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Abstract Analysis of the concentration of free amino acids in biological samples is useful in
clinical diagnostics. However, currently available methods are time consuming, potentially
delaying diagnosis. Therefore, the development of more rapid analytical tools is needed. In this
study, a chemiluminescence detection method for amino acids was developed, and the
conditions for the enzyme reaction and assay were examined. For the recognition of each
amino acid (here, serine, proline, glycine, asparagine, leucine, and histidine), the correspond-
ing aminoacyl-tRNA synthetase (aaRS) was employed, and multiple enzymatic reac-
tions were combined with a luminol chemiluminescence reaction. This method
provided selective quantification from 1 to 20 uM for serine, proline, glycine, and
leucine; 1 to 60 uM for asparagine; and 1 to 150 uM for histidine. This assay, which utilized
aaRSs for the detection of amino acids, could be useful for simple and rapid analysis of amino
acids in clinical diagnostics.

Keywords Amino acid - Aminoacyl-tRNA synthetase - Biosensing - Chemiluminescence -
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Introduction

Changes in the concentrations of free amino acids in urine and plasma are useful markers of
disease status in clinical diagnostics. For example, reduced leucine concentrations in the blood
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indicate decreased liver function and delayed formation of glycogen. Additionally, lack of
adequate leucine intake decreases insulin secretion, causing a rise in blood sugar levels and
therefore promoting the development of diabetes [1]. Proline is an essential component of
collagen peptide, which activates skin cells, and is expected to have beautifying effects on the
skin [2]. Moreover, glycine functions to improve the negative symptoms of schizophrenia [3],
and serine [4, 5], asparagine [6], and histidine [7] also have important effects in the human
body [8-10]. Therefore, analysis of the concentrations of amino acids in biological samples
may have diagnostic relevance.

High-performance liquid chromatography (HPLC) is generally used to analyze amino acids
in biological fluids. However, HPLC analysis requires several hours and specialized equip-
ment and is therefore not easy to use in many clinical settings. Therefore, the development of a
simple, rapid analytical tool for measuring amino acid concentrations would be useful for
clinical diagnostics. In previous studies, we have begun to develop an enzymatic detection
system for amino acids such as serine, histidine, and lysine [8—10] based on aminoacyl-tRNA
synthetase (aaRS) as the molecular recognition element; these biosensors showed selective
responses to the corresponding amino acids. However, further optimization of this system is
needed.

In this study, we further developed an amino acid-sensing method using seryl-tRNA
synthetase (SerRS; serine-specific aaRS), prolyl-tRNA synthetase (ProRS; proline-specific
aaRS), glycyl-tRNA synthetase (GlyRS; glycine-specific aaRS), asparaginyl-tRNA synthetase
(AsnRS; asparagine-specific aaRS), leucyl-tRNA synthetase (LeuRS; leucine-specific aaRS),
and histidyl-tRNA synthetase (HisRS; lysine-specific aaRS) as amino acid recognition ele-
ments in combination with luminol chemiluminescence detection. The quantitative perfor-
mance and selectivity of the method were evaluated, and the optimal enzyme reaction and
detection conditions were determined.

Experimental
Materials

Amino acids, potassium chloride (KCI), magnesium chloride hexahydrate (MgCl,), luminol,
sodium hydroxide, and sodium hydrogen carbonate were purchased from Wako Pure
Chemicals (Osaka, Japan). HEPES, ATP, sodium pyruvate, thiamine pyrophosphate (TPP),
flavin adenine dinucleotide disodium salt hydrate (FAD), inorganic pyrophosphatase,
and peroxidase from horseradish (HRP) were purchased from Sigma-Aldrich Japan
(Tokyo, Japan). Pyruvate oxidase was purchased from Asahikasei Farmer (Tokyo,
Japan). SerRS, ProRS, GlyRS, and AsnRS were commissioned from Ambis Corp.
(Okinawa, Japan). LeuRS and HisRS were commissioned from Takara Bio Inc. (Shiga, Japan).
The chemicals were commercial reagents of the highest grade and were used without further
purification.

aaRS Multiple Enzymatic Reactions
The reaction mixture containing SerRS (500 ug mL ™) solutions of each amino acid ranging in

concentration from 0 to 100 uM, 0.2 mM ATP, 10 mM KCl, and 5 mM MgCl, was dissolved
in 15 mM HEPES-NaOH (pH 8.0), heated at 80 °C for 30 min, and cooled on ice. The SerRS
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reaction mixture (40 L) and the reaction mixture (10 uL) containing 0.5 unit mL ' inorganic
pyrophosphatase, 20 units mL ™' pyruvate oxidase, 2.0 mM sodium pyruvate, 5.0 mM MgCl,,
300 uM TPP, and 0.08 uM FAD were dissolved in 50 mM HEPES-NaOH (pH 6.8) and
injected into a Nunc 96-well plate (No. 236108, Thermo Fisher Scientific K.K., Waltham, MA,
USA). The assay mixture was reacted at 40 °C for 30 min in a microplate reader (Synergy 4,
BioTek Instruments, Inc., Winooski, VT, USA).

Chemiluminescence Detection

The luminol solution (100 uL) containing 60 uM luminol and 5.0 unit mL ™' HRP in 800 mM
carbonate (NaHCO5-NaOH) buffer (pH 9.0) was injected into the assay mixture using the
injector attachment of the microplate reader. Chemiluminescence was detected for 3 s by the
microplate reader. Data represent the average of three measurements and the standard deviation
is indicated by error bars.

Assay for Proline, Glycine, Lysine, Asparagine, Leucine, and Histidine

For the analyses of proline, glycine, lysine, asparagine, leucine, and histidine, each corresponding
aaRS—ProRS (806 ug mL™"), GlyRS (525 ug mL™'), AsnRS (804 ug mL™'), LeuRS
(810 pug mL™"), and HisRS (458 ng mL ')—was used as the amino acid recognition aaRS
enzyme, respectively, and assayed in the same manner described above except for SerRS addition.

Results and Discussion

aaRS catalyzes the biosynthesis of proteins and peptides in the body and is thought to provide
accurate recognition of corresponding amino acids [11-14]. In our system, aaRS first recog-
nized its corresponding amino acid in the presence of ATP, and aminoacyl-AMP and pyro-
phosphate were released (Eq. 1). Following multiple enzymatic reactions with inorganic
pyrophosphatase (Eq. 2) and pyruvate oxidase (Eq. 3), the released hydrogen peroxide
(H,0,) reacted with the luminol reagents (Eq. 4), and the light emitted by the peroxidase-
catalyzed luminol reaction was measured spectrophotometrically. The amino acid concentra-
tion in the sample was calculated from the intensity of the luminol chemiluminescence.
Chemiluminescence detection methods are used for quantitative detection and biosensing
technologies in various fields [15, 16]. Therefore, the superior recognition abilities of aaRSs
for corresponding amino acids were utilized for the sensing of each amino acid via chemilu-
minescence detection in this study.

amino acid + ATP S’ aminoacyl-AMP + pyrophosphate (1)
i i hosph
pyrophosphate + H,0 noreanic PYOPROSPRAEE. phosphate (2)
pyruvate oxidase
2 phosphate + 2 pyruvate + 2H,0 + 20, — 2 acetyl phosphate + 2H,0, + CO, (3)

horseradish peroxidase
—

luminol + H,O, + OH™ aminophthalate + N, + H,O + hv (4)
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Fig. 1 Selectivity of seryl-tRNA synthetase (SerRS) (a), prolyl-tRNA synthetase (ProRS) (b), glycyl-tRNA
synthetase (GIyRS) (c¢), asparaginyl-tRNA synthetase (4snRS) (d), and leucyl-tRNA synthetase (LeuRS) (e) for
20 natural amino acids. Twenty natural amino acids, each at a concentration of 25 uM, were added to the reaction
mixture, and the chemiluminescence intensity was measured with a microplate reader. Data represent the average
of three measurements, and the error bars indicate standard deviations
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Fig. 1 (continued)

Assays for Serine, Proline, Glycine, Asparagine, and Leucine

Figure 1 shows the selectivity test for SerRS (a), ProRS (b), GlyRS (c), AsnRS (d), and LeuRS
(e) in a 25-puM mixture of all 20 natural amino acids. In the presence of corresponding amino
acids for each aaRS, high chemiluminescence intensities were obtained; in contrast, lower
signals were observed when other amino acids were used. Thus, these data indicated that each
aaRS selectively and precisely recognized the corresponding amino acid from analysis of 20
natural amino acids. Notably, different chemiluminescence intensities were observed for each
aaR$S, even when the amino acid concentration was constant at 25 uM because the binding
constant of each aaRS differed.

Next, we examined the quantitative performance of each aaRS for each amino acid. The
chemiluminescence intensity increased with increasing amino acid concentrations, and the
calibration curve showed good correlations for SerRS (measureable concentration range 5—
25 uM; correlation coefficient: »=0.951), ProRS (1-15 uM, »=0.972), GlyRS (1-20 uM, r=
0.930), AsnRS (1-60 uM, r=0.951), and LeuRS (1-30 uM, r=0.912) (Supplemental data 1).

Interestingly, the chemiluminescence intensity of the reaction of LeuRS for leucine was
much lower than that of the other aaRSs. Thus, we next examined the effects of reaction time
on the chemiluminescence intensity. We found that the chemiluminescence signal for leucine
increased from 30 to 90 min, while those for the other amino acids were almost unchanged
(Fig. 2). Analysis of the chemiluminescence intensity of reference amino acids revealed that
there was no increase in background intensity. Therefore, the 90-min reaction time did not
have adverse effects, such as phosphate release by decomposition of ATP, on the results.

Optimization of aaRS Reaction Conditions in Chemiluminescence Detection

As shown in Figs. 1 and 2, this detection method could be used to measure the target amino
acids selectively. However, some challenges were noted, including high background intensity,
narrow range of measurable concentration, and low intensity. Therefore, we next sought to
optimize the reaction conditions. Figure 3a shows the effects of different ATP concentrations
on the chemiluminescence intensity. Although we had previously used 0.2 mM ATP for the
reaction (including in the conditions in the previous section) [10], we observed a dramatic
increase in the signal of the calibration curve when more than 1 mM ATP was used; therefore,
we selected 2 mM ATP for further experiments. Additionally, analysis of the optimal
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Fig. 2 Time dependence of the chemiluminescence intensity in the leucyl-tRNA synthetase (LeuRS) enzyme
reaction for leucine and reference amino acids. Each at a concentration of 25 uM was added to the reaction
mixture, and the chemiluminescence intensity was measured with a microplate reader. Data represent the average
of three measurements, and the error bars indicate standard deviations. Gray bars 30 min, black bars 90 min

concentration of sodium pyruvate revealed that the addition of 2.5 mM sodium pyruvate also
caused a dramatic increase in the signal of the calibration curve (Fig. 3b). In contrast, no
obvious changes to background intensity, range of measurable amino acid concentrations, or
signal intensity were noted for magnesium chloride and potassium chloride. Therefore, we
selected 5 mM magnesium chloride and 10 mM potassium chloride concentrations, as used
previously (data not shown).

Chemiluminescence Detection of Histidine in HisRS

We then examined the quantitative performance of HisRS for sensing histidine using the
optimized conditions. The reaction mixture, which contained HisRS (458 g mL™") solutions
of each amino acid ranging from 0 to 300 uM, 2 mM ATP, 2.5 mM sodium pyruvate, 10 mM
KCl, and 5 mM MgCl, dissolved in 15 mM HEPES-NaOH (pH 8.0), was heated at 80 °C for
30 min. The chemiluminescence intensity increased with higher histidine concentrations, and
the measurable range of histidine concentrations was obviously widened in comparison with
the results of other amino acids, presented above, and the results of our previous paper, which
showed a measurable concentration range from 1 to 30 uM [10]. Indeed, the calibration curve
showed a good correlation (#=0.938) between 1 and 150 uM histidine (Fig. 4).

Z 12 g 25
X (a) . " (b)
S 10 f d 5 L
g R g 2.0 \
=1
S 08 | 5
§ g 15 |
= =
r‘.:" 0.6 F £
= = 1.0
S04t D
: : :
15} S 05 r
= 0.2 =
£ £
2 00 : : : : 2 00 :
0.0 1.0 2.0 3.0 4.0 5.0 0 5 10
Concentration of ATP [mM] Concentration of sodium pyruvate [mM]

Fig. 3 Dependence of calibration curves on the concentrations of a ATP and b sodium pyruvate
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Fig. 4 Calibration curve for histidine in the histidine sensing method. Data represent the average of three
measurements, and the error bars indicate standard deviations

The selectivity of HisRS for histidine was examined using 100 uM of 20 natural amino
acids (Fig. 5). The background intensity was obviously reduced, and the chemiluminescence
intensity increased by approximately 7.1-fold in the mixture containing histidine. Thus, HisRS
selectively and precisely detected histidine in a mixture of 20 natural amino acids.

Conclusion

In this study, we presented a chemiluminescence detection method for serine, proline, glycine,
asparagine, leucine, and histidine using a combination of enzymatic reactions and a luminol
reaction. For the recognition of each amino acid, corresponding aaRSs were used and
corresponding amino acids were detected selectively. Moreover, optimization of reaction
conditions increased the detection range for histidine from 1 to 30 to 1-150 uM in this study.
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Fig. 5 Selectivity test for 20 natural amino acids during histidine sensing. Twenty natural amino acids, each at a
concentration of 100 uM, were added to the reaction mixture, and the chemiluminescence intensity was
measured with a microplate reader. Data represent the average of three measurements, and the error bars
indicate standard deviations
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These measurable ranges of each amino acid, as shown in this study, were satisfied with the
blood amino acid levels.

The glucose sensors with a spectrophotometric detection system are sold and utilized for the
diagnosis of diabetes. The protocols and detection method demonstrated in this article would
be applied to the existing biosensors. We are aiming at portable amino acid analysis applica-
tions that would examine levels of 20 natural amino acids simply and rapidly with the use of
aaRSs, as an alternative to the conventional analysis tools in clinical diagnostics.
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