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Abstract

Two egg white glycoproteins, both with known biological
activitids were investigated in this study.
1. _A_v_i_g_g_n_ assays on aingle eggs demonstrated a wide variation in
its eoﬁtcnt from one egg to another, even when they were from the same
commercial chioken breeder. Two large scale (up to 1000 eggs) prep-
arations of crude avidin were conmducted by batciswise adsorption onto
carboxymethyl cellulose and salt srgdicnt elution. Conditions were
devised for chromatography on Amberlite CG 50 which ylelded a very
pure avidin and fractionated it into essentially two types which dif-
fered primarily in their content of basic amino acids. Puriffcation
of crude avidin by two further CM-cellulose columns yielded a preparationv
more than 908 pure. Virtually all the weight ani nitrogen of the prep-
aration was accounted for in terms of amino acids, carbohydrates, amides.
Ultraviolet extinction spectra and B;.p ogopm, Were determined.
2. From the behaviour of ovomucold on gel filtration it was concluded
that it has a wore expanded or hydrated structure (probably because of
its carbohydrate content) than normal globular proteins of equal molec-
ular weight. Attempts to purify and/or fractionate ovomucoid into
electrophoretioally different molecular forms on DEAE-Sephadex or DEAE-
cellulose were unsuccessful. On CM-cellulose a better purification was
obtained but fractionation was erratic. The B-aminoethyleysteinyl
derivative of a fully reduced preparation of erude ovomucoid was
prepared amd yielded a number of discrete glycoprotein peaks on CM-
cellulose chromatography. Amino acid analyses were performed on two
of these. By the use of starch gel two eleatrophoretically distinct

fractions of ovomucoid were isolated. Stalic acid accounted for only



part of this heterogeneity. Amino acid, carbohydrate and antitryptic
| activities were determined on the fractions. Iﬁ was shown that in

the presence of 6 M urea ovomucoid and trypsin do not form a complex.
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PART I - A BRIEP SURVEY OF EGG WHITE PROTEINS

For over a hundred years hen's egg white has been used as
starting material for the isolation ard stuly of z;roteins and especlally
glycoproteins. Together with the yoik it supplies all the materials
necessary for development of the fertilized egg oell to the hatched
chick. On the averags the 33 ml of white comprise 60% of the total
weight of thé egg. The white conaists almost exclusively of a suspension
or solution of proteins and glycoproteins (10.2% by weight). In addition
to free sugar (0.4%) and fat (0.05%) small amounts of the common minerals
are found in the white; S (0.2%), K (0.17%), Na (0.16%), C1 (0.15%),

P (0.1%), Ca (0.01%) and Mg (0.01%) as well as a few vitamins (in pg per
egg white, average values) choline (400), riboflavin (123), pantothenic
acid (100), vitamin Bg (68), nicotinic aeid (29), folic acid (0.5) amd
Bya (0.025), (Bolton, 1961). The pH of egg white is usually between 8 ami
9 ard appears to inorease on storage.

Free boundary electrophoresis when applied to egg white by several
groups (see Warner 1954 for review) yielded ovalbumin, conalbumin, ovo-
mucoid, lysozyme and one or two minor globulins as the constituents of the
protein present. Fractionation of egg white on CM-cellulose (Rhodes et
al. 1958) demonstrated also the presence of a flavoprotein. Incluiing
the multiple peaks of ovalbumin arnd the five uncharacterized minor
globulin components a total of 15 separate peaks were eluted by this pro-
cedure. From this work the contents of the individual proteins in egg
white appears to be as follows:- ovalbumin 60%, conalbumin 15%, ovo-

mucoid 109, flavoprotein 8%, lysozyme 4%, globulins plus avidin 3%.



The values given for ovomucoid and flavoprotein are possibly too high
as the isolated products may not be pure. In addition there is about
2% of ovomucin which is usually precipitated by dilution of the egg
wkite before electrophoresis or fractionation of the remaining proteins.

Starch gel electrophoresis of egg white has yielded 19 separate
bards (Lush, 1961; Feeney et al., 1963). These include all the major
constituents although they are possibly not all resolved from each
other. The different ovalbumins and the ovomucoids run in the same
region under the conditions used by these authors but their method of
staining may not have revealed the ovomucoid. At least one minor cona-
tituent, avidin, does not appear on the gels. Taking all the evidence
together, therefore, present methodsof protein fraotionation indicate
a total of twenty-five to thirty molecular species of protein ard glyco-
protein in the egg white. Many of these oeccur only in very small amounts
and they are not necessarily all present in any one egg. The presence or
absence of some of the minor components is genetically determined and a
few ctudies have been devoted to their occurence (Lush, 1961; Baker and
Marwell, 19623 Feeney et al., 1963; Baker, 1964).

A brief account will now be given of the main components of egg
white not dealt with in the present study.
1. Egg Albumin, The major constituent of egg white is the glycoprotein
egz albumin or ovalbumin. It has occupied a central position in invest-
igations of the properties of proteins since its first erystallization
by Hofmeister (1890). The single amino acid chain is probably cross-

linked by oneor two disulphide bords and has one small heterosaccharide



_attached (3.2% of the total weight). The molecular weight of the
glycoprotein is 45,000 and the chain is terminated at the amino end by
an acetyl-glycine and at the carboxyl erd by a proline residue. The
identification of the terminal amino acids, in common with the elucid-
ation of many other features of the chemistry of ovalbumin (such as the
content of sulphydryl groups and disulphide bonds) has been beset by a
nurber of unusual difficulties. The iscelectric point of ovalbumin is
4.6 and 1ts heterogeneity on free boundary electrophoresis is due to
the presence of varying numbers (0 to 2) of phosphate esters. This
protein has been used frequently for stuiies on denaturation, but.it
appears to be rather unusual in that it has not yet proved possible to
reverse tho_ denaturation brought about with reagents like urea or
3uan1d1ntuiai:éh10ﬁde’§:>:’l‘he general properties of egz albumin have been
reviewed by Warner (1954) and Neuberger and Marshall (1965).

The carbohydrate of egg albumin has been investigated since
Neuberger (1938) showed conclusively that it was an integral part of
the protein (see Neuberger and Marshall, 1965 for review). The
single heterosaccharide molety 1s usually found to consist of 5
residues of mannose ard 3 of N-acetyl glucosamine although recent work
suggests that different amounts of either or both of these -augara may
oocur in some cases (Cumningham et al., 1963). The carbohydrate 1s
attached by a glycosylamine bornd of B-anomeric configuration between
an!N-acetyl glucosamine ard the side chain carboxyl group of an aspartic
acid residue within the chain. Besides the position of the N-acetyl
glucosamine reducing end in the heterosascharide, it i1s also known that

there is one branch point amd two non-reducing ends. One of these is



N-acetyl glucosamine and the other mannose. _

2. COnaibﬁmin. The 1ron—b:|.n11rg protein in egg‘white. conalbumin,

hes been extensively purified and crystalized both in the iron-free form
and as the metal .couplu. It consists of a single amino aoid chain of
molecular weight about 80,000 with isﬂeidctﬂdpoiﬁt in the region 6 to
7 and contains 2.2%1-oarbohydrafe (Wérmx;.v 1954 ; willim, 1962). In
its metal bixﬂirg properties it strikingly resembles tﬁo serum protein
transferrin. In fact, transferrin from hen'sserum (as well as that from
egg yolk) has been shown to be largely identical with egg white conal-
bumin in amino acid and amino sugar coﬁposifion but the two glycoproteins
differ markedly in their hexose content (knnam 1962).

The rorric-comlbmin couplex 1s reddish m colour with an absorp-
tion maxtmm at 470 o and m oom!derably more stzble to urea
denaturation than the oolourless metal-free prbteln (Gluer arnd MoKemsie,
1963). Each moleculs of conalbumin binis two atoms of Fe' and the two
sites appear to be fully independent of each other. The protein is not
totally metal specific as Cu2* and Zn oak also be bound. TWo recent
studies on the nature of the binding have both implicated 3 tyrosyl
residues and 2 nitrogen atoms (most probably imidasole side chains) as |
the chelating site (Aasa et al, 19637 Winlle et al, 1963). Many workers
have noted the electrophoretic heterogensity of conalbumin particularly
when starch gels are used, but nothing is known of the nature of the
differences between the varicus protein bands (see e.g. Williams, 1962;
Parker and Bearn, 1963: Clark et al, 1963).

3. lysosyme. This is the only protein in hen's egg white at present
known to have definite enxymic activity. It 18 classified as N-acetyl-



suramide glyoanohydrolase E.C. 3.2.1.17, and has a p-(1—74) glucos-
aninidase sotivity with the ability to hydrolyse a mucopolysaccharide
component of soms bacterial cell walls (e.s. Miorococcus lysodiekticus).
The bord oleaved appsars to be B(1—74) N-acetylsuramyl N-acetyl
gluccsanine (Salton, 1956). Iysosyme will also hydrolyse the 1— A
linear N-acetyl glusosamine polymer, chitin (Berger and Weiser, 1957).
‘Phe physical paressters of lysoxyme have been investigated in detail
(Champagee ot al, 1961) ani the full primary saino scld sequence
determined independently by two groups (Jolles et al, 1963 Canfield,
' 1963). The protein consists of single amino astd chain of molecular
weight 14,386 comtaining four disulphide bridges with lysyl amino
terminal and leuoine carboxyl termina}, and an unusually high ise-

electric point of about 11. S
| The three-dimensional structure of crystalline lyscsyme at 2 A
resolution has recently been completely | elucidated (Blake et al, 1965)
which makes it the best charasterized of all the hen's egg white
proteins. There is about A0% a-helix in the wolecule and the disulphide
bridges are all asscolated at least on one side with a helical region.
Although the lysyl and arginyl side chains are all external and there is
a hydrophobie interior of the molecule consisting mainly of 6 trypto-
phanyl reisduss, the molecule does not fall totally into a case of
external hydrophilie residues and internal hydrophoblc ones. Three
tryptophan side chains protrule from the surface and on the other hand
one serine and one glutamine are completely shielded from the
surrounding liquid.

4. Ovomucin is a poorly charasterized heterogenscus frastion from ezg



white which is highly gelatinous in alkaline solution and insoluble
in ac1d solutions (see Warner, 1954 for um-) Tt is precipitated
by dilution of oas white with Mu' or, tqﬁ:hcr with the globulins,
by halt-aatwuticn with ammonium aulphate. Ownuoin has never been
sathraotoruy purified due largely to its pz-ogruunly increasing
1nsolub1nty during puparauon. Prior ndwtion with mercaptoethanol
may be useful :ln this sonneotion (Robimon and M.'muy. 19&). although
the ohoica ot 1odoanotic aeid as alkylauns agont produced a derivative
which was too aoidio to be ehmtosrapmd Cruk. ovomuain preparations
 contain approximately 105 hexose (Lannt et al, 19%9) 11% hexosasine
(Brooks and Hale, _1961) and 2.6% sialic aoid - which ascounts for 30%
of the total sialic acid of the egg white (Feeney et al, 1960).

An 1ntomtn¢ property of ovo-uoin is its ebility - in cosmon
with other sialis acid rich auoins - toitnhibit ths hmagglutimtion
of red cells by influenza virus (Lanni et al, 1949; Gottschalk and
Lird, 1049a). As may be expected the removal of sialic aoid from
ovomuein by viral nenraxinidase destroys the anti-haemagglutinatirg
ability of the ovomuwcin (Qottschalk and um,v 1939b). Ovoemcin may
play an important role in determining the physico-chemical properties
of egg u'nite in which regaxd it has beeﬁ suggested that it forma
crou-nnked chain-1ike couplexes with lw-oayma (Brooks and Hale, 1961).

5. Others. The i‘lvl:l.n-birdltu protcin from egs white has been purified
| ohromatoguphically (Rhodes et al, 1959) It 18 a glyeopratein sontain-
ing O. 5% sialie acld with a noleeular ueight of about 33,0600 and an
isoelectric point of 3, The flavin moisty of the isolated flavoprotein



is riboflavin and all the ridboflavin of .cgg white is apparamtly

bourd in this way. An spproximately equal quantity of apoprotein u
also present in egg white. Aoidio conditions (below 5l A) as well

as urea (8 M) cause dissoofation of the complex, but hesting the
apoprotein in 0.05 M trie pH 7.0 at 100° for 15 mimtes brovght about
5o 1oas in flavin binding capeoity. The protein is urusual amongst
flavoproteins in that riboflavin itself {s more fimly bound than the
phosphate or the adenine dinucleotide, ,4 ' | '

An interesting protein isolated from egg white, "ovoinhibitor",
was found to 1ohibit proteases from B. subtilis ard an untdentiffed
Aspergillus (Matsushima, 1958a,b). * Preparations of ovoirhibitor have
alsobeen ahown to be effective agaiut' trypsin and chywotrypsin as
. well as an A.orysae protease. The inhibitlon appeared to bo‘equuuy
effective against trypsin and ohymotrypsin a.nd could inhibit the two
simultansously (Rhodes et al, 1960; Feeney et al, 1963).

A glycoprotein has been isolated which accounts for abou§ 1% of
the totcl egg white protein (Ketterer, 1962 and 1965). It contains
13.6% hexose (mannose and galactoze), 13.8% glucosamine axd 3.0%
etalic acid. Its isoelectric point is about & and it is not heat

~ coagulable. No specific biologloal property has been found essociated

with 1t. o
| PART IT - AVIDIN

A INIRGDUCTION -
Barly stulies on mutrition by various workers between 1920 and
' 19%0 repeatedly revealed that when egg white was used as a source of
dietary protein the animal suffered injury. Various foodstuffs had



the power of counteracting these 1ll effects; however, for a
nuwber of reasons, the condition did not appear to be one of a simple
deficiency and in some respects had the appearance of an actual
toxicity (see e.g. the lengthy and metioulous stulies of Boas, 1927).
The situstion was clarified in the late 1990s with the discovery that
two factors were imwolved. Edotin was shown to be the esgential
growth factor in which the animal was showing a deficiemsy, the "egg-
white injury®™ factor making the biotin unavailable to the animal even
if amall quantities of this growth faoctor were present in the diet.
The finding that egg white remdered biotin unavailable for the growth
of microorganisms provided a convenient and sensitive assay procedure
for the injurious factor, which was soon shown in fact to be a protein.
Eakin, Snell, Gyorgy and co-workers devised a microbiological assay
using yeast; and concentrated the protein by acetons precipitation
followed by ammonium sulphate fractionation (Bakin et al, 1941;
Gyorgl et al, 1941; Gyorgt amd Rose, 1941; Gyorgi et al, 1942;
Pennington et al, 1942). They named the protein "avidin". Their best
preparations required 350 parts by weight to combine with one of
biotin. Simultaneously Woolley and Longsworth (1942) showed that
Cloatridium butvlidum could not utilise biotin in the presence of egg
white and these workers also ocbtained avidin in a highly concentrated
form. In their case 200 parts by weight of protein was sufficient to
inagtivate one of biotin. A certain proprotion of the avidin in the
preparations of both groups was present in an insoluble fornm.

In a reinvestigation of the isoclation and properties of avidin,



FPraenkel-Conrat at al (1952a) showed that these insoluble fractions

of avidin were in fact ocomplexes with nuoleio acid or with an unchar-
acterized acidic glycoprotein. These complexes could be dissociated
(e.g. by electrophoresis) aml the free soluble avidin was recovered.
The best preparations conbined with biotin in the ratio of about 120:1
by weight. Avidin was shown to be a glycoprotein containing mannose
and hexosamine and its amino acid composition was determined. Chemical
modi€ications of various side chains in the avidin did not yield much
useful information about the binding site of the bictin (Frasnkel-
Conrat et al, 1952b). A convenient large-scale method of concentrating
avidin was subsequently devised (Dhyse, 1954). Although this renders
the material largely in an insoluble form and in a relatively low state
of purity, it was oconsidered suitable for commercial production of
avidin (Nutritional Biochemicals). In the course of a complete frao-
tionation of egg white proteins on CM-cellulose /Rhodes et al (1958)
1solated a small amount of avidin, but it was not characterized in
detail. The peak which contained the avidin represented a far larger
fraction of the egg white than the known avidin content had indicated
-amd was thus presumably of relatively low purity.

Interest in avidin in this department was initiated by the finding
that when the photosynthetic bacterium Rhodopseulomonas sphercoides was
grown in a biotin deficient medium the concentration of bacteriochloro-
- phyll and of a yellow carotenoid were both reduced per unit dry weight
(Gibson, Neuberger and Tait, 1962). In addition the activity of the
first enzyme in the biosynthetic pathway of the porphyrins, amino-



. 10
Lasvulic acid synthetase, was markedly decreased unier conditions o:f

biotin deficiency. Commercial avidin (Nutritional Biocchemicals)
at_rongly inhibited thin ensyme, but preincubation of this avidin with
biotin d1d not abolish the inhibition. This avidin was made by the
nmethod of Dhyse (1954) ard had an activity of 2.5 ug biotin/mg. How-
ever chromatographically prepardd avidin (N.M. Green) even when still
impure no longer inhibited the enzyme. Because of its 1ntm-t1n¢ and
unusual properties avidin warranted further study in its own right and
the investigation described below was undertaken.
B. ISOLATION OF AVIDIN PROM EGG WHITE
1. General Outline

Avidin comprises 0.05% of the protein of egg white. PEarly methods
of aconcentrating end isolating it invarisdly yielded largely insoluble
producte. These were later shown to be complexes between avidin (I.B.P.
10.5) and DNA or an acid glycoprotein. Free avidin is readily water |
soluble and fully aoctive against blotin amd efforts were concentrated,
therefore, on its isolation in this form. As avidin is not removed
from czz white by centrifugation it seemed likely that it occured natur-
ally largely dissooiated from the acidic components. Dissooiation of
the complex would be faoilitated in the native egg white because the pH
is about § (where the avidin does not have its maximum positive charge)
and becauss the avidin is present in very low concentration (0.005% or
about 10°5M). Any mantpulation which might promote precipitation by
aszooiation of oppositely charged proteins such as drying the egg white,
precipitating all the proteins by acetone, remcwval of electrolytes by
dialysis, or lowering of the pH should be avoided unless the avidin uﬂr

the aoidic maoromolecules are no longer in a positicn to combine.



2. Assay of Avﬁgl_g .‘

a) liédloaetlvo Biotin Assay )

' The biotin blnrilng estivity of avidin solution was deteminad. by
the methods of Green (19633,) The prlnalple of the radioactive biotin
essay 1s to add to an avidin solution a knum amourt of 3¢ biotin in
‘exqess of that needed to saturate the av'idln. The avidin-biotin complex
is then rcmnd by adsorption onto oc leaving the excess I¢ bictin in
| solution and thls 1s then counted. The aoeuracy and reliability of the
| mahod depend on the distribution coemolent of the avidin-biotin
© complex between free solution and cnc. ‘am this is virtually entirely in
favour of the cnc Msorption of avldin or its blotln complex onto CMC
is prantlcally quantitative around pH 5 at 1onio strength below O.4. A
pH value much lower than this is not suitable as the cue becomes
| progressively less cha.rged ln aoid ablutlons. ”A PH of 5 4s thus used for
the determinations. Since the avidin-biotin céinpiex'zs adsorbed onto CMC
as readily as avldin and since avidin when adsorbed on CMC is virtually
s good s free avidin at combining with blotin, the order of addition
of av:ldin. biotln and CMC does not affect the r:l.nal result. The rate
limiting step is tho adsomtlon of th! ratein onto e and the half-time
i for thls process is abom; 3 seeomls. | | ' |
pethod A snspenslon containtng ~1o - 12 ng. dry weleht of CMG/ulis
- prepared from well washed CMC ﬁ.lter eake (see pageal ) in 0.1 M
pyridine-acetate burtor. pH 5.0 (25 m. 2 N acetie acm and 4.25 ml. .
pyridine diluted to 5oo mls.) Radioactive ‘biotiwas; alded to a concen-
tration of 1000-2000 epulml. Samples (1 ml) ot this suspension wipe

¥ bl s
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dispensed from a tuberculin syringe without a needle into small test~
tubes oontaining tha avidin samples (0.2 ml). The CMC was prevented
from adhering to the walls of the tubes by reniering them non-wettable
with a suitable silicone agent. .u‘ter standing with occasional shaking
for 2 to 3 mirutes the CHC was certrifuged am the excess of ¢ biotin
was determined by plating and counting a sample (0.2 - 0.3 ml) of the
supernatant. In the early stages of the work the solution containing
biotin plus 0.1 ml of 0.2% cetyltrimethylammonium bromide was evaporated
on 2 onf polythene planchets in an oven at 60°. The bittin was then
counted at infinite thinness with an end window geiger counter. 1In
subsequent experiments a Nuclear Chicago Corporation automatic gas flow
oounter with a Mioromil window was employed. Samples up to 1 ml were
dried down in the centre of 4 cu® aluminium planchets anmi counted. The
relative efficiencies of the two counters were compared and the gas flow
counter was found to be 4.4 times more effioient than the Geiger counter.
All the data from the early work was thereafter multiplied by this
factor amd activities recorded are given in terms of the gas flow oounter.
The absolute efficiency of the counter was not determined acourately but
is about 25-30%

The useful limits of the method were inveatigated by adding
morening amowntts of avidin to a series of similar samples of lii¢c biotin.
Where less than 20% or more than 80% of the biotin was adsorbed a sig-
nificant departure from linearity was noted. Where almost all the biotin
was removed from the solution the very low counts recorded were liable to
error as the small amount of "soluble CMC" always present in
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the CMC (see page 20 ) binds a efgnificant amount of radiocactive
gvidin-biotin complex. For this last reason too the ratio of CMC
to _avid:ln.ha;‘ an optimum value. As tho amount of avidin to be assayed
affects the requirements both of 1%C bictin and of CMC in the same way
the two reagents were prepared together in a fixed ratio to each other.
With b!.ct.in‘or specifio activity 14.8 x 105 ocpny/mg, 0.01 pug. biotin or
1l yg avidin in 6.2 ml of solution could be _roauly deteoted and 5 ug
avidin could be determined with a standard deviation over 4000 cpm of
+ 3.5% measured on 12 replicate planchets at GOF adaorption of the
addedbiotin, | | |
b). Spectrophotometric Assay

A more accurate, although less sensitive wethod, for assay of
avidin was developed by Green (1967b) from the discovery (Gmn.' 1962)
that addition of biotin to a solution of avidin brings about a shift
in the ultravidlet absorption spectrum of the protein towards longer
wavelength (red shift). This is the opposite effect to that: priduced
on denaturation of the protein which brings about a shift to shorter
wavelength (blue shift). If the extinction of a solution of avidin-
biotin comp1§x is measured in a double beam spectrophotometer against
a golution of avidin at the same molar cnncentration the resulting dif-
ference spectrum has a sharp maxfimm at 233 mu (11%33) almost equal to
the Epgg of the avidin solution (A m”/m& = 0.9%). Biotin has
virtually no extinction at this wavelength and excess biotin does not
~ affect thé difference spectrum. The avidin assay is best performed as

a difference spectrophotometric titratfon with biotin.
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Method: A Unicam SP 700 double beam recording spectrophotometer was
used. To a matched pair of 10mm ocuvettes was added an equal volume of
avidin :olution. in 0.01 M phosphate buffer at an approximately neutral
pH. fActually the method 1s remarkably independent of pH giving the
same result over thopn range 2 to 1)). A light path of 10 mm wui
always used either with full widthacells which had a minimum capacity
of 1.5 ml ard gave th- most acourate results, or with narrow co:l.is which
had a minimum ocapacity of 0.35 ml. Avidin oconcentration was suchithat
' the Eygg was about O.4. This gives an Eyyy of 1.4. Higher avidin con-
centration intorduces significant stray ligat ‘errors at this wavelength.
| After ohecking the baseline at this stage, bio_tin solﬁtion equivalent
to about 10-20% of the avidin was added to the sample cuvette in a
volume of 10 or 20 ul with a Carlsberg constriction pipette, and an
equal volume of buffer was added to the reference cuvette. After mix-
g A Ep33 was measured. Between 5 and 10 m§n additions were per-
formed in this way until the difference _cxtinction at 233 mu showed no
further change. A E 33 was plotted against biotin added (see fig. 1).
The readings shauld be corrected for dilution for higher accuracy. The
point of intersection of the two straight line portions of the plot
represents the amount of biotin corresponiing to the avidin in the
ouvette., As the Eign,a&m of avidin was determined on a weight and
nitrogen bhasis the sbsolute weight of avidin preaent in the cuvette
could be obtained from the volume and the Eygs.
Note on Biotinebinding activity units: The amount of biotin bound by a
preparation of avidin can be expressed in a mmber of different units.
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M was measured in terms of radioactivity amd for purposes of com-
parison the moat direct procedure was to use cpm to indicate the amount
of biotin. As the specifioc radiocactivity of the biotin preparation was
known, the biotin determined by radiocassay could be expressed on a
weight br a molar basis. In the case of the spectrophotometric tit-
ration biotig s recorded directly on a weight or molar basis. Protein
concentration in column .ornmm was recorded in terms of E }as'm. It
vas most convenient therefore in this case to. compare specific biotin
binding mctivities with 1 ml. of protein solution of E 7gS% =1 as a
standard amount of protein. In later work, whight of air dried protein
- or true dry weight of protein could be 'uacd‘_. or the vardolis possible
cembinations, ug blotin/ml Bago = 1 and ug biotin/mg alr dry protein
will be usmed. | |

3. Avidin Assays on Single Fggs - Selegtion of "Breeds”

(a) Development of the Method

In the early work eggs were obtained from a dealer without
regard to their origin in terme of "breed" of chicken. Later, eggs were
obtained from :chickens described by the supplier as being of one given
- "breed”. However no detailed emquiries were @nde into the genetiocs of
these "breeds”, but they are probably not fully homozygous. As differ-
ences in diet bct.ween ons breeder and another may also affect the
results, eggs were olassified in terms of the sender rather than the
name of the "breed". To ascertain which sender would be the most suit-
able source for large acale preparations t.be variation in avidin content
between individual eggs from the game sender and between one serder and

another was measured. Total bilotin-binding oapacity of egg white had
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previously been determined by microblological assay (Bakin et al, 1941-
Woolley and Iongsworth, 1942). In our case an overall biotin-binding
figure could have been obtained by adding excess L4( biotin to the egg
white, aml preoipitating all the proteins. However, this may have led
to high results due to non-specifioc bixﬂing and trapping of biotin in
the very bulky preoipitate. As the final yield of avidin was the main
concern, a wethod more directly comparable with that used for the iso-
lation was developed to evaluate individual eggs.

The first series of experiments were directed at finding the
best conditions for the assay. The white of an egg was diluted with an
equal volume of ion-free water and howogenised. To ons-fifth of this
solution (usually 12-13 ml) 1 g. CHC filter-cike was aided and the pH
brought to 7 by addition of 2 .E aowtio acid with constant stirring. The
suspension was briefly centrifuged and the supernatant (A,) was removed.
The CC waé washed twice by resuspension in 10 ml of 25 m!;:l__ ammonium
acetate buffer pH 9, both washings being saved for assay of avidin
(assay A, and A,). Supernatant A, was stirred with a fresh batch of
CMC (1 g.), which was likewise recovered by centrifugation and washed
with the same buffer. Both OMC batches were pooled and made up to 10
" ml with distilled water. One ml of this auspenstion (B) was centrifuged
and the CHC was assayed for total bound avidin (Assay B). The remaining
9 ml of suspension B were centrifuged axd the CIC resuspernded in 10 ml
of 1% ()ﬂu)éCO) to elute the avidin. After centrifuging, the supernatant
was neutralised and assayed for avidin (Assay C;) and theCMC was washed
a second time in 1% (M, )oC05 as before (Assay Cy). The OC was finally

assayed for residual biotin-binding capacity (Assay D).
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TABIE I THR F. OF TOTAL CMC-BOUND AVIDIN

cpn for one-fifth of an egg white

riment 1  Experiment 2
Ao 1st amwonium acetate p O wash 12,100 6,800
Ay 2nd ammonium agetate pH 9 wash 11,500 2,600
B Total CMC-bound avidin after washing 59,200 15,200
C; 1st ammonium oarbonate elution = 50, 000 15,200
C> 2nd amwonium carbonate elution © 1h,800 2,000
D Residusl CMC activity 600 nil

AE 533
0.3}

L 4 12 20 28

MICROLITRES BIOTIN SOLUTION,

Fig. 1 Spectrophotometrie Titration of Avidin (D 31)

Avidin solution (Bogo = 0.352; 1.6 ml) titrated with biotin (250
ug/ml). Activity of avidin = 3.9 pg biotin/ml Ego=l.



18

Two typical series of results are presented in Table I. It
is clear that washing by suspension in a relatively large volume of 25
mg; ‘ammonium acetate pH 9 buffer removes-a considerable proportion of the
. avidin. Por routine determination of the avidin content of single eggs,
therefore, 20 mM___. smmonium acetate pH 7 was used for washing and this did
not remove significant amounts of avidin. As direct determination of
the biotin binding capacity of the protein on the CMC appeared to
reflect fairly accurately the amount of recoverable anti-biotin activity
the following procedure for assaying single eggs was finally adopted:
(b) Methed

The egs white was homogenised with an equal volume of fon-free
water. One-fifth of the solution was stimd with 1 g CMC filter-cake
and the pH was adjusted to 7 with 2 N acetic scid. The suspension was
centrifuged briefly to bring down the CMC with adsorbed baile proteins;
the supernatant was discarded. The CMC was washed twice by suspension
in 10 ml 20 =M ammonium acetate (pH 7), contrifuged. . and finally sus-
perded in 50 ml of distilled water. To 1 ml of this suspension was
added 0.3 ml of a solution containing 3000 opm of [1%C] biotin in 0.1
M pyridine acetate buffer pH 5. The suspension was shaked for a few
minutes and then the cellulose was centrifuged. The excess [“‘c]
biotin in the supernatant was counted and the avidin content of the
egg was caloulated from the amount of biotin removed. It is still
possible that some avidin is not adsorbed onto the CMC (e.g. because

of complexing with DNA) and this would not be included in the assay.
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TABIE II. AVIDIN CONIENT OF SINGLE EGGS

(1) Replicate Analysfs on Single Bggs |

' - avidi ' ’
Result 1 1.60 1.78 - . 2.20
Result 2 1.7 l.zg .. 1.98 ,
Result 3 . 1. 2.% ‘
Average X 1.60 2.
8.b. a-” ' 11.8% ' s

' 6.75% Average 8.D. = 7.6%

(11) Avidin Content of Different Bgss from the Same Breeder

(mg/epg)
Breeder " Day’ Ellls  Saith - Sirgleton Campbell
Egg 1 1.05 - 1.%2 0.95 . 0.45 0.925
2 1.1 1.31 1.8% - 0.28 0.39
5 1.% 0.875 1.18 0.45 0.50
5 1.25 - 0.75 1.2° 039 0.77
Average 13 0.99 1.2 0.5 0.56
3.D., 208 34% 1858 - 347 W%
Aversge = 0.9
Average S.D. = 30%

(111) Average Avidin Content/Egcg, Determined on Batches of 8ix

_Eggs from Different Breeders M egg)

0.45 0.56 0.63 1.66 125 0.95 0.5
Average = 1,08 (+ O.M}) mg/egg. S.D. = §1% Range = o._4_51 to 1.84 mg/ezg
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(c) Results

The results of these determinations are given in Table-II.
The estimates of avidin content of individual egzs are reasonsbly
rouable.A the stamlard deviation of replicate determinations on the
same egg being of the order of 8%. However, there is consideradble
variation in the avidin contents of diffprex_xt oggs, even if obtained
from the same breeder. In some cases the soatter was much greater
than in others. It is not clear from the results to what extent the
apparent differences in the average aontent of avidin in eggs from
one breeder or another are significant. lm:nheleas the senders

which appeared to mupply eggs with the most avidin were gelected.

4, ALa.rge Scale Preparation of Avidin
(a) Materials ™=
Eggs The egxs used Qem clasgified as "large" and were deiivered
to the laboratory within a few days (2-5) of laying. If procesaing
did not begin immediately they were atoréd in the cold room (4-6°)

but never for more than a further 2-3 dgya.

CM cellulose Whatman CM 70 was used throughout. It was of consider-
able importance that it was thoroughly washed before use. CMC, ;vhsn
new, contains a aparingly goluble component which has a very strong
affinity for proteins and gives soluble complexes (Green 1963%)* This
"soluble CMC" could be gradually leached out of the material by pro-
lornged washing. In addition, as wmetal ions had been shown to contri-
bute to the instability of avidin, the CMC was given a wash with EDTA

anmd ion-free water was used for the final wash.
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New OMC was washed several times by suspension in a large
volume of distilled water, allowing it to settle and decanting to
remove fines. After degassing by evacuation on the water pump, the
washing was repeated as more fines appeared to be liberated, and the
cellulose was finally degassed again and packed into a column. The
colunn was irrigated with the following solutions in the sequence
indicated, the quantities given being the amount used per 100 g of
dry CHC starting materials 0.5 N NaOH containing 0.5 M NaCl, 600 ml;
distilled water, 10 1; 1 mM EDTA, 51; and fon-free water, 10 1.
The NaOH solution often resulted in the appearance of some bright
yellow substance as it percolated through the colummn. This material
washed off quite readily and did not appear to result in any impair-
ment of the adsorptive power of the CMC. After the washing the CMC
was unpacked from the column and sucked dry on a Blchner funnel. If
the CMC was poured onto the Bllchner funnel in a thick suspension there
was no need for any filter paper and a rapid and efficient removal of
excess water was achieved. The cellulose was pressed out as dry as
possible. This product is referred to as CMC filter-cake. It was
stored i{n well-astoppered containers at 4°. On drying samples over-
night at 110° different batohes of filter-cake were found to contain
80-83% water.
Ammonium carbonate Analar "ammonium carbonate” solutions were prepared
in ionifree water and their concentration recorded in percentages of
weight/vol.



(b) Method

Egg whites were separated manually with care to ensure minimum
contamination by yolk. Lots of SO0 ml of pooled whites were diluted
with equal volumes of ion-free water and homogenised to ensure thorough
dispersion of the thick parts. The suspension was centrifuged at about
3000 g for 15 min or 1,500 g for 30 min and the small amount of heavy
material which sedimented to the bottom (mostly ovomucin plus chalaza®)
was discarded. The resulting solution comprised about 5% protein, the
avidin concentration being of the order of 0.002%, and the pH was 8.5-9.

Two large scale preparations of avidin were conducted aml they
are sufficiently different to warrant a description of both.

(c) Preparation D2
To 44 1 of egg white solution obtained from 720 "Sykes hybrid"

eggs was added 800 g CMC filter-cake and the pH adjusted to 7.0 with 140
ml3 g HoS30y with constant stirring. The mixture was well stirred for a
further few minutes and albwed to settle for 30 min. The bulk of the
supernatant was siphoned off and the remainder recovered by a brief
centrifugation in 1 1 lots. The CMC was then washed by resuspension in
a few litres 0.05 M ammonium acetate buffer pH 9, allowed to settle and
decanted. A thick slurry of the CMC was then poured carefully onto a
Bllchner funnel without paper and allowed to settle. When a suffiolent
bed of cellulose had formed on the bottom of the Blichner funnel gentle
suotion was applied. The CMC was then washed on the funnel with a few
litres of the pH 9 buffer and finally well pressed out. The filter-
cake so obtained was weighed (batch I) ami a small sample (about 1 g)

was taken for total avidin assay.



TAHLE III

LARGE SCALE AVIDIN PREPARATIONS

Experigent No. _D26 D31
Eggs Sykes hybrid Rhode Islamd x

_ Light Sussex hybrid
Nusber T20 900
VOi. of diluted egg white 45 L . BA L
Batch No. I II I I II IIX
CMC wt. added (g) . 800 500 500 1200 800 800
CMC wt. recovered (g) 710 728 635 .95 T8 650
Avidin content (mg) 320 31T 150 320 200 230
Total avidin (mg) 187 750
CMC column 65 x9ecm 70 x 9 om
Hold-up volume }.BV L 430L
Final yleld 536 mg 450 ng

€2
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To the egg white supernatant 500 g CMC filter-caeke was added
and the isolation and washing process repeated as above (batch II_). A
third batch adsorption was similarly performed (batch III). The super-
natant at this stage was suitable for the isolation of ovalbumin and

“ovomucoid. This was dons and the details will be given in a later

section. Bach batch of CMC filter-cake wtth_ sdsorbed basioc proteins

~ was then resuspended in the pH 9 buffer and thoroughly degassed on the

(d)

water pump. The outlet of the column (9 x 100 cm fitted with a sintered
glass disc) was closed off and the column one-third filled with the pH 9

buffer. Fresh CMC filter-ocake (500 g) was suspended in a few litres pH

9 buffer, degassed and poured onto the column. After allowing the CMC
to settle to the bottom of the column, the flow of buffer was permitted
from the outlet and the CMC packed down iwith the buffer flovng. The
The batch III CMC suspension was then poured onto the column as a
siurry. Entrapped air bubbles were released by stirring and the CMC
packed down with the buffer flowing. Batch IIY was layered next in the
same manner, followed by batch I. The final column of CMC was packed
under slight pressure (1-2 lbs/sq.in) and was now ready for elution.
The relevant data on this preparation are given in Table III.
Preparation D3) |

- The 54 1 of diluted egg white resulting from 900 Rhode
Islarnd and Light Sussex hybrid eggs supplied by Mr. Richers were
extracted as before with three batches of CMC. In this case an attempt

~ was made to minimize possible avidin losses by washing the CMC with

0.025 M ammonium acetate, pH 7, but when the CMC was finnlly packed
onto the column the eluting buffer did not filow through it. The
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cellulose was resusperxied in 0.025 M ammonium acetate pH 9 buffer and
washed by decantation, but after repacking the column blocked up again.
The column was unpacked once more and the CMC washed by resuspension in
50 1 of 0.05 ¥ ammonium acetate pH 9 and washed on the Bllchner funnel.
After resuspension ani degassing the uiterial was repacked into the
column and the flow rate was found to be adequate. However, by this
time all the batches of CMC had become mixed by the repeated unpacking
of the column ani a considersble smount of the material had been lost
by the repeated decantation. The details of this preparation are also
given in Table III. The washing amd Qlutim of the two preparations
were carried out in the same way. o
The column was washed overnight with one to two hold-up
voluses of 0.25% ammonium carbonate at a flow rate of about 5 ml per
min, which brought the Egg of the effluent down to less than 0.05.
Elution was thereafter performed by a stepwise inorease in ammonium
carbonate concentration. The elution schedule and the effluent pattern
for these columns are given in figs. £ and 3. Fractions of 250 ml were
collected by hand and the column flow rate was maintained at about 18
ml/min. The fractions were then Asaayed and those containing the avidin
(fig. 2 tubes 9-16 and fig. -3 tubes 8-1§ inclusive) were pooled. For
Dog the solution was concentrated on a short colusn of CMC and dialysed.
The solution was acidified with acetic acid to a pH between 5 and 6 amd
then well degassed at the water pump. Thé total protein content of the
solution was estimated from the Epgp using a faotor of i i%om.QBO of
15.6, which was the value obtained experimentally witﬁ crude avidin.

For concentration purposes a loading of sbout 5 mg protein/ml of column
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volume was und. The column was equilibrated with 0.01 M ammonium
acetate buffer pH 5.5, and the protein solution then run on at a flow
rate of not more than 0.5 em/min. With an influent Epggp of 0.8 the
effluent Eygg was less than 0.04. Elution was performed with 2%
amonium carbonate solution but it was important to wash the column
first with amsontus acetate pH O buffer (0.05 M) until the pH of the
effluent was 9 to prevent the formation of CO; on addition of the
carbonate solution. The material emerged a.l a sharp peak with the
sol\}ont front. Fractions containing protein were pooled aml dialysed
for 48 hours at 4° 1n Visking bags on a rocking dialyser against ion-
free water. ‘ |

5. Selection and Development of Further Purification Procedures

Lﬁg‘ scale preparations of avidin yielded material with an
E i gf,,aaam of 15.6 and a biotin binding capacity of 6y biotin/ml

Exgg = 1 or 9.4 v biotin/mg, compared with 8 y biotin/mg for the most
active preparations of Fraenkel-Conrat bot al. (1952a). Small scale re-
chromatography on CMC with a linear concentration gradient of ammonium
acetate buffer pH 9 yilelded some avidin with a biotin binding capacity
of 7.6 v biotin/ ml Epgg = 1 or 11.8 y biotin/mg avidin (N.M. Green,
unpublished results). This clearly showed that the large soale prep-
arations of avidin, although producing a product with a higher specifioc
activity against biotin than any bmiously cbtained did not in faot
yield pure avidin. Comparison of the Epgy arnd activity curves of the
elution diagram (figs. 2 and 3) in any case imdicated a fairly high
proportion of imctife pmfun in the avidin preparation. A series of
small scale ooimn chrodatographio experiments were therefore conducted
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to find comittions which gave the highest biotin binding activity amd
the best coincidence of activity and Epgg plots on the elution curves.
In all cases linear gradients of ionic strength were employed for |
elution anmi each chromatograph was performed without any shange in the

pH of the buffo:. |
(a)C350 _Chromatography

(1) Methods - Of the polyanionic resins commercially available the
only one basides cuc which had been fourd generally useful for the
'~ chromatography of basic proteins u' Axberlite IRC 50 or the spoé:lal
chromatographic grade, CG 50. Like QIC this is also a polycarboxylie
acld but the baokbone‘ is a synthetic cross-linked polymethacrylic acid.
This reain has been used extensively in the Rockeféller Institute
Laboratories and the general conditions described by Moore and Stein
(1956) were followed. Unlike CMC, the CG 50 is very slow to come to
fonic equilibrium and its capacity for adsorbed protein is much lower.
However the affinity or strength of binding af avidin was fourd to be
far greater for CG 50 than for CMC.

Amberlite CG 50 (Type II) 200-400 mesh which is a special

grade of Amberlite IRC 50 (also known as XE 64) was obtained from
- Robm and Haas Company. Fines were removed by vigorously stirring the
resin in a large volume of water and pouring off the supernatant after
gettling for 15 min. After repeating the decantation four or five
times the resin settled fully in 15 min leaving a clear supernatant.
The resin was cycled twice between the Na* and H' forms by washing
with NaOH and HC1 respectively as desoribed by Hirs, Moore and 8tein
(1953). The secomd NaOH wash also contained 10™3M EDTA to remove trace

metals from the column.
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Mechanically the technique of setting up, f1lling and running
of the columns was the same as for CMC except that much slower flow
rates wei-e used and much longer equilibrium times were mﬁired to
obtain identical pH values for influent and effluent. It was noticed
that the CG 50 parts with sodium ions more readily than with protons.
The columns were therefore packed with the resin in the sodium form
and then washed with a buffer of the desired pH until the equilibrium
was attained (usually 2-3 days). Maximum flow rate for washing, adsorp-
tion or elution from this resin was 2 cm/hr; but 1 csyhr was used when
maximm resolution was required.

Because of the slow attainment of equilibrium the CG 50 resin was
not subjected to changes in pH and protein adsorption was performed at
the same pHas that used for elution but at a lower ionic strength.
Before use the column was washed until equilibrium was attained with
the buffer which represented the sfa.rl::l.ng point of the elution
gradient. Prolonged washingof the column was necessary, not only
because of the slow rate of equilibration but also because a small
amount of material with a significant extinotion at 280 mu leachsd out
of the resin. After several days of continuous washing the optical
density of the column effluent at 280 mu had dropped to less than 0.02
where it remained as long as the flow was not interupted. At this
stage the column was given a brief wash (less than one hold-up volume)
vwith a buffer at the same pH as that used for equilibration but at
about one-tenth the ionic strength. The protein was adsorbed onto the
column in the latter buffer and elution was resumed with the starting

buffer. In most cases :a gradient of fonic strength was then applied



30
to effect elution of the protein. Up to 1 mg protein could be chrom-
atographed/ml of total columm volume; but for best resolution 0.2 -
0.4 mg/ml of column was used.

Whenever a gradient of constantly chsngitg oonoontration was
mployod for colum olution a two-ohmbcr uriuoaouplod u-rmomnt
| of open vessels was uplowod This dwico (duo to hrr, 1954 ) 1- del-
" eribed in detatl by Svensson (1960) ant; in all the work in this sf.udy
o (on CXC or CO 50), was used with two m.nucal vessels renultim 1n a
| vunear graniont. l'or all colunn chromatoaraplw exporimnta, exccpt
the very large scale prcliminary avidin purltication (100 em x 9 cm
column),. t.he effluent was collected in duon_ta fraotions in sutomatio
traction‘co_liéctéri; ‘Drop ‘cclmn_'t:lng was the proferrod method of
measuring fractions but slight variati,driﬁ 1n the fraction size were
observed when peaks _ot‘ high protein oonc'éntz"at.ion were eluted, This
was die to the lowered surface tension which caused a decrease in the
aize of the drops. Fraotions collected from different columns varied
from about one | quarter of a hold-txﬁ'voim ‘for very small columns to
one-fiftieth for large ones.
~ When the effluent from a column had been collected all tubes
were first assayed for total protein by masﬁring Bygpe Those tubes
which were likely to contain avidin were then assayed for blotin
bimding activity by the radiocactive biotin method. The effluent
dlagran relating these two properties was then plotted. From a
consideration of these diagrams the effectiveness of the system in

purif’ing avidin and/or in resolving the different avidins could be
evaluated.



31
(11) Results All the experiments described in this section were
performed on avidin Dos. The study of the behaviour of lysosyme on
CG 50 (Tallan and Stein, 1953) was taken as a starting point for the
present investigation. The lysoszyme (egz white) was eluted at pH 7.12
in a buffer 0.2 M in respect to phosphate in about 6 hold-up volunes.
However under similar conditions avidin was not eluted even after 30
hold-up volumes. Ethanolamine (pK, = 9.47) was used to obtain a higher
pH. By brj.ming 0.25 M HC1 to pH 9.5 with this base a buffer cwas
produced with ionic strength 0.25. This buffer soon brought off the
bulk of the appliod material in a liig'le p.nk. A gradient of ionic
atrength from 0.1 to 0.25 in ethanolanine hydroshloride buffer at pH
9.5 produced a wider spread of the active material. ' It also seemed
that the material consisted of two components running almost together.
They were eluted at a region in the grat_uent whabe the ionic strength
was approximately 0.2. On this column the concentration gradient was
checked in the effluent by determining the chloride content of various
fractions along the run. The results f:ltt_od approximately to the
expected straight line but did not give as clese a eomspordemi as
that found when a similar check was made on the effluent of a CMC |
column. _ ‘
Ethanolamine hydrochloride buffers of pH 9.5 and at a
constant ionic strength of 0.17 or 0.20 did not affect satiafectory
elution of the avidin in terms either of biotin-binding activities on
an optical density basis or in terms of fractionation of the avidin
into more than one component. Nor did a buffer 4f constant ethanol-
anine hydrochloride concentration (I = 0.05, pH = 9.5) and a gradlent
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of increasing NaCl concentration give good results in either respect.
For the next chromatogram the pH of the buffer was raised to 10 and
an ethanolamine gradient was reintroduced. This eluted the avidin
at an lonic strength of 0.18 and again suggested a split into two
components. Owing to the strong tendency of ethanolamine to absorb
CO> from the air these buffers may in faot have been mixtures of
ethanclanine hydrochloride ard ethanolemine carbonate or carbamate.
As the elution regevoir or gradient device was exposed to the air for
some time during elution, there might have been much more carbonate
in the buffers at the end than at the beginning of a run. ' If both
carbonate and carbamate were having specifio effects on the elution
of the avidin this may have further complicated the effects of the
various buffers. | N

Ethanolamine carbonate buffers were therefore prepared by
bubbling COy into ethanolamine solutions of known concentration
until the required pH was obtained. A gradient elution from 0.05 é
to 1.0 g ethanolamine adjusted to pH 9.5 with COp resulted in a sym-
metrical peak at a point on the gradient corresponiing to 0.5 §
ethanolamine. As the ethanolamine is very nearly half ionised at
this pH, this represents an ionic strength maximm of 0.25, but
probably in fact considerably less due to carbamate formation (see
Jengen ot al, 1954). The material of highest activity over the peak
bound 6.8 r of biotin/ml Epgg =1, compared with a value of 6 for the
starting material and 7.6 for the beat results on CMC columns. This
aystem therefore was not giving any advantageover CMC in terms of

activity against biotin, nor was there a useful resolution of the

avidin into the multiple components.
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Boric acid (pX, 9.2) 1s a suitable alternative buffer in

this iu:sc. In addition its ability to form charged complexes with
carbohydrates may affect the elution of alycopmﬁins specifically
1n a mixture with proteins and bring about a separation not produced
by other buffers. As experience with sthanolanine buffers hal indio-
ated that pif 10 brought sbout slightly better resolution of the
different coméomnts of avidin than pH 9.5. the former pH was chosen
for the borate experiments. As sodium bomte (sodim totraborato,
borax) in solution gives rise to equivalont mounts of Na.HeBCb and
boric acid tho 1onic atrongth of the aolution is mmerically equal
to the nomality of sodium :lons. To prepare a borate but‘for of givon
ionic strength sodim borate and sodium hwdroxide both of a nomality
(as determined by titration with stanmrd ml) equal to the desired
fonic strength were mized until the required pi was attained. Using
a gradient from I = 0.02 to I = 0.4 in borate buffer, pH 10, the avidin
was eluted in a symmetrical peak at an ionic strength of 0.22.
Repeating the experiment with a much more shallow gradient over the
range I = 0.18 to I = 0.22 the avidin emerged as a main component fol-
lowsd and slightly overlapped by a second active component. The
maximum biotin-binding sctivity of both components was 8.3 ugz/ml.
Bogo = 1 (13 y/mg). In both respects, activity and fractionation,
therefore, this result represented a considerable advance over any
previous column.

If the various avidins differ from one another in net
charge this difference should be at a maximum near the 1scelectric
point of the protein (about pH 10.5). As avidin appeared to be highly
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stable in alkaldl, chromatbgram were run at pH values around 10.5.
Sodium carbonate-bicarbonate buffers were prepared by mixing solutions
of equal molarity of NapCO3 and NaliCO3 to the desired pH. A series of
chromatograms was performed over the range pH 10.4 - 10.6 with con-
centration gradients from 0.02 - 0.1 N. EKlution usually occurred when
the concentration of eluent was somewhere between 0.04 M and 0.07 M,
the actual position being very sensitive to pH. In some cases the
avidin emerged as two separate components but conditions were difficult
to stardardize. Rlution patterns were sensitive to changes in pH of
0.01 and were affected by colum length in an umisual way, resolution
improving with shorter columns. Borate-carbonate buffers at pH 10.5
brought about no improvement, so for further development onto a
preparative scale sodium borate-hydroxide buffer at pH 10 was chosen,

A single eluting buffer which gives a fhite distribution of
the protein between eluent and resin can often be used with CO 50
instead of a gradient (Moore and Stein, 1056). With pH 10 borate buffers
the main peak of the avidin emerged at an fonic strength of about 0.2.
Chromatograms were therefore run using this buffer at constant ionic
strengths of 0.210, 0.200 and 0.195. These columns did resolve the
avidin into more than one active component but the peaks were very
spread out with much tailing. As a result very shallow concentration
gradients were re-intorduced in the method finally adopted.

(111) Detailed Description of Preparative CG 50 Chromatogram A
column of CG 50, conditioned as described above, was washed with 0.5 g
NaOH plus 0.5 N NaCl containing 10™>M EDTA, lon-free water, and finally
boric acid (0.2 tzl) until the effluent pH was appriximately 10. Borate



buffer, pH 10.0 and ionic strength 0.195, was then run through the
column for 48 hours by which time the pH of the effluent was 10.0.
Crule avidin from a large CMC column (250 mg) was made up in 5 ml
borate buffer pH 10 of 0.02 ionic strength and applied to the top of
the column. Elution was continued with the 0.195 ionic strength buffer.

The elution diagram for this chromatogram is given in fig. X.
Practions A8-69 inclusive were pooled (solution A), fractions 73-130
inolusive yielded solution B and 14A-169 inclusive, solution C. The
three solutions were dialysed against lon-free water amd concentrated
by adsorption onto separate CHC columns at pH 5. They were eluted
with 2% ammonium carbonate. The fractions containing the concentrated
proteins from each column were then dialysed in a rocking dialyser
overnight in the cold room and centrifuged at 90,000 g for 15 minutes
to remove a slight turbidity. The clear supernatants were finally
freese-dried, yielding the three preparationsof avidin, A, B and C.
The total recovery of 280 my adsorbing material from this column was
81% and was calculated by cutting out the area under the elution curve
and weighing the paper. However the three pooled fractions after con-
centrating, dialysing, centrifuging and freeze-drying ylelded 60 mg.
or 2i%.
(b) OAC Chromstograpny

For further purification, C3 50 chromatography was very
tedious and recoveries were rather low, partly because some avidin
became denatured (as indicated by its precipitating on dialysis).
Further investigations were thus carried out to find comditions which
would give the most ective avidin by CMC chromatograpky. With this
supporting medium the ylelds were much better amd :i::.: there was no
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evidence of the avidin becoming insoluble during the later stages of

the purification. The large scale preparation of avidin (Dpg, p22
fig. 2) afforded the opportunity to reinvestigate the comiitions for
CMC chromatography of avidin. Tubes 9-16 inclusive were pooled (2,130
ml with 0.D.pgy = 0.4) concentrated on a CMC column and yielded 725

* Epgp units of protein solution which was dialysed and stored in the
frozen state (-20°). The activity of this solution against biotin
was 5.7 v blotin/ml. Bagq = 1. |

During the large scale avidin preparation on CMC nearly the
whole column was ocoupied by adsorbed proteins and most of the columsn
was virtually saturated with protein. The degree of separation
obtained under these oconditions cannot be expected to be very high. A
‘umch lower column loading was therefore used when the long trail of
very low specific activity material (fractions 17-35) from the Dag
column was rechromatographed. From the elution diagram (fig. 5) it
oan be seen that at this loading a much better resolution is obtained,
than from the large scale column although the elution conditions were
the same. The first peak, emerging at 0.7# ammonium carbonate, was
the avidin with an activity over the peak of 7.5-8.0 y biotin/ml
Bego = 1 but it was partly overlapped on the talling edge by an
inactive impurity. Tubes 27-49 inoclusive were preserved.

Two preparations were now on hand from the Dyg column, the
main peak material (tubes 9-16, fig. 2) and the rechromatographed
tail end material (tubes 27-19, fig. 5). A small scale column was
then run on the main peak material ami eluted with a concentration
gradient of ammonium scetate buffer pH 9.0. A small inactive peak
was eluted first (at 0.15 g) partly overlapped by the avidin (at 0.2
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g), whioh had an sctivity of 7.5 ug/ml Epgg = 1 over the peak. In

this case the talling edge of the avidin peak did not appear to be
contaminated. The difference between this result and that of fig. 5
may have been due to the main peek material anl the tail end material
of Dpg containing different impurities or to the acetate amd

carbonate anions g:lving ditterant types of meparation. A sample of
mtex-hl from the monim ou'bonnto colum (fis 55 tube &6) was
thontoro T™un on a sull acale column ard alu'bed with moniun acetate
buffer pH 9. An 1mct1vo peak eurged early in the run, clearly
‘separated from the active material which followsd t. It was now
clear that the umoniw acetate pH 9 buffer was g:lviug a different
' typo of sepn-ation ﬁ-on the ammoniwm cu'bonato olutlon. The material
t‘ron tho nd.n peak ot D26 was therefore rerun w:l.th monim acetato pH
9 elution. The uvidin emgod as a syunctri.eal peak (rig. 6) showing
a very olose oomapondome between Q.D, and activityocwrves. The peak
material .(tubea 1(2-156) was concentrated on a CMC column, eluted with
3% ammonium carbonate, desa.lted on &phadcx G 25 and freeze-dried,
ylelding 175 mg of material designated avi.d:ln D 26.1

The rechromatographed tail end material (fig. 5) was then

pooled (tubes 27-49) and chromatographed with ammonium acetate gradiemt
as eluent. The first peak to emerge at 0..1h g on the gfadient was com-
pletely devoid of anti-biotin aét:lvity. The active matarial which
followed 1t had a peal at 0.20 M but was not quite symmetrical (fig. 7)
although, as on the 'preﬁious column (ﬁg.‘ 6), the sbecitic activity on
an optical density basis was very constant over the whole peak. It was
‘divided into two lots (A, 120-168 and B, 169-220) which were separately
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concentratedoon CMC columns, eluted with ammontium carbonate and
dialysed. In order to reduce the time needed for freeze-drying
the samples were then concentntedfg’irvapomtion. The solutions in
the bags (Visking tubing tied off at both ends) in which they had
been dialysed were hung up in front of a fan in a 0ool, well darkened
room. After a few hoursthe volume had been reduced to almost a quar-

‘ter and they were then freeze-dried to yield the prépargtion D 26.3 A

(110 mg) and D 26.3 B (51 mg).
6. Description of the Final Method

From the experimerts desoribed above a final method was -
adopted for the purification of avidin which involved three CHC chrom-

 atograms: (1) a large scale column eluted with smmonium carbonate

resulted in a crude avidin preparation which represented nevertheless
a purification of about 1000 times from the original egg white, amnd
contained about 504 avidin; (ii) rechromatography with the same
solvent under corditions of lower loading which separates the avidin
from all but a small frection of the contaminants and finally (1i4)
ohromatography wler the same oonditions as (11) but with acetate
instead:of carbonate as the anion,in which case the resaining impurity
is eluted before the avidin. The results for a full preparation of
avidin by this method are presented below.'

From the large scale column desoribed above (D53, page 24
fig. 3) fractions 8-26 were pooled and chromatographed with ammonium
carbonate elution. From the effluent diagram (fig. 8) it will be seen
that the avidin was well separated from most of the inactive material
but there was partial oveilapping by a minor contaminant. Tube 60 from
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this run, on spectrophotometric titration with biotin (page 13 )
gave as high an activity as was ever obtained with any avidin (9y
blotin/ml Bogg = 1). Tubes 334-94 inolusive, containing 32% of the
starting material, were pooled, acidified and reohrcnatoguphod with
a grédient of asmonium acetate buffer pH 9 as eluent. In this case
(£1g. 9) an impurity emerged before the avidin, In this case, too,

a tube on the leading edge of the curve (fraction 63) was titrated
with biotin in the spectrophotometer and boumd 9 y biotin/ml !280 -1,
By radiobiotin assay the specific aotivif.y was constant over the peak
ard tubes 61-90 were pooled, concentrated, dialysed and freeze-dried
to yield 450 mg of avidin D 31. The tail end of this run together
with a miscellaneocus collection of avidin residues which had been col-
lected in the laboratory over three years were subjected to chromato-
graphy urder the cornditions of the second and third columns desoribed
above, and ylelded 134 mg of recl:imed avidin which was fully as active
against biotin as the hest fresh preparations.

T. Discussion on Isolation of Avidin

As discussed above (page 10) it was essential to isolate the
avidin by a method which would preclude the formation of complexes
with naturally ocourring acidic macromolecules in the egg white.
Isolation of avidin free of nucleic acid by CMC chromatography (Rhodes
et al, 1958) indicated that this fon-exchange material may be partic-
ularly well suited for the purpose. In the present isolation
procedure the CMC served three purposes: (i) being a highly acidie
polymer it was able to compete successfully with the naturally

ococurring acidic macromolecules and prevent them complexing with the
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avidin; (11) conditions were S0 arranged so that only the most basio
proteins were adsorbed. As avidin is one of the most basic proteins
in egz white - the most basic 5% of the protein contains all the avidin
- this was a fairly selective adsorption of avidin (lysozyme being the
major contaminant); (i11) the adsorbed proteina were fairly selectively
eluted from CMC by the use of buffers with gradually inoreasing salt
concentration.

Msorption of material from solution onto an insoluble support-
ing sedium is moat efficiently done on a column. In this case, however,
a batoch process was preferred for two reasons:- (i) it proved to be
necessary to lower the pH of the native egg white in order to get most

“of the avidin to adsorb onto the CMC. It was desirable to have the CMC
present in suspension while the pH was being lowered in order to compete
with the naturally ocouring acidic masromolecules as the avidin became
more positively charged; (i1) as only a small fraction of the egg white
proteins were being adsorbed a large volume of egg white was used
relative to the amount of CMC. It was found that owing to its high
viscosity (even when diluted with an equal volume of water) and the
presence of sticky, muwsinous materials in the egz white,the flow soon
became impracticallyslow if large volumes of white were run onto CMC
columns.

Preliminary experiments to find comditions for most efficient
batch adsorption in terma of ratio of CMC to diluted egg white, number
of batches required and optimm pH were perforwed by N.M. Green
(unpublished work). Three batch adsorptionsusing 0.5 g dry weight of
CMC/100 ml of diluted egg white at pH 7.0 adsorbed approximately 80% of
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the avidin. Not much material less basic than avidin was adsorbed
under these conditions. In summary, batch adsorption onto CMC directly
from diluted egg white proved to be a highly efficient means of
isolating the basic proteins. By elution with ammonium carbonate, an
overall purification of 1200 to 1600 times was obtained in virtually
o step.

It is of sowe interest to compare the chromatographic
_bshaviour of avidin with that of the other proteins of similar basicity
which were also adgorbed onto CMC. Ammonium carbonate was originally
‘chosen for elution because of its volatility. (This greatly faoilitated
the asaay proéodm'ﬁ because the excess radiosctive biotin could be |
determined on evaporation of the supernatant, without the need for self-
_adsorption corrections.) The successive use of CMC columns eluted with
_carbonate and acetate proved to be p.articuiarly effective as the two
‘anions eluted avidin and its olosest contaminants in a different order,
and this greatly facilitated the purification.

Before making these comparisons on a quantitative basis, it
is first necessary to ascertain whether the position fegched in the
gradient, when the peak is duted, or the elution volume (Rp*) 1s the
relevant parameter for the evaluation of the positions of the peaks.

In the first type, resolution is largely independent of column length
ami dependerit rather on the slope of the gradient. In the secord case,
which requires a true, reversible distribution coeffioient ylelding a

reasonable Re (between 0.1 and 0.7), the entire length of the column

* The Rf‘value in column chromatography has been defined by Boardman and
Partridge (1955) as the hold-up volume of the column/total volume of

effluent which flows from the moment of application of the solute until

g}.c%orﬁd%fn .% ,%%‘}l‘ J’rﬁm ( 119%# exactly equivalent to Re as defined
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is involved in the fractionation and the dimensions of the column

greatly affeoct the degree of sepmti#_n obtainable. v‘l'ho CMC chrom-
atograpltyy desoribed above corresponds closely to the. first type as |

the poaks emerged at very nearly the same position on the gradient

over a very wide range of oonditions which differed in respect to

colun dimensions, slope of the gradient or loaﬁim of the column. It

- has therefore been accepted that the point on the concentration gradient
ot which a particular peak emerges characterises the elution of that |
substance. The points of elution (represented by the position on the
gradient) of avidin and the two closesfcontaminants is =et out in Table IV.

TABLE IV__ ELUTION OF PROTEIN FROM CMC AT DH 9.0

Protein Point at which eluted

Amnonium Acetate Ammonium Carbonate
Ionic strength % w/v

Contaminant A 0.1 0.85
Avidin 020 0.70

Contaminent B 0.20 1.20

Unfortunately ammonium carbonate, in solution, gives rise to a complex
equilibriumcof ammonium ions, bicarbonate ions and carbamate fons, the
ionic stréngth of which cannot be derived without a knowledge of the

- equilibrium constants for the various reactions. As thsse constants

are not well established a direct comparison of the behaviour of the

the three proteinS in the presence of the twb eluting buffers in terms

of ionic strength of elution cannot be made. However it is of interest

to note that the ratio of the concentrations at which the two contaminehjg
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are eluted are viptually identical in the two systems. It appeare thus
that it may be the avidin which is behaving essentially differently in
the two caseas. If this is so, then the avidin 1s somewhat less basic
in the ammonium carbonate solution than in the acetate. It is possidble
to speculate that ion birding of bicarbonate or carbamate to the avidin
is responsible for this, but it iz not possible at this stage to say
why this should be so.

The behaviour of. avidin on CG 50 contrasts sharply with that
of lysozyme. On the CMC columns described above, lysosyme was eluted
well after avidin in agreement with the results of Rhodes et al (1958).
However, on O 50, lysosyme is eluted with 0.2 M phosphate buffer pH 7.18
(Tallan and Stein, 1953) whereas the avidin required a pH of about 9 to
10 before it could be eluted at similar salt concentrations. As no
direct comparisons have been made between the behaviour of proteins on
CIC amd CC 50 it is not known whether lysozyme or avidin exhibits the
more usual type of behaviour.

It is clear from the results that a better resolution of the
gomponents of avidin is obtained on CG 50 than on CMC. This can be seen,
for example, by a comparison of figs. 9 and 10 which show chromatograms
of the same material on CMC amd on CG 50, in both cases under optimum
corditions. Where a single symmetrical pesk occurs on CMC, a partial
resolution into components is observed on CG 50. On the other hand, with
bovine pancreatioc ribomuclease the opposite is the case. Material which

gives rise to a single peak on CG 50 is resolved into two fractions on
CMC (Taborskly 1959).
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C CHARACTERIZATION AND ANALYSIS OF AVIDIN

The values cbtained for specific biotin binding activity
for avidins A, B and D 31 were significantly higher than any previously
desoribed. Stored in a dessicator over CaCly in the cold room as freeze-
dried powders, these materials did not show any measurable loss of
activity over many months and remained readily ani completely soluble
in water and in moderately sfroxg salt solutions. Theae preparations
wore characterised in a rumber of respects and analyses were carried
out on their overall composition.

(1) Methods
(a) Homogensity

It 1ia clear from section B that €O 50 chrowatography
represents a very sensitive system for assessing the degree of contam-
ination by inactive components, if any, and for investigatiog the
chromatographic homogeneity of the active component(s) of avidin, As
the amount of material avalilable was limited, it was not examined by
other methods used for the assessment of protein homogeneity, e.g.
ultracentrifugation or electrophoresis.

For avidin obtained from eggs from a single breeder and
isolated solely by CMC chromatography, a CG 50 column was used on an
analytical scale. The column was equilibrated with sodium borate-
sodium hydroxide buffer, pH 10 and ionic strength 0.2, and then
washed overnight with the same buffer but with I = 0.02. Protein (6ng)
was applied in about 0.5 ml of the latter buffer ami the column then
eluted with a gradient of borate buffer pH 10 urder the conditions of
fig. 10, l’(’('
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b Weights

Samples of protein were dried at 110° in an all glass pistol.
A welghing bottle of Pregl pig containing the protein was placed in the
astem together with its ground glaas 1id anxd the pistol heated for 15-20
mln.‘ The pistol was then evacuated on an oil pump to less than 10™5 em
otngﬂnd.ntaimd at 110° with the pump running for about a further
hour . H!.th the outlet tap closed, the pistol was removed from the
Jacket and allowed to cool. Dry air was admitted vslowly into the
pistol and the weighing vessel was quickly removed, stoppered ani
woikhsd on a Stanton microbalance which was found to give a reading
reprodudible to 0.003 mg.
(¢) Ultraviolet Spectrum and Extinotion Coeffioient

The oxﬁimeion coefficient of avidin and the spectrum as a
whoh were dotémimd én a Unicam SP 700 double beam recording spectro-
photéuem. The usual precautions were obleried; such as ensuring
good matching of the cuvettes before use, ensuring complete freedon from
turbidity (by high speed centrifugation if moésaary). abgence of sig-
nificant amounts of stray light and the use of the instrument in its
most senaltive optical density regtoxi.

(d) Total Nitrogen
(1) Development of the Method. To ascertain whether the

amino aoids and amino sugars in avidin, both of which could be deter-
mined with a precision of about 2%, acocounted for all the nitrogen
present, and also to determins the amount of avidin present in a gimmj
solution (e.g. for estimation of E% §m. 282 mu) an accurate nitrogen
determination was required. At the same time the small amount of avidin
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available demarded the use of a micromsthod. A method by which one
could eatimate between 10 and 50 ug N with an agouracy of about 2%
would be required. The Kjeldahl procedure described by Hiller, Plazin
and van Slyke (1948) which originally required about 1 mg N per
estimation was first used but was adapted for applicatioh on a comaider-
ably smaller scale. BSamples of M Cl containing 10, 20 or 50 ug N were
distilled from NaCH solution in a miorodistillation apparatus, colleoted
under nitrogen in dilute boric acid aml titrated manually or automatic-
ally on a Radiometer tiprator. The variation in results between repli-
cates was equivalent tb 5 ug N or more. As thn titi-ation was adequately
reproduceable the variation arose from the distillation. It was
irdependent of the amount of amwonia distilled and even blanks varied to
an extent equivalexft to about 4 pug N. The following measure:s: were
taken to roduce this variation: additioncof KMnOy and HySO,, or of NaOH
to the steam generator; scrubbing of the nitrogen with soda lime, H,80y
and NaOH solutions before use; a constant temperature cell for the
collection and titrition of ammonia; cmmission of the moric acid for

greater gensitivity; amd the provision of extra splash heads to
ensure that no small dropas of liquid were carried over with the steam;
but theael all had no effect.

This method was therefore considered unsuitable for use on
this scale amd a procedure which does not require distillation was
investigated. Jacobs (1960) had shown that in a Kjeldahl digest
neutralised to pH 5 with NaOH and suitably dilutied , ammonia could be
estimated directly by a ninhydrin procedure. Later a digestion method
on a‘very small scale in sealed glass vials was described (Jacobs, 1962).
This method was adopted, but with a number of modifications. In place
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of the 10-20 ul of sulphuric acid recommended for digestion, 50 ul of

a digestion mixture was used, as metal catalysts were found to be
. necessary for complete digestion. In the original methed the digest
after neutralization is diluted so that 2 ml plus 2 ml ninhydrin

reagent, when reacted aml diluted to 10 ml gave a suitable optical
density at 570 mu. In order to reduce the blank vilues, in the modi-
_ £1ed method 1 ml of diluted, neutralised digest plus 1 ml of ninhydrin
reagent were allowed to react and diluted to 20 ml. This required

four times the concentration of ammonia in the nacﬁon mixture to

give the same final optical density. It was found that these conditions
still gave a linear calibration curve which showed no sign of levelling
_ off over the range employed. Finally the ninhydrin reagent described by
Moore and Stein (1954), which employs hydrindantin, was found more stable |
amd reproducible than the resgent containing stannous chloride as used
by Jacobs (1962).

(11) Final Method Digestion mixture was prepared by adding

0.2% anhydrous copper sulphate (dried at 250°) amd 0.04% finely powdered
"Analar” selenium to "™Mioro Analytical Reagent" sulphuric acid from a
newly opened bottle. The mixture was heated to boiling in a conioal
flask ard allowed to cool with an inverted beaker resting over the neck
. of the flask. If stored for more than a few days in a glass stoppered
bottle some metal salts crystallised out but thiz did not appear to have
any effecton the digestion. Because ofthe difficulty in excluiing atmos-
. pheric cbn‘bmination by ammonia and moisture this solution was not kept
for more than a week. Sodium hydroxide for neutralization of the digest
was a 50% w/v solution which had been allowed to stond until any carbonate
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present had settled to the bottom. Approximately 0.08 ml was needed
for each titration and it was dispensed from a 1 ml horizontal micro-
burette controlled by a threaded plunger. The tubes for digestion
were prepared from borosilicate glass tubing 8 mm ocutside dismeter
with 2 mm walls out 1!!_&0 16 om lengths and well washed with hot
sulphuric~-nitric acid mixture and distilled water. Bach length was
then heated in the centre and divided into tW@o. 8 cm tubes with one
erd sealed off. Care was taken not to obntaninate theopen end of the
tube by touching, and the tubes were finally oleaned and annealed by
heating in a muffle furnace to 600-650° and allowed to cool slowly in
the furnace.

Hydrindantin was made by reducing  "Analar" ninhydrin with
ascorblc acid (Moore amd Stein, 1954). Ethylens glycol momomethyl
ether ("methyl cellosolve™) was treated with 5 g/1 stannous chloride
dihydrate and allowed to stand for 2% hours to remove peroxides. It
was distilled immediatsly before use. The ninhydrin reagent contained
2% ninhydrin, 0.3% hydrindantin and M sodium acetate buffer pH 5.5 in
75% aqueous "meth&l cellosolve® as deseribed by Moore and Stein (1954%).
It‘was made up on the day it was required and never stored. Sodium
acetate, acetic acid, citrio acid and NaOH were all of "Analar" grade.
At first the ninhydrin resctian mixture was heated in grourd glass
stoppered test tubes, but it was later found more convenient to use
- standard 12 x 150 nm Pyrex test tubes and rubber stoppers.

In the final method 10 ug nitrogen in a final volume of 15
ml gave an optical density of 1.0 at 563 m, which 1s equivalent to an

Eof 2.1 x 107. A sample of material containing 50 pg nitrogen was
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ugsed in each digeation tube as this was sufficient to allow several
replicate determinations on the neutralized digest. The standard
solution consisted of 2.681 g glycine/l, protein solutions of 3 mg/
ml were used and distilled water served as blank. Solution (0.1 ml,
or on some occasions 0.5 ml of 0.6 mg. protein/ml) was pipetted into
a vwelghed digestion tube a.nd. after re~weighing, the tubes were dried
- down 1n a dessicator over Pols and NaOH. Digestion mixture (0.05 ml)
was added with a Carlsberg constriotion pipette and the tubes were
sealed. They were warmed slightly to reduce the viéeosmty of the
sulphuric acid vbich could then be spread over the entire inner sur-
face., The tubes, in a pyrex beaker, werc placed rbr 0O min., {in a
muffle furnace maintained at 460-380° (as measured by the thermocouple
see p. 71 ). |
When cool, each tube was cut into two by scratching with a
diamond and applying aihot glass rod. The contents of the lower half
wero transferred with a Pasteur pipette to a calibrated 5 ml flask.
Both halves were thoroughly rinsed with not more than 2 ml of water,
all waskings being added to the flask with the same Pasteur pipette.
Citrate buffer pH 5.0 (2 M) was added (0.5 ml) and the contents of the
flask were titrated with concentrated NaOH to pH 5. Samples {(about 0.5
pl) were removed with a fine Pasteur pipette, as the end point was
approached, and the pH was checked on imiicator paper. The flask was
finally made to the mark with water and well mixed. Samples (1 ml)
were transferred to 12 x 150 mm test tubes, ninhydrin reagent (2 ml)
was added and the tubes ware stoppered amd heated in a boiling water
bath for 15 min. Each tube was diluted with 50% (v/v) aqueous ethanol
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to give an optical density reading between 0.5 ami 1.0. With an

initial sample of 50 ug nitrogen, each tube contained 10 ug and a
final volume of 15-20 ml was suitable. The diluted solutions were
. thoroughly shaken to reoxidise excess hydrimdantin (Moore and Stein,
1954) and finally real in 1 om cclls at 563 mu, which was found to be
the extinction peak on the speotroplictometer in use at the time.
A (e) Total FPhosphorus In view of the preserce of different
numbers of phosphate groups in three fractions of hen's egg albumin,
the phosphate contertt of the different fractionsoof avidin obtained on
CG 50 chromatography was of particular 1ntere_st. A miero modifioation of
the Fiske amd Subba Row method was used which resultzs in a final volume
of 1 ml (Bartlett, 1959). 1-Amino-2-naphthol-i-sulphonic acid was re-
crystallised from hot aqueous sodium b4sulphite-sodium sulphite solution
and the ammonium molybdate ("Analar") solution was stored in a polythene
bottle in the dark. Samples were digested in tapered 12 ml. certrifuge
tubes with HySOy and HyOp at 160°. It was found essential to use tubes
waghod with hot sulphuric-nitric mixture to obtain lowiblanks and good
reproducibility.

(f) Amino Acids = Except.for cystine, tryptophan, ésparagino
and glutamine, the amino acids of avidin were determined, after acid
digestion of the protein, by continuous ninhydrin analysis béaioany as
described by Spackman et al (1958) but with a few modifications (Crumpton
and Wilihson, 1963). The work was performed in the Department of Iseuno-
logy, St. Mary's Hospital Medical School on the Spinco Model 120 Amino
Acld Analyser with the kind collaboration of Dr. Crumpton, Mr. Diamond

.amd Mp. Willkhson. The analyser was calibrated with the Spinco Standard
Amino Acid Mixture to whkich norJeucine was added in the same concentration



54
as the other amino acids. Samples of this mixture (2 ml) containing
0.5 umole of each amino acid were used for each determination.

To weighed amounts of solutions {containing about 4 mg
protein) in 16 mm x 150 mm thick walled rimless Fyrex test tubes 2
umoles of norleucine were aidded and the mixtures were dried in vasuo
over 1‘205. The protein was hydrolysed in 3 ml constant boiling HCl
in well evacuated (O.ﬁ m Hg) sealed tubés in a boiling toluene bath
(110°). Hydrolysates were dried at 30° in vacuo in a rotary evaporator.

Tryptophan was determined from the extinotion at 282 mu and
291 mu, the wavelengths of the avidin maximum amd fine struoture peak
respectively. The extinotions were corrected for backgrournd absorption,
by a linear extrapolation fromthe 340-360 mu region, and for tyrosine
absorption by using the tyrosine content obtained from the chromato-
graphic analysis. These corrections amounted to about 6% at 282 m: and
3% at 201 mu. The tryptophan extinction coefficients were assumed to be
the same as for free tryptophan at its maximum (279 mu, ¢ = 5,500) and
fine struoture peak (288 mu, ¢ = 4,570). In this way the shift in the
twptoph@n spectrmm due to combination in the protein is automatically
corvected .for. The results from the two wavelengths agreed to within
4% and an average of the two values was taken.

Cysine was determined after oxidation to cysteic acid by a
modification (Moore, 1963) of the method of Schram, Moore and Bigwood
(1954). Protein samples (abcut 4 mg) in a thick walilod Pyrex test tube
were treated with 2 ml of preformed performic acid at O° overnight.
Ex#ess performic acid was destroyed with HBr and the mixture evaporated
to dryness. Constant-boiling HC1l was then added and the oxidised protein
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hydrolysed and analysed as described above. The oysteic acid content
relative to the amount of protein oxidised was calculated by reference
to stable amino ecids such as alanine and leucine determined in the same
analysis. In this case the Technicon Mur was used and chroma-
tog:amoftmmmmnumtormdbymmmdofnaam
Morris (1960) using only one column and a gradient of inoreasing pH and
salt oomentrﬁtipn for elution. This colusn was calibrated with 0.2 ~
0.3 umoles of the same amino aoid mixture as before to which cystelc
aoid had been added to the same comc'ntmt;onl as the other amino acids.
The cysteic acid emerged as a sharp peak with the gradient front.
| (8) Amide Hitrogen As the amide groups of asparagine and
glutamine are removed during hydrolysis a separate analysis of those
groups is needed if the total nitrogen in the protein is to be accounted
for. The analysis also permits the total number of free carboxyl groups
in the protein to be caloulated. The usual method of mild acid hydro-
lysis followed by distillation of the liberated ammonia undeyr slightly
alkaline conditions produces only very little non-specific deamination in
proteins. With glycoproteins, N-acetyl glucosamine provides further
alkall labile nitrogen and the above method is unsuitable. A step for
freeing the ammonia liberated by mild acid hydrolysis from as much of the

other alkali labile nitrogen as possible has therefore to be introduced
into the method.

Protein (5 mg) was hydrolysed in 2 N-HC1 (1 ml) at 100° &n a
sealed tube for 3 hours. Ammonia armd highly basis peptides were precip-
itated by the addition of 1 ml of 30% (w/v) phosphotungstic acid ("Analar"
grade stored in a polythene bottle in the dark) andi the mixture was left



in the cold overnight (Johansen et al, 1960). The precipitate was
spun down, washed with 1 ml of 30% phosphotungstic acid and finally
made Wp in 10 ml, 0.2 ¥ sodium m&tm buffer pil 6. This results in
a slightly turbid solution which should be free of the hexosamine
liberated by hydrolysis. Samples were 1no\ifmted in Cormay microdif-
fusion units (type 2A, Cormay, 1950) overnight at sd'm addition of
an equal volume of saturated K;C03 (Tracey, 1952). The centre well
contained 0.2 ml sodiwn eitrate buffer (0.2 R) pH 5. Aftér incubation
the contemts of the cemtre well were transferred to & 12 x:150 um
test tube and the well rinsed out with 0.8 ml of the sodium oitrate
buffer, the washings biing added to the. contente of the test tube.
Ninhydrin resgent (1 ml; Moore and Stein (195M)) was alded ami the
colour developed and read as desoribed for the totai nitrogen analyses
sbove.

(h) Hexose Total hexose content of avidin was determined
directly on the hola) glycoprotein by tbo oreinol-sulphuric acid pro-
cedure of mm.:ffﬁ described by Frangois, Marshall amd Neuberger
(1962) but with siight modifioations. Orcinol monoksdiate (B.D.H.,

25 g) was placed in an 800 ml round bottom flask and dried at 80° in
vaouo on a rotary evaporator, to remove the water of erystalization.

The dried residue was recrystallized from 500 ml. 1:1 toluend: petroleum
ether (80-100°). The crystals were filtered off and dried in air
protected from the light. When the orcinol-sulphuric acid reagent was
prepared by mixing one volume of 1.6% aquecus oreinol amd 7.5 volumes
60% v/v sulphuric acid the heat genci'ated caused some colouration of
the solution amd increased the blank value. Preparation of the reagemt

‘by dissolution of oroinol (0.188% w/v) in eold, 53% (v/v) sulphuric acid
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resulted in lower blanks. The reagent was not kept for more than a

day. The procedure of Frangois et al (1962) was followed and for
small samples was scaled down ten times. Mannose, recrystalized by
the method of Isbell et al (1055),was used as standard and, with the
mioromodification, 25 ug gave an Ej ,n At 505 mu of 0.6 to 0.7 on
different occasions ( € approximately 4.7 x 10°),

(1) Bexosamine. The method of Elson and Morgan (1933)
as modified by Kraan and Muir (1957) was followed for the determination
of hexosamine after its liberation by hydrolysis with 4 N HC1 at 100°.
The p-dimethylaminobenzaldelyde was recrystalized from HC1l according
to Adams and Coleman (1948) amd from ethanol by rapidly dissolving it
in a minimm volume at 30-30° and cooling it to -20°. Acetylacetone
was redistilled and the 138-138° fraction stored at -10°. Small samples
were redistilled in vacuo immediately before use. Glucosamine hydro-
chloride was recrystalized by dissolving in water with stirring and
slight warming (not above 50°) until saturated and then filtering into
a large volume of 95% ethanol. The solution was allowed to stami in
the cold overnight and the crystals were filtered off and dried. The
Kraan and Muir (1957) method was scaled down slightly to a final
volume of 5 ml instead of 10, and 30 ug of glucosamine yielded a final
"By op 8t 530 mu of 0.6 ( € = 1.8 x 10%).

(J) Msorbed Ammonium Salts Since the protein was finally
eluted with ammonium buffers the preparation was tested for bound
volatile ammonium salts. Protein (about 1 mg) in 0.2 ml 0.2 M acetate
buffer, pH 6, was placed in the outer rim of a Cormay microdiffusion
unit (type 2A). The centre well contained 0.2 ml of 0.2 M citrate

buffer, pH 5. Saturated KC05(0.2 ml) was placed in the outer rim
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separately from the protein solution and, after sealing the diffusion
unit, the two solutions were mixed and incubated in the cold room (5°)
,ovérrnght. The inner well was then washed out and aiuyed for ammonia
as described for amide determination.

(k) Biotin Cortent of Avidin Preparstions It was not
ascertained whether the method of isolation of avidin would separate
1t from avidin-bictin complex. As the binding of biotin would not
change the size or net oharge of avidin appreciably it is poastble
that any biotin present in the egz white would be found in the final
avidin preparation. The biotin content of avidin proparationﬁ was
tharetdre detcmlfud. The method involved the following sateps:

(1) Denaturation of the avidin to release the biotin (by heat);
(11) Addition of a known excess of m’xuvle avidin to complex with the
released biotin; (111) Addition of a known excess of radioactive
biotin, more than enough to back titrate any avidin not already in
combination with "cold” biotin; (iv) Removal of ail. avidin-biotin
complex(by CMC) and counting the excess radiocactive biotin.

Preliminary experiments with avidin, to which about 1% of
its capacity of radiocactive biotin had been added, demonstrated that
after hcating'at 120° in a sealed tube for 60-80 niﬁutea more than
80% of the added radicactivity could be recovered. |

Protein solution, (1 ml) containing 0+6-0.7 mg, was heated
in a sealed tube at 120° for 80 minutes. Fresh avidin solution (0.0
ml containing about 12 ug) was added, followsd after a few mimtes by
0.2 ml solution containing 2,000 cpm biotin, then 0.1 ml M pyridine-
acqta‘be buffer pH 5 and finally 100 mg Cﬁ'.: filter cake. The mi#ture
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was shaken gently, centrifuged briefly and 0.5 ml of the supernatant
removed and counted. The control consisted of 1 ml of water.
| 2. Results _

7 As the va:;om avidin preparations differed in a mmber of
| respects a bricef summary of their origin and preparation will be sivén
here. Avidin A ard avidin B are the first and second fractions res-
pectively from the large scale CG 50 column (page 34 ). These prep-
arations wers derived from a pooled batoh of eggs. Relatively suall
| gnantli_tiel of these matcriéls were | prepared ard tﬁey were not
analysed as fullyu avidin D 31. This pﬁebax-auon was derived from
eggs from & s;rﬁh breeder entim]y by CMC chromatography (page 40 ).
The preparation known as D _26.3 1s of special ‘1ntares_t .a.nd will be
discusaed separately. D.26 1s essentially identical uzij.h D 31 except
for the breed of chicken (see page22 ). |
(a) Purity This term is used to indicate the degﬁe of contamination
of the avidin preparations by non-avidin protein, asoposed to the term
"heterogeneity” which is used to indicate the number of different
molecular toru;ﬁ of the avidin. The final preparative chromatogram for
each preparation mrni;shes the chief oriterion used to assess its
 purity, by thz degree of coincidence of the Epgg and biotin binding
gctivity curves in the effluent diagram. As the avidin peaks were
collected in 20 to 50 fractions a fairly good asaessment could be made
of the activity over the peak.

Avidins A and B emerged from the preparative CG 50 column
with a constant specific activity (13.5 y/mg) over almost the whole

of both peaks. The small regions of glightly lower activity were not
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collected. The activity of these preparations is about 2% lower than
that of m. If this difference is aignificant it may bo due to the
avidins A and B containing a small proportion of material which had
become denatured on the column. This is suggested because these
preparations gave rise to a slight preoipitate after being ooncentrated
and dialysed, while the avidin prepared on CMC did not. The third
component of this column (avidin C) either poessessed slightly lower
intrinsic activity or was associsted with some impurity. It was obiained
in very small amount and was not further investigated.

The preparations derived solely by CMC chromatography,
"avidin D 26 and D 31, also showed a very close correspondence between
aotivity and Bpgg in the final chromatograms, but in these cases a
slightly lower specific activity was noticeable on the trailing edge
of the pesaka. This trall was not included in the final pooled samples
which only contained the most active fmtlom. Nevertheless, analytical
scale chromatograms of these preparations on 00 50 eluted with borate
buffers still showed a slight contamination of inactive protein, which
appeared on the trailing edge of the second peak (fig. 10). The
specific activity of these materials over the peak on CMC and on GO 50
had a constant value of 8.8 y/ml Epgg = 1 (equivalent to 13.8 y/mg).
The purity of the avidin preparations in this stuly was thus probably of
the order of 95%.

(v) Biotin Binding Capacity In view of the uncertainties of

the radioactive biotin gssay at both extremes of the range (page 11 ) a
full titration was carried out. To a series of tubes containing known

amounts of biotin increasing amounts of avidin were added and the excess
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Fig. 11 Titration of Avidin with Radiocactive Biotin

Avidin solution (Epgy = 0.11) added to 0.5 ml biotin solution (4,400
opry/ml) in 0.1 M pyridine-acetate buffer, pH 5.0. Complex removed
with CM-cellulose and residual activity in supernatant counted.
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biotin 18 assayed after removing avidin-biotin complex with CMC.

The results are given in fig. 11. The intercept of the two straight
1ine: regions of the plot or, more accurately, the extrapolated inter-
cept on the abscissa (see Dinouugc:lnl). gives the biotin equivalent of

the sample. The result for avidin A was 125 (+ 5) x 10° opm/ml Bygo= 1

or 13.2 g bioti_x_{s avidin. Similarly the result for avidin B was

135 (+ 5) x 10° cpy/ml Eygy = 1 or 13.05 y biotin/me avidin.

In the case of avidin D 31 the larger amount available made
1t possible to use the more accurate spectrophotometric method. The

[17 S
results are given in fig. IAand give a figure of 8.8 1 biotin/ml E,g,

= 1 or 13.8 y biotin/mg avidin. This figure represents an average of
sevml determinations which agreed to within about 2%.

(¢) Moisture Content The repeatability of the balance
was such that about 3 mg protein could be used for estimation of
moisture content. Taring of the weighing vessels aml welighing of the
dried protein was repeated until three sucéessivo weighings agreed to
within 0.01 mg. The moisture content of avidin D 31 when stored in a
dessicator over CaCl, in the cold room was 8.6 + 0.3%5. On samples of
avidin stored én the bench water contemnts of 9.0% and 10.0% were obtained.

(d) Spectrum amd E 11% 282 mu The ultraviolét spectrum
of avidin D 31 is reproduced in fig. 12. The concentration of protein
in the solution was caloulated from determinations of total nitrogen
content. A solution containing 100 ug ¥ml had E3gS"y, of 1.00. As
avidin D 31 contained 15.7% nitrogen on a dry weight basis the

g, 1% , 282ms was 15.7. For avidin A and B extinction coefficiants were

determined on an air dry basis and later corrected for moisture content.

The values were, for avidin A, B3% , 282 mu = 15.6 and for avidin B, 14.3
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Extinction coefficlents were not determined directly on the dried
protein as the heat tnaﬁ;mnt may have affected the extinction of
the tryptophan residuss which are particularly sensitive to chemical
change in avidin,

'(c) thal Nitrogen To illustrate the ropi-oducibility of
the method, the values obtained for replicate determinations will be
quoted. Total nitrogen was determined on solutions of kﬁwn'coment-
ration male up from protein dried at 110° in vacuo, and also on
solutions of known extinotion at 282 mu. The results are given in
table V. After these results had been obtained some doubt arcse as to
whether they did in faot represent total recovery of the nitrogen from
t.h? samples (see Dhcusaion.pago 7 ). ‘ As a result a further series
of analyses were performed on samples digested for various periods of
time and these results are given in fig. 13. |

(f) Total Phosphorus A standard containing 0.5 pg phos-
phorus gave an x},-,g‘“m, after subtracting the Hank, of 0.85 (¢ = 2.8
x 10"). To check the effect of the presence of protein on the deﬁor-
mination, 0.5 ug phosphorus (as NagHPOx.12H,0) was assayed in the
presence or absence of 1 mg lysozyme. There was no detectable differ-
ence in the final result.

Avidins A and B were found to contain 0.07% and 00!66%
phosphorus respectively. This represents 1.5 and 1.0 phosphorus atoms
per mole, which probably indicates that avidin may contain one or two
rhosphorus atoms and that Avidin A is a mixture of the two types.

(s) Auino Acids Replicate analyses on the standard amino
acid mixture showed a maximum variation of + 3% with a single batch of



65

reegents. Avidin A and B were hydrolysed for one period of time
only (2% hours) due to the soarcity of material, and corrections
for destruction of threonine and serine were made using the rates
determined on the D 31 preparation. A standard amino acid sample
was run on the analyser followed by two runs of the avidin A hydro-
lysate, a secoml atarxdard amino acid sample, two runs of the avidin
. B hydrolysate and finally a third standard. The resuits from the
first and second atuxlud runs were averaged and this was taken as
the colour yleld from which the results for avidin A were derived.
Similarly the average of the results for the secord and third
gtamdard runs served as the basis for the calculations for avidin B.
As the duplicate results agreed olosely they were averaged. In the
case of avidin D 31 hydrolysis was performed for 24 and 72 hours and
duplioate samples from the 24 hour hydrolysate: axd one from the 72
hour one were analysed. Once again standards were run periodically
and the colour yields for the appropriate stamiards used for the cal-
culations. However, by the time these analyses were done Walsh. and
Brown: (1962) had introduced the use of a known quantity of norleucine
as internal standard whereby an allowance is made for any day to day
variation in the absolute colour yield of a given ninhydrin solution.
The results are set out in table VI.

Cystine of avidin D 31 was fully oxidised to cysteic acid.
A standard mixture of amino acids, which this time included cysteic acid,
was run before and after samples of a hydrolysate of the oxidised avidin.
The results were calculated per 32 alanine residues. Alanine was chosen
as stamdard as it 1s stable to oxidation amd present in avidin in an

amount similar to cystelc acid. Tyrosine was completely destroyed by



‘Table ¥V

Results of Total Nitrogen Determination

Samples takon Rapucate samples Results corrected Final Result

Solution for digestion (1 ml) taken for for volume of sample
: ninhydrin !570 ..g

(g)

Y ¥/ml (average

'aaa'-1 £

T —0.938 )
| 0.099 0.938 ) [T Y
' ' 0.930 ’ )
Avidin D 31 100
: 0,099 44,2
o 0-938 -
B T0.850 )
0-5013 00853 , 79-1
Avidin A 0.5008 0.860 ; -
. 0.5026 0.865 3 79.9 )
0.0996 0.962 } 135.5
- 0.965 | '
Avidin D 31 " 0.938 o '
dried at ‘ OOW 0-938 M#.S 1507%
110° in vacuo 0.942 :
0.287 mg/ml :
0.0986 0.942 ; 348.0 )
: 0.942 o




Table VI Composition of Avidin
1din tion D 31 A B
Total N % 15.7 15.3
mg/ml . - - 1.57 156
L ﬁ%ﬂnﬂm&-l 8.8 .. 8.7
Biotin ug/wg Avidin 13.8 13.5 13.3
g/100g Res/70,800g | &/100g Res/71,500g }&/100s Res/71500

Iysine 8.03 39 8.25 10 9.0 by
Histidine 0.97 4.5 0.9% R.4 1.0 h.T
Arginine 8.%0 35 8.6 36 9.6 40
Aspartic acid 11.74 63 11.7 63 11.6 63
Threonine 143.53 87 15.1 91 14.8 89
Serine . 5.% b .5.68 39 5.55 7
Glutamic aoid 9.76 47 v 9.05 L4y 9.0 ¥}
Proline 1.58 9.7 1 1.582 9.5 1.33 8.3
Qlyeine 5.13 48 5.08 h3 5.06 58
Alanine 2.7 23 2.80 23 2.89 23
% cystine b7 28
Valine 5.20 32 4.96 31 5.0 31
Methionine 1.87 8.9 1.89 9.1 1.67 8.0
Isoleucine 6.35 35 6.20 33 6.22 35
leucine 5.7 31 5.70 31 5.7 31
Tym’-ne 1015 u.’j : 1030 5:1

- Phenylalanine 7.00 31 . 6.96 31 6.52 28
Tryptophan - 5.50 19 | 5-4% 19 5.4 19
N Ao gluccsamine 3.8 12 ko - 13 4.0 13
Mannose © 5.80 . 23 :
Anides 1.18% 58
Phosphorus : 1.5 1.0
Biotins bound 4.0 4.0 4.0
Total residues 593 595 597
Mean res. weight 119 120
Nitrogen recovered 105.4%
Weight rocovered 100.4%
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(h) Amide Nitrogen The method used to determine amide
nitrogen was first tried out on ovalbumin before being applied to the
avidin. In both cases samples containing different amounts of protein
were assayed and the final content determined from the slope of the
resulting curve (fig. 14). The scatter of the points on the curve
gives an idea of the relisbility of the method. Ovaelbumin by this
method gave 0.88% amide nitrogen (28 residues per mole) which is about
10% leas than thé‘valuo of 0.96% (31 residues per mole) obtained by
Johansen et al (1960) after hydrolysis in 10 _N—Bc1.4t 37° for 250 hours.
The avidin sample (D 31) gave a value of 1.14% amide nitrogen, equivalent
to 58 residues per mole.

(1) Volatile Ammonium Salts The method was first tested
with a sample of ovalbumin. The reagent blank, as well as an incubation
containing only water, gave a final Egog of 0.05 (+ 0.005). Egg albumin
(1 mg) after incubation with 50% saturated KyC05 gave the same reading.
A standard containing 10 ug nitrogen as NH;Cl gave a reading of 0.83
(+ 0.01) in the presence or abserce of 1 mg of ovalbumin., Avidins A and
D 31 gave a final result indistinguishable from the blank. Ammonium
salts equivalent to about 0.5 pg nitrogen, if present in the protein
rreparations, would have given a final reading almost double the value
of é:e blank and would have been readily detectable. The preparations
tested thus contained less than 0.05% of their weight as volatile:
ammonium salt nitrogen.

(J) Hexose As the orcinol method was being employed on a

tenth of the scale of that previously described, it was checked on oval-
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Fig. 15 Absorption apectra of the Fig. 16 Absbrbfion'a;ctra of the
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bumin as well as calibrated with the usual mamnose standards. The

result for ovalbumin (1.96% wannose) was in agreement with the
results of Frangois et al. (1962). Avidin D 31 gave . value of 5.8%
mannose, oqﬁivalent to 22.6 residues per mole or 5.7 per biotin bound.
The absorption spectra of the chromophom produced by orcinol with
mannose, ovalbumin and avmm are v!rtuany {dentical (fig. 15).

(x) Hexosamines Due to the difficulty in reconciling
maximsn liberation of amino sugars with mi.ntm destmtion of the free
residues, ana.lym were performed on namplea of glycoprotein which had

_been hydrolysed for different periods in 4 N KC1 at 100°. Vith oval-
bumin and with avidin there was 1ittle significant change after the
first two hours up to 6.5 hoﬁrs when the expertnenﬁ erded. The
results from the plateau of the plots gavé 1.25% glucosamine (3.1
residues/mole) for ovalbumin and 3.1% (12.1 residues/mole) for avidin
D 31. Avidin A ard B were similarly hydrolysed but only one period
of time was employed (4 hours). The results were 3.3% glucosamine
for avidin A and 3.15% for avidin B. The figures recalculated as N-
acetyl glucossmine give for avidin D 31, A and B respectively 3.83%,
4.06% and 3.90%. The absorption spectra of the chromophores produced
in the assay by glucosamine, ovalbumin and avidin D 31 are reproduced
in fig. 16. -

(1) Biotin Content The results were calculated as a per-
centage of the total biotin binding capacity of the preparations.
fvidin D 26 was found to contain 1. 0% and 0.9% on duplleate determin-
ations and D 31 0.8% and 0.96%. As the totalmpacity for biotin is
ebout 13 pg/mg this represents approximately 0.01% biotin by weight in

the preparations. This value was not taken into account in the final
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calculations of recoveries or of equivalent weight of avidin per

mole of biotin bound.

(m) Pervaporated Avidin (D 26.3) The two products

D 26.3A and D 26.38B (see page 4o ) were virtually identical but dif- '
fered significantly from the rest of the avidin D 26 preparation.

The ultraviolet absorption spectra (D 26.3A, reproduced in £ig. 17) pb3
wore considerably ditferent from that of native avidin, but the same

as that of avidin which had been treated with pericdate (Green, 1963p)
It way thus bt concluded that the avidin had been oxidised during
pervaporation. The preparation was further analimed in a nunber of
respects and the results are listed below together with the figurea
fér avidin D 31 in brackets as well as the D 26.3 value as a percentage

of the D 31 value.

M mttogen/ml 3280 -1 122 (ICD) 1224
% Nitrogen (dry weight) 15.2 (15.7) 97%
g }7‘cm. 2682 my 12.8 (15.7) &%
Biotin bound 10.0r biot:ln/ng avidin
(13.8) 1%
or 7.8y biotin/ml = 1
i o

Discussion on Analysis of Avidin
(&) Methods Direct determination of specific radicactivity

of the bilotin by weighing proved to be very difficult to perform on the
extremely limited quantitiss of material available. "Cold" biotin, was
recrystallised a number of times, dried to constant weight, amd then
used to determine the specific biotin binding activity of en avidin

preparation, on an Epgg basis, with considerable accuracy (;I-_ 1%) by the
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spectrophotometric method. A sample of this standardized avidin

preparation was then combined with radiocactive biotin ard the exceas
biotin removed by dialysis. The specific radioactivity of the complex
on an Byggy basis furnished an acourate measure of the speocific radio-
activity of the raiioactive biotin. This method is due to N.M., Green
who used it to standardize the radioactive biotin used in this study.

When increasing amounts of avidin were added to samples of
raiiocsctive biotin and the complex removed with CMC a small residual
radicactivity was still fourd after the equivalence poimnt had been
passed (page 62 fig 12). This could be due either (1) to the biotin
preparation containing a radiocactive impurity not bound by the avidin
or (11) to some avidin-biotin complex being bourd by the "soluble CMC".
If the firat explanation was true the point of intereection would be
the equivalence point; but 4f the second possibility accounted for
the residual aoctivity, the extrapolated intercept on the abscissa
would give the most accurate result. As the biotin had been purified
chromatographically and as CMC was known to give rise to a small
fraction of soluble material (Green, 1963‘5 the second approach was
adopted for calculation of the results.

For the digestion of protein in sealed tubes for the total
nitrogen determinations the temperature (460-480°C) was registered on
the thermocouple of the muffle furnace. Subsequently, from a consider-
ation of the results of Grumbaum et al (1952) it was realized that a
thermocouple wider these conditions can register 40° to 50° below the
true temperature, and furthermore that above 470% losses of ammonia
may occur (presumably by oxidation to nitrogen). If the thermocouple
used for the digestions in this study was in error, then only about



80% of the ammonia in the tubes may have been recovered. Although
standards (glycine) were always digested aiimultaxml.v with the
samples, incomplete recovery could give rise to errors if the rates
of destruction of ammonia were different for sample and standard.
However, as the overall colour yield cbtained for the standards
( €= 2.1 x 10%) 18 very close to theoretical (2.16 x 10%; Trell
anl Cannan, 1953) there does not appear to have been smuch loss of
| ammonia. Ntvertholm sanples of avidin were dlgut.cd in the usual
way, but for varying pericds of time to determine the rate of des-
truction of the ammonis. It was alear from the results (fig. 1363
that the rate was too slow to cause any:eignificant error in the
results. | o

Thc method uﬁod fﬁr detomimtion of tryptophan in avidin
' differed from the staniard procedure (Beaven aml Holiday, 1952) as
the tyrosine content was known from the amino acid analysis. It was
not necessary, thsrefore, to detemine both anino‘acida by ultra-
violet methods - using the spectral shift in 0.1 N NaGH to get an
estimate of the tyrosine content - and the simpler method desoribed
above was used instead.

The amino acid analyses of avidin were complicated by the
presence of glucosamine in the hydrolysate. Its position in the
column effluent is sensitive to very amall changes inccomposition of
the eluting buffer or of the temperature of the column. In the method

of Spackman et al (1958) 1t 1s usually eluted after phenylalanine on
the long column, ard before lysine on the short column. In some
ochromatograms of hydrolysates of avidin by this method glucosamine was
eluted before, or sometimes simultaneocusly with, tyrosine. On the

(-
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single column procedure employed with the Technicon autoanalyser

glucosamine is eluted in the region alanine, valine, oystine. With
some of the elution procedures used with this column glucosamine
overlapped alanine or cystine inthe effluent diagrams making the
particular amino acid inestimable. With the Technicon "Chromohead"
micro-amino acid procedure finally adopted, under carefully controlled
corditions glucosamine is eluted between alanine and valine w&u there
is a sufficient gap to allow for any small variations inthe position of
glucosamine. | _

o (b) Results The biotin binding activity of avidin D)l.
(13.8 ug biotin/mg avidin) gives an equivalenﬁ weight of 17,700 g per
biotin bound. Molecular weight values obtained with this material are
66,000 bysedimentation and diffusion (not extrapolated to zero protein
concentration) and between 67,000 and 70,000 by equilibrium sedimentation
(Green 1964). Earlier molecular weight results on less pure material
are similarly between GO,000 and 70,000 (Fraenkel-Conrat et al, 1952a).
It is thus most likely that avidin binds four moles of biotin per mole,
~which gives a molecular weight on a biotin binding basis of 70,800,

Comparison of the amino acid analyses of the 24 and 72 hour
_wdrolysates of avidin D 31 show tha usual deatruction of serine, threo-
nine and cystine. The slight reduction in tyrosine in the 72 hour hydro-
lysate and the increase in histidine are possibly also significant. For
the most labile amino acids, serine, threonine and cystine, the rate of
destruction was derived by comparison of the values at 24 hours and 72
hours and the content of these amino aclds at zero lwdrol\vsia time was

derived by linear extrapolation.
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Amino acid values of the beat previous avidin preparation,

Avidin A (Fraenkel-Conrat et al, 1959 a,b) agree fairly olosely on

the whole, to those presented in table VI. The early results are con
sistently 10 to 20% lower (average value 13.5%) on a g/100 g protein
bés:la but 164 of this preparation was not accounted for as amino acid
or carbohydrate. Overall biotin-biming capaocity of this material
was 8 to 9 pg/mg, but taking into sccount that it contained about 10%
avidin-biotin complex (Freenkel-Corrat et al, 1952b), and about 16% non-
protein contamination, the avidin itself bound sbout 11.3 ug biotin/ng.
This is 82% of the value for avidin D 31 and indicates a relatively low
contamination of non-avidin proﬁoin. |

The cystine values in table VI require some comuent. Fraenkel-
Conrat et al (1952b) fourd very little oystine after hydrolysis of @vidin
with a mixture of concentrated hydrochloric acid and 95% formic acid (1 ml
and 0.8 ml respectively for 10 to 40 mg of protein - Lewis et al, 1958).
As their material was alightly contaminated by non-avidin protein they
concluded that avidin itself may well have no cystine at all. On the
 other hand, only 40% of the total sﬁlphur of their preparation (0.95%)
could be accounted for. In the present stuly direct determination from
the chromatograms of 6 N HC1 digests yielded approximately five half-
cystine residues per mole of protein, after allowing for destruction by
1linear extrapolation to zero hydrolysis time. The oysteic acid content
from separate determinations on digests of performic acid oxidized protein,
however, was 28 to 29 residues per mole. It is likely that the rapid
initial rate of destruction of cystine is related to the high tryptophan
content of the material and perhaps also to the presence of carbohydrate.



There are no free sulphydryl groups in avidin whether determined by
nitroprusside tests or by the p-chloromercuribenzoate method of Boyer
(1958), ani whether the tests are performed on the native protein or .
after denaturation in guanidine hydrochloride (Lewis et al, 1950 amd
_N.M. Green, perscnal cmm:lcntioh).

The hexose present in avidin was characterized by Fraenkel-
Conrat et al (1952b). Mannose was the only neutral sugar found in the
purest avidin samples. Conseqﬁently in the present analyses mannose
was taken to' be the only hexose in avidin. The identity of the .ablorp-
tion speotra of the orcinol chromophore of mannose, ovalbumin amd

" avidin is compatible with this, but many hexoses give the same chromo-

The hexosamine of avidin has not been identified unequivoo-

ally. After hydrolysis in 4 N HC1 #r various times avidin gave a
chromophore with the Rondle amd Morgan (1935) reaction (under the
conditions of Kraan ami Muir, 1957) identical with that produced by
treating glucosamine or ovalbumin in the same way (see page 4 8 ), but
a large number of amino sugars give the same spectrum (see e.g. Crumpton
1959). The colour yield given by avidin hydrolysates in this reaction
was approximately constant over a rangé of preliminary hydrolysis times
extending from } to 8 hours as reported for glucosamine (Johansen et al,
1960, Marshall amd Neuberger, 1960). However, other amino sugars, e.g.
galaotosamine, have a simlilar oxder of acid stability to that of
glucosamine. the position of the hexosamine peak on the amino acid
chromatograms is potentially a most useful method for its positive
identification, but due to the erratic results obtained, no positive

conclusions can be drawn from the present analyses. In the absence of
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an exact characterization of the hexosamine it was -calculated as

N-acetyl glucosamine for the estimation of total recovery of avidin
in terms of known constituents.

D 31 is the avidin preparation most exhaustively analysed
- for amino acid and carbohydrate constituents. By summation of the
residue weights in g/100 g protein on a dry weight basis, 100.3% of
-the weight of avidin is accounted for. The nitrogen content of avidin
by suamation of known constituents is 16.25% but the nitrogen value
obtained 1s 15.7% or 96.6% of the expected value. It is difficult to
see where the soﬁme of the discrepancy lies. It may be due to the
sumation of a number of small errors which all happem to be in the
iama direction, e.g. overestimation of arginine or lysine, overestim-
ation of amide nitrogen, underestimation of total nitrogen. The total
sulphur content from the cystine and methionine values is 1.3%. Fraenkel-
Conrat et al (1952b) reported a total S content of 0.95%, which,if
corrected for the presence of about 15% of non-protein contaminant in
their preparation (see page 74 ) gives a final value of 1.1%. It is
thus apparant that all the weight, nitrogen and sulphur of avidin have
been accounted for in terms of amino acids and carbohydrates. The
extremely stable bimding of biotin by the molecule will thus have to be
explained in terms of a binding site made up only of amino acids and/or
carbohydrate. It is unlikely that the carbolydrate plays an important
role in the blotin binding as Streptavidin, a very similar protein
recently found in Streptomyces, which has a similar affinity for biotin,
has no carbohydrate (Tausig and Wolf, 1964 and N.M. Green, personal
communication).(See also Chaiet and Wolf, 1964).
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PART III __ OVOMUCOID
A Introduction

1. Historical

In 1875 Bechamp reported a material in hen's egg white
not precipitated by ethanol, amd in 1890 Newmeister described from
the same source a‘protein resistant to coagulation by heat. These
are probably references to the substance which M3rner (1804) isolated,
showed was a glyooprotein and termed ovosucoid. The early literature
has been reviewed by Meyer (1945), Lineweaver amd Murray (1947), Fevold
(1951), laskowski and Laskowski (1954) and Warner (1954). Interest in
ovonucoid was given great impetus in 1947 when Lineweaver and Murray
showed unequivocally that it was the component in egg white responsible
for inhibitbn of trypsin. They used a method of isolation which did not
imvolve heating and their paper will be taken as the starting point for
this review of the literature.

Ovomuooid, which comprises about 12% of egg white protein,
is not the only antitryptic substance in hen's egg. "Ovoinhibitor", an
egg white protein which inhibits bacterial ami fungal proteinases (Matsu-
shima, 1958), ie also active against trypsin and chymotrypsin (Rhodes et
al, 1960; Feeney et al, 1963). A livetin fraction, carefully prepared
from yolk with a minisum of contamination by egg white, had approximately
6% of the antitryptic activity (on a weight basis) of ovomucoid (Line-

weaver and Murray, 1947).
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2. Methoads of Preparation

The stuly of the nature and composition of ovomucoid has
been hindered by the lack of any generally applicable method for its
isolation in a pure state. Most imutiéatom since 1947 have used
material obtained by acetone or alcohol precipitation at pH 3.5 as
described by Lineweaver and Murray (1947) axd Predericq and Deutsch
(1949) respectively. Both products are mixtures with about the same
specific activity against trypsin although they contain different
impurities (Noble et al, 1957).

Bgg white proteins have been fractionated by precipitation:
with varying ethanol concentration, ionic strength (I), pll and temper-
ature iu a manner analagous to the Cohn method for plasmd. (Forsythe
and Foster, 1950). The final supernatent (pH 4.6, -15°, I = 0.04 and
an ethanol mole fraction of 0.11) containing the ovomucoid was concen-
trated, dialysed amd freeze-dried. This fraction was not characterized
by the authors and has subsequently been shown to contain a contaminating
glycoprotein (13.6% hexose, 13%.8% hexosamine amd 3% sialic acid) with no
inhibitory activity towards trypsin (Ketterer, 1962 aml 1965).

A new method for preparation of ovomucoid arose out of the
complete fractionation of egg white proteins on CM cellulose, where the
antitryptic activity emerged in more than one fraction (Rhodes et al,
1958). By a combined use of CM- and DEAE-cellulose columns, Rhodes et
al ('1960) isolated three ovomucoid fraoctions by procedures which did not
necessitate the use of protein preoipitants. However, the material was
subjected to fiirly high acidities (pH 3.5-4.0) and to adsorption onto the

surface of a carboxylic acid resin where the effective acidity may be even

higher.
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The antitryptic activity of the preparations obtained by
the methods of Lineweaver and Murray (1947) and Predericq and Deutsch
(1949) has been enhanced by further purification. On triethylamino-
eﬁ;wl (TBAR) cellulose cﬁromtogrgplw both products gave two peaks
withoup antitryptic gotivity as well as one aoﬁ_!.vg peak yvhioﬁ was
somewhat asymmetrical (Jevons, 1960). ‘Tho active material was il.ster
fractionated into a mmber of peaks (Beeley .nd Jevons, 1965), Electro-
pbomia of eithp_r ovmud prep#ratzon on cellulose columns under |
optimum corﬂliuom_‘gavg a few lzna.ctivo peaks _ofx glutiqn as well as one
active peak which was quite symmetrical ‘(Jutisz et al, 19573 Nt;blg et
al, 1957). After repeating this purlficafion tjvioo the active peak had
1.6 tiugs the specific activity of the starting material én an R&BO basis.
But aﬁer ‘d‘ialyai‘.m and freeze-drying, the fi@ product had # specifio
vactiv:l.ty on a weight basis not very dlffeﬁent from that of the starting
material, which the aﬁthors interpreted as a loss of activity in the
final stages of preparation.

CM-cellulose column chromatography of the Lineweaver anmd
Murray ovomucoid results in an increase in specific activity of 55% on
an Kyg, basis (Feeney et al, 1963). However, material eluted from CM-
eellulose does not rechromatograph as a single peak under the same
corditions (Chatterjee and Montgomery, 1962). This suggests that this
treatment may cause some degradation, possibly due to the acid conditions
required (pH 3.7 - 4.3). On DRAE-cellulose chromatography at pH 7 the
Lineweaver and Murray (1947) preparation gave an active peak which re-
chromatographed as expected ard contained 67% of the original hexose and
82% of the 280 mu absorption of the starting material.
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It has been known since the clasaical work of Longsworth
et al (1940) that at low ionic strength and in the vicinity of its
isoflectric point ovomucoid is electrophoretically heterogensous. | The
pregsence of separate components in ovomcold was clearly demonstrated
by Fredericq and Deutsch (1949). Bler et val (1953) distinguished five
components present both in the Lineweaver and Murray (1947) and the
Fredericq and Deutsch (1949) materials with respective isoelectric
points and relative proportions as follows: 5.41, 30%; 4.28, 45%: 4.17,
17% 4.01, 6% 3.83, 2%4. Fraotions _enrio&d in each of the cowponents
were isolated by electrophoresis aonvcct;on ard showed no marked differ-
ences in antitryptic astivity, hexose cor_xtem;, ‘hexosamine content or
' bedimentation behaviour. Even the material purified by DEAR-gellulose
chromatography (Chatterjee and Montgomery, 1962) split into four
migrating species on electrophoresis at pH 4.6 and I = 0.01. Isolation
of avomucoid with the aid of an lon-exchange cellulose (Rhodes et al,
1960) yielded one.fraction which did not adsorb onto CM-cellulose at
pH 3.5. This ﬁaterial accounted for 1% of the ovomucoid and contained
4% sialic acid or four residues per mole (Warren (1959), thiobarbituric
acid method). The remainder of the ovcuucoid.adsorbed onto the cellulose
at that pH and was eluted in two roughly equal fractions at pH 4.1 amd
pH 44 These contained 0.6% and 0.4% sialic acid respectively. The
active peaks obtained on TEAE cellu.iose ahromatégraptw did not show any
differences in the hexose to hexosamine ratios, but in total carbohydrate
and in sialic acid content significant differences were found (Beeley and

Jevons, 1965).
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Ovomucoid preparations usually give a single symmetrical

peak on ultracemtrifugation (Fredericq and Deutsch 1949; Rhodes et
al, 1960; Chatterjee anmd Montgomery, 1962). Immunological studies
on the Frederieq and Deutsch (1949) product indicated heterogeneity
(Wetler and Deutsch 1950), but material purified by column electro-
phoresis was homogeneous by immunoelectrophoresis (Jutisz et al, 1957).
The slight antibtvmtryptic aoctivity often assooiated with ovomucoid
(Weil and Timasheff 1960) is due to contamination by another inhibitor
(Peeney et al, 1963) and thus the absence of such activity can be used
as additional evidence for purity. Ovomucoid has not been crystallised.
5. Cmitién

(a) Amino Aclds Analytical values have been obtained by
two groups of workers for ovomucoid prepared by the method of Lineweaver
and Murray (1947). Lewis et al (1950) hydrolysed the material in 6 N
HC1 for 18 hours under reflux arnd assayed the amino acids by microbio-
logloal methods. Taking 24% as the content of carbohydrate (see later)
their figures give an overall recovery of 90% of the weight, Stevans
and Peeney (1063) analysed by the Moore and Stein method the hydrolysate
obtained after 22 hours at 110° in 1,000 volumes of constant boiling HC1.
In this ocase inclusion of the carbohydrate as determined by the same
authors (18.7%) gives 96% of the weight as the overall recovery.

Both results indicate approximately one half-cystine
residue per eleven amino acids. The same proportion was fourd by Deutsch amd
Morton (1961), whether the cystine was determined directly or as the more
stable cyateic acid or S-carboxymethyloysteine derivatives. There are no
free sulphydryl groups (Lineweaver and Murray 1947). Cystine and methionine

account for virtually all the sulphur of the protein (2.2%, Lineweaver and
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Murray, 1947). Tyrosine content by spectrophotometric analysis of

different fractions of ovomucoid varies from 4.5 to 5.9 residues per
mole (Rhodes et al, 1960).
Amide content was determined on ovamucoid prepared by the
- Lineweaver and Murray (1947) procedure, using a method which reduced
concomitant deamination of hexosamine to a minimum (Marshall and
Neuberger, 1960), and was found to be 0.45% or 9.3 moles per 28,800 g
- of ovomucoid. From amino zoid values of Léwis et al (1950), the mole-
cule thus has 32 acidic and 22 basie groups. : .

Ovamucoid has only one amino acid chdin as the molecular
weight after cleavage of all disulphide bridges 1s essentially unchanged
(see Table VII). The carboxyl end is a phenylalanine residue (Penasae
et al, 1952). Ovomucoid 1s however not attacked by carboxypeptidase nor
1s dinitrophenylated ovomwoid, although phenylalanine is a substrate
for the enzyme and the enzyme 3is not inhibited by ovomucoid (Noble et al,
1957). This unreactivity cannot be due to the free carboxyl group being
esterified as ovormcold does not contain eny alkaline hydroxylamine
labile bords (Harbon et al, 1963). Dinitrophenylation yielded 0.8 moles
DNP-alanine per mole of ovomucold indicating that alanine ia the free
amino endcof the chain (Fraenkel-Comrat and Porter, 1552 and Noble et
al, 1957).

(b) Carbohydrate Content Glucosamine from ovomucoid has

been identified as the crystalline hydrochloride, chromatographically
(paper and Dowex-50 colwmns), and as arabinose after treatment with
ninhydrin. Similarly mannose has been characterised as the phenyl-
hydrazone and galactose as the l-methyl-l-phenyl-hydrazone and the
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tetramethyl ether. Both hexoses have been identified by paper
ohromatography in a mmber of solvents (Stacey and Woolley 19403
Dixon, 1955; Gottschalk and Ada, 19563 Bragg and Hough, 1961;
Chatterjee and Montgomery, 1962). The presence of sialic acid in
ovomucoid, reported by 0din (1958), has been subsequently confirmed
by Rhodes et al (1960), Jevons (1960) and Chatterjee and Montgomery

(1962).
A study of the conditions required for release of glucos-

amine for quantitative analysis indlocated 4 N HC1 at 100° for about 8
hr to be optimum (Marshall and Neubsrger, 1960). The value so obtained
(15.5%) 1s in good agreement with the value expected from the acetyl
corxteﬂt of the material. It is of interest that when determining acetyl
groups, Marshall and Neuberger (1960) also fourd three equivalents of
formic acid per mole of ovomucoid liberated after acid hydrolysis. The
origin of this acid is still obscure. Sialic aocid contént of ovomucoid
has been determined by the thiobarbituric acid assay of Warren after
liberation by 0.1 N HyS0), at 80° for 60 min (Rhodes et al, 1960).
Material released in the same way was also examined by the Svennerholm
column separation procedure and reported as N-acetylneuraminic acid
(Chatterjee and Montgomery, 1962).

Bstimation of total neutral sugar in ovomucoid by treating
the glycoprotein with orcinol or anthrone in the presence of a high
concentration of mineral acid usually indicates a value of about 8 to
108, However free hexose recovered even from mild acid hydrolysis is
eox;miderably less that this (e.g. 7% (Dixon, 1955); 5.7% (Gottéchalk and
Ada, 1956); 5.7% (ChatterJjee and Montgomery, 1962)). Such losses can



PABIE y1y  CARBOHYDRATE COMPOSITION OF OVOMUCOID

Constituent in percentage (¢/100z)

g;;?gzncc Method of prepavation %Pgigzgiggoin Giizgssgize TOtaiugzgéral Hannose - Galactose iiiéic ﬁzzigie Hydzgliiiisixingelg >
1. (e) 13.2 17 9.7 | 2 N - 8 hours

2. (£) + electrophoresis 135.0-14 .4 8.2 - 9.9 2 ;J.

4, (£) 13.5 9.2 10 | 5 2 5.3 2 N-1 -2 hours
5. (g) % 8.3 ° 4.3 2 N - 6 hours

7. (£) | 13.2 15.2 ? 5.7(a) g N - 8 hours

8. (e) 13. ‘ 12.5 » ' 6.3(b) 1.7(b) 3.8 2N (c )--)1&8'hours
9. (£) + chromatezraphy 12.7 14.6 ' 4.7 1.0 0.5 4 N - 8 hours

10. chrematography 11.8 8.4

11. (1_‘) 13.3 13.6 5.1 ' 0.4 4 N - 8 hours

12. (e) S 13.27 8.46 0.93 4 N - 4 hours

12. (£) 15.36 8. | 1.1 4 N - 4 hours

12, phenol precipitation 14.1 | 14.73 8.9 | 1.20 4N - 4 hours

(a) HC1 at 100° was uscd in all cases, but the concentrations and times varled as indicated. (b) In the case of ovalbumin it has been
found that the method used by Bragg and Hough (1951) gives values about 35% too high (Clamp & Hough, 1963). (c) HoSOy (d) These authors
also found 0.3% formyl residue. (e) Alcohol + trichloroacetate pH 3.5 (Reference 1) (f) Acetone + trichloroacetate /(reference 3).

(g) Heat coagulation (reference 6). » pHIE
References for TableVII

1. Fredericq & Deutsch (1949) 2. Biler et al. (1953) 3. Lineweaver & Murray (1947) l,, Dixon (1955)

5. GCottschalk & Ada (1956) 6. MNorner (1804) P, Marshall & Neuberger (1960) 8. Bragg & Hough (1961)

9. Chatterjee & Montgomery (1963) 10. Neuberger & Papkoff (1963) 11. Stevens & Feeney (1963) 12. Chosson (1964)

e
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result from destruction of the liberated sugar and also from the ’
trapping of neutral sugars onto deacetylated hexosamines (Gottschalk
and Ma, 1956). All the individual values for mannose and galactose
given in table VII were derived by mild acid hydrolysis (e.g. 0.25 N
orl}N H,80;) followed by quantitative paper chromatogrephic separa-
tion and estimation either by direct densitometry or after elution.
Due to the difficulty in getting good recoveries of mannose and gal-
actose a number of workers record the results as a ratio of mannose to
galactose only, e.g. 612 (8tacey and Woolley, 1949, 1942); 7:2 or 5:2
by different methods (Dixon, 1955)5 4.8:1, 5.1:1 or 5.0:l1 on different
ovomucoid preparations (Chosson, 1964). B

(c) Nature of the Carbohydrate The use of 10% Ba(CH), at
100° to obtain a pioparation rich in carbohydrate (used fdr ovomucoid
by Stacey amd Woolley 1940, Bregg and Hough, 1961, Tanaka 1961a) is
today considered undesirable. Proteases are a far less drastic and
more specific method for removing peptide material and havebeen used
for this purpose by Tanaka (1961 b,c), Hartley and Jevons (1962),
Montgomery amd Wu (1963), Neuberger and Papkoff (1963) and Montreuil
et al (1963).

Swera]_. glycopeptides with different hexose to hexosamine
ratios were isolated from ovomwoid hydrolysates obtained by the action
of Ba(OH),, pancreatin or trypsin (Tanaka, 1961 a,b,c). Glycopeptide
mixtures were obmmd from ovomucold after dlgnﬁon by Pronase P
(Neuberger and Papkoff 1963) or by papain (Montgomery amd Wu 1963) and
were essentially similar in composition. After removal of amino acids
by gel filtration the glycopeptide mixture was separated into a number
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of fractions either by chromatography or by electrophoresis. These

showed differences in carbohydrates or amino acids or both. Molecular
weights of the glycopeptides were determined by a number of methods and
all 11e in the region of 2,000 to 3,000. As the carbohydrate of ovo-
mucoid totals 6,000 to 7,000 g/mole it sust be present in the form of a
few aeparate prosthetic groups, most probably three. Most of the glyco-
peptide material .contaimd-B moles of glucosamine and about & to 5 moles
of mannose per end group (DNP or phenylthiohydantoin). - Smaller amounts
of galactose were found in most glycopeptides and N-scetylneuraminic acid
in one fraction. The tentative composition for the heterosaccharide of
ovomucoid indicated by these results viz. three carbohydrate moleties
each containing 8 N acetyl glucosamines amd 4 to 5 neutral sugars would
give overall sugar contents of 15.4% glucosamine and 8-10% neutral sugar
in good agreement with the mportod'vé.lues on the whole pivt.oin._

The bord linking at least a part of the carbohydrate to the
protein was shown to be between glucosamine arnd espartic acid by the
isolation of compourds containing only these residues from partial acid
hydrolysates of ovomucold glycopeptides (Tanaka, 1961d). At least one
glycopeptide yieldid approximately one mole of ammonia on hydrolysis in
constant boiling HC1l for 22 hours in a sealed tube which suggested the
linkage was via an asparagine residue (Montgomery and Wu, 1963). As the
phenylthiocarbamyl derivative of this glycopeptide cyclized in acid to
tlie phenylthichydantoin without detaching the carbohydrate, it was con-
cluded that at least some of the carbohydrate is linked via a glycosyl-
amine type of linkege involving the amide group of asparagine amd most

probably the reducing group of N acetyl glucosamine as in hen's egg
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albumin (page 3 ). Threonine and cystine have also been found

associated with avémcold glycopeptides ard in the case of ihraonim
there is some evidence that the hydroxyl function is not f:ee (Chonon,

1964). '
The arrangement of the monosaccharide units within the

heterosaccharide of ovomucoid was first studied by Stacey and Wooley
(1940, 1942), using material precipitated by ethanol from the super- -
natant of heat coagulated egg white. Hydrolysis of the methylated
carbohydrate prepared directly from this material yielded very different
results from the hydrolysis of material prepared by the method of
Fredericq and Deutsch (1949) and methylated by almost the same procedure
(Bragz and Hough, 1961). Periodate studies have yielded equally contra-
dictory information (Bragz and Hough (1961) and Chatterjee and Montgomery
(1962)) and 1t 1s thus not possible to draw conclusions about the nature
of the heterosaoccharide at thiz stage.

By isolating and identifying the products of Dowex 50 hydro-
lysis of ovomucoid, Montreuil and Chosson (1962) and Chosson, Montreuil
ard Scheppler (1962) have shown that N-acetyllactosamine is a cons-
tituent of the heterosaccharide. Recently N-acetylglucosamine has been
relezsed from ovomucoid (presumably from the non-reducing end of the
heterosascharide chain) by a ram testes enzyme extract to the extent of
2 - 3 moles/mole of protein (Caygill and Jevons, 1964).

6. Physical Characteristics

The physical characteristies which have been determined for
ovomucoid are shown in table VIII, The sedimentation pattern is inde-
perdant of pH within the range 1.4 to 11.6 and imdepandant of concen-
tration between 0.5 and 1.5% (Fredericq and Deutsch, 1949). No detailed



TADLE VITIT PIVSICAL CONSTANTS OF OVOMUCOID

futhor Lircueaver & hMurray Predericqg and Rhodes et al. Deutsch & Korton (1951) Chatterjee ard
(1947) Deutseh (19%9) (1960) lontgomery (1962)

lethod of T.C.A, and acetone T.C.A. 2a1d alcohol Chromatography Tredericq and Deutsch Linecweaver and

preparation at pH 3.5 at pH 3.5 at pd 3.5-4.4 (1949) further purified Murray {(1947)

further purified

Purther heated - - - heated 1reduced & -

treatment - : alkylated

Molecular 28,800 (1) 27,900 (1) 27,000(2) 27,000(2) 31,5002} 143,200(3) 52,600(2)

weizht

S80s W (Svedberg 2.8 - 2.4 2.62 2.62 1.92 2.8

-7 .2 -1 ]

Dog, (2071 cw® gee™) 8.0 T-7 6.01 4.59 .56

¥V (m.g.) 0.685 0.71

Axial ratio 6.3 12-14 10 - 25-30

[3° -56° ~78°

2 . : 7 } k

ELS 280 m 6.10) g.8() g5 ) y0) 4.1

(1) By osmotic pressure (%) From Fndes et al. (1958)

(2) By sedimentation anml diffusion (%) Derived from the published spectra.

A
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studies have been published on the shape of the molecules but the
frictional ratio of 1.35 indicates a globular protein of approximately
spherical shape, which is consistent with the low a-helix content found
by optical rotatory dispersion (see below). '

. In a few respecta the behaviour of ovomucold is not as
expeoted for a simple globular protdn of mlaoular weight 28,800, but
the presence of 25§ olrbolvdrato oupncates any comparison with pure
proto:lns. 'nm. with rupoet to difmnlon comta.nt. behaviour on 301
f1ltration on Sephadex G 100 (Whitaker, 1963) and escape time on dialysis
(Craig ot al, 1958) ovomucoid appears to ocoupy a Somewhat larger volume
than a typloal protein of the same molecular weight. These facts,
together with the marked resistance of ovomucold to precipitation - even
the fully dmitmpbexvhtod derivative is water soluble (Fraenkel-Conrat
and Porter, 19523 Noble et al, 1957) - can be taken as suggestive of a
highly hydrated molecula. '

The unusual stability of ovomucoid to precipitating agents and

the fact that activity against trypsin is not irreversably lost in 9 M
urea, even at elevated temperatures (Lineweaver and Murray 1947) ma%l be
dlee ﬁ;tic extensive disulphide crosslinking of the molecule. Most of
the antitryptic action is retained after exposure to acidic corditions
even at relatively high temperatures. In fact at low;pH the specific
optical rotation of the protein beaomes slightly less negative than it
1a in neutral solutions, which tends to suggest a folding up of the
molecule into a more ordered configuration (Jirgensons et al, 1960;
Herskovitz and :I;askouski. 1962). This :concluuon 18 confirmed by the
finding that wheress above pl 5 most of the tyrosyls of ovomucold are
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accesaible to solvent perturbation (as shown by the ability of the

solvent to shift the.ultraviolet absorption spectrum of the tyrosyl
residues), below pH 4 ailarge proportion of these residues are in-
accessible to the solvent and thus presumably buried within the
molecule (Herskovitz and Laskowski, 1952). Rxposure of ovomucoid

to alkaline conditions on the other hand brings about irreversible

loas of antitxvptic activity at a rate dependant upon pH and temper-
ature. At room temperature, for example, at pH 11 or 12 complete loss
of activity ocours varn this, as in the case of the low pH changes, 1s
accompanied by an increase in dextrorgtation of the solution (Jirgensons
et al, 1960). This alkeli-induced change in specific rotation is
difficult to explain on the basis of conformational changea only,
particularly in view of the faot that the intrinsic kinematie viscosity
of ovomucoid solutions increases on the addition of alkali, suggesting
unfolding of the molecule. This anomolous rotation change is not due
merely to the presence of a large proportion of carbohydrate, as
orosomucoid (40% carbohydrate) behaves normally, the rotation becoming
more negative 1n solutions of very high or low pH compared with nsutral
conditions (Jirgensons 1957), nor is it due to any marked changes in
the general shape of the rotatory dispersion curve but it may be
related to the high cystine content of the protein. The rotatory .
dispersion curve of ovomucoid fits a one term Drude equation with a.

’)\ o f 237 mu, which 1s typical of a globular protein with low a-helix

content (Jirgensons et al, 1960).



7 Bilological Activity N

Ovomucoid, in common with a nunber of other px-oteins,

: 1nh1b1ta the proteolytio and e:terase activitioa of trypain (aee

- | reviews by I.askmki and mkmki. -1951&. axﬂ Green ard Nournth,195h).

'I'he exiatence of a conplex bohreen ovomoid and trywin has been
inferred because: (a) on el.«trophoreau a nixt\n'e of wmom and
_ trypain runu as one cmomnt with a uobiuty intemediate beheen

. : that of the tuo stu'uru ‘materials amd (b) ultracentrifugation ‘'of the

~ mixture produees one aediunung boundary uth a sedimentation’ coeffioient

of 3.8 eomparéd with a value of 2.6 when either are run alone (Sri-ﬂan et

' - al, 1954a; Rhndes et a]. 1960). Honcvor a nno to om nolar relationship

' 1a only a firat appmzuatlon as there 18 good evideme for the oeourrence
of complexes involving more than one try_ysin per ovomucoid, (but not more
than one ovomucoid per trypsin, Sri-Ram etal, "1954a).

‘Interattion between trypsin aml ovomucoid in the absence of
substrates oceurs too rapidiv to be; -easured. direotly, but the dissoc-
fation constant of the complex has been determined to be about 5 x 107,

If carboxyl groups on the ovomucoid are blocked by esterification or if

_amino groups on the trypsin are cafetylated, complex formation 18 severely

retarded (Frankel-Conrat et al, 1949; ankol-(:om-at et al, 1952PiSri-Rem
" et al, 1954b). Diascciation of the cowlex :lnto its componenta at pH
values below 3 (Greon, 19533 Sri-Ram et -a1', 1954a) would suggest that
ionization of the carboxyl groups of the enzyme or the 1nh1b£tor or of

" both is easenual for interaction. ‘However, complex fomt:lon cannot be
explained only in tem of electrostatic attraction between molecules of

opposite net charge because: (a) at least one trypsin inhibitor (panc-
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creatic inhibitor, Green and Work, 1953) has an isoeleotric point

smuax? to that of trypsin; (b) a short exposure to pH 12 irreversibly
destroys the antitryptio aotivity of ovomuoold deternined at pH 8 but
presumably does not drastically alter its net charge; (o) if the

Aetive site of the emm is ocoupied with substrate the affinity of
the enzyme for protain inhibitors is greatly reduced or abolished
(Green 1953): (4) if the trypsin is 1mot1vated by the presence of di-
;aopropylfluarophoaphate or HgCly formation of a complex with ovomucoid
- does not take pla.de '(Green 1953). On the basis of studies on protein-
protein lauooia.tion as followed by the release of pmfons it has been
proposed that the tx'yplin-lnhibitor regefion consi_nta of a _oleavage of
one especially sersitive bord in the '1nh1b1'vtor, foll&d by formation
of a covalent bond bef.neen trypsin and ihhlbitor (;.rpriobably an ester
bord betwsen the active seryl of trypain and the newly formed COOH-
terninal of the inhibitorPinkenstadt and Laskowski, 1965). The complex
may then dissoclate to form either the native inhibitor or a modified
inhibitor with the bond cleaved. At equiubriu at pH 3.75 the modified
form predominates; however kinetic conbrol might well produce predomin-
anﬁly ihe uati\fe form. According to this explanation of the inhibition,
the only dif‘féreme between theae 1nh1bi£ors ard‘ substrates lies in the
rates of deeomposiﬁon of the complexes an.l on the dependence of these
rates on pH. At neutral pH the enzym-substmte complexes decompoae
rapidly to yiold products; emym-inhlbitor couplexea decompose
slowly. Furthomre, the rates of decomposition of normal ensyme-subs-
trate complexes (for trypsin and olmnotrypsi_n) rise with pH in the range
| b to 8, while those of the trypsin-inhibitor complexes fall (Lebowitz

and Laskowski, 1962).



o

Gradual addition of ovomcoid to a given amount of trypsin
at firat brings about a reduction in activity which 1s direotly pro-
portional to the amount of ovomucoid added. But as the equivalence
point is approached, additional ovomoid has lesg and less effect
and even in large excess does not entirely abolish the enzymatic
activity (Gorini and Audrain, 1953). This has been interpreted in a
muber of different ways and may be of significanes 1f the antitryptio
action of ovomucoid is a part of its natural ifdle in the developing
endryc.

One aspeot of the inhiXtion which was difficult to establish
with certainty 18 the extent to whioh it is competitive with‘subnfrate.
The difficulty is due to the dissociation comstants of the inhibitors
(1n the region of 10’991__:) being very much smaller than the Michaelis
constant of the snzyme when acting on the usual protein substrates
(about 1072M). As a result competitive inhibition could not be
demonstrated by the usual methoda. With benroyl-arginine ethyl ester
(where the trypsin has a Michaelia constant of about 10°5M) on the other
hand it was shown that the protein inhibitors sould displece substrate
and vice versa, which clearly deronstrated 2 competitive type of
inhibition (Green 1953).

In view of the deviation from linearity it is not possible
to deternine the exact equivalence point in the titration of trypsin
with ovomucoid. Activity of ovommcold is thus best expressed as
twice the amount required to produce 50% inhibition of a given activity
of trypsin, and the substrate must also be specified as this will affect
the result (Castanada-Agullo, 1950; Fraenkel-Conrat et al, 1952). It



1s well establishd that even thoroughly recrystalized trypsin can
contéin a variable proportion of inactive and' non-trypsin material
(Liener, 1960; Cole amd Kincade, 19613 Buck et A]., 1962 : Maroux et
al, 1962). It is thus not possible to compare accurately different
ovomucold preparstions where the sotivity 1s expressed in terms of
weight (or 3280) of "trypsin®. Such results are only useful for
direct ccnparison of activities deternind side by side.
The striking effeot of the m,joction of freah egg white int_o
rats (0.5 to 1.5 oo/adult rat) first noted by Parker amd Parker (192%)
was described in detail by Selye (1537). The ovomucold fraction of
Hektoen and Cole (1928) gave a full resction at 15 mg/adult rat, whereas
the rest of the egg white was inestive (Leger amd Masson, 1938). As
material prepared by the method of Lineweaver and Murray (19#7) is also
fully active (Ankier and West, 196%) it u most probable that it &s in
fact the ovolucold whish is responsible for these pharmacologioal effects.
The syndrome (which 1s also produced by 100,000 molecular weight dextran)
is characterized by a general pruritus followed by conspicucus oedema of
the extremities, an increase in the hasmatoorit and a lowering of the
tndy temperature. The aotion is much greater in adrenalectomised rats or
following the administration of thyroxin, the egg white in these cases
produeing swefe ahocit :uith vascular cdllabae (Leger and Masson, 1948;
Halpern and Briot, 1950). The effects in normal rats are dus largely
to an increased cépillary pemeabuity ihioh'cAan be deponstrated direotly
by very sensitive deml tests using E'va;m b].ue | In this case 0.05 ml
of protein Bolution containing 1lug nitrogen 13 aufr:lcient to elicit a

response (Halpern. 1956).



Due to its similarity to anaphylaxis the syrdrome was
olassified as anaphylactoid (lLeger, Masson and Prado, 1947) ard is
oonsiderably attenuated by synthetic antihistaminic drugs (Leger and
Masson, 1947). Corticosteroids give no protection in intast nor in
adrenalectomised animals but adre-naline is highly effective in both
cases (Halpern and Briot, 1950). The action of ovowucoid on the rat
is often attributed to its ability to release histamine (Schaohter and
Talesnick, 1952; Halpern, 1956) but it is not identical with an
anaphylaotic reaction as it can be distinguished in dermal tests from
the results of a classical antigen-antibody reaotion (Roche e Silva,
1956). In addition, prior administration of reserpine, which depletes
the animal of 5-hydroxytryptamine, or bromo-lysergic acid diethylamide
(BOL 148) a speoific antagonist to S-hydroxytryptamine,both prevent the
anaphylactoid response to ovomucoid or to dextran (Parratt and West,
1957). It is thus likely that the effeots are due more to released
serotonin than to released histamine. It hag recently been shown that
in some strains of rat a recessive mutation in an autosomal gene has the
effect of preventing the anaphylactoid reastion. Pure strains of non-
reaoting rats have been propagated (Harris, Kalmus ani West, 1963).

8. Comparative Bio stry of Avian White Ovorucoids

Ovomucoids prepared from egg whites from eleven different
apecies by adsorption amd elution from CM and DEAE cellulose columns
under approximately the same conditions as for chicken ovomucoid (see
page 78 ) had similar total nitrogen contents (11-13%) and were very
low (less than 1%) in tryptophan (Rhodes et al, 1960). Their inhibitory
activisies towards trypsin amd chymotrypain, however, showed some
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striking differences anl resulted in the classification of the

different speoies into classes which inhibited respectively per mole
‘of ovomucoid (a) one mole of trypsin but not chymotrypsin, (b) one
mole of chymotrypein but not trypsin.r (c) one mole of trypsin and one
mole of chymotrypsin, either separately or simultanecusly and (d) two
moles of trypein and one of chymotrypsin, either simultaneously or
. geparately. For duck ovomucoid (clasad) the inhibition of either
trypein or chymotrypein is quite independant of the presence of the
‘other protease, indisating that the combining sites are speeific amd
_separate. Acetylation or carbamylation of turkey ovomusoid (class c)
does not affect its antichymotryptic activity, as is the case for the
anti-tryptic astivity of chicken ovomucoid (elass a) amd the anti-
chymotryptio activity of pheasant ovosucoid (olass b). However, anti-
tryptic astivity of turkey ovomucoid is rapidly lost on blocking of
the free amino groups, providing further evidence for the independence
of the different protease-speoific sites on the ovomucoid (Stevens and
Feeney, 1963).

Egg whites of the varicus species investigated (Feeney et
al, 1960) differed in ovomucoid content from 11¥ (chiocken) to 30%
(cassomary ). Egg whites of both members of the order Casuariiformes,
emu and cassowary, were exceptionally rich in ovomucoid and in total
antitryptic activity (not all of which was accounted for as ovomicoid).
The sialic acid content of the ovomusoid from these two specles was
very high (emu 10.5%, cassowary 5.4%), and ovomucoid from the sialic
aocid poor egg whites of two members of the order Anseriformes, duck
and goose, on the other hand had undetectable or no sialic aeid.
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B. Gel Filtration Studies on Ovomucoid

1. Introdustion

' On passage tm-msh a column of erou-unked dextran
(Sephadex) a mixture of substances of different moleoular sizes will
emerge in duce_rxntg order of size, 17e. the larger the molecule the
lm w111 be its eluﬁon volm. A wmolecule which ia ﬁota.lly mludo:i
from the gel uu eme in the void volume (Vo) ‘of the column (the
| void volum is the voluno of interstitial fluid which fills the space
~ between the zel. grains). On the other hand a molecule whose diffusion
is not nt‘an hindezjed by the gel natri_‘x. will emerge with an efflent
volume equal to the total volume of water- in th§ column (i.e. the yém
volume plus the wator lnbibed by the gel grains).

c«:miderauon of the x-esulta or gel rntration 1n other
@pMat;qm (fqr example Lindner et al, v19‘59) suggested a method of
isolating ovoméoid as the trypsin ecomplex in a highly purified form.
Ir the orude avomcom preparation were frutionated and the fraoction
with mlecular welght 25,000 to 30,000 retained (alﬂ similarly with
om;le trypam), then on gel filtration of a mixture of ovomucoid and
trypsin so‘pnriﬂ_ed the fraction with molecular weight 50,000 to
55,000 ahonid reﬁraaent pure complex. If the orude ovomucoid (or
the trypsin) contains any impurities with a molecular weight of about
| 25,000 these must be separated from the complex (as must any excess
of either component of the complex) if the method is to succeed. Thus
the gel filtration conditions must be such that a protein of M.W. 25,000
is well resolved from one of 50,000.



2. Methods amd Materials 98

Bven when cosplexed with ovomucoid, trypsin is not com-
pletely devold of aoitivity, but it is virtually inactive - and
possesses maximm stability - in slightly acid salution. (Gel
filtration was thorefore performed at pH 5. Ammonium agetate
buffer at an fonic strength of 0.1 was used throughout the series of
experiments unless otherwise indicated.

Two preparations of ovomno;d were used. Ons was prepared
by the utbod‘of. nmnn and Murray (19 ¥7). and the other by CM- and
DEAE-chromatography according to Rhodes et al (1960; see page 72 ). A
few other well-oharasterised proteins were used as markers. Ovalbumin
was crystallized at‘A its isoelectric poinf. from egg white 50% saturated
with ammonium aulpﬁate. and reorystallized ﬁie_e (Warner, 1954);
chymotrypsinogen mjn‘ obtained from L. Light v Co Ltd., y-globulin (7
S from horse) was kindly donated by Mr. R. Weir; trypsin was obtained
from Novo Industries, Demark The Sephadex (G 75, pulverized, and G
100,bead form, both of medium particle size) was cbtained from Pharmacia
Itd. The G 100 was further fractionated by dry sieving amd the frastion
between 50u and 100u (100 to 300 mesh, which accounted for 75% of the
material) was used. The Sephadex was conditioned for use by soaking in
buffer for at least two days, and degassed on the water pump before
being poured into columns. For packing purposes columns were fitted
with extension tubes ard filled with buffer. The goi particles were
permitted to settle through the buffer with the outlet closed until a
considerable layer had packed down at the bottom. With the ocutlet
open the packing was continued until the eolumn was virtually full.
Closing the outlet and removing the extension tube remdered the column
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ready for wse. To improve resolution with the 0 100 three columns

were used 1n series. The columa (150 om x 5 mm) were all filled as
described sbove. The outlet of the firat was then connected to the
bottom of the second so that the material travelled up this column,
the top of which was connected to the top of the third colusn, the
effluent being finally collected in the usual way. The column was
freated with a silicon anti-wetting agent before use. The thoroughly
cleaned tubes were filled with a solution (5% v/v) of M.S. 1170 in
wmethyl ethyl ketone. After a brief soaking the solution was run out
and the tubes cured at approximately 100° for 30 minutes.
3. Results |

A column (150 om x 1 om, Vy = 120 ml) was filled with G 75
'Saphuiex and protein samples (10 mg) were ipﬁlied in 0.5 ml. By ocom-
paring elution volumes from separate runs it was seen that trypsin anmd
chymotrjrpein eperged at about the same point and the ovalhumin slightly
ahead Application of a mixture of ovalbumin and trypsin ylelded a
slight separation, the cvalbunin emerging as a shoulder on the leading
edge, and the trypsin at the peak, of the eluted material. To improve
resolution further, by reducing vertical diffusion of material, a
column of small oross-sectional area (and increased lengtl was required.

The 450 cm x 0.5 om column (Vi = 105 ml) was thus devised
amd samples were applied in volumes of 0.25 ml. With this column
| packed with a 75 good resolution of chymotrypsinogen and ovalbumin was
obtained. When ovomucoid was passed through this columm it emerged
slightly earlier than the ovalbumin did. The 450 em column clearly
showed that despite iits lower molecular weight ovomucoid was excluded



100
from Sephadex 0 75 to a greater extent than ovalbumin, ard was in

fact totally exeluded from this kol. Both ovomucoid preparations
emerged as a single symmetrical peak 'and thus neither appeared to
contain significant amounts of substantially smaller molecular
weight contaminants. This unexpected exolusion of ovcﬁucold meant
that the original idea of isolating pure complex would probably not
be possible, but it was now of interest to see how far ovomucold
would be exoluded from gels of larger pore aiio amd whether the
material would still give a symmetrical peak on a gel where the
ovomuooid did : - penetrate the beads.

The A50 em_column was thus repacked with Sephadex G 100.
Application of armixture of chymotrypsinogen and ovalbumin showed
that G 100 gave a betterresolution of these two proteins than did
G 75. Ovomucoid emerged from this column as an alidost symmetrical
peak at a position a little ahead of that ooccupied by ovalbumin.

The differences in elution volume for these two glycoproteins was

too small to give a separation when the two were run together. Their
exact relative location was determined by running each one together
with.a marker of chymotrypainogen or 78 y-globulin. Besides the first
run of ovalbumin amd chymotrypsinogen, mixtures of ovalbumin and 73
y-globulin, ovomucoid and chymotrypsinogen, and ovomucoid amd TS y-
globulin were also applied to the column. These experiments also
demonstrated that the elution volume for a given protein was highly
reproducible and not affected by the presence of other proteins. The
position of trypsin in this system was also determined. A mixture of

ovomucoid and 78 y-globulin was also run in 0.05 ¥ Tris buffer, pH 8,
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Pig 18. Gel Filtration of Ovowusoid  Fig. 19. Gel Filtration of Ovomucoil
and Other Proteins on Sephadex £ 100 plus Trypsin on G 100

0 - ovomucoid; A-y-globulin Column eta. as for fig. 18.
B- ovalbumin; C - chymotrypsinogan
D - trypsin. 10 sg ovomucoid + 5 mg trypsin

The fig. is compiled from 4 runs as Applied in 0.25 ml.
follows: OrA; O#Cy) DB+A; BeC.

Colum -~ 450 x 0.5 cm. Sample vol.

0.25 ml. PFraotions - 2 ml.

TABLE IX. Properties of Proteins Used in Gel Filtration Study
Diffusion Sedimentation

Protein Pbait&\.rol . Mol;c\l%es wt Coe:f;g ont C:mi;tgl
r-globulin 39 140 % 7
ovomucoid 53 : 28 6.1-7.7 2.6
ovalbumin 56 b 7.5 3.5

chymotrypsinogen 68 25 10 2.6
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plus M NaCl and 1t was found that over this range their elution
volumes were quite indeperdent of pH.

The results for the gel filtration of ovosucoid and the
marker proteins on Sephadex G 100 are supo:w in fig. 18. The
figure is compiled from four separate runs. In addition the elution
diagram of trypsin is also superimposed. In table IX the elution
volumes of the protoinl are tabulated together with their known
physical charecteriatiocs.

| The final u.pcrmm in thu aer!.es was to run a mixture

of 10 mg ovonucoid and 5 mg trypein in 0.25 ml on the lsomool\m to
ascertain where the complex ran relative to thn excesas ovotucoid. A
single symmetrical peak resulted (tig. 19) w:lth almost no material
eluting in the tiypein position (a useful oriterion of purity for
trypein, as onal;::gpain complexes with ovomucoid) but the complex

did not separate from the excesa ovompoid. Ovomucoid contains

almost no tryptophan and the ratio Ezgg/295 in the ultraviolet
extinotion spectrum is 6.6. With tr}psln, on the other hand, due to
the presence of tryptophan this ratio is 2.14. For ﬁ'aotlon 2k from

| this column the rgtl.o Ez8q/295 Was 3.52 and for fraotion 28 1t was 4.2,
The trypsin (i.e. the complex) was thus present largely in the leading
part of the peak and the excess ovomucoid predominantly in the trailing
part, but the resolution was too poor to_be'of any preparative valwe.

4, Diacusslon '

In senaral torus the eluuon volune or a subatame on gel
filtration 18 dependent on its molecular size and, most probably, to

some extent on its shape. For a houolcgmm series of substances - with
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the same general shape, density (or partial specific volume) amd

degree of hydrattsn: - the size, or gyration radius, cqmlates fairly
accurately with the molecular weight. nomo;ogom series of this

nature whose behaviour on gel filtration Have been studied are dextrans

of increasing chain length and ;lobulﬁr proteins of ruughly apherical
shape. Inthese cases elution volumes (Vo) have been found to bear a

strict relationship to molecular weight, a plct of V/V, against log.

. molecular weight gives a good linear relationship (Gransth and Plodin, 19615
Whitaker, 1963; Roubal and Tappel, 1968; Anirews 1963)°

'# For Sephadex G 75 and G 100 all theoretical treatments are comsistent
with a simple all-or-none exelusion effect operating in the gels. The
‘gel matrix can be gonsidered as consisting of two phases, onewhere the
macromolecule is free to diffuse, and one where it is prohibited. The
relative proportion of the two phases in the gel for a given solute is
the factor which determines its elution position anmd is dependent upon

" the molecular sii¥® of the solute. In the available regions the solute

{8 considered to behave approximately in the same nanner as ° . under
conditions of free diffusion in a liquid, and the transition to prohibited
area is very abrupt with negligible gel present of an intermediate type.
However (0 Sephadex G 200 a second effect of steric and frictional inter-
action of the solute molecules with the gel matrix plays an important

role (Ackers, 1964). In this case in large parts of the available regions
of the gel the macromolecules have a restricted diffusion, which can be
considered by reference to a model in which these regions are represented
by uniform cylinirical channels with a radius of the same order of magni-
tude as that of the macromolecule. _

Restricted diffusion of a similar nature to that in G 200 is also
probably the operative fastor in the behaviour of maoromolecules in
gelatin and agar gels as studied by Allison and Humphrey (19650). These
authors pointed out that one important difference between free diffusion
and the diffusionthey were cbserving was that the effect of shape (or
axial ratio) on the two processes differed. They postulated that the -
use of their gels gave information cther than the simple diffusion co-~
effioient. If moleoules with simflar diffusion coefficients (i.e. in free
solution) have similar end points by their method, it is likely that they
have similar sizes and shapes. The effeot of shape on G 100 chromato-
graphy, where diffusion is either free or prohibited, may therefore be
significantly different from the effect of shape on the, predominantly,
restricted diffusion process of G 200 chramatography. This may account
for the apparently anomalous behaviour of lysoryme aml oytochrome ¢ when
their behaviour on the two types of gel is compared. On G 100 cytochrome
¢ behaves normally but lysosyme does not (Whitaker, 1953), whereas on
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A theoretical forwula has been deduced relating the degree
o;' exclusion of a molecule to its mlecular weight (Pbmth, 196))
Application of tm treatment to the results Granath amd Flodin (1961)
obtained on gel riltmtion of a series of dmrm. ahond a very
close agrnnont betwun th. predl.cted aul the cbaerved mnlts. 'rhe
central asm-ption in this treatnent that the ruuus of gyration ot‘
the nanronolccules is woporuonal to the nquare root of then-
_ mol.eoular llelghta should thoomtioally onl.v be true for randomly
cofled mronoleoule- ard not for globular proteim (Laurant and K{1-
laner, 1964) However, Andrews (1964%) showed that globular proteins
give as good a tit to the theoretlcal expectation as dextram do. |

Applyim the empir:leal x'elatiomhip between elution volume
and log. molecular Ieight (Whitaker, 1963 amdt Anlrews, 1964) to the
above results gives the line shown in fig. 20. The results of other
authors are also drawn on the graph for comparison. The difrei-emes
in slope and height of the lines are probably due to slight difter-—
ences in water regain values of the different batches ér gels used
aml to differences in particle size as both factors affeot the elution
volume. On the basis of these results, ovorucoid behaves as a globular
protein of molecular weight 48,500. Hhitaker (1963) reported an
apparent molecular weight from gel filtration on G 100 for ovomuceid of

45,000 . :
* Previously reported cases of unexpected exclusion of macro-

molecules from Sephadex (e.g. teohoic acids, Critchley et al, 1962)

G 200 the reverse situation pertains (Leach amd 0'Shea, 1965). The
above considerations may also lead to an extension of Allison and Hum-
phrey's conolusion, to the effect that if molecules behave similarly on
G 100 and G 200 they have similar shapes and sizes.
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Sodium sulphate concentration gradient elution in pH 7.0 phosphate
buffer (0.002 M). Colwm, 2.6 x 49.5 om; fractions, 10ml, 2 g

ovomucoid (Preparation I) applied. Antitryptic activity all in peak
under bracket.
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have been explainsd partly by the fact that the dextran chains of

‘Sephadex have a small content of acidic groups which may repel strongly
negatively charged molecules. The apparently anomolous exclusion of
“ovomucold, howaver, ‘cannot e explained as a oharge effect,for, on gel
f1ltration at pH 3.5, where the protein is virtually uncharged or

" slightly cationie, ovomusoid behaves exagtly as it does at pH 5 or pH

" 8. This exolusion relative to globular proteins is more likely to be
accounted for by the relatively large proportion of carbehydrate in the
molecule. Dextrans are far more excluded from Sephadex than proteins of
the same molecular weight. Sephadex G 75 when calibrated with dextrans
has a lower molecular weight 1limit for complete exclusion of about
40,000 (manufacturers information and Granath amd Flodin, 1961) whereas
with proteins the corresponding figure is about 150,000 (Andrews, 1964).
Similarly with Sephadex 0 100 the corresponding figures for carbohyd-

© pates amd proteiﬁs respectively are approximately 100,000 amd 300,000.
Tﬁese figures however are obtained at the 1limit of the resolution of
Sephadex and are subject to considerable variation. A more asourate
comparison can be obtained from the behaviour of ribomuclease (M.W.
13,700) ami the heaviest of Granath and Flodin's (1961) dextran frac-
tions which are both eluted in virtually the same position near the
middle of the range of Sephadex G 75. The mmber ayerage molecular
weight of the dextran fraction is 3,180 or 4.3 times smaller than the

molecular weight of ribomuclease” .

This would explain the very good separation on gel filtration hetween
glycopeptides andi carbohydrate-free peptides (Marks et al, 1962)
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The most likely explanation for the greatly expanded
structure, of carbohydrates in solution when compared with proteins
is that they are highly hydrated and sarry a layer of water around
each polysaccharide opain. The absence of helisal structures aml
hydrophobic regions in polysaccharide molecules also temis to
result in more expanded overall struotures than that usually foumd
~ with the more hiphly organised protein mqlec_&le. Mt aarbohydrates
bind considerable amounts of solvent ggger han been shown by equili-
| _ br;m dialysis (Cgston and Phelps, 1961) py osmotic pressure measure-
ments (Laurent and Ogston, 1963) ﬂ?ﬂ_'byrgolybility studies (Laurent,
1963), whether in: solution or set in a gel (Iaxment ard Xillamder,
1664). The low partial specific volume of carSohydrate (0.61s
Granath, 19:1) relative to proteins (0.73) may also be related to this
difference in affinity for nafer. Probably tﬁe interior of most
protein molecules. 18 not agcessible to s§1vent ard they thus displace
more volume than carbohy_dratea where the whole ma?srozﬁolecule is hydro-

philic and does not possess a hydrophobic or inaccessible central

regbn. :
‘Ovomucoid has a partial specific volume which lies between

the usuel value for carbohydrate and protein (0.68-0.7) and would thus
appear to hmve an afinity for water intermediate between the two extreme
cases. This assumption would asocount for other exceptional physico-
chemical properties of ovomucoid such as hish registance to precipitation
by protein precipitants or by heat. The unexpected behaviour of ovomucoid
towards denaturing agents has previmsly been noted in conneotion with

optical rotatory dispersion studies armd led 'Jirgenson et al (1960) to

postulate a cetitral core of protein surrounded by a shell of sarbohydrate.
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As the relation between molecular volume (or elution

position on gel filtration) and molecular weight is different for
carbohydrate and protein, calibration of gel filtration columns with
neither type of masromoleculs will allow predictions to be male for
the behaviowr of glycoproteins. From experiments on the behaviour of
proteins on columns of granulated agar gel, Folson (1961) ooncluded
that the degree of separation of proteins on gel filtration is largely
dependent upon the differences in diffusion goefficient ard to a lesser
extent on differences in molecular weight. Laurant and Killander (1964)
provided a novel theoretical approach to gel filtration based on the
assumption that the molecular radius der!_.ved from the diffusion constant
by Stokes Law is the appropriate size parameter which determines the
elution volume of a substance. As the results for dextrans amd
proteins fit their behaviour as predicted by this theory equally well it
is worth a detailed consideration here.

The rate that a substance moves down a gel column is deperdent
upon the fraction (K;,) of the gel phase into which the substance can
readily diffuse. For the experimental determination of K, the elution

volume (Ve) of the substance, the total volume (Vy) of the gel bed and
the void volume (Vo) of the column must be determined. Kgy can then be
derived from the relationship ,
Ko - 200 (1)
av = vy -V,
For a gel of dextrgn chains in the form of straight rigid
rods of infinite length randomly distributed, Ogston (1958) has cal-

culated theoretically the fraction available for spherical particles of



109
known redius (rg). Applying this formula :Lauramt and Killander

(1964 ) arrived at the following theoretical expression for Kuy -

Koy = oLl (rg + TR 2)
where L is the concentration of rods in the gel (om rod/cc) and
Ty 18 the radius of the rod. This radius (rp) was derived as
7.10"8 cm, and the value of L was calculated from the water regatn
of the gels used. It was found to be related to the comgentration
(C) in g/ml of dextran in the gel by the simple expression L= 4.C ©
x 1011 og/oe. It s thus possible to caloulate the Xy of a subs-
tance on Sephadex assuming its radius (r,) is the redids of an
equivalent sphere derived from the diffusion constant by Stokes
foremla (D = RT/6 ’Y[rN). The authors compared Kgy values thus
caloulated with the values obtained experimentally and found a
very good f£it both for proteins and for carbolyydrates.

This suggests that the property of a molecule measured by
its diffusion comstant gives a better guide to its behaviour on gel
filtration than does its moleoular weight. Conversely, ‘gel fil-
tration would give more reliable inforsation about the diffusion
constant of a substance than of its molecular weight.

If equations (1) amd (2) are combined and the relevant
constants substituted, an equation can be derived relating theelution
volume (Ve) of a substance on a gel column direatly to its diffusion
constant. For the 450 om column of Sephadex G 100 descridbed above,
Vi = 105 ml, Vo = 38 ml, L = 2.9 x 1012 cn/ses, rp = 7 . 10°8 cn ama

the equation becomes
Ve = 67( 9'9'1"104(74'21}/]))2) + 38 mls,
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where D s the diffusion constant x 107. For chymotrypsinogen

which has a diffusion constant of 9.5 x 10~7, the predioted Ve is

68 ml am for ovalbuain (D = 7.5 x 10°7) 57 ml, both in very good
agreement with the values obtained experimentally (see Table IX). [4)0)
Using thé formula the other way roundcovomucoid (V, 53 ml) gives a
diffusion constant of 6.35 x 10°7. This is approximately in accord
with one recently reported value (6.01, Deutsch and Morton, 1961)

but differs:oonsiderably from another (7.7, Rhodes et al, 1960);
which makes it difficult to draw firm conclusions until this dis-
orepanoy in the published diffusion constants is resolved.

AMdendum In a further stuly of the behaviowr of proteins
amd glycoproteins on gel filtration (Ardrews, 1965) it was fourd that
most glysoproteins {ovalbumin being an exception) are excluded to a
greater extent than would be expected on a basis of molecular weight.
However, on the basis of diffusion coefficients they do conform
moderately well.

C. Isolation and Charasterization of Ovomucoid

1. Introdustion

All previous methods for isolation of ovomucoid from egg
white have inoluded either precipitation of contaminant proteins at
pH 3.5 or chromatography on an acid resin which involved similarly
low pH solutions. As one of the ocutstanding points of interest about
this glycoprotein is its heterogeneity, in which conneotion the
rather aeid ladbile sialic asid may be of importance,it seemed worth
while to seek a method of isolatien which involved a minimum exposure

of the material to acidic conlitions. In addition,it had not been
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shown that any of the well established methods of isolation of ovo-

micoid yielded pure products (except perhaps for the method of
Feeney et al (1963) which appeared after this work was started).

2. Freparation of Crude Ovomaeold

(a) Preparation I. A large batch of orule ovowucoid

(Preparation I) was isolated from egg white from whiech avidin and
' .'l:lozyne had been isolated as deseribed in Put I. The egg white
(from Light Sussex-Rnode Island hybrid hens) was originally diluted
with an equal volume of ion-free water and cemtrifuged. After three
batch treatments with M conuluc. unoni\- aulphnto was added to
the final supsrnatant to mr-ntmtion. The mixture was left in
the cold overnight anl then acidified to pH 4.6 with dilute sulphurio
acid. The well-stirred mixture was left in the cold for a further
24 hours and then filtered on a Blchner funnel. To 25 1. of filtrate
was added 7.2 kg ammonium sulphste which was suffictent to saturate it
at that temperature (5°)§ The mixture was again well stirred and
allowed to settle over two days in the cold. The precipitate was
filtered off, redissolved by the addition of the minimum quantity of
distilled water am desalted on Sephadex 0 25. The fractions containing
protetn were pooled aml freeze-iried. This preparation contained nearly
a11 tho protetm of osg white execept for avid:ln. lysozyme and most of
the malb\ntn. By anutryptic assay it was found to oonsilt of about

30% ovomucoid, and was used as a starting material for most of the
om'onatosraphic 1meatigatiom on ovomuooid doscribed below

(b) SQQ gr__a_gax'ed by the Lineweaver and Wmthd
Fooled white from 36 large, fresh eggs was mechanieally stirred and

the acetons-trichloroscetate reagent (1 part 0.5 M trichloroacetic
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acetone plus 2 parts acetone) added until the pH was 3.5 (pH meter).

After a further 30 minutes stirring the mixture was left overnight
at 5°. It was centrifuged in the aold and the ovomucoid was precip-
itated from the supernatant with 2% volumes of acetone. The
precipitate was collected by centrifugation and redissolved in a
minimum quantity of water. On dialysis some precipitation ocaurred
and the material was oleared by centrifugation before freeze-drying.
The final yleld was 5 g.
3. Antitryptic assay

Activity of trypsin was assayed by the method of Erlanger
et al (1961) with DL-benzoylarginine p-ni.tzvoaninde (BAPA) as substrate.
The BAPA was preparod by method (b) of Erlarger et al (1961) by
coupling 2 _g of bqrgo_y;aminim nith p-nitroaniline ..in the presence .
of concentrated phosphoric acid and php-’phoifuls"pentoxlme' in diethyl
phosphite. The racemised phosphorylated intermediate was comverted
directly to the crystalline hydrochloride which was isolated. Re-
crystalization from 20% v/v acetie acid in the presence of charcoal
yielded 2 g (60% yleld) of BAPA (m.p. 258 - 260°) and faint yellow in

colour.
Trypsin hydrolyses L-BAPA to benzoyl arginine and p-nitro-

aniline. As the nitroanilide has an absorption maximum at 315 m,

the release of nitroaniline ( ) ,., = 380 m) can be readily followed.
This 1s done at 510 mu, as there is still some absorption by anilide
at 380 mi. To 1llustrate the inhibitory effect of inoreasing amounts
of ovomucoid on the activity of trypsin by this method a substrate

was prepared by diluting 1 ml of a solution (40 mg/ml)of BAPA in
dimethylsulphoxide to 50 ml with 0.05 M tris buffer (pH 8_.2) containing
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0. ! CaCl; the BAPA is first dissolved in the organis solvent
and then diluted with water as it is only sparingly soluble in water.
To a series of tubes sach comtaining 1 ml substrate, increasing
ampounts of solution containing O to 10 pug of a orude ovomucoid prep-
aration was added. Trypein solution (0.1 ml, containing 5 ug) was
then added to each tube and after 25 min at 24° the reaction was
stopped by the addition of 0.2 ml 30% (v/v) acetic acid and the 0.D.
at 410 mu was recorded in 2 om cuvettes. The mﬁivlty was found to
deolins linearly with inoreasing comcentration of ovomucoid over the
range of the test.

For routine assay of antitryptic activity, e.g. of column
effluents, the substrate was made up freshly by mixing 10 ml 0.1 M
tris buffer pH 8.2; 0.4 ml M CaClp; 0.2 ml of a solution of 40 mg/
ml BAPA in dimethylsulphoxide; and 10 ml of water. This substrate
was always maintained at 37° as the BAPA has a texdency to precipit-
ate out even at room temperature. To 1 ml of substrate the desired
amount of unknown or standard ovomucoid was added followed by trypsin,
usually 5 or 10 pg. After inoubation at 37°, usually for about 10
mins, reaction was stopped with 0.2 ml of 30% (v/v) acetic acid and
the extinotion at 410 m: was recorded. The amount of the sample
which Would be required to inhibit a given amount of trypsin could
thus be ascertained.
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4. Methods for Further Purification of Ovosucoid amd/or
Fractionation into Multiple Components

(a) Use of DEAE Sephadex
(1) Methods and Materials The cross-linked dextran,

"Sephadex™ is available with ionic substituents attached to the
chains, such as the diethylaminoethylether "DEAE-Sephadex’. This
material differs from DEAR-cellulose in thats (1) its total ion-
exchange capacity is four to five times greater, and (1i) the possi-
bility ex:_lsts of obtaining a separation by the processes of ion-
exchange chromatography and gel filtration acting simultaneously,
thus giving a better fractionation than by either method alone. Two
forms of DEAE-Sephadex are available. The more highly cross-linked
(A-25) tends to exolude molecules larger than about M.W. 10,000, and
thus the less cross-linked (A-50), where the ionic groups inside the
gel are accesgible to much larger molecules, was used in the present
investigation.

The DEAE-Sephadex was prepared for use by first allowing
it to swell for two days in distilled water, and then decanting
severa)] times to remove the fines. The material was cycled through
the hydrochloride form with 0.5 N HC1 (treatment with HCl Being as
short as possible to prevent hydrolysis of glycosidic bonda of the
dextran); ani then through the free base form, with 0.5 N NaOH,
before equilibrating with the starting buffer. A pH of 5.0 was
originally chosen as the ovomucoid should be anionic at this pH but
most other proteins in the mixture (e.g. conalbumin) would pass

directly through the resin. In the course of the investigation, 1t
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beoame apparant that very small variations in pH and ionic strength

of the amdnim acetate buffer hald 2 marked effect on the behaviour
of the proteins on the column. The following method was thus used
to prepare accurate ammonium acetate buffers. A stock solution of
acetic acid was prepared and standardized against sodium hydroxide.
To prepare a buffer the required amount of this solution was titrated
with ammonia to pH 7.0. This solution was then brought to the
required pH by the addition of acetic acid. This yielded a buffer
where concentration of ammonium ion was exaotly known and hence the

ionic strength.

(11) ' Results and Disoussion At pH 5.0 in 0.10 lonic
strength tuffer 1t was found that much of the protein of the crule
ovomucoid preparation (Preparation I) passed through the column -
unadsorbed and that this fraction did not contain ovomucoid. On con-
tinued elution with the same buffer an active ovomucoidpeak emerged |
followed by a second inactive peak. Application of a gradient of
NaCl at this stage eluted two to three more peaks, all of which had no
antitryptic activity. It thus appeared that, as far as the ovomusoid
was concerned, a reasonable distribution coefficient existed between
the resin and the eluting bhuffer, fulfilling the requirement of true
partition, chromatography and no gradient was required in this region
of the elution. There was no suggestion of a resolution of different

components with this system nor was the ovomucoid very well resolved
from inactive components. The ionic strength of the eluting buffer

was thus reduced in subsequent columne to obtain a greater degree of

adsorption of the ovomucoid. An ionic strength of 0.09 instead of
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0.100 resulted in a better spreai of the firset three peaks. A further

reduction of the ionic strength to 0.08 brought about still more
aeparation of the peaks.

‘The material from the active peaks of these chromatograms
was not extensively investigated, but on an Bpgg biﬁis its antitryptic
aotivity was considersbly higher than that of the standard ovomucotd
preparations of Lineweaver and Murray (1947) or Predericq arnd Deutach
(1949). The procedure appeared therefore to offer a simple method for
obtaining ovomucoid 1in a relatively pure state. To prepare this ovo-
micoid in a more convenient amount the whole procedure was repeated on
a larger scale. The above experiments were performed on 0.9 x 33 cm
colums and the larger scale column was 2 x 40 cm. This column was
used with the same starting material (Preparation I) and buffer
(ammonium asetate, I = 0.085, pH = 5.0) but did not give comparable
results. The proportion of the second (active) peak was much less
than previously amd the third peak had become virtually a trail of the
secord. In experiments intended to elucidate this anomaly the volume
of solution in which the sample was applied was found th have some effeat
on the results, but this could not account for the failure to reproduce
the original results on a larger scale. The system was critically
affected by small changes in conditions and it appeared as if there was
some variable factor (perhaps concerned with the pretreatment of the
resin or the packing of the column) which could not be traced. As a
result .. this method was not pursued further.

(vb) Use of DEAE-Cellulose

(1) Methods and Materials Chatterjee and Montgomery (1962)
described the chromatography of crude ovomucoid (Lineweaver and Murray,
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1947) on DEAR-cellulose. In the present study, in view of the

erratic results with DRAR-Sephadex, chromatography of avomucoid on
DEAE-cellulose was attempted along the lines of the above method.

DRAEB-cellulose (WhatmanDE 50, total exchange capacity
approximately 1.0 meg‘,/g;) was conditioned for use by soaking in 1 N
NaOH and then filtered on a Blchner funnel (no pasper required). The
material was washed with additional 1 N NaGH until no more coloured
material was removed, and then recuspended in 1 _g_ 1. It was £11-
tered immediately, washed with water on the Bllohner funnel and then
resuspended in 1 g NaOH. It was filtered agaln and washed with water
until free from alkali. The cellulose was then resuspended in water
and the suspension adjusted to pH 7.0 with NaHpPOy solution (0.2 M) on
thepH meter. . The suspension was degassed, allowed to settle and
decanted to remove finea. Settling and decanting was repeated a few
times using 0.002 g phosphate buffer, pH 7.0, as the suspending medium
and the material was finally packed into a ¢olumm amd the 0.002 M
phosphate buffer (pH 7.0) run through overnight.

(11) Results and Discussion Chatterjee and Montgomery (1962)

equilibrated the DEAE-cellulose and adsorbed the ovommcoid onto the column
in phosphate buffer (I = 0.005, pH = 7.0). Elution was effected by a
linear gradient (the slope of the gradient was not reported) of sodium
sulphate from zero to 1.0 M in 0.05 M phosphate buffer (pH 7.0). In the
present investigation 0.002 M phosphate was used as the equilibrating

ard adsorbing buffer, and crude ovomucoid (Preparation I) as the starting

material. After adsorption of the protein the colurn was washed with

buffer pH 7. o) which eluted all the ovomucoid activity with the

front. This indicated (i) that in the experiments of
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Chatterjee and Montgomery (1962) the gradient was superfluous and
the starting buffer was suffiolent to bring off the rovomucoid; or
(11) that the DEAR cellulose used by the above aut.hérs (Brown Company,
Type 40, exchange oapaoity 0.588 m eq/g) bound protein considerably
nﬁm strongly thanthe Whatman material (see however, page 120 ); or
(iii)vthaf_. there 1is a misprint in the publication. o

'I'hel peak eluted from DBA!-_cenulou with tho front of the
0.05 M phosphate buffer (pH 7.0) was very sharp and comtained about
70% of the Epgy adsorbing material applied to the column., It could be
seen by eye that 1t contained iron-conalbumin (pink colour, A ., 470
m) and 1ts gxrbi@rwptio activity imiicated a content of about 40% by
welight of ovomucoid. It was thus clear that very little resolution of
the ovommoid.was taking place, but merely its elutionvnith the buffer
front. As a result the experiment was rcpeated with the salt gradient
applied in the dilute phosphate buffer (0.002 B) instead of in the more
concentrated one (0.05 !l_) which is itself capable of eluting ovomucold
and 1ts associated proteins from the resin.

The firat pesk of the above column was therefore pooled,
dialy;ed against 0.002 M phosphate buffer (pH 7.0) and applied to a
column equilibrated with the same bu;fer; Washing with the 0.002 M
phosphate buffer did. not bring off any material. The gra:lier_:t .of
sod fum sulph#te was then applied in this buffer af._ a slope of 1.25
mMoles/em (up to 0.2 !l_)' This brought off a single sharp peak almost
irmediately, which comprised virtually all the Epgp absorbing material
applied to the column. The front part of the peak contalned the iron-
conalbumin but it was not ak all separated from the ovomucoid. The
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peak was again pooled, dlalysed against 0.002 g phosphate buffer
(pH 7.0) and reapplied to the column. EBlution was performed as for
the previous column except that the slope of the gradient of sodium
sulphate was reduced to 0.3 mMoles/cm and only taken as far as 0.05 ﬁ
m 1mh-cona1buni.x‘1 was now partially resolved as a shoulder on the
leading edge of the peak and the antitryptio 'activzti emerged as the
tratling edge of the same peak‘. This mpnsent'od‘ the best resplﬁtion
of the ovomucoid on Dm-collulose'at tnu sfage but it was still only
about 5095 pure on a weight baﬁia.’ Another chromatogram was run with
Proparation I as starting material amd eluted in the same wa.v as the
one Just describad The results were very similar and the region of
the peak containing the ovomucoid was pooled and us_ed later for chrom-
atography on CM celiulose (page 125 ).

In 'jme next column a still shallower slope was used and a
modified procedure was adopted for packing the column (Porath and
Hjerten, 1962). The column (2.6 cm diameter, 55 cm long) was extended
with a 50 cm lengthl of tubing (Joined by binding with tape) amd fitted
with a large filter funnel similarly Joined to the top. The column
was filled with 0.002 M phosphate buffer, pH 7.0, and the outlet |
closed. A dilute suspension of the DEAEéoelluléaé (pretreated and
equilibrated as described asove) was pom'ed into the funnel. The
contents of the funnel were mechanically stirreci by means of a rod
which projected several cm into the extension tube. When the cellu-
loge had percolated throughthe buffer and a l_wer had settled on the
bottom of tfw column the outlet was operiod and the packing was con-

tinued with the buffer flowing. Stirring was maintained continuously
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and the level of buffer in the funnel replenished 1f necessary.

When the cellulose had packed down in this way lt;to a column about
one amd a half times the length of that finally required the stirrer
and funnel were removed and the column finally packed down under
approximately 10 p.s.i. pressute.
| Crule ovomucoid (2 g of Preparation I) was applied to the
column in 0.00R2 M phoaphate buffer (pH 7.0). Elution was effected by
a gradient of sodium sulphate (0.13 mMoles/em) in this buffer at a
flow rate of approximately 0.2 cm/min; 10 ml fractions were collected.
This resulted first in the elution of a sharp but inactive peak followed
by the ovomucoid (fig. alii.msm this column the ovomucold was clearly
resolved from the inagtive material as a secomd peak, but there was no
suggestion of a resolution of the ovomucoid into its several componenta.
In the following chromatograms of ovomucoid on DEAE-cellulose
NaCl was used as the eluting salt and ovomucoid partially purified by
the Linewesver and Murray (1947) method was used as starting material.
Using Whatman's DEAB-cellulose and a NaCl concentration gradient of 0.5
mMdole/om to 0.1 M in phosphate buffer (pH= 7, I = 0.02) one peak was
eluted which contained a shoulder of inactive material on the leading
edge and two shoulders on the trailing edge. The peak and trail were
antitryptic. A second gradient up to 0.5 M NaCl did not elute any
further material. Two other commercially available DEAR-celluloses
(Collex-D, fine grade supplied by Bio-Rad, kindly given by Miss E.M.
Press; and Sigma Chemicals' fine grade) which were both much finer in
particle size than the Whatman's weré tried out under the above con-

ditions. However, both adsorbents gave essentially the:.same results as
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the Whatman product, the ovomucoid belng eluted as an irregular,

assymetric peak only partially resolved from inactive impurity and
without any resolution of the different components of ovomucoid.

(¢) The Use of CM-cellulose

During the fractionation of total egg white protein
(Rhodes et al 1958) »as well as in the course of subsequent work in
the same laboratory (Rhodes et al, 1960 and Feeney et al, 1963) ovo-
mucoid was chromatographed on CM-cellulése. The conaidoratioh that
absorption ontob the acidic surfﬁoe of a carboxyl resin may catalyse
the hydrolysis of sialic acid residues from ovomucoid resulted in a
hesitation to use it in the present study (ef. Chatterjee and Mont -
gomery, 1963). HMer tﬁe unrewarding results obtained with basic
ion exchange resins led to a reinvestigation of itsuuse, despite jbhis
possibility. The method desoribed by Feeney et al (1963) appeared to
yield ovomucold least contaminated by other proteins amxd was used as
the starting point for the following study.

Ovomucoid from a DEAE-cellulose column (page 119) was
dialysed against 0.1 M ammonium acetate buffer pH 4.0 and then appliéd
to a CM-cellulose column (1.5 x 34 cm) equilibrated with the:rsame
buffer. All the material was adsorbed under these conditions, washing
with 100 ml of the starting buffer bringing off no 280 mp adsorbing
material. A gradient of 0.1 M ammonium acetate from pH 4.0 to pH 4.6
over 300 ml brought off a peak with a slight suggestion of consisting
in fact of two components running very cioae together. The whole' p.eak
showed high antitryptic activity. A more highly purified ovomucoid
preparation (the pooled active peak from fig. 21) was employed for the

next chromatogram on the same column. The piH gradient from pH 4.0 to
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pH 4.6 was this time applied in a total of %50 ml. The material
eluted from this column emerged as two partly overlapping peaks
which both had high antitryptio activity. The ovomucoid was this
time olearly resolved into two components. ﬁhon this procedure
was applied to samples of ovomucoid obtained by methods other than
chromatography on D'm-cellulo_sa.’ hbtr'cvei'; the sm.ao: result was not
 cbtained. A sample prepared by the method of Lineweaver and Murray
. (1947) ylelded only one peak of active material with a slight shoilder
on the ].eading edge. . On some oocgs;lona only a single symmetrical peak
was obtained. Even the crude preparation of ovomucoid which had been
~-used as starting material for the DEAK-cellulose chromatography did
not result in two aotive peaks under the above corditions.

(a) Ammettg;ated Ovomaoold

(1) Tntroduotion The stud}r of the S-B a.m:lmeth&lcysteimrl
derivative of ovbmucb_id was undertaken for two reasons. Chromatography
of ovomucoid on 1on exchange celluloses had' provad to be particularly

unrewarding and it was hoped that the fully unfolded protein would
evince a more aatisfactory c!n'omatographic behaviour. Secorxii;r the
" unfolded, reduced and aliylated derivative coum be used for structural
stuiies, employing enzymic or chemlocal rupture of bonds. With a highly
erosslinked x':rotéin, rypture of a few bonds (e.g. the two methiqnim
residues in the protein) may not produee separate fragments 1f they
are still held togetrar by disulphide bridges.

The sulphydrylblocking agent, ethyleneimine, was 1ntroduced
by Raftery and Cole (1963) as a more efficient method of producing the
S-p-aminoethylcysteine (AEC) derivative than the bromoethylamine reagent
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previously employed (Cavallini et al, 1955; Lindley, 1956). After
treating a reduced preparation of insulin B chain with ethyleneimine,
amino acid analysis of a hydrolysate yielded 91% of the cystine as
AEC (Rafter-y and Cole, 1963). No other amino acid was modified by
the reagent, with the possible cxccptibﬁ of phenylalanine (88%
recovery). Recently Hofmann (1964 ) treated chymotrypsinogen with
bromoethylamine under milder conditions than those used by previous
workers. Amino acid analysis showed complete conversion of the cystine
to AEC. Recoveries of other amino acids were quantitative except for
phenylalanine (884) andi:histidine (84%). The cationic nature of the
new aside chain raises the isoelectric point of the protein. In the
case of ovomwoid this facilitates chromatography of the protein at a
pH near its isoelectric point which is desirable for separation of
closely related species.

(11) Preparation f-Mercaptoethanol (Eastman Kodak) was
redistilled immediately before use and collected under nitrogen.
Guanidine hydrochloride was prepared by neutralizing the "Analar"
carbonate salt with HCl, evaporating to dryness, and recrystallizing
from methanol containing 107 v/v concentrated HCl. The buffer used
was 2-amino-2-methyl propane 1:3 diol-HC1l (Raftery amd Cole, 1963:
abbreviated hereafter to AMD). The buffer solution (5 g)was
prepared by adding solid amine to a solution of the acid to prevent
the formation of carbonates. It was stored in a flask with a ground
glass nlck, fitted with a soda lime tube. Ethyleneimine was obtained
as a colourless liquid from Light & Co. in sealed ampoules and was

used without further purification. For reasons of safety it was
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dispensed with an all glass syringe and never by pipette. Ovomucoid
prepared by the method of Lineweaver and Murray (1947) from fresh
large eggs (yield from 48 eggs, 7 g) was used ag starting material.

The method adopted for reduction of ovomucoid in quuntities
up to 100 ng. was derived by slight modification of that of Crestfield,
Moore and Stein (1963 ) which is in turn very similar to that of
Anfinsen and Haber (1961). Guanidine hydrochloride wai used in place
of urea as it 1s a 'mro efficient denaturant and free from undesirable
side reactions. A smaller volume of reaction mixture was used (4.25
ml instead of 12 ml), AMFD buffer was used in plase of "tris" and
reduction was allowed to proceed for 2% hours instead of 4. To 100 mg
‘ovomucoid in a screw-topped glass bottle (capacity 4.25 ml) the fol-
lowing additions were made in the order stated: guanidine hydro-
chloride solution (8 M, 3.2 ml), EDTA solution (50 mg/ml Nap salt, O.é
ml), AMED buffer (5 M, pH 8.6, 0.3 ml). The solution was degassed in
a vacuum desicator to remove dissolved oxygen and mixed. Freshly dis-
tilled B-mercaptoethanol (0.2 ml, a 50 times molar excess over the di-
sulphide on the protein) was then added. The bottle was filled to the
brim with distilled water, a disc of "polythene" slid over the top to
exclude air amd the 1id acrewed securely down to seal the bottle. The
solution was mixed by repeated inversion and then allowed to stamd at
room temperature for 24 hours. The contents were then transferred by
means of an all glass syringe to a flask containing 14 ml AMPD buffer
(5 M, pH 8.6, representing 25 moles buffer per mole mercaptoethanol)
and @ 1.6 ml ethyleneimine (13 moles per mole mercaptoethanol) and
allowed to stand at room temperature for 30 min. The solution was

finally dialysed overnight in the cold room on a rocking dialyser
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asgainst distilled water. The dialysed solution was freeze-dried to
yleld the aminoethylated ovomucoid. |

For preparation of the ovomucoid derivative, on a larger
soaie, guanidine hydrochloride solution (8 M3 ml) was added to 2 g
ovomucoid in a specimen bottle, and the mixture allowed to stand
overnight, for complete dissolution to take place. The olear solution
was transferred to a dialysis bag of 4/32 Visking tubing with a total
oapacity of about 5 ml. The specimen bottic was washed out twice
with 0.25 ml EDTA solution (50 mg/ml Nap salt) the washings being
added to the contents of the bag. The bag .laa ti«_i off, enclosed in
a nylon mesh "sock"” and placed in a screw cap bottle of 30 ml capaoity.
Mercaptoethanol solution (100 ml) was prepared by sdding 10 ml AMED
buffer (5 M, pH 8.6) and 5 ml EDTA solution (50 mg/ml, Na, salt) to
57.3 g guanidinium chloride. Water was added to a voluxe of 93 ml and
the solution was transferred to a scm-caﬁpod bottle. Nitrogen was
bubbled through for an hour, freshly distilled mercaptoethanol (7 ml)
was added and the bottle securely closed. The bottle containing the
dialysis bag of protein solution was then filled with mercaptoethanol
solution, securely olosed and left at 37° overnight. The outaide
solution in this bottle was changed three times at 23 hour intervals
and the bottle stored at all times at 37°. The dialysis bag was
Tinally removed and its oontents added to 25 ml AMFD buffer (5 M, pH
8.6) containing 2.5 ml ethylenimine. The mixture was allowed to stand
for 30 min at room temperature ami then dialysed and freeze dried as

for the small scale preparation.
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(114) Clromatography of Aminoethylated Ovomucoid The
approximate iscelectric point of the modified ovomucoid was first

determined by electrophoresis on cellulose acetate strips. A

sample of serum was run concurrently on an adjacent strip to serve
as a set of markera. In borate buffer at pH 8.9 the protein moved
towards tha anode with a obility abhout the same as that of serum
f-globulin. In maleate buffer at pH 6 the protein was distinotly
cationic with a greater mobility than that of y-globulin. By imtra-
polation the isocelectric point of the protein was assessed to be

about 3.5. . ' ‘
Chromatograpby was performed exclusively on CM~oellulose.

'rhe material was adsorbed at pH 6.0 in phoapha.te buffer (I = 0.02).

| Blution with a comentmtion gradient of this buffer to I = 0.2
produced some resolution of the material but no olear fraot.:lonat:lod
into discrete pesks. Elution of material sisorbed in the same way
with an increasing concentration of "tris" buffer at pH 8.0 did not
effect any improvement in resolution. When the material was applied
to the colum in 0.1 M "tris" buffer pH 8.0 one peak emerged unadsor-
bed followed by two small peaks. Subsequent application of 1%
amonium carbonate' solution eluted the fourth and largest peak. On
application of the sturt:lng material {n 0.1% amnlm bicarbonate
zolution most of it was again unadaorbed Subseqmnt elution with

a copcerxtrat:lon gradient of ammonium blcarbonate from 0.1% to 0.5%
eluted a few amall, poorly roaolved'peaks. A very similar result was
obtained by appucation of the protein in 0.1% aumonimlbioarbonate
(pH = 8.3) ami elution with a graiuent. of inoreasing pH to 0.5%
ammonium carbonate solution, pH = 9.0. Similaf experiments at pH 8.5
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and pH 9.0 only served to confirm that the ovomucoid derivative
required a pH well below 8.0 in order to adsorb onto the CM cellulose.

For the next coluan the starting material was therefore
applied in sodium phosphate buffer pH 6.0, I = 0.02. Even here some
material passed directly through the coimn. The column was then
washed with 0.If% ﬁmonim bicarbonate. solution (pH = 8.3) until the
pH of the effluent was 8.5. It was found ihat the pH of the effluent
rose rapidly to about 9.0 where it stayed for some time hefore reaching
equilibrium at pH 8.3. Two small peaks were eluted by this .oparation.
Application of a congentration gradient of ammonium bicarbonate from
0.1% to 1.0% eluted a number of poorly. resolved peaks. On testing the
fractions with orcinol reagent the first of the peaks eluted with the
gradient, as well as the unadsorbed material, were fournd to conrtgin
hexose. Glycylglycine (pK - 8.2) was also tried as eluting buffer for
the aminocethylated ovomucoid. Protein was adsorbed 1n‘phosphate
buffer pH 6.0, £ = 0.02 and the column then washed with glyoylglyeine
buffer 0.01 M, pH 8.0 until the effluent pH was 8.0. Elution was con-
tinued with a concentration gradient in glyeylglyecine buffer from 0.01
to 0.1 M. However a very poor resolution resulted, the material merely
leaching out continuously.

Consideration of all the above results led to the conclusion
that adsorption of the modified protein onto CM cellulose at pH 6.0 in
| phosphate buffer followed by elution with an ammonium bicarbonate con-
centration gradient appeared to be the moast promising system. The next
ser;es of chromatograms were thus devoted to ascertaining the optimum

corditions for this gystem in respect to the loading of the column, the
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pH and slope of the eluting gradient etc. The pH of a freshly

prepared solution of ammonium bicarbonate was found to be very close |
to 8.3 at any concentration between 0.1% and 1%. However, it is an
umreliable buffer and on standing the pH gradually increases to about
8.7 in a few days. As a result 0.02 M "rris" at pH 8.3 was introduced
as buffer and elution was effected with'an hicreasing concentration of
ammonium bicarbonate in this buffer. Ammonium bicarbonate solutions
were always freshly prepared on the day they were used. The pH over-
shoot in the effluent when ammonium bicarbonate (pH 8.3) was applied

to & column equilibrated with sodium phosphate (pH 6.0), was probably
due to the phosphate being washed out rapidly but the scdidum being only
slowly displaced with ammonium ions. As a result, ammonium ate
buffer at pH 6.0 was employed in place of the sodium phosphate, and this
did in fact eliminate the pH overshoot on equilibration with the higher
pH buffer. The ammonium phosphate buffer was prepared from diammonium
phosphate solution adjusted to pH 6.0 with phosphoric acid. 'l'he con-
centration used for preliminary equilibration of the column and applic-
ation of the protein was 0.02 g in respect of ammonium ion.

The method finally evolved will be described on the scale
used for chromatography of 200 mg of aminoethylated ovomucold. The
column (2 cm x 50 cm) was equilibrated with ammonium phosphate buffer
pH 6.0, 0,02 N in ammonium ion. Starting material (200 mg) was applied
in this buffer, and a further 300 ml of the same buffer passed through
the column. "Tris" buffer (0.02 M, pH 8.3) was then applied to the
column and after the passage of 250 ml a gradient of ammonium biloarbonate
from 0. 2% to 1. 0% in 960 ml of the tris buffer was applied. The column

was finany elutod with the tris buffer containing 1% ammonium oarbonate
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Plus M NaySO, to bring off the last peak. The fractions ecollected (5

~ ml) were assayed for E,g, and hexose by the orcinol reaction. Selected

‘ tub.osl at the protein peaks were al_so used for sialic acid determination.
The results for this coluzn are represented in fig. 22. The fraetions
‘indicated in the figure were pooled, dialysed and freeze dried.

Analysis of Aminoethylated Ovomugoid. Fraction III (7.5 mg) and fraction
™ (17.4 ng) were analysed for their amino acid.cowposition. Hydg?-lysu
(1n constant boiling llc;) was performed in well evacuated sealed tubes.
The evaporated hydrolysate was analysed on the Technicon amino acid
column using the micro bead column (page 55). . Aminoethylcysteine was
.eluted between amonia. and lysine. The colour yiéld for pure AEC was

. taken from Hofmann (1964). The results are set out in table XII (page
160). On all amino acid charts cystine was totally absent. Oxidation
by performic ao;d resulted in a very small peak eluting with the sol-

. vent front but as repeated reduoction and alkylation did not diminish

the size of this peak it was taken to be vsom'e oxidation product other
_than oysteio qcﬁ. ‘ » : .

~ From. the results (page 16@)‘.1t.appcqm most likely that peak
IV does in faot reprq:qnt ovomucold. The high values for isoleuoine
amd methionine, however are difficult to understandi. In the case of
peak _III on one of the three analyses carried out a small additional
peak appeared near the AEC, and the size of the AEC was about 65% of
- that in the other two charts. If the small peak represents some impurity
which was not always separating from the AEC the value in the table may

_be too high. In this case it should be about 6 residues of AEC per
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28,800 g. Insuffioient material was available for reliable quant-
© itative carbohydrate analyses on these materials. However, hexose,
hexosamine and sialic acid were all found to be present in both
materials. | ' |
(e) Analytioal Staroh Gel Electrophoresis of Ovomugold

(1) Introduction Starch gel electrophoresis (Smithies,
- 1955) possesses a greater' ability to separate complex protein mix-
~ tures than any other method, with the possible exception of eleotro-
phoresis in the recently introduced polyaerylemide gels. The degree
of separation obtainable im partiocularly striking with groupas of
 proteins which ave basically identical but differ either in the degree
- of polymerisation (e.g. haptoglobins, Smithies, 1950b) or in the
number of charges carried (e.g. orosomucoid, Schmidt, 1962)., These
two cases illustrated the two factors which prinoipally govern the
behaviour of protein in the gels, viz. size and nét electrophoretic
charge (cf. Smithies, 1962).

The major application of starch gel electrophoresis has been
in tne field of serum proteins. The technique has been used for
separation of egg white proteins (Lush, 1961) but under these con-
ditions ovomugold was not resolved from ovalbumin and could not be
fdentified on the gels. In addition, difficulty with staining the
ovomacold by the usual Naphthalene Black dye complicated the study by
this method. Similar difficullies in location of ovomucoid on starch
gels by the usual staining procedure have been reported bp other
workers (Feeney et al, 1963).
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(i1) Methods and Materials The apparatus for starch
gel electrophoresis consisted of trays, slot-former lids amd buffer
reservoirs male to the specifications of Smithies (1959a) for
vertical electrophoresis. Eleotrodes were of platinum wire amd the
power supply was a full wave reotifier 61‘ vatiable power output
(without provisions for constantourrent or constant voltage operation).
Partially hydrolysed starch aﬁitablo for gel eleoffophomsis was
obtained from Connaught Medical Laboratories, Toronto. Two preparations
of ovomucoid were mployed. One ivaa prepared éhromtographioally
- according to the method of Rhodes et al (1960) amt was similar to the
material described by Neuberger amd éapko'rr (196)). The other was a
commerotal preparation obtalned from Light & Co. and was prepared by
the method of Lineweaver ard Murray (1947). Agarose was obtained from
| s_erav@ Laboratories Ltd. and had been prepared according to Russell
‘et al. (1964). The pfoparation (batch 21) contained a small amount of
denatured protein-chlorophyll complex. It was found that this could
be removed by preparing a solution of the agarose (0.8%) by heating in
a boiling water bath in 0.01 M sodium acetate buffer (pH 4.5). The
solution was then placed in a 45° bath and after about an hour the con-
taminating material came out of suspension as a floculent precipitate.
This was removed by centrifuging at 45° and a clear colourless super-
natant remained. This was allowed to cool armd reheated in a boiling
water bath for 10 minutes when rcqﬁired. Trypein was obtained from
Novo Industries, Copenhagen, and the other egg white proteins used as
markers were prepared whesn needed. Ovalbumin was kindly donated by
Dr. R.D. Marshall and was preparation P (Johansen et al., 1961).

lysozyme was a by-product of the avidin preparation ami was prepared
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_ by CM cellulose chromatography and recrystallized according to

Fevold and Alderton (1949). Conalbumin (iron complex) was isolated
and recrystallized agcording to Warner and Weber (1951). The dye

. Erfochrome Black T was obtained from E. Gurr Ltd. Ethylene glycol
 was purified by shaking with "Blodemirrolit” mixed bed resin (5%

w/v) and charcosl, filtered ani redistilled. Sodium acetate butfers at
~ pH values betwsen 4 amd 5 were used throughout. To prepare buffers of
accurately known ionio strength a stock éqlmon qi_' 5_;8__ acetic aoid
was prepared aml standardized. For the preparation of a buffer the '

. requisite quantity of acetic acid was pipetted out, diluted ‘to nearly

' the required volume and then titrated with sodlum hydroxide to the

| theoretical end point en the pH meter using the relation pH = A(pK, +
pK, + log c). The pH of the solution was then brought down to the
required value with acetic acid.and the buffer finally diluted to

volume. , '
For the preparation of the gels, starch (60 g) was added

to 500 mls of buffer in a 2 1 round bottomed flask amd heated on a
naked flame with constant swirling, past the point of maximum vis-
cosity and until the suspension became fluid egain (Smithies, 1959b).
The temperature was kept below 80° and the suspension was thoroughly
degassed by boiling for a minute or two on the water pump before
pouring. The slot-former 11d was lald down on the hot gel (which
completely filled the tray) end kept down'bj weights. The gel was
left to cool at room temperature and was used 6 to 16 hours after
pduring. The usual method of applying the sample is to place a
solution in the slots and seal them with molten petroleum Jjelly.

This method suffers from the disadvantages (a) that when the current
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is first switched on, the protein concentrates at the face of the
gel and, unless the slot is very acourately levelled, the dense
layer of protein at the top of the slot decants to the bottom
producing spreading of the band; and (b) protein solution is
liable to leak out between the gel and the tray or past the petroleum
Jelly onto the surface of the gel. For preparative purposes where a
slot the fuil width of the gel was used these draﬁbaoks became
seiious and aﬁothnr pmoad&e was vdevind' for appuoé,t".ion of the |
aaﬁple into the gel; o -

A gel of agarose (0.5%) was prepared in 6.01 M acetate
buffer pH 4.5 and rendered fluid by heating in a boiling water bath
for at least 10 minutes. The sol was then placed in a 45° bath, at
which temperature it remained flutd for several hours. To the
protein solution at 45° an equal volume of agarose sol was added
ard, after midng in the 45° bath, the solution was pipetted into the
slot, where it solidified almost immediately. As the agarose gel
at this concentration (0.4%) provides very much less resistance to
nigration of protein than does the starch, the band-sharpening
effect observed when the protein is applied in solution is not
diminished by this procedure. On the other hand, electrodecantation
and leaking are completely prevented, and this method of applying
samples was used routinely.

The exposed surface of the gel was sealed with a thin
sheet of "polythene™ and the gel subjected to eleotrophoresis in a
vertical position by immersing the bottom end directly into the

lower resevoir and connecting the top emd by a filter paper wick to
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the upper buffer reservoir (Smithies, 1959a). Eleotrophoresis
was performed for about 12 to 20 hours taking care that the total
power supplied to the gel was not too high, so as to cause heating
of the gel above about 30°. It was fowaxd that about 3.5 watts was
the maximum that the gel could dissipate without exceeding this
temperature. After the run the gel was removed from the tray,
sliced with a thin taut wire and the two haivos separated. A
report that Eriochrome Black T was a useful protein dye (Clark,
1962) led to its trial on starch gels. It was employed in the
same manner as had been developed for Nabhthalem Black (Smithies,
1955). The gel was soaked in a saturated solution of the dye in a
methanol :water:acetic acid mixture (5:5:1) for 30 min and then
washed with the methanoliwateriacetic acid mixture until the
bagkground was clear (2 to 4 hours minimm but preferably overnight).
This resulted in very setisfactory anl permanent staining of all
proteins used in these studies, ard gave very low background stain-
ing. Gels could be preserved in this fluid in sealed containers or,
preferably, photographic records could be made. An approximately 4%
protein solution diluted with an equal volume of agarose solution
produced optirmum loading of the gels and each slot in the analytical
gels held 0.07 to 0.08 ml of soluton. For a better demonstration of
the minor components of the ovomucoid preparation this loading was
doubled. The single full-width slot used in the preparative gels
had a capacity of 0.8 ml anmd 30 ng of ovomucoid was applied in this

volume of the usual 0.4% agarose solution.
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(141) Results and Discussion For the first series
of experiments the conditions of Bier et al (1953) for free
bourdary electrophoresis wei'e applied to the starch gels. Sodium
acetate buffer was used for preparing the gels ami for filling
the electrode vessels. The same pH was used throughout but a
higher buffer concentration was enployodiin the electrode vessels
to reduce pH changes resulting from electrolysis. Electrophoreais
was performed at about 150 volts across the mhole system for about
16 hours. It was foumd that, in general, good resolution of the
different componsnts of ovomucoid by starch gel eleotrophoresis
required the same conditions as did free boundary electrophoresis;
viz. low ionic strength anl approximately isoelectric pH. The best
results were obtained at pH 4.65 and ionic strength 0.0l1. The
requirements of the system were fourd to be fairly critical, good
resolution only oscurring over a pH range of + 0.1 of a unit and the
ionic strength had to be controlled to within approximately + 0.002.
The apparatus contains two buffer reservoirs at each emd of the gel,
connected by suitable wicks. The one reservoir contains the elect-
rode and the other is connected to the gel. At firast all chambers
were filled with 0.1 g sodium acetate buffer. In later experiments
better results were obtained by using 0.3 M buffer in the electrode
vessels and 0.05 14 buffer in the vessels direct.ly in contact with

the gel.
Under optimum conditions both ovomucoid preparations gave

two major, and one or two minor barnds moving towards the anode and
fairly evenly spaced. The intensity of staining (and hence presum-
ably the proportion in the starting material) was higheat for the
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slowest moving band and decreased rapidly towards the anocde, the
fastest moving band (the fourth one) only being visible in heavily
loaded appuoaﬂons. This pattern was virtually identical for the
tié ovomucoid preparations but the oatlwdicalli migrating contaminanta
differed considerably. To ascertain whether the group of evenly
spaced anodichands were all'ovomucoid, samples of the starting material
were mixed with a slight excess of trypsin and then electrophoresed.
All the negatively charged material in both ovomuocoid preparations now
disappeared ard adiffmo baiﬂ appeared at a position intermediate
- between that of the trypsin and that of the original ovomucoid bands.
(rig. 2))Fil'3r(l)m all anodictands in the original gels were ovomucoid
ard the complex with trypsin is stable even at pH 4.6 (of. Sri-Ram et
al, 195:). A seaond new band, smaller and more cathodic than the
main new bard also appeared. This material probably corresponded a
with the (trypsin),-ovomucoid complex reported by Sri-Ram et al (195%).
Two of the cathodic contaminants of the Lineweaver and Murray
preparation of ovomucoid were identified by the use of known markers
as lysozyme and conalbumin, but a few other minor bands remained
unidentified. Under the conditions uged, ovalbumin was fourd to be
well resolved from ovomucold and not coincident with it as in the
work of Lush (1961).

Although the pultiple forms of ovomucoid were demonstrated
by the appearance of bamding, resolution wasz rather poor and attempts
were made to improve this by the use of gels containing urea, which
has been shown in other cases to improve resolution of materials on

starch gels (Smithies, 1962 and Cohn and Porter, 1964). Electro-
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phoresis of ovomucoid in the presence of high concentrations of

wrea posed a special problem, however, due to the very narrow
range of conditions of pH amd ionic strength over which good reso-
lution was attainable. The small amount of ammonium oyanate formed
from the urea in solution, particularly on heating, and the ammonium
carbonate produced by mrdrolyaia of thn cyamtc, as well as the
‘amonia multins rm the biuret reaction, all mult in imroase m
PH and tento strenth of the solution (see Marier amd Rose, 1964).
ALl these reactionq produoo ionie npeous which reduce the ele_otrioal.
i-eaiatanée of the solution. To measure the fqtql sum of these pro-
éeuea a Wheatstone bridge type condustivity meter was ugd withl a |
staniard comductivity cell. The cell was not calibrated to give
absolute conciuctivitioa. All measurements were taken in the same
00'11, and as they were only for comparative purposes, the results
were recorded directly as resistance (in ohms, <2 ) of the solution
in tho standard cell. As a standard of reference, the resistance
of sodium acetate buffer (pH 4.6) was measured at different con-
oentrations .} |
A aolution of urea was pﬁepamd (9.5 M) without heating.
The pH was found to be 10 amd the resistance 8,000 {1, The pH was
then broughi; down to 4.5 with acetic acid (reiutame was now 4,000
| £2) and the solution immersed in an 80° bath. Changes in temper-
ature, pH and resistance with and without the presence of Zeooarb
225 H* resin (2% w/v) were followed with time (see fig. 24). Without
the resin present the final resistance was equivalent to a 50‘ mM
sodium acetate buffer (about five times that used in the gels); but

in the presence of the resin the rise in pH and drop in resistance
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were reduced to negligible proportions. A modified procedure was
thus adopted for pﬁparatiom of gels containing 8 M urea, whereby
repin 18 present in the mixture as long as any heating is required,
but is removed hefore addition of the buffer. To prepare 500 ml
(sufficient ofor one tray) of gel containing 8 M urea and 12% starch,
urea (283 g) was stirred with 150 ml waterccontaining 2 g of Zeocarb
225 H* resin (16-50 mesh) and heated until completely in solution
(approximately 60°). Starch (72 g) was suspended in 146 mls of water
in a 2 1 round bottom flask and the warm urea solution, containing the
suspended resin, was added with vigorous swirling. The mixture was
then heated 1n an 80° water bath with constant swirling for 10 minutes,
and cooled in a wato;r bath at room temperature :for 20 to 30 minutes.
In the presence of urea the gel 1s slow to set and remained fluld at
this point even though the temperatire hal dropped to 40°. The resin
was now filtered off through a wmuslin cloth amd, as a check, the
resistance was always measured at this stage aml was dsually h;OOO to
6,000 {1 1in the standard cell. To 450 ml of thia solution (five-
sixths of the totl volume) 50 ml of sodium acetate butfer (I = 0.10)
was aided, the solution well mixed, degassed and finally poured into
a tray and allowed to set overnight. The final pH of the solution was
always found to read approximately 0.8 of a unit higher than that of
the buffer solution added. A buffer of pH 4.0 was this added to
obtatn gels with a pH of 4.8, which was found to give the besﬁ results.
Gels containing 6 M urea were prepared similarly.

The final resistance of the urea gel after addition of the

buffer was approximately 2,8000 {1 , more than twice as high as that of
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aqueous gels containing the same concentration of buffer. This

meant that a higher voltage could be applied across the urea gel
for the same total power. The loading of the slots was done as
desoribed previously, 1.e. in 0.3% agarose and without any urea.‘
A potential of about 200 volts was applied to the gels for 16 to
20 Houre. The buffer boxes were filled with sodium acetate buffer
(I = 0.1) at the same pH as the gel but without urea. Subsequent
slicing, staining and photography of the gels was as for those
without urea.

As in the case with the aqueous gels, in the presence of
urea, ovomucoid only showed clear banding over a narrow range of
conditions. The ionic strength again had to be about 0.01 and the
best results were obtained between pH 4.5 amd 5.0 -in 6 or 8 M urea.
To obtain bands with the same apparent electrophoretic mobilities
the gels containing urea required a pH 0.2 of a unit higher than in
the absence of urea. The pattern of the bands ard their relative
staining Iintensitywes not affected by the presence of urea; but the
bards were much sharper.

It has long been known that there i1s a marked inerease
recorded on the pH meter when urea is added to a buffer. In the
course of the present study when acetic acid was titrated in 8 M urea
an apparent pK of 5.4 was obtained (compared with 4.76 in water) amd
with borate a similar increase in the recorded pH at half neutralisation
was observed from 9.2 in water to 10.1 in 8 M urea. In this connection
a recent study of the pH of urea solutions 1s of great interest (Bull

et al, 1964). With half-neutralized solutions of p-nitoophenol and
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acetic acid ard with very dillute KOH solutions, an increase of

about 0.8 of a pH unit was consistently observed in 8 to 9 -!‘: urea.
With very dilute ECl solutions this increase was 1.63 of a pH unit
and with half-neutralized ammonius hydroxide 0.3 of a unit. However,
when determined by conductance methods the pK_s of acetic aoid, p-
nitrophenol and asmonia were found to be 0.9, 1.0 and 0.6 of a pH unit
AM reﬁpcotivoly in the presence of 9.44 H urea than in water. The
authors concluded that urea increases the dissociation of weak acids
and increases the fonization of water. They postulated that the urea
drastically reduced the activity of hydrogen ions, leaving the
activities of other ions more or less unchanged. As a result it is
not possible to predict what the isoelectric point of a protein
really is in 8 M urea, but it is probably significantly lower than
in water. The fabt that in the presence of urea a slightly higher pH
{0.2) was required to obtain the same apparent electrophoretic mobility
is probably due to the urea-containing gel presenting a congiderably
higher resistance to the movement of the protein bami.

Trypsin is not enzymatically aotive in the presence of 6 o}
urea (Harris, 1956) and as the active site appears to be necessary for
complex formation with ovomucoid (see introduction) it was of interest
to investigate the effect of urea on the complex. The gels containing
urea afforded an opportunity of doing so. Preformed complex (con-
taining excess trypsin and in the absence of urea) was placed in the
slots of a 6 M urea gel (in the usual 0.4% agarose gel) and ﬂel‘eéo;:ro-

|

phoresed in the usual manner. Comparing these results (fig. 25) with
130

a similar experiment without urea (fig. 23) the complete absence of
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the ovomucoid-trypsin complex in the presence of 6 M urea is

apparent. This confirms the general conolusion that only
enzymatically active trypsin is capable of forming complexes with
naturally occurring trypsin inhibitors. It further demonstrates
that 6 M urea will bring about dissociation of the enzyme-inhibitor
complex. The odd appearance of the ovomucold may be due either (1)
to the complex first migrating cathodically into the gel and then
dissoolating, ieaﬂns the ovomucoid significantly d:laplaced although
the displacement of the trypsin is not observable; or (11) to the

. ovomucold being modified by the trypsin during the process of

~ association and dissociation (see page 22 ).

For eleotrophoresis of ovomusoid, the chief advantage of
the gels containing urea was the greater compactness and clarity of
the bands, ie the reduction in diffusion relative to eleotrophoretic
mobility. This may have been due merely to the presence of a high
concentration of solute in the agueous phase of the gel amd not to
any specific effect of the urea on the protein. Other relatively
inert solutes such as glycerol, sucrose and ethylene glycol were
tried and found fo be free of undesirable side reactions and much
simpler to use than urea. Gels were prepared in the usual way with
the addition of the required amount of the particular solute. A
gel containing 12%4 starch, 304 (v/v) glycerol and 0.008 M sodium
acetate buffer at pH 3.7 gave a final resistance of 4,200 <2 in the
standard cell and was electrophoresed with the buffer boxes containing
gsodium acetate buffer pH 4.7, I = 0.3. An overall voltage of 240 v.

produced a current of 13.5 ma (3.24 watts) and gave a good resolution
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With discrete bands in 12 hours. Sucrose (504 w/v) and 8% starch

in 0.008 M sodium acetate buffer pH 4.7 gave a good gel with a
final resistance in the conductivity cell of 5,500 L1 | An overali
pdtential of 360 v at a current of 10 ma (3 wafts) was applied for
16 hours, but there was very little movement of the protein bandis.
This retardation of oleotropkwretio mobinty appeared to be a rumt:lon
of the nolocular size of the added solute a.ni etlvlene glycol was thus
tried m an attenpt to combine the beneﬁoial eftoot of a large non-
aqueous phue in the gel with the minisum Ntnndat:lon effeot.

!tlwleno glycol was employed at a ooneentration of 40% v/v
of the aqueous phane together with 12% starch and sodium acetate
buffer, I = 0. 008 at pH values betnen 4.6 and 4.9. The optimum bH
value was found to be 4.85. The two reservoirs in direct contact with
the gél conmtained 0.05‘ g sodium acetate buffer as well as 30% v/v
ethylens glycol aml the electrode compartments cortained 0.3 M squeous
sodium acetate bﬁffer. all at the same pH as the gel. These gels had
a resistance @er standard corditions of about 5,000 {2 and an
overall potential of 230 v (resulting in a aurfent of‘ 13 ma, or 3 watts)
was applled to the gel for 26 hours. As with all the aﬁove gels the
sliocing, stainixwg and washing of the gels was perrormedl in the usual
way. As ocan be seen from ﬁg. 26 the presence of ethylene glycol in
the gels resulted. in a considerable shafpening of the banis but permit-
ted much less movement of the bands from the slots. The general pattern
o.f the bands and their relative staining was again the same with or
without the arwleﬁe glycol, as was. also the' case for glycerol amd suo-
ﬁse. The various conditions employed for starch gel electrophoresis of

ovomucoid are summarized in table X.
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(f) Preparative Starch Gel Electrophoresis

(1) Methods ard Materials With added experience, ami
as a result of amall technical wodifications, complete separation
of the different banxis could be obtained with the standard aguecus
starch gels _without the addition of a large non-aqueous phase.
Although the aQqueous gels resulted in .fu' greater spreading of the
barnds they were usier to use and resolution was sufficient to suggest
its development into a preparative method. Of the two methods for
mechanical disruption of thegel, maceration and freezing and thawing,
Smithies (19590) preferred the second, but even here the recovery was
very poor and the isclated material was heavily contaminated by
soluble starch. Moretti et al (1958) introduced the use of a second
eleotrophoresis for eluting material from isolated segments of starch
gel. The system was chiefly applicable to proteins with a fairly high
electrophoretic mobility as the protein had to traverse a considerable
distance before it could be recovered. In addition the apparatus was
fairly elaborate and only one ppotein could be eluted at a time. A
simplified apparatus based on the same principle (Gordon, 1960) was
also only capable of eluting one bard at a time. The method was con-
siderably improved (Bocoi, 1961) by the use of a tray in which up to
four segments of gel could be eluted simultaneocusly. However,
location of the eluted protein is the difficult feature of this
method. Teuyuki (1963) described a tray for the simultaneous elution
of a large mmber of isolated gel segmemts. RKach segment was placed
in a compartment made partly out of a bent plastic mbroscope slide,
but with two opposite sides of dialysis membrane. In effect, the

compartments are adjacent to each other in the tray but separated by
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the membranes. The ourrent flows through all the chambers, elution

taking place in each one. Each protein is trapped by the membranes.
The apparatus is however rather elaborate and the making of each
chamber a fairly delicate operation. At about the same time an
apparatus was desocribed for barrier electrophoresis (Vande Woude and
Davis, 1963) where dialysis membranes were used to separate different
compartwents of the apparatus. The membranes were held in place bet-
 ween segments of the tray, the whole structure being held together
with socrews. By a combination of these ideas, a tray was devised and
constructed for the simultaneous elution of atarch gel segments by
‘means of a second electrophoresis.

The tray was made from "Perspex"™ and was composed of two
end pleces and efight individual segments which could be assembled
together to form the tray aml held in place by brass rods furnished
with washers and nuts at each end. During assembly a section of
dialysis mesbrane was inserted between each segment so that the final
apparatus consisted of a series of compartments geparated by the mem-
branes. The use of sillicone grease between each face and mmbram
ensured a water tight fit. The membranes were soaked and the holes
punched before assembly and, once set up, the apparatus could be used
repeatedly as long as it was stored filled with water to prevent the
membranes from drying out (see fig. 27).

The starch gel (12%)was prepared in sodium acetate buffer,
pH 4.6 to 4.7, I = 0.015 anxd poured in the usual way but only one slot
of 12 cm was made which ocoupiled almost the full width of the gel. When
fully set the: gel was loaded with 30 mg of orude ovomucoid in 0.8 ml of

0.4% agarose gel at 45° and covered with a sheet of "polythens". The
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gel was subJjected to electrophoresis with 0.3 M sodium acetate

in the electrode chambers ard 0.05 2 sodium acetate buffer in the ones
~adjacent to the gel (all at the same pH as the gel) at 150 volts

and 25 ma for 20 to 24 hours. After electrophoresis a narrow
locating strip was cut from each edge of the gel and a third one

. from the middle of the gel. These were sliced, stained and washed

in the usual way and then returned to their places, alongside the v
remaining seotions of gel in the tray. The regions containing
pm“’-'n',u 1m1°’fm‘ by reference to these ‘5fi31ps"ﬁei'e cut out
 ylelding two segments of gel for each band of protein (one from each -
side of central looating strip). As two protein bands were isolated
from each gel and two gels were run concurremtly eight slices of gel |
. were obtained from each run. RBach of these was then placed in a
separate compartment of the elution apparatus. The gel segment
occupied approximately half the space in the compartment. The
remainder of the space in the compartment was filled with 0.01 g
acetate buffer pH 5.0 to the level of the gel slice. A blook of
rubber was placed on the slice to keep it in place and to prevent
the passage of electric current through any buffer which may other-
wise have covered the slice. When the whole elution apparatus was
set up any unused compartments were filled with the 0.0l M acetate
buffer to the same level as the others. The two end compartments
were connected with filter paper wicks to the electrode vessels
(capacity 5 1) filled with 0.05 M sodium acetate buffer pH 5.0.
Electrophoretic elution was performed for 24 hours at a current of
20 ma. In later runs the pool of buffer in each compartment was

covered with molten l&5° paraffin wax, to prevent evaporation, which






150

otherwise resulted in increased buffer concentration in the chambers
with subsequent fall in electrical resistance accompanied by an
excesgive amount of heating. At the end of the run the gels were
removed, each compartment washed out and the appropriate lots pooled.
The dialysed freeze-dried residues from these buffers were found to
be considerably contaminated with soluble starch and the preparations
were therefore further purified by column chromatography on DEAE
cellulose columns.

Materials eluted from the two major bamds from two gels
(total starting material 60 mg) were pooled into ohe "fast® fraction
and one "slow” fraction (the terms "fast” ani"slow” refer to their
relative rates of migration towards the anode). The material was
dialysed against phosphate buffer I = 0.005, pH = 7.0 and adsorbed
onto a DEAE cellulose coluwm (1 cm x 40 cm) equilibrated with the
same buffer. Elution was effected by a linear increase in Nap80, con-
centration from O to 0.25 M over 200 ml of the phosphate buffer. The
fractions containing protein were pooled, extensively dialysed and
freeze-dried. The final yield was 14 mg of slow fraotion amd 3.5 mg
of fast fraction. Correcting for the material removed in the gulde
strips this represents a recovery of S0% of the remainder. The
proportions of fast and slow material isolated are roughly in accord
with their relative staining intensity as Jjudged by eye.

These two fractions represent a complete separation of two
electrophoretically distinet species of ovomucoid and also probably a
higher degree of purity than obtained by any other method. As the

procedure was very lsborious and time consuming only relatively small
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amounts of the two fractions were finally collected, but it was
possible to carry out a reasonable analytical programme on the
materials using exclusively micro-analytical methods. All analyses
described belowwsre performed on about 10 mg of each fraction. |

| (11) Analysis of Eluted Material |
Methods Amino acid analyses were perrormd with the kind collabor-
ation of Mr. Wilkinson on the Spinso 120 anino acid analyser according
to the method of Spakman, Moore and Stein (1958) as outlined previously
(see p. 53 ). A sample of each fraction (3 mg) was hydrolysed in the
presence of 2 umoles norleucine in 1 ml 6 N-KC1 at 110° for 24 hours.
Cystine was d,ctmimd as cysteioc acid after performic acid oxidation
of 1 mg of material {page 58 ). Moisture content was determined by
drying in vacuo at 110°. Stock solutions were prepared of both
frastions ani‘ of the crmde ovomucoid uhod as starting materihl by
adding water (0.1 ml, by weight) to 3 mg of each fraction.

N-acetyl neuraminic acid was liberated by mild acid hydro-
(L. Light asd Co).

lysis or with neurulnidaseL For acid hydrolysis 10 ul of stock
solution was mixed with an equal volume of 0.2 N HoS0; ina3 ml
conical centrifuge tube, which was sealed with a rubber stoppei‘ amd
heated in an 80° water bath for 60 minutes. Evaporation of the
solution was found to be oons!.derable, cordengation taking place on
the upper part of the tube ard on the stopper A second method was
consequently used in which hydrolysis was performed in sealed melting
point capillary tubes. This resulted in less destruction of liberated
sialic acid as ascertained by thp use, in both cases, of control
solutions of free sialic acid. In the firast method 30 pl of water
was then added to the tube as the determination of sialic acid was
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always performed on a 50 ul sample. When the capillary tube was

used, the hydrolysed solution was gently blown out into a suitable
tube and the capillary rinsed with 20 and then with 10 ul of water,
the washings being added to the tube. For enzymic liberation of
sialic acid, 10 ul of stoock solution was incubated with 20 ul of
neuraminidase solution uxl 2 ul of toluene in a rubber stoppered 3
ml oonical centrifuge tube at 37° overnight. Subsequent experiments
with only 10 ul of nom-anmidm solution gave equally good reoovéries.
As a check on the activity of the enzyme and on the absence of aldo-
lases in the preparation, a sample of sialyl-lactose (kindly provided
by Mr. E.R.B, Graham) was included in all Maea. The sialyl lactose
preparation contained no free sialic acid but did not appear to be pure
as 1its bousd sialic acid content (by acid hydrolysis) was only 198
(theoretical, #1%). However it did serve as a comparative control to
ensure complete recovery of sialic acid by the enzymisc method. In all
cases liberated sialic acid was determined by the method of Aminoff
(1961) on a reduced scale except that the chromophore was extraoted
with cyclohexanone as in the Warren (1961) procedure instead of by
the butanol-HCl mixture. This modification (suggested Iby' Mr. E.R.B.
Graham) results in a more complete extraction of the chromophore..
Sample or stamdard N-acetyl-neuraminic acid (50 ul) was
incubated with periodic acid (0.025 M NaIOy in 0.150 l‘{-HzSOu, 25 ul)
for 30 minutes st 37°. Sodium arsenite (2% w/v solution in 0.5 N HCI,
20 pl) was then added and the solution shaken until colourless (1 - 2
minutes). After addition of 200 ul 0.1 M thicbarbiturate (thiobar-
bituric acid, recrystallized from water, adjusted to pH 9.0 with NaOH)
the solution was heated at 100° for 75 minutes and then cooled in an
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ice bath. Concentrated HCl (10 ul) and oyclohexanone (500 ul) were
finally added and after vigorous shaking the mixture was cooled in
jce-water and centrifuged at D°. The organic layer was pipetted off
and its absorption spectrum recorded in a 1 om mioro-cell.

Both fractions of ovomucoid were subjected to starch gel
electrophoresis. A sample of each fraction was also electrophoresed
after treatment with neuraminidase. Seven slots in a single gel were
used. and for each oin 30 ul of sample was mixed with 30 ul of 0.5%
agarose at 45° and the total mixture applied (except slot G, where
the sample was 40 ul). For the first, fourth and seventh slots the
sample comprised 20 ul of the stock solution of starting material
plus 10 pl of 0.01 M sodium acetate buffer pH 4.6. Slot two contained
20 ul of the stock solution of the slow fracion which had been
inoubated with 10 pl of neuraminidase solution and 2 ul toluene at 37°
for 24 hours. 8lot three was the same as two except that buffer
replaced the neuraminidase. Slot five was similar to three, but -
with the Zast fraction and slot six contained 30 ul of fast fraction
which had been incubated with neuraminidase (10 ul), as for slot two.
Electrophoresis was performed as desoribed for the preparative starch
gels above.

To determine whether, and to what extent, the preparations
were contaminated with soluble starch they were subjected to mild acid
hydrolysis and glucose was specifiocally determined with hexokinase and
glucose-G-phosphate (NADP; being measurdd spectrophotometrically (Slein
1963). To stock solutions of fast amd slow fractions (20 pl) and to a

sample of starting material (1 mg), 0.5 ml _E_if&n was added, the tubes
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sealed  and heated at 100° for 3 hours. The tubes were opened and
,tgtrated tq neutral.‘..ty w;.th 2 g NaOH using an external indicator.

For each glucose determination two tubes were set up,» each containing
~ (a) 0.7 ml ATP solution [tris buffer pH 8.0 (0.1 M, 10 parts); CaCly
(o1 M 2 pgrpa); serum albumin (}% mg/ml, 1 part) adenosine triphos-
phate (0.01 M ATP, NegH,, 1 partls (b) 0.05 ml hexokinase solution
(300 units/ml, where 1 unit catalyses phosphorylation of 10 pg glucose/
min at 30° and pH 8.0, Berger et al, 1833 (c) 0.05 ml glucose-6-
. ;\)hosphate dehydrogenase solution (1 unit/ml, tghei'e 1 unit catalyses the
. o:ddation of 1 umole glucose-é-phoaphatp/min at 25°, Glazer and Brown, A
1955); and (d) 0.6 ml of icater. giving a total volume of_ 1.4 ml.
. Standard gluépse,oxb hydrolysate (50 ul) was added to 6nevtube and 50 pl
_ wa.ter to the sother. The solutions were transferred to 2 cm silica

microouvettes (capacity 0.8 ml) which were placed in the double beam

- recording spectrophotometer. The instrument was set at 340 mu and

ad Justed so that the difference in optical density between the two
euvettes (AE;W) was zero. The solutions were returned to the
tubes, the last addition, NADP solution (3 x 10°M NADP.NaHp, 0.1 ml)
. was made, and after restoring the solutions to the cuvettes, A Ezt0m,
was recorded with time.’' The maximm was reached after about 5 minutes
and was found to be linearly related to the amount of glucoge in the
sample over the range tested (2-10 ug). No correction was made for '
possible destruction of gluooa‘e during hydrolysis. |
For assay of total hexose (by oreinol), glucosamine and
anti-tryptic activity, solutions of each fraction and of the starting
material were prepared by dissolving 5 mg in 150 pl of water. Two 50

ul samples were taken for thé oreinol assay ami the residue diluted by
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ths addition of 100 ul water. Two 50 ul aliquots were taken from

_th:l.s* solution for glucosamine assay, the_ remalnder beirg onge again
diluted w!.th 100 ul of water. The ﬂnal solutlon sewed for
measurement of a.ntltryptic activity uslng again two 50 ul samples.
The methods u_sed _tor‘ omlnol. glucosamine. and antitryptioc assays have
been desci'ibed above (page56.57 » and 112 ).. They were goaled down
for present purposes as follows. Por total hexose determination 0.425
ml oreinol solution (1.88% in 5}5 v/v IQSOL;) was added to the sample
(50 ul, contalning approximaﬂy 50 He ovomueold), heated at 80° for 15
minutes, cooled axxl read at 505 mu in a 1 cm microcuvette. For -

| estlmatlon of glunosamine the sample (50 ul, com'.aining approximately
15 ug ovonmcoid) was hydrolysed with an equal volume of 8 N HC1 for 8
hours at 100° ina sealed tube, a.ni then evaporated to dryness. The
reeidue was redissolved 1n 50 ul nater, mlxed with 100 ul acetyl-
aoeton_e solution amd he_ated at 100° for 20 minutes. After additon
of ethanol (300 nl) a.nd l!hrlioh's reagent (50 ul) the solution was

~ heated at 65° for 10 mlnutes, cooled amd read at 530 my ina 1l em
mioro-cuvetfe. Deteminati.on of am'.itryptio aotlvlty was performed
by add:lng lml of e.ubstrate ard 100 ul of solutlon containing 10 ug

. trypein to the samplss (50 ul, oontaining about 5 ug ovomucoid)
After i.noubatlon at 37° for 10 minutes reaction was stOpped by the
addltion of 0 2 ml 30% v/v acetic acid and the solution read at 410

mye in loem miomouvettee. Control tubes eontaine_d no ovomuooid_ and

5 ug trypsin.



156
Analytiogl Results Moisture content of both fraotions of ovomucoid,
which were stored in stoppered tubes in the cold, was 15% and all
analytical values are given on a dry weight basis. In addition,
samples were found to be contaminated by soluble starch (see later)
arxi this has also been subtracted from the weight of the samples
before calculation of the results presented below. Amino acid
analyses ofthe fast and slow fractions are sumsarized in table XIt pieo
The starting material used for preparing the two fraoctions is the
same as that for which Stevens and Feeney (1963) reported amino
aoid analyses and these values have been reproduced in the table
for comparison. The phenylalanine peak was severely overlapped by
glucosamine. The glucosamine contribution, as derived from the clear
peak obtained on the short basic amino acid column, was subtracted to
give a result for phenylalanine.

Determination of standard N-acetyl neuraminic acid (NANA)
over the range 0.2 to 1.5 ug in 0.05 ml by the modified micro-Aminoff
method resulted in a good linear calibration with a molar extinction
coeffioient of 91.3 x 10° ami blank readings of about 0.02. Reprod-
ucibility was of the order of + 1%. When staniard NANA was subjected
to the acid treatment used for liberation of sialic acid in the 3 ml
conical tubes (total sample volume 20 ul) the recovery was 78%. Under
these conditions the slow fraction yielded less than 0.05% of sialic
acid and the fast fraction 0.23%. When aoid hydrolysis was performed
in sealed capillary tubes the recovery of stamdard samples was 90% ami
the sialic acid results were 0.056% for the slow fraction and 0.56%
for the fast fraction. By this method, too, the starting material
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contained 0.5% sialic acid, the sialyl-lactose 19% and the chromato-

graphic sample of crule ovomucoid 0.87%

The rate of enzymatic liberation of sialic acid from
ovomuooid was determined by incubating a sample of the starting
material (7 mg) with 0.5 ml enzyme solution at 37° and removing
aliquots (0.05 ml) at varfous times for analysis. The ratio of
enzyme to substrate was 7 units per mg ovomucoid or 1.2 units per ug
of sialic acid. One unit is the amount of entyme reguired to liberate
1 yg NANA from a m.um serum glycoprotein substrate (Frastion I -
Dische) in 15 minutes at 37°. The results obtnud, after tﬁ.tfmnt
time of 1ncubat10h, as a percentage of sialie Acm in the sample and
as a percentage of the final value were: 1 howr 0.43% (76%); 3 hows
0.53% (92.5%)3 6 hours 0.57% (100%) and 16 hours 0.57% (100%). A
second sample inoubated with 0.A5 ‘nnitt (nominal) per ug sialic acid
for 16 hours also gave a value of 0.57% sialic acid. For determination
of -unc acid in the two uohtod ovomxwoid frections by enzymatic

onel tor 4l #e- eloch
nbemtionb series of inoubations were performed including stamdards
and controls with enzyme substrate ratios of 2 to 3 unita/ug NANA.
Recovery of the NANA control in this case was 1005 and the sialyl-
lactose preparation yielded 17% sialic acid (90% of the acid liberation
value). The slow fraction oontained 0.07% sialic acid aml the:fast
fraotion 0.61%. The sialic acid content of the ch:mntographieaily
prepared ovomucoid by this method was 0.71%. All the sialic acid

results are summarized in table XI.
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Table XI

Sialic Acid Content of Fractions of Ovomucoid Isolated Electrophoretically

Residues am;o Acid Per Mole of Ovomucoll

Released by Actd | _ Released by Ensyme |
Starting material 0.81 0.66
Slow fraction 0.05 0.06
Fast fraction 0.35 | 0.37

The value for total hexose for both fractions was 27.3% on
a dry welght basts. This includes the glusose resulting from the starch
contamination, which was then deteriinid aspeoifically by the enzymatic
method. For the glusose determination the mixture eontaining both
enzymes, ATP and slucéu standard or hydrolysate (but no HADP) was
checked on the spectrophotometer. No 3)&0 change occurred over about 5
mimites, after which time the NADP was added. The maximm /A Ex40
obtained with a 5 ug glucose standard in a 2 cm cuvette was 0.21 in a
total volume of 1.55 ml, which gives a molar extinction coeffiocient for
the NADPH of 6.1 x 10°. This 1s very close to the value of 6.22 x 10°
quoted in the method followed., When a tube was set up containing 120
ug of hydrolysed starting material addition of NADP brmght about no
cixangc in B3hg, but introduction of 5 us of glucose to this uixture gave
the expected optical density change. Ovomucoid therefore contains no
glucose and also does not interfere with the test. When their hydro-
lysates were assayed, the isolated materials were fourd to contain
17.5% glucose in the slow fraction amd 15.7% in the fast fraction. If
these values are subtracted from the total hexose figures and also from
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the total weight of the materials, mannose contents of 13.9% for the
fast and 12% for the slow fractions are obtained. These values are
probably toc high as the values for glucose are most likely too low.
The low values for glucose are dus to the fact that no correction
was made for destruation of glucose durh_:g acid hydrolysis.

Glucosamine analyses were straightforward and ylelded 14.8%
and 13.8% i{n the slow and fast fractions respectively. For the
activity assays the trypsin solution was prepared from a freeze-dried
preparation stored in the cold. To correot for moisture content and
any other non-protein contaminants the concentration of the solution
wes derived from the Bpgy using the value Ei%., ogoy, = 15.9 (8eravac
Laboratories Itd., descriptive booklet on enzymes). One mg of trypsin
was found to be equivalent to 1.1 mg of slow and 1.15 mg of fast
fraction. These ﬂguru are derived by doubling the amount of ovomucoid
reqiired to produce a 504 inhibition éf the trypsin as discussed above
(p- 94 ). Carbohydrate :i: .ctivii: values are summarized together with
the amino acid results in table XII.

The results of the re-electrophoresis expeiiment on the two
fractions before and after neuraminidase treatment are shown in fig. 28.P149
The fractions are electrophoretically homogeneous with negligible oross-
contamination. The multiple bands in the original electrophoretograms
of ovomxold are, therefore, olearly not artefacts produced by the
conditions employed, but do represent different species, which when
isolated, behave predictably on electrophoresis. The slow fraction is
virtually sialic acid free and, as expected, is not altered by neuramin-
idase treatment. The original fast fraction (which contained approximately



TABIE XIT
Amino Acid ition of Ovomucoid Practions 28,000 g)

‘ 8tarch Gel Aninosthylated Stevens &
Preparation . Slow Fast Peak IV  Peak III Feenay (1963)
Alanine 10.5 1.0 9.0 11.1 10.3
mmm ' 5.2 508 _ k.26 » “07 5.5
% oystine | o 16.8
Cysteio Aocid 4.6 15.4 ‘ '

Glutamic Acid 12.7 3.9 15.9 173 13.6

Glycine 13.1 14.% 15.0 14.5 13.2

Histidine 3.9 3.9 2.5 - 3.8 4.5

" Isoleucine 2.7 2.9 4.6 6.4 3.08
Leucine 10.1 10.8 8.68 6.2 10.2

1ysime 12,1 12.1 10.8 9.8 11.8

Msthionine 1.73 1.92 3.8 3.4 2.0

Fhenylalanine 4.7 3.6 4.28 6.1 k.35
Proline T 7.2 5.5 6.18 5.85
Serine 9.5 9.9 12.1 15.6 10.2

Threonine 12.6 12.6 14.6 15.9 13.1

Tyrosine 5.1 5.0 5.28 4.5 5.48
Valine C13.7 12.8 10.9 6.62 14.4

Rexose 1606 22-0

Hexosamine 2.4 22.4
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half a mole of sialic acid per mole of mtoin) ran as two

fractions after neuraminidase incubation. One, which we may call the
Fg fraction, in the same position as the original fast fraction and
another, the Fy fraction, in the same position as the original slow
fraction. This is consistent with the explanation that the original
fast fraction is a mixture of two species of ovomucoid, in about equal
anountl, which both have the same net charge at the pH of the experiment.
One of these appears to be free of slalic acid (the Py fraction) and the
other probably contains one mole of aimo acid per mole of protein (the
F, fraction). If this is #o, the difference between Fy and Py, after
nsuraminidase treatment, is one charged group per mole as the sialic
acid carboxyl is fully charged at pH 4.6. The sialic acid-free Fg
component nmust therefore also differ from the original aslow fraotion
by one charge per mole. This sould be dus to a single group such as
a difference in a basic amino acid, or to a nuber of groups which are
only partly ionised under the condifions of eleotrophoresis sush as two
side chairn: carboxyl groups of pK 4.6.
(g) Discussion

The solubility of ovomucoid in the presence of protein
denaturarnts like acetone and trichloroacetate led to the development
of methods for its isolatién: from egg white in a highly concentrated
state. However two related properties of these ovonucoid preparations
soon became apparent. The ovomucoid was not entirely free from other
proteins: and tha ovomucold itself consisted of a mmber of slightly
different molecular forms. With the advent of powerful new tools for
protein purification in the decade that followed, these problems were
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invesatigated in a mmber of laboratories (see p. 179 ). When this

project was undertaken no definitive chromatographic method had been
published either for obtaining pure ovomucoid or for separating the
different components which had been demonstrated by slectrophoresis.

The methods which had been developed for purification of
ovomucoid - ohromatography on TEAE cellulose, or DEAE cellulose, or
colusm eleoctrophoresis - all used as starting material preparations
obtained by selective precipitation at pH 3.5. The method of Rhodes
ot al (1958) employing CM cellulose chromatograply, also involved the
’mo of similarly aocidic solutions. The firet consideration when the
present study was initiated was to investigate methods of -:isolation
which avoided the use of such low pH conditions. In addition none of
the four methods mentioned above had been shown to yield pure ovomucoid.
For the firat reason the orude ovomucoid referred to as preparation I,
which had not been subJjeoted to conditions below pH 4.6, was used as
starting material for the ochromatography on DEAEB-Sephadex arnd DEAE-
cellulose.

The results obtained on DEAE-Sephadex are rather difficult
to understand. With a combination of gel filtration and ion-exchange
chromatography operating, it is possible that the system is susceptible
to very small changes in conditions. In a descriptive Sooklot on
Sephadex ion exchange materials recently produced by the manufacturers
(1965) 1t 1s pointed out that the rate at which equilibrium is attained
- on DEAR-Sephadex is rather slow. As a result it is necessary to employ
slow flow rates with these colums; and that if the flow rate is too
fast considerable loss of resolution occcurs. This fact was possibly
not suffiolently appreciated at the time. From the results obtained
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on chromatography of preparation I on DEAR-cellulose it appears that

the ovomucold was being eluted more or less simultanecusly with some
other protein or proteins. In spite of the low isoeleatric point of
ovomucoid it was very readily eluted from the basio oellulose at pH
7.0. It emerged at an fonic strength of about 0.04 (in sodium sulphate
and in sodium ohloride). Thisis only fractionally higher than that
needed for elution of conalbumin which has an isoelectric point about
2 t0 2.5 units higher. A factor which iz possibly worth considering
~when proteins are being eluted at such low lonic strengths is the
effect of one protein on the veluuon of another. If a contaminant
protein is eluted before the ovomucoid and emerges with an optical
density at 280 mu of about 0.5 its concentration is of the order of 1
mg/ml. If we assume, for the sake of argument, that the molecular
weight of the protein is 50,000 this gives a molar concentration of
about 4 x 10™°M. For cumputation of ionic strength of salt solutions
the conoentration is multiplied by the square of the number of charges
on the particle. This is probably not applicable to macromolecules,
but we can possibly use it to obtain an approximate order of magnitule.
A protein of molecular weight 50,000 would have about 450 residues, and
if, say 50 of these carry a charge then if, for purposes of elution, the
sign of the charge is immaterial, the fonic strength resulting from the
protein in solution would be sbout 0.04. This caloulation may well be
widely incorrect, but does indicate at least the possibility of protein-
‘protein interaction on a vcolumn at very low fonic strength.

Whether the elution of contaminants was actually bringing
off the ovomucoid as well, or whether their elution was merely

coincidental 1t was clear that the chromatography was not removing all
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contaminants from the ovomucoid. Some other procedure, such as

selective precipitation, was reqiired. The moat common method for
prelininary purification of ovomuocoid is to remove most of the
inactive material by precipitation in the m.ma of acetons and
trichloroacetate in the cold at pH 3.5. Although this procedure
' was st first considered undesirable, it does not appear to alter
the molequle significantly as it 1s claimed that the chromatcgraphic
 behaviour of ovomucold (including its heterogensity) is not altered
by thia trutmht (Ma and Feeney - méato comntoation).v
Consequently ovomucoid partially purified by the Lineweaver and
Murray (1947) method was used for the later series of ohromatograms
on DEAE-cellulose. However, it was still not found possible to obtain
" discrete pesks which would have indicated resolution into chromsto-
 graphically pure proteins. |

l‘ho results of the o!n'ontogmm ot' ovomucoid on the basio
ion cxohange materials way be compared with those of Jevons (1960) and
Beeley and Jevons (1965). Starting with ovomuoid partielly purified
by precipitation of inactive material at pH 3.5 and employing TEAR-
" cellulose, chromatography was performed at pH 6.8 and elution effected
by a NaCl concentration gradient. Here too, as indfcated by the anti-
tryptic activit& of the final pmpax;atiom. the ovoimﬁoid was not
freed from all inactive protein. In the only other stuly of the
chromtosrapkw bf ovomucoid on buio' ion exchange resins published
(mutmm and Montgomery 1962), the elution diagram u not given.

cm'outograyhy of ovomucoid on cu-ceuulm in some res-
pects bruduood more useful results than ohmmtograpm on the basic
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exchange resins. From antitryptio assays the products appeared to
be far less contaminated by inastive material than those derived
from DEAE-cellulose. From the point of view of purification of
ovomucold by chromatography therefore, this would be the method
of choice. This is fully in accord with the results of Feeney et

al (1963).
In thu study attcntion wag alwayn focuaod on the problm

of the hete;-ommtty or multiple forms of ovomucoid and their reao-
‘lution. In thﬁ connection, aswith the problem of ovomucold purific-
ation, the basio exchange materiazls did not appe& 40 yleld useful
results. mn is in contrast to the results of Beeley and Jevons
(1965) who derived a mmber of peaks (though poorly resolved) on
TEAR-cellulose chromatography. Although these do not sppear to
rom-eunt pure ovomusoid a resolution into different molecular forms
may havelbeen obtained. The reaoluuon of the different wuuooids
by chromatography on CM-cellulose is somewhat puzzling. From the
results of the starch gel ele&mﬂnmia and also ascording to
Peenoy (personal communication from Masda) prior expbaure of ovomucoid
to mildly acidic comiitions does not affect the heterogeneity. However
on CM-cellulose chromatography the history of the materials before
application to the column did appear to affect the result. Only the
preparation obtained from DEAE-cellulose chromatograbhy could be
resolved clearly into .mora than one active peak and the material
obtained after aoid precipitation of contaminants could not.

In spite of the low isoelectrio point of ovomucoid and its
appaxfent large excess of negative charges it was only very weakly bound
to DEAR cellulose and eluted at very low ionie sfrargt.h. It appears
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likely that the very hydrophilic carbohydrate groups of the molecule

are situated on the_' outside of a highly crosslinked globular protein
core, and that only very few charges are steriocally sufficiently
accessible to form salt bridges with the resin., This may explain the
very weak binding ani unsatisfactory chromatographie behaviour of
~ ovomucoid on fon exchange columns. 'l'ho degree of accessibility of the
charged groups to the resin is likely to be conformation deperdent (as
is the case for the accessibility of the tyrosine side chains to
_solvent perturbation) and this may oreate an additonal difficulty in
obtaining reproducible chromatograms.
The results of the chromatography of the aminoethylated
materials indicated that these fully unfolded .porteim do in fact
give much more discrete peaks and better resolution of the different
- proteins present. Amino acid analysis of the aminoethylated materials
from the two main peaks yielded no aystine at all. PFven if oonsider-
able destruoctioncof cystine takes place on acid hydrolysis the total
absence of cystine from the amino acid charts most probably imiicates
its total abgence from the protein. From a comparison of amino aeid
values it is alear that the major peak represents ovomucoid, as a
well-resolved, sharp amd symmetrical peak. However, the significant
discrepancy in the values for one or two of the amino acids cannct be
accourted for at this stage. ‘
The main differences between electrophoresis in gels aml

the classical free boundary method are: |

(a) the protein sample in gel electrophoresis is applied in a thin
bard which enables the different species preaeht to‘ move clear of each
other; asopposed to the desp layer of solution where only the front and
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back boundaries separate,

(b) that in the gel matrix the water 15 bound to the po].vsaccharide
chains thus making convection, eloctrodecaxrtation and other flow
phenomena impossible as well as reducing diffusion of the protein
bards. The very high viscosity of ths gels provides .a far more stable
medium .for eleotrophoresis than the fluid conditions prevalling ‘1n
free boundary conditions, and finally

{(c) proteins»separ.ate not only by charge but also by virtue of théir

size. I ‘ o
consideration (v) above also pmbsbly aceounts for the faot

'lthst. whereas on staroh gel eleotrophoresis rraotionation ooourred,
‘attempts by Jntisz et al (1956) and Noble et al (1957) to obtain frac-
| tionation by colunn eleotrophoresis according to the method of Porath,
did not meet with suCCess. | | |
In an 1rdependerrt stu:ly on the fraotionationoof ovomucoid

| by starch gel elootrophoresis Wise et al (1964) arrived at very
similar optinnm conditions and obtainsd a very similar resolution of
the ovomuco:ld to that obtained in the present study. In this work,
too, the most bssio component appeared by eye to be present in the
highest ooneentration. In the present study ihis conclusion was con-
firmed by the actual isolation of the material as described above.
However, by t‘ree bounisry electrophoresis (using ovomucoid of the
same orig:ln as that of the above studies) the second most basie
component 1is preseut in largest amount as Julged by the areas under

the peaks (see pS0 ). It 1s most probabld that the two main bands
" in the starch gel correspond to 01 and Oy of Bier et al (195}) but

for some unknown reason the:lr relative concentrations are reversed.
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In the present study a far better resolution of the dif-

ferent components of ovomucoid was obtained on starch gel electro-
phorests than on fon-exshange chromstography. This was also found in
a study on the a3 acid glycoprotein of serum (Schmid et al, 1962).
Although five bands could be demonstrated by starch gel electrophoresis
only a single peak was obtained on DEAE-cellulose chromatogrphy.
Fractiona from different resions of the peak when subjected to electro-
phoresis in starch gels cleaﬂy showed that only a very low degree of
resolution was taking place onthe column. The greater resolution of
mixtures of proteins which differ in net charge obtained on gel
electrophoresis compared with that obtained on lon-exchange chromato-
graphy is possibly due to the fact that in the case of chromatography
only surface charges which ocan form salt' bridgei with charged groups
on the resin (and not oharges in sterically inaccessible regions of
the protein - such as those covered by carbohydrate) are operatives
whereas in electrophoresis the iocation of the charged group within
the tertiary structure of the glycoprotein is immaterial.

" It ts dearly desirable to exploft the high resolving power
of electrophoresis in a gel phase for the isolation of pure protein
species. The method described above, although producing the desired
results is too time consuming to be of general applicability. Since
this work was completed 2 very similar apparatus, although on a
elightly larger scale, has been described (Lloyd amd Mears, 1964).

It 1s of interest to note that recently a method of preparative
electrophoresis on a column of polyaorylamide gel has been developed
which may prove to he the method 61‘ cholee for carryini out this type
of fractionation in the fiture (Jovins et al, 1964),
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From the results of the re-eleotrophoresis of the isolated
ovomucoid fractions after they had been treated with neuraminidase, a
few useful conclusions and apeculations can be derived. If there is
one charge difference between Fy and Fy the original slow and fast
fractions also differ by a unit charge per mole. As the slow frastion
has about half the electrophoretic mobility of the fast fraction this
would indicate that their respective sbsolute net charges are about
one amd two. The difference in iscelectric point between the two main
fractions ‘of ovomucoid (Bier et al, 1953) 1s 0.12 of a pH unit. The
only groups whose ionization is affected in this region are the aide
chain carboxyl groups, whose ayersge pK is about 4.5; andv the degree
of ionization of a group in the vioinity of its pK is related to the
pH of the medium {n an approximately linear fashion. The pH difference
between the experiment and the iscelectric point of the slow fraction
(which results in a net charge of one on the slow frastion) is about
the same as the pH difference in isoelectric points between the two
fractions (which also results in a unit charge difference). This would
give an isoelectric point for the slow fraction of 4.48, compared with
the value of 4.41 of Bier et al (1953) but it must be borne in mind
that no account has been taken of possible endosmotic effects in the
present study. Another conclusion is possible from the asbove con-
siderations. To get an overall change of one full charge per mole
(the charge difference between the two ovomucoids) with a pH shift
of 0.1 of a unit (the difference in isoelectric point between the
species) would require 20 to 25 groups with pK's in the region of 4.5,
or more groups 1f their pK's are significantly out of this range. This
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value compares reasonably with the calculated side chain carboxyl
content of 32 per mole.

The conclusion from the electrophoresis experiment to
the effect that the sislioc acid alone does not account for all the
electrophoretic variation in ovomucoid is in accord with the
results of Beeley and Jevons (1965). After nsureminidase treatment
of ovomucoid they found two major components on free boumdary
eleotrophoresis corresponding to 0y and Oy of Bler et al. A result
very similar to one cbtained on starch gel electrophoresis of ovo-
mﬁold after enzyme treatment, where it was noted that the two major
bands were still cbservable. (This experiment is not described in
detail sbove as it yielded no information which was not already
derived from the re-electrophoresis of the isolated fast fraction
after enzyme treatnent.) The significance of the distribution of
alalio acid in the fractions these workers derived by chromato-
graphy is less clear. All fractions contained sialic acid, the
ocontent inoreasing with the resistance of the material to elution.
AB the antitryptic activity of the fractions indicates the presence
of contaminating material these results are difficult to evaluate.
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