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Abstract

In-depth knowledge bases on physiological properties of microbes are required to design a better microbial system at a gene level and
to develop an industrially viable process in an optimized scheme. Proteomic analyses of industrially useful microorganisms are particularly
important for achieving such objectives. In this review, industrial application of erythritol in food and pharmaceutical areas and proteomic tech-
niques for erythritol-producing microbes were presented. Proteomic technologies for erythritol-producing strains such asCandida magnoliae

with matrix
spectrom

thesizing
contained protein or peptide sample preparation for two-dimensional electrophoresis and mass spectrometry, analysis of proteome
assisted laser desorption-ionization/time-of-flight mass spectrometry, liquid chromatography/electrospray ionization/tandem mass-
etry and similarity searching algorithms. The proteomic information was applied to predict the carbon metabolism of erythritol-syn
microorganisms.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Past several decades, sugars and its derivatives have been
developed for matching the consumer’s demands such as low
caloric and anti-cariogenic property and lowering the blood-
glucose level. Sugar alcohols containing a hydroxyl group
at the C1-position of carbohydrate can be used as functional
sugar substitute bearing the above characteristics. To date,
various sugar alcohols such as mannitol, maltitol, xylitol, ara-
bitol and erythritol have been used as food and medicine in-
gredients. Erythritol, a four-carbon sugar alcohol, is produced
by a fermentation process because of expensive erythrose for
chemical or enzymatic conversion to erythritol. Osmophilic
erythritol-producing microorganisms are usually classified
as unconventional yeast in that metabolism of erythritol and
their physiological properties as well as genomic and pro-
teomic databases are insufficient for the systematic analysis
of erythritol production. Genetic, proteomic and physiolog-
ical information of erythritol-producing microorganisms as
biocatalyst for a commercial process would be expected to

minology [2], Human Genome Project triggered the pro-
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article would be able to provide a guideline for choosing
an efficient way to analyze newly identified proteins by
using currently available databases without its own genomic
information.

1.1. Erythritol

Erythritol, a four-carbon sugar alcohol (polyol), is a nat-
ural and moderately sweet bulk sweetener with taste and
mouthfeel enhancing properties. It occurs naturally in various
fruits and fermented foods including watermelon, pear, grape,
wine, sake, beer and soy sauce[6]. Erythritol also exists en-
dogenously in human plasma at about 1.2 mg/L and normally
in human urine[7–9]. Erythritol has a 60–80% sweetness rel-
ative to sucrose and is a good low-calorie sweetener (1.26 J/g)
[10,11]. Its structure is shown inFig. 1. Erythritol has a pos-
itive enthalpy of solubilization (23.3 kJ/mol), thus provid-
ing a strong cooling effect in ingestion[12]. Since erythritol
does not have an aftertaste, it can be used in combination
with intense sweeteners that have a bitter aftertaste like as-

enic
tol

and
is excreted unchanged in the urine without changing blood
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eomic research of organisms. Several devices such a
trips with immobilized pH gradients, matrix-assistant d
rption and ionization time-of-flight (MALDI-TOF) mas
pectrometry, electrospray ionization tandem mass spec
try (ESI-MS/MS) and web-based data searching ser
xploded the accumulation of proteomic databases. R
rogress has been made in the development of altern
ethods of protein separation for proteomics such as sp
rray-based methods, microfluidic device, the use of a

ty tags and large-scale yeast two-hybrid screening[3,4].
ther approaches have been performed to characteriz

eins rapidly and quantitatively by the use of mass spect
try with isotope labeling and development of automated
hine combined with protease digestion and electroblo
o a membrane in a single step[5].

This review covers physicochemical properties of ery
ol, commercial production of erythritol, applications in foo
nd pharmaceuticals and proteomic techniques for eryth
roducing microorganisms. Especially, proteomic ana
f erythritol-producing microorganisms focused on pro
reparation for 2-DE and mass spectrometric analysis

echniques of mass spectrometry such as MALDI-T
nd ESI-MS/MS for the case ofCandida magnoliae. In
ddition, the proteomic database of erythritol production
pplied to elucidate the metabolic network and physiolog
roperties of erythritol-producing microorganisms. T
lucose and insulin levels. Therefore, it could be used
antageously in special foods for people with diabetes
atness[14]. A little amount of erythritol can be metaboliz
n some reversible metabolic reactions such as dehydro
ion to d- or l-erythrulose by NAD-dependent cytoplasm
olyol dehydrogenase or phosphorylation by glycerol kin

o erythritol-1-phosphate followed by dehydrogenation td-
rythrulose-1-phosphate via�-glycerophosphate dehydrog
ase in humans[15,16]. In Japan, erythritol has been us
ince 1990 as sugar substitutes for candies, chocolate

Fig. 1. Structured of erythritol.
improve the biological process of erythritol production in an
industrial environment.

After development of two-dimensional electrophoresis
(2-DE) by O’Farrell [1] and definition of “proteome” ter-

partame. Erythritol has been used safely as a noncariog
sweetener in many countries, owing to inability of erythri
metabolism in cariogenic organisms[13]. More than 90% of
ingested erythritol is not metabolized by the human body
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drinks, chewing gum, jellies, jams and yogurt[17]. It has been
approved in U.S.A. in 2001 and used as a flavor enhancer,
formulation aid, humectants, nutritive sweetener, stabilizer,
thickener, sequestrant and texturizer at maximum levels of
100% in sugar substitutes[18].

1.2. Production of erythritol

Erythritol can be produced by a chemical process where
dialdehyde starch is converted into erythritol by a high-
temperature chemical reaction in the presence of a nickel
catalyst[19]. Due to low yields, the chemical process did
not reach to industrialization. Erythritol is commercially pro-
duced by Bolak Corporation (Whasung, Kyungki-do, Ko-
rea), Cargill Food & Pharm Specialties (Blair, Nebraska,
USA) and Mitsubishi Chemical Corporation (Tokyo, Japan).
Dextrose (glucose) from chemically and enzymatically hy-
drolyzed wheat and corn starches is used as a major car-
bon source to produce erythritol by the fermentation of
yeast-like fungi such asTorula sp.,Moniliella pollinis and
Trichosporonoides megachiliensis. Erythritol is purified by
ion exchange resin, activated charcoal, ultrafiltration and
crystallization. The final crystalline erythritol contains more
than 99% purity[20]. It has been reported that sugar- and
salt-tolerant yeasts produced and intracellularly accumulated
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1.2.1. Physiological properties of C. magnoliae
Erythritol-producing C. magnoliae possesses unique

physiological characteristics compared with typical yeasts
and bacteria. It is able to grow in a wide range of pH values in
the presence of high concentrations of glucose.C.magnoliae
can grow rapidly in less than 500 g/L glucose and in the
pH range of 3–5[29]. Unlike Saccharomyces cerevisiae,
C.magnoliaedoes not produce ethanol, but produces erythri-
tol and glycerol during fermentation. There might be several
mechanisms in the adaptation to osmotic stress byC.magno-
liae, which experiences both osmotic stress and ion toxicity
when exposed to NaCl, KCl, KH2PO4 or (NH4)2SO4 [29]. In
response to a high external osmotic environment,C. magno-
liae accumulates erythritol and glycerol, which compensate
for differences between the extracellular and intracellular
water potential. Microorganisms generally utilize glucose
preferable to other sugars as a carbon sources.C. magnoliae,
however, prefers fructose to glucose when growing in a
mixture of fructose and glucose[32]. SinceC. magnoliaeis
isolated from honeycombs, the genetic abnormality seems
to be related to the evolutionary environment.

2. Proteomics ofC. magnoliae
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olyols such as glycerol and arabitol in the presenc
igh concentrations of sugars[21,22] and that the polyol
layed important roles as compatible solutes[23,24]. Many
esearch efforts of erythritol biosynthesis have been foc
n the selection of microbial strains able to produce eryth
ith high yield and the optimization of operation strateg

n batch and fed-batch fermentation processes. Eryth
roducing strains can be characterized as osmophilic y

ncluding Moniliella tomentosavar. pollinis, Aureobacid
um sp.,Trichosporonoidessp.,Trigonopsis variabilis, Tri-
hosporonsp.,Torulasp., andCandida magnoliae. Ishizuka
t al.[25] selected a high erythritol-producing mutant ofAu-
eobasidiumsp. SN124A with 47.6% yield by UV irradiatio
nd nitrosoguanidine (NTG) treatment. Park et al.[26] de-
eloped the repeated fed-batch culture ofTrichosporonsp.
o produce erythritol at 1.86 g/L h productivity and 45%
otal erythritol conversion yield. A mutant ofTorula coral-
ina produced erythritol at 48.9% yield and did not prod
lycerol and ribitol as by-products[27]. Recently, a hig
rythritol-producing yeast strain was isolated from hon
ombs and identified asC. magnoliaeKFCC 11023[28].
o improve the erythritol-producing ability, the paren
. magnoliaestrain was mutated by UV irradiation and NT

reatment to give aC. magnoliaemutant strain. The mu
atedC.magnoliaeshowed higher erythritol conversion yie
nd productivity than the wild strain[29]. Various biologi-
al processes using the mutant strain ofC. magnoliaehave
een developed for maximizing erythritol production. T
ptimized fed-batch fermentation resulted in 200 g/L ery

ol concentration, 1.2 g/L h productivity and 0.43 g/g yi
30,31].
Proteomic approach is a powerful tool to explore the
ogical aspect of microorganisms in response to environm
al perturbations. Several technologies involved in prep
ion, separation, visualization, collection, identification
nalysis of proteome have been developed exceeding

his section, proteomic analysis ofC. magnoliaeintroduces
he aspect of sample preparation and peptide analysis
pecific forC.magnoliaeincluding MALDI-TOF mass spec
rometry, ESI-MS/MS and database searching.

.1. Sample preparation

Protein preparation is of importance to obtain high q
ty separation of proteome. Improper techniques of sa
reparation can occur horizontal or vertical streaking on

eading to insufficient and incorrect information of proteo
he wall of yeast cells contains a thick structure compo
f 80–90% polysaccharides such as glucans, mannan
hitin. Both�-1,6- and�-1,3-glucans assembled with�-1,6-
inked mannans construct a microfibrillar network with h
igidity [33]. C. magnoliaehas the strong cell wall structu
s other yeasts likeS. cerevisiaeandCandida albicans. Meth-
ds for disruption of cell walls, solubilization of proteins a

n-gel protein digestion are introduced to prepare the pro
amples efficiently for two-dimensional electrophoresis
ass spectrometry.

.1.1. Cell disruption and protein solubilization
To prepare the cell extract, erythritol-producingAureoba-
idium sp. cells were washed with cooled acetone and
thylether[34]. The cells were dried and stored at−20◦C for
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stabilizing cellular components. Inside the cooling chamber
with carbon dioxide, an MSK Cell Homogenizer (B. Braun
Japan Co. Ltd.) disrupted the acetone-treated cells repeatedly
for a short time. To obtain key enzymes in erythritol biosyn-
thesis,T. corallinaandC. magnoliaecells were ruptured by
grinding with glass beads of 0.5 mm in diameter[35,36].
The cells were resuspended in disruption buffer containing
10 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride (PMSF)
and 20 mM Tris–HCl (pH 7.8) forT. coralline or 50 mM
potassium phosphate buffer (pH 7.0) forC. magnoliae. For
proteomic analysis of cellular proteins inC.magnoliaeby the
isoelectric focusing and two-dimensional gel electrophoresis,
proteins were extracted by the following procedure[37,38].
Resuspension ofC. magnoliaecells with hot SDS sam-
ple buffer (1% sodium dodecyl sulfate (SDS) and 100 mM
Tris–HCl at pH 7.0 and 95◦C) prevented protein modifica-
tion and degradation and loss of high molecular mass pro-
teins. A small amount of the cell suspension was disrupted by
French® Press (Thermo Spectronic, Rochester, U.S.A.), fol-
lowed by boiling for 5 min. After the addition of thiourea/urea
lysis buffer (2 M thiourea, 7 M urea, 4% CHAPS, 1% dithio-
threitol (DTT), and 2% carrier ampholytes; pH 3–10), the
suspension was shaken moderately for 1 h and centrifuged at
16,000 rpm for 20 min. The clear supernatant was collected
and used for isoelectric focusing on an immobilized pH dry
s
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side SDS-polyacrylamide gel facilitates sample preparation
for further mass spectrometric analysis. As an example for
C. magnoliae, procedures of in-gel digestion and peptide ex-
traction from 2-DE are described below[37,38]. A protein
spot in silver-stained gel without glutaraldehyde treatment
was sliced and destained by removing the silver bound with
proteins[42]. After destaining, the gel slab was dehydrated
in acetonitrile and incubated for 15 min, followed by dry-
ing in a vacuum centrifuge for 20 min. Reduction of proteins
was obtained by mixing the gel pieces with 10 mM DTT
in 100 mM ammonium bicarbonate at 56◦C for 1 h. After
cooling at room temperature, the same volume of 55 mM
iodoacetamide in 100 mM ammonium bicarbonate replaced
the DTT solution. The gel pieces were washed with 50�L
of 100 mM ammonium bicarbonate for 10 min by occasional
vortex mixing at ambient temperature in dark, dehydrated by
addition of acetonitrile, swelled by rehydration in 100 mM
ammonium bicarbonate, shrunk again by the addition of the
same volume of acetonitrile, and completely dried in a vac-
uum centrifuge for 25 min. In-gel protein digestion was car-
ried out by swelling the gel pieces in a digestion buffer con-
taining 50 mM ammonium bicarbonate, 5 mM CaCl2, and
12.5 ng/�L of trypsin (Boehringer Mannheim, sequencing
grade) in an ice-cold bath for 45 min. After changing the su-
pernatant with 5–10�L of the same buffer without trypsin,
t ge at
3 ange
o nges
o by
a tem-
p
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ved
f ssed
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t ved
s es in
d iden-
t ca-
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Prefractionation of cellular organelles was propose

educe protein sample complexity, increase protein sol
ty and enhance spot detection of low level proteins in t
imensional gel electrophoresis[39]. C. albicans, which is
imilar toC.magnoliae, was used to separate membrane
eins from cytoplasmic proteins[40]. TheC. albicanscells
ere resuspended in a Tris buffer (pH 7.0) containing a
entrated protease inhibitor mixture (DNase and RNas
hey were disrupted in a bead beater using 425–60�m
lass beads. After separation of the supernatant from

ets, the supernatant was used for analyzing the cytopla
roteins. Pellets containing the membrane components
olubilzed with 6 M urea, 2 M thiourea, 4 mM tributylpho
hine, 2% CHAPS, 2%N-decyl-N,N-dimethyl-3-ammonio
-propane sulfate (SB 3–10), 0.5% Pharmalyte (pH 3
nd 0.25% Pharmalyte (pH 4–6.5).

.1.2. In gel digestion for mass spectrometric analysis
Solubilized and/or fractionated proteins are separ

y two-dimensional electrophoresis techniques accordi
heir isoelectric points and molecular weights. Several s
ng agents such as Commassie blue, colloidal Coom
lue, silver nitrate or ammonia-silver complex, SyproR
nd other fluorescence dyes, radiolabeling with3H, 14C,35S,
2P, 33P and125I, and reverse stain with zinc, copper a
obalt ions, visualize protein spots on SDS-PAGE gel. T
roperties and applications to proteomics were well s
arized in a recent review[41]. After staining and destai

ng of proteins on 2-DE, in-gel digestion in which protea
specially trypsin, cuts the peptide bonds of a protein
he gel pieces were kept wet during enzymatic cleava
7◦C for 12 h. Peptides were extracted by one time ch
f 20 mM ammonium bicarbonate and three times cha
f 5% trifluoroacetic acid in 50% acetonitrile, followed
ir drying. Each extraction step was undertaken at room
erature for 20 min.

.2. Mass spectrometric tools for C. magnoliae

In the early 1990s, DNA sequencing of cDNAs deri
rom pools of mRNA generated large numbers of expre
equence tags (ESTs)[43]. Gene sequences (ESTs and
rs) provided a resource that could greatly accelerate

ein identification by correlating the experimentally deri
equence segments with publicly available sequenc
atabases. Even with sequencing of genomes, the rapid

ification of proteins was limited only by experimental
acity to extract the sequence information from protein
eptides, and to correlate such information with the sequ
atabases. Mass spectrometry and database search alg
apidly filled this gap[44,45]. The high precision of ma
pectrometric measurement can distinguish the peptide
ent among closely related species, and tandem mass

rometry can provide structural information of proteins fr
olecular ions.
In addition to measuring peptide mass, ESI mass s

rometry can isolate specific ions from a peptide mix
n the basis of their mass-to-charge ratio (m/z) and record

andem mass spectra. Several algorithms comparing M
pectra with sequence databases have greatly facilitate
ass spectrometry-based protein identification by this
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Fig. 2. Typical picture of two-dimensional electrophoresis ofC. magnoliae
stained with silver nitrate. Arrows indicate metabolic enzymes involved in
glucose metabolisms such as glycolysis, citric acid cycle, pentose phosphate
pathway and oxidative phosphorylation. GPI, glucose-6-phosphate iso-
merase; FBPA, fructose bisphosphate aldolase; GAPDH, glyceraldehydes-3-
phosphate dehydrogenase; PGK, phosphoglycerate kinase; ENO, enolase;
PDC, pyruvate decarboxylase; CIT, citrate synthase; SUC, succinyl-CoA
ligase; FUM, fumarase; TAL, transaldolase; NUO, NADH:ubiquinone oxi-
doreductase; UQCR, ubiquinol:cytochromec reductase.

proach[46,47]. Because the sequences of a peptide fragment
can be used to identify a protein, the specificity of MS/MS-
based protein identifications is often much higher than that of
peptide mass mapping. MS/MS spectra are also ideally suited
to search translated EST and other sequence databases con
taining incomplete sequences. The complexity of the peptide
mixtures by tryptic digestion of proteins needs additional sep-
arations. ESI-MS/MS combined with liquid chromatography
such as ion exchange, gradient reversed-phase and smaller di
ameter capillary types increases separation efficiencies (peak
capacities of∼1200) [48,49]. The proteome for erythritol-
producingC.magnoliaewas separated in 2-DE gel according
to pI and molecular weight (Fig. 2). After tryptic digestion in
gels, the peptide mixtures were analyzed by MALDI-TOF,
ESI-MS/MS and de novo sequencing. The methods of mass
spectrometric analysis ofC.magnoliaeproteome and of iden-
tification of protein spots were presented briefly[37,38].

2.2.1. MALDI-TOF
The in-gel tryptic digest ofC. magnoliaeproteome was

analyzed on the Voyager-DE STR MALDI-TOF mass spec-
trometer (Applied Biosystems, Framingham, MA, USA) us-
ing the thin-layer method in which the matrix solution con-
tained�-cyano-4-hydroxycinnamic acid dissolved in a nitro-
cellulose in acetone/isopropanol solvent[38]. After washing
t tri-
fl V of
a niza-

tion modes using 337 nm nitrogen laser gave the MS spectra
of the tryptic peptides.

MALDI-TOF mass spectrometry and peptide mass finger-
print search using fungi databases were applied to analyze
24 protein spots ofC. magnoliaeon 2-DE[38]. Four pro-
tein spots contained the same peptide sequence of WWSLV-
PLGR, which was a tryptic peptide of carbonyl reductase
with the peptide sequence coverage higher than 30%. One
of the MS spectra was shown inFig. 3. Two spots analyzed
by MASCOT were identified to be malate dehydrogenase of
Talaromyces emersoniiand the hypothetical protein 8D4.190
[imported] ofNeurosporacrassa. Most of the protein samples
could not be identified by MALDI-TOF analysis alone due
to low sequence coverage. When protein similarity between
species is less than 70% identity, peptide mass fingerprinting
(PMF) alone was not suitable for divergent species jumps
[50]. In case ofC. magnoliaewith unsequenced genome,
peptide sequencing of tandem mass spectrometry is more
specific for protein identification than simple peptide mass
mapping.

2.2.2. ESI-MS/MS
A liquid chromatography/mass spectrometry (LC/MS)

system to analyze protein fragments ofC. magnoliaecon-
sists of a nano-LC system (LC Packings, Netherlands) and a
q Mi-
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he peptide dot on the dried matrix material with 0.1%
uoroacetic acid, the delayed extraction modes at 20 k
ccelerating voltage, 150 ns delay, and desorption and io
-

-

uadrupole time-of-flight mass spectrometer (Q-TOF2,
romass, U.K.) complemented with an electrospray ion
ion (ESI) source[37]. Desalting and concentration of pe
ides using a C18 precolumn (i.d. 300�m, length 1 mm, par
icle size 5�m; LC Packings) proceeded their separation
C18 nano-column (i.d. 75�m, length 150 mm, particle siz
�m; LC Packings). For coupling the nanospray with
n-line nano-LC, the end of the capillary tube from the na
C column was connected with the emitter with a pico
ilica tube (i.d. 5�m, New Objectives, U.S.A.). Electrospr
ondition of the union was 1.5–2 kV and cone voltage
0 V. Argon as a collision gas was introduced at a pres
f 68.9 kPa. At collision energy increasing stepwise to
0 and 35 eV, MS/MS spectra were obtained in a data de
ent MS/MS mode. Mascot (Matrix science, U.K.) or m
ally sequenced by Masslynx software (Micromass, U
as used for protein identification from MS/MS spectra.
xample, an MS/MS spectrum shown inFig. 4 led to iden-
ification of an amino acid fragment, VALTGLTVAEYFR
hich was present in F1-ATPase� and� subunits. Amon
2 proteins ofC. magnoliaeidentified by ESI-MS/MS an
e novo sequencing, the information of enzymes invo

n carbon and energy metabolic pathways is summariz
able 1and their protein spots are shown inFig. 2.

.3. Similarity search

The goal of database searching is to be able to qu
nd accurately identify large numbers of proteins. The
ess of database searching depends on the quality of th
btained in mass spectrometry, the quality of the data
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Fig. 3. An MS spectrum obtained with MALDI-TOF mass spectrometry. A trypsin-digested amino acid fragment with 1113.6147m/z was identified as
WWSLVPLGR present in carbonyl reductase ofC. magnoliae.

F
s

ig. 4. Analysis of a peptide spectrum by ESI-MS/MS resulting in VALTGL
equence.
TVAEYFR. F1-ATPase� and� subunits ofS. cerevisiaecontain this peptide
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Table 1
C. magnoliaemetabolic enzymes identified using proteomic technologies[38]

pI/Mr Enzyme Role in metabolism Peptides Type of analysis

Glycolysis
5.8/28,000 Glucose-6-phosphate

isomerase
Isomerization of
glucose-6-phosphate to
fructose-6-phosphate

EFSDAVR MS/MS

6.2/43,000 Fructose bisphosphate
aldolase

Splitting of
fructose-1,6-bisphosphate into
glyceraldehyde-3-phosphate and
dihydroxyacetone phosphate

NSPGAAGGGFASLAGAVAAATAGAPR,
LSNNQMASFLDK,
VNLDTDTQYAYLGGGGAR

de novo

7.0/45,000 Glyceraldehyde-3-
phosphate
dehydrogenase

Conversion of
glyceraldehyde-3-phosphate into
1,3-bisphosphoglycerate, NADH
formation

VVDLVLELAAK, VLSWYDNEYGYSAR,
VMGFVPGPYVVSTD-
FVFAGGAMSSGGGAAK

de novo

7.0/53,000 Phosphoglycerate
kinase

Substrate-level phosphorylation (ATP
formation) by dephosphorylation of
1,3-bisphosphoglycerate

VDFNVPLDGKT,
LSHVSTGGGASLELLEGK,
ALENPERPFLAILGGAK

MS/MS

5.4/42,000 Enolase Formation of phosphoenolpyruvate ALLGVAVAAAR, HSTGSWALELR,
LNQLLR, IEEELGDK, IGLDCASSEFFK,
LGANAILGVSMAAAR

de novo, MS/MS

6.3/75,000 Pyruvate decarboxylase Decarboxylation of pyruvate in
alcohol metabolism

AALNDAFATR, EEPTVPLGTYLLYK,
MSAPVNAAYIDR,
QNVVVTAVGGGAYK

de novo

Citric acid cycle
6.7/55,000 Citrate synthase Condensation of acetyl-CoA and

oxaloacetate
YLWDTLNSGR, AIGVLPQLIIDR MS/MS

6.7/43,000 Succinyl-CoA ligase Nucleotide-dependent conversion of
succinyl-CoA to succinate

VLFQGFTGK, LVGPNCPGIIAPGQCK MS/MS

6.8/58,000 Fumarase Transhydration of fumarate to
l-malate

QGGTAVGT de novo

Pentose phosphate pathway
5.8/39,000 Transaldolase Transferring of a keto group from

ketose to aldose
ILDWYK, TIVMGASFR,
ATGTTVVADTGDFESIAK

MS/MS

Oxidative phosphorylation
6.0/28,000 NADH:ubiquinone

oxidoreductase
Electron transfer from NADH to
coenzyme Q

YDGFLLRPTR, AFSVDATGVAWAK,
LSVFQAMLTEPAAGGALSK

de novo

4.8/62,000 Ubiquinol:cytochromec
reductase

Electron transfer from coenzyme Q
to cytochromec

ENTVYFAK, ASILLSLDGTTAVAEDIGR,
EAVLELVK, DAGTFDMREEIYGK

MS/MS

3.1/60,000 ATP synthase� chain Direct catalysis of ATP formation TVFIQELINNIAK,
LVLEVAQHLGENTVR,
SLQDIIAILGMDELSEQDKLTVER,
GSVTSVQAVYVPADDLTDPAPAT

MS/MS

4.0/35,000 F1-ATPase� and�

subunits
IGLFGGAGVGK, VVDLLAPYAK,
FTQAGSEVSALLGR, VALTGLTVAEYFR,
VALVYGQMNEPPGAR

MS/MS

searched, and the method used to search the database. The
ExPASy server provides convenient tools for proteomics and
programs for protein identification[51]. Various algorithms
for protein identification from mass spectrometric analysis
are publicly available on the World Wide Web, for example
Mascot, MS-Fit, ProFound and SEQUEST[52]. The critical
disadvantage of performing tandem mass spectrometry is a
lack of flexibility in the search programs. If a single mistake
is made in the assignment of a y- or b-ion, the amino acid
sequence would be incorrect and the database search bring
up irrelevant proteins. Often it is necessary to confirm that
the sequence obtained in the mass spectrometer matches the
peptide sequence obtained from the database. This can be
done by performing a theoretical fragmentation of the pep-
tide from the database and comparing the two mass spectra.

Another approach for protein identification is to obtain de
novo sequence data from peptides by MS/MS and then to use
all the peptide sequences to search appropriate databases. The
key advantage of this method is the capability of searching
peptide sequence information across both DNA and protein
databases. This search method is particularly useful for or-
ganisms with insufficient genomic and proteomic databases.
Since this method requires peptide information of three or
four amino acids, it may not be the first choice for peptide
identification. Rather, the much faster methods of peptide
mass fingerprinting or peptide ion searching can be used first.
If these search methods are not sufficient, de novo sequence
information can be used to identify the protein of interest.

A large number of programs are now available for the
identification of proteins by using uninterpreted MS/MS



258 Y.-C. Park et al. / J. Chromatogr. B 815 (2005) 251–260

data, for example, Mascot and SEQUEST[53]. However,
searches against unannotated or untranslated DNA databases
with uninterpreted MS/MS data have problems with cor-
rect identification of a protein, due to polymorphisms, se-
quencing errors and conservative substitutions. The devel-
opment of uninterpreted MS/MS search algorithms that are
error tolerant may overcome some of these handicaps. For
C. magnoliae, information on the peptide mass fingerprint-
ing, MS/MS spectra, isoelectric point and molecular weight
estimated from 2-DE, MALDI-TOF and ESI-MS/MS were
used to search for the protein homology. Peptide fragments
were identified by correlation of uninterpreted tandem mass
spectra to entries in the National Center for Biotechnology
Information (NCBI,http://www.ncbi.nlm.nih.gov/BLAST/),
SaccharomycesGenome Database (SGD,http://genome-
www.stanford.edu/Saccharomyces/)and sequence data of
C. albicans at the Stanford Genome Technology Cen-
ter (http://www-sequence.stanford.edu/group/candida) using
MS/MS Ion Search on Mascot (http://www.matrixscience.
com).To increase the alignment score, NCBI protein blast
search forshort nearly exact matcheswas undertaken with
peptide-mapping data.

2.4. Proteomic application to erythritol metabolism in
C. magnoliae

en-
s tabas
s e the
m onse
u of
p in
t east

galactose metabolism[54], analysis of metabolic enzymes in
the recombinant xylose-fermentingS. cerevisiae[55,56], op-
timization of high cell density cultivation ofEscherichia coli
[57], glucose starvation ofBacillus subtilis[58], characteriza-
tion of immunogenic enzymes engaged in carbon metabolism
of C. albicans[59] and prediction of the metabolic network
for erythritol production byC. magnoliae[37]. To date, sev-
eralC. magnoliaeenzymes involved in carbon metabolisms
such as glycolysis, citric acid cycle, pentose phosphate path-
way and oxidative phosphorylation were identified using
proteomic technologies (Table 1). An effort to compare the
wild type of C. magnoliaewith its mutant overproducing
erythritol was made to explain the metabolic changes by
chemical mutation[37]. Down-regulation of enolase in the
mutant probably directed the flux of erythrose-4-phosphate
to erythritol production rather than shikimate biosynthesis.
Up-regulation of fumarase in the mutant coincided with
the result in the inhibitory effect of fumarate on erythritol
production[60].

Information on the metabolic pathway involved in the
formation of erythritol in osmophilic yeasts or bacteria is
not sufficient to explore the complete network at a protein
or gene level. Enzymatic analysis involved in erythritol
formation from glucose proposed the erythritol metabolism
in a heterolactic bacterium,Oenococcus oeni(formerly
L 2]
e re-
a and
e the
e ults,
t ritol
f r
w p of

F t side). ase; P
i

High throughput analysis of proteome using two dim
ional electrophoresis and mass spectrometry-based da
earching makes an advance to predict and elucidat
etabolic network of carbon metabolism and stress resp
nder various environmental conditions. Applications
roteomics to microbial metabolisms were achieved

he response of the perturbed metabolic network of y

ig. 5. Erythritol metabolisms ofO. oeni(left side) andC. magnoliae(righ
norganic phosphate.
e

euconostoc oenos) [61]. Phosphoketolase [EC 4.1.2.2
xpressed inO. oeni catalyzes the phospho-cleavage
ction of fructose 6-phosphate into acetyl phosphate
rythrose 4-phosphate, which is an intermediate in
rythritol metabolic pathway. On the basis of these res

he pathway was proposed for the formation of eryth
rom glucose 6-phosphate byO. oeni(Fig. 5). It is unclea
hich enzyme or reaction is engaged in the final ste

EPDH, erythritol 4-phosphate dehydrogenase; ER, erythrose reducti ,

http://www.ncbi.nlm.nih.gov/blast/
http://genome-www.stanford.edu/saccharomyces/
http://genome-www.stanford.edu/saccharomyces/
http://www-sequence.stanford.edu/group/candida
http://www.matrixscience.com/
http://www.matrixscience.com/
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erythritol production. In fact, (i) the dephosphorylation
rate of erythritol 4-phosphate hydrolysis in extracts was
more than twice as high as that of erythrose 4-phosphate
hydrolysis, and (ii) the dehydrogenase acting on erythrose
4-phosphate was much more active than the enzyme acting
on erythrose. InO. oeni, erythrose 4-phosphate is supposed
to be dehydrogenated into erythritol 4-phosphate, followed
by dephosphorylation of erythritol 4-phosphate to erythritol.

In contrast to the bacterial strains producing erythritol,
eukaryotes contain erythrose reductase to catalyze the
hydrogenation of erythrose.T. corallina isolated from high
concentrated sucrose solution expressed erythrose reductase
with 7.12 mM ofKm and 26�mol/min mg protein ofVmax
[60]. Fumarate and 1.8-dihydroxynaphthalene-melanin
inhibited the activity of erythrose reductase in an uncom-
petitive and non-competitive type, respectively[37,60].
Characterization of erythrose reductase inC. magnoliae
indicated that it was one of the aldose reductase with a
high preference for NADH in contrast to the typical aldose
reductase acting with NADPH[36]. Recently, our laboratory
identified the nucleotide sequence of erythrose reductase in
C.magnoliaewith N-terminal homology to the typical aldose
reductase (data not shown). The biosynthetic mechanism of
erythritol inC. magnoliaeis suggested that 1 mol of glucose
is converted to 1 mol of erythrose-4-phosphate via the
p sphat
i into
e

3

ith
g tion.
P se-
l ar-
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