar 97.8% homology to the rat AK4, we have con-

cluded that our mouse cDNA clone encodes the mouse
AK4.

Although the rat and mouse AK4s are newly identified,
the cDNA encoding the probable human AK4 has already

w xbeen cloned under the name of human AK3 29 . Human
AK3 is named based on its amino acid sequence similarity
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Ž w x.to the bovine AK3 56.1% homology, 29 . However the
amino acid sequence of human AK3 is closer to that of rat

Ž . ŽAK4 89.2% homology than to rat AK3 54.7% homol-
.ogy ; rat AK3 and bovine AK3 amino acid sequences are

Ž .very similar 87.2% homology . Thus, we propose here
that the human AK3 should be called the human AK4. It is
possible that an authentic human AK3, having a sequence
closer to other AK3s than AK4s, could exist but has not
been cloned to date.

4.1. On the distribution of AK4

The expression of AK4 mRNA is restricted in the brain
Ž .hippocampus and cerebellum , olfactory neuroepithelium
and liver from the embryonic stage to the adult. This
pattern of localization is in contrast to that of AK3 mRNA,

w xwhich is expressed ubiquitously in the body 25 .
This result indicates that AK4 acts on the specific

mechanism of unusual energy metabolism rather than the
control of homeostasis of ADP pool ubiquitously, which

w xAK3 acts on 25 . Thus, it is suggested that at least two
types of AKs exist to deal with the different energy
requirements in various tissues. Moreover, it is possible
that the function of AK4 is distinct from energy
metabolism, rather the control of ATPrGTP metabolism
for the intracellular signal transduction, production of the
neurotransmitters or the neurotrophic factors and neuropro-

Žtection in the case of ischemia especially in the subfield
.CA3 .

In addition, the restricted hippocampal distribution of
AK4 gene expression from E11 suggests that AK4 could
potentially be a good marker for the pyramidal cells of the
developing and mature hippocampus, especially those in
CA3 subfield, where very few other specific markers are

w xknown 2 .

4.2. On the 4th adenylate kinase

Ž .Until now, the AKs AK1, 2 and 3 have been catego-
rized into two major subgroups; AK1 group and AK2,

w xAK3 group based on their molecular weights 3 . The
molecular mass of AK1 is approximately 21 kDa and that

w xof AK2 and AK3 is approximately 25 kDa 24 . The size
of AK4 is approximately the same as AK3, four amino
acid residues shorter than the AK3. Therefore newly cloned
AK4 is assumed to belong to the AK2 and AK3 group
Ž .bigger AK molecule group .

Phylogenetically this categorization is evident. The AK1
enzyme is considered to have diverged from the bigger AK
molecule group prior to the separation of eukaryotes and

w xprokaryotes 3 . Regardless, the analysis of the subcellular
localization of AKs has revealed that AK1 resides in the
cytoplasm, while both the AK2 and AK3 are located
mainly in the mitochondria. It is reported that AK2 resides
in the mitochondrial intermembrane space and that AK3 is

w x w xin the mitochondrial matrix 24 . Marker 10 has reported

that mitochondrial AK may function in the salvage path-
way of AMP, since this adenine nucleotide which accumu-
lates during periods of energy demand cannot enter the
mitochondrion and will be lost by deamination if not
phosphorylated. As AK4 is considered to belong in the
bigger AK group and AK4 has a mitochondrial energy
transfer signature in its sequence, it is likely that AK4 also
resides in mitochondria. Although typical molecules lo-
cated in mitochondria have a pair of mitochondrial energy
transfer signatures while AK4 has one, the existence of a

w xmitochondrial anchor sequence 6,17 reinforces the con-
cept that AK4 is located in mitochondrial matrix.

AKs catalyze the same reaction, Mg-NTPqAMPm
Ž .Mg-NDPqADP NsA or G , but an individual isozyme

has been shown to be very specific for its substrate as a
high energy donor. While ATP is the substrate for AK1

w xand AK2, GTP is the substrate for AK3 26 . AK3 is
assumed to play a role as a scavenger of mitochondrial

Ž .AMP or dAMP at the interconversion of non-ATP nu-
cleotide triphosphate, ITP and GTP hydrolysis, which are

Ž .formed in the tricarboxylic acid cycle the Krebs cycle by
substrate chain phosphorylation through succinic thioki-

w xnase 5 . Such a scavenger function has to be postulated in
mitochondria, because on the one hand AMP is generated
in this compartment in a number of hydrolytic reactions
Ž .e.g., turnover of DNA or RNA or in ATP-dependent

Ž .substrate activations yielding AMP e.g., tRNA synthetase .
On the other hand, mitochondrial inner membranes from
mammals lack a transport system for guanosine nu-

w xcleotides as well as for AMP 20 . It is likely that AK4
also preferentially utilizes GTP, although no such experi-

Žment has been carried out for human AK3 human homo-
.logue of AK4 isozyme , and this issue is still open at

present. The interrelationship between AK4 mRNA ex-
pression and its activity cannot be discussed, as no method
has been established to distinguish the activity of AK4
from AK3. It is likely that the activity of AK3 is estimated
as the combination of AK3 and AK4 activities. It would be
desirable to measure the activity of AK3 and AK4 sepa-
rately. On the other hand, the activities of AK1 and AK2
are found in proportion to the amount of their expressed

w xmRNAs. However, this is not the case for AK3 25 .
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