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Affinity of phosvitin to proteins and
polypeptides points to its role in development
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Investigations directed towards an understanding of
the affinity properties of phosvitin, a2 constituent
protein of eggs and oocytes of several species,
revealed a hitherto unknown phenomenon of
protein/polypeptide binding to this polyanionic
protein. Several proteins present in the crude
extracts of a variety of ftissues, DNA-modifying
enzymes, lysozyme, peptide hormones and growth
factors exhibited affinity to phosvitin immobilized to
a Sepharose matrix. The c¢lass of proteins/poly-
peptides binding to phosvitin is similar to that which
binds to heparin, which is known to play a significant
role in cellular processes related to growth and
function. However, some differences were also
observed in the binding of proteins to these two
polyanionic macromolecules. Considering the
presence of phosvitin in embryonic tissue and its
demonstrated affinities for a number of proteins and
polypeptide hormones, it wouid appear that
phosvitin plays a significant regulatory role in the
developmental events.

PHOSVITIN is present in large quantifies in avian and
amphibian eggs. It is formed by the proteolytic process-
ing of the precursor molecule vitellogenini. The syn-
thesis of vitellogenin in liver shows a marked increase in
response to estrogen stimulus, which also increases the
half-life of vitellogenin mRNAZ2. Vitellogenin synthe-
sized in the liver is secreted 1nto circulation and taken
up by the oocyte through a process of receptor-mediated
endocytosis?—,
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Figure ). Primary sequence of phosvitin from hen epg yolh
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More than 50% of phosvitin is comprised of serine
residues, almost all of which are present in the
phosphorylated form®, The amino acid sequence derived
from the ¢cDNA sequence shows serine residues appear-
Ing In clusters varying in length from 2-14 residues
(Figure 1). The highly polyanionic nature of this protein
has led to the belief that it may act as a chelating
reservoir for cations such as calcium and iron to meet
the developmental needs of the fertilized egg and the
early embryo’. The binding of cytochrome-c?® and poly-
lysine® to phosvitin and the interaction of a variety of
divalent cations with phosvitin'® has been demonstrated.
It is also known that phosvitin can participate in the
reversible transfer of phosphate groups with ADP!L.
Although the interaction of phosvitin with a single
protein and a polypeptide has been studied, there have
been no attempts to investigate the Dbilological
significance of such interactions.

In this communication, we describe our attempts to
demonstrate the binding of phosvitin to proteins and
polypeptides of diverse biological functions. These
observations suggest a possible role for phosvitin during
the early developmental events.

Materials and methods

Cytochrome-c and lysozyme were obtained from Sigma,
Inc. The restriction enzymes used were purchased from
Pharmacia and Bangalore Genie. The synthetic peptide
was prepared manually using Boc-protected amino acids.

Phosvitin was purified from hen egg by the procedure
of Mecham and Olcott'2, It was further purified using
Mono-Q column on the FPLC system (Pharmacia). The
purified phosvitin was coupled to Sepharose using
cyanogen-bromide-activated Sepharose¢ (Pharmacia).
The amount of protein coupled was determined to be
around 6 mg of protein per ml of gel. The phosvitin-
Sepharose matrix so prepared was used to demonstrate
the affinity of different proteins and polypeptides.
Typically, a column (2 m] bed volume) of phosvitin-
Sepharose was equilibrated with 20 mM Tris bufter, pH
7.5. The crude extract was applied on the column and
excess unbound protein was washed with the same
buffer. The bound material was then eluted with a bufter
containing NaCl and the fractions were monitored at
280 nm,
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Figure 2. Pupihication of lysosyme from hen ege white on phosvitm=Scphaose Hoo cog w hite was
diluted with 66 mM KHLPO  to appronmately Asgy = 10 per ml and 100 Aygq umits were applred to a
column (3 mi bed volume) The column was washed to remove uabound protemn and cluted wath a
butler contamme 0 1 M NaCl he specitic activity of the ensyime thus punfied by o simgle atimty
step was comparable to the puriticd commercial sampie (specthic activity 420 2 umils/mg as compred

1o 437 7 umits/mg of the Sigma produc()

Assays for the growth hormones were donc using the
DELFIA kits on the Pharmacia system and the RIA
procedures were performed using Diagnostics Inc. kits.

Results
Binding of Iysozyme and cvtochrome-c to phosvitin

In our efforts to demonstrate the binding of proteins to
phosvitm. we have found that both purificd lysozyme
and the crude engymatic activity present in hen egg
wute bind to a matrix of immobilized phosvitin and can
be dissociated by elution with buffer contaiming salt. In
a single step of affinity chromatography, a suitably
diluted cgg white preparation yielded pure lysozyme
comparable in  activity to commercially avadable
samples (Figure 2). Under similar conditions, cyto-
chrome-¢ was also found to bind 1o phosvitin and was
recoverable by dissociation, as described in Table 1.
The analysis of the amino acid sequences of lysozyme
and cytochrome-c show that certain basic amino acid
residues are present in short stretches and are located
either at the carboxy terminal region or at the ammo
terminal  region. It is likely that these domains
complement certain phosphoserine ¢lusters in phosvitin.
The chenucal modification of the lysine and arginine
residucs involved in the binding of lysozyme and

cytochrome-¢ to phosvitin, and the consequent loss of

Ro0

‘Table F. Affinity ol cytochrome-c and tysozyime o phosvitin—-Sepharose

Phosvitin- Sepharose

Protein (mg prolein bound/m] gel)

(I —

[ p— P —

| Cytochrome-c | 8
2 [ ysorvme s

Lo a wolumn of phosvitin-Sephatose {bed solume 1 mil) previousiy

cqurhibrated with 10 mM Tris={1CT plE 7 3, a soluion of -
chrome-c (punilied trom horse heart, Sigmal) was apphied, thoroughly

washed with the cquilibratine bulter to remove the traces ol
contammating pratem. and cluted with 50 mAl sodiwm phosphate
buiter, pll 6 3 Monstorme was donre hoth at 28¢ nm and 410 am

In the case ol Iysozyme the column was equilibraled with 66 mif
potdassiain phosphate batler, pH 6 24 Lysorsyme, either in the crude
torm (hen eege white didatedt to approvimately [0 OD,y,, units per ml)
or as purihicd, was toaded 1 was washed to remove unbound pretemn
and then cluted with 66 mM potassium phosphate butler, pH 6 24
contaning 0 1 M NaCl The 1ccovery was over B0%  Practions wese
mondiored at 280 wm, as well as tor cnzyme activity using 3/ frtens celly

binding property that was obscrved in our studies
confirm the participation of such charged domains in the

interactions (data not shown).

Birding of the basic domain peptide of
cviochorme-c (0 phosvilin

In order to test the participation of a domain regien ol a
protein in the interaction with phosvitin, a synthetic
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crolochiome-¢ of tuna peart (MITT AOIKKAGERDY o
phossitin=Sephatase  Phosvitin—Sepharose column (02 mb bed
wolimie} way cguilibrated with 30 mM Trs=TICE, pfT 75 The

syithetic peptide (2 mg n 2 ml buller. An = 85 95) was applied
and the colunmin washed with the same bulier 0l A5,y value reached
neat zero Phe column was hirst eluted with [ ml of builer contam-
mg 3 mg wiochrome-¢ and then washed wath bulfer alone 0l
bath ALy and Ay were minrmum  Fmally, (he column was
cfuted with a buffer contamimng [ S M NaCl The overall recovery
was 73%

ridecapeptide 1cpresenting a part of the carboxy tee-
minal region ol cytochrome-c was employed. As expe-
cted, thus tridecapeptide was found to bind to phosvitin
mattix. Turther, the phosviim—peptide complex thus
formed could be dissociated using native cylochrome-c
as & competitive ligand (Figure 3) in a displacement
chromatographic system.

In the context of such domain interactions invoked. it
was thought worthwhile to check whether there were any
cxclusive domains present 1 phosvitn  for both
lysozyme and cytochrome-c. l'or this purpose, experi-
ments were carried out in which a given quantity of
phosvitin Sepharose was saturated with pure lysozyme,
tollowing which a solution of cytochrome-¢ was passed
through such a column. In these studies it was found that
cytochrome-c was able to displace about 35% of bound
lysozyme. In contrast, when cytochrome-c was first
bound to saturation on a column of phosvitin- Sepharosc
and a solution of lysozyme in buller was next aflowed to

pass through, there was more than 90% cyto-
chrome-c¢  displacement (Figure 4)., Although only
10% of cytochrome-c¢ was pot displaceable by lyso-
syme, il does demonsirale that there are pre-
ferential domains  available for both proteins on
phosvitin.
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farure 4.0 Mutual displacement of phosviim-bound hvsosyme and
itadhirome-¢ 0 2 mi bed volume of phosvitin=aepharose golumny
were equihibrated with SO mihg [os=HCL, pll 7 5. and were caterated
by loading excess ol either Iysozyme {column A) or ey tochrome-¢
{calumn B) The columas were wished 1o remove any unbound
proteiie Column A was cluted hirst with ¢ytochrome-¢ and column B
with Hsosvine (5 mb, 1 mg protan/mi)  Yhe columns were washed
agarn with balfer untf the abserbance reached fero Following thas
the columns were cluted with a butfer contammug  F M NalY
Cytachrame-¢ could dusplace 35%6 of the bound hsosvme, whereas
hoaorsyme could displace aboud 90% of the bound cytochrome-e

Aty of proteins in crude Hssue ¢Ytracls 1o
phasvitin

Soluble protein supernatants  prepared  from  homu-
genates of £, coli and from bovine brain and liver were
tested for binding to phosvitin. It was observed that a
numbcer of proteins presemt in these extracls exhibn

Xl
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Figure 5. Alfinity of proteins from tisswe extracts to phosvitin—Scpharose For these expeniments phosvitin—Sepharose and heparin—Scpharose
1 ml each wcere loaded with sdenbical amounts of the mdicaicd tissue extvacts The colemns were washed and then cluted with a buffer
contaiming 1 3 A NaCl The samples. atter dialvsis and concentration, were analysed by SDS-PAGE and stained with Coomassie blue a.
Bovine ner 1 molecular weight marker, 2 hepanin—Scpharose cluate, 3. phosvitin-Sepharosc cluate; 4 bovine hiver cxteact b, Bovine brain

1 molecular weicht marker. 2 heparm—Sepharose ¢luate. 3 phosvatin—Sepharose cluate. 4 bovine bramm extract ¢, Human bone marrow |

human bone marrow aspirate. 2. heparin=Sepharose eluate 3 phosvitin-Sepharose eluate

Table 2. Alfimty of DNA-modifiying ensymes 1o phosvitin=-Sepharosc

-— i

Bund and cloled from Uwits of ensyme bound*

[ nryme phoss im-Scpharose per mi of column
[coR | + 3000
Hind (11 + 500
ilac lI + 230
Pst { + 300
T, DNA hgase + 800

T——

Phosvitin-Scpharose volumns of 0 5 m! bed volume were used for
evaluation of the atlinity ot the DNA-modifying proteins Typically,
the column was equilibrated with 10 mM Tns-HCI, pll 75,
contaiming 3 mM [ DTA and | mM DTT (bulfer A} The protein was
lvaded on the column and the column was washed with 15 column
volumes of buHer It was then eluted with bufler A containing 1 § M
NaCl, and dialysed against butfer A a1t 4°C overnight Assays were
madc using lambda DNA, clecirophoresed on 0 7% agarosc gels, and
vixualized by elindivm bromide staining

*Represents 140% binding of ensyme units loaded

atfinity to phosviun. The liver and brain tissue proteins
eluted from phosvitin—Sepharose matrix upon analysis
on SDS-PAGE showed several protein bands varying in

802

molecular weights from 15K-120K (Figure 5a, b).
Since heparin, another polyanionic molecule, is also
known to bind to several DNA-binding/modifying
proteins!*-1?. a comparison between phosvitin and
heparin was made. The banding pattern of proteins
exhibiting affinity for heparin and phosvitin were
stmilar. In the case of some tissue extracts, there were
instances of clear differences between proteins bound to
heparin and phosvitin. For example, analysis of human
bone marrow aspirate chromatographed on heparin and
phosvitin shows that some proteins showing affinity
towards heparin bave no affinity towards phosvitin and
some others exhibit very weak affinity to phosvitin
(Figure 5¢).

Affinity of DNA-binding/modifying enzymes for
phosvitin

Since the class of proteins present 1n various extracts
binding to phosvitin and heparin appeared somewhat

CURRENT SCIENCE. VOL 65, NQ 11, 10 DECEMBIR 19953
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similar, it was thought worthwhile checking the bind-
ing of DNA-modifying enzymes to phosvitin, as they are
known to have affimty for heparin. The results (Table 2)
suggest that several DNA-modifying enzymes tested
possess affinity towards phosvitin.

Interaction of peptide hormounes and growth
Juctors

Several polypeptide hermones tested showed affinity 1o
phosvipn (Table 3) It 1s known that several growth
factors, Including the basic fibroblast growth factor
(bFGF), bind 1o heparin'3. Preliminary results also
suggest that bFGF exh:bits affinity towards phosvitin,

Discussion

We have shown that several DNA-modifying enzymes
and peptide hormones bind to phosvitin. In addition, a
number of protens present in a variety of crude extracts
also bind to phosvitin. Thus, phosvitin becomes the first
protein to exhibit affinity to a number of proteins,
including growth factors. Incidentally, the class of
proteins binding to phosvitin appeared similar to the one
bindine to heparin, a sulphated polysaccharide, as
judeed by the banding pattern on SDS-PAGE. The
comparison of the avarlable amino acid sequences of
proteins and polypeptides exhibiting athinity to phoswi-
tin suggests that a core sequence bearing predominantly
basic residues may be involved in the observed
mteraction (Table 4). It is of interest that such
sequences have already been ymplicated in the binding
of some of these proteins and growth factors to
heparini’. For example, by application of recombinant

Table 3. Allindy of peptide hormaones for phosyitin-Sepharose

fFlormone Assay/detection procedure

——

I3inding and clution

[S1] DLLFIA** +
F ST (Human serum) DELTIA -
ACIH RIA +
ACTH (Human serum) RIA +
PTH* RI1A +
PIH (Human secrum) RIiA +
RCG DEITIA NS
PROLACTIN DLLFTA -~
B GEF (Bovine bram) SDS-PAGE +

*PIH {44-68) mid molecule

**Dissocation enhancement lanthamide fluoroimmuno assay
"Radunmmunoassdy

1o determme  the albnily  of growth  factors/hormones  to
phasvitin-Sepharose, typically, columns of 1 ml bed volume were
used The cotumn was first equilibrated with 10 mM Tris-HCE, pli
175, 1oaded with protewn {ciher as pure protein or as an eatract of
the source Dssuel, washed ta remove unbound protein and elated
with 10 mM ‘Inis HCH pII 7 75, contaming | 5 M NaCl The washed
and cluted fractions were assayed for the growth factor/hormonces by
tmmunoassdy procedures, as indicated

CLORRINT SCHNCE, VOL 65, NO [1, 10 DI CEMBER 1993

DNA methodologies, a truncated version of bFGF
lacking the basic amino acid cluster located near the
carboxy terminal has been produced?®, Interestingly,
such a truncated version of bFGF does not bind to
heparin®®, suggesting the involvement of a basic domain
in bFGF in heparin binding.

The interaction of proteins with phosvitin in general
appeared to be weaker, as evidenced by the dissoeciation
of the complexes by lower concentrations of salt, than
what is required to dissociate the heparin—protein
complexes. The anionic properties of heparin and
phosvitin carrying large domains of sulphate and phos-
phate groups, while providing the chemical basis for the
affinities for proteins and polypeptides observed, can
additionally be expected to offer domains of specific
structural complementarity to the corresponding basic
regions In other macromolecules, Such biophysical
considerations should form a topic of considerable
interest for further study.

n such a context, from a comparison of the sequence
data of certain basic stretches in cytochrome-c (contain-
ing one arginine and three lysine residues) and lysozyme
(containing two arginine and one lysine), 1t would
appear that the binding of cytochrome-c to phosvitin
would be stronger. The results, which are contrary to
this expectation, suggest that perhaps the distribution of
the charge density in the short stretches as well as the
geometry of the domain may be very importam for
interaction.

The importance of structural component in macro-
molecular interactions comes from the study of the
interactions between LDL and its receptor In a mutant
form of LDL where a single amino acid change distal to
the site of interaction has been identified was found to
have very little affinity to its receptor:!. In the case of
RGD sequences invalved in the adhesion phenomenon, a
number of other proteins containing RGD sequences fail
to function as adhesion molecules=2. This is directly
related to their geometry, which s dictated by imme-
diate neighbours. This again implies the importance of
structural complementarity.

It should be emphasized that the structural aspects are
important to both the interacting species. Thus, ot 1s
increasingly recogmized that the many unrefated bio-
logical actions of heparin — for exampie, the accelerat-
ion of the rate of thrombin mactivation, which prevents
homeostasis, or its acticn n the regulation of angio-
genesis by binding growth factors that enhance therr
activity and stability, or its ability to inhibit or activate
many enzymes — are thought to result from its contor-
mational flexibility.

Such a conformational flexibility of heparin is due to
its ponrigid structure aristng from the cquihbrium
between  different  conformers of  w-/-iduronate
residues?®. It would be of considerable value to under-
stand the structural properties of phosvitin that render to
it affinily properties sinlar to heparin.

861
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able 4. € ore sequunces i proteins/peptides that may be involved in mteractions with phosyvain

o

Possible sequence involved o atloty ol

i i

Polypeptide the molecule far phosvitim
Tested for Lysosvme (108-119) W vV A W R N R CC O I
attinaty Cyiachrome-¢ ! F A G | K K K I £ R L
and {horse heart)
vontirmed ACIHIE(I2-21) K P ¥V G K K R R ® V K V¥
Wit (-39 R ¥ F W 1. R K K Q DV
PTil (RP}) S 1 O b L R R R © I [ Il
blIrGl (103-114) Y N T ¥ R § R K Y T & W
ESH QR4 P [ P L R S K K T M |V
PLHIT (44 -638) G G § N R P R K Kk | D N
[rkely to have c-miye F b . L R K R R F Q 1 [
alfunty based c-jum R 1 K A E R R K M R NR
On SCguUence hC G (subun:t) Kk L P L R P R C R i* ] N
and atfimty Neurotensin L Yy E N K P R R P Y 1 L
10 hepanin h Apo B10O* R ¥ K 1 K R R s ¥ | Y

*In scparate stedics done on human serum, as described m the text, fractions of haman Apo 3100
were found to be bound, as deternuned by cinmcal laboratory method for LDL analssis

Although extensive conformational studies on
phosyvitin  have been carried out wusing infrared
spectroscopy. circular dichroism*!, NMR??, Raman

spectroscopy-® and, more recently, vibrational circular
dichroism-", the structural description of phosvitin stll
remains unclear. [t is said to possess a predominantly
coil structure at high pH and an antiparallel beta sheet
structure at low pH. The NMR results indicate an open
and flexible structure at ncutral pH, with accessibality of
phosphoserines to solvent There are indications of the
presence of parallel she . turns and other structures,
but the X-ray is poorly defined for unequivocal
assignment. These results certainly pomt to the
complenity of the molecule. It may also be mentioned
here, that attempts to analyse the crystal structure of
lipovitetlin — phosvitin  complex shows no electron-
dense  regions  corresponding to  phosphoserine
clusters=%, X-ray-crystallographic studies on phosvitin -
protein complexes as well as on model peptides carrying
appropriate scquences would be valuable. Studies in this
direction are 1n progress.

In this conteat, the observed interaction of a number of
proteins’polypeptides  to phosvitin - acquires  special
significance. Therefore, its presence in cmbiyonic tissue
ratses some questions regarding its role

The sequence and regulation of carly events 1n
embryovenesis are under extensive investigation by
several investigators?? 2. These studies show that in
vertebrate embryos the signal for induction of the meso-
derm stems from the endoderm'®. Several peptide
growth factors, including the basic fibroblast growth
factor (bFGF), that are inducers of mesoderm in
Xenopuy have been identified™ ¢, Although preformed
bI'GF 1s present in the unfertilized egg, it is not clear
how the bFGE is sequestered and stored in this tissue
until the 64-cell stage in embryogenesis. The obser-
vation thar exogenously added heparin in between physi-

364

cally separated ectodermal and endodermal explants of
Xenopus embryo biocked mesodermi mduction’ might
be indicative of the possibifity of the presence of a
molecule similar in chemical nature to heparin that acts
as a storc for bFGF. The present observations suggest
the possibility that naturally present phosvitin, as a paut
of the Ilipovitellin complex, may be engaged mn n
rceulatory role by virtue of its affinity to a varety of
protein’polypeptide growth factors, i terms ol storage
by sequestering and delivery by regulated dissociation
Regulation and timing of the release ol polypeptides and
growth factors from the phosvitin comp may he a
consequent function to the gradual dephosphuorslation ol
phosvitin. During embryogenesis, the energy require-
ment of the embryo is known to increase, resulting i an
order of magnitude increase in the ATP-ADP turnover
Should phosvitin be participatory in this process cven
for a small duration of time, the overall charge
characteristics of this protein are bound to be altered.
effecting the release of bound proteins. The enact
mechamism of protein release from phosvitin s,
however, nol known. Further probing of the cvents m
embryogenesis in relation to phosvitin might throw Light
on the functions of this unique proten.
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