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The Influence of Varying Hydrogen Ion Activity and Protein
Concentration upon the Stability of ‘the holecules in Certain
TR e Protein Solutions. I P

| Introduction

. * M P -5 ' H Teen
oy ) N R ...~\ . . 7
PYoee e e e T

Proteins, as definite chemieal individuals, exhibit
determinable molecular weights in aqueous solution. This‘
thesis embodies the measurements of such molecular weights
at varying degrees of acidity and alkalinity and ‘at varying
levels of protein concentration. These measurements were made
to determine the effects of certain variables which might con-
ceivably affect the stability of proteins. The proteins stu-
died were the hemocyanins or respiratory proteins or the blood
of the snail Helix pomatia, and the king crab Limulus polyp-
hemus.* An understanding of the purpose of such measurements'

' requires a ‘brief statement of certain difriculties encoun~
tered by those who regard the proteins as chemical individ-
uals. A brief orienting statement of the points of view T
which obtain today‘in the physical chemistry of the proteins
precedes the presentation or some of the experimental evidence

_.,‘_n,, . PR o ..s..-..-.r.

which has led to the work described.

Points of View in the Physical Chemistry or the Proteins.
| " The principles underlying the constitution of the

proteins are comparatively simple and the view that they

-
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behave as would the condensation. products of a number of
molecules of various amphoteric emino-acids is. generally-
accepted. (1). Two amino-acids may, under certain, condi~- .-

‘tions,  condense to form a polypeptide by a reaction of the.

type : P .o :
. : [/
HN-—R ¢, H Hr:v R—cw*“*
| A H.NV-R~ Co- JVH - R=COOH -
'in which R and R' are characteristic of ;the particular amino-

| acids involved. - By a series. of similar condensations very .
large molecules may theoretically be produced. : The specific
characteristics-ofVthe'naturally occurring proteins are
attributed to the proportions and arrangement in-their nmole-
cules of the twenty-odd stepping stones which result from
their decomposition and from which it:'is assﬁmed-they are - ..
‘built. The processes of digestion involve the splitting of '
the prote1n§ by repeated hydrolyses.through a series of poof-
‘ly -.characterized substances known as proteoses, peptones, and
‘polypeptides to,'-in - some instances,:.the aminq-dcids;.“~5 |

"It has long been recognizedxthat”the'behavior,of,then~

‘proteins indicates that  in hqueouStsolutionAthey mﬁst be in
ith9~colloidal state. < '‘Many of‘them'form«opalescent;éoiutiéns
which exhibit the Tyndall cones . They diffuse .but slowly and -
only rarély»paSSithrough collodion or . parchment paper mem--
‘branes. .The ‘knowledge .that fhe:particles preséht in the col-
'loidal  sols of inorganic materials as, e.g. gold, are aggre-
gates of a:very great number of ‘atons of molecules has led .

several investigators to suggest the possibility that the
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solute .particles encountered in the protein solutions are al=- -
so aggregates of much smaller units, the true molecules, held
together by secondary valences. Further, as many of‘the pr6-~
~perties of the inorganic colloids are dependent upon the ex-
tent of an interface between the coiloid‘particles and tﬁe
dispersion medium, it was for a tine felt‘thatAs;milar effects
were conditioning the properties of the protein solutions.

A restriéted group -of workers still maintains that the bind-.
ing of acids and alkalies by the proteiné’may be ‘ascribed to -
adsorption at the interface.(2). ~ - . T oot L

- .- The pioneer work of Bugarzsky and Lieberman (3) .on -
the,electrochemicalrbehavior,@b)protein solufions, ﬁowever,
indicated that the proteins, larée though “their molecules be,
are nevertheless capable of functioning as amphoteric elec-

trolytes by virtue of the NH_ .and COOH groups: which they con-

tain. . Summaries of the moreérecent'wbrk'have.been published
By,T¢aB. Robertson (4),LWolfganngaulii(5),;3aoques.Loeb"(6),
‘E;{J. Cohn (7), and others. It?is‘now'éuiteAgenerally,acéeb-
ted that the binding of~acidstand'of:bases;which ocecurs in.
protein solutions.is due:to direct combination rather than:. .
to prooesses[fg)adsorption at more or less,hypothetical inter-
faces,., - .Thus the proteins are both .weak acids and weak bases
and exhibit, each at .a .definite hydrogen -ion activity called
the"iséeleétric‘point,fa=condition in which theif:solutions

show minimal -ionization, stability, viscosity, osmotic pres-

sure,.énd a minimal ability to bind acid or .alkali. Gels of

L~
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Jproteins also show minimal. swelling at their isocelectric -
points. Critical experiments have in general failed to
demonstrate any ability of the proteins to adsorb both ions
of salts from their aqueous solutions. Certain properties
of protein solutions are however, to be ascribed to the

large magnitude and resultant low rate of diffusion of the

S e e A -

molecules which must exist therein. As has been pointed

-~

out by Jacoues Loeb (6), these properties are a large part of

the viscosities of their solutions, and the osmotic pressures.

—— s T -

-and membrane potentials which arise When their solutions are

s\.A\-“ R y

separated from solutions of electrolytes by collodion men=-
branes. The swelling of gels is probably another such pro-

perty. These properties may be ascribed to the colloidal

./_s

behavior of the protein moleoules, while many of the other

properties of the solutions of the proteins are similar in

.-

nature to the propertics of crystalloidal substances in

- »; 3 w2 lie e .
aqueous solution. Use of the Term "Solution." In what has

s
[OR E

Just been written the term "protein solution" has been used

BRI

frequently. It is believed that this is in accordanoe with §
the practice of those chemists whose investigations in this
field have been most significant. Definite proof that at
‘ least certain proteins may enter into true solution and ex-
hibit many of the properties of crystalloids therein has .
. been offered by J. Loeb (6) It seems likely that the most
fruitful method will be to regard this as true until all

experimental work suggested by this point of view shall have
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exhausted the possibilities and left a residue of unexplained

facts. ity

Two criteria are generally held to betray the fact o
_that the stability of certain sols, for example, colloidal'
gold, is due to the presence of an electrical double layer -
about the particles, the removal of which deStroys the
electrostatic barrier to the coalescence of the particles'duex“
to cohesive forces. (A). Small quantities of salts suffice;"
to remove the charge adjacent to the colloid and lead to }ré;it
cipitation. (B). The active ion of the salt has always the
Opposite sign of charge %o that of the particles.' (8) Nei-
ther of these criteria hold for most solutions of proteins.”

" Neither gelatin chloride, isoelectric gelatin, nor sodium
gelatinate can be precipitated by solutions of magnesium
chloride as concentrated &s three molar, While sulphates al- h
ways prove to be much better precipitants than the chlorides,
regardless of the sign of the protein ion. These facts have ‘
led the organizers of the field of colloid chemistry to set
many of the proteins apart in a class known as the hydrcphi-
lic colloids. The e are defined as colloids which have a
certain affinity for or relationfto water ‘s0 that they are
soluble in water. (9). Boiled’eéé"white"has, howeVer, under-
gone a‘chemical alteration of unknown nature called denatura-
_tion.' By virtue or this change it 1oses its solubility in

water and 1ts sols become unstable so that they are readily

coagulated by salts added in small quantities. ¥h¢=sign_n£:‘
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The sign of the particles of the egg white determines which

of the ions of the precipitating salt shall be effective in the
precipitation. The denaturation has thus changed the egg albu-

min from a hydrophilic or water-soluble colloid to one which

jacks solubility in water and which is accordingly called hydro-

phibic. In what follows, only solutions of undenatured hydrophie-

lic proteins will be considered. TFurther evidence that the pro-

blem of the solubility qf proteins belongs to the general theory

of solution rather than to a colloid chemistry which ascribes 1t

‘to the accurmlation of stabilizing charges of preferentially

adsorbed ions at the interfaces of dispersed groups Sf protein
molecules and water, has been afforded by the work of E. J. Cohn

(10) on the solubility of casein. He has been able to show that

the solubility of casein in alkﬁiiiizwao%aizgsly determinedv?%fn ah«r&am
(a) the solubility of the casein compound., More recently, Cohn f::;:und‘
(11) has shown that the solvent action of & neutral salt upon |
oxyhemoglobin 1is jdentical with the solvent action of a neutral

salt upon any sparingly soluble bi=-bivalent or uni-quadrivalent
inorganic compound, -and that "the solubility of oxyhemoglobin

in phosphate solutions of varying ionic strength has been defined

by th tion: 1 "5/ = jﬁ:ﬂi;‘ in which M is the
y the equation: log 7 T,

fonic strength and S, is the solubility in the absence of

salt."
The Possibility of Aggregate Formation: Uniformity or Non-

Unifornity. If, then, proteins be studied from the point of

view that they form true solutions in water or salt solutions,
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©&fforts to determine their molecular weights would be expec-
ted. It would, however, be necessary to inquire whether all
of the molecules of the protein solute are in the simplest
chemical form or whether there are present in varying propor-
tions under varying conditions aggregates of these molecules.
By this is meant not aggregates of a very large nuuber:of,
small units to attain colloidal dimensions, but rather aggre-
gates of a small (1-2-3-4) number of very large molecules., -

A similar problem is frequently encountered in inorganic gw.
chenistry. Water is regarded as a mixture in varying propor-
tions of monohydrol (H50), dihydrol, (E50) 5 and trihydrol
(Héo)s. Aqueous 5o0lutions of inorganic‘chemicals1are fre-
quently known to contain the solute as: aggregates of-the .
simplest possible molecules, and association occurs even more
frequently when organic liquids are employed as solvents,
This fact complicates greatly the determinations of the mole-
cular weights of solutes by measurements of the osmotic~pres-
sures, vapor pressures, freezingepoint;depressions,1or,boil-
ing-point elevations of their solutions. . Benzoic acid is
present as CgHs5COOH in aqueous,solution,andias,(CéHSCOOH)z

in benzene solution. Thus from the chemical standpoint'one
would say that benzoic acid has the molecular weight of 114,
and that it dissolves without association in water, but that
association into double molecules occurs when it is dissolved

in benzene.‘ But for the physicist who is concerned With the

. relative numbers of the molecules and their relative masses
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in the systems investigated, the.molecular welght of-benzoic
acid in benzene would be 228. .. The properties of .the two
varieties of molecules m;ghtiqgncgivab}y}bq,qu;te different.
.If methods were évailable for determining the densities, .
shapes, and dimensions of the molecqlesliqaqtsolqtgqn,.the
physical molecularlweight of the. solute,could be ;eadiiyzdegg
termined, apdkthis weight in grams per:liter of solutibn;,,:
would be the quantity required to makeia solution of such con-
centration that the number of dispersed particles,ofisoluﬁe
per 22.4 liters of'solution'would,qqﬁal ﬁhe Avogadro number,
the molecular wéight)so determined-would be that which the .
solute exhibits under the conditions.studied. This value - .

‘might be a multiple of the value exhibited by the same sub=
stance under othér;conditions. From the standpoint grﬁthe};
physicist.the molécular weight of.a substance might.then be .
a variable quantity, changing with. the environment. As ag-
gregate formaf_ion'; involves. the formation of new substances,

recognized by the appearance-of new;getgiof:p:bperpies;;i;m

aggregates should be,dispinguighedLfrqm,eg@h_ophep;byisuitf‘5

able names,_as;forwexample3acgtalq¢hyde,*metaldehy¢e, and

paraldehyde.

P . R O ~ Th e th L e e e e AT e e oL

... The absence of. aggregate formation:can.be determined
with;certainty;whenﬂthqkmolecu}arbwe;ghtua§ obtained for a
mater;aluagrees’exaotly.wi@h‘the @1p;malrqg;qgular,weigpti_
'calculated'from;phe“percentggeggqmpgsition de?erm;ned f:@m

the direct analysis of the dried substance. When, however,
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‘the molecular weight determined for a material in solution
is a multiple of the minimal molecular-weight calculated from
the composition, there is always the possibility that, had
another solvent been chosen in which to carry out.the.mole-
cular weight determination, the #alue obtained might have
agreed with the minimal molecular weight. Dextrose, Céﬁlzoﬁ’
“has in water a molecular weight which .is six times the min- -
mal value calculated from the percentage of carbén or hydro-~ .
gen. Corroborative evidence from the chemical behavior of
thebompound ljeads to the development of a structural formula
for dextrose which indicates that its molecular weight is six
tines that of formal@@kyde CHp0 which has the same: composition.
When the corroborative evidence of structure is difficult to
_segure, it is scagigely possible to be certainlthatfphysical
measurements give the true chemical molecular weights of the
solute in a solution when the value obtained is & multiple
of the minimal molecular weight obtained by chemical analy-
sis. The best that can be done is to accompany the physic-
ally- deternmined molecular weights by a statement of the exact

conditions under which they were obtained.

This somewhat prolonged discussion of an elementary
matter has been included because the difficulties indicated
appear in the determinations of the molecular weighté of
the proteins. The large size of their molecules greatly les-
sens the accuracy with which minimél moiécﬁlar welghts cén

be calculated. The hydrolysis of such large moleculéé as
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fust exist in protein solutions would be éapaﬁle of ﬁrodug-
ing only a slight alteration in the resulting analyses for
carbon, hydrogen, or nitrogen. Minimal molecular weights
can,‘however, be.galculated from the percentage of suéﬁfégné
sti;uents as the iron in hemoglobin, the copper in heﬁgéégnin,'
sulphur and phosphorus in other prbteins, and from the ’
amounts of certain amino-acids in the hydrolyzates of various
proteins. Even here.the chances of error are great. The
minimal molecular weights obtained in this way, as well as

by a consideration of the combining weights with acid, él-
kali, carbon monoxide or carbon dioxide, were calculatéd by

E. J. Cohn, J. L. Hendry and A. M. Prentiss (12) in 1985 for
all proteins for which sufficient data existed. Their fé-

sults are given in Table I which also gives the molecular

weights obtained by'osmotic pressure measurements.,
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- Table I
Probable Molecular Weights of Proteins (1925).

Protein Minimal Osnmotlic Pressure Probable
Molecular Molecular Molecular
- Vieight Weight Weight
Egg Albupin © 53800 Trypto- 34000 33800
phane &2
Sulphide S 5
Tyrosine 8
Sulphur 17
Acid-binding a7
Serum albumin 5000 45000 45000
Hemoglobin 16666 48000 50000
Edestin 29000 58000
- Hemocyanin, Lim=-22700 68100
ulus . . .
Pseudoglobulin 27000 80000 - . 81000
Gelat;n 10300 96000
Casein 12800 192000

The results of the ultracentrifugal method of Svedberg(l3)
have, as will be shown later, necessitated the,revisioﬁiof

some of these values.

The colligative property methods for the determina-
tion of molecular weights are, in this rield, praotically
limited to but one, measurement} of the osmotic pressure.
These methods are rendered difficult of 1nterpretation be-
cause of the reaotivity and mnltivalent character of the

proteins. As these compounds react with acids or with bases
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at reactions on the acid and alkaline sides of their iso-
electric points, the osmotic pressures rise on either side
of these characterizing hydrogen ion activities. A further
error is introduced by the membrane equilibria set up be-
cause of the inability of the protein lons to diffuse
through the membranes. Finally, the presence of traces.of
impurifies produces very large €rrors. Granting the possi-_
bility of correctly extimating the minimal molecular weight
and the osmotlc pressure molecular weight of a protein, there
is no available corroboratory evidence to be derived from a
structural formula baseg‘upon the chemical behavior of the
particular protein to enable a decision to be made between

the two values in the event that a discrepancy exists.

Should aggregate formation be known to occur in a
solution of a protein, it is4conceivable that there may
be present a mixture of non-aggregated and aggregated nole-
cules. The proportion in which the constituents of such a
. mixture are present might readily vary with the eoncentra-i
tion of activity of the protein molecules, with_the reaction
of the:solution, and with the presence of such other substan-
ces as salts. Protein solutions may therefore have one or -
more different solutes, the molecular weights of which are
multiples one of another. Besides the simple aggregates
which nust be regarded as the result of the ooalescence of two
or nore protein molecules, there is another possibility for

the formation of protein molecule° the weights of which are
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hearly multiples one of the other. If a protein should be .
symnetrically split by hydrolysis, two nevaroteins night be -
produced, the weights of each of which would be practically
one half that of the original protein. The weights of the

H and OH ions introduced are negligible in comparison with |
the weights of the proteins. If multiple linkages are spiit
or if the hydrolysis occurs unsymmetrically, theyratiolpflthe
weights of the various proteins invoived Wonld still be é;-i
pressed by small whole numbers. The recent work of Weidei
schmidt-Leitz (14) indicates enzymic hydrolysis to occur in
ways specific for each enzyme, and to be partly dependent upon
the size of the molecules and upon the nature of the groups
adjacent to the linkage at which the splitting occurs.l He |
also finds the weight of his experimental evidence to be
against the‘belief that proteins consist largely of aggre-"
gafes by secondary valences of some simple ennyné%esisfent

groups, such as diketopiperazines.

[ _ ' If the aqueous solution of a protein could be shown
to<contain solutes of molecular weights which are practically
multiples one of another, a decision as to the type of rela-
tion existing between them (simple aggregation or hydrolysis)
Would be nade only with difficulty if at all.

- In Part I of this thesis is presented some of the
evidence which has led to the belief that the solutions of

many proteins contain more than one kind of solute. It is
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not intended to represent a complete ‘summary of what is known
in this field, but is rather to be considered only as indicat-
ing certain of the difficulties which have led to the sugges=-"
tion that the proteins may participitate in either or both
types of reaction - - simple polymerization and hydrolysis.

Although the evidence points toward the possibility
that the hypothesis of & polydisperse structure nay surmount
the difficulties encountered in the study of certain protein
solutions, it does not in itself prove that such a condition
actually obtains. A direct experimental test 1is offered by
the ultracentrifugal methods. (13). As the first studies b&
the aid of these methods tended to indicate the protein solu-,
tions: examined to contain but one solute of definite molecu-u
lar weight it was thought advisable to extend the measure=- ‘
ments on such uniform protein solutions to varied environ-
ments. The results of these measurements are described in .

Part I1I.

‘ Part I .
Exnerimental Indications of the Non-Uniformity or froteinl
| | | Solutions. - ’i"
A.Protein solution may contain more thanvonewkind ‘
of protein molecule either because the original source con-
tained a mixture of proteins and the methods employed for
their separation were imperfect, or it may heve originally

contained but one protein unsteble under the conditions en-
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ployed. The following examples of difficulties encountered

in several phases of protein chemistry are presented merely
because they inclined the author to the belief that instabil-
ity (even though there be no ndenaturation') is a marked fea-
ture of the behavior of protein solutions, and thus led to ~+
the investigations reported in Part II. They represent

merely a small portion of the accumulatinglevidence that the
belief that protein solutions are in all cases monodisperse

is naive and unnecessary. At the same time, the investigation
of the conditions affecting the stability of the protein nole-
cules as attenpted for specific proteins in Part II may indi--
cate that the fact that certain protein solutions. contain. -
more than one solute need not necessarily lead to the:conclu-
sion that they are beyond the scope of treatment by the usual

physical-chemical methods.

A. Gelatin., As the method of preparing gelatin in-
volves the hydrolysis of collagen it is not ourprizing to 7
find that the product is usually a mixture of at 1east twp
products of hydrolyéis. That this is true haé been“inaicé-w
ted by several workers. S. B. Schryver (15), for example,
has attempted the fractionation of the material, and _
J. Northrop (16) has succeeded in effecting a_part;al sebar;-_
tion of 1ts constituents. At least two values for the iso=
electric point of gelatin have been repopted by relieble work-
ers, the veriations being'ésbribed fo;variations in the source

of the material. (E. O. K}aemer) (17). That the cohétituénts'
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of the nixtures known as gelatin are capable of entering

" into reactions one with another with the production of new
compounds, or with the interconversion of one into the other
has been rendered likely by the experiments of D. C.
Carpenter (18) on the effects of salts upon the optical
rotation of gelatin solutiohs. The influence of temperature
upon a possible equilibrium has been pointed out by
C. R. Smith (18a) and others. Thus there is abundant evi-
dence that the study of gelatin is complicated by certain
variables which affect the stability of the compounds which
make up the mixture knowvn by that neme, That gelatin is
Scarcely " a suitable material for researches which are in-
tended to be of theoretical significance because it is
doubtful whether it is -a chemical individual " has been no-
. ted by Bayliss (8). Nevertheless, the greater pert of )

- Loeb's important book (6) on " Proteins and the ThgorYVOf,vi

' Colloidal Behavior " was devoted to experiments with this. R

material, It was possible to successfully develop a theory |
Tor the swelling, osmotic pressure and'viscosity of}ge1atin
:lon each side of the assumed isoelectric point (4.7),_ That -
: I“f’t‘—b was not unmindful of the possibility of the existence
Of varied molecular species in gelatin solutions under cer-
tain conditions 1s indicated by the following quotations:
ot ang peey e om0 due to e lnorehse in aggre-
&ation, but the salting out of gelatin from its agueous so-

lution 13 i i{th the opposite sign
not deternined by the ion w
ot charge to that of the protein ion, while wcAhave seen .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



“17-- S | o

that the depressing effect of a salt on the osmotic pres- -
sure of gelatin solutions is determined by the ion with -
the opposite sign of -.charge to that of the protein ion.’

In other words, the salting out of gelatin from its aqueous
solution is a process of an entirely different character
from the lowering of the osmotic pbressure of a protein so-
lution by a neutral salt, It is, therefore, impossible to
explain the latter process by the former." (page 164).

"Since jelly formation of gelatin is a reversible . c

process, we should expect that two opposite processes al-
ways take place simultaneously in a gelatin solution on
standing, naumely, first, the formation of solid particles of
Jelly through the aggregation of previously isolated gelatin
molecules and ions as soon as their oily groups come into .
close contact, and second, the dissolution of such aggregates
(micellae) back into isolated molecules and ions, due to heat
agitation." (page 283). " The temperature at which the two
opposite processes - the formation and the melting of micel-
les - occur equally rapidly in a 2% solution of gelatin "~
chloride at pH 2.7 lies near 35 degrees C., according to Davis
and.Oekes (Journal of the American Chemical Society, 44, 464
1922) near 38 degrees C, " (page 283). .

C e -
, B

" This probably explains a phenomenon which has v
puzzled the writer for a long time, namely, that the osmotic
pressure of gelatin solutions of the same PH and concentration
of originally isocelectric gelatin occasionally showed varia- g
tions for which he could not account. It now becomes probable
that this was due to a factor which was not taken into consider-
ation, namely, that on standing at room temperatures. a.gradual

transformation of isolated molecules<or“ion5'ihto"larger aggre-
gates takes place which must diminish the osmotic’p:e§§grgébutr'ﬁ

increase the viscosity." (page 302).

S ".the fact that very often solid*submicfoscébic”paf-_’
ticles are formed in protein solutions does not contradict .
the ‘crystalloidal nature of their solubility, since aggregate

-formation may occur in the aqueous solutions,of.true.crystalf,“

loids, e.g. cane sugar, if the proper concentration is = -
reached." (page 367). L

IR DY A
I

4 The author felt that it would ‘be more profitable to

study equilibria of the type postulated upon pfdtéinside”f:?

tained by methodsiwhichéinvdlved~leSS'éltefétion'thdt thé'dfés;- _

tic ones employed for the productidn'df’éelétiﬁ}f‘Reédi£§ ﬂ

‘obtained .would thus have more relation to the proteins as they

P A ————
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loceur in living matter. Further, any investiga;ipniofj?ge;;;v L

Avariables,affecting,the stability of. what are.usually:reyf
garded .as:pure proteins would have greater significance for

the general theory of the physical chemistry of. protein so-.

\lutions. The proper choice of proteins for this study,might:Q'

-also eliminate the phenomenon of gel formation which{compli-

cates somewhat the study of.gelatin..,

B.“ Edestin. As a representative of the crystalline plant S

globulins, edestin aPpeared a more ‘suitable material, as’ it a
1s quite generally regarded as a definite.chemical’ individ-

ual. It exhibits, however, certain behavior which necessi-

tates an explanation which it has not yet received. Accord---

ing to Hit°h°°°k (19), the isoelectric point of edestin e

appears to vary With the nature of the buffer used in the S

determination. Its solubility in salt solutions increases

with the emount of the Protein in the solubion’ studied. fgi:j

+»£

.This phenomenon - strange for a definite compound - was de-i
scribed as early as 1905 by Sir W. B. Hardy (20) It ‘has been
verified by the writer and ‘occurs even when buffer solutions p
'are employed as solvents.L Thus it cannot be said that differ-
ing quantities of the protein give to a constant volume of
solvent different reactions, and so account for the alteration

1

in solubility of the protein. Edestin crystals were stirred

'until equilibrium was attained in each of two flasks contain- -

X

‘A_ing the same volume of the same phosphate buffer solution. ’

<

fb One flask contained five times as much edestin as the other.‘if .
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After’filteringﬂthe solutions from the undissolved saturat-
ing body',‘f'the ‘nitrogen was determinéd in each solution by
the method of Kjeldehl. 'The solubility of the edestin'in

the case in which the larger amount was present was-1;75 mg.e
or nitrogen per 100 ¢c., while in the other cass-it was only
0.35 mg. of nitrogen”per”loq cc. This dependence -of the':
solubility of the edestin 'upon the ‘eméunt of the saturating - - -
body present in the system-was noted repeatedlyeinhthe*eourseo">
of’certain3work upon the solubility of this‘protein-inlburrerf'
solvents of independently varied hydrogen -ion aotivity‘and-t |
ionic"strength., It was also readily seen qualitatively in

the gross diminution of the volumes of the insoluble material-
on repeated washings with fresh solvent in two flasks contain-
ing initially widely different amounts of edestin for a given 1

volume or solvent.

£ .
Ve v L

e C.‘ Serum Globulin. The same phenomenon - dependenoe_v_
of the solubility upon the amount of the saturating body in 1 .
dthe system - was also observed by %ﬁrensen (21) in the study |
of fraotions prepared during attempts to prepare the serum ,
{globulins.? It has been designated as the Hardy - Mellanby i;r
,phenomenon, since it had been noted by both Hardy (20) and by ;‘- ‘] i
Mellanby . (22) in 1905., éﬁrensen ascribed it to ths presenoe | |

}kof two or more distinct proteins of different solubility in

4 the preparation studied. Thus if a preparation oontained a f-"‘

cou s B

a large proportion of a protein of low solubility and a small :'

proportion of one of greater solubility, the total apparent

ey Sy B K P T
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501ubility measured in terms of the miligrams of nitrogen -
per lOO cc..of solvent might readily be expected to vary. with
the amount of the mixture taken. This would be the case. so,

1ong as insufficient of the rore soluble material were taken

to saturate the solvent. Sdrensen (25) attempted. unsuocess-.,fpi
fully by repeated fractionations with emmonium sulphate to :M"
sep%rate pseudo - and ‘euglobulins in the effort to obtain pro-‘

teins of a definite solubility independent of the amount of .
protein present in the system. He has suggested that the
saturating body in his experiments was a compound of pseudo=-

and euglobulin.

e

The Herdy- Mellanby phenomenon which has been encoun-’
tered'in the case of edestin, serum globulin, and ‘also ﬁnséie]

globulin preparations has reoently been studied in great de- :

tail by Wolfgang Ostwald (24), A. V. Buzagh (25) and’ Others.’“f
These authors attempt to make it & criterion of ﬁhé’célioidalrpv'

state of matter, and attach great’importanoeVto’adSOrptionfinl'”fr"

explaining its mechanism ‘in some cases. Ostwald propounds a
general "Bodenkorper Regel" which states that ‘the solubility
or peptizability of a colloidal substanoe increases with the
amount of the solid - substance ‘left in ‘the ‘solid phase in the
system: Previous %o the recent work ‘of Ostwald the phenome-"

non had ‘been noted by Eric Muller (26) in studies on the sol-~

ubility of- ohromium hydroxide. He suggested that the forma-:”
tion of polymers of different solubilities might furnish an f.,?w‘”

oL i IO S S R [N

explanation of this: behavior.
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ﬁitﬁHenogloﬁini*‘Tone’other’instance may'be‘given”°f’a:diffi;;‘ |

culty ‘encountered in phyiiology ‘which points to the possibili-(a‘,‘t*
ty of protein aggregate formation. This is met . in. studying
the’process by which hemoglobin combines with oxygen.: The »
dissociation curves of oxyhemoglobin as obtained by Hufner - (27)
and by Barcroft (28) by using" dialyzed hemoglobin® are,reetang-'
ular"hyperbolas, while Bohr's (29) curves: obtained in the. pre-;'ﬁ”
senoe of salts are of a different shape. The effect of acidn-
upon the‘shape of the curves-is the same:-as is that orfsalts,,
but more marked. An equation
Cege . ¥ = 100 KxB/(1+ KxP)i o - ggi(l),;ii

derived by A. V. Hill (30) on the hypothesis:that the. eleotro-”
lytes ‘cause an’ aggregation of moleculés of ‘hemoglobin,* caus- |

. 1ng the reaction to become of a: higher order than unimolecu-iv
A’lar; applies well to the experimental data.:" Uy ‘ist the percent-iu
| ?age saturation of" hemoglobin with oxygen, x the oxygen pres-
"Fuure, while K end n are constants. “Hill attached no physical‘r:r tﬂii;
iequilibrium constant and n as the average number of molecules
4oﬁhemoglobin in each aggregate. That aggregate‘formation may

f.lead to a change in the order or the reaction 1mplies, as
,}1 pointed out by Bayliss (8) ‘the ‘fact that the hemoglobin mole-f{t

“?cules and aggregates must behave as different ehemieal 1ndi- .

l[?viduals. Most ‘of the values of n used by Hill are fraetional,d'i
li%and the explanation is given’ that there are present a’ number :;i'~'

'for aggregates of hemoglobin containing different numbers ofr*‘
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.molecules, so that the net result-is:a combination of differ-

ent orders.of reactionrabovesthe<uqimolecular one. Theisigi?"d
nificance of the oonsteotS'in this equationKIS»by-no‘meansﬁ“
clear as yet. Direct measurements of the particle size 'in: |
Oxyhemoglobin solutions, dialyzed:and in the presencefofiSalts‘,
and of acids, are necessary to confirm the possibility?ofi*iﬁ“"-
aggregate formation. Some of these measurements ‘have ‘already -
been made as noted in Part II. : R S SN

In view of the evidence here presented‘that'proteinbth

solutions frequently contain more than one molecular‘speoies;i .
a series of direct measurements .of the molecular weightv(in" |
the physical sense) and ‘the particle size -would be desirable -
in order to<ind1cate~(1);the”unifofmity'or‘non-uniformity7ﬁ}
of:the molecules in‘proteih soiutionslandi(af’thefinflﬁenoe?f1
of-certaln variables upon the stebilityAorfcertain:moleoulaf’
species found therein, In Part II a ‘method for making such

| measurements is described, and- the results thus far obtained

- in the study of the variables: affecting the ‘stability ‘of: the

L I R T O S NSNS
BTN U T B T N AR A A

proteins are. reviewed.:
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'paxmf: Determinations of -the Stability: of Certain Proteins Un= ;[.‘7'

'der the . Influence of Varying Protein Conoentration and Hydro-:

8en Ion Activity. S mv . . ; fi';’,. -
['1 The- Method. The ultraoentrifugal method for the determi- :t°:]‘,:%

;f nation of -the 'size of perticles or molecule° in colloidal sus-v'_edjj"
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pensions;orISOlutions“was developedfby:Zhe'Svedbergs(SI)wfor‘

the ‘purpose of obtaining‘curves'of the distribution ofiparti-

cle sizes in such colloidal sols as those of gold. The the-,,,_;*
ory of the method has’ been fully elucidated by Herman.Rinde::-:

(32) in a dissertation, "The ‘Distribution of the Sizes.of'~ L

Particles in Gold Sols Prepared According to the: Nuclear Meth-
od." It was based upon ‘an ‘attempt ot utilize and extend’ the -
ﬁrinciples”of Perrin's work-on the settling of-coarsely dis-:
pérsed‘suspenSiOns of ganboge‘under the influence of gravity.
This work dimonstrated the- applicability of -Stokes!' law:to- the
determination’ of particle ‘sizes," - Ce L D

-

'~Upon every particle settling in a gravity field,- two -

';opposing forces are actiﬁnj(ls) One~is that :due’to gravity e 1ft

and is expressed’by " V(% g)g, in‘which V is”the -volume: or ’
| the® particle, g the force due'to- gravity,: %p‘«the density of
.‘thebarticle, and ‘P the density of.the- mediun: in:which: the. set-
tling occurs.: The other is the frictional. resistance, which ';
may be-expressed as kdx/dt, -if k. represent-a frictional coef—i;
ficient, and dx/dt the velocity. of. sedimentation. ﬁxf.iuu%«i:.i
’ Experience: demonstrated; -however,!that- this reason- o
ing epplies only to-relatitely“largeiparticles;;mealler:ones
do not settle down, butfconeirather‘toian'ecuilihrium‘because )
of their "molecular" diffusion which' tends Aymaintain a state |
»i'f of" uniform distribution.*‘Studies of the concentrations at: varir-
}‘ious heights in:the resulting sedimentation equilibrium
"hﬂshowed that an application of equations derived by sinstein
(53) and by Perrin (34) permitted a calculation of the size or'
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theiparticieeg_ Even;whenjthe.particiee were not uniform, ;.. -

some.knowledge of the diStri#ution;oioeizes,could be_obtainedf,"—*a

'.in this way. ’ - . ; _
The gravity method was only applicable to very coarse '
euepensions, and for lyophilic colloids it was necessary to
increase the directive force by replacing the gravity field
by a powerful centrifugal field. The ratio of . .settling must
be measured by optical means during the centrirugation. This
| tion}in thetvieibie or‘ultravioletgrange.,;If,lightﬁis.pentj;i
through windowﬁ in the centrifuge case aoroes a cell bored in
the rotor and containing the solution investigated,.the light .
absorption varies in the different parts of the’'cell. in accord-
ance with?the distribution. of, concentration.of. the absorbing
materiai, This is readily recorded photographioally and by.
comparing the densities on the photographic plate*with;a,confvf'

centration - density scale made upon an adjacent portion‘ofi'l

the seme plate by photographing dilutions of. the same solution, o

the concentrations may. be determined at any: time at any_posi--
tion in the cell. The Svedberg constructed a series of |
ultracentrifuges capable -of developing centrirugal rields of

. various magnitudes. The . first produoed only a: field 150 times K
that due to gravity.. A second developed one about 7000 8
and e more recent one, operated at 42000 Tr. p.m. by an oiltur-

'dbine, (55) produces approximately 100 000° times the gravity |

% .~
SraTonhean ERR ;;.,',u,,@.,nw;

field. | | | |
ivThe‘uéejoficentrigugai?§oroee-involves-the:repiacefﬁ |

ST e el WYy e e s R L P S, e T
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:'ment of g in the equations by an expression for the. centri-:l#‘

'fugal field, a;x in whichw is the angular. acceleration and. x atfe‘,_,

1is. the distance from the axis of rotation at which the force ff:
is acting. ﬁseﬁn dealing with the molecules of proteins, the‘:‘
assumption that the molecules are spherical would be unwar-’t43M
ranted. - The attempt to estimate the radius of the particle
must be replaced by an attempt to determine the "physical
molecular weight" which may- or may not be identical with the
"chemical ultimate molecular weight" which characterizes the
protein. The force m.a tending to move. the molecules: (micel-
1e or aggregate) to:the.periphery.will then be'm.ugax in
which'm the apparent mass of the particle is either ‘Vol.: (ﬁ,~e )
" or. M(l-VQ), M being the molecular weight, V the partial spe-/_‘
‘cific volume,: and,f the density‘or~thexsolvent.*%Thusuthe vol-
ume of .solvent displaced multiplied'bywthe density and sub- i9"
tracted from the masS‘ofzthe particle must give:its;apparenta} -
mass, - In most of the experiments ¢ is:taken as. thefdensity' )
of water. at..the temperature at which the experiments are. made.

'V was determined pyonometrically by the aid of. the equation

.,.\/,_ 5T ACTRNGEE LTE s (2).

where w is the welght of. solvent: in .the pycnometer, 1 the

weight of. solution, h the weight of the protein, and 9 the’ ‘v /

J3‘densitY Of the- solvente . - . Zoblng . o0 £of - oaeile

The friotional resistance is expressed as f dx/dt

and the fundamental equation is, therefore,

ema oo x Y

M(l-VS»)\ux =t dx/dt R (5)
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The -frictional force of a colloid particle of any shape affects
the rate at which it difruses._ From,measured diffusion con-

stants D the frictional force may be’ calculated by the equa-r,r

tion i | | " -
= BT/D » (4) |
Therefore the final equation becomes "' R
‘M(l-Vgx)uzx = BRT/§ - ax/at’ (5) - "
and the molecular weight becomes et T AAE
- \____.__--—-—- X
D (- ve)w K

This equation may be used when the boundary 1is sharp

and moves at a measurable rate under the influence of the’l

centrufugal field. D must be known and may’b&“determined‘byflm o

independent*metnods of measurement, or, by a method to be -
explained later, from' the blurring og the otherwise sharp

boundary which it occasions.

When the centrifugal force was only aboutglzboo times =

1the gravity field most protein solutions failed to exhibit a
sharp boundary moving outward. Instead, an equilibrium be-;:
o tween centrifugation peripherally and diffusion“centrally wae'
obtained after 'two to three days, resulting in’ a derinite dis-
~ tribution of" protein concentrations fron the central to the ‘
éperipheral*part of ‘the cell: By photographic methods, the |

_ equilibrium concentration was determined and recorded graphi- B

" cally at each part of the cell. - “The calculation of the mole-}aff EER

§ 1cular weisht was then made acoording to an equation which hasfffl'“"”'?

icbeen developed independently by both kinetic and thermodynamio .

L.
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o Qonsidenations,> : R CPE
M QRT s (7)
) (t "VQ) wt (X;‘l( \C):,.ﬂc) o

'"‘in which ¢, and c¢g are “the protein concentrations at the

distances x; and xp Trespectively from the-axis.of rotation.;l“df*’

- By epplying these two methods - sedimentation velo- {f{iTVﬂ

i city and sedimentation equilibrium - to the study of- protein ‘
‘solutions both electrolyte free and in the presence of dilute'
buffer solutions, Svedberg (13) and his collaborators have

"arrived at the. following values:

| | Table VI |

S _vProfeinl I Molecular Weight -
| Egg albumin ' 34 soo?;j:‘i’
'[fggmogiobin _ ‘ 68 100?1.;"
| Serum albumin ' ' 67 500_7'i°

| ' Serum globulin . -  ‘,103 600

'?ffi»Pnycooyan ' . | o 105 500{'.
. Phycoerythrin D 208 ooo;:;_f.
 Limulus hemocyanin o - e Y 040 ooo;”

Helix hemocyanin _ : . 5 005 000

'{jResults obtained by the two methods usually check very well

L ror a : given protein. Thus, | ) “
| ' Table VII

- Protéiﬂ e e S L holeoular Weight by

' Velooity nquiiibriumfff;{

‘fglcarbon monoxide hemoglobin .fff1 f;l 68 OOO‘ﬂlip 67 700
f‘.Phycooyan f“{'}t 2 *5';;' . 105 oook"ff;‘ 105,900-, |
'Helix hemocyanin . o ,,ff” f‘ 4 900 000 . lfe55000,000,“wi9}
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