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C}:J.APTER I 

INTRODUCTION 

Lactose synthesis requires the presence of two proteins, a galac. 

tosyltransferase an,d a1-lactalbumin (1, 2). Hill et al. (3) suggested 

that a1-lactalbumin acts as a "specifier" protein altering the galacto .. 

syl acceptor specificity of the galactosyltransferase from N-acetyl

glucosam.\i.ne to glucose, but studies by Morrison and Ebner (4) indicate 

that a1-lactalbumin may best be described as a modifier protein since 

it lowers the apparent Km for glucose in the galactosyltransferase re

action. 

This interesting function of a1-lactalbumin plus the fact that a1-

lactalbumin can be isolated to purity in large quantities has led to 

many investigations of l,t.s biochemical character. 

Mawal et al (5) have shown by affinity chromatography that enzyme

reactant complexes are forme9 between a-lactalbumin and galactosyl

transferase. Thus a study of the amino acids in a-lactalbumin respon

sible for interaction with the galactosyltransferase should provide 

information as to the mechanism by which a-lactalbumin modifies the 

galactosyltransferase molecule. At present one of the best methods 

available for determining which amino acids, are critical in the binding 

domain of a-lactalbumin is chemical modification. If specific chem:i,cal 

modification of a particular amino acid results in a loss of biological 

activity, the amino acid is considered an "essential group." 



Several major problems arise when using this technique. A very 

serious problem is selecting a reagent which will give a minimum of 

nonspecific side reactions. Most of the commonly used reagents have 

been tested with model peptides and proteins of known structure to de

termine the specificity of reaction. New modification techniques must 

be examined to determine which amino acid residues are modified and in 

addition the reaction mixture must be examined for side reactions such 

as polymerization of the protein. 

Another potential serious prol:ilem is determining if the loss of 

activity observed after a che.mical modification is due to modifying an 

essential residue or due to a structural change which prevents the 

protein from assuming its active conformation. 

2 

Modification of O!-lactalbumin by Denton and Ebner (6) indicated 

that the tyrosyl residues of Cl!-lactalbumin are critical for its activity 

in lactose synthetase. The use of other tyrosyl reagents was under

taken in an effort to further substantiate these findings and to de

termine if possible which of the four tyrosyl residues are esse.ntial 

for activity. 

N-acetylimidazole was chosen as a reagent to modify O!-lactalbumin 

because the acetylation of th,e tyrosyl residues can be easily reversed. 

It is a very mild reagent and is very selective (7), attacking only 

tyrosine and lysine. N-acetylimidazole suffers the disadvantage that 

it attacks all four tyrosyl residues in Cl!-lactalbumin. Thus it is not 

possible to determine the number er position of the essential tyrosyl 

residue or residues. Since most chemical tyrosyl reagents react with 

all the exposed tyrosin,es, an enzymatic method of modification was also 

used to achieve some degree of selectivity. Selectivity should occur 
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if any of the tyrosyl residues are sterically hindered and are thus in~ 

accessible to the modifying enzyme. 

Lactoperoxidase was chosen to incorporate iodide into ot.-lactal.bu ... · 

min. It is a large, stable enzyme that catalyzes the iodination of 

tyrosyl and histidyl residues under very mild conditions (8). Hydrogen 

peroxide is utilized at very low concentrations as the oxidizing agent 

for the reaction. 

Often in the course of a scientific investigation the most signifi-

cant discovery is aside from the predefined objective of the investiga-

tion. For example~ the investigations of Denton and Ebner (6) led to 

the interesting and very puzzling observation that polymerization of ot-

lactalbumin occurred during nitration and iodination. Their study, 

plus those of other investigators (9, 10) have establ:ished polymeriza-

tion as a significant side reaction udder modification conditions. 

The studies on the inactivation of ot-lactalbumin at high pH were 

likewise an outgrowth of studies on the acetylation of ot-lactalbumin. 
\ 

This observation should be of general concern to other investigations 

involved with the structure and function of ot-lactalbumin. 



CHAPTER II 

LITERATURE REVIEW 

The Biological Activity of a-Lactalbumin 

The natural abundance of milk and the ease of acquisition has led 

to many investigations of its biochemical character. One of the more 

interesting characteristics to be discovered is the carbohydrate con-

tent of milk. The disaccharide lactose (4-o-P-D-galactosyl-a-D-glucose) 

is the only ~ajor carbohydrate constituent of milk and the capacity 

for lactose biosynthesis is restricted to the mannnary gland and perhaps 

a few plants (11, 12) though this is doubtful. Both the galactosyl and 

glucosyl moieties of lactose are derived from blood glucose. Three en-

zymes synthesize lactose by catalyzing the following reactions: 

UTP + Glucose~UDP-glucose + PP. 
1 

UDP-glucose -r UDP-galactose 

UDP-galactose + glucose---)o-lactose + UDP 

(2.1) 

(2.3) 

Reaction 2.1 is catalyzed by the enzyme UDP-glucose pyrophosphorylase 

(UTP: a-D-glucose-1-phosphate uridyltransferase, E.C.,2.7.7.9.). Reac-

tion 2.2 is catalyzed by the enzyme UDP-galactose-4-epimerase (E 0 C.'5.1. 

3.2.), and reaction 2.3 is catalyzed by lactose synthetase (EpCe2.4.1. 

22). The first enzyme in the sequence has been characterized from the 

bovine mannnary gland by Aksamit and Ebner (13). The second enzyme has 

also been isolated from mannnary tissue and characterized by T?ai, et al. 

(14) and Fitzgerald, et al. (15). The third enzyme was first demon-
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':" 
strated by Watkins and Hassid in lactating mammary glands of cows and 

guinea pigs (16) and later in bovine milk (17). 

The first clue to ~-lactalbumin's role as a constituent of the 

lactose synthetase system came in 1966 when Brodbeck and Eoner (1) re-

solved the soluble lactose synthetase from bovine milk into two proteins 

by chromatography on Bio Gel P-30. They designated the two proteins A 

and B according to their elution on the gel filtration column~ When 

assayed separately neither A nor B exhibited lactose synthetase activ-

ity but when the two proteins were combined lactose synthe~is was de-

tected. Subsequently Ebner et al. (2, 18) showed that the B protein 

was identical to a-lactalbumin, the common whey protein. Hill and his 

coworkers (3, 19) have made the important observation that the A pro-

tein by itself can catalyze the transfer of galactose to N-acetylglu-

cosamine to form N-acetyll.actosamine. In the presence of ~-lactalbumin 

the formation of N-acetyllactosamine is inhibited and lactose synthesis 

will occur in the presence of glucose. 

Hill (3) suggested that a-lactalbumin should be considered as a 

"specifier protein" since it changes the activity of an existing pro-

tein. However Fitzgerald, et al. (20) found that the A protein can 

catalyze the forn\ation of lactose in the absence of a-lactalbumin when 

the glucose concentration is high (K = 1. 4 M). ~-Lactalbumin lowers 
m 

the apparent K of glucose (mM) so that it becomes a good substrate. 
m 

Klee and Klee (21) have shown that a- lactalbumin lowers the K for both 
m 

glucose and N-acetylglucosamine but the magnitude of the reduction for 

glucose is much greater, molar to millimolar. 
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Morrison and Ebner (4, 22, 23) analyzed the steady state kinetics 

of the lactose synthetase reaction and demonstrated that O:'~lactatbumin 

does participate in the reaction. 

The reaction has an ordered mechanism with the reactants adding in 

the order: +t-Mn , UDP-galac;.tose, the carbohydrate acceptor, and a-lac-

albumin. Mn+t- reacts with the free enzyme under conditions of ther-

modynamic equilibrium and does not dissociate after each catalytic 

cycle. At high concentrations, carbohydrate can add randomly to all 

+t-enzyrne forms but an active complex is not formed unless Mn and UDP-

galacto$e have added previously. They reached the general conclusion 

that Cl.'-1.actalbumin is a special type of modifier which combined with 

the enzyme only after the addition of a carbohydrate reactant and dis-

places an already estc;1blished equilibrium. Morrison and Ebner (4) pro-

posed that the effect of O:'-lactalbumin on the kinetics of the reactions 

catalyzed by galactosyltransferase can be explained by the mechanism 

illustrated in Figure 1. With N-acetylglucosamine as the carbohydrate 

substrate, reaction occurs readily in the absence of a-lactalbumin and 

proceeds via the linear pathway of Figure 1. However, increasing con-

centrations of O:'-lactalbumin force more and more of the reaction flu~ 

to proceed via the branched pathway until at an infinite concentration, 

of a- lac ta lbumin, a lower limiting maximum velocity is reached. With 

glucose as the carbohydrate substrate the reaction can occur along the 

linear sequence iin the absence of Cl.'-lactalbumin only when glucose is in 

the 1 to 2 molar range. When a-1.actalbumin is present the reaction 

could theoretically oiccur along either pathway, however because of the 

marked effect of a.,-lactalbumin reducing the apparent K value for glu
m 

cose virtually all of the reaction flux would occur along the branched 



2+ Mn UDP-gal CHO-
~ J i 

gal-CHO UDP 
1 + 

E E.Mn. E. Mn.UDP- E.Mn.QDP- .......... E.Mn.UDP.' E. Mn. UDP E.Mn. 
gal gal.CHO 

CHO Jr 
CHO jf 

.......... gal-CHO 

CHO JI 
E. Mn. UDP. 

E. CHO 
CHO 

E.Mn.UDP-gal. 

(inactive) CHO a-LA.E.Mn. (inactive) 

a-LAH 

a-LA E. CHO 

(inactive) 

(inactive) 

a-LA Jr 

UDP-gal. CHO 

a-LA 

a-LA Jr 
a-LA a-LA.E. Mn. 

a-LA.E. Mn. UDP. CHO 

UDP-gal. CHO ( inactive) 

{inactive) 

Figure 1. Schematic Representation of Order of Addition of Substrated and Release 
of Products of the Galactosyltransferase Reaction. 

a-Lactalbumin is represented by a-LA, UDP-galactose by UDP-gal, and carbohy
drate by CHO. ...... 



8 

p,athw:ay.. This proposal also offers an explanation for the failure of 

Schanbacher and Ebner (24) to demonstrate the formation of an cy-lactal-

bumin-galactosyltransferase complex under the conditions of maximum 

product formation by the use of sucrose density centrifugation, equi~ · 

librium dialysis, fluorescence quenching, and gel filtration techniques. 

Since then it has been demonstrated that galactosyltransferase from 

bovine (25) and human (26) milk can be purified in the presence of glu-

cose or N-acetylglucosamine by affinity chromatography using a colum.ri 

of Sepharose to which cx-lactalbumin is covalently bound, This led 

Mawal, et al. (5) to use the affinity chromatography column for the 

detection of enzyme-reactant complexes as predicted by the steady state 

mechanism. cx-Lactalbumin bound to Sepharose is capable of functioning 

as a modifier in the same manner as does free cx-lactalbumin and that 

reaction of. any enzyme form with bound cx-lactalbumin causes retardation 
J 

of the pa\Ssage of the enzyme through the Sepharose-cx-lactalbumin col-

umns. By varying the reaction components in the elution buffer they 

found evidence for the postulated deadend complexes responsible for 

substrate inhibition. Due to the high concentration of cx-lac_talbumin 

presenf they also detected--colllplexes which are not of importance in the 

reaction mechanism. 

Recently K,lee and J.<iee (27) have presented evidence for the inter .. 

action of cx-lactalbumin and galactosyltransferase by another technique. 

ln their procedure the band forming cell of Vinograd is used and the 

migration of a band of A protein through solutions of a-lactalbumin is 

followed in the analytical ultracentrifuge equipped with a photoelec-

tric scanner. Their experiments showed that a complex is formed be-

tween gala~tosyltransferase and cx-lactalbumin which contains one mole ... 
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ci,ile of each protein. The complex is stable enough to be observed only 

in the presence of one of the substrates. By using yellow, nitrated a

lactalbumin they also demonstrated binding by conventional sedimenta

tion velocity techniques using absorption optics at 4-30 nm. From their 

studies (27) it is difficult to tell if the complex observed represents 

a cc;1talytically active complex or a dead-end complex. The fact that 

they observed a complex with nitrated a-lactalbumin is hard to explain 

since nitrated Cl'-lactal.bumin appears to be inactive (6). 

Since a complex has been definitely demonstrated the next area 

for study is the molecular interactions between the two proteins. To 

investigate the binding areas of the two proteins it is first necessary 

to know the general characteristics of the two proteins. The soluble 

bovine milk galactosyltransferase has beep. characterized by Klee and 

Klee (27) and Trayer and Hill (8). Klee and Klee (27) reported that 

the galactosyltransferase is a single chain glycoprotein of molecular 

weight 44,000 with a sedimentation coefficient of 3.25. The enzyme 

behaves on disc gel electrophoresis as a family of closely related com

ponents all of which are enzymically active and contain carbohydrate. 

The complete amino acid analysis showed that the praline content was 

very high. They stained disc gels to demonstrate the presence of car

bohydrate and estimated that the enzyme contained about 5% reducing 

sugar. Trayer and Hill (28) reported that the enzyme is a glycoprotein 

with a molecular we~ght between 40,000 and 44,000. They found no 

evidence for subunits. They performed both amino acid and carbohydrate 

analyses. Their results on amino acid analysis differed considerably 

with those of Klee and Klee (27) but they did agree on the high pra

line content. From the carbohydrate composition it wc1s estimated that 
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there were 28 residues of carbohydrate per enzyme molecule or about 12% 

by weight. Lehman, et al. (29) found 10.2% carbohydrate, of which the 

neutral sugars account for 4.1%, the hexosamines 4.0% and the sialic 

acid constitutes 2.1%. They have found that the protein contains both 

asparagine-glucosamine and serine/threonine--galactosamine glycopeptide 

linkages. Recently, Magee et al. (30) have demonstrated the presence 

of multiple forms, one with a molecular weight of 44,000 and the other 

with a molecular weight of 55, 000. Both forms are enzymatically active. 

and contain carbohydrate. 

It is interesting to note that Klee and Klee (27) treated the 

enzyme with neuraminidase whd.ch removed the terminal sialic acid but 

did not lose any activity, thus the sialic acid is not directly in

volved in the functional role of the enzyme. Since the galactasyl

transferase is available only in small amounts the bulk of the research 

attempted to date regarding the binding sites has been on O:'-lactalbumin. 

A later section in this chapter reviews the a-lactalbumin data. 

Protein-Protein Interactions 

Frieden (31) divides multienzyme complexes into two classes~ 

those in which the binding of proteins having different activities is 

quite tight and not easily disrupted; and those in whti.ch the binding 

may be weaker and the specificity of at least one of the interacting 

enzymes is altered by the others. He lists lactose synthetase as an 

example of the second class of enzymes with the reservation that the 

extent of interaction may change in vivo. Other examples of this class 

of enzymes are tryptophan synthetase (of some organisms) and cysteine 

syntheta&e. 



A careful comparison of the similarities of these enzymes might 

lead to an understanding of the basis for this loose, f~eely reversi-

ble, binding which causes large, obvious changes in activity. 

Fortunately a great deal is known about the molecular architec-

ture of tryptophan synthetase. The~· coli tryptophan synthetase com

plex is composed of two easily· dissociable: (32} .subutj.its (Oi aii.cl p2). 

The subunits are completely different proteins having quite different 

physical and catalytic properties. Separately the Oi and p 2 subunits 

have distinct, but only partial activities on the enzymatic half 

reactions: 

Indole glycerol-P .,,;±!:. indole + glyceraldehyde 3-P (2. 4) 

. Q 2 ; pyridoxa 1-P 
Indole + L-Serine- L-tryptophan (2.5) 

When the Oi andp 2 sub~nits are physically associated to reconstitute 

the 0:'2f32 complex, the rates of the partial reactions are 30-100 fold 

greater than with the individual subunits, but indole is not liber-

ated from the complex. Thus the functionally significant reaction is: 

Pyridoxal;f Indole glycerol-P + L-se.rine r L-tryptophan + 

glyceraldehyde-3-P (2.6) 

With pyridoxal-P, the f2 subunit also catalyzes a serine de

amination reaction (33) and a thiol-dependent transamination reaction 

(34) which are completely inhibited by the normally present 0/-subunit. 

In contrast, the combination of the Oi and {i2 subunits slightly stimu

lates a thiol addition reaction in the presence of mercaptoethanol, 

L-serine, and pyridoxal-P (35) ,nd greatly enhances the indole addition 

of reaction 2.5. Crawford and coworkers (34) have evidence that phos-
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phopyridoxylaminoacrylic acid is a common intermediate in all reactions 

of tryptophan synthetase. The O:' subunit is not required for formation 

of this intermediate but it does regulate its fate once formed and 

thereby direct::, the further reaction of the (12 intermediate toward tryp

tophan synthesis instead of other alternate pathways. Presumably these 

effects are a consequence of conformational changes induced in both 

types of subunits as a result of the interactions between them. 

Yanofsky and co-workers (36) have purified, crystallized and 

determined the amino add sequence of the O:' subunit. The O:' po lypep .. 

tide chain has a molecular weight of 30,000 and contains three cysteinyl 

residues. The three cysteinyl residues vary in-their reactivity toward 

N-ethylmaleimide, a sulfhydryl specific reagent (37). Labeling the O:' 

protein with radioactive N-ethylmaleimide produces (a) unlabeled pro

tein, (b) singly labeled protein at cysteine, 80, 117, and 153 and 

(c) doubly labeled protein at both cysteine 117 and 153. Cysteine 80 

appears to be protected in the a 2p2 complex from reaction with low con

centrations of N-ethylmaleimide. However the alkylat;ion of cysteine 80 

had little effect on the association of the chemically modified O:' sub

unit with the /32 subunit or with a specific antibody. The alkylated 

derivative is about 50io active in reactions 2.4, 2.5 and 2.6 when in 

combination with the f32 subunit but is inactive by itself. Labeling at 

either cysteine 117 or 153 produces major structural and functioni;tl \ 

changes in the O:' subunit. The doubly labeled derivative loses all en

zymatic activity and antibody recognition, and associates with the /32 

protein to form a large aggregate that is three to four times larger 

than that of the normal a 2 Pz complex. Two other sulfhydryl reagents, 



p-hydroxym.ercuribenzoate and 5, 5 1 dithiobis (-2 nitrobenzoic acid), 

react in a similar manner. 

In comparison to the lactose synthetase, we find in both systems 
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a small protein, the a protein and a-lactalbumin, interacting in a 

freely dissociable manner with a larger protein to specify the ;reaction 

product. In both cases chemical modification has. been used to deter

mine the amino acid residues necessary for biological activity (37, 6). 

Although the X-ray crystallographic analysis of both a-la~talbumin and 

the a protein of tryptophan synthetase are nearing completion, the 

knowledge of the three dimensional structure will be of limited value 

in determining the critical amino acids in the binding domain. The 

large size of the complexes prevents tpe rapid analysis of the binding 

domain by X-ray crystallography directly. Henc~ chemical and enzymatic 

modification remain the preferred techniques at the present time. 

Another technique for determining binding sites between p?"ote;i.ns 

which shows promise has been developed by Arnon et al. (38)~ They 

demonstrated that a peptide serves as an antigentic determinant on the 

lysozyme molecule. An isolated fragment of lysozyrhe (residl,les 60-83) 

when coupled to a synthetic polymer was capable of eliciting antibodies 

that react specifically with the native lysozyme molecule. A peptide 

was synthesized by the solid phase technique of Merrifield (39) re~ 

placing cysteine 76 with alanine. This replacemept allowed the specific 

formation of a disulfide bond between cysteine 60 and cysteine 84. The 

formation of this loop peptide allowed for testing of the conformation 

dependan,cy of the antibody. This conjugate of synthetic loop peptide 

and synthetic polymer was capable of eliciting the formation of anti

bodies which iq turn were capable of reacting with both lysozyme and 
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loop peptide prepared from lysozyme. These immunological interactions 

can be inhibited by either lysozyme or the loop peptide, but not by a 

perfottnic acid-oxidized open~chain peptide. Thus the antibodie~ eli

cited recognize a conformation.dependent determinant in the native 

protein. 

This technique would adapt well to the lactose synthetase system 

since ex-lactalbumin is a small protein with several loop areas wtl_ich 

could be synthesized with a reasonable effort. While it would be 

possible to do some of the preliminary experiments with purified peptic 

digests of ex-lactalbumin the synthesis of peptides would give an added 

dimension to the variety of experiments possible. 

Another protein upon which considerable research has been clone on 

the molecular structure of protein-protein interactions is hemoglobin. 

It was the first protein containing more than one subunit for which 

X-ray analysis has reached a resolution down to 2.8 A (40, 41). Hemo

globin consists of four subunits, two ex subunits and two (3 subunits. 

The packing of the polypeptide chains into the hemoglobin molecule is 

such that there is close, interlocking contact of side groups between 

unlike chains, but virtually no contact between ex and ex, or ~ and (l. 

There are two kinds of unlike-chain contacts~ between chains with 

neighboring hemes and between chains with widely separated hemes. 

There are a few hydrogen bonds and charged-group interactions, b~t the 

great majority of contact interactions are hydrophobic. When the heme 

groups are widely separated the subunit interface contacts are more 

extensive than between chains with neighboring heme groups, about 34 

side chains being involved as compared with 19. The contact interface 

with fewer residues involved is also smaller in area and smoother thus 



allowing substantial movement during oxygenation as comparedl·.to the 

larger interface which is relatively unperturbed during oxygenation. 
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With this structural information at hand, Perutz (42) has ration

alized some of the effects of mutations on the quaternary structure of 

hemoglobin. For example, in hemoglobin Philly, replacement of tyroi;iine 

35 in the p chain by phenylalanine is accompanied by increased dissocia

tion to monomers. This tyrosine projects into the interior of the 

tetramer and forms a hydrogen bond with aspart:i,c acid 126 of the chain. 

Phenylalanine cannot form such a hydrogen bond, since it lacks the 

hydroxyl group and hence a contact in the interface is weakened. About 

100 abnormal human hemoglobins arising from point mutations are now 

known, many of which are single residue substitutions. 

The complex of trypsin with its basic pancreatic inhibitor repre

sents another model which offers a chance for investigating the inter

action of two biologically active proteins whose primary strt.lctures are 

known (43, 44). The basic pancreatic inhibitor interacts stoichiome

trically with trypsin to give competitive inhibition. 'rhe complex is 

very stable in alkaline media and has a dissociation constant of 

2 x 10 - 1 O ( 45) • 

Many chemical modification experiments have been performed on both 

the inhibitor and the enzyme to determine the functional groups in

volved in the interaction. Since a stal;>le complex is formed, exclu

sion-type experiments in which modifying reagents can be blocked from 

reacting with the active groups can be run. For example, Spande and 

Witkop (46) have observed that when trypsin-pancreas inhibitor complex 

is oxidized with N-bromosuccinimide at pH 4.0, one tryptophan residue 

out of the four that would be oxidized in the native enzyme is protected 
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from qxidation. Steiner (47) found two to three tyrosine residues 

were protected from iodination. Pudles and :Sachellerie (48) fou;nd that 

in the native enzyme histidine-46 was modified upon reaction wi,th both 
- .. - - -

diisopropylfluorophosphate (DFP) and 1-chloro-3-tosylamide-7-amino-2-

hepUrione (TLCK) with resultant loss of activity. They could find no 

interaction between DFP treated enzyme and native inhibitor. They were 

atso. able to show that the enzyme was fully protected from inactivation 

by either DFP or TLCK when bound to the inhibitor. 

The sequence, position, and function of the disulfide bonds in the 

bovine pancreatic inhibitor have been investigated by Kress and 

Laskowski (49). One of the three disulfide bonds (between·residues 14 

and 38) can be reduced witho\.lt damage to J:he other two, and wit:h no 

loss of activity. However if th~ new su\fhydryl groups are carbo;icy-

methylated, activity is lost and the protein becomes prone to hydroly-

sis by trypsin. This experiment plus the elegant work on 1:!he antigentic 

loop in lysozyme leads to the conclusion that not only is there an 

essential group of amino acids involved in the binding domain but there 

is also an essential conformation. Thµs, the critical po;i.nt arises, 

are the changes in activity upon chemical modification due to the modi-

fication of the .amino acid or are they due to secondary changes which 
I 

result in a shift from the active conformation? Efforts to answer this 

question are presented in this dissertation. 

Structural and Physical Properties 

of Various a-Lactalbumin 

Research efforts led by Martin Kronman and Robert Hill have 

established bovine a-lactalbumin as the standard of comparison among 
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the various a-lactalbumins. Hill and coworkers (SO, 51, 52) have de

termined the complete amino acid sequence of bovine a-lactalbumin by 

characterization of the tryptic, chymotryptic and peptic peptides 

isolated from enzymatic hydrolysates of the two unique fragments ob

tained on cleava~e,""Jof S-aminoethyl a-lactalbumin with cyanogen bi!iomide. 

There are 123 residues with amino-terminal glutamic acid and carboxyl

terminal 1eucine. The four disulfide bonds were determined by sequence 

analysis of disulfide-containing peptides after chromatography. One 

peptic peptide contained four half cysteinyl residues and required 

further degradation with thermolysin. The four disulfide bonds are 

formed through linkages between residues six and 120, residues 28 and 

111, residues 61 and 77, and residues 73 and 91. Browne et al. (53) 

have proposed a possible three-dimensional structure of bovine a

lactalbumin based on main chain conformation of lysozyme. They cite 

similarities in molecular weights, amino acid compositions and se

quences, amino and carboxyl terminal groups, and corresponding disulfide 

linkages to justify using lysoiyme as a model for a-lactalbumin. They 

constructed a wire model of lysozyme and then modified it to acccnnodate 

the a-1.ac,talbumin sequence by changing the side chains that dif hr in 

the two molecules and by rearranging the main chain to suit the pro

posed deletioqs. In gener1;1l, homologous side chains were kept in the 

same orientation in the two models and, when different side chains were 

placed in the interior of the molecule, care was taken to orient the 

new side chain in such a manner that it occupied nearly the same po

sition as the corresponding side chain in lysozyme. 

Their conclusions were that the differences between the two mole

cules are compatible w;i.th the:i,r having similar conformations. They 

1 , '· I ·, 
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saw mostly hydrophobic replacements for hydrophobic internal si<ie chains 

and compensating changes in neighboring residues. In contrast, the 

replacements of external side chains appear generally to be uncoordi

nated. There are, however, a number of changes that cause the substrate 

binding cleft to be considerably shortened. This would be cqnsistant 

for interaction with a disaccharide substrate although present evidence 

indicates Cl'-lactalbumin acts:: by modifying the galactosylt:ransferase 

protein. 

Bovine Q'-lactalbumin is a tightly folded globular protein, and is 

very stable to denaturation by heat (54, 55). The molecular weight 

calculated frorritthe amino acid sequence (56) is 14,437. Determinations 

by sedimentation velocity gave molecular weights of 15,400 (57) and 

14,900 (58) while light scattering indicated 16,500 (54). 

Kronman and coworkers (59, 60, 61, 62, 63) have investigated 

structutal 9hanges at acid and alkaline pH. The most drastic confor

mational change occurs below pH 4.0 and is referred to as .acid denatur

ation. Both ultracentrifuge (59) and titration curve experiments (60) 

indicate that acid denaturation involves molecular swelling and a ten

dency to associate and aggregate. They define association as a rapid

ly reversible formation of low molecular weight polymers such as di

mers and trimers. Aggregation is a fully reversible, time dependent 

process which forms a much higher molecular weight product, greater 

than 300,000. At pH 5.24 and 6.0 there is a very weak association re

action and the aggregation reaction is not detectable except at very 

high protein concentrations. Above pH 10 another conformational change 

was found which also leads to an expansion of the protein but appears 

to be less drastic than that occurring at acid pH (61, 62, 63). No 
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aggregation reaction was observed but association was demonstrated 

occurring abQve pH 9.5 at protein conceptration of 30 mg/ml. Th1J.s the 

molecular sites for aggregation a1;1d association are not identical. 

Efforts have been made to correlate the degree of tryptophan e~posure 

with the molec:ular -ewelling .(64, 65) by use of the solvent perturbation 

method of difference spectrophotometry. They found no increase in e:x:-

posµre upon acid denaturation but there was an alteration in the en~ 

vir(:>nment of the tryptophan residues as evidenced by changes in emission 

and absorption spectra (66, 60, 64). Such measurements of tryptophall 

e~posure cannot be made at high pH due to the interference of the t.yro-

sine ionization. 

Inman (67) has shown by X-ray diffraction spectroscopy that a-

lactalbumin is an elongated para-Uelepi.ped which may occasionally be 

arran~ed in rosettes. The densities of the wet crystals al:'e 1.213 an.d 

3 1.210 g/cm. The partial specific volume determined by Gordon and 

3 Sem;mett (57) was Q.735 cm /g and that determined from the amino acid 

sequence by Gordon and Ziegler (68) was 0.729. 

1 '% Kronman has reported an absorptivity of (E280) of 20.1 for bovine 

a-lactalbumin in ph<:>sphate buffer (66). 

Barman (69) has reported the presence of a minor component in 

highly purified a-lactalbumin which has the same amino acid composition 

but contains 1~ to ~2 sugar residues per molecule of protein. This 

glyi;o-c:v-lactalbumin was equally active as a lactose sy,;ithetase .sped, .. 

fier protein. 

Schmidt and Ebner (70, 71) have isolated and characteri~ed ~· 

lactalbumin from goats, sheep, pigs and humans. Th¢ ultraviolet spec-

tra and amipo acid compositd.on of the proteins were similar, and the 
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molecular weights were all within the range of 14,500~ 500. Variations 

were found in the electrophoretic mobilities on starch gel at b~th pH 

3.3 and pH 8.6. N-terminal amino acids of the ruminant a.lactalbumins 

were glutamic acid and the nonruminant a-lactalbumins were lysines. 

The C-te:nrtinal amino acids were leucine for bovine, goat, sheep, and 

humans; methionine for pig, and glutamine for guinea pigs. Peptide maps 

of the:various a-bctalbumins showed a general similarity, but there 

were definite differences in peptide sequence. The various human a

lactalbumin peptide maps were almost identical and the sheep and goat 

also shQwed a great similarity. Multiple forms were observed in the 

goat, pig, and sheep a- lactalbumins (71). 

Blumberg and Tombs (72) have shown by paper electrophoresis that 

two distinct forms of a-lactalbumin are present in Fulani cattle. The 

fast moving band has been designated a-lactalbumin A and the slower 

moving band cy-lactalbumin B. The a-lactalbumin Bis typical of American 

and English cattle. These two types of a.lactalbumin have been found. 

in a number of other cattle and are believed to correspond to two gene

tic variants A and B (73). 

Mawal (74) found slight differences in the peptide maps of Indian 

bovine a-lactalbµmin A, bovine a-lactalbumin Band buffalo a-lactalbut-: 

min. Gordon et al. (75) have since reported that r.x-A and a-B are •. 

identJcal in amino acid composition except that a-B has an arginine at 

position 10 where a-A has glutamic acid or glutamine. 

Taaahashi et al. (76., 2-) have shown that purified cx- lacialbumin 

from eight different species have similar specific activities in the 

lactose synthetase systetll. However Ley and Jenness (77) reported dif.,. 

ferent dissociation constants for six cx-lactalbumins of different spe-



cies, They found that bovine galactosyltranferase had the highest 

affinity for bQvine a-lactalbumin. Less affinity was found for other 

ruminants, goat and deer, with nonruminants, pig, rat, and humaµ re

spectively less. 

Very recently human a-lactalbumin has been the object of inten

sive studies. Preliminary studies on the purification and the sedi

mentation properties of human a-lactalbumin were reported by Johanson 

(78) and Maeno and Kiyosawa (79). Phillips and Jenness (80) reported 

an improved purification procedure, amino acid compositon, and a mo~ 
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lecular weight of about 1,4, 000 as determined from the sedimentat;i.on 

velocity. Barel et al. (81) have studied the physiochemical charac

teristics of human a-lactalbumin and compared it to human lysozyrne. ! 

molecular weight of 14,900-:!:" 1500 was estimated from the sedimenMtion 

velocity while a molecular weight of 14,580 was calculated from the 

amino acid composition. 

Findlay and Brew (82) have reported the complete amino acid for 

human a-lactalbumin. Comparison with bovine a-lactalbumin shows an 

identity in 72% of the residues with a further 6% being cpemically 

similar amino acids. The N-terminal residue of human Ol-lactalbumin is 

lys;i.ne, thus differing from bovine a-lactJlbumin which has an N-termi

nal glutamyl residue. The C-terminal residues are identical with both 

being leuc;i.11-e. The amino acid sequence f~''t bovine, human and guinea 

pig are presented in Table I (83). 

The percent helical structure of human a-lactalbumin was less· than 

bovine a-lactalbumin (42% compared to 50%) when calculated from the 

optical rotation (81). The circular dichtoism spectra of human a

lactalbumin is in general accord with that reported by Kronman (84) and 
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BcxLA 
Hl'LA 
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.TABLE.I 

AMINO AGID SEQUENCESlOF CX-LACTALBUMINS FROM THREE DIFFERENT SPECIES 

10 2'0 
G lu-G ln-Leu-Thr-Lys-Cys-G lu-Va 1-Phe-Arg-G lu-Leu-Lys-Asp-Leu-Lys-G ly-Tyr-G ly-G ly.:va 1.:s er..:-Leu..:-Pro..:::G lu 
Lys-Gln-Phe-Thr-Lys-Cys-Glu-Leu-Ser-Gln-Leu-Leu-Lys-Asp-Ile-Asp-Gly-Tyr-Gly--Gly--Ile--Ala.:Leu.::Pro..:Glu 
Lys-Gln-Leu-Thr-Lys-Cys-Ala-Leu-Ser-His-Glu-Leu-Asn-Asp-Leu-Ala-Gly-Tyr-Arg-Asp-Ile-Thr-Leu-Pro-Glu 

30 40 50 
Trp-Val-Cys-Thr-Thr-Phe-His-Thr-Ser-Gly-'fy.r-Asp-Thr-Glu-Ala-Ile-Val-Glu-Asn-Asn-Gl_n-S.er-Thr-Asp-Tyr 
Leu-Ile-Cys-Thr-Met-Phe-His-Thr-Ser-Gly-Tyr-1tsp-Thr-Gln-Ala-Ile-Val-Glu-Asn-Asp-Gln-.Ser-Thr-Clu.:ryr 
Trp-Leu-Cys-Ile-Ile-Phe-His-Ile-Ser-Gly-Tyr-Asp-Thr-Gln-Ala-Ile-Val-Lys-Asn-Ser-Ast\-His-Lys-Glu-Tyr 

60 70 
Gly-Leu-Phe-Gln-Ile-Asn-Asn-Lys-Ile-Trp-Cys-Lys-Asn-Asp-Gln-Asp-Pro-His-Ser-Ser-Asn-Ile-Cys-Asn-Ile 
G ly-Leu-Phe-G ln-I le-Ser-Asn-Lys-L.eu-Trp-Cys-Lys-S er-Se r,-G ln-Va 1-Pro-G ln-Ser-Arg-A~-I le-Gys-Asp- I le 
G ly-Leu-Phe-G-ln- I le-Asn-Asn-Lys-Asp-Phe-Cys-Glu-Ser-Ser-Thr-Thr-Va 1-G ln-Ser-Arg-Asp- I le-Cys-Asp-I le 

80 90 100 
Ser-Cys-Asp-Lys-Phe-Leu-Asn-Asn-Asp-Leu-Thr-Asn-Asn-Ile-Met-Cys-Val-Lys-Lys-Ile-Leu-Asp-Lys-Val-Gly 
Ser-Cys-Asp-Lys-Phe-Leu-Asn-Asp-Asn-Ile-Thr-Asn-Asn-Ile-Met-Cys-Ala-Lys-Lys-Ile-Leu-Asp-Ile-Lys-Gly 
S er-Gys-Asp-Lys-Leu-Leu-Asn-Asp-Asn-Leu-Thr-Asn-Asn-I le-Met-Gys-Va 1-Lys-Kys-I le-Leu-Asp-I le-Lys-G ly 

110 120 
Ile-Asn-Tyr-Trp-Leu-.Ala-His-Lys-Ala-Leu-Cys-Ser-Glu-Lys-Leu-Asp-Gln-Trp-Leu-Cys-Glu-Lys-Leu 
Ile-Asn-Tyr-Trp-Leu-Ala-His-Lys-Ala-Leu-Gys-Thr-Glu-Lys-Leu-Glu-Gln-Trp-Leu-Cys-Glu-Lys-Leu 
Ile-Asn-Tyr-Trp-Leu-Ala-His-Lys-Pro-Leu-Cys-Ser-Asp-Lys-Leu-Glu-Gln-Trp-Tyr-Gys-Glu-Ala-Gln 

1 Bovine cx-lactalbumin 

2 Human O!-lactalbumin 

3 Guinea pig cx-lactalbumin 
N 
N 
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Robbins an,d Holmes ( 85) for bovine a .. lac ta lbum:i,.n. :exac:.t c.ompad~onEi 

between the two c:;I.X"cular d:;1.chroism spectra of human cx .. lactalbumin 

published by Cowbu:,:n et al. (83) and Barel et al. (81) are difficult 

to make due to the small scale of the figures but they are qualitatively 

the same. Cowburn et al. (83) analyzed the circular dichroism of f~ur 

ex-lactalbumins and four 1ysozymes for which the amino acid sequence is 

known. All have multiple cotton effects in the near-ultraviolet re-

gion, associated with the absorption bands of the aromatic amino acids • . 
They conclude that the large negat:i,.ve Cotton effect arises largely from 

tyrosine residues~ All the proteins show evidence of a positive fea-

ture, at i:lbout 295 nm,· which must arise from tryptophan residues. Cal-

culations have been made from the circular dichroism spectra us:i,.µg the 

method of Greenfield and fasm,an (86) to determine the percent of~-

helix as reported by Robbins and Holmes (85). Upon swelling at both 

acid and basic pH the percent <:l'-hel:ix :increased to 36%. 'i'l?.ey found the 

p pleated sheet decreased from 14% to 4% upon swelling and that unor-

dered structure remained constant at 60%. Differences between the 

values for percent ex-helix from the Moffitt equation and from the 

method of Greenfield and Fasman (86) utilizing circular dichroism spec-

tra are most likely due to the extrapolation .~ecessary to evaluate the 

B0 term in the Moffitt equation. Thus 26% ex-helix is probably ~he more 

accurate estimate; however, because of un~ertainties in the dichroic 

properties ot model conformations which can exist in proteins, and the 

empirical nature of the methods used for estimating their contribution, 

the final answe-:r resides in, the X-ray crystallographic analysis, 



Immunological Properties of Various 

~ .. Lactalbumins · 

24 

Evidence from immunological studies and lactose synthetase activity 

measurements indicate that the immµnological determinant is a different 

site from the binding domain which is responsible for the modifier 

activity of ~-lactalbumin. Tanahashi et al. (76) found no cross re

action between bovine a-lactalbumin antisera and a-lactalbumin isolated 

from pig, guinea pig, and humans. The ruminant a-lactalbumins (bovine, 

buffalo, sheep, and goat) all react with antibodies to bovine a-lactal

bumin. 

Both ruminant and nonruminant a-lactalbumin are active in the lac

tose synthesis reaction. 

McFarland and Ebner (87) have found that a-lactalbumin isolated 

from mouse and rat milk does not react with bovine antisera. They 

found one preparation of a .. lactalbumin isolated from rat ma~ary tissue 

which did react with bovine and human antisera. Efforts are now under, 

way to confirm these results and to investigate the mechanism by which 

the differences between the rat milk and rat tumor a-lactalbumin arise. 

They also found that bovine ~-lactalbumin when modified with N-acetyl

imidazole or tetranitromethane was sti 11 reactive with the bovine anti

sera. Thus ne:i,ther the tyrosine residues or the lysine residues are 

antigentic determinants. 
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Modification of Q'-Lactalbumin as Related 

to Structure and Function 

Gorbunoff (88) was the first investigator to make an indepth study 

of Q'- lact;.albumin using chemical modification techniques. She attempted 

to measure the reactivity o;E the tyrosine residues with cyan.uric ;fluor-

ide, a tyrosine specific reagent. Cyanuric fluoride is a very reactive 

aryl halide. Cyanuration proceeds by a nucleophilic displacement, in 

which the tyrosine oxygen is the nucleophile (89). The product is an 

ether.· linkage between the two aromatic rings. 

In theory the spatial requirements of the transitiom. state com-

plex will be such that only tyrosines on the surface of the protein 

will react. Upon raising the pH the Q'-lactalbumin molecule swells and 

more tyrosine residues become reactive to cyanuric fluoride. Thus t~e 

number of tyrosine residues on the surface of the protein can be com-

' pared with the'number of residues buried within the protein. At the 

time this work was done (1967) it was thought that the Q'.,.iac;:.talbumin 

contained five tyrosines groups, thus her interpretation of the data 

must be reviewed. She reported four residues reactive to cyanuric 

fluoride and one unreactive residue. Of the four reactive residues, 

three were accessible in the native state, and the fourth accessible 

only upon treatment with high pH. No change in reactivity was found 

at 3°. Therefore in Cl'-lactalbumin a change in temperature does not 

. induce any significant changes in the protein conformation neighboring 

to the tyrosine residues. The buffer for the reactions is lM KHC03 

containing 10% dioxane, which may cause the protein to differ in con-

formation from its native state. No activity measurements were made 

on the reaction products. 
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The nitration of ~.lactalbumin with tetranitromethane was first 

reported by Attassi et al. (90), Sokolovsky et al. (91) have shown 

that the nitration of tyrosine residues occurs readily under rn.ild con

ditions, with only a few important side reactions. Treatment of pro

teins with tetranitromethane can result in: a) conversion of tyrosine 

to 3-nitrotyrosine (91); b) conversion of tryptophan to 7-nitrotrypto. 

phan (92); c) oxidation of sulfhydryl groups to disu1fides (91); and 

d) formation of intramolecular crosslinkages between tyrosine residues 

(93). 

Habeeb and Atassi (94) report the nitration of 2.51 t 0.03 :tyro

sine residues and 1.4 tryptophan residues. They report 1.50 tyrosine 

residues remaining after nitration for a total of four tyrosine resi· 

dues. Thus they found no evidence for crosslinkec;l ~-lactalbumin.s. In 

contrast Robbins et al. (95) nitrated ~-lactalbumin with tetranitro

methane and reported that both tyrosine: and tryptophan · are modified 

with loss of activity. All four tyrosines could be modified, but two 

were more reactive than the others. Denton and Ebner (6) confirmed 

that both tyrosine and tryptophan wen~ modified with loss of activity. 

They correlated the loss of activity with the loss of tyrosine on a 

time basis and established that inactive dimers and other polymers of 

~- lactalbumin were:~formed during the course of the reaction. T.ryptic 

peptide mapping shows that all four tyrosines are randomly modified 

(96). 

Klee and Klee (27) also report the nitration of 0/ ... lac:talbumin with 

tetranitromethane in which spectral determinations showed three to 

four tyrosine residues had been nitrated. Amino acid analysis showed 

the balance ofrthe four tyrosines as free tyrosine, and rio evidence 



for a cross linked product. They reported; a lowered affinity for the 

nitrated Q'-lactalbumin but found it could substitute fpr native Q'

lactalbumin in enzyme assays. 
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Denton and Ebner (6) have investigated the effect of iodination on 

the activity of Q'-lactalbumin. Covelli and Wolff (97) have shown that 

both tyrosine and histidine are highly reactive to 13 , with mono- and. 

diiodinated products resulting. Tryptophan has also been reported to 

be reactive (98). All three amino acids were iodinated in Q'-lactalbu

min with the loss of activity again corresponding to the loss of tyro. 

sine. Iodination of Q'-lactalbumin at an 12/Q'-lactalbumin molar ratio 

of 40/1 results in the modification of 1.1 of the tryptophan residues, 

1.0 histidine residue, and 3.6 of the tyrosine residues. As in n:i.t:rl;l

tion, the iodination of a.lactalbumin also results in the fol;.'fllation of 

inactive polymers. In both nitration and iodination it is suggested 

that after the modification of one tyrosine residues, a-lactalbumin 

undergoes a change in shape which increases the apparent molecular 

weight as d~term.ined by gel filtration. 

Lin (99) modified the carboxyl groups of Q'-lactalbumin with 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide and glycinamide. There 

was a rapid lpss of lactose synthetase activity and an average of 20 

carboxyl groups were modified in 400 minutes. No unique carboxyl group 

was found, although free carboxyl groups in Q'-lactalbumin may be essen

tial for maintaining its biological activity. Partial protection could 

be achieved by binding with the A protein. 

Castellino and Hill (100) have examined the reaction of iodoace

tate with bovine a-lactalbumin. Iodoacetate is a widely used alkyla

ting reagent:. It reacts very rapidly with free sulfhydryls and more 
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slowly with histidine and methionine, and with amino groups at very 

high pH (7). rhe reaction with Ck'-lactalbumin ~as found to carboxy~ 

methylate a single methionine and three histidine residu~s. Ex.a.mina~ 

tion of tryptic peptides indicated that methionine 90 was the most 

reactive residue.with histidine 68, histidine 32, and histidine 107 

reacting at slower rates respectively. The relative rates of reaction 

were predicted on the basis of their exposure to reagent. 

Carboxymethylation of methionine 90 has little effect on the ac

tivity of Ck'-lactalbumin, but there is a progressive loss in activity as 

the histidine residues are carboxymethylated. When all three histi

dine residues are modified about 40% of the activity of Ck'-lac;.talbvmin 

remained. 

Barman (101, 102) has investigated the reaction of 2-hydroxy-5-

nitro-benzyl bromide with Q'-lactalbumin. He had earlier reported that 

the reagent was specific for tryptophan but other investigators have 

reporteq reaction with cysteine, tyrosine and Q' amino groups (103, 104). 

Mono- and disubstituted tryptophan was found depending on the molar 

ratio of reagent to protein. Investigation of the reaction was made 

at pH 2.7 and at pH 6,0 at low molar ratios of reagent to protein. At 

pH 2.7, three 'of the four t1yptophan residues reacted, namely trypto

phans 26, 104 and 118 and each gave rise to monosubstituted isomers 

and a limited yield of disubstituted isomers. No evidence was found 

for cross-linking. 

At pH 6.0, the reaction was more complex. The three tryptophans 

were labeled but in addition, histidine 32 was modified and about one 

third of the incorporated reagent could be eliminated by incubation 

under mild conditions. It was proposed that the modification of his-
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tidine 32 was due to special properties conferred by neighboring groups 

in the C¥-lactalbumin molecule since no reaction could be o'bserved pn 

free hi&tidine. A yet to be published paper wi 11 report the effect of 

modification with 2-hydroxy-5-nitrobenzyl bromide on the modifier 

activity of a-lactalbumin. 

Kronman et al. (105) have studied the acetylation of C¥-lactalbumin 

with N-acety1imidazole, a reagent selective for tyrosine and amino 

groups (7). They found that all four tyrosyl residues were acetylated, 

two were acetylated at a more rapid rate than the third, which was more 

reactive than the fourth. Determination of free amino groups afte:t;" 

acetylation showed that the number of amino groups acetylated varied 

with the molar ratio of N-acetylimidazole to protein. A plateau was 

observed after about four residues and then increased rapidly to eight 

to nine residues. They interpreted this as a conformational change 

which renders thee-amino groups more susceptible to reaction. They 

found all amino groups. were acetylated at molar ratios in excess of 

160 to 1, but they found no alterations of the structure by solvent 

perturbation measurements. They found a sedimentation constant compa-

rable to that of acid-treated protein, indicating swelling of the mole-

cule had occurred. Measurement of the circulai: dichroism spectra of 

acetylat,ed C\'-lact!albumin revealed small changes from the native QI.., 

lactalpumin spectri.lm • .c'the spe¢t,rum was' shifted iil~the same man~l:::A:S-
' 

the spectrumc6Lthe add.:dena-tured O!- lactalbumin, but the shift was not 
" 

as great in magnitude. No activity measurements were made on the ace-

t!ylated protein. 

Tamburro et al. (106) have reported the effects of various modi-

fications on the conformation of bovine C¥-lactalbumin. The changes in 
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conformation were t11onit;ored by circQlar dichroism and light absorpt;i.on 

spectroscopy. Oxidation of the uni~ue methionyl res;i.due by irradia-

tion ~n the presence of hematoporphyrin resulted in flexibility of the 

three-dimensional structure. Irradiation of ~-lactalbumin in the 

presence of proflavin resulted in the selective oxidation of three of 

the four tryptophyl residues as shown by amino acid analys;i.s. Two of 

the three react;ive tryptophyl residues were oxidized at a greater rate 

than the third. A time dependance decrease Jn the rotational strength 

of the near-ultraviolet dichroic spectrum was observed which resembled 

that of~enatured ~- lactalbumin. 
. . ·-"""' 

It was postul'ated:"tlieref~1;e,. that the 

di~ference in spectrum was due to a limited oonfonnational rearrangement 

rather than the degradation of the tryptophyl residues. Reduction of 

the disuLfide bonds leads to a complete loss of the peak present at 

252 nm, but reox:idation of the disulfide bridges leads to a re.covery 

of the original spectrum. 

Enzymatic ~odification of Proteins 

In theory the use of an enzyme to catalyze the modification of 

proteins is an ideal system. An enzymatic system has the advantages 

of (a) very mild conditions with respect to temperature, pH and solve~t 

system; (b) spec:i,ficity of reaction, although not always true; (c) the 

inabi.lHy to penetrate· the protein surface ( thus· residu,es in crevices, 

or in the inner core of the protein are not modified); and (d) the 

rate of reaction can be easily controlled. 

Hill et al. (50, 51, 52) have used the enzymes, trypsin, cpymo~ 

trypsin, and thermolysis to cleave ~-lactalbumin into specH$c peptides 
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for the determ;i.naUon of the amino acid sequence, Tl.i.is use ;i. llustrates 

the valt.le of a weU char1;1.cterized enzyme modification Sy(>tem. 

In 1957 Jasunobu; and Dandliker (107) reported the oxidation of a-

lactalbumin by tyrosinase and that about 75% of the tyrosines were 

oxidized as determinecl by amino acid analysis. Denton and Ebner (6) 

have found conflicting results with the use of tyrosinase on a-lactal,.. 

bumin. They found no loss of tyrosine after tyrosinase treatement for 

300 minutes at 37r,.. They did find that tyrosinase oxidize;:, 1.1 to 1.5 

residues of tryptophan in 01-lactalbumin. The effect on the activity of 

a-lactalbumin was very sl.i~ht. Yasunobu and Dandliker (107) may have 

had an impure preparation of tyrosinase which contained a proteolytic 

enzyme, thus the tyrosines may have been oxidized after partial degra-

dation of the a~Lactalbumin. 

Lactoperoxidase has been t.1sed by Phillips and Morrison (108) to 

study the vectorial arrangement ofprote;i.ns in the intaqt human ery-

throcyte. Lactoperoxidase catalyzes iodide incorporation into the 

exposed tyros;i.ne and histidine g'roups on a pi:otein. The predominant 

reaction is the iodination of the aromatic ring of tyrosine in either 

or both positions ortho to the hydroxyl group. The reaction involves 

three substi:ates; peroxide, iodide, and the phenolic compouncl which is 

iodinated. Kinetic studies (109) have established that a ping-pong 

mechanism is involved. 

The use of lactoperoxidase for modifying a-lactalbumin will be 

discussed in this thesis. 



CJ:{APTER III 

MODIFIC.ti.TION OF_~-LAcrALBUMIN 

Experimental Procedure 

Materials and Reagents 
«: .. (.,) 

TPCK treated trypsin, pyruvate kinase (rype I from rabbit muscle, 

crystalline ammonium sulfate suspension containing lactic dehydro~e~~ 

ase), glyclyglycine, phosphoenolpyruvate (PEP), NADH, Tris (tris~hy-

droxymethylaminometha~e), bovine serum albumin and N-acetylimidazole 

were purchased from Sigma Chemical Oompany. Lactoperoxidase (grade B), 

5,?'-dithiobis~2-nitrobenzoic acid (DTNB) and Pronase (grade A) w~re 

purchased fro~ Calbiochem, trinitrobenzene sulfonic acid (picryl sul~ 

fonic acid) and tetranitromethane were purchased from Aldrich Ch~!'lical 

Company. Precoat:;ed TLC plc;ttes 0.1 mm thickness were pui;-chased from 

Brinkman Instruments, Inc. Disc gel electrophoresis reagents were ob~ 

tained from Canalqo. UDP-gc;tlactose was purchased from Californi~ Bio~ 

chemicals. Size 18 cellulose casing was purchased from Union Carbid~ 

and boiled and rinsed before use. Bio-Gel P was purchased from Bio-Rad 

Laboratories and Sephadex G from Pharmacia. Ultrapure urea was pur-

chased from :M:ann Chemical Company. DEAE-cdlulose was purchased from 

Whatman (DE-32). N-acetylim!dazole and ethylene amine were obtained 

from Piere~ Chemical Company. Disodium ethylenidiamine tetraacetc;tte 

(EDTA) was purchased from Fisher Scientific Company. Hydrogen peroxide 

.., ., 
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was purchased from Mallinckro~t and:hydroxylamine from Baker Chemical, 

Special Agar~Noble was purchased from Oifco Labs and antibodi~s were 

purchased :l;:rom Aqt;ibodies Incorporated. 1~51 was obtained fre!!ih as a 

carder free sqlution pf Na1251 fr<:>Jll, New Eqglan!i Nuclear. Stapdard p .. 

nitrophenyl acetate for the acetyl group determination was prepared 

from the sodium salt o:f p-nitrophenoxide, by acidifying and refluxing 

with excess acetic anhydride for one hour. It was recrystallized twice 

from 50% ethanoi. 

Fresh s~im m;i.lk was obtained from the Oklahoma State University 

Dairy and a-lac:talbumin was isolated by acid precipitation ( 109) and 

chromatography on Bio-Gel P-30 and DEAE cellulose (2). The final prpq~ 

uct exhibits a single l;>and (100 µ,g) on disc gel elei;trophoresis. 

Bovine galactosyltransferase was pr~pared pccording tQ the pro-

cedure de$cribed by Fitzgerald et; al. (20) and the produc;:t was obtained 

as an ammQnium sulfate solution of partially purified galactosyltrans-

ferase from the HA1 step of the purification. 

Spectrophotometric Assay. for a-Lactalbumin 

a~Lactalbumin was assayed in the presence of saturating amounts of 

galactosyltransferase (20). One unit of enzymatic activity is defined 

as that amount of enzyme which catalyzes the formation of one nanomole 

of UOP per minute and is equivalent to a change of 0.0062/min/ml at 

A340• ~n~Yl'l\litic activity was assayed spectrophotometrically at 340 nm 

by coupling UDP formation to NADH oxidation by adding PEP and pyruvate 

kinase. Reaction rates were meas~red on a Gary Model 14 spec:tropho-

tometer. Assays were prepared in a £inal volume of 1.0 ml and contained 
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0.15 mM; NADH, 1.0 mM P~P, 0.05 ml of l to 10 dilution ot pyruvate 
'\ 

kinase (Sigma, Type I, 25 mg protein/ml, wit;.h 2.4 lU pyruvate k;i.nase/ 

mg protein), 5 mM glyclyglycine, pH 8.5, 5 mM MnC12, 0.25 mM UDP-galac-

tose, 20 mM glucose, and approximately 25 units of galactosyltransfer~ 

ase. An endogenous rate with only galactosyltransferase was determined 

for each assay. Standard curves for a-lactalbumin were determined (or 

each group of assays. 

Gel Filtration Methods 

Glass tubes of the desired length and diameter were fitted with 

glass frits and Luer tips and silanized with a one percent solution of 

dichlorodimethyl silane in benzene prior to packing. Gels were swollen, 

deaerated and packed in the columns according to the B;i.oRad gel filtra-

tion manual (110). Sucrose was added to samples (10% by weight) to 

permit layering of the sample on top of the gel just below the eluant. 

Blue de~tran (10 mg/ml) was used to determine the void volume and the 

uniformity of packing. 

Gel Electrophoresis Method 

Standard seven percent, pH 9.5, separating gel solution was pre-

pared according to Canalco specifications (111). Glass t1,1bes (0.5 cw x 

6 cm) were filled with gel solution, layered with distilled water and 

allowed to polymerize in the dark for 30 minutes at room temperature. 

Gels were preelectrophoresced for 30 minutes at a constant current of 

five milliamps per gel. Protein solutions were made 10% in sucrose 

and layered directly on the separating gel. Sample size did not exceed 

60 ~1, and sample concentration was not less than 0.5 mg/ml. Gels were 
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electrophoresed in a Canalco electrophoretic apparatus at five milli~ 

amps per gel until the tracking dye (0.005% Brompphenol blue in water) 

reached the end of the gel (about 22 minutes). 

The gels were stained for four hours or overnight with 0.5% 

Aniline Blue Black in 7% acetic acid. They were electrophoretically 

destained at 0.5 amperes until the background color was gone. 

Method for AP,etxlation with N-Acetylimidazole 

Acetylation was performed according to the procedur~ of Riordan 

and Vallee (112). Acetylation was performed at room temperature by 

addition of a weighed amount of N-acetylimidazole to a solution of~-

lactalbumin in buffer Ft pH 7.5 while stirring. Identical results were 

obtained with 20 mM Tris or 50 mM sodium borate buffer. 

N-acetyli,m:i,dazale :Ls very hygroscopic and must be stored over a 

desicant l;lt 4° in a tightly sealed container. It is very unsti:ible at 

extremes of pH, and readily undergoes spontaneous decomposition at 

neutral pH in water solutions. For spectral and circular dichroism 

measurements the excess reagent was removed by dialysis or gel filtra-

tion. 

De-O-acetylation was accomplished by making an aliquot of ~he ace

tylated protein 0.2 Min hydroxylamine at pH 7.5 for varying lengths of 

time at ambient temperature. Other procedures gave unsatisfactory re-

SU lts. 

~ethod for Aceeylation with Acetic Anhydride 
' ; ' 

Acetylation with acetic anhydride was performed by the method of 

Riordan and Vallee (112). A solution of ~-lactalbumin in 0,15 M KCl 
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" was adjusted to pH 7.5 and maintained on a pH stat at 4. Acetic anhy-

dride was added with a syringe at a slow rate, while stirring. The pH 

was maintained constant by the automatic addition of 1.0 N NaOH. The 

react-ion wap judged to be complete when the alkali l,lptake ceased, ap-

proximately 30 minutes. Excess reagent was removed by dialysis or gel 

filtration. De-0-acetylation was accomplished as stated earlier. 

Determination of 0-Acetyltyrosine 

The number qf acetylated tyrosines was determined by the m(;!thod of 

Balls and Wood ( 113). Deacetylation of the acetylated Q'- lactall;>umin 

was carried out at room temperature by mixing equal volumes of the pro-

tein solution and 2 :M hydroxylamine at pH 7.5 for 10 minutes. T)le lib-

erated acethydroxamate is determined spectrophotometrically after re-

action with 10% ferric chloride. Filtration is necessary befol;'e read-

ing the absorbance at 540 nm. A standard curve was prepared using p-

nitrophenolacetate over a concentration range of 0.25 to 3,0 µ,mole$. 

Determination of Acetylated Amino Groues 

Unacetylated amino groups in a'-lactalbumin were determined by re-

action with trinitrobenzene sulfonic acid (TNBS) by the metho<;l, Qf 

Kakade and Leiner (114). One mg of lyophilized acetylated ~-lactalbumin 

was dissolved in 1 ml of 4% ammonium bicarbonate pH 8,5. One ml of 

freshly prepared 0.1% TNBS in water was added and allowed to react for 

two hours in a shaking water bath at 40. Three mls of concentrated 

HCl was then added and the samples were autoclaved for one hour. After 

extracting twice with ether the absorbance was measured at 346 nm. The 

number of amino groups was calculated from an extinction coefficient of 
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4 
1. 46 x 10 • l'he number of acetylat:ed (blocked) amino groups was de-

termined by the difference between control ~-lactalbumin and acetylated 

Ol-lactalbumin. Nine free amino groups were found per molecule of con-

trol Ol-lactalbumin. 

Determination of Sulfhydryl Groups 

Free $Ulfhydryl groups were measured by the method of Ellma~ (115) 

using S, 5 1 dithiobis(2-nitrobenzoic acid) (DTNB). Three ml$ of Ol-lac;.; 

talbumin, 1 mg/ml, in 0.1 M phosphate buffer pH 8.0 was treated wit;h. 

0.02 ml of stock DTNB solution. After 10 minutes the absorbance at 

412 nm was recorded. The number of sulfhydryl groups was calcttlated 

from an extinction coefficient of 11,400 (123). The stock solutio~ of 

DTNB contained 39.6 mg of DTNB in 10 ml of 0.1 M phosphate buffer pH 

7.0. 

The method of Jones (116) was used to prepare Ol-lactalbumin for 

peptide mapping. The protein was reduced in urea withp-mercap~oethan~ 

ol and amino ethylated with ethylenimine. De-salting was per~ormed on 

a Sephadex G-25 column (35 x 2.2 cm) using 0.2 M acetic acid as the 

eluent. The sample was then evaporated to dryness, dissolved in 0.2 M 

ammonium bicax:bonate pH 8.5 and digested with trypsin using a 1 to 75 

enzyme to protein ratio. 

The digested solution was spotted directly on the TLC chromato-

grams. Commercial thin layer chromatograms, 20 x 20 cm, having a 300 

MN cellulose thickness of 0.10 mm were used. Whatman 3 mm wicks were 

washed with one percent acetic acid and then with the electrophoresis 
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buffer. This was to remove any ninhydrin positive impurities (117). 

An aliquot pf the digested solution was spotted at a corner Qf the TLC 

plate (118). The electrophoresis buffer containing pyridine, acetic 

acid, and water (100~30t3000), pH 5.5 was sprayed onto the plate unt:Ll 

the surface was damp. The plate was irrnnersed in the Buchler Universal 

Electrophoresis Cell, 24.5 x 25 cm. The cell, maintained at 4°, con ... 

tained ~he electrophoresis buffer with an over-layer of varsol, ~sed as 

a coolant. Paper wicks, extending into the buffer, were placed on eacq 

end of the plate. Glass rods, ground to give a flat surface, were 

placed on the wicks to insure intimate contact with the thin-layer 

plate. After electrophoresis for two hours at 300 volts the plate was 

dried with warm air not exceeding 30°. This was followed by equilibra

tion in the chromatography tank, and then chromatography in the second 

dimension chromatography buffer, n-butanol, pyridine, glacial acetic 

acid, and water (150:100:30~120). The plate was removed when the buffer 

reached the top of the plate, which takes approximately 10 hot,H-'i> aI).d 30 

minutes. The peptides were detected with spray consisting of n:i.nhydrin, 

50 mg; ethanol, 30 ml; glacial acetic acid, 10 ml; and collidine, 4 ml 

(118). The spots were developed in an 80° oven for 5 ... 10 minutes an.d 

then were fully developed at room temperatures for approximately 12 

hours (117, 118). Tracings were made of the peptide maps which were 

then wrapped in saran wrap and stored in the refrigerator. 1251 label

led peptides were detected by exposing the plates to Supreme Mono·~ak 

X-ray film for two weeks. 
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The 04din technique as described by Larson and Hageman (119) was 

used to quantitate ~-lactalbumin after incubation at high pH. A one 

percent solution of agar was melted and mixed with antibodie$ to a-lac

talbumin at 47° and placed in glass tubes (0.2 x 10 cm) to so+idify. 

The antibodies were diluted 1-10 with Phosphate buffer pH 7.0. A stan-

dard curve was prepared from a stock solution of a-lactalbumin (10-~100 

mg/ml). The precipitin band was measured with a Vernier caliper at 25 

and 36 hour intervals. 

The band width (mm) was divided by the square root of the number 

of hours and plotted versus the protein concentration on semi-logrith-

metic paper. 

Iodination Procedure Using Lactoperqxidase 
/· ' 

Lactoperoxidase was used to iodinate ~-lactalbumin ac~ording to, 

the procedure used by :Morrison and :aayse (8). ~-Lactalbumin solutions 

were made in 0.05 M phosphate buffer, pH 7.4 containing 90 µM potassium 

iodide ,:md 1. 0 mM EDTA. Hydrogen peroxide and lactoperaxidase were 

always added separately and control experiments were made ~y determining 

the ratio in the absence of either hydrogen peroxide or lactopero,cidase. 

Hydrogen peroxide concentrations were determined fro~ the absorbance at 

230 nm using a molar extinction coefficient of 72.4. Hydrogen peroxide 

was added from a 11 mM solution to give a final concentratipn of; 100 µM 

in the reaction mixture. 

Lactaperoxidase concentration was determined from a millimolar ex-

traction coefficient of 114 at 412 nm. Stock solutions of lactoperoxi~ 

dase (1 mg/ml) were kept at 4~ for periods of up to .one month without 
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inacti.vat:i,on. Dilute so luti.ons are less stable (8). One µ.l of t;he 

stock s9lµtion was normally used per ml of reaction volume to g:Lve a 

final lactoperoxi.9ase concentration of 13.Q nM. The reaction was 

storped and the free iodide was separated from the protein on a Sepha

dex G-25 column (2.2 x 35 cm). The elution buffer was 0.1 M ammonium 

bicarbonate. Two radioactive peaks were observed, one peak co~respon!,,. 

ding to a-lactalbumin and the other corresponding to sodium chloride. 

Circular Dichroi.sm Measurements 

Circular di.chroism measurements were made at amb:lent tempefatures 

on a Cary model 61 :,pectropolarime:ter with one and 10 mm cells. Pro

tein concentrations and path lengths were chosen to yield absorbances 

no greater than 1. 4 at any wavelength. The solvent used !or all spectra 

was Q.15 M KCl ptt 7.0. Baseline spectra were run before and a~ter ~ach 

group of spectra and appeared very stable. Repetive spectra of control 

a-lactalbumin were run with each group of spectra to insure reprqduci~ 

bility. 

The instrument was calibrated according to section four of the 

Cary Model.§..!. .£E Spectropolarimeter In:struction Manual (120) using an 

aqueous solution (0.1%) of d-10-camphorsulfonic acid (121). The oper-

,~ting instructions of the manual were followed closely for all spectra. 

The maximum sc~n speed was calculated by dividing the spectra bandwidth 

by the\period. The scan speed·. was never greater. than the value of one 

spectral bandwidth per perioq.. 

The data is expressed as mean residue molar ellipticity, [8]. A 

mean residue weight of 118 was used. 
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Results 

Modification of Cc'-Lactalbumin with N-,Acetxlimid.azol.e 

O:'-Lactalbumin was acetylated to ai;sess the funct~onal roles of 

tyrosine and lysine in the lactose synthetase reaction. Modification 

with N-acetylimidazole or acetic anhydride results in the addition of 

an acetyl group to the hydroxyl group of tyrosines and an N-acetyl 

group to thee-amino group of lysines. Since the 0-acetyl group of 

tyrosine readily undergoes hydrolysis to regenerate tyrosine, it is 

possible to assess the functional role of tyrosine and lysine separate

ly, by selective deacetylation. Deacetylation of the 0-acetyl group is 

catalyzed by hydroxylamine at pH 7.5 or by hydroxyl ions at high pH. 

The effect of acetylation on the activity of O:'-lactalbumin in the 

lactose synthetase reaction was monitored as a function of time at two 

ratios of N-acetylimidazole to protein (Figure 2). ~he activ;ity of~

lactalbumin in the ~actose synthetase system decreases with time as 

more residues are. acetylated. At 500-1 reagent to protein ratio the 

loss of activity is more rapid than at the 40-1 ratio. Upon treatment 

with hydroxylamine at low concentration (0.2 M) the activity of O:'-lac

talbumin slowly returns as shown in Figure 3. Treatment of acetylated. 

O:'-lactalbumin with 2 M hydroxylamine for 30 minutes causes a las? of 

activity. Control experiments in which native O:'- lactalbum~n ( 1 mg/ml) 

was treated w;ith 2 M hydroxylamine for 30 minutes,at,pH 7.5 showed a 

loss of 38% of the enzymatic activity (Table II). 

Incubation of acetylated 0/-lactalbumin at pH 12 to deacetylate 

the tyrosines resulted in a small regain 0£ activity that did n,o:t;; in

crease with time. O:'-Lactalbumin incubated for 30 and 60 minutes at 
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F;i.gure 2. Loss of a-lactalbumin Activity Upon 
Reaction with N-Acetylimidazole 

Time cour~e of acetylation of a-lactalbumin 
' a:s measured by the effect on lactose synthetl;lse 

activ;i.ty. 100% Activity equals 820 nmoles of 
UDP formed per minute per mg of ~-lactalbumin. 
(o) Acetylation at 500:1, reagent to protein. 
(o) Acetylation.,~u;: 40':1, reagent to protein. (4) 
Reaction control; no N-acetylimidazo\e· 
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Figure 3. Effect of Deacet;ylation on O:'-Lactalbumin 
Activity 

The effect of 0.2 M hydroxylamine pH 7.5 at 25 

• 
0 
0 

0 

4 

on the activity of acetylated O:'-lactalbumin, o ... o, and 
native O:'-lactalbumin, •~•· 100% Activity equals 820 
nmoles of UDP formed per minute per mg of O:'-laGt;elbumin. 
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pH 12 1Q$t activity. These undesirable complication$ we~e eliminated 

by deacetylating the tyrosyl residues with 0.2 M hydroxylamine at pH 

7.5, which caused no detectable changes in the activity o;f control ex .. 

lactalbumin. 

TABLE H 

EFFECT Of DEACE'l'YLATION ~TIIODS ON THE ACTlVl'IY AND 
RE-ACTIVATION OF ~-LACTALBUMIN 

44 

Treatment 
% Activity 

Lost by 
Control 

% Activity 
of Acetyl
ated et-LA 

% Activity After 
De-O-Acetylation 

% of. Ac;tivity 
Regained 

2M NH OH1 
for 36 min. 

38 26 20 -6 

at pH 7.5 

pH 12 for 
2 39 34 47 13 

30 min. 

pfl 12 for 
3 60 42 47 5 

60 min. 

4 
0 14 65 51 0.2M NH 20H 

for 30 min. 
at pH 7.5 

1 100% Activity equals 940 nmoles of UDP formed per minute of per mg 
et-lactalbumin. 

2 100% Activity equals 565 nmoles of UDP formed per mj.nute of per mg 
ex- lac ta lbumin. 

3 100% Activity equal$ 670 nmoles of UDP:'formed per minute of per mg 
cx-lactalbumin. 

4 100% Activity equals 820 nmoles of UPP formed per minute of per mg 
et-lactalbumin. 
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At this level of hydroxylamine the deacetylation reaction shoµld 

be complete at about 150 minl\tei, (112). The E}Xperimental dat;a she'Wll in. 

Figure 3 agreed well with this value. 

Table III shows the results of acetylation and deacetylation of 

the tyrosyl residues as measured by the colorimetric hydroxamate pro

cedure of Balls and Wood (113). This method is superior to the spec~ 

tral procedl\re utilizing the change in absorbance at 280 nm (105). 

Also shown in Table III is the number of amino groups acetylated at 

the two different ratios of N-acetylimidazale to protein. The number 

of unacetylated amino groups was determined from the absorbance at 345 

nm after reactipn with trinitrobenzene sulfonic acid (TNBS). Oalcula-

tion of the number of reactive amino groups in native a-lactalbumiq 

after reaction with TNBS using an extinction coefficient of 1.46 x 104 

(114) gave a value of 9.1 e-amino groups. The number of aminQ group::, 

acetylated at a 40-1 ratio of N-acetylimidazole to a- lactalbµmin agrees 

exactly with value found by Kronman et al. (105). Unforturiately their 

maximum reagent to protein ratio was 160-1, so no co111,parison can be 

made at the 500-1 level. 

In qrder to show a d:i,.rect correlation between the lass of activity 

of ~-lactalbumin and tqe number of tyrosyl residues acetylated, appro-

priate ratios of N-acetylimidazqle to protein were chosen to give 1, 2, 

3, and 4 residues acetylated in one hour. The results of this study 

are shown in Table IV. The loss of activity corresponds closely with 

number of acetylated tyrosine residues. It was not possible to com-

pletely inactivate ~-lactalbumin by acetylation at 500-1, reagent to 

protein ratios. 'Riordan and Vallee (112) suggest that the spontaneous 

hydrolysis of the N-acetylimidazole in water effectively lowe~s the 
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concentration of the reagent. If this were the case it wquld be ex-

pected that the reaction would dow doW!l with time ,and this appeai;s tt? 

happen in the 500-1, reagent to protein ratio as shown in Figure 2. 

There would also be a reduction in rate as the number of reactive 

groups on the protein are depleted. 

TABLE HI 

NU:MSER OF AMINO ~D TYROSYL GROUPS OF ~~LACTALBUMIN 
ACETYLATED WITa N-ACETYLIMIDAZOLE 

Control 

Acetylated 
40-1 ratio 

Acetylated 
500-1 ratio 

Deaaetylated 
500-1 ratio 

e-Amino Gro1.,1ps 
Acetylated 

0 

3.5 

9.1 

Tyrosine!? 
Acetylated 

0 

+ 2.1 _ 0.2 

4~15 -~ o. 35 

0 

Gel electrophoresis was run on the acetylated and deacetylated 

protein to determine the effects of acetylation on electrophoretic 

mobility. A large change in the rate of migration was noted upon ace-

tylation which was probably due to the removal of positive charges 

when the a~ino groups are acetylated. Little difference in the migra-

tion was noted upon deacetylation at both 40-1 and 500-1 ratios (Fig-

ure 4). 
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Figure 4. Gel Electrophoresis of O'-Lactalbumin Treated 
Wi t h N-Ace t ylimidazo le 

The effect of acetylation and de-0-acetylation on 

5 

the electrophoretic mobility of a-lactalbumin. Tube 1, 
native a- lactalbumin; Tube 2, a- lactalbumin acetylated at 
at a 40 g1 ratio; Tube 3, O'-lactalbumin acetylated at a 
40:1 ratio and then deacetylated; Tube 4, a-lactalbumin 
acetylated at a 500:1 ratio; Tube 5, a-lactalbumin 
acetylated at a 500 g1 ratio and then deacetylated. 
Total protein on each gel was 30 µg. 
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TABLE IV 

CORRELATION OF LOSS OF q-LACTALBUMIN ACTIVITY WITH 
NUMa~R OF TYROSYL RESIDUES ACETY'LATED 

Acetylation Tyro sines % Activity 
Ratio Acetylated Lost 

10 ... 1 1* 26 

40...,1 2.1 i" 0.02 47 

160-1 3* 59 

500-1 4.1 + - o. 3 86 

: 
Literature value (105) 

Denton and Eqner (6) observed that nitration and ioqination of 

48 

a-lactalbumin produced inactive dimers and polymers; this prompted ex-

periments to deter;mine if acetylation also gave similar side reactions. 

A sample of q-lactalbumin treated for one hour with N-acetylimidazole, 

500-1 ratio was applied to a previously calibrated P-100 colump. One 

symmetrical peak was {ound which eluted in the same position as native 

a-lactalbumin (Figure 5). Since this technique success{ully demon~ 

strated the presence of dimers after nitration and iodination, poly-

merization was not a significant side reaction during ac;:etylation. 

The circular dichroism spectra of native bovine a-lactalbumin is 

quite complex. The elipticity bands are all negattve. In the near ul-

traviolet region (250 to 310 qm) the spectrum is characterized by a 

small peak centered near 296 nm, a trough near 252 nm and a broad spec-

tral envelope extending from about 255 nm to 290 nm with a maximum 
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f'igµre 5, Chromatography of Acetylated C¥
Lactalbumin on Bio-Gel P-100 

100 

a-Lactalbumin treated with a 500-1 ratio 
of N-acetylimidazole to protein as eluted 
from a Bio Gel P-100 column (0.6 cm x 110 cm) 
at 25 with 0.5 M rris, pH 8.0, 0.1 M KCl, 
Fractions of 0.2 ml were collected and diluted 
to 1 ml with water before reading the absor
bance at 220 nm, 
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near 272 nm. This spectrum is consistant with the presence of opti~ai~ 

ly active cystine and aromatic chro~top~ore~, tyrqsine and trypto-

phan (85). 

In the :f;ar ultraviolet region (200-250 nm) the spectrjll is charac

terized by a negative peak with a maximum near 208 nm and a plateau 

from 212 to 225 nm. 

Acetylation at a 500-1 :ratio pf N-acetylimidazole to ~-lactalb\lm.in 

resulted in several changes in the circular dichroism. spectra as showq 

in Figures 6 and 7. 

There is a general reduction of the amplitude of bands from 270 to 

310 nm. The spectra show Almost no differences from 230 nm to 270 nrn. 

The plateau found wi~h native protein from 212 to 225 nJll disappears jllnd 

is replaced by a monotoniG decrease to the maximum at 208 nm. The p~ijk 

at 208 nm becomes more prominent, increasing from a value of -10,800 

to -13,400 degr(:!es cm2/decimole. 

Robbins and aolmes (85) have concluded that the small peak ~t 296 

nm is due to an asymetric tryptophan in native a-lactalbumin. Upon, 

acetylation there is a decrease in t:;he elipticity of this band and also 

the general tryptopban area (270-300 nm). This is probahlr due to an 

increased freedom of movement in the md.dified protein. Support;i.ve evi

dence fo~ this e~planation is the similarity of circular d;i.chro:;i.sm 

spectrum of acid-denatured a-lactalbumin and the spectrum for acetyla

ted a-lactalbumin (105)~ 

The ch~~ge in elipticity at 252 nm could be due to either cystine 

or tyrosine residues since both e~hibit elipticity bands in this wave .. 

lertgth region. Neither explanation can be confirmed at this time and 

the change may be a combination of two effects, acetylaUon of the ty-
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Figure 6. Near Ultraviolet Circular Dichroism 
Spectra of Acetylated and De-0-
Acetylated a-Lactalbumin 

a-Lactalbumin was acetylated at 500-1 re
agent to protein ratio with N-acetylimidazole. 
De-0-acetylation was accomplished by treating 
with 0.2 M hydroxylamine at pH -7.5 for one 
hour. Curve A, (o) ac:etylated a-lactalbumin, 
Curve B, (4) de-0-acetylated a-lactalbumin, 
Curve C, (•) control a-lactalbumin. [8] is 
t~e mean residue ellicipticity (mean residue 
weight was 118). 
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Figure 7, Far Ultraviolet Circular Di
chroism Spectra of Acetyl
ated and De-0-Acetylated 
Q'-Lactalbumin 

Cl'-Lactalbumin was acetylated at 500-1 
reagent to protein ratio with N-acetylimi
dazole. De-0-acetylation was accomplished 
by treating with 0.2 M hydroxylamine at pH 
7.5 for one hour. Curve A, (Q) acetylated 
Cl'-lactalbumin, Curve B, (A) de-0-acetylated 
Ol-lactalbumin, Curve C, (•) control Ol-lac
talbumin. [8] is the mean residue ellic~p
ticity (mean residue weight was 118). 
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rosyl residues 1;1?'!,d i:l change in the dihec:lral i:lngle of the suHur atoms 

of the disul~ide bridge after a conformational change. 

Interpretation of the changes occurring in the far uttraviotet 

spectra is based on the work of Greenfield and Fasman (86) and Chen and 

Yang (119). Greenfield and Fasman (86) have examined the circular di-

chroism spectra of poly-L-lysine in various conforrn1;1tions and have pro-

posed an ei!lpir:i,cal formula "for ca1culating the percent O!-helix. 

[ 8] - 4000 · 208 nm 
% O!-helix = ---3-3-00-.. -_--4-0-0-0~- x 100 (3.1) 

The forrnula requires only the mean residue elipticity at 208 nm 

i:lnd has given reaeionable results when applied to several protein who(:>e 

structµres were known from X-ray crystallographic an1;1lysis. Ch~n and 

Yang ( U 9) have c'!'.'i t:ic::ized the use of synthetic peptides(for reforeq.ce 

standar9s because (a) globular protein molecules contain short helical 

or p-segments, or both, whose spectra should differ in magnitude froI!l 

the spectra of polypeptides and (b) the tertiary structures of most 

protein molecules are compact and rigid unlike the "r1;1ndom coils" of 

synthetic polypeptides. They have proposed the use of proteins of 

known structure for a model system. From the proteins, myoglobin, ly ... 

i,ozyme, ribonuclease, papain and lactic dehydrogenase, they have pro-

posed three equations based on three different wavelengths. 

[8] 220 = -27700 fH-3380 (3. 2) 

(3. 3) 
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[6] 222 = -30300 fH-2340 where fH is the fraction (3. 4) 

of a~helical structure of the protein. 

The selection of the equation to be utiLized is dictated by the elip-

ticity maximum in the region 220 - 222 nm. The percent a-helix for 

native, .acet:ylated, and de-0-acetylated a-lactalbumin was calculated 

by both methods and the results are shown in Table V. 

T,ABLE V 

EFFECT OF N-ACETYLI~IDAZOLE ON THE a-HELICAL 
CON'L'E;NT OF OI-L.ACTALBUMIN 

a-Helix Content 
Based on [8] 208 

a-Heli,x Content 
Based on [8] 220 

Native 
a-Lactalbumin 

22.7% 

21. Oio 

Acetylated 
Cl'-Lactalbµmin 

33.0% 

24.0% 

De-0-Acetylated 
a-Lac ta lbum:i;n 

21,4% 

16.7% 

The values found for native a-lactalbumin are in good agre~ment 

with the value reported by Robbins and Holmes (85). Their calculations 

were based on the ~ean residue elipticity at 208 nm. They reRorted an 

increase of 10% in the a-helical content upon denaturation at high pH. 

This is very close to the increase in helical content upon acetylation. 

Deacetylatipn of the tyrosyl residues resulted in an apparent loss of 

helical structure back to near the value of native a-lactalbµmin, 
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Other changes upon de-0-acetylation were minor resulting in a 

spect;ra that more c.101;,ely resembled .the spectra of native a .. lactalbQm.in, 

There was an apparent; decrease in the magnitude of eliptiGit;y,ip ~h~ 

far ultraviolet region but the shape of the spectrum was very close to 

that of ~ative a-lactalbumin. 

Modification of a-Lactalbumin with Acetic Anhydride 
, t *' T 4 1 • 

Acetic anhydride is an effective tyrosyl modifying reagent when 

conditions are favorable for the stability of the resultin~ e~ter (112). 

Acetylation of amino and sulfhydryl groups also occurs. Siqce a-lac-

talbumin contains no free sulfhydryl groups, acetylation with acetic 

anhydride should give the same results as acetylation with N-acetylimi-

dazole. Howeve:J:: significant d:Lfferences were found. The major 4U-

ference was that deactivat:Lon was not apprec:Lably reversed under con-

ditions which were successfully used to reactivate N-aeetylimidazole-

inact:Lvated a-lactalbumin. 

Table VI lists the resqlts abta:Lned upon treat;ment of a-lactdbumin 

at 50-1 and 10-1 ratios of acetic anhydride to protein. Acetylation at 

50-1 results in almost complete inactivation, and no significant activ-

ity ret;urns upon treatment with hydroxylamine, 0.2 Mat pH 7.5, In-

complete acetylation (10-1) results in the loss of over half of the con-

trol activity and only a small activation occurs upon treatment with 

hydroxylamine. Estimation of the number of acetylated amino groups is 

also shown in Table VI. Free amino groups were determined by reaction 

with trinitrobenzene sulfonic acid. 



Acetylated 
50-1 Ratio 

Acetylated 
10-1 Ratio 

TABLE VI 

EFFECT OF ACETIC ANHYDRIDE ON THE ACTIVITY OF 
a -LACTALBUMIN 

% Losis of 
Activity 

94 

% Regained After 
Treatment with NH20H 

2 

7 

Number of Amino 
Groups Acetylated 

9 

3 

Electrophoresis of Cl'-lactalbumin treated at 50-1 with acetic an-
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hydr;ide yields one fast moving band analogous to the N-acetyl:Lmidazole 

treated a-lactalbumin. At a ratio of 10-1 reagent to protein there is 

insufficient reagent to acetylate all of the four tyrosyl residues and 

the nine available lysyl residues. A series of seven fast-moving bancl,s, 

one of which corres~oncl,ed to native a-lactalbumin was obtained upon 

electrophoresis on standard 7% acrylam;ide ~els. Treatment of both the 

50-1 and, 10-1 acetylated proteins with hydroxylamine did not change mi-

gration distances. This correspond~d to results obtained with N-ace-

tylimid~zole. To verify that the multiplicity of bands was due to in-

complete acetylation, N-acetylimidazole was used in a 10-1 ratio to 

acetylate Cl'-lactalbumin. The results are shown in Figure 8 and are 

compared with acetic anhydride treated Cl'-lactalbumin. 

Since there was an irreversible loss of activity upon treatm~nt·· 

with acetic anhydride, the acetylated Cl'-lactalbt,1min was checked to see 

if polymerization had occurred. The acetylated a-lactalbumin was chro-
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Figure 8. Gel Electrophoresis Pa tterns of Acetylated O!
Lactalbumin 

The effect o f ace tylation on the electrophoretic 
mobility of O!-lactalbumin. Tube 1, native a-lactalbumin; 
Tube 2, O!-lactalbumin a cetylated at a 10~1 ratio with 
acetic anhydride; Tube 3, a-lactalbumin acetylated at a 
50~1 ratio with acetic anhydride; Tube 4, O!-lactalbumin 
acetylated at a 10~1 ratio and then de-0-acetylated; 
Tube 5, O!-lactalbumin acet ylated at a 50d ratio and 
then de-0-acetylated; Tube 6, .a-lactalbumin acetylated 
at a 10:1 ratio with N-acetylimidazole. Total protein on 
each gel was 40 µg. 
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matographed on a Bio-Gel P-100 column and the results are shown in 

Figµre 9. Activity measurements were made on each fraction and a con

stant specific activity was found. No evidence for polymers was found. 

Summary of Acetylation 

Acetylation of a-lactalbumin causes loss of activity. De-0-ace

tylation of the tyrosyl residues under mild conditions results in re

activation thus establishing the tyrosyl residues as necessary for 

biological activity. Since the exposed lysyl groups are irreversibly 

acetylated du:t"ing this procedure it was concluded that the surface 

lysyl groups are not necessary for biological activity. The degree of 

acetylat;:i,on of the tyrosyl residues was correlated with t;he loss of 

enzymatic activity; however, no differences were founq between the 

four tyrosyl residues. Results obtained from the circular dichroism 

spectra indicate that changes in the conformation of the protein have 

occurred upon acetylation which are largely but not totally reversible~ 

The use of acetic anhydride for acetylation also caused an inactiva

tion of a-lactalbumin. In contrast to the acetylation with N-acetyli

midazole the inactivation was not reversible. Presumably there is an 

undetected side reaction or a change in specificity. 

Effects of High pH on a.Lactalbumin 

Experiments in which incubation at high pH was used to catalyze 

deacetylation of the tyrosyl residues of modified a-lactalbumin led to 

large losses of activity in the control as shown in 'l;able II. The loss 

in activity was time dependant an,d over 50% of the activity was lost in 

one hour, when incubated at pH 12 at room temperature. 
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Figure 9. Bio~Gel P-100 ChrQmatography 
of"'Ol...;Lact&lbum,iri Treated 
with Acetic Anpydride 

a-Lactalbumin treated with a 10-1 
rat;Lo of acetic anhyd:i;-ide to protein as 
eluted from a Bio-Gel P-100 column (0.6 
cm. x 110 cm) at 25 C with 0.05 M Tris~ 
0.1 M ~01 pU 8.0. Fractions of 0.2 ml 
were collected and diluted to 1 ml with 
water before reading the absorbance at 
220 nm. The specific activities in 
units/mg :for tubes 36 through 41 are 55, 
139, 118, 150, 156 and 42. (•), A220 nm. 
(a) a-lactalbumin, lactose synthetase 
activity (units/~l) • 

. . ~ 
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Kronman et al. (62) reported that a-lactalbumin undergoes a struc

tural change to an expanded conformation above pH 9,5. This finding 

was based on ultracentrifuge measurements of the sedimentation coeffi

cient at pH 8.55, 9.5, 10.0, and 12.0. The frictional ratios and mo

lecular radii were calculated from the sedimentation constants and 

were found to increase with the pH. The expanded structure led to a 

difference spectra which was attributed to changes in tryptophan ab

sorption. The expansion of the structure occurs very quickly and cqm

pletely. The changes in the fluorescence properties (66) were com

plete in one minute and there were no further changes for periods up 

to two hours. The changes in fluorescence were fully reversible when 

a solution of ~-lactalbumin was brought from higher pH (pH:12) back to 

pH 6.0. 

Intermolecular interactions were also found above pH 9.5. An 

association of low molecular weight species (dimers and trimers) was 

detected in ultracentrifuge measurements of the concentration depen

dancy of the sedimentation constant. This association was rapidly 

reversed upon return to pH 6.0. Exposure of a-lactalbumin to pH 10 

and above for periods of 24 hours led to the formation of a heavy com

ponent molecular weight greater than 300,000). The formation of this 

heavy component increased with time and readjustment of the pH to 8.55 

did not reverse the aggregation. It was also not reversed by the addi

tion of 4 M urea. Kronman et al. (62) concluded that there was some 

destruction of disulfide bonds as well as formation of intermolecular 

disul~ide bonds. The following experiments were undertaken to see if 

the lass of biological activity corresponded to any of the aforem~n

tioned processes. 



~1 

Figure 10 shows the loss of activity as a result of incubation at 

pH 7.5, 9.0, 10.5 and 11.6 for per:i.ods of; time u,p to two hqt,trs. 'l'h, 

loss of activity increases with time and with increasing pH. 

To detemine if molecular oxygen was participating in the reaction 

a solution of Cl.'-Lactalbumin was purged with nitrogen and th.en the pH 

was raised to 11.4 and incubated for the f;our hours under a nitrogen 

atmosphere. The activity loss at two hours corresponded to that shown 

in Figure 10 after two hours of incubation. 

Figure 1.1 shows the effect of lowering the pH bacl<, to 7. 3 after 

incubation at high pH. A solution of a-lactalbumin, 0.1 mg/ml in 0.02 

M rris buffer was rai,.sed to pH 11.4 and incubated at room temperature 

for 2.5 hours. The pH was then adjusted d,own, to 7.3 and incuba~ed at 

room temperature for varying lengths of time before assaying. ,A.bot,J,t 

25 percent of the activity returned but at a very slow rate. 

Since the loss of activity wa$ largely irreversible, the same type 

experiment was run in the presence of; low levels of mercaptoet;:ha~ol, to 

observe if protection of the easily oxidized group$ would prevent loss 

of activity. Slightly different conditions were used to inactivate the 

Cl.'-lactalburnin. a.,.,.Lactalbumin was dissolved, 0.5 mg/ml in 0.15 M KCl, 

and incubated. for s:i.x hours at pH 10.5 at room temperatµre with 0.014 M 

mercaptoethanol present. The pH of the solution was then lowered by 

dialysis against 0.02 M Tris p~ 8.0 at JJc. Dialysis for 24 hours re

sulted in a gain of only 2% activity. The control Cl.'-lactalbµmin which 

was treated with 0~014 M mercaptoethanol at pH 7.5 lost 9% activity in 

six hou;rs as c(')mpared to a 95% loss in activity at pH 10,5 The 95% 

loss was a much greater loss of activity than anticipated and frobably 

indicates that mercaptoethanol acts as a catalyst in the deactivation 
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figµre 10. The Effect of High pH on the Activity of 
a'-Lactalbumin 
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a-Lactalbumin soli,.itions of 0.2 mg/ml were adjl.lsted 
to pH 7.5 (A), pH 9.0 (o), pH 10.5 (a), and pH 11.6 (•). 
The lactose synthetase activi.~y of each sample was mon .. 
itr.ored for two hours. The buffer was 0.02 M Tris at 
room temperature. 100% Activity equals 650 nm.oles of 
UOP formed per minute per mg of Q'-lactalbumin. 
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Figure 11. Effect of Incubation at pH 7.3 on 
Base Inactivated a-Lactalbu-
min 

a-Lactalbumin previously inactivated by 
incubation at pH 11.4 at room temperature for 
2.5 hours was incubated at pH 7.3 and the ac
tivity was measured as a function of time. 
Protein concentration was 0.1 mg/ml in O. 02 M 
Tris buffer. 100% activity equals 650 nmoles 
of UDP formed per minute per mg of a-lactalbumin. 
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process. !he most l;i.kely role for mercaptoethanol is in prom<;>ting di-

sulfide interchange. This could especially be the case if the disul-
,, 

fide bl'.'idges are strained when the Ol-lactalbumin rq,olecule expands at 

high pH. 

Since native Ol-lactalbumin contains no free sulfhydryl groups (52) 

it was possible to determine if any of the four disulfide bridges were 

broken during incubation at high pH by merely assaying for free sulfhy-

dryl groups. A stock solution of O:'-lactalbumin in 0,15 M KCl was in-

cubated at pH 12.0 and aliquots were removed, the pH adjusted to 8.0, 

and assayed by reaction with Ellman's reagent (115). The number of 

moles of free sulfhydryl groups was calculated using the extinction 

coefficient (~412 ~ 11,400/cm) based on 3-carboxylate-4-nitrothiophen

olate (123). Figure 12 shows the results obtained. The number ~f free 

sulfhydryl groups increased with incubation time. An aliquot was re-

moved after six hours of incubation and assayred for lacto::,e synthetas.e 

activity. The sample had lost 53% of the activity compared to the con-

trol which was incubated at pH 6,0. 

Electrophoresis of O:'-lactalbumin incubated at high pH is shown in 

Figure 13. O:'-Lactalbumin was incubated at pH 11.4 for 2.5 hours and 

layered directly on the disc gel without adjustment of pH. An aliquot 

of the same solution was removed before the pH was raised for a control 

and allowed to incubate at pH 7.0. A third aliquot was allowed to in-

cubate at pH 11.4 for 1.5 hours and then the pH was adjusted to 7.0 and 

further incubation of one hour was allowed before electrophoresis. The 

major band of all three samples migrated at the same rate, but the two 

samples which had been incubated at pH 11.4 showed a very broad faint 

band just preceding the major band. 
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Figure 12. Production of Sulfhydryl Groups During 
Incubation of a-Lactalbumin at pH 12 

a-Lactalbumin was iµcubated at pH 12.0 at room 
temperature in 0.15 M KCl (e). Aliquots were re
moved at two hour intervals and assayed for free 
sulfhydryl groups by the method of Ellman (115). a
Lactalbumin was also incubated at pH 6.0 and treated 
in the same manner (o). 
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Figure 13. Effect of Incubation of a-Lactalbumin 
at High pH on the Migration in Gel 
El ectrophoresis 

Control a-lactalbumin (1) is comp~r~d to_a
lactalbumin incubated at pH 11.4 f o r 2.5 hours 
(2), a~d a-lactalbumin at pH 11.4 for 1.5 hours 
and then incubated at pH 7.0 f or one hour (7.0). 
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Figure 14. Chromatography of Base Inacti
vated a-Lactaloumin on Bio-Gel 
P-100 

a-Lactalbumin was incubated at pH 11.4 
for 2.5 hours and the~ lyophilized and chro-

. matographed on a Bio-Gel P-100 column (0.6 x 
.110 cm). Elution buffer was 0.05 M Tris, 
0.1 M KCl at pH 8.0. One tenth ml fractions 
were collected and diluted with 0.9 ml of 
H20 before reading the absorbance at 220 nm. 
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An aliquot of the 01-lactalb9min solution was lyophilized and chro

matographed on a ~io-Gel ~ .. 100 column to determine if aggregation had 

occurred. Figure 14 shows the presence of a single peak corresponding 

in posit;;ion to natcive O:'-liactalbumin. 'l'hus it app.eared that no irre .. 

veri.ible aggregat:(.on had occurred. 

In order to obtain a more 1;1ensitive measure of the effect of high 

pH on the molecular structure of O:'-lactalbumin the modified protein was 

compared to native Cl'-lact;albumin by the Qudin q1,1.antitative d;i.ffusion 

test. O:'-Lactalbumin was incubated at pH 12.0 in 0.15 ~ KCl for six 

hours. The pH was then adjusted to 7.0 and a solution containing 100 

µ.g/ml of prptein was tested for reaction wi,th antibodies to Q',-lactalbu.

min. The standard curve (see Methods) was prepared from Cl'~lactalbumin 

incubated six hours at pH 6. The results obtained are shqwn in Figure 

15. Approximately 60% of the O:'-lactalbumin did not react with the 

antibody. The 13arne sample of O:'-lactalbumin had 0.64 Il').oles of ~ree 

sulfhydryl groups per U\ole of O:'- lactalbumin, and had lost 53% of its 

activ:Lty in the tactoi;e syntheMse reaction. 

The circular dichro:(.sm spectra of base treated Cl'-lactalbumin are 

compared to native Cl'-lactalbumin in Figures 16 i:\nd 17. '.!;he near ultra

violet spectrum shows only one difference, a decrease in elipticity at 

252 nm. Th;i.a arecj, reflects changes in tyrosine ionization and opti .. 

cally active cystine residues. Since b~th spectra were run at pH 6.4 

no change in tyrosine ionization would be expected and the change is 

probably due to modification of the disulfide bridges. Cha!lges wi;re 

present! in the far ultratiolet spectra and probably reflect an, un,,; 

folding of the protein. 
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Figure 15. Standard Curve for ImmunologicaL ~eter,;ni
nation of O:'-Lactalburnin by the Oudin 
Technique 

Control O:'-lactalbumin was incubated six hours at 
pH 6 in 0.15 ;M K.Cl and used for a standard curve for 
the Oudin immunological _determination of O:'-lactalbu
rnin (o). An aliquot of the same O:'- lactalburnin solu
tion was incubated f;lix hours at pH 12. The pH was 
adjusted to 7.0 and a solution containing 100 µg/ml 
was aUow~d to reac;.t with ant;ibody for 36 hours (•). 
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Spectra of :Bas-e· Treated 'ancii.Native 
O:'-Lactalbumin 

O:'-Lactalbu~in was incubated at pB 10.5 for 
one hour in 0.15 M KCl, the pB was adjusted to 6.4 
and the circular Qichroism spectra was ~easured 
(A). Controi O:'-lactalbumin was run before and 
after the one hour incubation at pH 6.4 in 0.15 M 
KCl (o). [8] is the mean residue ellicipticity 
(mean residue weight was 118). 
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figure 17. Far Ultraviolet Circular Dichroism 
Spectra of Ba:~e;Tre~ted:an~HlatJye 
a-Lactalbum:Ln 

a-Lac;tc;1lbum:Ln wai:i :incubated at pH 11.1 for 
45 minutes in Q.15 M KC1, the pH was ~dju&ted 
to 6.4 and the circular dichroism spect.ra was 
measul'.."e<;i (ll). Cop.trol Ol-lactalbumin was run 
after 45 minute_s incubation at pH 6.4 (o). [8] 
is the mean rejidue ellicipticity.~mean residue 
we;ight was 118). 
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Summary of the Effect of High pH 9n O!-Lactalburnin 

Incubation of 0t-lactalbumin at high pH resulted in a time depen

dent loss of activity. This loss of activity was largely irreversible 

under the cond:i,tions employed. No difference was fo1,1nd in t:he rate of 

inactivat:i,on when molec1,1lar o~ygen was excluded from the reaction. The 

presence of low levels of mercaptoethanol increased the rate of deac

tivation. There was a time dependent cleavage of the disulfide bridges 

which corresponded to the loss of activity in the lactose synthetase 

reaction, and to a loss of antigenic activity. Electrophoresis of the 

mod:i,fied material revealed the presence of an additional band. Cir

cular dichroism spectra of the base treated material differed from na .. 

tive 0t..- lac,tal'bumin. only in the area designated as the cystine absorp

tion region. The effect of high pH on O!-lactalbumin is most likely due 

to disulfide cleavage. 

Modification of O!-Laetall;mm:Ln by; Iodination with Lactoeeroxida
1
se 

The acetylation of ~-lactalbumin with N-acetylimida~ole causes a 

large loss in activity which closely paraJ.lels the acetylatiol'\ of tyro

syl residues. This observation in acldition to the wQrk of Denton and 

Ebner (6) suggests that the tyrosyl residues of C;\1-lactalburn;i.n are ct;;i.t .. 

ical for 0t-lactalbu~in activity in the lactose synthetase reaction. 

Since there are four widely separated tyrosyl residues in bovine O!

lactalbumin tyr 18, 36, 50 and l03, it is likely that not all a;re es

sential for binding the galactosyltransferase molecule. Schmidt and 

Ebner (70) have found 0t-lactalbumin isolated from goat, pig,c~lieep and 

human have only three tyrosyl residues which would indicate th~t at 
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least one tyrQsyl residue is not essential, Attempts were mad~ to find 

a method whic;I;,. would chemic1:1lly al~er fewer than fot.1.r tyrosy~ res:i.dues 

upon reaction with a-lactalbumin. 

Chemical methods of modific1:1tion were largely ruled out because 

all t;yrosines react readily with tyrqsyl reagents thus no selectivity 

was possible. One exception has been reported by Gorbuno(f (88), who 

fQund that cyanurat:ion of thre_e tyrosyl residues occurs readily and ·:·. 

that reaction of the fourth residue occurs only at high pH. 

Enzymatic m~gification of the tyrosyl residues should pgssibly 

offer some selectivity of reaction, especially if any of the four resi-

dues are located iu a crevice, or in the inner core of the prptein and 

thus ina.c;cessible to the eniyme. LactoperQxidase has been used by 

Phillips and Mor~ison (108) to incorporate iodide into the exposed ty-

rosyl and histidyl groups on the surface of the intact human erythrq-

cyte. Laetope~o~idase is well suited for this type of experiment due 

to its large :;iize (M.W.1 = 78,000) and stability under the reaction con-
' 

ditions. The conditions of the iodination reaction are very gentle ·; ·· ·· 

with respect to pll, solvep.t, ionic strength, and temperat1,1re. '.L'he ra~e 

of reaction can be varied by the amount of lactoperoxidase used to cat~ 

.alyze the reaction. Reaction condition control experiments on a~1ac. 

talbumin ~hQw no detecuable losses in lactose synthetase activity for 

periods up to 30 m~nutes. 

The iodinatiQn reaction can be monitored in several ways. The 

most direct method is to observe the increase in absorbanc~ at 290 rnn 

due to the fprmation of monoiodotyrosine (~IT)~ Table VII li~ts the 

resµlts of treatment of a-lactalbumin with lactoperoxidase at different 

weight to weight ratios. The time required for complete reaction is 
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shown. The moles of MIT formed per mole of Cl'-lactalbumin were calcu~ 

lated from a molar extinction coefficient of 2,340 for pH 7,4 (8). 

TABLE VII 

IODIDE INCORPORATION AS MEASURED SPECTROPHOTOMETRICALLY 

Cl'-Lacta lbumin to Minutes Required Moles of MIT Formed/ 
Lactop!!roxidase Ratio for Complete Reaction Mole of Cl'-Lactalbum,in 

10,000 - 1 12 0.54 

10,000 - 1 13 0.45 

1,000 - 1 3 0.42 

200 - 1 1 0.60 

The extent of the iodination reaction can also b~ determined by 

i h · · f 1125 . 1 lb ·..J measur ng t e 1ncorporat1on o into Cl'- acta , um1u. The free io-

dide was removed by gel filtration, as described in Methods, after com-

pletion of the reqction. 

Aliquots of the iodinated O:'- lacta.lbumin were counted and the num-

her of moles of iodide incorporated was calculated. Table VIII shows 

the results of varying conditions on the incorporation of iodide. 

Approximately 0,5 moles of iodide per mole of Cl'-lactalbumin were 

incorporated, l'his is in good agreement with the results found by the 

increase in absorbance at 290 nm as shown in Table v. When Cl'-lactalbu-

min was reduced and aminoethylated before iodination, solubility prob-
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lems are encountered. This is probably the reason for the low incor

poration. Varying the reaction conditions did not produce a superior 

method for iodination. High concentration of iodide are r~ported to 

inhibit lactopero~idase (8) and this was verified by running the re

action at 10 fold higher iodide concentration (0.9 mM KI). Increasing 

the length of incubation before separating the reaction products did 

not appreciably change the incorporation. High concentrations of hy

drogen peroxide are also reported to inhibit lactoperoxidase, although 

the optimum concentration range is wide (8). Doubling the hydrogen 

peroxide concentration from 100 µM to 200 µM produced no change in in 

incorporation. Lowering the hydrogen peroxide concentration to 8 µM 

caused a decrease in incorporation. 

Altho4gh the incorporation was very low, the effect on activity,· 

was determined on two separate preparations (Table IX). No significant 

loss of activity was noted in either preparation, although the expected 

loss of activity due to iodination of one half mole of tyrosine would 

be 12.5% provided iodination was random. This value is very close to 

the minimum detectable change in activity when using the lactose syn

thetase assay for a-lactalbumin. 

Gel electrophoresis of ~~lactalbumin after iodination with lacto

peroxidase yielded two bands, one corresponding to native a-lactalbumin 

and one slightly faster moving band. Calculations from the increase in 

absorbance at 290 nm indicated that 0.42 moles of iodide were in~orpor

ated per moles of ~-lactalbumin. Thus approximately half of the a

lactalbumin should be mono-iodinated and this would provide an expla

nation for the two bands shown in Figure 18. 
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Figure 18. Disc Gel Electrophoresis of 
Iodinated a-Lactalbumin 

Gel electrophoresis of a-lactalbumin 
iodinated with lactoperoxidase (I) is com
pared to control a-lactalbumin (C). Stan
dard 7% gels were used as described in 
Methods. 
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TABLE VIII 

EF:FECT OF Dl:F:fERENT R&\C'J'ION C.ONDIT;I;ONS UPON TttE 
~NCORPORATION OF IODIDE INTO Cl'-LAC'l;'ALBUMI;N 

Sample 

Cl'-Lacta1bumin Treated with 
Lactoperoxidase (see Methods) 

Q'-Lactalbumin Reduced and 
Aminoethylated Before Treatment 
with Lactoperoxidase 

Cl'-Lactalbumin Treated with 
Lactope~oxidase at 0.9 mM KI 

Cl'-Lactalbumin Treated with 
Lactoperoxidase at 8 µM H2o2 

Cl'-Lactalbumin Treated with 
Lactoperoxidase for 2 hours 

Cl'-Lactal~umin Treated with 
Lactoperoxidase for 8 hours 

Cl'-Laatalbumin Treated with 
Lactoper9~idase for 24 hours 

Moles of Iodide Incorporated 
per Moles of Cl'-Lactalqumin 

0.56 

0.13 

Q.41 

0.008 

0.56 

0.52 

0,54 

Peptide maps of iodinated Cl'-lactalbumin. provide an assessment of 

the number of groups which have been labeled with 1251 in the lacto-
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peroxidase catalyzed reaction. Morrison and Bayse (8) report that ty-

rosine, monoiodotyrosine, and histidine are iodinated with lactoperoxi-

dase. Thus possiqle reaction products would be monoiodotyrosine, d:Uo-

dotyrosine, and iodohistidine. However, there are three histidyl resi-

dues and four tyrosyl residues and each of these groups are in tryptic 

peptides of di~ferent size and charge and therefore, the nµmber of pos~ 
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sible r~dioactive 1,ipotSi is very laJ;"ge. Morrison and Ba.ySQ (8) a,l!;o 

rE;lport that the rate qf iodinat;i,on of tyrolii.ne i,s much $reatet than the 

rate of iodination of monoiodotyrosine, This is a direct contra~t to . 
the chemical iodination reaction, in which the s.econd iodide molecuie 

is incorporated more easily than the first iodide molecule. 

Control 
ot-Lactalbumin 

TABLE lX 

ErFECT OF IODINATION ON TRE ACTlVl'IY 
OF ~-L,ACTALBlJM!N 

Moles of Iodide/ 
~oles o! a~Lactalbumin 

0 

% Activity <:if 
Control ~·Lactalbymin 

lOOW 

Reaction CQntrol 
a .. Lactalbumin 0 101 

Iodinated 
cv-Lactalbumin 0.6 96 

Iodinated 
ot-Lactalbumin 0.54 89 

* 100% = 820 n'Jlloles of UDP formed per minu~e per mg o~ ot
lactalbumin.. 

a-Lactalb4m:i.n was iod:1,nated with lactopero:icidase and then reduced 

and aminoethylated as reported in Methods. The protein was digested 

with trypsin for four hours and the resulting tryptic peptides were 

separated by electrophoresis and chromatography on a cellutose thin~ 
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layer plate. The plate was sprayed with ninhydrin to dete~t peptides, 

although some peptides are in such low yield that they were not visi

ble. This was evidently the case with the iodinated peptides becuase 

they appeared as spots upon autoradiography of the TLC plate even 

though no ninhydrin spots were visible. Figure 19 shows a typical pep-. 

tide map of iodinated ~-lactalbumin. The ninhydrin spots correspond 

closely to the peptide map of native a-lactalburnin. The radioactive 

spots (represented as cross-hatched areas) migrated at a much faster 

rate during chromatography than the nonlab~led peptides. 'l'wo of the 

i~dinated spots (numbers 1 and 2 in Figure 19) contain most qf the ra

dioactivity, appro~imately 50% in number 1 and approximately 25% in 

number 2. 

Iodinated a-lactalbumin was also hydrolyzed with Pronase to yield 

individual aminq acids. A 16-1 ratio of Pronase to a-lactalbumin was 

used to insure complete hydrolys:i.s within the 24 hour incubation. period. 

The amino acids were separated by descending chromatography on cellu

lose thin-layer plates. The a~ino acids were identified by. staining 

with ninhydrin and comparing migration rates to standards which were 

run on the s~me plate. As Figure 20 shows, the major procluct was µu:mo

iodotyrosine but traces of diiodotyros:i,ne were also found. 

The circular dichorism spectra of iodinated a .. lactalbumin are com

pared to native a-lactalbumin in Figures 21 and 22. There is an appar

ent loss of amplitude in both near and far ultraviolet spectra of io

dinated ~-lactalbumin. However it is doubtful if iodinat:i,on would 

cause this type of effect. A more probable explanation would be that 
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Figure 19. Peptide Map of a Tryptic Digest of Iodinated a~Lactalbu
min"'" · 

The: peptides were separated in the first dimension by thin 
layer electrpphpresis (pH 5,5, 2··hours, 300 v, 4) and in. the 
second dimension by ascending chromatography in:.n-bµtan,ol-pyridine
glacial ac::etic acid-water, 150;100:30:120 for 10.s hou'r~ at 25 • 
Cross-hatched areas represent spots on X-ray film exposed for tw<? 
weeks. Number l is the major radioactive spot containing approxiw 
mately 50% of the radioactivity, spQt number 2 contains approximate
ly 25% of the radioactivity. Very faint spots appear as b~oken. 
c,ircles. All other spots were detected with ninhydrin spray. 
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Figure 20. Thin Layer Chromatography of a ~ronase 
Digest of Iodinated ~-Lactalbumin 

~odinat~d ~-lactalbumin was hydrolyzed with 
~~onase and chromatographed on a cellulose thin 
layer plate. Descending chromitography was l1.ln 
fo~ 13 hours in n-butanol:Q.5 N NH20H;absolute 
ethanol (5;2:1) at room temperature. Cross
hatGhed areas represent spQts on x.ray film e~
posed to the TLC plate for 72 hours, Faint spots 
appear as broken circles. Origin (1) was spotted 
with 2 µ.1 of ~ronase digest of iodinated a-l~ctal~ 
bumin, (2) 4 µ.1 of the same digest, (3) 5 µ.g of 
MIT, (4) 10 µ.g of MIT, (5) 12.5 µ.g of DIT, (6) 5 
µ.g of PIT, (7) lO µ.g of tyrosine. Co~trol spots 
(3-7) were developed with nin~ydrin spray. 
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Figure 21. Near Ultraviolet Circular 
Dichroism Spectra of 
Iodinated and Native~
Lactalbumin 

310 

~-Lactalbumin was iodinated by the 
mQthod of Morrison and Bayse (8) using lac
toperoxidase ($ee Methods). The sample con"' 
tained 0.56 moles of Iodine/mole of ~-lac
talbumin. Iodinated ~-lactalbumin (A) and 
native ~-lactalbumin (o). [8] is thQ mean 
residue ellicipticity (mean residue weight 
was 118). 
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Figure 22. Far Ultraviolet CircuLar 
Dichroism Spectra of 
Iodinated and Native 
~-Lactalbumin 

a-Lactalbumin was iodinated by the 
method of Morrison and Bayse (8) using 
lactoperoxidase (see Methods). The sam .. 
ple contained 0.56 moles of lodine/mole 
of q-lactalbumin. Iodinated a-lactalbu
min (A) and native a-lactalbumin (o). 
[8] is the mean residue ellicipticity 
(~ean residue weight was 118). 
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iodination causes an increase in the e~tinction coefficient of ~.lac

talbumin. This would result in j:he true concentration of c:¥ .. lactalbumi.n 

being lower than the apparent cpnce.ntration. 

Sunnnary of t~e Jodinatio,n of c:¥-LactaU>umin with Lactoperoxidas7 

Approximately 0.5 moles of iodide per mole of c:¥-lactalbumin was 

the maximum incorporation obtained using lactoperoxidase. Varying the 

reaction conditions did not produce a superior method for iodination. 

No significant loss of activity was noted. Peptide maps revealed the 

presence of two major iodinated peptides and eight .m;i.nor i6d~nated -p~p:-: 

tides. Chromatography of a ron~se dig~st of iodinated c:¥-lactalbum~n 

revea1e.d the p:i:esence of both monoiodotyrosine and diiodatyrosine, how

ever the labelling produced preqominately monoiodotyrasine. 

Thus the technique was not useful far determi,ning if there exists 

a single critical tyrosyl residues. 



CHAP'l'ER IV 

D'.J;SCUSSION 

Q'.-Lactalbumin has been t;he object of intenisive investigation s:i.nce 

'. its establishment as the B protein of lactose synthetase (2, 18). ~uch 

(50, 51, 52) and lts properties· ln~s~lution are well aharaaterized (54, 

55, 59, 60, 61, 62 and 63). However little is known about the moleau-

lar me~hanism by which ~-laotalbumin mo.difies the galactosyl transfer. 

ase molecule. Kinetic stuqi,es by Morrison arid Ebner {4) indicate that 

the apparent Km fa~ gluc9~a is lowered in the presence of ~~1act;alb~mi~. 

Mawal et al. (5) have sho~ by affinity chrQma~ography that a com~ 

This impli~is that ~here is a binding site or perhaps a large binding 

area on the surface of the ~~lactalbumin molecule. Perhaps the best 

method for determining which of the 123 amino acids in ~-lactalbumin 

are involved in tliis biJ:lrding area is to modify specific am;i.no acids and 

'fll.onitor the activity in th~ lactose synthet;ase react:i,on. lf the re .. 

action conditions are n.ot too harsh (determined by running appropriate 

controls) any loss o{ activity should be due to blockage of a specific 

group or a resultin& oonformati9n c~ange. rhe use of a variety of mod~ 

ification ~echniques should ~llow determination of critieal amino acid 

residu~s and from this knowledge a better understanding of the functipn 

of ~-laetalbumin shoul4 be obtained. 



Several inveetigators have modified a~laotalbumin for vari~us p9r

poses (6, 27, 88, 90, 94, 9,, 99, 100, 101, 102, 105~ 196) b~t at th• 

present few have reported the effect these modifieations pav~ on t~e 

activity of a-lactalbumin in :i:he lactose synthetairn reaction ( 6, 27, 

95, 99, 100). 

iin (99) modifed the carboxyl groups of a-lactalbumin with 1-

ethyl-3-(3-dimethylami~opropyl) carbodiimide and glycinamide. There 

was a rapid loss of lactose synthetase activity and an average of 20 

carboxyl groups were modified in 400 minutes. ijo unique ~arboxyl group 

was (ound, although free carbo~yl groups in a.lactalbumin may pe e~sen~ 

tial for maintaining its biological activity. Partial protection wa~ 

achieved in the presence e>;f the galactosyltransferase. 

Cast;eUino and HUl (100) have e"amined 1:!he reaction <:>f iodoace;;,; 

tate with bovine q-lactalbumin. They found a si~gle methionine and 

three histidine residues were carbo~ymethylated. E~a~in~tion of tryp

tic peptides indica~ed that methionine 90 was the most reactive resi

due with histidine 68, histidine 32 and histidine 107 reactipg at slow

er rates respectively. Carbpxym~thylation of methionine 90 had little 

effect on the activity of a~lactalbumin, but there was a progressive 

loss in activity as the histidine residues are modified. When all 

three histidi~e residues are earboxymethylated about 40% of the activi~ 

ty of a~lactalbumin remained, 

The nitration of a~lactalbumin has been reported by several inves

tigators (6, 27, 94, 95). Habeeb and Atassi (94) found 2.5 tyrosyl 

residues and 1,4 tryptophyl ·residues modified upon nitration but they 

did no~ report any activity measurements. Robbins et al. (95) also 

found that tyrosines and tryptophans were m9dified with a loss of activ~ 
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ity. Denton and Ebner (6) confirmed the modification of tyrosine arid 

tryptophan and correlated the loss of activity with the i~ss of tyro

sine on a time basis. They established that inactive polymers of a

lactalbumin were formed during the course of the reaction. Tryptic 

peptide mapping has shown t:,hat all ;four tyrosines are randomly mod:i,fied 

(96). Klee and Klee (27) reported a lowered affinity for nitrated a

lactalbumin but found it could be substitu,'ted for native a-lactalbumin 

in::erizyme assays if Larger amounts of protein were 1-l!'led. It: is unclear 

if the activity was due to nitrated a-lact:albumin or to unreaoted na~ 

tive a-lactalbumin. This situation points out the need for careful 

quantitation of the extent of the modification reaqtion and for ~urifi. 

cation of the reaction products. 

De41.ton and Ebner (6) have investigated the effect of iodination on 

the activity of a- lactalbumin. 'l'hey found iodination of tyrosine, tryp .. 

tophan, and histidine with the loss of activity again corrEH:,pO'llding to 

the loss of tyrosine. Thus at the present there is only eviden9e for 

three different amino acids being involved in the binding site, tyro

sine, histidine and possibly a carboxyl containing amino acid, glutamic 

or aspartic acid. Methionine 90 has been n1led out due to the fact :.: 

that it can be carboxymethylated without loss of activity. 

Although the evidence for tyrosine participation in the lactose 

synt:hetase reaction was already quite substantial, anoth~r modifica .. 

tion was chosen to provide furthe:,; evidence for the critical nature of 

the tyrostl residues. a-Lactalbumin was acetylated with N-acetylimi

dazole which results in the formation of an acet:yl group on the phenolic 

ring of tyrQsine and an N-acetyl group on thee-amino group of lysine. 

Since the 0-acetyl group of tyrosine readily undergoes hydrolysis to 
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regenerate tyrosine, it is pqssiqle to assess ~he funct.ic;n:1.al role of 

tytosine anq lysiQe separately by selective deaaetylatipn. 

The activity of a~lactalbumin in the lactose SY\'l,thetaije ~ystem was 

found to decrease with time as ll!Ore residues are acetylat.ed (Figure 2). 

Selective de-0-aaetylation by treatment with hydroxylamine resulted in 

a regain of activity (Fig~re 3). This clearly establishes the tyro~ 

sines as the critical residues involved. The regain of activity ex-

eludes the pQssibUity that inactivation was the result of the protein 
• 

being denatured under the reaction conditions. It also allows the con-

clusion that the surface lysines (9 of the 1i tqtal) are not critical 

for activity, l:iince aaetylation of tqe lysyl residue:; is ;i.rreversibl@ 

under the conditiqns used to deacetylate the tyrosy1 residues. This 

should not be t.a~en tQ imply that all lysyl residues are uniwpor~ant. 

The buried residues mi;i.y be very essent;;i.al for preserving the structurijl 

integrity of the a-lactalbumin molecule. 

To determine if a dUference in reactivity ex;isted bet.we~n the :: 

four tyrosyl residues of a-lactaibumin, a correlation was made between 

the number of residues acetylated and the loss in activity, lt. apr .c 

peared that the attack by N~acetylimidazole was random and complete. 

The loss of one mole ot tyrosyl residue resijlted in the loss of 26% of 

the activity, the loss gf :two moles of tyt;"osyl residue resuited in a 

47% loss ot activi!;y et;c. (Table J:V). Total los!:!i of activit;y was not 

observed and this was probably due to two factor$; the spontan~ous hy-

d1olysi,s of N-acetylimidazole i~ water (effectively loweJ:;"ing the con~ 

centration of reagent) and the spontaneous de-O~acetyl~tion of the ty-

rosyl residues. 
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Result;s obtained from the circular dichroism spectra indicate 

changes in the conformation of the protein occur upon acetylation (Fig

ures 6 and 7). The expected change in elipticity at 252 nm (a tyrosyl 

absorption region) is present, but the results are complicated since 

there may also be contributions in this; area from the disulfide bridges 

which ace necessarily affected when there is a change in protein con~ 

formation. However, the spectra band at 252 nm returns to the same 

value as native a-lactalbumin upon de-0-acetylation, prpviding strong 

evidence that the change is due to the modification of the tyrosines. 

Evidence for a conformational change comes from the peptide band ab. 

sorption area in the far ultraviolet region (Figure 7). There is an 

apparent increase in the a-helical content of a-lactalbumin upon acetyl

ation. Thi!:i apparent increase is reversible and disapp~ars upon c}eace

tylation. 

Acetic anhydride also acetylates tyrosyl and lysyl residues but is 

reported to be a considerably more vigorous reagent (112) often leading 

to protein denaturation. Although acetic anhydride acetylates the same 

residues as N-acetylimidazole, a significant difference was found. De. 

activation was not apprecial:)ly reversed under condition& which were 

successfully used to reactivate N.acetylimidazole inactivated ~-lactal

bumin. This could be due to a side reaction, perhaps another amino, 

acid being modified, or a change in specificity among the amino groups 

modifiec;l. 

Inactivation of a-la~talbumin was noticed when solutions were in

cubated at high pH to de-0-acetylate the tyrosyl residues. The loss in 

activity was time dependent and pH dependent (Figure 10) and involved 

very significant losses of activity. Attempts tci reverse the inactiva-
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tion were successful only to a small degree. Incubation of a-LactaL~ 

bumin at high pH under a nitrogen atmo~phere did not alter the rate of 

inactivation. Thus molecular oxygen was not pa1;ticipat;ing in the re .. 

action. The incubation was also run in the presence of low levels of 

mercaptoethanol, to observe if protection of the easily o~idized groups 

would prevent loss of activity. Rather than preventing loss of activi~ 

ty, the mercaptoethanol appeared to enhance the rate of inactivation~ a 

95% loss of activity was noted at pH 10.5 in six hours. This indicated 

that perhaps the mercaptoethanol acts as a catalyst in the deactivation 

process, The most likely role for merc;;:aptoethanol ;is in promoting d:i,.-

sulfide interchange. This could especially be the case if the c:lisulfide 

bridges are strained when a-lactalbumin expands at high pH (62), 

Since native a.lactalbumin contains no free sulfhydryl groups (52) 

it was possible to qetermine if any of the four disulfide bridges were 

broken during incubation at high pH by merely assaying for free sulfby-

dryl groups after readjustment of the pH, Reaction with Ellm.an's rea-

gent (115) revealed that; incubation ,\:It high pH did result in the clea-

vage of disulfide bridges into free sulfhydryl groups. The number of 

free sulfhydryl groups increased with incuba,tion, time (Figure 12). 

Assays on the incubated a-lactalbumin revealed that after six hours the 

sa,mple had lost 53% of its activity and that 0.64 moles of sulfhydryl 

group were produced per mole of protein. The same sample was quantita-

tively assaye,d for reaction with antibodies to native a-lactalbum:tn and 

it was found that 60% of the antigentic act;i.vity was lost (Figure 15). 

This ;indicates that cleavage of a disulfide bond results in, a change of 

conformation, to such an extent that the molecule has neither activity 



in the lactose synt~etase reaction, nor is it recognized by antibodies 

to native a-lactalbumin. 

~ronman et al. (62) have reportecLthat a-lactalbumin undergcie:s a 

structuraLcp.angEl to an expanded conformation above pH 9.5. The ex .. 
' 

pansion occurs very quickly and completely and results; in changes in 

the fluorescence prpperties of the a-lactalbumin molecule. At high pH 

the emission maximum was shifted and the flµorescent intensity was de-

creased, but these changes were fully reversil;>le when the pH was re"' : 

duced ( 66). However·::the time of incubation at high pH; was 11ot reported. 

Intermolecular interactions were also found above pH 9.5 (66). An 

association of low molecular weight species (dimers aµd trimers) was 

detected in ultracentrifuge measurements, which was rapidly reversed 

upon return to pH 6.Q. exposure of ~-lactalbumin (30 mg/ml) to pH io 

and above fore periods of 24 hours led to the formation of a heavy com-

ponent (molecular weight greater than 300,000). The formation of this 

heavy component increased w:Lth time and readjustment <;>f the pH to 8.55 

did not reverse the aggregat:Li,on. It was also not reversed by the addi-

tion of 4 M urea. Kronman et al. (62) concluded that there was destruc-

tion of disulfide bonds as well as formation of intermolecular disul-

fide bonds. Although conditions used in this study to inactivate a-

lactalbumin differ considerably in protein concentration and length of 

time from those which produced aggregation, a sample was chromato~ 

graphed on an analytical gel filtration column to determine if large 

polymers were present (Figure 14). No evidence for significant poly-

merization was found. 

Studies with low molecular weight disulfides have shoyiffi (124) that 

hydrolytic splitting occurs above pH 9.0 by the following mechanism: 
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RSSR + OH- RS + RSOH (4.1) 

2RSOll (4.2) 

The e-quilibrium of\ reaction (4.1) is far t;o the left, and even in 

0.1 M NaOH the equilibrium concentration of RS- is very small. However 

if either of the components fopned in reaction (4.1) is in some way re-

moved from the equilibrium, the cleavage reaction will proceed to com-\ . . 

pletion. Mercuric chloride (125) and p-~ydroxymercuribenzoate (124) 
I', 
i 

have been used to drive the reaction to c~mpletion in the studies on 

oxidized glutathione. Studies on proteins, insulin (126), ribonuclease 

(127), bovine serum albumin (128) and ovalbumin (128) indicated that 

splitting of disulfide bonds also occurs at pH 9 - 10 if the proteiµ is 

denatured in urea solutions (128) or partially degraded as the result 

of proteolytic digestion (127). Anderson has reported the hydrolysis 

of bovine serum albumin dimer at pH 10 (129). Dimeric bovine serum al-

.bumin was prepared by oxidation of: mercaptalbumin, and the :r;ate of re-

version back to the monomer was measured by gel filtration or centri-

fugation aft;er stopping the exchange reaction by the addition of p-

hydroxymercuribenzoate. One disulfide bond was split in approximately 

one hour and 40 minutes at pH: 11, however it was pointed out that this 

was a composite ratio of several different disulfide bonds being split. 

The rate of hydro·,lysis of di&ulfide bonds appears to vary greatly, 

depending on several factors: the pH of the solution (124); t):le pro-

tein or disulfide bond concentration (127); the presence of ci:ltalytic 

amounts of metal ions (130); ionic strength (131) and steric strain 

(132). it is interesting to note that several investigators have found 



that exclusion of molecular oxygen has no effect on the rate of di

sulfide bond hydrolysis (124, 128, 129, 131). 
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Cleavage of the disulfide bonds may pro~eed as illustrated in 

eq1..1ration (4.1) and is t;:.he cause of the inactivation observed when Cl'

lactalbumin is incubated at high pij. There is substantial evidence 

thc;1t the Cl'-lc;1ctalbumin molecule exists in an expanded state at high pH 

(62). This expansion is the result of strong\e.t.ectrQStat:i:c 'forces gei;i

erated by the increase in negative charge and may stain the disulfide 

bridges consiclerably, leading to a much m<:lre labile bond. Any condi

tion which causes C¥-lactalbumin to assume a conforrnc;1tion other than the 

native con:forrnat;:ion, (acid, denatur1;1tion, <::hemical modification, high 

salt concentrations, denaturaing reagents such as urea or guanidine 

chloride) may ct,1ase the disulfide bon,ds to be especially susceptible 

to cleavage and result in inactivation of the molecule. 

Since there are four w:i,dely separated tyrosyl residues i.n bovine 

c:¥-lactalbumin, it is likely that not all are essential for binding of 

the galactosyltransf erase. Thus specific modification of the indiv;i.dua,l 

tyrosyl residues is needed to ascertain the number and location of the 

residues critical for lactose synthetase activity. 

Enzymatic modification of the tyrosyl residues should possibly 

offer some selectivity of reaction, especially if any of the four resi

dues are located in a crevice, or are partially buried in the s4rface 

of the protein and are thus inaccessible to the modifying enzyme. 

Since lactoperoxidase had been used by PhiLlips and Morrison (108) to 

incorporate iodide into the exposed tyrosyl and histidyl groups on the 

surface of thEl intact human erythroc;.yte, it was chosen for the iodina

tion of Cl'-lactalbumin. Lact.operoxidase is well suited for this type of 
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experiment due to its large size ~nd stability under the reaction con. 

ditions. The reqµired condition of the iodination reaction are very 

gentle with respect to pH, solvent, ionic strength, and temperatuire. 

The optimal concentrations of peroxide, iodide, and tyrosine for ini

tial rates have been established by Morrison and Bayse (8). They also 

established the optimum pH and found evidence for a ping-pong type 

mechanism. Tyrosine was iodinated more: rapidly than 3-Iodotyrosine. 

Histidine was also iodinated, but no evidence was fo\lnd of iodination 

of other naturally occurring amino acids. The rate of the reactiol'\ can 

be varied by the amount of lactoperoxidase used to catalyze: the reac

tion. Analysis of the number and position of the labdled tyrosyl res~ 

id1,1es can be made. 1:,y separation of the peptides afte:r digept,;i.e,n with 

trypsin. Characterization of the peptide is then performed to deter

mine the location of the critical residue. It appeared probable that 

any residue in O!-lactalbumin near enough to the sur;face to interact 

with the galactosyltransferase would also be available for enzymatic 

modification. 

ApprolKimately 0.5 moles of iodide per mole of 0t-lactalbumin were 

incorporated using lactoperoxidase. No reaction conditions were found 

which would give a significant increase in incorporation. No signifi

cant loss of activity was observed upon iodination. This could be ran

dom incorpoJ;"ation, which would be difficult to determine by the lactose 

synthetase assay for O!- lactalbumin, or it may be that the critical res ... 

idue is not ava:l.lable for labelling. Peptide maps revealed the pres.,. 

ence of two major iodinated peptides and eight mino iodinated peptides. 

If monoiodination of the tyrosyl residues was the only product, the 

expected number of labelled peptides would be three (one peptide con .. 
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tains two tyrosyl residues). However the presence of the eight minor 

labelled peptides proves that the reaction is not specifically label~' 

ling the tyrosines with a single iodine. Further evidence was provi~ 

ded by P,ronase digestion of iodinated a-lactalbumin. Chromatography of 

the digest revealed that incorporation was largely monoiodotyrosine but 

significant amounts of diiodotyrosine were also present. 

Thus the technique lacked the requied specificity to elucidate any 

essential tyrosyl residue. Exclusion experim~ts using the galactosyl-

transferase in a deadend complex to block the essential r~sidues of a-

lactalbumin would be the best way to determine their number and posi-

tion. Unfortunately at this time the galact,osyltransferase is not 

available in the quantities required. 



SUMMARY 

Acetylation of Q'-lactalbumin causes loss of activity. De .. Q-ace

tylation of the tyrosyl residues under mild conditions results in re-

activation thus establishing the tyrosyl residues as necessary for 

biological activity. Since the exposed lysyl groups are irreversibly 

acetylated during this procedure, the surface lysyl groups are not 

necessary for biological activity. The degree of acetylation of the 

tyrosyl residues was correlated with the loss of enzymatic activity 

however, no differences were found between the four tyrosyl residues. 

Results obtained from the circular dichroism spectra indicate that 

changes in the conformation of the protein have occurred upon acetyla

tion which are largely but not totally reversible. The use of acetic 

anhydride for acetylation also caused an inactivation of Q'-lactalqumin. 

In contrast to the acetylation with N-acetylimidazole the inactivation 

was not reversible. Presumably there is an undetected side reaction or 

a change in specificity. 

J;ncubation of Q'-lact::albumin at high pH resulted in a time depen

dent loss of activity, This loss of activity was largely irreversible 

under the conditions employed. No difference was found in the rate of 

inactivation when molecular oxygen was excluded from uhe reaction. The 

presence of low levels of mercaptoethanol increased the rate·of deacti

vation. There was a time dependent cleavage of the disulfide briµges 

which corresponded to the loss of activity in the lactose synthetase 

reaction,: and to a loss of antigenic activity. Electrophoresis of the 
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modified material revealed the presence of an additional band. Circu

lar dichroism spect:ra of the bas~ treated material differed frc:m1 native 

Ol-lactalbumin only in the area designated as the cystine absorption re

gion. The effect of high pH on Ol-lactalbumin is most likely due to di

sulfide cleavage. 

Approximately 0.5 moles.of iodide per mole of 01.lactalbumin was 

the maximum incorporatt6n,,ootained using lactoperoxidase. Varying the 

reaction conditioni; did not produce a superior 1'.llethod for iodination. 

No significant loss of activity was noted. Peptide maps revealed the 

presence of two major iodinated peptides and eight minor iodinated pep

tides. Chromatography of a ~ronase digest of iodinated ~-lactalbumin 

revealed the presence of both monoiodotyrosine and diiodotyrosine, how

ever the labelling was predominately monoiodotyrosine. Thus the tech

nique was not useful for determining if there exists a single critical 

tyrosyl residue. 
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