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Abstract

Proteins of the aminoacylase-1/metallopeptidase 20 (Acyl/M20) family were
characterized to contain a zinc-binding domain at their active site. Aminoacylhistidine
dipeptidase (PepD, EC 3.4.13.3) is a member of peptidase family M20 which catalyzes the
cleavage and release of N-terminal amino acid, usually are neutral or hydrophobic residue,
from Xaa-His peptide or polypeptide. We have cloned a PepD gene, which shared high
sequence identity with PepD from various Vibrio spp. and 63% from Escherichia coli and
Salmonella typhimurium, from Vibrio alginolyticus. V. alginolyticus PepD was expressed and
purified by Ni-NTA column. The kinetics values including keu (8.6 min'l), Keat/Km (0.398
mM's™) of bacterial PepD were first identified. Sequence analysis revealed that Asp82 and
Glul49 were probable active site residues and that Asp119, Glul50, Aspl173, and His461
were probable metal ion binding residues of V. alginolyticus PepD. Site-directed mutations of
D119 (putative metal ion binding site residue) and E149 (putative active site residue)
residues of PepD exhibited activity decreasing or losing, as compared with wild-type PepD.
The homology model of V. alginolyticus PepD, based on that of L. delbrueckii PepV structure,
exhibited similar active site pocket as predicted. The functional role of these residues on

enzyme catalysis and kinetics will be discussed in the thesis.
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Chapter 1 Introduction

1.1 Vibrio species

Members of the genus Vibrio are defined as gram-negative bacteria possessing a straight
or curved rod shape. They are motile organisms, using a single polar flagellum to travel.
Most of Vibrio spp. are halophilic bacterial and a few species are nonhalophilic, depending
on their sodium chloride requirements. Vibrio bacteria are commonly found in marine or
estuarine environments and most species are sensitive to acid pH. They are heterotrophic
organisms, obtaining nutrients from their mutualistic, parasitic, or pathogenic relationships

with other organisms and can undergo both respiratory and fermentative metabolism.

In the last four decades, researches on taxonomic, environmental, virulent, and medical
aspects of Vibrio species have expanded greatly. Vibrio spp. are considered as pathogens in
aquacultured species. Vibriosis is a systemic bacterial infection of estuarine fishes and marine
lives. On the basis of phenotypic data, the major species causing vibriosis in shrimp are V.
alginolyticus, V. anguillarum, V. harveyi, and V. parahaemolyticus." The V. anguillarum, V.
damsela, and V. carchariae are major vibriosis-causing species in fish. It resulted in high

mortality and severe economic loss for shrimp aquaculture in all producing countries.

Vibrio species can infect human by taking seafood or when the wound contacted with the
brine. Vibriosis is caused by taking seafood contaminated with Vibrio parahemolyticus or
Vibrio vulnificus. These bacteria damage the inner wall of the intestine and get into the
bloodstream, which causes diarrhea and related symptoms. Another major disease caused by
Vibrio species is cholera. Cholera is a disease of the small intestine, unlike other enteric
illnesses. V. cholerae infect the small intestine, they get through the mucus layer and adhere
to the mucosal cells where they release enterotoxins. In recent years, there is a low

occurrence of V. cholerae by improving sewage and water treatment.
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Since 1988, the Centers for Disease Control and Prevention (CDC) has maintained a
database of reported Vibrio isolations and infections from human. There are at least twelve
pathogenic Vibrio species recognized to cause human illness (Table 1).” Three species of
most medical significance are V. cholerae, V. vulnificus, and V. parahaemolyticus. V.
alginolyticus, V. fluvialis, V. furnissii, V. hollisae, and V. metschnikovii, these species are
associated with gas‘croenteritis.3 V. cincinnatiensis, V. damsela, and V. carchariae are not

associated with gastroenteritis, but are pathogenic to human on rare occasions.

Table 1. Association of Vibrio spp. with different clinical syndromes.

Clinical Syndrome®

Species Gastroenteritis Woun-d Septicemia
Infection

V. alginolyticus +b +F
V. cholerae O1 ++
V. cholerae non-O1 ++ + +
V. cincinnatiensis
V. damsela ++
V. fluvialis ++ +) )
V. furnissii ++
V. hollisae ++ ) 6]
V. metschnikovii )
V. mimicus ++ ) )
V. parahaemolyticus ++ + €3
V. vulnificus + ++ ++

* Data from Levine and Griffin,1993.
> ++ = common presentation, + = less common presentation, and (+) = rare presentation.

Gastroenteritis, wound infection, and septicemia are the major clinical symptoms of
Vibrio infections. The most common clinical symptom is self-limited gastroenteritis. It often
involves in stomachache, abdominal pain, diarrhea, nausea, vomiting and fever, with
non-inflammatory infection of the upper small bowel, or inflammatory infections of the

colon. Wounds usually occurred at the fingers, foots and palms, with rapidly progressing


http://en.wikipedia.org/wiki/Diarrhea
http://en.wikipedia.org/wiki/Vomiting
http://en.wikipedia.org/wiki/Small_bowel
http://en.wikipedia.org/wiki/Colon

swelling, hemorrhagic and severe pain after Vibrio infection for 3 to 24 hours. In patients
with medical conditions such as cirrhosis or malignancies, the wound infection may progress
very rapidly, with formation of hemorrhagic bullae and extensive soft tissue necrosis.
Septicemia is a serious, life-threatening infection that gets worse very quickly and can
rapidly lead to septic shock and death. It can be arised from infections throughout the body,
including infections in the lungs, abdomen, and urinary tract. Patients of septicemia
frequently develop fever, shaking chills, generalized myalgia, edema, and severe pain in the
lower extremities. For these reasons, the infection of Vibrio is becoming an important public

health problem to human.

1.2 Vibrio alginolyticus

Vibrio. alginolyticus was first recognized and named Oceanomonas alginolytica by
Miyamoto et al. in 1961* It was renamed V. alginolyticus by Sakazaki in 1968.° V.
alginolyticus is one of the 12 recognised marine Vibrio species that have been identified as
being pathogenic for humans and marine animals. It was found with worldwide distribution
in marine and estuarine waters, especially in bathing areas® and had been isolated from
coastal water, sediments, and seafood taken from the temperate and tropical areas.’ The
bacterium is able to multiply in salty waters at elevated water temperatures. It is usually
isolated in the spring and summer from marine sources. However, the isolation is dependent
on water temperature and it is possible to assume that V. alginolyticus may be isolated at any
water temperatures greater than 10°C.° Studies by Baross and Liston showed that the

minimum growth temperature for V. alginolyticus is 8°C .’

V. alginolyticus and V. parahaemolyticus were isolated from similar types of marine

samples. In 1965, V. alginolyticus was designated as V. parahaemolyticus subgroup 2. They


http://www.nlm.nih.gov/medlineplus/ency/article/000668.htm

are very similar on biochemical properties. V. alginolyticus can be differentiated from V.
parahaemolyticus on the basis of sucrose fermentation, the Voges-Proskauer reaction,

sodium chloride tolerance, and swarming on blood agar (Table 2).°

Table 2. Differentiation of V. parahemolyticus and V. alginolyticus

Characteristic V. parahaemolyticus V. alginolyticus

Sucrose fermentation —
Vogs-Proskauer —
Growth in broth with 8% NaCl +
Growth in broth with 10% NaCl —

Swarming on blood agar —

+ o+ 4+ + o+

V.alginolyticus might infect fish with the biofilm formation on the intestine, causing fish
mortalities and important economic losing.>® V. alginolyticus is also an important pathogen
to human, first recognized as human pathogen in 1973.° In recent years, several studies have

10-12 . .
Most human infections caused

reported the clinical infection caused by V. alginolyticus.
by V. alginolyticus were on account of consuming the raw or undercooked seafood obtained
from fish, shellfish, shrimps, or squid."> The major clinical syndromes V. alginolyticus causes
are gastroenteritis, wound infections, and septicemia.'* Other clinical syndromes reported in
association with V alginolyticus infection include ear infection, chronic diarrhea in a patient
with AIDS, conjunctivitis, and post-traumatic intracranial infection.""” Vibriosis caused by
pathogenic V. alginolyticus is also a common problem in the intensive culture of grouper with
a gastroenteritis syndrome (swollen intestine containing yellow fluid).'® Therefore, Vibrio

alginolyticus is not only an important pathogen to marine animals including fish, shellfish

and echinoids but also to involve human health.



1.3 Metallopeptidase

The peptidase required metal ion for its catalytic activity was named metallopeptidase
which could be divided into two board types depending on the number of the required metal
ions. Metallopeptidases are the most diverse of the catalytic types of proteases with 15 clans
and more than 30 families identified to date.' ?° In these identified families, there are
seventeen endopeptidases, twelve exopeptidases and one metallopeptidases held both
functions. Most of metallopeptidases require only one metal ion, but in some families they
require two metal ions that act together or so called “co-catalytically”. All known co-catalytic
metallopeptidases are exopeptidases which include aminopeptidases, carboxypeptidases,
dipeptidases, and tripeptidases, whereas metallopeptidases with only one catalytic metal ion
might be exopeptidases or endopeptidases. In these enzymes, the nucleophilic attack on a
peptide bond is mediated by a water molecule, which is also observed in aspartic and
glutamic peptidases.”’ The water molecule was activated by a divalent metal cation, usually

zinc but sometimes cobalt, manganese, nickel, or copper.

Several metallopeptidases containing co-catalytic metallo-active sites are key players in
carcinogenesis, tissue repair, neurological processes, protein maturation, hormone-level

regulation, cell-cycle control and protein-degradation processes.”” *

They are widely
regarded as promising targets for drug discovery, but the detailed mechanistic information is
still lack to hamper the therapeutic development. The importance of understanding their
mechanism of action is underscored by their central role in several disease states including
stroke, diabetes, cancer, HIV, bacterial infections, and neuropsychiatric disorders associated
with the dysregulation of glutamatergic neurotransmission, such as schizophrenia, seizure

disorders, and amyotrophic lateral sclerosis (ALS). For these reasons, several co-catalytic

metallopeptidases have become the target for therapeutic drug designs.**



The majority of metallopeptidases contain two zinc ions at their active site and the
residues involved in zinc binding site have been identified by X-ray crystallography. These
residues usually are His, Glu, Asp, or Lys, and at least one another residue is required for
catalysis, which might play an electrophilic role. With in the identified metallopeptidase
familes, an HEXXH motif that form part of the metal-binding site was observed in thirteen
metallopeptidases according to the crystallographic studies.' These zinc metallopeptidases
plays roles in metabolic and signaling pathways throughout all kingdoms of life and some are

regarded as potential pharmaceutical targets.**

1.4 Acyl/M20 Family

According to the MEROPS database (http://merops.sanger.ac.uk), each peptidase is
assigned to a “family” on the basis of statistically significant similarities in amino acid
sequence, whereas families that are thought to be homologous are grouped together in a
“Clan”. Metallopeptidases were classified into 15 clans including MA, MC, MD, ME, MF,
MG, MH, MJ, MK, MM, MN, MO, MP, MQ, and M-. The peptidases in clan MH contains a
variety of co-catalytic zinc-dependent peptidases that binding two zinc atoms via five amino
acids per monomer, which is held by five amino acid ligands® and are inhibited by the
general metal chelator ethylenediamine-tetraacetic acid (EDTA). In recent reports, it was
considered that members of MH and MF clan of dizinc peptidases compared with MC clan of
monozinc peptidases displayed three different catalytic zinc centers that have evolved in a

similar structural scaffold.”

The peptidase clan MH is further classified into four families: M 18, M20, M28, and M42.
Enzymes of peptidase family M20 were characterized as water associated with two zinc ions
which were bound by five residues in the order His/Asp, Asp, Glu, Glu/Asp, and His at the

active site. In general, the general active site residues arrangement of metal-binding residues


http://merops.sanger.ac.uk/

with the addition of two catalytic residues (bold) would be His/Asp, Asp, Asp, Glu, Glu,
Glu/Asp, His. The Asp residue between two catalytic residues was considered to bind both
metal ions. The essential histidine and carboxyl residues in the metal binding sites of all

enzymes of this family, were found to be completely conserved.

Peptidase family M20 could be further devided into 4 subfamilies, M20A, M20B, M20C,
and M20D, which their active site residues were different among subfamilies. The type
protein of peptidase family M20C is aminoacylhistidine dipeptidase which could hydrolyze
Xaa-His dipeptides. Several available crystal structures of M20 family enzymes, including
PepV, CPG2, showed a dizinc-binding domain. Enzymes of the Acyl/M20 family have
shown potential for different applications. In biocatalysis, the high stereoselectivity of Acyl
allows the preparation of L-amino acids from racemic mixtures of N-acyl-L-amino acids.*
Succinyldiaminopimelate desuccinylase is considered as a potential anti-bacterial target, and

CPG?2 is considered as a therapeutic agent in ADEPT for cancer treatment.”’

1.5 Aminoacylhistidine Dipeptidase

The pepD gene exists extensively among the prokaryotes and eukaryotes. Some studies
have suggested that expression of pepD negatively affected biofilm formation which was
considered for infection, causing fish mortalities and important economic loss. Therefore,
PepD could be a promising target to control bacterial biofilm formation and infection.” In E.
coli, pepD encodes a 52 kDa protein and is active as a homodimer with molecular mass of
100 kDa. The board substrate specificity of PepD was activated by Co*" and Zn*" and
deactivated by metal chelators.””** The first direct proof of aminoacylhistidine dipeptidase
(EC 3.4.13.3, also Xaa-His dipeptidase, X-His dipeptidase, carnosinase, and PepD) activity
for hydrolysis of an unusual dipeptide L-carnosine (B-Ala-L-His) in bacteria was obtained

with Pseudomonas aeruginosa in 1974.%" In the following years, this carnosine-hydrolyzing



enzyme is discovered from a number of bacterial species,’ but only PepD from Escherichia
coli have been characterized genetically and biochemically.’® Aminoacyl-histidine
dipeptidases are zinc-containing metallopeptidase, whose catalytic reaction involved the
release of an N-terminal amino acid, usually neutral or hydrophobic, from a polypeptide.
PepD could hydrolyze Xaa-His dipeptides even include an unusual dipeptide carnosine

(B-Ala-L-His) toB-Alanine and L-Histidine(Fig. 1)."

H Aminoacylhistidine 0
HZN\/WN N\ dipeptidase o
o \ > / X/\ + == OH
HO NH HN
o” on My u ’ \N  NH,
L-Carnosine B-Alanine L-Histidine

Fig. 1 Reaction result in liberated L-histidine from L-carnosine hydrolyzation.

In general, dipeptidases are involved in the final breakdown of protein degration
fragments produced by other peptidases or the final dipeptide breakdown for amino acid
utilization. The same result was observed in PepD-deficient mutant of E. coli*’ and S.
typhimurium®®, which indicates that PepD hydrolyzes dipeptide for the amino acid source.

However, the biological impact of PepD still remains unclear.

1.6 Carnosine

The enzymes with L-carnosine hydrolyzing activity were also observed in mammals and
named as carnosinase in general. The unique substrate of carnosinase, L-carnosine
(B-alanyl-L-histidine), was first isolated in 1990 from meat extracts and subsequently found
to be widely distributed in excitable central and peripheral vertebrate tissues. It is abundant in
skeletal muscles of most vertebrates and constantly present in cardiac muscle and brain in
millimolar concentrations (1.7-2.5 mM in whole brain,0.15-0.25 mM in medulla oblongata

and > 10 mM in olfactory bulb), but not in several other organs, such as kidney, liver, and
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lung.*® The concentration of this dipeptide is regulated by two enzymes, carnosine synthase

and carnosinase, both of which are present in brain.

The complete role of these dipeptides is still unknown, even though their function has
been studied intensively in recent years. Available studies indicated that carnosine has a
range of antioxidant or cytoprotective properties,® to act as a cytosolic buffer,”’ an
antioxidant,”™® and an antiglycation agent.”® The unique dipeptide has been proposed that
could act as a natural scavenger of dangerous reactive aldehydes from the degradative
oxidative pathway of endogenous molecules such as sugars, polyunsaturated fatty acids
(PUFAs) and proteins. In particular, it has been recently demonstrated that carnosine is a
potent and selective scavenger of a,B-unsaturated aldehydes, typical by-products of
membrane lipids peroxidation and considered second messengers of the oxidative stress, and
inhibits  aldehyde-induced  protein-protein and DNA-protein  cross-linking in
neurodegenerative disorders such as Alzheimer's disease, in cardiovascular ischemic damage,

o . 4
in inflammatory diseases.*’

Moreover, carnosine represents the archetype of a series of histidine-containing
dipeptides in mammals, such as homocarnosine (y-aminobutyric acid-L-histidine), carcinine,
N-acetylcarnosine, and anserine (Fig. 2). Homocarnosine was suggested to be a precursor for
the neurotransmitter GABA. Being controlled by one or several carnosinases, it acts as a

GABA reservoir and may mediate the antiseizure effects of GABAergic therapies.”!
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Fig. 2 Common histidine-containing dipeptides present in mammals.

1.7 Carnosinase

Carnosine is synthesized by carnosine synthase (EC 6.3.2.11) from p-alanine and
histidine in many tissues and degraded by intra- or extracellular dipeptidases, also named
carnosinases, all belonging to the large family of metalloproteases. In mammals, at least two
types of carnosinases with different properties. The first enzyme is serum carnosinase (CN1,
EC 3.4.13.20)* and the second one is known as a cytosolic form (also named tissue
carnosinase, CN2, EC 3.4.13.18). Serum carnosinase (CN1) was identified as a homodimeric
dipeptidase with a narrow substrate specificity for Xaa-His dipeptides including L-carnosine.
The nature of metal ion in serum carnosinase remains unknown and could be activiated by
Cd*" and citrate ions.” Tt could also hydrolyze homocarnosine and anserine, and these
activities were not inhibited by bestatin, a compound known to specifically inhibit various

amino- and dipeptidases.

Serum carnosinase was assumed to be involved in some important pathological

conditions. Decreased concentrations of serum carnosinase have been observed in patients
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with Parkinson’s disease, multiple sclerosis, or after a cerebrovascular accident.”* It was also
suggested that monitoring of serum carnosinase might be useful to predict the clinical
symptom of patients with acute stroke.* Deficiency of human carnosinase has been
associated with neurological deficits including intermittent seizures and mental retardation.*®
* Study on serum carnosinase was also approached by computational analysis that suggested
a therapeutic usefulness of either inhibiting by L-carnosine analogues (e.g., in diabetes) or
activating the enzyme by the rational design of citrate-like, non-toxic allosteric modulators

. . .\ 48
(e.g., in homocarnosinosis).

Tissue carnosinase (CN2) was first isolated from porcine kidney by Hanson and Smith in
1949* and subsequently found widely distributed in tissues of rodents and higher mammals.
It acted as an ubiquitous nonspecific dipeptidase rather than a selective carnosinase with
broad substrate specificity butcould not hydrolyze homocarnosine or anserin.** This enzyme

requires Mn”" ions for its activity and is strongly inhibited by low concentrations of bestatin.

1.8 Other Carnosine-Hydrolyzing Enzymes

There are also some other proteins reported to have the dipeptidase activity on
L-carnosine. BapA from Pseudomonas sp. proposed as -Ala-Xaa dipeptidase (EC 3.4.13.-)
was found to hydrolyze peptide bonds of B-alanyl dipeptides (B-Ala-Xaa).”® Pep581 from
Prevotella species (Prevotella spp.) shared similar sequence identity of 47% with E. coli
PepD and has a calculated molecular weight of 53.2 kDa. Pep581 hydrolyzed both dipeptides
and single amino acid from the N-terminus of tri- and oligopeptides, which is different from
PepD enzymes.”' Anserinase (Xaa-methyl-His dipeptidase, EC 3.4.13.5) mainly catalyzing
the hydrolysis of N-acetylhistidine in all poikilothermic vertebrates is also active on

carnosine.
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1.9 Peptidase V

Lactobacillus delbrueckii pepV is 1413 nucleotides in length and consists of 470 amino
acid residues, encodes a protein with predicted molecular mass of 52 kDa. Lactobacilli are
organisms with multiple amino acid auxotrophies making them critically dependent on their
proteolytic abilities to efficiently degrade milk protein casein and used as starting materials in
their dairy fermentations. Deletion of the dipeptidase pepV gene from Lactobacilli resulted in

significantly decreased growth rates but did not reduce the final cell density.’*

The Peptidase V (PepV) from Lactobacillus delbrueckii ssp. lactis DSM 7290 was
originally identified as a carnosinase, cleaving L-carnosine as a source of histidine, in the E.
coli mutant strain UK197 (pepD, hisG).> It has also been characterized as a relatively
unspecific dipeptidase cleaving a variety of dipeptides, especially those with the unusual
B-alanyl residue in the N-terminus, and removing the N-terminal amino acid from a few
distinct tripeptides.”> Moreoner, PepV is related not only to peptidases but also to
acetylornithine deacetylase (ArgE, EC 3.5.1.16) and succinyldiaminopimelate desuccinylase
(DapE, EC 3.5.1.16), and has been described as a member of the aminoacylase-1 family
recently.’* These enzymes share the characteristics of hydrolyzing amide bonds in a zinc- (or
cobalt-) dependent manner. Therefore, PepV is recognized as a metallopeptidase in M20A
subfamily from MH clan. It could be fully inhibited with metal chelating agent 1,

10-phenanthroline or EDTA.

PepV is the first crystallized dinuclear dipeptidase with carnosine-hydrolyzing enzymatic
activity in M20 family. The 3D structure of PepV protein consists of two distinc domains,
named the lid (lower) domain and the catalytic (upper) domain. The upper domain contains
the polypeptides from Metl to Gly185 and from Ser388 to Glu468, whereas the lid domain

comprises the residues from Glul86 to Gly387. In the crystal structure of PepV, two zinc
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ions is associated in one monomer protein.”> Zinc ions are located in the catalytic domain and

held by five residues including His87, Asp119, Glul54, Asp177, and His439 (Fig. 3).”

H439

Fig. 3 The Overall structure of PepV and the stereo view of catalytic and zinc binding
residues of PepV. The inhibitor of PepV (beige) superimposed with the zinc binding residues
of AAP (blue) and CPG2 (red). Residues are numbered according to the PepV sequence. The
catalytic water molecule of CPG2 is depicted in red (WAT).

These two zinc ions, as described by Jozic et al.,”

were considered to play two different
roles for hydrolyzing substrates: for stabilization of the substrate-enzyme tetrahedral
intermediate as well as for activation of the catalytic water molecule (Fig. 4). Zinc 1 which

associated with the imidazole group of H439, carboxylate oxygen of E154 and D119

primarily appeared to facilitate substrate binding via a “oxyanion binding hole” with H269
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resulting in polarize the scissile carbonyl group and therefore to promote the nucleophilic
attack by the catalytic water molecule. Zinc 2 was coordinated by the carboxylate oxygen of
H87, D177 and the bridging D119. It seemed primarily to activate the catalytic water

molecule and to promote binding and hydrolysis.
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Fig. 4 Schematic of the active site of PepV. The Asp-Ala phosphinate inhibitor mimics the
dipeptide substrate is shown in blue. The bridging catalytic water attacks the carbonyl carbon

of the scissile peptide bond to form a sp’-orbital substrate-enzyme tetrahedral intermediate.

The PepV catalytic domain has similar folding relative to that previously found
dinuclear carboxyl exo-peptidases AAP,® SGPA®” and CPG2.”® There is a cis-peptide bond
between the bridging Aspl19 and the adjacent residue Aspl20 in PepV which was also
observed in these enzymes. In both di-zinc and mono-zinc carboxypeptidases of M20 family,
this cis-conformation generally occurred in those regions of a structure intimately associated
with catalysis and seems to be necessary to force the important zinc bridging carboxylate into

the correct geometry.
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1.10 Research Goal

V. alginolyticus, an important pathogen to human and fish, might infect fish with the
biofilm formation on the intestine. Some studies have suggested that expression of pepD
negatively affects biofilm formation, it could be a promising target to control bacterial
biofilm formation and infection. Aminoacyl-histidine dipeptidases (pepD) which exists
extensively among prokaryotes and eukaryotes belong to metallopeptidase 20 (M20) family
from metallopeptidase H (MH) clan (MEROPS: The peptidase database). It could hydrolyzes
Xaa-His dipeptides including an unusual dipeptide carnosine (pB-Ala-L-His), which is
benefited to organisms at several physiological aspects. Both the biological importance and
function of aminoacylhistidine dipeptidase and L-carnosine are less known. Enzymes of
peptidase M20 family have showed the potential for different applications which can act as
anti-bacterial target, therapeutic agent for cancer treatment and possibly play roles in aging
and neurodegenerative or psychiatric. Since the latent importance of bacterial
aminoacylhistidine dipeptidase in biological aspect, additional with the studies on it is
indispensable either in the genetic or biochemical aspect from E. coli and S. typhimurium. We
perform a study on aminoacylhistidine dipeptidase from V. alginolyticus through gene
expression, protein purification and biochemical properties characterization. Due to neither
investigations on its functional residues nor crystal structure are reported, a study of the
functional residues of V. alginolyticus PepD through site-directed mutagenesis analysis are

performed.
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Chapter 2 Methods

2.1 Expression of Vibrio alginolyticus pepD gene in E. coli

We used pET-28a(+) as the expression vector. The constructed plasmid pET-28a(+)-pepD
was transformed into E. coli BL21(DE3)pLysS competent cell by heatshock method and
spread the cell on LBy, agarose plate and incubated at 37 °C for 12 to 16 hrs. Picked up the
clonies harboring pET-28a(+)-pepD and cultured in 3 ml LBy,, medium for several hours
then transferred into 300 mL LBy,, medium. Added 150 pL. 1 M IPTG (final concentration
was 0.5 mM) when the ODggo approach 0.5 ~ 0.6, then incubated at 37 °C for another 6 hrs
for induction of the expression of pepD. The pET-28a(+) plasmid was also transformed into
E. coli BL21(DE3)pLysS competent cell and following the same experimental procedure as a

control.

2.2 Purification of expressed Vibrio alginolyticus PepD

After 6 hrs incubation at 37 °C with rotary shaking, the cell was collected by
centrifugation at 6,500rpm for 30 min at 4 °C. The bacterial pallet was resuspended with 20
ml 20 mM Tris-HCI, 0.5 M NaCl, pH 6.8 buffer (buffer A). The resuspended cells were
disrupted by sonication method using a sonicator with pulsing on 2 sec and pulsing off 1 sec
for the toatal sonication time of 3 min at 30% energy. The whole experimental procedure of
sonication was operated on ice. Repeat the sonication steps at least 3 times. After sonication,
the cell lysate was centrifuged at 9,500rpm for 30 min at 4 °C to remove the cell debris and

intact cell. The supernatant was collected for further purification.

The supernatant was purified by affinity chromatography with Ni-NTA column. One mL
Ni-NTA resin was packed in 20 mL plastic column and pre-equilibrated with 10 mL buffer A
containing 20 mM imidazole (10 bed volumn). The supernatant was load into the column

then washed with 10 ml buffer A contained 20 mM imidazole (5 bed volumes). Five bed
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volumes of buffer A contained 80 mM, 150 mM, 300 mM, and 500 mM imidazole were used
sequentially to elute the expressed pepD protein. At last, washing the Ni-NTA column with
buffer A containing 1 M imidazole. The eluted fractions were collected for SDS-PAGE
analysis and enzymatic activity assay. By SDS-PAGE analysis, the high purity eluted
fractions were collected and dialyzed with 2 L 50 mM Tris-HCI pH 6.8 buffer for 2 hrs and
following 3 L for 8 hrs. After enzymatic activity analysis, the purified proteins were stored at
-80 °C before ready for following experiments. PepD could be stored at -80 °C without losing

of activity for six months.

2.3 Protein concentration determination

The protein concentrations of purified proteins were measured by BCA Protein Assay
Reagents. Each well of the F96 MicroWell™ plate were added 20 pL sample and mixed with
200 uL BCA™ Working Reagents (BCA™ Reagent A:BCA™ Reagent B = 50:1). The
reaction were incubated at 37 °C for 30 min in dark. The absorbances of samples were
measured at 562 nm on Multiskan Ascent Microplate Reader. A 2 mg/mL bovine serum
albumin (BSA) stock and successive dilutions (1.5, 1.0, 0.75, 0.5, 0.25, 0.125, 0.025 mg/mL)

followed in the same procedure as described above were served as standards.

2.4 SDS-PAGE and Native-PAGE analysis

After expression and purification, gel electrophoresis was used to check the expression
level, protein purity, and determination of the molecular weight. The samples were
electrophoresed on a 12.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (Table 3). Each 10 pL sample was mixed with 2 pL 5X SDS-PAGE sample
buffer and incubated at 95 °C for 5 min to denature proteins. The electrophoresis was
performed with 1X SDS-PAGE running buffer at 90 Volt for 30 min following 120 Volt for

1.5 hrs. The SDS-PAGE was stained with stain buffer containing Coomassie Brilliant blue
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R-250 for 30 min and destained with destain buffer I (methanol/acetic acid/water = 4:1:5,

v/v/v) for 20 min and following destain buffer II (methanol/acetic acid/water = 1.2:0.05:8.75)

overnight.

Native-PAGE was performed to check the native form of PepD. The purified and

dialyzed proteins fractions were electrophoresed on a 7.5% Native-PAGE (Table. 3). The

experimental steps were similar to SDS-PAGE analysis besides the gel containing no SDS

and without denaturing treatment. Each 10 pL sample was mixed with 2 pL 5X Native-PAGE

sample buffer and was performed immediately with iced 1X Native-PAGE running buffer at

90 Volt for 3 hrs with 4 °C circulating water bath. The proteins were stained and destained in

the same way as SDS-PAGE analysis.

Table 3. Solutions and volumes for preparation of SDS-PAGE and Native-PAGE

separating gel and stacking gel.

Separating gel Stacking gel

7.5% 10% 12% | 12.5% | 15% 20% 4%
ddH,0 (mL) 16.8 13.88 11.55 11 8.05 2.22 1.7
1.5 M Tris-HCl, pH 8.8

8.75 8.75 8.75 8.75 8.75 8.75 -
(mL)
1 M Tris-HCI, pH 6.8 (mL) - - - - - - 1.25
10 % SDS (mL)* 0.35 0.35 0.35 0.35 0.35 0.35 0.1
30% acrylamide / 1%
N,N’-methylenediacrylamid 8.75 11.67 14 14.6 17.5 23.33 0.01
e (mL)
TEMED (mL) 0.028 0.014 0.014 0.014 0.014 0.014 6.8
10 % Ammonium persulfate

b 0.35 0.35 0.35 0.35 0.35 0.35 10

(APS)’ (mL)
Total (mL) 35 35 35 35 35 35 10

*Replace SDS with ddH,O when preparing Native-PAGE

PRecommended to prepare freshly and mix at last
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2.5 Western blotting analysis

After gel electrophoresis, the resultant Native-PAGE and a nitrocellulose (NC) membrane
were soaked instantly in the transfer buffer. Following transferred the protein immediately to
an NC membrane with a blotting apparatus at 90 Volt for 1 hr, the NC membrane was
blocked with blocking buffer for 1 hr at RT. The membrane was then washed 3 times with 1X
PBS buffer and incubated with the primary anti-PepD monoclonal antibody (mAb) at 1:1,000
dilutions with 1X PBS buffer for 1 hr at RT with gentle shaking, followed by washed 5 times
with 1X PBST buffer to remove the unbound primary antibodies. The washed membrane was
further incubated with the goat anti-mouse IgG conjugated HRP at 1:5,000 dilutions with 1X
PBS buffer for 1 hr at RT with gentle shaking. Finally, the membrane was washed with 1X
PBST buffer for 5 times. The immunoreactive bands were visualized with a

chemiluminescence reagent and the autoradiography film.

2.6 Enzymatic activity assay of Vibrio alginolyticus PepD

The PepD activity was determined according to Teufel et al.** on the basis of measurement
of histidine by using of the o-phthalaldehyde (OPA) reagent. The substrate L-carnosine
(B-Ala-L-His) would be hydrolyzed to B-Alanine and L-Histidine. The fluorescence of the

derivative of histidine with OPA was detected at Agx: 355 nm and Agp,: 460 nm.
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There were 20 pL purified enzyme (0.5 mg/mL) and 80 uL 50 mM Tris-HCI] pH 6.8
buffer reacted with 0.5 mM L-carnosine for 20 min. Liberated histidine was derivatived by
adding 100 pL OPA reagent and incubated at 37 °C in darkness for 5 min. The reaction
containing only buffer with L-histidine and L-carnosine reacted with OPA were served as
positive and negative control, respectively. All reactions were carried out in triplicate.
Fluorescence of the histidine derivatived with OPA was measured by Fluoroskan Ascent FL.

(Agx: 355 nm and Agp,: 460 nm).

2.7 Substrate specificty of Vibrio alginolyticus PepD

To investigate the substrate specificity of PepD, various Xaa-His dipeptides, including
B-Ala-L-His (L-carnosine), a-Ala-L-His, Gly-His, Val-His, Leu-His, Ile-His, Tyr-His, Ser-His,
His-His, B-Asp-L-His, and y-Amino-butyryl-His (GABA-His, homocarnosine) and two
histidine-containing tripeptides, Gly-Gly-His and Gly-His-Gly, were used. The activity on
L-carnosine was defined as 100%. The enzymatic activity analysis method and reaction

condition were as described on 2.6.

2.8 Enzyme Kinetics
For determination of Vma, Km, and kg of V. alginolyticus PepD and compared the
hydrolysis efficiency with the wild-type and mutant PepD, the method described by Csampai

et al.”’

was modified to use by using High Performance Liquid Chromatography (HPLC)
with Fluorescence Detector (FLD). The system, which consists of Agilent 1100 Series
Quaternary pump, Autosampler, Fluorescence Detector and Inertsii ODS-3 (7 pum, 7.6
mmx250 mm) column, was used. The eluent system consisted of two components: eluent A
was 0.05 M sodium acetate of pH 7.2, while eluent B was prepared from 0.1 M sodium

acetate—acetonitrile—-methanol (46:44:10, v/v/v) (titrated with glacial acetic acid or 1 M

sodium hydroxide to pH 7.2). The gradient program was as described on Table 4. The fluent
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flow-rate was 0.8 mL/min at 30 °C.

Table 4. The fluent gradient program

Step Time (min) A (%) B (%)
1 0 100 0
2 5 50 50
3 15 0 100
4 25 0 100

Different concentrations of L-carnosine (1, 0.5, 0.25, 0.1, 0.05, 0.025, 0.01, 0.005, and
0.0025 mM) were added as substrates to initiate enzymatic reactions. After 20 min incubation
at 37 °C, the samples were mixed with OPA reagent for 5 min incubation at 37 °C then
injected by autosampler. Fluorescence of the histidine with derivatived OPA was measured
by FLD (Agxe: 355 nm and Agp,: 460 nm). Various concentration of L-histidine solution (0.05,
0.025, 0.01, 0.005, 0.0025, 0.001, 0.0005, 0.00025, and 0.0001 mM) derivatived with OPA

reagent were detected as method described above to serve as standards.

2.9 Site-directed mutagenesis on Vibrio alginolyticus pepD

Site-directed mutagenesis was performed by using the QuickChange site-directed
mutagenesis kit to create the mutants. Mutagenic primers were designed and
pET-28a(+)-pepD plasmid (wild-type) was used as the template: the PCR reaction was
carried out by using the nonstrand-displacing action of pfuTurbo DNA polymerase to extend
and incorporate the mutagenic primers (Appendix 1.), and resulting in the nicked circular
strands. The PCR mutagenesis reaction was performed in the 96-well GeneAmp® PCR
System 9700 Thermal Cycler as recommended by the manufacturer of PfuUltra™
High-Fidelity DNA polymerase. Each reaction added 100 ng of wild-type plasmid, 5 uL 10X
Pfu polymerase buffer, 4 uL 2.5 mM dNTP mix, 1 pL of each 12.5 uM primer, 1 pL (2.5 U)

Pfu polymerase and ddH,O to the final volume of 50 pL (Table 5). The PCR products with
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wild-type and mutant plasmids were incubated with Dpnl for 4 hrs at 37 °C to selectively
digest the methylated, non-mutated parental wild-type plasmids. After Dpn I digestion, the
mutant plasmid was transformed into E. coli. XL1-Blue competent cells, with selection for
kanamycin resistance. After the successful mutagenesis confirmed by restriction enzymes
and DNA sequencing of plasmid, the desired mutant plasmids were transformed into E. coli

BL21( DE3 ) pLysS competent cells for expression of the mutant pepD proteins.

Table 5. Reaction conditions and cycling parameters for the PCR mutagenesis reaction

pET-28a(+)-pepD plasmid 0.5 Segment | Cycles | Temperature | Time

Pfu polymerase (2.5U/uL) 1 1 1 95°C 2 minutes
10X Pfu polymerase buffer 5 2 18 95 °C 30 seconds
Primer 1 (12.5 uM) 1 52°C 1 minute
Primer 2 (12.5 uM) 1 72 °C 8 minutes
dNTP mix (2.5 mM each) 4 3 1 79 °C 10 minutes
Total 50 pL

2.10 Circular dichroism (CD) spectroscopy
The secondary structure of the wild-type and the mutant pepD proteins were confirmed
by monitoring CD spectra. The protein sample concentration was 0.2 mg/mL in 50 mM
Tris-HCI, pH 6.8 buffer. The CD spectra were recorded every 1 nm between 200 to 300 nm
wavelength used a quartz cuvette of 1 mm path-length in a Jasco J-715 spectropolarimeter,
Only 50 mM Tris-HCI, pH 6.8 buffer was as the control. The results were scanned 4 times
and averaged. Converted the data into mean residue ellipticity (MRE) by using the equation :
(0] mre = (MRW x Ogps/c x d).%° 04, is the observed ellipticity (in millidegrees) at the
respective wavelength, MRW is the mean residue of the enzyme (MRW = M/n, M = 53548.8
g/mole, n = 490 amino acid residues), d is the cuvette path-length in cm, and c is the protein

concentration in mg/mL.%
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2.11 Crystallization

Purified recombinant PepD was produced as previously described on 2.2. The purified
enzyme was concentrated to 10 mg/mL and dialysed to against Tris-HCI buffer with 20 mM
HEPES buffer by Centricon YM30. Using the hanging drop technique, one small droplet of

the sample mixed with crystallization reagent was dropped on a

siliconized glass cover slide, and the cover slide would invert to { 15

H,0
over the reservoir in vapor equilibration with the reagent. In this

[pptl,.....
[Pl merye

experiment, hanging drops were formed by mixing 1 pL enzyme

reservoir solution

solution with 1 pL of crystallization reagent at 20 °C with the

reservoir solution.

2.12 Analytical Sedimentation Velocity Ultracentrifugation

Sedimentation velocity is an analytical ultracentrifugation (AUC) method that measures
the molecular moved rate for providing both the molecular mass and the shape of
molecules.”’ This technique can distinguish the native state of the protein in either a
monomer, dimmer, or even tetramer form. The data were evaluated according to the g*(s)
method developed by Walter Stafford.”” Since the g*(s) analysis yields both the
sedimentation coefficient s from the peak of the curve, the apparent molecular weight can
also be determined. Depending on the application and optical system, the protein
concentration ranging 0.1 mg/mL to 0.5 mg/mL was used and the sample volume was about
500 pL. Sample was equilibrated with 20 mM Tris-HCI pH 6.8 buffer and this equilibrated
buffer was used as another reference control into the reference sector. The sedimentation

velocity analysis was performed at National Tsing Hua University.
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Chapter 3 Results

3.1 Expression and Purification of Vibrio alginolyticus PepD

Vibrio alginolyticus PepD was sucessfully expressed in E. coli BL21(DE3)pLysS and
purified by Ni-NTA column chromatography. The Ni-NTA resin-bound PepD would be
eluted with high purity by 20 mM Tris-HCI, 0.5 M NacCl, pH 6.8 buffer containing 150 mM
imidazole. The pure elutent fraction was collected and dialyzed with 20 mM Tris-HCI, pH
6.8 buffer at 4 °C to remove the salts. The dialyzed protein on SDS-PAGE revealed a single
band with molecular mass of approximately 55 kDa (Fig. 5), quite close to the calculated
molecular mass, 53.6 kDa, of Vibrio alginolyticus PepD. The purified Vibrio alginolyticus

PepD was also confirmed by Western blotting with an anti-PepD mAb (Fig. 5).
M 1 2 3 4

(kDa)
97
66
-— — U
45
—— S —
30

Fig. 5 SDS-PAGE and Western blot analysis of purified PepD

(a) Lane M:LMW protein marker;Lane 1:cell crude extracts of E.coli BL21(DE3)pLysS
carrying pET-28a(+); Lane 2:cell crude extracts of E.coli BL21(DE3)pLysS carrying
pET-28a(+)-pepD; Lane 3:purified PepD from Ni-NTA column; Lane 4:western blotting
analysis of purified PepD with anti-PepD mAbs

The concentration of purified PepD was determined by BCA Protein Assay Reagent and
in total 5 mg pure PepD from 300 mL E. coli cells could be abtained. The purified PepD was

further characterized with the activity assay as described in 2.6.
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3.2 Enzymatic activity assay
As described in 2.6, the purified wild-type PepD was subjected to the activity assay with
L-carnosine as a substrate, which would be hydrolyzed to PB-alanine and L- histidine.

According to Teufel et al.

on the basis of measurement of histidine by use of
0-phthalaldehyde (OPA) reagent. The histidine-OPA derivative was detected at Agx: 355nm
and Agm: 460nm. The purified PepD was confirmed as a member of carnosine-hydrolyzing
enzymes capable of catalyzing the hydrolysis of L-carnosine to B-alanine and L-histidine

which further producing the detectable fluorescence derivative of L-histidine while reacting

with OPA reagent in 50 mM Tris-HCI, pH 6.8 buffer.

3.3 Substrate Specificity of Vibrio alginolyticus PepD

The PepD from E. coli has been identified as a dipeptidase with broad substrate
specificity.’® The substrate specificity of PepD from Vibrio alginolyticus was determined
with eleven Xaa-His dipeptides, two non Xaa-His dipeptides, and two His-containing
tripepides, and compared with the data from E. coli. The experimental method was as
described in 2.7. The enzyme activity on L-carnosine (B-Ala-L-His), the known substrate of
aminoacylhistidine dipeptidase (PepD), was defined as 100% (Fig. 6). The highest enzyme
activity was observed from the hydrolysis of His-His, which was about two times higher than
that of the L-carnosine. Moreover, the hydrolysis of a-Ala-L-His, which only differs in the
orientation of the alanine also showed 1.5 times higher activity than L-carnosine hydrolysis.
The relative dipeptidase activities with the other Xaa-His dipeptides substrates including
Val-His, Leu-His, Tyr-His, Ile-His and Ser-His were also superior to that of carnosine
degradation, and the enzyme could also hydrolyze Gly-His with good activity. The enzyme
showed no apparent activity toward B-Asp-L-His and y-Amino-butyryl-His (GABA-His,
homocarnosine). In addition, the non-Xaa-His dipeptides including His-Ile, His-Val, as well

as tripeptides containing histidine in the central or C-terminal position were not degraded,
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indicating that V. alginolyticus PepD is a dipeptidase in activity.
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Fig. 6 Substrate specificity of PepD for Xaa-His dipeptides and histidine-containing
tripeptides. Purified recombinant PepD proteins were incubated for 25 min at 37 °C with 11
Xaa-His dipeptides, 2 non Xaa-His dipeptides and 2 His-containing tripepides, and the
activity was measured as standard activity assay (see 2.6). Values are expressed as relative

activity setting the degradation of carnosine to 100%

3.4 Enzyme Kinetics of Vibrio alginolyticus PepD

The enzyme kinetics of V. alginolyticus PepD for L-carnosine was performed as
described in 2.8. The Vpmax and Ky, values of V. alginolyticus PepD (2 pg, 0.186 uM) for
L-carnosine calculated from the respective Lineweaver-Burk plot were 1.6 pM/min and 0.36
mM, respectively (Fig. 7). Therefore, the turnover number (Kea, Keat = Vmax/[E]r) of V.
alginolyticus PepD for L-carnosine in 50 mM Tris-HCI, pH 6.8 at 37 °C was 8.6 min™' and the
catalytic efficiency (Kea/Km) was 0.398 mM's™!. The determined Km value of PepD was 5.64

mM from E. coli*® and 0.25 mM from S. typhimurium®. The other kinetics values including

26



Keat, Keat/Km, and specific activity of PepD, however, were first identified.
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Fig. 7 Enzyme Kinetics of V. alginolyticus PepD (a) Michaelis-Menten plot for PepD

catalyzed the hydrolysis of L-carnosine in 50 mM Tris-HCl, pH 6.8 at 37 °C. (b)

Lineweaver-Burk plot calculated from the respective Michaelis-Menten plot.
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3.5 Site-directed mutagenesis analysis of Vibrio alginolyticus pepD

In order to identify the putative active site of PepD, site-directed mutagenesis analysis
was performed to investigate the essential amino acids. Recent studies reported that the
active site residues of enzymes in M20 family were almost conserved.”® Pep V, the first
dinuclear dipeptidase with carnosine-hydrolyzing enzymatic activity protein in M20 family
has been crystallized in 2002. PepD showed 20.9% identity and 34.3% similarity with PepV
based on the sequence alignment employing. Sequence alignment between PepD and PepV
also revealed the proposed active site. Surprisingly, the active site residues of PepV were
almost conserved in PepD. These residues, including His80, Asp119, Glul50, Asp173, and
His461 were expected for the metal binding, whereas Asp82 and Glul49 were expected for

the catalysis (Fig. 8).

It was notable that the conserved residue Aspl19 of PepD was equal to the adjacent
residue Asp 120 of PepV that is the adjacent residue next to its metal binding residue Asp119.
It is common that aspartic acid residue exhibited the metal binding role extensively at the
active site of the enzymes in M20 family. The PepV peptide group between the bridging
Asp119 and the adjacent residue Asp120 exhibited a cis-conformation to affect the binding
of the metal, whereas the Asp 119 from PepD might be considered to associate with two zinc
ions simultaneously. The cis-conformation is thought to be necessary to force the important
zinc bridging carboxylate into the correct geometry as described in 1.7. Therefore, the
residue Aspl119 of PepD may play a more important role on metal binding hence involve in
the enzymatic activity. In the study Aspl119 and another proposed catalytic residue Glul149

were initially investigated by site-directed mutagenesis.
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PepD ISEFHS TLSPAP EIRBGNCEENE HP S K HENSEN, IgT-———-- WNTEQG D

PepV NIDLNE AKKDAMRLIMDINHNETEWRD S SEDLINENT EIFpPMGKGPVDAMIRKE LS D
*

PepD PT I[§KPATPGUEN- QA KNEDDHD|SReIBZNeI P Y INN

PepV FDT YAGRVNEGAGD G T Glal UimjAveS — — — — — AeiMel TRDPFRUE T DEF HE;

*

v
PepD TTLGABRNETG CL SIMHTKHGIY- - - TIEI GMTGAFGLEAGWLKG|RANE
PepV RGSADEAEPS Y GIUIRT. T, GF K FARG T WVEIDYYLKHEPTEARY 174

*
PepD NT® EGEYYMec IRDGAINUTIYDIT IPAG|JNT TLEKGLEKGGHSGCDIHNIG
PepV SEBNE P——HIN OETIT - - SIHKNEDTKGDPQYLDIWAKAGIATNVTPOVT IS|gP
PepD ANSLBGRFLAGHAQIHT LVEFRGGSL PREAFVTVINLBAEN LIAERENNY TIHL
PepV D LAYESFLAPKIIMDGSFEINDESANIWLIGQGAH VGRS LIJLD
PepD LEMELGIIETD FNIREVATD. Dielel AcBvcvMRrEs DEVE
PepV AFBGR FLH EDFYG F' His¥9, DIBMSIG D) SigS ——-MDYIMH A

PepD
PepV

*
PepD A TIgRD GIYEEKPW TN A eI FCG EPYPNMDMVSFEET IKFPlsl <P,

PepV QOTIMLK| QTEHPG VBN GETYG RGVAFGAQPEN[ed— —MVMIsl|2 F
PepD T FWDOMVAT PIHKA-— 490
PepV IMSIAIYAE EWRTIMDEEL 470

Fig. 8 Multiple sequence alignment with PepD and PepV

QST NGAQINNE SGAY) DADSE 410
SGRL YNG PHY SDig———--

Identical and conserved amino acids between the sequences are marked in black and gray,

respectively. Dashed lines indicate the gaps introduced for better alignment.
v Proposed active site residues : Asp82 ,Glul149

% Proposed metal ion binding residues : His80, Asp119,Glul50, Asp173, His461

The desired mutants were generated by QuickChange site-directed mutagenesis kit as

described in 2.9 and the mutant plasmids were transformed into E. coli. BL21(DE3)pLysS to

express the mutant proteins. Following the same purification experimental procedure of V.

alginolyticus wild-type PepD, the mutant PepD proteins were carried out with 20 mM

Tris-HCI pH 6.8 buffer containing 150 mM imidazole by Ni-NTA column chromtography.

The purified wild-type and mutant PepD proteins showed the same molecular weight about

55 kDa on SDS-PAGE (Fig. 9~10.).
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Fig. 9 SDS-PAGE (12%) of purified wild-type and mutant proteins of D119.

Lane M:LMW protein marker; Lane 1:PepD wild type; Lane 2:PepD D119E mutant; Lane
3:PepD DI119M mutant; Lane 4:PepD D119L mutant; Lane 5:PepD D119] mutant; Lane
6:PepD D119 R mutant; Lane 7:PepD DI119F mutant; Lane 8:PepD D119A; Lane 9:PepD
D119S mutant; Lane 10:PepD DI119T mutant; Lane 11:PepD D119C mutant; Lane 12:PepD

D119P mutant; Lane 13:PepD D119N mutant
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Fig. 10 SDS-PAGE (12%) of purified wild-type and mutant proteins of E149.
Lane M:LMW protein marker; Lane 1:PepD wild type (WT); Lane 2:PepD E149A mutant;
Lane 3:PepD E149D mutant; Lane 4:PepD E149G mutant; Lane 5:PepD E149S mutant; Lane

6:PepD E149Q mutant; Lane 7:PepD E149H mutant; Lane 8:PepD E149R mutant

30



In E. coli, PepD was indicated as a homodimer in native sate.”” To observe the native
form of PepD in V. alginolyticus, the wild-type and mutant PepD derivatives were analyzed
with 7.5% Native-PAGE analysis (Fig. 11) A major band with molecular mass near 66 kDa
of the protein marker was observed. Interestingly, several weak bands were also examined on
the Native-PAGE of the wild-type and mutant PepD. Therefore, it was proposed that PepD in
V. alginolyticus might exist in many forms in the native state. The major band with molecular
weight about 66 kDa might be the monomer that PepD tended to form in its native state. The
minor weak band with molecular weight near 140 kDa might be the homodimer form. To
ensure the native form of PepD in V. alginolyticus, the Westeewrn blotting, that examining a
clear band on the film was carried out using anti-PepD mAb (Fig. 12). Besides, Analytical
Ultracentrifugation (AUC) was also used to confirm the result of Native-PAGE analysis and
Western blotting (Fig. 13). However, the calculated molecular weight from sedimentation
coefficient (S) indicated that PepD preferred to form homodimer in its native state. The
calculated molecular weight of denatured PepD protein was as a control comparing to the

molecular weight of wild-type PepD protein (Fig. 14).
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Fig. 11 Nativ-PAGE (10%) analysis of purified PepD wild-type and mutant proteins
Lane M:HMW Native protein marker; Lanel: PepD wild-type(20 pL); Lane 2:PepD D119E
mutant (20 pL); Lane 3:PepD E149D mutant (20 pL); Lane 4:PepD wild-type (40 pL); Lane

5:PepD D119E mutant (40 uL); Lane 6:PepD E149D mutant (40 pL)
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Fig. 12 Western blotting analysis of purified PepD wild-type and mutant proteins
Lane M:HMW Native protein marker; Lane 1:PepD wild-type; Lane 2:PepD D119E mutant;
Lane 3:PepD E149D mutant; Lane 4:PepD wild-type; Lane 5:PepD D119E mutant; Lane

6:PepD E149D mutant
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Fig. 13 Analytical ultracentrifugation determination of PepD protein
The molecular weight of V. alginolyticus PepD is 53548.8 g/mol. The calculated molecular

weight from sedimentation coefficient (S) is about 96817.977 g/mol.
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Fig. 14 Analytical ultracentrifugation determination of denatured PepD protein

The calculated molecular weight of denatured PepD protein from sedimentation coefficient (S)

is about 37835.71 g/mol.
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3.6 Enzyme Kkinetic of the mutant PepD

The enzyme activity of the mutant PepD was performed with hydrolyzing L-carnosine in
the same experimental process of the wild-type PepD, as described in 2.6. Compared to the
wild-type PepD, no apparent activity could be detected among almost all mutanted-PepD

except the E149D mutant (Fig. 15).
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Fig. 15 Enzymatic activities of wild-type and mutant PepD on L-carnosine. Purified
wild-type and mutant PepD proteins were subjected to the activity assay on L-carnosine as a

substrate. The wild-type activity was defined as 100%
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Moreover, the enzyme kinetic of the mutants to determine the Viyax, Ky and Key values,
and compared to that of the wild-type PepD. The Vmax and Ky, values of the E149D mutant (2

ug, 0.186 uM) for L-carnosine calculated from the respective Lineweaver-Burk plot were 1.1

uM/min and 0.53 mM (Fig. 16).
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Fig. 16 Enzyme Kkinetics of wild-type and mutant PepD (a) Michaelis-Menten plot for
wild-type and E149D mutant which catalyzed the hydrolysis of L-carnosine in 50 mM

Tris-HCl, pH 6.8 at 37 °C. (b) Lineweaver-Burk plot calculated from the respective

Michaelis-Menten plot.
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Therefore, the turnover number (Keat, Keat = Vmax/[E]1) of E149D for L-carnosine in 50 mM
Tris-HCI, pH 6.8 at 37 °C is 5.9 min™! and the catalytic efficiency (Kea/Km) is 0.186 mM s,

Moreover, no activity at all could be detected for the D119E mutant (Table 6).

Table 6. Kinetic Parameters for the hydrolysis of L-carnosine at 37 °C and pH 6.8 of

wild-type and mutant V. alginolyticus PepD

PepD variant Kear (min™") Ky (mM) Keat! Kin (mM's™)
Wild-type 8.6 0.36 0.398
E149D 5.9 0.58 0.186
DI19E ND ND ND

3.7 The secondary structure of Vibrio alginolyticus PepD

There is a common problem that the mutants created by using site-directed mutagenesis
techniques might cause global conformational changes that inactivate the protein. Circular
dichroism (CD) spectrum analysis can give information on the secondary structure content of
protein. The a-helix, B-sheet, and y-turn are three main types of secondary structure in
proteins. The different types of regular secondary structure in proteins would give rise to
characteristic CD spectra in the far UV.®> CD spectroscopy was performed on the purified
PepD WT and mutant proteins to prove that the loss or decreasing activity of the mutants
were not due to the change of secondary structure of protein. The far-UV CD spectra of the

wild-type and mutant PepD spectra were similar (Fig. 17).
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Fig. 17 The CD spectra of Vibrio alginolyticus PepD wild-type and mutant proteins.

The predict percentages of secondary structure from CD spectra also suggested that the
secondary structure of wild-type and mutant PepD were almost the same (Table 7).
Accordingly, PepD mutants did not produce the structural misfolding dramatically and the

influence on its activity might come from the mutated-inducing enzymatic activity change.

Table 7. The secondary structure content of wild-type and mutant V. alginolyticus PepD

a-helix (%) B-sheet (%) random coil (%)

WT 31 11 58
D119E 31 10 58
E149D 30 14 57

(http://www.embl-heidelberg.de/~andrade/k2d/)
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3.8 Structure features of Vibrio alginolyticus PepD

To predict the active site residues of V. alginolyticus PepD, the computational analysis
was also carried out through homology modeling analysis. The PepD model was obtained
with L. delbrueckii PepV as the template, and the generated PepD structure is quite similar to

PepV structure (Fig. 18).

Fig. 18 Three-dimensional ribbon of the crystal structure of PepV(right) and the
generated PepD(left) model based on PepV. The PepD catalytic domain has a fold similar
to the dinuclear carnosine-hydrolyzing enzyme PepV. The structure predicted two zinc ions at
the catalytic pocket center which were held by five metal binding residues (yellow) including

the adjacent residue Asp119 (light green). The residues for catalytic (blue) were quite similar.

Apparently, based on the results of sequence alignment, activity assay, and homology
modeling, seven residues including His80, Asp119, Glul50, Asp119, Asp173, His461 were
thought to be involved in the active site of V. alginolyticus PepD crucial for associating with

zinc ions , and Asp82 and Glul49, two catalytic residues. Moreover, the superimposition of
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PepV active site residues with PepD revealed that the predicted active site residues of PepD

were almost equivalent to that of PepV (Fig. 19).

D119 (PepV) Py

H461 (PepD)

Fig. 19 Stereo view of PepD (blue) superimposed with the active site residues of PepV.
The gray sticks are residues of PepV, and the orange sticks (metal binding) and the blue
sticks (catalytic) are residues of PepD. The predicted metal binding residues of PepD are
almost equivalent to that of PepV. The yellow stick is the phosphinic inhibitor Asp W

[PO,CH,]AlaOH of PepV.
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It was considered that the active site residues of enzymes in M20 family were almost
conserved. Carboxypeptidase G, (CPG), the first dinuclear dipeptidase with available crystal
structure in M20 family, was proven to cleave the the C-terminal Glu from folic acid and
folate analogs.” The structure homology models showed that the catalytic domain of PepV
has a similar folding to the CPG; and the active sites residues of PepV were fully conserved
in CPG,.” In the other hand, the sequence of PepD showed 19.3% identity and 34.2%
similarity with CPG,. To determine the putative catalytic domain of PepD, the sequence
alignment and superimposition of CPG; active site residues with PepD was also performed.
The result revealed that the predicted active site residues of PepD were almost equivalent to
that of PepV and CPG, (Fig. 20, 21), only the residue Asp119 of PepD displayed a notable
difference in this model. However, loss of enzymatic activity of PepD D119 mutant indicated

that this residue might play an important role for the PepD mediated cleavaging reaction.

D119(PepV)
D141(CPG,)

Fig. 20 Local view of PepD superimposed with the active site residues of PepV and
CPG:g;. The residues were respectively colored in gray, yellow and blue for PepD, PepV and
CPGg,. The active site residues were almost equivalent. The zinc binding residue Asp173 in

PepD and equivalent aspartic acid in PepV was substituted by glutamic acid in CPG,.
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Proposed active site residues : Asp82 ,Glul149

Proposed metal ion binding residues : His80, Asp119,Glul50, Asp173, His461

Fig. 21 Multiple sequence alignment with CPG,, PepV and PepD
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3.9 Crystallization of Vibrio alginolyticus PepD

The V. alginolyticus PepD crystals were obtained by using hanging drop technique as
described in 2.12. Hanging drops were formed by mixing 1 pL of 10 mg/mL enzyme solution
with 1 pL crystallization reagent. The crystals were yielded at 20 °C in two weeks under two
condition: Crystallization reagent was composed of (a) 20% PEG-4000, 10% isopropanol,
0.1 M Na-HEPES, pH 7.5 (b) 28% PEG-400, 0.1 M Na-HEPES, 0.2 M CaCl,, pH 7.5 (Fig.
22). The crystals diffraction was 2.7 A at best, but the quality of this data collection was not
useful for phasing. Therefore, further modification of the precipitation condition should be
undertaken and hope to obtain the high-resolution crystals for structure determination in the

future.

Fig. 22 The V. alginolyticus PepD crystals were grown at 20 °C in two condition: (a) 20%
PEG-4000, 10% isopropanol, 0.1 M Na-HEPES, pH 7.5 (b) 28% PEG-400, 0.1 M

Na-HEPES, 0.2 M CaClI2, pH 7.5



Chapter 4 Discussion and conclusion

In this study, V. alginolyticus PepD which identified as a member of metallopeptidase
M20 family and considered as an aminoacylhistidine dipeptidase was being investigated. The
recombinant PepD of V. alginolyticus with a His-tag on N-terminus was successfully
expressed and purified with high purity. Based on the SDS-PAGE analysis, the molecular
mass of PepD is about 55 kDa near to the calculated molecular mass of 53.6 kDa. and is also

similar to that of previously identified E. coli PepD.”

The V. alginolyticus PepD enzymatic activity was performed on
L-carnosine-hydrolyzing, which was similar to that exhibited by all of the known PepD. It
could hydrolyze the unique dipeptide L-carnosine (pB-Ala-L-His), which has potential
neuroprotective function in brain and could act as an antioxidant or antiglycation agent. The
substrate specificity of PepD in V. alginolyticus was also identified in this study. It could
degrade a large number of Xaa-His dipeptides besides brain-specific dipeptide like
GABA-His. The amino group in a or B position of N-terminus residue did not affect the
recognition and hydrolysis of dipeptide. However, with the more tendency for a-Ala-L-His
than L-carnosine as substrate was first identified in bacterial PepD, whereas the same result
could also be observed in human cytosolic nonspecific dipeptidase (CN2).** Several Xaa-His
dipeptides including Val-His, Leu-His, Tyr-His, Ile-His, His-His and Ser-His were superior
over carnosine as substrates for degradation and the enzyme also could hydrolyze Gly-His
with good activity but had no apparent activity on B-Asp-L-His. Therefore, we preliminary
assumed that this enzymatic activity on Xaa-His dipeptides is dependent on the charge of
Xaa amino acid. The His-Xaa dipeptides including His-Ile or His-Val, as well as tripeptides
containing histidine in the central part or C-terminal position were not degraded, indicating
that V. alginolyticus PepD is a Xaa-His dipeptidase in activity. The study of substrate

specificity on Xaa-His dipeptides was first carried out in bacterial aminoacylhistidine
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dipeptidase, but had already been identified in mammals.

The kinetic values including Kear Or Kea/Km, were compared with the mammal
aminoacylhistidine dipeptidases while lacking of the related reports for the bacterial PepD
and PepV. The Ky value and catalytic efficiency (Kca/Km) of V. alginolyticus PepD for
L-carnosine were 0.36 mM and 0.398 mM's™, respectively. As compared with that of human
carnosinase (CN1) (Kyn 1.2 mM and Kea/Kn 8.6 mM's™), PepD catalyzes at a relative low
efficiency. However, the Ky, value of V. alginolyticus PepD was lower than PepD of
Escherichia coli K-12 (2 to 5 mM) * indicated a relatively higher interaction of V.
alginolyticus PepD with its substrates. Based on the result of higher hydrolysis rate on
a-Ala-L-His than B-Ala-L-His as the substrate, PepD could have other more suitable
dipeptide substrate for degradation or even another totally different enzymatic activity.
Moreover, the inhibitiory effect of bestatin on L-carnosine hydrolysis by PepD will be

investigated.

According to the result of sequence alignment between PepV and PepD, the active site
residues were almost conserved. We predicted that there are five putative metal binding
residues, His80, Aspl119, Glu 150, Asp173, and His461, and two catalytic residues, Asp82
and Glul49 in the enzymatic active site cavity. The conservation of the active site residues
suggests that the hydrolytic mechanism of PepD and PepV might be closely related. The
PepD mutants created by site-directed mutagenesis on putative metal binding residue Asp119
resulting in losing the activities but without changing the secondary structure with CD
spectra analysis. It revealed that this residue might be involved in the metal binding for the
dramatically affecting enzymatic activity. There were no detectable zinc ions in the D119E
mutant crystal by X-ray diffraction, preliminary confirming our hypothesis. We also

investigated the residue of catalytic Glul49 for site-directed mutagenesis. Surprisingly,
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almost the mutants lost the activities besides E149D that retained partial enzymatic activity.
The similar spectra and the predict percentages of secondary structure from CD spectra
compared with the wild-type PepD via CD spectra analysis confirmed that the similar
secondary structure was existed in the mutant E149D. Based on this result, we suggested that
changing of the putative catalytic residue glutamic acid to the aspartic acid with the same
negative charge would keep the enzymatic ability to interact with the substrate.

To confirm our suggestion, the orientation relationship between the putative active site
residues and zinc ions were investigated by molecular modeling. The carbonyl oxygen of the
mutant D119E was far away from zinc ion to involve in the metal binding ability for the

dramatically affecting enzymatic activity (Fig. 23).

PepD D119
PepDDIIOE o

By 1 war

‘ 957
4
~ / PepV D119

Fig. 23 Stereo view of orientation relationship between zinc ion and the putative metal

binding residues Asp119.
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The catalytic mechanism proposed that the bridging catalytic water attacks the carbonyl
carbon of the scissile peptide bond to form a sp’-orbital substrate-enzyme tetrahedral
intermediate (Fig.24). The distant from the catalytic water to the carbonyl carbon of the
mutant E149D was too far to from the substrate-enzyme tetrahedral intermediate that further
involved in substrate binding ability and caused the mutant losing partial enzyme activity

(Fig. 25).

o /\Glu . éf\clu PepV Glu 153
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Fig. 24 Proposed catalytic mechanism for the hydrolysis of N-terminal amino acid
residues. Proposed general mechanism for the hydrolysis of a peptide, catalyzed by a
metallopeptidase with a co-catalytic active site where R1, R2, R3 are substrate side chains

and R is an N-terminal amine or a C-terminal carboxylate.
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Asp-Ala phosphinate
Inhibitor

Substrate-enzyme
tetrahedral intermediate

Fig. 25 Stereo view of orientation relationship between catalytic water and the putative

catalytic residues Glu149.

The homology modeling structure of PepD was obtained from the L. delbrueckii PepV
crystal structure with dizinc nuclear was quite similar. The putative residues for catalytic
Asp82 and Glul49 of PepD were primarily superimposed on PepV Asp89 and Glul53
residues. Asp82 was conserved in all of the active enzymes from clan MH and considered to
clamp the imidazolium ring of His80. Glul49 served as a general base in catalysis, whereas
the water molecule was bridged by two zinc ion acting as the attacking hydroxyl ion
nucleophile.’® These two zinc ions, as described by Jozic et al.,” were considered to play two
different roles for hydrolyzing substrates: for stabilization of the substrate-enzyme tetrahedral
intermediate as well as for activation of the catalytic water molecule. Moreover, the

superimposition of the metal binding residues of PepD, PepV and CPG, were almost
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indistinguishable except for Asp119 (Aspl141) which was considered as the bridging residue
held both two zinc ions in PepV (CPG,). The orientation of Asp119 in PepD seems with less
association for two zincs. However, mutants with losing activity provide some evidences for
Aspl19 involving in the catalytic reaction undoubtedly. Thus, we assumed that the active site
pocket of PepD and PepV were similar and the hydrolytic mechanism might also be closely

related but with slight difference.

Enzymes with the known crystal structures in M20 family such as PepV was identified
as monomer whereas CPG; as homodimer in their native state. The native form of V.
alginolyticus PepD was analyzed on the Native-PACE as well as western blotting analysis.
Based on the Native-PAGE and the film, we assumed that both wild-type and mutant PepD
existed in several forms while monomer form was formed in dominant. However, the result
of analytical sedimentation velocity ultracentrifugation indicated that there were only
homodimer in the native state of PepD .It is possible that none of the covalent interaction
between PepD proteins was formed and non-covalent interaction was apparently weak. The

dimerized PepD might be separated by electricity through electrophoresis analysis.

In conclusion, V. alginolyticus PepD was considered as a member of
aminoacylhistidine dipeptidase which could hydrolyze Xaa-His dipeptides including an
unusual dipeptide carnosine (B-Ala-L-His) with low catalytic efficiency. The further
investigation on substrate specificity indicated that V. alginolyticus PepD was considered to
be a Xaa-His dipeptidase that hydrolyze various His-containing dipeptides except the
dipeptide with the negative charge in its N-terminal part. V. alginolyticus PepD is similar to
the CN2 that could not hydrolyze the brain-specific dipeptidases such as GABA-His, but
different from the PepV in losing the degradation ability toward unusual tripeptides. In native

state, PepD existed in several forms but preferred to form homodimer. Mutagenesis study and
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homology modeling structure on PepD revealed that the putative active site pocket of PepD
might be similar to PepV, even the hydrolytic mechanism was closely related but with slight
different. As a member of peptidase family M20, the most direct evidence on the metal
content of PepD is determined through the progressive crystallization study for
characterizing the mono- or di-zinc catalytic center. Either the actual active site pocket and

hydrolytic mechanism will also be characterized via the crystallography.
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Chapter S Future work

Based on the results in this study, two putative active site residues which were apparently
involved in the catalysis of PepD were first identified. The saturated mutagenesis on other
putative metal binding and catalytic sites will be continuous analyzed to clarify their roles in
the peptidase activity of PepD. Moreover, several residues outside of the catalytic domain of
enzymes in M20 family were considered to be involved in the substrate binding and catalysis
in recent report. As described on section 1.9, the respective His269 from the lid domain of L.
delbrueckii PepV was associated with Zn 1 for forming an oxyanion binding hole bound to
the carbonyl oxygen of Glu 153 and led to a tetrahedral intermediate. This residue functioned
for the stabilization of the transition state and its corresponding results to His229, His223,
and His206 in the small domains of the dimeric homologs CPG2, PepT, and hAcyl in M20
family were also be examined. The mutagenesis study on H206 of hAcyl in 2003%° indicated
that the conserved histidine in the dimerization domain of dimeric Acy1/M20 family
enzymes contributes in trans to the active site. Therefore, several polar or aromatic residues
outside of the putative active site of PepD should also be futher investigated by site-directed

mutagenesis in the future.

PepD was identified as a member of metallopeptidases which required metal ion for its
catalytic activity. In these peptidases, the metal ion is usually zinc but sometimes cobalt,
manganese, nickel or copper. However, recent studies showed that different metal ion with

42,64 The functional roles

various concentration could inhibit or increase the enzyme activity.
for the different metal centers as well as the activation mechanism due to lose metal ions are

still unclear. Consequently, the metal selectivity and inhibition/activation mechanism will be

valuable investigated in the future.
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As the biological function of bacterial pepD is less understanding, the gene knock-out
study on V. alginolyticus pepD followed by a series of biochemical or morphology analysis
will provide more informations about its role in prokaryotes. At the same time, since PepD
affects the bacterial biofilm formation, biofilm assay should also be performed and compared

with both V. alginolyticus wild-type and pepD knockout strain.

With absence of the structure in neither peptidase family M20 nor similar peptidase,
crystallization on the V. alginolyticus PepD was needed. Furthermore, the crystal structure of
the wild-type and mutant proteins combined with the mutagenesis analysis data could
provide an insight into the catalytic mechanism of bacterial aminoacylhistidine dipeptidase.
Up to date, we have obtained the crystal of wild-type PepD with undesirable resolution.
Therefore, the proceeding effort is still needed to modify the crystallization condition in

order to improve the quality of crystal for further structure determination.
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Appendix 1

Primers used in this thesis

Sequencing and Expression

F1 (sense) 5’-GTGTCTGAGTTCCATTC-3’ (1-17)*

F2 (sense) 5’-TGGGCGACAGAGCAAGG-3’ (127-143)
F3 (sense) 5’-TCTGGCGCTTACCCAGG-3’ (1189-1205)
R1 (antisense) 3’-AAGGACTTTTCCGCATT-5’ (1457-1473)
R2 (antisense) 3’-CGTAACTTGCGAACAGG-5’ (979-995)
R3 (antisense) 3’-GTGACTAGTGCTGAAGT-5’ (270-286)
N1 (sense) 5’-CGCGGATCCCATATGGTGTCTGAGTTCCATTC-3>  (Ndel)®
Mutagenesis

D119X-1 5’-CGCTCGGGGCANNNAACGGCATCGGCATGGC-3’ (Aval)
DI119X-2 5’-GCCATGCCGATGCCGTTNNNTGCCCCGAGCG-3’ (Aval)
E149X-1 5’-CTGACAATTGATNNNGAAGCAGGCATGACAGG-3  (Mfel)

E149X-2

5’-CCTGTCATGCCTGCTTCNNNATCAATTGTCAG-3’

(Mfel)
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Appendix 2

The restriction enzyme used in expresson vectors check and the expected size of excised

fragment.
Plasmid R.E.” used | Excised frangment
pET-pepD-WT Aval b
pET-pepD-D119X Aval 1.2 kbp.
pET-pepD-WT Pvul b
pET-pepD-E149A Mfel/Notl 1.2 kbp.

* R.E.= restriction enzymes.
® No expected DNA fragment was excised.
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Appendix 3

Experimental Materials

+ Bacterial strains, plasmids, animal, and cell
Escherichia coli BL21(DE3)pLysS (Novagen)
Escherichia coli XL1-Blue (Novagen)

Vibrio alginolyticus ATCC 17749 (FIRDI, Taiwan)
pCR®2. 1-TOPO (Invitrogen)

pET-28a(+) (Novagen)

Female BALB/c mice (National Science Council, Taiwan)

Mouse myeloma cell line FO (FIRDI, Taiwan)

+ Chemicals and Reagents
Acetic acid (Merck)

Acrylamide (GE Healthcare)
Agarose (USB)

a-Ala-L-His (Sigma)

APS (GE Healthcare)

B-Asp-L-His (Sigma)

Bacto™ Agar (DIFCO)

Bestatin (MP Biomedicals)

Bovine Calf Serum (HyClone)
Bromophenol blue (USB)
L-carnosine (ICN Biomedicals, Inc.)
Citric acid (Sigma)

Coomassie” Brilliant blue R 250 (Merck)

Dimethylformamide (Merck)
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Dimethyl sulfoxide (MP Biomedicals)
Dodecyl sulfate sodium salt (Merck)
Dulbecco’s Modified Eagle Medium (Gibco)
dNTP Set, 100 mM Solutions (GE Healthcare)
Ethylenediamine-tetraacetic acid (Merck)
GABA-His (Sigma)

L-glutamine solution 100X, 200mM (biowest)
Glycerol (Merck)

Glycine (Merck)

Gly-Gly-His (Sigma)

Gly-His (Sigma)

Gly-His-Gly (Sigma)

HAT Media Supplement (50X) Hybri-Max® (Sigma)
L-histidine (Sigma)

His-His (Bachem)

His-Ile (Bachem)

His-Val (Bachem)

L-homocarnosine (Sigma)

HT Supplement (100X), liquid (GIBCO)
Hydrogen chloride (Merck)

Ile-His (Bachem)

Imidazole (USB)
IPTG (GeneMark, Taiwan)
Kanamycin sulfate (USB)

LB Broth, Miller (DIFCO)

Leu-His (Bachem)
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2-mercaptoethanol (Merck)

Methanol (Merck)
N,N’-methylene-bis-acrylamide (Sigma)
Ni-NTA His-Band® Resin (Novagen)
Penicillin-Streptomycin Solution 100X (biowest)
0-phthaldialdehyde (Merck)

Potassium chloride (Merck)

Potassium diphosphate (Merck)

Potassium phosphate (Merck)

Primers (Bio Basic Inc., Taiwan)
Restriction enzymes (New England Biolabs)
Ser-His (Bachem)

Sodium azide (Merck)

Sodium chloride (AMRESCO)

Sodium hydroxide (Merck)

SYBR" Green I (Roche)

T4 DNA ligase (Promega)

TEMED (GE Healthcare)

Trichloroacetic acid (Merck)

Tris base (USB)

Tryptic soy broth (ALPHA BIOSCIENCES)
Tyr-His (Bachem)

Val-His (Bachem)

X-gal (GeneMark, Taiwan)
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* Kits

BCA Protein Assay Reagent and Albumin Standard (PIERCE)
BigDye" Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems)
GFX™ PCR DNA and Gel Band Purification Kit (GE Healthcare)
HMW Native Marker Kit (GE Healthcare)

LMW-SDS Marker Kit (GE Healthcare)

QIAamp DNA Mini Kit (Qiagen)

TOPO TA Cloning® Kit (Invitrogen)

Plasmid Miniprep Purification Kit (GeneMark)

rTth DNA polymerase, XL & XL Buffer II Pack (Applied Biosystems)

+ Equipments

25 cm” flask (NUNC)

ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems)
Allegra™ 21R Centrifuge (Beckman Coulter)

Avanti® J-E Centrifuge (Beckman Coulter)

Blood Collecting Tubes (Chase Scientific Glass, Inc.)
Centrifuges 5415R (eppendorf)

Colling Circulator Bath Model B401L (Firstek Scientific)
Compact Tabletop Centrifuge 2100 (KUBOTA)

Dri-Bath Type 17600 (Thermolyne)

Durabath™ Water Bath (Baxter)

Econo-Pac Columns (BIO-RAD)

Electrophoresis Power Supply EPS 301 (GE Healthcare)
EPSON®™ GT-7000 Scanner (EPSON)

F96 MicroWell™ plate (black) (NUNC)
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F96 MicroWell™ plate (clear) (NUNC)

Fisher Vortex Genie 2™ (Fisher Scientific)

Fluoroskan Ascent FL Microplate Reader (Thermo)

GeneAmp” PCR System 9700 Thermal Cycler (Applied Biosystems)
Hoefer® HE 33 Mini Horizontal Submarine Unit (GE Healthcare)
Hoefer” Mighty Small dual gel caster (GE Healthcare)

Kodak Electrophoresis Documentation and Analysis System 120 (Kodak)
Mighty Small II for 8%7 cm gels electrophoresis instruments (GE Healthcare)
Millex®-GS 0.22 pum Filter Unit (Millipore)

Millex®-HA 0.45 um Filter Unit (Millipore)

Multiskan Ascent Microplate Reader (Thermo)

Orbital shaking incubator Model S300R (Firstek Scientific)

Rocking Shacker Model RS-101 (Firstek Scientific)

Steritop™™ 0.22 pm Filter Unit (Millipore)

Ultrasonic Processor VCX 500/750 (Sonics)

US AutoFlow™ NU 4000 Series CO, Water-Jacketed Incubator (NuAire)

UV-Visible Spectrophotometer Ultrospec 3100 pro (GE Healthcare)
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+ Solutions

Blocking buffer

5% non-fat milk in distilled water (dH,0).

Destain buffer I

Mix 400 mL methanol, 100 mL acetic acid and dH,O to 1 L. Store at room temperature (RT).

Destain buffer 11

Mix 50 mL methanol, 120 mL acetic acid and distilled water (dH,O) to 1 L. Store at RT.

6X DNA loading dye

0.25% bromophenol blue and 30% glycerol in double distilled water (ddH,O). Store at -20°C.

IPTG stock solution
Dissolve 4.0863 g IPTG in 10 mL ddH,O. Filter through 0.22 um pore size filter and store at

-20C.

Kanamycin stock solution
Dissolve 250 mg kanamycin sulfate in 10 mL ddH,O. Filter through 0.22 um pore size filter

and store at -20°C.

LB medium

25 g LB Broth was dissolved in 1 L dH,O and sterilized.
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LB plate
25 g LB Broth and 20 g Bacto'™ Agar was dissolved in 1 L dH,O and sterilized. The sterile

LB agar was poured and dispersed in petri dishes before it coagulates.

10X Native-PAGE running buffer

Dissolve 144 g glycine and 30 g Tris base in 1 L dH,O and store at 4°C. Dilute to 1X with

dH,O before use.

5X Native-PAGE sample buffer
8 mg bromophenol blue, 1.7 mL 0.5 M Tris-HCl, pH 6.8, 5 mL glycerol, and 4 mL dH,O

were mixed and stored at -20C.

OPA reagent (for enzyme Kinetics)

Dissolve 50 mg OPA in 5 mL methanol first and then mix with 20 mL borate buffer. The
borate buffer was mixed by 0.2 M boric acid (dissolved in 0.2 M potassium chloride solution)
and 0.2 M sodium hydroxide solution (50: 50, v/v). The OPA reagent was stored in darkness

at 4°C for no longer than 9 days and prepared at least 90 min earlier before use.

10X PBS buffer
Dissolve 13.7 g Na,HPO,, 3.5 g NaH,PO4, and 87.7 g NaCl in 1 L dH,O and store at RT.

Dilute to 1X with dH,O and sterilize before use.
10X SDS-PAGE running buffer

Dissolve 144 g glycine, 30 g Tris base, and 10 g SDS in 1 L dH,O and store at 4°C. Dilute to

1X with dH,O before use.
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5X SDS-PAGE sample buffer
8 mg bromophenol blue, 1.7 mL 0.5 M Tris-HCL, pH 6.8, 0.5 mL 20% (w/v) SDS, 2 mL

2-mercaptoethanol, 5 mL glycerol, and 4 mL dH,O were mixed and stored at -20°C.

Stain buffer
Dissolve 1 g Coomassie Brilliant blue R-250 in 500 mL methanol first. Then add 100 mL
acetic acid and dH,O to 1 L final volume. Filter through reused 0.22 pm pore size filter and

store at RT.

50X TAE buffer
Dissolve Tris base 242 g, acetic acid 57.1 mL, and 0.5 M EDTA in 1 L dH,0 and adjust to

pH 8.5. Dilute to 1X with dH,O and adjust to pH 7.5-7.8 before use.

10X Western transfer buffer

Dissolve 144 g glycine, 30 g Tris base, and 10 g SDS in 1 L dH,O and store at 4°C. Dilute to

1X with dH,O before use.

X-gal stock solution
Dissolve 400 mg X-gal in 10 mL dimethylformamide (DMF) and store in the darkness at

-20C.

68



	Keywords
	Abbreviations
	Table of Contents
	List of Figures
	List of Tables

