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ABSTRACT Nm23 genes, which encode nucleoside diphos-
phate kinases, have been implicated in suppressing tumor
metastasis. The motility of human breast carcinoma cells can
be suppressed by transfection with wild-type nm23-H1, but not
by transfections with two nm23-HI mutants, nm23-HI1520G
and nm23-HI"*%5, Here we report that nm23-H1 can transfer
a phosphate from its catalytic histidine to aspartate or
glutamate residues on 43-kDa membrane proteins. One of the
43-kDa membrane proteins was not phosphorylated by either
nm23-H1%%%S or nm23-H15'29G, and another was phosphory-
lated much more slowly by nm23-H17%%S and by nm23-H1512°G
than by wild-type nm23-H1. Nm23-H1 also can transfer
phosphate from its catalytic histidine to histidines on ATP-
citrate lyase and succinic thiokinase. The rates of phosphor-
ylation of ATP-citrate lyase by nm23-H152°G and nm23-
H1?%6S were similar to that by wild-type nm23-H1. The rate of
phosphorylation of succinic thiokinase by nm23-H1512° was
similar to that by wild-type nm23-H1, and the rate of phos-
phorylation of succinic thiokinase by nm23-H1?%¢S was about
half that by wild-type nm23-H1. Thus, the transfer of phos-
phate from nm23-H1 to aspartates or glutamates on other
proteins appears to correlate better with the suppression of
motility than does the transfer to histidines.

Nm23 genes have been implicated in the control of tumor
metastasis (1). For many, but not all, types of tumors, there is
an inverse relationship between the level of nm23 expression
and metastatic potential (reviewed in ref. 2). Overexpression
of nm23 in highly metastatic murine melanoma cell lines (3-6),
rat mammary adenocarcinoma cells (7), and human breast
carcinoma cells (4, 8, 9) reduces their metastatic potentials,
indicating that nm23 genes can suppress tumor metastasis.
Increased levels of nm23 expression also have been associated
with both cellular proliferation (10) and differentiation (11). In
human tissues the two major forms of nm23 are nm23-HI and
nm23-H2. Expression of nm23-HI has been correlated with
suppression of metastasis (2).

The abnormal wing disc (awd) gene of Drosophila encodes a
protein that is 78% identical to the human nm?23 proteins (12).
The awd gene is essential for normal Drosophila development
(13). The killer of prune mutation in this gene (awd*"") causes
a dominant lethality but only in flies that do not have a
functional prune gene. The prune gene has been cloned, but the
biochemical function of the resulting protein is not known (14,
15).

Nm23 and awd genes encode nucleoside diphosphate ki-
nases (NDPKs) (12). NDPKs catalyze the phosphorylation of
nucleoside 5'-diphosphates to triphosphates (16). In the first
step, a phosphate is transferred from a nucleoside 5'-
triphosphate to a histidine at the catalytic site of the enzyme.
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This high-energy phosphate then is transferred to a phosphate
group on a nucleoside 5'-diphosphate.

The synthesis of nucleoside triphosphates does not appear to
explain the role of nm23 in suppressing metastasis (2). Simi-
larly, the effect of the awd*”” mutation on Drosophila devel-
opment does not appear to result from a change in nucleoside
diphosphate kinase activity (17). However, the kinase activities
of nm23/NDPK do appear to be necessary for their regulating
these processes (18, 19). One possible explanation for this
discrepancy is that in addition to phosphorylating nucleoside
diphosphates NDPK can phosphorylate other substrates. Rat
liver NDPK can phosphorylate the histidine at the catalytic site
of ATP-citrate lyase (20), nm23-H1 can phosphorylate a
histidine on succinic thiokinase (21), and NDPKs transfer a
phosphate to serines or threonines on several proteins in a
heat-inactivated cell extract in the presence of 1 M urea (22).

Transfection with wild-type nm23-H1 suppresses the motil-
ity of human breast carcinoma cells (23), but transfections with
nm23-H179%5 and by nm23-HI1572°C do not suppress the motility
of these cells. The serine 120 to glycine mutation of nm23-
H15120G was found in 6 of 28 aggressive childhood neuroblas-
tomas (24). The nm23-H1P%S contains a proline to serine
substitution at residue 96 and is homologous to the Drosophila
awd*P" mutation (12, 23).

Here we report that the rates of phosphorylation of ATP-
citrate lyase by nm23-H15120G and nm23-H1P%%S were similar to
that by wild-type nm23-H1. We also describe the phosphory-
lation of a 43-kDa protein or proteins from bovine brain
membranes by rat liver NDPK and nm23-H1. This phosphor-
ylation occurred on either an aspartate or glutamate residue.
The phosphorylation of aspartate or glutamate residues by
NDPK is analogous to phosphorylation reactions carried out
by prokaryotic histidine kinases (25). The 43-kDa protein(s)
either were not phosphorylated or phosphorylated much more
slowly by nm23-H17%S and nm23-H15!20G than by wild-type
nm23-H1.

EXPERIMENTAL PROCEDURES

Rat Liver NDPK, PC12 Cell ATP-Citrate, and Porcine
Succinic Thiokinase. Rat liver NDPK and PCI12 cell ATP-
citrate lyase were purified as described previously (20). Porcine
heart succinic thiokinase (succinyl CoA synthetase) was pur-
chased from Sigma.

Purification of Recombinant nm23-H1, nm23-H1%°%S, and
nm23-H1512%6, Escherichia coli strain BL21(DE3) containing
expression plasmids for nm23-H1, nm23-H1%%¢S, and nm23-
H1812096 (21, 26) were grown overnight in Luria-Bertani (LB)
media containing 100 ug/ml ampicillin at 37°C. Aliquots were
diluted 1/100 in LB media and grown until Agyp was 0.8.
Expression of nm23 cDNAs was induced by the addition of 1

Abbreviations: NDPK, nucleoside diphosphate kinase; PMSF, phe-
nylmethylsulfonyl fluoride.
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mM isopropyl-1-thio B-D-galactopyranoside. After 2 hr, the
cells were pelleted and washed twice with 20 mM Tris and 1
mM EDTA, pH 8.4 at 4°C.

Cells (5 g) were sonicated at 4°C in 25 ml of 20 mM Tris, pH
8.4/1 mM EDTA/2 mM MgCl,/1 mM DTT/0.2 mM phenyl-
methylsulfonyl fluoride (PMSF)/1 ug/ml leupeptin/2 mM
benzamidine/0.1 mg/ml lysozyme. Cell debris was removed by
centrifugation at 20,000 X g for 20 min at 4°C. The resulting
supernatant was fractionated with (NH4)2SO4. The 40-75%
(NH4)2SOy pellet was dialyzed overnight at 4°C against buffer
A (20 mM Tris, pH 7.5/2 mM MgCl;/1 mM EDTA/1 mM
DTT/0.2 mM PMSF/2 mM benzamidine). The dialysate was
made to 0.3 M NaCl, clarified, and loaded onto a Pharmacia
5200 column (1.6 X 80 cm) equilibrated in buffer A containing
0.3 M NaCl. Column fractions were assayed for NDPK activity
(16). Peak fractions were pooled, concentrated, and dialyzed
overnight against 20 mM Tris, pH 8.0/2 mM MgCl,/1 mM
EDTA/100 mM NaCl/1 mM DTT/2 mM benzamidine. The
dialysate was clarified and applied to a Pharmacia Mono Q HR
5/5 column equilibrated in this buffer. Nm23-H1 was eluted
with a linear gradient of 0.1-0.4 M NaCl. Peak fractions
containing nm23-H1 were pooled, diluted, and applied to a
Mono Q HR 5/5 column equilibrated in 20 mM Tris, pH 7.5/2
mM MgCl,/1 mM EDTA/100 mM NaCl/1 mM DTT/2 mM
benzamidine. Nm23-H1 was eluted using linear gradient of
0.1-0.2 M NaCl. Nm23-H179%S and nm23-H15'2C were puri-
fied using the same isolation procedure. Nm23-H1, nm23-
H1P%S, and nm23-H15'20C were greater than 99% pure.

Phosphorylation of Rat Liver NDPK and nm23 Proteins.
Rat liver NDPK (20 puM) was incubated with 100 uM
[y-3?P]ATP (4 X 10'5 dpm/mol) for 10 min in 100 mM NaCl/5
mM MgCl,/1 mM DTT/20 mM Tris, pH 7.5. Phosphorylated
NDPK, [*?P]NDPK, was separated from [y-’P]JATP by gel
filtration on a PD10 column (Pharmacia) equilibrated in 100 mM
NaCl/1 mM DTT/20 mM Tris, pH 7.5 (20). The same procedure
was used to make phosphorylated nm?23 proteins.

Phosphorylation of ATP-Citrate Lyase, Succinic Thioki-
nase, and Bovine Brain Membrane Extract by [3*?P]NDPK and
[*?PInm23-H1. Protein samples (ATP-citrate lyase, succinic
thiokinase, or column fractions from a bovine brain membrane
extract) were incubated with either rat liver [*?P[NDPK or
[**PInm23-H1 at room temperature in 100 mM NaCl/5 mM
MgCl,/1 mM DTT/20 mM Tris, pH 7.5 (membrane fractions
also contained 0.25-0.5% sodium cholate and either 1 mM
EDTA or 0.5 mM EGTA). After 15 min or the time indicated,
the phosphorylation was stopped by the addition of 0.5 volume
of SDS sample buffer (5% SDS/25% glycerol/180 mM Tris,
pH 8.8/0.01% bromophenol blue/50 mM DTT/50 ug/ml
leupeptin/4 mM PMSF). Unless stated otherwise, the samples
were frozen on dry ice, thawed, and loaded without boiling
onto a SDS/polyacrylamide gel. After electrophoresis, the gels
were dried without fixing. Phosphorylated proteins were de-
tected by autoradiography.

Partial Purification of a Protein from Bovine Brain Mem-
branes That Can Be Phosphorylated by NDPK. Membranes
(100 g) from the gray matter of bovine brains (27) in 50 mM
Tris, pH 7.5/5 mM EDTA/10% sucrose were extracted with
150 ml of 3% sodium cholate/50 mM NaCl/2 mM DTT/0.4
mM PMSF/10 pg/ml leupeptin/10 pg/ml soybean trypsin
inhibitor by stirring for 30 min at 4°C. The extract was clarified
by centrifugation at 150,000 X g for 90 min and loaded onto a
DEAE Sephacel column (2.6 X 40 cm) equilibrated in 1%
sodium cholate/25 mM NaCl/1 mM EGTA/1 mM DTT/20
mM Tris, pH 7.5 at 4°C. The column was washed with 100 ml
of equilibration buffer and then eluted with a 600-ml linear
gradient of 25-425 mM NaCl. Fractions (10 ml) were col-
lected, and 50-pl aliquots incubated with 0.4-0.8 uM
[**’P]NDPK and analyzed by SDS/PAGE and autoradiogra-

phy.
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Fractions 16-24 (flow through) from the DEAE Sephacel
column were pooled and loaded onto a 1.6 X 30-cm Blue
Sepharose column (Pharmacia) equilibrated in 1% sodium
cholate/25 mM NaCl/2 mM EDTA/1 mM DTT/0.2 mM
PMSF/20 mM Tris, pH 7.5 at 4°C. The column was washed
with 100 ml of equilibration buffer and then eluted with a
600-ml linear gradient of 0—400 mM NacCl. Fractions (10 ml)
were collected, and 50-ul aliquots incubated with 0.4-0.8 uM
[*’P]NDPK and analyzed by SDS/PAGE and autoradiogra-
phy. Fractions from this column enriched in a 43-kDa protein,
which was phosphorylated when incubated with [3?P]NDPK,
were pooled, concentrated by ultrafiltration using an Amicon
PM10 membrane, and loaded onto an 1.6 X 90-cm Sephacryl
S200 column equilibrated in 0.5% sodium cholate/100 mM
NaCl/2 mM EGTA/2 mM MgCl,/1 mM DTT/0.1 mM
PMSF/20 mM Tris, pH 7.5 at 4°C. Fractions (4 ml) were
collected, and 50-ul aliquots incubated with 0.4-0.8 uM
[*?’P]NDPK and analyzed by SDS/PAGE and autoradiogra-
phy. Fractions from this column enriched in a 43-kDa protein,
which was phosphorylated when incubated with [3?P]NDPK,
were pooled and concentrated to 2.5 ml by ultrafiltration. This
fraction is referred to as the Blue Sepharose fraction.

Fractions 31-42 from the DEAE Sephacel column were
pooled, and proteins precipitating in 25-45% saturated
(NH4)2SO, dialyzed overnight against 0.5% sodium cholate/
100 mM NaCl/2 mM EGTA/2 mM MgCl,/1 mM DTT/0.1
mM PMSF/20 mM Tris, pH 7.5 at 4°C and fractionated on
1.6 X 90-cm Sephacryl S200 column as described above.
Fractions from the S200 column enriched in a 43-kDa protein,
which was phosphorylated when incubated with [3?P]NDPK,
were pooled and concentrated to 2.5 ml by ultrafiltration. This
sample is referred to as S200-B.

RESULTS

Phosphorylation of a Membrane 43-kDa Protein by NDPK.
Rat liver NDPK was phosphorylated on its active site histidine
by incubation with [y-*?P]ATP, and phosphorylated NDPK,
[*’P]NDPK, was separated from [y-3?P]ATP by gel filtration
(20). After gel filtration, NDPK contained 0.4-0.5 mol of
32P/mol of NDPK 18-kDa subunit. The concentrations of
[3?’P]NDPK given in this paper refer to the concentration of 3P
bound to the NDPK. Thin-layer chromatography showed that
1 uM [3?P]NDPK contained less than 10 nM [y-3?P]ATP.

Incubation of PC12 cell cytosolic extract with [3?P]NDPK
results in primarily the phosphorylation of ATP-citrate lyase (20).
A variety of other extracts also have been examined for potential
substrates for [*?P]NDPK. A persistent problem in the identifi-
cation of protein substrates for [*?P]NDPK has been the forma-
tion of [y->?P]JATP when [*?P]NDPK reacts with ADP present in
cell or tissue extracts. The formation of [y-?P]JATP was a
problem even after several days of dialysis and/or column frac-
tionations, and it was frequently difficult to distinguish between
direct transfer of phosphate from [*?P]NDPK to a protein and
indirect transfer through the formation of [y->*P]ATP. For this
reason, we chose to try to identify proteins that were phosphor-
ylated by [3*?P]NDPK but not by either [y->?P]ATP or [y-3?]GTP.
Below we describe the partial purification of one, and possibly
two, proteins that appear to be directly phosphorylated by
[3?P]NDPK.

Washed bovine brain membranes were extracted with so-
dium cholate and fractionated on a DEAE Sephacel column.
A large number of proteins in the fractions from this column
were phosphorylated when incubated with [3?P[NDPK, but
additional fractionation indicated that most of these phospho-
rylations resulted from the formation of [y-3?P]ATP. On the
basis of the phosphorylation pattern, fractions from this
column were pooled and subjected to further fractionation.

Proteins that eluted from the DEAE column with equili-
bration buffer were fractionated on a Blue Sepharose column.
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Fractions from the Blue Sepharose column were incubated
with [3?P]NDPK, and protein phosphorylation examined by
SDS/PAGE and autoradiography (Fig. 14). (After drying, the
SDS gels were cut to remove the [3?P]NDPK, which was much
more radioactive than the other protein bands.) Three major
phosphorylated polypeptides (120 kDa, 55 kDa, and 43 kDa)
were observed. Fractions 10-13 were pooled, concentrated,
and fractionated on a S200 column. Fractions from this column
were incubated with [3?P]NDPK and protein phosphorylation
examined by SDS/PAGE and autoradiography (Fig. 1B).
Fractions containing a 43-kDa protein that was phosphory-
lated when incubated with [??P]NDPK were pooled and con-
centrated. This sample is referred to as the Blue Sepharose
fraction.

Fractions 25-30 (pool A) and fractions 31-42 (pool B) from
the DEAE column were pooled separately, and proteins
precipitating in 25-45% saturated (NH4)>SO4 dialyzed and
fractionated on S200 columns. Fractions from these columns
were incubated with [3?P]NDPK, and protein phosphorylation
examined by SDS/PAGE and autoradiography. Fractions
from the S200 column of pool B containing a 43-kDa protein
that was phosphorylated when incubated with [?P]NDPK
(fractions 23-25) were pooled and concentrated. This sample
is referred to as S200-B fraction. None of the fractions from the
S200 column of pool A contained significant amounts of
proteins that could be phosphorylated by [*?P]NDPK.
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FiG. 1. An autoradiogram showing the partial purification of a
43-kDa protein phosphorylated by [3?P]NDPK. (4) Fractions 16-24
from the DEAE Sephacel column were pooled and fractionated on a
Blue Sepharose column. (B) Fractions 10-13 from the Blue Sepharose
column were pooled, concentrated, and fractionated on a S200
column. Aliquots (50 ul) of the column fractions were incubated with
0.4 uM [3?P]NDPK for 15 min at room temperature. The samples were
analyzed by SDS/PAGE and autoradiography.

Proc. Natl. Acad. Sci. USA 94 (1997)

Transfer of 3P From a Histidine on NDPK to a Aspartate
or Glutamate on the 43-kDa Protein(s). The 43-kDa protein in
the Blue Sepharose fraction was not phosphorylated when this
fraction was incubated with [y-3?P]ATP or [y->’P]GTP, but it
was phosphorylated by [*?P]NDPK (Fig. 24). A 43-kDa pro-
tein in the S200-B fractions was phosphorylated when this
fraction was incubated with either [y-3?P]JATP or with
[**P]NDPK, but the extent of phosphorylation by [3?P]NDPK
was more than five times that by [y->?P]ATP and more than 10
times that by [y-32P]GTP (Fig. 24). Several other proteins in
the Blue Sepharose and S200-B fractions were phosphorylated
when these fractions were incubated [y->?P]ATP, but they
were not phosphorylated by [3?P]NDPK. The S200-B fraction
contained some endogenous NDPK (data not shown), which
may have contributed to the phosphorylation of the 43-kDa
protein when this fraction was incubated with [y-3>P]ATP.

The phosphates incorporated into the 43-kDa protein(s) in
both the Blue Sepharose and S200-B fractions by incubation
with [*2P]NDPK were acid labile (Fig. 2B, lanes 3), base labile
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FiG. 2. Phosphorylation of 43-kDa proteins in the Blue Sepharose
and S200-B fraction by [3?P]NDPK. (4) Blue Sepharose and S200-B
fractions were incubated for 15 min at room temperature with 1 uM
[y-3?P]ATP, 1 uM [y-32P]GTP, or 1 uM [3?P]NDPK. The samples
were analyzed by SDS/PAGE and autoradiography. (B) Blue Sepha-
rose and S200-B fractions were incubated for 15 min at room tem-
perature with 1 uM [32P]NDPK. After these incubations, the samples
were treated as follows: lanes 1, frozen immediately after adding SDS
sample buffer; lanes 2, incubated for 10 min at 37°C in SDS sample
buffer; lanes 3, incubated for 10 min at 37°C in SDS sample buffer
containing 0.5 m HCI; lanes 4, incubated for 10 min at 37°C in SDS
sample buffer containing 0.5 M NaOHj; lanes 5, incubated in SDS
sample buffer in boiling water for 2 min; lanes 6, incubated for 10 min
at 37°Cin 0.8 M hydroxylamine at pH 5.4; lanes 7, incubated for 10 min
at 37°C in 0.8 M NaCl at pH 5.4; and lanes 8, incubated for 10 min at
37°C at pH 7.5. After these incubations, the samples were neutralized
or SDS sample buffer added, and they were analyzed by SDS/PAGE
and autoradiography.
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(Fig. 2B, lanes 4), lost upon boiling (Fig. 2B, lanes 5), and
removed by hydroxylamine (Fig. 2B, lanes 6). These stability
measurements indicate that the phosphorylated residues were
either aspartates or glutamates as acylphosphates are unstable
at both high and low pH (28-30). The phosphohistidine in
NDPK was base stable (Fig. 2B, lane 4). Simply incubating the
phosphorylated 43-kDa protein(s) in SDS sample buffer for 10
min at 37°C resulted in a substantial loss of 3?P (Fig. 2B, lanes
2). The phosphate incorporated into the 43-kDa protein in the
$200-B fraction by incubation with [y->P]ATP was acid labile,
base labile, and lost upon boiling, indicating that it was either
a phosphoaspartate or phosphoglutamate.

Phosphoaspartate and phosphoglutamate can be reduced
with NaBH4 (29, 30) to give free phosphate and either
8-hydroxy-a-amino-valeric acid or homoserine. Phosphohisti-
dines are not reduced by NaBHy. The phosphates incorporated
in the 43-kDa protein(s) by incubation with [*?P]NDPK were
lost upon treatment with NaBH, (Fig. 3), but the phosphate
incorporated into NDPK was not removed by NaBH,.

The phosphorylation of the 43-kDa protein(s) in both the
Blue Sepharose and S200-B fractions by 0.4 uM [3?P]NDPK
was rapid with maximum incorporation occurring within 1 min
at room temperature. Incubation of these fractions in boiling
water for 1 min greatly reduced or eliminated the subsequent
phosphorylation of the 43-kDa protein(s) by [3?P]NDPK, and
EDTA blocked the phosphorylation of the 43-kDa protein(s)
by [*’P]NDPK.

Purity of the 43-kDa Proteins. Coomassie blue-stained gels
of the Blue Sepharose and S200-B fractions showed that these
fractions contained many different proteins (Fig. 44). The
43-kDa polypeptides phosphorylated by [*?P]NDPK (Fig. 4B)
aligned with one of the minor bands just above the major bands
at 42 kDa seen in Coomassie blue-stained gels. The 43-kDa
protein in the Blue Sepharose fraction moved slightly slower
on SDS/PAGE than did the 43-kDa protein in the S200-B
fraction (Fig. 4B). The 43-kDa protein(s) in both the Blue
Sepharose and S200-B fractions may be oligomeric or bound

43 kDa . Fl

NDPK

NaBH,4 0 + 0 +
Time (min) & 5 60 60

FiG. 3. Removal of 32P from the 43-kDa protein by NaBHy4. The
43-kDa protein in the Blue Sepharose fraction was phosphorylated by
incubation with 0.6 uM [3?P]NDPK for 10 min at room temperature.
The proteins were precipitated on ice in 16% trichloroacetic acid. The
protein pellets were rinsed with 1 ml of cold 10 mM HCI and dried
under vacuum. The pellets were dissolved in dimethyl sulfoxide and
incubated at room temperature in the presence and absence of 25 mM
NaBHj (30). After 5 or 60 min, SDS sample buffer was added, and the
samples analyzed by SDS/PAGE and autoradiography. The lower
panel shows a shorter exposure of the autoradiogram of the part of the
gel containing [3?P]NDPK.
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Fic. 4. Comparison of 43-kDa protein in Blue Sepharose and
$200-B fractions by SDS/PAGE. Blue Sepharose (lanes 1) and S200-B
(lanes 2) fractions were incubated for 15 min at room temperature with
250 nM [*?P]NDPK. After these incubations the samples were sepa-
rated on SDS/PAGE. The gel was stained with Coomassie blue in 10%
acetic acid and 25% isopropanol for 1.5 hr, destained in 10% acetic
acid for 2 hr, and dried. A is the Coomassie brilliant blue-stained gel,
and B is the autoradiogram of this gel.

to other proteins as they eluted from the S200 column with an
apparent molecular mass greater than 120 kDa. At this time,
it is not known whether the 43-kDa proteins in these two
fractions are the same protein.

Based on 3?P incorporation and assuming stoichiometric
phosphorylation, the Blue Sepharose and S200-B fractions
were estimated to contain 40-100 nM 43-kDa proteins.

The 43-kDa Protein in the Blue Sepharose Fraction Was Not
Phosphorylated by Either nm23-H1%%S or nm23-H15!2°C, The
phosphorylation of the 43-kDa proteins in both the Blue
Sepharose and S200-B fractions by [*’Plnm23-H1 and two
mutant forms of nm23-H1, [*2PJnm23-H1%°%S and [3*P]Jnm23-
H13129G were examined (Fig. 5). The rates phosphorylation of
the 43-kDa proteins by 0.4 uM [*?P]nm23-H1 were rapid with
maximum phosphorylations occurring within 1 min. In con-
trast, there was no detectable phosphorylation of the 43-kDa
protein in the Blue Sepharose fraction by either [3?P]nm23-
H1P%S or [*2Plnm23-H15129G (Fig. 54). The rate of phosphor-
ylation of the 43-kDa protein in the S200-B fraction (Fig. 5B)
by [*?P]lnm23-H1"%%S was less than 10% of that by [3?P]nm23-
H1, and the rate phosphorylation by [3?PJnm23-H15129G was
about 20% that by [3?P]nm23-H1 (Table 1). Under similar
conditions, the nucleoside diphosphate kinase activities of
nm23-H1P%% and nm23-H15'2°C were about 90% those of
nm23-H1.

The time course of the phosphorylation of the 43-kDa
protein in the Blue Sepharose fraction by 170 nM [*?P]nm23-
H1 is shown in Fig. 5C. At this concentration maximum
phosphorylation occurred within 2 min. The dependence of
phosphorylation of the 43-kDa protein in the Blue Sepharose
fraction on [3*P]nm23-H1 concentration is shown in Fig. 5D.

Phosphorylation of ATP-Citrate Lyase and Succinic Thio-
kinase by nm23-H1, nm23-H1"?%S, and nm23-H1512°G, When
ATP-citrate lyase is incubated with [3?P]NDPK, phosphate is
transferred from the catalytic histidine on NDPK to the
catalytic histidine on ATP-citrate lyase (20). The rate of
phosphorylation of ATP-citrate lyase by [3*?Plnm23-H17%%S and
[3?PInm23-H15120G were similar to that by wild-type
[**P]nm23-H1 (Table 1).

It recently has been reported that nm23-H1 can phosphor-
ylate succinic thiokinase on a histidine residue (21). The rates
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Fi1G.5. Phosphorylation of 43-kDa proteins in Blue Sepharose and
$200-B fractions by nm23-H1, nm23-H179%S, and nm23-H15120G, (4)
The Blue Sepharose fraction was incubated with 370 nM [32P]nm23-
H1, [3?PInm23-H1P9S, or [32PJnm23-H1812C for 1, 2, 5, and 10 min.
(B) The S200-B fraction was incubated with 500 nM [3?P]nm23-H1,
[32PInm23-H1P%S, or [32Plnm23-H15129G for 1, 2, 5, and 10 min. (C)
Time course of phosphorylation. The Blue Sepharose fraction was
incubated with 170 nM [3?P]nm23-H1 for 1, 2, 5, and 10 min. (D)
Phosphorylation by varying concentrations of nm23-H1. The Blue
Sepharose fraction was incubated for 2 min with (lane 1) 40 nM, (lane
2) 90 nM, (lane 3) 180 nM, and (lane 4) 280 nM [3?P]nm23-H1. The
samples were analyzed by SDS/PAGE and autoradiography.

phosphorylation of succinic thiokinase by [3?Plnm23-H1F%6S
and [*?P]nm23-H18!120G were compared with that by
[3?Plnm23-H1. Whereas the rate of phosphorylation of suc-
cinic thiokinase by [*?P]Jnm23-H15129G was comparable to that
by [**P]nm23-H1, the rate of phosphorylation of succinic
thiokinase by [3?P]nm23-H1?°%S was less than by [*?P]nm23-H1

Table 1. Comparison of the protein phosphotransferase activities
of nm23-H1, nm23-H1F9¢S, and nm23-H15120G

Relative rates of
phosphorylation by
[3?P]lnm23-H1

Substrate Wild type P96S S120G
ATP-citrate lyase 100 80-100 90-100
Succinic thiokinase 100  40-70 70-100
43-kDa protein in Blue Sepharose fraction 100 0 0
43-kDa protein in S200-B fraction 100 5-10 15-20

The rates of phosphorylation of the different substrates are ex-
pressed relative to the rate of phosphorylation of that substrate by
wild-type nm23-H1. The range of values reflect results obtained with
different preparations of [32Plnm23 proteins, and reactions carried out
on different substrate preparations.
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(Table 1). This lower rate of succinic thiokinase phosphory-
lation was observed using several different preparations of
nm23-H1P%S, Freije er al. (21) reported that the phosphory-
lation of succinic thiokinase by [*>Plnm23-H1%%%S is about 15%
that by [3?Plnm23-H1.

DISCUSSION

Although a number of studies have demonstrated that expres-
sion of nm23 cDNAs in highly metastatic cells lines reduces
their metastatic potentials, the mechanisms by which it ac-
complishes this is unknown (2). The nucleoside diphosphate
kinase activity of nm23 doesn’t appear to account for its ability
to inhibit metastasis (2). A number of alternate activities for
nm23 have been suggested. Several papers have reported that
NDPK can function as a protein kinase or protein phospho-
transferase (20-22).

The present study provides additional data on the phos-
phorylation of ATP-citrate lyase by rat liver NDPK and
recombinant nm23-H1 and confirms the phosphorylation of
succinic thiokinase by nm23-H1. It also describes the transfer
of a phosphate from a histidine on NDPK to aspartate or
glutamate residues on bovine brain membrane proteins and
compares the protein kinase activities of two mutant forms of
nm23-H1 with those of wild-type nm23-H1.

The phosphorylations of ATP-citrate lyase and succinic
thiokinase by NDPK appear to be useful model systems to
characterize the protein kinase activity of NDPK. However,
the biological significance of these phosphorylations is unclear.
NDPK phosphorylates histidines at the catalytic sites of ATP-
citrate lyase and succinic thiokinase (20). These histidines are
phosphorylated much more rapidly by ATP and GTP. NDPK
and nm23-H1 had no obvious effects on the enzymatic activ-
ities of ATP-citrate lyase or succinic thiokinase (unpublished
observations).

The phosphorylation of a bovine brain membrane 43-kDa
protein or proteins by rat liver NDPK or nm23-H1 is analogous
to phosphorylation reactions carried out by prokaryotic histi-
dine kinases (25). These histidine kinases autophosphorylate
on a histidine residue and then transfer the phosphate to an
acyl group, usually an aspartate, on the same or different
proteins. These bacterial “two-component signaling” systems
regulate many different activities, including chemotaxis, oso-
moregulation, sporulation, and gene regulation (25). Two-
component histidine kinases have been identified in Saccha-
romyces cerevisiae (31-33) and Arabidopsis thaliana (34). Yeast
SLNT1 histidine kinase is involved in sensing changes in osmo-
molarity, and Arabidopsis ETR1 protein is involved in sensing
changes in ethylene.

The 43-kDa protein in the Blue Sepharose fraction from
extracts of bovine brain was phosphorylated by rat liver NDPK
and nm23-H]1. It did not autophosphorylate, and there was no
phosphorylation when NDPK was not added. The 43-kDa
protein in the S200-B fraction from extracts of bovine brain
also was phosphorylated by rat liver NDPK and nm23-HI.
However, there was a low level of phosphorylation of this
protein in the absence of added NDPK. The S200-B fraction
contained a low amount of NDPK, and the phosphorylation of
the 43-kDa protein observed when only ATP was added may
have resulted from its phosphorylation by endogenous NDPK.

Human MDA-MB-435 breast carcinoma cells have been
transfected with wild-type and mutant forms of nm23-H1 (23).
Transfection with wild-type nm23-HI suppresses the motility
of these cells to either fetal calf serum or to autotaxin.
Transfection with nm23-HI®S or nm23-HI5'?°¢ does not
suppress the motility of these cells. The inability of these
mutants to suppress motility has been compared with their
reduced histidine kinase activities. Nm23-H1P%%S has normal
autophosphorylation and nucleoside diphosphate kinase ac-
tivities, but it has lower histidine kinase activities when succinic
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thiokinase and other nm23 proteins were used as substrates
(21). However, the rate of phosphorylation of ATP-citrate
lyase by nm23-H1P%S was about the same by wild-type
nm23-H1 (Table 1). Nm23-H15120G has only slightly less his-
tidine activity than does wild-type nm23-H1 when either
succinic thiokinase (21) or ATP-citrate lyase were used as
substrates (Table 1).

The phosphorylation of the 43-kDa protein(s) on an aspar-
tate or glutamate residue by nm23-H15129G and nm23-H1P9%S
was much slower than by wild-type nm23-H1. When the Blue
Sepharose fraction was used, the 43-kDa protein was maxi-
mally phosphorylated by nm23-H1 in 1 min, but there was no
detectable phosphorylation of the 43-kDa protein after 10-min
incubation with either nm23-H17%%S or nm23-H15120G, The rate
of phosphorylation of the 43-kDa protein in the S200-B
fraction by nm23-H1 was about five times faster than by
nm23-H15120G and about 10 times faster than by nm23-H1P96S,
As the S200-B fraction contained a low level of endogenous
NDPK, it is possible that the phosphorylation of the 43-kDa
protein might result from the transfer of phosphate from the
added [*?P]nm23 to the endogenous NDPK and then to the
43-kDa protein. Both nm23-H179%S or nm23-H15'29G can phos-
phorylate other nm23 proteins (21).

Whereas there is currently no direct link between the
inability of m23-H1P%S and nm23-H15'20C to suppress motility
in breast carcinoma cells and their low kinase activity toward
the 43-kDa protein(s), these observations do suggest that this
transfer of phosphate from the histidine on nm23 to aspartate
or glutamate residues on other proteins may be biologically
important. Two-component histidine kinases are involved in
regulating a number of cell signaling processes in both pro-
karyotes and eukaryotes (25). For example, the yeast SLN1
histidine kinase regulates the HOG1 MAP kinase cascade
(32). Several papers have suggested that nm23 has a role in
signal transduction (3, 4, 35, 36). The results presented here
demonstrate that NDPK has a two-component histidine ki-
nase-like activity. It seems possible that NDPK phosphorylates
proteins that are part of two-component signaling systems. The
suppression of metastasis by nm23 could result from its
phosphorylating proteins that are part of a two-component
signaling pathway that regulates metastasis.
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