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INTRODUCTION

1.1 INTRODUCTION OF RIBOFLAVIN CARRIER PROTEIN (RCP)/ RfBP:

Vitamin binding/carrier proteins are soluble pratepresent in the blood and other body fluids, Wtiacilitate the
dietary absorption, selective transport and praiecagainst loss by metabolic degradation/glomeriiliaation by
the kidneys of these micronutrients. These protéinsl stoichimetrically and reversibly to vitamimgth high
affinity and receptor like specificity. Some of feevitamin carriers, those specific to fat-solulitamins, folic acid
and cobalamine are constitutive while others djett riboflavin and thiamine are apparently inddde novo, as
a reproductive stratagem to facilitate vitamin dgfon in the developing oocytes in oviparous segecand to
transport the micronutrients through the physiatagiand chemical barriers in the viviparous specldgon
physiological demand these binding proteins cohth@ supply of active metabolite / coenzyme. Asytlare not
saturated with respect to their ligand, these bbigdiroteins are able to scavenge nutrients anéllgerre thought to
protect the embryo from infection by microbes ttegjuire the ligands.

The specific binding/carrier proteins for fat sdibitamins such as vitamin A and vitamin D haverb&entified

in normal serum in all vertebrates (Kanai et.a@68, Thomas Jr.et.al., 1959, Edelstein et.al., 1M et.al.,
1975). Proteins binding to water soluble vitaminshsas Riboflavin binding/carrier proteins (Rho@¢sl., 1959;
ostrowskiet.al., 1962, Karunakar et.al., 2012 afd32 Madhukar et.al., 2011 & 2012a,b; Bindu et a012),
vitamin By, binding protein (Grasbeek, 1969, Sonneborn &t%(Q) and thiamin binding protein (Naber et.al.,
1954, Coates, 1971) have been demonstrated iretheegg white and yolk of the egg laying hens.

1.2 RIBOFLAVIN CARRIER PROTEIN (RCP)

Riboflavin binding protein(RfBP) is a phospho-glycoprotein, whose primary pdlggical function is to store
riboflavin (Rhodes et.al., 1959), wasfirst idemifiin the chicken egg white. Later it was isolatedegg yolk
(Ostrowski et.al., 1978) and in the plasma of eggAg hen (Murthy and Adiga, 1968). This carrieotpin is
essential for embryonic vitamin nutrition (Maw, #95Cowan et.al., 1964; 1966 and Winter et.al., J9€bot
(Fulica atra) egg Riboflavin-binding protein (RfBP) was puridieusing DEAE-Sepharose ion exchange
chromatography followed by gel filtration on SepbadG-100 and was found to have a molecular weight
corresponding to nearly 29.2 kDa. Sepharose colanomatography was used to isolate, purify andatdtarize
Riboflavin binding protein (RfBP) from HenGg@llus gallus) egg white and yolk (Rao et al.,2011). Riboflavin
binding protein (RfBP) was purified from the egglkyof Aquila hastate (Eagle) (Kudle et al.,2011). RfBP was
isolated and purified for the first time from thelly of 73 parrot eggs (Nikhath et.al., 2013). Theification was
achieved using DEAE-Sephadex ion exchange chromegbyg followed by gel filtration on Sephadex G-100
suggesting that the RfBP from egg yolkRsfttacula eupatria had a molecular weight close to 29.2kDa. Riboflavi
binding protein (RfBP) was isolated first time imdla from peacock egg®4vo cristatus) (Rajendar et al., 2010).
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The Rfbp was purified in two steps using DEAE-SefghaA-50 ion exchange chromatography and sephadex G

100. These proteins showed a single band on SDS ayal the molecular weight was 30 Kilodaltons. Emu
(Dromaius novaehollandiae) Riboflavin-binding protein (RfBP) was isolateddgpurified from egg white which had
a molecular weight close to 43 kDa and it was axprately 10 kDa larger than the hen egg white R{Bmdu et
al., 2012)

It was discovered that fertilized eggs of a mutstndin of homozygous recessive mutant (rd rd) admckith an
inherited disease viz., avian riboflavinuria weogirid to lack a functional RfBP due to splice matatin its gene
(MacLachlan et.al., 1993). The fertilized eggsedito hatch because of the acute flavin deficigmsulting from
the failure of the maternal system to deposit adeguitamin in the egg, which could be due to impeability of
oocyte plasma membrane to free vitamin leadingribrgonic mortality in between 10 and 14 days dfteubation.
Directly injecting riboflavin into such eggs resdtin a normal hatch.

Deficiency of riboflavin first appear after the"™L@ay of incubation when embryos become severelpgiygemic
and begin to accumulate intermediates of fatty awittlation. The major metabolic consequence of fléwin
deficiency is a severe impairment of fatty aciddation as there is 80% reduction in the activitym#dium-chain
acyl-CoA dehydrogenase. White lllet.al.,(1996) waatlon the riboflavin-deficient strain which provileumerous
insights into the metabolism of normal hens andladt embryos. In the liver, RfBP is synthesized snskecreted
into the blood stream, where it complexes with fidoan.

The vitamin-protein complex is then deposited ag phathe yolk in a developing oocyte. After oviiden, this
mature oocyte passes down the oviduct whereafteisegcreted by the magnum region of the ovididitte albumin
of egg comes from the diet, during restricted fidngh intake it can come from tissues providediiftavin is above
50% of the normal, otherwise, egg laying stops.

1.3 Riboflavin Carrier Protein (RCP): Biochemistry and Structural Biology

A) Eggwhite Riboflavin Binding Protein (or) RCP

RfBP isolated from the Chicken egg white, yolk gildsma show similar physicochemical characterist@zates
et.al.,(1971) have reported that the concentradifothis protein is 9-folds higher in the egg thantihe maternal
circulation during egg-laying which indicates thia protein participates in vitamin sequestratimmfthe maternal
circulation against a concentration gradient fopa$ition in the egg . Egg white RfBP is more abumid&hodes
et.al., 1959, Whiteet.al., 1986) than the serurgodk RfBP in the chicken. Durgakumari et.al., (1984dnd Adiga
et.al., (1986 ) have reported that the Egg whiteFRis synthesized exclusively by the oviduct witile yolk RCP is
synthesized exclusively by the liver, both of whare under the regulation by steroid hormones.

Egg white RfBP is a phospho-glycoprotein having @eaoular weight of 29,200 Da and contains 219 anaicids
with several post—translational modifications (Hamae et.al., 1984) including glycosylation and gdtasylation.
An open reading frame (ORF) of the correspondin§laxlone (Zheng et.al.,1988) was similar to the ramaicid
sequence except that the ORF contains an additidhamino acid signal peptide at the N- terminug an Arg-
Arg dipeptide at the C- terminus both of which absent in the mature secreted protein.

Amino acids especially rich in glutamic acid, sereind aromatic amino acids were found in RfBP (daxiet.al.,
1985). Egg white and yolk RfBPs had almost samenaratcid composition except for glutamic acid, whBP

apparently contain more glutamic acids than yolBmRfalthough their carbohydrate compositions wefterdint

from each other (Hamazume et.al., 1984). Highezlteof mannose and GIcNAc and lower levels of gjalse and
sialic acid in white RfBP suggest that the carbohiel moieties have the hen egg white ovomucoid sgpecture.
The yolk RfBP has a complex type structure. Analysfi N-glycosidic carbohydrate chains indicate thhite and
yolk RfBPs contain two N-glycosidic carbohydrateits per molecule, respectively.

At the amino terminus, Lysine and Asparagine werendl at the fourteenth residue. The carbohydidadéne were
linked to asparagine residue at position 36 and T#¥ amino acid sequence followed by these agjperaesidues
satisfies the general rule for the N-glycosidichcdnydrate chain attaching site, Asn (CHO) — X senr. GIn-GlIn-

Glu-Glu-Gly-Glu-Glu is the carboxy-terminal sequenwhich is seen in white RfBP. Except for the cotgeof

glutamic acid, the amino acid composition of whated yolk RfBP were almost the same. The presehdewo

amounts of glutamic acid in yolk RfBP suggests thalk-RfBP lacks a glutamic acid group in the cawdo
terminus.
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The phosphates (Rhodes et.al., 1959) in white atid RfBPs were found to be attached to 6 to 7 seresidues
located at the carboxyl terminal region. Phospladign of three serine residues Ser (195), Ser)(486 Ser (197)
is found. Hamazume et.al., (1984) reported thatdtieer 6 serines, serine (185) to serine (193), pantially

phosphorylated. The phosphorylation might occua sg¢rine residue in one of the following sequereeXSGlu or

Ser-X-Ser (P). Crystallized form of egg white RfBRs achieved by using iso-electric focusing by Zignet.al.
(1984).

Hamazume et.al.,(1987) found that the protein doata8 cysteine residues, all of which are involirediisulfide
bond formation, which explains the resistance ef plhotein to denaturation conditions. Heating thepaotein at
90-100C in 0.05 M Tris-HClI buffer, pH 7.4 for 15 minutdses not lead to detectable loss of binding. Deatian

of the protein occurs between 120-4B0All the disulfide bonds are essential for flaWimding (Murthy et.al.,
1976 and Kozik, 1982). The iso-electric pH of RfBRabout 4.0. Rhodes et.al.,(1959) using diffedartvatives of
the ligand, has shown that changes in the rib@sidue on the position 9 of the isoalloxazine vfigboflavin had a
major effect on binding. Dissociation constant ibbflavin at 28C was determined to be 1.3 nm and was nearly
same between pH 6.0 and pH 9.0 (Becvar and Paltar, €0982). Based on spectral studies and cha@mic
modifications it is seen that Riboflavin is reledsdrom the RfBP between the pH 3.0 and 4.0.
Blankenhornet.al.,(1978) concluded that one ofriime tyrosines and one of the six tryptophan ressdm RfBP
were essential for binding the riboflavin. Sialicidg galactose, mannose and large amounts of Ndagkicose
amineare present in sugars which, is distinct faiher egg white proteins (Miller et.al., 1981; Miit.al., 1984;
White et.al.,1985 and Hamazume et.al.,1984) haperted the presence of a highly anionic regiorwben
residues 186 and 199 that contain 5 glutamatep8pitoserine and 10 methionine residues.

Phosphorylation pattern is similar to that founccasein (West, 1986). The N-terminus in RfBP isckém due to
cyclization to pyroglutamic acid. Miller et.al.,(8®) and Hamazume et.al.,(1984 ) have observedhbatomplex
oligosaccharides are attached to two sites, Asrar8b 147. The composition of the carbohydrates shtdés
hexosamine, 4% neutral sugars and a single sialitrasidue at the terminus of highly branched adarcharide
chains

Oligosaccharides were cleaved off the hen egg wtiiteflavin binding glycoprotein by using LiBfButOH
treatment. HPLC analysis led to the isolation afrféucose-containing oligosaccharide alditols (\datzire, et.al.,
1990), whose structures were elucidated by meahsldiMR 500 mHz spectroscopy. Pisakarev et.al. ] $&und
that the main fucosylated oligosaccharide alsogmies hen ovomucoid, was a biantennary carbohgdrhain of
N-acetyl lactosamine type. Amorosamo et.al., (1988)e structurally characterized the carbohydraens of 9
isoforms of chicken egg white RfBP and six isoforofsQuail egg white and yolk RfBPs. The most abumda
isoform of each of the three proteins containing tihio N-glycosylation sites, Asn 36 and Asn 147enstudied in
further detail leading to the identification of féifent glycosylation patterns. In both chicken auail egg RfBP,
the carbohydrates attached to position 36 had arlalegree of branching while in quail egg white RfBhis site
was only partially glycosylated. Other glycosylatisites analysis showed a characteristic very bgésreous
mixture of complex structures. Analysis of the abd-glycosylation sites, Asn 36 and Asn 147 inikyalk RfBP
showed that it was the same as in the hen yolk RIBpper has been detected at very low levels irptbtein as
purified (Shaw et al., 2006). It was shown thatFREBinds copper in a 1:1 molar ratiowhich suggesp®ssible
additional role for RBP in the transport and sterafcopper in avian embryo.

RfBP-riboflavin complex lacks the characteristiidtescence of free riboflavin as upto 80% of thetein
fluorescence is quenched due to ligand bindingHiKisi and Kyoguku 1973 and Murthy et.al., 1976gtBeen pH

6 and pH 9. The dissociation constant for riboftawit 25C is 1.3nm which is unaltered. Becvar and Palmer
et.al.,(1982) have reported the binding of Flaviclaotides, FMN and FAD to RfBP but with much lovedfinities.
Decrease in environmental pH to 3 and methanobetiém can release the bound riboflavin. Choi & Mo@ick
et.al., (1980) found that the charged flavin spedie not bind well, and the isoalloxazine ring aibityl side chain
modifications also decreased ligand binding. Blamken et.al., (1978) have found that the modifmadi of C-2
and N-3 of the iso-alloxazine ring have the ledfgct on flavin binding upon binding to the apo-R¥BThe spectral
characteristics of riboflavin and flavin analogg,v8-methyl riboflavin and lumiflavin are alteredishikimi and
Kyoguku et.al., (1973), have observed that the tsplechanges are characterized by a red shift @4&0nm band
which accompanies the appearance of shoulders aectharkable hypochromism of the 370 nm band. Thg eg
white RfBP was crystallized by Monaco (1997) anetilated its 3-D structure at 2.%#fesolution.
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The covalent and ribbon structure diagrams of RfBRicken RfBP which is a globular protein with ab80% of
the residues lying in six —helices namely, A-F deds than 15% of the residues distributed among fou
discontinuous areas a, b, c and @¢-structures. Thesgstructures were further analyzed and were foorzbhtain
gaps and thus are not really of canonical type. [Bhgest uninterrupted stretch pfstructure found in the entire
protein sequence is tifiestrand (residues 158-162) made up of five amindsa@ search for homology with other
sequenced proteins revealed a similarity with be¥olate binding protein, which is also a vitaminding protein.

Comparison with the completed FBP sequence by Sesd.al.,(1984) has extended the region of apparen
homology. Alignment of the two sequences showetl RIBP has a carboxyl-terminal extension relativeFBP,
whereas FBP is extended at the amino terminushénrégion from residues 5 to 172 of sequence glearl
corresponds to that of FBP, which contains manyllsmsertions or deletions. Sequence identity isenian 30%,

a value that greatly exceeds the null hypothesis ttie identities are due to chance. Further, ghésumption of
homology is supported by structural and functionahsiderations. nine disulfide bonds are presenRfiBP.
Hamazume et.al., (1987) have determined the spexyfiteines involved in each disulfide. All of thexcept for
one of these pairs of cysteine residues are coedenvFBP, suggesting that the disulfide bondhétto proteins
are probably the same. Blankenhorn et.al.,(19@8% hreported that tryptophan residues are invoimaiboflavin
binding to RfBP. Six of the tryptophan residueRiiBP were also found to be conserved in FBP andobiige two

N linked oligosaccharides in each protein occua abnserved asparagine residue. The conservediessatcount
for 23 of the 59 sequence identities between the \titamin-binding proteins. The highly anionic regiat the
carboxyl terminus of RfBP which includes a 14-residsequence that contains 8 phosphorylserine agidt&mic
acid residues (Fenselac, et.al., 1985 and Megl, 41986) is absent in the FBP sequence. Cook&6)18as shown
that the vitamin D-binding protein is homologoustiwialbumin anda-fetoprotein while retinol-binding is
homologous with bilin-binding protein and mifklactoglobin (Sawyer, 1987). Eventhough folates #adns are
functionally distinct in their catalytic functiomicells, they have structural resemblance in tle@mpting systems.
Thus, it is logical to conclude that an ancestratgin had the capacity to bind both vitamins arfdvea amino acid
replacements could interconvert the binding spatidis.

The binding of riboflavin takes place at the hydrobic cleft in the ligand binding domain where thitamin’s
isoalloxazine ring is stacked between the pargli@hes of Tyr 75 and Trp 156. The crystal structaneealed that
unlike the rest of the protein molecule, the argamigion (which includes 8 phosphoserines) is mdered in the
electron density map. The phosphorylated motif iadenup of a flexible anionic region inserted betwée
antiparallel helices. The two helices are foundrensurface of the molecule while the anionic regicotrudes into
the solvent facilitating the interaction betweea gfhosphorylated region and the plasma membraeptgs on the
oocyte. The structural integrity of secondary aedidry structures of the protein and the vitamimding capacity
of RBP have been investigated using UV-Vis, Circdighroism (CD) and Dynamic light scattering (DLS)dies
in the crowding environments. The effect of molactthacromolecular crowding could have major imglaain
the intra-protein ET (electron transfer) dynamiascellular environments (Rakshit et.al., 2012).cElechemical
studies of the riboflavin—RBP interactions are ledits there is a lack of methods capable to delectrochemical
changes in the RBP responses. Martin et.al., (2088)l Constant current chronopotentiometric stnigpinalysis
(CPSA) with the hanging mercury drop electrode (HBJ[and square wave voltammetry (SWV) with carbostpa
electrode (CPE) to investigate RBP. Constant ctirchimonopotentiometric stripping analysis (CPSA) RBP
produces electro catalytic peak H, capable to uiscate between apoprotein and holoprotein formBRBP which
is suitable for studies of RBP-riboflavin interantiat nanomolar concentrations. No sign of a rele&s#oflavin
from holoprotein adsorbed at the HMDE surface weens SWV with CPE required higher concentrationRBP
which displayed almost similar oxidation peaks pdprotein and holoprotein.

B) Egg Yolk RfBP

Presence of large amounts of lipids and other pret@ake yolk RfBP purification difficult. Isolatioof RfBP from
egg yolk was first reported by Ostrowiski et.aP§2) and improved methods were subsequently deseldyy
Miller, (1976), Miller et.al.,(1981) and Murthy et.,(1979). The synthesis of yolk RfBP takes plaediver

transported via the blood to the ovary and depdsitehe yolk. White et.al.,(1986) found that thancentration of
RfBP in yolk is slightly lesser than egg white. Bggk RfBP has a molecular weight of 29,000 to 80Da and
contains 219 amino acids based on composition (Hama et.al., 1984). For elucidation of the mechanis the
uptake of yolk proteins from the blood into the eeping oocyte, structural investigations of yolkBR are
important.Yolk RfBP also is glycosylated (Winteradt, 1967) like several other nutrient-binding teios found in
egg-yolk, such as Biotin-binding protein (Whiteaét. 1976), transferrin (Williams, 1962 & 1968) apHosvitin
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(Shainkin et.al., 1971 and Christmann et.al., 197 ¢currence of these glycoproteins suggested ttingit

oligosaccharide moieties might contain importamognition features for their specific uptake inke tyolk. This
possible function by modifying the carbohydrate etieis of native and modified proteins which weensferred to
yolk following injection into the blood stream afyling hens was examined by Neufeld et.al., (1980 i8er et..

al., (1981). They have also found that sialic acidy be important for ovarian recognition and uptakdRfBP.

Two chains of carbohydrate are present in white yold RfBP (Mega et.al., 1982). Except for the @it of
glutamic acid the amino acid composition of whiteda/olk RfBPs were almost the same. In the ligaratgin

interaction, Tryptophan residues were involved. sBlective oxidation of 5 out of the 8 tryptophasidues with N-
Bromo succinimide (NBS) a complete loss in bindings noticed.Yolk RfBP Sequence analysis has reddalke
absence of 11-13 amino acids at the C-terminusit&éhproteolytic cleavage of proteins depositegatk has also
been observed in the conversation of vitellogenitigovitellin and phosvitin by Christmannet.all9¢7) and for
yolk very-low-density lipoprotein. Evanset.al.,(I®8and Matsui et.al.,(1982) observed that yolk RfieiRds 8-
substituted riboflavin slightly less tightly thanek egg white RfBP which may explain the differemc€-terminal

amino acid sequence. The difference in C-termimalna acid sequence could be due to specific buitdomn
proteolytic cleavage during oocyte uptake/yolk dgfhon in a manner which has been observed withllgigenin

and apo-lipoprotein B. One of the interesting stieed feature of RfBP is the presence of a highhjoaic

phosphorylated region between residues186 and hé¢hwontains 5 Glu, 1 Met and 8 phosphoserineloes, the
pattern of phosphorylation being very similar tesa&a. The binding of RfBP to an oocyte membraneptar takes
place through this phosphopeptidyl fragment (Sawayayana et.al.,1998) and also harbors a palindreeguence
around Met 194. Miller et.al., (1982b) has foundttthe removal of even a single phosphate residdaces the
concentrative uptake of the protein by the oocyasma membrane by more than 60%.

The structure of the sugar chains of hen yolk féoaf-binding protein were established by Tarutral., (1973) in
the following way. Asparagine-linked sugar chairisyolk—RfBP were liberated by hydrazinolysis. Framino
groups of the sugar chains were acetylated andetiecing-end sugar residues were tagged with 2-@ugiidine.
Fluorescent pyridylamino (PA-) derivatives of thegar chains were purified by gel-filtration and Bese-phase
HPLC. Seven PA-sugar chains were isolated and ttlietsre of each was determined by composition yais|
sequential exoglycosidase digestion, methylatioalyms and 500-mHz 1H-NMR spectroscopy. These aealy
showed that the main sugar had sialylbiantennassadgitriantenna structures. The plasma RfBP hawloat the
same sugar chains as the yolk RfBP did, indicatirag sugar chains are not modified during incorfionainto the
oocyte.

C) Serum RfBP/ Riboflavin carrier Protein

The first serum RfBP/RCP was identified in the sef laying hens Blum (1967 & Winter et.al., (19&Howed it
to be the product of the same gene as the egg whiteyolk RfBP, and it was shown by Farrel e{E.70) to be
serologically indistinguishable from the egg wteted yolk proteins. Murthy and Adiga (1978) firstrified serum
RfBP from estrogen stimulated male chicks. Manypprtes of the egg white RfBP and serum RfBP ameesa
because they are products of a single gene. Theaprisequence of both RfBPs is the same (Hamaztale, e
1984). Serum RfBP is normally saturated with rigefh in hens fed adequate amounts of riboflaviru(Blet.al.,
1967 and White et.al., 1986) unlike egg white RfBP.

The carbohydrate composition is more complex wligcthe major difference (Hamazume et.al., 1984gré&hs
significantly more sialic acid and galactoses alwiitly several residues of fucose in serum RfBP ihaegg white
RfBP, the presence of which increases the moleonkight of serum RfBP by few percent. Compositidn o
oligosaccharides attached to the asparagines 3@4indre similar, suggesting structural similaityinter et.al.,
1967 and Rohrer et.al., 1987). Miller et.al.,(198orted that the extent of phosphorylation (e8idues/mol) is
also similar in egg white, egg yolk and serum RfBR%ino acid sequence around two attachment sitesyell as
other post translational modifications such as phosylation, presence of N-terminal pyroglutamaie similar to
that present in egg white RfBP

D) Transport of RFBP

Serum RfBP which is synthesized in the liver, latemplexes with riboflavin in the plasma to forne tholoprotein.
If riboflavin absorbed from the lumen of the smiallestine, is not trapped by complexing with seRfBP, it is

excreted by the kidney (Cowan et.al., 1964 & 19@6}the rapid deposition phase the holoserum R&rimoved
from circulation by ovarian follicles and transpamttinto the developing oocytes. To see that ndlakim is lost by

the laying hens, serum RfBP plays a protective vahéch is importantin a riboflavin-poor diet, soatheach egg
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receives a sufficient quantity of this essentidlieat to assure viability. Holo-serum RfBP is tséormed into holo-
yolk RfBP upon modification of its oligosaccharidmieties. The magnum of the oviduct removes angtbetion

of the holo-serum RfBP. This tissue synthesizesgdl white proteins and removes many proteins ftoerplasma
as a source of its amino acid pool (Miller et.4B82). In the magnum, holo-serum RfBP is catabdliséh the

subsequent release of riboflavin. This riboflavinthen captured by egg white RfBP, synthesized a® rby

secretory cells of the magnum. Egg white RfBP igendully saturated with its ligand and the levékaturation of
egg white RfBP reflects the availability of holawe RfBP unlike yolk RfBP (Feeny et.al., 1969).

Additionally in liver, kidney and intestine, remdwaf serum RfBP from circulation takes place. Altigh the liver
site is more specific for egg white RfBP significauantities of serum RfBP are not removed by ther| After

degradation of the protein serum RfBP would releigssdoound riboflavin making it available for usg bver

flavoenzymes. Even though serum RfBP does not laayerole in intestinal absorption of riboflavin d@an,

1964), its specific uptake by intestinal tissueidates a role in preferential binding of riboflavinmediately after
its absorption. Miller et.al., (1982) has obsensiahilar role for serum RfBP in kidney although hérevould

function to rescue any free riboflavin before iebcreted. RfBP in different tissues was invesédaty Murthy et
al(1978), Frolich et al (1980) and Winter et al@T®

Circular Dicroism (C.D) and fluorescence spectrpgcwere used for stufying unfolding and refolding RfBP

from hen egg-white induced by addition of guanidimichloride. Reduction of its nine-disulfide bormsused a
reduction in the secondary structure (alpha-hélis peta-sheet) from 63% to 33% of the amino aegidues. The
unfolding of the native protein occurred in two pls; the first involving a substantial loss of igext structure,
followed by a second phase involving loss of seapydtructure at higher guanidinium chloride conions. By
contrast, this biphasic behavior was not disceeniblthe reduced protein. After the first phaseauofolding, the
loss of ability to bind riboflavin occurred. Compag the unfolding of the holoprotein and apoprotiia riboflavin

has only a small stabilizing effect on the unfolfliprocess. Allen et.al., (1992) reported that tléoprotein,

apoprotein and reduced protein assumed their a@ligionformation. After removal of guanidinium cht®, Hen

egg white riboflavin-binding protein contains nidisulfide bonds. The refolding of RfBP after inctiba in 6M

guanidinium chloride is highly efficient with atdst 95% binding activity regained in 3mins. Kinesitidies on
regaining shows the process consists of at leasptvases. When disulfide bonds of RfBP are reduescidation

using a mixture of oxidized and reduced glutathideeds to less than 5% recovery of activity. Wheatgin

disulfide isomerase (PDI; EC 5.3.4.1) is presentinduthe reoxidation, nearly 50% activity can b@aimed,

suggesting that PDI may play an important role ie taturation of RfBRn vivo (McClelland et.al., 1995).
Disulfide reduced and carboxymethylated riboflakinding protein (RCM-RfBP) a derivative of chick&iBP,

does not bind riboflavin and also there is a dcastduction in its ability to interact with antisen to cRfBP
(Pereira et.al., 1993).

E) Immunological Characteristics

Antibodies against this protein can be raised ivadety of mammalian species such as mice, ratshita
(Ramanathan et.al., 1980b) and subhuman primagsh@Bi and Adiga 1987, Adiga and Karande 1991 Naicraj,
1991). Ramanathan et. al., (1980) showed thatntlgr determinants of immunogenicity are due ® it
conformational. Ramanathan et.al.,(1980b) obsetkiatithe amidation of 88% of the lysines in the-&IBP is
accompanied by an 80% decrease in its antigeniditie retaining its flavin binding activity. Modifigg tryptophan
and tyrosine residues leads to a total loss ofirfléwnding and alter the antigenic properties. Myrand Adiga
(1977) have found that the holo and apo-forms @&HRfeact similarly in radioimmunoassay and immuffadion
analysis which suggest that there is no overlagden the antigenic sites and the ligand bindiressiBolmezynska
and Zak (1984), Tarhay et.al., (1975) have fourad the degradation of egg-white RfBP does not becemdent
before day 13 of development. Flavokinase, actsilooflavin to convert it to a coenzymatic form andn be
purified using immobilized egg white RfBP. Hencesanplex may exist inivo to facilitate utilization of riboflavin
when it is released (Solmezynska et.al., 1987).

F) Insect RfBP

A riboflavin-binding hexamerin from pupal hemolympli Hyalophora cecropiea was purified by Magee et al.,
(1994). Heat denaturation released the ligand whittowed the absorbancy, fluorescence spectra, and
chromatographic behavior of riboflavin. During #ddevelopment all of the apoprotein and 75% obflidvin
disappear from the hemolymph; an amount of flaatrieast, equal to that stored in pupal hemolynsptnainsferred

to the eggs formed during this period. Hemolymphbtgins in insects have two proteins, a lipoproteid a
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member of hexamerin gene family that bind ribofteyMiller and Silhacek, et.al., 1995). Silhacekakt.(1994)
have purified a flavin-binding storage protein fréfme hemolymph oGalleria mellonédlla. This storage protein that
accumulated in the hemolymph Gélleria mellonella during the final larval instar was isolated andifged from
newly moulted pupae.

G) Fish RfBP

In carp Cyprinus carpio) a protein exhibiting immunological cross-readivvith the chicken egg white riboflavin
carrier protein was detected by radioimmunoassathéneggs and serum. It was purified by the usaffifity
chromatography. Riboflavin binding protein of fislas similar to chicken riboflavin carrier proteirithvrespect to
most of its physiochemical characteristics wherm thajor epitopes of chicken riboflavin binding miot were
shown to be conserved in the fish protein as pretidmonoclonal antibodies to the avian vitaminding protein
(Malhotra et.al., 1991).

H) Amphibian RfBP

White and Merrill, (1988) have characterized th@mwiin carrier from the eggs of the American alligaRfBP in

spade foot toadsS¢aphiopus couchil) was reported by Storey et.al., (1995). Toad liREBP showed 50% of
residues similar to the chicken and turtle liveotpins and many essential structural features wemserved in the
toad protein which included 18 cysteine residua®, asparagine glycosylation sites and six tryptopresidues.
But a region with eight phosphoserines in the atictr turtle proteins that functions in RfBP bimglito the oocyte
membrane contained only three serine residuesad RfBP suggesting that recognition and bindingtcyte

receptors must be different in toads.

I) Reptilian RfBP

White et.al.,(1988) have purified and characteri@éBP from the yolk of painted turtle oocytes andhon eggs.
The RfBPs were found to be phospho-glycoproteirth wboflavin affinities similar to that of chickeRfBP with
higher molecular weights (approximately 40,000) tugreater carbohydrate content.

Hamajima and Ono et.al.,(1995) have screened RIt&A from estrogen treated oviparous animals by MNari
hybridization using chicken RfBP cDNA as probe ¢arsh for the existence and distribution of an RfBRDNA
library from estrogen-injected turtle liver, andudi-length turtle RfBP-encoding cDNA was cloneddasequenced
to elucidate the structure of RfBP. Deduced amicid aequences of turtle and chicken showed an bv&ta8%
amino acid identity between them. The presence @ldalitional potential N-glycosylation site in thetle sequence
may provide a better explanation for the greatelemdar weight of the turtle protein than chickefBR.

J) Mammalian RfBP: Evolutionary Conservation

Muniyappa and Adiga (1980) in an attempt to un@detfacilitated transplacental transport and fatalumulation
of riboflavin in pregnant higher animals and humafwmaind biochemical and immunological evidence fioe
occurrence of a reproductive specific, high-affiniRfBP in pregnant rat serum. Rodent RfBP showed
immunological cross-reactivity with purified chiak®fBP. Further, the functional importance of thatennal RfBP
in fetal development and proper progression of paegy in the rat was demonstrated by acute fetataga and
abrupt pregnancy termination resulting from immunmeasralization of the endogenous RfBP with speciicd
potent antiserum to mice (Natraj et.al., 1987) badnet monkey (Seshagiri and Adiga 1987). Fetatatkgion is
accompanied by depletion of FAD levels in the fetmsl in fetal liver (Krishna Murthy et.al., 1984daBurolia
et.al.,, 1985). Purification of RfBPs from pregndminnet monkey (Visweswaraiah et.al., 1987a), husam
(Visweswaraiah et.al., 1987b) (maternal and umdidilicord) and human amniotic fluid (Subramanian Awliga
1999) have been reported. Monoclonal antibodiesegitdpe specific polyclonal antibodies raised agasynthetic
peptides of chicken RfBP reacted with mammaliantginoin immunoassays showing binding curves which a
parallel to that elicited with the chicken proteuhich indicate that the surface topography of R&Prepresented
by various epitopic conformations is similar in t&an and mammalian proteins. Polyclonal antibedjenerated
against the purified human RfBP, reacted signifilgawith the chicken RfBP. In chicken RfBP primastructure
these antibodies recognized five linear b-cellag@s corresponding to residues 37-42, 73-76,133t740176 and
200-207 as assessed by Geysen's PEPSCAN ELISAa®aloian and Adiga et.al.,(1999) suggested thahitjte
level of immunological similarities among linearitepes observed reflects the degree of conservaifolocal
conformations dictated by the antigenic sequenbased by the two evolutionary distant proteins. phesence of
RfBP in Marmoset Qallithrix jachhus), a non-human primate immunologically and funcibyn similar to well
characterized chicken RfBP has been demonstratedirgulation in pregnant marmosets. Marmoset RfBP
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demonstrated in circulation in pregnant marmosetéchivhas been partially purified and the immuncetiea
protein is similar to chicken RfBP. The source dBR in rodents appear to be maternal liver, sugggshereby
that RfBP levels could be modulated by changingruoral pattern that occurs during the menstrualecyg¢ery low
amounts of marmoset RfBP was measured during teallphase and a single sharp peak was observed)dhe
follicular phase of the menstrual cycle indicatithgtt marmoset RfBP levels are regulated by estrqiyataraj
et.al.,1991).

K) RfBP in the Mammary Gland

The major function of estrogen inducible RfBP inmmaals, is to transport the vitamin across a phggichl
barrier offered by the placental membrane to thewgrg embryo. The role of RfBP in accessory female
reproductive and the male reproductive tract hanknvestigated keeping this in view. The mammdandgj is
dependent on estrogen for growth and differentiatfhippman and Dickson 1989). This is endowed wath
physiological barrier constituted by circumferehtiight junctions between epithelial cells. Thisepents the
passage of most blood constituents other than somallinto milk (Pitilka et.al., 1973 and Linzell Reaker 1971). It
is possible that a carrier-mediated trans-epithele@ivery mechanism for the vitamin may be opemtin the
mammary gland since the concentration of riboflamicolostrums and milk is several folds highemtlira maternal
serum (Wolfrit et.al., 1987), immunologically horogbus RfBP was detected in the milk of rodent, bevand
primate species by employing a sensitive heteralsgadioimmunoassay. Devi Prasad et.al., (1993jigdiRfBP
from bovine milk by employing riboflavin-epoxysepbae affinity chromatography which had an approx dofir
37,000. Early evidence for the synthesis of RfBRh@ mammary gland was provided by immunohistochami
localization of the vitamin carrier in the lactafirat mammary gland.

L) RFBP and Breast Cancer:

Recently vitamin carrier proteins have been showhe over expressed in patients with malignantagiseSerum
RfBP levels quantitated by a specific and sensitaidioimmunoassay validated for human samples (¥svaraiah
& Adiga 1987b) were significantly enhanced in lstegancer patients in a stage dependent mannécyparty in
post-menopausal patients.Rao et. al.,(1999) haweerobd elevated serum RfBP levels in patients with
adenocarcinoma of the breast. In menstruating bosseer patients, Serum RfBP levels are 3 tod igher (p <
0.01) than those in their normal counterparts. ddd@hce in circulatory RfBP levels between cancéieps and
their age matched normal counterparts is furthegnified to 9 to 11 fold (P < 0.005) at the post wgewsal stage.
In immunohistochemical studies, RfBP was foundyitoplasm of malignant epithelial cells from ducsal well as
lobular carcinoma of the breast. Karandeet.al.0120eported significantly higher RfBP concentraiqp < 0.005)
in patients with advanced metastasizing breasterararsus those with early disease.

Based on the above data, enhanced circulatory RfB&ts as well as the altered pattern of immunobtstmical
localization of RfBP in malignant breast tissue pla®a could have the potential as a diagnostic tumarker in
breast neoplasia and other malignancies of vatiousione dependent cancerous tissues. Riboflavitecarotein
(RCP) has been shown to be over-expressed by niietllyoactive cancer cells. Therefore, for visaalg tumor
metabolism (Jabaduraiet al.,2012), FAD-decoratédh Wimall super paramagnetic iron oxide nanopagi¢FAD
USPIO) were developed as the first carrier-protaingeted molecular MR agentk vitro studies showed the
biocompatibility of FAD USPIO, specifically takenpuby cancer celldnvivo molecular MRI together with
histological validation showed that FAD USPIO effittly accumulated in tumors and tumor blood vessel
suggesting that RCP-targeted diagnostic nanopastichn be used for the assessment of vascular gtistakin
tumors.

M)Riboflavin carrier protein /RfBP as a Potential Male Contraceptive Antigen in Mammals

The flow cytometric analysis of paraformaldehydeefl spermatozoa using FITC-conjugated secondaiigoaiyt
revealed (Sridhar et.al., 1996) that the immunaostsle RfBP on the acrosomal cap of washed rat dypithl
spermatozoa and electro ejaculated monkey sperpmt@nd hence accessible to antibody binding. The
exogenously added RfBP antibody had a significffieiceon sperm motilityin vitro and failed to acquire hyper
activation due tdn vivo capacitation and were progressively immobilizedclwhwvas further aggravated by the
addition of guinea pig serum as a compliment souyemagimachi,et.al.,(1976) have found that In zdeauded
hamster egg penetration test, antibody debilitatpdrms exhibited significantly impeded (>70%) céfyato
penetrate the ovum investments.

768



M. P. Pratap Rudraet al J. Chem. Pharm. Res., 2015, 7(8):761-773

Effect of active immunization of fertile male ratsth linearized denatured RfBP (RCM-RfBP) on theirvitro
sperm characteristics amalvivo fertilizing ability on mating with non-immunizeeitile females was studied. The
mating experiments with normal fertile females, iomzed male rats showed significant reduction (>B5fo
fertility after 5" immune boosting. Examination by laparotomy of tkerine horns on day 8 post-coitus showed that
a majority of these mated fertile female rodentkéa implantation / resorption sites while few athbarbored
degenerative embryonic inclusions within the py@natecidual chambers. The voided spermatozoa erhibi
impaired mobility indexn vitro particularly in presence of added complement wirgmeriments were done with
RCM-RfBP immunized male bonnet monkeys. Mating ledste immunized males (n=4) repeatedly with fertile
females (n=10) during days 10-16 of ovulated cydles females appear to be protected from pregndadpng a
total of 29 fertile cycles (Adiga et.al., 1997).

N) RfBP as a Potential Immunocontraceptivein the Female Mammals

In mammals RfBP is synthesized primarily in resgots estrogen during the reproductive phase. Whilthe
rodents, RfBP concentration in circulation is higihéuring proestrous, coincident with high plasragels of
estrogen (Muniyappa & Adiga 1980). Even, higheriuphe evolutionary scale i.e. in subhuman primatesthe
concentration of RfBP in the plasma is modulatedancert with increasing estrogen levels duringsdd§-19 of
the menstrual cycle which is 3-4 days after the-qualatory surge of the steroid (Adiga et.al., 1986d
Visweswariah and Adiga, 1988). High levels of thetgin are encountered as early as day 4 of gestaiith peak
levels being attained between days 10-18. Througbrancy in rodents, coincident with intense emiigygrowth
which indicate that RfBP is an estrogen-induciligamin carrier protein that may participate invita transport
from the maternal supply line to the developingigeimmunoneutralizaton of riboflavin binding prioteesults in
the abrupt termination of pregnancy in rats, eghbig the functional significance of the vitamimding proteins
for fetal growth and development. The use of RfBPaa immunocontraceptive stems from extensive asudi
conducted with the rodent and sub-human primateeinsgstems. Potent polyclonal (Adiga & Murthy 1983)
monoclonal (Karande et.al., 1991), peptide spegifilyclonal (Koshy, et al. 1996) antibodies agattstken RfBP
have shown to passively immunoneutralize RfBP iegpant rats. Krishnamurthy et.al., (1984) traced #arly
embryonic loss to a drastic curtailment (>90%Y}“@-riboflavin influx from the maternal to the fetaglental unit.
Severe embryonic flavin deficiency is responsilie the disturbances in relative contents and cdanagons of
flavin coenzymes. Adiga et.al.,(1988) have exanhihistology of the affected feto-placental unit ahishowed
detachment of the placental membrane from the dasiddrastic mitotic arrest in the neural tubekdeyte
infiltration into both the maternal blood vessatsidetal liver, characteristics of degenerativeues and significant
trophoblast degeneration. Active immunization withicken RfBP resulted in protection from pregnancy
establishment through several consecutive ovulatgcles in fertile female rats (Murty and Adigaakt. 1982) and
bonnet monkeys (Seshagiri and Adigaet.al., 1987).

O) Immunocontr aceptive Efficacy of Synthetic Peptides of Chicken RfBP

The surface topology of the protein is conserveaupgh evolution (Adiga et.al., 1988) when a pantl7o
monoclonal antibodies (mAbs) to chicken RfBP redpgah purified rat, monkey and human RfBPs. Amoreséh
one of these mAbs, viz., 6B2C12 recognizing a setigleepitope was shown to bind to a synthetic ioept
corresponding to the C-terminus (residues 200-219) chicken RfBP with the core sequence of
3QKKLLKFEAL ?*2 Ascitic fluid administration of this mAb to pregrtamice leads to embryonic resorption. A
synthetic 21 amino acid peptide (CTP) corresponding the C-terminal fragment of RfBP,
2HACQKKLLKFEALQQEEGEF*®, was immunoreactive with polyclonal antibodieff8P, RCM-RfBP as well
as with the mAb 6B2C12 which functions as minivaecin terms of eliciting peptide-specific, protamss-
reactive antibodies. Among these four peptidesdues 4-24, 64-83, 130-147 and 200-219, elicit radizing
antibodies capable of curtailing pregnancy in rdsleased on the above observations (Karande,£99l.)
suggested that RfBP (or its defined fragments) ddizlve the potential to be a novel, first genematiaccine for
regulating fertility in both male and female mamsmailaehashiet.al.,(2008) have shown that Ribofluning
protein from chicken egg was found to be a bittéxibitor. It has been suggested that the bitteibitdry effect of
RfBP is the consequence of its ability to intenaith taste. RfBP can be used for reducing bittesredsfoods and
pharmaceuticals.

The discovery of the vitamin carrier proteins whehsure deposition of adequate amount of the witariti the
avian eggs and the demonstration of the existehsenilar vitamin-transport proteins in the serahidher animals
prompted us to isolate these proteins in the pamnfand initiate studies on the structural, funuio
immunological aspects and their cytotoxic actigtiésolation and characterization of riboflavinnsport proteins,
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their mode of biosynthesis and regulation of sysithérom different tissues would be of considerabiportance
for understanding the factors involved in normadl dealthy fetal growth and development. Additiopalétection
of increased serum levels of RCP in breast adergatiants may help in using this vitamin bindingtpio as a new
bio marker for the diagnosis of breast cancer.
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