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ABsTRACT. Nucleoside diphosphate kinase (NDPK, Nm23) has been implicated as a multifunctional protein.
However, the regulatory mechanism of NDPK is poorly understood. We have examined the modification
of NDPK in oxidative stresses. We found that oxidative stresses including diamide @adrelatment
cause disulfide cross-linking of NDPK inside cells. This cross-linking was reversible in response to mild
oxidative stress, and irreversible to strong stress. This suggests that disulfide cross-linked NDPK may be
a possible mechanism in the modification of cellular regulation. To confirm this idea, oxidative modification
of NDPK has been performed in vitro using purified human NDP}OHinactivated the nucleoside
diphosphate (NDP) kinase activity of NDPK by producing intermolecular disulfide bonds. Disulfide cross-
linking of NDPK also dissociated the native hexameric structure into a dimeric form. The oxidation sites
were identified by the analysis of tryptic peptides of oxidized NDPK, using matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS). Intermolecular cross-linking between
Cys109-Cys109, which is highly possible based on the X-ray crystal structure of NDPK-A, and oxidations
of four methionine residues were identified in®}-treated NDPK. This cross-linkng was confirmed
using mutant C109A (NDPK-A%4) which had similar enzymatic activity as a wild NDPK-A. Mutant
NDPK-AC109 was not cross-linked and was not easily denatured by the oxidant. Therefore, enzymatic
activity and the quaternary structure of NDPK appear to be regulated by cross-linking with oxidant. These
findings suggest one of the regulatory mechanisms of NDPK in various cellular processes.

Nucleoside diphosphate kinase (NDPK, Nni2&s been by DR-nm23 was shown to be involved in control of
considered a housekeeping enzyme catalyzing transfer of thegranulocyte differentiation and apoptosis of myeloid cells
terminal phosphate from nucleoside triphosphate (NTP) to (10). Nm23-H4 possesses the region homologous to NDP
nucleoside diphosphate (NDP) by forming a high energy kinase, with all residues crucial for nucleotide binding, and
phosphorylated enzyme intermediate. The primary role of contains a NBterminal region for targeting to mitochondria
NDPK in the cell is to maintain a pool of nucleoside (11). Nm23-H5 has an additional 55 amino acid at the
triphosphate (NTP) required for biosynthesis. In humans, two COOH-terminus and does not exhibit NDP kinase activity
isozymes have been identified as NDPK-A (Nm23-HL) (  (12).

and NDPK-B (Nm23-H2)Z). NDPK-A acts as a suppressor  |nterest in NDPK has been recently increasing because of

of metastasis for some tumor type3—5). NDPK-B was its involvement in the cellular regulatory functions such as
shown to be identical to PuF, a protein that binds to the cell proliferation, differentiation, development, and apoptosis
nuclease-sensitive element in the promoter ofiyzonco- (13—16). For example, NDPK, product of thewd gene in

gene, and activates its transcriptic®—@). Very recently,  Drosophila is responsible for larvae growth and development

new Nm23 genes, DR-nm23, nm23-H4, nm23-H5, and (17—20). Human NDPK has been identified as a differentia-
nm23-H6, have been identified@-12). A protein encoded  tjon inhibitory factor for myeloid leukemia M1 cell2g,
22). NDPK is essential for activating a response at the
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L Abbreviation: NDPK, nucleoside diphospahte kinase; MALDI- We investigated the involvement of NDPK in the signaling
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mass spectrometry; TFA, trifluroacetic acid; HCCA, 4-hydraxy- ; [ ; ; ;
cyano-cinnamic acid; ¥D,, hydrogen peroxide; diamide, diazenedi- Redox signaling is mediated by reactive oxygen species

carboxylic acid bidd,N-dimethylamide) II; sinapinic acid, 3,5-dimethoxy- (ROS) such as SUperOXideX_Q; hydrogen pGFOXide (Do),
4-hydroxy cinnamic acid; DTT, dithiothreitol. hydroxyl radical (HO), and lipid hydroperoxides. ROS has
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been implicated in the oxidative cell damage of physiological ments were performed on 50% more or less confluent cell
and pathological processes such as aging, apoptosis, neurceultures. For diamide and B, treatments, monolayers of
degenerative diseases, and cance6—@8). Organisms cells grown in tissue culture dishes were incubated with
possess repair systems for reversing the oxidative modifica-various concentrations of diamide or,® in RPMI for
tions and disposal systems for removing the damaged10~30 min at 37°C.
macromolecules. There are two kinds of repair systems, Profiling of Protein Synthesis by?S]Methionine Pulse
enzymatic and non-enzymatic systems. Non-enzymatic repairLabeling.Patterns of cellular protein synthesis after oxidative
systems act, in general, as free radical scaven@&<30), stress were examined by pulse labeling wifiS[methionine
including glutathione, ascorbic acid, thioredoxin, and glu- (1 «Ci/mL) in methionine free RPMI media fdl h during
taredoxin. Enzymatic defense systems can remove oxygenthe recovery after treatment of 5 mM,®;, for 30 min or
radicals and their products and/or repair the damage caused.5 mM diamide for 1 h. The labeled proteins were separated
by oxidative stress. Catalase, superoxide dismutase, glu-on SDS-PAGE gels which were autoradiographed and
tathione reductase, glutathione peroxidase, and thioredoxinquantified by BAS2500 (Fujiphotofilm Co. Ltd., Tokyo,
belong to the enzymatic defense syste@is 82). In addition Japan).
to enzymatic and non-enzymatic systems, it is reported that MutagenesisThe coding region for NDPK-A%94 mutant
some proteins function as a repair system through confor-was PCR amplified by two rounds of PCR. First PCR was
mational change during oxidative stre88,(34). Sometimes, done in two separate reactions using nm23 in pET-3a
chaperon-like molecules and heat shock proteins are involved(Novagen, madison, WI) as template DNA. Reaction | used
in these processes. 5'-AC CAT ATGCAT ATG GCC AAC TGT GAG CGT
Here we have examined whether NDPK is involved in AC-3 and 3-AAC TTG TAT GGC GAA GTC TCC ACG
the signaling pathway of oxidative stress. We found that the GAT GGT-3 primers, and reaction Il used-6GA GAC
alteration of NDPK occurred in oxidant-induced cell death, TTC GCC ATA CAA GTT GGC AGG AAC-3 and 3-TC
as well as the presence of oxidized high molecular weight GGA TCCTCA TTC ATA GAT CCA GTT C-3 primers.
(HMW) NDPK. To identify the characteristics of oxidized PCR products of reaction | and Il were combined and used
HMW NDPK, purified NDPK was oxidized in vitro with as template DNA for second PCR. Primers for second PCR
hydrogen peroxide and characterized. Disulfide cross-linking were 3-AC CAT ATGCAT ATG GCC AAC TGT GAG
of NDPK occurred and the NDP kinase activity was lost by CGT AC-3 and 3-TC GGA TCCTCA TTC ATA GAT
dissociating the native hexameric structure to dimer. Mo- CCA GTT C-3. Mutated nucleotides are noted in boldface
lecular modifications of oxidized NDPK were identified by type and the linker sites, in italic type. The second PCR
matrix-assisted laser desorption/ionization time-of-flight mass Product was digested witNdd and BamHI enzymes and
spectrometry (MALDI-TOF MS). Conventional procedures cloned into pET-3a cut with the same enzymes. The integrity
for the determination of molecular modifications of proteins Of the mutant cONA was verified by both strands sequencing.
involve multiple steps: cleavage of modified proteins with ~ Protein Purification.Native NDPKs from human eryth-
proteolytic enzymes, separation of peptides with chroma- rocytes consists of NDPK-A and NDPK-B. Native NDPK,
tography, and sequencing of the peptides. However in this recombinant NDPK-A, -B, and recombinant NDPK-A
study, tryptic peptides were analyzed directly by MALDI- Wwere purified with modified methods as described previously
TOF MS without prior separation. Also these results were (36). Briefly, cytosolic fraction of human erythrocytes was

confirmed using mutant NDPK-Z094, prepared by lysis # 2 L packed erythrocytes with 8 vol
lysis buffer (10 mM Tris-acetate, 10 mM NaCl, 0.1 mM
EXPERIMENTAL PROCEDURES EDTA, 2 mg/mL aprotinine, pH 7.4). Cytosolic fraction of
E. colistrains BL21(DE3) transformed with expression pET-
Materials. Chemicals including 4-hydroxg-cyano-cin- 3¢ expression plasmids containing nm23-H1, nm23-H2 (gifts

namic acid (HCCA), 3,5-dimethoxy-4-hydroxy cinnamic acid from Dr. P. S. Steeg at NCI) and nm23-H%* coding region
(sinapinic acid), trifluroacetic acid (TFA), sodium bicarbon- were obtained after inducing the expression of each protein
ate, trizma base, HEPES, ATP, UDP, MgCand ATP-  wijth 0.2 mM IPTG with the method previously described
agarose were purchased from Sigma (St. Louis, MO). (37). Each cytosolic fraction was applied to-2 mL of ATP-
Radioisotope f-*P]JATP was obtained from DuPont NEN  sepharose column equilibrated with buffer A (20 mM Tris-
(Boston, MA). PEI cellulose TLC plate were from Alltech  acetate, 20 mM NaCl, 0.1 mM EDTA, 3 mM Mg&I15
(Deerfield, IL). Escherichia colistrain BL21 transformed  mm B-mercaptoethanol, pH 7.4) at a flow rate of 3 mL/
with pET3c expression plasmids containingn23-H1 or min. The column was then washed with 200 mL buffer A
nm23-H2 were provided by Dr. P. S. Steeg at NCI. and with 200 mL buffer A containing 0.25 M NaCl to
Sequencing grade trypsin (from bovine pancreas) wasremove nonspecifically binding proteins. Then NDPK was
obtained from Boehringer Mannheim GmbH (Mannheim, ejuted with buffer A containing 1 mM ATP. The fractions
Germany). HPLC-grade acetonitrile was purchased from containing NDP kinase activity were pooled.
Merck (Darmstadt, Germany). Superose 12 HR 30/10 column  NDP Kinase Actiity Assay Enzymatic activity of NDPK
came from Pharmacia LKB (Uppsala, SwedenjOkHiwas  was measured with the modified method as previously
obtained from Junsei Chemical Co. (Tokyo, Japan). described 38). Enzymes were incubated with 1@ of total

Cell Culture.Mouse radiation induced fibrosarcoma (RIF- volume of reaction buffer B containing 20 mM HEPES (pH
1) cell line 35 (a gift from Dr. G. M. Hahn) cultured in ~ 7.4), 1 mM each of ATP and UDP as substrate, 0G&
RPMI 1640 containing 10% fetal bovine serum, 100 mg/ [y-3?P]JATP and 3 mM MgC] for 10 min at 37°C. The
mL of streptomycin, and 100 units/mL of penicillin G at 37 process was stopped by adding nonreducing gel sample
°C in an atmosphere of 5% GO5% air 35). All experi- buffer containing 125 mM Tris base, 2.3% SDS, and 10%
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glycerol. Aliquots were loaded onto PEI cellulose TLC plate A

_ ' 0.5 mM diamide 0.75 mM diamide
and developed in a solution of 0.75 M KPO, (pH 3.6). — mM diamide 5 mM H.0,

Dried TLC plates were exposed to X-ray film for autorad- Efwm:ry 05 358240535824 053824
iogram and the formation of f*?P]NTP was quantified with 5 ] _ HMW
Fujiphotofilm BAS2000 (Tokyo, Japan). All measurements ~ §gareducing g [ NPk
were made in duplicate or triplicate. 36 7

Size Exclusion Chromatographyiolecular size of NDPK 20 L NDPK
was determined using Pharmacia FPLC Superose 12 HR 10/ Reducin
30 (Pharmacia) column (1 cm 25 cm) equilibrated with SDS-PAGE = - = || - |- - [Pk

buffer C (20 mM Tris-acetate, 20 mM NaCl, 0.1 mM EDTA,
3 mM MgCl, pH 7.4) and developed at a flow rate of 0.5 B
mL/min. Proteins used as molecular weight markers were — gecovery 0> ™M diamide 075 mM diamide 5 mM H,0,
p-amylase (200 kDa), alcohol dehydrogenase (150 kDa), tmeh © 0535824 0535824 053824
bovine serum albumin (132, 66 kDa), chicken egg albumin -

(45 kDa), carbonic anhydrase (29 kDa) andactoalbumin 66 = 8 - =

(14 kDa) @9). © & ; k4 - l
Analysis of Tryptic Peptides of NDPK by MALDI-TOF 36 * =

Mass SpectrometriNDPK-A was incubated with or without »1% ¥

H.0O,. Approximately 1QuM purified NDPK-A was allowed S 2 = -

to incubate with 5 mM HO, for 2 h at 37°C. To find the — -
location of modification, purified proteins were digested with FIGURE 1: Cross-linking of NDPK in diamide and J; treated
trypsin in 200 mM ammonium bicarbonate (pH 8.5) at 10:1 cells. RIF-1 cells were incubated with 0.5 mM, 0.75 mM diamide

' . . for 1 h, and 5 mM HO, for 30 min and recovered at various times.
ratio of NDPK-A to trypsin for 15 h at 37C. The digested  (5)"The same amount of cellular proteins was applied on 12%

sample was stored at20 °C for further analysis. Mass  SDS-PAGE in non-reducing and reducing conditions. Western
analysis was performed with a PerSeptive Biosystems analysis of NDPK was performed using polyclonal anti-NDPK
(Voyager-Elite Biospectrometry Workstation, PerSeptive antibody. (B) The protein synthesis rate was monitored during

; ; B ; various recovery time after oxidative stress by metabolic labeling
Biosystems, Inc., Fremingham, MA) MALDI-TOF MS using the cells fo 1 h with [¥S]methionine. Same amount of protein

a nitrogen laser (337 nm) with delayed extraction. The 4 applied on each lane of SDS-PAGE and detected with
extraction voltage was 20 kV. Data were collected and autoradiography.

analyzed and then compared with the Internet protein i o _

resource “MS-Digest’ (http://prospector.ucsf.edu/, 2000). Normal during recovery. This indicates that high molecular
Samples were prepared for mass analysis in a matrix of eitherweight NDPK can be formed in conditions in which the
3,5-dimethoxy-4-hydroxycinnamic acid (Sinnapinic acid) or Protein synthesis was inhibited. The formation of NDPK
4-hydroxy-.-cyano-cinnamic acid (HCCA). Saturated matrix crossfllnk_mg was reversible in response to mild stress (0.5
solutions were prepared in a 50% (v/v) solution of acetoni- MM diamide). High molecular weight NDPK appeared under

trile/0.1% TFA. non-reducing conditions and disappeared during recovery.
In contrast, high molecular weight NDPK exposed to strong
RESULTS stress (0.75 mM diamide) remained unchanged. This high

molecular weight NDPK produced by oxidative stress was

NDPK is a hexameric protein composed of 17 kDa dissociated and changed into monomers under reducing
monomer containing 152 amino acids. Cellular NDPK has conditions, which suggests that high molecular weight NDPK
heterohexameric form and consists of NDPK-A and NDPK-B s a product of oxidative disulfide bonding.
(36). This hexamer is completely dissociated and changed To identify the oxidative modification of NDPK, purified
into monomer under the reducing and nonreducing SDS  proteins were oxidized with ¥, in vitro. When purified
PAGE condition, which indicates that NDPK hexamers are NDPK proteins, including recombinant NDPK-A, recombi-
associated with noncovalent weak interaction. However, it nant NDPK-B, and human erythrocyte NDPK, were incu-
was found that NDPK in cells treated with oxidative stresses pated with various concentrations 0§®} at 37°C, NDPK
exists in the form of high molecular weight complexes. dimeric forms (36 kDa) were observed under nonreducing
Identification of high molecular weight NDPK complexes SDS-PAGE above 0.1 mM #@, (Figure 2A). As shown
has been demonstrated in this study. in Figure 2A, 5 mM HO, was adopted for producing the

Oxidative Modification of NDPK with Diamide and J@,. sufficient amounts of dimeric NDPK for the analysis of
Cellular modification of NDPK with oxidative stress was MALDI-TOF MS. These dimeric NDPKs were fully reduced
detected as disulfide cross-linking under a non-reducing to monomeric form (18 kDa) by addingymercaptoethanol.
SDS-PAGE gel (Figure 1). When RIF-1 cells were exposed This indicates that dimeric NDPK formation can be formed
to 0.5 or 0.75 mM of diamide and 5 mM of ;B,, the by disulfide intermolecular cross-linking between Cys resi-
formation of high molecular weight NDPK was observed dues.
under the non-reducing condition, and these were dissociated NDPK-A contains three cysteine residues, Cys-4, Cys-
into monomer under the reducing condition (Figure 1A). The 109, and Cys-145. NDPK-B contains two cysteine residues,
extents of oxidative stress were monitored by metabolic Cys-109 and Cys-145. Cys-109 and Cys-145 conserved in
labeling of cells with $°S]methionine during recovery after both NDPK-A and -B may be involved in the formation of
stress treatment (Figure 1B). The protein synthesis wasdisulfide bonds because both NDPK-A and -B are capable
immediately inhibited by oxidative stresses and returned to of producing the same dimers.



Modification of NDPK and Identification by MALDI-TOF-MS Biochemistry, Vol. 39, No. 33, 20000093

0 mM H,0 5 mM H,0
A 20, 202 @f»&‘?§ £
1 2 3 4 5 6 V¢
A '
66 | —
;2 p - - == |-HMW NDPK
29/ = g
gg A = ~NDPK-B 3
14 - - E
2
B 0 mM H,0, 5 mM H,0, %
1 2 3 4 5 6 C
66 =
;2:___ ARBEEEEEEARERAS RN ENANREAREA
Y 56 78 9 10111213141516171819
24 1 elution volume (ml)
20 1™ e S| | NDER-A FIGURE 4: Effects of HO, on the quaternary structure of NDPK-
14 A. Oligomeric structures of control (A) and oxidized NDPK-A
incubated with 5 mM HO, (B) were determined by size-exclusion

- il . : chromatography on a Superose 12 column (Pharmacia) calibrated
\'/:vli?ﬁRHE 2202 D\'/S‘j;‘rlif(')%i C,{I%SSPEQK(T&%)V z\?\;g‘éﬁ:;ﬁi;gg f\?vgmsstrﬁje;\t/led with the marker proteins indicated. Thiee in each panel represents
H,O, for 2 h at 37°C and resolved on 13% SDS-PAGE under relative levels of absorption at 280 nm.

non-reducing (A) and reducing conditions (B). Lane 1 and 4,

recombinant NDPK-A; lane 2 and 5, recombinant NDPK-B; lane 120
3 and 6, human erythrocyte NDPK.
100
120 g
S 100 z ¥
- Z
g 80 8 60
g 60 2
2 ]
S w0 v
g 8
g 20 |20
0 TS
0 5 10 15 20 25 30 35 40 45 0 o 2
H,0, (mM) H,0, [mM] - - 5 5 0 0

DTT [mM] - 5
Ficure 3: Effects of HO, on the NDP kinase activity of NDPK. . _ . .
NDPK-A was preincubated at the indicated concentration@H T 'GURE 5: Reversibility of inactivated NDPK by 30,. NDPK-A
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TLC plate as described under Experimental Procedures. min. Then the enzymatic activity of NDPK was measured in TLC

Characterization of Cross-linked NDPK Proteiimcuba- plate as described under Experimental Procedures.

tion with H,O, resulted in the inactivation of NDP kinase

activity in the purified recombinant NDPK-A, in a manner than hexamer, could be produced during the process of
dependent on time and,8, concentration (Figure 3). The dissociation from hexamer to dimer with,®h. It is possible
formation of disulfide bonds on the surface of molecules also that the inactivation of catalytic activity of NDPK with &,
affects catalytic activity. To examine the mechanism of may be caused by the dissociation of hexameric to dimeric
inactivating NDPK by HO,, oligomeric structure changes form. It has been previously reported that dimeric NDPK
were investigated. does not have catalytic activity iDictyostelium(39).

To investigate whether the disulfide bond formation of  To test if formation of dimeric NDPK is reversible in
NDPK with H,O, affects hexameric structure of NDPK-A, response to oxidative stress in vitro as well as in vivo (Figure
the native molecular mass of NDPK was measured with size- 1A), reactivation studies using dimeric NDPK were per-
exclusion chromatography using Superose 12. The averagdormed in the presence of the reducing agent DTT in vitro.
mass of NDPK-A without HO, was 100 kDa, corresponding In the presence of a reducing agent, NDP kinase activity
to a hexamer (Figure 4A). On the other hand, NDPK-A was monitored. NDPK with mild oxidative stress (5 mM
treated with 5 mM HO,, which had lost their enzymatic  H,O,) reactivated its enzymatic activity in the presence of
activity, showed heterogeneous populations of dimeric and DTT, but NDPK with a strong oxidative stress (20 mM
intermediate species (Figure 4B). The disulfide bond forma- H,O,) did not (Figure 5). This indicates that disulfide
tion with H,O, could destabilize the hexameric state and formation and simultaneous loss of enzymatic activity could
induce the dimeric state. Intermediate species, being smalletbe reversed by a reducing agent.
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Table 1: Expected and Observed Peptide Fragments Obtained from Trypsin Cleavage of Control and.®ATveéted NDPK-A

tryptic No-treatment No-treatment H.O,-treatment
peptide expectedrfvz) observedifvz) observedifVz) modification
7—18 1344.76 1344.45 1344.61 none
19-27 984.62 984.39
40-56 2066.03 2066.41 2082.88 Met-41 oxidized
57—-66 1149.64 1149.36 1149.51 none
67—85 2116.07 2116.48 2148.04 Met-68 oxidized
Met-76 oxidized
89—-105 1785.92 1785.45 1801.63 Met-90 oxidized
106-114 994.48 994.25 994.37 none
115-128 1485.72 1485.82
129-152 2942.33 2942.71
106-114 plus 106-114 1986.96 1985.94 disulfide bond

between 106 and 114

MANCERTFIA!® IKPDGVQRGL? VGEIIKRFEQ* KGFRLVGLKF*

MQASEDLLKE® HYVDLKDRPF® FAGLVKYMHS” GPVVAMVWEG#

LNVVKTGRVM®* LGETNPADSK'® PGTIRGDFCI'!® QVGRNIIHGS'?®

DSVESAEKEI'*®  GLWFHPEELV!¥® DYTSCAQNWI!®® YE!$

Ficure 6: Sequence of NDPK-A showing the expected peptides
in a tryptic digest of the unmodified protein. The peptides formed
by cleavage C-terminal to Lys and Arg are given above the
sequence.

Analysis of Tryptic Peptides of NDPK-A by MALDI-TOF
Mass SpectrometryTo identify the residues of NDPK
modified by HO,, the control and kD, treated NDPK-A
were digested with trypsin, and resulting peptides were
analyzed using a MALDI-TOF MS. The masses of these

peptides were compared with masses of expected peptides

(Table 1) calculated from the known sequence (Figure 6). It

is reported that the quality of spectra is dependent on the

matrix. Reduced forms of disulfide bond are observed in
HCCA but this is not the case in sinapinic acidQ).
However, survival of the disulfide bond in HCCA is also
reported 41). Therefore, in our work, both HCCA and

sinapinic acid were selected as matrix, HCCA for masses
lower than 2000 and sinapinic acid for masses higher than

2000. Molecular weights of tryptic peptides from control
NDPK-A, including residues 166114 and 129152, cor-

responded well with the expected peptides (Figure 7A and

7B). Mass spectra of #,-treated NDPK-A (Figure 7, panels

C and D) showed the presence of several modifications. A
16 Da increase of predicted mass was detected in severa

peptides, which corresponds to the oxidation of Met in
peptides containing Met-41, Met-68, Met-76, and Met-90.
New mass at/z 1985.94 was detected in oxidized NDPK-

since alkylation of peptides with iodoacetamide at pH 8.5
was not specific to the Cys residue but rather labeled the
Met, Lys, and His (data not shown). However, a clear 59
Da increase to the predicted mass in peptides—106},
129-152 containing Cys-109, and Cys-145 was detected by
alkylating the sulfhydryl residues in control NDPK-A. In the
case of HO.-treated NDPK-A, a 59 Da increase by an
iodoacetamide treatment was observed only in the peptide
129-152 (/z= 3001.45), not in 106114. Them/z1985.94
corresponding to the disulfide bond of peptide 084
appeared in the #D,-treated NDPK-A, regardless of io-
doacetamide treatment. This suggests that only Cys-145 in
H,0O,-treated NDPK-A can be alkylated by iodoacetamide,
and, on the other hand, that disulfude-formed Cys-109 cannot
be alkylated. It is clear that only Cys-109 is involved in
disulfide bond formation of NDPK following oxidative stress.
Oxidative Modification of NDPK-A9%4 with H,O,. To
confirm that high molecular weight NDPK is formed by
cross-linking between two Cys-109, NDPKER?A mutant
was prepared. The purified NDPKS% mutant had full
enzymatic activity as wild NDPK-A. When purified NDPK-
AC09% was incubated with kD, for 2 h at 37°C, cross-
linked NDPK-AC09% was not observed under the non-
reducing SDS-PAGE (Figure 8A). In addition, the enzymatic
activity of NDPK-AC1%%4was not changed in the absence or
presence of kD, (Figure 8B). This result confirms that only
Cys-109 is involved in disulfide bond formation of NDPK
and loss of enzymatic activity by oxidative stress.

PISCUSSION

Given recent observations that NDPK has multifunctional
properties in various cellular processes, we newly found that
high molecular weight oxidized NDPK was produced in

A. This was the expected mass of intermolecular dipeptide response to oxidative stresses, but disappeared during the

formed by a disulfide bond between two peptides-1064
containing Cys-109. It is obvious that intermolecular disulfide
cross-linking between two Cys-109 residues occurs,H
treated NDPK-A. Disulfide formation of peptide 12352
containing Cys-145 was not observed isg0ztreated NDPK-

A. However, it is not clear that Cys-145 is not involved in
the formation of disulfide bonds, because the intensity of
peptide 129-152 is weak in NDPK-A from control.

To determine the involvement of Cys residue in the
formation of disulfide bonds, the control and thgQ4treated
NDPK-A were incubated with sulfhydryl-modifying reagent
iodoacetamide in order to alkylate the sulfhydryl group. With

recovery. Simultaneously, the characteristics of oxidized
NDPK were identified.

These findings suggest that NDPK may be involved in
cell signaling by oxidative stress. Cross-linking of NDPK
occurred in response to mild oxidative stress, and dissociation
of cross-linking was observed during recovery. But with
strong stress, cross-linked NDPK remained during cell death,
indicating that NDPK could be one of the regulatory proteins
in oxidative cell signaling.

Reactive oxygen species (ROS) have been implicated in
a number of cellular processes, including proliferation, cell
death, aging and cancer et@6). The modification of

this treatment, very complicated mass profiles were obtained,proteins occurs by ROS and oxidation-modified proteins
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Ficure 7: MALDI-TOF mass spectrum of tryptic peptides of control angDbttreated NDPK-A. Control (A, B) and 5 mM #D.-treated
NDPK-A (C, D) were digested with trypsin. Mass spectra A and C were obtained using matrix HCCA and spectra B and D using matrix
sinapinic acid. Marked peaks in the spectrum were compared with calculated mass in Table 1.

accumulate during aging, oxidative stress and in some Oxidative modification of NDPK inactivated the catalytic
pathological conditions. ROS can induce oxidation of amino NDP kinase activity in a manner dependent on the incubation
acid residue side chains, formation of protepmotein cross- time and concentration of J@,, and dissociated the native
linkages, and oxidation of the protein backbone. These hexameric NDPK into dimeric form. This suggests that
oxidative damages to proteins affect their enzymatic activity oxidation of NDPK can be one way of NDPK functional
and increase their susceptibility to proteolysis and aggrega-regulation.

tion in the cell 42, 43). However, all of the oxidized proteins Two main NDPKs, NDPK-A and NDPK-B, have been
are not degraded and do not aggregate. Oxidized forms ofidentified for a long time. NDPK-A acts as a suppressor of
some proteins are not only resistant to proteolysis but, in metastasis and NDPK-B is identical to PuF, a protein that
fact, can inhibit the ability of proteases to degrade the binds to nuclease-sensitive element in the promoterrofc-
oxidized forms of other proteingld—47). For example, the  oncogene, and activates transcription of thmyzzoncogene.
OxyR transcription factor is sensitive to oxidation and But the DNA binding activity of human NDPK-B does not
activates the expression of antioxidant genes, and OxyR isrequire catalytic activityq). NDPK is essential for musca-
activated through the formation of a disulfide borB) rinic Kt channel gating by agonist through an unknown
Also, oxidized Hsp33 forms disulfide bond and activates its mechanism of action distinct from the phosphate transfer
chaperone function, thus protecting cells from oxida8#.( between nucleotide®8, 24). NDPK has various functions,
These reports support the idea that the oxidative modification some of which are not related to its enzyme activity.
of proteins can be a regulatory cellular mechanism. However, the mechanism of NDPK in proliferation, dif-
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A tryptic digests of peptides were analyzed by MALDI-TOF
66— w— MS. Results demonstrate that cysteine and methionine
45 =1 e HMW residues of NDPK are particularly sensitive to oxidation.
36 - w— T NDPK Methionine residues are converted to methionine sulfoxide
29— (MeSOX) and cysteine residues are cross-linked into inter-
24 molecular disulfide bonds. Modification of methionine
20 1 e @ - e e —NDPK-A residues is distinct but may not be implicated in any
functional regulation of NDPK, in accordance with reports

147 - that show that preferential oxidation of several exposed
methionine residues in some proteins has little effect on their
NDPK [10 uM] WT WT C109A C109A biological function 64). _ _
H,0, [5 mM] -+ . + Cross-linking of NDPK through formation of an inter-
272 molecular disulfide bond at Cys-109 affects the enzymatic
B 120 activity and oligomeric structures. Eukaryotic NDPK has a

hexameric quaternary structure, which consists of trimer of
dimers 65, 56). This oligomeric structure is coupled with
enzymatic activity 89). We have demonstrated that®h
can dissociate native hexameric enzyme into dimeric form
and inactivate the enzymatic activity. Intermolecular disulfide
cross-linking occurred between Cys-109 and Cys-109. Cys-
109 is located in the trimeric interface Kpn loops (residue
99-119) involving main contacts between subunits in
hexameric structure. The X-ray structure of NDPK-A sug-
gests that Cys-109 and Cys-109 are favorably positioned for
easy formation of a disulfide bon&7). The formation of a
disulfide bond can produce strain and disrupt the hexameric
NDPK [10pM]  WT WT CI09A C109A structure. It is reported that three so-called Kpn loops
H,0, [5 mM] B + B + (residues 99119) come together at the center of one trimer
FiGURE 8: Effects of HO, on the NDPK-A19%A mutant. Purified and induce productive conformation of the nucleotide binding
NDPK-A and NDPK-A109 (10 uM) were incubated with 5 mM  site. Binding of a nucleotide results in the conformational
H20, fé” 2hat %7.;(: a”g S%’]arated O”t.l3%t.S.?S'PAGE ‘.Jt”de(; change of the Kpn loop, so that strong contacts within the
?é))r.we ucing conditions (A). The enzymatic activity was monitore interface can occur3@). In NDPK oxidized by HO,, the
disruption of contacts in trimer interface results in confor-
mational change of Kpn loops and inactivates enzymatic
ferentiation and tumor promotion has not been identified activity by damaging the binding of the nucleoside. Mutation
clearly. of NDPK in dimeric interface can also inhibit catalytic
Recently, it is reported that different oligomeric states of activity (unpublished data). Hexameric structure is necessary
NDPK have different biochemical functions. It is reported for enzymatic activity.
that a dimeric form of NDPK exists. NDPK-A dimer can Another functional possibility of oxidized NDPK is that
interact with the dimer of glyceraldehyde-3-phosphate de- oxidized NDPK in cell death dissociates hexamer into dimer,
hydrogenase, and this interaction activates the phosphotransexposing a new surface. Then the dimer can interact with
ferase function of NDPK48). Also, DictyosteliumNDPK other proteins, such as an antioxidant protein and vimentin
was dissociated into dimer by the double mutation P100S- through a new surface not exposed in hexamer. High
N150stop 89) and the dimeric mutant is able to bind to molecular weight NDPK formed in cells treated with®
DNA, whereas wild-type hexamer is no#q, 50). It is could be a complex of NDPK dimer and the proteins or DNA
thought, therefore, that NDPK may gain other functional with which it has interacted. The function of this NDPK
characteristics through the process of dimer formation. The complex should be further explained. Modified NDPK may
point mutation Séf—Gly in the human NDPK-A has been interact with other proteins and act in various cell signaling
identified in several aggressive neuroblastond.(Re- pathways as a savior or killer. Experiments are currently
combinant NDPK-A containing SEf—Gly mutation ex- under way to further characterize the function of NDPK and
hibited reduced hexameric and increased dimeric oligomer-to identify the target protein with which NDPK interacts in
ization relative to the wild-type. Moreover, 28 kDa protein the signal transduction pathway of oxidative stress. Therefore,
was coprecipitated preferentially with the 8&+Gly mutant it is thought that cross-linking of cysteine residues sensitive
of NDPK-A (52). By using immobilized antibodies against to redox conditions of the environment may be involved in
frog NDPK, 28 kDa protein was identified as a homologue the functional regulation of NDPK.
of antioxidant proteins, while NDPK is associated with In summary, we demonstrated that NDPK was modified
vimentin sensitive to oxidative damag&3|. These inves- by oxidative stress and identified the modification using
tigations support the results of this report, that oxidative MALDI-TOF MS. NDPK is oxidized with HO,, and
modification of NDPK inactivates the catalytic activity by resulting dimers are composed of the intermolecular disulfide
dissociating the hexamer into dimeric form. bond between Cys-109 and Cys-109. Oxidative modification
To identify the characteristics of oxidized NDPK, recom- is one possible way of regulating the functions of NDPK in
binant purified NDPK was oxidized with 4, in vitro and many cellular processes.
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