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ABSTRACT: As a highly eflicient and easily absorbable source of chromium, the identities of the chromium-binding substances
in yeast remain unclear. In this study, a mild extraction procedure involving extraction with ammonia, three-gel filtration, and
high-performance liquid chromatography was adopted to obtain two chromium-binding substances from high-chromium yeast.
A low-molecular-weight chromium-binding substance was identified, with mass-to-charge ratios (m/z) of 769 and 712, which
included glutamic acid, glycine, and cysteine in an approximate ratio of 1:1:1, as well as nicotinic acid and chromium(III).
Furthermore, it significantly potentiated (by 51%) the action of insulin to stimulate the conversion of '*C-glucose into lipid in
adipocytes. A novel high-molecular-weight chromium-binding substance was also isolated: electrospray ionization tandem mass
spectrometry tentatively identified it as HUBI target protein-1, glyceraldehyde-3-phosphate dehydrogenase, or ribosomal protein
L2A(LSA)(rp8)(YL6). This is the first report of a high-molecular-weight chromium-binding substance in yeast and merits further

studies.
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B INTRODUCTION

Yeast glucose tolerance factor (GTF) is a low-molecular-weight
substance, comprised of chromium(IIl); glycine; glutamate,
a sulfur-containing amino acid; and nicotinic acid."* The com-
position ratio of these components has not been reported. In
previous studies, this chromium-rich material from Brewer’s
yeast was found to be active in stimulating glucose metabolism
in fat pad assays and to possess nearlg identical properties to
GTE from porcine kidney powder.”~’ Previous studies have
supported the idea that supplementation with high-chromium
yeast can improve diabetes.*”"" Chromium may function in
vivo as part of a low-molecular-weight chromium-binding sub-
stance (LMWCr), to potentiate the action of insulin.'>"?
LMWCr from animals is a naturally occurring oligopeptide of
~1500 Da, composed of the same amino acids as GTF.® Since
GTF from yeast is readily absorbed and has been shown to act
directly or indirectly to enhance the action of insulin and
improve diabetes, it is a potentially important compound that
merits further study.

Although purification of GTF from yeast has been carried
out for almost 60 years, the reported results of these puri-
fication processes have varied. Some of these studies have
isolated several chromium-containing substances from yeast,
not all of which possessed biological activity;'*'> conversely,
others have obtained comépounds with biological activity that
contained no chromium.'®"” It is relevant that these previous
GTF isolation procedures involved use of an acid hydrolysis
(e.g. S M HCl for 18 h) or strong polar resin.”"*~'® Haylock et
al."™"> reported the separation of 11 apparently homogeneous,
Cr-containing species from brewer’s yeast, using Dowex SOW-
X12, Dowex 1-X8, and cellulose ion-exchangers, but some of
these compounds were biologically inactive. However, the
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harsh conditions used may have destroyed proteins and pep-
tides that initially may have been associated with chromi-
um.'®?° In addition, there remain unresolved questions con-
cerning the relationship between GTF and LMWCr: Some
researchers have suggested that GTF may, in fact, be an artifact
resulting from hydrolysis of porcine LMWCr.>>"®

In this study, we have established a mild purification method
for chromium-binding substances from chromium-rich yeast
and carried out a determination of the chromium concentration
and a bioactivity assay. We used high-chromium yeast, contain-
ing organic chromium at a level of 1200 pg/g dry yeast, since
ordinary yeast contains organic chromium at only 2—4 ug/g
dry yeast. Acid hydrolysis was avoided in the purification
procedure, and instead, organic chromium was extracted and
purified by aqueous ammonium and three-gel chromatography.
High-performance liquid chromatography-inductively coupled
plasma atomic emission spectroscopy/mass spectrometry (HPLC-
ICP-AES/MS) was used to rapidly and accurately microanalyze the
distribution of chromium and protein and ensure that other
chromium-binding substances were not missed. In addition, a
glucose metabolism assay in adipocytes was used to assess the
bioactivities of the substances identified.

B MATERIALS AND METHODS

Materials. All chemicals used in this study were of analytic grade,
and all aqueous solutions were prepared using double deionized water.
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Sephadex exclusion media (sizes G-75, G-25, and G-15) were obtained
from Pharmacia Ltd., UK.

Preparation of High-Chromium Yeast. The strain of yeast used
in this work was Saccharomyces cerevisiae YS-3, mutated by spaceflight-
induced mutagenesis and deposited in the China General Micro-
biological Culture Collection Center (WDCMSS0 CGMCC No.
2687). The strain was obtained from the Institute of Agro-Food
Science and Technology, Chinese Academy of Agricultural Science,
Beijing, China. The organic chromium yield of S. cerevisiae YS-3 after
spaceflight-induced mutagenesis reached 1200 ug/g dry yeast as
compared to 810 pg/g dry yeast from the original strain. After
incubation with 400 ug/mL chromium(III) chloride (CrCly), for 44 h
at 28 °C on a rotary shaker (200 rpm), cells were harvested by
centrifugation, washed three times with deionized water, and then
freeze-dried. The medium used in this study was yeast extract peptone
dextrose (YPD) medium (pH 5.6), which contained (per liter) 10 g
yeast extract, 10 g peptone, and 20 g glucose.

The high-chromium yeast was a tan powder with a total chromium
content of 1512 pg/g dry yeast and an organic chromium content of
1200 pg/g dry yeast, as assayed by atomic absorption spectrometry.
The content of organic chromium, which correlates with biological
activity, was determined using the ammonia extraction procedure de-
scribed by Anderson et al.*' followed by atomic absorption spectrometry
using flame atomization. The yeast was found to contain 80% organic
chromium.

Isolation and Purification. The freeze-dried, high-chromium
yeast was extracted with ammonia®' by shaking at 200 rpm for 3 h at
37 °C with 20 times the volume of 0.1 mol/L ammonia. The super-
natants obtained by centrifugation were freeze-dried. The dried material
was suspended in distilled water and centrifuged at 8673g¢ for 30 min at
4 °C. The supernatant was collected and condensed to the volume of
5 mL using vacuum evaporation at 45 °C. The brownish soluble material
obtained was the starting material for isolation of GTF.

All chromatography procedures were carried out in a cold-room
maintained at 4 °C. The protein contents of fractions from the column
were monitored qualitatively by ultraviolet (UV) absorbance at 280 nm.
Simultaneously, the eluates from columns were scanned for UV ab-
sorbance at 260 nm, since GTF possesses an UV absorbance maximum
at 260 nm.>** The chromium content of the chromatographic
effluents was determined by atomic absorption spectrometry using
flame atomization.">'*'72!

The soluble yeast extract was initially placed onto a Sephadex G75
gel column (1.6 X 80 cm) that had been equilibrated with distilled
water. The extract was eluted with distilled water at a flow rate of 0.3
mL/min, and 3.0 mL of each fraction was collected. The chromium
content of each tube was determined, and the chromium-containing
fractions were pooled and condensed to the volume of S mL. During
this step, two chromium-rich peaks, peaks 1 and 2, were obtained.
Peak 1 was a white liquid, while peak 2 was a yellowish, transparent
liquid. Subsequently, reversed-phase HPLC-ICP-AES/MS was used to
accurately microanalyze the chromium and protein distributions in
peaks 1 and 2. This analysis would form the basis for further puri-
fication of GTF.

Next, peak 2 from the Sephadex G7S5 column was applied to a
Sephadex G2S chromatography column (1.6 X 80 cm) that had been
equilibrated with 50 mM ammonium acetate buffer (pH 6.0) and was
eluted with SO mM ammonium acetate buffer (pH 6.0). The flow rate
was 0.3 mL/min, and 2.2 mL fractions were collected. Fractions
containing high concentrations of both chromium and protein were
pooled and concentrated by a vacuum concentrator at 40 °C. The
resulting yellow clear liquid from the Sephadex G2S5 column was then
loaded onto a Sephadex G1S chromatography column (1.6 X 80 cm)
that had been equilibrated with distilled water and eluted with distilled
water. The flow rate was 0.3 mL/min, and 2.2 mL fractions were
collected. Chromium-containing fractions from this column were
pooled, concentrated, and lyophilized for further analysis.

Reverse-Phase HPLC-ICP-AES/MS. Reverse-Phase HPLC. Re-
verse-phase HPLC analysis was performed on a Delta-Pak C18 column
(300 A, S pm, 150 X 4.6 mm id.) using a Waters HPLC system
(Waters Corp.). Analysis was performed at 25 °C with a flow rate of

1280

of

chromium yeast

Extracts high

SephadexG75

A

HPLC-ICP-MS/AES
HPLC-ICP-MS/AES

8B

ESI-MS

Figure 1. Analysis of the high-molecular-weight chromium-binding
substance and the organic chromium distribution using HPLC-ICP-
MS/AES and ESI-MS.
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Figure 2. Procedures used for purification and characterization of the
low-molecular-weight chromium-binding substance.

0.7 L/min using a linear acetonitrile (ACN) gradient: 100% buffer A
[5% ACN, 95% water, 0.1% trifluoroacetic acid (TFA)] for S min,
followed by a linear gradient to 100% buffer B (95% ACN, 5% water,
0.1% TFA) over 40 min. After analysis, the column was equilibrated
for 10 min with buffer A. The eluate was monitored at 214 nm, since
the increasing amount of acetonitrile used would have resulted in an
increase in the baseline absorption level if detection at 200 nm had
been chosen.
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Figure 3. Elution of peaks 1 and 2 from Sephadex G75 and analysis of these peaks using HPLC-ICP-AES/MS. (A) Elution of peaks 1 and 2 from
Sephadex G75. (B) HPLC-ICP-AES/MS profile of peak 1. (C) HPLC-ICP-AES/MS profile of peak 2. The freeze-dried ammonia extract was applied
to a column (1.6 X 80 cm) equilibrated with distilled water and eluted with distilled water, with 3 mL fractions collected. The chromium and
absorbency profiles at 260 and 280 nm are shown in panel A. HPLC of peak 1 is shown in the lower part of panel B. The eluate of peak 1 was
collected every 1.5 min, and 27 fractions were collected in total. The green grid in the lower part of panel B marks the collection of each fraction. The
chromium in each fraction was determined by ICP-AES/MS, and the chromium profile is shown in the upper part of panel B. HPLC of peak 2 is
shown in the lower part of panel C. The eluate of peak 2 was collected every 1.5 min, and 14 fractions were collected in total. The green grid in the
lower part of panel C marks the collection of each fraction. The chromium in each fraction was determined by ICP-AES/MS, and the chromium
profile is shown in the upper part of panel C.

ICP-AES/MS. ICP-MS analysis (DRC-e, Perkin-Elmer Inc.) used a 15 L/min, an atomizer flow rate of 0.7 L/min, and an auxiliary gas
radio frequency (rf) power of 1.15 kW, a cooling gas flow rate of flow rate of 1.0 L/min. For ICP-AES (Vista-MPX, Varian),
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Figure 4. Elution profile of peak 2 from Sephadex G2S. Freeze-dried
peak 2 was applied to a Sephadex G2S column (1.6 X 80 cm)
equilibrated with 50 mM ammonium acetate buffer (pH 6.0) and
eluted with the same buffer, with 2.2 mL fractions collected. The
chromium and absorbency profiles at 260 and 280 nm are shown.
Samples with an absorbance >2 were diluted to allow their
determination within the normal range of the instrument. The
absorbance of the sample was dilution factor X absorbance of the
dilution.

conditions were as above and observations were made at a height of
12 mm.

Analysis of Amino Acid Composition. Samples were hydrolyzed
under vacuum in 6 M HCI at 110 °C for 22 h, and analysis was then
carried out using an 8500A amino acid composition analyzer (Hitachi)
employing standard techniques.

Microbiological Determination of Nicotinic Acid. The test
organism used was Lactobacillus arabinosus 17—S (ATCC No. 8014)
and the method employed was based on the observation that L.
arabinosus 17—3 requires nicotinic acid for growth.”® The method used
was a modification of that described previously for the assay of
nicotinic acid.** Using a basal medium complete in all respects except
for nicotinic acid, the growth responses of the organism were
compared quantitatively between standard and unknown solutions.
The acid produced by the organism was measured to determine the
extent of the growth and thereby provide a measure of the amount of
nicotinic acid in the test solution. Incubation was carried out at 37 °C
for 3 days, and the acid produced was titrated to neutrality with 0.1 N
NaOH.

Wavelength Scanning. Light absorption spectra (4 = 190—
600 nm) were measured using a dual-wavelength recording spectropho-
tometer (UV-3010, Hitachi) with deionized water as the solvent.'®

ESI-MS and MALDI-TOF-TOF-MS. Electrospray ionization
tandem mass spectrometry (ESI-MS) and matrix-assisted laser
desorption/ionization time-of-flight time-of-flight mass spectrometry
(MALDI-TOF-TOF-MS) were performed by the Beijing Proteome
Research Center. The material referred to as 8A from peak 1, fractionated
by reversed-phase HPLC, was analyzed by ESI-MS. peaks PP1, I, II were
analyzed by MALDI-TOF-TOF-MS.

Determination of '*C-Glucose Metabolism in Rat Adipo-
cytes. The biological activities of the fraction PP1 obtained from the
Sephadex G15 chromatography column was assayed for its biological
activity by measurement of '*C-glucose metabolism in rat adipocytes.
Insulin was used as an internal standard. Rat epididymal fat pads were
digested with collagenase in 10 mL of Krebs Ringer’s/HEPES—bovine
serum albumin (KRH-BSA) medium containing 0.1 mg/mL dextrose.
The digestion was carried out at 37 °C in a water-bath shaker at 100 rpm
for 25—30 min. The resulting adipocytes were then filtered through a
layer of nylon cloth and collected in a 1S mL centrifuge tube. The
adipocytes were washed five times with Krebs Ringer’s buffer and
then centrifuged in a clinical centrifuge (500g, 1 min) to remove the
collagenase.

Isolated adipocytes were incubated for 1 h in KRH-BSA with U-"*C-
glucose (5 mmol/L, specific activity 0.89 X 10° dpm/umol), NaHCO,
(10 mmol/L), palmitic acid (0.25 mmol/L), and adenosine deaminase
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(800 U/L), together with either insulin (60 pmol/L) or PP1 (10 yg/mL).
After a 1 h incubation, the medium was separated from the adipocytes by
gentle centrifugation (1000g, 1 min) and collected for subsequent analysis.
Lipids were extracted from the adipocytes with 2-propanol/heptane/
H,SO, (1 mol/L) in the ratio 40:10:1. Glucose metabolism was measured
from the incorporation of U-"*C-glucose into total lipids. Triplicate
measurements were made for each variable in each experiment. All values
were corrected for zero-time incubation.

Statistical Analysis. Data are presented as means =+ standard
errors (SE). A pooled Student’s t test was used to evaluate the
differences in the mean concentrations of U-'"*C-glucose converted
into lipid between the basal and other groups. p < 0.0S was considered
to be indicative of statistically significant differences.

B RESULTS AND DISSUSSION

Many studies have utilized GTF bioactivity tests, such as yeast
bioassays and glucose metabolism tests in adipocytes or hepato-
cytes, during the purification process to help identify the
target.»>!147 17212223729 Of these bioactivity tests, yeast bio-
assays have been found to lack a high degree of accuracy,
resulting in either false positive results for chromium-containing
compounds or positive results for substances that did not
contain chromium.”'*'¥!”?% To ensure the purification of only
chromium-binding substances in our study, both the measure-
ments of organic chromium content and a fat pad assay (for
glucose metabolism) were adopted.

Isolation and Purification of Chromium-Binding
Substances. Purification and analysis of a high-molecular-
weight chromium-binding substance from high-chromium yeast
are shown in Figure 1, while those of GTF, utilizing three-gel
filtration chromatography, are shown in Figure 2.

The concentration of GTF in normal yeast is very low,
increasing the chance that a purification procedure may fail to
isolate some of the compounds that are present in the yeast.*'®
Under certain conditions, yeast has the ability to accumulate
trace elements and form organic bonds with these, at con-
centrations several times higher than the normal level.** Provid-
ing yeast with supplemental chromium in a more concentrated
form can produce high-chromium yeast, containing chromium
at a concentration of 1200 ug/g dry yeast. Extraction of high-
chromium yeast with aqueous ammonia is able to transfer
chromium-binding proteins into the water phase, and such
extracts have been shown to contain 75% of the chromium initially
present in the yeast biomass.>' In contrast, ultrasonic disruption,
which has often been used in the extraction of bioactive sub-
stances, results in only 10% of the chromium initially present in
the yeast biomass being retained in the extracts.'”" For this
reason, we chose to adopt extraction with aqueous ammonia as the
first step in our isolation procedure.

Extracts from high-chromium yeast were chromatographed
on a Sephadex G75 gel, which was then eluted with distilled
water. The elution profiles from the Sephadex G75 column are
presented in Figure 3A. Two definite absorption peaks, 1 and 2,
evident at both 280 and 260 nm, which coincided with the
chromium peak, were present in tubes 21—34 and tubes 70—81.
On the basis of the fractionation range (3000—80 000 Da) of
Sephadex G7S and the location of the two peaks in the elution
profile, the proteins in peak 1 were high-molecular-weight
proteins (>80 000 Da), while those in peak 2 were low-molecular-
weight proteins (<3000 Da).

HPLC-ICP-MS/AES is a useful analytical method employed
in metallomics for the separation of an unknown metal-
loprotein and rapid determination microelement in food;
advantages include high efliciency, a low detection threshold for

dx.doi.org/10.1021/jf3048093 | J. Agric. Food Chem. 2013, 61, 1279—1287
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Figure S. Elution profile for peak PP1 from Sephadex G15 column and its MALDI-TOF-MS spectrum. (A) Elution profile for peak PP1, using a
Sephadex G15 column. (B) MALDI-TOF-MS spectrum of peak PP1. Freeze-dried peak PF2 was applied to a Sephadex G15 column (1.6 X 80 cm)
equilibrated with distilled water and eluted with distilled water, with 2.2 mL fractions collected. The chromium and absorbency profiles at 260 and
280 nm are shown in panel A. Two molecular ions (m/z 712 and 769) are observed in the MALDI-TOF-MS spectrum of PP1.

metal, and a high separation speed.**** In this study, HPLC-
ICP-MS/AES was used to analyze the distributions of organic
chromium and protein. The results from reversed-phase HPLC-
ICP-AES/MS analysis of chromium-rich peaks 1 and 2 are
presented in Figure 3B,C. As shown in Figure 3B, there was a
single chromium peak in accordance with the absorption peak
in the elution profile of peak 1, reaching 0.045 pg. The chromium-
containing fraction in tube 8, named 8A, was analyzed by ESI-MS;
as shown in Figure 3C, a single chromium peak was evident, in
accordance with the absorption peak at 214 nm in the elution
profile of peak 2 reaching 0.087 ug,

The material referred to as 8A from peak 1, fractionated by
reversed-phase HPLC, was analyzed by ESI-MS, and the series
of fragment ions obtained in the collision was used as the basis
for protein identification, undertaken by searching the yeast
protein database (www.ncbi.nlm.nih.gov) using SEQUEST
software. The high-molecular-weight chromium-binding pro-
tein may be homologous to ubiquitin-1 (HUB1) target protein-
1, glyceraldehyde-3-phosphate dehydrogenase, or ribosomal
protein L2A(LSA)(rp8)(YL6) [Table 1 (results of ESI-MS) in
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the Supporting Information]. To our knowledge, this is the
first report of the purification and tentative identification
of a high-molecular-weight chromium-binding protein. How-
ever, the results should be regarded as preliminary, and
further detailed studies will be required for confirmation of
the identity.

Purification of a high-molecular-weight chromium-binding
protein from yeast has, to date, not been reported. A possible
reason for this may have been the use of assays of biological
activity alone in previous purification procedures, rather than
determination of organic chromium content,*"&147182526 1f o
this would imply that the high-molecular-weight chromium-
binding protein discovered in this study does not possess the
same bioactivity as that of the low-molecular-weight chromium-
binding protein. The bioactivity of the high-molecular-weight
compound and the mechanism by which chromium and protein
combine require further investigation.

Although there was a single chromium peak in both peaks 1
and 2, the chromium content of peak 2 was higher than that of
peak 1. Furthermore, the proteins in peak 2 were of low

dx.doi.org/10.1021/jf3048093 | J. Agric. Food Chem. 2013, 61, 1279—1287
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Figure 6. HPLC chromatography of peak PP1 and the organic chromium distribution. HPLC chromatograph of peak PP1 is shown in the lower part
of the figure. During HPLC of peak PPI, the eluate was collected every 1 min, and a total of 30 fractions were collected. The chromium in each
fraction was determined by ICP-AES/MS, and the chromium profile is shown in the upper part of the figure.

Table 1. Analysis of the Amino Acid Composition of Peak

PP1
amino acid mmol %
Asp 0.1390 1.85
Glu 1.0809 15.9
Gly 0.9441 7.09
Cys 0.8423 10.2

molecular weight, showing greater similarity to previous reports
of GTE.>*%% Therefore, our further work focused on the puri-
fication of peak 2. A summary of the purification and analysis of
the low-molecular-weight chromium-binding substance is shown
in Figure 2. The pooled peak 2 fraction from the Sephadex
G7S column was condensed by freeze-drying and applied to a
Sephadex-G2S column. As shown in Figure 4, there were six
absorption peaks at both 260 and 280 nm; only peak PF2
contained chromium. The pooled peak PF2 (fractions 61—71)
was then condensed to the minimum volume and chromato-
graphed on a Sephadex G15 column. Figure SA shows that a
symmetrical, single, sharp peak, peak PP1 (fractions 33—41),
appeared during the elution that contained Cr. The pooled
peak PP1 was concentrated and lyophilized for further analysis.

MALDI-TOF-TOF-MS Analysis of Peak PP1. There were
only two molecular ions evident in the negative mode of the
MALDI-TOF-mass spectrum of PP1, at m/z 712 and 769
(Figure SB), indicating that the purity of PP1 was very high.
Comparison of the MALDI-TOF-TOF mass spectra of m/z
712 and 769 revealed many similarities, such as the ions at m/z
496, 286, 175, 144, 129, 119, 87, and 70 [Figure 1 (MALDI-
TOF-TOF-MS spectrum for m/z 712 and 769) in the
Supporting Information]. This implied a certain correlation
between m/z 712 and 769 and indicated that the two ions had
similar structure. The difference between m/z 712 and 769 was
57, a small value that may represent the loss of an amino acid
functional group. According to these results, the fragment ion
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with m/z 712 may be formed from decomposition of the
fragment ion with m/z 769, although further work is required
to confirm whether this is indeed the case. Nonetheless, we
have established that the low-molecular-weight chromium-
binding substance (PP1) purified from yeast has an m/z of
712—-769.

Peak PP1 was further analyzed by reversed-phase HPLC-
ICP-AES/MS. As shown in Figure 6 (lower part), two sharp
peaks were observed, with peak I being lower than peak IL
Furthermore, peak I appeared before gradient elution, indicat-
ing that the compounds in peak I were those that could not be
adsorbed onto the C18 column. There was only one peak
during gradient elution, which was peak IL. The distribution of
organic chromium in the HPLC chromatograph of peak PP1 is
shown in the upper part of Figure 6. There were two chromium
peaks that were in accordance with peaks I and II, and the
chromium content of peak I was clearly higher than that of peak
II. MALDI-TOF-TOF-MS was used to analyze peaks I and II,
the figures of which are not included in this paper; compared
with the MALDI-TOF-TOF-MS spectrum of blank, no mass
spectroscopic signal was detected for peak I, whereas two
species at m/z 712 and 769 were detected in the mass spectrum
of peak IL. On the basis of the results of HPLC-ICP-AES/MS of
peak PP1 (Figure 6) and MALDI-TOF-MS spectrum of peaks I
and II, peak I may have been the chromium that could not be
adsorbed onto C18, shielded from the low-molecular-weight
chromium-binding substance and hence appeared before gradient
elution, while peak II may have been the low-molecular-weight
chromium-binding substance that had partially retained chromium
through separation.

Analysis of Amino Acid Composition and Nicotinic
Acid Level of PP1. Many studies showed that the
predominant components were glutamic acid, glycine, cysteine,
and aspartic acid, but the ratio of these amino acids from differ-
ent sources (mammalian liver and yeast) was inconsistent."***"~>*

dx.doi.org/10.1021/jf3048093 | J. Agric. Food Chem. 2013, 61, 1279—1287
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Figure 7. UV wavelength scanning of peak PP1. Light absorption spectra (4 = 600—190 nm) were measured using a dual-wavelength recording

spectrophotometer (UV-3010, Hitachi) with deionized water as the solvent.

The ratios of the components of GTF have not been reported
yet.> LMWCr from bovine colostrum contained aspartic acid,
glutamic acid, glycine, and cysteine in a ration of 5:4:2:1.>
LMWCr from rabbit liver contained glutamic acid, glycine,
cysteine, and aspartic acid in a ration of 6:5:3:3.>* The amino
acid composition of PP1 is shown in Table 1. The concentra-
tion of glutamic acid, glycine, and cysteine is 6—8 times
higher than that of aspartic acid. The main components were
glutamic acid, glycine, and cysteine in an approximate ratio of
1:1:1. Given the molecular weight from MS in the 700s, the
material appears to have an amino acid composition of 2:2:2
Glu:Gly:Cys.

The content of nicotinic acid in yeast and PP1 was deter-
mined though microbiological assays. The concentration of
nicotinic acid in normal yeast was 0.045%, and that in PP1 was
3.8% (0.308 mmol/L). The effort to sequence the N-terminus
of PP1 by Edman degradation failed. During Edman degrada-
tion it was observed that a signal intensity of an unknown com-
pound remained unchanged and it appeared not to be degraded
by stepwise acid cleavage from the N-terminus [Figure 2
(N-terminal amino acid analysis of PP1) in the Supporting
Information]. Edman degradation proceeds from the N-terminus
of the protein and will not work if the N-terminal amino acid
has been chemically modified or concealed within the body of the
protein.’” Some researchers proposed that the structure of GTF
contains liganded glutamic acid, glycine, cysteine, and nicotinic
acid,"** which was supported by the failure of the Edman
degration of PP1 to some degree.

Ultraviolet Spectra of PP1. In previous studies, the absorp-
tion spectrum of GTF ranged only from 220 to 340 nm."*"***! In
this study, the UV absorption spectrum of the low-molecular-
weight chromium-binding substance was extended, ranging
from 190 to 600 nm. There were two peaks (4 = 220 and 260 nm)
in the UV spectrum of PP1 (Figure 7). The peak of the absorption
spectrum in the UV region (4 = 260 nm) observed in this study
was in agreement with that previously reported for GTF by Mertz
(4 = 262 nm)"*® and Yamamoto et al. (1 = 260 nm).***’ Vlatka
et al. found that the presence of nicotinic acid in the yeast complex
was responsible for the peak at 260 nm.** Except the peak
(4 = 260 nm), a concave downward tendency in the UV region
(A = 220 nm) was also observed in the study of Yamamoto et al.*’

Effect of PP1 on the Metabolism of *C-Glucose to
Lipid (Triglycerides and Fatty Acids). Bioactivity tests for
GTF include the yeast bioassay and the glucose metabolism test
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in adipocytes or hepatocytes,”>'4~1721:2225729 Gince the yeast
bioassay is less accurate,”'*'>'7?° we decided to study the
effects of PP1 on glucose metabolism in vitro, using rat adipocytes.
In preliminary experiments, a range of PP1 concentrations was
tested (0.1—100 pg/mL). The lowest reliably active concentration
was found to be 10 pg/mlL, and this was chosen for subsequent
investigations. Insulin (60 pmol/L) enhanced the conversion of
glucose to lipid by 278% (Figure 9, p < 0.0S vs basal). As shown in
Figure 8, purified PP1 alone (10 pg/mL) was without effect on
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Figure 8. Effect of PP1, insulin, and their combination on conversion
of glucose into lipid in rat adipocytes. Preliminary experiments showed
that the lowest reliably active concentration of PP1 was 10 pg/mL.
Adipocytes isolated from rat fat pads were incubated with insulin
(60 pmol/L), PP1 (10 pg/mL), or a combination of both. The data
are presented as the means + SE of 10 independent experiments.
Compared with basal, bars with different letters mean significant
statistics difference, p < 0.05. PP1 alone was without effect on the
conversion of glucose to lipid, but in the presence of insulin, PP1
enhanced the rate of glucose conversion by 51%.

the conversion of glucose to lipid (a nonsignificant apparent
increase of 7%; p > 0.05 vs basal). The combination of PP1 and
insulin significantly enhanced the conversion of glucose to lipid in
the adipocytes (p < 0.05), such that PP1 potentiated the effect of
insulin by 51%.

Some researchers have proposed that GTF is an artifact
produced by acid hydrolysis of a low-molecular-weight
chromium-binding substance.”®'® In this paper, GTF was
isolated from high-chromium yeast using a mild purification

dx.doi.org/10.1021/jf3048093 | J. Agric. Food Chem. 2013, 61, 1279—1287
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method not involving acid hydrolysis or strong polar resins.
Our analysis showed that PP1 contained cysteine, glycine, and
glutamic acid in the ratio 1:1:1, as well as nicotinic acid and
chromium(III), and was able to stimulate glucose metabolism,
which had an m/z of 712—769. The physical characteristics and
biological activity of PP1 compare favorably with those of GTF
and LMWCr from mammalian liver reported previously.”>*">*>
The other compound isolated was a high-molecular-weight
chromium-binding protein that was tentatively identified as
HUBI target protein-1, glyceraldehyde-3-phosphate dehydro-
genase, or ribosomal protein L2A(LSA)(rp8)(YL6). To our
knowledge, this is the first identification of a high-molecular-
weight chromium-binding protein, and further detailed studies
are required to determine its function.
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Table 1, results of ESI-MS; Figure 1, MALDI-TOF-TOF-MS
spectrum for m/z 712 (A) and m/z 769 (B); Figure 2, N-terminal
amino acid analysis of PP1. This material is available free of charge
via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*Tel: (086) 10-62819421. Fax: (086) 10-62815542. E-mail:
IvjpS86@vip.sina.com.

Funding

Funding was provided by the National Space Breeding Project,
No. 2006HT00013.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We recognize the contributions of the Beijing Proteome
Research Center for the mass spectral analyses, and the
National Center of Biomedical Analysis for peptide sequencing
and N-terminal analysis.

B ABBREVIATIONS USED

GTF, glucose tolerance factor; ESI-MS, electrospray ionization
tandem mass spectrometry; LMWCr, low-molecular-weight
chromium-binding substance; MALDI-TOF-TOF-MS, matrix-
assisted laser desorption/ionization time-of-flight time-of-flight
mass spectrometry; HPLC-ICP-MS/AES, high-performance
liquid chromatography-inductively coupled plasma atomic
emission spectroscopy/mass spectrometry; m/z, mass-to-
charge ratios.

B REFERENCES

(1) Toepfer, E. W.; Mertz, W.; Polansky, M. M.; Roginski, E. E.;
Wolf, W. R. Preparation of chromium-containing material of glucose
tolerance factor activity from brewer’s yeast extracts and by synthesis. J.
Agric. Food Chem. 1976, 25, 162—166.

(2) Vincent, J. B. Mechanisms of chromium action: Low-molecular-
weight chromium-binding substance. J. Am. Coll. Nutr. 1999, 18, 6—12.

(3) Anderson, R. A. Chromium. In Trace Elements in Human and
Animal Nutrition; Mertz, W, Ed.; Academic Press: Orlando, FL, 1987;
pp 225—244.

(4) Edens, N. K; Reaves, L. A.; Bergana, M. S.; Reyzer, . L.; O’Mara,
P.; Baxter, J. H; Snowden, M. K. Yeast extract stimulates glucose
metabolism and inhibits lipolysis in rat adipocytes in vitro. J. Nutr.
2002, 132, 1141—1148.

1286

(5) Holdsworth, E. S.; Neville, E. Effects of extracts of high- and low-
chromium brewer’s yeast on metabolism of glucose by hepatocytes
from rats fed on high- or low-Cr diets. Br. J. Nutr. 1990, 63, 623—630.

(6) Sumrall, K. H.; Vincent, J. B. Is glucose tolerance factor an artifact
produced by acid hydrolysis of low-molecular-weight chromium-
binding substance? Polyhedron 1997, 16, 4171—4177.

(7) Soares, M. E.; Vieira, E.; Bastos, M. D. Chromium speciation
analysis in bread samples. J. Agric. Food Chem. 2010, 58, 1366—1370.

(8) Racek, J.; Trefil, L.; Rajdl, D.; Mudrova, V.; Hunter, D.; Senft, V.
Influence of chromium-enriched yeast on blood glucose and insulin
variables, blood lipids, and markers of oxidative stress in subjects with
type 2 diabetes mellitus. Biol. Trace Elem. Res. 2006, 109, 215—230.

(9) Lai, M. H; Chen, Y. Y; Cheng, H. H. Chromium yeast
supplementation improves fasting plasma glucose and LDL-cholesterol
in streptozotozin induced diabetic rats. Int. J. Vitam. Nutr. Res. 2006,
76, 391-397.

(10) Liu, L; Jin, W,; Lv, J. P. Oral administration of the high-
chromium yeast improve blood plasma variables and pancreatic islet
tissue in diabetic mice. Biol. Trace Elem. Res. 2010, 138, 250—264.

(11) Bahijiri, S. M.; Mira, S. A.; Mufti, A. M.; Ajabnoor, M. A. The
effects of inorganic chromium and brewer’s yeast supplementation on
glucose tolerance, serum lipids and drug dosage in individuals with
type 2 diabetes. Saudi Med. J. 2000, 21, 831—837.

(12) Cefalu, W. T.; Huy, F. B. Role of chromium in human health and
in diabetes. Diabetes Care 2004, 27, 2741—2751.

(13) Vincent, J. B. Elucidating a biological role for chromium at a
molecular level. Acc. Chem. Res. 2000, 33, 503—510.

(14) Haylock, S. J; Buckley, P. D.; Blackwell, L. F. Separation of
biologically active chromium-containing complexes from yeast extracts
and other sources of glucose tolerance factor (GTF) activity. J. Inorg.
Biochem. 1983, 18, 195—211.

(15) Haylock, S. J.; Buckley, P. D.; Blackwell, L. F. The relationship
of chromium to the glucose tolerance factor. IL. J. Inorg. Biochem. 1983,
19, 105—117.

(16) O’Donoghue, E. M.; Cooper, J. A.; Jackson, T. G.; Shepherd, P.
R; Buckley, P. D.; Blackwell, L. F. Identification of peptides from
autolysates of Saccharomyces cerevisiae that exhibit glucose tolerance
factor activity in a yeast assay. J. Biochem. 1990, 22, 841—846.

(17) Davis, D. M.; Holdsworth, E. S.; Sherriff, J. L. The isolation of
glucose tolerance factors from brewer’s yeast and their relationship to
chromium. Biochem. Med. 1985, 33, 297—311.

(18) Urumow, T.; Wieland, O. H. On the nature of the glucose
tolerance factor from yeast. Horm. Metab. Res. Suppl. 1984, 1, 51—4.

(19) Beran, M,; Stahl, R; Beran, M, Jr. Glycaemic activity of
chromium(III)—f-nicotinamide adenine dinucleotide phosphate com-
plex and its presence in yeast extracts. Analyst 1995, 120, 979—981.

(20) Vincent, J. B. The bioinorganic chemistry of chromium(III).
Polyhedron 2001, 20, 1-26.

(21) Anderson, R. A,; Polansky, M. M.; Roginski, E. E.; Mertz, W.
Factors affecting the retention and extraction of yeast chromium. J.
Agric. Food Chem. 1978, 26, 858—861.

(22) Yamamoto, A.; Wada, O.; Ono, T. Isolation of a biologically
active low-molecular-mass chromium compound from rabbit liver. J.
Biochem. 1987, 165, 627—631.

(23) Snell, E. E; Wright, L. D. A microbiological method for the
determination of nicotinic acid. J. Biol. Chem. 1941, 139, 675—68S5.

(24) Wooley, J. G.; Serrell, W. H. Two microbiological methods for
the determination of (—)-tryptophane in proteins and other complex
substances. J. Biol. Chem. 1944, 157, 141—151.

(25) Hwang, D. L, Lev-Ran, A; Barseghian, K. Glucose tolerance
factor and method of making same. U.S. patent US4985439, 1991.

(26) Hwang, D. L.; Lev-Ran, A.; Papoian, T.; Beech, W. K. Insulin-
like activity of chromium-binding fractions from brewer’s yeast. .
Inorg. Biochem. 1987, 30, 219—225.

(27) Yamamoto, A.; Wada, O.; Suzuki, H. Purification and properties
of biologically active chromium complex from bovine colostrums. J.
Nutr. 1988, 118, 39—45.

dx.doi.org/10.1021/jf3048093 | J. Agric. Food Chem. 2013, 61, 1279—1287



Journal of Agricultural and Food Chemistry

(28) Yamamoto, A.; Wada, O.; Ono, T. Distribution and chromium-
binding capacity of a low-molecular-weight, chromium-binding
substance in mice. J. Inorg. Biochem. 1983, 22, 91—102.

(29) Viera, M.; Davis, C. M. Isolation and characterization of low-
molecular-weight chromium-binding substance (LMWCr) from
chicken liver. Protein J. 2008, 27, 371—-375.

(30) Zetic, V. G.; Stehlik-Tomas, V.; Grba, S.; Lutilsky, L.; Kozlek, D.
Chromium uptake by Saccharomyces cerevisiae and isolation of glucose
tolerance factor from yeast biomass. J. Biosci. 2001, 26, 217—223.

(31) Hegoczki, J.; Suhajda, A.; Janzso, B.; Vereczkey, G. Preparation
of chromium enriched yeasts. Acta Aliment. 1997, 26, 345—358.

(32) Avula, B; Wang, Y. H,; Smillie, T. J.; Duzgoren-Aydin, N. S.;
Khan, I. A. Quantitative determination of multiple elements in
botanicals and dietary supplements using ICP-MS. J. Agric. Food Chem.
2010, 58, 8887—8894.

(33) Peixoto, R. R. A; Oliveira, A; Cadore, S. Multielemental
determinations in chocolate drink powder using multivariate
optimization and ICP OES. J. Agric. Food Chem. 2012, 26, 1219—1221.

(34) Anderson, K. A.; Hobbie, K.A .; Smith, B. W. Chemical profiling
with modeling differentiates wild and farm-raised salmon. J. Agric. Food
Chem. 2010, 58, 11768—11774.

(35) Mertz, W. Effects and metabolism of glucose tolerance factor.
Nutr. Rev. 1975, 33, 129—135.

(36) Moordian, A. D.; Morley, J. E. Micronutrient status in diabetes
mellitus. Am. J. Clin. Nutr. 1987, 45, 877—895.

(37) Edman, P. Method for determination of amino acid sequence of
peptides. Acta Chem. Scand. 1950, 4, 283—293.

(38) Karthikeyan, K. S; Polasa, H.; Sastry, K. S; Reddy, G.
Metabolism of lysine-chromium complex in Saccharomyces cerevisiae.
Indian J. Microbiol. 2008, 48, 397—400.

(39) Mertz, W. Effects and metabolism of glucose tolerance factor.
Nutr. Rev. 1975, 33, 129—13S.

1287

dx.doi.org/10.1021/jf3048093 | J. Agric. Food Chem. 2013, 61, 1279—1287



