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Preface

Dipeptides have unique physiological functions including antihypertensive
effects, sedative effects, and taste-improving effects. In this thesis, the author focused
on taste-improving effects. Among them, the author especially searched for new salt
taste enhancing dipeptides with the social back ground of increasing salt
reduction-awareness.

In order to screen salt taste enhancing dipeptides, dipeptide library was
constructed using L-amino acid ligase (Lal). Lal is a microbial enzyme that synthesizes
dipeptides from unprotected L-amino acids. L-Methionylglycine and L-prolylglycine
were found out as salt taste enhancers in the dipeptide library. Furthermore, effective
production of the dipeptides was achieved using site-directed mutagenesis of Lals.

Industrial and academic knowledge of Lals was obtained in this thesis. The
author believes that the results obtained from this thesis will open up the possibilities
of dipeptides and Lals, and contribute to make dipeptides easier to synthesize than ever

before.

Haruka Kino
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Chapter 1

Review
Screening of Functional Dipeptides and

Synthesis of Dipeptide by L-Amino Acid Ligase

1.1. Introduction

Dipeptides are composed of two amino acids joined by a peptide bond. Some
dipeptides have unique physiological properties and physiological functions that their
constitute amino acids do not show. Tasty or taste-improving effects are one of the
functions of dipeptides. The author focused on the functions, especially the effect of
salt taste enhancement. In recent years, concern has arisen about reducing salt intake.
Salt (NaCl) is essential to the health of people; however, excessive salt intake increases
blood pressure (1, 2) and causes diovascular disease (3). According to Health Japan 21
(second term), the target value of salt intake is 8.0 g/day. In contrast, National Health
and Nutrition Survey of Japan in 2013 reported that the mean value of salt intake in
adults was 10.2 g/day (men: 11.1g/day and women: 9.4 g/day). Therefore, salt
reduction is necessary, and the development of salt taste enhancing agents is expected.
L-Leucyl-L-serine (Koike M, Japanese patent JP2012-165740, 2012), dipeptides
containing arginine (4), and L-glutaminyl-L-threonine (5) have been reported as salt
taste enhancing dipeptides. The author speculated other dipeptides have that effect and
tried to find out salt taste enhancing dipeptides.

In this thesis, L-amino acid ligases (Lal, EC 6.3.2.28) were used to screen for salt

taste enhancing dipeptides and to synthesize these dipeptides efficiently. Lal is an



enzyme that synthesizes dipeptides from unprotected L-amino acids and a member of
the ATP-dependent carboxylate-amine/thiol ligase superfamily accompanying the
hydrolysis of ATP to ADP (6, 7).

In this chapter, the author introduces the functions of dipeptides, screening

methods of useful dipeptides, taste assessment methods, and characteristics of Lals.

1.2. Functional dipeptides

1.2.1. Tasty or taste-improving effect

When we take tasty dipeptides, they have sweet, umami, bitter, sour, salty, or
other taste characteristics. ~Aspartame, which is a methyl ester of
L-aspartyl-L-phenylalanine, is a representative tasty dipeptide and well known for
chemical sweetener. It is widely contained in beverage, desserts, and tabletop
sweetener and 200 times sweeter than sugar (sucrose) (8). L-Alanyl-L-histidine,
glycyl-L-proline, glycyl-L-tryptophan, glycyl-L-valine, and L-leucyl-L-tryptophan have
also sweet component, but they have possibly bitter taste (9). The most reported taste is
bitter one. For mstance, L-alanyl-L-leucine, L-alanyl-L-methionine,
L-alanyl-L-phenylalanine, L-alanyl-L-serine, L-alanyl-L-tryptophan, L-alanyl-L-tyrosine,
L-alanyl-L-valine, glycyl-L-aspartic acid, glycyl-L-glutamic acid, glycylglycine,
glycyl-L-histidine,  glycyl-L-leucine,  glycyl-L-phenylalanine,  glycyl-L-tyrosine,
glycyl-L-isoleucine, leucyl-L-alanine, L-leucylglycine, L-leucyl-L-phenylalanine,
L-leucyl-L-tyrosine, L-phenylalanyl-L-proline, L-phenylalanyl-L-valine, L-valylglycine,
and L-valyl-L-valine are reported (9, 10). Some dipeptides exhibit sour taste as follows:
glycyl-L-aspartic ~ acid,  glycyl-L-glutamic  acid,  L-alanyl-L-aspartic  acid,
L-alanyl-L-glutamic  acid, L-seryl-L-aspartic  acid, L-seryl-L-glutamic acid,
L-valyl-L-aspartic acid, L-valyl-L-glutamic acid, L-aspartyl-L-alanine,

L-aspartic-L-aspartic acid, and so on (9, 10). There are reports of salt taste dipeptides,
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L-alanyl-L-lysine HCI, glycyl-L-alanine, and L-leucyl-L-leucine, however, these
dipeptides also have bitter taste or sour taste (9).

On the other hand, taste-improving dipeptides are not tasty themselves, but have
the ability of enhancing or masking the taste. L-Glutaminyl- L-glutamic acid is known
as a bitter-masking activity against various bitter substances such as L-isoleucine,
glycyl-L-leucine, and caffeine (11). v-L-Glutaminyl-L-glutamic acid,
y-L-glutaminylglycine, y-L-glutaminyl-L-histidine, y-L-glutaminyl-L-glutamine,
y-L-glutaminyl-L-methionine, and y-L-glutaminyl-L-leucine from Gouda cheese show
the ability of kokumi enhancing if NaOH or NaCl present (12). Kao Corp.
demonstrates that L-Leucyl-L-serine is a salt taste enhancing dipeptide for low-salt soy
sauce (Koike M, Japanese patent JP2012-165740, 2012). Schindler et al. find out salt
taste enhancing dipeptides, containing arginine, in hydrolysate of fish protein (4). They
evaluated the salt intensity of arginyl dipeptide in 50 mM NaCl solution and model
broth solution adjusted 50 mM NaCl containing monosodium L-glutaminate
monohydrate, maltodextrin, NaCl, and yeast extract, respectively. Some dipeptides
exhibited almost the same salt intensity in any solution, but other dipeptides showed
different salt intensity dependent on the solutions. For instance, L-arginyl-L-arginine
did not exhibit salt taste enhancement effect in NaCl solution, but showed strong that
effect in the model broth solution (4). Furthermore, L-glutaminyl-L-threonine has also
salt taste enhancing effect and it shows that effect if bonito extract or L-arginine

present (5).

1.2.2. Antihypertensive effect

The best known function of dipeptide is antihypertensive effects. Kagebayashi et
al. demonstrated that L-arginyl-L-phenylalanine exhibits vasorelaxaing and
antihypertensive  activity  (13).  They  suggested that sequence  of

L-arginyl-L-phenylalanine is important. In fact,



L-isoleucyl-L-histidyl-L-arginyl-L-phenylalanine ~ from rice albumin exhibits
vasorelaxaing and antihypertensive activity, though L-arginine, L-phenylalanine, and
L-phenylalanyl-L-arginine have no such function (13). L-Isoleucyl-L-tryptophan shows
also anti antihypertensive activity (14). L-Isoleucyl-L-tryptophan was gained from
salmon peptide, digestion of salmon muscle, and it has not vasorelaxaing activity but
strong inhibitory activity against the angiotensin I-converting enzyme (ACE) (14).
L-Tyrosyl-L-proline also has inhibitory activity of ACE and was produced by
fermenting using Lactobacillus helveticus in skim milk medium (15). Furthermore,
there are many patents related to dipeptides of ACE inhibitor. For example, Kikkoman
Corp. developed soy source containing glycyl-L-tyrosine and L-seryl-L-tyrosine that
exhibits ACE inhibitory activity (Endo Y, WO 2011/078324 A1, 2011). Yamaki Corp.
found that L-seryl-L-tryptophan, L-aspartyl-L-tryptophan, L-glutamyl-L-tryptophan,
glycyl-L-tryptophan, and L-alanyl-L-tryptophan in fish hydrolysate have the effect
(Seki E, Asada H, Japanese patent 5456144, 2014).

1.2.3. Other effects

L-Tyrosyl-L-leucine has anxiolytic-like activity and its activity is stronger than
diazepam that was medicine for the relief of symptom related to anxiety disorders (16).
Interestingly, L-tyrosine and L-leucine have no such function (16). Takagi et al
discovered L-tyrosyl-L-arginine (Kyotorphin), which have analgesic effect, from
bovine brain (17). L-Seryl-L-histidine and L-isoleucyl-L-histidine also show sedative
effects (18). There is a report about antioxidant peptides from hydrolysate of dried
bonito, and L-lysyl-L-aspartic acid is contained in it (19). Furthermore,
L-isoleucyl-L-tryptophan exhibits the inhibitory activity of human dipeptidyl peptidase

IV that is used as treating agent for type 2 diabetes (20).



1.3. Screening methods for functional dipeptides

Many functional dipeptide described above are found from proteolytic or
microbial digests of natural proteins. For instance, to identify salt taste enhancing
dipeptides, Schindler et al. digested fish protein by chymotrypsin, and the digests were
separated by ultrafiltration. After the low molecular weight fraction was separated by
gel permeation chromatography, sensory test was conducted for each fraction and
determined the fraction containing salt taste modulating (STM) peptides. Finally, STM
peptides were identified in candidate fraction (4). Suetsuna digested molsin to detect
antioxidant dipeptides. The digests were separated by ion-exchange chromatography
and gel filtration. The fraction that showed antioxidant activity was further separated
by HPLC, and finally 11 peptides were identified (19). ACE-inhibitory dipeptide
L-tyrosyl-L-proline was detected in microbial digestion of skim milk. Digestion by
Lactobacillus helveticus CPN4 was fractionated, and ACE-inhibitory activities of each
fraction were measured. The fraction with the highest activity was separated repeatedly,
and L-tyrosyl-L-proline was determined as the ACE-inhibitory dipeptide because of
containing only one dipeptide in the final fraction (15). On the other hand, a few
functional dipeptides were found out from not digests but dipeptide library. For
instance, L-isoleucyl-L-tryptophan, the inhibitor of human dipeptidyl peptidase IV, was
found from the library. This assay uses 96-well plates, and high-throughput screening

is possible to be conducted (20).

1.4. Evaluation methods for tasty or taste-improving agents

1.4.1. Sensory assessment
Sensory assessment is best-known assessment of tastes, and food industry has
long relied on the assessment. Professional panelists evaluate food, chemicals, drugs,

and so on within well-controlled procedures (21). There are many well-established
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methods such as discrimination tests, scaling tests, expert tasters, affective tests, and
descriptive methods (21). Sensory tests are the main methods of evaluating tastes in the
food industry; however, there are problems of need for training panelists, toxicity, low
through put, and ethical issues (21). In addition, senses for taste substances are affected

by age, and dietary habits, palatability, physical condition, and emotional state (22).

1.4.2. Objective taste assessment: Utilization of taste receptor

Five basic tastes, sweet, umami, bitter, sour, and salty are mediated by each taste
receptors in taste buds on tongue (23). Taste receptors generate action potentials and
release neurotransmitter according to information of taste substances (24). We are able
to recognize taste through this mechanism. Studies of four basic tastes except for salty
have progressed in particular. Sweet, umami, and bitter taste are mediated by a family
of G-protein-coupled receptors, and bitter taste is mediated by an ion channel receptor
(23). Taste assessments on the basis of taste receptors were constructed and screening
of the taste-improvement agents was conducted (25). For instance, to identify
molecules which affect the tastes, receptor-based assays have been reported. Servant et
al. showed that SE-1, SE-2, and SE-3 (Fig. 1.1) were sweet enhancers through
screening using a cell-based assay for the human sweet taste receptor (T1R2 and

T1R3) (26). They also reported that these molecules had not sweet taste themselves.

SeUN Os N QN
N\
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(A) (B) (©)

Fig. 1.1. The structures of SE-1 (A), SE-2 (B), and SE-3 (C)



Sakurai et al. used human bitter taste receptor (hnTAS2R16) in order to evaluate the
bitter-masking dipeptides such as L-glutaminyl-L-glutamic acid (Glu-Glu) and
L-aspartyl-L-aspartic acid (27). Glu-Glu was contained in acidic fraction of fish
hydrolysate and it showed bitter-masking activity for bitter substances (28). Kim et al.
demonstrated the interaction between bitter and umami taste using hTAS2R16 (29). In
contrast, we do not yet know everything about salt taste receptor mechanism, and salt
taste enhancers have not been found out using salt taste receptor. The study of the
mechanism has been gradually advanced. Oka et al. elucidated that low concentration
of NaCl activate the epithelial sodium channel (ENaC) (30) and high concentration of
NaCl activate the bitter taste and sour taste receptors in addition to ENaC (31).
Furthermore, Lu et al. reported that S3969 (Fig. 1.2) is the activator of the human
ENaC (32). Cell-based assay that was used to screen sweet enhancers such as SE-1,
SE-2, and SE-3 (Fig. 1.1) has been developed recently, and it can evaluate more
samples at short time than ever before (25). For these achievements and characteristics,

utilization of taste receptor is useful assessment if the laboratory equipment is

0
s ~OH
| N
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Fig. 1.2. The structure of S3969.

completed.

1.4.3. Objective taste assessment: Utilization of taste sensor

Taste sensor is composed of several kinds of lipid/polymer membranes and



information of taste substances converts into electric signal (33). Taste sensor analysis
does not measure the amount of specific taste substances but is able to grasp taste
characteristics as the sensory assessment (33). Bleibaum et al. demonstrated correlation
between evaluation by consumers and taste sensor for apple juices (34). Ito et al.
showed correlation between predicted bitter taste scores using taste sensor and actual
bitter taste scores using sensory assessment (35). They evaluate masking effect of
artificial sweeteners on the bitter taste of H;-antihistamines using taste sensor (35).
Besides this, there are reports about evaluations of various foodstuffs using taste sensor
(36-39). In sensory assessment, senses for taste substances are affected by age,
physical condition, and emotional state. Contrary to this, taste sensor analysis is not
affected by such elements (22). In addition, taste sensor analysis is conducted
automatically, and special techniques do not need to operate taste sensor system. For
these achievements and characteristics, taste sensor analysis has been used as objective

and convenient taste assessment.
1.5. L-Amino acid ligase

1.5.1. Characteristics of Lals

As mentioned previously, Lal is an enzyme that synthesizes dipeptides from
unprotected L-amino acids, and the reaction accompanies the hydrolysis ATP to ADP
(Fig. 1.3) (7). About 20 kinds of Lals have been reported, and each Lal has unique

substrate specificity. Tabata et al. conducted in silico screening and found YW{E from

R+ R2 Mg 1 H \/ﬁ\
H OH > N
HZN/H(O + HZN"ﬁr ( \' HoN Y" TOH
0] o (0 R

ATP ADP

Fig. 1.3. Dipeptide synthesis catalyzed by Lal.



Bacillus subtilis 168 in 2005 (7). It was the first report of Lal. YW{E prefers nonbulky
small amino acids such as glycine, L-alanine, and L-serine as the N-terminal substrate

and prefers bulky and neutral amino acids such as L-phenylalanine, L-methionine and

C-terminal amino acid

Gly | Ala | Ser [Cys | Thr | Val | Leu | Ile | Met| Phe | Tyr | Trp | GIn | Asn | His
> Gy| @ ° ° e o |0 )
2 Ala| @ | @ | @ O | | 6| | 6| ©6 6 ©6 © © o o
g Ser| ®© | @ | ® | O o 6 6| 6 6 o o o o
E || e e ° oo °
E Mt o|lo|o °
2 Cys Ol 0| O O|lO0O|0O0]| O O @)

Fig. 1.4. Substrate specificity of YWfE (7).

Reaction mixtures were analyzed by HPLC. A filled circle showed that
corresponding dipeptide was synthesized by HPLC. An open circle showed that new
peak was confirmed by HPLC.

Reaction mixtures contained 15 mM Xaal, 15 mM Xaa2, 60 mM ATP, 30 mM
MgSOy4, and 0.05 mg/mL TabS in 50 mM Tris-HCI buffer (pH 9.0) . The reaction
was performed at 37°C for 12 h. Amino acids are written in three letter codes.

L-leucine as the C-terminal substrate (Fig. 1.4, Xaa showed any amino acid) (7).
Furthermore, L-alanyl-L-glutamine was synthesized through fermentative process using
metabolically engineered Escherichia coli expressing Yw{E (40). Discovery of YW{E
led to identification of other Lals such as RSpl486a from Rastonia solanacearum
JCM19498 (41), BL00235 from Bacillus licheniformis NBRC1220042), RizA and
RizB from Bacillus subtilis NBRC3134 (43, 44), and TabS from Pseudomonas
syringae NBRC14081 (45). RSp1486a accepts L-asparagine and L-glutamine for only
N-terminal substrate and accepts glycine, L-leucine, L-threonine, and L-valine for only
C-terminal substrate (41).The amino acids as C-terminal substrate in Rsp1486a have
little in common with structure. BL00235 has also strict substrate specificity, and only

L-methionine and L-leucine are acceptable for the N-terminal amino acid (42). RizA



synthesizes dipeptides that contain only L-arginine as the N-terminal substrate (43). On
the other hand, TabS has broad substrate specificity, and dipeptides are detected in 136
of 231 reaction mixtures containing one or two amino acids which are selected from 20
proteogenic amino acids and B-alanine as substrates (Fig. 1.5) (45). Furthermore, TabS

has distinctive substrate selectivity toward N- and C-terminal substrate unlike other

Cys
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e

Ala

Gly

Ser
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Arg

Lys

His

Gln
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Glu
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B-Alal

Cys | Met| Val | Leu | Ile | Ala | Gly | Ser | The | Arg | Lys | His | GIn | Asn | Glu | Asp | Pro | Trp | Phe | Tyl |B-Ala)

Fig. 1.5. Overview of the substrate specificity of TabS (45).

Reaction mixtures were analyzed by LC-ESI MS. A filled column indicated the
formation of the corresponding dipeptide.

Reaction mixtures contained 12.5 mM Xaal, 12.5 mM Xaa2, 12.5 mM ATP, 12.5
mM MgSO4, and 0.1 mg/mL TabS in 100 mM Tris-HCI buffer (pH 9.0). The
reaction was performed at 30°C for 20 h. Amino acids are written in three letter
codes.
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Lals, and TabS is able to synthesize useful dipeptide such as L-leucyl-L-isoleucine

(antidepressive effect),

L-arginyl-L-phenylalanine (antihypertensive effect) and

L-leucyl-L-serine (enhances saltiness) in high yield (45). These Lals described above

synthesize only dipeptides. Some Lals catalyze oligopeptides synthesis. RizB is the

first reported Lal that synthesizes oligopeptides and has the highest activity toward

L-valine, L-leucine, L-isoleucine, and L-methionine (44). Arai et al. conducted in silico

screening using the amino acid sequence of RizB as query and obtained BL02410,

Haur 2023, spr0906, BAD 1200 and CV_0806 that synthesize oligopeptides (46).

These Lals prefer L-valine, L-leucine, L-isoleucine, and L-methionine (Fig. 1.6) (46).

Product Product
Enzyme | Substrate mer 3mer 4mer Smer 6mer Enzyme | Substrate mer 3mer 4mer Smer 6mer
Val ([ o o ([ Val o ([ [ o
Leu (] o o Leu o [ [ ([
Ile o ([ o Ile o ([ o
RizB Met [ ] [ ] [ ] (] BL002410 Met [ ] [ ] [ } [ )
Trp [ ] Trp o o
Phe Phe [ ] [ ]
Tyr Tyr
Val o [ o Val o ([ o o ([
Leu (] [ ) [ ) Leu o o o o ]
Ile (] o Ile o o o o
Haur 2023 Met [ ] ([ ] [ ) spr0906 Met [ ] [ ] [ ) [ } ( }
Trp [ Trp o
Phe o o Phe o
Tyr Tyr
Val (] [ ] () (] Val (] (] [
Leu o ([ [ o ([ J Leu ([ ([ o
Ile [ ] [ ] [ ] Ile [ ]
BAD 1200 Met [ ] [ ] [ ] (] @ | CV_0806 Met [ ] [ ]
Trp ([ o o ([ Trp ([
Phe [ ] [ ] [ ] [ ] Phe
v (@6 e e e Tyr

Fig. 1.6. Oligopeptide synthesis using Lals (46).
Reaction mixtures were analyzed by LC-ESI MS. A filled circle indicated the
formation of the corresponding dipeptide.
Reaction mixtures contained 25 mM Xaa, 12.5 mM ATP, 12.5 mM MgSQy,, and 0.1
mg/mL Lal in 100 mM Tris-HCI buffer (pH 8.0). The reaction was performed at

30°C for 20 h. Amino acids are written in three letter codes.

11




1.5.2. Structures of Lals

(B) ©

Fig. 1.7. The overall structures of YW{E (A), BL00235 (B), and RizA (C)
The A-domain, B-domain, C1-domain, and C2-domain are shown in blue, green,
gold, and orange, respectively. The figures were prepared using PyMol.

Only three structures of Lals have been reported so far (Fig. 1.7); YwWfE (PDB
ID: 3VMM), BL00235 (PDB ID: 3VOT) and RizA (PDB ID: 4WD3) (47-49). The
overall structures are highly similar, though the amino acid sequence of each Lal

shows low homology. The homology between YWfE and BL00235 is 23.6%, YW{E
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and RizA is 21%, and RizA and BL00235 is 20% (42, 43). The structures of Lals are
composed of four domains, the A-domain, B-domain, Cl-domain, and C2-domain.
YWwf{E is solved in complex with ADP and an intermediate analog, phosphorylated
phosphinate L-alanyl-L-phenylalanine (P-analog) (47). BL00235 is solved in complex
with ADP, and RizA is crystallized with the substrate-free form (48, 49). The substrate
recognition site of YWfE and BL00235 are shown Fig. 1.8. When the amino acid
residues of which position around N-terminal substrate of BL00235 are focused,
Tyr238, Val296, 11e340, Tyr386 and Phe389 residues form a hydrophobic cavity (Fig.
1.7 (B)). For this cavity, BL00235 accepts only L-leucine and L-methionine for the
N-terminal substrate (48). In contrast, this cavity of YW{E is filled with Trp332 and
Met334 which have bulky hydrophobic side chains (Fig. 1.7 (A)), and YW{E prefers
small amino acid such as glycine, L-alanine, L-serine, and L-threonine owing to the
narrow space around the N-terminal substrate (48). BL00235 prefers glycine, L-alanine,
and L-serine which have small side chain as the C-terminal substrate (42). The
C-terminal substrate recognition site of BL00235 indicates that Phe83 and Pro85
residues occupy the space around C-terminal substrate, and these residues prevent the

bulky amino acid residues from entering the pocket as C-terminal substrates (48).

1.5.3. Recent studies of Lals

Lal was studied so far with a focus on findings new Lals (40-46), and
determination crystal structures and alteration of the substrate specificities have been
increased recently. Only a few reports about the alteration of Lals with structure-based
site-directed mutagenesis have been published (47, 50). The objectives of mutant
construction can be roughly divided into two types: (i) to reveal the catalytic function
(47, 50) and (ii) to alter substrate specificity in order to synthesize useful dipeptides

(50). Tsuda et al. indicated that Trp332 mutants of YW{E are able to alter the substrate
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specificity and suggested that alteration of substrate specificity of Lal might have led
to synthesize desirable dipeptides (50). However, no study has demonstrated that
changing the substrate specificity of Lals by a single mutation on the basis of the

structures made the mutants synthesize dipeptides as planned.

1.6. Objective of this thesis

This thesis is composed of two major parts. One is screening for salt taste
enhancing dipeptides using Lal, and the other is effective production of the dipeptides.
Dipeptides have many functions, and one of them is taste-improving effects described
above (4, 5, 8-12). In addition, salt deduction is necessary for us with social
background of health-conscious, and the development of salt replacers or salt taste
enhancing agents is expected. Therefore, the author speculated that some dipeptides
have salt taste enhancing effect among functional unknown dipeptides. New screening
method was constructed using Lals, and new salt taste enhancing dipeptides were
found. Furthermore, the author altered the substrate specificity of Lals to synthesize
these dipeptides efficiently including selective synthesis. This thesis is the first report
of succeeding in synthesizing useful dipeptide efficiently using Lals by site-directed

mutagenesis.
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(B)

Phe389

Fig. 1.8. The substrate recognition site of YWfE (A) and BL00235 (B).

ADP (green), the P-analog (C atoms in light blue), and some residues were
drawn with stick models. The figures were prepared using PyMol.

BL00235 was shown as superimposed model complex with P-analog of YW{E.
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Chapter 2

Screening of Salt Taste Enhancing Dipeptide

Using L-Amino Acid Ligase

2.1. Introduction

Dipeptides are composed of two amino acids joined by a peptide bond. Some
dipeptides have unique physiological properties and physiological functions that their
constitute amino acids do not show. For example, L-isoleucyl-L-tryptophan (1),
L-arginyl-L-phenylalanine (2), and L-tyrosyl-L-proline (3) have antihypertensive effects,
and L-seryl-L-histidine (4) and L-isoleucyl-L-histidine (4) have a sedative effect.
Furthermore, some dipeptides have tasty or taste-improving effect. Aspartame, which
is a methyl ester of L-aspartyl-L-phenylalanine, is well known for chemical sweetener.
It is widely contained in beverage, desserts, and tabletop sweetener, and its sweetness
is 200 times stronger than sugar (sucrose) (5). In addition, Schiffman SS et al. reported
that L-alanyl-L-histidine, glycyl-L-proline, glycyl-L-tryptophan, glycyl-L-valine, and
L-leucyl-L-tryptophan were bitter and sweet (6). Except for sweet, L-alanyl-L-aspartic
acid and L-alanyl-L-glutamic acid are sour-bitter, and L-alanyl-L-leucine and
L-alanyl-L-methionine are bitter (6). L-Alanyl-L-lysine HCI, glycyl-L-alanine, and
L-leucyl-L-leucine are salty, however, these dipeptides also have bitter taste or sour
taste (6). Furthermore, L-leucyl-L-serine (Leu-Ser) (Koike M, Japanese patent
JP2012-165740, 2012), dipeptides containing arginine (Arg) (7), and

L-glutaminyl-L-threonine (8) have the effect of salt taste enhancement.
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In recent years, concern has arisen about reducing salt intake. Salt (NaCl) is
essential to the health of people; however, excessive salt intake increases blood
pressure (9, 10) and causes diovascular disease (11). According to Health Japan 21
(second term), the target value of salt intake is 8.0 g/day in 2015. In contrast, National
Health and Nutrition Survey of Japan in 2013 reported that the mean value of salt
intake in adults was 10.2 g/day (men: 11.1 g/day and women: 9.4 g/day). Therefore,
salt reduction is necessary, and the development of salt replacers or salt taste enhancing
agents is expected. Salt Institute (Virginia, USA) listed these agents (12) (Table 2.1.).
Potassium chloride which is known as the salt replacer has severe off-taste (7). There is
a doubt about the effect of L-ornithyl-B-alanine (7). The other agents do not have

strong effect of salt taste enhancement.

Table 2.1. Salt taste enhancing agents and salt replacers (12).

Salt taste enhancers Salt replacers
5-ribonucleotides Potassium chloride
Glycine monoethyl estel Calcium chloride

L-Lysine Magnesium sulfate
L-Arginine Various metal ion replacers
Lactates

Mycosent

Monosodium glutamate

Trehalose

L-Ornithyl-p-alanine

L-Ornithine

Alapyridaine
(N-(1-Carbixethyl)-6-hydroxymethyl-pyridinium-3-ol)
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There are some dipeptides such as Leu-Ser which have effect of salt taste
enhancement as described above. The author deduced that other dipeptides have also
this effect. Most of functional dipeptides are derived from proteolytic (1, 4, 7, 8, 13) or
microbial (3) digests of natural proteins. The author speculated that many dipeptides
digested easily by the hydrolysis of natural proteins could not be remaining in the
dipeptides and have not been evaluated of their functions so far. Therefore, these
dipeptides were synthesized by L-amino acid ligase (Lal) and evaluated by sensory
assessment.

Lal is an enzyme that synthesizes dipeptides from unprotected L-amino acids,
and is a member of the ATP-dependent carboxylate-amine/thiol ligase superfamily
accompanying the hydrolysis ATP to ADP (14, 15). About 20 kinds of Lals have been
found out, and each Lal has unique substrate specificity (16-19). In this chapter, the
author synthesized dipeptides using TabS from Pseudomonas syringae NBRC14081,
which has the broadest substrate specificity of any known Lal (19). Furthermore,
two-step screening system was constructed, and the candidates of new salt taste
enhancing dipeptides were found out.

The contents in this chapter were summarized in the research paper (20). Amino
acids are written in three letter code as follows; glycine (Gly), L-alanine (Ala), L-serine
(Ser), L-threonine (Thr), L-cysteine (Cys), L-methionine (Met), L-valine (Val),
L-leucine (Leu), L-isoleucine (Ile), L-arginine (Arg), L-lysine (Lys), L-histidine (His),
L-glutamine (Gln), L-asparagine (Asp), L-glutamic acid (Glu), L-asparatic acid (Asp),

L-tryptophan (Trp), L-phenylalanine (Phe), L-tyrosine (Tyr), L-proline (Pro).

2.2. Materials and Methods

2.2.1. Materials

All chemicals used in this study are commercially available and are of
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chemically pure grade.

2.2.2. Enzyme preparation

The genes encoding TabS were previously cloned into the pET28a(+) vectors
(19). Recombinant Escherichia coli BL21 (DE3) cells were cultivated in 3 mL LB
medium (1% bacto tryptone, 0.5% yeast extract, 1% NaCl) supplemented with 30
pg/mL kanamycin at 37°C for 5 h with shaking at 160 rpm. For the main culture, 200
mL LB medium containing 30 pg/mL kanamycin was inoculated with 3 mL preculture
broth and cultivated with shaking on a gyratory shaker (120 rpm) at 37°C. After
cultivating for 1 h, 0.1 mM isopropyl-B-D-thiogalactopyranoside was added to the
medium, and cultivation conducted at 25°C for an additional 19 h with shaking on a
gyratory shaker (120 rpm). The cells were collected with centrifugation (3,000 x g, 10
min, 4°C) and washed twice with 100 mM Tris-HCI buffer (pH 8.0). After washing, the
cells were suspended in 100 mM NaHCO3-Na,COs buffer (pH 9.0) and then lysed by
sonication at 4°C. The lysate was centrifuged (20,000 % g, 30 min, 4°C), and the
supernatant was purified and fractionated with a His Gravitrap' ™ affinity column (GE
Healthcare, Buckinghamshire, UK). The fractions containing protein were desalted
with a PD-10 column (GE Healthcare, Buckinghamshire, UK) and eluted with 100 mM

NaHCOs3-Na,COs buffer (pH 9.0).

2.2.3. Dipeptide synthesis using purified enzyme

The standard reaction mixtures (21 mL) contained 20 mM amino acid substrates,
20 mM ATP, 20 mM MgSO4 * 7H,0, and 0.5 mg/mL of TabS in 50 mM
NaHCO3-Na,CO; buffer (pH 9.0). The reaction was performed at 30°C for 20 h, and
stopped by heating 90°C for 10 min. TabS was removed by centrifugation (20,000 X g,
20 min, 4°C).
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2.2.4. Analysis

The amounts of phosphate produced in reaction mixtures were measured with a
Determiner L IP kit (Kyowa Medex, Tokyo, Japan) as the indicator of dipeptide
synthesis. The amounts of dipeptides were analyzed by HPLC (L-2000 series; Hitachi
High Technologies, Tokyo, Japan). The details of the analytical procedure were

described previously (21).

2.2.5. Sensory assessment

In the first screening, 0.60% (w/v) NaCl solution containing 40% (w/v) reaction
mixture (final concentration) as the test sample and 0.60% (w/v) NaCl solution
containing 0.10% (w/v) Leu-Ser and 0.40% (w/v) ATP (final concentration) as the
control sample were prepared. Five panelists tested 0.5 mL of each sample. The test
samples of which salt taste intensities were equal to or stronger than that of the control
sample evaluated by three more panelists were submitted for the second screening.
Furthermore, the evaluations were scored on one point (salt intensity of the test sample
was equal to that of the control sample) or two point (salt intensities of the test sample
was stronger than that of the control sample). Before the second screening, the
amounts of residual amino acids in the reaction mixtures were measured by HPLC.

In the second screening, 0.60% (w/v) NaCl solution containing 40% (w/v)
reaction mixture (final concentration) as the test sample and 0.60% (w/v) NaCl
solution containing 40% (w/v) amino acids solutions and 0.40% (w/v) ATP (final
concentration) as the control sample were prepared. Amino acids solutions contained
the same amount of amino acids as the corresponding reaction mixture did. Five
panelists tested 0.5 mL of each sample. The test samples of which salt taste intensities
were stronger than that of the control sample evaluated by three more panelists were

candidates for the reaction mixtures containing salt taste enhancing dipeptides.
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2.3. Results

2.3.1. Dipeptide library construction using TabS

Seven amino acids, Leu, Phe, Ser, Val, Arg, Met and Gly, which were easily
released by the hydrolysis of proteins or peptides (22-24), were selected, and 111 kinds
of reaction mixtures containing mainly these amino acids as substrates were prepared.
The amounts of phosphate produced in the reaction mixtures were measured (Fig. 2.1).
When Leu, Ser, Val, and Met were used as substrates, phosphate released in the
reaction mixture was more than 5 mM, TabS had high activity toward these amino
acids. In contrast, when Phe, Arg, and Gly were used as substrates, released phosphate

was less than 5 mM depending on the combination of substrates.

Amino Acid 1
Pro|Tyr|Phe|T Asp Ghlu Asn GIn| His |Lys|Arg| Ile |Leu| Val|Met|Cys| Thr| Ser| Ala Gll_

Amino Acid 2

Released phosphate

HiHE over 15 mM
10 to 15 mM
to 10 mM

2to 5 mM
diiilunder 2 mM
not tested

Fig. 2.1. Measurement of the amounts of phosphate produced in the reaction
mixtures.

Reaction mixtures contained 20 mM Xaal, 20 mM Xaa2, 20 mM ATP, 20 mM
MgSOj, and 0.5 mg/mL TabS in 50 mM NaHCO;-Na,CO; buffer (pH 9.0). The

reaction was performed at 30°C for 20 h.
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2.3.2. Sensory assessment
2.3.2.1. First screening

The reaction mixture contained not only dipeptide synthesized by TabS but also
components such as ATP and residual amino acids which affect taste. To exclude the
effect of these factors, two-step screening system was constructed. In the first
screening, ATP and Leu-Ser was added to the control sample to exclude from influence
of ATP contained in the test sample. Five panelists compared salt taste intensities
between control sample and test samples, and 17 kinds of test samples of which salt
taste intensities were equal to or stronger than that of the control sample were selected
(Table 2.2). All panelists judged that three reaction mixtures, combinations of Leu and
Ser, Arg only, and Arg and Tyr, were salty. In particular, the reaction mixture

containing only Arg as substrate obtained full marks (10 points).

2.3.2.2. Second screening

In the second screening, amino acids and ATP were added to the control sample
to exclude the influence of residual amino acids. The amounts of residual amino acids
in the 17 kinds of candidate reaction mixtures were measured by HPLC (Fig. 2.3).
Each amino acids solution added to the control samples was prepared based on these
concentrations. Five panelists compared salt taste intensities between control sample
and test sample, and eight kinds of test samples of which salt taste intensities were
stronger than that of the control sample were selected (Table 2.3). The author
considered that dipeptides contained in these reaction mixtures were salt taste
enhancers. Among them, the author focused on two reaction mixtures, combinations of
Met and Gly, and Pro and Gly, because the other six reaction mixtures contained
predictive dipeptides such as Leu-Ser (Koike M, Japanese patent JP2012-165740,
2012) and Arg-Lys (7) that had already reported as salt taste enhancers. In order to

determine the salt taste enhancing dipeptide contained in the two reaction mixtures,
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qualitative and quantitative analysis of the reaction mixtures were conducted by HPLC
analyses. When Met and Gly were used as substrates, 3.7+0.047 mM L-Met-Gly
(Met-Gly) and 6.1+0.25 mM L-Met-L-Met (Met-Met) were synthesized. Although
Met-Met was also synthesized in the reaction mixture contained Met only as a
substrate, this reaction mixture did not exhibit the effect of salt taste enhancement with
first screening. On the other hand, when Pro and Gly were used as substrates, TabS
synthesized 8.3+0.32 mM Pro-Gly and hardly synthesized few other three dipeptides.
Therefore, the author assumed that Met-Gly and Pro-Gly were new salt taste enhancing

dipeptide.

Table 2.2. First screening.

Amino acid 1~ Amino acid 2 Number of panelists (persons) * Score (point) *

Leu Ser 5 6
Leu Glu 3 5
Met Gly 3 3
Met Arg 3 3
Met Lys 3 3
Arg Gly 3 4
Arg Ala 3 4
Arg Thr 3 4
Arg Ile 3 4
Arg Arg 5 10
Arg His 3 3
Arg Tyr 5 8
Arg Gln 4 5
Arg Lys 4 6
Arg Asp 3 6
Arg Asn 3 4
Pro Gly 3 3

* Number of panelists judging that salt taste intensities of test sample was
equal to (one point) or stronger than that of the control sample (two points).
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Fig. 2.2. Measurement of the amounts of residual amino acids in the reaction
mixtures.

Reaction mixtures contained 20 mM Xaal, 20 mM Xaa2, 20 mM ATP, 20 mM MgSOy,,
and 0.5 mg/mL TabS in 50 mM NaHCOs-Na,COs buffer (pH 9.0). The reaction was
performed at 30°C for 20 h.
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Table 2.3. Second screening.

Amino acid 1~ Amino acid 2 Number of panelists (persons) *
Leu Ser 4
Leu Glu 1
Met Gly 4
Met Arg 2
Met Lys 2
Arg Gly 4
Arg Ala 1
Arg Thr 2
Arg Ile 0
Arg Arg 2
Arg His 3
Arg Tyr 1
Arg Gln 1
Arg Lys 3
Arg Asp 3
Arg Asn 3
Pro Gly 3

* Number of panelists judging that salt taste intensities of test sample was
stronger than that of the control sample.

2.4. Discussion

In this chapter, dipeptides were synthesized by Lal and two-step screening
system was constructed using the reaction mixtures to screen for salt taste enhancing
dipeptides. Many functional dipeptides were derived from proteolytic or microbial
digests of natural proteins such as meats, fish, and milk (1, 3, 4, 7, 8, 13). The author
speculated that many dipeptides digested easily by the hydrolysis of natural proteins

could not be remaining as the dipeptides, and these dipeptides had not been evaluated

31



of their functions so far. Therefore, the author selected seven amino acids which were
easily released by the hydrolysis of proteins or peptides (22-24) and synthesized
dipeptides that contain these amino acids by Lal. Since toxic substances did not
contained in the reaction mixtures of Lal, the reaction mixtures were evaluated directly
in the screening without purification of dipeptide.

The amounts of dipeptides were not measured in this screening system in spite of
different amounts of dipeptides contained in each reaction mixtures. This screening
system was able to save us time and effort, and many reaction mixtures were able to be
evaluated efficiently. As a matter of course, this screening system was useful for
finding out salt enhancing dipeptide. Eight kinds of reaction mixtures were selected
with two-step screening system, and most of the dipeptides which were predicted to be
synthesized in those reaction mixtures were known as salt taste enhancers such as
Leu-Ser (Koike M, Japanese patent JP2012-165740, 2012) and Arg-Lys (7). These
results indicates that this screening system is able to select salt taste enhance dipeptides
properly. Finally, the author found Met-Gly and Pro-Gly as the candidates for new salt
taste enhancing dipeptides in this system. When Pro and Gly were used as substrates,
Pro-Gly was synthesized almost exclusively form substrate specificity of TabS. On the
other hand, the amount of Met-Gly was smaller than that of Met-Met in the reaction
mixture using TabS, when Met and Gly were used as substrates; nevertheless Met-Gly
was able to be detected as a candidate for new salt taste enhancing dipeptide in the
reaction mixture. This result indicates that salt taste enhancing dipeptides were selected
even there are several dipeptides synthesized in the reaction mixture. In addition, most
reaction mixtures that were not selected with the second screening contained Arg. Arg
is not salty itself, but enhances salt taste in NaCl solution (25). The author interpreted
that salt taste intensities of reaction mixture containing Arg that was not selected with
the second screening were affected by taste of Arg, not by taste of dipeptides.

The study of this chapter was designed to use reaction mixtures of Lal in
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screening of salt taste enhancing. The author considers that this screening method

described in this chapter is applicable for other taste evaluation of dipeptides.
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Chapter 3

Evaluations of Dipeptides as Salt Taste Enhancer

Using a Sensory Assessment and a Taste Sensor

3.1. Introduction

In chapter 2, L-methionylglycine (Met-Gly) and L-prolylglycine (Pro-Gly) were
found out as the candidates for salt taste enhancers using L-amino acid ligase (Lal). To
confirm that effect, these dipeptides were evaluated by sensory assessment and
objective taste assessment using authentic Met-Gly and Pro-Gly in this chapter.

The need for objective taste assessment has been increasing in addition to
sensory test in recent years (1). The assays using taste receptors and taste sensor are
mentioned as examples of objective taste assessment. Five basic tastes, sweet, umami,
bitter, sour, and salty are mediated by each taste receptors in taste buds on tongue (2).
Taste assays on the basis of taste receptors were constructed and screening of the
taste-improvement agents was conducted (3). For instance, to identify molecules which
affect the tastes, receptor-based assays have been reported. Servant et al. showed that
SE-1, SE-2, and SE-3 (Fig. 1.1) were sweet enhancers through screening using a
cell-based assay for the human sweet taste receptor (T1R2 and T1R3) (4). They also
reported that these molecules had not sweet taste themselves. Sakurai et al. used
human bitter taste receptor (hnTAS2R16) in order to evaluate of the bitter-masking
dipeptides such as L-glutaminyl-L-glutamic acid (Glu-Glu) and L-aspartyl-L-aspartic
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acid (5). Glu-Glu was contained in acidic fraction of fish hydrolysate and it showed
bitter-masking activity for bitter substances (6). Kim et al. demonstrated the interaction
between bitter and umami taste using hTAS2R16 (7). In contrast, salt taste receptor
mechanism has not been completely explained yet, and salt taste enhancers have not
been found out using salt taste receptor. The study of the mechanism has been
gradually advanced. Oka et al. elucidated that low concentration of NaCl activates the
epithelial sodium channel (ENaC) (8) and high concentration of NaCl activates the
bitter taste and sour taste receptors in addition to ENaC (9). Furthermore, Lu et al.
reported that S3969 (Fig. 1.2) is the activator of the human ENaC (10). On the other
hand, taste sensor has also developed recently (1). Taste sensor is composed of several
kinds of lipid/polymer membranes and information of taste substances converts into
electric signal (11). Taste sensor analysis is able to grasp taste characteristics as human
tongue. For instance, to compere apple juices quality, or predict drug’s bitterness, taste
sensor was used (12, 13). There are reports of taste-improvement agents evaluated
assessed by taste sensor. Maniruzzaman et al. evaluated masking effect of hot melt
extruded paracetamol formulations (14), and Ito et al. evaluated that of artificial
sweeteners on the bitter taste of H;-antihistamines (13).

In this chapter, taste sensor was used as objective taste assessment, and the
author also showed screening method using Lal (in chapter 2) was reliable one through
the assessments.

The contents in this chapter were summarized in the research paper (15).

3.2. Materials and Methods

3.2.1. Materials
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All chemicals used in this study are commercially available and were of

chemically pure grade.

3.2.2. Sensory assessment

First, 0.60% (w/v) NaCl solution and 0.60% (w/v) NaCl solution containing
0.1% (w/v) Met-Gly (Met-Gly salt solution), or 0.1% (w/v) Pro-Gly (Pro-Gly salt
solution) were prepared. Professional panelists compared salt taste intensities between
0.60% (w/v) NaCl solution and Met-Gly salt solution and between Met-Gly salt
solution and Pro-Gly salt solution. Next, six kinds of NaCl solutions, 0.55, 0.60, 0.65,
0.70, 0.75, and 0.80% (w/v), were prepared. Seven samples containing the six kinds of
the standard NaCl solutions and Met-Gly salt solution or Pro-Gly salt solution were
rearranged in order of salt intensities by panelists who were able to rearrange the
standard NaCl solutions in order of salt intensities in blind, and the panelists
determined the position of Met-Gly salt solution and Pro-Gly salt solution among the

standard NaCl solutions.

3.2.3. Taste sensor analysis

The Astree II electric tongue (Alpha M.O.S, Toulouse, France) was used for taste
sensor analysis. This system is composed of auto sampler and seven cross-selective
liquid sensors sensitive ionic and neutral chemical compounds responsible for taste,
SRS (sour taste), STS (salt taste), UMS (umami), SWS, BRS, GPS, and SPS. The
sensor response of each sensor and Ag/AgCl reference electrode for samples was
measured. Six kinds of NaCl solutions, 0.55, 0.60, 0.65, 0.70, 0.75, and 0.80% (w/v),
and 0.6% (w/v) NaCl solutions containing Met-Gly, Pro-Gly, and L-leucyl-L-serine

(Leu-Ser) (Koike M, Japanese patent JP2012-165740, 2012) were prepared. Leu-Ser
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was used as known salt enhancement dipeptide. Measuring of 25 mL each sample was
conducted three times. The data was analyzed by AlphaSoft V12.46. Principal
component analysis was conducted using these data. Met-Gly and Leu-Ser adding to
water were also analyzed. Furthermore, response values of the sensor which is
correlated with concentrations of standard NaCl solutions converted into relative
values, and NaCl concentrations (conversion values) of Met-Gly salt solution, Pro-Gly
salt solution, and Leu-Ser salt solution were determined by standard curve using the
relative values of standard NaCl solutions. Met-Gly adding to water was also analyzed
to evaluate the feature of Met-Gly itself. At that time, five kinds of standard NaCl
solution, 0.01, 0.05, 0.10, 0.15, and 0.20% (w/v), were prepared. The operation and
analysis were conducted by Yoshida K and Ikehama K (Alpha M.O.S Japan K.K.,

Tokyo, Japan).

3.3. Results

3.3.1. Sensory assessment

First, Professional panelists compared salt taste intensities between the 0.6%
(W/V) NaCl solution and Met-Gly salt solution and between Met-Gly salt solution
and Pro-Gly salt solution. They judged that salt taste intensity of Met-Gly salt
solution was stronger than that of the 0.6% (W/V) salt solution (p < 1.0) and salt taste
intensity of Pro-Gly salt solution was stronger than that of Met-Gly salt solution (p <
0.15). Met-Gly salt solution tasted like pickles, and its taste was different from NaCl
solution itself. Compared with Met-Gly, Pro-Gly tasted similar to NaCl solution. Next,
six kinds of the standard NaCl solutions and Met-Gly salt solution or Pro-Gly salt

solution were rearranged in order of salt intensities by panelists, and both dipeptide
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solutions positioned between 0.60 and 0.65% (w/v) NaCl solution. Furthermore,
panelists judged that 0.1% (w/v) Met-Gly or Pro-Gly adding to water did not have
salt taste itself. These sensory evaluations indicated that Met-Gly and Pro-Gly were

new salt taste enhancing dipeptides.

3.3.2. Taste sensor analysis
First, Principal component analysis of 0.6% (w/v) NaCl solutions containing
Met-Gly and Leu-Ser was conducted using the Astree II (Fig. 3.1). Both dipeptides

solutions positioned the different area from that of the standard salt solutions, and
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Fig. 3.1. Principal component analysis of 0.6% (w/v) NaCl solution containing
Met-Gly and Leu-Ser.

The standard NaCl solutions showed 0.55 (e), 0.60 (m), 0.65 (#), 0.70 (A), 0.75 (%),
and 0.80% (w/v) (+). 0.1% (w/v) Leu-Ser (@), 0.05 (o), 0.10 (o), and 0.20% (w/v) ()
of Met-Gly were added to 0.60% (w/v) NaCl solution.
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positioned at right area in a horizontal direction. On the other hand, Met-Gly and
Leu-Ser adding to water positioned at left in a horizontal direction (Fig. 3.2). Next,
response values of STS sensor that was correlated with concentrations of standard
NaCl solutions converted into relative values, and standard curve was made using
these relative values and the standard NaCl concentrations (Fig. 3.3.). NaCl
concentrations of Met-Gly salt solutions and Leu-Ser salt solution were determined
using this standard curve (Table 3.1.). All dipeptides salt solutions showed higher NaCl
concentration than 0.60% (w/v). Furthermore, another standard curve was made using
low concentration of standard NaCl solution (data not shown), and NaCl
concentrations of 0.1% (w/v) Leu-Ser, 0.05, 0.10, and 0.20% (w/v) Met-Gly solutions

not containing NaCl were under 0.01% (w/v).
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Fig. 3.2. Principal component analysis of water containing Met-Gly and Leu-Ser.
The standard NaCl solutions showed 0 (e), 0.01 (m), 0.05 (#), 0.10 (A), 0.15 (%), and
0.20% (w/v) (+). 0.1% (w/v) Leu-Ser (®), 0.05 (o), 0.10 (o), and 0.20% (w/v) () of
Met-Gly.
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Fig. 3.3. The relationship between NaCl concentration and relative values of
salt intensity measured by taste sensor.

Table 3.1. NaCl concentration of 0.6% (w/v) NaCl solution containing Leu-Ser
and Met-Gly.

Additive rate Relative value NaCl concentration
Dipeptide
(% (W/v)) of salt intensity (% (W/v))
Leu-Ser 0.10 5.74 0.67
Met-Gly 0.05 5.86 0.68
0.10 6.47 0.70
0.20 7.32 0.74

NaCl concentration was calculated by the standard curve (Fig. 3.3.)
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Pro-Gly was also analyzed by taste sensor, and NaCl concentration of Pro-Gly
salt solutions was calculated. Because SRS sensor, not STS sensor, was correlated with
concentration of standard NaCl solutions, the relative values of data from SRS sensor
were used to make standard curve in this case. NaCl concentrations of 0.6% (w/v)
NaCl solutions containing 0.05, 0.1, 0.2% (w/v) Pro-Gly were 0.63, 0.64, and 0.65%

(w/v), respectively.

3.4. Discussion

In this chapter, the ability of Met-Gly and Pro-Gly as salt taste enhancers was
confirmed by assessment using sensory assessment and taste sensor analysis. Met-Gly
had been reported as whitening effect (16), and Pro-Gly had been reported as
therapeutic agent (Sugihara, F. WO2012/102308 Al). However, both dipeptides had
not been known as salt enhancers. This is the first report about effect of salt taste
enhancement on Met-Gly and Pro-Gly. In the sensory assessment, two evaluations
were conducted: (i) two-point discrimination test, comparing between NaCl solution
and NaCl solutions containing Met-Gly (Met-Gly salt solution) or Pro-Gly (Pro-Gly
salt solution) and (ii) rearrangement samples containing the standard NaCl solutions
and Met-Gly salt solution or Pro-Gly salt solution in order of salt intensity. The
evaluation method using the standard NaCl solutions similar to evaluation (ii) in this
chapter was conducted by Schinder et al. (17). This evaluation was considered the
reliable one though the NaCl concentration of sample was not determined strictly.
Sensory assessment showed that salt intensity of Pro-Gly salt solution was stronger
than that of Met-Gly salt solution from two-point discrimination test, and both
dipeptide salt solutions positioned between 0.60 and 0.65% (w/v) NaCl solution from

rearrangement evaluation. Panelists also confirmed that 0.1% (w/v) Met-Gly or
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Pro-Gly adding to water did not have salt taste itself, and Kirimura et al. also had
already reported that Pro-Gly have little taste (18). Therefore, Met-Gly and Pro-Gly
were regarded not as salt replacers but as salt taste enhancement dipeptides by sensory
evaluations.

On the other hand, two evaluations were also conducted using taste sensor: (i)
grasping taste characteristics using principal component analysis with seven sensors
and (i1) determination of NaCl concentration using one sensor that was correlated with
concentrations of standard NaCl solutions. In this study, taste sensor analysis was
conducted with focus on Met-Gly. When Met-Gly salt solution was analyzed with
principal component analysis, it positioned different area from that of the standard
NaCl solutions (Fig. 3.1). This indicated that Met-Gly salt solution had different taste
from NaCl solution itself, and this result corresponded to the sensory evaluation as
described above. Because the positions of the standard NaCl solutions moved to right
in a horizontal direction depending on the NaCl concentrations, PC1 (horizontal axis)
was showed the degree of salt intensity. NaCl solutions containing 0.10% (w/v)
Leu-Ser, 0.05, 0.10, and 0.20% (w/v) Met-Gly positioned more right in a horizontal
direction than 0.60% (w/v) NaCl solution, hence, salt intensity of these dipeptide salt
solutions had stronger than that of 0.60% (w/v) NaCl solution. In contrast, though
standard NaCl solutions with low concentration were identified individually and
moved to right in a horizontal direction depending on the NaCl concentrations as well
as Fig. 3.1., NaCl solutions containing 0.05, 0.10, and 0.20% (w/v) Met-Gly only
gathered in one place around the area of water (Fig. 3.2). Therefore, it was judged that
Met-Gly did not have salt taste itself, and this judgment also was supported by
evaluation that NaCl concentration of 0.05, 0.10, and 0.20% (w/v) Met-Gly solutions

not containing NaCl was under 0.1% (w/v) using standard curve. Though, in this
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chapter, Met-Gly was analyzed using principal component analysis in detail, the author
considers that Pro-Gly might exhibit the same behavior.

NaCl concentrations of NaCl solutions containing Leu-Ser, Met-Gly, or
Pro-Gly were determined by standard curve using the relative values of the sensor that
was correlated with concentration of standard NaCl solutions. All dipeptides salt
solutions exhibited higher NaCl concentration than 0.60% (w/v), and these results
corresponded to the sensory evaluation. Though the salt intensity of Pro-Gly salt
solution was stronger than that of Met-Gly with taste assessment, the opposite result
was obtained by taste sensor analysis. The author considers that further analysis will be
needed.

When known salt enhancement dipeptides except for Leu-Ser were focused,
some dipeptides exhibited the ability as salt taste enhancers by using other substances
together. For instance, L-glutaminyl-L-threonine did not enhance salt taste itself, but
showed the ability by using L-glutaminyl-L-threonine and bonito extract or L-arginine
together, or using these three substrates at the same time (19).
L-tryptophyl-L-tryptophan (Sakurai T, Tanaka M, Japanese patent JP2014-79213, 2014)
exhibited the effect of salt taste enhancement stronger by using L-arginine
hydrochloride together than using itself. The author regarded Met-Gly and Pro-Gly as
useful salt taste enhancing dipeptides in comparison with these dipeptides, because
Met-Gly and Pro-Gly showed the effect itself. It would be possible to enhance salt
intensity of Met-Gly and Pro-Gly stronger by using other substances together. In
addition, changing NaCl solution into other model materials such as instant processed
food and noodle-soups will exhibit different salt intensity from Met-Gly and Pro-Gly
salt solution because some salt taste enhancing dipeptides showed different salt

intensity depending on the solutions (17).
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Met-Gly and Pro-Gly were found out as salt taste enhancers in this chapter.
Furthermore, new screening method using Lal constructed in chapter 2 was verified

that desired dipeptides were selected properly from the results of this chapter.
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Chapter 4

Alteration of the Substrate Specificity of
L-Amino Acid Ligase and Selective Synthesis of

L-Methionylglycine as a Salt Taste Enhancer

4.1. Introduction

Studies of L-amino acid ligases (Lals) have focused on finding new Lals, which
have thus far been identified in YW{E (1), BL00235 (2), TabS (3), and so others. In
addition, determination crystal structures and alteration of the substrate specificities
have been recently increased, but there was no report describing that alteration of
substrate specificity of Lals leads to synthesize dipeptides selectively as planned. In
this chapter, the author focused on BL00235 from Bacillus licheniformis NBRC 14081
to synthesize L-methionylglycine (Met-Gly) as s salt taste enhancement dipeptide (4)
(chapter 3). BL00235 accepts only L-methionine (Met) and L-leucine (Leu) as the
N-terminal substrates and prefers small residues such as L-alanine (Ala) and L-serine
(Ser) as the C-terminal substrate (2). BL00235, possessing the unique substrate
specificity characteristics, was expected to synthesize Met-Gly efficiently. In fact,
BLO00235 synthesized Met-Gly as a major product and L-methionyl-L-methionine
(Met-Met) as a by-product, when Met and glycine (Gly) were used as substrates. If the

Met-Gly is to be supplied by Lal efficiently, it is necessary to synthesize Met-Gly
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selectivity without by-product. Therefore, the author decided to alter the substrate
specificity of BL00235 based on its structure (PDB ID: 3VOT) (5). Alignment of
amino acid sequences of five Lals (1, 2, 3, 6, 7) are shown in Fig. 4.1. Glu84 residue of
BL00235 is the one of the few amino acid residues conserved in Lals, and contributes
to stabilize magnesium ion (5, 8). Shomura et al. reported that Asn108 Glul09, and
Leul10 residues of YW{E might affect the C-terminal substrates preferences based on
its structure (PDB ID: 3VMM) (9). Asnl108 and Leull0 residues of YW{E correspond
to Phe83 and Pro85 residues of BL00235 (Fig. 4.1). As shown in Fig. 4.2., Phe83 and

Pro85 residues make the space around C-terminal substrate narrow. BL00235 prefers

BL00235 75 P FPIGVMTLFNP ALP 88
YwiE 100 AVDJATET TN NERL F1 A 113
Tab$ 75 HP AAVLPGTIES GVI 88
RSpl486a 75 GPEAF TFSENFLLK 88
RizA 3P FDPIHIEYV S TTERK ST L 86
BL00235 89 F T AKAAEA P [€e@L 102
YwiE 114 P MAKACE R R [MA 127
TabS 8 VADLLAAA P [N 102
RSpl486a 89 S VS EL A A E R AV 102
RizA 8 TGGFLRS Y AEP 100

Fig. 4.1. Alignment of primary structures of Lals.
Amino acid conserved among the five sequences of Lals in white with black shading.

Gly, Ala, and Ser, which have slim side chains, as C-terminal substrates because of the
narrow space around C-terminal substrate (5). The author deduced that Met might not
be recognized as a C-terminal substrate if the space around C-terminal substrate is
occupied by other amino acid. In this chapter, according to this hypothesis, the author
focused on the Pro85 residue, of which side chain is smaller than that of Phe83, and
Pro85 was replaced with L-phenylalanine (Phe), L-tyrosine (Tyr), and L-tryptophan
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(Trp) having bulky aromatic side chains by site-directed mutagenesis. These mutants
lost the capacity to synthesize Met-Met, during the synthesis of Met-Gly. The results
shown in this chapter demonstrate a new and useful application for Lal.

The contents in this chapter were summarized in the research paper (10). Amino

acids are written in three letter codes as shown in chapter 2.

C-terminal amino acid

Fig. 4.2. Structure of YWwfE in complex with the phosphinate
L-alanyl-L-phenylalanine analog (P-analog) is superimposed onto the
substrate recognition site of BL00235.

ADP (green), the P-analog (C atoms in light blue) and Pro85 residues (blue) were
drawn with stick models. The figure was prepared using PyMol.

4.2. Materials and Methods

4.2.1. Materials
All chemicals used in this study are commercially available and are of

chemically pure grade.
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4.2.2. Site-directed mutagenesis

Site-directed mutagenesis was conducted using polymerase chain reaction (PCR)
with KOD-Plus-Neo DNA polymerase (Toyobo, Osaka, Japan) based on the method on
a QuikChange site-directed mutagenesis kit (Agilent Technologies, CA, USA), and the
primers listed in Table 4.1. The generation of the desired mutations was confirmed

through DNA sequencing.

Table 4.1. Oligonucleotides used to generate BL00235 mutants.

Mutation Oligonucleotide (5’ to 3”)“

P85F ttt gaa TTC gct ttg cct ttc acg gca aaa gt
caa agc GAA ttc aaa cag tgt cat cac gcc gtc
P85Y ttt gaa TAC gct ttg cct ttc acg gea aaa get
caa agc GTA ttc aaa cag tgt cat cac gce gtc
P85W ttt gaa TGG gt ttg cct ttc acg gca aaa get
caa agc CCA ttc aaa cag tgt cat cac gce gtc
P85G ttt gaa GGG gct ttg cct ttc acg gea aaa get
caa agc CCC ttc aaa cag tgt cat cac gce gtc

“ Mutated nucleotides are capitalized.

4.2.3. Enzyme preparation

Method for preparation of TabS was described in chapter 2. The genes encoding
BL00235 and mutants were previously cloned into the pET2la(+) vectors (2).
Recombinant Escherichia coli BL21 (DE3) cells were cultivated in 3 mL LB medium
(1% bacto tryptone, 0.5% yeast extract, 1% NaCl) supplemented with 50 pg/mL
ampicillin at 37°C for 5 h with shaking at 160 rpm. For the main culture, 150 mL LB

medium containing 50 pg/mL ampicillin was inoculated with 1.5 mL preculture broth,
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and cultivated with shaking on a gyratory shaker (120 rpm) at 37°C. After cultivating
for 2 h, 0.1 mM isopropyl-B-D-thiogalactopyranoside was added to the medium, and
cultivation conducted at 25°C for an additional 19 h with shaking on a gyratory shaker
(120 rpm). The cells were collected with centrifugation (3,000 x g, 10 min, 4°C) and
washed twice with 100 mM Tris-HCI buffer (pH 8.0). After washing, the cells were
suspended in 100 mM NaHCO3-Na,COj; buffer (pH 9.0) and then lysed by sonication
at 4°C. The lysate was centrifuged (20,000 x g, 30 min, 4°C), and the supernatant was
purified and fractionated with a His Gravitrap'™ affinity column (GE Healthcare,
Buckinghamshire, UK). Fractions containing protein were desalted with a PD-10
column (GE Healthcare, Buckinghamshire, UK) and eluted with 100 mM

NaHCO3-Na,COs buffer (pH 9.0).

4.2.4. Dipeptide synthesis using purified enzyme

The standard reaction mixtures (300 pL) contained 20 mM Met and 20 mM Gly,
40 mM Met, or 40 mM Gly as substrates, 20 mM ATP, 20 mM MgSO,- 7H,0, and 0.5
mg/mL of the wild-type BL00235 or the mutants in 50 mM NaHCOs3-Na,CO; buffer
(pH 9.0). The reaction was performed at 30°C for 20 h, and stopped by heating 90°C
for 10 min. The enzymes were removed by centrifugation (20,000 x g, 20 min, 4°C).
To compare the amount of phosphate produced between in the reaction mixtures of the
wilt-type BL00235 and the mutant, Met was reacted with 20 proteogenic amino acids
under standard conditions. To evaluate the relationship between the amount of Met-Gly
synthesized and the concentration of the wild-type BL00235 and the mutant, the
reactions were performed for 60 min with various concentration of each enzyme
(0.1-0.5 mg/mL) under standard conditions. To determine the kinetic parameters, the

reactions were performed with various concentration of Met (5-100 mM), Gly (2-60
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mM), or ATP (0.5-15 mM) under standard conditions (the enzyme concentration was

0.25 mg/mL), and the reaction time was 60 min.

4.2.5. Analysis

The amounts of phosphate produced in reaction mixtures were measured with a
Determiner L TP kit (Kyowa Medex, Tokyo, Japan) as the indicator of dipeptide
synthesis. The amounts of dipeptides were analyzed by HPLC (L-2000 series; Hitachi
High Technologies, Tokyo, Japan). The details of the analytical procedure were
described previously (11). Data obtained by HPLC analyses were averages from three

independent experiments, and error bars indicated standard deviation of the means.

4.3. Results

4.3.1. Synthesis of Met-Gly with TabS and BL00235

TabS was able to synthesize Met-Gly, but the amount of Met-Gly was smaller
than that of Met-Met (4) (chapter 2). On the other hand, BL00235 has a unique
substrate specificity of permission for Met and Leu only as the N-terminal substrates
(2). The amounts of Met-Gly and Met-Met were compared using TabS and BL00235
(Fig. 4.3). They produced opposite ratios of Met-Gly to Met-Met, and BL00235
synthesized Met-Gly as a major product. In addition, neither TabS nor BL00235 could
synthesize Gly-Gly and Gly-Met. Therefore, BL00235 was a suitable Lal for Met-Gly

synthesis.

4.3.2. Site-directed mutagenesis of BL00235

Four mutants were constructed, replacing the Pro85 residue of BL00235 with Phe
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(P85F), Tyr (P85Y), and Trp (P85W) which have bulky aromatic side chains, and with
Gly (P85G) which has a small side chain. The expression and purification of the
wild-type BL00235 and mutants were carried out, and the reaction was performed
using 20 mM Met and Gly or 40 mM Met as substrates (Fig. 4.4). Neither Gly-Gly nor
Gly-Met were shown in this figure because they were not detected. The P85F, P85Y,
and P85W mutants lost the capacity of synthesizing Met-Met, but these mutants
synthesized Met-Gly from Met and Gly (Fig. 4.4 (A)). Furthermore, these mutants did
not synthesize Met-Met, even when Met was used as a substrate. By contrast, the
wild-type BL00235 and the P85G mutant showed similar substrate specificities. These
results indicated that the P85F, P85Y, and P85W mutants synthesized Met-Gly

selectively.

20
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Fig. 4.3. Synthesis of Met-Gly (white bars) and Met-Met (dark bars) by TabS
and BL00235.

Reaction mixture contained 20 mM Met and 20 mM Gly, 20 mM ATP, 20 mM
MgSO4 * 7TH,0, and 0.5 mg/mL purified TabS or BL00235 in 50 mM
NaHCO3-Na,CO; buffer (pH 9.0). The reaction was performed at 30°C for 20 h.
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Fig. 4.4. Synthesis of Met-Gly (white bars) and Met-Met (dark bars) by the
wild-type BL00235 and mutants.

Reaction mixture contained 20 mM Met and 20 mM Gly (A), or 40 mM Met (B),
20 mM ATP, 20 mM MgSO4* 7H,0, and 0.5 mg/mL purified TabS or BL00235 in
50 mM NaHCO;-Na,COs bufter (pH 9.0). The reaction was performed at 30°C for
20 h.
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4.3.3. Predicted structure of the BL00235 mutants

The P85F mutant, the P85Y mutant, and P85W mutant lost the capacity of
synthesizing Met-Met (Fig. 4.4), which indicated the binding pocket of these mutants
was smaller than that of the wild-type BL00235. The structures of these mutants were

predicted by SWISS-MODEL (Fig. 4.5).

(B)
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(D)

Fig. 4.5. The recognition site of the wild-type BL00235 (A), the P8SF mutant
(B), the P85Y mutant (C), and the P8SW mutant (D). The structures of the
mutants were predicted by SWISS-MODEL.

ADP (green), Phe83 (blue), and Xaa85 (yellow) residues were drawn with stick
models. The P-analog (C atoms in light blue) were drawn with spheres model. The
figures were prepared using PyMol.
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The proper structures of the mutants were not known. However, these predicted
structures in Fig. 4.5 showed that the side chains of Phe, Tyr, and Trp residues of the
mutants were larger than Pro residue of wild-type BL00235 and occupied the space
around C-terminal substrates. The P85F mutant was used for further analysis because it
synthesized more than twice the amount of Met-Gly as the P85Y mutant did and was

considered more useful for Met-Gly synthesis..

4.3.4. Characterization of the P§SF mutant
The P85F mutant synthesized Met-Gly selectively. The author predicted that
C-terminal substrates of the P85F mutant might be altered. Therefore, Met was reacted

with 20 proteogenic amino acids to compare the amount of phosphate produced
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Fig. 4.6. Comparison of the amount of phosphate produced in the peptide
synthesis between the wild-type BLL00235 (white bar) and the P85F mutant (gray
bar).

Reaction mixture contained 20 mM Met and 20 mM Xaa, 20 mM ATP, 20 mM
MgSO4 *+ 7H,O, and 0.5 mg/mL purified TabS or BL00235 in 50 mM
NaHCO3-Na,COs; buffer (pH 9.0). The reaction was performed at 30°C for 20 h.
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between in the reaction mixtures of the wilt-type BL00235 and the P85F mutant (Fig.
4.6). The all reaction mixtures of the wild-type BL00235 contained over 5 mM
phosphate. By contrast, there was little phosphate in the reaction mixtures of the P§5F
mutant except for the combinations of Met and Ala, Met and Gly, and Met and Ser as
substrates. This large difference in the amounts of released phosphate between both
enzymes indicated that the P85SF mutant had affinity for only Ala, Gly, and Ser which
had small side chains and lost the capacity of synthesizing Met-Met, although the
amounts of released phosphate were not exactly the same as that of synthesized
dipeptides.

Time course of Met-Gly synthesis was examined using the wild-type BL00235 and

the P85F mutant (Fig. 4.7). The amount of Met-Gly synthesized by the P85F mutant
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Fig. 4.7. Time course of Met-Gly synthesis by the wild-type BL0023S (@) or the
P85F mutant (A).

Reaction mixtures contained 20 mM Met and 20 mM Gly as substrates. The
reaction was performed at 30°C
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appeared to be slightly higher at the initial stage of reaction, but gradually became
lower than that synthesized by the wild-type BL00235. In addition, the linear
relationship was obtained between concentration of the wild-type BL00235 or the
P85F mutant and the amount of Met-Gly synthesized by the wild-type BL00235 and

the P85F mutant (Fig. 4.8).

Met-Gly (mM)
W

O 1 1 1 1 1
0 01 02 03 04 05 06
Concentration of WT or P85F (mg/mL)

Fig. 4.8. Synthesis of Met-Gly using various concentration of the wild-type
BL00235 () or the P8SF mutant (A).

Reaction mixture contained 20 mM Met and 20 mM Gly as substrates. The reaction
was performed at 30°C for 60 min.

The kinetic parameters of Met-Gly synthesis were determined. According to
Hanes-Woolf linearization (Fig. 4.9), the Ki,s values and the V. values for Met-Gly
synthesis of the wild type BL00235 and the P85F mutant were shown in Table 4.2.

Finally, the relationship was examined between the concentration of Met or Gly

and the amount of Met-Gly synthesized by the P85F mutant (Fig. 4.10) and
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Fig. 4.9. Kinetic analysis of Met-Gly-synthesizing reaction by the wild-type
BL00235 (o) and the PS8SF mutant (A).

Plots of reaction velocity (V) vs. substrate concentration ([S]) curves (left shapes), and
[SI/V vs. [S] curves (Hanes-Woolf plot; right). The reactions were performed by
varying the concentration of Met (A), Gly (B), or ATP (C) at 30°C for 60 min.
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the relationship between the concentration of Met or Gly and the amount of Met-Gly
and Met-Met synthesized by the wild-type BL00235 (Fig. 4.11). The amount of
Met-Gly synthesized by the P85F mutant was increased as Met concentration increased,
whereas it was barely affected by changing in Gly concentration. The amount of
Met-Met was not shown in Fig. 4.10, because Met-Met was not detected in any of the
reaction mixture. On the contrary, the amount of Met-Met synthesized by the wild-type

BL00235 was increased with an increase in Met concentration (Fig. 4.11).

Table 4.2. Kinetic parameters of Met-Gly-synthesizing reaction by the wild-type
BL00235 and the P8S5F mutant.

K, (mM) V imax
Met Gly ATP (nmol*min"' - mg protein™)
WT 17.1£0.962 3.91£0.371 3.07+0.435 407+40.8
P85F 31.4+4.84 10.3+0.842 3.95+0.286 580+40.1

The reaction was performed by varying the concentration of Met, Gly, and ATP.

20

I
O 1 1 1 1 1 1 1 1

STD 30 40 50 60
Concentration of Met or Gly (mM)
Fig. 4.10. Effect of substrate concentration on Met-Gly synthesis by the P85F
mutant.
Reaction mixtures contained 20-60 mM Met and 20 mM Gly (STD, white bar), and
20 mM Met and 30-60 mM Gly (dark gray bars) as substrates.
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T
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Fig. 4.11. Effect of substrate concentration on Met-Gly (white bars) and Met-Met
(dark bars) synthesis by the wild-type BL00235.

Reaction mixture contained 20 mM Met and Gly (STD), 30 mM Met and 20 mM Gly
(M30), 40 mM Met and 20 mM Gly (M40), 20 mM Met and 30 mM Gly (G30), or 20
mM Met and 40 mM Gly (G40) as substrates.

4.4. Discussion

In this chapter, the author constructed the mutants of BL00235 and succeeded in
obtaining the mutants, such as P85F and P85Y, synthesized salt taste enhancing
dipeptide, Met-Gly, selectively. Few reports on the alteration of Lals with
structure-based site-directed mutagenesis have been published (8, 9). The objectives of
mutant construction can be roughly divided into two types: (i) to reveal the catalytic
function (8, 9) and (ii) to alter substrate specificity in order to synthesize useful
dipeptides (8). This study had the latter one. Tsuda et al. indicated that single mutations
of YWIE are able to alter the substrate specificity and suggested that alteration of

substrate specificity of Lal might have led to synthesize desirable dipeptides (8).
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However, no study has demonstrated that changing the substrate specificity of Lals by
a single mutation made the mutants synthesize dipeptides as planned. Therefore, the
study in this chapter is the first of the successful selective synthesis of a useful
dipeptide using Lals by site-directed mutagenesis.

Arai. et al. previously reported phosphate analysis of reaction mixtures showed
that TabS tends to choose Met as an N-terminal substrate and Gly as a C-terminal
substrate (3). On the other hand, BLL00235 has strict substrate specificity; it accepts
only Met and Leu as C-terminal substrate and prefers small residues (2). The author
hypothesized that both Lals synthesize Met-Gly as a major product, but experimental
results showed that TabS synthesized Met-Met as major product (Fig. 4.3). These
results show that the types of dipeptides synthesized by TabS changed according to the
amino acids combination. Hence, BL00235 was selected, which synthesized Met-Gly
as a major product more efficiently. In the reaction mixture of BL00235, there was a
small amount of Met-Met. The structure of BL00235 suggests that the C-terminal
substrate preference for amino acids with small residues is related to the Phe83 and
Pro85 residues that positioned around C-terminal substrate (5). The author predicted
that Met might not be recognized as a C-terminal substrate if the space around
C-terminal substrate is occupied by other amino acid and that Met-Gly can be
synthesized selectively without the synthesis of Met-Met. The author selected Phe, Tyr,
and Trp, which have bulky aromatic side chains, to replace Pro85 residues.

Indeed, these mutants lost the capacity to synthesize Met-Met. Furthermore, the
P85F and P85Y mutants maintained the capacity to synthesize Met-Gly (Fig. 4.4). The
P85F mutant synthesized more than twice as much Met-Gly as the P85Y mutant.
Interestingly, the amount of Met-Gly differed among the three mutants depending on

the size of the side chain. The author considered that the side chain of Phe at the 85
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position might be suitable for synthesizing Met-Gly selectively. On the contrary, Gly is
not able to enter the pocket around C-terminal substrate of the P85Y mutant as easily
as that of the P85F mutant because the Tyr side chain is slightly too large compared
with Phe side chain. In addition, the P85W mutant, which has the largest side chain
among Phe, Tyr and Trp, prevents even Gly as a C-terminal substrate from entering the
binding pockets and loses most of its capacity to synthesize Met-Gly. The predicted
structures of the P8SF, P85Y, and P85W mutants also showed that the space around
C-terminal substrate was occupied by Phe, Tyr and Trp residues of the mutants more
than Pro residue of the wild-type BL00235, and the size of the space was dependent on
that of the side chain. The wild-type BL00235 has the largest size of pocket around
C-terminal substrate, followed in order of the P85F, the P85Y, and the P§5W mutants
(Fig. 4.5). Furthermore, phosphate analysis indicated that the substrate specificity of
the P85F mutant was altered and the P85SF mutant maintained affinity for only Ala, Gly,
and Ser, which had small side chains (Fig. 4.6). These results also support the
hypothesis that amino acid residues with bulky side chains at position 85 affect the
C-terminal substrate specificity.

The increase of apparent K,,s values of the P85SF mutant for Met, Gly suggested
that the affinity with substrate for the P85F mutant was lower than that by the
wild-type BL00235. Compared with that of the wild-type BL00235, the amount of
Met-Gly synthesized by the P85F was lower. The author deduced that the difference of
affinity with substrate leads to decrease the amount of Met-Gly. In contrast, the Viax
value for Met-Gly synthesis by the P85SF mutant was little higher than that by the
wild-type BL00235. According to the time course of Met-Gly synthesis, the amount of
Met-Gly synthesized by the P§5F mutant was appear to be slightly higher than that by

the wild-type BL00235 at the initial stage of reaction (Fig. 4.8). These characteristics
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of the P85F mutant might affect the Vmax value. When the amount of Met increased, the
P85F mutant synthesized Met-Gly much more (Fig. 4.10). On the contrary, the amount
of Met-Met synthesized by the wild-type BL00235 increased with an increase of Met.
These results also support the assumption that Met is not recognized as a C-terminal
substrate by the P85F mutant.

In this chapter, the author achieved the goal of selectively synthesizing the salt
taste enhancing dipeptide Met-Gly. The application of Lals was able to be explored.
The results in this chapter will contribute to the synthesis of other useful dipeptides and

makes Lals easier to use than ever before.
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Chapter 5

Synthesis of L-Prolylglycine as a Salt Taste
Enhancer by Site-Directed Mutagenesis of

L-Amino Acid Ligase

5.1. Introduction

The mutant which synthesized L-methionylglycine (Met-Gly) selectively was
obtained by altering the substrate specificity based on the crystal structure of BL00235
in chapter 4 (1, 2). This was the first report of succeeding in synthesizing useful
dipeptide selectively using L-amino acid ligase (Lal) by site-directed mutagenesis. In
chapter 4, the amino acid residue determining the C-terminal substrate specificity was
focused on and the mutant that synthesized Met-Gly selectively was constructed by
replacing Pro85 residue with phenylalanine (Phe) or Tyrosine (Tyr). The author
deduced that the amino acid residue at position 85 had a key role in enzyme activity
from these results. Shomura et al. also reported that Leull0 residue of YW{E, which
correspond to Pro85 residue of BL00235, is one of the residues which surrounding the
aromatic ring of C-terminal amino acid substrate based on its structure (PDB ID:
3VMM) (3). Therefore, these findings were applied to other Lal in this chapter.

In chapters 2 and 3, new salt taste enhancing dipeptides were searched, and

L-prolylglycine (Pro-Gly) was found to have the effect in addition to Met-Gly. When
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20 mM proline (Pro) and 20 mM glycine (Gly) were used as substrate, TabS (4), a Lal
from Pseudomonas syringae, synthesized 8.3 mM Pro-Gly (chapter 2). TabS hardly
synthesized few other three dipeptides, L-prolyl-L-proline (Pro-Pro), glycyl-L-proline
(Gly-Pro) and glycylglycine (Gly-Gly), from its substrate specificity of preferring Pro
and Gly as the N- and C-terminal substrate, respectively (4). It would be possible to
increase the amount of Pro-Gly by replacing suitable amino acid residues of TabS with
other amino acid residues. The amino acid residues, which positioned around N- and
C-terminal substrate, were selected based on the results of BL00235 (Chapter 4) and
the predicted structure of TabS. Alignment of amino acid sequences of five Lals (4-8)
are shown in Fig. 5.1, and predicted structure of TabS is shown in Fig. 5.2. First, the
author focused on Ser85 residues of TabS that corresponds to Pro85 residue of

BL00235 and LeullO residue of YWfE (Fig. 5.1) and positions around C-terminal

TabS 75 HP AAVLPGTpERES GVI 88
YwiE 100 AVDRAIWT T NNpi2@L F 1 A 113
BL00235 75 P F oG VMT L F j3@P AL P 88
RSpl486a 75 G P pRAJMF T F S p3@F L L K 88
RizA 73 P FpAH )@YV S T T3@K S I L 86
TabS 288 REL S GLHRPAANY A V[eg 303
YwiE 328 BF A[G@WN MI P NI KK V F [ea 343
BL00235 290 BRI SGVSHYI VKES - 306
Rspl486a 307 pREM VAIAKELDEVF322
RizA 285 Rl GGI SRMI EKKF N 300

Fig. 5.1. Alignment of primary structures of Lals.
Amino acid conserved among the five sequences of Lals in white with black shading.

substrate (Fig. 5.2). Next, His294 residue that positions around N-terminal substrate
was focused on (Fig. 5.2). This residue corresponds to Met334 residue of Yw{E, which

is one of the residues for determining the N-terminal substrate specificity (9). In this
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chapter, Ser85 and His294 residues were replaced with 20 proteogenic amino acids,
and Pro-Gly-synthesis reactions were conducted. The S85T and the H294D mutants
synthesized more Pro-Gly than the wild-type TabS. Furthermore, the S85T/H294D
double mutant synthesized considerably more Pro-Gly than the each single mutant.
The author achieved demonstrating that the amino acid residue at position 85 affects
enzyme activity in common between TabS and BL00235.

The contents in this chapter were summarized in the research paper (10). Amino

acids are written in three letter codes, as shown in chapter 2
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Fig. 5.2. The recognition site of TabS predicted by SWISS-MODEL.
ADP, the P-analog Ser85, and His294 residues were drawn with stick models. The
figure was prepared using PyMol.

5.2. Materials and methods

5.2.1. Materials

All chemicals used in this study are commercially available and are of
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chemically pure grade.

5.2.2. Site-directed mutagenesis

Site-directed mutagenesis was conducted using polymerase chain reaction with
KOD-Plus-Neo DNA polymerase (Toyobo, Osaka, Japan) based on the method on a
QuikChange site-directed mutagenesis kit (Agilent Technologies, CA, USA), and the
primers listed in Table 5.1. Ser85 and His294 were replaced with 20 proteogenic amino
acids. The primers not listed in Table 5.1 had already constructed in the author’s
laboratory. The generation of the desired mutations was confirmed through DNA

sequencing.

5.2.3. Enzyme preparation

Preparations of TabS and the mutants were described in chapter 2.

5.2.4. Dipeptide synthesis using purified enzyme

The standard reaction mixtures (300 puL) contained 20 mM Pro and 20 mM Gly,
40 mM Pro, or 40 mM Gly as substrates, 20 mM ATP, 20 mM MgSO,*7H,0, and 0.5
mg/mL of the wild-type TabS or the mutants in 50 mM NaHCO;-Na,COs buffer (pH
9.0). The reaction was performed at 30°C for 20 h, and stopped by heating 90°C for 10
min. The enzymes were removed by centrifugation (20,000 % g, 20 min, 4°C). To
evaluate the relationship between the amount of Met-Gly and the concentration of the
wild-type TabS or the mutants, the reactions were performed for 60 min with various
concentration of each enzyme (0.05-0.5 mg/mL) under standard conditions. To
determine the kinetic parameters, the reactions were performed with various

concentration of Pro (20-400 mM), Gly (5-100 mM), or ATP (0.5-15 mM) under
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standard conditions (the enzyme concentration was 0.25 mg/mL), and the reaction time

was 60 min.
Table 5.1. Oligonucleotides used to generate TabS mutants.
Mutation Oligonucleotide (5’ to 3”)“
H294V gga ttg GTT cgt ccg geg gece aac tat geg gte
cgg acg AAC caa tcc gce gga caa acg cga ggc
H294L gga ttg CTT cgt ccg geg gee aac tat gcg gte
cgg acg AAG caa tcc gee gga caa acg cga ggc
H2941 gga ttg ATT cgt ccg geg gee aac tat geg gte
cgg acg AAT caa tcc gee gga caa acg cga gge
H294F gga ttg TTT cgt ccg geg gee aac tat geg gte
cgg acg AAA caa tcc gee gga caa acg cga gge
H294W gga ttg TGG cgt ccg geg gee aac tat geg gte
cgg acg CCA caa tcc gee gga caa acg cga gge
H294M gga ttg ATG cgt ccg geg gee aac tat geg gte
cgg acg CAT caa tcc gee gga caa acg cga gge
H294pP gga ttg CCT cgt ccg gcg gee aac tat geg gt
cgg acg AGG caa tce gee gga caa acg cga ggc
H294G gga ttg GGT cgt ccg geg gee aac tat geg gte
cgg acg ACC caa tce gee gga caa acg cga gge
H294S gga ttg AGT cgt ccg geg gee aac tat geg gte
cgg acg ACT caa tcc gee gga caa acg cga ggc
H294T gga ttg ACT cgt ccg geg gee aac tat geg gte
cgg acg AGT caa tce gee gga caa acg cga gge
H294Q gga ttg CAG cgt ccg geg gee aac tat geg gte
cgg acg CTG caa tcc gee gga caa acg cga ggc
H294N gga ttg AAT cgt ccg geg gee aac tat geg gte
cgg acg ATT caa tcc gee gga caa acg cga gge
H294Y gga ttg TAT cgt ccg geg gee aac tat geg gte

cgg acg ATA caa tcc gee gga caa acg cga ggc

“ Mutated nucleotides are capitalized.
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5.2.5. Analysis

The amounts of phosphate produced in reaction mixtures were measured with a
Determiner L IP kit (Kyowa Medex, Tokyo) as the indicator of dipeptide synthesis.
The amounts of dipeptides were analyzed by HPLC (L-2000 series; Hitachi High
Technologies, Tokyo, Japan). The details of the analytical procedure were described
previously (11). Data obtained by HPLC analyses were averages from three

independent experiments, and error bars indicated standard deviation of the means.

5.3. Results

5.3.1. Evaluation of the mutants

The author chose to alter Ser85 and His294 residues that might affect enzyme
activity of TabS. These residues were replaced with 20 proteogenic amino acids, and
dipeptide-synthesizing reactions were conducted using these mutants. The H294T and
H294C mutants were not reacted because of their insolubilization. The amounts of
phosphate released in the reaction mixtures were measured to select the candidates for
the mutants that were able to synthesize Pro-Gly much more than the wild-type TabS
(Fig. 5.3, Xaa showed any amino acid).

When Pro and Gly were used as substrates, the reaction mixtures of the S85T,
S85C, S85M, S85V, S85L, and S85K mutants contained phosphate equal to or more
than that of the wild-type TabS (Fig. 5.3 (A)). Under the same condition, the reaction
mixtures of the H294A, H294S, H294Q, and H294D mutants contained phosphate
equal to or more than that of the wild-type TabS (Fig. 5.3 (B)). These results indicated
that 10 mutants described above might have synthesized Pro-Gly considerably more

than the wild-type TabS. Therefore, the amounts of Pro-Gly in the reaction mixtures of

Tl



(A) 20

Phoaphate (mM)
=

&y & &y & Oy & £y I
Ll e R e e e T e e e B B
Enzyme
(B) 20
IS5
s
g
2 10 F B I
<
= - _ _
=3
£
B~ 5
o lnlbali) _ _
L R R R R B B
5 N LT B R D e D YR LB
Enzyme

Fig. 5.3. Measurement of the amounts of phosphate produced in reaction
mixtures of the wild-type TabS, the S85Xaa (A), and the H294Xaa (B) mutants.

Reaction mixture contained 20 mM Met and 20 mM Gly (light gray bar), 40 mM Pro
(white bar), 40 mM Gly (dark gray bar), 20 mM ATP, 20 mM MgSO,* 7H,0, and 0.5
mg/mL purified TabS or BL00235 in 50 mM NaHCO3-Na,COj; buffer (pH 9.0). The

reaction was performed at 30°C for 20 h.

78



the mutants were measured by HPLC (Fig. 5.4). The amount of Pro-Gly in the reaction

mixture of the S85T and the H294D mutants was 1.2 and 1.4 times as much as that of
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Fig. 5.4. Synthesis of Pro-Gly by the wild-type TabS and the S85Xaa mutants
(A) or the H294Xaa mutants (B).
Reaction mixture contained 20 mM Pro and 20 mM Gly, 20 mM ATP, 20 mM
MgSO4°7H,0, and 0.5 mg/mL purified enzyme in 50 mM NaHCO3-Na,CO;
buffer (pH 9.0). The reaction was performed at 30°C for 20 h.
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the wild-type TabS, respectively. Therefore, the S85T/H294D double mutant was

constructed.

5.3.2. Pro-Gly synthesis by the S85T/H294D double mutant

The S85T/H294D double mutant was constructed to increase the amount of
Pro-Gly. The dipeptide-synthesizing reaction was performed using 20 mM Pro and 20
mM Gly as substrates (Fig. 5.5). Gly-Pro, Gly-Gly, and Pro-Pro were synthesized in
limited amounts by the wild-type TabS and mutants. The S85T/H294D double mutant
synthesized Pro-Gly 1.6 times more than the wild-type TabS, and considerably more

than the S85T and the H294D mutants.

20

—
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L]

Pro-Gly (mM)
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Fig. 5.5. Synthesis of Pro-Gly by the wild-type TabS and the mutants.
Reaction mixture contained 20 mM Pro and 20 mM Gly, 20 mM ATP, 20 mM
MgSO4°7H,0, and 0.5 mg/mL purified enzyme in 50 mM NaHCO3-Na,CO;
buffer (pH 9.0). The reaction was performed at 30°C for 20 h.
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5.3.3. Characterization of the S85T/H294D double mutant

First, the relationship between the enzyme concentration and the amount of
produced Pro-Gly was evaluated (Fig. 5.6). This reaction was conducted for 60 min.
the S85T/H294D double mutant exhibited strong activity with each enzyme
concentration. Next, the kinetic parameters of Pro-Gly synthesis were determined.
According to Hanes-Woolf linearization (Fig. 5.7), the Ky,s values and the Vi« values
for Pro-Gly synthesis of the wild type TabS and the S§5T/H294D double mutant were
shown in Table 5.2. The apparent K,s values of the S85T/H294D double mutant
decreased for Pro and Gly, and increased for ATP more than those of the wild-type
TabS, respectively. On the other hand, Viax value of the S85T/H294D double mutant

was higher than that of the wild-type TabS.
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Fig. 5.6. Synthesis of Pro-Gly using various concentration of the wild-type
TabS (circle) or the S§5T/H294D double mutant (triangle).

Reaction mixture contained 20 mM Pro and 20 mM Gly as substrates. The reaction
was performed at 30°C for 60 min.
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Fig. 5.7. Kinetic analysis of Pro-Gly-synthesizing reaction by the wild-type TabS
(circle) and the S§5T/H294D double mutant (triangle).

Plots of reaction velocity (V) vs. substrate concentration ([S]) curves (left shapes),
and [S]/V vs. [S] curves (Hanes-Woolf plot; right). The reactions were performed by
varying the concentration of Pro (A), Gly (B), or ATP (C) at 30°C for 60 min.
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Table 5.2. Kinetic parameters of Pro-Gly-synthesizing reaction by the wild-type
TabS and the S85T/H294D double mutant.

Km (mM) J'max
Pro Gly ATP (nmol* min™ * mg protein™)
WT 133+15.3 23.3+4.19 0.166+0.109 781+31.3
S85T/H294T 25.14£3.36 10.2+1.07 5.24+1.27 894+24.7

The reaction was performed by varying the concentration of Pro, Gly, and ATP.

5.4. Discussion

In this chapter, the author focused on Ser85 and His294 residues, which
positioned around C- and N-terminal substrate and might affect the enzyme activity of
TabS, on the basis of findings of BL00235 (2) (Chapter 4) and the predicted structure
of TabS (Fig. 5.2). The P85F mutant of BL00235 synthesizes Met-Gly selectively (2),
and the Ser85 residue of TabS corresponded to the Pro85 residue of BL00235. When
the Ser85 residue was replaced with 20 proteogenic amino acids, the S85T mutant
predominantly synthesized Pro-Gly (Fig. 5.4). Ser and Thr differed only in the carbon
numbers and have similar properties. In contrast, phosphate analysis showed that the
S85H, S85E, S85W, S85F, and S85Y mutants had low Pro-Gly-synthesizing activity
(Fig. 5.3 (A)). The author considered that the amino acid residues of bulky side chains
at position 85 were not suitable for Pro-Gly synthesizing. These results demonstrated
that the amino acid residue at position 85 of TabS is a significant residue for enzyme
activity similarly to that of BL00235. When His294 residue was replaced with 20
proteogenic amino acids, the H294D mutant synthesized Pro-Gly the most (Fig. 5.4).
According to the phosphate analysis, the H294R and H294P mutants showed limited
Pro-Gly-synthesizing activity. The author has not yet determined common properties of
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the H294Xaa mutants regarding Pro-Gly synthesis. This could be possible if the
structure of TabS was determined. However, these results denoted that the His294
residue of TabS affects the enzyme activity. When the amount of Pro-Gly was
measured by HPLC, the S85T/H294D double mutant synthesized Pro-Gly 1.6 times
more than the wild-type TabS and superior to the single mutants for 20 h (Fig. 5.5). In
contrast, the amount of Pro-Gly synthesized by the S§85T/H294D double mutant was
3-4 times as much as that by the wild-type TabS during Pro-Gly synthesis for 60 min
(Fig. 5.6). The author considered that the considerable difference of synthesized
Pro-Gly at the initial stage of reaction affects the reaction to the end. The apparent Ky,s
values of the S85T/H294D double mutant for Pro and Gly decreased and that for ATP
increased compared with that of the wild-type TabS, respectively (Fig. 5.7). These
result showed that the affinity for Pro and Gly for the S85T/H294D mutant is higher
and that for ATP is lower than that of the wild-type TabS. While the apparent K, value
of the S85T/H294D double mutant for ATP increased, the amount of Pro-Gly
synthesized by the S85T/H294D mutant was considerably more than that of the
wild-type TabS. It is possible that the affinity for ATP affects dipeptide synthesis less
than that for amino acid substrates. The first step of the mechanism for the dipeptide
synthesis catalyzed by Lal is that the N-terminal amino acid binds to the ATP-bound
state of the enzyme (3). Therefore, the author considered that the affinity for the
N-terminal substrate was the key property to dipeptide synthesis of Lals. Furthermore,
increase in Vpax value of the S85T/H294D double mutant reflected the total Pro-Gly
production. The kinetics parameters of Met-Gly synthesis were previously measured
using the wild-type BL00235 and the P85F mutant that synthesized Met-Gly
selectively, and showed the opposite results in this chapter (2) (Chapter 4). Viax value

of the P85F mutant was higher than that of the wild-type BL00235, and it is the same
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as result from this study. On the other hand, K;s values were opposite results from this
study. For BL00235, the apparent K, value of the P85F mutant for Met, Gly and ATP
were higher than that of the wild-type BL00235, and the amount of Met-Gly
synthesized by the P85F mutant was lower than that by the wild-type BL00235. These
results indicated that mutagenesis leads to different effects, though the amino acid

position 85 affect the enzyme activity in common between BL00235 and TabS.

In this chapter, the author succeeded in increasing the amount of Pro-Gly by
constructing the double mutant S85T/H294D based on the findings of BL00235.
Results in this chapter and chapter 4 extend the possibilities of Lals, and many useful
dipeptides might be able to be synthesized efficiently by applying the concepts and

strategies in this chapter to various Lals.

85



References

1.

Suzuki M, Takahashi Y, Noguchi A, Arai T, Yagasaki M, Kino K, Saito J. The
structure of L-amino-acid ligase from Bacillus licheniformis. Acta. Cryst.
2012;D68:1535-1540.

Kino H, Kino K, Alteration of the substrate specificity of L-Amino acid dipeptide
ligase and selective synthesis of Met-Gly as a salt taste enhancer. Biosci.
Biotechnol. Biochem. 2015;79:1827-1832.

Shomura Y, Hinokuchi E, Ikeda H, Senoo A, Takahashi Y, Saito J, Komori H,
Shibata N, Yonetani Y, Higuchi Y. Structure and enzymatic characterization of
BacD, an L-Amino acid dipeptide ligase from Bacillus subtilis. Protein Sci.
2012;21:706-716.

Arai T, Arimura Y, Ishikura S, Kino K. L-Amino acid ligase from pseudomonas
syringae producing tabtoxin can be used for enzymatic synthesis of various
functional peptides. Appl. Environ. Microbiol. 2013;79:5023-5029.

Kino K, Noguchi A, Nakazawa Y, Yagasaki M. A novel L-amino acid ligase from
Bacillus licheniformis. J. Biosci. Bioeng. 2008;106:313-315.

Tabata K, Ikeda H, Hashimoto S. ywfE in Bacillus subtilis codes for a novel
enzyme, L-amino acid ligase. J. Bacteriol. 2005;187:5195-5202.

Kino K, Nakazawa Y, Yagasaki M. Dipeptide synthesis by L-amino acid ligase
from  Ralstnia  solanacearum. Biochem. Biophys. Res. Commun.
2008;371:536-540.

Kino K, Kotanaka Y, Arai T, Yagasaki M. A novel L-amino acid ligase from
Bacillus subtilis NBRC3134, a microorganism producing peptide-antibiotic
rhizocticin. Biosci. Biotechnol. Biochem. 2009;73:901-907.

Tsuda T, Asami M, Koguchi Y, Kojima S. Single mutation alters the substrate

86



10.

11.

specificity of L-amino-acid ligase. Biochemistry. 2014;53:2650-2660.

Kino H, Nakajima S, Arai T, Kino K. Effective production of Pro-Gly by
mutagenesis of L-amino-acid ligase. J. Biosci. Bioeng. in press.

Arai T, Kino K. A cyanophycin synthetase from Themosynechococcus elongatus
BP-1 catalyzes primer-independent cyanophycin synthesis. Appl. Microbiol.

Biotechnol. 2008:81:69-78.

87



Chapter 6

Synthesis of L-Prolylglycine

Coupled with ATP Regeneration System

6.1. Introduction

Efficient dipeptides synthesis was achieved using L-amino acid ligases (Lals) by
site-directed mutagenesis in chapters 4 and 5, and the concepts and strategies shown in
the chapters were expected to make Lals easier to use than ever before. However, there
are some problems to apply Lals to industrial production process, and one of them is
ATP utilization. ATP utilization takes many costs and generates by product such as
ADP and AMP (1). In order to solve this problem, ATP regeneration systems were
developed using phosphate donors and enzymes such as creatine phosphate and
creatine kinase (2), acetyl phosphate and acetyl kinase (3), and polyphosphate and
polyphosphate kinase (1, 4, 5).

Polyphosphate kinase (PPK, EC 2.7.4.1) is an enzyme that catalyzes
chain-elongating reaction and synthesizes long-chain polyphosphate (PolyP,) from
PolyP,.; by transferring the terminal phosphate of ATP (4). PPK is able to synthesize
ATP from ADP and PolyP, because this reaction is reversibly. ATP costs $2000/Ib, but
PolyP, provide equivalent amount of ATP for $9/lb; hence ATP regeneration system
using PolyP, and PPK is useful from cost perspective (1). Mainly, two kinds of PPK

are known, PPK1 and PPK2. For instance, PPK1 and PPK2 from Pseudomonas
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aeruginosa have different characteristics. In order to synthesize PolyP, (forward
reaction), PPK1 utilizes ATP only, but PPK2 is able to use ATP and GTP (6). On the
other hand, GTP synthesizing reaction (reverse reaction) from GDP by PPK is superior
to forward reaction (6). In addition, the new subfamily of PPK2 (Class III PPK2) has
been reported recently (7). Class III PPK2 is able to synthesize ATP from AMP and
ADP with single reaction, whereas known PPK2 catalyzes ADP or AMP respectively.
Suzuki et al. found out that Class III PPK2, Deipr 1912 from Deinococcus
proteolyticus MRP had activity of ATP regeneration from AMP, and succeeded in
synthesizing aminoacyl proline coupled with ATP regeneration system (8).

Though the coupling reaction with Lal and PPK has not been reported so far,
Sato et al. constructed ATP regeneration system using D-alanine-D-alanine ligase
(TmDdl), and thermostable PPK from Thermosynechococcus elongates BP-1 (TePpk)
(5). Decreasing the amount of initial ATP led to reduce the amount of
D-alanyl-D-alanine synthesized by purified TmDdl only. By contrast, the ability of
synthesizing D-alanyl-D-alanine was maintained in coupling with ATP regenerating
system using purified TmDdl and TePpk when the amount of initial ATP decreased
from 5 mM to 0.005 mM (5). Furthermore, D-alanyl-D-alanine was able to be
synthesized without ATP addition in coupling with ATP regenerating system using
resting cells (5).

In this chapter, L-prolylglycine (Pro-Gly) synthesis coupled with ATP
regeneration system was conducted using the S85T/H294D double mutant of TabS,
which synthesized more Pro-Gly than the wild-type TabS (chapter 5), Deipr 1912, and

PolyPys.
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6.2. Materials and methods

6.2.1. Materials
All chemicals used in this study are commercially available and are of

chemically pure grade.

6.2.2. Enzyme preparation

Preparations of the S8§5T/H294D double mutant were described in chapter 2 (see
TabS).

The genes encoding Deipr 1912 were previously cloned into the pET21a(+)
vectors. Recombinant Escherichia coli BL21 (DE3) cells were precultivated in 3 mL
LB medium (1% bacto tryptone, 0.5% yeast extract, 1% NaCl) supplemented with 50
pg/mL ampicillin at 37°C for 5 h with shaking at 160 rpm. For the main culture, 150
mL LB medium containing 50 pg/mL  ampicillin  and 0.1 mM
isopropyl-pB-D-thiogalactopyranoside was inoculated with 1.5 mL preculture broth, and
cultivated with shaking at 25°C for 19 h with shaking on a gyratory shaker (120 rpm).
The cells were collected with centrifugation (3,000 % g, 10 min, 4°C) and washed
twice with 100 mM Tris-HCI buffer (pH 8.0). After washing, the cells were suspended
in 100 mM NaHCO;-Na,COs buffer (pH 9.0) and then lysed by sonication at 4°C. The
lysate was centrifuged (20,000 x g, 30 min, 4°C), and the supernatant was purified and
fractionated with a His Gravitrap' " affinity column (GE Healthcare, Buckinghamshire,
UK). Fractions containing protein were desalted with a PD-10 column (GE Healthcare,
Buckinghamshire, UK) and Deipr 1912 was eluted with 100 mM NaHCO3-Na,CO;

bufter (pH 9.0).
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6.2.3. Pro-Gly synthesis using purified enzyme

The reaction mixtures without ATP regeneration system (300 uL) contained 20
mM Pro and 20 mM Gly as substrates, 0.2 to 20 mM ATP, 20 mM MgSQO4- 7H,0, and
0.5 mg/mL of the S85T/H294D double mutant in 50 mM NaHCO3-Na,COs buffer (pH
9.0). The reaction mixture coupled with ATP regeneration system (300 puL) contained
20 mM Pro and 20 mM Gly as substrates, | mM PolyP»s, 0.2 to 20 mM ATP, 20 mM
MgSO4-7H,0, 0.5 mg/mL of the S85T/H294D double mutant, and 0.1 mg/mL or 0.2
mg/mL of Deipr_1912 in 50 mM NaHCO;-Na,COs buffer (pH 9.0). The reaction was
performed at 30°C for 20 h, and stopped by heating 90°C for 10 min. Enzymes were

removed by centrifugation (20,000 x g, 20 min, 4°C).

6.2.4. Analysis

The amount of Pro-Gly was analyzed by HPLC (L-2000 series; Hitachi High
Technologies, Tokyo, Japan). The details of the analytical procedure were described
previously (9). Data obtained by HPLC analyses were averages from three independent

experiments, and error bars indicated standard deviation of the means.

6.3. Results

The Pro-Gly synthesis reaction coupled with ATP regeneration system was
conducted (Fig. 6.1). The amount of Pro-Gly decreased remarkably depending on the
amount of initial ATP in the reaction mixture without ATP regenerating system. In
contrast, there was not much difference of the amount of Pro-Gly coupled with ATP
regeneration system regardless of 2 mM and 20 mM initial ATP. Furthermore, when
the amount of initial ATP was 0.2 mM, the S85T/H294D double mutant and

Deipr 1912 with PolyPs synthesized about 5 mM Pro-Gly. Though we used 0.1 mM
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and 0.2 mM Deipr 1912, there was not much different in the amount of Pro-Gly

synthesized in the reaction mixture coupled with ATP regeneration system.
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Fig. 6.1. Synthesis of Pro-Gly coupled with ATP regeneration system.
Reaction mixture contained 0.5 mg/mL the S85T/H294D double mutant (white
bars), the S85T/H294D double mutant and 0.1 mg/mL Deipr 1912 with 1 mM
PolyP,s (light gray bars), and 0.2 mg/mL Deipr 1912 with 1 mM PolyP,s (dark
gray bars). The reaction was performed at 30°C for 20 h.

6.4. Discussion

To reduce ATP utilization and construct reaction system using ATP regeneration
system, PPK and PolyP, were used with Lal in this chapter. The amount of Pro-Gly
differed notably between in the reaction mixtures coupled with ATP regeneration
system and without the system. There was no difference of the amount of Pro-Gly
coupled with ATP regeneration system regardless of 2 mM and 20 mM initial ATP. The

2mM initial ATP was below the K, value of the S85T/H294D double mutant (chapter

92



5). D-Alanyl-D-alanine was also synthesized with ATP regenerating system at the same
condition (below the Ky, value of TmDdI for ATP) (5). These results indicated that ATP
was regenerated from ADP using Deipr 1912 and PolyP,s. Lals do not need use Class
IIT PPK2 because the reaction accompanies the hydrolysis ATP to ADP, not AMP (10).
The combination of PPK and PolyP, are important factors that determine the ability to
regenerate ATP (5). Therefore, the amount of initial ATP to operate ATP regeneration
system might be reduced less than 2 mM by changing the kinds of PPKs and the length
of PolyP,.

In this chapter, the author revealed that dipeptide was synthesized by Lal
coupled with ATP regenerating system, and the amount of initial ATP was reduced to
10% at least. The author presumes that further studying on the basis of this finding lead

to construct more efficient dipeptides production system from cost perspective.
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Chapter 7

Summary and Conclusion

7.1. Summary

Some dipeptides have unique physiological properties and physiological
functions, and the author focused on the taste-improving effect in this thesis. Dipeptide
library was constructed using L-amino acid ligase (Lal), and salt taste enhancing
dipeptides were screened with new strategy (chapters 2 and 3). Furthermore, these
dipeptides were synthesized efficiently by site-directed mutagenesis of Lals (chapter
4-6). The summary was shown as below.

In chapter 1, the author reviewed typical functions of dipeptides, screening
methods for functional dipeptides, and evaluation methods for tasty or taste-improving
agents. In addition, the author described about Lals containing characteristics,
structures, and recent studies. The objective of this thesis was described at the end: (i)
screening of salt taste enhancing dipeptides using Lal and (ii) alteration of the substrate
specificity of Lal and efficient synthesis of the dipeptides.

In chapter 2, dipeptide library using TabS from Pseudomonas syringae (1) was
constructed, and two-step screening system was proposed with evaluating the reaction
mixtures directly. At that time, the amino acids that were easily released by the
hydrolysis of proteins or peptides were selected, and 111 kinds of reaction mixtures

containing these amino acids as substrates were synthesized. L-Methionylglycine
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(Met-Gly) and L-prolylglycine (Pro-Gly) were found out with sensory assessment as
the candidates of new salt taste enhancing dipeptides in the dipeptide library.

In chapter 3, the ability of Met-Gly and Pro-Gly as salt taste enhancers was
assessed by sensory assessment and taste sensor analysis using authentic samples, and
both evaluations showed that ability. Taste sensor analysis demonstrated that NaCl
solution containing Met-Gly had different taste from NaCl solution itself with principal
component analysis, and this result corresponded to the sensory assessment.
Furthermore, the evaluation that Met-Gly did not have salt taste itself was supported by
sensory assessment and taste sensor analysis. The new screening method using Lal is
considered to be useful one through chapters 2 and 3. The results in both chapters were
summarized in the research paper (2).

In chapter 4, the substrate specificity of BL00235 was altered to synthesize
Met-Gly selectivity. BL00235 from Bacillus licheniformis (3) is able to synthesize
Met-Gly as a major product and L-methionyl-L-methionine (Met-Met) as a by-product
when L-methionine (Met) and glycine (Gly) were used as substrates. Pro85 residue of
BL00235 was focused on the basis of its structure (PDB ID: 3VOT) (4). The author
deduced that Met might not be recognized as a C-terminal substrate if the space around
C-terminal substrate is occupied by other amino acid. Hence, Pro85 was replaced with
L-phenylalanine (Phe), L-tyrosine (Tyr), and L-tryptophan (Trp) having bulky aromatic
side chains by site-directed mutagenesis. All mutants lost the capacity to synthesize
Met-Met during the synthesis of Met-Gly. Furthermore these mutants did not
synthesize Met-Met, even when Met was used as a substrate. The study in this chapter
is the first report of synthesizing a useful dipeptide selectively using Lals by
site-directed mutagenesis. The results in this chapter were summarized in the research
paper (5).
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In chapter 5, the enzyme activity of TabS was altered to increase the amount of
Pro-Gly. TabS synthesize Pro-Gly selectivity from its substrate specificity, but the yield
is low. The author deduced that the amino acid residue at position 85 had a key role in
the enzyme activity from chapter 4 and applied these findings to TabS. Ser85 residue
of TabS that corresponds to Pro85 residue of BL00235 was selected as the amino acid
residue affecting the enzyme activity. His294 residue, which positioned around
N-terminal substrate and might be affect the enzyme activity, was also selected on the
basis of TabS modeling structure and information of YW{E (PDB ID: 3VMM), from
Bacillus subtilis (6, 7). These residues were replaced with 20 proteogenic amino acids,
and Pro-Gly-synthesizing reactions were conducted. The S85T and the H294D mutants
synthesized more Pro-Gly than the wild-type TabS. Furthermore, the S85T/H294D
double mutant synthesized Pro-Gly considerably more than each single mutant. These
results showed that the amino acid residue at position 85 affects the enzyme activity in
common between TabS and BL00235. The results in this chapter were summarized in
the research paper (8).

In chapter 6, Pro-Gly was synthesized using the S85T/H294D double mutant
coupled with ATP regeneration system to reduce the amount of costly ATP.
Polyphosphate (PolyP,) is inexpensive, hence, Polyphosphate kinase (PPK) and PolyP,
were used to generate ATP from ADP. The amount of Pro-Gly was decreased
remarkably dependent on the amount of initial ATP without ATP regeneration system.
In contrast, the ability of synthesizing Pro-Gly was maintained coupled with ATP
regeneration system even if initial ATP was reduced to 10%. These results showed that
more efficient dipeptides production system was constructed from cost perspective.

In chapter 7, the author describes the summary of this thesis and the perspectives

in future.
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7.2. Conclusion

In this thesis, industrial and academic knowledge of Lals was obtained. In the
first half of this thesis, dipeptide library was constructed using Lal, and new salt taste
enhancing dipeptides, Met-Gly and Pro-Gly, were found out in the dipeptide library.
These findings are industrially useful ones because development of salt taste enhancing
agents is expected with the social back ground of health-conscious. The author’s group
is now developing proteolytic or microbial digests of natural proteins containing
Met-Gly or Pro-Gly sequence to practical use. Met-Gly and Pro-Gly were evaluated
only in the NaCl solution in this thesis, hence, changing model materials like instant
processed food, noodle-soups and seasonings and using the dipeptides with other
substrates may lead to enhance the salt taste intensities strongly. Furthermore, the
author considers that this new screening method using Lal is applicable for other taste
evaluation of dipeptides such as bitter-masking effect.

In the latter half of this thesis, the effective production of dipeptides was
constructed using Lals. No study has been demonstrated that changing the substrate
preferences of Lals by a single mutation on the basis of the structure leads to
synthesize useful dipeptides so far. The author showed the key amino acid residues in
the enzyme activity and succeeded in synthesizing Met-Gly selectivity and increasing
the amount of Pro-Gly by site-directed mutagenesis of Lals. These achievements are
significant findings in the academic field. They are also useful in the industrial field
because the problems of by-products-synthesizing and low yield are resolved. In
addition, dipeptide-synthesizing system coupled with ATP regeneration system was
constructed and contributes to cost reduction. The utilization of recombinant
microorganisms for producing useful stuff is limited, and it is not easy that dipeptides,

which are synthesized by recombinant Lals produced by Escherichia coli., are used for
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foodstuffs in Japan now. However, the Ministry of Economy, Trade and Industry now
beginning to allow fragrance production to use recombinant microorganisms (9), and
there is a possibility of applying this concept to food stuffs like food additives in near
future. The author believes the results of this thesis serve as a window to synthesize

dipeptides freely.
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Wi

UARTF RIET X B2 E NG 72 5 B G TH DL, MERE TER %A 95 Ala-Phe
X2 lle-Trp, HIARZE « A NV AERFERZH T 5 Tyr-Leu 72 EZ N EAERT 57 X/ BREIRIC
IR DR WAEREMEOBIEEZ AT 5 b OBNMBNTND, A7 a—AD 200 {EDH
SEATDHT AT — L (Asp-Phe-OMe) 1ZR LTV BRMIES T F RTHY |
N7 2 IREDFRIIH L AF U ZEMZAT 2 Glu-Glu X°, a7 KRAHRIED
y-Glu-Leu 72 &, U7 F RARICIZERIIRODNRRSEERA 253507 F b 17
fE95, ZZ CTHEFEFILEKROPTYH MK 1ZFH Lz, BEIZARICE > THREARF
KRIPFSTCTHDH, —F ., EORMBHREEILE M ERE DIRE S EOREFHLZ5| S92
ERFLNTND, TOETIEI BYE720 OREEBIRED BEMEIL8.0g EREINTND
1 TR ~DERED B %2 WA TlXd 2 b OO Rk 25 4FEO F 2Ol 10.2 g/day
EHEMICITIFEEENBURICH D, ) Lt naliE 2, HwaE 2T 2WE DM
P TR ANATON TN D, BB ZH T2 X7F K& LT Leu-Ser X Glu-Thr
REOHENRH DN, FEZOMENEE TE DL OTTF Ridiewn, 22T, HEEHEILY
T F ROBEESZEMEIC IR L C, R ZH T 287272 0 _TF R ORBE % it
52 LiCLT,

INETHEOHMBILTND VRTF RDOL UIRRD HZ ™7 B % BERMAY TN
KR LT- b DM HIRE LTV D, BARMICIE, BROOBEEE AT 2 0 Omiy G %
DEREZ L S U XTF ROBSN A RET 5 HETHRBEEN TS, ZOHETIE, MKy
fRIZE - CHEEE L 2T\ T 2 ViR A G Te DT F RIIFEEEN DRV DI R & 72 5
T ENL RS TF FOPITITAIEREEZ AT 5 ONERLELIFET 2D TIERVNE
EZDICEST-, DFEVSEMETMTEOTIERLS, #—F v heTHVRTF REE
PEAR L CRHli T 2 8- e HIEGm 2B Lz, £ L TIRTTF ROAGKIZIE, TEO U~
TF RBERARE T DGR LTz U7 T RENERT 5 2 &7 < RO O F F Rl 1 34l
T&5 L7/ T—E (Lal) ZHWDZ 2B 272,

Lal (ZERFED T I/ e[A £ % ATP DIK I FESOG & 368 U CEESER T 5 2 & 2R e
TOHHERTHY, TIVETICHEEED Lal DA STV 5, Lal 1280 SERFRMEITR
XL BB ARFTCIEIE R RIED A Pseudomonas syringae R D TabS % T
URTFREGHK LT, £o, #—F v T HIVXRTF RIL, KL T EOIKS
fRCAELLIEMT X /BT — X LV T I VBEREL, ZNHT7 I BEGLYRTFR
ZHRODICERR L, FHMEEZIT o7, KX OH 1 ENHE 3 BT, TabS ICL VT F R
TAT TV —DORERLEREENREF T DT T NOBRBRITIEOHE, = U TARRER
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WL RH LT~ TF ROFHHICOW T Uiz, SHIT, 4 BDH 6 =TI,
HRIETRNR 2 AT 5 O T F RORRMEHIEOMLZ HRYL LT, Lal DRt R
R U7 ERAL R A BOEA L 28 Lal IC K B U T F ROBIREAR & AN b, 7
HONT ATP FAESRAEA LK 2 7 rt 225\ Ti# U7, Lal DEIZ L B O F

R OBIRAIE SO NI AIFIE DO TORETH Y | Lal O THERFIH & BRI RIS
DUWNTREI L7,

AFSCIL 7 ETHERR ST D,

F1ETIX, OXT T FOAT D8N & ERSGEREM ORI 1E K O Lal 1220
TR L=, S HIC, ABFEDOEREE & EEICHOWT HIRR7,

H2ETIE, Lal O—FETHD TabS ZANTIRTF RTA T T U —%REE L, R
MR EATDURTTF FOGMZIEKR LTz, XU, 1ERDHEREME D X7 F FOHER
TR LR DR PHEND DT F R0 1 FEOKSIE R L, =
T, MG EZEOEEFTMREETH AT Y —= 0 T HEEBE L, R & AT R
E L7z, FHMlRRBRIZE Y . Met-Gly & Pro-Gly ZHiREI R R A2 G 95 VT F FOfEm &
LTk LT,

% 3 T TlX, Met-Gly & Pro-Gly OFE S, Z W T, B BEFM & ikt o —12 X A ki
TN R OFHM & 1T - 72, B HERHM TIE 0.5~0.8% (W) DEHEK & 5T F K% 0.1% (W)
WL 72 0.6% (wv)yBHEK GRENRIK) %7 74 > R THBEOROIRIZI O 2, 3UBHATR
DIFHROTR E 23 & ORI Y T 2 03 E 3B L7 SRV B3I L7, W T IO FERE
HH 0.6~0.65% (WNV)DEIIREIZHY L, W7 F ROHEKRIEERNEP HRTE T, F
7o, BBHGEHMLE LCTHERE Y — (T 77 - AR Ik H5Hm L FEM L, BHEAK &
AUBHAIR DOHE AR 22 5, Met-Gly 1% 0.7% (wW/v), Pro-Gly IZ 0.64% (w/v) D EIGEEC
FAY L. 0.6% (WVEHAKLD bEWREREICHS T 28R4/, MyX7FrRebz
AVE TITHIRIG IR R B 2 s (T < | BResii & SRR oY —D 2 DDRR D T5A
2 XD W7 T RO ENHER SN2 E0vD . Met-Gly & Pro-Gly |3 HE RIS %)
RERTDHMROTF RTHD LW L=,

54 BCIX EWRIEIRR A AT 5 VT R E L TR L7 Met-Gly ORIRA K% H
B, EBALRF SO ZE SLE AIZ K % Lal OBSREZE 1T > 7, Met-Gly @ T3ERAEEICIX, N
K 7 X JEEIE & LT Met & Leu DA% 58i#%k3 % Bacillus licheniformis F1k 0 Lal T %
BL00235 # 5 Z & & L7, Met & Gly #3E & 92 55Tl Met-Gly 23 FEERM) & 72
%05 Met-Met & [AIIRFICAERT 5, £ 2T, BEIZH BT - T % BL00235 D st &1
WD 85 LD Pro FXILAY C K7 X/ FEIE OBUFPEIZE 5L T\ D L HEHI L, Met-Met
DERAEMEIT 2720 D FEEZRE Liz, T b, 85 iLd Pro &% Pro L1V & iEmmE
TR BRICEBT 5 LT C KT X BAVERER L O AR — ZARZEHBTHEL 72 D |
ZORER, MO R E UV Met ITFEFR ST, ABHO/N SV Gly DB IRAYIZ C Kb E
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E LTSN D &EB 2 T, FERITHNL R AV R AT L 5T Pro £ 0 & & @ W IIEH 2 FF
OWERT 2 /BT D Phe, Tyr, Trp [CEH LT- & 2 A, T DOEFFES PSSF, P85Y, P85SW
1% Met-Met A RKAE /132 L. P8SF & P85Y Tl Pro-Gly A kiFtE A HERF L Tz, 2 b
DOFEFI, Lal OREETHFEN SHER LIZFFE DT 2/ iR O —BERERIZ L > T CRGT

R UBOKEBEDTELZE OB LIl L2370 TH D, fimiEHRICED
WTHZ L7z Lal IZ K 5 BT F RORIREG RO KT D TORE L 72D, B
;DCX%T J BEIERER L DANR—= AN e o TNDH Z EIFARERY—ET U v

I X DS TR D BRRAICHERT 2 Z &N TE T, E72, Met-Gly DA K RIL B AR
BL00235 KL D % P85F DS AD7p A3 B J)FRUMENT 2 & b B & o B Fn M 23 By AR R
BL00235 £V HARWZ EARB I, GREOEWE IR T DR L5,

%5 BT, 4 ETOMLAMUO Lal IS ATRETH D20 Z kT 5 7o I, Kk
R ANTF R E LT Met-Gly & & HIZHR M Sz Pro-Gly &% —7" >~ k& LT TabS O#RE
W HIT o7, TabS IZFERFEMENS Pro & Gly 23 & L7z & X (TEIRAIITIFIE Pro-Gly
DI HEEGRT D0, ZOEKEIL, ETHDH20mM @ Pro & Gly xf L 10 mM LLF &7
W, £ IZT, EMIAFRAA RS AIZ X D Pro-Gly ORI LA MFT Lz, TabS 13k
ARV TNRNTZ . 5 4 FED BL00235 % Fie 2L E TO Lal O & HREICEIT 5
MRAZEE X, CRIET X BEEOBIMECREST 57 I /7 Bikk L LT BL00235 THI
FPEIZBII 2 Pro85 (IZAHY 3% Ser85 & N RimiE T X/ MAH OBMMEICEET 57
JPEFRILE LT HI29 IZHEB L, TR ENCH LY Fab—y a VERBAZ T2, £
DOFER, Thr (ZEH L7- S85T & Asp (@ #: L 7= H294D T Pro-Gly D& Ak E 2N E4:7 TabS
XV LML, BL00235 ERARIC 8S AL T X/ BAFRIENIE 7 2V BRICBE 535 2 L 26
WLz, SHIZZD2 2OEREFTEDLE- Eﬁﬂﬂ%ﬁS%Mﬂ%DT@PmGW®
AREN—ERA I X 5IZHM L, Pro-Gly OARIZHE L7-% 2R TabS OEUEHIZALL)
L 72 Bh ROt < T E A8 FUREE 35 S85T/H294D 1% Pro & Gly (%3 2 BLFnfh: 73 B A=
TabS LV HEE > TE Y., Pro-Gly DEKEDOH N EZ X F§ 555 247,

%6 ETIE, Lal OFURIZHW D ATP 23@fli T 5 2 &b ATP OLAfi D& =R 72 ik
WMEBRMELT, RV Y UVERXTF—EBL AR U VRIS ATP B4R OFH rTRetE & it
L7z, AU Y UEeFF—1E L LT Class IIl PPK2 DIEMENE Z LTV 3D Deinococcus
proteolyticus 1D Deipr 1912 ZF|H L7c & Z A ATP O & ZERD 1/10 IZ L7256
HAREZEA L TV R TIHEEE I Pro-Gly DS ENBAD T 5 DIk L, HAREZEA
L 72 ClE Pro-Gly O EREEI ZHEFF L=, ZORERMNS, Lal 2R L7227 F FARKL
BOSIZIWNT ATP O &2 KIGICHI CE 282 X 7ot AEO Rk E R L,

97 ETIX, AWFFEEREE LTz, ARFZETIX, Lal Z HWEHRENE D T F RS &
E IS A FIH LR 0T A v L WZEIC K 5 BB U T F R ORHEIERIED B
WCEEh Uiz, £7-. Lal OS5 %D REEIZ OV TR 7=,
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