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CHAPTER 1

INTRODUCTION

1.1 Background and Rationale

Malaria is a life-threatening disease caused by Plasmodium spp. Transmission
occurs through the bites of an infected Anopheles mosquito (1). In each year, 500
million clinical cases is estimated and at least a million people die from malaria (2).
Malaria is widespread throughout the world and prevalent in the tropical and
semitropical regions such as Middle and South America, Africa, Middle East, Pacific
Island and Southeast Asia (3). There are evidence supporting that malaria endemic
areas have coincidence with high level of heterozygous hematological disease (4). A
previous study by Louicharoen et al. has led to propose that the historical evolution
of human genome may be forced by malaria to mutate genes that causes changes in
erythrocyte’s phenotype to protect infected host against the severity and mortality of
malaria (5). It has been discovered that several hematological diseases have evolved
protective mechanisms against malaria. Such mechanisms include defect in
cytoskeleton and membrane proteins (glycophorin C deficiency) (6-8) and southeast
Asian ovalocytosis (SAO) (9, 10), hemoglobin (Ql-thalassemia) (11, 12), hemoglobin S
(13), hemoglobin C (14-17) , hemoglobin E (18), and enzymatic activity (glucose 6-
phosphate dehydrogenase (G6PD) deficiency and pyruvate kinase (PK) deficiency) (5,
19-26).

PK catalyses the last step of glycolysis by converting phosphoenolpyruvate
(PEP) to pyruvate with the generation of adenosine triphosphate (ATP) (27). In mature
erythrocytes lacking mitochondria, PK is essential for energy production. PK deficiency
(PKD) is caused by mutations of pyruvate kinase gene (PKLR) located on chromosome
1921 leading to hereditary non-spherocytic hemolytic anemia (28). Clinical PKD is
associated with PKLR mutational spectrum (29). A novel mutation at N-terminal of PK
was found in Southeast Asians. Recently, it has been reported that PKD is protective

against malaria through the following mechanisms. First, invasion of P. falciparum is



reduced because of PK deficient erythrocytes. Second, phagocytosis of ring-stage-
infected PKD erythrocytes is enhanced (30). Therefore, it is speculated that PKLR
mutations could possibly play a protective role, if retained in malaria-endemic areas.
To address this possibility, we investigated the prevalence and association between
the heterozygous mutation at N-terminal of PK and risk of severe malaria in Southeast

Asian patients with malaria.

1.2 Research Questions

2.1 Can N-terminal mutation of PK be detected in Southeast Asian patients with
malaria?

2.2 Does N-terminal mutation of PK confer protection against malaria?

1.3 Objectives

3.1 To investigate the prevalence of N-terminal mutation of PK in Southeast
Asian patients with malaria.
3.2 To determine the clinical impact of N-terminal mutation of PK on malaria

disease.

1.4 Hypotheses

4.1 Allele frequency of N-terminal mutation of PK can be detected in Southeast
Asian patients with uncomplicated malaria more frequently than severe malaria.
4.2 Clinical symptoms (parasitemia and severe malaria) in malaria patients with

N-terminal mutation of PK are less severe than malaria patients without this mutation.

1.5 Keywords

Pyruvate Kinase Deficiency, N-Terminal Mutation, Severe Malaria, Parasitemia,

Southeast Asia



1.6 Research Design

Analytical study

1.7 Conceptual Framework

Malaria is a life-threatening disease
Heterozygous PKD is a common
and highly widespread throughout
hematological enzymopathic disorder.
Southeast Asia.

! !

Mutations of PKLR on chromosome
The disease caused by Plasmodium
1921 lead to hemolysis in
spp., which infects erythrocytes,
Heterozygous PKD. A novel mutation
source of food for parasite’s growth
at N-terminal of PK was found in
and reproductive.
Southeast Asians.

I . |
v

It has been proposed that malaria forces the evolutionary history of human
genome to generate the mutant genes, which affect phenotypically changes in

erythrocyte to protect against the severity of malaria infection.

!

Recently, it has been reported that PKD has protection against malaria by reducing
invasion of P. falciparum and enhancing phagocytosis of ring-stage—infected PKD

erythrocytes.

v

Therefore, PKLR mutations possibly play a protective role if retained in malaria-
endemic areas. However, there is no report of mutation at N-terminal of PK in

Southeast Asians including malaria patients.

!

To address this possibility, we investigated the prevalence and association
between the heterozygous mutation at N-terminal of PK and risk of severe

malaria in Southeast Asia patients with malaria.




1.8 Benefits of Study

This study reveals the hidden allele frequencies of N-terminal mutation of PK
in Southeast Asians, which have never been estimated. It also provides basic
knowledge of clinical impact of N-terminal mutation of PK on malaria infection and
severity. This valuable data could support the positive selection effect of
hematological diseases on protection against malaria and provide information for

physician in concerning treatment of PKD patients with malaria.

1.9 Technical Term in the Research

PKLR™'?is a missense mutation on nucleotide position 158 from G to be A or
amino acid residue 41, which changes arginine (R) to be glutamine (Q). This particular

amino acid is located in N-terminal helical domain.



CHAPTER 2

LITERATURE REVIEWS

2.1 Functions of PK

Pyruvate kinase (PK; ATP: pyruvate 2-o-phosphotranferase, EC 2.7.1.40), an
important  enzyme in  glycolysis, transfers a phosphoryl group from
phosphoenolpyruvate (PEP) to adenosine diphosphate (ADP) yielding one molecule of
pyruvate and ATP (27). The enzyme requires K* and Mg** (or Mn#*) (31, 32) for reaction

(Figure 1). PEP and pyruvate are involved in cellular energy and metabolism.

2
o /Mg .

S 4% ATP 0 :
0 O P
\~ /D_H * -0_||'_0_||’—0—Adenmme ..._ 5 A_) \ /

—C 0 ‘ ‘ ATP / Tauto- \
\\ Formation CH2 merization CH
0 o i Enolpyruvate !
i Phosphoenol- ADP ' Pyruvate
]'( pyruvate (PEP) K

Figure 1 The mechanism of the reaction catalyzed by PK(33)

Since mature erythrocytes lack mitochondria, they are completely dependent
on glycolysis pathway for maintaining cellular energy. PK deficiency (PKD) leads to
accumulation of the glycolytic intermediates particularly 1, 3-bisphosphosglycerate,
which can be converted to toxic 2, 3-bisphosphosglycerate (2, 3-BPG) impairing the
glycolytic flux through the inhibition of hexokinase (34). Moreover, ATP depletion in
PKD erythrocytes affects cell viability.



2.2 Structure of PK

PK is a tetramer with a molecular weight of approximately 200-240 kilodalton

(kDa) with four identical subunits. Each subunit consists of four domains (Figure 2) (29);

1. A domain: (B/Q)g barrel topology

2.
3.
a.

B domain: inserted between strand [33 and helix A3 of the A domain

C domain: an O + B topology

Small N-terminal helical domain

Figure 2 Three-dimensional (3D) structure of PK in monomer and tetramer form(29).
The A domain is yellow, the B domain is green, the C domain is blue and the N-
terminal domain is pink. Fructose 1, 6-bisphosphate (FBP) binding site and catalytic

site are located on C and A domain, respectively.

Four subunits of the PK tetramer are assembled to form a D2 symmetric

oligomer. The inter-subunit interactions define two large contact areas; the A/A’



interface involves the A domains of subunits related by the vertical 2-fold axis, whereas
the C/C interface involves the C domains of subunits interacting along the horizontal
axis (27). PK use fructose 1, 6-bisphosphate (FBP) as an activator to expose sigmoidal
kinetics reaction. The PEP site (catalytic site) located in the latter between A and B

domain and the FBP-binding site is inside the C domain (35).

(f) TT-State (g) R-state

trypanosomatid

Figure 3 Three-dimensional (3D) structure of PK in T-state and R-state (36).

The enzyme activity is regulated by a combination of domain and subunit
rotation coupled to change the active site geometry which can change conformation
states. The conformation of PK can switch from a low-affinity tight state (T-state) to a
high-affinity relaxed state (R-state) (Figure 3) (36).

There are four isoenzymes of PK in mammals, which expressed in tissue-
specific: R, L, My and M, (37). R type refers to red blood cells, L type is predominant
in liver, renal cortex, small intestine and pancreatic beta cell, M1 type is conspicuous
in skeletal muscle, heart and brain, and M2 type is mainly expressed in early fetal and
proliferating tissue: kidney, leukocytes, platelets, lung, spleen and adipose tissue (38,
39). Each type shows different kinetic and regulatory properties that reflex to the

particular metabolic requirement of the tissue. The erythorcytic PK in human was
divided into 2 species, PK-R1 and PK-R2. PK-R1 which is the L4' homotetramer is

dominant in reticulocyte and young red blood cell. PK-R2 which is the L,L,"

heterotetramer is prominent in mature red blood cell (35).



2.3 Molecular Genetics of PK

PK isozymes are encoded from 2 separate genes (PKM and PKLR) (Figure 4).
PKM, located on chromosome 15 (15g22), encodes two types of M (M1, M2) using an
alternative splicing (40, 41). PKLR, located on chromosome 1 (1g21) (Figure 5),
encodes L and R type using different promoter (42, 43). PKLR gene, approximately 9.5
kilobase (kb) long, consists of 12 exons. The cDNA encoding R type is 2060 base pair
(bp), encodes a protein of 574 amino acids (43). The amino acid residue 1-84 is the N-
terminal helical domain, residue 85-159 and 263-431 is the A domain, residue 160-262
is B domain and residue 432-574 is C domains (Figure 6) (44). N-terminal domain is
highly conserved in mammal (45) and A domain is more conserved than B and C

domain (37).

(a) CAAT TATA
PKLR *
Location:
1g21
mRNA
PKL

mRBNA

(b)
PKM
Location:
15q22

PKM1
mRNA

PKM2
mRBNA

Figure 4 Schematic representation of the different pyruvate kinase (PK) isoforms (46)
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Figure 5 Location of PKLR on chromosome 1(47)

Amino acid 1 84 159 262 431 574

Figure 6 Schematic representation of PK

2.4 PKLR Mutations

In PKLR gene, there are more than 180 mutations including missense, splicing,
stop codon, deletions, insertions and frame shift mutation have been reported (29).
The mutations occur widespread all over the coding regions as well as promoter
regions (48, 49) (Figure 7). The mutations in PKLR cause of functional abnormality

and/or instability of PK.

N 4

il

1100 101 283 284 375 376 507 508 694 695 965 966 1116 1117 1269 1270 1436 1437 1618 1619 1725

I(R) 2(L) 3 4 5 6 7 8 9 10 11 12

Figure 7 Mutations on coding regions of PKLR. @ is mutation in promoter region, O is
mutation in splice site, « is missense mutation, B is frameshift mutation, ¢ is
insertion/deletion mutation, V is stop codon mutation, and « is large deletion

mutation (29).
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2.5 PKLR™™!Q Mutations

A preliminary molecular genetics study of PKLR in Karen population revealed a
new missense mutation on nucleotide position 158 from G to A (@amino acid residue
41), which changes the amino acid from arginine (R) to glutamine (Q) as called
‘PKLR*'?”_ This particular amino acid is located in N-terminal helical domain, which is
highly conserved in mammalian organism (Figure 8). Therefore, the properties of the
particular mutant PKLR should be changed, which may have some effects of PKD.

However, there is no prior report about the effects of this mutation.

R41Q
Homo sapiens .GPAGYLR R} ASVAQLTQELGTAFFOQ...
Pan troglodytes .GPAGYLR R} ASVAQLTOELGTAFFOQ...
Macaca mulatta LGPAGY LR R ASVAQLTOELGTAFRFEQ...
Canis lupus familiaris ..GPAGYLR R} ASVAQLTLELGTAFFQ...
Mus musculus .GPAGYLR R} ASVAQLTQELGTAFFQ...
Rattus norvegicus LGPAGYLR R ASVAQLTOQELGTAFRFFEFQ...
Oryctolagus cuniculus ..GPAGYLR R} ASVAQLTQELGTAFFQ...
Monodelphis domestica ..GQAGYLR Rl SSVAFLTQELGASEFFQ...

Figure 8 Multiple protein alignment of PK in mammalian organisms.

PKLR™'? mutation is located within the N-terminal domain of PK-R type.
Moreover, arginine at residue 41 is highly conserved in mammals (Figure 8). The
enzyme activity is regulated by phosphorylation of serine at residue 43, which increases
affinity for allosteric inhibitors (ATP, alanine) and decreases affinity for activators (PEP,
FBP) (50, 51). Mutation of PKLR™? that closes to the allosteric residues may affect the
structural and functional aspects of PK.

The previous studies characterized the function of 2 mutations; PKLR**® and
PKLR®*'® which located in N-terminal domain and closed to PKLR™® mutation.
PKLR™% mutation causes a congenital nonspherocytic hemolytic anemia because of

reducing enzyme activity (52). PKLR®*® is gain-of function mutation by increasing the
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enzyme activity and ATP levels. It is possibly linked to alterative phosphorylation of
serine 37 (53, 54).

2.6 Pyruvate Kinase Deficiency (PKD)

PKD, an autosomal recessive trait, is caused by mutations in PKLR (55). The
mutations reduce the stability and activity of PK. Losing activity of PK in erythrocytes
cause a defect in the Embden-Meyerhof pathway of anaerobic glycolysis leading to
ATP depletion and increases toxicity from glycolysis intermediates which is 1, 3-
bisphosphoglycerate that can convert to 2, 3-bisphosphosglycerate (2, 3-BPG) (27). The
insufficient ATP has an influence in intracellular electrolyte concentration and the high
level of 2, 3-BPG effects on a right shift in the hemoglobin-oxygen dissociation curve.
Moreover, the imbalance between ATP and erythrocyte’s energy requirements results
in the membrane damasged, distortion and dehydration the red blood cell, which
affected the rigidity of erythrocyte. Therefore, PKD is the most common cause of
nonspherocytic hemolytic anemia (55). Most PKD patients are asymptomatic because
of heterozygous status of this gene. However, clinical manifestations of PKD are icterus

(the white of the eye is yellow), jaundice, pale skin and chronic hemolysis (27).

2.7 Prevalence of PKD

PKD have been reported in northern Europe, Japan, and the USA (Figure 9),
especially in the Old Order Amish population in Pennsylvania (27, 56). The estimated
prevalence is 51 cases per million by allele frequency studies but the observed
prevalence in one northern England region was 3.3 cases per million (57). Moreover,
the incidence homozygous PKD is estimated at 1 per 20,000 people of the general
white population (56). On the other hand, the prevalence of PKD was 1.4% in an
American population (58), 0.24% in a Spanish population (59), 3.4% in Hong Kong (60),
and slightly higher than 2% in Chinese infants (61).
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Figure 9 Distribution of red blood cell disorders(62)

2.8 Clinical Manifestations of PKD and Treatment

The hallmark of PKD is life-long chronic hemolysis. The clinical manifestations
of PKD were described below (29)
1. Hemoglobin level is used to classify the severity of PKD
- Severe phenotype : Hb < 8 g/dL
- Moderate phenotype : Hb 8-10 g/dL
- Mild phenotype : Hb > 10 g/dL
2. Reticulocyte is increased by 5 - 15%
3. Bilirubin is higher than 100 pmol/L
There is no specific therapy for PKD. The treatment of this disease highlights on
retrieving symptoms associated with anemia and hyperbilirubinemia (29). Blood
transfusion may be given for the patient with low level of hemoglobin level. Folic acid
supplement is often given to match the demand from increased erythropoiesis. Iron
chelating therapy (29) and bone marrow transplantation may be considered as an

alternative therapy (57).
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2.9 Diagnosis of PKD

There are several techniques to diagnose PKD including hematological and
biochemical testing. In addition, genetic testing in patients and their family could

support diagnosis.
2.9.1 Hematological Testing

Prickle cells in blood film is typical in PKD (Figure 10) (20). The minimal tests
including complete blood count (CBCQ), differential blood count, and serum bilirubin
level are required to diagnose PKD. Moreover, types of anemia; normochromic,
normocytic, or macrocytic anemia, together with reticulocytosis are necessary to rule

o %OC
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O% o ’0

-

? >

.

»

n

Figure 10 Prickle cell in blood film of PKD patient(63)

2.9.2 Biochemical Testing

PK quantitative assay was recommended by the International Committee for
Standardization in Hematology (64). The reaction is determined in a lactate
dehydrogenase coupled assay by measuring the absorbance at 340 nm of NADH
(Figure 11). The reference range of PK activity is 6.7-14.3 U/g Hb. Moreover, screening
test for PKD was also developed using long-wave UV light (Figure 12) (65).
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+ AZ40 A260
ADP ATF MADH + HY  MaD*
FEF \/ Fyruvate \—/ Lactate
FE LDH

Figure 11 PK, lactate dehydrogenase coupled reaction(66)
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Figure 12 Screening test for PKD(65)

2.9.3 Molecular Genetic Testing

Molecular methods including high-resolution melting analysis (HRM), DNA
sequencing, PCR-RFLP, and single-strand conformation polymorphism (SSCP) are

currently available for PKD detection. They are used to confirm the diagnosis of PKD.

2.10 Malaria Life Cycle

Malaria, a major threat of human, is estimated more than 200 million patients
and 660,000 deaths annually (67). The disease is transmitted by Plasmodium spp.

carrying female Anopheles mosquito. Plasmodium parasite is divided into 5 species; P.



15

falciparum, P. vivax, P.malariae, P. ovale and P. knowlesi (1). Malaria is widespread in
the tropical and subtropical regions such as Sub-Saharan Africa, Asia, and Latin America.
Elimination of malaria is difficult because of lacking of efficient vaccine and drug
resistance of parasite.

The ecology of malaria consists of 3 main cycles; exo-erythocytic cycle,
erythocytic cycle, and sporogonic cycle (1). After infected female Anopheles
mosquitoes take human blood meal, the parasites ‘sporozoites’ grow and asexually
multiply to be ‘shizonts’ in parenchymal cells of human with asymptomatic
symptoms. Then, shizonts invade and grow in erythrocytes. Throughout the
erythrocytic cycle, the parasites develop from rings (immature trophozoite) to
metabolically active ‘trophozoites’ and mature schizonts, which later rupture and
release merozoites. Releasing merozoites and rupture of erythrocytes promote
recurrent fever of malaria symptoms. When certain merozoites in bloodstream that
differentiate into sexually gametocytes are ingested by female Anopheles mosquitos
during taking blood meal, they are fertilized and grow to be ookinetes that penetrate
the mosquito’s midgut wall and form oocysts on the exterior surface. After 10-18 days
the parasites ‘sporozoites’ are found in the mosquito’s salivary glands. When the
infected mosquitoes take blood meal on human, the sporozoites are transferred with

mosquito’s saliva (Figure 13).
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Figure 13 The malaria life cycle(68)

2.11 Clinical Symptoms of Malaria

The incubation period after malaria infection varies from 7 to 30 days. Malaria
symptom can be divided into 2 categories; uncomplicated malaria and severe malaria
(complicated) (22).

Uncomplicated malaria contains classic symptoms, which common to all
malaria species such as fever, chills, sweats, headaches, nausea, vomiting, body aches,
and general malaise. The classic symptom of malaria is a cyclical occurrence, consists
of

1. Cold stage is caused by the rupture of infected erythrocytes that release

swarms parasites into the bloodstream. The symptoms of this stage are
sensation of cold and shivering, occurring every 2 days (tertian fever) for P.
falciparum, P. vivax, and P. ovale infections and every 3 days (quatrain

fever) in P. malariae infection.



17

2. Hot stage is caused by inflammation. The symptoms of this stage are fever,
headaches, vomiting, and seizures in young children.

3. Sweating stage returns patient’s body temperature to normal. The
symptoms of this stage are sweating and tiredness.

Severe malaria (complicated), usually caused by P. falciparum, affects serious

organ failure. The manifestations of severe malaria are shown in Table 1.

Table 1 Severe malaria manifestations (67)

NO. Symptoms
Cerebral malaria: the clinical symptoms are abnormal behavior, impairment
! of consciousness, seizures, coma and other neurologic abnormalities.
2 Severe anemia is caused by destruction of erythrocytes
3 Hemoglobinuria due to hemolysis
Acute respiratory distress syndrome (ARDS), an inflammatory reaction in the
4 lungs that inhibits oxygen exchange. It may occur even in period of
decreasing parasitemia in response to the treatment.
5 Abnormalities in blood coagulation
6 Low blood pressure caused by cardiovascular collapse
7 Acute kidney failure
Hyperparasitemia, where more than 5% of erythrocytes are infected by
; malaria parasites
9  Metabolic acidosis often associated with hypoglycemia.
0 Hypoglycemia may occur in pregnant women with uncomplicated malaria,

or after treatment with quinine.
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2.12 Pyruvate Kinase Deficiency and Malaria

In 2003, Min-Oo Gandula and his team found that PKD (homozygous PKLR™%%)
in mice protects against chabaudi malaria by reduced parasitemia and mortality rate
(Figure 14) (24). Then in 2008, they also found that PKD could protect against
replication of P. falciparum in human erythrocytes by 2 mechanisms: defective
invasion of PKD erythrocytes and macrophage clearance preference of ring-stage-
infected PKD erythrocytes (Figure 15, 16) (30). Moreover, global distribution of PKD and
malaria endemic regions overlaps in the area of Mediterranean and Southeast Asia

(Figure 9, 17) (3).
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Figure 14 Association of PKLR'?*** (resulting in I90N) with protection against malaria

on peak parasitemia and survival to infection with P. chabaudi (24).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Population and Sample Size

Two hundred and sixty seven leftover frozen DNA / blood samples of
volunteers from the previous project, entitled “Prevalence of alpha-thalassemia, HbE
and their clinical correlation in malaria patients in Southeast Asia” (COA No. 040/2013
IRB No. 459/55) were used in this study. All volunteers were malaria patients, admitted
to the Hospital for Tropical Diseases, Mahidol University between 2011 and 2012.
Samples were enrolled, if patients have provided informed consent. This study was
approved by the Institutional Review Board on Human Research of the Faculty of
Medicine, Chulalongkorn University (IRB 432/57). There were several ethnic groups of
samples consisted of 192 Burmeses, 36 Thais, 16 Karens, 9 Cambodians, 4 Mons, 2
Laotians, and 8 cases with no data of ethnic groups.

Required sample size for this study was calculated according to the statistic

formula (see below), resulting in at least 203 samples.

Sample size =
(Zas2)* P4
n= 42
~ 203
Where Z = 95 % confidence level = 1.96
p = Expected proportion of PKD = 0.05
g=1p = 0.95

d = Margin of error in estimating p 0.03

Inclusion Criteria were as follows: patients infected with P. falciparum or
P. vivax, patients were Southeast Asian, and patient’s age ranging from 14-60 years.
Exclusion Criteria were as follows: patients co-infected with P. falciparum and

P. vivax, G6PD deficient patients, and Thalassemic patients
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3.2 Data Collection

The hematological and general data of patients (see below) were collected

from the patient’s medical records of the Hospital for Tropical Disease.

3.2.1 General Information: sex, age, ethnic, geographic location

3.2.2 Clinical Information

3.2.2.1 Parasitology: species of parasite, parasitemia and number of
infection

3.2.2.2 Hematology: complete blood count (CBC), MCV (mean
corpuscular volume), MCH (mean corpuscular hemoglobin),
hemosglobin, reticulocyte count, bilirubin

3.2.2.3 Complication: parasitemia (P. falciparum density >50,000/pl,
P. vivax density >20,000/ul), renal insufficiency (serum creatinine
concentration >1.5 mg/ul), reticulocyte count (>2%), anemia
(hemoglobin <10 g/dL) and hyperbilirubinemia (total bilirubin
>2.5 mg/dL)

3.3 Identification G6PD deficiency

In previous study, G6PD deficiency had been identified in all collected ACD
blood samples using gold standard G6PD spectrophotometric assay (70). First,
hemoglobin was measured using the following protocol. One ml of ACD blood was
centrifuged at 3000 rpm for 5 min. Then, 100 pl of red blood cells was washed with
0.9% normal saline. The solution was centrifuged at 3000 rpm for 5 min and the
supernatant was removed. The packed red cells was washed with 0.9% normal saline
3 times. In the last times of washing by normal saline, the supernatant was removed
only 1/3 of the red cell pellet to measure hemoglobin in absorbance at 570 nm using
Hemocue® Hemoglobin Photometer.

After that, 950 pl of water was added into 50 pl of red blood cells and the
mixture was frozen at -20°C for 10 min to break down cell membrane. Next, the
mixture was centrifuge at 14,000 rpm for 10 min. G6PD activity in hemolysate was

measured by spectrophotometry, which monitoring the rate of NADPH formation as an
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increase in absorbance at 340 nm. Fifty ul of hemolysate was added into 850 ul of
stock solution (2 mM NADP, 1 M Tris-HCl pH 8.0, 0.1 M MgCl,) and incubated at room
temperature for 5 min. Next, 100 pl of G 6-P (6 mM glucose 6-phosphate) was added.
Finally, the solution was measured for NADPH level at 340 nm for 5 min. The average

absorbance was calculated by the following formula.

1 x 0.D/min x dilution x 100 x TCF

Activity (IU) / ¢ Hb = 6.22 % 0.05 x Hb (g/dL) Hb ¢m%
1 = The volume of solution (mL)
6.22 = Millimolar absorptivity of reduced NADP
Dilution = 50 L of red blood cell: 950 uL of water= 20
1.00 = Factor (IU/g Hb)
0.05 = The volume of hemolysate (mL)
Hb = Hemoglobin (g/dL)
TCF = Temperature correction factor = 1.66

G6PD activity less than 1.40 IU/gHb was classified as G6PD deficiency.

3.4 DNA Extraction

Genomic DNA were extracted from buffy coat of samples using standard
phenol-chloroform method (71). Frozen blood samples were lysed on iced for 5 min
with 10 ml lysis buffer [0.32 M sucrose (USB), 10 mM Tris-HCL pH 7.5 (Fisher Scientific,
J. T. BAKER), 5 mM MgCl, (BIO BASIC INC), 1% Triton X-100 (SIGMA)] to remove red
blood cells. After that, the suspension was centrifuged at 4°C for 10 min at 1,000 .
Next, the supernatant was removed and pellet was collected. The pellet was washed
with 5 ml lysis buffer and centrifuged at 4°C for 10 min at 1,000¢. If the solution was
dark red, the pellet should be washed with lysis buffer until it was white.

White blood cells were lysed with 1 ml SE buffer [0.075 M NaCl (UNIVAR), 0.024
M EDTA pH 8.0 (Plusone® Amersham Biosciences)], 4 ml Proteinase K digestion buffer
[27% sucrose (USB), 1X SSC, 1 mM EDTA (Plusone® Amersham Biosciences), 1% SDS
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(GE Healthcare)] and 150 ml of 20 mg/ml proteinase K (Amresco) and then incubated
at 50°C for 16-18 hours. Following by addition 5 ml phenol-chloroform-isoamylalcohol
(25:24:1) and the solution was inverted for 30 min — 2 hours. Next, the mixture was
centrifuged at 2,500 rpm for 10 min to remove protein layer from DNA layer. Next, the
solution was precipitated with isopropanol (MERCK) and incubated at room
temperature for 30 min before centrifuged at 4,000 rpm for 30 min. If the DNA pellets
were invisible, it should be centrifuged again at 4,000 rpm for 10 min. After that, the
supernatant was removed and DNA pellets was washed with 5 ml 70% ethanol and
centrifuged at 4,000 rpm at 10 min. Following this step, the supernatant was removed
and the DNA pellets were air dried at room temperature. Later, The DNA pellets were
dissolved with 100-200 pl of 1X TE buffer and measured DNA concentration using Nano
drop 1000 Spectrophotometer (Thermo Scientific). Then, working solution was diluted

with 1X TE buffer to be 50 ng/ul.

3.5 Identification G6PD Mutation Using Polymerase Chain Reaction-Restriction

Fragment Length Polymorphism (PCR-RFLP)

Common  G6PD  mutations  including  G6PDMaMel  (c.487GDA),
G6PDY™ s 8T1IGDA),  GEPDU™(c.1360CDT),  GEPD™"  (c.1376GDT),
G6PDIP(c.1388GDA),  GEPDNeY(.392GDT),  GEPDO™(c.592CD>T)  and
G6PDMese5 (. 1024C D T) were determined in deficient samples by PCR-RFLP (72). The
reaction was carried out in a 20 pl reaction containing DNase free water, PCR buffer,
0.5U Tag DNA Polymerase (Invitrogen), 200 uM dNTPs (Invitrogen), 1.5 mM MgCl,
(Invitrogen), 0.2 UM primer (Table 2) (Bio Basic Inc.) and approximate 50 ng DNA. PCR
was performed to generate the PCR fragments under 5 min of initial denaturation DNA
at 94°C, then 35 cycles of 94°C for 45 sec, 45 sec of the annealing temperature for
each primer pair (Table 2), 72°C for 45 sec, followed by a final extension at 72°C for
10 min in Veriti® 96-well thermal cycler (Applied Biosystems). PCR fragments were
digested with appropriate enzymes (Table 3). The reaction was carried out in a 20 pl
reaction containing DNase free water, 1U restriction enzyme (Fermentas), 1X reaction
buffer (Fermentas) and 10 pl PCR products and then the reaction was incubated at an

appropriate temperature (Table 3) for 12-14 hours. PCR-RFLP products were analyzed
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using gel electrophoresis with 8% polyacrylamide gel (29% acrylamide + 1% N, N’
methylenebisacrylamide (Bio-RAD), (10X) TBE buffer (Bio-RAD), 10% ammonium
persulfate (APS) (Pharmacia Biotech), TEMED (Bio-RAD) and water (71). Five pl of PCR-

RFLP product was mixed with 0.8 pl of novel juice (Genedirex). Then, mixture was

loaded on 8% polyacrylamide gel and run at 100 volt for 60 min. Results were

visualized under Molecular Imager® Gel Doc™ XR+ with Image Lab ™ Software (BioRad).

Table 2 Sequence of G6PD primers

G6PD Primer Sequence of primer (5-3) Annealing
Mutation Name Temperature(°C)
GeppManidol 487F 5! GCGTCTGAATGATGCAGCTCTGAT-3' 56
487R  5'-CTCCACGATGATGCGGTTCAAGC-3'
G6ppYENhan  871F 5/ TGGCTTTCTCTCAGGTCTAG-3' 60
9R 5 -GTCGTCCAGGTACCCTTTGGGG-3
G6PDYOn 1360F  5'-ACGTGAAGCTCCCTGACGC-3' 65
1360R  5'-GTGAAAATACGCCAGGCCTTA-3
GePD"ton 1360F  G6PD™" primer 65
1360R G6PD™" primer
G6PDPNS 1388F  5'-ACGTGAAGCTCCCTGACGC-3' 65
1388R  5'-GTGCAGCAGTGGGGTGAACATA-3'
G6PDNsEt  399F 5! GGACTCAAAGAGAGGGGCTG-3' 65
392R  5'-GAAGAGGCGGTTGGCCGGTGAC-3'
G6PD™C™@  592F 5 GAGGAGGTTCTGGCCTCTACTC-3' 65
592R  5'-TTGCCCAGGTAGTGGTCGCTGC-3
G6PDeseS  1024F 5’ GTCAAGGTGTTGAAATGCATC-3' 65

1024R

5' CATCCCACCTCTCATTCTCC-3'
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Table 3 Sequence of G6PD restriction enzymes and product size

G6PD Restriction Buffer Restriction Size Product Size Temperatur
Mutation Enz. (bp) e (°0O)
GePDMaNL Hindll| R 5'-ANAGCTT-3' N: 104 37
3/ TTCGAMA s M:B2+ 22
G6PDVEseN - Xbal Tango  5'-TACTAGA-3' N: 126 37
3 AGATCAT-5'  M:106+20
Ge6PDYMO" Hhal Tango  5'-GCGAC-3 N: 142+45+27 37
3 CAGCG-S M: 187+27
Gepp-anton Afl O 5" CATTAAG-3' N: 214 37
3 GAATTAC-S M: 194+20
G6PD@P™  Ndel o) 5! CAATATG-3' N: 227 37
3'-GTATAACS' M- 206+21
GePDNnese4 BotE]| 0 5/ GAGTNACC-3' - 188+15 37

N
3/ CCANTGAG-5'  M: 203

G6PDMa  pst| O 5'-CTGCANG-3' N: 157+83 37
3! GAACGTC-5' M: 157+63+20
G6PDnese 5 p1bo|| B 5'—GAAGA(N)8’\—3' N: 187 37

3" CTTCT(N), A" M 150437

3.6 Identification Globin Gene Variants Using Multiplex Gap-PCR (multiplex Gap-
PCR) and PCR-RFLP

3.6.1 Alpha Thalassemia

__SEA FIL

Alpha (Q)-globin gene variants including -0', -0*?, and - were
investigated by multiplex gap-PCR. Target DNAs were amplified using several primer
pairs (Table 4). The PCR reaction was carried out in a 25 pl reaction containing DNase
free water, 1X PCR buffer, 1.25 U Platinum Taqg DNA Polymerase (Invitrogen), 200 uM
dNTPs (Invitrogen), 1.5 mM MgCl, (Invitrogen), 0.2 uM primer (Bio Basic Inc.), 1 M Betaine
(Sigma) and 100 ng DNA template. PCR was performed to generate the PCR fragments

of the Ql-globin gene variants under 5 min of initial denaturation DNA at 94°C, then 30
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cycles of 97°C for 45 sec, 65°C for 1.15 min, 72°C for 2.30 min, following by a final
extension at 72°C for 5 min in Veriti® 96-well thermal cycler (Applied Biosystems). PCR
products were analyzed using 1% agarose gel electrophoresis (73). Five ul of PCR
product was mixed with 0.8 ul of novel juice (Genedirex). Then, mixture was loaded
on 1% agarose gel and run at 100 volt for 60 min. Results were visualized under

Molecular Imager® Gel Doc™ XR+ with Image Lab ™ Software (BioRad).

Table 4 Sequence of Ql-globin primers and product size

O globin  Primer Sequence of primer (5-3) Product Size

variants Name (bp)

Positive LIS1-F 5'-GTC GTC ACT GGC AGC GTA GAT C-3 2503

control LIS1-R 5'-GAT CCA GGT TGT AGA CGG ACT G-3'

-3 012/3.7-F 5'-CCC CTC GCC AAG TCC ACC C -3 2022
3.7-R 5'-AAA GCA CTC TAG GGT CCA GCG-3'

oa 012/3.7-F 5'-CCC CTC GCC AAG TCC ACC C -3/ 1800
02-R 5'-AGA CCA GGA AGG GCC GGT G-3'

o 4.2-F 5'-GGT TTA CCC ATG TGG TGC CTC-3 1628
4.2-R 5'-CCC GTT GGA TCT TCT CAT TTC CC-3

_OLEA SEA-F 5'-CGA TCT GGG CTC TGT GTT CTC-3' 1349

SEA-R 5'- AGC CCA CGT TGT GTT CAT GGC-3'

_oft FIL-F 5'- TGC AAA TAT GTT TCT CTC ATT CTG TG-3' 1166
FIL-R 5'-ATA ACC TTT ATC TGC CAC ATG TAG C-3
3.6.2 HbCS

HbCS variant was detected by PCR-RFLP technique using HbCS forward primer
and HbCS reverse primer (Table 5). The reaction was carried out in a 25 pl reaction
containing DNase free water, 1X PCR buffer, 0.5 U Tag DNA Polymerase (Invitrogen),
200 uM dNTPs (Invitrogen), 1.5 mM MgCl2 (Invitrogen), 0.2 uM primer (Bio Basic Inc.)
and approximate 50 ng DNA. PCR was performed to generate the PCR fragments of the
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HbCS variant under 5 min of initial denaturation DNA at 94°C, then 30 cycles of 94°C
for 1 min, 65°C for 1 min, 72°C for 1 min, following by a final extension at 72°C for 10
min in Veriti® 96-well thermal cycler (Applied Biosystems). The amplicon was digested
with Trull (5-TATAA-3) (Fermentas), according to manufacturer’s protocols. The
reaction was carried out in a 20 pl reaction containing DNase free water, 1U Trull
(Fermentas), 1X reaction buffer (Fermentas) and 10 pl PCR products and then the
reaction was incubated at 65°C for 12-14 hours. PCR-RFLP products were analyzed on
2.5% agarose gel electrophoresis (73). Five pl of PCR product was mixed with 0.8 pl of
novel juice (Genedirex). Then, mixture was loaded on 2.5% agarose gel and run at 100
volt for 60 min. Results were visualized under Molecular Imager® Gel Doc™ XR+ with

Image Lab ™ Software (BioRad).

Table 5 Sequence of HbCS, HbE, and PKLR™'? primers and product size

Mutation  Name Sequences of primer (5-3) Size (bp)
of primer

HbCS HbCS-F 5'- TGC GGG CCT GGG CCG CAC TGA 3" N: 165+111
HbCS-R 5'-GCC GCC CAC TCA ACT TTA TT-3' M: 276

HbE HbE-F 5'-CAT TTG CTT CTG ACA CAA CTG-3"  N: 233+171+135+59
HbE-R 5"~ TTG AGG TTG TCC AGG TGA G -3’ M: 233+135+59

PKLR®Q  PKLR-RA1Q-F2  5'_GCC AAC GGG GTA TCT ACG GC-3" N: 102+19

PKLR-RA1Q-R2  5'_GCA GAG GTG TTC CAG GAA GG-3'  M: 121

3.6.3 HbE

HbE variant was detected by PCR-RFLP technique using HbE forward primer and
HbE reverse primer (Table 5) (74). The reaction was carried out in a 25 pl reaction
containing DNase free water, 1X PCR buffer, 0.5 U Tag DNA Polymerase (Invitrogen),
200 pM dNTPs (Invitrogen), 1.5 mM MgCl2 (Invitrogen), 0.2 uM primer (Bio Basic Inc.)
and approximate 50 ng DNA. PCR was performed to generate the PCR fragments of the
HbE variant under 5 min of initial denaturation DNA at 95°C, then 30 cycles of 95°C for

1 min, 55°C for 1 min, 72°C for 1 min, following by a final extension at 72°C for 10 min
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in Veriti® 96-well thermal cycler (Applied Biosystems). The amplicon was digested with
Mnll (5'-CCTC(N);A-3") (Fermentas), according to manufacturer’s protocols. The reaction
was carried out in a 20 pl reaction containing DNase free water, 1U Mnll (Fermentas),
1X reaction buffer (Fermentas) and 10 pl PCR products and then the reaction was
incubated at 37°C for 12-14 hours. PCR-RFLP products were analyzed on 2.5% agarose
gel electrophoresis (73). Five pl of PCR product was mixed with 0.8 pl of novel juice
(Genedirex). Then, mixture was loaded on 2.5% agarose gel and run at 100 volt for 60
min. Results were visualized under Molecular Imager® Gel Doc™ XR+ with Image Lab

™ Software (BioRad).

3.7 Identification PKLR®*'9 Mutation Using PCR-RFLP

PKLR*™C was detected by PCR-RFLP technique using PKLR-R41Q-F2 forward
primer and PKLR-R41Q-R2 reverse primer (Table 5). The reaction was carried out in 20
ul reaction containing DNase free water, 1x PCR buffer (RBC Bioscience), 0.2 mM dNTPs
(RBC Bioscience), 1.5 mM MgCl, (RBC Bioscience), 0.5 U Tag DNA Polymerase (RBC
Bioscience), 200 nM of primer (Biolabs) and approximate 50 ng DNA. PCR was
performed to generate the PCR fragments of the PKLR!? mutation under 5 min of
initial denaturation DNA at 94°C, then 35 cycles of 94°C for 30 sec, 60°C for 45 sec, and
72°C for 30 sec, followed by a final extension at 72°C for 7 min in Veriti® 96-well
thermal cycler (Applied Biosystems). PCR fragments were digested with Acil
(5'...CACGC...3") (Fermentas), according to manufacturer’s protocols and analyzed on
8% polyacrylamide gel electrophoresis. The reaction was carried out in a 20 ul reaction
containing DNase free water, 1U Acil (Fermentas), 1X reaction buffer (Fermentas) and
10 pl PCR products and then the reaction was incubated at 37°C for 12-14 hours. PCR-
RFLP products were analyzed on 8% polyacrylamide gel electrophoresis. Five pl of
PCR-RFLP product was mixed with 0.8 pl of novel juice (Genedirex). Then, mixture was
loaded on 8% polyacrylamide gel and run at 100 volt for 60 min. Results were

visualized under Molecular Imager® Gel Doc™ XR+ with Image Lab ™ Software (BioRad).
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3.8 Identification PKLR™!? Mutation using Direct Sequencing

PKLRC mutation was re-confirmed by direct sequencing. First, the PKLR™1?
locus was amplified using PCR with primers in Table 5. PCR condition was performed
according to 3.7. Then, the PCR product was analyzed via 2% agarose gel
electrophoresis at 100 volt for 45 min before purified using Gel/PCR DNA Fragments
Extraction Kit Cat No.YDF300 Lot.No.PG-913-09362 (RBC Bioscience). Finally, the purified
product was measured its concentration using Nano drop 1000 Spectrophotometer
(Thermo Scientific) and sequenced.

A hundred pl of DF buffer was added into PCR product and then vortexed.
Next, the mixture was pipetted into DF column in Collection tube and centrifuged at
13,000 rpm for 30 sec. The solution in Collection tube was removed. Next, 600 ul of
Wash buffer was added into DF column. Next, centrifuged the column at 13,000 rpm
for 30 sec, removed the solution in Collection tube and centrifuged again at 13,000
rom for 2 min to discard the solution. The DF column was placed into new 1.5 ml
microcentrifuge tube and 30 pl of elution buffer was added. Lastly, the column was
centrifuged at 13,000 rpm for 2 min. Sanger sequencing results were analyzed by
comparing with genomic reference sequence of Human PKLR (NM_000298.5) using

BioEdit version 7.2.5.

3.9 Data Analysis

All clinical data of subjects were collected from Case Report Form (CRF).
Deviation of genotype and allele frequency from Hardy-Weinberg equilibrium (HWE)

R1Q mutation and

was tested by Chi-square test. The association between PKL
susceptible or protective against malaria infection and complicated malaria were
tested by Mann-Whitney U-test and odd ratio. Ninety five percent of confidence
interval (95% Cl) was set as a significance level. GraphPad Prism 5 and SPSS statistics

22.0 were used for all statistical analysis.
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CHERTER 4

RESULTS

4.1 Population Information

A total of 267 Southeast Asian malaria patients admitted to Hospital for Tropical
Diseases were enrolled. They consisted of 192 Burmeses (71.9%), 36 Thais (13.5%), 16
Karens (6.0%), 9 Cambodians (3.4%), 4 Mons (1.5%), 2 Laotians (0.7%), and 8 cases with
no data of ethnic groups (3.0%) (Figure 18). There was 252 (94.4%) male and 15 (5.6%)
female, which ratio male:female was 17:1. The average age of all subjects was 28.0 +

10.2 (range 14-60) years (Table 6).

3.0%

N

3.4% 7

1.5%
0.7%

B Burmese @ Cambodian m Karen Laos m Mon m Thai g No data

Figure 18 The proportion of ethnicity in this study
The general information of each ethnic group was shown in Table 6. There was
no statistical difference of age between ethnic groups. P. vivax, the prominent parasite

infection, was found 58.2% (145/249) in these subjects (Table 6).



Table 6 General information of malaria patients in this study
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ETHNICITY  TOTAL SEX AGE PARASITE INFECTION (NO.)

Male Female Mean £SD Range P. P. ND

falciparum  vivax
BURMESE 192 185 7 28.0 £ 10.3 14-58 79 104 9
THAI 36 30 6 319 +10.8 16-60 14 22 0
KAREN 16 16 0 227 +79 14-40 7 9 0
CAMBODIAN 9 9 0 244 + 38 19-30 1 7 1
MON a 4 0 228 +22 21-26 1 3 0
LAOTIAN 2 1 1 280+ 5.7 24-32 2 0 0
ND 8 7 1 274 £ 11.6 15-48 O 1 7
TOTAL 267 252 15 28.0 £ 10.2 14-60 104 146 17
ND: no data

4.2 Other Hematological Variants

One hundred and forty three patients, who had G6PD deficiency, Ql-thalassemia

and other hemoglobinopathies were excluded from association study with malaria

because they are confounding factors. Only 124 patients were studied the association

with clinical manifestation of malaria infection.

4.2.1 G6PD Mutations

G6PDM4 (Figure 19), G6PD#"5M" (Figure 20), and G6PD'P™ (Figure 21) were

found in this population (Table 7). Others common G6PD mutations in Southeast Asia

were not found in this study.

Table 7 Allele frequency and amount of malaria patients with G6PD variants

G6PD variants Amount (Hemizygote) Allele frequency
GeppMahidol 19 0.073
G6PDVnschan 3 0.012
G6PDPns 1 0.004
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100 bp - 104 bp

82 bp

Figure 19 Detection of G6PD"@"®! mutation Lane M; 100 bp marker, Lane 1; Positive
control; 104 bp, Lane 2, 3, 6, 7; 104 bp after digested with Hindlll represent non-
G6PDMaN! | ane 4, 5; 82 bp after digested with Hindlll represent G6PDaM!,

200bp s b
s * h-n [—; . . 126 bp
100D gy N ke 106bp

Figure 20 Detection of G6PD"2"™ mutation Lane M; 100 bp marker, Lane 1; Negative
control (H,0), Lane 2; Positive control; 106 bp, Lane 3, 4, 5; 126 bp after digested with
Xbal represent non-G6PDVnschan | ane 6; 106 bp after digested with Xbal represents

GépDViangchan‘
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Figure 21 Detection of G6PD"P" mutation Lane M; 100 bp marker, Lane 1; Positive
control; 206 bp, Lane 2-7; 227 bp after digested with Ndel represent non-G6PD"P"s,
Lane 8; 206 bp after digested with Ndel represents G6PD*P"s,

4.2.2 O-Thalassemia

Based on multiplex-PCR analysis of Ol-globin gene variants, we found -0*7, -
a2, —>FA and HbCS (Figure 22). However, - variant was not found in this population

(Table 8).

Table 8 Alelle frequency and amount of malaria patients with Ql-globin gene variant

Ol-globin gene Amount Allele frequency
variants Homozygote Heterozygote

-o3 20 84 0.246

-2 - 2 0.004

—H - 2 0.004

- - - 0.000

HbCS 1 4 0.012
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500 bp

400 bp

300 bp 276 bp

200 bp 165 bp
111 bp

100 bp
Figure 22 Detection of HbCS Lane M; 100 bp marker, Lane 1; 276 bp after digested
with Trull represents Q=0/Q=QL, Lane 2-9; 165+111 bp after digested with Trull
represent OLOL/OLOL.

4.2.3 Hemoglobin E codon 26 (G — A) (HbE)

HbE was found in 49 malaria patients (Figure 23). There were 8 homozygous

HbE and 41 heterozygous HbE. The allele frequency was 0.1135.
M 1 2 3 4 5 6 7 8 9

500 bp
400 bp
300 bp
233 bp
200 bp 171 bp
135 bp

100 bp

Figure 23 Detection of HbE Lane M; 100 bp marker, Lane 1, 5; 233+135 bp after
digested with Mnll represent BE/BE, Lane 2, 3,7, 8,9; 171+135 bp after digested with
Mnll represents BA/BA and Lane 6; 233+171+135 bp after digested with Mnll represents

B*/BE.
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4.3 Prevalence of PKLRR*Q

It was found that 13 out of 267 samples carried PKLR*? with 1 homozygous
PKLRC (Figure 24) and 12 heterozygous PKLR"* (Figure 25). PKLR*© was re-
comfirmed by direct sequencing (Figure 26). After Hardy Weinberg equilibrium (HWE)
testing, Chi-square equaled 0.1662 with 1 degree of freedom (df). The observed
frequency was not significantly different from the expected frequency, which
illustrated that the allele and genotype frequency of PKLR™? in this population
followed the rule of Hardy-Weinberg equilibrium (Table 9). The allele frequency of
PKLR™? was 0.026.

M 1 2 3 4 5 6 7 8

500 bp
400 bp
300 bp
200 bp
121 bp
102 bp
100 bp

Figure 24 Detection of PKLR*? Lane M; 100 bp marker, Lane 1; 121 bp of PCR product
without Acil, Lane 2 and 4-8; 102 bp after digested with Acil represent homozygous
PKLR™® normal, Lane 3; 121 bp after digested with Acil represents homozygous

PKLRF',
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Figure 25 Detection of PKLR™!®Lane M; 100 bp marker, Lane 1; 121 bp of PCR product
without Acil, Lane 2; 121, 102 bp after digested with Acil represents heterozygous
PKLR™9, Lane 3-8; 102 bp after digested with Acil represent homozygous PKLR R

normal.

Table 9 The genotype frequency of PKLRR?

Genotype Observed frequency  Expected frequency  p-value
GG 254 254.2 0.050
GA 12 12.7

AA 1 0.2

Total 267 267

PKLR™'Q was found in Burmese (5.8%; 11/192), Cambodian (11.1%; 1/9) and
Thai (5.6%; 2/36) ethnics. The allele frequency of PKLR™in Burmese, Cambodian,
and Thai ethnics were 0.032, 0.056 and 0.028, respectively (Figure 27). There was no

PKLR™Q in Karen, Laos, and Mon.
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A c G c c
B c G c c

~— A y
C ¢ G ¢ ¢

Figure 26 Chromatogram in sequencing of PKLR™; (A) Homozygous PKLR**® (B)
Heterozygous PKLR*'? (C) Homozygous PKLR™*Q
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m Allele frequency G~ m Allele frequency A

Figure 27 The allele frequency of PKLR™? in individual ethnicity

4.4 Hematological Information of PKLRR*1Q

The hematological information of PKLR*? patients was shown in Table 10.
Mean of red blood cell (RBC) was 5.20 + 0.49 10%uL (reference range: 4.50-5.90
10%/uL), hemoglobin (Hb) was 13.2 + 1.8 g/dL (reference range: 14.0-18.0 g/dL), mean
corpuscular volume (MCV) was 79.4 + 9.3 fL (reference range: 82.0-96.0 fL), mean
corpuscular hemoglobin (MCH) was 25.5 + 3.6 pg (reference range: 26.0-32.0 pg), mean
corpuscular hemoglobin concentration (MCHC) was 32.1 + 2.0 g/dL (reference range:
32.0-36.0 g¢/dL), reticulocyte count was 1.5 + 0.9 % (reference range: 0.5-2.5 %),
creatinine was 0.9 + 0.1 mg/dL (reference range: 0.0-1.5 mg/dL), and total bilirubin was
0.83 + 0.44 mg/dL (reference range: 0.0 — 1.0 mg/dL).

There was one patient who carried G6PDM@¥! with PKLR™C, one case of
heterozygous -0*’, heterozygous Hb E with PKLR™!? and one case of homozygous -O*’
RR41Q

with PKLRF*19. Moreover, there were 4 patients with heterozygous -O*’ and PKL

(Table 10).
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4.5 Clinical Correlation between PKLR?*'? and Malaria
4.5.1 Parasite Density

We characterized the associations of this variant with malaria phenotypes.
Median log parasitemia (Interquartile range) of P. falciparum in the patients with and
without PKLR™? were 9.772/uL (3.990) and 8.940/uL (2.456), respectively (Figure 25).
There was no significant difference of P. falciparum densities between patients with
PKLRC and without PKLR*? (p=0.714). Median log parasitemia of P. vivax in the
patients with and without PKLR™? were 9.046/uL (3.343) and 9.343/uL (2.109),
respectively (Figure 28). Median parasitemia of P. vivax was not significantly different

in patients with PKLR™'? and without PKLR™? (p=0.992).

Plasmodium falciparun

Plasmodium vivax

12.0000

T g T

10.00009
10.0000-]

750007
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8.0000

log (parasitemia (No.fuL))

log (parasitemia (No.ipL))

£.0000

00004 *

T T
PKLR varaint Mon-PKLR variant T T
PKLR varaint Non-PKLR variart

PKLR variant status PKLR variant status

Figure 28 Effect of PKLR™*'? on log parasitemia of P. falciparum (left) and P. vivax (right)

4.5.2 Number of Parasite Attack

PKLR™9 significantly increased the number of Plasmodium attack (p=0.001).
Median of the number of Plasmodium attack in the patients with PKLR*'? was 4 time

higher in patients with PKLR™!? than in patients without PKLR**? (Figure 29).
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Figure 29 Effect of PKLR*? on number of parasite attack

4.5.3 Hyperparasitemia

Hyperparasitemia of P. falciparum in PKLR™° and non-PKLRC patients was
tested by Odds ratio (Table 11). Odds ratio showed that the patients with PKLR!C
increased odds of hyperparasitemia (250,000/uL) of P. falciparum more than patients
without PKLRQ (OR: 2.18, 95% Cl: 0.340 - 14.096). However, there was no significant
difference between patients with PKLR™? and without PKLR™? (p= 0.410). In the
patients with P. vivax, 4 of 6 patients with PKLR*'? had hyperparasitemia (220,000/uL).
On the other hand, 20 of 62 malaria patients without PKLR™'? had hyperparasitemia
(Table 11). The number of patients with PKLR™'9, whom had hyperparasitemia of P.
vivax were higher than of patients without PKLR!? (OR: 4.20, 95% Cl: 0.709 - 24.880).
However, there was no significant difference between patients with PKLR**'? and
without PKLR™'? (p= 0.114).

Allele frequency of PKLR™?in patients with hyperparasitemia (=50,000/uL) of
P. falciparum was 0.100 that was higher than in patients without hyperparasitemia
(allele frequency = 0.051). Allele frequency of PKLR™C in patients with
hyperparasitemia (220,000/uL) of P. vivax was 0.104 that was higher than in patients
without hyperparasitemia (allele frequency = 0.023).
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Table 11 The association between PKLR™!? and severe parasitemia

Genotype p, falciparum P. vivax

Parasitemia Parasitemia OR p- Parasitemia Parasitemia OR p-

>50,000/pL <50,000/uL  (95% CI) value =20,000/pL <20,000/uL (95%  value

(%) (%) (%) (%) cl)
R41Q 2 (33.3) 4 (66.7) 2.18 0.410 4 (66.7) 2 (33.3) 4.20 0.114
Non-R41Q 8 (18.6) 35(81.4) (0.340 - 20 (32.3) 42 (67.7) (0.709 -
14.096) 24.880)
Total 10 (20.4) 39 (79.6) 24 (35.3) 44 (64.7)
Allele 0.900 0.949 0.896 0.977
Freq. (G)
Allele 0.100 0.051 0.104 0.023
Freq. (A)

* The clinical data in some patients were lost to collect and analyze.

4.5.4 Reticulocyte Count

Reticulocytes are slightly immature red blood cells, which determine bone
marrow activity. The high level of reticulocyte indicates the high rate of red blood cell
synthesis in bone marrow, which occurs after heavy bleeding or certain types of
hemolytic anemia. The higher reticulocyte count was found in the falciparum malaria
patients without PKLR™? more than in the patients with PKLR™!? (OR: 0.56, 95% Cl:
0.058 - 5.395) (p=0.616) (Table 12). Odds ratio demonstrated that the vivax malaria
patients with PKLR™!? increased odds of high reticulocyte count more than patients

without PKLR™?(OR: 2.90, 95% Cl: (0.270 - 31.151) (p=0.379) (Table 12).
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Table 12 The association between PKLR™! and reticulocyte count

Genotype P. falciparum: Reticulocyte Count P. vivax: Reticulocyte Count

>2% <2% OR p-value>2% <2 % (%) OR p-value
(%) (%) (95%Cl) (%) (95%Cl)
R41Q 1(16.7) 5(83.3) 0.56 0.616 1(16.7) 5(83.3) 2.90 0.379
Non-R41Q 10 (26.3) 28 (73.7)  (0.058 - 4(11.9) 58(88.1) (0.270 -
5.395) 31.151)
Total 11 (25.0) 33 (75.0) 5(7.4) 63 (92.6)

* The clinical data in some patients were lost to collect and analyze.

Mean of reticulocyte count in patients with PKLR™ was 1.35% and in patients

without PKLR™ was 1%. PKLR™ was inclined to increase reticulocyte count (p=0.700)

(Figure 30).

Reticulocyte count (%)

T T
PKLR variant Non-PKLR variant

PKLR variant status

Figure 30 Effect of PKLR*'?on reticulocyte count (%)

4.5.5 Anemia

There was no significant difference in risk of anemia between the falciparum
malaria patients with PKLR™? and without PKLR™? (p=0.743). We found 1 patient with
PKLR™'? and 5 patients without PKLR™*'? had hemoglobin (Hb) lower than 10 g¢/dL
(Table 13). The patients with PKLR™? might increase risk of anemia more than the

patients without PKLR™C (OR: 1.48, 95% Cl: 0.142 - 15.386). We found none vivax
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patients who carried PKLR™!© had Hb lower than 10 g/dL but we found 2 out 62 in
patients without PKLR™*'?(Table 13).

Table 13 The association between PKLR™'Q variant and anemia

Genotype P. falciparum: Anemia P. vivax: Anemia
Hb<10 Hb>10 OR p-value Hb<10 Hb>10 OR p-
g/dL (%) ¢/dL (%) (95%Cl) g/dL (%) ¢/dL (%) (95%Cl) value

R41Q 1(16.7) 5(83.3) 1.48 0.743 0(0.0) 6 (100) - -

Non-R41Q 5(11.9) 37(88.1) (0.142 2(8.6) 60 (91.4) -
15.38
6)

Total 6(17.5) 42(82.5) 2(8.2) 66 (91.8)

* The clinical data in some patients were lost to collect and analyze.

4.5.6 Hyperbilirubinemia

In the patients with P. falciparum, we found 3 of 42 falciparum malaria patients
without PKLR™9 had total bilirubin more than 2.5 mg/dL but we not found it in
patients with PKLR™*!9(Table 14). None of P. vivax infected patients with PKLR™'? had
total bilirubin more than 2.5 mg/dL. On the other hand, eight P. vivax infected patients
without PKLR™ had total bilirubin more than 2.5 mg/dL.

Table 14 The association between PKLR™!® variant and hyperbilirubinemia

Genotype P. falciparum: Total bilirubin P. vivax: Total bilirubin
22.5 <2.5 OR p-value 22.5 <2.5 OR p-value
mg/dL mg/dL  (95%CI) mg/dL mg/dL (95%ClI)
(%) (%) (%) (%)
R41Q 0(0.0) 6(100) - - 0(0.0) 6 (100) - -
Non-R41Q 3(7.1) 39 (92.9) - 8(13.1)  53(86.9) -
Total 3(6.3) 45(93.7) 8(13.1) 59 (96.9)

* The clinical data in some patients were lost to collect and analyze.
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4.5.7 Renal Insufficiency

In the patients with P. falciparum, we found 4 of 41 P. falciparum infected
patients who not carried PKLR™*'? had creatinine less than 1.5 mg/dL but we not found
it in patients with PKLR*'(Table 15). None of P. vivax infected patients with PKLR
had creatinine less than 1.5 mg/dL. Other the other hand, only one P. vivax infected

patients without PKLR™*'? had total creatinine less than 1.5 mg/dL.

Table 15 The association between PKLR™!? variant and renal insufficiency

(creatinine)

Genotype P. falciparum: Creatinine P. vivax: Creatinine
21.5 <1.5 OR p-value 21.5 <1.5 OR p-value
mg/dL mg/dL  (95%CI) mg/dL  mg/dL (95%CI)
(%) (%) (%) (%)
R41Q 0(0.00 6(100) 7 - 0(0.0) 6 (100) - -
Non-R41Q 4(5.2) 37 (94.8) - 1(0.7) 56 (99.3) -
Total 4(4.9) 43(95.1) 1(1.4) 62 (98.6)

* The clinical data in some patients were lost to collect and analyze.
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CHAPTER 5

DISCUSSION

Malaria, a life-threaten disease, is estimate more than 500 million patients and
660,000 deaths annually (67). According to J.S.H. Haldane, many hematological
disorders were prominent in tropical regions where malaria was endemic. Therefore, it
has been proposed that hematological disorders could reduce the mortality and
severity of malaria (75). Erythrocyte is one of malaria’s habitats, where Plasmodium
parasite grows and develops. Evidence has suggested that malaria likely to have strong
selective pressure on the hematological genes of human, leading to increase
prevalence of inherited hematological disorders (76). Louicharoen et al. (2009) have
proposed that G6PD""°! mutation has been positively selected for the last 1500 years
to reduce P. vivax parasite density in humans (5). Although the homozygous
hematological diseases such as G6PD deficiency, sickle cell anemia, and thalassemia
get worse by their own clinical symptoms, the heterozygote could protect against the
severity and mortality of malaria. Previous studies have showed that homozygosity at
the PKLR protects against chabaudi malaria in mice by reducing parasitemia and
mortality rate (24). Likewise, in vitro study of P. falciparum infected human
erythrocytes, homozygosity for PK-deficiency which causes by G-to-A mutation at
position 1269 could protect against parasite replication by 2 mechanisms: invasion
defection of PKD erythrocytes and macrophage clearance preference of ring-stage-
infected PKD erythrocytes (30).

R which is a

The aims of this study were to identify the prevalence of PKL
novel mutation, and to investigate the clinical correlation between PKLR'? and the
severity of malaria in Southeast Asian volunteers, who stayed in areas of malaria-
endemic regions. Results from previous study in these populations have demonstrate
the effect of thalassemia (-0*7, -0*? - -FLo HbCS and HbE) on

susceptibility/protection against P. falciparum or P. vivax infection (77-80).
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In this study, all 267 malaria patients, admitted to Hospital for Tropical Diseases,
Mahidol University since March, 2011 to November, 2012 (19 months), were enrolled.
There were several ethnic groups consisted of Thai, Laotian, Mon, Burmese, Karen, and
Cambodian. The major ethnicity was Burmese, which found 71.9% of this population,
followed by Thai (13.5%), Karen (6.0%), Cambodian (3.4%), Mon (1.5%), and Laos
(0.7%). We found male (94.4%) more than female (5.6%) in these malaria patients
because most of them were immigrant labors workers in malaria endemic area, Tak
province, Thailand. The average age of all subjects was 28.0+10.2 (range 14-60) years.
However, the median age of male patients were significantly different from that of
female patients (Mann-whiney U-Test, p=0.008). Median age of female patients (38
years) was higher than median age of male patients (25 years). There was no significant
difference of age between ethnic groups. There are 143 malaria patients were excluded
from this analyses because

1. The hemotological and general data of patients were not recorded.
2. The malaria patients were infected with co-infected with P. falciparum and P.

vivax, which interfered the interpretation by cross immunity (81).

3. The malaria patients with G6PD deficiency or thalassemia were excluded. This
is because evidence suggests that G6PD deficiency and thalassemia have an

influence in protection against malaria (5, 11, 18).

According to these reasons, the total number of subjects used in the analyses

RRlHQ

of clinical correlation between PKL and malaria were reduced.

5.1 PKLR"*!Q Mutation

PK is composed of highly conserved N-terminal domain with a helix-turn-helix
motif (45), followed by A domain and B domain containing binding residues of the
phosphoenolpyruvate (PEP) substrate and the C-terminal domain that binds to the
allosteric regulator fructose-1, 6-bisphosphate (FBP). Structural studies have shown
that the enzyme activity is regulated by a combination of domain and rotation of
subunit, which change the active site for alternation of conformation. The

conformation of PK can switch from a low-affinity tight state (T-state) to a high-affinity
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relaxed state (R-state) (Figure 3) (36). PKLR™? mutation is located within the N-
terminal domain of PK-R. Moreover, arginine at residue 41 is highly conserved in
mammals. The enzyme activity is regulated by phosphorylation of serine at residue 43
that increases affinity for allosteric inhibitors (ATP and alanine) and decreases affinity
for activators (PEP and FBP) (50, 51). PKLR™? is the mutation near the allosteric
residues; therefore this mutation may affect the structural and functional aspects of

R1Q mutation was not available because we used

PK. Functional experiment of PKL
leftover DNAs from the previous studies. Therefore, recollection of fresh blood
samples from these patients was impractical for phenotyping experiments.

Previous studies characterized the function of 2 mutations; PKLR*®¢ and
PKLR®*"® which located in N-terminal domain and closed to PKLR™? mutation. First,
PKLR"%¢ mutation causes a congenital nonspherocytic hemolytic anemia because this

mutation reduces enzyme activity (52). Second, PKLR®*"®

is gain-of function mutation
by increasing the enzyme activity and ATP levels. It is possibly linked to alterative
phosphorylation of serine 37 (53, 54). All of supporting evidence suggests that the N-

terminal domain of PK, carried the PKLR™!? may affect the enzyme activity of PK.

5.2 The Prevalence of PKLR*? Mutation

In 1997, the first case of PKD was reported in Thailand. It was a 10-year-old girl,
who was initially diagnosed with Hb H disease. The patient had a history of neonatal
jaundice, severe anemia, and mild splenomegaly, which required blood transfusion,
phototherapy, and iron chelation (82). PKD was found 1.4% in an American population
(58), 0.24% in a Spanish population (59), 3.4% in Hong Kong population (60), and 2.2%
in Chinese infants (61).

Based on the results obtained from PCR-RFLP and direct sequencing analysis

R*™Q mutation) in Southeast Asian, we found

of novel N-terminal mutation (PKL
PKLR™® mutation in 12 heterozygotes and 1 homozygote of all 267 patients. The
hematological data in homozygous PKLR™° was normal and not different from
heterozygous PKLRC. However, the homozygous PKLR™? patient had Hb more than
10 g¢/dl indicating as mild phenotype of PKD (CHAPTER 2, Topic 2.7) (29). However,

PKLRC patients had many mutations of hematological gene such as G6PD, Ql-globin
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and B—globin, therefore the complete blood count (CBC) were not in normal reference.
Analysis of Hardy-Weinberg equilibrium (HWE) illustrated that the allele and genotype
frequencies of PKLR? did not deviate from theory. According to HWE, the allele
frequency was balance and fit to the ideal state of Hardy-Weinberg theory; no
mutation, random mating, no selection, no genetic drift, no migration, and population
was not small. In each ethnicity, PKLR™® mutation was found 11.1% (1/9) in
Cambodians, 5.8% (11/192) Burmeses, and 5.6% (2/36) Thais. In this study, PKLR™!?
was investigated in only malaria patients admitted to Hospital for Tropical Diseases but
not in healthy controls or non-malaria patients. Comparison of the prevalence
between healthy controls and malaria patients who stay in the same place was limited.
Therefore, distinction of PKLR™? allele frequency in each population might be
influenced from ethnic groups and exposure to the outbreak of malaria in each region.
The results revealed that PKLR™'9 mutation was present in Southeast Asian population

with an allele frequency approximately 0.026 (14/534).

5.3 The Association between PKLR*!? Mutation and Malaria Manifestations

The results showed that P. falciparum and P. vivax density in PKLR™'? patients
was slightly lower than non-PKLR™!? patients, but there was no significant (Figure 28).
The previous in vitro study showed that the P. falciparum density in heterozygous PKD
blood was slightly lower than the control, but there was no statistically significant
difference (Figure 31) (20). The present study suggests that PKLR™? mutation does not
protect against P. falciparum and P. vivax malaria proliferation.

Besides, this finding showed a significant association between PKLR?*1C
mutation and an increased number of Plasmodium attacks (Figure 29). Because there
were no records of previous malaria infection in these patients, including species of
parasite, reappearance of P. vivax infection might be relapse, the number of attacks
(infections) in malaria patients might be higher than normal.

Moreover, the allele frequency of PKLR™C in malaria patients with
hyperparasitemia (P. falciparum: 0.100 and P. vivax: 0.104) was higher than in malaria
patients with none hyperparasitemia (P. falciparum: 0.051 and P. vivax: 0.023).
Although this finding was no significant difference, it implied that higher reticulocyte in
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patients with PKLR™!? was proned to increase the hyperparasitemia in Plasmodium

spp. This is because both of P. vivax and P. falciparum can infect reticulocyte.

« homozygote
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Figure 31 Parasite density in each genotype of PKD in vitro (20)

Odds ratio revealed that PKLR™C tends to increase the odds of
hyperparasitemia of both P. falciparum and P. vivax (P. falciparum: p=0.4102 and P.
vivax: p=0.1139). The previous study reported that the average of hyperparasitemia of
P. falciparum and P. vivax is approximately 50,000/pL and 20,000/, respectively (83).
The number of parasites in hyperparasitemia of P. falciparum was higher than of P.
vivax because P. falciparum is able to infect both of mature erythrocytes and
reticulocytes while P. vivax specifically infects reticulocytes. In addition, high level of
reticulocyte count was inclined in vivax patients with PKLR™?. Due to ATP depletion
and the high level of 2, 3-BPG of PKD erythrocytes which cause of hemolysis,
reticulocytes are synthesized to compensate the damage red blood cells. Moreover,
it may due to reticulocytes are indispensable for the growth and development of P.
vivax (84), while P. falciparum could infect both of mature and immature red blood
cells. Therefore the high level of P. vivax parasite density may increase with
reticulocyte count.

The other complicated malaria such as anemia, hyperbilirubinemia and renal
insufficiency were not associated with PKLR™?. Although, one of falciparum patient
with PKLR™!© had lower hemoglobin than the normal range but the patient had no
symptoms of severe malaria.

However, there are several shortcomings of the present study. First, this
analytical study with a relatively small sample size could affect the finding of PKLR!

cases and analysis the effects of this mutation. Second, we could not measure the PK
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enzyme activity because all blood samples were frozen making it impractical for the
assay. Third, the clinical data of patients is incomplete; therefore affecting correlation
analysis. Fourth, we have no data of patients before admission to the Hospital for
Tropical Diseases. Further analysis regarding the function of PKLR*?is required to
prove the impact of PKLR? mutation in malaria patients.

Taken together, these findings suggest that PKLR™? in Southeast Asian is a
common enzymopathic mutation in malaria-endemic regions with allele frequency of
0.026. The allele frequency of PKLR™ was higher in malaria patient with
hyperparasitemia. The mutation showed a tendency to increase the number of P. vivax

attacks and odds of hyperparasitemia.
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Equipments and reagents for research

Equipments

1.
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Refrigerated centrifuge (Hettich, Eppendorf, MSE, Heraeus)

Hemocue® Hemoglobin Photometer

Spectrophotometer Model UV-1800 (Shimadzu)

Nano drop 1000 Spectrophotometer (Thermo Scientific)

Veriti® 96-well thermal cycler (Applied Biosystems)

Water bath YCW-010 (GEMMYCO)

Heat block (Major science, Biosan)

Molecular Imager® Gel Doc™ XR+ with Image Lab ™ Software (BioRad).
Horizontal electrophoresis (MY-RUN, BIO-RAD)

. Vertical electrophoresis (BIO-RAD)

. 2 decimal balance (DENVER INTRUMENT, Precisa)

. 4 decimal balance (OHAUS, Precisa)

. Hot Plate Stirrer (IKA)

. pH meter (ESDO, Schott)

. Vertical Autoclave (Hirayama)

. Hot Air Oven (Memmert)

. 0.2 ml Mltra Amp PCR products PDR tubes (Sorenson, Bioscience)

. 0.65 ml, 1.7 ml, 2.0 ml Safesealmicrocentrifuge tube (Sorenson, Bioscience)
. 15 ml and 50 ml Centrifuge tube (CORNING)

. 3 ml Pasteur pipette 10 ml

. Safety Cap Plain Tube 4 ml (VACUETTE)

. Disposable Syringe 10 ml

. Gel/PCR DNA Fragments Extraction Kit Cat No.YDF300 Lot.No.PG-913-09362

(RBC Bioscience).
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Reagents

1.

2
3
il
5.
6
7
8
9

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,

25.
26.
27.
28.

0.9% Normal saline solution (Klean & Kare)

Tris-Hydroxymethyl (Fisher Scientific, J. T. BAKER),

Hydrocholic (J.T. BAKER)

Magnesium choridehexahydrate (BIO BASIC INC)

Triton X-100 (SIGMA)

Sodium chloride (UNIVAR),

Sucrose Molecular Grade (USB)

Sodium hydroxide (MERCK)

Ethylenediaminetetraacetic acid disodium salt (Plusone®Amersham
Biosciences)

Sodium dodecyl sulphate (GE Healthcare)

Proteinase K (Amresco)

Saturated phenol (Amresco)

Chloroform (RCL labscan)

Isoamylalcohol (Amresco)

Isopropanol (MERCK)

Ethanol (MERCK)

PCR buffer (Invitrogen, RBC Bioscience)

Taqg DNA Polymerase (Invitrogen, RBC Bioscience)

Platinum Tag DNA Polymerase (Invitrogen)

10 mM dNTP mix PCR Grade (Invitrogen, RBC Bioscience)

50 mM MgCl, (Invitrogen, RBC Bioscience)

1 M Betaine (Sigma)

Primer (Bio Basic Inc.) (Biolabs)

Restriction enzyme (Fermentas) (Hindlll, Xbal, Hhal, Afill, Ndel, BstEll, Pstl,
Mboll, Trull, Mnll, Acil)

Reaction buffer (Fermentas) (Buffer-R, Buffer-Tango, Buffer-O, Buffer-B)
29% Acrylamide + 1% N, N’ methylenebisacrylamide (Bio-RAD)
(10X) TBE buffer (Bio-RAD)

10% Ammonium persulfate (APS) (Pharmacia Biotech)



29. TEMED (Bio-RAD)

30. Agarose (Thermo scientific)

31. Novel juice (Genedirex)

32. 1 kb Plus DNA ladder (invitrogen)

33. 100 bp Sharp DNA marker (RBC Bioscience)
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