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Abstract:

Riboflavin (also known as vitamin B2) is a water-soluble vitamin that is acquired from

dietary sources and converted into FMN and FAD enzymatically. Various flavoenzymes

use these two molecules as co-enzymes/co-factors for catalyzing oxidation/reduction

reactions. The conversion of riboflavin to FMN is achieved by means of an enzyme called

riboflavin kinase that phosphorylates riboflavin using an NTP source.

The first section of my thesis dealt with engineering an archaeal CTP-dependent riboflavin

kinase from Methanococcus maripaludis (MmpRibK) for the investigation of the strict

nucleobase specificity of this enzyme. The basis of this research stems from previous

attempts at engineering another archaeal CTP-dependent riboflavin kinase from

Methanocaldococcus jannaschii (MjRibK) in order to confer reactivity with ATP.

The direction of my thesis moved on to the investigation of a certain conserved part of the

nucleobase-surrounding loop in eukaryotic riboflavin kinases. This investigation was

performed by characterization of mutants of the human riboflavin kinase (HsRibK) with

modifications in this conserved region.

The third section of my thesis involved attempts at the characterization of riboflavin kinase

and FAD synthetase of Schizosaccharomyces pombe (SpRibK and SpFADS) followed by

an analysis of organisms that contain both the monofunctional riboflavin kinase and the

bifunctional FAD synthetase.
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1. Introduction:

1.1. What are nucleoside triphosphates/ deoxynucleoside triphosphates?

nitrogenous (purine or pyrimidine) base, a phosphate group and a ribose ring.

hree

components: a nitrogenous (purine or pyrimidine) base, a phosphate group and a

deoxyribose ring.

The figures above show the structure of nucleoside triphosphates along with the

purine/pyrimidine bases that are present in it. DNA (deoxyribonucleic acid) has the

deoxyribose sugar along with adenine, guanine, cytosine and thymine as the nitrogenous

bases. RNA (ribonucleic acid) has the ribose sugar along with adenine, guanine, cytosine

and uracil as the nitrogenous bases.

Nucleobases
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ATP hydrolysis is a major process that releases energy for many cellular functions.

As shown in the figure above, a nucleophilic attack on the -phosphate of ATP by a water

molecule releases G

the - G

G° are applicable at pH7 at standard state concentrations of 1 M.

ATP is often used as the phosphorylation source for a variety of substrates. Protein

phosphorylation is a very important mechanism used for controlling many processes and

regulating downstream signaling. The phosphorylation (or dephosphorylation) of proteins

by kinases/phosphatases modulates the activity of signaling molecules leading to signal

amplification. For example: A specific class of serine/threonine protein kinases, the

mitogen-activated protein kinases (MAP kinases) play a central role in the transduction

of various extra and intracellular signals and are conserved throughout eukaryotes. These

generally function via a cascade of networks that involves MAP kinase (MAPK), MAPK

kinase (MAPKK) and MAPKK kinase (MAPKKK). This in turn affects different signal

transduction pathways such as osmoregulation, cell growth and differentiation.[1] ATP can

also act as a neurotransmitter in the central and peripheral nervous systems and is also

involved in transmission of the sensation of pain.[2] CTP is involved in various pathways

Figure 2: Mechanism of ATP Hydrolysis
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(cytidine diphosphate (CDP) diacylglycerol (DAG), CDP choline, and CDP

ethanolamine pathways) that are responsible for the synthesis of phosphatidate

(precursor of all phospholipids).[3]Many GTP-binding proteins (G proteins) are involved in

transmembrane signaling processes. Certain metabolic enzymes such as succinate

thiokinase and phosphoenolpyruvate carboxykinase also interact with GTP.[4] Uracil

nucleotides such as UDP help in activating sugars for protein glycosylation reactions.

Intracellular UTP levels directly regulate phospholipid synthesis thereby controlling

characteristics of the cell membrane.[5]

1.3. Characteristics of Protein Kinases:

All typical protein kinases (TPKs) have a common catalytic core consisting of a smaller,

mostly -sheet, N-terminal subdomain and a larger, mostly -helical, C-terminal

subdomain.[6] ATP is bound in a deep cleft between the two regions. The phosphate

binding loop, or P loop, contains a conserved glycine-rich sequence motif (GXGX G)

where is typically tyrosine or phenylalanine. The glycine residues allow the loop to

coordinate the phosphates of ATP via backbone interactions. The conserved aromatic

side chain caps the site of phosphate transfer. The glycine residues contained in the P

loop make it very flexible in the absence of ATP.[7] Several atypical protein kinases are

also known, which lack sequence similarity to TPKs, although some have structural

conserved throughout metazoans. Many of these are also conserved in yeasts. The

worm kinome has large expansions of several families. The fly also appears to have lost

some kinase families but is, overall, a closer model to the human kinome.[8]

Figure 3: N-terminal & C-terminal Subdomains of Protein Kinases[6]
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1.3.1. Nucleotide Specificity in Enzymes:

Even though ATP is usually thought of as the NTP source for enzymes in cellular systems,

there are examples of NTP-utilizing enzymes that differ in the choice of NTP.

Phosphopantothenoylcysteine synthetase from Escherichia coli is CTP specific whereas

the human homolog is ATP specific.[9,10] Similar is the case for succinyl CoA synthetase

which is GTP specific in Sus scrofa and ATP specific in Blastocystis sp.[11,12] Such

nucleotide specificity is also true for kinases. Riboflavin kinase of Rhizopus oryzae and

phosphoglycerate kinase from Entamoeba histolytica are GTP dependent.[13,14] It has also

been shown that GTP serves as an excellent phosphate donor for autophosphorylation

respect.[15] Studies on Aminoglycoside 2-Phosphotransferase IVa have found that even

though individual residues such as Phe-95 play a major role in dictating nucleotide

specificity, it is probable that the composite of residues around the nucleotide-binding site

collectively forms a space that is adapted for the specific substrate preference. Factors

beyond individual amino acids such as the inability to form an ordered solvent network

and the lack of sufficient hydrogen-bonding interactions due to an altered conformation

of the linker loop prevent certain phosphotransferases from binding GTP.[16] Studies on

group. [17] Their goal

was to produce a mutant protein kinase that accepts an N6-substituted ATP with high

catalytic efficiency. This was achieved by the mutation of valine and isoleucine residues

in the ATP-binding pockets to alanine. The rationale behind this was that a smaller

sidechain would create an additional pocket for the entry of N6-substituted ATP. The

double mutant V323A/I338A was able to utilize N6-(cyclopentyl) ATP. This double mutant

also had a lower affinity for ATP. Other enzyme engineering examples include altering

the nucleotide specificity of Blastocystis sp. succinyl CoA synthetase from ATP to GTP

based on charged gatekeeper residues of the active site.[18]
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1.4. Co-enzymes/Co-factors containing adenine moiety:

Coenzyme A functions as an acyl group carrier and is used for the synthesis of fatty acids.

S-Adenosylmethionine (SAM) is a common coenzyme involved in methyl group transfers,

transsulfuration and aminopropylation. Flavin Adenine Dinucleotide (FAD) and

Nicotinamide Adenine Dinucleotide (NAD+) generally perform oxidation/reduction

functions. In spite of being associated with diverse functionalities, all four coenzymes

have the adenine moiety as part of their structures. This is interesting since the adenine

moiety is away from the catalytically important part of these molecules. Except adenine,

no other nucleobase is known to be naturally occurring in coenzymes/cofactors.

It has been suggested that these coenzymes were the catalytic active sites of ancient

ribozymes, which transitioned to their current forms after the surrounding ribozyme

Figure 4: Structures of Coenzymes containing Adenine Moiety
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scaffolds were replaced by protein apoenzymes during the evolution of translation. Similar

proposals have been made for iron-sulfur cluster cofactors being remnants of the

geochemical setting of the origin of life.[19] Group transfer cofactors such as NADH,

NADPH, FADH2, FMN, SAM and CoA represent the centrality of nucleotide-derived

coenzymes. Furthermore, the coenzyme binding capabilities of riboswitches are thought

to represent an ancient capacity for coenzyme-mediated catalysis in an RNA world

metabolism.[20]

During the transition from an RNA World to protein mediated metabolism, TIM barrel

proteins may have provided a somewhat universal active site into which different ancient

cofactors could be placed through evolutionary processes, thus transferring their catalytic

properties from ribozymes (or minerals) into protein enzymes.[21]

It has also been found that 224 protein-ligand complexes (86 different proteins) from a

total of 645 protein structure files bind ATP, CoA, NAD, NADP, FAD, or other adenine-

containing ligands and use the same structural elements to recognize adenine, regardless

of whether the ligand is a coenzyme, cofactor, substrate, or an allosteric effector. The

common adenine-binding motif shown in this study is simple to construct. It uses only

backbone polar interactions that are not dependent on the protein sequence or particular

properties of amino acid side-chains, and nonspecific hydrophobic interactions. This is

probably why so many different proteins with different functions use this motif to bind an

adenylate-containing ligand. The adenylate-binding motif reported is present in "ancient

proteins" common to all living organisms, suggesting that adenine-containing ligands and

the common motif for binding them were exploited very early in evolution.[22]
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1.5. Riboflavin (Vitamin B2) & its Physiological Significance:

Riboflavin is an essential biomolecule that is made up of the isoalloxazine ring and the

ribityl chain. Riboflavin is converted to FMN/FAD using enzymatic means. These two

molecules can act as coenzymes catalyzing oxidation/reduction reactions.

FAD and FMN can act as electron acceptors catalyzing both 1-electron and 2-electron

transfers as shown in the figure above. Flavin-dependent enzymes are widespread in

nature. A total of 90 proteins in humans (0.3% of human proteome) have been identified

as flavoproteins. About 75% of flavoproteins utilize FAD as the cofactor whereas 25%

use FMN as the cofactor. Most flavin-dependent enzymes are oxidoreductases (>90%)

while the rest are transferases (4.3%), lyases (2.9%), isomerases (1.4%), and ligases

(0.4%).[23] Certain flavin-dependent enzymes do not catalyze net redox reactions. The

Figure 5: Enzymatic conversion of Riboflavin to form FMN & FAD

Figure 6: Mechanism of reduction of FAD
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enzyme UDP-galactopyranose mutase (UGM) catalyzes the isomerization of UDP-

galactopyranose to UDP-galactofuranose.[24]

1.6. Nucleotide Selectivity of Riboflavin Kinases:

Riboflavin kinase is an enzyme that uses an NTP source to catalyze the phosphorylation

of riboflavin to form FMN. Eukaryotic and bacterial riboflavin kinases generally use ATP

as the phosphorylation source whereas archaeal riboflavin kinases use CTP as the

source.

Several ATP-

phosphorylation. For instance, the riboflavin kinase homolog of Lactobacillus arabinosus

is capable of utilizing UTP as effectively as ATP.[25]Similarly, riboflavin kinase of Bacillus

subtilis has shown to utilize CTP, UTP and dATP for the enzymatic reaction.[26] The

riboflavin kinase isolated from Glycine max shows reaction even with ADP.[27]

Figure 7: Mechanism of action of UDP-galactopyranose mutase[24]

Figure 8: Mechanism of action of archaeal riboflavin kinases
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However, CTP-dependent archaeal riboflavin kinases are generally strictly specific in

terms of NTP utilization. One example of this is the riboflavin kinase isolated from the

archaeal organism- Methanocaldococcus jannaschii.[28]

1.7. Discovery and Characterization of the Archaeal Riboflavin Kinase homolog in

Methanocaldococcus jannaschii (MjRibK):

The crystal structure of the MJ0056 gene product had a structural fold similar to human

and yeast riboflavin kinases. Also, the MJ0056 gene was found to be right next to the

MJ0055 gene(ribB) that is involved in the biosynthesis of riboflavin. These observations

prompted the functional characterization of the MJ0056 gene product. The

Methanocaldococcus jannaschii gene at locus MJ0056 (Swiss-Prot accession number

Q60365) was amplified by PCR and ligated into plasmid pT7-7. Protein overexpression

and purification were done followed by standard assays. Extracts of cells expressing the

MJ0056 gene product were found to have high concentrations of FMN (Flavin

Mononucleotide). It was also found that the enzyme preferentially uses CTP for

phosphorylation of riboflavin.[28] The CTP specificity of MjRibK was independently verified

by Dr. Yashwant Kumar in our lab.

1.8. Mutational Studies performed on riboflavin kinase of Methanocaldococcus

jannaschii (MjRibK):

Dr. Yashwant Kumar of our lab performed mutagenesis studies on MjRibK in order to

determine the basis of nucleotide specificity of this archaeal riboflavin kinase. Attempts

were made to get the mutant enzymes to accept ATP as the phosphorylation source.

Mutants involving the R115 position of the nucleobase-surrounding loop were designed

and tested for nucleotide promiscuity. R115 is part of the -3 helix in the nucleobase-

surrounding loop and forms an H- -OH of the ribose ring.
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The L44 residue of the YxGTLN motif was also selected for mutagenesis studies. This

residue was selected in order to make the cytosine pocket either large or hydrophobic.

The mutants L44A and L44F could NOT accept ATP for phosphorylation and did NOT

face a loss in activity with CTP. The mutant R115A did NOT have any altered NTP

preference. The mutant R115P showed some activity with ATP. This effect was amplified

in the double proline mutant R115PP. Hence, it was thought that introduction of two

proline residues changes the -3 helix conformation to an extended loop. This ultimately

causes the enzyme to utilize ATP for phosphorylation.

1.9. Cloning and Purification of Chimeric MjRibK:

Even though the proline mutants of MjRibK showed activity with ATP, enzymatic activity

with CTP was NOT entirely abolished. Hence, Dr. Yashwant Kumar planned to clone and

purify a chimeric MjRibK in which the -3 helix was replaced with the loop sequence of

HsRibK (Human Riboflavin Kinase).

MjRibK:

MIIEGEVVSGLGEGRYFLSLPPYKEIFKKILGFEPYEGTLNLKLDREFDINKFKYIETEDF

Figure 9: Mutagenesis studies done on MjRibK

Table 1: Description of MjRibK Mutants
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EFNGKRFFGVKVLPIKILIGNKKIDGAIVVPKKTYHSSEIIEIIAPMKLREQFNLKDGDVIKIL

IKGDKDE-

HsRibK:

MRHLPYFCRGQVVRGFGRGSKQLGIPTANFPEQVVDNLPADISTGIYYGWASVGSGD

VHKMVVSIGWNPYYKNTKKSMETHIMHTFKEDFYGEILNVAIVGYLRPEKNFDSLESLIS

AIQGDIEEAKKRLELPEYLKIKEDNFFQVSKSKIMNGH-

Chimeric MjRibK:

MIIEGEVVSGLGEGRYFLSLPPYKEIFKKILGFEPYEGTLNLKLDREFDINKFKYIETEDF

EFNGKRFFGVKVLPIKILIGNKKIDGAIVVPKKTYHSSEIIEIIMHTFKEDFYGEVIKILIKGD

KDE-

The chimeric protein was cloned and purified. However, it turned out to be inactive and

attributed to the fact that the swap was between a thermophilic enzyme (MjRibK) and a

mesophilic enzyme (HsRibK). A chimeric protein wherein the -helix of a mesophilic

riboflavin kinase is replaced with the loop region of HsRibK might help in resolving the

issue.

1.10. Characterization of Riboflavin Kinase of Methanococcus maripaludis:

Riboflavin kinase of Methanococcus maripaludis (MmpRibK) is one of the closest

mesophilic homologs of MjRibK. The sequences are 50.4% identical despite MmpRibK

belonging to a mesophilic archaeon. MmpRibK converts riboflavin to FMN at 37°C in the

presence of 10 mMMgCl2 using CTP as the phosphate donor.MmpRibK shows very high

specificity for utilizing CTP and does not utilize other nucleotides such as ATP, GTP and

UTP for the reaction. MmpRibK was found to have maximum activity in the temperature

range of 40°C 50°C. The activity declined and came down to zero as the temperature

was raised from 50°C to 70°C. MmpRibK is inactive without a metal ion. However, it

showed full turnover when the divalent metal ion Mg2+ was added into the

reaction. The overall trend of activity with different divalent metal ions is Mg2+ = Zn2+ >

Mn2+ > Ni2+> Co2+ > Fe2+> Cu2+> Ca2+. [29]
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2. Materials and Methods:

2.1. Materials:

Media components (Luria Bertani Broth) were purchased from SRL Chemicals. Antibiotics

(Kanamycin & Ampicillin) were obtained from TCI. DNA ladders (200 10,000 bp) were

obtained from NextGen. PrimeSTAR GXL Polymerase and QuickCut DpnI were

purchased from TaKaRa. Solvents for HPLC were purchased from SD Fine Chemicals,

Rankem, and Sigma-Aldrich. All other chemicals used were from Sigma-Aldrich (Merck)

or Jena Bioscience. The genomic DNA of Schizosaccharomyces pombe was obtained

from the lab of Dr. Mridula Nambiar at Indian Institute of Science, Education and

Research, Pune.

2.2. Theoretical Methods:

2.2.1. Selection of MmpRibK (Riboflavin kinase of Methanococcus maripaludis)

mutants for substrate specificity studies:

PhD thesis of Dr. Yashwant Kumar of our lab includes the characterization of MjRibK

(riboflavin kinase of Methanocaldococcus jannaschii) mutants designed and tested for

substrate specificity studies. These mutants were MjRibK L44A, MjRibK R115A, MjRibK

R115P and MjRibK R115PP. In this thesis, the studies done on MjRibK have been

extended to a close mesophilic homolog- MmpRibK. The sequences of the two proteins

obtained from PDB[30] or UniProt[31] were aligned using MUSCLE (MUltiple Sequence

Comparison by Log-Expectation)[32] and the alignment was visualized using Jalview.[33] In

the alignment, L44 residue ofMjRibK corresponded to L40 residue ofMmpRibK and R115

residue of MmpRibK corresponded to R112 residue of MmpRibK. Hence, MmpRibK

L40A, MmpRibK R112A, MmpRibK R112P and MmpRibK R112PP were selected to be

the candidate mutant proteins for characterization. It was also decided that a loopswap

MmpRibK mutant protein with the -helix loop surrounding the nucleobase swapped with

the loop sequence surrounding the corresponding region of HsRibK (Human Riboflavin
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Kinase) would be cloned and purified. This decision followed from similar attempts at

MjRibK loopswap mutant protein characterization performed by Dr. Yashwant Kumar.

2.2.2. Selection of HsRibK (Human Riboflavin Kinase) mutants for characterization:

Sequences of nucleobase surrounding loops of four ATP-dependent eukaryotic riboflavin

kinases from Homo sapiens[39], Schizosaccharomyces pombe[40], Saccharomyces

cerevisiae and Neurospora crassa were analyzed. The inbuilt matchmaker tool on UCSF

Chimera[34] was used to align the four protein crystal structures and analyze them. A

BLAST (Basic Local Alignment Search Tool) search[35]was performed using the FASTA

sequence of Schizosaccharomyces pombe. The first 250 matches were aligned and the

alignment was visualized using Jalview.

seventh, eighth and ninth positions of the 11 amino acid loop surrounding the nucleobase

were found to be 100% conserved in all the 250 matches. This prompted me to explore

the role of this conserved region in eukaryotic riboflavin kinases using mutagenesis

studies. HsRibK (Human Riboflavin Kinase) was chosen since the sequence cloned into

an appropriate plasmid (pPROEX HTA) was readily available in our lab. The mutants

chosen were:

1) HsRibK D89E- To study the effects of a slight change in the size of the cavity

surrounding the NTP

2) HsRibK Y91F- To understand the effect of the loss of a H-bond formed with the -

phosphate group of ATP

3) HsRibK Y91K- To figure out whether lysine can act as a reasonable H-bonding

substitute

2.2.3. Analysis of organisms with both Riboflavin Kinase and FAD Synthetase

Domains:

INTERPRO database[36]

within this entry were considered for the analysis: P22990 corresponding to the fused

bifunctional FAD synthetase and Q03778 corresponding to monofunctional riboflavin

kinase domain. Both lists were downloaded in TSV formats and loaded on Microsoft
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lists were selected and

taxonomic classification for each duplicate Tax ID was found manually.

2.3. Experimental Methods:

2.3.1. Cloning of MmpRibK Mutants:

Single point MmpRibK mutants were cloned using restriction-free methods. pET28a

vector with MmpRibK insert was used as the template for all PCR reactions. A

forward/reverse primer with the mutation along with a standard T7 reverse/forward primer

were used for the first PCR. The resulting megaprimer was visualized on a 1% agarose

gel, and subsequently purified using protocols described in the Qiagen PCR Product

Purification Kit. The megaprimer with the mutation was used for another round of PCR

with pET28aWTMmpRibK as the template. The resulting PCR product was digested with

Dpn1 at 37 for 2.5 hours in order to cleave the methylated template DNA.

2.3.2. List of primers for cloning of MmpRibK Mutants:

Serial
Number

Mutation

1 MmpRibK
L40A
(Forward
Primer)

CCGTTTGAAGGAACAGCGAACGTAAAATTAAAG

2 MmpRibK
R112A
(Forward
Primer)

CCAATTCAGCTTGCGAAATTTTTATTATTAAAG

3 MmpRibK
R112P
(Forward
Primer)

CCAATTCAGCTTCCGAAATTTTTATTATTAAAG

4 MmpRibK CCAATTCAGCTTCCGCCGAAATTTTTATTATTAAAG
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R112PP
(Forward
Primer)

5 MmpRibK +
HsRibK
loopswap
mutant
(Reverse
Primer)

TTAAATTACGAGTTTTACAACTTCGCCATAAAAATCTT
CTTTAAAGGTATGCATAATAATTTCCAAGGTTTTTTTA
G

6 T7 Forward
Primer

TAATACGACTCACTATAGGG

7 T7 Reverse
Primer

GCTAGTTATTGCTCAGCGG

2.3.3. Transformation of PCR Products and Plasmid Purification:

Competent E. coli DH5 2

The mixtures were incubated on ice for 15 minutes. A heat shock was given at 42 for 1

minute followed by an incubation on ice for 5 min. 200

added to the vials. The vials were incubated at 37 for 1.5 h. The contents were then

HsRibK mutants) and incubated at 37 for 24-36 hours. Colonies thus obtained were

inoculated into LB broth and the mutant plasmids were purified using standard protocols

as described by plasmid purification kits.

2.3.4. Cloning of HsRibK Mutants:

HsRibK mutants were cloned using QuikChange site-directed mutagenesis.[37] This

protocol is a simple and efficient one-step procedure that utilizes overlapping primers

(with mutation) containing extended non overlapping sequences at the 3' end. This primer

design scheme is efficient since it enables the PCR products to be used as templates for

Table 2: List of primers- Cloning of MmpRibK Mutants
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more rounds of amplification. The PCR products were transformed into competent DH5

cells and the plasmids were purified according to the protocol described in 2.3.3.

2.3.5. List of primers for cloning of HsRibK Mutants:

Serial Number Mutation

1 HsRibK D89E
(Forward Primer)

GAGGAGTTCTATGGGGAAATCCTCAATGTG
G

2 HsRibK D89E
(Reverse Primer)

ATAGAACTCCTCTTTGAAGGTATGCATGAT
ATGTGTT

3 HsRibK Y91F
(Forward Primer)

GACTTCTTCGGGGAAATCCTCAATGTGGCC
ATTG

4 HsRibK Y91F
(Reverse Primer)

TCCCCGAAGAAGTCCTCTTTGAAGGTATGC
ATGATATGTG

5 HsRibK Y91K
(Forward Primer)

GACTTCAAGGGGGAAATCCTCAATGTGGC
CATTG

6 HsRibK Y91K
(Reverse Primer)

TCCCCCTTGAAGTCCTCTTTGAAGGTATGC
ATGATATGTG

2.3.6. Cloning of SpFADS (FAD Synthetase of Schizosaccharomyces pombe) from

Genomic DNA to pET28a vector:

For the purpose of characterization of FADS of Schizosaccharomyces pombe, it was

necessary to clone the sequence coding for the enzyme into a suitable vector. The entire

exercise was a three-step process. The first step involved cloning out the SpFADS gene

from the genomic DNA using forward and reverse primers complementary to the two ends

of the gene. The resulting megaprimer was visualized on a 1% agarose gel, and

subsequently purified using protocols described in the Promega PCR Product Purification

Kit. The second step involved the amplification of the first megaprimer using two hybrid

primers that have overhangs complementary to the desired vector (pET28a). The second

megaprimer was purified in a similar manner and used for the third PCR with empty

Table 3: List of primers- Cloning of HsRibK Mutants
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pET28a vector. The resulting PCR product was digested with Dpn1 at 37 for 2.5 hours

in order to cleave the methylated template DNA. The PCR products were transformed

into competent DH5

described in 2.3.3.

2.3.7. List of primers for cloning SpFADS from the genomic DNA:

Serial Number Name of Primer

1 SpFADS_F1 (1st

step-forward primer)
ATGGATGAGTTGGAAC

2 SpFADS_R1 (1st

step-reverse primer)
TTAAGATACTTCGGAAG

3 SpFADS_F2 (2nd

step-forward primer)
GCCGCGCGGCAGCCATATGGATGAGT
TGGAAC

4 SpFADS_R2 (2nd

step-reverse primer)
CGACGGAGCTCGAATTCGGATCCTTAA
GATACTTCGGAAG

2.3.8. Transformation of Plasmids into E. coli BL21(DE3) cells:

All successful mutant plasmids need to be transformed into BL21(DE3) cells for

overexpression of mutant proteins. Competent E. coli BL21(DE3) cells were prepared

using CaCl2 or Hanahan method. 100-

freshly prepared competent cells. The mixtures were incubated on ice for 15 minutes. A

heat shock was given at 42 for 1 minute followed by an incubation on ice for 5 min. 200

the vials. The vials were incubated at 37 for 1.5 h. The

ampicillin for HsRibK mutants) and incubated at 37 for 24-36 hours. Colonies thus

obtained were inoculated into LB broth and this primary culture was used to prepare

glycerol stocks that would ultimately be used for protein overexpression.

Table 4: List of primers- Cloning of SpFADS
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2.3.9. Protein Overexpression & Purification Protocol:

For primary inoculation, the glycerol stocks prepared in the previous step were used for

inoculation in a 10 mL Luria-

HsRibK mutants) and the resulting culture was incubated overnight

at 37 at a constant shaking of 180 rpm. Then, 10 mL of primary cu

HsRibK mutants) were added to a 1 L secondary

culture. The secondary culture was grown at 37 until it reached an O. D. of 0.6-0.8 after

which an appropriate quantity (0.5- -D-1-thiogalactopyranoside

(IPTG) was added to the culture. After incubation at 18 for 18 hours at a constant

shaking of 180 rpm, cells were pelleted by centrifugation for 15 minutes at 5,500 rpm at

4 . The cell pellets were resuspended in a lysis buffer consisting of 50 mM Tris-Cl (pH

-mercaptoethanol

r 15 minutes at 4 .

The supernatant (also known as clarified lysate) is used for purification of the protein.

2.3.10. Buffer Compositions for Protein Purification:

Buffer B Buffer A

50 mM Tris/HCl pH 8.0 50 mM Tris/HCl pH 8.0

300 mM NaCl 300 mM NaCl

500 mM Imidazole 0 mM Imidazole

-Mercaptoethanol -Mercaptoethanol

2.3.11. Ni Affinity Chromatography for Protein Purification:

An immobilized metal affinity chromatography (IMAC) column of 5 mL capacity was used

along with a peristaltic pump (to control the flow rate of solutions through the column) for

protein purification. The clarified lysate was loaded onto the column equilibrated with an

Table 5: Buffer Compositions for Protein Purification
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equilibration buffer (2 mL Buffer B+ 48 mL Buffer A). The column was subsequently

washed with Wash Buffer (5 mL Buffer B+ 45 mL Buffer A) and Wash Buffer (7 mL

Buffer B+ 43 mL Buffer A). The protein of interest was eluted by running an elution

buffer(250 mM imidazole)(25 mL buffer B+ 25 mL buffer A) through the column at the rate

of 1mL/min. Eluent fractions were collected in separate 2 mL eppendorfs. Protein elution

was verified using bradford assay[38] and SDS-PAGE. The fractions containing the desired

protein were pooled together and buffer-exchanged in a desalting buffer (50 mM Tris-Cl

-Rad desalting column. The desalted

protein was stored with 12% glycerol at -80 .

2.3.12. Denaturation-Refolding Protocols:[41,42,43,44]

Attempts were made to extract MmpRibK mutants that crashed into the insoluble pellet

using the following protocols.

2.3.12.1. Refolding by Dilution:

The pellet that remains after the clarified lysate has been removed was solubilized in a

buffer that contai

mM Imidazole. This solution was kept at room temperature for four hours after which it

was centrifuged at 12,000 RPM for 30 minutes at 4 . At this step, it is expected that the

misfolded protein gets fully denatured and seeps into the soluble fraction. The methods

used for purification of the mutant protein from this soluble fraction were:

1) This method involved Ni affinity chromatography in a procedure similar to the one

given in 2.3.11. However, note that buffers A and B were at pH 12.5 and had 2M

urea added to them to ensure that the protein remains in the denatured form during

the purification process.

2) This method involved the use of Promega HisLinkTMProtein Purification Resin. 2-

4 mL of resin in a falcon is sufficient to bind protein from 1 litre of cell culture. Urea

containing equilibration buffer is added to the falcon and mixed well. The falcon is

centrifuged and additional equilibration buffer is removed. The lysate (containing

the protein) is added to the equilibrated resin, stirred well and decanted after

centrifugation. The wash steps are procedurally identical to the equilibration step.

Elution buffer (250 mM Imidazole) is added for the final elution step.
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Buffers used for steps 1 & 2 are as follows:

Equilibration
Buffer

Wash Buffer Wash Buffer Elution Buffer

100 mM Tris pH
12.5

100 mM Tris pH
12.5

100 mM Tris pH
12.5

100 mM Tris pH
12.5

2 M Urea 2 M Urea 2 M Urea 2 M Urea

300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

0.025% -
Mercaptoethanol

0.025% -
Mercaptoethanol

0.025% -
Mercaptoethanol

0.025% -
Mercaptoethanol

20 mM Imidazole 50 mM Imidazole 70 mM Imidazole 250 mM
Imidazole

Following elution, the solubilized protein was added at 1mL/min to ice cold refolding buffer

(50 mM Tris/HCl pH 8.0, 300 mMNaCl, 0.025% - Mercaptoethanol) the volume of which

was 10 times that of the solubilized protein solution. The solution was magnetically stirred

following which a 10,000 dalton molecular weight filter was used to concentrate the

refolded protein.

2.3.12.2. Refolding by Dialysis:

This method is almost the same as 2.3.12.1 apart from the last step (refolding). This

method involves the use of a dialysis membrane that is dipped in a large volume of ice

cold refolding buffer solution. The solubilized protein is loaded into the dialysis membrane

and kept overnight for refolding. This refolded protein can then be removed from the

membrane and stored at -80 .

2.3.13. TLC (Thin Layer Chromatography) for analysis of enzyme activity:

Primary verification of enzymatic conversion of riboflavin to FMN was performed using

TLC (Merck Silica Gel 60 F254) using water, acetic acid and n-butanol in the ratio 5:1:4

Table 6: Buffer Compositions- Denaturation/Refolding Protocols
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ratio as solvent. Note that TLC spots greater than 0.2 µL (of 100 µM riboflavin solutions)

would cause streaks on the TLC plate

2.3.14. HPLC (High Performance Liquid Chromatography) for quantification of

enzyme activity:

The enzymatic conversion of riboflavin to FMN was analyzed on C-18 reverse phase

column (Phenomenex, Gemini 5 µm NX-C18 110 , 250*4.6 mm) Agilent HPLC system

(1260 Infinity ) by means of UV-Vis detectors. The samples were loaded into HPLC

vials after centrifugation at 14,000 RPM for precipitation of the enzyme. 40 µL of every

sample was injected for the runs. The solvents involved in the run were Methanol and 10

mM Ammonium Acetate pH 6.5. The method consisted of the following steps: 0 to 5

minutes- 5% Methanol/95% Ammonium Acetate; 5 to 40 minutes from 5% Methanol/95%

Ammonium Acetate to 80% Methanol/20% Ammonium Acetate (Linear Gradient); 40 to

55 minutes from 80% Methanol/20% Ammonium Acetate to 5% Methanol/95%

Ammonium Acetate (Linear Gradient); 55 minutes to 60 minutes at 5% Methanol/95%

Ammonium Acetate.
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3. Results and Discussions:

3.1. Selection of MmpRibK Mutants for Substrate Specificity Studies:

The sequence alignment of MjRibK (sequence obtained from PDB ID: 2VBS) and

MmpRibK (sequence obtained from Uniprot ID: Q6M0T4) gave rise to the following

alignment:

The single-point mutants MmpRibK L40A, MmpRibK R112A,

MmpRibK R112P and MmpRibK R112P were selected on the

basis of this alignment as explained in Section 2.2.1.

The MmpRibK loopswap

mutant protein involved

swapping the

nucleobase surrounding loop

with the corresponding loop of

HsRibK.

Figure 10: Sequence Alignment of MjRibK and MmpRibK

Figure 11: Modelled
structure of MmpRibK
showing sites of
mutagenesis

Figure 12: A visual representation of the
MmpRibK loopswap mutant
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MmpRibK Sequence:

MEIFGHVVSGLGEGKFFVGLTHYKNKFEELTGFTPFEGTLNVKLKHNFNLDEFNPIEFD

GFEIDGKKYFGGKVLLIKLFNKQGNSINCAVVAPKKTDHSKKTLEIIAPIQLRKFLLLKNS

DVVKLVI-

HsRibK Sequence:

MRHLPYFCRGQVVRGFGRGSKQLGIPTANFPEQVVDNLPADISTGIYYGWASVGSGD

VHKMVVSIGWNPYYKNTKKSMETHIMHTFKEDFYGEILNVAIVGYLRPEKNFDSLESLIS

AIQGDIEEAKKRLELPEYLKIKEDNFFQVSKSKIMNGH-

MmpRibK_HsRibK loopswap mutant protein sequence:

MEIFGHVVSGLGEGKFFVGLTHYKNKFEELTGFTPFEGTLNVKLKHNFNLDEFNPIEFD

GFEIDGKKYFGGKVLLIKLFNKQGNSINCAVVAPKKTDHSKKTLEIIMHTFKEDFYGEVV

KLVI-

The highlighted portions in the protein sequences above clearly illustrate the region of

MmpRibK that is to be swapped with the corresponding region of HsRibK.

3.2. Selection of HsRibK Mutants for Characterization:

The above represents the loop region sequences of four eukaryotic riboflavin kinases.

Note that all four of them have loops that are exactly 11 amino acids long with the seventh,

eighth and ninth residues being D (Aspartate), F (Phenylalanine) and Y (Tyrosine)

respectively.
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The MatchMaker function on UCSF Chimera works

according to the following steps:

A) Generating pairwise sequence alignments

B) Superimposing the structures according to

those pairwise alignments

C) Optionally, creating a multiple sequence

alignment from the structural superposition.

The structural alignment of the four eukaryotic riboflavin kinases under consideration as

generated by UCSF Chimera shows very close overlap in the orientation of the loop

region of these structures.

3.2.3. Multiple Sequence Alignment of Eukaryotic Riboflavin Kinases:

Figure 13: Matchmaker
alignment of four eukaryotic
riboflavin kinases

Figure 14: Screenshot of MSA of 250 eukaryotic riboflavin kinases
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A BLAST (Basic Local Alignment Search Tool) search was performed with default

parameters using the FASTA sequence of Schizosaccharomyces pombe riboflavin

kinase (PDB ID: 1N05). The first 250 matches were aligned as shown below:

matches. This prompted me to explore the role of this conserved region in eukaryotic

riboflavin kinases using mutagenesis studies.

3.2.4. Description of HsRibK Mutants selected for characterization:

1) Aspartate residue (89D) forms H-bonds with another lysine residue (21K) above

it thereby closing off a part of the enzyme

surrounding the NTP. The mutation

D89E (aspartate to glutamate) was

planned in order to study the effects of a

slight change in the size of the cavity

surrounding the NTP.

2) The tyrosine residue (91Y) forms

an H-bond with the -phosphate group

of ATP. The mutation Y91F (tyrosine to

phenylalanine) was decided upon to

understand the effect of the loss of the H-bond on enzyme activity.

3) Y91K(tyrosine to lysine) is another mutant that was decided upon in order to

figure out whether lysine can act as a reasonable H-bonding substitute.

3.3. Analysis of organisms that have both RibK (Riboflavin Kinase) and FADS

(FAD Synthetase):

Prior to performing this analysis, I was aware of four organisms that have both RibK

(Riboflavin Kinase) and FADS (FAD Synthetase). These four organisms are: Escherichia

coli, Bacillus subtilis, Saccharomyces cerevisiae and Schizosaccharomyces pombe

(Source: Doctoral thesis of Dr. Yashwant Kumar). I wanted to perform a much more

Figure 15: Structural view of the DFY motif
in human riboflavin kinase (HsRibK)
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extensive search to understand the types and percentage of organisms that have both

these enzymes. This was an interesting problem since the role of having a riboflavin

kinase is unclear when the organism already has a bifunctional FAD synthetase. The

procedure described in 2.2.3 was followed to approach this problem. The PFAM entry

domain architectures that were taken into consideration.

As shown in Figure 7, domain architecture P22990 represents the fused bifunctional FAD

synthetase (IPR 015864= FAD_Synthase & IPR 015865= Riboflavin_Kinase) and domain

architecture Q03778 represents the monofunctional riboflavin kinase

(Riboflavin_Kinase_bac/euk). These two domain architectures had 36,732 and 5,405

were downloaded and duplications were removed, it was discovered that P22990

contains 24,469 species and Q03778 contains 3,740 species.

In order to figure out the number of species that have both the monofunctional and

bifunctional enzymes, we need to figu

These duplications were detected and the data corresponding to each such Tax ID was

collated.

Out of a total of 27,636 species surveyed, it was

found that only 573 of them have both Riboflavin

Kinase and FAD Synthetase. This corresponds to

2% of the total species surveyed. This implies that

the occurrence of both these enzymes in a single

organism is very rare. Only 17 of the list of 573

organisms were eukaryotes. Of these 17, 10 were

arthropods. Of these 10, 4 were Drosophila sp.

Figure 16: Domain Architectures within IPR
015865 (Interpro)
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The table below shows a taxonomic classification of the species in IPR 015865 and my

curated data set.

IPR 015865 My Curated Data Set

Eukaryotic Species 2,680 (9.4%) 17 (2.9%)

Bacterial Species 25,631 (90.6%) 556 (97%)

A) Firmicutes 4,601 (16.2%) 106 (18.4%)

B) Actinobacteria 4,464 (15.7%) 182 (31.7%)

C) Bacteroidetes 2,472 (8.7%) 28 (4.8%)

D) Proteobacteria 10,807 (38.17%) 155 (27.05%)

According to the numbers and percentages given in Table 1, it is evident that eukaryotes

(as compared to prokaryotes) are less likely to have both these enzymes. Within bacterial

species, actinobacteria are much more likely to have both these enzymes whereas

bacteroidetes and proteobacteria are much less likely to have both riboflavin kinase and

FAD synthetase.

Interpro databases IPR 023602, IPR 039063 and IPR 023470 were scanned for a similar

analysis of CTP dependent/archaeal riboflavin kinases. None of the domain architectures

Table 7: Taxonomic classification of IPR 015865 and the data set comprising of organisms

that have both Riboflavin Kinase and FAD Synthetase.
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in any of these databases had the fused bifunctional enzyme. Hence, it was clear that no

archaeal organism has the FAD synthetase.

3.4. Cloning of MmpRibK Mutants:

Single point mutants of MmpRibK were cloned according to the procedure given in 2.3.1

using the primers given in 2.3.2. The cloning was successful as shown by the sequence

alignments of the sequencing results.

3.5. Cloning of MmpRibK loopswap Mutant:

MmpRibK loopswap mutant was cloned according to the procedure given in 2.3.1 using

the primers given in 2.3.2. The sequencing result for the cloning is given below:

Figure 17: Sequencing results of MmpRibK Mutants
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The cloning was completed apart from the observation that six nucleotides were missing

in the final sequencing result close to the C-terminus region of the protein. The reasons

for this are unclear. However, these six nucleotides are located after the loop region thus

Figure 18: Sequencing result of MmpRibK loopswap mutant
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3.6. Cloning of HsRibK Mutants:

The gel image shown here depicts a gradient PCR that was performed using the

respective QuikChange primers. The products obtained at all four annealing temperatures

were pooled for each mutant and subsequently used for transformation into DH5

3.6.1. Cloning of HsRibK D89E and HsRibK Y91K:

According to the sequencing results given below, it is clear that HsRibK D89E and HsRibK

Y91K have been successfully cloned.

3.6.2. Cloning of HsRibK Y91F:

According to the sequencing results of HsRibK Y91F, it is clear that the mutation has

been introduced (TTC instead of TAT i.e. the region highlighted in pink). However,

another mutation (CAG instead of CAT i.e. the region highlighted in blue) has also been

introduced in the mutant.

Figure 21: Sequencing Results: HsRibK Y91F

The second mutation has been attributed to a mistake in the reverse primer.

Figure 19: Gradient PCR-Cloning of HsRibK Mutants

Figure 20: Sequencing Results: HsRibK D89E & HsRibK Y91K
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The primer sequence is supposed to have been:

5' TCCCCGAAGAAGTCCTCTTTGAAGGTATGCATGATATGTG 3'

However, the primer that had been provided has the sequence

5' TCCCCGAAGAAGTCCTCTTTGAAGGTC

The mistake in the reverse primer was communicated to the company that synthesized

and shipped the primers- - A REPROCELL COM

resynthesized and shipped to me. However, cloning experiments with the newly

3.7. Cloning of SpFADS into pET28a Vector:

3.7.1. PCR 1- Cloning out SpFADS gene from Genomic DNA:

Figure 22: Representation of incorrect Y91F_R primer

Figure 23: Gel Image-PCR1-SpFADS cloning
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For the purposes of cloning out the SpFADS gene from the genomic DNA, a gradient

PCR was performed wherein the annealing temperature varied from 46.9 to 55 .

Amplification of the gene was detected at all five of these temperatures as shown in the

agarose gel image above. Length of the amplified gene fragment is supposed to be 798

bp. All five products were pooled and purified using a PCR Product Purification Kit. This

purified megaprimer was used for the second PCR.

3.7.2. PCR2- Cloning out SpFADS gene from Genomic DNA:

The second set of primers were used to amplify the megaprimer purified in 3.7.1. Gradient

PCR performed in the annealing temperature range between 46.9 and 55 yielded

amplified gene products for all the temperature values. The five products were pooled

and purified using a PCR Product Purification Kit. The purified megaprimer was used for

the third PCR that involved insertion into an empty pET28a vector.

Figure 24: Gel Image-PCR2-SpFADS cloning
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3.7.3. PCR3- Insertion of SpFADS into pET28a vector:

PCR was performed using the product purified in 3.7.2. An empty pET28a vector was

used as the template for the reaction. Transformation into DH5

followed by Dpn1 digestion. Colonies were obtained on agar plates. Plasmids were

purified from those colonies.

A confirmatory PCR was run to verify if the purified plasmids were the mutant ones. This

PCR was performed using T7 Forward and T7 Reverse primers with empty pET28a and

cloned plasmids.

Length of PCR Products:

Empty pET28a= 361 bp

Cloned plasmid= 1159 bp

The cloning seemed to be successful according to the results of the confirmatory PCR.

The plasmids were sent for sequencing following the confirmatory PCR. The cloning

results are as follows:

Figure 25: Gel Image-Confirmatory PCR-SpFADS cloning
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The sequencing results showed the presence of two additional nucleotide stretches within

the cloned gene sequence. Upon some investigation, it was discovered that the two

additional nucleotide stretches correspond to two intronic regions within the gene. (Link

to the relevant PomBase page: https://www.pombase.org/gene/SPCC1235.04c).

Note that the genome annotation database (Gene ID: 2539270)

https://www.ncbi.nlm.nih.gov/gene/2539270 also specifies the intronic regions within the

gene.

Figure 26: Sequencing Results-SpFADS cloning
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This had initially escaped my attention since the SpFADS NCBI Reference sequence that

I had been using (https://www.ncbi.nlm.nih.gov/nuccore/NM_001022725.2) did NOT

have the intronic regions specified.

3.8. Expression Checks for MmpRibK Mutants:

3.8.1. Expression Checks- MmpRibK R112PP

The SDS-PAGE gel image here shows the expression

check performed for MmpRibK R112PP. Protein

overexpression is clearly visible in the lane corresponding

to the sonicated sample. However, all of the protein

precipitates in the insoluble pellet causing the lane

corresponding to the supernatant to be entirely clear. The

Isopropyl ß-D-1-thiogalactopyranoside (IPTG)

concentration was 1mM and post-induction temperature

was 18 .

Figure 27: Depiction of introns-SpFADS gene

Figure 28: Expression Check-
MmpRibK R112PP
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Conditions of protein overexpression were varied in order to try to get some amount of

the mutant protein in the soluble fraction. IPTG concentration was varied from 0.2 to 1

mM as part of this optimization process. However, the mutant protein crashed into the

pellet in all these cases.

3.8.2. Expression Checks- MmpRibK R112P

The situation was similar with MmpRibK R112P since even this protein crashed out in the

pellet. This was true for BL21(DE3) strains procured from two sources- Dr. Thomas

post-induction time was 8 hours.

Figure 29: IPTG Optimization- MmpRibK R112PP

Figure 30: Expression Check- MmpRibK R112P
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3.8.3. Expression Checks- Loopswap MmpRibK Mutant:

The gel image shows the MmpRibK loopswap mutant protein crashing out instead of

being in the supernatant. IPTG concentration was 1mM and post-induction time was 18

hours. Note that colony 1 represents an incorrectly cloned mutant that was discarded

later.

Attempts to optimize the overexpression of the loopswap mutant showed that the protein

was either not expressed or unstable at all the IPTG concentrations tested.

Figure 31: Expression Check- MmpRibK loopswap mutant

Figure 32: IPTG Optimization- MmpRibK loopswap mutant
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3.9. Expression Checks- HsRibK (Wild Type):

HsRibK overexpressed well at all three IPTG concentrations- 0.25 mM, 0.75 mM and 1

mM. There seemed to be no solubility issues with the protein at any of these

concentrations.

3.10. Protein Purification- HsRibK Wild Type

HsRibK was purified according to protocols given in 2.3.9. 2.3.10. and 2.3.11. Eluent

fractions with the maximum protein concentration (fractions 2,3,4) were pooled and

stored. The concentration of the desalted protein as measured using Bradford assay was

96.3 µM. IPTG concentration was 0.75 mM and post-induction temperature was 18 .

Figure 33: Expression Check- HsRibK wild type

Figure 34: SDS PAGE Gel- HsRibK Protein Purification
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3.11. Protein Purification- HsRibK D89E

HsRibK D89E was purified according to protocols given in 2.3.9. 2.3.10. and 2.3.11.

Eluent fractions with the maximum protein concentration (fractions 2,3,4) were pooled

and stored. The concentration of the desalted protein as measured using Bradford assay

was 30 µM. IPTG concentration was 0.75 mM and post-induction temperature was 18 .

3.12. Protein Purification- SpRibK Wild Type

SpRibK was purified according to protocols given in 2.3.9. 2.3.10. and 2.3.11. Eluent

fractions with the maximum protein concentration (fractions 3,4,5) were pooled and

stored. The concentration of the desalted protein as measured using Bradford assay was

176.24 µM. IPTG concentration was 1 mM and post-induction temperature was 18 .

Figure 35: SDS PAGE Gel- HsRibK D89E Protein Purification

Figure 36: SDS PAGE Gel- SpRibK Protein Purification
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3.13. Denaturation Refolding Protocols

3.13.1. Refolding by Dilution- MmpRibK R112PP

Solubilization of the pellet in 2M urea buffer helped in obtaining a reasonable fraction of

the insoluble mutant in the soluble fraction as shown in lane 7 of the gel. The protein was

successfully purified using Ni-NTA purification. The protocol for refolding (by dilution) was

followed. However, the mutant protein crashed onto the membrane of the 10,000 dalton

molecular weight filter instead of remaining in solution during the concentration process.

Hence, it was not possible to successfully purify the mutant using this method.

3.13.2. Refolding by Dialysis- MmpRibK R112PP

(refolding by dialysis as explained in 2.3.12.2.) was tried as an alternative to solubilize

this mutant. I used the batch purification method instead of the Ni-NTA column used in

Figure 37: Refolding by dilution- MmpRibK R112PP
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3.13.1. The final concentration of the refolded protein was 13.8 µM as measured using

Bradford assay.

Attempts were made to improve the yield of the final refolded protein by:

1) Doubling the cell culture volume to 2L

2) Boosting the concentration of imidazole to 500 mM in the elution buffer

3) Performing urea extraction four times instead of one

In spite of making these changes, there was hardly any improvement in the yield of the

refolded protein. The concentration of protein obtained was 7.6 µM as measured by the

Bradford assay.

Figure 38: Refolding by dialysis - MmpRibK R112PP

Figure 39: Refolding by dialysis - MmpRibK R112PP (2)
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3.14. Enzymatic Activity of MmpRibK R112PP (refolded by dialysis as given in

3.13.2.)

Mmp

The composition of the reaction mixture was:

Component Concentration

Riboflavin 100 µM

NTP 2 Mm

MgCl2 10 mM

Purified enzyme (MmpRibK R112PP) 5.5 µM

As is clear from the HPLC and TLC results shown below, the purified enzyme does NOT

A) The refolding process was NOT successful and the final purified enzyme was

either partially or entirely denatured.

B) The refolding process was successful and the refolded purified enzyme

Figure 40: HPLC & TLC Images- Enzymatic Activity of MmpRibK R112PP

Table 8: Composition of reaction mixture- Assay with MmpRibK R112PP
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3.15. Attempts to solubilize MmpRibK L40A and MmpRibK loopswap Mutant:

Since Methanococcus maripaludis was first isolated from a salt marsh environment and

such regions contain high concentrations of NaCl, it was thought that these proteins might

actually be more soluble in a solution with a high NaCl concentration. Hence, it was

decided that the cell pellet be solubilized in a 2M NaCl lysis buffer before being sonicated

and spun down. However, as shown in the gel image here, both these mutants crashed

out even in the presence of 2M NaCl.

3.16 Enzymatic Activity- HsRibK (Wild Type) & HsRibK D89E:

The enzymatic activities of HsRibK (Wild Type) & HsRibK D89E were tested using the

following composition of reaction mixture:

Component Concentration

Riboflavin 100 µM

NTP 2 mM

Tris/HCl pH 8.0 100 mM

MgCl2 10 mM

Enzyme- HsRibK 1 µM

Figure 41: Expression Check- MmpRibK L40A and MmpRibK loopswap mutant

Table 9: Composition of reaction mixture- HsRibK Assays
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The reactions were incubated at 37 and were quenched at four time points: 10 minutes,

1 hour, 8 hours and 24 hours. Analysis was performed on HPLC. The plots along with the

conversion percentages are shown below:
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The mutant enzyme HsRibK D89E is an active, functional enzyme that is very similar to

the wild type HsRibK in terms of enzymatic activity. Both the wild type and mutant

enzymes react most with ATP. However, both the enzymes have some degree of

substrate promiscuity since there is reactivity with UTP and GTP as well. The percentage

conversion with CTP seems low for both the wild type and mutant enzymes.

3.17. Enzymatic Activity- SpRibK (Wild Type)

The enzymatic activities of SpRibK (Wild Type) was tested using the following

composition of reaction mixture:

Component Concentration

Riboflavin 100 µM

NTP 2 mM

Tris/HCl pH 8.0 100 mM

MgCl2 10 mM

Enzyme- SpRibK 1 µM

The reactions were incubated at 37 and were quenched at four time points: 10 minutes,

1 hour, 8 hours and 24 hours. Analysis was performed on HPLC. The plots along with the

conversion percentages are shown below:

Figure 42: HPLC Plots - HsRibK wild type and HsRibK D89E

Table 10: Composition of reaction mixture- SpRibK Assays
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SpRibK gives maximum conversion of riboflavin to FMN using ATP as the phosphate

source. Conversion using CTP, GTP and UTP happens to a certain extent. However, the

extent of conversion is lower than that for ATP.

Figure 43: HPLC Plots - SpRibK wild type
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4. Conclusions and Future Directions:

The first part of my thesis started with characterization of some mutants of the riboflavin

kinase from Methanococcus maripaludis. The motivation behind cloning of these

MmpRibK mutants was to explore the strict CTP specificity of this enzyme and to attempt

to disrupt this strict specificity of the enzyme in ways similar to those used for the

thermophilic homolog in MjRibK. The aim was to understand factors such as

regions/loops/individual residues that confer CTP specificity to the enzyme. The choice

of mutants was based on previous mutagenesis experiments done on a very close

thermophilic homolog from Methanocaldococcus jannaschii. It was found that

mutagen

closely related mesophilic system. The cloned MmpRibK mutants had solubility issues

since spinning down cell lysates caused the overexpressed mutants to crash into the

pellets. Attempts were made to optimize IPTG overexpression conditions. The

composition of the cell lysis buffer was also tweaked to incorporate huge amounts of NaCl

since it was thought that the mutant proteins might be more soluble in a solution more

closely resembling the natural environment of Methanococcus maripaludis. However,

these attempts did not improve the solubility of these mutant proteins. Following this,

there were attempts to retrieve these proteins using denaturation-refolding protocols.

Extraction of the protein MmpRibK R112PP into the soluble fraction using urea was

successful. However, the mutant protein crashed out while refolding using dilution.

Refolding using dialysis gave a certain yield of the refolded protein. However, this

turned out to be inactive at catalyzing conversion of riboflavin.

The second part of my thesis dealt with characterization of wild-type HsRibK and

exploring the functional role of the loop region surrounding the nucleobase by

mutagenesis studies in a three amino acid conserved region (DFY motif). This conserved

region lies around the ribose ring of ATP. The mutagenesis studies were planned to

understand:

1) whether the loop region around the ribose ring has any role in conferring nucleotide

specificity to the enzyme

2) the significance of the conserved DFY motif and whether any manipulation in this

motif would render the enzyme inactive
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The mutation D89E (aspartate to glutamate) was planned in order to study the effects of

a slight change in the size of the cavity surrounding the NTP. HsRibK D89E turned out to

be a functional protein and had enzymatic activity trends that were very similar to the wild

type enzyme. This was an interesting result since a change in the DFY motif did NOT

lead to the mutant enzyme being inactive. We might be able to say that this conserved

motif can tolerate modifications and may NOT have a major role in determining whether

the enzyme retains activity or not. Since this mutation did not cause a change in NTP

activity trends, this residue does NOT determine nucleotide specificity of the enzyme.

HsRibK Y91K has been cloned but is yet to be characterized. HsRibK Y91F is yet to be

cloned with the correctly synthesized primer. The characterization of these two mutants

would help us understand the significance of the H-bond formed by the tyrosine residue

with the phosphate group of ATP. This in turn would help with the elucidation of the role

of the conserved loop.

The third part of my thesis was an investigation of organisms that have both riboflavin

kinase and FAD synthetase. FAD synthetase is a bifunctional enzyme that converts

riboflavin to FMN and FMN to FAD. Since the two reactions take place in two separate

subunits and it is possible to isolate both FMN and FAD from the enzyme, it seems as if

a cellular system that has an FAD synthetase does NOT require a riboflavin kinase

(monofunctional enzyme that converts riboflavin to FMN). However, it has been noted

that certain organisms possess both these enzymes and the riboflavin kinase knockouts

of these organisms aren t viable. Hence, it is interesting and significant to study these

organisms that have both these enzymes. Out of a total of 27,636 species surveyed, it

was found that only 573 of them have both Riboflavin Kinase and FAD Synthetase. This

corresponds to 2% of the total species surveyed. Schizosaccharomyces pombe is one

such organism that has both these enzymes. The functional characterization of SpRibK

was completed by me. The cloning of SpFADS hit a roadblock due to the presence of

introns within the region coding for the enzyme and unavailability of cDNA of

Schizosaccharomyces pombe.

The first part of my thesis can be extended to gain additional insights into the CTP

specificity of archaeal riboflavin kinases by working with other homologs that are easier

to deal with in terms of isolation and characterization of mutants. Mutants of MmpRibK
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may also be characterized if other denaturation-refolding protocols are tried and

optimized. Similarly, the second part of my thesis can be extended by mutagenesis

studies on other eukaryotic riboflavin kinases. The third part of my thesis needs further

investigation in order to figure out the roles of having both RibK and FADS in one

organism. The first step would be to complete cloning and characterization of SpFADS

using the cDNA of the organism.
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