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Abstract We cloned cDNAs encoding four adenylate kinase (AK) isozymes from a mouse
kidney cDNA library. The AKI, AK2, AK3, and AK4 cDNAs encode the 194-, 232-, 227-,
and 223-amino acid proteins, respectively. AK4 is a recently isolated gene that is highly
homologous to the reported human A K3. Northern blot analysis and reverse transcription-
polymerase chain reaction analysis revealed that AKI mRNA was predominantly
expressed in skeletal muscle, heart, and testis; AK2 mRNA in liver, heart, kidney,
and testis; AK3 mRNA almost uniformly in all tissues examined; and AK4 mRNA
prominently in kidney. Subcellular and submitochondrial fractionation analysis
suggested that AK4 was localized in the mitochondrial matrix. Further, we found
a 76-fold induction of AKI mRNA expression concomitant with a 53-fold induction
of NeuroD expression during retinoic acid-induced neuronal differentiation of P19
embryonic carcinoma cell. AK2 and AK3 mRNA expression was increased by 4- to 6-
fold during differentiation, whereas AK4 transcription was first down-regulated and
subsequently returned to the original level. Our data on A K isozyme gene expression may
provide basic information for production and evaluation of transgenic mice as well as
knockout mice to further understand the physiological role of AK isozymes.
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contributes to the adenine nucleotide
homeostasis by maintaining the “energy

Adenylate kinase (AK) is a ubiquitous
enzyme that catalyzes the interconversion of
adenine nucleotides. Three isozymes were
well characterized in vertebrates: AK1 and
AK2, ATP:AMP phosphotransferase (EC 2.
7.4.3); and AK3, GTP:AMP phosphotransferase
(EC 2.7.4.10).7® AKl is present in the cytosol
of skeletal muscle, brain, and erythrocytes,
while AK2 is found mainly in the mitochondrial
intermembrane space of liver, kidney, spleen,
and heart. AK3 is present in the mitochondrial
matrix of many tissues. Regarding the
physiological role of AK, two possibilities
have thus far been proposed. First, AK

charge” in the subcellular milieu.” Second,
AK participates in energy transfer from the
sites of ATP synthesis to the sites of ATP
consumption via a high-energy-phosphoryl
transfer chain consisting of multiples of AK
molecules.”®

AK is indispensable for the growth of
Escherichia coli ® and Schizosaccharomyces
pombe'®, indicating that it is an essential
enzyme for life in single cell organisms.
However, it was reported that no phenotypic
change excepting hematological abnormality,
due to homozygous base substitution in the
exon 6 of the AK1 gene, was recognized in a
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patient with AK1 deficiency.'” Thus the
physiological function of AK isozymes in
multicellular organisms should be further
analyzed with organisms having mutation
in each isozyme gene or some combination of
the mutations. Recently, = genetically
engineered mice such as transgenic and
knockout mice have widely been used for
investigating the function of a specific gene
' In order to create a model mouse, it
is necessary to obtain structural information
about the genes encoding mouse AK iso-
zymes as well as functional information
about their gene expression with respect to
tissue-specificity, region-specificity, cell-type-
specificity, and changes during differentiation.

A fourth gene encoding putative AK
isozyme (AK4) that is homologous to AK3
has recently been identified in the rat and
the mouse.'® During the course of this study,
we independently found the same gene and
obtained evidence indicating that AK4 is
encoded by a gene separate from that of AK3
in the mouse genome. Here, we describe the
isolation of mouse cDNAs encoding AK
isozymes including AK4, and the steady state
levels of mRNA for these four AK isozymes
in various tissues. We also document the
change in levels of AK mRNAs during in
vitro differentiation of P19 mouse embryonal
carcinoma cells as a model system for
analyzing the AK expression during deve-
lopment.

Materials and methods

Preparation of screening probes

The probes were prepared by reverse
transcription-polymerase chain reaction
(RT-PCR) using an LA RNA PCR kit (Takara)
according to the manufacturer’s instructions.
One ugof the total RNA extracted from brains
and hearts of 6-week old BALB/c mice was
reverse-transcribed for 30 min at 42°C using
an oligo dT primer as described previously'®.
PCR amplification was performed using the
cDNA and following oligos : a sense primer,
5 -GCA GGA TGG AAG AGA AGC TGA
AGA A-3, and an antisense primer, 5-GCC
TGC GTC CAC ATA CAG CAG CAG T-3°,
for AK1 ; a sense primer, 5-GCT TCT GGC
TCA GAG CTA GGA AAA A-3, and an

antisense primer, 5 -AGC TTC TCT TTC
CTC TTC TCC ATG A-3’, for AK2;a sense
primer, 5" -AGC TGA AGC ACC TCT CCA
GCG G-3’, and an antisense primer, 5 -CTC
TAT CCA GGG CTT CTG CCT G-3, for
AKS3. The primers were designed on the basis
of homology of reported cDNA sequences
and this study.”®™® PCR amplification,
subsequent isolation, and sequencing
analysis of the products were performed as
described previously.'*'?

Isolation of mouse AK cDNAs and sequence
analysis

A 2gtll mouse kidney cDNA library
(Clontech) was screened by plaque
hybridization using the fragment of each AK
cDNA as a screening probe as described
previously.'® Positive phage clones were
purified, and each cDNA fragment of the clones
was cloned into a pBluescript SK(—) plasmid
vector (Stratagene) at the EcoR 1 site. A
technique of 5’ -rapid amplification of cDNA
ends (RACE) was applied to isolate the
5 -portion of the mA K4transcript using mouse
liver Marathon-Ready ¢cDNA (Clontech) as
described previously.?” PCR was performed
under the same conditions as above using
5 -TTC CGTCCA GGG CTTCTGCCT G-3
as an AK4 specific primer and 5-CCA TCC
TAA TAC GAC TCA CTA TAG GGC-3’ as
an adapter primer at the 5’ end of the cDNA.
The PCR products were purified and recloned
into a- pGEM-Teasy vector, then sequenced
by the dideoxy chain-termination method?".

Northern blot analysis

Tissues (liver, kidney, lung, heart, testis,
brain, pancreas, spleen, thymus, and skeletal
muscle) were separated from 6-week old
BALB/c male mice. Total RNA was extracted
from the mouse tissues and P19 cells by the
acid guanidinium thiocyanate phenolchloroform
method,?” and poly(A)+RNA was isolated
by using an oligo (dT) column. Total RNA
(20 ng) was fractionated by electrophoresis
in a 1.0% agarose gel containing 20 mM 3-
(N-morpholino) propanesulfonic acid, 1 mM
EDTA, 8 mM sodium acetate, pH 4.0, and 2.2
M formamide, then transferred onto a nylon
membrane. The membrane and MTN blot
filter (Clontech), on which poly(A) + RNA
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was loaded, were prehybridized at 42°C for
6 h in prehybridization buffer ( 1% bovine
serum albumin, 1 mM EDTA, 7% SDS, and 5%
formamide in 0.5 M sodium phosphate, pH
7.2). The filter was first hybridized to a 774-bp
fragment of AKI cDNA under the same
hybridizing conditions as those used for
screening. After detaching the AKI probe,
the filter was used for hybridization of
a T724-bp fragment of glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) cDNA
29 and a 1.8-kb fragment of 18S »RNA cDNA
2 to confirm the integrity and quantity of
mRNA in each sample. The previous probe
was stripped by washing the filter in boiled
10 mM Tris-HCl and 1 mM EDTA (pH 7.4).
For AK2, AK3, and AK4mRNA, hybridization
was performed with a 1.0-kb fragment of the
AK2 cDNA, a 1.0-kb fragment of the AK3
cDNA, and a 0.5-kb fragment of the AK4
cDNA, respectively. Each DNA fragment was
labeled with [ «-**P] dCTP by the random
priming method. Washing was performed two
times in 2 X SCC at room temperature
followed by three washes in 0.5 X SCC, 0.1%
SDS 55 °C for 20 min. Radioactivity of
hybridizing signals was visualized with a
BAS 2000 image analyzer (Fuji), and relative
levels of mRNA for AK isozymes in mouse
tissues were determined.

Reverse transcription-polymerase chain reaction
(RT-PCR) analysis

Total RNA was incubated with RNase-free
DNase I for 10 min at room temperature to
remove residual genomic DNA. After cDNA
synthesis using 1 ug of the RNA, PCR reaction
was performed using specific primers for each
isozyme as described previously.' The PCR
products of each cycle were subjected to 5%
polyacrylamide gel electrophoresis (PAGE),
and exposed to an imaging plate for 30 min
after drying the gel. Optimal cycle numbers
for AK1, AK2, AK3, AK4, NeuroD, GAPDH,
and 18S »RNA were determined as 24, 24, 24,
24, 24, 24, and 10, respectively. Primers used
for PCR were the same AKI and AKZ2 oligos
as those used for preparation of the screening
probes. Primers used for AK3, AK4, NeuroD,
GAPDH, and 18S »RNA were as follows. AK3
sense primer, 5-AGC TGA AGC ACC TCT
CCA GCG G-3’, and antisense primer, 5-CTC

TAT CCA GGG CTT CTG CCT G-3’; AK4
sense primer, 5-AAG CAG TTG CTG CCA
GGC TAA GAC-3, and anti-sense primer,
5-ATGGCAGGCTCAGTAGGCTTCTTT-
3’; NeuroD sense primer, 5-AAC CAT CCG
CCG AGT TTG AA-3’, and antisense primer,
5-AGT GAA ACT GAC GTG CCT CT-372%;
GAPDHsense primer, 5-CAT TGA CCT CAA

- CTA CAT GG-3, and antisense primer, 5-CTC

AGT GTA GCC CAG GAT GC-3"*¥;18S »RNA,
sense primer, 5-TAC CTG GTT GAT CCT
GCC AGT AGC AT-3, and antisense primer,
5-CCC GTC GGC ATG TATTAGCTCTAG
AA-3%% The plasmids containing each PCR
product were recloned in the pGEM-Teasy
vector and used for calculation of copy number
of the templates and as a positive control.
Control plasmids (0.1 ng, 1 ng, and 10 ng) were
also amplified by PCR using the same primer
sets, and the signal intensity of PCR products
was also analyzed as described above. The
copy numbers of mRNA were calculated by
comparing the signal intensity of the analyzed
products with those of each control plasmid.
We assumed that each cell contained the same
content of 18S »RNA, and that 2% of total RNA
corresponds to poly(A)™ RNA.”® The copy
numbers of mRNA in a single cell were
calculated from the above results assuming
that the average weight of a cell is 40 pg,
and that the RNA content in the cell is 1%.%”

Western blot analysis

Tissue extracts (100 ug protein) were
subjected to SDS-PAGE according to Lae-
mmli*® and electroblotted onto nitrocellulose
membrane (Schleicher & Schuell). After
soaking in blocking buffer [10% nonfat dry
milk/0.1% Tween 20 in phosphate-buffered
saline (PBS)] for 1 h at room temperature, the
membranes were incubated with a 1 : 1,000
dilution of anti-AK1, AK2, and AK3 anti-
bodies?"*® for 1 h at room temperature. After
washing with PBS-T (0.2% Tween 20 in PBS),
membranes were incubated with a 1 :5,000
dilution of horseradish-peroxidase-labeled
goat anti-rabbit IgG antibodies for 1 h at
room temperature, then visualized using the
ECL Western blotting detection system
(Amersham).

Subcellular localization of AK4 isozymes
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Cytosol and mitochondrial fractions were
obtained from mouse liver and kidney as
described previously.?**” Protein concen-
trations were determined according to the
Lowry method or Bradford method using
bovine serum albumin as a standard. Pro-
teins were subjected to 0.1% SDS-12% PAGE,
then electrophoretically transferred to nitro-
cellulose membrane. The membrane was
analyzed with rabbit antibody against bovine
AK2 and AK3 and ELC Western blotting
detection reagents.

The submitochondrial location of AK4
protein was also determined. Mitochondria
were suspended in the isolation buffer at a
concentration of 50 mg protein/ml. Intactness
of isolated mitochondria was confirmed by t
he respiratory control ratio of each mito-
chondrial preparation, which was determined
to be higher than 3.0 with the oxygen electrode
method using succinate as a substrate.?” For
the preparation of mitoplasts, mitochondria
(300 ug protein) were suspended in 60 of
20 mM HEPES-KOH, pH 7.4, then placed in
a test tube on ice for 30 min. **The mitoplasts
were recovered by centrifugation at 4,000 Xg
at 4°C for 10 min and resuspended in 10 mM
HEPES-KOH (pH7.4) containing 220 mM
mannitol and 70 mM sucrose. The mitochondria
and mitoplasts were treated with 250 ug/ml
proteinase K with or without 1% Triton X-100
at 4°C for 30 min, followed by the addition of
400 1 g/ml PMSF to terminate the protease
reaction. The reaction mixture was centri-
fuged in a microcentrifuge tube at 12,000 Xg
for 10min, then the precipitates were subjected
to 0.1%SDS-12% PAGE. Separated proteins in
the gel were electrophoretically transferred
to a nitrocellulose membrane. The membrane
wasanalyzed withthe sameantibodiesasthose
described above.

P19 cell culture and differentiation
Embryonal carcinoma P19 cells were kindly
provided by Dr. H. Hamada (Osaka
University). The cells were maintained in
o-modified minimal essential medium @MEM)
supplemented with 10% heat-inactivated fetal
bovine serum (FBS) at 37 C and in 5% COs:.
Neuronal differentiation was initiated by
plating cells into bacterial dishes at 10° cel
1/ml in o« MEM supplemented with 10% FBS

and 1uM retinoic acid (RA). After 4 days,
the cellular aggregates were dispersed into
single cells by treatment with 0.01% trypsin.
The cell suspension (2X10° cells) was then
re-plated onto a 100mm tissue-culture-grade
dish. At various time points, cell samples
were removed from the culture and total RNA
was isolated. The steady-state levels of the
different transcripts were quantitated by
RT-PCR. The morphological differentiation
was confirmed by microscopic examination :
neurons were identified as round cells with
elongated axonal or dentritic processes, while
glial and other non-neuronal cells were
recognized as flat fibroblastic cells as
previously described.*® Days of differentiation
were numbered consecutively after the first
day of RA treatment.

Results

Isolation and nucleotide sequencing of cDNA
clones for mouse AK isozymes

RT-PCR with the specific primer sets
generated a 368-bp fragment for AK1, a 203-bp
fragment for AK2, and a 219-bp fragment for
AK3. Because sequence analysis revealed that
the PCR products were highly homologous to
the nucleotide sequences of published human,
bovine, and rat AK sequences,”> '#**3% each
fragment was used as a probe to screen a
2. gtll mouse kidney cDNA library. About
500,000 phage-plaques were screened with
each probe. The numbers of isolated clones
were as follows: seven clones for AKI1, 26
clones for AKZ2, and 64 clones for AK3. All
of the AKI candidate clones and 20 each
of AK2 and AK3 candidate clones were
sequenced. Sequence analysis revealed that
AK1 cDNA has a 774-bp insert composed of
a 73-bp 5’-untranslated region (UT), a 582-bp
open reading frame (ORF) encoding a
194-amino acid protein, and a 119-bp 3’-UT.
The AKZ2 cDNA having 991 bp consisted of
a 42-bp 5-UT, a 696-bp ORF encoding a
232-amino acid protein, and 253 bp of the 3-UT.
Two types of partial AK3 cDNA were
obtained. One type, clone 9, has a 988-bp
sequence homologous to rat AK3 cDNA. We
found an additional sequence of the remaining
5’-portion of cDNA in the database for mouse
AK3 (GenBank accession number AA638831).
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We deduced a 1080-bp AK3 cDNA consisting
of 68 bp of the 5-UT, 681 bp of an ORF encoding
a protein of 227 amino acids, and 331 bp of
the 3’-UT. The other type of cDNA, clone 2,
contains a partial sequence homologous to
human AK3 cDNA. A missing 5 -portion of
400-bp was obtained by the 5-RACE method
using total RNA isolated from kidney as a
template. The second type AK3 cDNA was
deduced toencode a protein of 223 amino acids.
We named the second type sequence AK4.
Both ¢cDNA sequence were confirmed by

sequencing mouse genomic DNAs that were
located at separate locus (data not shown).
Table 1 shows the comparison of homology
among these four AK isozymes at both
nucleotide and amino acid levels.
Isoelectric points (pI) of predicted mouse
AK1, AK2, AK3, and AK4 were 5.55, 7.11,
9.25, and 7.39, respectively. pl of mouse AK1
is fairly deviated to the acidic side in c
omparison with those of other eukaryotic AK1,
including 8.61-9.21. We isolated only one type
of AK2cDNA, the AK2Bform, thoughwe have
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Fig. 1 Expression of AK mRNA in mouse tissues.

(A) Isolation of total RNA from mouse tissues;electrophoresis, blotting, hybridization
with *P-labeled AKI, AK3, and AK4cDNA, and washing were described in Materials
and methods. The tissue sources of the isolated RNA were:lanell, thymus;lane 2, heart;
lane 3, skeletal muscle ; lane 4, lung; lane 5, brain;lane 6, testis ; lane 7, kidney ; lane
8, liver; and lane 9, spleen. The AK1I probe detected a strong 2.1-kb signal in skeletal
muscle and heart, and a weak signal in testis and brain, and no signal in liver and
spleen. The AK3probe hybridized to a single 3.0-kb transcript in all tissues at a similar
level, while the A K4 probe detected transcripts of 5.0 kb and 1.8 kb, predominantly
in kidney.

(B) Mouse MTN blot filter (Clontech) was hybridized with **P-labeled AK2 cDNA.
Lane 1, heart ;lane 2, brain;lane 3, spleen;lane 4, lung; lane 5, liver;lane 6, skeletal
muscle; lane 7, kidney ; and lane 8, testis. A 1.8-kb signal in addition to the signals
of 2.8-kb and 1.0-kb were detected with the AKZ2 probe in liver, kidney and testis, but
no A K2transcript was detected in skeletal muscle, brain, spleen, lung, or skeletal muscle.
Each blot was rehybridized with radiolabeled GAPDH ¢cDNA (middle region) and 18S
ryRNA cDNA (lower region)
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previously isolated two kinds of AK2 cDNA,
AKZ2A and AK2B, in human and bovine liver.
%39 Mouse AK isozymes show markedly high
homology in the NMPhina domain and the LID
domain, which are important for enzyme
function.®®*”

Tissue distribution of AK isozyme mRNA
Toinvestigate the distribution of A KmRNA
in mouse tissues, Northern blot analysis was
performed using each cDNA as a probe. Fig.
1 shows an overview of hybridizing profiles.
The AK1probe detected a strong 2.1-kb signal
inskeletal muscle and heart, and a weak signal
in testis and brain, and no signal in liver and
spleen (Fig.1A).Intestis, a strong 0.8-kb signal
was also observed. AKZ2 transcripts were
predominantly detected in liver as a 1.8-kb
signal in addition to the signals of 2.8-kb and
1.0-kb (Fig.1B). In kidney and testis, AK2
transcripts were detected at a moderate level.
In heart, a 1.0-kb transcript was dominant. In
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spleen, lung, and skeletal muscle, AK2
transcript was faintly observed. The results
from other tissues were generally consistent
with those from previous analysis.'®'® The
AK3 probe hybridized to a single 3.0-kb t
ranscript in all tissues examined at a similar
level, while the A K4probe detected transcripts
of 5.0 kb and 1.8 kb, predominantly in kidney,
and weakly in heart and brain (Fig. 1A). The
results indicated that the expression of AK1,
AKZ2, and AKH4 are tissue-specific, whereas
that of AK3 is constitutive or occurs in a
housekeeping manner.

Contents of AK isozyme mRNA in mouse
tissues

In order to further assess the levels of AK
isozyme mRNA expression, we performed
quantitative RT-PCR analysis using RNA
preparationsisolated fromkidney, heart, lung,
brain, skeletal muscle, thymus, testis, spleen,
and liver. First, we investigated the optimal

b 1234567891011
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AK3 o hof bl o s o 0 W 533 bp
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Fig. 2 RT-PCR analysis of AK mRNA levels in mouse tissues.

(A) Determination of the optimal number
of amplification cycles for quantification
of each AK mRNA and 18S »RNA. The
PCR products were subjected to 5% PAGE
and autoradiography, and associated
radioactivity was analyzed with an image
analyzer. PCR cycle and relative signal
intensity was denoted by a logarithmic
scale; AK1 (open square), AK2 (closed
square), AK3 (open circle), AK4 (closed
circle), GAPDH (open triangle), and 18S
rRNA (closed triangle). The optimal cycle
number was determined to be 24 except
for 18S rRNA, for which it was 10.

(B) PCR products were separated in 5%
PAGE and visualized by an image
analyzer. Lane 1, spleen ; lane 2, liver ;
lane 3, kidney ;lane4, testis;laneb5, brain;
lane 6, lung ;lane 7, skeletal muscle ;lane
8, heart ; lane 9, thymus; lane 10, pancreas;
lane 11, control plasmid containing each
cDNA recloned in the pGEM-Teasy
vector. Each mRNA expression was
observed in parallel with the results of
Northern blot analysis.
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number of PCR cycles to determine RNA for
AKIl, AK2, AK3, AK4, GAPDH, and 18S
rRNA. As shown in Fig. 2A, the optimal cycle
number was determined to be 24 except for 18S
rRNA, for whichit was 10. The optimal number
for NeuroD was also determined as 24 (data
not shown). The RT-PCR products of RNAs
from various tissues were separated in PAGE
(Fig. 2B). Copy numbers of the AK templates
in the RT-PCR samples were calculated using
18S #RNA as an internal control, on the
assumption that each mouse cell contains the
same copy number of 18S »RNA (Table 2).
Comparatively higherlevelsofeach AKmRNA
wereobservedinthefollowingtissues:skeletal
muscle, heart, and testis for A K1, liver, kidney,

1 234 56789
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<« 28 K
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Fig. 3 Tissue distribution of mouse AK
isozymes.

AK isozymes in mouse tissues were
analyzed by Western blot analysis as
described in Materials and methods.
Extracts were prepared from 6-week
old BALB/c mouse tissues, and
proteins were separated in 10%
SDS-PAGE. AK isozymes were
visualized with anti-AK antibodies
and an ECL system. AK1, AK2, and
AK3arerepresented by the upper (A),
middle (B), and lower (C) lines,
respectively. Lane 1, pancreas ; lane
2, heart ;lane 3, skeletal muscle; lane
4, lung ;lane 5, brain; lane 6, testis;
lane 7, kidney ; lane 8, liver;and lane
9, spleen. AKl was detected
abundantly in skeletal muscle, but
faintly or not detectable in pancreas,
spleen, and liver. AK2 was observed
abundantly in liver and kidney, but
faintly or not detected in skeletal
muscle and brain. AK3 was present
abundantly inliver and kidney. These
findings were almost correlated with
the expression patternof eachmRNA.

heart, and testis for AKZ; kidney for AK4. AK
3 mRNA was present in all the tissues
examined.

Tissue distribution of AK isozyme protein
We performed Western blot analysis to
evaluate the protein contents of each AK
isozyme in mouse tissues (Fig. 3). AK1 was
detected abundantly in skeletal muscle, heart,
and brain; moderately in testis, lung, and
kidney; and faintly or not detectable in
pancreas, spleen, and liver. AK2 was observed
abundantly in liver and kidney; moderately in
heart, pancreas, spleen, and testis; faintly or
notdetectedinlung, skeletalmuscle, and brain.
AK3 was present abundantly in liver and
kidney, and moderately in pancreas, heart,
skeletal muscle, lung, brain, testis, and spleen.

Demonstration of AK4 protein

Recently we isolated an authentic human
AK3cDNA that is homologous to mouse AK3
cDNA anddistinctfromthe previouslyisolated
human AK3cDNA, which was renamed AK4.
The recombinant human AK3 and AK4 were
both recognized by anti-AK3 antibody, and
electrophoretic analysisdemonstratedthat the
migration of AK4 (27 kDa) was retarded than
that of AK3 (26 kDa) (T. Noma et al.,
manuscript in preparation). Homology of the
AK isozymes among species is much higher
than that between AK3 and AK4, as shown
in Table 1. Human and mouse AK3 are 91%
homologous to each other with the same amino
acid length (227 residues), and human and
mouse AK4 are 89% homologous with the same
amino acid length (223 residues). The mobility
difference could have been caused by the pl
difference. In this study, we found that the
expression of AK4 mRNA was about 8-fold
more abundant in kidney than in liver, while
that of AK3mRNA in both tissues were nearly
equivalent by RNA analysis (Table 2).
Subcellular fractions were prepared from liver
and kidney cells, and Western blot analysis
was performed using anti-AK2 antibody and
anti-AK3 antibody. When we examined the
electrophoretic patterns of cellular extracts
from liver and kidney by Western blot analysis
using anti-AK2 antibody, AK2 was detected
in both cytosol and mitochondrial fractions as
previously reported”®*® (Fig.4A upperregion).
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Table 1. Sequence homology between AK isozymes at nucleotide and amino acid levels

Similarity (%)

mAK1 mAK2 mAKS3 mAK4
mAK1 100.0 (49.4) (50.3) (44.2)
mAK2 34.1 100.0 (48.3) (50.0)
- mAK3 34.2 40.9 100.0 (65.3)
mAK4 36.7 39.2 56.6 100.0

Sequence identities among for AK isozymes at nucleotide (in parentheses) and amino acid
leveis were calculated with Mac DNASIS (Hitachi) using the Lipman-Pearson algorithm.

Table 2. RNA copy numbers of AK isozyme genes

Copy numbers (fmol/ug RNA)

Spleen Liver Kidney Testis Brain Lung SkMuscle Heart Thymus Pancreas
AK1 46 <01 7.0 65.0 23.3 8.5 88.0 67.0 5.1 2.1
AK2 17.3 43.6 31.2 31.2 6.0 13.1 7.0 18.5 12.5 32.8
AK3 1.8 4.0 4.8 2.8 2.6 3.6 1.7 6.6 3.0 8.4
AK4 0.3 0.3 2.5 0.3 0.6 0.2 0.5 1.0 0.3 0.5

Copy numbers of AK templates in the RT-PCR samples were calculated using 18S »RNA
as an internal control, on the assumption that each mouse cell contains the same copy number
of 18S rRNA.The copy numbers were well consistent with the results of Northen blot analysis.

However, using anti-AK3 antibody displayed
that whole cellular extracts from kidney gave
doublet bands and those from liver gave a
single band (Fig. 4A lower region). The
positions of the upper and lower bands
corresponded to those of recombinant human
AK4 and AK3 in the parallel experiment (data
not shown). The results indicated that
electrophoretic analysis was able to
distinguish AK4 from AKS3. The ratio of the
signal intensities between the doublet bands
corresponded to the relative contents of AK3
and AK4 mRNA in liver and kidney (Fig. 2,
Table 2). Therefore, we concluded that the
upper band of the doublet bands was due to
AK4. AK3 was detected in the total cellular
extracts and mitochondrial fraction of both
tissues (Fig. 4A lower region, lanes 1, 3, 4, 6),
but it was scarcely detected in the cytosol
fractions (Fig. 4A lower region, lanes 2, 5).

Submitochondrial localization of AK4 protein

To further analyze the submitochondrial
localization of AK4 protein, mitochondria and
mitoplasts were prepared from liver and
kidney, and the proteins were subjected to

29)

SDS-PAGE as described previously®”.
Western blot analysis using the antiserum
against AK2 and AK3 indicated that AK2 was
localized in mitochondria and not in mitoplast
(Fig. 4B upper region, lanes 1, 2, 5, 6). On the
other hand, AK3 and AK4 were detected in
both mitochondria and mitoplasts, and the
amounts of AK3 and AK4 in mitoplasts were
the same as those in mitochondria (Fig. 4B
lower region, lanes 5, 6). AK3 and AK4 in
mitoplasts were resistant to proteinase K
digestion (Fig. 4B lowerregion, lane 7), whereas
they were completely destroyed by the protease
treatment after rupturing of the mitoplasts
with a detergent, Triton X-100 (Fig. 4B lower
region, lane 8). Thus, we concluded that both
AK3 and AK4 are located in the matrix of the
mitochondria.

Expression of AK isozyme mRNAs during
RA-induced neuronal differentiation of P19
cells

Our previous analysis indicated that AK
isozymes were differentially induced during
neuronal differentiation in P19 cells.*®
However, in the current literature, there is no
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Fig. 4. Localization of AK4 in the cell.

(A) Subcellularlocalization of AK4. Subcellular fractionation of liver and kidney extracts
was performed as described previously.”” Western blot analysis was performed using
anti-AK2 and -AK3 antibodies after electrophoresis with 0.1% SDS-12% PAGE and
transfer of protein samples to the membrane. Lanes 1 to 3, liver samples ; lanes 4 to
6, kidney samples; lanes 1 and 4, total cellular extracts;lanes 2 and 5, cytosol fractions;
lanes 3 and 6, mitochondrial fractions. Upper and lower regions are the results from
anti-AK2 and -AK3 antibodies, respectively. AK2 was detected in both cytosol and
mitochondrial fractions. Analysis with anti-AK3 antibody revealed that whole cellular
extracts from kidney gave doublet bands (AK3 and AK4) and those from liver gave
a single band (AK3), which is corresponding to the lower band from kidney sample
(Lower region, lanes 1, 3, 4, 6).

(B) Submitochondrial localization of AK4. Submitochondrial fractions were prepared
as described in Materials and methods. Each submitochondrial fraction was separated
with SDS-PAGE. Separated proteins were electrophoretically transferred to a
nitrocellulose membrane and analyzed with antiserum against AK3, then visualized
with ECL Western blotting detection reagents. Subsequently, anti-AK3 antibody was
detached from the same filter and analyzed with anti-AKZ2 antibody. Lanes 1 to 4, liver
samples ; lanes 5 to 8, kidney samples; lanes 1 and 5, mitochondria ; lanes 2 and 6,
mitoplasts ; lanes 3 and 7, proteinase K-treated mitoplast ; lanes 4 and 8, proteinase
K- and Triton X-100-treated mitoplast. Upper and lower regions are the results from
anti-AK2 antibody and anti-AK3 antibody, respectively. AK3 was detected in
mitochondria, mitoplasts and proteinase K-treated mitoplast (Lower region, lanes 1 to
3, 5 to 7), but it disappeared by the detergent treatment (Lower region, lanes 4, 8),
suggesting AK3 is located in the matrix of the mitochondria. Similarly, the 27-kD upper
band (AK4) was resistant to hypotonic treatment (Lower region, lane 6) and proteinase
K digestion (Lower region, lane 7), whereas they were completely disappeared by the
protease treatment with an addition of Triton X-100 (Lower region, lane 8), indicating
the AK4 was localized in the mitochondrial matrix.

information available on the levels of mRNA
for AK isozymes. Therefore, we performed
RT-PCR analysis to evaluate the copy number
of each AKisozyme mRNA. We also examined
NeuroD mRNA, because NeuroD, a neuronal
transcription factor, was found to enhance
AK]I expression.”**” Typical morphological
changes were observed during RA-induced
differentiation of P19 cells (Fig. 5A). At an a
ppropriate time, cells were harvested and total
RNA was isolated for quantitative analysis
by RT-PCR. The mRNA expression of AK

isozymes as well as NeuroD was shown in
Figure 5B. The copy numbers of AK isozyme
mRNASs were quantitated by the densitometric
analysis and summarized in Table 3. The
resultsindicated that the copy numbers of each
AK mRNA in undifferentiated P19 cells
were 1.4 for AKI, 28.9 for AK2, 0.9 for AK3,
2.0 for AK4, and 0.2 for NeuroD, in which the
unit is fmol/ug total RNA. On the other hand,
the copy numbers in neuronally differentiated
P19 cells at day 6 were 107 for AK1, 65.3 for
AK?2, 3.6 for AK3, 0.8 for AK4, and 10.5 for
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NeuroD. Thus, treatment of P19 cells with
1uM RA gave 76-, 2.3-, 4.0, and 53-fold
enhancement of AKI1, AK2, AK3, and NeuroD
mRNA expression, respectively (Table 3).
Interestingly,the contents of A K4 mRNA were
first decreased to one-third, then gradually
returned to the same level as that of the

undifferentiated cells. In the previous study,
we found that AK1 protein was present only
at a trace level in undifferentiated cells and
increased about 10-fold on differentiation.®”
AK?2 protein was present at high levels in the
undifferentiated state and increased at most
by about 1.2-fold. The sum of AK3 and AK4
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Fig. 5. RA-induced neuronal differentiation of P19 cells.

(A) Morphology of P19 cells during RA-induced neuronal differentiation. (a)
Undifferentiated P19 cells grown on the tissue culture dish. (b) Cellular aggregates
in a bacterial dish after 4 days of the RA treatment. (¢) Differentiated P19 cells at 2
days after plating the cell suspension in the tissue culture dish. (d) Cells 5 days after
the plating. Bars indicate 20 nm.

(B) RT-PCR analysis of AK and NeuroD expression during neuronal differentiation
of P19 cells. Total RNAs were prepared from P19 cells at various stages of differentiation,
and analyzed for the mRNA expression of AK isozymes, NeuroD, GAPDH, and 18S
rRNA by RT-PCR. RNA isolated from AtT20 cells, a mouse pituitary-derived ACTH
producing cell line,*® which express all AK isozyme mRNA and NeuroD mRNA, was
used as a positive control. The PCR products for AK1 and NeuroD cDNA were
tremendously increased in parallel. Those for AK2 and AK3 cDNA were gradually
increased. Onthe otherhand, the contents of A K4cDNA were first decreased to one-third,
then gradually returned to the same level as that of the undifferentiated cells. The sources
of the templates used for RT-PCR were as follows: lane 1, AtT20 cells ; lane 2, untreated
P19 cells;lane 3, treated P19 (day 2); lane 4, treated P19 (day 5);lane 5, treated P19
(day 6);lane 6, treated P19 (day 7);lane 7, treated P19 (day 8);lane 8, treated P19 (day
9);lane 9, control plasmid, which contained each cDNA recloned in the pGEM-Teasy
vector.

Discussion

had increased by over 10-fold at day 10. The
increase in the level of each AK mRNA
paralleled the evel of each protein. These
results indicated that the expression of AK
isozyme genes is differentially regulated
primarily at the transcriptional level in
neuronal differentiation of P19 cells.

In order to understand the physiological
function of AK isozymes, it is important to
use a widely applied genetic system such as
that using transgenic mice and knockout mice.
Asthefirststeptoward development of amodel
system, we cloned cDNAs encoding mouse AK
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isozymes and evaluated their mRNA
expression in various tissues as well as in P19
mouse embryonal carcinoma cells.

During the course of isolation of cDNAs
for AK1, AK2, and AKS3, we found a new
AK clone that is homologous to human AKS3.
Independently, Yoneda et al. reported the
same cDNA clonefrom rat and mouse,named
AK4, and demonstrated that it is expressed
in the central nervous system.'® Although
Yoneda et al. documented that AK4 is highly
expressed in brain and liver, we found that
the level of AK4 mRNA was much higher
in kidney than in brain or liver (Fig. 1A,
Table 2). We cloned mouse genomic DNAs
encoding AK3and AK4asindependentclones,
indicating that AK3 and AK4 are encoded
by distinct genes on the mouse genome. The
sequence encoding human AK3 was originally
identified as a processed pseudogene by
Xu et al.,, who later isolated the AK3 cDNA
from a human brain cDNA library'”. The
clone had three base substitutions from the
pseudogene in the coding region, but the
deduced amino acid sequence was identical
to that from the pseudogene. Taking these
findings into account, the human AKS3 clone
isolated by Xu et al.'” should now be called

the AK4 clone. We have recently isolated
an authentic human AK3 c¢DNA that is
homologous to rat and bovine AK3 cDNA.
Northern blot analysis with human tissues
revealed that AK3 is almost uniformly
expressed in many tissues, while AK4 is
expressed much more highly in kidney than
in liver, heart, or brain (T. Noma, et al,
unpublished results). Therefore, constitutive
expression of AK3 and tissue-specific
expression of AK4 may be a common feature
of the mammalian AK4 isozyme genes.

Our analysis suggested that mouse AK4 is
localized in the mitochondrial matrix. The
structure of AK4 indicated that there is no
cleavable signal sequence, but its N-terminal
region can form an amphipathic-helical wheel
consisting of several positive charged and
hydrophobic residues, a characteristic of the
potential mitochondrial targeting signal.*>*"*?
The finding that AK4 protein was purified with
blue sepharose column and phosphocellulose
column suggests that the AK4 protein may
contain a nucleotide-binding domain as do
other AK isozymes. However, with the
recombinant human AK4, we were not able
to detect GTP : AMP phosphotransferase or
ATP : AMP phosphotransferase activity (data

Table 3. RNA copy numbers in neuronally differentiated P19 cells

Copy numbers (fmol/uz g RNA)

AK1 AK2 AK3 AK4 NeuroD
Day 0 14 28.9 0.9 2.0 0.2
Day 2 13.7 26.8 1.8 1.7 13.6
Day 5 37.9 57.1 5.2 0.3 13.2
Day 6 107.0 65.3 3.6 0.8 10.5
Day 7 80.5 98.6 2.2 0.8 8.4
Day 8 29.0 110.1 4.3 1.2 22.0
Day 9 379 72.8 5.2 1.8 30.6

Copy numbers of the templates in the RT-PCR samples were calculated using 18S »RNA
as an internal control, on the assumption that each mouse cell contains the same copy number
of 18S #»RNA. The sources of the templates used for RT-PCR were as follows : Day 0, untreated
P19 cells; Day 2, 2 days after RA treatment; Day 5, 5 days after RA treatment ; Day 6, 6
days after RA treatment; Day 7, 7 days after RA treatment; Day 8, 8 days after RA treatment;
Day 9, 9 days after RA treatment.Three patterns were classified in the mRNA expression
during the RA-induced neuronal differentiation of P19 cells. The first is a strong induction
(~hundred fold ; AKI and NeuroD), the second is a weak enhancement (~several fold ;
AK2 and AKD3), and the last is a down regulation (AK4).
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not shown). The reason that we could not
detect enzymatic activities in the recombinant
AK4 protein remains to be determined.
When knockout mice are generated, pro-
ceeding to the heterozygous state in which
one allele is knocked out while another is
intact isinevitable. In applying the transgenic
technique to assess the effect of antisense
RNA, evaluation of the cellular mRNA levels
should be critical. Therefore, we examined
mRNA contents for each AK isozyme per one
cell in each tissue by quantitative RT-PCR
(Table 2). The estimation is based on the
assumption that mRNA in each sample is
transcribed at equal efficiency, and PCR
reaction equally proceeds to the mRNA
templates in each sample. The mRNA con-
tents were calculated by comparing the
amounts of the PCR products with control
plasmids contaning the corresponding isozyme
sequence. Given that it has been documented
that a cell contains an average of 40 pg total
RNA,* we canroughly estimate the maximum
copy numbers of each isozyme mRNA in a cell
as follows : the copy numbers of AKI are 2 X
10%/cell in skeletal muscle and testis; those of
AK2are 1x10° cell in liver; those of AK3 are
2 X 10°/cell in heart and pancreas; and those
of AK4 are 4.8%10*/cell in kidney (Table 2).
P19 cells, from a mouse embryonal carcinoma
cell line, are pluripotential cells that can be
induced to differentiate into a wide variety
of cell types. Using the P19 cells as a model
system in vitro for differentiation, we exami-
ned the expression patterns of each isozyme.
Neuronal differentiation of P19 cells with
RA increased the mRNA of each isozyme
except AK4 (Fig. 5B, Table 3). AK1 and its
regulatory transcription factor, NeuroD, were
significantly up-regulated during neuronal
differentiation, which is in accord with find-
ings in previous studies.'****® The mRNA
levels of each AK as well as of NeuroD during
RA-induced neuronal differentiation of P19
cells were correlated with the levels of each
protein, as previously reported, except for those
of AK4, which was first down-regulated then
returned to the starting levels during
RA-induced neuronal differentiation.
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