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16 DOI: 10.1039/x0xx00000x Branched-chain keto acids and branched-chain amino acids are metabolites of branched-chain amino acid
17 aminotransferase (BCAT), which catalyzes reversible transamination between them. We found that BCAT plays an
18 important role in the progression of myeloid leukaemia, and a method for the analysis of intracellular a-keto acids
19 including branched-chain keto acids was necessary to further investigate their role. In this study, we developed a method
20 to analyze six a-keto acids (a-ketoglutaric acid (KG), pyruvic acid, a-ketobutyric acid, a-ketoisovaleric acid, a-
21 ketoisocaproic acid, and a-keto-B-methylvaleric acid) in K562 cells by HPLC with fluorescence detection, using 1,2-diamino-
22 4,5-methylenedioxybenzene (DMB) as a derivatization reagent. Because split peaks of DMB-KG were observed when
23 injection samples were too acidic, the derivatization solution was diluted with NaOH solution to obtain a single peak.
24 Limits of detection and limits of quantification were 1.3-5.4 nM and 4.2-18 nM, respectively. Intracellular concentrations
25 of a-keto acids were 1.55-316 pmol/1 x 10¢ K562 cells. The developed method realized reproducible and sensitive analysis
26 of intracellular a-keto acids. Thus, the method could be used to elucidate the role of BCAT in myeloid leukaemia.
27
28 MS?8). While intracellular a-keto acids have been quantified by
29 1. Introduction HPLC with fluorescence detection using o-phenylenediamine
e 1112 . . :
30 a-Keto acids are known as intermediates involved in many (OPD) c.Ierlvatlzatlon, the precise quantification of four a
31 metabolic pathways, such as amino acid metabolism keto acids produced by BCAT (KG, KIV, KIC, and KMV) has not
32 glycolysis, and citric acid cycle. Branched-chain keto acids yet been realized.
33 . . . . In this study, 1,2-diamino-4,5-methylenedioxybenzene (DMB)
(BCKAs) are synthesized from branched-chain amino acids r S ) o
34 (BCAAs) by branched-chain amino acid aminotransferase was used as the derivatization reagent to improve sensitivity.
35 (BCAT), which transfers the amino group of glutamic acid.! This is possible because a-keto acids derivatized with DMB
36 ’ ] roduce stronger fluorescence than those derivatized with
While glutamic acid is converted to a-ketoglutaric acid (KG) by P ) R ) ) )
37 removing the amino group, BCKAs, e.g., a-ketoisovaleric acid OPD. A typical derivatization reaction of a-keto acids with
:g (KIV), a-ketoisocaproic acid (KIC), and a-keto-B-methylvaleric bmB 'S_ sh?wn in Fig. .1a, a.nd structures of the a?alyt.es are
" acid (KMV), are converted to BCAA valine, leucine, and shown in Fig. 1b. Pyruvic acid (PV) and a-ketobutyric acid (KB)
41 isoleucine, respectively. In addition, BCAT catalyzes the reverse
4 reaction that synthesizes glutamic acid and BCKAs from KG and
43 BCAAs, respectively. a \H o “
44 We recently found that BCAT plays a significant role in the <oj©[ 2 + HO)S‘/R <O:©: Io
45 development of chronic myeloid leukaemia. BCAT is o NH, o e} N
46 indispensable during the progression of chronic leukaemia 1,2-diamino-4,5- a-keto acid DMB-a-keto acid
47 cells by BCAA production.2 To track BCAT activity in cells, the methylenedioxybenzene
48 quantification of intracellular metabolites, such as glutamic b
49 acid, KG, BCKAs, and BCAAs, is needed. Although many o fe} 0 o) o)
50 analytical methods for observing amino acids have been HoJ\r(\/U\OH Ho)kﬂ/ HO)S\/\ Ho)kﬂ/\/
51 developed,3® there are not so many for studying a-keto acids o o) o) o)
(HPLC with fluorescence detection,”'?2 LC-MS,3%> and GC- a-ketoglutaric acid pyruvic acid  a-ketobutyric acid a-ketovaleric acid
52 (KG) (PV) (KB) (KV, 1S)
53 0 0 o)
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59 Georgia, Athens 30602, USA. structures of a-keto acids.
60

Please do not adjust margins




oNOYTULT D WN =

Analytical Methods

were also measured because they are metabolites of amino
acids. PV is synthesized from alanine by transamination, and
KB is a degradation product of threonine. Using DMB as the
derivatization reagent, six a-keto acids in K562 cells were
successfully quantified.

2. Experimental
2.1. Chemicals

a-Ketoglutaric acid (KG), pyruvic acid (PV), a-ketobutyric acid
(KB), 2-mercaptethanol, sodium sulfite, and hydrochloric acid
were purchased from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan). a-Ketovaleric acid (KV) was from
Tokyo Chemical Industry (Tokyo, Japan). a-Ketoisovaleric acid
(KIV), a-ketoisocaproic acid (KIC), and a-keto-B-methylvaleric
acid (KMV) were from Sigma-Aldrich (St. Louis, MO, USA). 1,2-
Diamino-4,5-methylenedioxybenzene dihydrochloride
(DMB-2HCl) was obtained from Dojinkagaku Laboratories
(Kumamoto, Japan). MeOH (HPLC grade) was from Merck
KGaA (Darmstadt, Germany). A Milli-Q system (Merck) was
used for water purification.

2.2, Cell samples

K562 human blast crisis CML cells were obtained from ATCC,
and cell line authentication testing was performed by ATCC
standardized sort tandem repeat analysis to verify its identity.
K562 cells maintained in Roswell Park Memorial Institute 1640
medium (RPMI-1640) with 10% FBS, 100 IU/mL penicillin and
100 pg/mL streptomycin. K562 cells were treated with 80%
methanol containing KV as internal standard. After removing
insoluble particles by centrifugation, supernatants were
collected and dried at 30-45°C. The cell solution was prepared
by dissolving dried cell sample (1 x 108 cells) in 100 pL of
water.

2.3. Derivatization conditions

DMB solution was prepared by adding 1.6 mg of DMB-2HCI to
1.0 mL of solution, which contained 4.9 mg of sodium sulfite,
70 pL of 2-mercaptethanol, and 58 uL of concentrated HCI in
0.87 mL of H,0. DMB solution (40 pL) was added to 40 uL of a-
keto acids aqueous solution in the sealed tube. The solution
was heated at 85 °C for 45 min. After cooled on ice for 5 min,
the solution was diluted fivefold with 65 mM NaOH aqueous
solution, and 25 pL was injected into HPLC. In initial condition,
the reaction solution was not diluted after cooled on ice and
injection volume was 5 pL.

2.4. HPLC conditions

The HPLC system (Jasco) was composed of a PU-980 pump, an
LG-1580-02 ternary gradient unit, a DG-980-50 3-line degasser,
AS-2057 PLUS autosampler, CO-1560 column oven, and FP-
1520S fluorescence detector. Separation was conducted on
Inertsil ODS-4V column (250 x 3.0 mm, 5.0 um) (GL Sciences,
Tokyo, Japan). Fluorescence detection was performed at
excitation and emission wavelengths of 367 nm and 446 nm,
respectively. Mobile phases were (A) MeOH/H,0 (30/70, v/v)
and (B) MeOH. Gradient elution was performed as follows: 0
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min 0%B, 10 min 0%B, 20 min 50%B, 50 min 50%B (initial
condition: 0 min 0%B, 10 min 0%B, 15 min 50%B, 50 min
50%B). A flow rate was 0.3 mL/min and the column
temperature was maintained at 40°C.

2.5. Method validation

Calibration curves, limits of detection (LOD), limits of
quantification (LOQ), accuracy, and precision were calculated.
The calibration curves were obtained using standard samples
of respective concentrations (KG, KIV and KMV: 50 nM-5 uM,
KB and KIC: 10 nM-1 puM, PV: 100 nM-10 uM), and a-
ketovaleric acid (KV) was used as an internal standard. The
ratios of peak areas of DMB-keto acids against internal
standard were plotted against their concentrations (uUM), then
the slope, intercept and correlation coefficient of the
calibration curves were calculated by least-square regression.
LOD and LOQ were calculated at a signal to noise ratio (S/N) =
3 and 10, respectively. The intra-day and inter-day precisions
were calculated by five repetitive measurements on the same

day and on successive days, respectively.
3. Results and discussion
3.1. Separation of six DMB-a-keto acids

Based on previous studies,? derivatization of a-keto acids with
DMB and separation of DMB-a-keto acids were initially
performed. The derivatization and separation conditions are
described in the experimental section. As shown in Fig. 2, six
kinds of a-keto acids (KG, PV, KB, KIV, KIC, and KMV)
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Fig. 2 Chromatogram of DMB-a-keto acids under the initial condition. Mobile
phase: (A) MeOH/H,0 (30/70, v/v) and (B) MeOH, gradient elution: 0 min 0%B, 10
min 0%B, 15 min 50%B, 50 min 50%B. Peaks: 1 and 1’, DMB-KG (0.5 pM) split into
two peaks; 2, DMB-PV (1.0 uM); 3, DMB-KB (1.0 uM), 4, DMB-KV (1.0 uM); 5,
DMB-KIV (2.0 uM); 6, DMB-KIC (1.0 uM); 7, DMB-KMV (2.0 uM).

Q
a H=0.71 3 H=0.98
- R
g 2 g2
¢g °8
SE /N 8= N
E T T IE T T 1
0 5 10 15 0 5 10 15

Retention time (min)

|

0 5 10 15 15
Retention time (min)

Retention time (min)

C pH=138 d pH=164

Fluorescence
intensity
Fluorescence
intensity

5 10
Retention time (min)

Fig. 3 Chromatograms of DMB-KG when changing the dilution rate. Dilution rate:
(a) 1, (b) 2, (c) 5, and (d) 10 with water. pHs of the sample solutions were
described in the figure. Mobile phase: (A) MeOH/H,0 (30/70, v/v) and (B) MeOH,
gradient elution: 0 min 0%B, 10 min 0%B, 20 min 50%B. Sample: (a) 0.5 uM (b) 1.0
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derivatized with DMB were successfully separated. However,
the peak of DMB-KG was split into two peaks, and the peak
shapes and heights were not reproducible. Although other
mobile phase conditions were examined (MeCN/H,0,
MeOH/H,0/TFA, MeOH/phosphate buffer solution), the
splitting of the DMB-KG peak persisted.

3.2. Investigation of DMB-KG peak splitting

To obtain a single peak of DMB-KG, derivatization conditions
were re-investigated. Considering that DMB-KG was the only
a-keto acid possessing a carboxyl group among the six
analytes, we hypothesized that the peak splitting is likely
associated with the acidity of the sample solution. Hence, the
relationship between the peak shape and acidity of the sample
was explored. After the derivatization, the reaction solution pH
was 0.71. The solution was then diluted with water 2, 5, and
10 times to change the acidity of the injection sample. These
samples were then compared to the original, undiluted
solution. As shown in Fig. 3, gradient transition from two peaks
to a single peak was observed as the dilution rates increased.
Upon discovering that a single peak for DMB-KG was obtained
by diluting with water, and the peak shape improved with
more dilutions, the use of a more basic solution to adjust
acidity was tested. Aqueous NaOH was selected as the basic
solution because a basic buffer was not suitable to buffer 0.4
M HCI. When NaOH concentrations were varied between 35
and 95 mM, with five-fold dilution, a concentration of 65 mM
gave the highest peak. Under the initial separation conditions,
the DMB-KMYV peak overlapped with a blank peak. To separate
these peaks, the gradient span was increased from 10 min (5-
15 min) to 15 min (5-20 min). Fig. 4a shows the chromatogram
resulting from the optimized conditions.
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Fig. 4 Chromatogram of DMB-a-keto acids in (a) standard sample and (b) K562 cell
sample under the optimized conditions, wherein sample was diluted five-fold with
65 mM NaOH aqueous solution. Peaks: 1, DMB-KG; 2, DMB-PV; 3, DMB-KB, 4,
DMB-KV; 5, DMB-KIV; 6, DMB-KIC; 7, DMB-KMV.
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Scheme 1 Proposed structural change of DMB-KG. Compound 1 is protonated
DMB-KG. As acidity increases, structural change with resolving cation might occur.
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As mentioned above, sample acidity was associated with the
peak shape of DMB-KG. We hypothesized that structural
change caused this peak splitting; namely, a possible
intramolecular cyclization reaction due to the iminium cation
of DMB-KG present under acidic conditions (Scheme 1).
Therefore, we attempted to gather structural information of

Table 1 LOD, LOQ, and linearity for developed method.

a-ketoacids  LOD (nM)  LOQ (nM) linearity (uM, r>>0.999)
KG 13 4.2 0.05-5
PV 1.9 6.2 0.1-10
KB 1.8 59 0.01-1
KIV 4.6 15 0.05-5
KIC 2.0 6.6 0.01-1
KMV 5.4 18 0.05-5

Table 2 Intraday precision and accuracy in K562 cell samples (n = 5).

a-keto acids  added (nM) (m:aiis:s,egM) RSD (%) accuracy (%)
KG 0 1559+12 0.8 -
500 2118428 13 112
1000 2465+14 0.6 91
2000 3635118 3.2 104
4000 6108107 1.8 114
PV 0 36024123 3.4 -
1250 4911+132 2.7 105
2500 6193178 2.9 104
5000 8730197 1.1 103
10000 14270+102 0.7 107
KB 0 1641 4.9 -
12.5 3042 5.1 118
25 43+3 6.3 109
50 6513 4.7 99
100 12245 3.9 106
KIV 0 64+3 43 -
12,5 7911 1.0 118
25 8515 5.7 86
50 11143 2.7 94
100 1704 2.3 106
KIC 0 4937 1.3 -
125 63215 0.8 111
250 731412 1.7 95
500 994112 1.2 100
1000 1557£15 1.0 106
KMV 0 453116 35 -
125 59348 1.3 112
250 689116 2.4 94
500 977+18 1.9 105
1000 1579425 1.6 113

Table 3 Interday precision and accuracy in K562 cell samples (n = 5).

a-keto acids  added (nM) (mgenissu[;?:lvl) RSD (%) accuracy (%)
KG 0 9504148 15.6 -
500 1595+173 10.9 129
1000 2150+143 6.7 120
2000 2944+111 3.8 100
4000 4752+76 1.6 95
PV 0 29794378 12.7 -
1250 4443+343 7.7 117
2500 5479+252 4.6 100
5000 7582+192 2.5 92
10000 11986+239 2.0 90
KB 0 10+1 12.1 -
125 25+2 9.5 119
25 35+1 2.8 100
50 55+3 5.9 89
100 10245 5.4 92
KIV 0 48+7 14.1 -
12.5 6416 9.3 127
25 81+4 4.5 134
50 1068 7.9 116
100 150+11 7.5 102
KIC 0 3706 1.6 -
125 46517 14 76
250 585+13 2.2 86
500 77417 2.2 81
1000 1217424 2.0 85
KMV 0 301+23 7.8 -
125 469+13 29 134
250 617+15 2.4 126
500 818+20 2.4 103
1000 1268+32 2.5 97
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DMB-KG in varying acidities. However, NMR spectra could not
be obtained due to low solubility of DMB-KG in D,0.

3.3. Method validation

Table 1 shows the validation data of the developed method.
For DMB-a-keto acids, good linearity was obtained. LOD and
LOQ values were 1.3-5.4 and 4.2-18 nM, respectively.
Sensitivity was at least 6 times higher than that of OPD
derivatization.”10-12 Intraday precision and interday precision
were 0.6-6.3% and 1.4-15.6%, respectively (Tables 2 and 3).
Intraday and interday accuracies were 86-118% and 76-134%,
respectively. This validation data shows that the developed
method is sufficient for routine analysis of cell samples.

3.4. Application to cell samples

The developed method was applied to K562 cell samples. A
typical chromatogram of cell sample is shown in Fig. 4b.
Quantified intracellular content of KG, PV, KB, KIV, KIC, and
KMV were 125+24, 316448, 1.55+0.27, 4.08+1.36, 45.1+4.3,
and 41.4+4.8 pmol/1 x 10° K562 cells, respectively (n = 5).
These concentrations were in the same order as that in
previous reports of K562 cells and neutrophils.t112

4, Conclusion

In this study, an accurate and precise quantification method
for analyzing six a-keto acids (KG, PV, KB, KIV, KIC, and KMV)
was developed using DMB derivatization. Reproducible
separation of DMB-a-keto acids was realized by diluting the
reaction mixture with a basic solution. As an application of this
method, a-keto acid content in K562 cell samples was
quantified. The proposed method could show further value in
quantifying samples with more interference peaks or lower a-
keto acid content. Furthermore, this developed method has
the potential to elucidate the role of BCAT in myeloid
leukaemia.
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