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Abstract

4-Hydroxy-2-nonenal (HNE), a major lipid peroxidation product, reacts with histidine, lysine or cysteine residues of proteins to form
hemiacetal Michael adducts and thus interferes with the functions of the proteins. Here we undertook to identify HNE-modified proteins in the
target organ of a ferric nitrilotriacetate (Fe-NTA)-induced renal carcinogenesis model with histidine-specific HNEJ-2 antibody. Immunoaffinity
column separation and sequencing identified one of the major modified proteins as actin. To further explore the characteristics of actin as
an HNE acceptor, we produced four novel monoclonal antibodies against HNE-modified keyhole limpet hemocyanin. All these antibodies
(HNEJ-1, 3-5) recognized histidine adducts, but were different from HNEJ-2 in recognizing lysine and cysteine adducts to some extent. Actin,
albumin, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), metallothionein and superoxide dismutase were treated in vitro with HNE
and evaluated with these antibodies. The results revealed that actin was most sensitive to HNE modification and metallothionein most resistant.
Furthermore, the residue-specificity of GAPDH was in accord with that shown by our recent mass spectrometry data. Immunohistochemistry
with the antibodies revealed cytoplasmic staining with or without nuclear staining in the renal proximal tubules after Fe-NTA administration.
The results suggest that actin is a major target protein for HNE modification in vivo, and that our monoclonal antibodies are useful for
evaluating the HNE adducts produced.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction important molecular structures, cause genetic alterations or
activate certain signal pathwal4 .
Several lines of evidence indicate that oxidative modifi- 4-Hydroxy-2-nonenal (HNE), one of the reactive aldehy-

cation of proteins and the subsequent accumulation of thedes, is a major product of lipid peroxidatiph-6] and is be-
modified proteins occur in cells and tissues during aging, lieved to be largely responsible for the cytopathologic effects
carcinogenesis and various pathological conditions, includ- observed during oxidative stress. HNE exerts these effects
ing atherosclerosis, autoimmune diseases and neurodegenebecause of its strong reactivity with biomolecules, especially
ative diseasefl,2]. The important chemicals that give rise cysteine, histidine and lysine residues of proteins, producing
to the covalent modification of proteins may include reactive cyclic hemiacetal Michael addudi4].
aldehydes, such as keto aldehydes, 2-alkenals and 4-hydroxy- Administration of an iron chelate, ferric nitrilotriacetate
2-alkenalq3,4]. These reactive aldehydes are considered to (Fe-NTA), provides an intriguing model of iron-mediated
be important mediators of cellular damage due to their ability oxidative stress-induced carcinogenesis: intraperitoneal ad-
to covalently modify biomolecules in ways that may disrupt ministration of this chemical causes renal proximal tubular
damage as a consequence of the Fenton reaction that ulti-
mately leads to up to 90% incidence of renal cell carcinoma

* Corresponding author. Tel.; +81 75 753 4423; fax: +81 75 753 4432. I rodentg7-9]. This model is characterized by (1) high inci-
E-mail address: toyokuni@path1.med.kyoto-u.ac.jp (S. Toyokuni). dence of pulmonary metastasis and peritoneal invasion, (2) an
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increase in molecules covalently modified by reactive oxygen 2.3. Animal experiments

specieg10] in the kidney during carcinogenesis, and (3) re-

duction of not only acute renal tubular damage butalsotumor  The acute study of a single intraperitoneal injection of
incidence[11] by pretreatment with a lipophilic antioxidant, Fe-NTA (15mg iron/kg; 0, 3, 6, 12, 24, 48 and 96 h) was
a-tocopherol. We previously reported an increase in a variety carried out as previously described using 6 week-old spe-
of oxidatively modified molecules such as 8-oxoguaiir2, cific pathogen-free male Wistar rats (Shizuoka Laboratory
thymine-tyrosine cross-link4.3], saturated and unsaturated Animal Center, Shizuoka, Japan). This experiment was ap-
mutagenic aldehydes including HNE and malondialdehyde proved by the committee for animal experiments in the Grad-

(MDA), and HNE- and MDA-modified protein$,14,15]in
the kidney after Fe-NTA administration. Recently, we iden-
tified the p15"NK#8 and p16/NK#*A tumor suppressor genes
[16,17] and theannexin 2 gene[18] as target genes in this
model.

In the present study, we attempted to identify major HNE-
modified proteins in the kidneys of rats after a single ad-
ministration of Fe-NTA, and identified actin as one of them.

uate School of Medicine, Kyoto University. The animals were
killed at the assigned time after Fe-NTA administration. Both
of the kidneys were immediately excised and stored frozen at
—80°C untiluse. A small portion of the kidney was fixed with
Bouin’s solution[23] overnight for histological examination
with hematoxylin and eosin staining or immunohistochem-
istry of paraffin-embedded specimdig].

Furthermore, we evaluated the characteristics of actin as ar2.4. Antibodies

HNE acceptor by comparing its immunoreactivity with those
of selected proteins using five different monoclonal antibod-
ies (mAbs) produced against HNE-modified keyhole limpet
hemocyanin (KLH).

2. Experimental

2.1. Materials

trans-4-Hydroxy-2-nonenal was prepared as previously
described19] by acid treatment (1 mM HCI) of HNE di-

MAbs HNEJ1-5 were produced and purified as previously
described19]. Briefly, the HNE-modified KLH (HNE-KLH)
immunogen was prepared by reacting KLH with HNE as
described22]. HNE-modified BSA (HNE-BSA) was pre-
pared by incubating 1 mg/ml of BSA with 2mM HNE at
37°C for 1 h. HNE-KLH (100wg/100ul) was emulsified in
an equal volume of Freund’s complete adjuvant (Difco, De-
troit, MI) and injected intraperitoneally, subcutaneously and
intramuscularly (1/2, 1/4 and 1/4 volume, respectively) to fe-
male BALB/c mice (7 weeks of age; Shizuoka Laboratory
Center, Shizuoka, Japan). After 4 and 8 weeks, booster injec-

ethylacetal, which was synthesized according to the proce-tions were done. The antibody level in serum was monitored

dure of De Montarby et al20]. The concentration of the

by Western blotting and enzyme-linked immunosorbent as-

HNE stock solution was determined by measurement of UV say (ELISA) using BSA and HNE-BSA as paired antigens

absorbance at 224 nf21]. Ferric nitrate enneahydrate was
from Wako (Osaka, Japan); nitrilotriacetic acid (NTA) dis-
odium salt was from Nacalai Tesque Inc. (Kyoto, Japal).
acetyli-histidine, Na-acetyli-lysine, glutathione, bovine

as described below. Fusion was performed by the use of 8-
azaguanine-resistant murine myeloma P3X63-Ag8.653 cells
at the ratio of 5:1 as describgd4]. The culture medium
was RPMI-1640 in the presence of 10% fetal calf serum,

muscle actin, rabbit metallothionein and bovine superoxide 0.03% (w/v)L-glutamine, 0.0015% (w/v) 8-azaguanine and

dismutase (SOD) were from Sigma (St. Louis, MO). Glyc-

2.5x 10~" M 2-mercaptoethanol. Screening was done with

eraldehyde 3-phosphate dehydrogenase (GAPDH) was fromELISA using BSA and HNE-BSA as paired antigens as de-

Calbiochem (La Jolla, CA) and bovine serum albumin (BSA),

scribed below. MAbs were purified by ammonium sulfate

protease-free, was from Nacalai Tesque. All the chemicals precipitation from ascites of nude mice (BALB/c, nu/nu,
used were of analytical quality and deionized water was usedfemale, 8 weeks of age) after intraperitoneal injection of

throughout. Fe-NTA solution was prepared immediately be-
fore injection as previously describddl4]. Briefly, ferric

nitrate enneahydrate and NTA disodium salt were each dis-

solved in deionized water to form 300 and 600 mM solutions,
respectively. They were mixed at a volume ratio of 1:2 (molar
ratio, 1:4) with magnetic stirring at room temperature (RT).
The pH was adjusted with sodium carbonate to 7.4.

2.2. Modification of proteins with HNE

Each protein (1 mg/ml) was incubated with 1 or 2mM
HNE for 1 h at 37C in 0.1 M phosphate buffer, pH 7.4 as
described22], and dialyzed against phosphate buffer to re-
move free HNE.

10’ hybridoma cells as describg2#4]. Immunoglobulin sub-
class was determined using a kit from Amersham Pharmacia
Biotech.

Anti-pan-actin - mAb (clone MAB1501) was pur-
chased from Chemicon International Inc. (Temecula, CA).
Horseradish peroxidase-conjugated rabbit antibody against
mouse IgG was from Amersham Pharmacia Biotech (Piscat-
away, NJ) and biotin-labeled rabbit antibody against mouse
IgG was from Dako (Kyoto, Japan).

2.5. ELISA

For monitoring antibody response and cloning hybrido-
mas, the wells of 96-well microtiter plates were filled with
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100pl of either 1 mg/ml BSA or HNE-BSA, and incu- deoxycholate, pH 7.4) in the presence of protease inhibitors
bated at 4C overnight. After three washes with 10mM (Complete Min?, Roche, Tokyo, Japan), and the super-
phosphate-buffered saline, pH 7.4 (PBS) containing 1% natants collected after centrifugation at 15,609for 15 min
BSA, 0.5% Tween 20, each well was filled with 20D were used. The protein concentration was determined with
of PBS/BSA to block non-specific binding for 1 h at room BCA protein reagents (Pierce, Rockford, IL). Immunopre-
temperature (RT). After three washes, 183®f serum (di- cipitation was performed as describ@®]. Briefly, 10l of
luted 1:100) or culture supernatant (diluted 1:3) was added HNEJ-2 mAb (5 mg/ml) was added to 40@ of lysate in

to each well and the plates were incubated for 1h at a 100wl volume, and incubated on ice for 3 h, followed by
RT. Pre-immune BALB/c mouse serum or isotype-matched addition of protein A Sepharose CL-4B (Amersham Phar-
irrelevant commercial mAb (Dako) was used as a neg- macia Biotech) and incubation on ice for 1 h. After washing
ative control. After three washes, 200 of peroxidase- with 100 mM HEPES buffer (pH 8.0), the Sepharose beads
conjugated anti-mouse IgG antiserum (1:1000) was addedwere separated by centrifugation, and boiled with 50f

and the plates were incubated for an additional 1 h at RT. Laemmli sample buffer containing 2-mercaptoethanol for
After washing, 10Qul of 0.05 M citrate buffer (pH 5.0) con- 3 min. Twenty microliters of the supernatant was used for
taining 0.4 mg/ml ofo-phenylenediamine (Wako, Osaka) each lane. Western blotting was carried out after 12.5%
and 0.015% HO, was added and the plates were incu- SDS—PAGE under reducing conditionspyg of protein in
bated for several minutes at RT. The reaction was termi- each lane) and semi-dry blotting on polyvinylidene difluo-
nated by the addition of 2 M sulfuric acid and was quantitated ride membranes (Immobilon, Millipore, Tokyo, Japan) as de-
by measuring absorbance at 490 nm with a microtiter plate scribed?25]. Briefly, after the membranes were blocked with
reader (M-Emax; Molecular Devices, Menlo Park, CA). For Blockace (Yukijirushi Co. Ltd., Sapporo, Japan), they were
studies of HNE specificity and competition, HNE-modified incubated sequentially with primary antibody (HNEJ 1-5,
GAPDH and the haptens (HNE-acetylhistidine, HNE- 20g/ml; anti-actin monoclonal antibody, diluted 1:2000)
N-acetyllysine and HNE-glutathione) were prepared and a and horseradish peroxidase-conjugated rabbit anti-mouse
competitive ELISA was carried out as previously described 1gG (Dako Japan Co. Ltd., Kyoto, Japan; diluted 1:2000) after

[22]. washing with 0.1% Tween-20, 100 mM Tris-buffered saline
(TTBS, pH 7.4). ECL detection reagents (Amersham Phar-

2.6. Purification of HNE-modified proteins from rat macia Biotech, Tokyo, Japan) were finally used according to

kidney the manufacturer’sinstructions for visualization of the signals

on film. The exposure time of the membrane to the film was
Eight rats were killed 3 h after administration of 15mg 1 min.

iron/kg of Fe-NTA, and the kidneys were excised immedi-
ately. After homogenization of the kidney sample with 9 vol-
umes of 10 mM Tris—HCI buffer (pH 7.5) containing 0.25M  2.8. Immunohistochemical analysis
sucrose, 1 mM EDTA, and 1 mM phenylmethanesulfonyl flu-
oride, the cytosolic soluble fraction was obtained by ultracen-  The animals were killed 3h after administration of
trifugation (105,000« g, 60 min, 4°C). The supernatantwas 15mg iron/kg of Fe-NTA, and a portion of the kidney
recovered {30 ml) and passed through a Sepharose 4B col- was fixed with Bouin’s solution. The avidin—biotin com-
umn (911 mmx 20 mm) to avoid non-specific binding. The plex method with peroxidase was used for immunohisto-
HNEJ-2 Sepharose 4B column (17 nsn®5 mm) was pre- chemistry as describd@6]. Serial sections were prepared to
pared by coupling HNEJ-2 to CNBr-activated Sepharose 4B enable better comparison of each immunostaining. Briefly,
(Amersham Pharmacia Biotech) according to the proceduresafter deparaffinization, the specimens were incubated with
recommended by the manufacturer and the excess remain0.3% HO, in methanol for the inhibition of endoge-
ing groups were blocked by incubation with 0.1 M Tris—HCI nous peroxidase. Then, normal rabbit serum (diluted 1:75;
buffer, pH 8.0, at 4C overninght. Then, an aliquot of the Dako) for inhibition of non-specific binding of the sec-
sample was loaded onto the HNEJ-2 Sepharose 4B columnondary antibody, mAbs against HNE-modified proteins
according to the procedures recommended by the manufac{HNEJ-1-5; 5Qu.g/ml), biotin-labeled rabbit anti-mouse IgG
turer. After the column was washed with 10 mM phophate- serum (diluted 1:300; Dako) and avidin-biotin complex (di-
buffered saline and 1 M NaCl, bound proteins were eluted luted 1:100; Vector Laboratories, Burlingame, CA) were
with 0.2M Glycine-HCI buffer (pH 2.5) and analyzed by sequentially used. 3®iaminobenzidine solution (Dako
12.5% sodium dodecyl sulphate—polyacrylamide gel elec- Liquid DAB, K3466) was used for color development.

trophoresis (SDS—PAGE). Three registered pathologists (AMH, TS and ST) indepen-
dently evaluated the immunostaining without the informa-
2.7. Immunoprecipitation and Western blot analysis tion of antibody used, and the results these three agreed

was used. Procedures using nonimmune mouseg lgG
Tissue lysates were prepared by homogenization in RIPA10mM PBS instead of HNEJ-1-5 antibody showed no
buffer (20 mM Tris, 0.1% SDS, 1% Triton X-100, 1% sodium  positivity.
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2.9. Amino acid sequencing Table 1
Affinity of monoclonal antibodies to each 4-hydroxy-2-nonenal-induced

HNE-modified proteins recovered from the affinity col- Michaeladduct

umn were separated by SDS-PAGE and portions of the target“'one Histidine-adduct __ Lysine-adduct __ Cysteine-adduct
bands were collected. They were sequenced by a commerciaHNEJ-1 High High High
amino acid sequencing service (AproScience, Tokushima,HNEJ-Z'  High Low Low
Japan) HNEJ-3 H!gh Moderate Moderate
' HNEJ-4 High Moderate Moderate
HNEJ-5 High High Moderate

@ See referencfl9].

3. Results
3.2. Characterization of four monoclonal antibodies

3.1. Identification of a major HNE-modified protein in against HNE-modified proteins

the kidney after Fe-NTA administration o .
In order to explore the characteristics of actin as an HNE

SDS-PAGE analysis of the sample after HNEJ-2 accgptor, we have_produce_d and characterized four mAbs
column separation revealed two major bands 683 against Hl_\l_E-modlfled proteins (HNEJ-1, _3—5)._ The results
and ~46 kilodaltons (kDa) Fig. 1A). The band of of competitive ELISA assays are sum_manzedilg. _2and
~46 kDa was subjected to amino acid sequencing. The 0b_TabI.e 1 In.co_nt.rastto mAb HNEJ-2, which p_referenually rec-
tained partial sequence was DLYANTVLSG, which was ©9nizes histidine adducts as reported previo[&}, HNEJ-
identified as an actin fragment using NCBI database 1 and 3_5 re.c.ognlzed' Iy.3|'ne and cysteine adducts to some
analysis Kittp://Awww.ncbi.nim.nih.gov/BLASY. Immuno- extent in addition to_h|5t|d|ne adduc_ts_. HNEJ-1 recognized
precipitation and Western blot analysis confirmed the results the three adducts with the same affinity. MAb HNEJ-5 rec-
(Fig. 1B). Analysis of actin in the kidney 3 h after Fe-NTA ognized hl_stldme and lysine adducts with approximately the
administration revealed bands with smaller molecular weight Same affinity Table .
as well, suggesting fragmentation, and at least two fragments
showed HNE modificationHig. 1B). Western blot analysis  3.3. Susceptibility of each protein to modification by
with HNEJ-2 or actin antibodies after SDS—PAGE revealed HNE
a minor band with a lower molecular weight 641 kDa.

This minor band was detectable in the control sample and  Actin, albumin, glyceraldehyde 3-phophate dehydroge-
was significantly increased between 3 and 24 h after Fe-nase (GAPDH), metallothionein and superoxide dismutase
NTA administration, and then returned to the normal level at (SOD) were incubated in vitro with two different concen-

48h. trations (1 or 2mM) of HNE, and analyzed by Western
kDa kDa C 3 6 12 24 48 96(h)
HNEJ-2 250
S kbDa C Fe C Fe 138 &

75 =

- ‘ IP:A:z:tin -
| 50 Q !”g‘lgH 50 n-:--"’:_<
wo WY - N LT

‘ W l;|NEJ-2

4
25
R W-Actin W-HNEJ-2 vl
CACT 2 -
(A) (B) (C) W: Actin

Fig. 1. Identification of actin as a major 4-hydroxy-2-nonenal (HNE)-modified protein in the kidney of rats 3 h after ferric nitrilotriacetate [FaehdIFA
istration. (A) Separation of the cytosolic fraction of kidney samples by affinity chromatography with HNEJ-2 monoclonal antibody, and subsdggient an
by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS—PAGE); kDa, kilodalton (arrow head, 43 kDa protein). (B) Immuataprecipit
analysis of the cytosolic fraction of kidney samples. Samples were at first immunoprecipitated with anti-actin antibody, and then analyzed IBESDS—PA
with either anti-actin or HNEJ-2 antibody; C, control; Fe, Fe-NTA-treated (3 h); IgH, immunoglobulin heavy chain; IP, immunoprecipitation;an et
analysis (large arrow head, actin at 43 kDa; small arrow head, fragmented actin). (C) Time-course of Western blot analysis after SDS—PAGEysf difie kidne
rats after Fe-NTA administration (large arrow head, actin at 43 kDa; small arrow head, minor bands at 41 kDa). Refer to text for details.
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1.2 1.2 blotting using five different mAbs against HNE-modified
proteins (HNEJ-1-5). The amount of each protein sample
1.0 M 1.0t loaded was adjusted to provide the optimal experimental
conditions. With Coomassie brilliant blue staining or sil-
1.8 1.8 ver staining, no major changes were observed in the HNE-
o o modified proteins tested~{g. 3). All the five mAbs recog-
Qg Qog . . -
a o nized the HNE modification. However, the susceptibility of
0.4r 0.4t .
Actin (180 ng/lane)
| kDaCH1H2 CH1H2 C H1H2 CH1H2 C H1H2 C H1H2
0.2 0.2f M " ‘ .
0.0 INEJ-1 . 0.0] HNEJ-3 . . i m
0.1 1 10 100 0.1 1 10 100
(A)  Competitor (nmol/well) ~ (B)  Competitor (nmol/well) “
1.2 1.2r "R
1.0t 1.0t ;E ;;l (A) CBB Staining HNEJ-1 HNEJ-2 HNEJ-3 HNEJ-4 HNEJ-5
Albumin (2 ng/lane)
1.8 1.8 kDa G H1H2 C H1 H2 CH1 H2 CH1H2 G H1H2 C H1H2
o o 250 3 ‘
= 0.6 = 0.6 150
o o 100
75 j
0.41 0.4r .
50 ... ¥ 4 et .
0.2r 0.2r (B) CBB Staining HNEJ-1 HNEJ-2 HNEJ-3 HNEJ-4 HNEJ-5
0.0 HNEJ-4 0.0 INEJ-5
o1 0 00 o 1o ""900 GAPDH (2.5 ng/lane)
(C)  Competitor (nmol/well) (D)  Competitor (nmol/well) kDaC H1H2 C HiH2 CH1H2 CHiH2 CHiH2 CH1H2

@ HNE-N-acetylhistidine
A HNE-N-acetyllysine
B HNE-glutathione

© N-acetylhistidine
A N-acetyllysine
B Glutathione

Fig. 2. Characterization of four monoclonal antibodies against HNE-
modified proteins with competitive ELISA assays. Assays used HNE-
modified glyceraldehyde 3-phosphate dehydrogenase as the adsorbed anti- .
gen. The numbers on the abscissa indicate the concentration of competitors (C) CEB Staining HNEJ-1
as candidate epitopes of Michael adducts (indicated in the box) when anti-

--]1-‘!-3-]‘

HNEJ-2 HNEJ-3 HNEJ-4 HNEJ-5

body was preincubated with competitors &iGifor 20 h.B/By was calcu-
lated as [experimental OB background OD (no antibody)]/[total OD (no
competitor)— background OD]. Refer to text for details.

Fig. 3. Western blot analysis of various proteins modified by HNE in vitro.
(A) actin; (B) albumin; (C) glyceraldehyde 3-phosphate dehydrogenase;
(D) metallothionein; (E) superoxide dismutase. The left-most panel shows
Coomasie brilliant blue (CBB) or silver staining after 10—-15% sodium do-
decyl sulphate—polyacrylamide gel electrophoresis (SDS—PAGE). The other
five panels show the results of Western blot analyses after SDS—PAGE with
each monoclonal antibody. Each panel consists of three lanes: C, control;
H1, incubated with 1 mM HNE for 1 h; and H2, incubated with 2 mM HNE
for 1 h. Compare the original band after CBB or silver staining with the
numerous bands after Western blot analyses. Bands with higher molecular
weight denote polymerization (arrow head indicates the position of each
dimer) whereas bands with lower molecular weight denote fragmentation
of the protein. Note that the amount of each protein loaded was adjusted
to obtain optimal experimental conditions. HNEJ-1-5 indicates the names
of the monoclonal antibodies used. GAPDH, glyceraldehyde 3-phosphate
dehydrogenase. Refer to Sectidfor further details.

Metallothionein (4 pg/lane)

kDa C H1 H2 C H1H2 C H1H2 C H1H2C H1H2 C H1H2
75 H i
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158
100

(D)

Silver Staining HNEJ-1 HNEJ-2 HNEJ-3 HNEJ-4 HNEJ-5

Superoxide Dismutase (5 pg/lane)
C H1H2

kDaCH1H2 C H1H2 C H1H2 C H1H2 C HiH2
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100
75

50 NS == =
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Fig. 4. Immunohistochemistry using monoclonal antibodies against HNE-modified proteins. Kidneys of rats 3 h after Fe-NTA administration wétte fixed w
Bouin’s solution, embedded in paraffin and used forimmunohistochemical analysis as described ir2SkeetdBJ-1-5 indicates the names of the monoclonal
antibodies used. Panels A—-E are serial sections showing approximately the same areas of the specimen. Immunopositively stained areas ave seen as br
color, and the specimens were counterstained with hematoxylin (blue color). GL, glomé&mulonsjnopositive renal proximal tubules (original magnification

x200).

]

2

each protein to HNE modification and the patterns of recog- was confirmed by immunoprecipitation and Western lot anal-
nition were different. Adjustment of the amounts of protein yses Fig. 1B and C). Interestingly, HNE induced fragmenta-
loaded in each lane revealed that actin was most susceptition of actin, and at least two of the fragments were modified
ble and metallothionein most resistant to HNE modification with HNE, suggesting that protein inactivation by free radi-
among the proteins testeHi¢. 3). Only actin and GAPDH cals had occurred.

showed detectable HNE modification in the control samples  Oxidative stress mediated by iron has been shown to be as-
without incubation with HNE. All the proteins showed HNE-  sociated with carcinogeneg$7,28]. Fe-NTA-induced renal
modified polymers, whereas only actin and GAPDH showed carcinogenesis presents a unique model to study a molecular
HNE-modified small fragmentd-{g. 3). GAPDH and met- mechanism in which produced aldehydes might play an im-
allothionein revealed the highest levels of HNE modification portant role[4]. Here we focused on the acute phase of the
by Western blotting with HNEJ-5, whereas the other proteins oxidative renal tubular damage by Fe-NTA in viMat]. Thus

showed the highest level with HNEJ-Rig. 3). far, a variety of enzymes have been shown to be susceptible
to inactivation by HNE, including glucose-6-phosphate de-

3.4. Immunohistochemistry of HNE-modified proteins in hydrogenasf9], glutathione S-transferag&0], glutathione

the kidney reductasg31], interleukin-1B converting enzymf82] and al-

dose reductag@3]. However, one of the criticisms of those
All the mAbs were useful for immunohistochemistry of experiments is that they were all in vitro experiments and the
the paraffin-embedded specimens fixed with Bouin's so- proteins were not selected with a proper screening method
lution. Immunohistochemistry using mAbs HNEJ-1-5 re- in vivo. We found that actin is a major target of HNE mod-
vealed immunopositivity in the renal proximal tubules 3h ification in vivo. Of note was the fact that HNE-modified
after Fe-NTA administration. However, the patterns of im- actin with various molecular weights was detected as seen in
munostaining differed among the mAbs. HNEJ-2 showed Fig. 1A (~46kDa) and C {41kDa). Presumably, higher
cytoplasmic immunostaining in the majority of proximal molecular weight species were caused by massive HNE-
tubules, whereas HNEJ-1 or 3-5 revealed cytoplasmic andmodification of actin, which has higher affinity for the col-
nuclear immunostaining in a limited area of the proximal umn. The presence of a minor band-e#1 kDa Fig. 1C)
tubular cells Fig. 4A-E). may suggest the presence of a covalent intramolecular con-
formational change in actin with a faster mobility in the gel.
To further explore the characteristics of actin as an HNE
4. Discussion acceptor, we produced and characterized four novel mon-
oclonal antibodies against HNE-modified proteins. These
In the present study, we identified for the first time one mAbs (HNEJ-1, 3-5) differed from HNEJ-2 mAb in that they
of the major HNE-modified proteins as actin in an oxida- reacted with lysine and cysteine adducts, albeit with different
tive stress-induced carcinogenesis model of rats by the useaffinity (Fig. 2andTable 1), whereas HNEJ-2 was histidine
of HNEJ-2 mAb affinity chromatography. The identification ~adduct-specifi§19].
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We selected four different proteins with distinct localiza- Other interesting finding is that HNEJ-1 which recognizes
tion and function for in vitro HNE modification in compari- three types of Michael adduscts in the competitive ELISA
son with actin. Actin is a cytosolic protein and together with assay Fig. 2A) does not necessarily react strongly with all
myosin forms the contractile protein complex, actomyosin. In the adducts in the Western blot analysigy( 3). Considera-
the absence of salt it can exist as a globular protein. However,tion of stereoisomers of each Michael adducts may be nec-
on the addition of traces of salt, it changes into a highly asym- essary to explain the result39]. These mAbs were further
metrical fibrous protein, F-act{B4]. ltwas recently reported  used for immunohistochemistry on paraffin-embedded sec-
that HNE induces actin remodeling and barrier functionin en- tions with success. The obtained resulig)( 4A—E) suggest
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