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GENERAL INTRODUCTION 

Albumin is the most abundant protein in mammalian plasma. Human, 
horse and bovine plasma, for example, contain about 70 grams of protein per 
liter, about half of which consists of albumin. This protein has several biologi
cal functions. For example, it plays an important role in the osmotic regula
tion of the body fluids. Furthermore, because of its pronounced binding 
capacity the molecule is able to transport a wide variety of substances 
through the body. Finally, it very likely also constitutes a reserve of amino 
acids. Bovine serum albumin has been the subject of many investigations 
because of its easy isolation in large quantities, its high stability and its 
solubility. 

In spite of the broad attention which has been given to the molecule, 
little is known about its structure and less than ten percent of the amino acid 
chain is known at present. This is mainly due to the fact that the albumin 
molecule, having a molecular weight of about 69,000, consists of a single 
polypeptide chain containing about 590 amino acids. This means that a large 
number of peptides will be found after proteolytic hydrolysis. For example, 
more than eighty sites are available for the proteolytic enzyme trypsin. The 
reconstruction of the original positions of so many peptides in the molecule is 
an almost hopeless task. 

For further investigation of the molecular structure it will therefore be 
necessary to obtain large fragments of known positions. Moreover, such large 
fragments may be useful for the localization of some properties of albumin 
and may give more insight in the tertiary structure of the molecule. It can be 
expected, however, that not all sites of hydrolysis are equally accessible toa 
protease. For this reason short hydrolysis under carefully selected conditions 
may result in the production of a small number of intermediates. 

During the past ten years isolation has been reported of large fragments 
obtained after digestion of albumin by pepsin, subtilisin, trypsin and chymo-
trypsin and after cleavage of albumin at the methionyl residues by cyanogen 
bromide. However, the fragments could be characterized and located in the 
molecule only in a few cases. 

The main object of the study described in this thesis was to obtain, by 
means of proteolytic attack, large and well defined fragments for further 
elucidation of the structure of the bovine serum albumin molecule. Inter-

9 



esting results were obtained by short hydrolysis of albumin by pepsin at pH 
values below the isoelectric point. Because several conformational transitions 
are observed in this pH region, first a study was made of the behavior of 
albumin at these pH values (chapter I). In chapter II the relationship between 
the conformation of albumin and its digestion by pepsin is described. The 
fragments obtained after digestion were isolated (Chapter III), localized, 
characterized and some physical properties were determined (Chapter IV). 
The digestion of albumin by pepsin appeared to be very sensitive to alter
ations in the structure of albumin and the electrophoretic pattern of the 
digest may be useful for detecting denaturation (Chapter V). Finally, a com
parative study was made of the digestion of albumin by different enzymes 
(Chapter VI). 
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CHAPTER I 

SOME GENERAL ASPECTS OF ALBUMIN 

1.1. SIZE AND SHAPE OF THE ALBUMIN MOLECULE 

For bovine serum albumin molecular weights are reported varying from 
65,000 to 70,000 (see e.g. Phelps and Putnam, 1960). Some authors ascribe 
the higher value to the presence of polymeric forms of albumin (Spahr and 
Edsall, 1964; Peters, 1970). However, equilibrium centrifugation and osmo-
metric experiments (Neutelings, unpublished results) as well as spectrophoto-
metric titration with copper (II) of dimer-free albumin carried out in this 
laboratory support the higher molecular weight of albumin. A value of 69,000 
will be used in this thesis. 

The shape of albumin can be described by a prolate ellipsoid of revolu
tion with an axial ratio between 3.0 and 3.5. 

From hydrodynamic experiments such as sedimentation and diffusion, 
140 and 40 A respectively were found for the major and minor axes of such 
an ellipsoid (Squire et al., 1968). 

From an analysis of low angle X-ray scattering experiments at pH 3.6 
(Luzzatti et al., 1961; Riddiford and Jennings, 1966) axes of 116 and 27 A 
were found for a prolate ellipsoid. 

The difference between the values obtained by hydrodynamic experi
ments and those obtained by X-ray scattering can be found in the existence of 
a layer of bound water having a thickness of approximately 5.5 A (Riddiford 
and Jennings, 1966). 

1.2. CONFORMATION AND pH 

It has been concluded from viscosity measurements that bovine serum 
albumin has a compact structure between pH 4.3 and 10.5 and that below pH 
4.3 and above 10.5 the hydrodynamic volume of albumin drastically increases 
(Tanford et al., 1955a,b; Tanford and Buzzel, 1956). In the pH region be
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tween pH 4.3 and 10.5 the compact molecule has an α-helical content of 

about 550/o, the remainder being in the random coil conformation. The 

structure is predominantly stabilized by intramolecular hydrogen bonding, by 

hydrophobic and electrostatic interactions and by 17 disulfide cross-links. A 

conformational transition which is not accompanied by a molecular expan

sion is observed between pH 7 and 9, the so-termed neutral transition (Leo

nard et al., 1963; Harmsen, 1970). Below the isoelectric point of albumin (pH 

5.2) conformational transitions are found, such as the so-termed Normal-Fast 

(NF) transition around pH 3.9 (see next section), which have been investi

gated much better than those above the isoelectric point. 

According to Segami et al. (1969), above pH 7 randomization of the disulfide 

cross-links of albumin should occur. The study of the conformational transi

tions in the acid pH region has led to suggestions about the structure of 

albumin (Harrington et al., 1956; Foster, 1960; Laskowski, 1966). Because 

hydrolysis of albumin by pepsin is performed at low pH, much attention will 

be given in this chapter to the conformation of albumin at pH values below 

the isoelectric point. 

1.3. THE NF TRANSITION 

An indication for the conformational transition taking place in serum 

albumin below the isoelectric point, has first been found by Luetscher 

(1939). He observed that human and horse serum albumin showed two 

boundaries upon electrophoresis at pH 4.0 which disappeared after further 

lowering of the pH. This phenomenon, which appeared to be reversible, has 

been the subject of extensive research since 1952 (for a review see Foster, 

1960). The name NF transition arises from electrophoretic experiments be

cause it was observed that when the pH is lowered, the normal form of 

albumin (N) changes into a form (F) of higher electrophoretic mobility, so 

that in a small pH range both forms are present, thus giving rise to two 

electrophoretic boundaries. In this process protons are taken up. The NF 

transition is accompanied by a change in many physical properties of the 

albumin molecule, such as intrinsic viscosity (Tanford et al., 1955a), specific 

rotation at 313 nm (Leonard and Foster, 1961), the electrostatic interaction 

factor w (Tanford et al., 1955b), the α-helical content (Sogami and Foster, 
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1968), the tryptophanfluorescence (Steiner and Edelhoch, 1963;Chen, 1967) 

and the solubility in 3 M KCl (Petersen and Foster, 1965a, b, c). 

Some representative curves are shown in Fig. 1. Three stages are found 

when the specific rotation at 233 run, ([ α ]2зз). which is directly related to 

Fig. 1 Top: Intrinsic viscosity of albumin versus pH in 0.15 M KCl (Tanford et al., 
1955a). Middle: specific rotation at 313 nm versus pH in 0.1 M KCl. Bottom: 
specific rotation at 233 nm versus pH in 0.1 M KCl (Sogami and Foster, 1968). 
Τ =25°. 
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the helical content, and the intrinsic viscosity, [ η ], are followed as a function 

of the pH, although the decrease in [ α ^ττ i s complete at a pH at which only 

half of the increase in ( η ] has occurred. The specific rotation at 313 nm, 

(Ι α ]зіз), only follows the first step and is constant during the other stages. 
There is evidence that between pH 4.5 and 3.9 at least two cooperative stages 
are present (Leonard and Foster, 1961). Between pH 3.9 and 3.6 a plateau, 
i.e. very little change in various physical parameters, is found. Below pH 3.6 a 
further partial expansion of the molecule takes place (Yang and Foster, 1954; 
Tanford et al., 1955a, b; Aoki and Foster, 1957a, b; Leonard and Foster, 
1961; Sogami and Foster, 1968) which is complete around pH 2.7. The 
rotation at 313 nm is frequently used to follow the NF transition. This 
parameter is important for the detection of conformational changes of pro
tein molecules and will therefore be discussed in detail herein. 

It has been suggested (Leonard and Foster, 1961; Sogami and Foster, 
1968) that changes in secondary structure do not become apparent in the 
rotation at 313 nm provided that only helical and coiled conformations are 
present. Only tertiary and quarternary structural alterations should contribute 
to changes in the rotation at this wavelength. This hypothesis is based on the 
observation that polypeptides and proteins mostly obey the Moffit-Yang equ
ation (Moffit and Yang, 1956). This equation predicts the occurrence of an 
isorotation point at about 313 nm in the optical rotatory dispersion curves of 
polypeptides if only helix-coil transitions take place. This means that changes 
in the optical rotation at 313 nm must reflect changes in tertiary and quarter
nary structure. From the Moffit-Yang equation we calculated for the isorota-
tion point wavelengths varying from 291 to 302 nm, depending on the choice 
of some constants. A similar calculation using the Shechter and Blout equ
ation (Shechter and Blout, 1964 a,b; Shechter et al., 1964) gave 331 nm and 
the optical rotation at 313 nm was chosen by Sogami and Foster as an average 
value. It is to be noted, however, that both equations are approximate equ
ations. Therefore, we tried to determine this wavelength experimentally, using 
poly-L-glutamic acid as a model compound. It appeared that the dispersion 
curves of poly-L-glutamic acid having a helical content varying between 0 and 
100o/o, did not show a distinct isorotation point. However, besides helix-coil 
transitions there might also be changes in tertiary structure so that this experi
ment is not conclusive. Consequently, although the assumption of an iso-
rotation point for helix-coil transitions remains doubtful, the measurement of 
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this parameter certainly is a valuable and sensitive method for the study of 

conformational transitions occurring in albumin. 

Usually albumin with its sulfhydryl group blocked by iodoacetamide or 

p-mercuribenzoate was used for the digestion by pepsin. Therefore [ a ]o 13 

was also measured as a function of pH for SH-blocked and un-treated albu

min. As is shown in Fig. 2, no or only very little difference is found between 

these samples. This suggests that the sulfhydryl group of albumin is not 

involved in the NF transition. 

- М 3 1 З 

550 -

5t0 -

530 -

520 -

510 -

500 -

I I • ' • ' ' 
3 0 3 5 Í .0 (.5 5 0 5 5 pH 

Fig. 2 Specific rotation at 313 nm versus pH in 0.1 M KCl. Τ = 25°. 
• Albumin after blocking with iodoacetamide. 
о Untreated albumin 

The pH dependence of the solubility in 3 M KCl has often been used 

also to follow the NF transition (Petersen and Foster, 1965a,b). A curve 

measured by us is given in Fig. 3. The method is based on the observation that 

albumin is readily salted out at low pH (Rachinsky and Foster, 1957). It has 
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Fig. 3 Solubility of albumin versus pH in 3 M KCl. The SH group of albumin was 
blocked with iodoacetamide. Τ = 25°. 

been concluded that the solubility curve can be understood quantitatively 

when it is assumed that the F form has a very low solubility which is virtually 

independent of pH, while the N form is highly soluble. It is to be realized, 

however, that several conformational transitions occur in the pH range of the 

NF transition. Therefore, it is not quite certain that the form which is salted 

out at low pH in 3 M KCl is the one having the higher electrophoretic 

mobility at low salt concentrations (e.g. 0.02 M KCl). The conformational 

transitions which are partially electrostatic in character are not necessarily 

influenced equally by the salt. This is supported by the finding of a two-step 

effect in the rotation at 313 nm as a function of pH in the presence of 0.5 M 

KCl (see Fig. 4). 

In order to explain the NF transition it has been proposed that the single 

polypeptide chain has formed two (Harrington et al, 1956) or four compact 

units (Foster, 1960). A model of three units has been suggested by Bloom-

field (1966). This author concluded that proper agreement with the data of 
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Fig. 4 Specific rotation at 313 nm versus pH in 0.5 M KCl. The SH group of albumin 
was blocked with iodoacetamide. Τ = 25°. 

low angle X-ray scattering, diffusion coefficients and intrinsic viscosities is 
obtained, when a linear trimer model is accepted for albumin with the radius 
of the central sphere 26.6 Â and that of the two flanking spheres 19.0 A. At 
pH 3.6 these spheres should touch, but at pH 2.2 they should be separated by 
peptide chains having a length of about 34 Â. It was assumed that no expan
sion of the spheres had occurred. 

According to Foster, the four compact units should have three intra-
surfaces, two of which are predominantly hydrophobic in character. The 
three stages which are observed in the behavior of albumin at low pH can be 
explained in terms of such a model. In the Normal form, present around the 
isoelectric point, the units are close together but when the pH is lowered 
below pH 4.3 the distance between the units increases as a consequence of the 
increasing electrostatic repulsion, although they remain linked by short ran
domly coiled peptide chains. This situation remains unchanged between pH 
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3.9 and 3.6, but below pH 3.6 a partial unfolding of the units occurs. When 

the distance between the compact units increases, the areas between the units 

become exposed to the solvent. The character of these areas is not only 

hydrophobic (Wishnia and Pinder, 1964; Foster, 1960). Certainly, also elec

trostatic interactions contribute to the forces which hold the compact units 

together. According to Vijai and Foster (1967) about 40 carboxyl groups are 

masked in the N form and become available for protonation at the NF transi

tion. They suggested that e-amino groups participate as positive partners of 

the masked carboxyl groups because it was found (Goldfarb, 1966) that only 

19 of the 62 (Spahr and Edsall, 1964) lysine residues react with trinitro-

benzenesulfonic acid. However, one must account for the possibility that 

some of these groups do not react because of for example sterical hindrance. 

It is known that these amino groups are normally titrated, probably because 

they become unmasked during the transition taking place between pH 7 and 

9. The liberation of carboxyl groups in the pH range of the NF transition can 

account for taking up protons during this transition. In the pH region of the 

NF transition the e-amino groups remain positively charged but the negative 

carboxyl groups become protonated after exposure to the solvent. Some tyro

sine (3 to 5) (Herskovits and Laskowski, 1962) and histidine residues (Harm-

sen et al., 1971) may also be responsable for some of the forces holding the 

subunits together. 

When [ α ]з 13 is measured as a function of pH in the presence of 0.02 M 
Perchlorate or thyocyanate, two steps are observed (Leonard and Foster, 
1961). Both steps occur at a lower pH than the single step which is observed 
in of 0.1 M KCl (see Fig. 5). In each step hydrophobic surfaces are exposed to 
the solvent (Wishnia and Pinder, 1964) but the exposure of tyrosyl residues 
accompanies only the second transition, and it has been suggested that the 
conformational changes accompanying the first step are confined to a much 
smaller region of the molecule than the changes involved in the second step 
(Herskovits and Laskowski, 1962). In the presence of 0.02 M thiocyanate or 
Perchlorate, the expansion of albumin is repressed almost completely (Aoki 
and Foster, 1957b;Kronman and Foster, 1957). 

Although much of the observed conformational changes of albumin at 
low pH can be explained in terms of the model of Foster, attention has to be 
given to the model of Laskowski (1966) who presented evidence that the 
interface between the compact units behaves as a crevice which is permeable 
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to ethylene glycol, methanol and dimethyl sulfoxide but not to polyethylene 

glycol, glycerol or sucrose. As expected, this crevice opens in the pH range of 

the NF transition. 
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Fig. 5 Specific rotation at 313 nm versus pH in 0.1 M KCl (·) and in the presence of 
0.02 M KC104 (o). The SH group of albumin was blocked with iodoacetamide. 
Τ = 25° 

1.4. THE NEUTRAL TRANSITION 

As already mentioned, it was found by Tanford (Tanford et al., 1955a; 

Tanford and Buzzell, 1956) that the hydrodynamic volume of albumin drasti

cally increases below pH 4.3 and above pH 10.5. The expansion is accom

panied by the unfolding of helical regions (Sogami and Foster, 1968). How

ever, between pH 7 and 9 also a conformational transition occurs. At this 

transition an increasing number of binding sites becomes available for anionic 

and neutral dyes (Klotz et al., 1952;Katz and Klotz, 1953). 
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A number of analogies exist between the NF transition and the neutral 
transitions, for example changes in the absorption spectrum of tyrosin and 
bound anthraceen (Williams and Foster, 1959, 1960) and in the optical rota
tion at 313 nm (Leonard and Foster, 1961; Sogami and Foster, 1968) and a 
decrease of the tryptophan fluorescence (Steiner and Edelhoch, 1963). After 
both transitions about 150 hydrogen atoms are available for deuterium-
hydrogen exchange, which are not exchangable at isoionic pH (Benson et al., 
1964; Bryan and Nielsen, 1969), and there are indications for the liberation 
of histidine residues from salt-bridges (Harmsen et al., 1971). 

However, these analogies do not mean that both transitions are identical. 
First of all the neutral transition is not accompanied by significant changes in 
hydrodynamic parameters (Tanford et al., 1955a;Tanford and Buzzel, 1956). 
Further, the decrease in the rotation at 313 nm is much smaller for the 
neutral transition than for the NF transition (about 30o/o). We also found 
that for the neutral transition the decrease in the rotation at 313 nm dimin
ishes with about 50o/o when the SH group of albumin is blocked (Fig. 6). 

-[a] 

5Í.0 -

Fig. 6 Specific rotation at 313 nm versus pH in the pH region of the neutral transi 
tion. 0.1 M KCl. Τ = 25°. 
• Untreated albumin. 
о Albumin after blocking of the SH group with iodoacetamide. 
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This effect is not observed for the NF transition (Fig. 2). Differences between 
blocked and non-blocked albumin were also found in differential hydrogen 
ion titration curves (not shown). Because albumin is a mixture of mercapt-
albumin and non-mercaptalbumin (see 1.5) the differences between both 
forms might have a physiological meaning. 

1.5. THE MICROHETEROGENEITY OF ALBUMIN 

Sogami and Foster (1963) first concluded that albumin is heterogeneous 
which means that the protein consists of a large number of closely related 
individuals which differ as regards a number of properties. One of the argu
ments was the observation that the Normal and the Fast form, although 
rapidly interconverting, are separated by electrophoresis (Sogami and Foster, 
1962). As it can be expected that at a pH at which both forms are present in a 
certain ratio, this ratio will be re-established after isolation of one of these 
forms, provided that an equilibrium between both forms exists. Since the 
foregoing was not observed, Foster et al., (1965) postulated that the individu
als of the population differ in regard to the pH region in which they undergo 
the NF transition. For a hypothetical homogeneous subpopulation the NF 
transition should be immeasurably fast and proceed in a very small pH region. 
At each pH in the region of the NF transition the subpopulations having the 
transition at a higher or lower pH value possess completely the F form or N 
form, respectively. 

Other evidence for the microheterogeneity of albumin has been the isolation 
of subfractions by partial precipitation in a concentrated KCl solution (Peter
sen and Foster, 1965a,b,c; Habeeb, 1968; Andersson 1969a), or in a concen
trated (NH^JSO^ solution (Wong and Foster, 1969a,b) and by partial dena-
turation (Stokrová and Sponar, 1963). 

Possible sources of microheterogeneity are some degree of randomiza
tion of disulfide cross-links, the amount and kind of bound lipophilic impuri
ties, differences in three-dimensional folding, heterogeneity of the sulfhydryl 
group and covalent modifications of functional groups. Furthermore, micro
heterogeneity might arise from individual variations since mostly albumin 
obtained from pooled blood fractions is used. Another type of heterogeneity 
arises from the aggregation state of albumin. Albumin can occur as monomer, 
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dimer, trimer and higher polymers. However, these forms can readily be se
parated by chromatography on Sephadex (Pederson, 1962). Evidence has 
been presented that bound impurities (McMenamy and Lee, 1967; Sogami 
and Foster, 1968) contribute to the observed microheterogeneity. Neverthe
less, charcoal defatted albumin is still microheterogeneous (Sogami and Fos
ter, 1967; Chen, 1967). 

Randomization of disulfide cross-links also contributes to the micro-
heterogeneity of albumin (Sogami et al., 1969). It was found that on storage 
of solutions this kind of microheterogeneity increased with increasing pH 
between pH 7 and 10, but is significant at isoionic charcoal defatted albumin. 
Owing to the observation that the reaction is absent after blocking of the 
sulfhydryl group (Petersen and Foster, 1965c; Sogami et al., 1969), the phe
nomenon is attributed to sulfhydryl catalyzed disulfide interchange. 

The possibility that microheterogeneity is caused by differences in 
three-dimensional folding of molecules which are identical in all other res
pects has been ruled out by Moore and Foster (1968). As long as disulfide 
interchange is prevented by blocking of the sulfhydryl group, denaturation in 
6 M guanidine hydrochloride, a medium in which the three-dimensional struc
ture of most proteins is completely destroyed (Tanford et al., 1967a,b;Noza-
ki and Tanford, 1967), is fully reversible as appears from solubility-pH pro
files. In particular, various subfractions were found to retain their identity 
upon denaturation. 

An important contribution to the microheterogeneity is made by the 
sulfhydryl group of albumin. On titration of commercial available albumin 
with a sulfhydryl reagent, about 0.7 SH group is found per molecule (see e.g. 
Andersson, 1966). This is due to the existence of two classes of albumin, 
mercaptalbumin and non-mercaptalbumin. In non-mercaptalbumin the sulf
hydryl group is blocked by cysteine or glutathione (King, 1961; Andersson, 
1966). Non-mercaptalbumin precipitates at a higher pH than mercaptalbumin 
upon fractionation in 3 M KCl (Andersson, 1969a). At present, the attention 
for the microheterogeneity of albumin is concentrated around mercaptalbu
min. Charcoal defatted mercaptalbumin has been proved to be homogeneous 
in respect to its solubility-pH behavior in 3 M KCl (Andersson, 1969b), mov
ing boundary electrophoresis, solubility in concentrated ammonium sulfate 
solutions (Hagenmaier and Foster, 1971) and isoelectric focusing (Kaplan and 
Foster, 1971). However, charcoal defatted mercaptalbumin still retains a 

22 



microheterogeneity with respect to reversible boundary spreading and deter
gent binding affinity (Hagenmaier and Foster, 1971). 

Recently isoelectric focusing in the presence of 6 M urea was used to 
demonstrate microheterogeneity in albumin (Spencer and King, 1971; Sala-
man and Williamson, 1971). These results suggest microheterogeneity based 
on primary-sequence differences. 

1.6. FATTY ACIDS BOUND TO ALBUMIN 

Preparations of serum albumin are known to contain varying amounts (1 
to 2.2 moles/mole) of bound fatty acids among which oleic, palmitic, stearic 
and linoleic acid are predominant (Rosseneu-Motreff et al., 1970). Phospho
lipids contribute for about 150/o. Also 0.2 to 0.5o/o ethyl alcohol is present 
(Rodrigues de Miranda, unpublished results). Various methods have been de
scribed for defatting albumin (Goodman, 1958; Pedersen, 1962; McMenamy 
and Lee, 1967; Scheider and Fuller, 1970). Among these, treatment with 
charcoal (Chen, 1967; Sogami and Foster, 1968) is most common. In the 
defatting procedure the pH is an important factor and it was found that 
defatting is most effective at pH values around or below 3.0. At this pH the 
expansion of albumin is complete (see section 1.3). 

Fatty acids have a stabilizing effect on the structure of albumin. 
Charcoal defatted albumin is less stable in the isoionic and acid pH range 
(Sogami and Foster, 1968). Moreover, the microheterogeneity increases more 
rapidly on storage of solutions of defatted albumin than for the non-defatted 
protein (Sogami et al., 1969). The importance of fatty acids for the structure 
of albumin can perhaps be illustrated by the experiments of Andersson 
(1969b). This author found that on reduction and reoxidation of the disulfide 
bonds of albumin only in the presence of fatty acids material could be ob
tained with the same optical rotation, solubility properties, tryptophan fluor
escence and binding properties as the un-treated protein. This is in agreement 
with the Findings of Peters (19623^) that after the synthesis on the ribo-
somes, albumin is hidden for about 1 5 - 2 0 min in membrane lipoprotein 
before appearing free. In the light of these experimental data, native albumin 
is perhaps best defined as albumin with bound fatty acids. 
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1.7. EXPERIMENTAL PART 

In this section experimental details are given about the measurements 
described in this chapter and elsewhere. 

1.7.1. Prepararían of albumin solu fions 

Bovine serum albumin was obtained from Nutritional Biochemicals 
Corporation (NBC; 4 χ crystallized) and from Poviet Producten NV, Amster

dam, the Netherlands. In the course of this study no differences were found 

between these preparations. The albumin was solved by standing overnight at 

5°. In order to remove traces of electrolyte, an 8 to 10o/o solution was 

deionized by twice passing it over a mixed bed ion exchange column (Amber-

lite IRA 400/ IR 120) giving an isoionic albumin solution with a pH of about 

5.2. Storage of solutions for a short time (several days) was performed at 5° 

and for longer time (2 to 3 weeks) at -20°. It appeared that during storage for 

longer times, even at this low temperature, some denaturation of albumin 

occurs (see chapter V, Fig. 34, B). All other reagents were reagent pure. All 

solutions were made with deionized water. Albumin concentrations were de

termined with a Zeiss PMQ II spectrophotometer using E ' 0

 = 6.67 at 279 

nm. 

1.7.2. Preparation ofdimer-free albumin 

Commercial preparations of albumin always contain some dimer and 

higher aggregates. When dimer-free albumin was desired, it was obtained by 

gel filtration on Sephadex G-150 in 0.1 M NaCl at 5°. About 0.5 gram could 

be applied to a column with a diameter of 2.5 cm and a length of 100 cm 

(Pharmacia, type К 25/100 equipped with an upward flow adaptor). After 
fractionation, the dimer-free albumin was dialyzed to remove the salt, and 
subsequently concentrated by ultrafiltration in a Diaflo model 50 using a 
UM 10 filter. The albumin thus obtained was dimer-free as appeared after 
electrophoresis of the sample in Polyacrylamide gel. 
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1.7.3. Blocking of the sulfliydryl group 

Blocking of the sulfhydryl group (SH group) with p-mercuribenzoate 
(PMB) or iodoacetamide (IAA) was performed at pH 7.4. After addition of 6 
moles IAA or 1 mole PMB/ per mole of albumin the solution was left at room 
temperature for one hour and several minutes, respectively. 
The excess of reagent was removed by dialysis at 5° using Visking dialysis 
tubing. Spectrophotometric titration with PMB at pH 4.6 showed that reac
tive SH groups were no longer present. 

1.7.4. Solubility-pHprofile in 3MKCI 

For the determination of the solubility of albumin in 3 M KCl as a 
function of pH, 0.10/o protein solutions were adjusted to the desired pH by 
carefully adding 0.2 N HCl. 
After stirring for one hour at room temperature, the precipitates were re
moved by centrifugation for 30 min at 50,000 g. In order to remove some 
turbidity which remained in some of the solutions, a small amount concen
trated ammonia was added to each sample. The albumin concentration in the 
solution was determined by measuring the absorbance at 279 nm. 

1.7.5. Optical rotation measurements 

The optical rotation was measured with a Jasco spectropolarimeter 
model ORD/CD/UV-5, equipped with a 450 W Xenon lamp. A cell with a 
pathlength of 10 mm was used. The changes in optical rotation at 313 nm, 
caused by changes in the tertiary and quarternary structure, are usually small. 
Therefore, for measurements at this wavelength the cell containing the pro
tein solution was placed in series with a cell filled with a solution of sucrose 
of a concentration such that the rotation of the sample solution was nearly 
compensated for. It was thus possible to increase the sensitivity of the spec
tropolarimeter in order to enhance the accuracy of the readings. The protein 
concentration was about l0 /o. 
The optical rotation at 233 nm was measured directly at a protein concen-
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tration of about 0.02o/o. Usually the temperature was kept at 25°. The 

desired pH values were adjusted by pumping the protein solution from the 

cuvette to a thermostated titration-vessel to which 0.2 N HCl or 0.2 N NaOH 

could be added by means of a microburette (Metrohm, type E457). A system 

in which the protein solution was continuously pumped around could not 

always be used because of denaturation of the protein. pH measurements 

were carried out with a Radiometer PHM 26. 

Since the rotation of the protein was compensated for by sucrose, the 

absolute value of the rotation could not be computed directly from the 

deflection of the recorder of the spectropolarimeter. For this reason all rota

tions were related to the first measuring point. We found that the specific 

rotation of albumin at pH 5.5 is -540° in agreement with the findings of 

Harmsen (1970). At any wavelength: 

el 

in which: 

[ α ] = specific rotation. 

α = measured rotation angle. 

с = concentration (gram/100 ml). 
1 = optical path length in dm. 

So, the rotation α of the first measuring point of albumin at pH 5.5 is 

-540.co.l 

"о КЮ 

When full scale deflection (100 mm) corresponds to ρ millidegrees and 

the deflection with respect to the reference point is q mm : 

Δα = p.q.10 degrees 

So : α = α 0 + Δ α = α 0 + p.q.10 

^ : [ α ] = ^ = ί θ θ ( « ο + Ρ ·^ο- 5 ) 
cl cl 
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CHAPTER Π 

RELATIONSHIP BETWEEN THE CONFORMATION OF ALBUMIN 

AND ITS DIGESTION BY PEPSIN 

II. 1. INTRODUCTION 

ILI .1. Peptic digestion of albumin in the pH range oftheNF transition 

According to Foster (1.3) the behavior of albumin at low pH values can 

be explained almost completely by means of a model in which the molecule is 

supposed to consist of four compact units. Above pH 4.3 these units are 

associated and form a compact molecule but below pH 4.3 the distance 

between these units increases although they remain linked by short randomly 

coiled peptide chains. This situation remains unchanged between pH 3.9 and 

3.6, while below pH 3.6 a partial unfolding of the units themselves occurs. 

Weber and Young (1964a,b) pointed out that at a pH at which some 

distance exists between the units, a protease having a low specificity, like 

pepsin, should preferentially act on the linking polypeptide chains thus liber

ating a small number of fragments. They digested albumin by pepsin at pH 

3.0 and isolated two large fragments. The appearance of such fragments after 

digestion of albumin at pH 3.0 was found earher by Annau (1959). Later, the 

isolation of several fragments obtained after short peptic digestion at pH 2.45 

(Franglen and Swaniker, 1968) and'pH 3.0 (Peters, 1965; Peters and Hawn, 

1967) has been reported. Recently, the amino acid sequence of an amino 

terminal fragment has been determined (Shearer et al., 1967; Brad sha w and 

Peters, 1969). 

Apart from the question whether the behavior of albumin at low pH can 

be described in terms of the model of Foster as outlined above or as the 

opening of a crevice in the molecule as proposed by Laskowski (1966), it is 

clear that when the pH is lowered below 3.6 an increasing number of sites will 

become available for hydrolysis by a protease because further partial un

folding of the molecule occurs. 

For this reason the influence of the pH on the proteolytic hydrolysis of 

albumin should be carefully considered. Therefore, we made a detailed study 
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of the digestion of albumin by pepsin in the pH region of the NF transition 
by means of electrophoresis on Polyacrylamide gels (see also Braam et al., 
1971a). 

II. 1.2. A short description of pepsin 

Pepsin, the principal enzyme of the gastric juice, is secreted by the cells 
of the gastric mucosa as pepsinogen, which is an inactive form of the molec
ule. Below pH 5 the pepsinogen is converted to pepsin according to the 
reaction: 

pepsinogen *• pepsin + inhibitor + some peptides 
(363 residues) · (321) (29) (13) 

The reaction is catalyzed by hydrogen ions and by pepsin itself. The inhibitor 
remains bound to the enzyme above pH 5 (Herriott, 1941) and for this reason 
the process is autocatalytic only below pH 5.0. The peptide contaminants can 
readily be removed from pepsin preparations by passing the pepsin solution 
over a Dowex 50 (Heirwegh and Edman, 1957) or a SE Sephadex C-25 
(Rajagopalan et al., 1966) column. The inhibitor is a basic polypeptide (Van 
Vunakis and Herriott, 1957). It was found (Katchalski et al., 1954a,b) that 
the basic polypeptide poly-L-Lysine also inhibited the proteolytic activity of 
pepsin. In this case, however, not only at pH 6.0 but also at pH 1.7. 

When pepsin is allowed to undergo autodigestion, active fragments are 
produced. These are small enough to move through semipermeable mem
branes (Perlmann, 1954). Commercial crystalline pepsin is a mixture of auto-
digested products because cleavage has occurred at various points in the pep
tide chain. This is allegedly caused by the method used for industrial prepara
tion (Rajagopalan et al., 1966). 

The pepsin molecule is compact and probably almost spherical. It is 
distinctive among enzymes for having a very low isoelectric point (< 1) (Perl-
mann, 1955) and a low pH optimum. The low isoelectric point is due first of 
all to the fact that the molecule contains 67 acid residues and only 4 basic 
residues, and secondly to the presence of a phosphate group, and probably 
also to some adsorbed anions. 
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The pH range for optimal stability of pepsin is reported to be between 4 
and 5 (Green and Neurath, 1954;Mollwyn -Hughes, 1951;Herriott, 1941). 
The enzyme is very rapidly inactivated at pH 6.5 and this property can be 
used to stop enzymatic activity by raising the pH after peptic digestion. 
Pepsinogen is considerably less acidic than pepsin and has an isoelectric point 
of about 3.7 (Herriott, 1938). It is stable at pH 7 to 9 and undergoes revers
ible denaturation at pH values of 9 and higher. 

Upon hydrolysis of a peptide bond, two new groups are released: an 
a-carboxyl and an a-amino group. Because the reaction is carried out at low 
pH (pH 2.5 to 4.0) a proton is taken up by the new a-amino group. The new 
a-carboxyl group with a pK of about 3.7 is only partially ionized in the pH 
range of the reaction. Therefore, a net uptake of protons occurs and the 
reaction can be followed by measuring the amount of acid to be added to 
keep the pH at a constant value. Another method is the measurement of the 
material soluble in 50/o trichloroacetic acid. In this solution small peptide 
fragments, products of the hydrolysis, remain in solution while large frag
ments, as well as the protein itself, are precipitated. Furthermore, the new N 
terminal amino acids (Peters and Hawn, 1967) or especially in the case of 
albumin the decrease in fluorescence with l-anilinonaphtalene-8-sulfonicacid 
can be determined (Weber and Young, 1964 a,b). 

Pepsin displays a markedly lower specificity in cleaving peptide bonds in 
proteins than in splitting model peptides (see e.g. Bovey and Yanari, 1960). 
The peptide bonds involving an aromatic amino acid are most susceptible. In 
the cleavage of peptide substrates by pepsin, secondary interactions at some 
distance from the locus of catalytic action may play a significant role in 
determining the sensitivity of a peptide bond positioned at the catalytic side 
(Humphreys and Fruton, 1968 ; Hollands and Fmton, 1969;Medzihradszky et 
al., 1970). 

Native proteins seem to be more or less protected against peptic diges
tion. It has been suggested that only denatured forms of the substrate are 
attacked (Linderstr^m-Lang et al., 1938) and that the initial action of a 
protease may be a non-hydrolytic conformational change of the native sub
strate (Linderstr^m-Lang, 1950; Christensen, 1952; Green and Neurath, 
1954). This is supported by the findings that, whereas the hydrolysis by 
pepsin is optimal at pH 1.5 to 2.2 (Green and Neurath, 1954; Smith, 1951; 
Neurath, 1957), pH values at which most proteins are presumed to be in a 
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denatured state, the optimum is shifted to a higher pH when the substrates 
are suitably denatured (Schlamowitz and Peterson, 1959;Christensen, 1955). 

Although there is a preference of pepsin for denatured peptide chains, 
pepsin is found to be able to hydrolyse poly-L-glutamic acid in its helical 
form (Katchalski et al., 1961; Simons et al., 1961). However, it is possible 
that hydrolysis of poly-L-glutamic acid occurs at disrupted locations in the 
helix. 

According to Miller (1964a,b) the preferred form for enzymatic attack 
of a polypeptide chain by an endopeptidase is neither the non-charged helical 
nor the charged random configuration but a peptide bond with adjacent side 
chains uncharged in randomly coild regions of the polymer. 

See for a general review about pepsin: Bovey and Yanari, (1960). A 
review concerning the specificity and mechanism of pepsin action has recently 
been given by Fruton (1970). 

II.2. RESULTS AND DISCUSSION 

Fig. 7 shows the electrophoretic patterns of hydrolysates of albumin 
obtained after peptic digestion at pH values varying from 2.5 to 4.5. The 

• " A f t 1 < 

Fig. 7 Electrophoresis at pH 7.3. The arrow indicates the direction of migration The 
time of incubation with pepsin was 16 mm I, albumin, not incubated;2, pH 
2.5;.?, pH 3.0;4, pH 3.3,5, pH 3.6;6, pH 3.9, 7, pH 4.5. 
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electrophoresis was performed at pH 7.3. Below pH 3.6 rather complex pat
terns were obtained, but at pH 3.6 and pH 3.9 the pattern is simpler and 
consists of about five components. At pH 4.5 no hydrolysis occurs, not even 
after digestion times up to 105 min (not shown). The slowest migrating 
component in Gels 1 and 7 is the dimer which is always present in commercial 
preparations of albumin. For all other experiments dimer-free albumin was 
therefore used. 

Since the enzymatic activity of pepsin is pH dependent, a comparison of 
digests obtained after the same time of hydrolysis but at different pH values 
becomes rather difficult. The instant at which the same number of peptide 
bonds has been broken would be more suitable for this purpose. Experi
mentally, however, this instant is difficult to determine. For this reason, 
during each incubation samples were taken at time intervals varying from 1 to 
105 min after the start of the hydrolysis. By doing this at various pH values 
information about the peptic digestion could be obtained. Representative 
results are shown in Fig. 8. For each incubation the situation is given after 6 
and 16 min digestion. The patterns at pH values below 3.6 are complex even 
after a short time of hydrolysis (6 min). The well-defined pattern in the case 
of incubation at pH 3.6 is still found after prolonged hydrolysis up to 105 
min. 

These findings support the proposal that, as a consequence of the un
folding of the molecule below pH 3.6, more sites become available for hydro
lysis by the protease than between pH 3.6 and 3.9. 

The number of components observed gives some information about the 
number of sites of hydrolysis. When, for example, there are two or three sites 
available for pepsin, six or ten fragments, respectively, can be expected (see 
Fig. 9). Of course these numbers can only be expected when all the sites of 
hydrolysis are equally accessible to pepsin and independent from each other; 
i.e. when there is no sequence in the hydrolysis of sites. When electrophoresis 
is performed at pH 8.9, at pH 7.5 in the presence of sodium dodecyl sulfate 
(SDS) or at pH 3.0, no fundamental difference in the patterns is observed, 
except that there appear to be six components instead of the five found at pH 
7.3 in the absence of SDS. However, at pH 3.0 (fragments highly charged) in 
6 M urea (to prevent hydrogen and hydrophobic bonding between the frag
ments) ten components were found. This picture remained unchanged at urea 
concentrations varying from 2 to 7 M. In Figs. 10 and 11 are shown the 
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densitometer response — 

| 6'pH 2.50 16' pH 2.50 

16' pH 3.00 

16' pH 3.30 

Э 5 10 15 20 25 30 35 1,0 & Ö 5 10 15 20 25 30 35 40 ® 

mm Polyacrylamide gel 

Fig. 8 Densitometer scans of Polyacrylamide gels. Electrophoresis was performed at 
pH 7.3. At each pH the results (obtained with dimer-free albumin) are given 
after incubation for 6 min and 16 min. 

results obtained with the same samples using two different electrophoretic 
systems. The existence of only five or six bands in the absence of urea is 
difficult to explain. Presumably aggregation of the peptide fragments is pos
sible for only a few combinations. In Fig. 12 densitometer scans are shown of 
the gels used in Fig. 11. 

It is remarkable that pepsin, to which a low specificity is normally 
ascribed, can, acquire under special circumstances, a high specificity which 
seems to arise from the conformation of the subtrate itself. In this respect it 
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Fig 9 Schematic representation of the number of fragments which can be expected 
when a molecule has two (on the left) or three (on the right) equivalent sites 
were cleavage can occur 
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Fig 10 Electrophoresis at pH 7 3 The arrow indicates the direction of migration 
Incubation of duner-free albumin with pepsin at pH 3 7 1,0 mm,2, 2 mm,3, 
4 mm,4, 6 mm,5, 10 mm,6, 20 mm, 7, 40 mm, 8, 105 mm 
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should be mentioned that the use of pepsin at pH values removed from its pH 
optimum,for controlled hydrolysis of proteins has already been suggested by 
Schlamowitz and Coworkers (1959; 1961) who also found intermediates of 
high molecular weight after peptic digestion of albumin at pH 3.5. 

From the experiments described, it is clear that the peptic digestion of 
albumin follows the NF transition and although the enzyme is active up to pH 
5.5 (Schlamowitz and Peterson, 1959; Cann and Klapper, 1961 ; Klapper and 
Cann, 1964), the hydrolysis of the Normal form of albumin is so slow that 
under our experimental conditions no hydrolysis is observed at pH values 
above 4.4. 

It has been reported (Sterman and Foster, 1956; Foster and Aoki, 1958) 
that the NF transition shifts to a higher pH value when urea is present. In the 
presence of 2 M urea hydrolysis was indeed observed to occur up to pH 4.8 
and in 4 M urea up to pH 5.5. 

At pH values just above 3.6 ten well defined fragments were found. This 
suggests that there are only a few, possibly three, sites available for hydrolysis 
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Fig. 11 Electrophoresis at pH 3.0 in 6 M urea. The arrow indicates the direction of 
migration. Incubation of dimer-free albumin with pepsin at pH 3.7. The same 
samples are used as in Fig. 10. 
J, 0 min; 2, 2 min; i , 4 min;4, 6 min;5, 10 min;6, 20 min; 7,40 min;8, 105 
min. 
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Fig. 12 Densitometer scans of the gek shown in Fig.ll. Electrophoresis at pH 3.0 in 6 
M urea. Incubation of dimer-free albumin with pepsin was performed at pH 
3.7. 
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by pepsin at this pH value. At pH values below 3.6 the more complex electro-

phoretic patterns suggest the existence of more sites, probably as a conse

quence of unfolding of the albumin molecule. 

A striking observation is that after long periods of incubation (up to 105 

min) the electrophoretic pattern still remains fine with sharp well-defined 

bands. It is certain that also hydrolysis of fragments occurs. When, for exam

ple, fragment 5 (for the numbering of fragments see figure 12) is incubated, 

fragments are to be expected which do not necessarily have the charge and 

size of 6, 7, 8, 9 and 10 so that an increase in the number of bands would be 

expected. This is not observed so that hydrolysis of all fragments and thus of 

the whole amino acid chain of albumin must occur via fragments of a certain 

size. On incubation of isolated fragments (8,4 and 5) it appeared indeed that 

fragments are found which cover the well-known positions of 6, 7, 9 or 10. 

These findings might indicate the occurrence of repeating amino acid sequen

ces or repeating secondary structures. Although such suggestions are highly 

speculative, we think they have to be taken into consideration. 

II.3. EXPERIMENTAL PART 

II.3.1. Peptic digestion 

Pepsin (porcine stomach mucosa, 3 χ cryst.) was obtained from Calbio-

chem (Switzerland). Only freshly prepared pepsin solutions were used. In 

order to ensure the same pepsin concentration for all digestions, a solution of 

pepsin was diluted to an absorbance of 0.5 at 279 run in a 1 cm cuvette 

(about 18 mg/ml). Short-term storage took place at 5°. Generally the diges

tion was carried out in a thermostated vessel at 25° ± 0.1° using 10 ml of a 

50/o solution of albumin and 0.5 ml of the pepsin solution (pepsin/albumin = 

1/3000 w/w). As a rule albumin was used with its sulfhydryl group blocked 

by iodoacetamide (see 1.2.1). In some cases dimer-free albumin was used. The 

pH was brought to the desired value (between 2.5 and 4.5) and kept constant 

during digestion by carefully adding 0.2 N HCl by means of a microburette 

(Metrohm, type E475). At regular time intervals 0.5-ml portions were taken 

from the mixture and after addition of 0.1 ml 1 M K2HPO4, to bring the pH 

to about 7.5, placed in ice to stop the hydrolysis. For larger volumes the pH 
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1500 2000 

Elution volume, ml 

Fig.15 Elution pattern of a trichloroacetic acid fraction (cf. Fig. 14, tube 1) on SE 
Sephadex C-SO at pH 3.0 in 6 M urea. The elution was discontinuous with 
successively 0.16, 0.22, 0.26 and 0.30 M NaCl. The transmittance (T) was 
measured at 254 nm. 

A part of the elution pattern of a complete digest on SE Sephadex C-50 
is shown in Fig. 16. Before the gradient was applied to the column, elution 
was performed with 0.3 M NaCl to remove the fragments 8,9 and 10. Conse-

750 1000 

Elution volume, ml 

Fig. 16 Elution pattern of a digest, obtained after digestion by pepsin for 30 min at pH 
3.7, on SE Sephadex C-50 at pH 3.0 in 6 M urea. After elution of the column 
with 0.3 M NaCl (elution pattern not shown), the column was eluted with an 
NaCl gradient from 0.3 M up to 0.4 M. 
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quently the peak containing these fragments is absent in the elution pattern. 
We did not succeed in isolating 2, 3 and 4 in this way because no gradient 
could be found at which one or more of these fragments were eluted in the 
absence of other fragments. However it was possible to isolate fragment 4 by 
chromatography of a mixture, mainly containing 4 and 5, over QAE Sepha-
dex A-50atpH9.5. 

As can be seen in Fig. 16, the fragments 6 and 7 are also eluted together. 
Therefore, this method seems to be suitable only for isolating fragment 5. In 
order to obtain a large yield it is desirable to start with a digestion mixture 
which is rich in fragment 5. 

As discussed in Chapter I (1.3), two steps are observed when the NF 
transition is followed in the presence of 0.02 M KCIO4 or KSCN (see Fig. 5). 
We found that upon hydrolysis under these conditions, at a pH at which the 
first step of the transition is complete (pH 3.5), 1,2 and 3 were almost absent 
in the digest after incubation for more than 30 min. At this stage 4 and 5 
were still present in large quantities (see Fig. 17). It was found by electro
phoresis on Polyacrylamide gels that the fragments obtained in the presence 
of КСЮ4 or KSCN were identical to those obtained without these salts. At a 
later stage, this was supported by the finding that the amino acid composition 
of fragment 5 was independent of the presence of KSCN or KCIO4 during 
incubation. 

Fig. 18 shows the electrophoretic pattern of the fragments 4-10, isolated 
according to the different methods described above. 

It is to be noted that further research concerning the incubation of 
albumin under other circumstances, such as in the presence of smaller or 
larger molecules which bind to albumin and thus inhibit the hydrolysis at one 
or more sites might result in better isolation procedures. The possibility of 
protecting sites in this manner, is suggested by the increase in the number of 
fragments which was observed when bound impurities, present in commercial 
samples, were removed by charcoal treatment before incubation (see chapter 
V, Fig. 34). A preseparation utilizing the SH group of albumin may also be 
possible. In this case fragments which contain the SH group will attach to a 
column containing an SH reactive residue. These experiments are still in pro
gress. Another possibility is a selective salting out procedure. As has been 
discussed in Chapter I (1.4) subfractions of the microheterogeneous albumin 
can be isolated by partial precipitation in concentrated KCl solutions at low 
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Fig.13 Numbering of fragments. Digest obtabed after incubation of dimer-free albu
min with pepsin for 30 min at pH 3.7. Electrophoresis at pH 3.0 in 6 M urea. 
Top: densitometer scan of the Polyacrylamide gel. The fragments are number
ed according to their electrophoretic mobility. Peak number 1 is albumin itself. 

It proved to be desirable to carry out a preseparation during which the 
digest is fractionated into portions which contain only a few fragments while 
the others are absent. Concerning the fragments 8, 9 and 10 this could be 
achieved by partial precipitation with trichloroacetic acid (TCA) in a way 
similar to that of Peters and Hawn (1967). Other methods, such as for exam
ple salting out with (N114)2504 at pH 2.5, were not successful. Precipitation 
by TCA also seemed attractive in view of the results obtained by Schwert 
(1957) who found that albumin recovered after this precipitation was iden
tical to the untreated protein as regards sedimentation, electrophoretic behav
ior, solubility and crystallizibility. At concentrations from 1.8 to 2.20/o TCA 
all protein components in the solution were precipitated except the fragments 
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8, 9 and 10 (see Fig. 14, tube 1). At lower concentrations also small amounts 
of other fragments remained m solution. 

Fig. 14 Polyacrylamide gel electrophoresis at pH 3.0 in 6 M urea. The arrow indicates 
the direction of migration. J) Fraction of the digest which precipitates be
tween 20/o and 10o/o trichloroacetic acid 2) Peptic digest obtained after 
incubation of albumin at pH 3.7 for 30 mm (see Fig 13). S) The same digest 
with fragment 9 added 4) Dito with fragment 8 added 

Separation of the three fragments could be achieved by discontinuous 
chromatography on SE Sephadex C-50 at pH 3 0 in 6 M urea. The urea was 
added to prevent aggregation of the fragments. Fig. 15 shows the elution 
pattern obtained in this way. The first peak only contained small fragments. 
The other peaks each contamed one single protein component as was found 
by electrophoresis on Polyacrylamide gels. Elution thus performed was re
peated at least eight tunes and was found to be completely reproducible. It 
was necessary to adhere to an incubation period of about 30 mm or less 
(compare Braunitzer et al., 1960). The fragments could be further punfied by 
gelfiltration on Sephadex G-50 Superfine or G-75 Superfine (see III.3.1). For 
the preparation of small quantities the three fragments could be isolated 
directly from the incubation mixture without preseparation with TCA. 

The fragments were identified by electrophoresis of a mixture con
taining the purified fragment and an adequate amount of the complete digest 
(Fig. 14, tubes 3 and 4). 
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was brought to about 7.5 with NH4OH. The samples were stored at -20°. No 

difference in electrophoretic pattern was found for samples taken before and 

after freezing. 

II.3.2. Polyacrylamide gel electrophoresis 

Acrylamide and NN'-Methylenebisacrylamide were obtained from Fluka 

(Switzerland). Gel dimensions were 5 mm χ 60 mm. For polymerization the 

glass tubes were sealed at one end with parafilm and placed in holes in a 

Perspex block. No sample gels were used. The protein samples, eight at a time, 

were diluted to a protein concentration of l0/o with the same buffer as used 

for the electrophoresis, some saccharose also being added. With a Hamilton 

microsyringe about 5 μΐ were carefully layered onto the gel. Proper separation 

could be achieved by keeping the power consumption below or around 350 

milliwatts pro gel. The front could be traced by addition of some brom-

phenolblue (pH 7.3 and 8.9) or pyronin-y (pH 3.0) to one of the gels. The 

gels were stained for about 20 min in a solution containing 6 g amidoblack 

and 70 ml acetic acid per liter and subsequently washed in 70/o (v/v) acetic 

acid. The gels could be stored for long periods of time (more than six months) 

at 5° in the dark. Densitometer scans were made with a Kipp lin/log densito

meter Model D D 2 (Delft, Holland). In all cases the gelconcentration was 

7.50/o and the ratio acrylamide / NN'-Methylenebisacrylamide 30/1 (w/w). In 

order to obtain solid gels sometimes a slight variation of this ratio was neces

sary. Gels and buffers for electrophoresis at pH 7.5 were prepared as de

scribed by Maurer (1968) for his gel system 6. Sample gels were omitted. Gels 

for electrophoresis at pH 8.9 were prepared in the same way, but only one 

buffer was used containing 6.05 g Tris, 0.6 g EDTA and 0.46 g H3BO3 per 

liter. In both cases 0.075o/o K3Fe(CN)g was present in order to retard the 

polymerization. The polymerization at pH 3.0 was catalyzed by 0.008o/o 

N328205 (instead of Temed) and 0.0057% (NH4)2S20g (Schoenmakers et 

al., 1968). The buffer was prepared by adding formic acid to the urea solution 

until the pH reached 3.0. The gels for electrophoresis at pH 7.5 were directly 

used, the others were subjected to a prerun. A comprehensive description of 

the theory and practice of electrophoresis on Polyacrylamide gels has been 

given by Maurer (1968). 
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CHAPTER ΠΙ 

ISOLATION OF FRAGMENTS 

111.1. INTRODUCTION 

In Chapter II the digestion of albumin by pepsin in the pH range of the 

NF transition was dealt with. Evidence was presented that between pH 3.6 

and 3.9 a partial unfolding of the molecule has occurred, but that large 

regions of the peptide chain still have a compact structure (see also 1.3). In 

this situation only a few, possibly three sites are available for hydrolysis by 

pepsin. Electrophoresis on Polyacrylamide gel at pH 3.0 in 6 M urea demon

strated the presence of nine well-defined fragments in the digestion mixture 

(cf. Fig. 13). Because of the close relationship between the conformation of 

albumin and its hydrolysis by pepsin, these fragments may have an important 

structural function in the albumin molecule (see also Braam et al., 1971b). 

111.2. RESULTS AND DISCUSSION 

As is shown in Fig. 13, proper separation of the fragments in the peptic 

digest of albumin could be obtained by Polyacrylamide gel electrophoresis at 

pH 3.0 in the presence of 6 M urea. Therefore this medium was chosen for 

further isolation procedures. 

Small amounts of the fragments can of course be obtained by cutting 

out the bands present in the Polyacrylamide gels. The protein can then be 

recovered either by diffusion from the gel slices or by using a gel which is 

soluble in 20/o perjodic acid (Anker, 1970). However, with gels up to a 

diameter of 1 cm only quantities of about 1 mg can be obtained. 

For the development of a reproducible isolation procedure which is 

suitable for large amounts of protein, the use of an ion exchanger seemed to 

be most promising. It was found that the fragments 5-10 could be obtained 

by chromatography on SE Sephadex C-50 (cation exchanger; a sulphoethyl 

derivative of Sephadex) at pH 3.0 in 6 M urea using increasing concentrations 

of NaCl. Fragment 4 was obtained by chromatography on QAE Sephadex 

A-50 (strongly basic anion exchanger) at pH 9.5 . 
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DENSITOMETER RESPONSE 

10 mm pH 3 5 
0 02 M SCN" 

© 20 30 40 0 

mm Polyacrylamide gel 

Fig. 17 Densitometer scans of Polyacrylamide gels. Electrophoresis was carried out at 
pH 3.0 in 6 M urea. 

pH. The main problem with such methods is the pronounced aggregation 
tendency of the fragments. Yet it cannot be excluded that there are still some 
possibiUties in this direction. Finally, a further investigation of the influence 
of several ions on the NF transition may be of value. 

III.3 EXPERIMENTAL PART 

All incubations were performed as described in Chapter II (II.3.1). For 
these incubations albumin was used with its SH group blocked by iodoace-
tamide or p-mercuribenzoate (see 1.7.3). 

43 



+ 1 2 3 ι* 5 б 7 

Fig. 18 Isolated fragments. Polyacrylamide gel electrophoresis was performed at pH 
3.0 in 6 M urea. The arrow indicates the direction of migration 1) complete 
peptic digest obtained after incubation of albumin at pH 3.7 for 30 min. 2) 
fragment 4. 3) fragment 5. 4) fragments 6 and 7.5) fragment 8. 6) fragment 9. 
7) fragment 10. 

III.3.1. Isolation of the fragments 8, 9 and 10 

As starting material for the isolation of these fragments the complete 
mixture can be used, or, when large quantities are desired, a mixture con
taining only the fragments 8, 9 and 10. The latter could be obtained by 
prefractionation of the digest with trichloroacetic acid (TCA) at 0°. The 
digest was then diluted with water to a protein concentration of 30/o. An 
equal volume of a 40/o solution of TCA was slowly added under continuous 
stirring. After one hour the precipitate was removed by centrifugation for 30 
min at 10,000 g. The fragments 8, 9 and 10 present in the supernatant 
solution were precipitated by adding TCA to a final concentration of 10o/o. 
After centrifugation for 30 min at 10,000 g, the precipitate was solved in 6 M 
urea, pH 3.0, containing also 0.1 M NaCl. 

Chromatography on SE Sephadex C-50 was carried out at 5° and also at 
room temperature. Before using the commercial product, small Sephadex 
particles were removed by décantation. The best results were obtained when 
the column was first filled with a solution containing 6 M urea, pH 3.0 . 

44 



Subsequently the Sephadex was allowed to settle overnight in the column 

without elution. About 5 g protein could be applied to a column with a 

gel-bed dimensioned 45 χ 240 mm. After elution of the column with 500 ml 

of a solution containing 6 M urea, 0.1 M NaCl and formic acid to pH 3.0, the 

"solved precipitate" (see above) or digestion mixture (also containing 6 M 

urea, 0.1 M NaCl, formic acid to pH 3.0) was applied to the column. The 

column was eluted with 500 ml portions of the urea solution containing 

increasing amounts of NaCl (0.15 M, 0.22 M, 0.26 M, 0.30 M). A favourable 

separation was also obtained when a gradient was used with NaCl concentra

tion between 0.1 M and 0.35 M. In order to follow the salt gradient the 

conductivity of the eluate was continuously measured and recorded together 

with the absorbance at 254 nm. The elution program was carried out auto

matically (III3.4). 

Further purification of the fragments, if necessary, occurred on Sephadex 

G-50 Superfine (8 and 9) or G-25 Superfine (10) at pH 3.0 . Addition of some 

urea before applying the sample to the column may promote dissociation. (A 

comprehensive description of gel filtration on Sephadex has been given by 

Determann, 1967). The samples were lyophilized and stored at 5° under 

vacuum above P2O5· 

HI .3.2. Isoktion of the fragments 5, 6 and 7 

These fragments could be isolated from a digest obtained after digestion 

either for 30 min at pH 3.7 or for 40 min at pH 3.5 in the presence of 0.02 M 

KC104 or 0.02 M KSCN, respectively. 

Added to the digest were: NaCl to a concentration of 0.12 M, urea to a 

concentration of 6 M and formic acid to pH 3.0 . After elution of the SE 

Sephadex C-50 column (45 χ 240 mm) with 500 ml solution containing 0.1 M 

NaCl, 6 M urea and formic acid to pH 3.0, the digest from about 5 grams of 

albumin was applied. The elution was continued first with 500 ml 6 M urea 

containing 0.30 M NaCl (pH 3.0), then with 2400 ml of 6 M urea with a linear 

NaCl gradient (0.30 to 0.38 M) and finally with 500 ml 6 M urea containing 

0.38 M NaCl. The time required for elution of the column was about 2 to 3 

days. The fractions were desalted by chromatography on Sephadex G-50 

Superfine (see also III.3.1). 
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III.3.3. Isolation of fragment 4 

This fragment was isolated on QAE Sephadex A-50 at pH 9.5 . Digestion 

of albumin was carried out for 40 min at pH 3.5 in the presence of 0.02 M 

КСЮл. The digest was fractionated on Sephadex G-50 Superfine at pH 3.0 . 

The fint fractions, mainly containing the fragments 4 and 5, were applied to 

the column and eluted at pH 9.5 with a buffer containing 0.1 M TRIS, 0.1 M 

glycine and a linear gradient of NaCl (0.15 to 0.40 M). 

Ш.З.4. Automatic column elution 

Working with chromatographic columns and especially with ion ex
change columns generally is very time consuming. Usually continuous atten
dance is required, so that a system for automatic elution, enabling elution 
overnight and during weekends, is desirable. Such a system must be very 
reliable, because often samples are handled which have been obtained at the 
expense of a lot of work and time. 

An automatic system can be based on time or on volume. In the first 
case a constant flow pump is used with preset times for the various eluents. 
The usually increasing ionic strength of the eluent causes a decrease of the 
volume of for instance the Sephadex ion exchanger and thus a rising resis
tance of the column. This causes a higher pressure, reduced volume of the ion 
exchanger, etc. Elution may also be obstructed by ion exchanger particles or 
some contamination, which also results in a higher pressure. This may cause 
one of the connecting tubes to work loose anywhere in the system. Therefore, 
for a reliable system we found it better to avoid the use of a pump. The 
automatic elution, however, must then be based on volume. 

Two volume systems were developed. In both systems electromagnetic 
valves (LKB) are used which open or close silicon tubes connecting the eluent 
vessels or a gradient apparatus with the column. In system one, an electronic 
counter is used which, after a preset number of tubes of the fraction collector 
(LKB Ultrorak) has been filled, closes the outlet of the first eluent vessel and 
opens the next one. Again a preset number of tubes is then filled etc. The 
electronic apparatus allows eight successive steps, each step comprising its 
own preset number of tubes. The apparatus can also be used on a time basis. 
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Fig. 19 Photograph of a complete system for automatic elution of an ion exchange 
column. 
(a) Eluent vessels fitted with platinum electrodes. 
(b) Magnetic valves which open or close silicon tubes connecting the 

vessels with the column. 
(c) Two relay units accommodated in one cabinet. When the level of the 

eluent drops below the electrodes, the relay switches the mains sup
ply from the first valve (which then closes) to a second unit which 
opens the second valve. When the second vessel is empty, its relay 
switches the mains supply from the second valve to the third valve. 
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In most cases, however, we used system two where the outlet of the 
eluent vessels contains small conductivity cells with platinum electrodes (see 
Fig. 19). An AC voltage is applied to a cell via the resistor R2 (Fig. 20). As 
long as the highly conducting eluent fills the cell, the voltage across the cell is 
so small that this valve is held open via the electronic relay. 

DI RI 
1 ~ о Ц—cz 

6V~ 

Dl, [relay 

Fig.20 Electronic circuit of a relay unit. C^ = 1000 μΡ, Сз = 100 μΡ; Dj =BY100, 
D2 = BY100, D 3 = BZY57, D 4 = OA202; Rj = 5Ω, R2 = 22ΚΩ, R3 = 4 ΚΩ, 
R4 = 220Ω, R5 =22ΚΩ;Τ1 =BC107,T2 =BD124;relay: DC 24V (e.g. Smitt, 
HoUand, PTC-D304B). 

When the cell and hence the vessel, is empty, the relay switches on the mains 

supply of a second similar electronic unit which opens the valve of the second 

vessel, and so on. The number of steps depends on the number of electronic 

units (n + 1 steps for η units). Since the valves open when they are energized, 

all valves close automatically when the mains voltage is switched off. A loop 

in the tube, connecting the buffer vessel with the column, and having its 

lowest point below the outlet of the column, prevents the column from 

running dry. This system has proved to be very reliable. 
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CHAPTER IV 

CHARACTERIZATION, SOME PROPERTIES AND LOCATION OF 

THE FRAGMENTS IN THE ALBUMIN MOLECULE 

IV. 1. CHARACTERIZATION AND LOCATION 

In this chapter the peptic fragments of albumin will be denoted in 

accordance with Fig. 13. 

IV. 1.1. Molecular weight 

The molecular weights of the isolated fragments, determined by means 

of equilibrium centrifugation, are shown in Table I. The fragments 2 and 3 

were not isolated in sufficient amounts for this determination. However, their 

molecular weights could be found in another way. 

Fragment 

Molecular 
Weight 

1 4 

69,000 40,400 

5 6 + 7 

31,000 24,000 

8 

16,000 

9 

12,000 

10 

4,000 

Table I Molecular weights of albumin (1) and isolated fragments (4-10) as determined 
by equilibrium centrifugation at pH 3.0 in 0.1 M KCl. Τ = 5 o . Mol. wts. ± 
5 % . 

A linear relationship was obtained by plotting the logarithm of the 

molecular weights, found by equilibrium centrifugation, versus the migration 

distance of the fragments in the Polyacrylamide gel. 

An example thereof is shown in Fig. 21. Fragment 10 is situated outside the 
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line probably because it is too small. This relationship is not unexpected. The 

migration in the gel depends on the charge and the size of a fragment. As will 

be discussed below, the amino acids are rather uniformly distributed over the 

albumin molecule. Therefore, the charge of a fragment will practically be a 

function of its size only. 

The linear relationship enables determination of the molecular weights 

of the fragments 2 and 3 by interpolation, which gives 54,000 and 47,000 

respectively. 

M.W.xlO"3 1 

100 -
80 :-
60 

40 -

20 -

10 .-

5 -

3 -
I I I • ' U 

30 i.0 50 60 70 Θ0 

mm Polyacrylamide gel 

Fig.21 Logarithm of the molecular weights of the fragments found by equilibrium 
centrifugation versus the migration distance in Polyacrylamide gel (pH 3.0, 6 M 
urea). 

IV. 1.2. Amino acid composition 

Table II gives the amino acid composition of the fragments based upon a 

total number of 100 amino acids. So the different fragments can directly be 

V 2 

v 
6.7 

N! 
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Fragment 1 4 5 6 + 7 8 9 10 

Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Cystine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Lysine 
Trytophan 
Histidine 
Arginine 

9.5 
6.0 
4.6 

13.6 
5.3 
2.8 
8.1 
6.4 
3.2 
0.7 
2.5 

10.9 
3.5 
4.8 

10.9 
0.4 
3.0 
4.0 

10.8 
3.9 
4.7 

14.4 
5.0 
3.2 
9.7 
4.7 
2.5 
0.3 
2.6 

11.6 
3.7 
4.9 

10.3 

3.7 
3.8 

10.9 
4.1 
4.8 

14.5 
5.0 
3.7 
9.6 
4.0 
2.5 
0.3 
2.7 

11.6 
3.1 
4.8 

10.7 

3.4 
3.9 

9.6 
7.1 
5.1 

14.6 
5.3 
2.6 
8.7 
7.3 
2.3 
0.3 
1.4 

11.1 
3.6 
4.9 
9.9 

2.4 
4.0 

8.3 
9.0 
4.4 

14.2 
5.4 
2.9 
7.7 
8.3 
3.2 
0.9 
2.1 

10.6 
1.7 
5.2 

10.9 

1.7 
3.5 

8.2 
9.5 
4.0 

13.2 
5.9 
1.8 
8.4 
8.8 
2.9 
0.7 
2.2 

11.0 
1.1 
5.6 

11.2 

2.3 
3.2 

8.1 
9.3 
2.9 

14.7 
4.5 
2.7 

10.9 
8.1 
2.2 
0.8 
2.3 
9.8 
0.8 
6.0 

11.8 

2.3 
1.6 

Table II Amino acid composition of albumin (1) and the isolated fragments (4 · 10). 
The number of amino acids, given, is based on a total number of 100 amino 
acids. The composition of albumin was calculated from the data of Spahr and 
EdsaU(1964). 

compared. Number 1 is albumin itself. The amino acid composition of 6 and 
7 has been given for a mixture of both because they could not yet be sepa
rated from each other. 

As can be seen, close resemblance exists between the ammo acid com
position of the different fragments and that of albumin. As will be discussed 
below, it may be expected that the fragments include different parts of the 
amino acid chain of albumin. Therefore, it may be concluded that the amino 
acids are rather uniformly distributed in albumin. Cystine, which usually has a 
structural function (SS bridges), is also uniformly distributed, a result which 
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is supported by the work of King and Spencer (1970). Significant differences 
are only found for threonine and valine. As a result of this uniform distribu
tion, fragments which differ only little as regards molecular weight, for exam
ple 6 and 7, will also have nearly the same charge so that these fragments may 
be difficult to separate. 

The amino acid composition of the fragments based on their molecular 
weights as well as their N terminal amino acids shown in Table III. 

IV. 1.3. N terminal amino acids 

The N terminal amino acids (Table III) of the fragments may give in
formation about their location in the albumin molecule. The N terminal 
amino acid of albumin is asparagine. The particles 4 and 5 which also have 
asparagine may therefore be N terminal fragments of albumin. As for the 
amino acid composition, the N terminal amino acids of 6 and 7 are given for a 
mixture of both. From an analysis of a mixture containing 1,2,3 and 4, only 
asparagine was found which suggests that 2 and 3 also have asparagine as N 
terminal amino acid. 

For fragment 3 this could be confirmed by analysis of a sample obtained 
by cutting cut the corresponding band from Polyacrylamide gels with a dia
meter of 1 cm. The same was done for 4,5 and 6 + 7. The results were 
identical to those obtained from samples, isolated by ion exchange chromato
graphy. The amount of fragment 2 present in the digestion mixture is usually 
small. Moreover, more protein is needed when the molecular weight is higher. 
Therefore, the results obtained for this fragment did not allow a definite 
conclusion about its N terminal amino acid. 

Both 8 and 9 appeared to have valine as N terminal amino acid. More
over, the thin layer patterns made for the identification of the DNP amino 
acids, were remarkably identical even with respect to traces of impurities. 

IV. 1.4. Copper (II) binding 

The fragments 4 and 5 have asparagine as N terminal amino acid which is 
the same as in albumin itself. Although this result alone does not prove that 4 
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Fragment 1 4 5 6 + 7 8 9 10 9 +10 

Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Cystine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Lysine 
Tryptophan 
Histidine 
Arginine 

Nterminal 
Amino acid 

56.6 
35.8 
27.2 
81.1 
31.3 
16.6 
48.2 
38.2 
18.8 
4.0 

14.6 
64.5 
21.1 
27.9 
64.5 

2.1 
17.6 
22.4 

Asp 

37.4 
13.5 
16.3 
49.8 
17.3 
11.1 
33.6 
16.3 
8.6 
1.0 
9.0 

40.1 
12.8 
17.0 
35.6 

12.8 
13.1 

Asp 

29.1 
11.0 
12.8 
38.7 
13.4 

9.9 
25.7 
10.7 
6.7 
0.8 
7.2 

31.0 
8.3 

12.8 
28.6 

9.1 
10.4 

Asp 

19.8 
14.7 
10.5 
30.1 
10.9 
5.3 

18.0 
15.0 
4.8 
0.7 
3.0 

22.8 
7.3 

10.1 
20.5 

4.9 
8.2 

Val 
Phe 

11.4 
12.4 
6.1 

19.6 
7.4 
3.9 

10.6 
11.5 
4.3 
1.2 
2.9 

14.6 
2.3 
7.2 

15.0 

2.4 
4.8 

Val 

8.5 
9.9 
4.2 

13.7 
6.1 
1.9 
8.7 
9.1 
3.0 
0.7 
2.2 

11.4 
1.1 
5.8 

11.6 

2.3 
3.4 

Val 

2.9 
3.3 
1.0 
5.2 
1.6 
1.0 
3.9 
2.9 
0.8 
0.3 
0.8 
3.5 
0.3 
2.1 
4.2 

0.8 
0.6 

Phe 

11.4 
13.2 
5.2 

18.9 
7.7 
2.9 

12.6 
12.0 
3.8 
1.0 
3.0 

14.9 
1.4 
7.9 

15.8 

3.1 
4.0 

Molecular 69,000 40,400 31,000 24,000 16,000 12,000 4,000 
Weight 

Table III Amino acid composition and N terminal amino acids of albumin (1) and the 
isolated fragments (4 - 10). The amino acid compositions are based on the 
molecular weights, determined by equilibrium centrifugation (cf. Table I). 
The composition of albumin was calculated from the data of Spahr and Ed sail 
(1964). 

and 5 are N terminal fragments of albumin, it at least suggests this possibility. 
Further evidence for the presence of the N terminal end of albumin in the 
fragments 4 and 5 could be obtained from the copper (II) binding properties 
of these fragments. 

It has been reported (Shearer et al., 1967; Breslow, 1964) that the first 
copper (II) ion bound to albumin, is bound to its N terminal tripeptide 
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Asp-Thr-His-. The α-amino group of the aspartyl residue, the two peptide 

nitrogen atoms of the threonyl and histidyl residue and nitrogen 1 of the 

imidazole group of this histidyl residue form a cavity in which the copper ion 

is taken up in a chelate binding complex. Both asparagine and threonine are 

dispensable (Peters and Blumenstock, 1967) so that the binding of Cu (II) to 

albumin at neutral pH is related to the presence of the histidyl residue in the 

third position. 

ДхІО3 

20 -

¿50 500 550 600 650 700 X(nm) 

Fig.22 Absorption spectra of albumin (a) and the fragments 4 (c) and 5 (b) at pH 8.0 
after addition of 1 mole СиСІ2 per mole of protein The curves e and d 
represent the difference in absorbance between a solution containing 2 and 3 
moles of СиСІ2 per mole of albumin, respectively, and a solution containing 1 
mole of СиСІ2 per mole of albumin. (A) represents the absorbance of a l0/o 
protein solution at a path length of 1 cm. 

The complex can be detected from the appearance of a band at 525 nm 
in the absorption spectrum. When a second copper ion is added this is bound 
in some other way and gives rise to a band at 600 to 650 nm. If the 525 nm 
band also appears upon addition of Си(П) to the fragments 4 and 5 this 
would strongly support the suggestion that 4 and 5 are N terminal fragments 
of albumin. As is shown in Fig. 22 the peak at 525 nm is indeed observed for 
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both fragments. Because the absorbance has been given for 1 /o solutions, a 
larger absorbance might be expected for 4 and 5 than for albumin. This is not 
observed. Possibly some aggregation occurs at pH 8.0, which reduces the 
availability of the N terminal tripeptides. 

IV. 1.5. Sulfliydryl group 

As has been mentioned already, on the average 0.7 sulfhydryl group (SH 
group) is found in albumin (1.5). From the data of Peters and Hawn (1967) 
and King and Spencer (1970) it may be concluded that this group is located 
between amino acid residue 24 and 88, counted from the N terminal end of 
albumin. So N terminal fragments consisting of more than 87 amino acid 
residues must contain the SH group. 

The presence of the SH group in fragments of albumin can be detected 
by several methods. When alkylation with iodoacetamide-l-C14 is carried out 
before albumin is digested, the activity can be measured of each of the bands 
observed after electrophoresis of the digest. The SH group was thus found to 
be present in the fragments 3,4 and 5 (Hilak, unpublished results). Some 
activity was found in fragment 2 and no activity in the other fragments. 

Another approach is blocking the SH group with p-mercuribenzoate 
(PMB) before digestion and measuring the amount of mercury in the isolated 
fragments or gel slices containing the bands. This could be done by neutron 
activation analysis and atomic absorption spectrophotometry. The latter 
method required rather large quantities of protein (up to 150 mg) and could 
therefore be used only for 5 and the mixture of 6 and 7. According to this 
method mercury was found in 5 but not in 6 and 7. The neutron activation 
analysis clearly indicated the presence of mercury in 3,4 and 5. Somewhat less 
mercury was present in 2. 

The use of an agarose mercurial column can also provide information 
about the presence of the SH group in fragments of albumin. When a digest of 
albumin is applied to such a column the components containing a free SH 
group can be expected to attach to the column. Elution with a solution 
containing 2-mercaptoethanol will release these components. Afterwards they 
can be identified by electrophoresis on Polyacrylamide gel together with the 
original digest. Using this method Hilak (unpublished results) found that frag-
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ments are bound to the column which correspond to 2,3,4, and 5 as regards 
their electrophoretic behavior. 

Summarizing these results, it may be concluded that the SH group is 
present in the fragments 2,3,4 and 5, although the results obtained for 2 were 
not as convincing as those obtained for 3,4 and 5. This is probably caused by 
the high molecular weight of this fragment and the small quantity present in 
the digest (see Fig. 13). 

Г . 1.6. Location in albumin 

From the data of the N terminal amino acid analysis, we concluded that 
9 might be an N terminal fragment of 8. In that case there must be another 
fragment which together with 9 gives fragment 8. There are indications that 
this is fragment 10. 

First, during digestion of albumin by pepsin at pH 3.7, hydrolysis of 8 actual
ly occurs and after longer times of digestion the quantity of 8, present in the 
digestion mixture decreases whereas the quantities of 9 and 10 still increase 
(see Fig. 12). If our supposition is correct then fragments can be expected 
after incubation of 8 which are identical to 9 and 10 with respect to electro
phoresis on Polyacrylamide gel. Therefore, pure 8 was treated once more with 
pepsin (Fig. 23). As a result of this incubation two fragments were obtained 
which indeed were identical to 9 and 10 on the Polyacrylamide gel. Further, 
if fragment 8 is composed of 9 and 10, the amino acid composition of 8 
should be the same as that of 9 and 10 together. As can be seen in Table III 
the agreement is rather good although some minor differences remain. 

For fragment 8 Ala-Leu- was found as С terminal sequence which is the 
same as in albumin itself. So we think that this fragment is С terminal in 
albumin. When fragment 10 is С terminal placed in 8, its С terminal sequence 
must also be Ala-Leu-. Although fragment 10 was pure with respect to phe
nylalanine, as N terminal amino acid it did not become completely clear 
whether its С terminal sequence was Ala-Leu- or Leu-Ala-. It may be that 
pepsin removed a short peptide from the end of some of the fragments 10. 
Since 9 and 10 were isolated from a peptic digest of albumin itself and not 
from one of 8 alone, it cannot be fully excluded that a few other fragments 
with about the same size of 9 and 10 but arising from the hydrolysis of larger 

56 



^•"• ,̂ « m · «·""!•> ЧЯЯ* ^SSP ISEÇ 4555S· 

Fig.23 Digestion of fragment 8 by pepsin at pH 3.7. The incubation time was 1,3,10 
and 30 min for the patterns 1,2,3 and 4 resp. After adding these samples to a 
peptic digest of albumin (digestion at pH 3.7 for 30 min) the patterns 5,6, 7 
and 8 respectively were obtained. Polyacrylamide gel electrophoresis at pH 3.0 
in 6 M urea. The arrow indicates the direction of migration. 

fragments are also isolated. Such fragments, however, must be very similar to 
9 and 10 because 8, 9 and 10 are homogeneous with respect to Polyacryl
amide gel electrophoresis, gel filtration on Sephadex G-25 or G-50 and N 
terminal amino acid (see also Braam et al., 1971b). 

The fragments 4 and 5 have asparagine as N terminal amino acid (see 
Table III). The copper (II) binding properties of albumin, ascribed to the 
presence of a histidine residue in the third position from the N terminal end, 
could also be demonstrated for 4 and 5 (IV.1.4). Moreover, they both contain 
the SH group which is located between amino acid residue 24 and 88, coun
ted from the N terminal of albumin (IV.l .5). We think that this allows a firm 
conclusion about the N terminal location of these fragments. Fragment 5 is 
smaller than 4 (see Table I). Consequently 4 must also comprise 5. Incubation 
of 4 by pepsin indeed revealed a fragment which was identical to 5 with 
respect to electrophoresis on Polyacrylamide gel (not shown). 

Fragment 3 also has asparagine (IV.l .3) and the SH group was found to 
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be present in this fragment (IV. 1.5). For fragment 2 the same conclusions can 
be drawn, although somewhat less evident. 

The location of 6 and 7 is not quite clear at this moment. As N terminal 
amino acids phenylalanine, valine and leucine or isoleucine were found. The 
SH group is absent in these fragments. Because 2,3,4 and 5 are all N terminal 
fragments, 6 and 7 are likely С terminal located, but at this stage, a decision 
about their exact position must remain rather speculative. 

Fig. 24 gives a systematic representation of the model which we propose 
for the location of the peptic fragments in the albumin molecule. For compar
ison, some fragments obtained by other authors are also given. 

We imagine that the first attack by pepsin preferentially occurs near the 
С terminal end of albumin, i.e. at the N terminal end of fragment 8. Further 
digestion than proceeds in the direction of the N terminal end of albumin. 
The model can account for the densitometer graphs of digests made after 
different periods of incubation (see Fig. 12). After short periods, when there 
is still a large quantity of albumin, there is more of fragment 2 than of 3. The 
same is observed for 4 and 5, respectively. After prolonged incubation, the 
fragments 3 and 5 are present in larger quantities than 2 and 4. This is 
consistent with a model in which 3 can arise from 2 and 1 (which is albumin 
itself) and 5 can arise from 4,3,2 and 1. 

All hydrolyses of albumin by pepsin at pH 3.7 appear to occur in the С 
terminal moiety of albumin. This might indicate that at this pH value the rest 
of the molecule is rather compact and well protected against proteolytic 
attack. This is in agreement with the observation that fragment 8, which is 
supposed to be а С terminal fragment, has a lower helical content (380/o) 
than albumin (550/o) which, moreover, decreases further below pH 6 (see 
IV.2.2). 

Peters and Hawn (1967) isolated a small N terminal fragment of albumin 
after peptic digestion at pH 3.0. We never found asparagine in the smaller 
fragments (6-10) nor in their mixtures. However, we digested albumin at pH 
3.7. These findings are consistent with the behavior of albumin in the acid pH 
range, whereby the expansion of the molecule is thought to take place in 
three steps: a partial unfolding from pH 4.5 to 3.9, a stable conformation 
from pH 3.9 to 3.6 and a further partial unfolding from pH 3.6 to 2.5 (see 
1.3). 
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Fig.24 Location of the fragments in the albumin molecule For companson some 
fragments, isolated by other investigators, are also given The horizontal 
dimensions aie chosen pioportional to the molecular weight of the fragments 
I. Peptic digestion at pH 3.7 (this thesis). 
II. Cyanogen bromide cleavage in 750/o formic acid followed by re

duction of the disulfide cross-hnks (King and Spencer, 1970). 

HI. Peptic digestion at pH 3 0 (Peters, 1965, Peters and Hawn, 1967, 
Shearer et al , 1967). 

IV. Hydrolysis with subtilisin at pH 8.9 in the presence of 100 moles 
sodium dodecyl sulfate per mole of albumin (Adkms and Foster, 
1965,1966, Pederson and Foster, 1969). 

V. Tryptic hydrolysis of defatted albumin at pH 8.8 and 0° (King and 
Spencer, 1970). 
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IV.2 TITRATION CURVES AND OPTICAL ROTATION 

IV .2.1. Titration 

During the acid hydrolysis at 105° the asparagine and glutamine residues 
are converted to aspartic acid and glutamic acid respectively. The number of 
these acid residues, originally present as amides, can be estimated by analysis 
of the hydrogen ion titration curves of the fragments. Moreover, information 
can be obtained about the number of titratable histidine residues and the 
presence of salt-bridges. 

In a normal titration curve the charge of the protein, Zu, is plotted 
versus pH. In analyzing these curves it is assumed that each class of groups 
obeys the equation: 

pH = pKj + log -p- - 0.868 wZ (1) 
i 

where K¡ is the intrinsic dissociation constant of class i (i.e. the dissociation 
constant at Ζ = 0), α· is the corresponding degree of dissociation and w is 
called the electrostatic interaction factor. For a more detailed discussion, see 
for example Tanford (1966). According to De Bruin and Van Os (1968) the 
differential titration curve can be described by: 

M . =

 1 „ . + 0.868 w (2) 
dz 2.303 Σ п ^ ( 1 - ^ ) ' 

П| is the number of titratable groups of class i. The inflection points in the 
normal titration curve, terminating the neutral region, are found in the differ
ential titration curve as maxima. Therefore the distance between the two 
peaks is dependent of the number of groups titrated in the neutral region. The 
maxima in the differential titration curve only represent equivalence points if 
the peaks are sharp, i.e. if the pK of all groups is far away from the pH of the 
peak. The a¡ of these groups is then either close to zero or close to 1, so that 
the product ot (Ι-αΛ is very small, for all groups giving a high value for -^£ÎL. 1 J dz 
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On the other hand, in a minimum of the differential curve, Σ п^о^І-аЛ must 
be large, which means that Oj must be near 0.5, the value where α:(1-α:) has 

its maximum. A detailed description of the interpretation of such curves has 

been given by De Bruin and Van Os (1968) and Janssen et al. (1970). 

The Figs. 25, 26 and 27 show the normal differential hydrogen ion 

titration curves of the fragments 8, 5 and 4 respectively. 

For fragment 8 the left-hand peak of the differential curve is located at 

Zj = -0.7 (see Fig. 25). The right-hand peak at Zjj = -3.4. From the distance 
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Fig.25 Normal and differential titration curve of fragment 8. ZJJ is the mean proton 
charge of the molecule, (x) and ( · ) are the experimental points for two differ
ent samples. I =0.07 (KCl). Τ = 25°. 
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between the two peaks the number of titratable histidine residues can be 

calculated using the approximate relation Zj — Zjj = n^ j s + n t t _ j ^ , in 

which η = the number of titratable groups. In this way 1.7 histidine residues 

can be estimated, assuming that one a-amino group is titrated in this region. 

According to the amino acid analysis (Table III) 2.4 histidine residues are 

present. The difference of 0.7 between the values obtained by these methods 

can be explained by the observation that the pH corresponding to Zj is 6.7. 

When the histidine residues have a pK of about 7.0, already 0.8 residue has 

been titrated at pH 6.7. 

Because the location of the left peak may be influenced by the partial 

titration of histidine residues, the number of titratable carboxyl groups (n c) 

was calculated from ZJJ = -3.4 using the approximate relation ZJJ = n^ + 

ПдГЕ - n c . The amino acid analysis gives 15.0 Lys and 4.8 Arg so that n c = 

23.2. The maximum number of carboxyl groups which can be expected is 

19.6 Glu + 11.4 Asp + 1 a-COOH = 32. The finding of n c = 23.2 means that 

about 8.8 residues are present in the amide form. Using the data obtained 

from the amino acid analysis, a differential titration curve could be calculated 

which corresponded to the experimental one above pH 6. Below pH 6 no 

proper correspondence could be obtained. This is probably caused by an 

expansion of this fragment below this pH, as a result of which the electro

static interaction factor w is not constant in this region (see also Fig. 31). The 

measuring points shown in the differential curve of fragment 8 are from two 

different samples. As can be seen, the agreement is very good which supports 

the reproducibility of the isolation procedure. 

The differential and the normal titration curve of fragment 5 are shown 

in Fig. 26. The left-hand peak of the differential curve is located at Zj = -2.5 

and the right-hand peak at ZJJ = -10.9. According to the amino acid analysis 

the number of histidine residues is 9.1. The number of histidine residues 

calculated from the differential titration curve, using the approximate relation 

^1 — ^11 = nHis "*" ηα·ΝΗ-> a n ^ a s s u r n i n B ^ 1 3 * o n e a-NH2 group is titrated is 

7.4. The difference between both methods is 1.7 residue. The maximum of 

the first peak is reached at pH 6.5. Applying the same reasoning as above, we 

find that about 1.9 histidine residues are already titrated at pH 6.5, assuming 

the pk's of the histidine residues to be 7.0. The number of lysine and arginine 

residues is 28.6 and 10.4, respectively (Table III), so that from ZJJ = η ^ ν 5 + 

ηд „ — n c it follows that n c = 49.9. The maximum number of carboxyl 
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Fig.26 Normal and differential utiaüon cui-ve of fragment 5. Zjj is the mean proton 
charge of the molecule, (o) and (·) are the experimental pomts of the forward 
and back titration of one sample. In the normal titration curve only one set of 
experimental pomts is given because it practically coincides with the other set 
I =0.07 (KCl). Τ = 25°. 

63 



groups which can be expected is 29.1 Asp + 38.7 Glu + 1 α-COOH = 68.8. So 

it may be concluded that 18.9 of these 68.8 residues are present in the amide 

form. 

Fig.27 Normal and differential titration curve of fragment 4. Zjj is the mean proton 
charge of the molecule, (o) and ( · ) are the experimental points of the forward 
and back titration of one sample. In the normal titration curve only one set of 
experimental points is given because it practically coincides with the other set. 
I =0.07 (KCl). Τ = 2 5 ° . 
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The curves for fragment 4 are shown in Fig. 27. The two peaks in the 

differential titration curve are located at Zj = -5.5 and Zjj = -14.9. A similar 

type of calculation as described above for the fragments 8 and 5 gives η = 

63.6 and njjjs = 8.4. From the amino acid analysis 87.2 potential carboxyl 

groups can be estimated, which means that 24.6 residues are likely present in 

the amide form. So we find 24.6 + 8.8 = 33.4 amides in the fragments 8 and 

4 together (that means 820/o of the amino acid chain of albumin). This 

number agrees reasonably well with the 35 amides which can be estimated in 

albumin. The difference between the number of histidine residues which is 

found from the amino acid analysis (12.8) and by means of this method (8.4) 

is 4.4. Approximately 3.1 histidines have already been titrated at the maxi

mum (pH 6.5) of the left-hand peak. However, this peak is not pronounced 

enough to permit an accurate estimation of the number of titratable histi

dines. Possibly, some histidines are not titratable in fragment 4 but for this 

conclusion further investigation of this fragment is necessary. 

For albumin, in KCl solution the left-hand and the right-hand peak of 

the differential titration curve have about the same height and an eccentrical 

position of the minimum is observed. The latter is probably caused by the 

presence of histidines which are involved in salt-bridges (Harmsen et al, 1971). 

Consequently these histidines have a high pK value. During the neutral transi

tion the salt-bridges are broken and a pK shift from a high to a lower value is 

observed for these histidines. This results in an extra buffer capacity of the 

solution in this pH region. Addition of Ca+ + ions causes a shift of the neutral 

transition to lower pH while the transition takes place in a shorter pH-range. 

This means that the liberation of histidines from salt-bridges also occurs at 

lower pH and in a shorter pH-range. The right-hand peak therefore increases, 

the left-hand peak decreases and the position of the minimum becomes more 

symmetric. Moreover, an anomalous high buffer capacity is observed in this 

minimum. 

The differential titration curves of the fragments 4 and 5 show a rather 

low left-hand peak and a fairly high right-hand peak, while a symmetrical 

position of the minimum is observed. 

The shape of the curves can much better be compared with the curve of 

albumin obtained in the presence of Ca++-ions than with the curve obtained 

in KCl. However, the value of the reciprocal of the buffer capacity ( ^ — ) in 

the minimum of the differential titration curves does not indicate an anoma-
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lous buffer capacity of the solution (cf. for fragment 5: experimentally 0.20; 

calculated with 0.868 w = 0.03, 0.22 ± 0.01). The histidine residues of the 

fragments 4 and 5 are probably not involved in salt-bridges. Consequently 

they will have the normal pK value of about 7. This is supported by the 

analysis of the titration data according to the method of Tanford and Nozaki 

(1966; see further in this section). The results of this analysis correspond with 

the titration behavior calculated for one class of histidines with a pK value of 

about 7.0 (6.95 for fragment 5; 7.0 for fragment 4). In this case a symmetri

cal position of the minimum is expected. The large difference between the pK 

value of the histidines and the lysines may explain the rather high right-hand 

peak. The reverse is true for the left-hand peak, the height of which is influ

enced by the pK difference between carboxyl groups and histidines. Possibly 

an increase in the pK value of carboxyl groups contributes to this effect. In 

albumin some carboxyl groups have an abnormally low pK value because they 

are also involved in salt-bridges. If these salt-bridges are absent in the frag

ments 4 and 5 the difference in pK value between these carboxyl groups and 

the histidines becomes smaller. This may give rise to a further lowering of the 

first peak in the differential curve. 

The differential and normal titration curves of the other fragments are 

not shown because no proper separation was obtained between the peaks at 

Zj and ZJJ, thus making the interpretation of the curves very difficult. 

Another analysing procedure of the titration curve for the determination 

of the number of histidine residues titratable in the neutral pH region has 

been proposed by Tanford and Nozaki (1966). The maximum positive charge 

caused by the binding of protons is equal to the number (n) of His, α-amino, 

Lys and Arg residues: 

Zmax = nffis + na-NH 2

 + nLys + nArg ( 3 ) 

The mean proton charge, Zy is equal to the maximum proton charge minus 

the number of protons released by the protein. When n̂  is the number of 

titratable groups of class i and a¡ is the corresponding degree of dissociation: 

ZH = Zmax - f n ^ j (4) 
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According to Tanford and Nozaki (1966) this equation is written as: 

zH = Z, max f Vi - "Hispís (5) 

or 

пНі5аНІ5 - Zmax -H - Σ LnjOtj (6) 

The term ? п̂  u£¡ now includes all classes of groups except histidine. ZmaK is 
found from the amino acid analysis (see Eqn. 3), Zjj is determined experi
mentally and Σ nj Oj is calculated with equation (4) taking ri: from the amino 

5.0 60 7.0 9.0 10 0 pH 

Fig. 28. Number of histidine residues, titrated in fragment 8. Foi the calculations the 
following values were used: р К с О О Н =4.4, η = 23.2;pKe.NH = 10,2, η = 15; 

ΡΚα-ΝΗ, = 8.0; Z m a x = 23.2; 068 w = 0.05. The drawn line has been calcu

lated using 2.4 histidine residue with pK = 7.15. 
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acid analysis and calculating л by selecting pK values for the various classes 
of groups. The number of carboxyl groups can be obtained from the analysis 
of the differential titration curve as described in the first part of this section. 
When njjjsajjjs is plotted versus pH, the titration curve of the histidine resi
dues alone is obtained, provided that they do not have an abnormally low or 
high pK value. The plots of Пц^ац^ versus pH for the fragments 8, 5 and 4 
are shown in the Figs. 28, 29 and 30 respectively. The lines shown therein 
were calculated with equation 3. 

For fragment 8 2.4 histidine residues are found, which is consistent 
with the results of the amino acid analysis. For fragment 5 the result is 9.3, 
whilst the amino acid analysis gives a number of 9.1. For fragment 4 the 
correspondence between the number of histidine residues determined by titra
tion analysis (10.3) and amino acid analysis (12.8) is somewhat less. As al-

50 6.0 7.0 80 9 0 10.0 pH 

Fig.29 Number of histidine residues, titrated in fragment S. For the calculations the 
following values were used: рКСоон =4·4, η = 49.9; pKe.NH = 10.2, η = 
28.6; pK^NH = 8.0; Z m a x =49.1; 0.068 w = 0.03. The drawn line has been 
calculated using 9.3 histidine residues with pK =6.95. 
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ready mentioned in the discussion about the differentia] titration curve of this 
fragment, the separation between the pH range in which the carboxyl groups 
and the histidine residues are titrated is not sharply defined. Consequently, 
"His^is c a n n o t accurately be calculated at lower pH values and we think 
there is insufficient evidence at present to conclude that some histidines in 
fragment 4 are not titratable. For the calculation of Z r r i ! i v the number of 
histidines from the amino acid analysis has been used and not the number 
obtained from the titration analysis. For this reason the curve does not go to 
zero but levels off at about 2.6. 

5.0 6.0 7.0 8.0 9.0 10.0 pH 

Fig.30 Number of histidine residues, titrated in fragment 4. For the calculations the 
following values were used: рКСоон = 4-3. η = 63.6 ; pKe.NH = 10.2, η = 
35.6 ; Z m a x = 62.5 ; 0.868 w = 0.03. The drawn line has been calculated using 
10.3 histidine residues with pK = 7.0. 

IV.2.2. Optical rotation 

As we have seen, the amino acid composition of the isolated fragments 

closely resembles that of albumin itself. Consequently a comparison of the 

behavior of the fragments in the neutral and low pH region with that of 
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albumin must be of interest. Some of the fragments may exhibit some of the 

conformational transitions observed in albumin. 

We first examined fragment 8. This fragment can still be hydrolyzed by 

pepsin and thinking in terms of the model of Foster (see 1.3), it might consist 

of two compact units. However, fragment 8 does not follow the Normal-Fast 

transition as was found from measurements of the optical rotation at 313 nm 

(see 1.3) in the pH range of the transition. This suggests that the part of the 

transition which can be followed at this wavelength is not located in this 

fragment. 

Although the amino acid composition has a close resemblance to that of 

albumin itself, the helical content is much lower. We determined the helical 

content using several methods and found 3 6 % from the Moffit-Yang equ

ation (Moffit and Yang, 1956), 3 7 % from the Modified Two Term Drude 

equation (Shechter et al., 1964; Shechter and Blout, 1964, a, b), 3 1 % from 

the optical rotation at 233 nm using poly-L-glutamic acid as reference (Tomi-

matsu et al., 1966) and 3 5 % for albumin as reference (Sogami and Foster, 

1968). For albumin generally about 5 5 % α-helix is found (see for example 

Yang, 1967;Harmsen and Braam, 1969). 

The specific rotation at 233 nm can be readily used to follow the helical 

content as a function of various parameters, for example, the pH. Fig. 31 
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Fig.31 Specific rotation at 233 nm versus pH for fragment 8.1 =0.1 (KCl). T=250. 
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shows the specific rotation at 233 nm as a function of pH for fragment 8. The 

molecule appears to be fairly stable above pH 6 with regard to its helical 

content, but [ α ^ з з gradually decreases below pH 6. This unfolding, which 

appears to be reversible, also becomes apparent from the analysis of the 
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Fig. 32 Specific rotation at 233 nm versus pH for albumin and for two different 
samples (o and · ) of each of the fragments 4 and 5.1 = 0.1 (KCl). T= 25°. 
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differential titration curve. As already mentioned, the calculated curve did 

not correspond to the experiment curve below pH 6. Probably the electro

static interaction factor is not constant in this pH region which indicates a 

conformational change. 

We also measured [ α Ь з з as a function of pH for the particles 4 and 5 
and for albumin itself (Fig. 32). As can be seen, the behavior of 4 and 5 is 
similar to that of albumin. 

The specific rotation at 313 nm plotted versus pH for albumin, the 
fragments 4 and 5, as well as for the complete digest is given in Fig. 33. A 
large decrease in [ а Ь13 was found for fragment 4. A smaller one is observed 
for fragment 5. The decrease in Ι α ^ 3 for 4 seems to be even larger than for 

albumin itself. However, [ a ] is calculated for a l0/o protein solution. The 

molecular weight of 4 is 40.400 (see Table I) which is about 2/3 of that of 

albumin. When [ α ] is corrected for the molecular weight, the effect is about 

as large as in albumin. 

The midpoints of the transitions are found at pH 4.1, 4.7 and 5.1 for 

albumin, 4 and 5, respectively. This suggests that the transition is stabilized 

not only by the peptide fragment which forms the difference between 4 and 5 

but also by the С terminal of albumin. In the complete digestion mixture, the 
midpoint of the transition is also found at a higher pH value (4.5) than in 
albumin (Fig. 33). By measuring this curve after different digestion periods, 
we very much got the impression that the whole transition of the mixture 
consists of two separate transitions, one with the same midpoint as albumin 
and one with a midpoint at higher pH. 

We are aware of the fact that conclusions from the behavior of the 
fragments in relation to that of albumin can be drawn only with some reserva
tions. It may be that the same conformational transitions can occur in the 
fragments as in albumin. This need not be the case, however, because in 
albumin different fragments, located at different sides of the amino acid 
chain, may interact. On the other hand, differences in the behavior of albu
min and the fragments might indicate such interactions. 

As has been mentioned earlier (1.3) two steps can be observed in the 
conformational transition in albumin below pH 4.5 when [ α ]з J3 is measured 
as a function of pH in the presence of 0.02 M KCIO4 orKSCN. We could not 
observe these two steps for the particles 4 and 5 (not shown). According to 
Herskovits and Laskowski (1962) the second step in the transition corre-
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Fig.33 Specific rotation at 313 nm versus pH for albumin, a complete digest and two 
different samples (o and · ) of each of the fragments 4 and 5.I=0.1(KC1).T = 
25°. 
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sponds to the opening of a crevice in the molecule. The absence of this step 
for 4 and 5 possibly supports in the above suggestion that the С terminal part 
is folded back over the N terminal part of albumin. The crevice might be 
formed in this way and the second step in the transition would then be an 
interaction between these two regions of the molecule. The titration analyses 
of 4 and 5 (see IV.2.1) indicated that the histidine residues of these fragments 
are likely not involved in salt-bridges. These salt-bridges might be formed in 
the intrasurface between the С and N terminal part of albumin. It is to be 
noticed, that the presence of intrasurfaces is also proposed in the model of 
Foster (1960). Although such suggestions are rather speculative, we think 
they are worth considering. 

The fragments 8 and 5 are interesting fragments for further investigation 
because they come from two different sides of albumin. They are easy to 
isolate in large quantities and in a reproducible manner as has been described 
in the previous chapter. 

IV.3. EXPERIMENTAL PART 

IV.3.1. Amino acid analyses 

Amino acid analysis were performed on an automatic amino acid ana
lyzer (Technicon) using a 130 cm column. Hydrolysis was carried out in 
Pyrex tubes. To about 1 mg protein 500 μΐ 9.5 N HCl (Suprapur, Merck, 

Darmstadt), 133 μΐ distilled ^ 0 and 200 μΐ of a norleucine solution of 

known concentration (internal standard) were added. In order to remove 

oxygen, nitrogen was passed over the solution, after which the tubes were 

frozen, evaquated and sealed. For hydrolysis during 24 - 48 hours the tubes 

were placed in a thermostated oil bath at 105° ± 0.5°. In each case at least 

three independently isolated samples were examined and each sample was 

analyzed on two separate columns. 

IV.3.2. Determination of С terminal amino acids 

Carboxypeptidase A (3 χ cryst.) was obtained from Serva. The С termi

nal amino acid analysis was carried out as described by Peters et al. (1958). 
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The ratio carboxypeptidase/fragment was about 1/400 (w/w). After various 

incubation periods samples were taken and norleucine was added as an inter

nal standard. Hydrolysis for eight hours at 105° was performed as described 

above (IV.3.1). The amino acids were determined quantitatively with an auto

matic amino acid analyzer (Technicon). To remove an amide which had near

ly the same reference value as threonine, the sample was heated in 1 N HCl 

for one hour at 100° before analysis. 

IV.3 3. Determination ofN terminal amino acids 

N terminal amino acids were determined as DNP amino acids according 

to the procedure given by Bloemendal (1957). The DNP amino acids were 

identified by thin layer chromatography on silica gel plates (20 χ 20 cm, 

F254, Merck, Darmstadt) as described by Brenner et al. (1962). Better results 

were obtained when the systems 3 and 4 of these authors were replaced by 

chloroform - tertiary butyl alcohol - acetic acid (60+40+3 Vol.) and benzene-

pyridine-acetic acid (50+50+2 Vol.), respectively. System 2 of these authors 

was used unchanged: chloroform · benzyl alcohol - acetic acid (70+30+3 

Vol.). The plates were used without any pretreatment. The spots could be 

observed by means of a long wave (366 nm) UV lamp. Because the DNP 

amino acids have different Rf values on each of the systems, a reliable identi

fication is possible. The Rf values obtained for the DNP amino acids (Sigma), 

used as reference, are given in Table IV. 

IV.3.4. Hydrogen ion titration curves 

Differential hydrogen ion titration curves were determined as described 

by De Bruin and Van Os (1968) and Janssen et al. (1970). The protein 

concentration was about l 0 /o. The protein concentration was determined by 

drying at 105° in air to constant weight. When only small amounts were 

available, the protein was lyophilized and dried in vacuum above P2O5. after 

which a solution of known concentration was prepared by weighing. The 

solutions were made isoionic by deionization over a mixed bed ion exchange 

column (Amberlite IRA 400/ IR 120). A correction could made for the 
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dilution, caused by this deionization, by measuring the absorbance at a suit

able wavelength, for example 279 nm, before and after deionization. 

IV 3.5. Cu (II) binding 

The absorption spectra of Cu (Il)-protem complexes at pH 8.0 (0 2 M 
K2HPO4) were determined with а Сагу 15 recording spectrophotometer using 

DNP ammo acids System 2 System 3 System 4 

N-DNP-L-Threonme 
N-DNP-L-Prohne 
N-DNP-L-Isoleucine 

N,0-di-DNP-L-Tyrosme 

N-DNP-L-Phenylalamne 
NJST-di-DNP-L-Lysine 
N-DNP-L-Senne 
Ν,Ν'-di-DNP-L-Histidme 

N^-di-DNP-L-Cysteme 

N-DNP-DL-Methiomne 

N-DNP-DL-Leucme 

N-DNP-DL-Glutamic Acid 

N-DNP-Glycine 

N-DNP-L-Alanme 

N-DNP-L-Tryptophan 

N-DNP-L-Vabne 

N-DNP-L-Aspartic Acid 

12 

48 

80 

38.5 

58 

36 5 

8 

-

13 

52.5 

79 

13.5 

23 

40 5 

55 

70 

6.5 

18 

62 

92 

48 

75 5 

48 

13.5 

8 5 

13 

63 

84 

26.5 

30.5 

53 

73.5 

85 5 

11 

23 5 

37 

57 

20 

34.5 

20 

16.5 

10 

9.5 

31 5 

54.5 

18.5 

16.5 

24 

33 5 

48 5 

9 

Table IV Rj values of DNP ammo acids on sibca gel plates (F 254, Merck, Darmstadt). 
System 2 chloroform/benzyl alcohol/ acetic acid (70 +30 + 3 Vol). System 
3 chlorofoim/tertiary butyl alcohol/acetic acid (60 +40 + 3 Vol). System 4 
benzene/pyndme/acetic acid (50 + 5 0 + 2 Vol). 
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a full scale absorbance of 0.1. Protein solutions of known concentration were 

prepared by weighing as described in IV3.4. 

Protein concentrations were about 50/o for albumin and 2.5°/o for the frag

ments 4 and 5. CuCU solution was added by means of a microburette 

(Metrohm, type E457). 

IV.3.6. Determination ofmolecubr weights 

Molecular weights were determined by equilibrium centrifugation using 

a model E Spinco ultracentrifuge equipped with an electronic scanning system 

for absorption optics as described by van Es and Bont (1966). Cells were 

filled with 0.15 ml of a protein solution having an absorbance of 0.4 at 265 

nm. The slit-width used for scanning was 30 μ. Scans were made every twelve 

hours until no further changes could be detected. All runs were performed at 

5°. 
Small peptides which are usually present in preparations of fragments 

interfere with this method. Therefore, they were removed from the samples 

by gel filtration over Sephadex G-25. Before application to the column, some 

urea was added to promote dissociation. After the gel filtration KCl was 

added to a final concentration of 0.1 M and the pH was brought to 3.0 with 2 

NHC1. 

IV.3.7. Detection of the sulfltydryl group 

Blocking of the SH group of albumin with p-mercurybenzoate (PMB) or 

iodoacetamide-l-C14 was performed as described in the experimental part of 

Chapter I (1.7.3). 

Mercury present in preparations of isolated fragments was measured by 

means of an atomic absorption spectrophotometer (Techtron Model AA100). 

The spectrophotometer was cahbrated using solutions of mercury acetate 

varying from 10 to 10 M. About 4 ml of a 2 to 40/o protein solution, 

depending on the molecular weight, were used. The protein concentration was 

determined by drying a part of the solution to constant weight at 105° in air. 
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Neutron activation analyses of mercury were carried out by "Inter
universitair reactor instituut" (Delft, the Netherlands). First a densitometer 
scan of the gel was made. The bands were carefully cut out and after the 
analysis, the results were divided by the areas of the corresponding peaks and 
multiplied by the corresponding molecular weights in order to obtain data on 

molar basis. 
12 Mercury could thus be determined down to a level of about 10 mole, while 

the total amount of mercury present in the 50 μg of protein, which could be 

applied to the gel, is about 5.10 mole. 
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CHAPTER V 

THE ELECTROPHORETIC PATTERN OF THE DIGEST 
AS A METHOD FOR THE STUDY OF MOLECULAR STRUCTURE 

V . l . INTRODUCTION 

Because hydrolysis of albumin by pepsin is sensitive to changes in the 
conformation of albumin (see Chapter II), it can be expected that changes in 
the structure of albumin result in different electrophoretic patterns so that 
the pattern of the digest can be used to detect structural alterations in the 
molecule. In order to check this possibility a number of denatured forms of 
albumin were studied. The results not only confirmed this suggestion, but it 
also appeared that upon heating of a solution of albumin above 54° a dena
tured form arises which cannot be hydrolyzed by pepsin at pH 3.7 in contrast 
with the non-heated protein. As the properties of this form might give some 
information about the conformational transitions which make albumin cleav-
able by pepsin, this denatured albumin was studied on the basis of hydrogen 
ion titration analysis, solubility behavior and optical rotation measurements. 

V.2 . RESULTS AND DISCUSSION 

Bovine serum albumin was denatured under conditions which were al
ready described in an earlier publication (Harmsen and Braam, 1969). Two 
kinds of denaturation methods were used: thermal and alkaline denaturation. 
We found that the alkaline denaturation proceeds in two steps. One step is 
fast and reversible with respect to the parameter b 0 (Moffit-Yang equation) 
and the parameters AJQ-J and ^225 0^ ^ 6 modifie(i two-term Drude equ
ation. The second step is much slower and irreversible with respect to the 
parameters mentioned. This step can be observed after denaturation times 
from 5 to 18 hours. 

As can be seen in Fig. 34 (A), the electrophoretic pattern of a digest of 
albumin which was denatured for one hour at pH 12, is not identical to that 
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Fig 34 Peptic digests (30 min pH 3 7) of denatured albumin Polyacrylamide gel elec
trophoresis was perfoimed at pH 3.0 m 6 M urea. The SH group of albumin 
was blocked with lodoacetamide 
A. Alkaline denatured albumin (60 mm at pH 12). 
B. Albumin, after storage of a solution for 2.5 months at -20°. 
C. Albumin, charcoal-defatted at pH 3.0 
D. Albumin. 

of non-treated albumin. So we can conclude that the first denaturation step is 
not reversible as appears from hydrolysis by pepsin. 

In order to examine the effect of storage at low temperature on the 
albumin structure, iodoacetamide blocked albumin was stored for 2.5 months 
at -20°. It appeared that when a peptic digest was made from this sample, the 
pattern was different from that of non-stored albumin (see Fig.34, B). When a 
solution of albumin was frozen several times for a short penod to -20° and 
warmed up again to room temperature the pattern was identical to that of 
non-frozen albumin. So we have to conclude that during prolonged storage at 
-20° irreversible denaturation of albumin occurs. 
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Commercial samples of albumin usually contain some bound fatty acids. 

Defatted albumin has properties which deviate from those of the non-defatted 

albumin (Sogami and Foster, 1968; Sogami et al., 1969; see also 1.6) so that 

these acids appear to be necessary for its conformation. It appeared that 

defatted albumin is faster hydrolyzed by pepsin and that after defatting more 

sites are available for the protease as is demonstrated by the large number of 

components in the digest (Fig. 34, C). 

From these experiments we may conclude that small alterations in the 

structure of albumin lead to differences in peptic hydrolysis. Therefore, the 

electrophoretic pattern obtained after peptic digestion appears to be a proper 

indication for structural alterations in albumin. 

As is shown in Fig. 35, aggregates are formed upon heating of a solution 

of albumin above 54° (Harmsen and Braam, 1969; Aoki et al., 1969). These 

Fig.35 Electrophoretic patterns obtained after heating for 60 min of a solution of 
albumin (20/o) in a phosphate buffer (ionic strength 0.1) at pH 7.0 (1 - 5) and 
at pH 6.3 (6 - 8). Electrophoresis was carried out on Polyacrylamide gels at pH 
7.4. In this case the protein was not treated with iodoacetamide. 
1: Non-heated albumin; 2: 54°; 3: 56°; 4: 58°; 5: 60°; 6: 65°; 7: 65°, 
followed by addition of urea to 8 Μ. β: 65°, after which sodium dodecyl 
sulfate was added. 
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aggregates are partly bound by covalent forces but also by weaker bonds. This 
can be demonstrated by addition of SDS or urea, which results in the dissocia
tion of most of the large aggregates into smaller ones and monomers. When 
the SH group is blocked by p-mercuribenzoate or iodoacetamide, no or very 
little covalently bound aggregates are found. The temperature at which the 
aggregation begins is rather sharply defined. Probably a conformational tran
sition occurs before aggregation is possible. It appeared that above 54° irre
versible denaturation occurs, because hydrolysis by pepsin is no longer possi
ble (Fig. 36). 

In accordance with the findings presented and discussed in chapter II, 
hydrolysis of albumin by pepsin is only possible after one or more con
formational transitions which take place below pH 4.5. Because heated albu
min can no longer be hydrolyzed by pepsin at pH 3.7, one or more of these 
transitions must be absent in the heated protein. This may perhaps give some 
information about the transitions which are important for the digestion by 

S
Яри ЕШ ^ ^ ^ ^ І ^ ^Щг ^^^ 

3J щр 

1 2 3 4 5 

Fig.36 Peptic digestion (30 min pH 3.7) of albumin before and after thermal denatur
ation at pH 7.0. Polyacrylamide gel electrophoresis was performed at pH 3.0 in 
6 M urea. The SH group of albumin was blocked with iodoacetamide. 
1 : Albumin; 2: Dito, after incubation; 3: Heated for 60 min at 52°; 4: Dito, 
after incubation; 5: Heated for 60 min at 56°; 6: Dito, after incubation; 7: 
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pepsin. Therefore, we followed these transitions by measuring the optical 
rotation at 313 nm as a function of pH (see also 1.3) for thermal-denatured 
and non-denatured albumin The results are given m Fig. 37. It is clear that 
the decrease in the specific rotation at 313 nm ([ a ]з із) upon lowermg of 

3 0 3 5 ¿0 ¿5 5 0 5 5 pH 

Fig 37 Specific rotation at 313 nm versus pH m 0 1 M KCl of albumin before (o) and 
after (x) heating for 60 mm at 65° (pH 7 0) The SH group of albumin was 
blocked with lodoacetamide Τ = 25 

the pH is much smaller for the heated sample than for the non-heated albu

min. According to Leonard and Foster (1961), this decrease represents more 

than one transition This forms an indication that one of these transitions 

cannot occur in the heated albumin. Two separate transitions are observed 

when [ α Із із 1S measured for albumin as a function of pH m the presence of 
0.02 M КСЮ4 (see Fig. 38), because these two transitions are influenced by 
KCIO4 m a different way (1.3). 
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Fig.38 Specific rotation at 313 ran versus pH in 0.02 M KCIO. of albumin before (o) 
and after (A) heating for 60 min at 58° (pH 7.0). For comparison the curve of 
albumin in 0.1 M KCl is also given (·). The SH group of albumin was blocked 
with iodoacetamide. Τ = 25°. 

It has been reported that the second step (midpoint pH 2.7) is accompa

nied by the unmasking of tyrosine residues (Herskovits and Laskowski, 1962) 

and it has been suggested that this step comprises a large part of the molecule. 

These findings are in agreement with the opening of a crevice or an increase in 

the distance between compact units in the albumin molecule. As is shown in 

Fig. 38, not only a part of the first step but also almost the complete second 

step has disappeared after heating. 

Since in the presence of 0.02 M KCIO4 hydrolysis of the heated albumin 

is already prevented after the first step (midpoint pH 3.7), it is evident that 

one of the transitions making the molecule cleavable by pepsin is represented 

by this first step. 

So as to obtain an idea about the differences in conformation between 

the heated and the non-heated albumin, for both samples the solubility in 3 M 
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KCl as a function of pH (Fig. 39) and the differential hydrogen ion titration 
curves (Fig. 40) were measured. As can be seen, the solubility curves only 
show a small difference and no difference at all is found between the two 
differential titration curves. There are obviously no large differences in the 
size and the shape of the non-denatured and the thermal-denatured albumin, 
while the thermal-denatured form is only restricted in its ability to perform 
some of the conformational transitions, which occur in albumin below pH 
4.5. 

V.3. EXPERIMENTAL PART 

Albumin solutions were prepared as described in Chapter I (1.7.1). The 
sulfhydryl group was blocked with iodoacetamide (1.7.3). 

gram , 
4 T — » i n 3 

1 1 1 1 I I I I 

3.7 3.9 Í..1 4.3 4.5 4.7 4.9 pH 

Fig.39 Solubility versus pH in 3 M KCl of albumin before (·) and after (x) heating for 
60 min at 58° (pH 7.0). The SH group of albumin was blocked with iodoacet
amide. Τ = 25°. 
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Fig.40 Differential hydrogen ion titration curves (left-hand scale) of albumin before 
(x) and after (o) heating for 60 min at 58° (pH 7.0). The broken line re
presents the normal titration curve for both samples (right-hand scale). The SH 
group of albumin was blocked with iodoacetamide. Τ = 25°. 
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Peptic digestion (II.2.1) was carried out at pH 3.7 followed by electrophoresis 
at pH 3.0 and 7.4 (II.2.2). Differential hydrogen ion titration curves were 
measured as described in IV.3.4. Solubility-pH curves in 3 M KCl (1.7.4) and 
the pH dependence of the rotation at 313 ran (1.7.5) were determined as 
described in chapter I. Thermal denaturation was carried out in a thermostat. 
The albumin solutions contained a phosphate buffer (ionic strength 0.1) 
which was removed by dialysis at 5° after denaturation. For alkaline dena
turation the protein solution was brought to pH 12 with NaOH and after
wards neutralized with HCl to pH 6 - 8. For the denaturation experiments 
solutions with an albumin concentration of about 40/o were used. 
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CHAPTER VI 

SHORT HYDROLYSIS OF ALBUMIN BY DIFFERENT 
ENZYMES. A COMPARATIVE STUDY 

VI. 1. INTRODUCTION 

As has already been mentioned in the general introduction, the poly
peptide chain of albumin contains a large number of sites which can in prin
ciple be hydrolyzed by proteolytic enzymes. For example, hydrolysis by a 
specific enzyme like trypsin theoretically can occur at more than 80 sites. 
Most of these sites, however, are protected against proteolytic attack. For 
pepsin, to which generally a low specificity is ascribed, no sites were found to 
be available above pH 4.3 (see II.2). After addition of urea or lowering the 
pH, some sites become exposed probably as a result of partial unfolding of 
the molecule. According to Foster (1960), in the pH range of theNF transi
tion this unfolding is restricted predominantly to three regions in the molec
ule. The other parts of the molecule should be more or less stabilized by the 
tertiary structure. It is assumed (see II.1.1) that hydrolysis by a protease will 
preferentially occur at these unfolded regions. Provided that these regions are 
the same for the NF transition and the neutral transition, nearly identical 
macromolecular fragments may be expected after hydrolysis by different 
proteases. Therefore, we studied the hydrolysis of albumin by subtilisin, 
trypsin and chymotrypsin in the pH region of the neutral transition (1.4) and 
compared the results with the hydrolysis by pepsin in the acid pH region. 

VI.2. RESULTS AND DISCUSSION 

Albumin was hydrolyzed by subtilisin, trypsin and chymotrypsin at pH 
values before, halfway and after the neutral transition (pH 7.2, 8.0 and 8.9, 
respectively). Densitograms made after electrophoresis of these digests are 
shown in Fig. 41. As can be seen, hydrolysis of albumin proceeds by large 
well-defined fragments for each of the enzymes used. Although the relative 
amount of the fragments present in a digest is somewhat dependent on the 
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Fig.41 Effect of pH on the digestion of albumin by subtilisin, trypsin and chymo-
trypsin. The dcnsitograms were made after electrophoresis of the digests on 
Polyacrylamide gels at pH 3.0 in 6 M urea. 



pH, identical bands are found at pH 7.2, 8.0 and 8.9 with respect to their 
position in the gel. Therefore, we may conclude that during the neutral transi
tion the same sites remain accessible to each of these enzymes, which suggests 
that these sites are not involved in the transition. It is to be noted that, as 
distinct from hydrolysis by pepsin, proteolytic attack is also possible before a 
conformational transition has occurred. 

Little resemblance exists between the patterns obtained for the different 
enzymes as regards the number, the relative amount present and the position 
of the fragments in the gel (see Fig. 42). This means that proteolytic attack is 
not restricted to a few regions in albumin which should be the same for each 
of the enzymes used. For comparison, the pattern obtained after peptic diges
tion at pH 3.7 has also been given. 

According to Adkins and Foster (1965), sodium dodecyl sulfate (SDS) 
should reduce the number of sites available for hydrolysis by subtilisin. There
fore, we also incubated albumin by subtilisin and trypsin in the presence of 
100 moles sodium dodecyl sulfate per mole albumin. However, the electro-
phoretic patterns thus obtained were not simpler than those obtained without 
SDS. The separation of the peaks is even much better in the absence of SDS. 
The same results were obtained after digestion for shorter periods (not 
shown). 

Jonas and Weber (1970) concluded that albumin is relative compact at 
the carboxyl end, while the amino terminal region has a more loosely built 
structure. Therefore, this region should easily be hydrolyzed by a protease. 
We found, however, that peptic hydrolysis (at pH 3.7) preferentially occurs in 
the С terminal moiety of albumin which leads to the appearance of large 
intermediates with the same N terminal amino acid as albumin (see IV. 1.6). 

King and Spencer (1970) reported the isolation of a tryptic fragment 
with a molecular weight of about 40,000, which included the С terminal part 
of albumin. The isolation of two fragments (obtained after digestion by sub
tilisin) with molecular weights of 38,000 and 31,000 and consequently the N 
terminal and С terminal end of albumin, respectively, has been reported by 
Pederson and Foster (1969). Peters and Hawn (1967) isolated two small 
fragments containing the N and С terminal end of albumin, respectively, from 
a digest obtained after incubation by pepsin at pH 3.0. 

Summarizing, we may conclude that the different enzymes attack differ
ent regions of the albumin molecule, including both the N terminal and С 
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Fig.42 Digestion of albumin by different enzymes. The densitograms were made after 
electrophoresis of the digests on Polyacrylamide gels at pH 3.0 in 6 M urea. 

terminal moiety of albumin. Consequently, different fragments are obtained. 
A schematic representation of the location of fragments obtained by us and 
other investigators has already been given in Chapter IV (Fig. 24). Cleavage by 
different enzymes remains useful, because the analysis of a number of over
lapping fragments may give additional information which will facilitate un
raveling of the complete molecule. 

The digestion of albumin by pepsin is interesting because the specificity 
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of this enzyme is influenced by the conformation of albumin in the pH range 

of the NF transition. Such a conformational dependence was not found for 

the other enzymes at the neutral transition. 

From the enzymes investigated, chymotrypsin seems to be attractive 

because only a few fragments, rather different in size, were found. 

VI.3. EXPERIMENTAL PART 

Solutions of albumin were prepared as described in chapter I (1.7.1). The 

SH group was blocked with iodoacetamide (1.7.3). Digestion by pepsin at pH 

3.7 was carried out as described in chapter II (Π.3.1). Chymotrypsin (3 χ 

cryst.) and trypsin (2 χ cryst.) were obtained from Serva. Subtilisin (cryst.) 

was obtained from Sigma. The digestion of albumin with these enzymes was 

carried out at three pH values, viz. 7.2, 8.0 and 8.9. 0.5 ml of a solution 

containing 10 mg/ml of one of the proteases were added to 9.5 ml of a 50/o 

albumin solution (protease/albumin about 1/100 w/w). The temperature was 

25° and the pH was kept constant by carefully adding 0.2 N NaOH. For 

incubation in the presence of sodium dodecyl sulfate (SDS), 0.1 ml of the 

subtilisin solution or 0.15 ml of the trypsin solution and 210 mg SDS were 

added to 9.9 ml of a 50/o albumin solution (protease/albumin about 1/500 or 

1/300 w/w respectively and SDS/ albumin 100/1 moles/mole). The hydrolysis 

was stopped by acidifying with HCl. Electrophoresis of the digest was per

formed as described in II.3.2. 
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SUMMARY 

The aim of the investigation described in this thesis was to acquire more 
insight in the structure of the albumin molecule. Concretely little is known 
about this structure, although some interesting suggestions have been made 
such as the "subunit" model of Foster (1960) and the "crevice" model of 
Laskowski (1966). Both models were proposed to account for the behavior of 
albumin at pH values below its isoelectric point (NF transition). In recent 
years increasing interest is observed for the investigation of fragments of 
albumin obtained after chemical or proteolytic cleavage of the molecule. This 
approximation could lead to elucidation of the primary structure and might 
also give more information about its secondary and its tertiary structure. In 
this investigation such fragments were obtained after short hydrolysis of albu
min by pepsin at pH values removed from the optimum. Moreover, a detailed 
study was made of the conformational transitions which occur in albumin 
below and above its isoelectric point (NF and neutral transition, respectively). 

Chapter I comprises a review of the present knowledge of albumin. Own 
measurements have also been included in this chapter. Considerable attention 
is given to the microheterogeneity of albumin, to the NF transition and the 
neutral transition, and to the models which have been proposed for albumin. 
A remarkable difference was observed between both transitions as regards the 
influence of blocking of the sulfhydryl group of albumin. 

Chapter II describes the hydrolysis of albumin by pepsin in the pH range 
of the NF transition. The hydrolysates were studied by means of electro
phoresis on Polyacrylamide gels. A close relationship was found between the 
conformation of albumin and its digestion by pepsin. At pH values just above 
3.6, nine well-defined fragments were found. This number corresponds to a 
model of albumin in which there are only a few, possibly three, sites available 
for cleavage by pepsin. At pH values below 3.6 the more complex electro-
phoretic patterns suggest the existence of more sites, probably as a conse
quence of unfolding of the albumin molecule. 

In chapter III the isolation of fragments is described. For the isolation of 
large amounts of the fragments it was desirable to start with mixtures contain
ing only a few fragments. These could be obtained on the one hand by 
prefractionation of a digest with trichloroacetic acid yielding a mixture of the 
three smallest fragments, and on the other hand by influencing the hydrolysis 
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itself by digestion of albumin in the presence of SCN" or CIO4" ions. Ibis 
resulted in a digest in which the two largest fragments and albumin were 
nearly absent. In this chapter also a system is described enabling automatic 
elution of a column. 

Chapter IV describes the characterization of the isolated fragments and 
their location in the albumin molecule. The investigation comprised molecular 
weight determination, amino acid analysis, N and С terminal amino acid 
determination, copper binding, sulfhydryl group determination, titration ana
lysis and optical rotation. It is concluded that cleavage of albumin by pepsin 
between pH 3.6 and 3.9 preferentially occurs in the С terminal moiety of 
albumin. This leads to the appearance of large fragments with the same N 
terminal end as albumin. Just as albumin, isolated N terminal fragments show
ed a band at 525 nm after binding of a copper (II) ion. For this phenomenon 
the N terminal tripeptide of albumin is responsible. An N terminal fragment 
with a molecular weight of 40,400 showed (at low pH) a change in [ α J^ j-j of 

about the same size as is found for albumin. A somewhat smaller N terminal 

fragment (31,000) showed only a small change in [ а ]з]з· The shift of the 
transitions to higher pH values might suggest a stabilizing effect of the re
moved С terminal chain. 

For a fragment (16,000) which is supposed to include the С terminal end of 
albumin a much lower helical content (380/o) was found than for albumin 
and this decreases further below pH 6. 

Chapter V deals with the hydrolysis of denatured forms of albumin. 
Changes in the structure of albumin result in different patterns so that the 
electrophoretic pattern of the digest can be used to detect structural alter
ations in albumin. Upon heating of a solution of albumin above 54° a dena
tured form arises which cannot be hydrolyzed by pepsin at pH 3.7. This 
denatured form was studied by means of titration analysis, solubility behavior 
and optical rotation measurements. It is concluded that there are no large 
differences in the size and the shape of the unheated and the heated albumin. 
The heat-denatured form is only restricted in its ability to perform some of 
the conformational transitions which occur in albumin below pH 4.5. 

Chapter VI describes the hydrolysis of albumin by subtilisin, trypsin and 
chymotrypsin in the pH range of the neutral transition. For each of these 
enzymes digestion of albumin occurs in large well-defined fragments. It is 
concluded that during the neutral transition the same sites remain accessible 
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for the different proteases. The results indicate that proteolytic cleavage is 
not restricted to a few small regions in albumin but occurs in different parts 
of the molecule. 
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SAMENVATTING 

Het in dit proefschrift beschreven onderzoek had tot doel meer inzicht 
te verwerven in de structuur van het albuminemolecuul. Concreet is hierover 
nog weinig bekend, ofschoon er enkele interressante suggesties zijn gedaan in 
de vorm van het "subeenheid"-model van Foster (1960) en het "holte"-model 
van Laskowski (1966). Beide modellen werden voorgesteld om het gedrag van 
albumine bij pH waarden beneden het isoelectrische punt (NF overgang) te 
verklaren. De laatste jaren is er een toenemende belangstelling waar te nemen 
voor de bestudering van fragmenten welke zijn verkregen na chemische en 
enzymatische spUtsing van het albuminemolecuul. Deze benadering zou kunnen 
leiden tot opheldering van de primaire structuur en kan wellicht informatie 
leveren omtrent de secundaire en tertiaire structuur. Bij dit onderzoek werden 
dergelijke fragmenten verkregen na korte hydrolyse van albumine door pep
sine bij pH waarden die verwijderd liggen van haar optimale pH. Bovendien 
werden de conformatieovergangen welke in albumine plaats vinden beneden 
en boven het isoelectrische punt (respectievelijk de NF- en de neutrale over
gang), nader bestudeerd. 

Hoofdstuk I omvat een overzicht van de huidige kennis van albumine. 
Tevens zijn in dit hoofdstuk eigen metingen verwerkt. Veel aandacht wordt 
geschonken aan de microheterogeniteit van albumine, de NF overgang, de 
neutrale overgang, en aan de modellen die voor albumine zijn voorgesteld. Een 
opmerkelijk verschil tussen beide overgangen werd waargenomen wat betreft 
de invloed van blokkeren van de sulfhydrylgroep van albumine. 

Hoofdstuk II beschrijft de hydrolyse van albumine door pepsine in het 
pH gebied van de NF overgang. De verkregen hydrolysaten werden bestudeerd 
door middel van Polyacrylamide gel electrophorese. Er werd een nauwe relatie 
gevonden tussen de conformatie van albumine en de afbraak ervan door pep
sine. Bij pH waarden even boven 3.6 werden negen goed gedefinieerde frag
menten gevonden. Dit aantal stemt overeen met een albuminemodel waarin 
slechts enkele, mogelijk drie plaatsen beschikbaar zijn voor splitsing door 
pepsine. Bij pH waarden beneden 3.6 wordt door de meer complexe electro-
phoresepatronen de aanwezigheid van meer plaatsen gesuggereerd, waarschijn
lijk als gevolg van ontvouwing van het albuminemolecuul. 

In hoofdstuk III wordt de isolatie van fragmenten beschreven. Om grote 
hoeveelheden fragmenten te isoleren bleek het gewenst te zijn uit te gaan van 
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mengsels welke slechts enkele fragmenten bevatten. Enerzijds konden deze 
verkregen worden door voorfractionering van een digest met trichloor azijn
zuur, hetgeen een mengsel van de drie kleinste fragmenten opleverde, ander
zijds door beïnvloeding van de hydrolyse zelf door albumine te hydrolyseren 
in aanwezigheid van SCN" of CIO4" ionen. Dit laatste resulteerde in een digest 
waarin de twee grootste fragmenten, alsmede albumine, nagenoeg ontbraken. 
In dit hoofdstuk wordt tevens een systeem beschreven dat werd ontwikkeld 
om een kolom automatisch met verschillende vloeistoffen te elueren. 

Hoofdstuk IV beschrijft de karakterisering van de geïsoleerde frag
menten en de ligging ervan in het albuminemolecuul. Het onderzoek omvatte 
molecuulgewichtsbepaling, aminozuur-analyse, N en С terminale aminozuur
bepaling, koperbinding, sulfhydrylgroepbepaling, titratie-analyse en optische-
rotatiemetingen. Geconcludeerd wordt dat tussen pH 3.6 en 3.9 splitsing van 
albumine door pepsine bij voorkeur plaats vindt in de С terminale helft van 
albumine. Dit leidt tot het ontstaan van grote N terminale fragmenten. Even
als bij albumine was er een band waarneembaar bij 525 nm na binding van een 
koper (II) ion. Voor dit verschijnsel is het N terminale tripeptide van albu
mine verantwoordelijk. Een N terminaal fragment met een molecuulgewicht 
van 40,400 bleek bij lage pH waarden een verandering in Ι α ]з із te vertonen 
van nagenoeg dezelfde grootte als voor albumine wordt gevonden. Een wat 
kleiner N terminaal fragment (31,000) vertoonde slechts een kleine verande
ring in [ a J-, j ^ . De verschuiving van deze overgangen naar hogere pH waarden 
zou een stabiliserende werking van de verwijderde С terminale keten kunnen 
suggereren. Voor een fragment (16,000) dat verondersteld wordt het С termi
nale eind van albumine te bevatten werd een lager helixgehalte (380/o) gevon
den dan voor albumine en dit nam verder af beneden pH 6. 

Hoofdstuk V handelt over de hydrolyse van gedenatureerde vormen van 
albumine. Veranderingen in de conformatie van albumine resulteren in ver
schillende patronen zodat het electrophoresepatroon van een digest gebruikt 
kan worden om structuurveranderingen in albumine op te sporen. Na verwar
men van een albumine-oplossing boven 54° ontstaat een gedenatureerde vorm 
die bij pH 3.7 niet meer splitsbaar is door pepsine. Deze gedenatureerde vorm 
werd bestudeerd door middel van titratie-analyse, oplosbaarheidsgedrag en 
optische-rotatie metingen. Geconcludeerd wordt dat het verwarmde en het 
niet verwarmde albumine niet veel verschillen in vorm en afmetingen. Het 
verwarmde albumine is slechts beperkt in zijn mogelijkheden om de confor-
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matie-overgangen te ondergaan welke beneden pH 4.5 in albumine plaats
vinden. 

Hoofdstuk VI beschrijft de hydrolyse van albumine door subtilisine, 
trypsine en chymotrypsine in het pH gebied van de neutrale overgang. Voor 
ieder van deze enzymen vond afbraak van albumine plaats via grote goed-ge
definieerde fragmenten. Er wordt geconcludeerd dat tijdens de neutrale over
gang dezelfde plaatsen voor de verschillende proteases toegankelijk blijven. De 
resultaten duiden erop dat proteolytische splitsing van albumine zich niet 
beperkt tot enkele kleine gebieden maar plaats vindt in verschillende delen 
van het molecuul. 
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S T E L L I N G E N 

I 

Bij het bepalen van molecuulgewichten via evenwichtscentrifugering verdient, 
ook bij het gebruik van de absorptie-optiek, het meten van concentratiever
schillen de voorkeur boven het gebruik van absolute concentraties. 

II 

De waarden die Tyuma et al. vinden voor de intrinsieke associatiekonstanten 
van hemoglobine met zuurstof in aan- en afwezigheid van 2,3- difosfoglyce-
raat suggereren een ander mechanisme voor het uitstoten van 23- difosfogly-
ceraat bij oxygenatie van deoxyhemoglobine dan voorgesteld door Perutz. 

I. Tyuma, K. Shimizu and K. Imai, 
Biochem. Biophys. Res. Commun., 43 (1971) 423. 

M.F. Perutz, 
Nature, 228 (1970) 726. 

III 

Het bestaan van een dynamisch evenwicht tussen het SOS - 30S complex en 
SOS en 30S subeenheden is door Spirin niet bewezen. 

A.S. Spirin 
Febs Letters, 14(1971)349. 

IV 

De vergelijking welke Tanford geeft voor het bepalen van de proton-disso-
ciatiewarmte van verschillende klassen van dissocieerbare groepen is niet gel
dig wanneer twee of meer van zulke klassen gelijktijdig worden getriteerd. 

С Tanford, 
Physical chemistry of Macromolecules, 

J. WUey and Sons, Inc., Ed., New York, Chapter 8,29-35. 



ν 

Voor de reacties van CCI4 met reactiemengsels van КОН en alcoholen, ke-
tonen of sulfonen, is het ionogeen mechanisme zoals voorgesteld door Meyers 
en medewerkers niet in alle gevallen zinvol. 

C.Y. Meyers, A.M. Malte and W.S. Matthews, 
J. Am. Chem. Soc, 91 (1969) 7510. 

VI 

De methode welke Saloman en Williamson gebruiken om in albumine micro-
heterogeniteit aan te tonen, gebaseerd op verschillen in de primaire structuur, 
is aan bedenkingen onderhevig. 

M.R. Salaman and A.R. Williamson 
Biochem.J., 122(1971)93. 

VII 

De wijze waarop door Breslow en Gurd het verschil wordt verklaard tussen de 
resultaten van de spectrofotometrische en de pH-staat-methode voor het be
palen van de katalytische activiteit van myoglobine op de hydrolyse van para-
nitrophenylacetaat is onjuist. Bovendien wordt door hen ten onrechte de 
voorkeur gegeven aan de laatste methode. 

E. Breslow and F.R.N. Gurd, 
J.Biol. Chem. 237(1962)371. 

Malden, 4 februari 1972 W.G.M. Braam 






