
The Journal of Nutrition

Biochemical, Molecular, and Genetic Mechanisms

Characterization of the Organic Component of
Low-Molecular-Weight Chromium-Binding
Substance and Its Binding of Chromium1–3

Yuan Chen, Heather M. Watson, Junjie Gao, Sarmistha Halder Sinha, Carolyn J. Cassady,
and John B. Vincent*

Department of Chemistry, The University of Alabama, Tuscaloosa, AL 35487-0336

Abstract

Chromiumwas proposed to be an essential element over 50 y ago and was shown to have therapeutic potential in treating

the symptoms of type 2 diabetes; however, its mechanism of action at a molecular level is unknown. One chromium-

binding biomolecule, low-molecular weight chromium-binding substance (LMWCr or chromodulin), has been found to be

biologically active in in vitro assays and proposed as a potential candidate for the in vivo biologically active form of

chromium. Characterization of the organic component of LMWCr has proven difficult. Treating bovine LMWCr with

trifluoroacetic acid followed by purification on a graphite powder micro-column generates a heptapeptide fragment of

LMWCr. The peptide sequence of the fragment was analyzed by MS and tandem MS (MS/MS and MS/MS/MS) using

collision-induced dissociation and post-source decay. Two candidate sequences, pEEEEGDD and pEEEGEDD (where pE

is pyroglutamate), were identified from the MS/MS experiments; additional tandem MS suggests the sequence is

pEEEEGDD. The N-terminal glutamate residues explain the inability to sequence LMWCr by the Edmanmethod. Langmuir

isotherms and Hill plots were used to analyze the binding constants of chromic ions to synthetic peptides similar in

composition to apoLMWCr. The sequence pEEEEGDD was found to bind 4 chromic ions per peptide with nearly identical

cooperativity and binding constants to those of apoLMWCr. This work should lead to further studies elucidating or

eliminating a potential role for LMWCr in treating the symptoms of type 2 diabetes and other conditions resulting from

improper carbohydrate and lipid metabolism. J. Nutr. 141: 1225–1232, 2011.

Introduction

Despite chromium being proposed as an essential trace element
over 50 y ago and having been demonstrated to have potential as
a adjuvant therapy to improve insulin resistance and related symp-
toms in rodent models of type 2 diabetes, the mode of action of
chromium at a molecular level has not been elucidated (1). Two
biomolecules are known to bind chromium: transferrin and low-
molecular weight chromium-binding substance (LMWCr);4 the

latter has been proposed to be biologically active and has the ability to
potentiate the activity of insulin-activated insulin receptor in vitro (1).

Dietary chromium as trivalent chromium is absorbed by pas-
sive diffusion from the gastrointestinal tract and quickly passes

to the bloodstream where transferrin is responsible for main-

taining chromium supplies in the bloodstream and transporting

chromium to the tissue (1). In the tissue, chromium ultimately

binds to a small molecule(s), after which it is rapidly cleared and

eliminated in the urine as the small molecule complex.
The identification of this molecule(s) and attempts at charac-

terizing it and its complex with chromium were begun in the

1980s by Wada et al. (2–9). In 1981, a low-molecular weight

chromium compound was identified by size exclusion chroma-

tography of the cytosol of liver cells of male mice injected with a

single dose of potassium chromate (2). A similar low-molecular

weight compound was found in the feces and urine hours after

the i.v. administration. These researchers suggested that LMWCr

was formed in the liver and participates in retention and excretion

of chromium in the body. The material from the livers of rabbits

similarly treated with chromate was partially purified and found

to apparently be an anionic organic-chromium complex contain-

ing amino acids (2). Also in 1981, Wu and Wada (3) reported

additional studies on LMWCr from urine. LMWCr was found to
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occur in urine normally, although the amounts were greatly in-
creased after rats were injected with chromate (3). Normal human
and rat urine LMWCr was found not be saturated with chro-
mium. The LMWCr was thought to be similar to that of the liver
and other organs of rabbits and dogs and to be involved in
removing excess chromium from the body. The distribution of
LMWCr in mice 2 h after injection with potassium dichromate
was also examined (4). LMWCrwas found in liver, kidney, spleen,
intestine, testicle, brain, and blood plasma, with the greatest
amount in liver followed by kidney. Supernatants of homoge-
nates of the organs were found to possess more chromium bound
to LMWCrwhen dichromate was added to the homogenate than
when the mice were injected with dichromate. The time course
of chromium binding to LMWCr after injection of dichromate
was investigated (5). Chromiumwas found to be associated with
liver and kidney LMWCr only 2 min after injection and reached
a maximum 1–2 h after treatment. In these studies, LMWCr was
again identified by its elution behavior in size exclusion chroma-
tography and its chromium-binding ability.

Insulin dose response studies using rat adipocytes have indicated
a potential intrinsic biological function for LMWCr; the first
detailed studies were reported by Yamamoto et al. (7) in 1988 in
the Journal of Nutrition. Isolated rat adipocytes in the presence of
LMWCr and insulin display a greater ability to metabolize glucose
to produce carbon dioxide or total lipids; this increase occurs with-
out a change in the insulin concentration required for half-maximal
stimulation (7,8,10). This lack of change in half-maximal insulin
concentration suggests a role for LMWCr inside the insulin-
sensitive cells after insulin binds externally to the insulin receptor
(10). The stimulation of glucose metabolism by LMWCr is pro-
portional to the chromium content of the oligopeptide (6). A role
has been proposed for LMWCr in the autoamplification of insulin
signaling by binding to activated insulin receptor (11).

Efforts continued to isolate and characterize LMWCr. To
date, LMWCr has been isolated and purified from several mam-
malian sources, including rabbit liver (9), bovine liver (12), and
porcine kidney (13). The material from rabbit was loaded with
chromium by injection of the animal with chromate, or Cr(III),
which provides lower yields. For the materials from bovine liver
and porcine kidney, chromate was added to the homogenized
liver or kidney or suspended kidney powder. A chromium-loading
procedure is required so that the material can be followed by its
chromium content during the isolation and purification proce-
dures. Amino acid analysis of the bovine LMWCr indicates the
presence of 4 glutamate (and/or glutamine), 2 aspartate (and/or
asparagine), 2 glycine, and 2 cysteine residues (12), and the rabbit
LMWCr possesses an additional glycine residue (9). Thus,
LMWCr appears to be a naturally occurring oligopeptide com-
posed of glycine, cysteine, aspartate, and glutamate, with the
carboxylates comprising more than one-half of the total amino
acid residues. No amino acid sequence data has appeared despite
attempts at sequencing by Edman degradation, NMR, and MS.
The lack of additional characterization of the organic components
of the materials is a matter of concern, particularly because the
rabbit LMWCr amino acid composition was reported over 20 y
ago. Herein are reported successful efforts to sequence the
oligopeptide of LMWCr and the demonstration that a synthetic
peptide of this sequence binds Cr in a similar fashion to LMWCr.

Experimental Procedures

Materials. a-Cyano-4-hydroxycinnamic acid, 2,5-dihydroxybenzoic

acid, trifluoroacetic acid (TFA), and activated charcoal (C-5510) were

obtained from Sigma. Liquid chromatography(LC)-MS grade acetoni-

trile was obtained from Riedel-de Haën. LMWCr were purified from

livers of alligator (14), bovine (12), and chicken (14) and human urine

(15) utilizing methods previously described orwere available fromprevious
work. The peptides pEEEEGDD and pEEEGEDD were synthesized using

standard Fmoc procedures (16) with an Advanced ChemTech Model 90

peptide synthesizer. 51CrCl3 was obtained from ICN, CrCl3 was from

Fisher Scientific, and HEPES was from Research Organics, Inc.

MS. Matrix-assisted laser desorption ionization time-of-flight MS
(MALDI/TOF MS) was performed on a Bruker Daltonics Reflex III

mass spectrometer with a 2-stage reflectron (17). Ionization used the

337 line of a Laser Science VSL-337ND-S nitrogen laser. Positive and

negative ion spectra were obtained in linear and reflectronmodes with an
accelerating voltage of 20 kV. Post-source decay (PSD) spectra used

precursor ion selection with a pulsed voltage that deflected matrix and

contaminant ions from entering the flight tube. Product ions were
detected in segments by stepping down the reflectron voltage as follows:

221.0,219.55,215.75,211.82,28.86,26.64,24.98,23.74, and22.80

kV. The MALDI matrix was generally a-cyano-4-hydroxycinnamic acid,

although some experiments utilized 2,5-dihydroxybenzoic acid.
For LC-MS analysis, an Agilent 1200 series liquid chromatograph with a

Zorbax (150 3 0.5 mm) 5B-C18 column was interfaced to a Bruker HCT

ultra PTM discovery system high capacity quadrupole ion trap (QIT) mass

spectrometer via electrospray ionization (ESI). The mobile phase involved
doubly deionized water (ddH2O) and acetonitrile; gradient elution was

employed. Direct infusion experiments used a syringe pump with a flow

rate of ~140 mL/h. The ESI needle spray voltage was 4 kV, the capillary

temperature was 3008C, and mass spectra were acquired over a range of
m/z 100–2000. Low energy collision-induced dissociation (CID) used

helium as the collision gas. The fragmentation amplitude was 1.0 V and

the acquisition software’s smart fragmentation was on (the start Ampli-
tude 30% and the end amplitude 200%).

Graphite powder microcolumn. Custom-made chromatographic mi-

crocolumns were used for desalting and concentration of the peptide

prior to MS analysis. Activated charcoal was packed in a constricted gel

loader tip (Eppendorf). A 10-mL syringe was used to force liquid through
the column by applying gentle air pressure. The columns were equili-

brated with 10 mL of 0.1% TFA. An aliquot of the LMWCr after

purification by Sephadex G-15 column chromatography was diluted to

30 mL in 0.1% TFA and loaded onto the column using gentle syringe air
pressure. The column was washed with 60 mL 0.1% TFA. The resulting

samples were mixed with ~2 mL of 4HCCA in 70% acetonitrile/0.1%

TFA and spotted onto the MALDI target (plate) with a micropipettor.
To generate more purified samples, ESI/MS samples were prepared

with a modified method in which activated charcoal powder was packed

into a microconcentrator instead of the gel loader tip. A tabletop

centrifuge was used to wash the sample and elute the sample through
charcoal powder and filter membrane. A solvent of 70% acetonitrile/

0.1%TFAwas used for the final elution solution. Eluent was lyophilized

and redissolved in ddH2O before LC-MS processing.

Chromium-binding studies. A variation of the equilibrium dialysis

method using an ultrafiltration device was utilized to examine the

binding of chromium to the synthetic peptides. Aliquots of a mixture of

CrCl3 and 51CrCl3 were combined to generate different concentrations
of Cr(III) while maintaining the synthetic peptide in solution at a

constant volume. Known amounts (~0.46 mmol) of peptide and 200 mL

of 0.1 mol/L HEPES buffer (pH 7.4) were slowly stirred in an Amicon

8400 ultrafiltration unit (with a YC05 membrane) at 48C temperature
for at least 12 h to achieve equilibration. The ultrafiltration unit was then

pressurized and effluent was collected. The content of free chromic ion in

the effluent was determined by gamma counting using a Packard Cobra II
auto-gamma counter. Chromium-binding experiments were performed in

triplicate and the synthetic peptide used in at least 1 of the 3 sets of

triplicates was from a different synthesis. As a control for the chromium-

binding experiments, the ultrafiltration procedure was performed
without peptide to establish the amount of chromium that adhered to

the ultrafiltration unit; all experiments were corrected for this back-

ground. Linear regression analyses of the Langmuir isotherms and Hill
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plots were performed using SigmaPlot 11.0. The chromium concentration

of solutions of isolated peptides were determined by graphite furnace

atomic absorption spectroscopy using a PerkinElmer Analyst 400
atomic absorption spectrometer equipped with an HGA-900 graphite

furnace and an AS-800 autosampler using a chromium hollow cathode

lamp operating at 10 mA; a spectral bandwidth of 0.8 nm was selected

to isolate the light at 353.7 nm. Chromium standard solution obtained
from Perkin Elmer was utilized to generate a standard curve.

Miscellaneous. Errors are presented throughout as SD of the triplicate

analyses. ddH2O was used throughout. Amino acid analyses of samples
were performed by the Protein and Separation Analysis Laboratory at

Purdue University. Protein concentrations were determined by the

fluorescamine method (12). Fluorescence measurements were ob-
tained on a Jobin Yvon FluoroMax-3 fluorescence spectrophotometer.

UV-visible spectra were obtained using a Hewlett-Packard 8451A or a

Beckman Coulter DU 800 spectrophotometer.

Results

Production of apo-oligopeptide of LMWCr. Treatment of
LMWCr from a variety of sources (alligator liver, chicken liver,
bovine liver, and human urine) with 0.1% TFA resulted in no
visible precipitation. Separation of the products was attempted
by graphite powder (GP) microcolumn. GP has been utilized to
effectively retain small and hydrophilic peptides, which could
readily be eluted for mass spectral analysis (18). The primary
organic product eluting from the column contained no detect-
able chromium by the diphenylcarbazide method (12). Attempts
to assay for protein content via reactions with a free primary
amine group with fluorescamine indicated that the isolated
material was either not a protein or that the amino terminus was
blocked. Amino acid analysis of the component of bovine LMWCr
eluting from the GP column produced the composition 1.0
glycine:4.5 glutamate (and/or glutamine):2.2 aspartate (and/or
asparagine):0 cysteine, indicating that the LMWCr lost some of
its amino acids during the TFA treatment and/or GPmicrocolumn
processing. No other amino acids were detected above trace quan-
tities. If the amino acid ratio is calculated assuming 2.0 aspartate
residues, then the ratio becomes 0.91 glycine:4.1 glutamate:2.0
aspartate, indicating the loss of 1 glycine residue and 2 cysteine
residues compared with the original composition of bovine
LMWCr (2 glycine:4 glutamate:2 aspartate:2 cysteine) (12).

MALDI/TOF MS studies. A molecular ion (m/z 804) was
observed for all treated LMWCr samples with GP column under
negative mode MALDI/TOF MS (Supplemental Fig. 1). No cor-
responding m/z peak was found under positive mode. The lack
of a positive signal, [M+H]+, is consistent with the highly acidic
nature of LMWCr. The intensities for the ions of interest are
only a few hundred detector counts, which is very low; a more
typical value would be ;10 times higher. The low signal inten-
sity possibly resulted from poor binding capacity of the micro-
column, inefficient elution using 70% acetonitrile/0.1% TFA, or
the samples not being ionized well.

PSD of the m/z 804 ion of bovine LMWCr was performed
(Fig. 1) and 2 sequences were proposed based on this data:
pEEEEGDD and pEEEGEDD (where pE is pyroglutamate). Pep-
tide backbone cleavage ions were identified and are denoted in
Figure 1 with Roepstorffand Fohlman nomenclature (19). All as-
signed product ions match them/z of the predicted ions to within
m/z 6 1, which is within accepted accuracy of PSD. There are
several unassigned peaks of appreciable intensity in the spectra
that are not standard peptide cleavage fragments. Past work in
the Cassady group (T. Yalcin and C. J. Cassady, unpublished

data) indicated that nonstandard cleavages frequently appear in
negative mode tandem MS (MS/MS) when adjacent acidic resi-
dues exist in a peptide. The precursor ion, [M-H]2, atm/z 804, is
2 Da higher in mass than expected. The reason for this is unclear,
but it occurs consistently in the MALDI/TOF experiments of the
LMWCr samples. This extra 2 Da may indicate that the biolog-
ical peptides have been modified by the addition of 2 hydrogen
atoms (e.g. hydrogenation across the double bond of a carbonyl)
during the MALDI process; perhaps a trace component in the
biological samples is facilitating the process. Sample modifica-
tion during MALDI is unusual, but not without precedent.
Tanaka et al. (20) observed hydrogenation during MALDI on
oligosaccharides taggedwith 2-aminopyridine, whereas Yamaguchi
et al. (21) found that MALDI induced dehydrogenation for a
peptide derizatized with 2-hydrazino-2-imidazoline.

PSD spectra of synthetic peptides were generated and com-
pared with those of the LMWCr (Fig. 1). The synthetic peptides
produced the expected [M-H]2 at m/z 802. The PSD spectra for
the biological LMWCr were produced fromm/z 804 and the PSD
spectra for the synthetic peptides were generated from m/z 802.
(MALDI/TOFMS analysis ofmixtures of biological and synthetic
peptides yielded both m/z 802 and 804, showing that these were
distinct ions.) This mass discrepancy may prevent a strong
match between the PSD spectra for the biological peptides and
the model peptides. The spectra of the LMWCr from different
biological sources shared common features at m/z 384, 428,
482, and 570, which suggests a similarity in sequence. However,
the PSD spectra of peptides pEEEEGDD and pEEEGEDD both
showed only a few similar features at m/z 428, 482, and 570 to
those of the LMWCr. Neither is a sufficient match to positively
identify the biological peptide.

Analysis of LMWCr using ESI/QIT MS. Larger samples of
LMWCr were isolated by the modified GP column with the ap-
plication of the microconcentrator. The ability of reverse phase
column (Zorbax 5B-C18 on LC/MS) to retain LMWCr was
tested; experiments revealed that the products of the TFA treat-
ment of LMWCr elute during the first 5 min when washing the
columnwith 2% acetonitrile; these were detected by obvious UV
absorbances at 260 nm. No ESI response (m/z 802) could be
observed, because ionization interferences occur when an ex-
tract from a biological specimen, LMWCr in this case, is loaded
into the LC portion of the instrument. Suppression of the signal
at the time point that corresponds to the void volume of the col-
umn is common (22). Consequently, for the experiments de-
scribed below, LMWCr samples were introduced into the ESI
source by infusion with a syringe pump rather than by LC.

As was the case for MALDI, no positive ion signal was
observed when LMWCr samples were ionized by ESI. The
negative mode ESI spectrum of bovine LMWCr (Fig. 2) shows
1 peak at m/z 802 and another at m/z 401 corresponding to the
singly and doubly charged species, [M-H]2 and [M-2H]22, re-
spectively. Unlike the ions generated by MALDI, these ions
generated by ESI (which is a much gentler ionization technique)
exactly conform to the molecular weight of pEEEEGDD or
pEEEGEDD. Low-energy CID MS/MS (MS2) on m/z 802 ions,
[M-H]2, was carried out to elucidate the sequence. The synthetic
peptides pEEEEGDD and pEEEGEDD were dissociated under
the same conditions. The MS/MS spectra of m/z 802, [M-H]2,
from the bovine sample and the 2 synthetic peptides (not shown)
were dominated by a very intense water elimination ion at m/z
784, [M-H-H2O]2. Water loss during low-energy CID is common
and abundant in negative mode when a peptide has adjacent
acidic residues (T. Yalcin and C. J. Cassady, unpublished data).
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Relative to this large m/z 784, other CID products were only a
few percent relative intensity (or less), and no obvious differences
existed among these low-intensity ions. That is, CID on [M-H]2

(MS/MS) cannot distinguish between these 2 synthetic peptides,
and both model spectra are a good match for the biological
sample.

The intense peak at m/z 784, [M-H-H2O]2, which domi-
nated the MS/MS spectra for both synthetic peptides and for
bovine LMWCr, was subjected to a further stage of CID. The
resulting MS/MS/MS (or MS3) spectra are shown in Figure 3.
Again, very similar spectral features were shared by LMWCr
and the 2 synthetic peptides. A few notable differences were
observed in MS/MS/MS spectra of m/z 784 ions between the 2
synthetic peptides. A peak at m/z 397 (Fig. 3, circle) is found in
the spectrum from pEEEEGDD; this corresponds to an 99a4

2.
Because 99a4

2 incorporates only the first 4 residues of the
peptides (starting at the N terminus), it will not form at the same
m/z in the spectrum of pEEEGEDD. The CID spectrum from the
fragment of bovine LMWCr also contains a peak at m/z 397 in
roughly the same abundance as in the spectrum for pEEEEGDD.
In addition, a peak atm/z 632, corresponding to [99b6 - 2H2O]2,
is found only in the spectra from pEEEGEDD, but not the
spectra from pEEEEGDD or bovine LMWCr. In negative mode
CID of peptides, adjacent acidic residues (aspartic acid or gluatmic
acid) promote water loss, and this is much more prevalent when
one of the residues is aspartic acid (T. Yalcin and C. J. Cassady,
unpublished data). Of the 2 model peptides, only pEEEGEDD has
an aspartic acid residue (D at the 6th position) adjacent to another
acidic residue (E at the 5th position) within the first 6 residues of
the sequence, which comprise [99b6 - 2H2O]2. Taking into account
the 2 spectral features discussed here, the sequence of the fragment
from bovine LMWCr is assigned as pEEEEGDD.

Bioinformatics. In the body, peptides, including numerous
peptides with bioactivity, originate from the processing of proteins.
Thus, the heptapeptide isolated from LMWCr should have at a
point in its history been be part of a larger protein. A genomic

search against the databases of the National Center for Bio-
technology Information using the sequence EEEEGDD was per-
formed to identify proteins containing this sequence motif.
Multiple 100% hits were found due to the short sequence and
low complexity: 7 sequences in Homo sapiens, 2 in Bos Taurus,
2 in Gallus gallus, and 1 in Mus musculus. Unfortunately, very
little of the American alligator genome has been sequenced.
None of the hits contain glycine and cysteine residues flanking
the EEEEGDD sequence, suggesting that these residues are not
part of a contiguous peptide and are attached to the heptapep-
tide in a nonstandard fashion. This is consistent with NMR
studies on holoLMWCr and acid-hydrolyzed LMWCr that
suggested the presence of some other organic moiety (12).

Curiously, several sequence hits correspond to genes for
proteins involved in modifying chromatin. None of these hits
correspond to a responsive gene in chromium treatment of mice
(isolated adipocytes) or mouse testis (TM4 Sertoli-like) cells
(23,24). This is an area worthy of continued investigation.

Chromium binding. Because chromium binding to the oligo-
peptide LMWCr is thought to be only through carboxylate
residues and the heptapeptide pEEEEGDD retains all the aspar-
tate and glutamate residues in LMWCr, the question arises as to
whether the proposed heptapeptide can bind chromium in a
similar fashion to LMWCr. The binding of chromium to bovine
apoLMWCr prepared by the low-pH EDTA method (12), the
heptapeptide pEEEEGDD, and 2 other acidic peptides was
probed. The 2 peptides EDGEECDCGE and DGEECDCGEE
were chosen, because they possess the same amino acid compo-
sition as bovine LMWCr, and searches of the human genome
reveal these to be the only 2 sequences in this genome with this
composition (25). The number of Cr3+ ions binding to the pep-
tides was estimated using Langmuir isotherms. For the Langmuir
isotherms of Cr3+ binding to all the synthetic peptides, chromium
binding to apoLMWCr can be represented by 2 intersecting
straight lines with different slopes (Supplemental Fig. 2). This
biphasic behavior indicates that each peptide has 2 types of Cr3+

FIGURE 1 Negative mode MAL-

DI/TOF PSD spectra of m/z 804 of

bovine liver LMWCr peptide (A)

and m/z 802, [M-H]2 of synthetic

peptide pEEEEGDD (B) and syn-

thetic peptide pEEEGEDD (C).
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binding sites: tight binding sites and weak binding sites. Negative
values of the Langmuir parameters Bt and K were found for each
peptide: apoLMWCr, 22.69 mmol/g and 2109 L/mmol, respec-
tively; EDGEECDCGE, 26.97 mmol/g and 2354 L/mmol;
DGEECDCGEE, 262.9 mmol/g and 29.94 L/mmol; and
pEEEEGDD,20.73 mmol/g and2151 L/mmol. The appearance
of negative Bt values for all peptides demonstrates the limitation
of using the simple Langmuir model in cases of tight binding. The
negative value of Bt indicates that most of the sorption sites have a
high affinity for Cr3+ ions, especially at lowCr3+concentrations (26).

The intersection points in the isotherms allow the number of
tightly binding ions to be estimated. For bovine apoLMWCr, the
chromium:oligopeptide ratio at the intersection point is 3.6,
which is very close to the average amount of chromium bound to
isolated bovine LMWCr, which is 3.5 (12). Titration of bovine
LMWCr with Cr3+ has previously shown that 4 Cr3+ ions are
required to restore bioactivity (27,28). For the synthetic pep-

tides, the intersection points occurred at Cr:peptide ratios of ~2,
2, and 4 for EDGEECDCGE, DGEECDCGEE, and pEEEEGDD,
respectively. This is consistent with the Cr:peptides binding ratios
found after exposing the peptides to solutions of 10 equivalents of
Cr3+ (CrCl3×6H2O in 0.1 mol/L HEPES buffer, pH 7.4 overnight
at 48C) and separating the peptides from the excess Cr3+ by G-10
size exclusion chromatography (EDGEECDCGE, 2.0 60.3; and
DGEECDCGEE, 2.06 0.3). A change inmode from specific coor-
dinate covalent binding to just electrostatic absorption on the pep-
tide surface is proposed. Thus, the inflection point of the isotherm
for the peptide pEEEEGDD implies that it tightly binds 4 Cr3+ ions.
The binding of 2 Cr3+ ions to the peptides EDGEECDCGE and
DGEECDCGEE is consistent with mass spectrometric studies of
chromiumbinding to these peptides (H. M.Watson, J. Gao, and
C. J. Cassady, unpublished data). The electronic spectrum of
Cr-loaded pEEEEGDD peptide has 2 visible maxima at ;411
and 577 nm and a broad shoulder in the UV region at;270 nm.

FIGURE 2 Negative mode ESI/QIT MS spectra of

bovine liver LMWCr (A), synthetic peptide pEEEEGDD

(B ), and synthetic peptide pEEEGEDD (C ).

FIGURE 3 Low-energy CID MS/

MS/MS spectra of [M-H-H2O]2

from bovine liver LMWCR peptide

(A), synthetic peptide pEEEEGDD

(B), and synthetic peptide pEEE-

GEDD (C).
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The 2 visible features are readily assigned to d/d transitions
from the Cr3+ centers. The spectrum is very similar to that of
bovine liver LMWCr (shoulder;260 nm, 394 nm, 576 nm) (12).

To further compare the binding properties between the
synthetic peptides and apoLMWCr in CrCl3 solution, the
method of Hill (29) was applied to establish the degree of coo-
perativity between the covalent binding sites with the initial low
amounts of substrate in solution, assuming covalent binding sites
are occupied before surface adsorption occurs. The total number
of tight-binding sites established using the Langmuir isothermwas
utilized. This method uses the binding number y defined as

y ¼ Kf ½Cr�n
1þ Kf ½Cr�n;

where Kf is the binding of formation constant and n is the Hill
constant, such that

log

�
y

1� y

�
¼ logKf þ n log½Cr�

Hill plots gave linear curves (Fig. 4). Kf and n were obtained
as the value of the y-intercept and slope, respectively (Table 1).
These data indicate a large degree of positive cooperativity such
that the binding of the first and subsequent Cr3+ ions facilitates
the binding of additional chromium, perhaps in a multinuclear
assembly; the magnitudes suggest that essentially only apopep-
tide or peptide saturated with Cr3+ ions exist in solution. The
Hill constants, Kf and n, of apoLMWCr measured in this study,
1.10 3 1021 (mol/L)24 and 3.82, differ only slightly from
published data, Kf = 1.54 3 1021 (mol/L)24 and n = 3.47 (30).
For EDGEECDCGE, the Hill constant is greater than the
number of interacting sites, because only 2 Cr(III) binding sites
are on the peptide. This suggests that the resulting Cr-peptide
complex is actually a dimer of peptide (31). Because both
apoLMWCr and pEEEEGDD bind 4 Cr3+ ions and the binding
constants for apoLMWCr and pEEEEGDD are within an order
of magnitude, whereas the Hill constants are identical,
pEEEEGDD appears to contain all the essential components of
LMWCr for binding chromium and probably binds chromium
in an essentially identical fashion to that of LMWCr.

Discussion

Attempts to establish which naturally occurring biomolecule
binds chromium and then potentially performs an essential func-
tion have proved frustrating (1,32). The first candidate for this
biomolecule was coined “glucose tolerance factor”; this species
proved to be an artifact generated during its isolation (32–34). In
fact, the insulin-stimulating molecule in Brewer’s yeast was ulti-
mately separated from any chromium-containing species (33,34).
Currently, the nutritional status of chromium is in doubt (1,18).
However, chromium taken orally has been shown to have phar-
macological effects improving insulin sensitivity and blood lipid
parameters in rodent models of insulin resistance and diabetes
and possibly recently in healthy rats (33,35).

Currently, the only biomolecule proposed as a candidate for
the pharmacological effects is LMWCr; however, the proposed
mechanism of action is based on in vitro studies and needs to be
supported by in vivo experiments (1). Additionally, the existence
of LMWCr has even recently been questioned because of the
failure of its organic component to be characterized (36), even
though the inorganic components have been thoroughly inves-
tigated (37). Isolating LMWCr has required loading the peptide
with chromium so that the peptide could be followed through

the isolation procedure. Because the molecule binds Cr3+ so
tightly, removing chromium from the oligopeptide is difficult.
Because Cr3+ is substitutionally inert and paramagnetic (S = 3/2),
characterizing the organic component of the holo-oligopeptide is
quite difficult. The 4 paramagnetic centers broaden signals in
NMR spectroscopic experiments, so this technique cannot be
used to characterize the oligopeptide beyond identifying bridg-
ing carboxylate ligands (12). Cr3+ is not released in mass spectral
experiments and mass spectra of chromium-acidic peptide com-
plexes have proven difficult to obtain and interpret (38). The presence
of a string of terminal glutamate residues prevented successful
sequencing by Edman degradation.

Because Cr3+ ions bind so tightly to LMWCr (30 and below)
so that only harshmethods were previously successful in removing
Cr from LMWCr, gentler methods to remove the Cr3+ ions were
investigated. Previously, efforts to generate the apo (or metal-free)
form of the oligopeptide involved exposing the LMWCr to an
excess of EDTA at low pH (;3.5) and elevated temperatures for
substantial periods of time (6,12). This procedure generated an
appreciable amount of denatured, unrecoverable material when
performed with milligram quantities of LMWCr; use of catalytic
amounts of a reductant, cyanoborohydride (to generate Cr2+ that
could be more readily removed from the oligopeptide than
substitutionally inert Cr3+), reduced losses but did not completely
fix the problem (12). Thus, the current investigation sought to find
a new route to remove the chromium from LMWCr. The reaction

Cr-O2CRþHO2CR
0/HO2CRþ Cr-O2CR

0

occurs if HO2CR’ is more acidic than HO2CR, where the sym-
bols R and R’ denote attached hydrocarbon side chains, and was
previously used to exchange carboxylate ligands in multinuclear
chromium assemblies (39). This process was hoped be more
gentle and to lead to more recoverable material. TFAwas chosen

FIGURE 4 Hill plot of Cr3+ ion binding to synthetic peptide

pEEEEGDD. y corresponds to the binding number as defined by the

Hill equation.

TABLE 1 Hill plot constants Kf and n for Cr(III) binding to
bovine liver apoLMWCr and synthetic peptides

Peptide Kf n Cooperativity

ApoLMWCr (bovine liver) 1.10 x 1021 (mol/L)24 3.82 Positively cooperative

EDGEECDCGE 1.48 x 1023 (mol/L)22 3.64 Positively cooperative

DGEECDCGEE 1.01 x 1011 (mol/L)22 1.85 Positively cooperative

pEEEEGDD 1.92 x 1020 (mol/L)24 3.82 Positively cooperative
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because it is quite acidic and water soluble. The use of TFA to
remove chromium from LMWCr from mammalian, avian, and
reptilian tissues or body fluids reveals that the LMWCr are all
composed of an oligopeptide with an identical molecular weight
and apparently identical composition. Unfortunately, the pro-
cedure results in the cyclization of the N-terminal glutamate
residue. The procedure also results in the separation of a con-
tiguous heptapeptide from additional glycine and cysteine amino
acids, although other data suggest these additional amino acids
may be connected to the heptapeptide through a nonstandard
linkage. The ability of the heptapeptide component of LMWCr
to be identified in the urine and/or liver of insulin-utilizing ani-
mals of 3 different phyla (mammals, aves, and reptiles) increases
the likelihood that LMWCr is not an artifact of its isolation
procedure [as proposed in (36)].

The proposed sequence is consistent with the amino acid
analysis and the amino terminus being blocked. In fact, a ter-
minal glutamate residue would be expected to cycle under acid
treatment. This sequence also explains previous unsuccessful
attempts to sequence bovine LMWCr by Edman degradation.
The previous efforts generated a low yield of glutamate for the
first residue and no appreciable amount of free amino acids in
the second cycle (C. M. Davis and J. B. Vincent, unpublished
data). Because glutamate residues have a tendency to cyclize
under Edman degradation conditions, the string of glutamate
residues at the amino terminus of the proposed sequence would
make sequencing by Edman degradation impossible.Mass spectra
generated by MALDI and ESI both indicate that no Cr exists in
the peptide fragment.

Currently, work is continuing to characterize the peptide
pEEEEGDD and its complex with 4 bound Cr3+ by a variety of
spectroscopic and magnetic techniques and to crystallize the
complex. Efforts are underway to examine in vivo the potential
of LMWCr to activate components of the insulin signaling
cascade. Antibodies raised against the sequence CEEEEGDD
conjugated via the cysteine to limpet hemocyanin react with
holoLMWCr; unfortunately, although this represents a first step
toward developing techniques to examine the intracellular
distribution of LMWCr or measure in vivo concentrations of
LMWCr, the recognition of holoLMWCr by the antibodies is
not sufficient for use in Western blotting and other techniques
[(15) and Y. Chen and J. B. Vincent, unpublished data].

In conclusion, the sequence of the contiguous peptide com-
ponent of LMWCr represents a potentially significant milestone
toward understanding the pharmacological role of chromium
supplementation at a molecular level nearly 30 y after the initial
report of the existence of LMWCr. Hopefully, this work will lead
to further studies elucidating or eliminating a potential role for
LMWCr in treating the symptoms of type 2 diabetes and other
conditions resulting from improper carbohydrate and lipid
metabolism.
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