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ABSTRACT

We have developed a novel metal tag, bis(ethylenediamine)-4'-methyl-4-carboxybipyridine-ruthenium N-succinimidyl
ester (ECRS) for sensitive analysis of amino acids using high performance liquid chromatography/inductively coupled
plasma mass spectrometry (HPLC/ICP-MS). ECRS is a functional reagent, containing an ester group at one end that can
be activated to bind to amino group and a chelated ruthenium at the other. The activated ester was reacted briefly with
amino groups under weakly alkaline conditions. The ruthenium was detected sensitively by ICP-MS. ECRS was reacted
with 17 proteinogenic amino acids in borate buffer. The derivatives were separated by reversed phase HPLC and identi-
fied by quadrupole-based ICP-MS. ECRS was suitable for speciation; low molecular weight compounds containing
amino groups. We have thus established a quantitative analytical method for amino acids and dipeptides. The detection
limits of branched amino acids (signal-to-noise ratio of 3) were 1.5 nmol-L™" in the standard solution (100 amol per

injection).
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1. Introduction

Amino acids are the fundamental components of proteins
and are essential for life. They are obtained from the diet
and utilized throughout the body [1-3]. In addition,
amino acids work as hub compounds in metabolic path-
ways [4], cell signaling, and other cellular phenomena.
Therefore, the concentrations of amino acids in biofluids
can reflect various diseases (hepatocellular carcinoma [1],
malignant melanoma [5], liver disease [6,7], coronary
heart disease [8], rheumatoid arthritis [9], chronic renal
failure [10], diabetes mellitus [11], Alzheimer’s disease
[12,13]) and metabolic conditions.

However, the volumes of biological samples are usu-
ally very small and contain minimal amounts of free
amino acids. Therefore, several highly sensitive analyti-
cal methods for amino acids have been developed [14-
18]. In 1958, Stein, Moore and Spackmann developed an
amino acid analyzer system for the colorimetric deter-
mination of amino acids. Their method involved the
production of a purple color with ninhydrin reagent [19],
which was first reported by Ruhemann in 1911 [20], after
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stepwise separation of the amino acids on a cation ex-
change resin by raising the pH of the citric acid buffer
solution. The analyzer is now capable of assaying not
only protein hydrolysates but also amino acids in bio-
logical fluids, through progressive improvements to
HPLC pumping performance and the development of
more effective column resins. However, the sensitivity is
not very high and the detection limits are a few pico-
moles.

In addition to the ninhydrin method, a variety of other
techniques for converting amino acids to sensitively
analyzable fluorescent derivatives have been developed
since the late 1970s [21]. The reagents used to produce
the derivatives include ortho-phthalaldehyde (OPA) [22],
9-amino quinolyl-N-hydroxysuccinimidyl carbamate
(AQC) [23], and 4-fluoro-7-nitrobenzofrazane (NBD-F).
[24] Their detection sensitivities are within the sub-pi-
comole to femtomole range. Recently, mass spectrometry
has also been used for this analysis, by either detecting
the amino acids directly [25] or after pre-column deri-
vatization [26,27].

The first report of the combination of immunoreaction
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and ICP-MS was described in 2001 by Zhang et al., for
the determination of thyroid hormones in human serum.
[28] The authors used biotinylated antibodies and Eu’*
labeled streptavidin. In 2002, the same group described
the determination of thyroxin using a competitive im-
munoassay [29]. In the same year, Baranov et al. imple-
mented a gel-filtration-based ICP-MS immunoassay to
separate and quantify various labeled antibodies [30,31],
while Zhang et al. used antibodies conjugated with col-
loidal gold nanoparticles for a sandwich-type immuno-
reaction [32]. Zhang and Baranov analyzed the metals by
off-line ICP-MS after digestion.

In 2004, Whetstone et al. introduced a cysteine-spe-
cific labeling strategy, referred to as an element-coded
affinity tag for peptides and proteins [33]. The reagent
consists of a derivative of the bi-functional chelating
agent 1,4,7,10-tetraazacyclododecane-N,N',N",N"'-tetra-
acetic acid (DOTA), and contains a bromoacetamido
reactive group to specifically target cysteine residues. In
recent approaches, two strong metal chelators (DOTA
and diethylenetriamine pentaacetic acid (DTPA)) were
used as metal tags with HPLC/ICP-MS [34-36]. These
metal tags were suitable for size exclusion column chro-
matography.

In 2008, we established a highly sensitive amino acid
analytical method, using reversed phase HPLC/ICP-MS.
We derivatized amino acids with the commercial reagent,
bis (2,2'-bipyridine)-4'-methyl-4-carboxybipyridine-ru-
thenium N-succinimidyl ester (BCRS). The derivatized
amino acids were detected by ICP-MS. BCRS was re-
acted with 10 primary amino acids and the derivatives
were identified [37]. However, the other proteinogenic
amino acids were not separated. The BCRS derivatives,
which included two bipyridines in the compounds, were
too bulky to separate by reversed phase HPLC. This re-
agent was not enough for speciation. In this study, we
have designed and synthesized a new metal tag, bis
(ethylenediamine)-4'-methyl-4-carboxybipyridine-ru-
thenium N-succinimidyl ester (ECRS). ECRS was re-
acted with 17 proteinogenic amino acids (except for un-
stable amino acids in the stock and the buffer solutions;
glutamine, asparagine and tryptophan) and 3 common
dipeptides, in the presence of borate buffer. It was suit-
able for speciation.

2. Experimental
2.1. Chemicals and Reagents

Reagent grade acetonitrile, acetic acid, ammonium hy-
droxide, ammonium acetate and sodium borate were
purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). 4'-Methyl-2,2'-bipyridine-4-carboxylic
acid was obtained from Rubypy Scientific Inc. (Ottawa,
Canada). Bis(2,2-bipyridine)-4-methyl-4-carboxybipyri-
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dine-ruthenium N-succinimidyl ester-bis(hexafluoropho-
sphate) (=BCRS), all amino acids, diamines, and other
reagents for synthesis were obtained from Fluka Chemie
AG/Sigma-Aldrich (St Louis, MO, USA). Distilled de-
ionized water (18.3 MO) was obtained from a Millipore
water purifying system (Bedford, MA, USA).

2.2. Design of a New Metal Tag

The image of the metal tag for low molecular compounds
is shown in Figure 1. This metal tag contains the reactive
group that can be activated to react with amino acids and
the chelated metal. The nature of the chelating group is
hydrophobic. The hydrophobicity of the chelation moiety
is very important. The suitable hydrophobicity is needed
to retain and separate the low molecular compounds in
the reverse phase column.

2.3. Synthesis of the New Metal Tag

The synthesis scheme for the new metal tag reagent is
shown in Figure 2, and has been previously described
[38]. Ruthenium chloride (1.0 g = 3.82 mmol) was dis-
solved in water/ethanol (v/v = 16 mL/4 mL), and the so-
Iution was heated to 50°C. 4'-Methyl-2,2'-bipyridine-4-
carboxylic acid (778 mg = 3.6 mmol) was dissolved in 20
mL DMF and dripped into the ruthenium solution slowly,
under an argon atmosphere. The mixture was heated to
80°C and stirred for 4 h. It was cooled to room tempera-
ture and stored at 4°C overnight. On the following day, it
was warmed to room temperature, and ethylene diamine
(2.55 mL) was added. The reaction solution was heated
to 80°C and stirred for 6 h, then concentrated under re-
duced pressure, and boiled with 10 mL isopropanol. The
residue was combined with 50 mL pure water and 8 mL
60% hexafluorophosphoric acid, followed by 20 mL
saturated hexafluorophosphoric acid. The separated crys-
tals were washed with 20 mL pure water and dried under
reduced pressure (Compound 1, 2.89 mmol, yield: 76%).
Compound 1 (2.0 g = 2.75 mmol) was dissolved in 40

Reactive group

Linker

Metal (detective ion)

Chelating group
(hydrophobic part)

Figure 1. Constitution of the metal-coded affinity tag for
low molecular compounds (schematic view).
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Figure 2. Synthesis scheme of the metal-coded affinity tag.

mL acetonitrile, then 333 mg N-hydroxysuccinimide and
853 mg dicyclohexylcarbodiimide were added. The solu-
tion was stirred at room temperature for 3 h, and after
dicyclohexylcarbodiimide (33 mg) was added, it was
stirred for another hour. The remaining crystals were
washed with acetonitrile and concentrated under reduced
pressure. The crude product was dissolved in 5 mL ace-
tonitrile and purified with isopropanol (Compound 2 =
ECRS, 2.89 mmol, yield 63%).

2.4. Instrumentation

HPLC experiments were performed with a Shimadzu
modular system equipped with a control unit (CBM-20A),
autosampler (SIL-20AC HT UFLC), UV detector (SPD-
20A UFLC), column oven (CTO-20AC), two pumps
(LC-20ADXR UFLC) and degasser (DGU-20A3). The
system was coupled to a quadrupole-based ICP-MS
(7700, Agilent Co., Inc., USA). An LC/MS system was
used for Q-TOF MS (Q-TOF Premier, Waters Corpora-
tion, MA, USA).

Copyright © 2013 SciRes.

2.5. ICP-MS Parameters

The sampling and skimmer cones were both composed of
nickel. The rates of plasma gas flow, auxiliary gas flow
and carrier gas flow were 15.0, 1.0 and 1.0 - 1.2 L-min "},
respectively. The collision gas (He) flow rate was 4.3
mL-min"'. High temperature He mode was effective in
decreasing the back ground value. The radio frequency
(RF) power was maintained at 1590 W. The sampling
depth was set between 6 and 7 mm. The ICP-MS pa-
rameters were optimized for each investigation to
achieve the best signal to noise ratio, using a standard
solution containing 1 ppb each of lithium, yttrium and
thallium. The sensitivity of the yttrium ion was about
150,000 cps/ppb. Detection was performed using ICP-
MS, with ruthenium ion-selective detection at m/z = 101
or 102.

2.6. HPLC Conditions

The derivatized amino acids were injected into an Inertsil
ODS-3 column, 3 pum particle size, 1.0 mm i.d. x 150
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mm (GL Science Instruments, Inc. Tokyo, Japan). Mo-
bile phase A was 10 mmol-L™" acetate buffer (pH 4. 8).
The acetate buffer was prepared as follows: 120 pL of
acetic acid and 3.7 g of ammonium acetate were mixed
and dissolved in 1 L of distilled, deionized water. Mobile
phase B was acetonitrile-water (v/v = 60:40). Each mo-
bile phase was filtered through a 0.45 um membrane
(Nalge Nunc International, Rochester, NY, USA).

The flow rate was 50 pL-min ', and the injection vol-

ume was 1 pL. The following gradient program was used:

0 -5 min 5%, 5 - 40 min to 35%, 40 - 55 min 100% and
55 - 70 min 5% mobile phase B. The column was run at
room temperature (about 25°C). The sample tray tem-
perature was 4°C.

2.7. Q-TOFMS Parameters

Mass spectrometry was performed in the ESI positive
mode. The desolvation gas was set to 700 L-h™" at a
desolvation temperature of 120°C, the cone gas was set
to 50 L-h™", and the source temperature was set to 80°C.
The capillary and cone voltages were set to 3000 and 20
V, respectively. The MCP detector voltage was set to 1,
600 V. Argon was employed as the collision gas. The
collision gas flow was 0.6 mL-min"" and the collision
energy was 4 V. The scan range was from 100 to 1000
m/z.

2.8. Amino Acid and Dipeptide Derivatization
with the New Metal Tag (ECRS)

The derivatization of glutamic acid with ECRS is shown
in Figure 3. ECRS was prepared by dissolution to a
concentration of 10 umol-L™" in acetonitrile, just before
use. It was stored in a case at room temperature. Stock
solutions of 0.1 pmol-L™" of each amino acid and dipep-
tide, dissolved in 0.1 mol-L™" HCI, were prepared. They
were properly diluted and mixed before use. A 10 pL
aliquot of the sample solution was mixed with 60 uL of
0.2 mol-L™" sodium tetraborate (pH 8.0) and 20 pL of
acetonitrile, and then a 10 pL portion of the tag solution
was added. The metal tag was present in excess, relative
to the amino acids and dipeptides in the reaction mixture.
After mixing for 1 min using a vortex mixer, the mixture
was heated at 55°C for 5 min in an aluminum bath. A 50
uL aliquot of 1 mol-L™" ammonium acetate buffer (pH

[ONH N o o
NH, | N~

L + i ~Ko
N j NS NH,
k/NHZ =

4.8) was added to the reaction mixture, which was then
thoroughly mixed with a vortex mixer. The mixture was
stored in a tightly closed container at 4°C until it was
subjected to HPLC/ICP-MS.

2.8. Analyses of Amino Acid and Dipeptide
Derivatives

The amino acid and dipeptide derivatives were detected
by HPLC, HPLC/ICP-MS, and LC-Q-TOFMS. Each
amino acid and dipeptide derivatized with ECRS was
detected at 254 nm, using the UV detector. Mixed amino
acids and dipeptides derivatized together were discov-
ered at m/z = 101, using HPLC/ICP-MS. To combine
HPLC with ICP-MS, the HPLC outlet (0.05 mL-min"")
was connected with PEEK tubing via a ceramic valve to
a micro concentric nebulizer within a spray chamber. The
mass spectra of the derivatives were obtained using LC-
Q-TOFMS.

3. Results

We designed and synthesized a new metal tag (ECRS).
ECRS is a functional reagent with reactivity to amine
group and it contains the chelating group, too. The che-
late of ECRS with ruthenium had suitable hydrophobicity
and size for analysis by HPLC, using a C-18 reversed
phase column. It was smaller than the strong hydropho-
bic tag (BCRS) used in our previous study.

In total, 1.4 g (yield 63%) of ECRS was obtained us-
ing our synthesis scheme. The ECRS was kept at room
temperature until use. Its activity remained constant over
a year.

We derivatized branched amino acids (BCAAs) with
ECRS at various incubation times (5, 30, 60, 90, 120
min). The amino acids and dipeptides rapidly derivatized
within 5 min with ECRS. In contrast, the time needed to
react amino acids with BCRS was 90 min.

The chromatograms of 17 primary and secondary
amino acids and 3 dipeptides derivatized with ECRS are
shown in Figure 4. Each amino acid and dipeptide sam-
ple was prepared independently. We have recorded the
UV chromatogram at 254 nm for each sample. The excess
unreacted metal tag eluted before many amino compound
derivatives, except for the acidic amino acids (glutamic
acid and aspartic acid), formed. Lysine, which has two

Oy OH

o
Heated at 55°C Ni/»
for 5Smin (\l:\le I X H OH
—_— Nz I N~ ©
/Ru\
NHy b SNTS
k/NHZ I =

Figure 3. Derivatization of glutamic acid with the ECRS.
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Figure 4. The Chromatograms of amino acids and dipep-
tides.

amino groups in the compound, formed two types of de-
rivatives. We acquired the mass spectra of the derivatives
by LC-Q-TOFMS, as shown in Figure 5.

The mixture of amino acids and dipeptides was deri-
vatized with ECRS. The chromatogram for this solution,
detected by HPLC/ICP-MS (m/z = 101), is shown in Fig-
ure 6. We used to detect m/z = 101 or 102. The signal
intensity at m/z = 102 increased than m/z = 101, but
background value was higher, too. We confirmed that the
amino acids and the dipeptides were simultaneously de-
rivatized.

The derivatization with ECRS was suitable for the
quantitative analysis of amino acids. The calibration
curves of BCAAs, in the concentration range of 0.75 -
750 umol-L™" in the standard solution (0.05 - 50 pmol per
injection), are shown in Figure 7.
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The detection limit of BCAAs was 1.5 nmol-L™" in the
standard solution (100 amol per injection) (signal to
noise ratio = 3). The peak shapes of the dipeptides and
threonine were broader than those of the BCAAs. The
detection limit of the dipeptides and threonine was 15
nmol-L™" under the standard solution conditions (1 fmol
per injection). The correlation coefficients of the derivat-
ized BCAAs were 1* = 0.999. The relative standard de-
viation of 1.5 pmol-L™" of the BCAA adducts was 1.5%
(n=75).

4. Discussion

To develop a new metal tag for HPLC/ICP-MS, we had
to maintain the bond between the amino acid and the
metal moiety in an aqueous solution, such as the HPLC
mobile phase, and to separate the amino acid derivatives
by reversed phase HPLC.

Most metal tags are a bi-functional reagent with a
group that can be activated towards amino acids and a
metal-binding group. Metal binding can, in general, be
achieved with a chelator. Our novel metal tag was also
the chelate compound, because we chose ethylenedia-
mine as the metal chelator. The ruthenium ion remained
associated with the complex under our HPLC conditions,
because the ion was not detected in the void volume. We
tried to synthesize the metal tag with the different metals
(ex. indium and rare earth elements), but they were not
stable.

The separation ability by HPLC was also important.
The first major metal tag employed was the DOTA
cys-specific labeling technique. It was recently reported
that DTPA reacted with the amino terminus and the in-
ternal Lys. Both of these methods derivatized proteins
and peptides. They are not suitable to analyze low mo-
lecular weight compounds, such as amino acids and
dipeptides. It is too hydrophilic to separate with reverse
phase column. On the other hand, reversed phase HPLC
methods for the quantification and separation of amino
acids were developed and we subsequently designed our
new metal tag. Our tag was more hydrophobic than those
previously used for proteins. Furthermore, it was superior
because the metal chelator was not too large. The ethyl-
enediamine moiety was more favorable for separation,
compared with the bipyridine moiety.

We confirmed the structures of the derivatives by LC-
Q-TOFMS (scan range 100 to 1000 m/z). We detected
the precursor ion of the amino acid and dipeptide deriva-
tives (Figure 5). The double charged ion was stronger
than the single charged ion (Figures 5(a), (¢) and (e)).
The chemical formula and formula weight of delivertized
amino acids and dipeptide are shown in Table 1. All sin-
gle charged precursor ions of the derivatives were in
good agreement with the exact masses (Figures 5(b),
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Figure 5. The mass spectra of delivertized amino acids and dipeptide. (a) Glutamic acid; scan range from 100 to 1000 m/z; (b)
Glutamic acid; scan range from 540 to 595 m/z; (c) Leucine; scan range from 100 to 1000 m/z; (d) Leucine; scan range from
520 to 575 m/z; (e) Carnosine; scan range from 100 to 1000 m/z; (f) Carnosine; scan range from 620 to 570 m/z,
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Figure 6. The chromatogram of 8 amino acids and 2 dipep-
tides derivatized with ECRS (m/z = 101). The concentration
of all amino compounds in the stock solution is 75 pmol-L™".
1. glutamic acid, 2. unreacted ECRS, 3. threonine, 4. L-
alanine, 5. carnosine, 6. anserine, 7. methionine 8. valine, 9,
isoleucine, 10. leucine, 11. phenylalanine.

Table 1. The chemical formula and formula weight of de-
livertized amino acid and dipeptide.

Chemical Formula Formula Weight
Glu C2,H34NgOsRu 563.621
Leu C13H3sN6O3Ru 547.666
Car C17H40NsO4Ru 641.739

Copyright © 2013 SciRes.
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Figure 7. The calibration curves of the BCAAs. The vertical
axis was the peak area with ICP-MS. The horizontal axis is
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relation coefficients are r, = 0.999 (from 0.75 - 750 umol-L_l).
The relative standard deviations through all analytical
process are 1.5 % (at 1.5 pmol-L™", n = 5).

(d) and (f)). It was identified that the amino acids and
dipeptides were deivatized as expected.

We separately derivatized each amino acid and dipep-
tide, and monitored them with a HPLC/UV detector
(Figure 4). All derivatives were separated from the un-

JASMI



A New Metal Tag for Highly Selective and Sensitive Analyses of Amino Acids and Dipeptides by HPLC/ICP-MS 87

reacted metal tag. We could detect 17 proteinogenic
amino acids. The secondary amino acid, proline, was also
derivatized. Proline was not derivatized by previous
metal tag, BCRS. BCRS only derivatized primary amino
acids. The lysine and cysteine derivatives generated two
peaks, because they had two reaction sites. Although we
derivatized lysine and cysteine at some incubation times,
two kinds of derivatives, bound with one or two ECRS
moieties, were observed. In this study, one mole of lysine
did not react completely with two moles of the metal tag
at the same condition of the other amino acids. To
achieve the optimal derivatization condition for lysine
and cysteine, the concentration of the metal tag, the pH
of the borate buffer and the temperature of reaction
should be individually explored.

The reaction time for the derivatization with ECRS
was very short. The process was completed within 5 min.
In a previous report, the derivatization reaction with
BCRS took 1.5 h. The small chelator probably had a
positive influence on reducing the reaction rate. In addi-
tion, we only considered the reaction time, but whereas
ECRS can be left at room temperature, BCRS, in contrast,
must be kept at —20°C.

In our analytical method, the amino acids and dipep-
tides were combined with the ruthenium atom by ECRS,
and were detected with same sensitivity as the ruthenium
ion. The actual detection limits of the amino acids
through all processes were about 100 amol, which is bet-
ter than the fluorescent analytical method [14,15],
equivalent to the LC/MS/MS method (after pre-column
derivatization) [17,18] and our previous method [37,39].
The calibration curves for the BCAAs are shown in Fig-
ure 7. The three curves exhibit equal slopes and intensi-
ties. In Figure 4, the peak heights of the derivatives dif-
fered but the peak areas were the same. The detection
limits of dipeptides and threonine were higher than those
of the other amino acids, because these peaks were
broadened under our HPLC conditions for the compre-
hensive analysis. The sensitivity might be improved by
optimizing the gradient elution method for each com-
pound.

5. Conclusion

The new analytical method using the metal tag with
HPLC/ICP-MS is not significantly affected by the sam-
ple matrix. ICP is one of the most powerful ion sources
and it has high temperature (between 6000 and 10,000 K)
and high electron number density (between 6.4 x 10"
and 1.2 x 10" cm™). All analytes and the sample matrix
are ionized at once. On the other hand, LC-MS is pow-
erful tool that is very sensitive and selective, but it is
often affected by impurities. When the analyte and the
impurity elute at the same time, the intensity of the ana-

Copyright © 2013 SciRes.

lyte is decreased, obviously. In some cases, we cannot
obtain analytical values. In our method, we detected the
ruthenium ion in the metal tag. This will be useful, be-
cause all analytes are detected with high accuracy and the
same sensitivity regardless of sample matrix. In this
study, we have designed and synthesized a new ruthe-
nium complex, and have shown that our method could be
developed for speciation further. For example, by
changing the reactive functional group of the metal tag, it
could be applied to another low molecular weight com-
pounds, such as carboxylic acids.
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