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ABSTRACT

The dissociation of two heme proteins, chick hemoglobin and bovine
liver catalase has been studied in presence of ionic (LiCl, NaCl, KC1 and
CaCl,) and non-ionic solutes (formamide, urea, gunidino-bgdmchior!do and
2-chloroethanol), and in the alksline pH range of pH 8.0 - pH 11:6. The
extent of dissociation depends on the nature of the solvent media. At a
low protein ooncentration bovine liver catslase dissoclates. The gross
conformation of chick hemoglobin in the ionic and non-lonic solutes is not
affected as indicated by the viscosity measurements. The oonformation of
bovine liver catalase, however, appears to be affected. The Soret band
intensity of both the proteins remains unaffected in presence of ionic
solutes except CaCl,. Non-lonic solutes decrease the Soret band intensity.
Both types of solutes affect the enzymatic activity of catalase.

The alkaline dissociation of chick hemoglobin appears to begin
at pH 10.3, and that of bovine liver catalase at pH 9.3.

A comparison of the dissociation of cl;ick hexoglobin and bovine
liver catalase points out that the over-all forces holding the subunits
of chick hemoglobin in the polymeric form are greater than those in bovine
liver catalase. FPreliminary studies on avian (duok and chick) hemoglobins
indicate that the avian hemoglobins are more resistant to dissociation than
the mammalian hemoglobins (human adult, human fetal, equine and bovine).
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ABSTRACT

The dissociation of two heme proteins, chick hemoglobin and bovine
liver catalase has been studied in presence of ionic (LiCl, NaCl, KC1l and
CaCl,) and non-ionic solutes (formamide, urea, guanidine-hydrochloride and
2-chloroethanol), and in the alkaline pH range of pH 8.0 - pH 11.6. The
axtent of dissoolation depends on the nature of the solvent media. At a
low protein concentration bovine liver catalase dissociatez. The gross
conformation of chick hemoglobin in the lonic and non-ionic solutes is not
affpotd as indicated by the viscosity messurements. The confomation of
bovine liver catalase, however, appears to be affected. The Soret band
intensity of both the proteins remains unaffected in presence of ionic
solutes except CaCly. Nen-ionic solutes decrease the Soret band intensity.
Both types of solutes affect the enzymatic activity of catalase.

The alkaline dissociation of chick hemoglobin appim to begin
at pH 10.3, and that of bovine liver catilase at pH 9.3.

A oomparison of the dissoclation of chick hemoglobin and bovine
liver catalase points out that the over-all forces holding the subunits
of chick hemoglobin in the polymeric form are greater than those in bovine
liver catalase. Preliminary studies on avian (duck and chick) hemoglobins
indicate that the avian hesoglobins are more resistant to dissociation than
the msmualian hemoglobins (human adult, human fetal, equine and bovinme).
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10
CHAPTER I

ZHTRODUCTION

The physicochemical studies on protein structure have provided a
better ﬁnderatanding of the relationship between their macromoleculsr
- structure and their biological funoction. Each protein reflects a unique
sequential arrangement of amino acids folded into a compact shape. Studies
of various kinds show that proteins may be comprised of a single polypeptide
chain, or multi-chains. The multi-chains reflect an association of single
polypeptide chains, like or unlike, idth or without covalent linkages be-
tween the constituting chains. In some cases proteins, like encymes, need
prosthetic groups to perform their specific blological function. Heme-
proteins are inwlved in various blological mnoﬁonq. 6.gs myoglcbins and
hemoglobins (1, 2) act as oxygen carriers, cytochrome-c (3) functions as a
reversible electronic oxidation-reduction carrier, catalase and peroxidase
(4) as oxido-reductases. _ A

The molecular weicht of hemoglobin is approximately integral multi-
ples of the minimum molecular weight obtained from chemical anslysis of the
heme. The iron content in yemoglobin, first accurately reported by Engelhart
(5)s was 0.35%. Based on this value the minimum molecular weight per heme
was calculated as 16,700. However, Adair (6) reported an spproximate mol-
ecular weight of hemoglobin as 60,000 - 68,000, employing csmotlc pressure
measurements, In 1926 a similar value was obtained by Svedberg and Fahraeus
(7) during the first ultracentrifugal analysis of proteins. Later on in
1934, Svedberg and Hedenius (8) reported the molecular weight of vertevrate
hemoglobin to be of the order of 64,000 -~ 68,000; the only exception being
timt of the cyclostomes which was 17,000, In 1933, Pedersen (9) observed
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the dependence of the molecular weight of horse hemoglobin on the protein
concentration. The *S*' value of horse hemoglobin showed the maximm value
only within a definite concentration range. Tiselius and Gross (10) re-
ported that the value of the diffusion constant (Dyg,y) incressed markedly
with increasing dilution implying thereby that the hemoglobin molecule dis-
soclated at a low protein concentration. That the osmotic pressure '1ncreu-
ed with the decrease in the concentration of fetal sheep hemoglobin, as
observed by MoCarthy and Popjak (11) could be explained by the fact that
the hemoglobin dissociates on dilution. Based on the experimental results
revealing the depohdence of S values on concentration of horse and sheep
hemoglobins, Gutfreund (12, 13) concluded that at a very low protein ocon-
centration the hemoglobin molecule first dissociates into halves and further
on to quarters. Recently this observation has been confimed by Schachman
and Bdelstein (14) for tman oxyhemoglobin. The stability of hemoglobin
under varying pH conditions was studied by several authors. Acoording to
Gralen (15) horse HbCO did not dissociate within the range of pH 6.0 - pH
9¢5. However, Field and O'Erien (16) demonstrated that human hemoglobin
dissociated into dimers in the acidic pH's, pH 6.0 - pH 3.5, exhibiting a
single Schlieren peak with a broadening of the sedimentation boundary. The
broad peak was attributed to a rapid assoclation-dissociation equilibrium,
Using light=scattering and osmotic pressure measurements Reichmen and Colvin
(17) reported a mean molecular weight of 20,000 for horse hemoglobin in the
pH range of pH 1.8 = pH 2,0. Data in the early literature indicate that
the hemoglobin molecule dissociates at an alkaline pH as well as at an acid
pH condition (18). In 1959, Hasserodt and Vinograd (19) observed a
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reversible and symmetric dissoclation of human carbommonoxyhemoglobin to
half molecules between pH 10.0 = pH 11.0. Results reported by Kurihara

and Shibata (20) were not in total egreement as they showed a decrease in

S value which was not acoompanied by a deorease in molecular weight. The
dissociation of bovine, human and fetal carbommonoxyhemoglobins to dimers
at alkalino' pE (the range s‘udied pE 5.7 = pH 11.0) was observed by Gottlied
et:alc(A).

Concentrated salt solutions were also able to dissoclate hemo-
globins, although the hemoglobins of different animal species differ con-
siderably in their behavior., Burk and Greemberg (22) obtained a molecular
weight of 34,000 for horse hemoglobin in £.66 M urea. The effect of urea
and other amide derivatives on the sedimentation and diffusion oconstants
as well as other pljoportios of horse oarbombuo:whuoglobd.n was studied by
Steinhardt (23). The S value decreased from 45 S in water t0 3.2 S in 4 X
urea, and the Dy o, value increased from 6¢9 to 7.8 x 10~7 em?® seo-l, The
value of 'S! wvas independent of the time of exposure to urea, and of urea
concentration between 4 M and 8 M urea (23). Fommmide and acetamide produe-
ed an effect similar to that of urea (23). In contrast Gutter et al (24)
obtained only a slight decrease in molecular size of horse hemoglobin in 4 M
urea and no decrease for Inman hemoglobin although the decrease in the S
value was nearly the same., Kurihara and Shibata (20) showed that the dis-
soclation of horse hemoglobin began at 1.5 M urea and was complete at 8 M
urea, in vhich the molecules exist as dimers. Unlike Steinhardt (23),
these authors observed a further decrease in the S values in solutions con-
taining 4 M urea or above, On the other hand, in 2.5 M guanidine hydro-
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chloride hemoglobin dissociated to dimers and with an increase in solute
concentration, monomers were produced, the dissociation being complete st
6 M guanidine hydrochloride. In 1965 Kawahara et al (25) studied the dis-
soclation of human carbormonoxyhemoglobin in presence of urea, guanidine
hydrochloride, several organic solutes and CaCl, by evaluating the weight-
average sedimentation velocity coefficient as a function of reagent concen-
tration. These investigators demonstrated that in the pﬁamco of the afore-
mentioned reagents dissoclation proceeded to dimers without any apprecisble
conformational change of the subunits. Guenidine hydrochloride at high
concentration dissociated hemoglobin to monomers with complete unfolding of
the polypeptide chains and the release of the heme group from the protein
molety.

The disruptive effect of concentrated NaCl solution on human and
horse hemoglobin has long been known. The earlier ultracentrifugal analysis
by Anderson (26) and the osmotic pressure measurements by Gutfreund (13)
indicated a decrease in molecular weight of hemoglobin in NaCl solutions at
a concentration above 0.5 M. That the S value of human oxyhemoglobin de-
creased from 4.4 S to about 3,6 S in 1 M NaCl and to 3.3 S in 2 M NaCl was
reported by Rossi-Fanelli et al (27), Cecil and Snow (28), Grossman and
Tanford (29), Benesch and Benesch (30), and Benesch et al (31). These inves-
tigators also noted the dissociation of hemoglobin in concentrated KCl sol-
ution. In 1964 Kirshner and Tanford (32) stated that the observed decrease
in the S values in salt solutions reflected the dissoclation of hemoglobins
into dimers, the solutes used in their studies being NaCl, CaCl,, MgCl, and
ammonium sulfate..

The molecular weight of bovine globin and horse globin was estimated
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to be 37,000 and 29,000 respectively employing osmotic pressure measurements
(33). These data were substantiated by the ultracentrifugal anslysis of
Gralén (15). Smith and his collaborators (34) demonstrated two chemically
distinct components each of molecular weight 16,000, The molecular weight
of adult and fetal human globins evaluated in a salt-free medium by Rossi-
Fanelli et al (35, 36) was 18,000 and 41,000 to 42,000 at a moderate ionic
strengthe These authors were of the opinion that native globin near the
iso-ionic point displays a reversible association-dissociation phenomenon
in which are molecular species, monomers (a=- and B-), dimers (a8) and tet-
ramers (aB) 2 participate. At an acidic pH, dissociation reaches a maximum
and two electrophoretic components (molecular weight 18,000) appear (17).
These experimental results suggested that in certain conditions of pH the
hemoglobin molecule may undergo a reversible dissociation producing dimers
and monomers. The hydrodynamic studies on hemoglobin indicated that in
solution the molecules are symmetrical and spherical in shape. The friction=-
al ratio was evaluated as l.l.to 1.3 (2, 18), the divergence from 1.0 being
attributed to hydration of the protein molecules

Studies of viscosity increment (37), dielectric dispersion (38),
and low angle x-ray scattering of hemoglobin (39) are in good agreement with
the size and shape as revealed by x~-ray crystallographic analysis. Studies
on the atomic model of hemoglobins showed that the hemoglobin molecule is
spheroidal with dimensions, 64 x 55 x 50 £ (40, 41) and with four interlock-
ing electron-dense strands, two of one type (« chains) and two of another
(B chains), arranged in a pseudo-tetrahedral array to form two subunits each
consisting of two non-identical a and B units. Geometrically, the a-chain
is quite similar to the B=chain (42). The four heme groups are located at
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the surface of the molecule in four widely separated pockets embedded in
the polypeptide chains. The iron atoms 1le at the corners of an irregular
tetrehedron. The distance between these prosthetic groups is far too great
to permit any direct interaction between them (43). The surface area of
the aechains exactly fit those of the B-chain, and since the a-chain is
inverted over the B-chain, there is a large area of contact between them.
Van der Waals interactions between a multitude of side chains as well as sev-
eral hydrogen bonds possibly ocontribute to the structural compleméentirity
which exists between a and 8 chains. Recent studies by Perutz and his colle
aborators based on 2.8 £ resolution (44) revealed that a8, contact is more
extensive and made up thirty-four residues while that of c}"a?_ is nineteen
residnes. No contacts between like chains were visible, however this does
not preclude the existence of salt linkages involving a~-amino and carboxyl
terminal residues. The possible polar links are few. There is a large
central cavity, represented by two boxes 20 x 8-10 x 25 i through the core
of the molecule (44). Nearly all the polar side chains are in contact with
water or in the internal cavity, while the non-polar residues lie in the
interior of the individual subunits or in superficial crevices to minimige
contact with water or else at point of contacts betwean the unlike subunits.
This characteristic symmetrical organization of the four subunits is essen-
tially identical with hemoglobins with molecular weight near 64,000, The
general construction of the native tetrameric hemoglobin molecule in aqueous
envirorment appears to be such as to lead to the least free energy and the
greatest possible entropy of the protein (45).

Although the hemoglobins of memmals and other vertebrate species
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show great unifomity in sige and shape, the tendency towards depolymerig-
ation varied widely from one animal specles to the other, even among the
same specieg. For example, human fetal heuogloh_in is resistant to alkaline
denaturation while humsn adult hemoglobin is alkali-lsbile (46). The vari-
sbility in alkali-resistance characteristics of avian hemoglobins has been
reported by Saha and his collaborators (47, 48) An avian hemoglobin of
maximun alkali resistance, chick hemoglobin, was chosen for the present
study. Physiological envirommental oonditions of chick hemoglobin differ
from those of mammalian hemoglobins in aleetrblyte oconcentration, body temp-
erature and rate of cireulation, The presence of multiple hemoglobins in
avian species has been reported by Sahs and his oo-\lorkera (9~51)e The
situation is different in some other an:hu.ls, o.g. huoglob:lns of sheep
(52), deer (52) and goat (53), where the occurrence of different (two or
more) types seems to be controlled by allelomorphic genes. Normal human
hemoglobin is made up of one major component, Hb A, and minor components.
Mutants of human hemoglobin A (54) are most mmerous and widely studied.

o~ and B-chain substitutions may ocour with one amino asid or two amino
aolds (55, 56).

The *3' value of the major component of chick hemoglobin was found
to be 4,2 S (18) in agreement with values reported for other vertebrate hemo-
globins. The intrinsic viscosity of chick hemoglobin was found to be 3.5 =
3+6 ce/gm (57) which is essentlally identical to that reported for carbone
monoxyhemoglobin 4 by Kawahara st al (25). |

The chick hemoglobins differ from mammalian hemoglobins (human and
horse) in amino acid oomposition., The 612-', 812-, azz, and 822 chains of
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Hb 1 and Hb 2 contain 311, 310, 300 and 286 amino acid residues (58),_
adult human and horse hemoglobins contain 282 (59, 60) and 292 (61) residues
only in the o= and B-chains. The nmber of hydrophobic residues is greater
in chick hemoglobin than that in the mammalian hemoglobins. Table I pre-
sents a comparative mino gcid.mpqsi?ion of chiek, duck, horse and hwman
henoglobins. ! T . S | :

L Another hano protein, bovlne 1ivor cataluo, has been sdopted as
a model during tho pmmt invostigntion. : 'L‘no catalues ‘ave respiratory
g mzynes (nzozzazoz omidotrednotuos nc 1.11.1.6) :lnvolvod in the bielogical
A oxidatd.on: 23202 -9- 2320 + 02. catnluo activiw is. preseut in nearly all

L animl colls and orga.nsx tho liver, eryﬂmocytes, and lddney are rich sources.

.b The ‘burnovor rate for catd.ase ia vory h:lgh, tor emtnlline catalases the

i oatulatic activity (Kat.f.) ragnes mn 3o,ooo to. 6o.ooo doponding on the

. aouree of the emymo (h) ‘me mzynie proporties of cataluos isolated from
numy aourees has beon eu:tensively a‘budicd (62-65), nt rohtivoly 1little

| mromat:lon on the structnro of the prote:ln noioty ia kuoun.

I 1933 Stern (66) dotemined the moloonhr welght of purified
catalase, 1sohted fron horso, pig and oow livm, horse kidney and cow
erythrocytes as 68,900 and sta‘bed that the catalue molecule had a dimension
similer to that of hanoglohin. _Storn and Wyckoff (64) obtained 11 S for
equine 1liver catalase and 'sugguua the molecular weight to lie between
250,000 and 300,00.0. A molecular weight of 225,000 was reported by Agner
(65) for his preparation of equine liver catalase. Agner observed that the
catalase solution was not homogeneous, since a component (3.2 S) made up 15
to 20% of the preparation. In 1938 Sumner and Gralén (62) obtained 11.3 S
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for thelr preparation of crystalline bovine liver catalase, and calculated
the molecular weight to be 248,000 using k.1 as the diffusion coefficient.
In 1940 these authors reported a v@lﬁo of the difﬁs;!bm: coefficient for
both equine and bovine liver catalase to be approﬂnatoly 4.5. This gives
a noleenlar welght value of 225,000, According to Deutsch (67) equine
orythmoyto cn.talase has showed 11.8 S at a protein concentration of 1.0%,
the diffusion oonstant hel = B2 x 1077 (Fick unit) and the caloulated
molecular might to be 250,000. 'l'hus :lt appears that the molecular weight
of oitalues is botwom 225,000 to 250,000 (&)

Catalase pouossos a prosthetio hene group linked to a proteln
noiety. It 13 a typical globulnr protoin, compact and sparingly solvated
(62, 63) Tho latter eonc].usion was reached by Malmon (68) from ‘I:he studies
on the radius of gyration which is 9.8 l meuured for bovine liver catalase,
and by Shirakam. rrom the '.i.ntr:lnsic viscosity value of 3.9 cc/g of a fairly
sctive sample (69)., The intrinsic viscosity of .039 dl/gm at 4° reported by
Samejima and Yang (70) also implies a compact molecule. They stated that
the axial ratio of the molecule was approximately 5.0 assuming an ellipsoid,
the major axis or length being 240 A.

Tanford and Iovrien (71) suggested that crystalline bovine liver
catalase has a sedimentation coefficient value of 11.6 S. The lyophilized
catalase powder in solution produced three components, 1l.3, 7.6 and 4.15 S
vhich corresponded to the whole, half and quarter molecules respectively.

In contrast, Samejima and Shibata (72) reported the presence of subunits
one-sixth the whole molecule in urea and formemide solutions. Schroeder
ot al (73) reported from their studies of the partial amino acid sequences
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that bovine liver catalase is composed of identical subunits, and Samejima
and Yang (79) were also of the ssme opinion. Schroeder et al detected 460
residues per subunit which would account for about 85§ of the total residues
if four subunits are present, or 65% if only three subunits are present.
The mumber of acetyl groups per molecule of 250,000 averaged 5.3 If the
number of subunits were considered as four, an unequal distribution of
acetyl groups is implied. Based on the findings of electron microscopy
studies, Valentine (75) suggested in 1964 the presence of six similar sub-
units, four of which are identical, whereas longley (76) inferred the pre-
sence of four subunits. From electron microscopy studies, Sund et al (77)
indicated that the catalase molecule consisted of four subunits of equal
size.

Reports in the earllier lliterature indicate the dlssociation of
catalase both in acidio and alkaline solutions. Sumner and Gralen (62) obs-
erved at pH 9.9 , 1.25 S -and 4.5 S oomponents, and at an acidie pH (pH 2.8),
1.6 S component. Since a single symmetrical peak of 4.6 S or lower was obt-
ained with acid- or alkali~denatured catalase, Tanford and Lovrien (71)
suggested that a complete dissocliation to quarter molecules was achieved.

On the alkaline side a progressive decrease in S value with increasing pH

is observed which they suggested was due to possivle unfolding of the mol-
ecule. In 1963 Samejima and Yang (70) observed the decrease in S value of
catalase from 11.4 S to 4.5 S upon acid denaturation. As the acid-denatured
protein showed a molecular weight of 120,000, Samejima and Yang concluded
that the native catalase molecule is cleaved into two physically indisting-
ulshable subunits. Recently, Samejima et al (74) reported that bovine liver



ca‘-l'.alaso dissociated into 4 indistinguishable subunits at pH 12,0 and
molecular weight of 60,000, accompanied by conformational changes of the
monomeric unit,

A ocomplicated picture ewolved from the studies on the dissociation
of bovine liver catalase in presence of non-lonic solutes. In formamide
(0 - 14 M) and urea (0 - 9 M) Samejima and Shibata (72) observed the pres-
ence of three components = 3.0 S, 6.0 S and 2.1 S, which they attributed to
subunits of 1/3- and 2/3- and 1/6- size of the native molecule. In 3 M
formamide the presence of 3.0 S component was detected and its propertion
increased with increasing formamide concentration. At 8 M formamide the
6.0 S component first appesred and the concentration of 3 S component de-
creased., Above 10 M formamide, the 2,1 S oouq:oﬁent appeared. These
investigators concluded that dissociation of catalase occurred in three
stages: first to the subunit of size 1/3- whole molecule; secondly re-
combined to a size representing 2/3- whole molecule, and thirdly dissocis-
ted to the subunit of 1/6- whole molecule. :In ures solutions the 3 S come
ponent appeared in the range 3 - 5 M, together with the 11 S component.
Above 6 M urea only thae 6 S component was observed. For urea, the dissoce
iation occurred in two stages; first to the 1/3- molecule and then to the
2/3- molecule. (72),

Although the catalases were isolated from many sources relatively
1ittle information on the primary structure of the protein moiety is avail-
able. In 1947 Bonnichsen (78) reported some of the amino acids present in
equine liver catalase. Later Schruchel (79) reported the amino acid ocomp-
osition of bovine liver catalase. In 1962 Schroeder et al (80) published
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the amino acid composition of two mammalian (equine and bovine) liver
catalases. An evaluation vo:t the percentage difference in the number of
residues and in the ratio of one amino scid to another suggest a diff-
erence in lysine, arginine, histidine, aspartic acid, glutamic acid, valine
and phenylalanine content. They also observed a difference in the chromae
tographic behavior of the bov.t:io and equine liver catalases on DEAE cellu~
lose, While equine liver catalase emerged from the colunn with 0.1 M tris-
HC1 buffer, pH 7.5 0.2 M concentration of btuffer was required for bovine
liver catalase. This implies a difference in the surface charge character-
istics of these two liver catalases.

Immunochemical and chemical investigation undertaken by Saha et
al (81) on the liver and erythrocyte catalases isolated from various msmmal-
ian species (horse, cow, rabbit and man) revealed the similarities and dis-
similarities of the species-specific engymes., Since the antigenic detemin-
ant sites reflect the amino acid sequence of the particular segment of the
polypeptide chain, the immunochemical cross-reaction implies a strong
similarity in the antigenic sites of these catalases. (Tsble II).

The eonformation of macromolecules composed of varying proportions
of helical and non-helical segments, are determined mainly by the intra-
molecular forces (82) even though polymer-solvent interactions may affect
the @Momaﬁon to various degrees. Analyses of protein conformation by
x=ray diffraction studies in recent years has provided us with somewhat
clearer understanding of the relationship that exists between the structure
and function of the protein molecules. According to current erystallo-
graphic studles of proteins like chymotrypsin, ribonmuclease, carboxypeptid-
ase A, carbonic anhydrase, c&'tochme—C, lysozyme, myoglobin, and hemoglobin
(83, 84), the protein molecule is compact with a well defined interior and
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Amino Acid Composition of Liver and Erythrocyte Catalases*

e BLC BEC-1
1ys 116 126 120
His 89 70 7%
Arg 130 121 126
Asp 294 266 284
o 96 107 106
Ser- 97 104 95
Glu 197 213 23
Pro 166 167 . 168
Gly 155 154 W2
Ala 154 157 154
Cys/2 - - 12
Val 15 156 147
Mot n b4 us
Ilen 4 85 89
Len 154 162 152
r 86 80 78
Fhe 132 120 132
cy::;;c 16 26 25
Tryp 22 24 25

* Anil Saha, unpublished observation.
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exterior the intérior distinctly non-polar, the exterior polar in char-
scter, The cooperative interaction between the solvent enviroment and
the protein molocules is of vital importance. | A subtle change in the sole
vent enviroment (aqueous medium) does not necessarily change the gross
conformation of the protein n;)locnle.

Iiquid water, a dipolar molecule, exists as an association of
more than one molecule (85-89) which stems from the Zormation of hydrogen
bonds between adjacent water molecules. At any instant, water molecules
may be tetrabonded (icelike), tribonded, dibonded, momobonded end non-
hydrogen bonded (free water), the mole fraction of each species being a
function of temperature (88). The formation of hydrogen bonds reduces the
freedom of molecular motions and results in a more ordered structure. When
an electrolyte is added to water, it produced dissoclation, the degree of
dissoclation being dependent on the concentration and the nature of the
electrolyte., Since simple ions have dimensions and charges comparable to
those of the water molecule, they can be expected to change the charge
separation of the water molecule thereby affecting the water structure.
Thus the net effect of the loniec solute is to promote increasing disorder,
in spite of the fact that the water molecules orient themselves around the
ion. On the other hand, the addition of non-ionic sblutos to water results
in an increasing order of water molecules around the non-polar solute re-
sulting in an increasing degree of hydrogen bonding (85)e Concentrated
solutions containing both ionic and non-ionic solutes have been observed
to affect the polymeric status (90). The hydrodynamic properties of the
protein molecule in a solvent offers an understanding of any change in size



and shape that may occur when a protein is subjected to the influence of
structure-disruptive ions (91, 92).

The monomer association and polymer dissociation in the case of
proteins have been extensively studied employling sedimentation veloclty
and equilibrium snalyses. The rate of sedimentation (S value) of a pro-
tein molecule in a solvent envirorment is a function of its size and shape.
A reduction in *S' value implies a dimunition in size and/or a change in
the shape (91). The sedimontation-volocity\;nethod requires a detsmination
of the diffusion coefficient for caleunlation of the molecular weight. The
sedimentation equilibrium method provides rather a direct approach to the
evaluation of molecular weight. In previous years, despite the long dur-
ation required to attain an equilibrium state which extended over a few days,
the sedimentation equilibrium experiments were undertaken (93-95) and the
results provided the convinecing evidence that the phenomenon of association-
dissoclation occurred in proteins., The operational difficulties aicountered
with the sedimentation equilibrium runs made the sedimentation veloclity
method an acceptable and popular technique for the study of the assocliation-
dissocliation phenomena. A break-through was provided by the approach to
equilibrimm method as suggested by Archibald (96) and a recent adaptation by
Yphantis (97) for the attaimment of equilibrium state within a relatively
short period. At this end, equilibrium snalysis has greatly been facilitated
by the outstanding contribution of Schachman and his collaborators (98-109)
in the commercial availability of the automatic photoelectric scanner (101).

The electronic absorption spectra of the chromophoric groups
reflect the measure of the interaction with the solvent and slso the level
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of the excited state (102). The solvent perturbation technique of diff-
erence spectroscopy as developed by Laskowski (103) and Herskovitz and
their collsborators (104-106) has provided valuable information in regard
to the availability of the chromophoric groups, tyrosimeand/or tryptophan,
in globular proteins. The method can also be applied for the study of
localized conformational changes in proteins with a prosthetic group. The
proteins studied in this investigation as models contain the prosthetic
group, hems (protoporphyrin IX) (107) and showed an sbsorption maxtmm at
415 mp with native hemoglobins and at 407 mp with native catalase. A
change in the gbsorption maxima in the heme region (Soret band intensity)
thus reflects the localized interaction between the heme groups, creviced in
the polypeptide chain, and the particular solvent enviromment., Differential
absorption spectra of tyrosine appears around 295 mp and the relative in-
tensity inoreases with the increase in alkalinity of the media. Spectro-
photometric studies on the tyrosine ionization with or without the help of
denaturants provide valuable information in regard to the degree of availe
ability of all the tyrosine residues present (108-111). Similarly the
accessibllity to tryptophan by solvent molecules can be studied by the
solvent perturbation difference spectroscopy (106). Studles on the fluores-
cence emission speotra of tryptophan provide a relatively direct approach

to evaluate its availability (112-114). A shift in the fluorescence emission
spectra either to higher waielengths (free tryptophan) or lower wavelengths
(more buried tryptophan) or changes in the quantum yield thus provide us a
measure of localized conformational change with respect to the solvent
envirorment of tryptophan residues.
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CEAPTER IT
MATERIALS AND METHODS
Section 1

A. tion of Hemoglobin

Brythrocytes were collected in heparinigzed isotonic sdﬁno at 3
by cutting the jugular vein of the adult chicks (49, 115). Avian erythro-
oytes were washed by suspending four times to ten times thelr volume of lso-
tonic saline at 3° and spinning down each time in a refrigerated centrifuge
at 600 x g for 15 min., The buffy coat was removed during the washing pro-
cedure by miction. Packed cell volume was determined by centrifuging the
erythrocytes at 1000 x g for 15 min. The packed avian erythrocytes were
then lysed with an equal volume of cold distilled water and O.4 volume of
toluene and kept overnight at 3°. The suspension was centrifuged at 10,000
x g for 15 min. at 3°, clear hemoglobin solution was withdrawn with a syringe
and oczatrifuged again at 10,000 x g for 15 min, The hamoglobin solutions
were stored in small vials at -20° and thawed prior to their use. The hemo-
globin solutions were diluted with the appropriate buffers to a solution of:
desired protein concentration. Under nomal oconditions of experimentation
the hemoglobin solutions were used only for two to three weeks when stored
at cold room temperature.

Ion-exchange chromatography on IRC-50 XB-64 (Bio-Rex 70, 200-400
mesh, 10.2 meq/g (dry wt.), Bio=Rad Leboratories) was employed to separate
the hemoglobins. Hemoglobin solution (2 ml, 50-100 mg) was applied to an
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IRC-50 XB-64 colum, 5 x 50 cm, which was previously equilibrated with 0.15
M Na citrate buffer, pH 6.5 (58) The column was developed with initial
developer (500 ml) of 0.15 M Na citrate buffer, pH 6.5 and changed to Na
citrate buffer, pH 6.5 of higher Na concentration. Buffer solutions used
in the chromatographic development contained 20 mg KCN/liter of solution.
Fractions (5 ml) were coliected and sbsorbancy of each fraction was determin-
ed at 415mp with a Beckmen Quartz DU Spectrophotometer. The peak zones
were pooled and concentrated by centrifugation of the dilute solution at
4° and 10,000 x g for 16 hr. The concentrated hemoglobin solution thus
obtained was freed of buffer salt by dialyzing against several changes of
appropriate tuffer.

B. Preparation of Catalases

Bovine liver catalase was obtained from Boehringer and Sons,
Mannheim, Germany, and also prepared in our laboratory according to the
method published by Saha et al (81). Essentially the liver tissues were
ground very fine with a meat grinder and lysed with two volumes of distilled
vater at room temperature. The solution was then centrifuged and the precip-
itate removed. The proteins in the supernates were reawoved by using ethanol:
chloroform (3:1, v/v) mixture. The mixture was stirred for 30 min. and the
coagulated proteins were first removed by filtration through a fine muslin
cloth and the fine particles suspended in the filtrate were then removed by
centrifugation at 20°. The solution containing ethanolichloroform mixture
was concentrated in an evaporator and the denatured proteins were centri-
fuged off. Ammonium sulfate fractionation (0.3 = 0.6 saturation at pH 7.0)
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;ras carried out, the precipitate dissolved in distilled water and the res-
4dual ammonium sulfate removed by dialysis against water. .

The dialyred solution was treated with acetone at -15° and the
fraction that was precipitated at 0.3 = 0.6 saturation was processed fur-
ther. The centrifugation was carried out at -20° during the acetone fract-
ionation. The resulting precipitate was dissolved in the minimmm amount of
cold water and dial&z’ed exhaustively at 3% to free the solution from acetone.
Ammonium sulfate precipitation was carried out alternatively at pH 5.0 and
at pH 7.0, the cycle being repeated thrice. The purity of the preparation
" was checked by using the absorbance ratio of 278 and 407 mp. At the end of
the three cycles of crystallization with armonium sulfate at pH 5.0 and at
PH 7.0, the quality of the material that crystallized first at pH 7.0 could
not be improved by repeated crystallization as Judged by the absorbance ratio
of 278:407 mp, Further purification was obtained by column chromatography.

Column chromatography of catalases was carried out on cellulosic
jon~exchanger DEAE-cellulose (Cellex D, ion exchange capacity - 0.67 meq/g,
Bio-Rad Isboratories). The column, 2.5 x 30 cm, was packed with DEAG-cellu-
lose and equilibrated at 3° with 0,075 M tris-HCL buffer, pH 7.5. A sample
of catalase solution (100 mg in 5 ml) was developed stepwise with tris-HCL
buffer, pH 7.5: first with 0,075 M, 0.1 M and finally with 0.15 M. The
peak areas exhibiting a maximmum absorbance at 278:407 mp were pooled and
concentrated by centrifuging at 40,000 rpm at 4° in a Spineco Model L pre-
parative ultracentrifuge for 15 hr. Catalase was found to settle at the
bottom of the centrifuge tubes. The concentrate was removed and dialyzed
against appropriate buffer used for the various experimental procedures.
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‘Section 2
A. Amino Acld Anglygls

Amino acid analysis was performed with a Beckman/Spinco Amino
Acid Analyzer Model 120 B using an accelerated procedure of amino acid
analysis with a buffer flowrate of 70 ml/hr and ninhydrin flowrate of 35
ml/hr at 55° (116). A short column, 0.9 x 5.0 cm for basic amino acids,
and long columns 0.9 x 58 em, for neutral and acidic amino acids were used.
These columns contained Beckman Custom Spherical Resin PA=35 and Pa-28
(Beckman Instruments, Inc.). The amino acid analyzer was fitted with high
sensitivity cuvette, range expander and automatic regeneration system, the
recorder chart speed being 6"/hr with printing dot every two seconds. The
buffers contained n-propanol and benzyl aleohol as suggested by Hubbard
(117). For the nomal protein hydrolysis run, the protein solutions were
dlialyzed exhaustively against 0.1 M smmonium bicarbonate buffer, pH 8.6 to
free the solutions from salt. An aliquot representing approximately l-2
mg of proteizi was dried overnight at 108° in a forced cireulation oven.
The dried protein was hydrolyzed with glass distilled 6 N HC1 at 108° for
22 and 70 hr. under vacuum. The hydrozlgsis tube containing protein and
HCl was repeatedly purged with speclal grade Ny flushed through alkaline
pyrogallol solution to remove residual Oz. The hydrolysis loss was evaluat-
ed and the extrapolated values of the amino acid residues/mole were caloulat-
ed using Fortran IV language and IBM 360 computer program.

Total cys/2 content was detemined as cysteic acid after perfomic
acid oxidation of the protein according to Moore (118). Tryptophan content



was measured by hydrolyzing the protein (4=5 mg) in 2 M Ba(OH), for 70 hr.
at 108° in quartz tubes in an atmosphere of nitrogen (119). Ba was removed
as BaCO3 by bubbling CO, gas through the solution followed by centrifuging
off BaOOB precipitate. The precipitate was washed with distilled water and
the combined supernate was evaporated under vacuum on a rotary evaporator.
The residue was dissolved in distilled water (10 ml) and filtered through a
sintered glass funnel., The solution was lyophilized and the content was
dissolved in 5 ml of 0.2 M citrate buffer, pH 2,2 0,025 ml of 0.2 M NaySOy
solution was added to ensure complete precipitation of Ba. The precipitate,
if formed, was spun down and the solution was adjusted to pH 2.2 with a few
drops of concentrated HCl. Tryptophan content was determined, using the
amino acid analyzer, on a short eolumn, 0.9 x 16 cm, packed with Beckman
Spherical Custom Resin PA-35 (cross linking - 7.5%) developed at 55° with
amino aclid analyzer buffer, pH 5.1. The number of the tryptophan residues
was computed by comparison with glycine, alanine, valine and leucine content
of the proteins.

B. Analytical Ultracentrifugation

Sedimentation Velocity Analysis

The sedimentation velocity coefficient (S) values were determined
using a Beckman/Spinco Analytical Ultracentrifuge Model E fitted with
Schlieren optics, phase plate and electronic speed control unit. Generally
the S values were determined at a rotor speed of 56,000 rpm at 20°, An-D
rotors together with single szector cells, 12 mm and 2° fitted with Kel-F
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center pleces, or double sector cells, 12 mm and 2.5° fitted with filled
Epon center pieces were chilled to 20° beforé they were placed inside the
rotor chamber. Schlieren plots were photographed by automatic camera ex~-
posure system at 16 min. intervals using Kodak plates 103F and with Wratten
filter No. 29 for hemoglobin, and Spectroscopic plate IIG and filter 77A
for catalase. The sedimentation velocity coefficlent values (820") were
corrected for the actual temperature of the centrifugal run, rotor stretch-
ing, viscosity and density of the solutions. (18, 120, 121) using the
Svedberg equation,

_ 1 dlnr 1~V p)
Szo,w = @ 4t -"’:]]jo,w %:gﬁ'fsjn-

¢ 4s the rotor speed in radians/sec, v the distance of the peak (the

mid point) from the menisous with respect to time, t, and the tem Nt s

the viscosity of the solvent at the temperature of the experiment, and qzo.‘

'thi viscosity of water at 20°, ¥ the partial specific volume of the solute,
f20,w the density of the solution at 20° and the pressure of 1 atmosphere.

The tem’

(1-%p)t, so1tn was ignored because of its insignificant

contribution towards the 820,y value of the globular proteins (18).
Relative viscosity measurements were carried out with Cannon-

Ubbelohde semi-micro dilution viscometers (50 m1) at 20° ¥ 0.01° with water

outflow time of 254 and 272 sec. The relative viscosity was determined

according to the equation,
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1;20,301 n

") rel N
tZO,water ’

where ‘tgo’ml n = outflow time for solution, fzo"‘m = outflow time for
wvater (120, 121). The solutions introduced into the viscometers were
repeatedly filtered through Millipore filters (pore size O.45p ) fitted
in 5 ml syringes. The intrinsic viscosity of the proteins was obtained
acoording to the caloulation (120, 121),

[(MN] = tm Ysp, where q5P= t-t,

c=o0o ¢ t,

t = outflow time for solute, t, = outflow time for solvent, c = g protein/
100 ml solution. The concentration of the protein (mg protein/ml of solution)
used for the ultracentrifugal analysis and viscometry was determined by
dialyzing exhanstively a concentrated solution of protein against 0.2 M
smmonium bicarbonate buffer, pH 8.6, followed by determining the dry weight
vhich was obtained by drying an aliquot at 108° for 16-18 hr. in a forced
circulation oven. Throughout these operations, precautions were taken to
remove dust particles from the solutions by filtering them repeatedly
through the Millipore filters and using the glasaware washed with dust-free
vater. |

In view of the varying degrees of unfolding that could be produced
in the polypeptide chains under different experimental conditions, it was
decided to mix the protein solution with the varying concentration of solutes
at a fixed time interval (30 min) prior to the rotor attaining full speed.
The total time alapsing between the mixing of the hemoglobin solution with
various solutes and the last Schlieren photo exposure was approximately 100
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min, whereas in the case of catalase the time was approximately 80 min.
Solutions containing higher concentration of proteins were dialyzed against
0.1 M tris-HCl buffer, pH 8.6. The protein and concentrated solutions con-
taining various solutes wofe mixed in such proportion that the desired con-
centration for both could be achieved simulataneously. For viscosity detem-
ination the total time elapsing between the mixing of the solutions and temp-
erature equilibrium inside the bath was approximately 20 min prior to the
first reading. The time between the mixing of the solutions and the last
viscosity detemmination was approximately 90 min.

Apparent diffusion coefficient values (Daq, ) were determined at
20° by employing Schlieren optics, valve type and capillary type synthetic
boundary cells, a rotor speed of 9000 rev/min., Diffusion coefficient was

determined following the equation,
(/)2

D =
4 nt

vhere A is area, H height and t time in sec. (122).

Sedimentation Equilibrium Analysis

Sedimentation equilibrium experiments were carried out with a
Beckman/Spinco Analytical Ultracentrifuge Model E fitted with ultraviolet
monochromator, automatic photoelectric scanner (98-100) and multiple cell
scamning accessories (101). Both An-D (2 hole rotor) and An-F (4 hole rotor)
rotors in conjunction with double sector cell, 12 mm, 2.5° filled-Epon

center pieces were used at 20°. Mhen An=-D rotor was used, one of the rotor
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holes contained the celi and the other: the counterbalance (specific for
scanner operation). In the case of:the AneF rotor, three cells were used

in conjunction with one counterbalance. A short liquid columm, 0,115 m)

~of protein solution, was layer.l on 0,05 ml KC-43 fluorecarbon oil (Becke
man Instruments, Inc., Spinco Division) in one sector of the double sector
cells, while 0,2 ml buffer solution was placed in the other sector. Hane
ilton microliter syringes were used for the volume determination. The
protein solution was mixed with solutions containing various solute cone
centrations prior to the initisl speed (9000 rpm). High speed sedimentation
equilibrium using a short 1iquid column as described by Yphantis (97) was
followed during the present study. The initisl concemtration of the pro=-
tein solution C,, was determined at 280 mp , 15 min efter the rotor attained
the initial speed of 9000 rpm, Occasionally an overspeed of 4000-6000 rpm
was employed over the actual operational rotor speed to facilitate the cell
meniscus clearance. During the solvent:solute interaction studles the rotor
speed was so chosen that the total time olqiaed for the attaimment of equil-
ibrium state was made approximately.the same (15 hr) for the different sol-
ﬁte systems used, At each calibration step, the optical demsity at 280 mp
recorded by the scanner was. related to the protein solutions, the optical
densities of which were determined simultaneously at 280 mp by a Cary Record-
ing Spectrophotometer Model 14, The operational parameters for the normal
equilibrium runs were maintained as follows: operation - split beam; the
optical slit width = 0.1 mm; mode - absorbance; optical demsity range = 2 O.D.}
scanner recorder sensitivity - 500 mv/cm; scan speed - medium (#.75 x 1);

and scanner chart speed = 5 mm/sec,
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The density of the solutions was detcomined with 5 ml capillary
vent pycnometers, The partial specific volume, ¥, was determined by follow.

p = o - L(EE)

vwhere ’gmd Jo were the densities of solvent and solution, and ¢ the protein

ing the equation,

concentration in g/ml of solution (91).

During the studies on solventisolute interaction, the partial spec-
ific volume, ¥, was assumed to be constant for both the whole molecule and
the subunits unless nmtionod specifically. Analysis of sedimentation equil.
ibrium data was carried out according to‘the equation of Svedberg and Pedersen

-(18),
2RT dlne

Mapp = (1-%p) o2 ar?

vwhere R 18 the gas constant, T the absolute temperature, ¥ the partial spec-
ifie volume of the protein, F the density of the solution, ¢y the angular
velocity in radians/sec, ¢ the concentration evaluated at a radial distance,
r. The evaJ.mt:I.on of the sedimentation equilibrium data will be discussed

in the appendix,
Diss on S 8

The protein solutions were dialyzed at 3° against the appropriate-
buffer for 16 - 18 hr prior to: the ultracentrifugsl anslysis. The buffers
were prepared by mixing varying proportions of K HFPO), K3P0u and EC1 to
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achieve the desired pH and ionic stremgth 0.25. The pH of the solution was
determined by a Beckman Research Model pil meter. For the sedimentation
equilibrium experiments the required dilution of the protein was made prior
to the start of the run,

Ce otome S es

Direct and differential spectra under solvent perturbation systems
were recorded with a Cary Double Beam Recording Spectrophotometer Model 14,
The differential spectra measurements were carried out in rectangular tandem
double cells of path length 0.4375 cm, the cells (matched pair sets, Supra.
81l Quartz) were obtained from Hellma, GMBE, Germany. The direct sbsorption
spectra were obtained with 1 cm matched pair, Suprasil Quarts, single compart-
ment cells (Hellma GMBH, Germany). For reasons described earlier, the time
interval of mixing the solute with the solvent containing differemt ionic
and non=ionic solutes and the spectral determination was maintained identical.
In most cases, the specira were obtained from 450 mp to 250 mp or to 230 mp
using a hydrogen lamp. For the sake of operational econvenience, the hydrogen
lamp was used for the spectral shifts which lie between 350 and 450 mp , For
the evaluation of the shift in the absorption maxima the solvent base lines
were determined separately with the matched pair cells, For both direct and
differential spectra special care was taken with solvent and solution to
avoid contamination by the dust particles, A wavelength scan speed of
25 4/sec was used unless otherwise menticned.

Differential spectrophotometric titrations of phenolic groups were
carried out using KOH of varying molarities as titrant. Both the protein
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solution and KOH solutions contained 0.2 M KCl, To a 3 ml volume of protein
solution, varying amounts of titrant weredelivered by a micrometer syringe
burette. An identical volume of 0,2 M KC1 was added to:the reference proe
tein solution at neutral pH to negate the dilution effect resulted from the
repeated addition of titrant to the sample cell, Beckman Research Model pH
meter was used for the determination of pH of the protein solution.before
and after each spectral determination, Precautions were taken to keep the
| solutions free from atmospheric CO,, |

Fluorescence Spectra

Fluorescence excitation and emission spectra measurements were per-
formed on a Hitachi.Perkin Elmer Fluorescence Spectrophotometer Model MPF 24
fitted with a recorder which was coupled to emission monochromator wavelength
drive, A xenon lamp was used, Measurements were made in 1 cm path length
cells of low fluorescence quarts (Pyrocell Corp.) the cell compartment being
thermostated at 22°, The time of mixing for solvent:solute interaction was
maintained constant as mentioned earlier. The concentration of protein used
was 0,2 0,.D,, at 280 mp, operational parameters were: emission slit width -
4 mr; excitation slit width - 10 mp; excitation wavelength - 278 mp; filter -
310 mp; recorder semsitivity - 4, |

En c Activity of Ca 80

The enzymic activity was determined by measuring the rate of dis.
appearance of HyOp in presence of catalase. The procedure followed herein
was that of Bonnichsen, Chance and Theorell (123) except that the concentra-
tion of Hy0, was determined iodometrically according to Swmer and Dounce (%),
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Catalase solution was diluted with ice-cold 0,00 M Na phosphate buffer, pH
7.0 and 1,0 m1 of the dilute catalase solution was added to 50 ml of hydrogen
peroxide solution (1 ml of 30% Hz0, in 750 ml of 0,01 M Na phosphate bufZer,
pH 7.0). Iodometric titration was performed to evaluate the rate of dis.
appearance of HyOp and the reaction constant K.

1 A

t ‘.b‘ A-x

where A = ml NapS;03 used at O min, A-x = ml NapS;03 used at 2, 4, 6 and 8
min, t = 0, 2, 4, 6 and 8 min, Results were expressed as the decrease in
enzynic activity on the basis of Eat.f value obtained with the control catal-
ase solution, K

K‘tof =

g catalase/ml
During the evaluation of the effect of the solutes on the enzymic activity,
the concentration of catalase was maintained the same (4 mg/ml) as described
during the sedimentation velocity experiments. The dilution of the satalase
solution in presence of the perturbants to the desired protein concentration
suitable for the determination of enzymic activity was made by using the same

solvent:solute system.
-S tation b

Sedimentation equilibrium is attained when the material migrating
across a given surface in a centrifugal direction is exactly belanced by the
transport centripetally due to diffusion, 1,e, the net transport per unit
time, dm/dt, across the surface in the cell is zero (18, 120).
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...-..=_—_¢,_—{/
%%:(br’o( (cswar)—Dg_g=o = ‘ﬁ ]

— v —t

vhere ¢ is the sector angle in radiana, o the thickness of the cell llo;;g
the optical path, r the distance from the center of rotation to a surface
within the cell, & the angular velocity of the ‘ce]l in radians/sec, o the
concentration of the protein solution, S the sedimentation coefficient and
D the diffusion coefficient.

csw’r = D& [2]
or

On rearranging, S8 . ! ¢ _ 2 dlnc 51
D ey dr W dr |

Svedberg (18) proposed the following equation,

RIS
M = o L3
(1-%p)D |

for the determination of the molecular weight of a solute, Substituting
equation [3] in the Svedberg equation [4] one cbtains,

: 2 RT dlnec
M= : (5]
Qwplw? e

Alternatively, in the equilibrium state, the total potential (chemical and
gravitational potentials) is assumed to be uniform throughout the centrifuge
cell, i.e, the derivative of the total potential is set equal to zero., This
contention assumes an ideal solution and thereby neglects variation in den-
sity due to concentration and pressure changes inside the cell (120).
According to Goldberg (124) the system at equilibrium could be described‘in
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terms of a contimmous sequence of phases of fixed volume and infinitesimal
depth in the direction of the centrifugal ‘field, Assuming that the total
potential is uniform for this heterogeneous equilibrium he proposed an

S
—@ e, 2 PR m
M, (1-V wrdr= —li) dc (61
l( 10 ) | ; (ac,‘ 'TMPCJ K
~throi-0,1,2,....,s.
Because of the pressure gradient in the centrifuge cell and the compress.

ibility of the solute and solution, many of the terms are dependent on r .
Thus the sedimentation equilibrium equation is written with (v ) to denote

equation,

that these terms correspond to the surface at a distance (r° ) from the axis
of rotation., The molecular weight of any component depends cn all components
in the system as expressed by the terms (O, /dc,) . In the case of the non-
ideal systems the chemical potential u is defined (125) by u-p+ RTina, [7]
uhere/;f is the chemical potential in the standard state, R the universasl gas
constant, T the sbsolute ts=pera in ° Kelvin, a4 the activity of the ith
component, N
In a system consisting of a single charged macromolecular compons
ent, component 2 and a salt component 3 the activitles a; and a3 of the sol-
ute components may be expressed in the Scatchard formaliesm (126),

ma, = lnm + ¥ Vailnm, -i—ﬁz 3]

lha, = Ly, lnm; + B, 93
where m = concentration in molalities. The subscripts i refer to’the ion
species comprising component 3, and V3 and V34 are no, of moles of these
‘species included in one mole of electrically neutral components 2 and 3.
It follows that my = Y33 m3 + Vpy mpe  Differentiating the equations
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£8] and [9] , .
n 4
(3 a)PTm3 =—r1—'z + ;(\)Z-L/mg + ﬁzz [10]
Oz = (ama )P_rm2 _ agrf PTm§= Z &g:_ + Bas m]

as= (e2dor., = L)+ Bs [2]

Thus the equation [7] could be erxpressed as,

Mlp drf = app(™) dmp + 8y amy 3]
where ;. - 2
(l-vip)w

The partial specific volumes ¥, and '73 and the selution density have been
assumed to be independent of T and angular velocity « (124), Eliminating
dm from the equations [13] and [14],

> tre 0s]

(M L -M L3 a-am> ifn = 0,, — t::m

If we assume no interaction between the salt, component 3 and the macro=

molecule, component 2, i.e. ap3 = 0 (127, 128), equation [15] is reduced

to, H‘ -
2lzdm o, (r) [16]

) “22
provided that the dependence of my and m3 on r does not require a variation
in Vo4« The redistribution of salt alone should be very slight in the
centrifugal fields required for the sedimentation equilibrium and the effect
of variation of m3 with r can be ignored if the components are defined so
that there is no interaction between salt and component 2 (127, 128).
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Combining equations [10] arnd [16],

177

L S dinm -! *2/ _ [
Msz(_I'n,.T’ = 1+ m, (S:‘ Vo /i J‘-ﬁ")

For dilute solutions the assumption gﬁ% <L | can be made.

3
Under these conditions the molecular weight obtained in a sedimentation equil-
ibrium experiment is that of component 2 as defined by letting my = né in
dialysis (127, 128). The molecular weight then depends only on measurement
of concentration or a property proportional to coneentraﬂon at a position

within the cell.
2RT dlnec

i (L?P)wz ar? (2]

o

Then the concentration distribution of the mass reflects the molecular weight
of the macromolecule, This is the basic sedimentation equilibrium equation
described for self association systems (129), For non-ideal systems of more tha
one: component, the basic sedimentation equilibrium equation has been deserib-

ed as’
dlnc (1-:2' )ooz -
) = ¥y, app [19]

where 1/!4,,’ app = 1/My(c) + Be. My spps &FParent weight averags molecular
weight, and M, (o)s Weight average molecular weight at concentration (e)
(130), For ideal-dilute solutions B =0 at all concentrations,

In 1964 Yphantis (97) described a technique of determining molecular
weight of macromolecular components in dilute solutions Which is applicable
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+to paucidisperse solutions. The suggested technique wass (a) operational
rotor sppeds about three times higher than usual so that meniscus concentra-
tion (Cm) ecould be neglected; (b) s short coluwn height (approxe 3 rm); and
(¢) dilute solutions (0,055 and below)s Assuming the conservation of mass
in a sectorial cell, the distribution of the macromolecular components(s) can
be desoribed by the familiar exponential expression, C = A exp ( ov72) [20]
where the constant A has the value 0.5 Cod( r'-1’) / exp (01,72 )-
exp (O r;:/a), 0 4 the effective reduced molecular weight,

wiM (- P)o

RT

with (1-7p)® evaluated at infinite dilution and pressure of 1 atms, C, the
iritial concentration of the solute, v, and v,, the radial distance to the
cell bottom and cell meniscus from the axis of rotation. Using equation [20]
one could obtain an idea of the theoretical distribution of a macromolecule in
the ultracentrifuge cell for given operational parameters and M.

The theoretical distribution of the mass in the ultracentrifuge
cell or in other words the slope of the plot (lne vs r?) was determined for
the different proteins and their subunits at a particular angular velocity,
> 9 using computer (IBM 360) program with Fortran IV langnage. Fer the
hemoglobins, the molecular weight of monomer, dimer and tetramer were assumed
to be 18,000, 34,000 and "64,000.while the values for catalase monomer and
dimer were 64,000 and 125,000. The partial specific volume of the hemoglobin
subunits were assumed to be equal and 0.749, and that of the catalases monomer
and dimer as 0.730. These values were assumed to be constant under all the
experimental conditions of solvent:solute interaction system used.
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The raw experimental data was fitted by the least square curve
fitting method to obtain the plot lne vs 2. An IBM 360 computer program
with Fortrsn IV language was used,
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CHAPTER III
STUDIES ON CHICK HEMOGLOBIN
Introduction

The heme-proteins, like hemoglobins and catelases,consist of
identical and/or near-identical subunits, for example, human adult hemo.
globin (Hb A) is composed of & and B cheins (for review, 1, 2). Though the
amino acid sequence of & and B chains differs markedly, two a chains and two
B chains constitute a tetrameric molecule - human adult hemoglobin, while
two a chains and two ¥ chains make human fetal hemoglobin (Hb F), Although
the over-all shape of these proteins is globular, the subunits are constitut.
ed of :lntecrsperaled helical and momn-helical segments. The sequential arrange.
ment of amino acid residues influences the formation of helical and non-
helical segments and close packing of the polypeptide chains into a compact
shape as observed with hemoglobins (45). The way in which the various side-
chain groups, polar and non-polar in character, are distributed on the sub.
units determines the nature of interaction between the subunits (4&4). The
complementarity in structure between any two contact points of the neighboure
ing subunit polypeptide chains is important in maintaining the polymeric
status of native proteins (131), The equilibrium in which tetrameric hemo-
globin molecules maintain their polymeric status is largely dependent on the
condition of the medium since the monomers are held together in a tetrameric
state by the interaction of short range forces, especlally in the concentrated
protein solution, An extreme change in the envirommental condition in
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hydrogen ion concentration, concentration of solutes, dielectric properties
of the media, and concentration of the protein, etc. produced the depolymer- |
igation of hemoglobin (for review 2, 90),

The present hvntiéitlon; describes the behavior of an avian heme-
oriented polymer protein under varying conditions of solvemt:solute inter-
action, Solutes of ionic and non-ionic types in an aqueous medium were em-
polyed to evaluate the stability of the poimor under different solvent per-
turbation systems., Dissociation of chick hemoglobin in alkaline buffers of
pH 7.0 = 11,6 was also studied,

an Resul

Sedimentation velocity coefficient values of chick hemoglobin at
various protein concentrations were found to be kot S (53, ) in 0.1 M tris-
HC1 buffer, pH 8,6, and independent of protein concentration. The sediment-
ation velocity coefficient value of chick hemoglobin, reported by Svedberg
(18) for Gallus gallus, is 4.2 S (Sgo’ ) vwhich is within the range of results
cbtained during the present investigation. sgoﬂ value of chick globin (a
and B mixture) was found to be 3.2 S in 0,1 M Na acetate buffer, pH 5.0
(Fig. 1). Fig. 1 also presents the behavior of reduced and aminoethylated
globdn, Szo’w value being 3,1 S, The S values indicate the presence of
dimer, in which some aggregation appears to occur during normal preparation,

Fig. 2 (asbycy and d) shows the ultracentrifugal behavior of chick
hemoglobin in the presence of increasing concentration of several ionic type
solutes (NaCl, KC1l, CaCl, and LiCl), The Schlieren plots revealed a single
symietrical peak, Sgo’w values of chick hemoglobin in 2,0 M NaeCl:0.,1 M
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tris-HC1l buffer, pH 8.6, and 4.0 M NaCl:0,1 M tris-HC1l buffer, pH 8.6, were
2,81 S and 2,17 S respectively, Thus, it appears that chick hemoglobin in
2,0 M NaC1:0,1 M tris-HC1 buffer, pH 8.6, was dissociated from tetramer to
dimer size. The limiting value of Spo . obtained in k4,0 M NeCl:0,1 M tris-
HC1 buffer, pH 8.6, was 2,17 S, indicating that the dissociation of chick
hemoglobin molecules proceeded to monomer state. Myoglobin (mol. wt. 18,000)
was found to be 1.85 S (2, 14). The S20,w value was dependent on protein
concentration in both 2,0 M and 4,0 M NaCl, s‘z’o’w values in 2,0 M and 3,0 ¥
EC1:0,1 M tris-HCl buffer, pH 8,6 were 3.14 S and 2,68 S respectively. Al-
though the S value was independent of protein concentration at 2.0 M KC1, the
S value in 3,0 M KC1 increased with the inorease in protein concemtration,
The disruptive effect of CaCl, was more pronounced than that observed with
the other ionic solutes, NaCl, KC1 amd LiCl (Fig. 2a). CaCl, solution of

f,go,w - 1,088 produced monomers while the other ionic soclutes of the same
density dissociated chick hemoglobin to the dimer stage (Table I). sgo’w
value of chick hemoglobin in 1.0 M CaCl, was 1.85 S. The limiting S values
in LiCl iwply the dissociation of tetrameric hemoglobin molecules although
the extent of depolymerization was small., The S values in 4,0 M LiCl de=-
creased with an increase in protein concentration,. Sgo’w value in 4,0 M LiCl
was 3,40 S which is markedly different from that observed with other ionic
solutes (Fig. 2).

The equilibrium constant K for the tetramer-dimer equilibrium at

a particular solute concentration (moles/liter) and 20*, and at a varying
concentration of protein (mg/ml) may be evaluated from the equation,
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where C, 18 the initial protein concentration (mg/ml) and M the moclecular
weight of undissociated hemoglobin. The weight fraction of hemoglobin in
the dissociated form, a, may be calculated from the equation,

s'l‘ - so‘bs

Sp - Sp

where Sqp and S, are the Szo" values of tetramer and dimer, and Sg,, is the
observed weight-average Spq o value at a particular solute concentration
(moles/liter)., These calculations were based on the assumptions that (1)

no extensive conformational changes occurred during and after dissociation;
(ii) no apprecisble increase in ion-binding characteristics and hydration of
the subunits took place; (1ii) the S value is proportional to the molecular
welght (M0+66) (92); and (iv) no monomers formed. The limiting value of
Spo,w in 0.1 M tris-EC1 buffer, pH 8.6, was considered as Sp - UMt S (sgo“)
and Sp as 2.8 S, That there is a difference in the disruptive effects of
the three ionic solutes used (NaCl, KC1l and LiCl) is apparent from the shape
of the curve showm in Fig. 3; the curves representing 4,0 M LiCl and 2,0 M
EC1 follow each other closely whereas the curve representing 2,0 M NaCl diver-
ges markedly.

Non-ionic solutes in the experimental media have long been employ-
ed to produce dissociation of polymer proteins (90). During the present
investigation, four such non-ionic solutes (formamide, urea, guanidine-HCl,
and 2-chloroethanol) in increasing concentration were employed to study de-
polymerigation of chick hemoglobin (Fig. X4). These non-ionic solutes could
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produce subunits of chick hemoglobin, dimer and monomer, depending on the .
solute concentration, A single symmetrical Schlieren peak was observed
over the solute concentration range., At 9.0 M formamide solution the S
value decreased with the increase in protein concentration. No precipita-
tion of chick hemoglobin was observed with guanidine~HCl, although a change
in color from red to reddish-brown was noticed at solute eoncantrgtd.ons
higher than 4.0 M guanidine-HCl, Kawahara et al (25) reported the denatur-
ation of human carboxy hemoglobin in 6 M guanidine~HCl, These authors
used P-mercaptoethanol at a concentration of 0.1 M to human carbormonoxy=-
hemoglobin:6 M guanidine-HCl to keep the protein in solution. Extensive
unfolding of the polypeptide chains seems to occur at 6.0 M guanidine.HCl
in addition to dissociation.Table’ mpresmts some of the concentration.
dependent Szo,,, values at a particular solute concemtratd.on.‘

Studlies on the alkaline dissociation of chick hemoglobin were
carried out in the pH range of 8.6 « 11.6 (Fig. 5). Fig. 5 also includes
some of the Spq ; values of Hb A and equine hemoglobin, The Schlieren plots
displayed symmetrical peaks during the alkaline dissociation studies, The
limiting value of Spq , was found to be 2,96 S at pH 11.6 indicating the
presence of dimer subunits as a major component. The limiting value of Szo,w
reported for human carbormonoxy Hb A was 2,0 S (19), for human carbonmonoxy
Hb F 2,32 S, and for bovine carbonmonoxy Hb 2,41 S (21). Although the
resistance of avian hemoglobins to alkaline dematuration varies considerably,
the avian hemoglobins are generally considered to be an alkaliresistant
type (47). It may be mentioned that chick hemoglobins belong to the group
of avian hemoglobins exhibiting maximum resistance to alkaline denaturation

(47, u8).
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TAEIS III

520, Values of Chick Heoglobin®

Solute

Solute Conce (M) P20,y S20,w
NaC1 2 1,084 2,81
» 1.156 27

(1 2 1.093 3.14
3 1.138 2,68

CaCly*e 1 1,088 1.85
1ia 4 1.098 3.40
Formamide 9 1.063 2,92
Urea 8 1.130 1.40

* The values represent at a particular solute
concentration and 0.1 M tris-HCl buffer, pH 8.6.

** Buffer used 0,1 M tris-HCl, pPH 7¢0e
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The sedimentation equilibrium method of studying the disscciation
of polymer proteins in the presence of a third component (a strong dissociat-
ing agent), involved operational difficulties in determining the concentration
of the protein at the cell meniscus, The availability of asutomatic photo-
electric scanner (101) has facilitated studies of depolymerization, especial-
ly with a double sector ultracentrifuge cell where the optical demsity con-
tribution of the dissociating agent and the buffer present in the protein
solution may be ignored, This contribution is automatically deducted by the
scanner circult. The precision of comparative studles has greatly been im.
proved with the electronic scamming device and the optical density chart
recorder both operating at variable speeds to meet different requirements,

" Further studies were carried out to evaluate the data on the dis-
soclation of chick hemoglobin cbtained by the sedimentation velocity methods
as mentioned earlier. In these studies the solute concentrations were chosen
to limit the dissociating systems either to a tetramer-dimer or a dimer-
monomer equilibrium, the protein concentration being the same in both cases.
Accordingly, several rotor speeds were employed to favor one subunit com.
pouent; for example, the monomer distribution was favoreé. in.the monomera-
dimer equilibrium or the tetramer distribution in dimer-tetramer equilibrium.
In the presence of perturbants all the sedimentation equilibrium plots demon-
strated the existence of an equilibrium condition between two kinds of sub-
units, A single component was observed only with chick hemoglobin in the
native (tetramer) state., Schachman and Edelstein (19) reported the dissoc-
iation of human oxyhemoglobin into monomers at a very dilute concentration
(0,002 mg/ml, 0,1 M Na phosphate buffer, pH 7.0). However, no dissociation
of the chick hemoglobin molecule in 0.1 M tris-HCl buffer, pH 8.6 was observed
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for the range of protein (0.1 - 0.3 mg protein/ml) concentration used

during the present study (Fig.6(i)). Figs. . 6 K:l.i), (141)), depict the
sedimentation equilibrium behavior of chick hemoglobin in the presence of
fonic solutes (NaCl, KCl, CaCl, and LiCl). The shape of the plot, in o vs 1%,
indicates an equilibrium between the -subunits of different sizes., No denatur-
ation of chick hemoglobin in contact with FC 43 fluorocarbon oil was observ-
ed over a period of:18 hr, »

Although the limiting value of S in 2,0 M NaCl indicates the
presence of dimer predominantly, when these experiments were re-evaluated
by the sedimentation equilibrium analysis, the presence of moncmer was
detected. The presence of monomer in 4 M NeCl is shown in Fig.6.(11)B.

The rotor speea was chosen to suit the monomer and is consequently an over
speed for the dimer component. This resulted in the heavier components
being distributed at the bottom of the cell, The major species in 2,0 M
NaCl is a dimer, although the .characteristics of cell meniscus clearance
indicates the presence of a very small amount of moncmer. The predominat-
ing species in 3.5 M KCl is dimer, with § small amount of monomer; a sit-
uation comparable to that obtained with 2,0 M NeCl. T7It sppesrs: that the
disruptive effect of KC1l is weaker than that of NaCl, The major species in
1.0 M CaCl, is monomer. Although 4 M LiCl produced varisble denaturation
characteristics in dilute solution, the best results obtained indicated the
presence of dimer as a major specles, Besides the rotor speeds, the other
operational differences between the two ultracentrifugal methods were the
length of time and the protein concentration: 2 hr and 4 mg/wl in sedimenta-
tion velocity experiments, and 15 hr and 0.2 = 0.3 mg/ml in sedimentation
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Sedimentation equilibriwmm pisis of ciick hemeglebin
Fresence of incressing molarities of ionic sclutes. The plots
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equilibrium experiments. The equilibrium shown in Figs. ' 7As 7B.and'7C
were obtained with ures and formamide, In 4.0 M urea the msjor species is
dimer with very small amount of monomer while in 8.0 M urea, ROTe MONOmers _
were obtained, Fig. 8 (A and B) demonsiratss that with the increase in
alkaline pH, the dissociation progresses as in pH 10.6 and pH 11.6 the pre-
dominant species were dimer and monomer respectively. Fig. ‘9 presents
the sedimentation squilibrium behavior of chick globin (noxmal preparation)
and aminoethylated globin, both the preparations being (af) mixture in 0.1
M Na acetate buffer, pH 5.0, where the major component is a dimer with a small
amount of monomer. In 2 M urea:0,1 M:Na acetate buffer, pH 5.0, the major
component is dimer with a small amount of monomer (Fig. 9.¢ ).

Studles on the dissociation of chick hemoglobin necessitate
evaluation of several factors, such as prefer¢ntial ion-binding of macro
molecular components, the partial specific: volume of the subunits, and the
conformational change. It is known that there 1s no appreciable binding of
NaCl to isoionic hemoglobin molecule, and the interaction between NaCl and
hemoglobin is smaller than that between NaCl and other common proteins (132,
133). Cox and Schumaker (134) have reported ; value of 0,1 g/g protein in
CeCl solution, Several authors found no appreciable differences in the
partial specific volume-(132, 133). Tanford and his collaborators (25, 32)
reported that ionic and non-ionic solutes do not produce a significant
change in the conformation of hemoglobin molecules under solvent perturba-
tion system. The intrinsic viscosity (Fig. 10) ofsohiek hemoglobin for both
ionic and non-ionic solutes (2,0 M KC1, 1.0 M CaCly and 8,0 M urea) was
2,6 cc/gm. Apparently these solutes did not affect the gross molscular
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conformation of chick hemoglobin to an extent detectable by viscosity
measurements (Fig. 10 asb)e

Despite the fact that no gross conformational change could be
assessed under the solvent perturbation systems used during this investi-
gation, attempts were msde to evaluate the localized conformational changes,
if any. Differential spectrophotometric studies on chick hemoglobin at the
maximum solute coneentration in ionic and non-ionic solute systems were
undertaken at s wavelength range extending from 450 mp to 250 mi. No app-
reciable variation in the differential spectrophotometric curve of hemo-
globin was observed with NaCl, KCl, IiCl and ethylene glysol. However,
-ddminution in the Soret band intemsity ( Eheme) was observed with 1.0 M
CaCl,y 940 M formamide, 8,0 M urea, and 6.0 M guanidine-HCl, (Figs 11 a,b).
Although there was a decresse in the Soret band (415 mp) intemsity in other
solutes, a shift in the Soret band from 415 to 425 mp (Fig. 11b) was
observed only in guanidine-HCl., Since the sedimentation velocity experi-
ments required 2 hr and sedimentation equilibrium experiments 15 hr, the
rate of denaturation, if there was any, was evaluated throughout this period
under varying conditions of solvent:solute interaction.

A localiged conformational change seems to oscur with the increase
in time for a particular solute concentration. Time-dependent solvent per-
turbation spectra of chick hemoglobin were studied with 9 M formamide, 8 M
ures and 1 M CaCl, at 2 hr and 15 hry a further decrease in Akg-. was
noted; for example 8.6 and 23.0 (9 M formamide), 51.3 and 80.0 (8 H urea),
643 and 20,6 (1 M CaCl)) x 10° were obtained at 2 hr and 15 hr respectively.
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Tyrosine lonization studies on chick hemoglobin in 0.2 M KC1
(Fig. ».12) revealed that, oif:'the 17- tyrosine groups availlable, as evaluated
by the:aminoe acid:analysis, 15 tyrosines were ionized between pH 12,5 - 12»75.‘
Four tyrosine residues were ionized at pH 10.3 and five at pH 10.6., Thus,
during the dissociation of chick hemoglobin from a tetrameric state to the
dimeric state (till pH 10.6), approxim.teiy 5 tyrosine residues were sonized,
Between pH region 10,3 and 11,3, 8 tyrosine residues were ionized, leaving 3
more tyrosine residues to be available at higher alkaline pH. At preseat,
the total mmber of prototropic (sulfhydryl, lysyl, tyrosyl and guanidyl)
groups besides tyroaines have not yet been evaluated, Studies on the hydrogen
ion equilibria of chick hemoglobin are in progress. |

Comparative Studies on Avian and Mammalian Hemoglobins

In the previocus sections, it was reported that the dissociation of
chick hemoglobin depends on the nature of solute and also on the solute
concentration, Thus 1t appears that the extent of dissociation is dependent
on the disruptive field induced in the suspending medla provided the experi-
mental conditions are identical., It was considered to be of interest to
assess the relative strength of dimer:dimer association, and also monomer:
monomer association, and to compare these relative equilibria with other hemo.
globins, The following marmalian hemoglobins: human hemoglobin A, human hemo
globin F, equine hemoglobin and bovine hemoglobin were used, and compared with
avian hemoglobins obtained from duck and chick., Preliminary studies have been
reported herein. Fig.l3 shows the sedimentation equilibrium behavior of
duck and chick hemoglobin in 2.0 M NaCl., The mass distribution as presented
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demonstrated their behavior as almost identical, the major »species being a
dimer. The solute concentration was increased further to 4.0 M NaCl and the
sedimentation equilibrium behavior of equine hemoglobin and human hemoglobin
F compared with that of chick hemoglobine The main species in all cases was
monomer although the rate of clearance in the upper part of the cell (menisecus
region) was observed to be greater with chick hemoglobine It implies that a
larger proportion of dimer mey be present with chick hemoglobin. This inference
could be subsbaubiﬁted by a closer comparison of the intermediate scans obtained
during the comparative runs (Fig.ls ). '

The sedimentation equilibrium bekhavior of these hemoglobins in
8 M urea:0.1 M tris-HCl buffer, pH 8.6 has been illustrated in Fig.1l3c where
gcans from two comparative runs were suﬁerd.mposed. This difference in the
behavior reflected in the plot, ln e(r) vs r2, where both avian hemoglobins
cleared faster from the cell meniscus region than the mammalian hemoglobins,
equine Hb and human hemoglobin F. In these runs the experimentgl conditions
were maintained identical.

Sedimentation velocity coefficient of equine and human hemoglobin A
showed the formation of the dimer as major component in the range pH 10.6 -
pH 11.6. Sedimentation equilibrium analysis revealed the dimeric unit as the
major species with small amounts of monomer. However, at pH 11.6 the major
species 1s the monomer. In short, sedimentation velocity experiments revealed
the presence of dimer as a major species (2.96 and 3.5 S), sedimentation
equilibrium analysis showed the presence of monomer., The major difference
between the two methods of analytical ultracentrifugation was the concentration

of the protein, the time period of the subunits in a particular alkaline pH,
and operational rotor speed. That the avian hemoglobins are comparatively

resistant to dissocistion is shown by the presence of heavier components (Fige. 1!
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Tyrosine fonization studiés of duck hemoglobin, similsr to that
reported earlier with chick hemoglobin, showed that in 0,2 M KCl, 15 & 0.5 -
of the total 17 tyrosine residues become aveilable for ionization studies
between pH 12.5 and 12.75. Five residues were ionized till pH 10.6, where
duck hemoglobin dissociates from a tetrameric state to a dimer unit. Between
pH 10.3 and 11.3, 8 tyrosine residues were ionized and the rest were available
at higher alkaline pH. The behavior of tyrosine residues in duck hemoglobin
follows closély to that of chick hemoglobin.

Discussion

A better understanding of the problems involving the monomer assoc-
iation cof hemoglobins has been greatly facilitsted by the pioneering contribu-
tions of Kendrew (135) and Peruts (40-45) and their collaborators. The three
dimensional atomic models of myoglobin and hemoglobins have displayed the
proximal contacts between the monomers of two types (o and B). Since the
polypeptide segments of thesé subunits are located within the polar and none
polar contacts between a and B residues, the dissociation of the (aB), tetramer
could be achieved by both ionic and non-ionic type solutes. A study of the
atomic model of horse and human hemoglobins projected to human hemoglobin
matants (131) indicated that the replacements of most of the amino acid
residues on the surface of hemoglobin ﬁolwnle is rather innocous but the
protein molecule is extremely sensitive to mutation to cause alter;tions of
the internal non-polar contacts especially those near the hemes. These a@o
acid mutations involving the polar and non-polar character of the side chain
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near the heme groups affect the biological function of the hemoglobin
molecules.

Avian hemoglobins offer another excellent model for the study of
molecular mechanisms of monomer association since these molecules have more
pbhr and non-polar groups than human hemoglobins, and also the interior
milieu of chick erythrocytes is different from that of the human system.

The avian hemoglobins, fér example, are génerally alkali-reasistant and the
body temperature of the birds is approximately 40°, The electrolyte
concentration is also higher in the avian blood system.‘ Comparative study

on depolymerigation employing solvent perturbants of the ionic and non-

ionic type revealed that the mammalian hemoglobins like Hb A, Hb F, equine

Hb and bovine Hb dissociate to a grea‘l.:er'degree under identical conditions
than the avian hemoglobins (chick and duck). It may be surmised that for a
particular disruptive field induced in a solvent perturbation medium, the
inter-monomer assoclation is stronger with the chick and with the duck hemo~
globins as compared to these marmalian hemoglobins. Addition of electrolytes
to an aqueous medium produced ion-solvent interaction, contributed to by both" . -
cations and anions. The electrolytes, by virtue of their strong electro-
static fields, induce a strong orienting effect on neighbouring water mole=-
culese In all probability the interaction of increasing number of ions

with the side chain prototropic groups available on the surface of the protein
molecule cause an electrostatic induction of polarigability which causes the
relative dislocation of the subunits and ultimately dissociation. Studies on
the dielectric properties of hydrated hemoglobin molecules indicate that the

structure of water molecules bound to hemoglobin is intermediate, like those
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of 1ce and normal water (137). In a 204 hemoglobin solution there are
approximstely 1075 water molecules oriented to a tetramer hemoglobin
molecule (137).
| The non=ionic solutes used during the present investigation to

produce dissoclation of chick hemoglobin were amide derivatives (formamide,
urea and guanidine) and alcohol derivatives (2-chloroethanol). Addition of
urea to water produced urea~water clusters (102, 138). These clusters provide
the interstitial spaces in the bulk solution which accormodate the hydrocarbon
side~=chain. Thus, urea solublliged amide and peptide, and the hydrophobie
groups (139, 140). The dislocation of the subunits from position and event-
ually the dissociation could thus be produced by these non-ionic solutes by
acting 6n the contact sites and essentially changing the water strusture
surrounding the strategic groups. The mmtual displacement of the polypeptide
chains (dimer or monomer) may be a result of the solubilicing action of the
non-ioniec solutes on the available hydrophobic groups. The dimer and the
monomers of chick hemoglobin were stable in the aqueous system containing
both ionic and non-ionie solutes. When these subunits were recombined by
restricted dialysis of solutes the recombined subunits showed oxygen equilib=
rium characteristics comparable to the native tetramer (167). Although the
mode of disruption by non-ionic solutes is quite distinct from that of jonic
solutes, the recombined molecules did not reveal any apparent loss of oxygen
equilibrium characteristies.

During the solvent:solute interaction studies a broad relationship
between the experimental results obtained with the two technmiques of analytical
ultracentrifugation could be recognized. Dilution had no appreciable effect on
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the dissociation of tetramer in presence of solutes. However, high alkaline
pH produced more dissociation at low protein concentration, such as those
used in sedimentation equilibrium analyses. To be precise, the alkaline
dissociation study should be considered as a charge~interaction phenomenon,
The sui:nm.ts acquire varying degress of charges resulting from the ionization
of various side chain prototropic groups and subsequently producing changes
in surface~charge density: and at the same time they are accommodated within
_the charged solvent matrix. Avian (chick and duck) hemoglobins at high
alkaline pH's produced less monomers than the mammalian hemoglobins implying
a stronger a=~8 assoclation in chick and duck hemoglobin.
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CHAPTER IV

D TATION OF BOVINE LIVER CA SE

INTRODUCTTON

During the last decade, studies on the amino acid sequence of
proteins especially ensymes in conjunction with the x-ray diffraction studies
have provided us with a better perspective of the active sites and also the
molecular conformation detailing the side chain distribution of the constituent
amino acid residues (83, 84j. The cooperative interaction that endows the
protein moleculss with the property for ensyme action is varied in nature:
for example, the cooperation betwsen two histidine residues (res. 119 and 20)
located at extreme ends of ribomuclease (141) on one hand, and the allosteric
interaction between two subunits of aspartic transcarbamylase, whm.individul
subunits are inastive but collectively they manifest the enzyme action (142).
In this regard molecules like hemoglobins where a single unit, a monomer of
hemoglobin, comparable to myoglobin is biologlically reactive. Although in
these cases, the active center site is mainly involved with the ensymic active
ity, the other segments of the protein molecule are also essentm in provid-
ing the active center with the particuhf attribute. The cooperative inter-
action of S.peptide (residue 1-20) with ribonuclease S (residue 21-124) is
essential for the ribomuclease activity (143). Some of the enzymes are guite
resistant to the effect of structure-disruptive ions and some of them revealed
marked resiliency. The ensymes which are polymer proteins display wide
variability as to the degree of recombination between the neighbouring sube
units and restoration of the original enzymic activity vary to a great extent.
Hemoglobins when dissociated from tetrameric state to dimer and subsequently
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to monomer by reagents like urea or NaCl could regain the oxygen combining
capacity on removal of structure-disruptive ions. This section describes

the effect of various structure~disruptive ions on the polymeric status of

a heme-oriented polymer protein, catalase, and also on the engymic properties.
The structural integrity of the polymer under solvent:solute interactions

has been evaluated by analytical ultracentrifugation. Since the heme group
is the active center, spectrophotometric studies were carried out to evaluate
the effect of the different solvent perturbants on the Soret band intensity.
Tyrosine ionization was studied to assess the degree of the availability of
tyrosine residues in solvent perturbation systems. Attempts were made to

~ evaluate localized conformational changes using fluorescence spectrophotometrye

EXPERIMENTAL RESULTS

The sedimentation velocity coefficient value of chromatographically
pure bovine liver catalase at infinite dilution (Sgo’w) was found to be 11.6 S
which is in correspondence with the values reported by Summer and Gralen (62).
Sgo,v value of the apo-catalase was found to be 4.0 S in 0.1 M glycine~HCL
buffer, pH 3.5 (Fige 16.). Apo-catalase was found to be unstable between pH
4,5 - pH 7.0, The dependence of S values on the concentration of apo-catalase
was greater than that observed with catalase. The value of Dpq i in O.1 M
tris-HCl buffer, pH 8+6:0.1 M NaCl was 2.3 x 10~/ (Fick unit) which 4s in good
agreement with the values reported by Summer and Gralén (62).and by Samejime
ard Shibata (72).




Fig. 16

. a

ot— 25 50 75 10-0 mg/ni

The concentration dependent S values of bovine liver catalage
in 0.1 X tris-HZl buffer, pH 8.6, ' O—O; and of apo-catalase
in 0.1 M glycine-HCL buffer, pH 3.5,0—C.
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Fige 39 (4,By0, andB:) depicts the sedimentation behavior of
bovine liver catslase in presence of various concentratione of ionie solu:besA
(NaCl, KC1, I4C1l and CaCly)s If assumptions were made that no extemsive
conformational change occurred during dissociation, no appreciable increase
in preferential ion-binding and hydration of the subunits took place, and
the S value 1s proportional to the molecular weight, (M)?*66 (92), the s
values of half molecule and quarter molecule of bovine liver catalase would
be 7.2 S and 4,6 S, respectively. A value of 4.6 S corresponds approximately
to the S value obtained in the case of hemoglobins of mol. wt. 64,500, The
reduced S value implies a dimimition in the size of the molecule. However,
in IACl solution the S value had decreased but it did not reach the limiting
S vaiue as was obtained with NaCl and KCl. A single symmetrical peak was
observed in the Schlieren plot with NaCl, KCl and LiCl} whereas in contrast,
CaCl, system produced two peaks in the Schlieren plot as illustrated in Fige
A8, CaCiz was found to be more effective in producing depolymerization.
Table IV presents the percent distribution of the fast and slow moving comp-
onents in presence of varying concentrations of CaCl,. Bovine liver catalase
precipitated at a concentration higher than 1.25 M CaCl,. A steady decresse
in the S value of the fast-moving component was noted with CaCl, of concentra=-
tion 0.75 M and higher.

Depolymerization of bovine liver catalase was also studied with
varying molarities of non-ionic solutes (formamide, urea and 2-chloroethanol)
(Fige 19, A,B, & C)e The non-ionic solutes produced two symmetrical pesks as
observed in the Schlierem plort;,‘s" (Fige 29#@. The fast moving component
exhibited a value of 9 S or higher whereas the slow sedimenting component
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Fig. 17

The ultracentrifugsl bebavior of bovine liver catalase in iomic

solutes. Protein ooncemtrations - 4 mg/ml; buffer -
pH 7.03 temp. - 20°; rotor speed - 56,000 rmm. :
A. S value in NaCl
B, S value in XC1
C. S value in lLiCl
D. S value in CaQl;

0.1 M tz'l.-HGl,
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Pig. 18  Schlieren plots of bovine liver catalase in a) 2 ¥% ¥aCl (lower
plot) and 3 X NaCl (upper plot) and b) in 0.9 % CaClz. The
protein concentration for the latter case was 14 mg/ul.
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TABIE IV

Dissociation of Bovine Liver Catalase in CaCl,

- 820,u. . . % Composition

Molarity* Fast  Slow Fast™  slow
0.25 10,30 - 100 -
0.40 10.25 - 100 -

0.50 10.20 - 100 traces

0.60 10,20 - 100 traces

0.70 10.10 - 100 traces
0.75 975 3.86 83 17
0.90 8,71 327 70 30
1.00 7.81 2.91 37 63

*contained 0.1 M tris-HCl buffer, pH 7.0«
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- Fig. 20  Sehlieren plet of bovine liver catelase in (a) formamide,
(b) urea, (o) 2-chloroethanol, (d) pH 10.3, and () a mixture
of bovine liver catelaseiposled nomal humsn imsmneglobulin G

, and bevine serum albwmin. ‘




Fig. 20

Schlieren plot of bovine liver catalase in (a) formamide,

(b) urea, (c) 2-chloroethanol, (d) pH 10.3, and (e) a mixture
of bovine liver catalase:pooled normal human immunoglobulin G
and bovine serum albumin.
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showed S values bstween 3.0 and 3.5 The fast moving component showed a
decrease in 5 values, a sharper decrease being noted in urea. Similar was
the case with the slow moving component. Tables 5., 6.,7: show that during
the dissociation of bovine liver catalase in presence of non-ionic solutes
(formsmide, urea and 2-chloroethanol)., the relative proportion of slow
component increased with the inecrease in solute concentration. The relative
distribution of the polymer and the s"bunits as produced by the different
perturbants was obtained by planimetric determination of the area under each
Schlieren peak.. The refractive index gradient with respect to concentration
of protein does not follow precisely the relative change in area under the
refractive index gradiemt curve. Howsver, the stepwise variation in perturbant
comentration did not producé an excessive aberration in the experimental data
as observed in Tables4.7:, where the relative increment in the concentration
of the perturbants was small. o

Alkaldne dissociation of bovine liver catalase starts at pH 9.3
and thereon the S values reflect the increasing production of quarter size
molecule (Fig. 21 )+ A progressive diminution in the S value of the
dissoclation subti:ﬁ.t was noticed, the range being 4.96 to 3.12 S whereas the
range of the fast moving component was 11.0 = 11.2 S, Two Schlieren peaks
were observed during the alkaline dissoclation as illustrated in Fig. 20D
and with the increase of the pH the monomers were formed at an increased
rate (Table 8). A distinct differenece in the dissociation was observed with
catalase as compared to that of chieck hemoglobin, for example, the dissociation
of chick hemoglobin occurs between pH 10.3 and pH 11.6, whereas the dissocia=
tion of catalase ranges between pH 9.3 and pH 10.8.




TABLE v

Dissoclation of Bovine liver Catalase in Formamide

S20,w ¢ Composition

Fast Slow Fast Slow

Molarity* . Comp. Comp Comp Comp
3.36 9.68 3.21 82 18
3.84 9.56 3.00 78 22
he32 9.61 3.14 78 22
4.80 9.60 3.09 48 52
5.28 9.87 3.17 48 52
5.76 9.18 3.07 40 60
6o 2l 9.02 3.01 24 76

* contained 0.1 M tris-HC1l buffer, pH 8.6.

55a.



Dissocliatlon of Bovine liver Catalase in Urea

TABLE .NI

520, 4 Composition
Molarity" G  Comy camp con

2.88 10.03 3.06 85 15
3.36 9.87 3.03 81 19
3.84 9.84 3.11 60 4o
.32 9.36 3.01 36 64
4.80 9.05 3.21 16 84
5.28 - 3.39 - 100

* contained 0.1 M tris-HCl buffer, pH 8.6,

5504



TABLE . VII

Dissoclation of Bovine liver Catalase in 2-Chloroethanol

820w % Composition

Fast Slow Fast Slow

Molarity* Comp Comp Contp Comp
0450 10.6 - 100 -
1.00 10.34 - 100 -
1.50 10.11 3.58 73 27
1.75 9.89 Je56 35 65
2,00 9.32 3054 28 72
2.25 8.87 3.43 12 88
2.50 - 3.29 - 100

* contained 0.1 M tris-HCl buffer, pH 8.6.

55¢.
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The S value of bovine liver catalase in alkaline pH.

The experimental parmmeters were: protein concentration - 4 mg/mls
buffer - phosphate-KCl; 3 -« 0,253 time of dlalysis - 15 hrs;
temperature - 209; rotor speed - 56,000 rm. ,



Alkaline Dissociatlon of Bovine Liver Catalase

- Szo’.w . % Composition .
pH* Fast " Slow Fast _ Slow
Comp Comp Comp Comp
9.0 11.21 - 100 -
9.3 11.08 - 100 traces
9.6 11.08 4,96 81 19
9.9 10.92 4,78 79 21
10.15 10.89 bl 6 33
10.5 10,98 L.sk 14 86
10.8 - 3.93 - 100
11.0 - 3.82 - 100
11.3 - 3.12 - 100

* POy~KCl buffer p = 0.25

55e.
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The Johnston=Ogston effect (144) was studied by using a non-
interacting system employing varying proportions of bovine liver catalase
with bovine serum albumin (mol. wte 70,000) (Fige 22 ) and human immmuno-
globulin G (mol. wts 150,000)s The S value of native bovine liver catalase
was not appreciably influenced by the presence of the non-interacting pro-
teins, although their molecular size closely parallel those of half mole-
cule and quarter molecule size subunits of catalase. Fige. 20 B, depiets
the Schlieren pattern obtained for a mixture of catahse:immﬁoglobu]in Gs
albumin in 0.1 M tris-HCl, pH 8.6. Three peaks were obtained for the non-
interacting system, in contrast to the two peaks obtained with the inter-
acting system involving the subunits of catalase molecule. The reduced S
values as observed may be affected to a certain extent by the conformstional
changes which ocourred during the whole procedure of dissociation. The
frictionsl ratio f/f,, was obtained from the equation (120),

where D is the diffusion coefficient, ¥V the partial specific volume and P
the density of the solution. The value of f£/f, in the case of polymeric
bovine liver catalase was found to be 1.85, the partial specific volume, ¥,
being 0.715. 5o

20,
volume was 0.730. Using these values together with D20,w as 6.8 obtained

- value of apo-catalase was 4,0 S and the partial specific

with 6 M and 8 M urea, the friotional ratio £/f,, was found to be 1.26.
Using the S value of catalase quarter molecules as calculated theoretically
(446 S) and as observed experimentally (3.5 S), the frictional ratio was



20 40 60 80 TI00 %BLC .
80 60 40 . 20 = C%BSA -

Johnston-Ogsten effect for varying ratio of bovine liver |
e;t;lzu, 8:10 tbovine sermm M,Aa—Ai‘l in 0.1 M tris-.HCL,
pH 8.63 protein concentration - 8 mg/ml; rotor speed -
564000 rpm; temp. - 20°. |
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found to be 1.21 and 1.32 respectively. These values strongly suggest
that conformational changes occur when tetrameric bovine liver catalase
dissociates into quarter molecules. |

Depolymerization of bovine liver catalase was investigated further
by amploying sedimeptation equilibriwn methods. Sedimentation equilibrium
wms of native bovine liver catalase at a concentration of 0.4 mg/ml, showed
that a considerable amount of protein was left throughout the upper part of
the cell. A comparative run conducted with human jmmnoglobin G, which is
a linked-chain polymer protein of apparent mol. wt. 150,000, did not show
any residusl protein in the same region of the cell (Fig.23A ). The distri-
bution of catalase at the base of the cell paralleled closely that of human
immmnoglobulin G. These axperiments indicated that at this protein concen-
tration, catalase molecule dissociated. With the operational rotor speed
being identical, a decrease in the protein concentration results in an
incresse in monomer formation (Fig. 23B ) (quarter molecule of catalase=
assumed mol. wt. being 64,000). It was also observed that with the protein
concentration being constant, higher rotor speeds favored the mass distribu-
tion of the heavier components (Fige 23.Cs. ..)e

In view of the fact that sedimentation equilibrium analysis reveal-
ed the presence of half molecule and quarter molecule of catalase, dissccia-
tion of catalase on dilution was studied employing sedimentation velocity
methods with the help of the photoelectric scanner. At a range of protein
concentration, Azgon‘l 1.8 - 0.1, and a rotor speed range of 56,000 = 40,000

rpm, varying one operational condition at a time, the cell meniscus clearance
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Fige 23 A. Comparative sedimentcticn equilibrimm plot of bovine liver
“tll‘l.’ O 36~ ) .o.n..’ and hmaan mglobﬂin (e
e, Co - oli2 OuDe in 0.1 M m.-m’ p38.6; rotor speed -
14,000 rpm; temp. -20°, The theoretical distribution of human
imsmnoglobulin G is showm by - ¥150,000 .
Be Scamner equdlibrium plots of bovine liver catalase at two ocon-
cmtrations: (‘) Co = 25 (b) G - o66. The rotor M_— 16.”0
rm3 buffer ~ 0.1 M tris-HCl, pH 8.6. These scans were tiken
5 hr. after start of the run. . :
C. Scamner equilibrium rlots of bovine liver catalase,(G = +25 O.D.
in 0,1 M tris-HCl, pH 8.6) at two rotor speeds (cs 12,000 rmm;
) 20,000 rpa. These scans were taken 5 hrs. after start of run.
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had an S value of approximately 10, Further decrease in protein concentra-
tion (below =0.l1 5280‘,1) revealed the presence of monomers (3.5 S). Table
Tx shows the sedimentation behavior of borvine liver catalase at varying rotor
Ws, and protein concentration.

Sedimentation equilibrium analyses were also carried out at three
&ifferent temperstures, 15°, 20° and 25°, and at various low concentrstions.
It appeax;s that the dissociation is greater at higher temperature and at
lower concentration, while association is higher at lower funperatnre and
higho;‘ ‘conceutration .

The. sedimentation equilibrium plots of bovine liver catalase at
different NaCl concentrations have been presemted in Fig. 3&_4 « The protein
concentration in al,l' these comparative runs were maintained at 0.4 mg/ml.

The comparative study showed that with the increase in the perturbant con-
centration, the extent of dissociation increased, or in other words, the
extent of monomer formation increased. Figs.24Bs¢ show.  the effect of other
ionic solutes on the depolymerization of bovine liver catalase. The major
species in 3.5 M KCl, is dimer unit with a small amount of monomsr: on the
other hand, in 1.0 M CaCl, it is mainly monomer. Similer sedimentation
equilibrium plots of catalase in presence of non-ionie solutes were shown
in Fig. 25 which demonstrates that mainly monomer species could be detected
in 4 M urea, whereas sedimentation velocity analysis indicated the presence
of 9.36 S and 3.01 S in approximately equal proportion. A similar result
was obtained with 7.5 M formamide.

Solvent perturbation experiments were extended tc study the
chromophoric groups of catalase. The Soret band intensity is readily affected
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TABLE IX

Sedimentation velocity characteristics of Bovine Iiver Catalas@®.
‘at a low protein concentration and varying rotor speeds

Concentration*
Argo mp Rotor speed sZO,w
1.0 56,000 11.6
1.0 32,000 11.4
0.5 L, 000 10.6
0.3 565000 10.6
0.14 56,000 10.6
0.08 32,000 3.1
0.04 40,000 42
0.032 52,000 3.4

* contained 0.1 M tris-HC1l buffer, pH 8.6.
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by the non-iomle solutes rather than by the ionie solutes. Fig. 2610
presents the ultraviolet absorption spectra of catalase in urea and 2=
chloroethanol. The diminmution of the Soret band intensity was observed
with both urea and formamide. Solvent perturbstion difference spectra in
presence of 1.0 M CaCl,, and 8.0 M urea and 9.0 M formamide were presented
in Fig. 27 . CaCl, is the only ionic solute which affected the Soret band
intensity of catalase. It is well lmown that the heme moiety of hemoglobin
and also of cytochrome ¢ and myoglobin is located in a hydrophobie region.
The spectrophotometric studies show that the non-ionic solutes and CaCly
were capable of interacting with the chromophoric heme group.

The fluorescence emission spectra of proteins have provided a
sensitive means to evaluate localized conformetional changes. Fluorescence
emission spectra of catalase in presence of ionic solutes and non-ionmic
solutes are presented in Fig. 28 .« Native catalase showed the maximum
emission spectra at 326 mp. NaCl and KCl did not shift the fluorescence
emission_ spectra of catalase, the maximum emission wavelength being 327-327 mp
in both casese A spectral shift to 336 mp was observed with 1.0 M CaCly.

The fluorescence emission spectra in non-iormic solutes displayed a red shift
and the values of the relative fluorescence intensity were increased markedly.
The maximum fluorescence emission wavelength was 330 mp in 1.0 M 2«chloro=
ethanol, 345mp in 9.0 M formamide, 348 MR in 8.0 M urea, and 349 ®mp in 6.0 M
guanidine-hydrochloride.

The spectrophotomsetric titrations of the tyrosine residues were
carried out in 0.2 M KC1l, and in presence of varying concentrations of urea
to gather information in regard to the availability of the tyrosine residues.
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Fig. 27 A. Solvemnt perturbation difference spectra of bovine liver catalase
in 0,1 M CaCl230.1 M tris-HCl buffer, pH 7.0. The scan was taken
five nimutes after the mixing of the solntions. o
B. Solvent perturbation difference spectra of bovine liver catalase
in non-ionic solutes;—— 9.0 M formamide;-~—- 8.0 M ures. The
scans were taken five mimutes after the mixing of the solutions.
The nedia contained 0.1 M tris-HCI buffer, pH 8.6.
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Although the total number of tyrosine residues as obtained from the amino
acid analyses was 86, the number of available tyrosine residues at the
maximmm pH in 0.2 M KCl was 565 whereas with 8.0 M urea, 64 tyrosines were
joniged. Fig. 2917 shows that the increase in the urea concentration
facilitasted the ionigation of tyrosines of abnormsl pk values. It masy be
surmised that these tyrosine residues are relatively unsvailable in normal
solvent enviromment.

Engymic Activity

Since bovine liver catalase is an enzyme exhibiting the property
of an oxido-reductase, the effect of the solvent perturbation system on the
molecular conformation has been studied by evaluating the enzymic activity
for the time intervals used during the sedimentation velocity experiments
(150 mins being the maximm time elapsing between the mixing and the term-
ination of ultracemtrifuge run). Figs.30 asp show that when catalase was
subjected to iomlc solutes of increasing molarity, the enzymic activity
decreased with the increase in the solute concentration in the media and
also with the increase in the time interval. With the ionic solutes the
inhibition in the engymic activity was quite rapid, between 0 = 15 min, and
thereon the rate of loss in enzymic activity was slow. The enzymic activity
was inhibited maximally by CaCl, and least by LiCl (Fig. 30 ). NaCl
appeared to be more effective than KCl.

Fig. 31 shows the effect on the enzymic activity when bovine
liver catalase is subjected to non-ionic solutes like formamide, urea and
2=chloroethanol. The concentration range studied with formamide and urea
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Fig. 30 Engymic activity of bovine liver catalase in ionic solutes.
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systems showed the dissociation of catalase to monomer subunits (Figs. 2.3
agb)e The decrease in the enzymic activity of catalase was not apprecisble
in 3 M ethylene glycol., However, in 9 M ethylene glycol solution some loss
in enzymic activity was noticed. No dissociation of catalase was observed

in ethylene glycol system employing sedimentation velocity methods. Apprece
iable loss in engymic activity was not observed with 3.0 M formsmide. No-
change in enzymic activity of catalase has been observed with 0.5 M 2=chloro=’
ethanol solution over the specified time period. A control run using the
reagent blank was conducted under all solute:solvent interaction systems
under identical experimental conditions. All the solutes used during these
investigations had very little effect as such. While both types of solutes
were capable of inhibiting the enzymic activity, the loss of enzymic activity
in non-ioniec solutes in non-ionic solutes was progressive in comparison with
that in ionic solutes. It may be mentioned here that the loss in engymic
activity over the time period for sedimentation equilibrium runs (14 hr)

were not carried out during this investigation.

DISCUSSION

Analytical ultracentrifugation of bovine liver catalase under
solvent :solute interaction has revealed very interesting features in regard
to the monomer association. All the solutes, ionic and non-ionic, have
been able to dissociate catalase with varying degrees of success. However,
a distinet difference was observed hetween the sedimentation velocity
characteristics with NaCl, KC1l and I4iCl on one hand, and CaCly, formamide,
ures and 2-chloroethanol on the other hanmd. While the latter group produced
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a Schlieren peak of approximately 3.5 S and another peak lower than 11.6 S,
the former group showed only one broad Schlieren peak with progressively
decreasing S values. When these experiments were compared with = non-inter-
acting system (Catalase:human immnoglobulin G: bovine serum albumin), all
three peaks could be observed. @talase presents an interacting system,

where a 4 S component may be considered as the monomer species, and a com=
ponent of higher S value as a mixture of tetramer and dimer in varying
proportion. Under similar solvent:solute interaction system the dissociation
of tetrameric chick hemoglobin molecules proceeded to dimer and o monomer
state but did not produce two Schlieren peaks under any conditions. The
restricted removal of the perturbants from the solution would tend to produce
intact tetrameric catalase molecule. These results imply that the subunits

of catalase are in dynamic equilibrium. The sedimentation equilibrium studles
revealed that the monomer association is dependenil, on the protein concentration,
the presence of monomer-dimer equilibrium being observed in native condition
(Fig. 24 B,..)s The presence of monomer could even be shown from sedimenta-
tion velooif,y experdments at a dilution of Azgom- 0.05, an increase in
protein concentration resulted in an increased S value (9 S or higher). The _
S value also seems to be dependent on the rotor speed. The presence of a
component of 6 = 7 S, i.e. pure dimer species, was not detected under the
present experimental conditions. During the sedimentation equilibrium studies,
the extent of monomer in the solution was dependent on the solute concentration.
The sedimentation velocity experiments showed that the ionic solutes like NaCl,
KCl end I4iCl were not as efficient as CaCl,, formamide and urea; whereas in
accordance with the sedimentation equilibrium data these solutes were capable
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of dissociating catalase to monomeric state, the extent of monomer formation
depending on the portuxbant'opnocnh'aﬁon. This aMt disparity arises
from ‘the fact that the dimer-monomer equilibrium of the catalase is dependent
on the protein concentration. mfthomro, the greater forcqs as obtained
with the higher rotor spoeds tend to favor the polymerigation. It is
interesting to note that the removal of heme producid monomer subunit. Apo-
catalase was relatively unsteble and ocould only be kept in solution at

PH 4.0, & situation comparsble to those observed with individusl chains of
chick hemoglobin (Chapter III). ‘

The Soret band maxima (407 mp) were not affected by dilution at a
protein concentration range of Az80 mpy = 0.2 - l.6. The Soret band maxima
renained unaffected by ionic solutes (NaCl, KC1 and LiCl) although the
intensity decreased with non.ionic solutes. HNon-ionic solutes at lower
oconcentration like 0.5 M 2-chloroethanol or 2.9 M ures, solvent perturbants
like ethylene glycol and sucrose at a concentration of 20% produced very
1ittle change. These studies show that these solutes which are capable of
inducing hydrophoblic interaction are also capsble of decreasing the Soret
band intensity and also a sbift in the maxima. As regards the AE L,
the heme. groups of catalase are more affected by the solutes than those of
hemoglobin.

Studies on the flucrescence uﬁuion spectra pointed out that the
tryptophan residues of catalase are strongly bonded in hydrophobic regions,
and non=-ionic solutes like formamide and urea, could produce the red shift.
NaCl and KC1 were ineffective in contrast to the effect of CaCl, where a

red shift to 345 mp was observed. At this end, CaCl, was less effective
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compared to guanidine hydrochloride, urea or formamide. The tyrosine
ionization spectra also revealed the strong hydrophobic interaction in the
catalase molecule: for example, while the amino acid analysis revealed the
presence of 86 tyrosine residues, 64 tyrosines were obtained in 8 M urea
and 56 in 0.2 M KCl. It indicates that quite a large number of tyrosine
residues are strongly hydrogen bonded and are not easily available to the
solvent environment.

Both ionic and non-ionie solutes produced inhibition of the,
catalatic aativity at a sufficient solute conecentration. Since catalase
exists mainly as a monomer at a protein concentration generally employed
for the determination of its mﬂc activity, the catalase monomer appears
biologically to be the active unit. The solutes produce both gross and.
localized conformational changes in catalase which reflect on the enzymic
activity to different degrees. The recombination experiments which are in
progress in our laboratory conform to this fact.
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CEAPTER V
DISCUSSTON

Studies on polymers proteins have provided us with an interesting
phenomenon of molecular association. This association is rather specific:
for example, the association of a~ and B-subunits of hemoglobins. These
assoclations stand quite distinet from molecular aggregation which could be
‘produced by physical and chemical means. Three dimensional atomic models
of multi-chain proteins like hemoglobins (44, 45), a=chymotrypsin (145) and
single chain proteins like myoglobin (135, 136) lysozyme (146-148) carboxy-
peptidase A (149~150) and ribonuclease A (151, 152) indicated that the polar
side chaianroups are in contact with the solvent molecules, and the non-
polar groups are away from the solvent interaction being placed in the
crevices or inside the moleculie. The polar groups could stablilige the
protein molecule via electrostatic interactions located within the same
subunit or its neighbour. Hydrophobic 1nteracfion may also occur among
inter- and intra-polypeptide chains (102). It appears that the polymer
integrity is dependent on both the electrostatic and hydrophobic interactions.
The gross conformation of these proteins in aqueous medium of neutral pH and
low salt concentration is believed to be essentially the same as the molecular
models derived from the crystals. Most of the proteins are compact molecules
which stem from the specific folding of the polypeptide chains and which in
turm was facilitated by disulphide bridges. There are several forces
influencing the gross conformation of the protein: short range forces, e.g.
Van der Waals forces, coulombic forces, etc., hydrogen bonds, hydrophobic
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bonds (102, 153). These interactions are dependent on the sequential
arrangement of the amino acid residues. Soivent enviromment is one of the

ma jor doé:ld:lng factors towards the stabilisation of polymer molecules. A
suitable change in the solvent enviromment will counteract the inter-subunit
stabiliging forces and eventually induce a depolymerization. It may, however,
be mentioned that in very dilute solution, hemoglobin dissociates (10).
Schachman and Edelstein reported the dissociation of human oxyhemoglobin A

to monomer at a concentration of 0.002 mg/ml and to dimer, at a slightly
higher protein concentration of 0.017 mg/ml (14). Bonaventura and Riggs
observed that human oxyhemoglobin Kansas (B=102 thr - asn) dissoclated to
dimer form at protein concentration (0.1 mg/ml) higher than that required for
human oxyhemoglobin A (154).

Solvent:solute interactior studies as presented herein were carried
out in an aqueous medium. According to the current concept, liquid water is
in equilibrium states varying from tetra=hydrogen bonded (ice=like) to none
hydrogen bonded structure (free water) (88, 153). The mole~fraction of each
of the four species present depends on the temperature of the solution (0° -
80°). Addition of electrolytes to solvent (water) produced ion-ion, ion=
dipole and dipole-dipole interaction in solvated econdition, and alters the
dielectric properties of the medium. Variation in the dielectric property
of the medium depends on the characteristices of the sclutes. During the
present study the chlorides of alkali metals, Li, Na, K and alkaline earth
metal, Ca, were used; while the former group represents uni-univalent
electrolytes, the latter one di-univalent electrolyte. Comparing the
disruptive effect of these alectrolytes, LiCl was found to be least effective
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with no significant differences being observed between NaCl and KCl. CaCl,
was the most effective of the ionic solutes used. In all cases an increase
in solute concentration produced an increasing disruptive effect. The ionie
hydration values of NaCl, KC1 and CaCl, are 3.5, 1.9 and 12.0 respectively
(155). The dielectric constant of these electrolytes in water ( ¢.,= 78.54)
at 25° are 22.54, 34.54 and 43.54 for 4 M LiCl, 4 M NaCl, and 3.5 M KCl.
These values were calculated from the equation ¢ = €w+25c, vwhere € ,
dielectric constant of the electrolyte at a concentration e; €., dielectric
constant of water; & , half the molar depression; ¢, the concentration of
solute in moles/liter (85). The mean ionic activity coefficients at 1.0,
2.0 and 3.0 molal solution are 0.492, 1.785 and 4.588 for NaCl and 0.365,
1.313 and 2,914 for KCL (156).

The non-ionic solutes employed were amide derivatives (urea,
formamide and guanidine hydrochloride) and an alochol derivative (2-chloro-
ethanol). According to Frank and Evans (89), introduction of a non-pclar
molecule induces an "™iceberg® structure in bulk water. Schellman (157)
reported that in dilute ures solution there isv an equilibrium, 2(urea)aq

] (ureaz) and that at higher urea concentrations further polymeriza-

aq?
tion gives trimers, tetramers, etc. The addition of urea to water produced
urea-water clusters. These clusters provide the interstitial space in the
solution which accommodates the hydrocarbon moieties. Thus, ures appears to
solubilize amide, peptide and hydrophobic groups (139, 140). Of the three
amide derivatives used, the relative order of effectiveness was,

guanidine-hydrochloride, urea and formsmide.
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The dual properties, ionic and non-ionic, of guanidine hydi-ochlord.de could
account for the greater disruptive effect. It is interesting to note that
although 2-chloroethsnol has widely been used as a helieogenic solute (158),
it was capable of depolymerizing both chick hemoglobin and bovine liver
catalase; the disruptive effect is not as great as observed with the other
smide derivatives. ‘

Studies on the hydrodynamic properties based on analytical ultra-
centrifugation and viscosity determinations indicate that no gross conforma-
tional change accompanied the dissociation of chick hemoglobin in both lonie
and non-ionic solutesi; However, localized conformational changes as reflected
in the dimimtion of Soret band intensity was cbserved with a1l neneionic

NH,
solutes, o =c:“ (formamide); o=c” * (urea);
NHg NHy “NHg
HN=C_Hel  (guanidine hydrochloride)s CaCl_.
NH 2

Binding of thes: solutesz to protein meleculss has been reported by several
investigators as insignificant. However, divalent ions like Zm+ and ca**,
have been reported to react with the imidazole groups (159). Sperm whale
myoglobin has been showm to bind both Cu and En (160, 161). Metallo-

ensymes like carboxypeptidase bind divalent cations (162). The accessibility
of chromophoric side chains of tyrosine and tryptophan, is facilitated by the
solvent perturbants (105). Solvent perturbation differemtisl spectrophoto=-
metric studies has also revealed localized conformational changes in ribo-
molease (163), bovine serum albumin (104). Furthermore it has been
established that the stronger denaturants cause a helix-random coil transi=
tion. (164).

The existence of hemoglobins as a tetramer in an aqueous medimm
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(neutral pH, low salt concentration) is such that the free energy of contact
between the four subumits is less than that between a subunit and the solvent
enviromment. Removal of the heme moiety from chick hemoglobin produced a
mixture of a and B chains, which exists in a dimeric form (aB) (Figs. X & 9).
The ssme observation was made with aminoethylated globin., A smaller disrup-
tive force (4 M) is required to dissociate globin (af) dimers to monomers
than for the dissociation of hemoglobin (aB), tetramers to monomers (8 M
urea). It wms also observed that in the absence of B=chains, the a-chains
are unstable in nature and have to be kept in solution in presence of urea
(2M = 4 M urea, pI-I-3.5). Thus it appears that unlike chains stabllize each
other. .This in twrn reflects a lower free energy of contact between the
dissimilar subunits. It has been mentioned previously that the addition of
a solute to the protein solutioh causes the dissociation of the protein
molecule. To do so it mst decrease the free energy of contact of the sub-
units with the solvent (165). The addition of strong electrolyte solutions
is known to weaken polar interactions and strengthen non-polar ones. They
would therefore be expected to weaken the forces between the like suburd ts
and strengthen those between the unlike subunits. This explains why
symmetrical dissocistion occurs. The change in free emergy, when the protein
molecule dissociates would be a reflection of the binding emergy between the
like subunits. Kirshner and Tanford have reported a change in free energy
of 5.1 keal/mole for human carbormmonoxyhemoglobin and bovine ferrihemoglobin
in 2 M NaCl (32). For chick hemoglobin under similar conditions, the changes
in free energy was approximately 2.3 kcal/mole. It appears from these data
that chick hemoglobin is more resistant to dissociation than the mammalian
hemoglobins, A similar result was obtained from preliminary data comparing
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the behavior of marmslian and avian hemoglobins (Chapt. 3, section 2).
Sedimentation velocity analysis of chick hemoglobin in presence
of increasing concentration of ionic and non-ionic solutes showed a single
peak of decreasing S value. In an interacting system, where the components
are in equilibrium and the S values close (4.4 S and 2.8 S for tetramer and
~ dimer,respecbively), the refractive index gredient curve failed to resolve
the rate of movement of ixﬂ;vidml components into peaks. The degree of
dissoclation, @, from the tetramer to dimeric state, could be assessed by
| relating the observed S values to the assumed values of tetramer and dimer.
At a high solute concentration, the presence of monomer imposes a restriction
on the evaluation of dissociation constant (tetramer % dimer). Furthermore,
the detection of monomer present in such a system is limited by the mode of
operation employing Schlieren opties. This has, however, been overcome by
the automatic photoelectric scammer operation in conjunction with sedimenta-
tion equilibrium method. Thus, traces of monomer could be detected in 2 M
NaCl and so also in 3.0 M KCl, the corresponding S values being 2.81 S and
3.0 5S¢ Similarly, traces of tetramer could be detected in 4 M urea. Whether
or not a lower protein concentration for a particular solute concentration
produced further dissociation could not be ascertained under present experi-
mental conditions.

The monomer association as observed with bovine liver catalase has
provided us with a very interesting but coniplicated phenomenon, Both ionic
and non-ionic solutes are effective in dissoclating catelase molecule.
However, a distinctive feature was observed where the S value in NaCl, KC1
and LiCl decreased with increase in solute concentration and a single
Schlieren peak was observed. In contrast, the Schlieren plots revealed two
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components in noneionic solutes, the fast component with 9 S or higher,
and a slow one with 3.5 S or lower. A component with an intermediate S
did not appear. A marked decrease in S value compared to native catalase
(1.6 5 = Sgo’w) implies a redustion in molecular size. Following a similar
argument 25 used with chick hemoglobin, the presence of dimer is indicated
in these solutes. If the decrease in the S values were a reflection of the
ciegrea of dissociation, the presence of monomer was detected at a stage
wherein approximately 50% of the tetramer spedies had been dissociated.
The range of solute concentration where the similtaneous presence of fast
and slow components were observed, was rather narrow. CaCl, yas the only
ionic solute which produced two components, and produced the lowest S wvalue
for the fast moving component (Fig.1l7 D ). It seems worthwhile to point
out that a smooth S vs solute concentration plot was observed in NaCl and
KC1l without any break and the limiting S values were lower than those
observed with the fast components in presence of non-ionic solutes, implying
a smooth shift in the equilibrium states (tetrsmer == dimer == monomer).
A similar departure in the behavior of CaCl, was observed in fluorescence
emission spectra and differential spectrophotometric studies. A more
pronounced change in the Soret band reglon was observed with the non-ionic
solutes. Tryptophan residues were made available by the solvent enviromment
by these solutes. In general, studies on bovine liver catalase pointed out
a marked distinction in the behavior of non-ionic and ionic solutes.

The dissociation of hemoglobin from tetramer to dimer and monomer
at a low protein concentration is an established fact (10, 14). At a protein
concentration where chick hemoglobin exists in solution as tetramer, the
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sedimentation equilibrium analysis showed the dissociation of bovine liver
catalaso from a tetrameric state to a mixed species of dimer and monomer.

In comparison to chick hemoglobin, solutes st a lower concentration produced
increasing amounts of monomer species. The experimental results with the
ionic and non-ionic solutes imnly that the stabilizing forces between the
subunits of tetramer in catalase are weaken than those between the subunits
of chick hemoglobin, and that both electrostatic and hydrophobic interactions
Play an important role in the polymer stabiliszation.

The theories of low speed sedimentation equilibrium assume that
the chemical potential is independent of pressure. For a typical sedimenta=~
tion equilibrium experiment at low angular velocity and with a short fluid
colunm, the effect of pressure has been considered to be small (18). Since
the ultracentrifuge is operated at moderate to high rotor speeds for analy-
tical sedimentation velocity experiments, high pressure of the order of
100 = 500 atmosphere may be generated at the cell bottom. Kegeles, Rhodes
and Bethune (166) have pointed out that because of the overwhelming effects
of high pressure gradients on macromolecular reactions, molecular welghts
cannot be determined with sufficient accuracy from the sedimentation
coefficient until it is shown to be independent of speed and pressure. During
present studies sedimentation equilibrium analysis showed that bovine liver
catalase dissociated to a mixed species of monomer and dimer. A higher
speed (Fig. 23 ) favored the formation of a heavier component. For a similar
concentration as used in the equilibrium analysis (56,000 rpm) a species of
10.6 S were detected in the scanner velocity experiments, a value which
indicates a mixture of tetramer and dimer. In the sedimentation welocity
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experiments the presence of monomers c;uld only be detected at very low
protein concentrations. It appears that pressure generated in the ultra=-
centrifuge cell influences the monomer-dimer association of bovine liver
catalase, and that the dimer-dimer association is more rapid than the

monomer association.



1.

24

3.

by

5.

7.
8.
9.

13.

14,
15.
16.
17.
18.

19.

REFERENCES

Braunitzer, G., Hilsey K., Rudloff, V. and Hilschmamn, N.
Adv. Protein Chmo’ 1931’ 19640

ROBBi‘FanOm’ A.y Antonini, E. and Caputo, A.
Adve Protein Chem., 19:73, 1964.

Margo]iaSh, E. and Sehejter’ A. Adv. in Protein Cham.’ 21311"” 19660

tMethods in Enzymology®, Ed. Colowick, S.P. and Kaplan, N.
Academic Press, 2:Section 5, 681, 1955.

Engelhardt, J.F. Dissertation, 'Commentatio de vera materiae sanguinis
purpureum colorem impretientis natura.' Gottingen, 1825,

Cited as in Ref. 1.

Ada‘lr, GeS. Proec. Cambridge Phil. Soc. 1, 753 1923-192-5,
Svedberg, T. and Fahraeus, R. J. Am. Chem. Soc. 48:430, 1926.
Svedberg, T. and Hedenius, A. Biol. Bull. 66:191, 1934.

Pedersen; XK,0. Unpublished results, cited by Svedberg, T. and
Pedersen, K.0. (1940) The Ultracentrifuge, Oxford University Press,
London, 1940,

Tiselius, A. and Gross, D. Kolloid Z. 66:11, 1934.

McCarthy, B.F. and Popjék, G. Nature 159:198, 1947.

Gutfreund, H. Unpublished results cited by Kendrew, J.C. and Perutsz,
M.F. (19'*8) Proc. Royo Soc. A19n’3375’ 19"’6.

Gutfreund, H. In *Hemoglobin' (F.J.W. Roughton and J.C. Kerdrew, eds.)
p. 197, Wiley (Interscience), New York, 1949.

Schachman, H.K. and Edelstein, S.J. Biochem. 5:268L, 1966.
Gralén, N. Biochem. J. 33:1907, 1939.

Field, E.O. and O'Brien, J.R.P. Biochem. J. 60:656, 1955,
Reichman, M.E. and Colvin, J.R. Can. J. Chem. 34:411, 1956,

Svedberg, T. and Pederseny K.O.y ede 'The Ultracentrifuge', Oxford
Univ. Press, London and New York, 1940,

Hasserodt, U. and Vinograd, J. Proc. Natle. Acad. Sei. 45:12, 1959,



20. FKurihara, K. and Shibata, K. Arch, Biochem. Biophys. 881298, 1960.

21. Gottheb, AJdey Robinson, E.A. and Itano, H.A. Arch. Biochem.
Biophys. 118:693, 1967.

22. Bnrk" N.F. and Green'berg, D.M. J. Blol. Chem. 873197’ 19300
230 Steinhaﬁt’ Jo Je Biol. Chem. 123:543’ 1938.

24, mtter’ FQJ., Peterm’ Ed. and %ber’ H.A. Arch, Biochem.
~ Biophys. 80:353, 1959.

250 K&m’ Ko’ Kirshner’ A.Ge and Tmroﬁ, C. Biochen. “’31203’ 1965-

26, Anderson, K.J.I., in 'The Ultracentrifuge' (T. Svedberg and K.O.
Pedersen, eds.), Oxford Univ. Press, London and New York, p. 407, 1940,

27. ROSd."'qui’ A.o’ mom, E. and Caputo, A. Je Biol. Chen.
2363391’ 1961.

28. Cecil, R. and Snow, N.S. Biochem. J. 82:255, 1962.
29. Grossman, A. and Tanford, C. Federation Proc. 21:72, 1962.
”o Benesch’ R.E. and Benemh, R. Biochem. 1:735’ 19620

31. Ben@sch’ RQE.’-'.Bme”h’ R,I and Wimamson’ M,E. Proc. Natl. Acad.
Soi. 4812071, 1962.

32. Kirshner, A.G. and Tanford, C. Biochem. 3:291, 1964,

33. RDChe, J.' Roche. Ao’ Adair’ G.S. and Adair, M.E. Biochem. J.
26:1811, 1932.

34. Smith, D.B., Haugy A. and Wilson, S. Federation Proc. 16:766, 1957.

35, Rossi-Fanelli, A., Antonini, E. and Caputo, A. Biochim. Biophys.
Acts 2831221, 1958.

360 RDBd.-FOnOm’ A.y Antoniniy E. and Caputoy, A. J. Biol. Chem.,
234:2906, 1959,

37. Polsony A. Kolloid-Z. 88:51, 1939.
38. Wyman, J. Jr. Adv. Protein Chem. 4:407, 1948,

390 Ritllm’ H.N., K868berg’ P. and Beeman’ B.B. Je Physj.Ol. Chem.
18:1237, 1950.



.

b2,
L3,

53.

S

55.

56.

57.

58,
59.

Bragg, W.L. and Perutz, M.F. Acta Cryst. 5:277, 1952.

Pemtz’ M.F.y Rossman, M.Goy Cull‘ls, AJF.y Muirhead, Ho’ Wﬂl’ G.
and North, A.C.T. Nature 185:416, 1960.

Smith 'y D.B. and Perutz 9 M.F. Nature 188: L06 ? 1960 .

Cnll‘l.s, AJF.y Muirhead, Hey Perutzy M.F., Rossman, M.G. and
North’ A.C.T. Proc. Royo Soc. A265:161, 1962.

Pemz, MQF., mrhead’ H. Cox, JeM. and Gom, L.C.G.
Nature 219:131, 1968.

Perutz, M.F. J. Mol. Biol. 13:646, 1965.

Singer, K., Chernoff, A.I. and Singer, L. Blood 6:413, 1951.

Saha, A¢ Indien J. Phystol. 10:87, 1956.

Sgha, A. and Ghosh, Js Comp. Biochem. Physiol. 15:217, 1965.
Sahay A. Science & Culture (India) 21:756, 1956.

Seha, A., Ghosh, J. and Duttas R. Science & Culture (India), 1956.
Saha, A., Dutta, R. and Ghosh, J. Science 125:447, 1957.

Kitchen, H., Easley, CW., Putnam, F.W. and Taylor, W.J.
Jo Biol. Chem. 243:1204, 1968.

Huismany T.HeJey Brandty G. and Wilson, J.B. J. Biol. Chem.
243:3675, 1968.

Pauling, L., ITtano, HeA.y Singer, S.J. and Wells, I.C. Science
110:543, 1949.

Ingram, V.M. The Hemoglobins in Genetlics and Evolution, Columbia
University Press, New York, 1963.

Dayhoff, M.0. and Eck, R.V. Atlas of Protein Sequence and Structure,
National BioMedical Research Foundation, Maryland, 1968.

Hulsmany T.HeJesy Schillhorn Van Veen, J.M., Dozy, AeM. amd
Nechtman’ C.M. Biochim. Biophys. Acta 88:352’ 196!".

Sashay A. Biochim., Biophys. Acta 93:573, 1964,
Braunitzer, G., Gehring-Muller, R., Hilschmann, N., Hilse, K.,

Hdbom, G.’ MIOff’ V. ard Witm-LiebOld’ Be 2. PhySiOl. Chen.
325:283, 1961.



60.
él.
62.
63.

73

7.

75

Konigs'bﬁrg, W. and Hﬂ.l, ResJ. J. Biol. Chem. 2373&5?’ 19620
Br.mtzer’ G. and mtsuda’ G. Z. PhysiOIQ Chen. 325:91’ 19610
smer’ J.B. anmd Gnleln’ N. J. Bilol. Chem. 125333’ 1938.

Summer, JoBo’ Domoe. AJL. and mepton’ V.L. J. Biol. Chem.
1363343’ 19“’00

Stern, K.G. and Wyckoff, R.W.G. Science 87:18, 1938.

Agner, K. Biochem. J. 32:1702, 1938.

Stern, K«G. Z. Physiol. Chem. 217:237, 1933.

Deutschy H.F. Acta Chem. Scand. 6:1516, 1952.

Malmon, A.G. Biockim, Biophys. Acta 26:233, 1957.

Shirskawa, M. J. Faculty Agr. Kyushu Univ. (Japan) 9:173, 1949,
Samejima, T. and Yang, J.T. J. Blol. Chem. 23833256, 1963.
Tanford, C. and Lovrien, R. J. Amer. Chem. Soc. 84:1892, 1962,
Samejima, T. and Shibata, K. Arch. Biochem. Biophys. 93:407, 1961.

Schroeder, W.A.y Schelton, J.R.y Shelton, J.B. and Olson, B.M.
Biochim, Biophys. Acta 89:47, 1964,

' samQJim, Tey McCabe, WeJe and Y&ng’ JoTe Arch. Biochem. Biophys.

12733515, 19680
Valentine, R.C. Nature 204:1262, 196l4.
Longley, W. J. Mol. Blol, 303323’ 196?.

Sundy H.y Weber, K. and Moebert, E. European J. Biochem.
1:400, 1967.

Bomnichseny R.K. Arch. Biochem. Biophys. 12:83, 1947,
SChm@hel, G. Hoppeseyler's Z. PhYSiOIQ Chem. 303:91, 1956.

Schroedery W.A.y Sahay A.y Fenninger, W.D. and Cua, J.T.
Biochim. Biophys. Acta 58:611, 1962.

Sahay A.y Campbell, D.H. and Schroeder, W.A, Biochim. Biophys. Acta
85:38, 1964,



96.

97.
98.

1o0.

101,

DeSantiB, Po,’ Giglio, Eo’ Liquori, AM., and lﬁpamonti, A.
Je Polymer Sei. A1:1383, 1963, Nature 20631456, 1965.

Davies, D.R. Ann. Rev. Biochem. 361:321, 1967.
Stryer, L. Ann. Rev. Biochem. 37:25, 1968.

Robinson, R.A. and Stokes, R<H. 'Electrolyte Solutions', London
Butterworths Scientific Publications, 1955.

Pimentel, G.C. and McCellan, A.L. *The Hydrogen Bond' W.H. Freeman
& Co.y 1960.

COhn’ E«d. and Edsﬂll’ JeTs 'Proteins’ Amino Acids and Peptides',
Reinhold Publishing Corp., 19%3. ‘

Nemethy, G. and Scheraga, HiAe Jo Chem. Physo 36:3382’ 19620
Frank, H.S. and Evansy, M.W. J. Chem. Phys. 13:507, 1945,
Reithely, F.J. Adv. Protein Chem. 18:123, 1963.

Schachman, H.K. *Methods in Engzymology', Ed. Colowick,S.P. and
Kaplan, N.O., Academic Press, New York, 4:32, 1957.

Scheragas HeA. and Mandelkerny L. J. Ame Chem. Soc. 75:179, 1953.
Svedﬁerg, T. and Nicholsy, J.B. J. Am. Chem. Soc. 45:2910, 1923.
Svedberg, T. Nature 139:1055, 1937.

Lundgren, H.P. and Williams, J.W. J. Phys. Chem. 43:989, 1939.
Archibaldy W.J. J. Phys. & Colloid Chem. 51:1204, 1947.
Yphantis, D.A. Biochem. 3:297, 1964.

Hanlon, S., Lamers, K., Lauterbatch, G., Johnson, R. and
SCh&chma.n’ H.K. ArCho BiOOhmo Biopm'so 99:15?’ 1%20

Schachman, H.K., Gropper, L., Hanlon, S. and Putney, F. Arch.
Biochem. Biophys. 99:175, 1962.

Lamersy K.y Putney, F., Steinbergy I.Z. and Schachman, H.K.
Arch. Biochem. Biophys. 103:379, 1963.

Beckman Instruments, Inc. Tech. Bull. F=TB=024, March 1967.



102.
103.

1ok,

105,
106.

107.

120.

Kauzmm’ W. Adve. Protein Chem. 1481, 1959.

Laskowskiy M. Jr., Widom, J.M., McFadden, M.L. and Scherags, H.A.
Biochim. Biophys. Acta 19:581, 19563

Herskovits, T.T. and laskowski, M. Jr. J. Biol, Chem.
237322,'81’ 1962.

Herakmts’ TeTe Jdo Biol. Chem. 2‘#0:6%, 19650

Williams, E.J.s Herskovits, T.T. and Laskowski, M. Jr. J. Biol.
Chem. 2’4—0: 357#, 1965. .

Lamberg, R. and Leggey, J.W. Hematin Compounds and Bile Pigments
m.ley, New York, 1949,

Crammer, J.L. and Neuberger, A. Biochem. J. 37:302, 1943.
Hems’ Je Jr. Biochem. 13193’ 1962.
Stellwagen, E. DBicchem. 2:919. 1964,

Rdbbins, F.M.’ A!ﬂ.reotti, RoEo’ HO].'IIOB’ L.G. and Kromla.n, M.J.
Biochim. Biophys. Acta 133:33, 1967.

Udenfriend, S. Fluorescence Assay in Biology and Medicine,
Academic Press, 1962. .

Teale, .FMW.J. Biochem. J. 76:38l, 1960.

Kro'nman, M.J. Blochim. Biophys. Acta 133:19, 1967.

Sshay A. Science & Culture (Calecutta) 21:105, 1955.

Spackman, .D.H.y Stein, W.H. and Moores S. Anal. Chems 30:1190, 1958,
Hubbard, R.W. Biochem. Biophys. Res. Comm. 19:679, 1965.

Moorey S. J. Biol. Chem. 238:235, 1963.

Noltmemn, E.A., Mahowald, T.A. and Kuby, S.A. J. Biol. Chem.
237:1146, 1962.

Schachman, H.K. 'Ultracentrifugation in Biochemistry', Academic
Press, New York, 1959.

'{a.réford, C. 'Physical Chemistry of Macromolecules', Wiley, New York,
963.



122.

123.

125'.

126.
127.
128,

130.
131.
- 132.
133.
134.
135.
136.

137.
138,
139.
140,
141,

1s2.
143,

Fujita, Ho 'Mathematical Theory of Sedimentation Anslysis'®,
Academic Press, New York, 1962.

Bomnichsen, R.K., Chance, B. and Theorell, H. Acta Chem. Scand.
1:655, 1947.

Goldbergs ReJe. J. Phys. Chem. 57:19%, 1953.

Lewis, G.N. and Randall, M. -'Thermodynamics® revised by Pitser, K.8.
mnm&" L McGraw-Hﬂl, ppo 2’43’ 19&.

Scatchard, G. J. Am. Chem. Soc. 6812315, 1946,

Cassssa, E.F. and Eisenberg, H. J. Phys. Chem. 64:753, 1960.
Casassay E.F. and Eisenberg, H. Adv. Protein Chem. 19:287, 1964.
Adams, E.T. Jr. and Williams, JW. J. Am. Chem. Soc. 86:3k54, 1964,
Adsmsy E.Te Jr. Frastions, No. 3, p. 2, 1967.

Perutz, M.F. and Lehman, H. Nature 219:902, 1968.

Carry GMW. Arch. Biochem. Biophys. 46:417, 1953.

Scatchard, G. and Pigliacampiy J. J. Am. Chem. Soc. 84:127, 1962.
Coxy D.J. and Schumaker, V.N. J. Am. Chem. Soc. 8312433, 1961.
Kerdrewy, J.C. Brookhaven Symp. Biology 15:216, 1962.

Kmﬂm’ J.C., Watson, H.Co’ Str..!ﬂberg’ BoEo’ Dickenson’ ROE.’
Phi]ips, D.Ce and Shore’ V.C. Nature 1903663’ 19610

Schwan, He Ann, N.Y. Acad. Sei. 125:34k, 1965.
bu~-Bamdiyyahy, Me J. Phys. Chem. 69:2720, 1965.
Nozaki, Y. and Tanford, C. Biochem. 3:291, 1963.
Tanfordy C. J. Am. Chem. Soc. 86:2050, 1964.

CrOS'bﬁeld, oMo’ Stein, WeHe and }Ioore, S. Je. Biol. Chenm.
238:2413, 1963.

Gerhart, J.C. and Schachman, H.K. Biochem. 4:105%, 1965,

Richards, F.M. and Vithayathil, P.J. Brookhaven Symnosia in
Biology 13115, 1960.



14}, Johnstons J.P. and Ogston, A.G. Trans. Faraday Soc. 42:789, 1946.

1"'50. lhtthm, BQWQ’ Si ary PoBo’ He!_ﬂ.erson’ R. and BIOW’ D.M.
. Nature 214:652, 1967.

146. Bhkﬁ, CeCeFey Koenig, D.Fey Mair, G.Ao, Norbh’ AOCOT., Phillips,
DsCe and S‘ma’ Ve.R. Nature 2063?57’ 1965.

1“‘7. Bhkﬁ, CaCoFey JOhnson, C.H., Hair, GoA., North, A.C.lf., Phill'lps,'
DiC. and Sarma, V.R. Proc. Roy. Soc. (London) Sec. Bs'
167:378, 1967.

m. Phﬂ-lips, D.C. Proc. Natl. Acad. Seil. 573“8“, 1967.

149, Lipscomby W.N., COPPOh’ JeCoey MMk; JeA ey Ludwig, M.L.,
Muirhead, H.y Searl, Jo and Steitz, T.A. J. Mol. Biol. 19:423, 1966.

150. Reelc, GeNey H&rtsu.Ok’ JeA oy ng, M.Lo, Quiochoy, Feh.y
Steitz, TA. and L:[psconib, WeNe Proc. Natl. Acad. Sei. 5832220’ 1967.

lﬂo Karbha., Go, BO]J.O. Je and H‘rkag De Nature 2133862, 19670

152. WOff’ H.w.’ H&ﬁmn’ HeDeoy Allelwell, N.M., In_tgami, Tey JOhnson’
A L.N. and Richa:ﬂs, FM. J. Biol. Chem. %2339&’ 1967.

153. Scheragay HeA. 'The Proteins' Vol. 2, ed. Neureth , Academic Press,
New York’ 19630

151"0 . Bomventura, J. and Riggs, A. J. Biol. Chen. 2"’33980’ 19680
155. stOkeS. R.H. amd RObinson’ Rde Je Am. Chem. Soce. 7031870, 19’*8.

156, Intermational Critical Tables, McGraw Hill Book Co., Inc., New York,
vol. 5’ 1926.

157. Schellman, J.A. Compt. Rend. trav. Iab Carlsberg Seér. chim.
29:223, 1955.

158. Webery R.E. and Tanford, C. J. Am., Chem. Soc. 81:3255, 1959.
159. FRao, M.G.N. and lal, H. J. Am. Chem. Soc. 80:322, 1958.

160.  Breslow, E. and Gurd, F. J. Blol. Chem. 238:1332, 1963.

161. Cann, J.R. Proc. Natl. Acad. Sci. 50:368, 1963.

162. Vallee, B.L. and Neurath , H. J. Am. Chem. Soc. 76:5006, 1954,



163. Herskdvits, T.Te and Iﬂsmki’ M. Jr. J. Biol. Chem. 235356’ 19600
164. *Poly a-smino acids'y Ed. Fasman, G.D., Marcel Dekker, New York.
165. Tanford, C. Brookhaven Symp. Biol. 17:154, 1964.

166. Kegeles’ Go’ m‘!des’ L. and Bethme’ JeLe Proc. Natl. Acad.
Sei. 583"‘5’ 196?0

167. Saha, A. Unpublished observations.



