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SUMMARY. The t r yp t i c  phosphopeptide of hen egg white r iboFlav in-b inding 
prote in has been found to ex is t  as a mixture of peptides which d i f f e r  only 
with respect to the number of covalently bound phosphoryl groups. Anion- 
exchange chromatography was used to separate homologues of the t r y p t i c  
phosphopeptide of egg white r ibof lav in-b ind ing protein.  Four peptide peaks 
were obtained and analyzed using plasma desorption mass spectrometry. 
Molecular ions obtained agree closely with calculated molecular weight values 
for  phosphopeptides with 8, 7 and 5 phosphoryl groups. Amino acid analyses 
showed that the octa- and hepta-phosphorylated peptides were pure and had the 
same amino acid compositions, o 1987 Academic Press, Inc. 

In laying hens, r i bo f l av in  is transported to the oocyte by a spec i f i c  

phosphoglycoprotein called r ibof lav in-b ind ing protein ( i)o This prote in has a 

molecular weight of 30 KDaltons and binds one molecule of r i bo f l av in  wi th a 

d issociat ion constant of 1.3 nM (2). 

Three forms of r ibof lav in-b ind ing protein are found in laying hens: 

serum, yolk and white r ibof lav in-b ind ing proteins (3). Serum r i b o f l a v i n -  

binding protein is synthesized in the l i ve r ,  transported to the oocyte and 

deposited ( I ) .  Thereafter,  th is form is referred to as yolk r i b o f l a v i n -  

binding protein.  Egg white r ibof lav in-b ind ing protein is synthesized in the 

oviduct and secreted to become part of the albumen (4). Ribof lav in-b inding 

proteins synthesized in the l i ve r  and in the oviduct are a l l  products of the 

same gene (5) and s t ruc tu ra l l y  s imi lar (3). 

The mechanism of transport across the oocyte membrane is not yet known 

but appears to require phosphorylation of r ibo f lav in-b ind ing prote in .  I f  

potato acid phosphatase is used to remove phosphate, the dephosphorylated 

r ibo f lav in -b ind ing  protein is indist inguishable from the nat ive prote in by 

most c r i t e r i a  yet ,  the e f f i c iency  of th is  transport decreases dramat ical ly  

with increasing removal of phosphoryl residues (6). 
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The phosphorylation of r ibof lav in-b ind ing protein is in terest ing for  

reasons other than i t s  role in transport of the v i tamin-protein complex. 

F i r s t ,  phosphorylation occurs on eight of nine serine residues wi th in a 

f i f t e e n  residue sequence that also contains f i ve  glutamic acid residues. The 

numerous serine residues elsewhere in the protein are not phosphorylated. 

Next, previous research in these laboratories suggested, but did not document, 

that r ibo f lav in -b ind ing  protein exists as several forms which a l l  possess the 

same amino acid backbone yet d i f f e r  with respect to the number of 

phosphorylated serine residues (7). We refer  to th is  as "phosphorylation 

heterogeneity." 

In th is  paper, we demonstrate that the t r y p t i c  peptide of egg white 

r ibo f lav in -b ind ing  protein, which contains the phosphorylated region, is 

heterogeneously phosphorylated. The phosphorylated region of egg white 

r ibo f lav in -b ind ing  protein exists as several forms - a l l  with the same amino 

acid backbone but d i f f e r ing  with respect to numbers of covalent ly bound 

phosphate. Such phosphorylation heterogeneity has been demonstrated 

previously for  bovine ms2-casein (8) and human B-casein (9). 

MATERIALS AND METHODS 

Ribof lavin-binding protein was pur i f ied from hen egg white by the method 
of M i l l e r  and White (10). Ribof lavin-binding protein was reduced and 
alkylated (11) and t r yp t i c  peptides prepared from 500 mg of protein (12). The 
phosphopeptides were pur i f ied and separated using anion-exchange 
chromatography (7). Collected f ract ions were monitored at 220 nm and the 
phosphopeptides located using a spectrophotometric phosphate assay (13). 

Solutions, containing approximately one nanomole of peptide in d i s t i l l e d ,  
deionized water, were made for  each of the samples and hydrolyzed for  21 h in 
6 N HCI. Amino acid analyses were performed using a Pico Tag Amino Acid 
Analysis System (Waters). A solut ion of 2.0 nanomole of the 
octaphosphorylated phosphopeptide in d i s t i l l e d ,  deionized water was sequenced 
using an Applied Biosystems Protein Sequencer (Model 470A). 

For mass spectral analysis each phosphopeptide isolated was desalted and 
converted to the ammonium sal t  via size exclusion chromatography (Sephadex 
G-15, Pharmacia) using 2.5% NH4(C03) 2 as the eluant. Mass spectra were 
measured on a BIO-ION Nordic (Uppsala, Sweden), BIN-IOK time of f l i g h t  mass 
spectrometer f i t t e d  with a RSX-IIM-PLUS data system. Posit ive ion spectra 
were recorded with an accelerating potential  at 18 kV during 2,000,000 to 

+ + 
9,000,000 primary events. H and Na were used for  ca l ib ra t ion .  Spectra were 
measured with resolut ion of i nsec/channel. 

RESULTS 

Anion-exchange chromatography of the t r yp t i c  peptides of egg white 

r ibo f lav in -b ind ing  protein resulted in four peptide peaks, two of which 

contained s ign i f i can t  amounts of phosphate (Figure I ) .  Af ter  pooling and 

conversion to the ammonium sa l t ,  peaks A - D were submitted for  mass spectral 

analysis.  Molecular ions were determined for  each peak f rac t ion using plasma 

desorption mass spectrometry (Table I ) .  The molecular ions obtained agree 
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Figure i .  Phosphopeptide puri f icat ion for mass spectral analysis. The 
pa r t i a l l y  purif ied phosphopeptides from egg white r ibof lavin-binding protein 
were applied to a DEAE-cellulose column (1.27 x 12.0 cm) in 0.I  M NaOAc, pH 
3.5 and eluted with a l inear NaCI gradient (0. i  M - 0.4 M). The column was 
monitored at 220 nm( . ) and 50-pl aliquots were analyzed for phosphate (820 
nm, ). The phosphopeptides were labeled A, B, C, and D to s impl i fy 
ident i f icat ion.  

c lose ly  with calculated molecular weights of phosphopeptides wi th the same 

amino acid composition but d i f f e r e n t  numbers of cova len t ly  bound phosphate. 

Phosphopeptides with 8, 7, and 5 phosphorylated serine residues are ind ica ted.  

Amino acid composition data was obtained on homogeneous pept ide f r a c t i o n s  

C and D to confirm that  the phosphopeptides had the same amino acid 

composition and d i f f e red  only by the number of phosphates. The compositions 

Table 1. Plasma Desorption Mass Spectrometry Analysis of wRBP Phosphopeptides 

number of calculated 
chromatography phosphorylated MW of 

+ 

peak (M + H) serine residues phosphopeptide 

A 2967.5 5 2965.8 

B 3127.5 7 3125.8 

C 3125.4 7 3125.8 
3210.7 8 3205.7 

D 3206.8 8 3205.7 
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Table 2. Amino Acid Analysis of wRBP Phosphopeptides a 

amino acid Peak C Peak D 
(ratio, Glu = 6) (ratio, Giu = 6) 

b b serine 7.46 (9) 7.26 (9) 
glutamic acid 6.00 (6) 6.00 (6) 
histidine 1.63 (2) 1.95 (2) 
leucine 1.79 (2) 1.98 (2) 
methionine .88 (1) .83 (1) 
alanine 1.41 (1) 1.02 (1) 
iysine .92 (1) .93 (1) 

a 

The tryptic phosphopeptide of wRBP has an amino acid composition of Ser9, 
Glu 5 , His 2 , Leu 2 , Met, Ala, Cys, Gin, Lys. b The numbers in parentheses are 
the nearest integer value for each of the components. Serine was corrected for 
20% loss during hydrolysis before assigning the integer value. 

agree wi th  the known amino acid backbone of the phosphorylated t r y p t i c  pept ide 

of r i b o f l a v i n - b i n d i n g  p ro te in  (Table 2).  Edman degradat ion ana lys is  proceeded 

through the f i f t h  amino acid of the octaphosphorylated pept ide (Peak D) and 

y ie lded  the expected N-terminal sequence - His-Leu-Leu-Ser-Glu.  The amino 

acid ana lys is  data obtained fo r  peaks A and B ind ica ted tha t  these samples 

contained pept ide mix tures.  

DISCUSSION 

Here, we have shown tha t  egg whi te r i b o f l a v i n - b i n d i n g  p ro te i n  i s  

heterogeneously phosphorylated as was f i r s t  suspected fo r  the p ro te in  i so la ted  

from egg yo l k .  31p NMR spectra of egg whi te and egg yo lk  r i b o f l a v i n - b i n d i n g  

p ro te in  are i d e n t i c a l  (7) .  The combination of these two observat ions i nd i ca te  

tha t  the process of phosphory la t ion is the same in d i f f e r e n t  t i s sues .  

C lea r l y  the t r y p t i c  phosphopeptide of egg whi te r i b o f l a v i n - b i n d i n g  

p ro te i n  ex i s t s  as both the hepta- and octa-phosphorylated species. Peak A 

y ie lded  a minor component w i th  a molecular ion which corresponds to the 

pentaphosphorylated pept ide.  Because peak A is  a mixture of pept ides,  

con f i rmat ion  of  t h i s  i d e n t i f i c a t i o n  by amino acid composit ion was not 

poss ib le .  Nevertheless,  i t  seems l i k e l y  tha t  t h i s  represents a t h i r d  

homologue of the phosphopeptide. Components w i th  s i x  or nine phosphoryl 

groups have not been detected. 

Mass spectrometry i s  an extremely sens i t i ve  method capable of de tec t ing  

t race components in  samples. Therefore, the presence of both the hepta- and 

octa-phosphopeptides under peak C is probably due to the incomplete separat ion 

of the components in  the pooled f r ac t i ons .  The octaphosphopeptide is  present 

on ly  in  t race q u a n t i t i e s ,  thus,  peak C is  p r i m a r i l y  the heptaphosphorylated 

pept ide.  
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The existence of the heptaphosphorylated phosphopeptide in both peaks B 

and C is not so easi ly  explained. One poss ib i l i t y  is that the 

heptaphosphorylated peptide exists as a mixture of s t ructura l  isomers with 

d i f f e ren t  symmetries of charge d i s t r i bu t i on  which resul ts  in separation of the 

isomers as they are eluted from the anion-exchange column. A l te rna t i ve l y ,  

incomplete separation again allowed the molecular ion of a trace component to 

be observed. 

The iden t i t y  of the octaphosphorylated species was confirmed by automated 

Edman analysis. Sequencing progressed through set 185 which is not 

phosphorylated but stopped f i ve  residues from the N-terminus at ser 187 which 

is phosphorylated (14, 15). The acidic nature of the t r y p t i c  phosphopeptide 

allows i t  to be easi ly  isolated but the phosphorylated serine residues prevent 

i t  from being sequenced by conventional methods. 

We have established that r ibof lav in-b ind ing protein ex is ts  as a mixture 

of forms which d i f f e r  with respect to the number of covalent ly bound 

phosphoryl groups. An addit ional level of heterogeneity may also ex is t  in 

which there are d i f f e ren t  d is t r ibu t ions  of phosphate wi th in  a phosphorylation 

class, e.g. st ructural  isomers. Currently, we are attempting to resolve such 

isomers and determine the i r  s i tes of phosphorylation. 
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