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Figure 3 2-D gel electrophoretic observation of protein
alterations in the mouse hippocampus with aging.

the loss of conformational stability of CaM by oxidation®”
and the acquisition of a high susceptibility to proteolytic
degradation on 20S proteasome® without polyubi-
quitination suggest that the decrease in the relative
abundance of CaM might be the result of increased
degradation in the aged mouse hippocampus.

The increase in MetO-levels on CaM, UCH-LA and
nm23-M1 in the aged mouse hippocampus has been
observed by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) of
tryptic digests of these protein spots separated by 2-D
gel electrophoresis.** MetO-containing peptide appears
as a 16-Da-high mass peak on primary MS spectra, and
the real Met oxidation can be confirmed by detecting
the 64-Da “neutral loss”, that is mass deduction by
secondary MS/MS carried out in a Post-source-Decay
(PSD) mode. Thus, obtained mass spectra indicate that
the MetO level in these proteins increases in the mouse
hippocampus with aging (Fig. 4).

Furthermore, it has been also confirmed that Met144
and Met14S located in the EF-hand 4 of CaM are more
susceptible to oxidation when compared with Met36 in
the EF-hand 1. The observation suggests that the Met
sulfoxidation occurs in a site-specific manner in CaM
under oxidative stress in aged animal tissues (Fig. S).

CaM is a highly conserved Ca*-binding protein
essential for various biological functions mediated by
Ca* in a concentration-dependent manner. The reduc-
tion of CaM content in the AD brain (66% of control)
was originally found by radioimmunoassay.”” In that
study, it was also reported that the CaM extracted from
the temporal cortex of AD brain showed reduced effi-
cacy as an activator of 3’,5’-cyclic-nucleotide phos-
phodiesterase. These data suggest that the impaired
CaM function in AD brain might affect calcium homeo-
stasis and calcium-mediated signal transduction in the
process of neurodegeneration.

The decline in CaM function was already reported in
the physiological aging of the rat brain.®’ Squier et al. at
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Figure 4 Quantitative determination of the level of Met
sulfoxide in calmodulin (CaM), UCH-L1 and nm23-M1 by
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry analysis. Asterisks indicate
MetO-containing peptides.
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Figure 5 Mass spectrometric profiling of site-specific Met
sulfoxidation in calmodulin. Met144 and Met 145 in
EF-hand 4 are more preferentially oxidized than Met36 in
EF-hand 1.

the University of Kansas have carried out further analy-
ses and confirmed that Met sulfoxidation is responsible
for the age-dependent decline in the ability of CaM to
activate plasma membrane (PM) Ca-ATPase.***
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Figure 6 The highly conserved primary structure of
calmodulin, which is comprised of 4 EF-hands containing
functional Met. Met144 and Met145, located in the EF-hand
4, are preferentially oxidized in the aged mouse
hippocampus.

Both the methylthio groups of Met and the thiol
group of Cys are especially susceptible to oxidation by
all kinds of ROS compared with other amino acid resi-
dues. However, CaM has no Cys in all of its highly
conserved primary structure of 148 amino acids, though
it contains nine Mets in the mature form of the small
protein (Fig. 6).

The results of our 2-D gel-based proteomic analysis
indicate that the total amount of CaM decreases and the
level of Met-oxidized CaM increases in the mouse
hippocampus during aging. From the data of our MS
analysis, we concluded that not all of the nine Met
residues are evenly oxidized, but Met144 and Met14S
located at the Ca-binding site in the EF-hand 4 are
preferentially oxidized in the aged mouse hippocampus.

It has been known that oxidation of Met144 and
Met14S in CaM blocks CaM-dependent activation of
the plasma membrane Ca-ATPase.** We carried out
the analysis of the conformational response of native
and Met-oxidized CaM to calcium binding by using the
method of dual polarization interferometry (DPI)* to
obtain evidence for probable direct effect of Met sul-
phoxidation on the calcium-binding affinity of CaM.
The details of the DPI analysis will be reported in a
separate paper.

The present data obtained by proteomic analysis
indicated that the protein expression of CaM, UCH-L1
and nm23-M1 decrease, and the oxidized forms of
CaM, UCH-L1 and nm23-M1 increase with aging in
the mouse hippocampus. The increase in oxidation
of CaM might disturb the CaM-dependent calcium
signaling in brain function. Oxidation of UCH-L1
and nm23-M1 might also affect ubiquitin recycling
in proteasome-dependent protein degradation and
guanosine triphosphate-mediated signal transduction,
respectively, in the aged mouse hippocampus.
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