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Development of high-throughput 
quantitative analytical method 
for l-cysteine-containing dipeptides by LC–MS/
MS toward its fermentative production
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Abstract 

l-Cysteine (Cys) is metabolically fundamental sulfur compound and important components in various cellular fac-
tors. Interestingly, free-form Cys itself as a simple monomeric amino acid was recently shown to function in a novel 
antioxidative system (cysteine/cystine shuttle system) in Escherichia coli. However, as for Cys-containing dipeptides, the 
biological functions, effects, and even contents have still remained largely elusive. The potential functions should be 
a part of cellular redox system and important in basic and applied biology. For its progress, establishment of reli-
able quantitation method is the first. However, such accurate analysis is unexpectedly difficult even in Cys, because 
thiol compounds convert through disulfide-exchange and air oxidation during sample preparation. Addressing this 
problem, in this study, thiol molecules like Cys-containing dipeptides were derivatized by using monobromobimane 
(thiol-specific alkylating reagent) and detected as S-bimanyl derivatives by liquid chromatography coupled to tandem 
mass spectrometry (LC–MS/MS). Sample separation was processed with a C18 column (2.1 mm × 150 mm, 1.7 μm) 
and with water-acetonitrile gradient mobile phase containing 0.1% (v/v) formic acid at flow rate of 0.25 ml/min. The 
mass spectrometer was operated in the multiple reaction monitoring in positive/negative mode with electrospray 
ionization. The derivatization could indeed avoid the unfavorable reactions, namely, developed the method reflecting 
their correct contents on sampling. Furthermore, the method was successfully applied to monitoring Cys-containing 
dipeptides in E. coli Cys producer overexpressing bacD gene. This is the first report of the quantitative analysis of 
Cys-containing dipeptides, which should be useful for further study of fermentative production of Cys-containing 
dipeptides.
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Introduction
For all organisms, sulfur is an essential element like 
carbon and nitrogen, although its elemental compo-
sition is basically much low (Ingenbleek and Kimura 
2013). Sulfur-containing proteinogenic amino acids are 
l-cysteine (Cys) and l-methionine (Met). Unlike mam-
mals, most microorganisms can biosynthesize Cys and 

Met from environmental inorganic sulfur sources like 
sulfate  (SO4

2−), thiosulfate  (S2O3
2−), sulfite  (SO3

2−), 
sulfide  (S2−), etc. Many other organic sulfur compounds, 
most of which are metabolized from Cys, also play bio-
logically critical roles especially in cellular redox reac-
tions; e.g., catalytic residue of enzymes, iron-sulfur 
cluster, coenzymes, glutathione, etc. In addition to such 
well-understood roles as sulfur supplier, cellular Cys was 
recently found to function in a novel antioxidative system 
in Escherichia coli, designated as “cysteine/cystine shut-
tle system” (Ohtsu et al. 2010, 2015). In this system, Cys 
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is exported from the cytoplasm to the periplasm by the 
membrane transporter YdeD, then detoxifies  H2O2 by 
converting it to  H2O as reducing equivalents there. An 
alternatively generated oxidized product l-cystine (a Cys 
dimer via disulfide bond) is imported back to the cyto-
plasm by the membrane transporter FliY-YecSC to regen-
erate Cys for its continuous recycling without de novo 
Cys biosynthesis. In this way, free-form Cys itself as a 
simple monomeric amino acid exhibits a unique function 
in a cellular biology.

To shift a view to dimeric amino acid (dipeptide), many 
dipeptides itself have also been known to exert various 
biological effects such as antihypertensive effect (Arg-
Phe, Ile-Trp) (Enari et al. 2008; Kagebayashi et al. 2012), 
anxiolytic-like effect (Tyr-Leu) (Kanegawa et  al. 2010), 
sedative effect (Ser-His, Ile-His) (Tsuneyoshi et al. 2008), 
salt taste enhancing effect (Met-Gly, Pro-Gly) (Kino and 
Kino 2015; Kino et al. 2016), and so on. Focusing on Cys-
containing dipeptides, those like Cys-Glu, Cys-Ser, Cys-
Try, etc. exert inhibitory effect against tyrosinase (Tseng 
et  al. 2015). However, biological functions, effects, and 
even contents of Cys-containing dipeptides have still 
remained largely elusive. It is envisaged that the uniden-
tified function of Cys-containing dipeptides should be 
somewhat similar but somehow different to monomeric 
Cys, and should be a variety of important ones in both 
basic and applied biology. Thus, currently unrealized 
technique of fermentative production of Cys-containing 
dipeptides should be also important. In this context, 
accurate and easy-to-handle analytical method to quan-
titate Cys-containing dipeptides is required firstly. Such 
accurate analysis is actually difficult even in Cys. This 
is because sulfur compounds with thiol group (R-SH), 
which is qualitatively redox-active, naturally convert 
through chemical reactions such as disulfide-exchange 
and oxidation by air oxygen during the preparation. 
Hence, even recently prevailing metabolomic analysis is 
in fact considered to be inadequate for a strict measure-
ment of thiol molecules.

Regarding such a problem, we are recently develop-
ing and improving analytical method to quantitate sulfur 
metabolites including Cys (Kawano et  al. 2017; Tanaka 
et  al. 2019; Yamada et  al. 2019; Nakajima et  al. 2019), 
based on the preceding leading-edge researches (Ida et al. 
2014; Kawano et  al. 2015; Nakano et  al. 2015; Ohmura 
et  al. 2015). In this method, thiol molecules like Cys, 
homocysteine, glutathione, sulfite, sulfide, thiosulfate, 
etc. in the sample are chemically derivatized by using 
monobromobimane (thiol-specific alkylating reagent) 
simultaneously with the metabolite extraction, and they 
are detected and quantitated as bimane-derivatives by 
liquid chromatography coupled to tandem mass spectro-
metric (LC–MS/MS) analysis. The derivatization should 

enable to avoid such unfavorable and extra chemical 
redox reactions in thiol molecules, thereby rendering the 
method feasible to reflect their correct contents on the 
sampling time point. This methodological strategy should 
be expansively applicable to Cys-containing dipeptide 
analysis, although it has not yet been undertaken. In this 
study, we thus attempted to establish high-throughput 
quantitative analytical method for l-cysteine-containing 
dipeptides by LC–MS/MS utilizing the bimane-derivati-
zation technique, and indeed achieved it successfully.

Materials and methods
Bacterial strains, plasmids, and oligonucleotides
Bacterial strains and plasmids used are listed in Table 1. 
E. coli K-12 BW25113 (Baba et  al. 2006) was used as 
wildtype (WT) in this study, and was supplied by the 
National BioResource Project-E. coli at the National Insti-
tute of Genetics in Japan. Molecular biology techniques 
such as gene cloning, DNA manipulation, transformation 
of E. coli strains etc., were basically performed according 
to standard methods (Sambrook et al. 1989). For the con-
struction of the plasmid pQE85-BsBacD, a coding region 
of bacD gene was amplified from the genomic DNA of 
Bacillus subtilis 168 (Takagi et al. 1997) by PCR, using a 
primer pair of 5′-agtCAT ATG gagagaaaaacagtattggtc-3′ 
and 5′-actGGA TCC tcatactggcagcacatactt-3′ containing 
NdeI and BamHI restriction site as capitalized, respec-
tively. The resultant PCR product was digested with both 
NdeI and BamHI, and ligated into vector part of pQE85 
(the derivative of pQE80L [QIAGEN] and a kind gift 
from Dr. Tohru Dairi and Dr. Yasuharu Satoh) digested 
with the same enzymes. Introducing pQE85-BsBacD 
(with ampicillin resistant cassette) carrying lacI into E. 
coli, cloned bacD gene could be overexpressed under T5 
promoter with lac operator by IPTG induction. As for a 
plasmid  pCysHP (with tetracycline resistant cassette), the 
detail is in the reference (Tanaka et al. 2019). Briefly, this 
plasmid allows E. coli cells to overproduce Cys and is the 
pACYC184 derivative carrying serA (T410 stop), ydeD 
and cysE (T167A, G203S, T234S, P252L, M256Q) origi-
nally derived from E. coli but mutated under the control 
of ompA promoter of constitutive expression type.

LC–MS/MS experiment
For the experiment in Fig. 1, 100 μl of 13 μM Cys pre-
pared at the experiment, 10  μl of 50  μM d-camphor-
10-sulfonic acid sodium salt (CSA, internal standard), 
and 10  μl of 200  mM Tris–HCl pH8.8 were mixed. 
Into the solution, 10 μl of 1.3 mM monobromobimane 
(mBBr) in dimethyl sulfoxide (mBBr treatment) or only 
dimethyl sulfoxide (No mBBr treatment) was added, 
and 1  μl of the solution was immediately subjected to 
analysis of LC–MS/MS (Nexera UHPLC system with 
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on-line LC–MS 8040; Shimadzu). The sample was kept 
at 25  °C, and LC–MS/MS analysis was repeated every 
20 min until 10 h, as previously reported (Kawano et al. 
2015). The target quantity levels were determined from 
the peak area of mass chromatograms, monitoring each 
m/z characteristic to the individual target, and were 
represented as normalized peak are after normalization 
with that of the internal standard (CSA).

In the experiment in Fig.  2, each 70  μl of 100  μM 
authentic dipeptide (Cys-His, Cys-Ser, Cys-Thr, Cys-
Val, Cys-Gly, Cys-Met, Cys-Ile, Cys-Leu, Cys–Cys, 
Cys-Phe, Cys-Trp, and Cys-Pro; Sigma Aldrich, cus-
tom peptide synthesis), 2  μl of 100  mM ammonium 
hydrogen carbonate, and 0.14  μl of 100  mM mBBr in 
dimethyl sulfoxide was mixed and incubated for 10 min 
at room temperature. Into the solution, 30  μl of 0.1% 
(v/v) formic acid in acetonitrile was added. As previ-
ously performed (Kawano et al. 2015), by utilizing this 
samples, auto-exploration program was carried out and 
determined the m/z transition parameters optimal for 
the detection of respective bimane-derivatives. Also, 
the retention time was experimentally investigated 
from the mass chromatography program monitoring 
the determined m/z in multiple-reaction monitoring 
mode, permitting the simultaneous detection of multi-
ple targets.

SDS‑PAGE analysis for confirmation of BacD expression
Escherichia coli strains of WT pQE85-BsBacD  pCysHP 
and WT pQE85 (a negative control vector with tetracy-
cline resistant cassette)  pCysHP (Tanaka et al. 2019) was 
utilized. The cell cultures were started to exhibit  OD562 
of 0.1 in Terrific Broth medium including 100  μg/ml 
ampicillin and 10  μg/ml tetracycline at 30  °C with vig-
orous shaking for 16 h. At 3 h, 0, 0.05, 0.1, 1, and 5 mM 
IPTG (final conc.) was added to induce BacD expres-
sion. The cells were centrifugally collected and washed 
once with 100  mM Tris–HCl (pH 8.0) buffer. The cell 

pellet was resuspended with the same buffer. The cells 
were disrupted on ice with 10 cycles of 40-s sonication 
and 40-s interval (Handy Sonic model UR-20P, Tomy 
Seiko), whose output power was set to a maximum. The 
lysate was centrifuged at 15 krpm at 4 °C for 10 min, and 
the total protein concentration of the supernatant was 
determined by general Bradford assay. SDS-PAGE was 
performed by standard method (separation gel; 10%) 
applying the supernatants corresponding to 7  μg of the 
total protein.

Cell culture, sample preparation, and in vitro 
Cys‑containing dipeptide formation assay of BacD
Escherichia coli strains of WT pQE85-BsBacD  pCysHP 
and WT pQE85  pCysHP (Tanaka et al. 2019) was utilized. 
The cell cultures were started to exhibit  OD562 of 0.1 in 
Terrific Broth medium including 100  μg/ml ampicillin 
and 10 μg/ml tetracycline at 30 °C with vigorous shaking 
for 16 h. At 3 h, 0.1 mM IPTG (final conc.) was added to 
induce BacD expression. The cells were centrifugally col-
lected and washed once with 100 mM Tris–HCl (pH 8.0) 
buffer. The cell pellet was resuspended with disruption 
buffer (100  mM Tris–HCl [pH 8.0], 0.5  mM 4-(2-ami-
noethyl)benzenesulfonyl fluoride hydrochloride [serine 
protease inhibitor], and 10% [w/v] glycerol) to give the 
ratio of 5 ml of the buffer to 1 g (wet weight) of the cells. 
The cells were disrupted as mentioned in SDS-PAGE 
analysis. The lysate was centrifuged at 15 krpm at 4 °C for 
10 min, and the supernatant was stored at − 80  °C after 
the measurement of total protein concentration by gen-
eral Bradford assay. The in vitro assay solution was pre-
pared by mixing 12.8 μl of Milli-Q water, 5 μl of 200 mM 
ATP, 5 μl of 50 mM Cys, 5 μl of 50 mM each of amino 
acids (including Cys), 1 μl of 1 M  MgSO4, 7.2 μl of 1 M 
Tris–HCl (pH8.0). After its preincubation, the reaction 
was started by adding 14  μl of the prepared superna-
tant, and was kept at 37  °C. The final concentrations of 
the total protein were 88  μg/μl (in samples from both 

Table 1 Bacterial strains and plasmids used

a The plasmid pDES (with serA [T410 Stop], ydeD and altered cysE [T167A] genes) from ajinomoto is first supplied (Wiriyathanawudhiwong et al. 2009). However, this 
plasmid was accidentally obtained in our laboratory during 10 years of stock

Strains or plasmids Genotype References or sources

Strains

 Escherichia coli BW25113 rrnB3 ∆lacZ4787 hsdR514 ∆(araBAD)567 ∆(rhaBAD)568 rph-1 Baba et al. (2006)

 Bacillus subtilis 168 trpC2 Takagi et al. (1997)

Plasmids

 pACYC184 TetR,  CmR Nippon Gene

 pCysHP pACYC184 with serA (T410 Stop), ydeD and alterd cysE (T167A, G203S, T234S, P252L, 
M256Q) genes under the control of the ompA promoter,  TetR

Lab  straina

Tanaka et al. (2019)

 pQE85 AmpR, a derivative of pQE80L (Qiagen) This study

 pQE85-BsBacD pQE85 with bacD gene from Bacillus subtilis This study
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strains) and of the Tris–HCl (pH8.0) was totally 100 mM. 
At each time point (0 [just after beginning reaction], 1, 
3, and 5  min), 5-μl aliquot of the mixture was sampled 
and transferred to the derivatization buffer for enzyme 
inactivation and simultaneous bimane-derivatization of 
the thiol molecules—the derivatization buffer consists of 
49.5 μl of methanol, 0.5 μl of 500 μM CSA, 5 μl of 2 M 
Tris–HCl (pH8.8), 1  μl of 100  mM mBBr in dimethyl 
sulfoxide, and 4  μl of dimethyl sulfoxide (totally 60  μl). 
The resulting solution was well mixed for 10 min. After 
centrifugation at 15 krpm at 4 °C for 3 min, 40 μl of the 
supernatant was mixed with 40 μl of Milli-Q water. After 
centrifuging again, 10 μl of the supernatant was applied 
for the analysis of LC–MS/MS developed as mentioned 
above.

Results
Features of thiol derivatization by using 
monobromobimane in its quantitation
In our recent study for measuring biological sulfur com-
pounds, we are applying a method chemically modify-
ing its thiol-group by using monobromobimane (mBBr) 
(Fig. 1a) before LC–MS/MS analysis. As its benefit, natu-
rally occurring chemical redox reactions during metabo-
lites extraction to a measurement, which is unsuitable 
in terms of quantitation, should be avoidable. To verify 
this effect experimentally, we examined time course of 
quantitative dynamics of Cys and its bimane-derivative, 
Cys-bimane, in the aqueous solution under atmos-
pheric conditions (Fig. 1b). As the result, in the no mBBr 
treatment, Cys content was gradually decreased in a 

Fig. 1 Spontaneous chemical conversion of cysteine by reacting with atmospheric oxygen to produce cystine and effect to avoid the 
conversion by the treatment of chemical derivatization of thiol group of cysteine utilizing monobromobimane. a Reaction of thiol molecule and 
monobromobimane. b Schematic representation of the experimental procedures. Briefly, cysteine aqueous solution prepared at the time of use 
was immediately treated by adding mBBr solution (denoted as “+ mBBr”) or only its solvent (denoted as “No mBBr”). The solutions were incubated 
under atmospheric conditions and then intermittently subjected to the measurement by LC–MS/MS analysis (see “Materials and methods”). c 
Time course of cysteine-bimane content in “mBBr treatment” solution (closed circle) and cysteine content in “No mBBr treatment” solution (open 
diamond). d Time course of cystine content in “mBBr treatment” solution (closed circle) and “No mBBr treatment” solution (open diamond). The 
contents were determined as the peak area in mass chromatogram monitoring m/z characteristic of individual target compounds, and are 
represented as the normalized peak area after normalization with that of internal standard. Data values are mean ± SE (n = 3)
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Fig. 2 Mass chromatograms of cysteine-containing dipeptide authentic standards derivatized with monobromobimane. The y-axis (not 
shown) represents normalized intensity of ion count in the mass chromatogram monitoring m/z characteristic of individual target compounds, 
x-axis represents time in the analysis (0–20 min). The m/z transitions and structural formulae of each S-bimanyl derivative are indicated in the 
chromatogram
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time-dependent manner to the level less than 10% of the 
beginning after 8 h incubation (Fig. 2c), and cystine was 
inversely increased correspondingly (Fig.  2d). By con-
trast, in mBBr treatment, Cys-bimane and cystine kept 
almost constant level throughout the monitored period, 
respectively (Fig. 2c, d). These results show that bimane-
derivatization method is effective to quantitate Cys and 
also other thiol molecules including Cys-containing 
dipeptides, probably because it can actually avoid oxida-
tive reaction of Cys into cystine mediated by atmospheric 
oxygen in the sample preparation.

Development of analytical method for quantitating 
Cys‑containing dipeptides by LC–MS/MS
Taking advantage of the derivatization to correctly quan-
titate thiol-compounds, we here attempted to develop 
quantitation method for Cys-containing dipeptides as 
its bimane-derivatives by LC–MS/MS. For this pur-
pose, we first determined the m/z transition parameters 
of tandem MS/MS operation in the respective bimane-
derivatized Cys-containing dipeptides (Fig.  2, structural 
formulae) prepared using the authentic compounds 
and mBBr. Compound registration to the mass analy-
sis were performed according to the procedures that is 
recommended by the manufacturer. The LC condition 
(mobile phases, its gradient program, column, etc.) was 
fundamentally the same as the previous work to meas-
ure sulfur metabolites including bimane-derivatives like 
Cys-bimane, homocysteine-bimane, glutathione-bimane, 
sulfide-dibimane, sulfite-bimane, thiosulfate-bimane, 
etc. (Kawano et  al. 2015). The retention time was actu-
ally investigated using the prepared bimane-derivatives 
as well. As a result, 12 species of Cys-X-bimane exhibited 
a single peak in their mass chromatogram monitoring the 
determined m/z. By integrating each detection program, 
simultaneous detection method of Cys-containing dipep-
tide was successfully established for 20-min method. The 
peak of the chromatogram, retention time and m/z tran-
sition are shown in Fig. 2.

Validity of quantitative analytical method 
of the cysteine‑containing dipeptides by LC–MS/MS
We here assessed whether the constructed analytical 
method for Cys-containing dipeptides can be practically 
utilized in the experiments for biological research. To this 
end, we constructed E. coli mutant strain to biosynthesize 
Cys-containing dipeptides, harboring the two plasmids 
(Table  1). One is pQE85-BsBacD carrying bacD gene 
encoding l-amino acid α-ligase derived from Bacillus 
subtilis. The enzyme is known to catalyze the formation 
of multiple combinations of dipeptide from the various 
kinds of monomeric amino acids in an ATP-dependent 

manner (Tabata et al. 2005). The other is  pCysHP, which 
is shown to provide Cys overproduction ability (Tanaka 
et al. 2019).

We investigated expression level of BacD protein by 
SDS-PAGE, using the supernatant of the lysate of cells 
cultivated inducing BacD expression in various IPTG 
concentrations. As a result, in WT pQE85-BsBacD 
 pCysHP cells, BacD protein (52.3 kDa) was confirmed to 
be overproduced as soluble protein in the IPTG concen-
tration dependent manner (Fig.  3, arrow). By contrast, 
the corresponding protein was not observed in WT 
pQE85  pCysHP cells in all IPTG concentrations.

Preparing the supernatant of the lysate of cells culti-
vated inducing BacD expression by IPTG addition, we 
carried out in  vitro dipeptide formation assay of WT 
pQE85-BsBacD  pCysHP (Fig.  4). As the substrate com-
binations, Cys and 12 species of amino acids (including 
Cys) were tested. Consequently, in the 11 kinds of the 
combinations, time-dependent formation of bimane-
derivatives of the corresponding Cys-containing dipep-
tides were observed successfully. In the case of substrate 
combination of Cys and Pro, its assuming product 
S-bimanyl-CysPro was not detected. On the other hand, 
in the same assay performed using the supernatant 

Fig. 3 SDS-PAGE analysis for confirmation of BacD expression. The 
supernatant (7 μg of the total protein) of cell lysate in WT pQE85 
pCysHP and WT pQE85-BsBacD pCysHP was analyzed by SDS-PAGE. 
The protein band considered to be expressed BacD was shown by 
black arrow. The cell cultures for 16 h with Terrific Broth media were 
performed adding different IPGT concentrations (0, 0.05, 0.1, 1, and 
5 mM [final concentrations]) at 3 h and it is indicated above. Protein 
marker size (kDa) was indicated above. For details, see “Materials and 
methods”
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of WT pQE85  pCysHP (BacD-absent negative control 
strain), no dipeptide was formed at all time points in all 
12 combinations of substrates, strongly supporting a con-
sistency of the developed assay.

Discussion
In this study, we developed high-throughput quantitative 
analysis for biogenic Cys-containing dipeptides by LC–
MS/MS (Fig. 2). The method adopts a thiol-derivatization 
process prior to the measurement. It can exclude the 
chemical conversion of thiol compounds through redox 
reactions such as disulfide-exchange and oxidation by 
oxygen existing under the atmospheric conditions (Fig. 1) 
in the sample during the preparation for measurements. 
Namely, this method can provide contents correctly 
reflecting the state of biological sample on the sampling. 
We also illustrated that this method is indeed functional 

and useful for the experiment in the Cys-containing 
dipeptide formation (Fig. 4).

From results shown in Fig. 1c, another merit of S-bima-
nyl derivative method is considerable. Comparing the 
normalized peak area of S-bimanyl-Cys in the mBBr 
treatment with that of Cys in the no mBBr treatment at 
initial time point, the normalized peak area is approxi-
mately twofold higher in S-bimanyl-Cys than in Cys. 
This indicates that S-bimanyl derivative method is high 
sensitivity assay compared to direct detection method. 
This tendency is not limited to Cys but often confirmed 
in several other thiol compounds (not shown). The prob-
able reason is that S-bimanyl derivatization enhances 
ionization efficiency in MS process, possibly due to a 
characteristic of S-bimanyl derivative moiety. In addi-
tion, S-bimanyl derivatization is favorable for the detec-
tion of too small molecules unsuitable for MS detection, 

Fig. 4 Cysteine-containing dipeptide formation in the in vitro assays measured by the method of S-bimanyl derivatization developed in this 
study (Fig. 2). For the assays, supernatant of cell lysate from WT pQE85-BsBacD pCysHP was utilized, and the substrates were cysteine and a 
histidine, b serine, c threonine, d valine, e proline, f glycine, g methionine, h isoleucine, i leucine, j cysteine, k phenylalanine, or l tryptophan. 
Measured S-bimanyl dipeptides are indicated in the figures. The y-axis represents normalized peak area in the mass chromatogram monitoring m/z 
characteristic of individual target compounds, and x-axis represents reaction time of the assay; sampling time is 0, 1, 3, 5 min (see “Materials and 
methods”). Data values are mean ± SE (n = 3)
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e.g., inorganic sulfur molecules, by increasing mass of 
the target molecule. Furthermore, although non-ionic 
and volatile compounds like (off-)flavor molecules con-
sisting of thiol group is basically difficult to sensitively 
detect in electrospray ionization (ESI) mass spectrome-
try, the S-bimanyl derivatization should allow them to be 
detected by converting it to nonvolatile ones (not shown). 
Importantly, this S-bimanyl derivatization method is 
practical and useful method for many scientists, because 
it requires just widely used type of LC–MS machine 
(ESI-QqQ) and adopts well-established reverse-phase 
chromatography system giving easy-to-handle and stable 
measurements. This method will be effectively developed 
to increase targets of new sulfur metabolites. Such explo-
ration and identification of unknown sulfur compounds 
are also developing as S-omics utilizing not widely preva-
lent but state-of-the-art LC–MS machine with a sophisti-
cated strategy (Nakabayashi and Saito 2017; Nakabayashi 
et al. 2013).

In the previous literature with respect to BacD activi-
ties (Tabata et  al. 2005), Cys-containing dipeptide for-
mation for Cys-His, Cys-Ser, Cys-Thr, Cys-Met, Cys-Ile, 
Cys-Leu, Cys–Cys, Cys-Phe, and Cys-Trp was suggested, 
but Cys-Val, Cys-Gly, and Cys-Pro was not. Similarly, 
using the same enzyme of BacD, we also showed the 
activities for Cys-His, Cys-Ser, Cys-Thr, Cys-Val, Cys-Gly, 
Cys-Met, Cys-Ile, Cys-Leu, Cys–Cys, Cys-Phe, and Cys-
Trp, but not for Cys-Pro (Fig.  4). Comparing these two 
results, of 12 Cys-containing dipeptides, 10 dipeptides 
were commonly confirmed to be formed (Cys-His, Cys-
Ser, Cys-Thr, Cys-Met, Cys-Ile, Cys-Leu, Cys–Cys, Cys-
Phe, Cys-Trp) or to be not formed (or formed but less 
than detection limit) (Cys-Pro). For other 2 dipeptides 
(Cys-Val and Cys-Gly), we here found to be formed for 
the first time. It is of note that the assay here just used 
the supernatant of cell lysate, while the previous report 
used the purified enzyme to conclude above. In the pre-
vious report, whose detection was performed by HPLC-
based fluorescent labeling derivatization, in the case of 
using cell lysate like this study, the activities of Cys-con-
taining dipeptide formations were not detected, probably 
due to the sensitivity of the measurement and cellular 
dipeptide-degrading activity coexisting in the cell lysate. 
In our method, although we could successfully detect the 
many Cys-containing dipeptide formations, in the most 
of them, the product level turned to decrease in the short 
time (1–5 min) (Fig. 4), and was almost abolished in ~ 1 h 
(data not shown). This also suggests the effect of strong 
cellular dipeptide-degrading activity. Altogether, our 
method is practically validated and steadily developed, 
basically consistent with the previous study.

Using the developed S-bimanyl derivatized quantita-
tion method, we can monitor the correct contents of 

Cys-containing dipeptides in various biological samples, 
and it will progress the research with respect to physi-
ological functions and valuable effects of Cys-containing 
dipeptides especially in aspect of new redox system. Also, it 
enables us to evaluate fermentative production of Cys-con-
taining dipeptides in genetically engineered E. coli. In fact, 
we are trying this subject as a next step and could prelimi-
nary confirm Cys-Ser accumulation in E. coli cells of WT 
pQE85-BsBacD  pCysHP in the fermentative cultivation, in 
which Ser was added (not shown). The production (accu-
mulation) was observed in the cells only just after IPTG 
induction, but undetected thereafter. This suggests a strong 
dipeptide-degradation activity in the cell, as mentioned. 
Therefore, it should be effective to construct the disrupt-
ant of multiple peptidase genes in E. coli. Also, it should 
be effective to explore l-amino acid α-ligases with various 
substrate specificities. In fact, several such enzymes were 
reported from diverse biological species to date (Arai et al. 
2013; Kino et al. 2008, 2009). By using the identified genes 
and its genetically modified genes to the genetic engineer-
ing in E. coli overproducing Cys by  pCysHP, we will develop 
a fermentative production of Cys-containing dipeptides 
with cost-effectiveness to achieve the market availability in 
accordance with a philosophy of applied microbiology and 
biotechnology. Its attainment will promote the research of 
its physiological functions and beneficial effects.

Abbreviations
E. coli: Escherichia coli; Cys: l-cysteine; LC–MS/MS: liquid chromatography 
coupled to tandem mass spectrometry; Met: l-methionine; WT: wildtype; DNA: 
deoxyribonucleic acid; PCR: polymerase chain reaction; IPTG: isopropyl β-d-1-
thiogalactopyranoside; mBBr: monobromobimane; CSA: d-camphor-10-sul-
fonic acid sodium salt; SDS-PAGE: sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis; Tris: tris(hydroxymethyl)aminomethane; ATP: adenosine 
triphosphate; ESI: electrospray ionization; QqQ: triple quadrupole.

Acknowledgements
We would like to thank Dr. Tohru Dairi and Dr. Yasuharu Satoh for kindly pro-
viding us a plasmid, pQE85.

Authors’ contributions
KK, YAS, and IO designed the study. YK and MS performed experiments. YK and 
IO wrote the manuscript. All authors read and approved the final manuscript.

Funding
This work was supported in part by JSPS KAKENHI Grant Numbers 
JP15KT0028, by Science and Technology Research Promotion Program for 
Agriculture, Forestry, Fisheries and Food Industry (26027AB) from MAFF, Japan, 
by The SKYLARK Food Science Institute, Japan, by The Tojuro Iijima Foundation 
for Food Science and Technology, Japan, by Cabinet Office, Government of 
Japan, Cross-ministerial Strategic Innovation Promotion Program (SIP), “Tech-
nologies for Smart Bio-industry and Agriculture” (funding agency: Bio-oriented 
Technology Research Advancement Institution, NARO), by Program on Open 
Innovation Platform with Enterprises, Research Institute and Academia from 
JST (JST-OPERA; Program Grant Number JPMJOP1832), Japan (to IO), and 
Self-Medication promote special joint research project of euglena Co., Ltd (to 
Naoki Takaya and IO). This work was also supported in part by JSPS KAKENHI 
Grant Numbers JP16K18675, JP15KT0028, and JP19K15727 (to YK). The funders 
had no role in the design of the study and collection, analysis, and interpreta-
tion of data and in writing the manuscript.



Page 9 of 9Kawano et al. AMB Expr            (2019) 9:91 

Availability of data and materials
The datasets supporting the conclusions of this article are included within the 
article.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Graduate School of Life and Environmental Sciences, University of Tsukuba, 
Tsukuba, Japan. 2 Microbiology Research Center for Sustainability, University 
of Tsukuba, Tsukuba, Japan. 3 Euglena Co., Ltd, Tokyo, Japan. 4 Biochemical 
Laboratory, Saraya Co. Ltd, Kashiwara, Japan. 

Received: 6 May 2019   Accepted: 15 June 2019

References
Arai T, Arimura Y, Ishikura S, Kino K (2013) l-Amino acid ligase from Pseudomonas 

syringae producing tabtoxin can be used for enzymatic synthesis of various 
functional peptides. Appl Environ Microbiol 79(16):5023–5029. https ://doi.
org/10.1128/AEM.01003 -13

Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA, Tomita M, 
Wanner BL, Mori H (2006) Construction of Escherichia coli K-12 in-frame, sin-
gle-gene knockout mutants: the Keio collection. Mol Syst Biol 2(2006):0008. 
https ://doi.org/10.1038/msb41 00050 

Enari H, Takahashi Y, Kawarasaki M, Tada M, Tatsuta K (2008) Identification of 
angiotensin I-converting enzyme inhibitory peptides derived from salmon 
muscle and their antihypertensive effect. Fish Sci 74(4):911–920. https ://doi.
org/10.1111/j.1444-2906.2008.01606 .x

Ida T, Sawa T, Ihara H, Tsuchiya Y, Watanabe Y, Kumagai Y, Suematsu M, Motohashi 
H, Fujii S, Matsunaga T, Yamamoto M, Ono K, Devarie-Baez NO, Xian M, 
Fukuto JM, Akaike T (2014) Reactive cysteine persulfides and S-polythiola-
tion regulate oxidative stress and redox signaling. Proc Natl Acad Sci USA 
111(21):7606–7611. https ://doi.org/10.1073/pnas.13212 32111 

Ingenbleek Y, Kimura H (2013) Nutritional essentiality of sulfur in health and 
disease. Nutr Rev 71(7):413–432. https ://doi.org/10.1111/nure.12050 

Kagebayashi T, Kontani N, Yamada Y, Mizushige T, Arai T, Kino K, Ohinata K (2012) 
Novel CCK-dependent vasorelaxing dipeptide, Arg-Phe, decreases blood 
pressure and food intake in rodents. Mol Nutr Food Res 56(9):1456–1463. 
https ://doi.org/10.1002/mnfr.20120 0168

Kanegawa N, Suzuki C, Ohinata K (2010) Dipeptide Tyr-Leu (YL) exhibits anxiolytic-
like activity after oral administration via activating serotonin 5-HT1A, dopa-
mine D1 and GABAA receptors in mice. FEBS Lett 584(3):599–604. https ://
doi.org/10.1016/j.febsl et.2009.12.008

Kawano Y, Ohtsu I, Tamakoshi A, Shiroyama M, Tsuruoka A, Saiki K, Takumi K, 
Nonaka G, Nakanishi T, Hishiki T, Suematsu M, Takagi H (2015) Involvement 
of the yciW gene in l-cysteine and l-methionine metabolism in Escheri-
chia coli. J Biosci Bioeng 119(3):310–313. https ://doi.org/10.1016/j.jbios 
c.2014.08.012

Kawano Y, Onishi F, Shiroyama M, Miura M, Tanaka N, Oshiro S, Nonaka G, Nakani-
shi T, Ohtsu I (2017) Improved fermentative l-cysteine overproduction by 
enhancing a newly identified thiosulfate assimilation pathway in Escherichia 
coli. Appl Microbiol Biotechnol 101(18):6879–6889. https ://doi.org/10.1007/
s0025 3-017-8420-4

Kino H, Kino K (2015) Alteration of the substrate specificity of l-amino acid ligase 
and selective synthesis of Met-Gly as a salt taste enhancer. Biosci Biotechnol 
Biochem 79(11):1827–1832. https ://doi.org/10.1080/09168 451.2015.10565 
11

Kino K, Noguchi A, Nakazawa Y, Yagasaki M (2008) A novel l-amino acid ligase 
from Bacillus licheniformis. J Biosci Bioeng 106(3):313–315. https ://doi.
org/10.1263/jbb.106.313

Kino K, Kotanaka Y, Arai T, Yagasaki M (2009) A novel l-amino acid ligase from 
Bacillus subtilis NBRC3134, a microorganism producing peptide-antibiotic 
rhizocticin. Biosci Biotechnol Biochem 73(4):901–907. https ://doi.
org/10.1271/bbb.80842 

Kino H, Nakajima S, Arai T, Kino K (2016) Effective production of Pro-Gly by 
mutagenesis of l-amino acid ligase. J Biosci Bioeng 122(2):155–159. https ://
doi.org/10.1016/j.jbios c.2016.01.014

Nakabayashi R, Saito K (2017) Ultrahigh resolution metabolomics for S-containing 
metabolites. Curr Opin Biotechnol 43:8–16. https ://doi.org/10.1016/j.copbi 
o.2016.07.003

Nakabayashi R, Sawada Y, Yamada Y, Suzuki M, Hirai MY, Sakurai T, Saito K (2013) 
Combination of liquid chromatography fourier transform ion cyclotron 
resonance-mass spectrometry with C-13-labeling for chemical assignment 
of sulfur-containing metabolites in onion bulbs. Anal Chem 85(3):1310–
1315. https ://doi.org/10.1021/ac302 733c

Nakajima T, Kawano Y, Ohtsu I, Maruyuama-Nakashita A, Allahham A, Sato 
M, Sawada Y, Hirai MY, Yokoyama T, Ohkama-Ohtsu N (2019) Effects of 
thiosulfate as a sulfur source on plant growth, metabolites accumulation 
and gene expression in arabidopsis and rice. Plant Cell Physiol. https ://doi.
org/10.1093/pcp/pcz08 2

Nakano S, Ishii I, Shinmura K, Tamaki K, Hishiki T, Akahoshi N, Ida T, Nakanishi T, 
Kamata S, Kumagai Y, Akaike T, Fukuda K, Sano M, Suematsu M (2015) Hyper-
homocysteinemia abrogates fasting-induced cardioprotection against 
ischemia/reperfusion by limiting bioavailability of hydrogen sulfide anions. J 
Mol Med (Berl) 93(8):879–889. https ://doi.org/10.1007/s0010 9-015-1271-5

Ohmura M, Hishiki T, Yamamoto T, Nakanishi T, Kubo A, Tsuchihashi K, Tamada M, 
Toue S, Kabe Y, Saya H, Suematsu M (2015) Impacts of CD44 knockdown in 
cancer cells on tumor and host metabolic systems revealed by quantita-
tive imaging mass spectrometry. Nitric Oxide 46:102–113. https ://doi.
org/10.1016/j.niox.2014.11.005

Ohtsu I, Wiriyathanawudhiwong N, Morigasaki S, Nakatani T, Kadokura H, Takagi H 
(2010) The l-cysteine/l-cystine shuttle system provides reducing equivalents 
to the periplasm in Escherichia coli. J Biol Chem 285(23):17479–17487. https 
://doi.org/10.1074/jbc.M109.08135 6

Ohtsu I, Kawano Y, Suzuki M, Morigasaki S, Saiki K, Yamazaki S, Nonaka G, Takagi 
H (2015) Uptake of l-cystine via an ABC transporter contributes defense of 
oxidative stress in the l-cystine export-dependent manner in Escherichia coli. 
PLoS ONE 10(3):e0120619. https ://doi.org/10.1371/journ al.pone.01206 19

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a laboratory manual, 
2nd edn. Cold Spring Harbor Laboratory Press, New York

Tabata K, Ikeda H, Hashimoto S (2005) ywfE in Bacillus subtilis codes for a novel 
enzyme, l-amino acid ligase. J Bacteriol 187(15):5195–5202. https ://doi.
org/10.1128/JB.187.15.5195-5202.2005

Takagi H, Ohtsu I, Nakamori S (1997) Construction of novel subtilisin E with high 
specificity, activity and productivity through multiple amino acid substitu-
tions. Protein Eng 10(9):985–989. https ://doi.org/10.1093/prote in/10.9.985

Tanaka N, Kawano Y, Satoh Y, Dairi T, Ohtsu I (2019) Gram-scale fermentative pro-
duction of ergothioneine driven by overproduction of cysteine in Escheri-
chia coli. Sci Rep 9(1):1895. https ://doi.org/10.1038/s4159 8-018-38382 -w

Tseng TS, Tsai KC, Chen WC, Wang YT, Lee YC, Lu CK, Don MJ, Chang CY, Lee CH, 
Lin HH, Hsu HJ, Hsiao NW (2015) Discovery of potent cysteine-containing 
dipeptide inhibitors against tyrosinase: a comprehensive investigation of 20 
× 20 dipeptides in inhibiting dopachrome formation. J Agric Food Chem 
63(27):6181–6188. https ://doi.org/10.1021/acs.jafc.5b010 26

Tsuneyoshi Y, Tomonaga S, Yamane H, Morishita K, Denbow DM, Furuse M (2008) 
Central administration of l-ser-l-his and l-ile-l-his induced sedative effects 
under an acute stressful condition in chicks. Lett Drug Des Discov 5(1):65–68

Wiriyathanawudhiwong N, Ohtsu I, Li ZD, Mori H, Takagi H (2009) The outer 
membarane TolC is involved in cysteine tolerance and overproduction 
in Escherichia coli. Appl Microbiol Biotechnol 81:903–913. https ://doi.
org/10.1007/s0025 3-008-1686-9

Yamada K, Nitta T, Atsuji K, Shiroyama M, Inoue K, Higuchi C, Nitta N, Oshiro S, 
Mochida K, Iwata O, Ohtsu I, Suzuki K (2019) Characterization of sulfur-com-
pound metabolism underlying wax-ester fermentation in Euglena gracilis. 
Sci Rep 9(1):853. https ://doi.org/10.1038/s4159 8-018-36600 -z

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1128/AEM.01003-13
https://doi.org/10.1128/AEM.01003-13
https://doi.org/10.1038/msb4100050
https://doi.org/10.1111/j.1444-2906.2008.01606.x
https://doi.org/10.1111/j.1444-2906.2008.01606.x
https://doi.org/10.1073/pnas.1321232111
https://doi.org/10.1111/nure.12050
https://doi.org/10.1002/mnfr.201200168
https://doi.org/10.1016/j.febslet.2009.12.008
https://doi.org/10.1016/j.febslet.2009.12.008
https://doi.org/10.1016/j.jbiosc.2014.08.012
https://doi.org/10.1016/j.jbiosc.2014.08.012
https://doi.org/10.1007/s00253-017-8420-4
https://doi.org/10.1007/s00253-017-8420-4
https://doi.org/10.1080/09168451.2015.1056511
https://doi.org/10.1080/09168451.2015.1056511
https://doi.org/10.1263/jbb.106.313
https://doi.org/10.1263/jbb.106.313
https://doi.org/10.1271/bbb.80842
https://doi.org/10.1271/bbb.80842
https://doi.org/10.1016/j.jbiosc.2016.01.014
https://doi.org/10.1016/j.jbiosc.2016.01.014
https://doi.org/10.1016/j.copbio.2016.07.003
https://doi.org/10.1016/j.copbio.2016.07.003
https://doi.org/10.1021/ac302733c
https://doi.org/10.1093/pcp/pcz082
https://doi.org/10.1093/pcp/pcz082
https://doi.org/10.1007/s00109-015-1271-5
https://doi.org/10.1016/j.niox.2014.11.005
https://doi.org/10.1016/j.niox.2014.11.005
https://doi.org/10.1074/jbc.M109.081356
https://doi.org/10.1074/jbc.M109.081356
https://doi.org/10.1371/journal.pone.0120619
https://doi.org/10.1128/JB.187.15.5195-5202.2005
https://doi.org/10.1128/JB.187.15.5195-5202.2005
https://doi.org/10.1093/protein/10.9.985
https://doi.org/10.1038/s41598-018-38382-w
https://doi.org/10.1021/acs.jafc.5b01026
https://doi.org/10.1007/s00253-008-1686-9
https://doi.org/10.1007/s00253-008-1686-9
https://doi.org/10.1038/s41598-018-36600-z

	Development of high-throughput quantitative analytical method for l-cysteine-containing dipeptides by LC–MSMS toward its fermentative production
	Abstract 
	Introduction
	Materials and methods
	Bacterial strains, plasmids, and oligonucleotides
	LC–MSMS experiment
	SDS-PAGE analysis for confirmation of BacD expression
	Cell culture, sample preparation, and in vitro Cys-containing dipeptide formation assay of BacD

	Results
	Features of thiol derivatization by using monobromobimane in its quantitation
	Development of analytical method for quantitating Cys-containing dipeptides by LC–MSMS
	Validity of quantitative analytical method of the cysteine-containing dipeptides by LC–MSMS

	Discussion
	Acknowledgements
	References




