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Abstract

The endosymbiont most likely to have given rise to mitochondria is an aerobic bacterium belonging teuthdivision
of the so-called purple bacteria suchRiskettsia Bradythizobiumand Agrobacterium1,2]. Contents of the-enantiomers

of serine, alanine, proline, glutamate and aspartate in rat liver whole mitochondria, mitochondrial outer membranes, inner

membranes and matrix, soluble proteins and free amino acids were detected. These valasifar acid content were
compared with those in soluble proteins and free amino acids from the purple bRaradaccus denitrifican®seudomonas
aeruginosaand Escherichia coli members, respectively of the, 3, and+y subdivisions, to find any similarity between
mitochondria and these purple bacteria. A similarity was observed in pm&@mnino acid contents which were low:{.5%,
D-type/D-type + L-type) both in the membrane and soluble protein fractions from mitochondria and in soluble protein
from bacteria. Oddly, substantial amounts of freserine and fre@-aspartate (around 2%) were found for the first time in
mitochondria. The contents ofserine and-aspartate were higher than thosepedlanine,n-proline andp-glutamate. In
purple bacteria, the concentrationmberine 2%) was the lowest of the five amino acids examined, and thosetsnine
(27-32%) andb-glutamate (7—26%) were high. Therefore, no similarity was shown in thefegmino acid content between
mitochondria and any of the three purple bacteria. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mitochondria arose as bacterial endosymbionts
within some ancestral type of archaeum or eukary-
otic cell [3]. Mitochondria possess their own DNA,
which does not have introns like nuclear DNA. The
entire base sequence of human mitochondrial DNA
has been determined [4], and it was found that mi-
tochondrial DNA encodes only 13 mitochondrial
proteins, such as components of respiratory com-
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plexes I, Il, lll, and IV (cytochrome ¢ oxidase) and
ATPase, and also ribosomal RNA and transfer RNA
that function in the mitochondria. Protein synthesis
and RNA polymerase in the mitochondria are sensi-
tive to Kanamycin and Rifampicin, respectively, as
are bacteria. Comparison of the amino acid sequences
of cytochrome c indicated a close relationship be-
tween the mitochondrial protein and those of purple
bacteria [5]. Since the mitochondrial cytochrome c
is encoded by a nuclear gene, Yang et al. [1] com-
pared mitochondrial ribosomal RNA gene sequences
of various organisms with each other. It was found
that wheat mitochondria is closer tdgrobacterium
tumefaciens(a subdivision) than toPseudomonas
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testosteroni (3 subdivision) andEscherichia coli 10 min. The supernatant was further centrifuged to

(v subdivision). sediment the outer membrane fraction at 35,600
Proteins or peptides in nature are comprised solely g for 30 min. The inner membrane with matrix frac-

of L-enantiomers of amino acids in most cases, with tion and the outer membrane fraction thus obtained

exceptions such as bacterial cell wall peptidoglycan were dried under reduced pressure, after washing

and antibiotics. It is generally thought that bacte- with acetone and diethyl ether two and three times,

ria contain large amounts af-amino acids while
eukaryotic cells do not, since peptidoglycan in the
bacterial cell wall contains-alanine and-glutamate

as components of its pentapeptide [6]. In recent years,

however, freen-serine [7-9] and-aspartate [10,11]

respectively, to remove lipids.

The preparation of soluble proteins and free amino
acids from mitochondria were done as described be-
low. The supernatant solution of the homogenate of
mitochondria centrifuged at 600 g for 5min, was

have been found in mammal brain tissues, etc. at high subsequently centrifuged at 100,0Q0g for 30 min.

concentrations (up to 30% of the total free amino

To the resultant supernatant, 10% trichloroacetic acid

acids). These amino acids seem to be endogenous{TCA) solution was added to yield a final concen-
as supported by the finding of serine racemase in rat tration of 5% (w/v), and then centrifuged to separate

brain [12].
Mitochondria are enclosed within double layered

the soluble protein fraction as the pellet. The pellet
was then washed with acetone and diethyl ether as

membranes; the inner membrane is derived from the mentioned above. The supernatant of the TCA-treated

bacterial symbiont and the outer one is from the an-

sample was passed through a Dowex 508

cestral cell. In the present study, we compared the (H*-form) column, and eluted with 2 M NXDH after

Dp-amino acid contents of the inner and outer mem-
branes of rat mitochondria to those Raracoccus
denitrificans Pseudomona aeruginosmdE. coli as,
«, B andy purple bacteria, respectively, to detect any
similarities inp-amino acid content between them.

2. Materials and methods
2.1. Mitochondria

All procedures for mitochondria preparation were
done at 0-4C. Livers from female Wistar rats
(200—-250 g) were minced with scissors in a medium
containing 0.25M sucrose, 10 mM HEPES (pH 7.5)
and 1 mM EDTA (Sol A), and then homogenized in
a glass homogenizer at 1100rpm for 3min. After
filtration with nylon cloth, the homogenate was cen-
trifuged at 5600x g for 20 min. The resultant pellet
was suspended in 10 volume of Sol A followed by
centrifugation at 800& g for 20 min. The pellet was
used as the mitochondrial fraction after washing with
Sol A at 8000x g for 20 min. The mitochondria were
suspended in a small amount of 20 mM K-phosphate
buffer (pH 7.5), and were broken with a mortar and a
pestle with the aid of quartz sand. The mitochondrial
inner membrane with matrix fraction was obtained
by centrifugation of the homogenate at 200@ for

washing with distilled water, to obtain purified free
amino acids. The eluate was evaporated to dryness
in vacuo in a centrifugal evaporator (Taitec, Saitama,
Japan) below 4QC.

2.2. Bacteria

P. denitrificans (DSM 65) cells were grown in
medium composed of 1.0% Nutrient broth (Difco
Laboratories, Detroit, Mich., USA), 1.0% glucose and
0.5% NaCl (pH 7.2) for 15h at 3T with shaking.
Cells of P. aeruginosaand E. coli strain K12 were
cultured in medium containing 1%-broth peptone,
0.5% yeast extract, 0.1% glucose and 0.5% NacCl (pH
7.2) for 18 h at 37C with shaking.

Bacterial cells were harvested at mid-to post-loga-
rithmic phase, and washed with 50 mM K-phosphate
buffer, pH 7.5, twice to completely remove the cul-
ture medium. They were disrupted by sonication with
a sonic oscillator (Model UR-200P, Tomy, Tokyo,
Japan) at 20kHz and 90 W for 3min. The resultant
cell homogenate was centrifuged at 10Q0g for
10 min at 4C followed by 100,000x g for 30 min
at #C. The sediment produced from the supernatant
by adding 10% TCA solution to yield a final concen-
tration of 5% (w/v) was used as the soluble protein
fraction. The sediment was washed twice with acetone
followed by three times with diethyl ether to remove
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TCA and other small molecules such as free amino
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D-type/D-type + L-type, the ratio in molar concen-

acids. The supernatant of the TCA-treated sample wastration of an-amino acid to the sum of concentrations

passed through the Dowex 508 column to purify
the free amino acid fraction, as mentioned above.

2.3. Hydrolysis of proteins

Protein samples were hydrolyzed to liberate free

amino acids in the same manner as described in

[13]. Briefly, dried whole mitochondria, the inner

of the p-amino acid and the correspondingsomer)
was plotted against the length of hydrolysis time. The
linear regression line of the four plots was extrapo-
lated to they-axis, i.e. 0 h. The %D-type value for the
0 h hydrolysis was employed as the value showing the
‘true’ content of ap-amino acid residue.

Reagents used were of analytical grade obtained
from Sigma (St. Louis, MO, USA), Aldrich (Tokyo,

membrane with matrix, the outer membrane and the Japan), Nacalai (Kyoto, Japan) and Wako (Osaka,

mitochondrial and bacterial soluble protein fractions
were suspended in 6 M HCI and hydrolyzed for 3, 6,
16 and 24 h at 116 0.5°C under reduced pressure
in an aluminum block in a Dry Thermo Unit (Taitec,

Saitama, Japan).

2.4. Determination ob- andL-amino acids

The determination of the enantiomeric concentra-

Japan).

3. Results

The purity of the whole mitochondria, the inner
membrane with matrix, and the outer membrane
fractions was determined by light absorbance of cy-
tochromes (Fig. 1). The absorption at 553, 560 and

tions of each amino acid was performed as described 605 nm shown by the inner membrane with matrix

previously [14]. Free amino acids and hydrolysates
prepared as above were treated with 1-fluoro-2,4-
dinitrophenyl-5¢.-alanine amide [15] (FDAA or
Marfey’'s reagent, Pierce, Rockford, IL, USA) to
form diastereomers. The FDAA-derivatives were
separated on a Silica Gel 60 plate (Merck, Darm-
stadt, Germany) by two-dimensional thin-layer chro-
matography. FDAA-amino acids recovered from
the plate were analyzed by high-performance lig-
uid chromatography (HPLC) for the resolution of
D- and L-enantiomers, using a reversed-phase col-
umn, Nova-Pak & (150 mmx 3.9mm i.d., Waters,
Milford, MA, USA), and a Tosoh (Tokyo, Japan) or

fraction appeared due to cytochromg cytochrome
b and cytochrome c oxidase, respectively (Fig. 1B).
These components of the electron transfer system are
characteristic of the inner membrane of mitochondria.
In the outer membrane fraction, there was no peak
at 605nm (which is an indicator of the presence of
inner membrane) (Fig. 1C). The absorption spectrum
of the whole mitochondria fraction showed the sum
of that of the inner membrane with matrix and outer
membrane fractions (Fig. 1A).

The whole mitochondria, the inner membrane with
matrix and outer membrane fractions, and mitochon-
drial soluble protein fraction as well as free amino

Jasco (Tokyo) gradient HPLC system. The amounts acids were assayed for contentsmeénantiomers of

of p- andL-enantiomers of amino acids were calcu-

serine, alanine, proline, glutamate (glutamine) and as-

lated based on the peak areas of the elution patternspartate (asparagine). The reason for analysis of these

obtained by a Chromato-Integrator (D-2500, Hitachi,
Tokyo). As standards, known amounts of and
L-enantiomers of the amino acids were deriva-
tized with FDAA and purified by two-dimensional
thin-layer chromatography as above, before HPLC.
Calculation ofp-isomer contents of peptidyl amino

five amino acids was that only the-enantiomers

of these five amino acids have been shown to occur
generally in organisms [13]. As shown in Table 1,
the p-amino acid contents were low, at most 1.5%, in
these proteins (Table 1). The occurrencenedmino
acid was also low in the soluble protein fractions from

acids was done as described elsewhere [13]. Briefly, to P. denitrificans P. aeruginosaand E. coli (Table 2).

obtain the true value by subtracting the rate of chem-

As for free amino acids, it was found that mito-

ical racemization caused during acid hydrolysis, each chondria contain not high but substantial amounts of

sample was hydrolyzed for four different time peri-
ods, 3, 6, 16 and 24h. The %D-type value (100

p-enantiomers of serine and aspartate (Table 1). In the
three purple bacteria, the contents of fre@lanine
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contents ofp-proline (42%) andp-aspartate (25%)
were observed ifP. denitrificansand P. aeruginosa
respectively.

4. Discussion

The absorption spectra showed the presence of cy-
tochrome ¢, cytochrome b and cytochrome c¢ oxidase
in the inner membrane with matrix fraction, and the ab-
sence of cytochrome c oxidase in the outer membrane
fraction. The spectrum of whole mitochondria coin-
cided with the sum spectra of the inner membrane with
matrix fraction and outer membrane fraction. There-
fore, the mitochondria, the inner membrane with ma-
trix and outer membrane samples used in the present
experiment seem suitable for the experimental purpose
although, they were not checked for contamination
with peroxisomes. In a separate study, we have con-
firmed that peroxisomes contained neamino acids
at an appreciable level.

In this study, we did not investigate the bacterial
membrane fraction and the cell walls, since it is
known that they contaim-alanine andp-glutamate
in the pentapeptide of peptidoglycan or its precur-
sor molecule [6]. Thep-amino acid contents were
Fig. 1. Absorption spectra of mitochondria (A); inner mem- low both in the mitochondrial membrane and soluble
brane/matrix fraction (B); and outer membrane fraction (C). Dif- protein and in the purple bacteria soluble proteins.
ey e Spetmens et st 1o o ogaiding ffoe Ao acids, we expecied a closer
buffer ();;H 6.5) cgntaining 0.1% Triton X-100, and werepreduF::ed rEIatlonS.hlp _between mItOChond.na amd denitrifi-
with a small amount of solid N&,O,4 or oxidized with a small cans WhICh 1S ana purple bacterium, than_the_' other
amount of solid KF(CN)s. two bacteria which belong t@ and~y subdivisions.

The rate of freen-amino acids, however, showed no
(27-32%) andp-glutamate (7—26%) were the high- similarity between the mitochondria and the bacte-
est among the five amino acids examined, and that ria examined: the most prevalentamino acids de-
of p-serine was lowest (Table 2). In addition, high tected were serine and aspartate in the mitochondria,

Absorbance

1 | |

500 550 600 650
Wavelength (nm)

Table 1
p-Amino acid contents of mitochondfia

%D-type (100x D-type/D-type+ L-type)

Ser Ala Pro Glu Asp
Mitcohodria 0.25+ 0.14 0.71+ 0.10 0.68+ 0.08 0.99+ 0.08 1.23+ 0.17
IMM P 0.29+ 0.19 0.66+ 0.10 0.55+ 0.06 0.98+ 0.15 1.18+ 0.23
ome 0.72+ 0.20 0.65+ 0.08 0.60+ 0.08 1.07+ 0.18 1.52+ 0.21
Soluble protein 0.9% 0.17 0.37+ 0.06 0.57+ 0.06 0.69+ 0.070 0.43+ 0.12
Free amino acid 2.2% 0.38 0.62+ 0.08 0.77+ 0.23 0.74+ 0.14 1.90+ 0.50

@Mean4 S.D. values of three to five independent experiments are shown.
b Inner membrane and matrix fraction.
¢ Outer membrane fraction.
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Table 2
p-Amino acid contents in soluble protein and free amino acids of some purple b&cteria
%D-type (100x D-type/D-type+ L-type)
Ser Ala Pro Glu Asp
Soluble protein
P. denitrificans 0.73+ 0.32 0.65+ 0.15 0.70+ 0.37 1.22+ 0.15 1.08+ 0.44
P. aeruginosa 0.78+ 0.22 0.29+ 0.06 0.61+ 0.19 0.68+ 0.37 1.70+ 0.32
E. coli 1.95+ 0.51 0.72+ 0.25 0.69+ 0.12 1.01+ 0.09 157+ 0.14
Free amino acid
P. denitrificans 1.63+ 0.51 32.05+ 5.61 42.49+ 15.70 11.66+ 0.74 4.99+ 2.10
P. aeruginosa 0.94+ 0.32 27.40+ 0.84 3.38+ 0.11 26.18+ 5.90 24.61+ 0.59
E. coli 1.23+ 0.38 31.78+ 2.90 2.22+ 1.19 7.57+ 2.65 2.94+ 0.31

@Mean4 S.D. values of four or five independent experiments are shown.

whereas they were alanine and glutamate in the from the Ministry of Education, Science and Culture

bacteria, in which fre®-alanine and-glutamate are

necessary for peptidoglycan synthesis. This pattern

of p-amino acid distribution among free amino acids
of the mitochondria is rather similar to that of some
archaea [16].

Regarding the endosymbiosis model of mitochon-
drial origin, it is less clear whether the host was a

of Japan.
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