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CHAPTER I
INTRODUCTION

mDiffﬁsion through a memﬁrane that hés very fine pores may be used
to investigate the fractionation.and.identification of proteins. The
process will be called '"restricted diffusion."” Membranes of specified
pore sizes are now commercially available which can be used for this
purpose. Another material which'may be employed in this connection is
Sephadex gel. In either case, the rate of diffusion is limited by the
particle size on the one hand and the structure of the barrier on the
other.

Chapter III presents the rates of diffusion of various substances
through "Millipore" membranes of different pore sizes. The results
~obtained showed a rather wide variation and i£ was therefore considéred
desirable to measuré ghe porosity of the membranes by an independent
method. Chapter IV describes a novel and simple technique to determine
the pore size of meﬁbranes.

Recently, considerable attention has been focused on the associ-
ation and dissociation processes which éccur in protein solutions. It
was thought that diffusion through membranes and Sephadex dialysis
might be useful in the -study of these phenbmena. In Chapter V are
discussed the results that were obtained Qith the enzyme urease which
- exhibits an interesting association - dissociation behavior.

. Chapters III, IV, V are written in a form suitable for publication



in a journal.

Chapter II presents reviaws of the pertinent literature.



CHAPTER 11
Literature Review

This chapter is divided into three Seqtions.v The fi:st section
deals with free diffusion in solﬁtion and the diffusion of solute
molecules through membranes or qther'barriers. Section two gives
consideration to the determination of pbre size in membranes. Part
three deals with the characteristics of "Sephadex", a synthetic
material that is used to separate macromolecules from materials of

lower molecular weight.
FREE DIFFUSION IN LIQUIDS

: Thisvtopic hasvbeen extensivély discussed by Tuwiner (1),by
Gosting (2) and by éthers (3;5).‘ Diffusion may be defined as the ﬁove-
ment of solute particles towards the fegions of lower concentrations
due to their thermal energy. Einstein (6) pointéd out that the dif-
fusion of macromolecules occurs by Brownian movement. This spontaneous
process eventually results in the establishment of thermodynamic
equilibriﬁh with a concomitant net increase in the entropy of ‘the
éystem.

In 1850 Fick formulated the fundamental phenomendlogical equation
to deécribe quantitatively the diffusioniprocess,

J=;D%§ , (1)

where J {s the flux of solute;(éﬁ) repfesents solute concentration
- ) dxX ’ .



gradignt'and-g is the diffusion'coefficient. This is 'called Fick's
First Law. It can'be‘derived'on the ‘assumption that the driving force

ﬁ-responsible for diffusion is eqhal to chemical potential gradient

u,
-}

i.e.,
£ =29u (2)
3% .

‘Ihis driving forée f is what causes the molecules to move against the
.resistanéé,offefed by the medium. Tﬁe.mean Qeioéityqz of the molecules
diffusing through the medium is directly proportional to the acting
force f. Introducing a‘proportionality constant K, the following

equation is obtained

v =Kf ‘ | (3)
‘Combining (2)v& (3), we get, |
| | v = KEQE
=
or _
v=RIgda | (4)
a X : ‘
since
du _— RT da

wherevg'is the activity of the diffusing component; E-and R are the
temperature in absolute degrees. and the gas constant, respectively,
Since most diffusion experiments are done in dilute solutions, the

concentrations can replace the activity in equation (4); we then: have

c . dx ‘ . _

which on rearrangement gives;

cv = - RIK 3 | - (6)



If we replace the constants RTK by D, and cv by J, we get equation
(1) - Fick's First Law;

J=.D2% (1)

When we differentiate the above equation with respect to x, we get

__pac
ox SEY

which gives:

dc (7

3¢ _pFe

ot ox

This is known as Fick's Second Law. The term (33) is an experimentally
ot

measureable quantity; and therefore Fick's Second Law provides a direct
and easy way for the detéfmination of D - the diffusion coefficient.
In‘equation (i) or Fick's First law, on the other hand, the flux J
comprises the velocity v of the diffusion species which cannot be
measured directly; the value of 2 therefore cannot be detérmined
directly from equation (1). Both laws are otherwise basically identi-
cal. ” | |
D‘can also be determ;ned in a diaphragm-qell which is :epresented
schematically in Fig. 1. Tweo compartmentsié & B of capacity V) & Vg

are interconnected by a boundafy'g of

length h and cross-sectional area a.

The diffusing species traverse this o ", A

77277

region (shaded area) in going from

PPy

one compartment to the other. For

simplicity, the volumes of the two B

compartments may be made equal i.e. : ' |

VA =Vg =V. Gy & Cq are the concen- ‘ Fig. 1

1



trations of the solute in compartment A & B respectively, so that Gy is

greater than Cp. If the diffusion of the solute is allowed to take

place for a sufficient length 6f'time, a concentration gradient equal

to E'(CA - CB)/h; wili be established throughout the region G, and this
L o -

will remain valid provided D is independent of concentration.

When (%%) is replaced by f(CA - CB)/hE , equation (1) becomes:

. h

/

3

let dq be the amount of solute which diffuses through an area of cross-
section a perpendicular to the direction of the flow of solute, in an

“interval of time, dt. The flux of solute J therefore is:

J=4d (9)
adt : '

Combining equations (8) & (9) and on rearrangemént we get:

dq = - L2 (Cy - Cp) dt (10)
7

Since dq = - dq, = dqp and also dq = Vdc; equation (10) therefore takes
q q qB q q

the following form for each of the compartments A & B;

VA dCA = - -%—a- (’CA - CB)) dt (lla)
Vp dCp = + D2 ' (11b)
B dC = + 4= (Ca - Cp) dt

From equations (1lla) & (1lb), we ggt
Vp dCp - Vg dCg = -.2;;2 (Ca - Cgy dt (12)
Now | Vy=Vg=V

Equation (12) becomes:

V(dCs - dCp) = =282 (cy - cp) dt

i



Bg dCp - dCp _ 24D dt
CA - CB hv
oY
d(Cp - Cp) _ 2aDdc: (13)
Bh= Oy « e

Equation (13) on integration, from the start of the experiment when the

concentrations are CAO & CBO to the time t, when the concentrations are

Ca & Cp respectively, gives:

1 _,_,._c*"‘ - °B 2aD t v
n i
bR iy hv

or on rearrangement, we have the following equation:

(4] o
R e T L L (15)
pE Bk = Y

The constant B replaces (%%) and is called the cell constant. In
practice § is determined by using a substance of known diffusion coef-
ficient D.

The validity of equation (15) depends upon some assumptions which
were made in its derivation. One assumption is that a linear gradient
exists across the region G during the whole course of diffusion.
Barnes (7) pointed out that this assumption will not introduce an
appreciable error unless the time of diffusion is very short and/or A,
the ratio of the volume of the membrane to that of the sample volume
taken in the cell compartment, is greater than 0.l. An appreciable
error will however be introduced, even with A less than 0.02, if the
preliminary treatment of the membrane fails to provide an initial

linear gradient across it. Another assumption is that diffusion



coefficient D remains constant. This may not be true because one of
the terms K - mobility of the diffusing species [2 replaces RIK in
equation 2] may be influenced by the concentration of the system, D

therefore may be concentration dependent.
CHARACTERISTICS OF MEMBRANES

Free diffusion is not very‘effective in separating molecules of
different molecular weights. For example less than.a four-fold differ.
ence is observed in the values of the diffusion coefficient D for
ribonuclease (13,500 molecular weight) and urease (480,000 molecular
weight) (2), since D is inversely proportional to the cube root of
the molecular weight. Much. greater discrimination between molecules
can be realized, if they are allowed to diffuse through a barrier with
fine capillaries. This section of the thesis presents a review of the
characteristics of such barriers.

Graham (8) observed in 1855 that egg albumin diffuses very slowly
as compared to sodium chloride; and six years later he succeeded in
separating the two by using parchment paper as a barrier to the passage
of albumin, Animal membranes such as pig or fish bladders, intestines,
etc., were then used for some time, for dialysis.

In 1896 Martin (9) separated colloids from crystalloids using a
bacteriological candle impregnated with gelatin. Later collodion
membranes were introduced (10). Bechhold.prepared membranes of this
material with pore sizes ranging from one micron down to molecular
size. Various other types of membranes--inorganic as well as organic,
were introduced and various methods were devised to grade them (11-14).

Satisfactory graded collodion membranes were prepared for the first



time by Elford in 1933 (15). He controlled the pore size by controlling
the evaporation rate of the solvent.

Craig and his coworkers (16) used commercially available Visking
dialysis tubiﬁg for fractionating various protein molecules. They
found that by controlling the pore radii (which they did chemically as
well as mechanically), the rate of diffusionbof a'particle can be regu-
lated. Ackers & Steere (17) prepared agar gel membranes and controlled
their pore size by varying the agar gel concentration. At the present
time, membranes of 'specified' pore size are available commercially

(18219). One of them was used in the present study (18).

Structure of Membranes

Various models have been proposed for the structure of membranes,
The simplest one is in which the membrane is considered a sheet pierced
by circular cylinders (10). According to Manegold (20), a membrane can
have either a canal type structure (pores, cfacks, etc,) ih which the
solid phase is continuoys, or a brancﬁing type structure (packed
spheres, rods, etc.) in which the solid phase is discontinﬁous. In
some membranes the amount of free space is too large to be cpmpatible
with a closely-packed sﬁhere structure (21).

Some of the methods employed for studying the membrane structure
are discussed below; one that employs the rate of flow of water is

discussed separately in the next section.

a) Microscopic Analysis:

Elford (22) in 1930 investigated collodion filters formed from

acetic acid and ether-alcohol solvent with the ultramicroscope and
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fognd two different types of structures: (1) a highly irregular
structure with different pore sizes; and (ii) a very fine uniform
granular structure. The experimental cﬁnditions were found to influ-
ence the particular type of structure.

Riley et al (23) took electronmicrographs of cellulose acetate
filters and found that they have a dense surface layer which is devoid
of any structural characteristics. The sub-structure of these

membranes was found to be ill.defined.

b) Determination of Specific Water Content:

The pfoportion of empty space in a membrane can be indirectly
determined in terms of the 'specificf_water content', SWC (24). It
was found that ether-alcohol collodion membranes have high SWC values--
80 to 90%. Thi; value was found to remain constant for'membranes above
20 millimicron pore size. Manegold et al (25) found that their
membranes, with pore sizes varying from 25 to 60 millimicron, had
constant SWC values. None of these results seem to indicate the

presence of a continuous solid structure.

c) Air-Bubble Method:

Bartell and Carpenter (26) determined filter pore sizes by
forcing air through a‘wet collodion membrane; Later on Hitchcock (27)
using the same membranes found that his data, obtained by simply
letting the water flow through them, gives 40 to 130 times smaller
values as compared to Bartell & Carpenter's. The higher values
obtained could be the result of Structural changes brought by the

- pressure which was used for forcihg air through the membranes; such a
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possibility was ignored by these authors however.

d) Mercury-Intrusion Technique:

Mercury which does not wet the membranes, is forced in;o the pores
by appiying some external pressure. ‘The'following expression is given
relating this pressure 2, with the surface tension g, which must be
overcome to force mercury into the pores:

Pr= -2¢ cos § ' (16)
8 is the contact angle and r is the pore radius of the membrane.
Harold and Skau (28) deterﬁined the pore size of 'Millipore' filters by
using this method. It was found that the filters which could retain
" particles of 0.3 to 0.5 micron size, have pore diameters iﬁ»the range
0.1 to 0.7 micron with median ~ 0.6 micron.

This method has the same weakness which is inherent in air-bubble

technique,

e) Filtration of Particles of Known S;ze:

Particles of known sizes are filtered through the membrane. The
filtrate is then analyzed for the largest particle which has filtered
through. From this a rough estimate regarding pore size of the filter
can be méde. The conclusion drawn this way could be erroneous however,
since filters are known which retain particles of diameter much smaller

than their pore size (18fl9).

Water Flow Rate Measurements

Guérout (12) in 1872 suggested that the porosity of a membrane

could be determined from the rate of flow of water. Hitchcock (27)
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checked the pore size of Bartell and Carpenterf§ membranes by this
method and obtained reasonable data. A more detailed discussion of
this method is given in this section because it was used for checking
the pore size of "Millipore" filters in the preéent study.

The fdllowing three assumptions have been made when this technique
is used for the determination of membrane's pore size:

a) the capillaries are parallel, cylindrical and perpendicular to
the surface of the membranes;

b) the flow rate follows Poiseuille's law;

c) the total volume of the pores, as given by specific water
content represents the total volume effective in filtration. In other
words there are no."blind" channeis or pores and there is no appreciable
immobilized water layer, lining the pore walls,

Ferry (21) related the pore radius r with the rate of flow of

water, (v/t), through the membrane by the equation:

r_2|2Vnl » (17)
= SAPEL

where 1 is the pore length; n the viscosity of solvent; P pressure on
the system causing the flow through membrane; A is the meémbrane area
e#posed to water and S the specific water cohtent.

The validity of the aforementioned assumptions is discussed below,
The @irst assumption is rather arbitrary. Bechhold (29) suggested
that the actual pore length is three to four times the thicknéss of
membrane whefeas Elford and Ferry (30) put this value as twice the
membrane thickness. Millipore membranes (18) supposedly permit a flow
rate 4 to 5 times faster than that of other membranes; if so, it ﬁight

be concluded that their pore length is not very different from their
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thickness.,

Duclaux and Errera (31) suggested that Poiseuille's law is
epplicable in general; however, Elford (15) latter commented that it is
not valid for pores less than 10 millimicrens because of electrokinetic
and/or steric effects.. In 1966,‘Longuet-ﬁiggins and Austin (32)
concluded from statistical calculations that Poiseuille's law is
applicable to poree as small as 4.5 A (radius) when water is allowed
to flow through under hydrostatic éressure. The failure of Peiseuille's
law or of equation (17) below this limit is due to the predominance of
diffusional mechanism over streamline flow.

The calculateﬂ average pore radii will be too small, if the third
assumption does not hold. In other words the membranes might show- high
water content and still lack high porosity. Elford and Ferry (30)
stated,vhowever, that for membranes with SWC above 80%, the error
involved in the calculations for r according to equation (17) is not
greater than 25% from this assumption. 1In the case of "Millipore"
filters, a comparitively high flow rate was found which indicates that

there are not too many blind channels in these membranes.

GEL FILTRATION

A comparitively new technique, Gel Filtration, has recently been
developed for the purpose of separating molecules according to their
size. In this technique a column is filled with a gel that has been
swollen with solvent. A sample of the mixtufe to be separated is
placed over the top of the column so that the gel bed is not disturbed.
After some time,vthe solution layer passes into the gel; and the

column is then washed with solvent. The components of the mixture
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migrate at different speeds and -ideally appear in the eluant in order
of decreasing molecular weighté. The liquid is allowed to flow through
the column under the influence of.gravit& to avoid compression of the
gel granules., | |

Gel filtration differs fromvordinary filtration in-the sense that
smaller molecules are retained by the gel in preference to the bigger
ones., Gel filtration‘has been compared:with‘dialysis.‘ The gel
particles hehave both as membranes and as receivers for thé dialysate
and passage through the qolumﬁ may be considered a multiple-stage
dialysis, Kisluk (33)_compared gel filtration and dialysis in the
separation of some enzymes and co-factors. The former method was
found to be as effective as the latex in identifying the various mix-
ture components and had in addition the following advantages: speed,
complete removal of cofactors in one step and elution of the cémpon-
ents in relatively small volumes.

It may be pertinent to mentioﬁ at-tﬁis pdiﬁt that g 'good! gel
must be mechaniéally as well as chemically stable. The gel particles
should be rigid spheres and not flexible solid masses, and should not

bind irreversibly with the solute under investigation.

Historical Development:

Duel et al (34) used Amberlite IR-4B for some fractionations.
They found that the degree‘of retention of élupein increases with the
degree of swelling of the resin, whereas amino aéids are readily
retained even if there is little swelling of the resin. Duel and
Neukom (35) in 1954 reported.the»cross-linkage of locust bean gum

with epichlorohydrin in alkaline solution. Gels were obtained which,
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after swelling in water, could be used for $eparation<purpoees. They
pointed out that the retention volume of a substance will depend upon
its molecular size.

Clark (36) fractionated a mixture Qf polyhydric alcohols over Dowex
50 x 12 ion exchanger. The main draw-back witﬁ these ion-exchangers is
that losses due td:sorption are great (37)., It may be possible to
identify qualitatively the number of components in en unknown mixture,
but the quantitative significance. of molecular weights or sizes deter-
mined this way will be very much questionable. |

To avoid sorption, it is desirable to use an inert substance for
gel filtration. Various types of inert gels, synthetic as well as
natural have replaeed the ion-exchangers (37-40,42-48), To mention a
few, starch gel has been used fof‘separating amino acid mixtures,

Lathe and Ruthven (39) found thae maize starch granules swollen at

61 - 68°C in water, efficiently f;actioﬁatea a mixture of substances
with a molecular weight range of 60 to 1 x 106, but the cellulose
columns could not differentiate between globin and urea. Both of them
were eluted at the same time.

Polson (40) found that the penetration of protein molecules into
agar gels is limited by their size. The spacing within the solid phase,
was found to decrease as the gel concentration was increased (41).

Rubber pieces (48) have alsq been ﬁsed in the coiumns, but these
pieces had the draw;back of being flexible.

Porath and Flodin (42) in 1959, prepared dextran gels by cross-
linking dextran with epichlorchydrih in alkaline medium, Dextran was

synthesized microbiologically by the action of Leuconostoc Mesenter-
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oides strain NRRL B-512 on sucrose. These gels, with different degrees
of cross-linkage, are now commercially available under the name SE
. 'Sephadex!',

Sephadex gels were used in the present study and will therefore be
discussed in some detgils, These water sﬁollen gels are inert and
offer a sortvof molecular sieve to solute particles. The presence of
large numbers of hydroxyl groups froﬁ the polysaccharides are responsi-

"ble for their great affinity for water. The gel properties have been
modified by causing substitution at some of the hydroxyl groups.

Solvation, on'treatment‘of the gel Qith water, begins at the
outermost layer of the gel particle, which expands exposing the next
inner 1ayef to the solvent, This process continupes till completed.
Swelling of gels can therefore be compared to the 'popping' of corn.
Expansion of gel granules is actually the'regult of the tendency of the
glucose residues to disper#e,and seperate as far as possible; this

. movement 1s prevented by crosslinkage. The degree of swelling there-
fore depends upoﬁ the amount of crosslinkage and the solvent power of
the»solyent used. Water, glycerol, formamide, etc., are found to be

-good solvents, whereas less polar solvents like methyl-alcohel,
;cetone, etc., that are miscible with water, dehydrate these water-
swollen gels., 'é

A simple method for the determin;tion of the water regain of dry
gel is discussed in Chapﬁer V. |

Various explanations haQelbeen offered to interpret the retention

- of solute particles in the gel colpmns. Wheaton and Bauman (37)
attributed the fractionation of amino acids to a definite ""pore

diameter" in the starch granules. Lathe and Ruthven (39) argued that
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the retardation of various molecules is due neither to surface pheno-
mena: on the gel phase, nor to partition of the molecules bet&een the
mobile ana gel phases. 1In the case of crosslinked gels, the retarda-
tion is attributed to the .degree of pénetration into the gel structure,
depending upon: the particle size and the gel caﬁity size. Fiodin (49)
iﬁtrodﬁced the term of "forbidden region" to interpret this process.

As a molecule diffuses through gel, it encounters regions so'aensely
populated with dextran chains that its passage is blockéd. Around
each crosslinking site, there is a forbidden region, the size of which
depends upon the size of the diffusing molecule, In éll other parts of
the gel, the solute can diffuse freely. 1In a limiting case when. the

molecule is too big to penetrate, the whole region is forbidden to it.

Molecular Weight Determination:

The ability of this gel fiitration meﬁhod tb'fractionate particles
resulted in an interest to find a relationship between the molecuiar
weights and: the elution volume of the particles. Tﬁé first attempt to
relate theée was made on antigens. Their effective size were estimated
within = 30% (41).

Andrews (50) attempted to correlate the 'peak' volume with the
logarithm of the molecular weight for various proteins using agar gel
columns. A linear relationship is not shown by his curves. It could
be the result of adsorption of the ﬁolecules due to the presence of
ionised groups in the gel granules. |

Whitaker (51) observed a linear relationship bétween the

logarithm of the molecular weight and (Ve/Vo)’ the ratio of the

elution volume and the "void" volume,which is the volume in the gel
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column which is outside the gel phase.

These relationships between‘thé moleéular'weights-and the behavior
of the particles in the gel columns were empiric;l.

Porath (52) and Squire (53) independently derived a mathematical
relationship between the behavior of the molecules in the gel column
and their molecular weight,

Porath's equation is:
\
X %3
Kg = K[1-K M2/ (Sp-a)>] (18)

where.Eg is the distribution constant for the pargicle between: the gel
structure and the excludéd solvent; Kj &‘E are the experimentally
determined proportionality constants; M is molecular weight of the
molecule; EE is volume of the solvent in the gel, called "solvent
regain'; and ¢ represents the correction term introduced to account for

the solvent which is bound to the gel matrix and is not therefore

exchangeable for the Soluﬁes. The elution volume Ve is given by

Ve = Vo + Kg Vy (19)
where V, is void volume and Vi is the volume of the solvent in the gel
which is exchangeable for the solutes. From these equations, the
following expression is obtained:

. : , 3
AV = Vg = Vo =K Vg [1.K M/(Sp-a)B] (20)

Squire's equation is:

w% . 3 (21)

'Ve o=

where g is an experimentally determined constant; and C is the
molecular weight of the smallest protein which is excluded from the gel

cavity. Vg, Ve, & M are the same as defined earlier,
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Both these equations consider the cavities of the gel structure as
conical, cylindrical & crevical in shape; and both are not applicable

when Ve =V

o L.e. when the molecule is completely excluded from the gel.

From these above mentioned equations, a linear plot for (AV)EI3 or
(Kd}é Vs. (M)% énd (Ve/Vo) VS M is expected and this is found to be
the case within certain limits (52,53,54)., Using proteins of known
molecular weights, a standard curve can be drawn which is then used for
the determination of molecular weights of the unknown particles. There
are, however, complicating factors which impair the validity of results
obtained from these standard curves.

Gelotte (55) and Porath (56) found that basic proteins and those
compounds which have aromatic or heterocyclic rings, are absorbed on
the G-200 column. Thevélufidn'volume for lysozyme indicated the
presence of a 6,600 molecular weight unit; even though the molecule 1is
known to be twice that much. Similarly ovomucoid exhibited more than
expected retention on the column.

Shape factors can aiso influence the elution volume of the
molecules passing through the column. Siegel and Monty (57) found that
fibrinogen (molecuiar weight 360,000) preceded ferritin (molecular
weight 1.3 x 10%) on G-200. Similarly urease (molecular weight 480,000)
 was retained in prefereﬁce‘to fibrinogen. They pointed out that their
data indicated a linear relationship between (Kd;€ and the Stokes" |
radius of the particle , i.e. it is not the molecular weight‘but the
Stokes radius which plays a determining role during the gel filtration
process,

From the above discussion, it does not seem possible to predict

whether the behavior of the unknown‘particle is‘going to be typical of

U RSN
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- its molecular weight or it would be abnormal. It is therefore suggest-
ed»that for the determination of the "true!" molecular weight of the :
unknown particle some other physicb-chemical method where the above
mentioned limitations do not exist, should'be employed. The gel
filtration technique can however serve to give soﬁe idea about the

molecular weight of an unknown particle.

Association - Dissociation System:

Gel filtration provides a means of studying systems that undergo
association ~ dissociation. If the rate of equilibrium is slow as
compared with that of gel filtration, separation may be‘possib1e with-
out comﬁlications. The problem becomes intriguing, however, if the

-equilibrium is established instantaneously of'if the system has a very
_ weak tendency to associate or dissociate.

‘Gilbert (58) made.a theoretical_analysis of the problem and
concluded that gel filtration could be used;provided: (a) that only
- the smallest unit exists.below a certain concentration and similarly
the largest unit exists above a certain concentration; and (b) one of
the units can be 'arrested'.‘ Winzor and Scheraga (59) tested this
theory with @-chymotrypsin on a Sephadex G-100 column; according to
these authors the substance undergoes .a monomer-dimer reaction and the
two species were identified.

Gilbert's theory will not provide reliable data for a system which
associates or dissociates slowly. He pointed out ‘that even theoreti-
cally the sedimentation constant S will not chaﬁge significantly over

-a wide concentration range. [ln one typical calculation, S changes

from 2.5 to 2.62 when concentration of the system changes from zero to
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15 mg/ml],
Kikuichi et al (60) investigated the behavior of B - o Amylase
~on a Sephadex G-100 column. It was found that, as the elution rate
was-redu;ed, the peak height corresponding to the monomer increased.
In the opinion of the author, the 1ow rate of elu;ion results in an
inéreased contact time between the gel and the migrating species, which
results in the increased retention.

In some cases in which column chroﬁatography was not successful,
employment of Sephadex in a 'batch wise' manner affected the desired
separation. For example Richterich et al (61) could not separate LDH
isoenéymes on.a gel column, but succeeded in fractionating the mixture
by mixing it with é 2% suspension of DEAE - Sephadex A-50. The
mixture was centrifuged and the supernatant was assayed; then the
residue was again mixed with fresh solvent. This resulted in the
'separation of o]; &y; B and ¥ - isoenzymes. Baumstark et al (62)

| separated ¥ - globulins from:human'serum byvthis tbatch wise! method.

The advantage of this method is that comparatively little
Sephadex and sample are needed. Also, since the solute particles are
in contact with the gel sﬁructure foria relatively longer perioq, they

" have more chance of penetrating into tﬁe'gel cavity. This step is very

"significant in systems which associate or dissociate slowly.



CHAPTER III
HINDERED DIFFUSION OF MACROMOLECULES THROUGH MEMBRANE FILTERS

(This paper is written in a form suitable for publication ini:.

a journal).
(ABSTRACT)

An apparatus and procedure are described for measuring rates of
diffusion through membranes. The diffusion of the following materials
through "Millipqre" membranes of various nominal pore-sizes was
measured: p-aminobenzoic acid through 10, 50, 100, and 450-my membranes;
lysozyme, §-lactoglobulin, and bovine serum albumin (BSA) through 10-my,
membranes; 88.my; polystyrene latex through 100, 450, and 800-my mem-
branes. Also, the diffusion of BSA through pieces of "Visking!
dialysis tubing was measured, The area available for diffusion of p-
aminobenzoic acid changes little with pore size. The area available
for diffusion of proteins through 10-my membranes decreases with
increasing-moledular size, but all the proteins studied pass at an
appreciable rate. BSA does not pass through dialysis tubing, and the
polystyrene latex does not. pass through 100-my membranes. It is con-
cluded that some information concerning the shape and size of molecules
can be obtained by measurements of this type but that ﬁhe usefulness of -
the method is rather limited; it has, however, other potential appli-

cations.
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INTRODUCTION

Study of the diffusion of proteins in solution is one means of ob-
taining information about their size and shape. But the rate of dif-
fusion is not very sensitive to size. Most globular proteins are
nearly spherical and for spheres the diffusion coefficient varies as
the inverse cube root of the volume. Thus one finds less than a foura-
fold difference between the e#perimental.difquion coefficients of,
say, ribonuclease, M, W. 13,500, and urease, M. W. 480,000 (2).

Much greater differences can be realized if diffusion is allowed
to take place through a barrier which has very fine channels, of the
same order of magnitude as the molecules passing through (16). This
process will be called "hindered diffusion”. An extreme kind of
hindered diffusion is very commqnly practiced in separating proteins
from subtances of low molecular weights by dialysis. For this purpose,
‘membranes of very small pore size are used; the "Visking" dialysis
tubing which is most commonly employed at the §resent time has poreé
of 4-5 my diameter (63). With this type of barrier, however, ;11 but
the smallest proteins are completely exéluded, and nothing can be
learned about their shape and size except possiﬁly a lower limit.

Recently, membrane filters have become commercially available that
are produced with pores of graded sizes, varying from about 5-10 mu up-
ward; it seemed of interest to study the properties of these membranes
with respect to their ability to pass proteins of various sizes. A
preliminary report on this work has been made (64). The present paper
reports new measurements, made with some improvements in apparafus and
technique, on lysozyme, RB-lactoglobulin and bovine serum albumin (BSA).

The new measurements with BSA do not agree with those reported earlier
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and this problem will be discussed., Also, diffusion measurements have
been.maﬁe on p-aminobenzoic acid and 88-my polystyrene latex.

It is not possible to review the pertinentvliferature in this
papef. There is a voluminous literature on osmosis and dialysis (65)
and much work has been done specifically on the properties of membranes
and their permeability to various subtances (l). Considerable work. has
‘also been done on ultrafiltration, a closely related technique that in
many cases gives pertinent information (15,21). In the limited space
available here, reference will be made only to work which has appeared
in the last five years and deals specifically with the relation between
diffusion through membranes and molecular size. Craig‘and co-workers
have made several contributions, which will not be mentioned individual-
ly since they have been covered in a recent review (16). These investi-
‘gators made use of a "thin-film" apparatus which gives comparatively
fast escape rates and minimizes back diffusion. Dialysis tubing was
used as the barrier material; for use in the 10 - 109 molecular-weight
range, mechanical or chemical modificatioﬁ of the tubing was found
necessary to enlarge the pore size. At the other extreme stands the
work of Hoch and Turner (66) who used membranes of 250 - 450 my pore
size in a study of the diffusion of blood proteins; with such large
pore-sizes the amount of hindered diffusion should be smallrand the
_ results therefore comparable to those obtainable with free diffusion.
In order to provide.a continuous range of pore sizes, Ackers and Steere
(17) experimented with agar-gel membranes, in which the pore size could
be varied by changing the concentration of agar. The relation of the
present work to tﬁese investigations will be considered in the last

section of this paper.
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EXPERIMENTAL

(The work. to be described comprises two series of experiments that
were done at different times with certain differences in apparatus and
techhique; when necessary to distinguish between them, they will be

referred to as Study I and Study I1I).
Materials:

Lysozyme was obtained from Calbiochem, Los Angeles; B-lactoglobulin
from Koch-Light, Colnbrook, England; BSA from Pentex, Kankakee, Il1.
Polystyrene was a gift from the Dow Chemical Company, Midland, Michigan,
obtained through the courtesy of Dr. J. W. Vanderhoff (Run #LS-040-4).
All other chemicals were of A.C.S.-reagent grade., '"Millipore!" membranes
were purchased from the Millipore Filter Corp., Bedford, Massachusetts.
Dialysis tubing was purchased from the Visking Division, Union C#rbide

Corp., Chicago.

Diffusion Apparatus:

Fig. 2 shows a schematic diagram of the apparatus and cells used
in Study II. The motor driving the stirrers was a "Hurst" (Princeton,
Indiana) synchronous motor, Type DA, speed 600 rpm. The cells were
constructed of stainless steel, Type 316; they had the following
"window! areas and approximate Qolumes: A, 2,390 cm.2, 10 ml.; B,
0.8495 cm.z, 2 ml.; C, 0.5026 cm.2, 1 ml. During the measurements the
cells were immersed in a constant-temperature bath and the joint in the
middle of the cell was kept.covered with waterproof plastic friction-
'tape.

In Study I, cell D was used, a diagram of which was shown in the
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earlier paper (64); the cross sectional area and approximate volume

2

were 2.56 cm.” and 9 ml., respectively. In that study, the stirrers

were actuated by a friction drive instead of gears.

Diffusion Measurements on p-Aminobenzoic Acid. Procedure I:

In Study I the membranes were initially dry. p-Aminobenzoic acid
was dissolved in water to the concentration 4.00 g./liter. A portion
of the solution, 8.50 ml. was pipetted into comparﬁment 1 of the cell
and one minute was allowed to elapse before. an equal volume of water
was added to compartment 2. Time zero was taken when the water com-
partment had been filled. Aliquot samples, 100 )\, were withdrawn from
compartment 2 at 5-min. intervals, diluted to 5.00 ml., and the

absorption was measured with a Beckman DU spectrophotometer; an equal

'aliquot was withdrawn from compartment 1 to keep the volumes and levels
the same. The temperature was in the range 20-30° and was not
controlled; in any one experiment the change was no greater than 1°,

A temperature correction was applied, as explained in the next sgction,
to reduce the results to a common basis. Whenever multiple determina-
tions were made with a single membrane, it and the cell were rinsed
with water, the water was removed without allowing the membrane to dry,

and a new solution was then placed in the cell.

Diffusion of p-Aminobenzoic Acid. Procedure II:

Phosphate buffer, 0.16M and of pH 7.0, was the medium used in
these  experiments; the solutions of p-aminobenzoic acid contained 4.00
+g./liter. The membrane was put in place. and soaked in water for about

3 hours before making measurements. Then, the water was poured out



28

and the last traces of it were removed, within 1 min.,, with the aid of
~a-pelyethylene tubé which was‘closed at one end and had a few éin holes
near the closed end; this end was passed along the walls while suction
was applied at the other end. Solution and buffer were added to the
-respective compartments at the same time. Stirring was started within
30 sec. The cell was kept in the water bath at 25 £ 0.1°, After about
10% diffusion had taken place the cell contents were removed and their

~ absorbances measured after appropriate dilution.

Diffusion of Proteins:

The protein. solutions were 1% in.phosphaﬁe buffer. First, a
measuremenf of diffusion was made with p-aminobenzoic acid by Procedure
I1. Then the cell and membrané were rinsed and a measurement made on
the protein solution. In several experiments,.a determination was made

‘of the volume present in each compartment at the end.

Diffusion of PolyStyrene Latex:

Equal volumes of distilled water ﬁere»placed in each of the two
compartments and the cell was put in‘piaée. After some time, 5 or 10
A of latex was added to compartment 1 and stirring was started. After
2 min. a 100-)A aliquot was withdrawn from this compartment, diluted to
100 ml., and its absorbance measured at.265\mp; this was taken to be
the original concentration. Samples were then withdrawn from compart-

ment 2 at appropriate intervals.

CALCULATIONS
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"Diffusion Measurements:

Gosting (2) gives the basic equation for determining diffusion

coefficients in.a diaphragm cell; the diffusion coefficient D is given

by: , | ,
c® - ¢c?
p=2X1-1o | L 2| - (1)
’Bt Cl - Cz )

where ggvandigg are the concentrations in the two compartments at the
starting time, taken after steady-state diffusion has been established
in the diaphragm; 91 andv_g_2 are the cqncentrations at time t after-
wards, and 8 is the cell constant. Assuming that steady-state dif-
fusion is-established instantaneously in the membrane diaphragm (an
assumption  which will be discussed in the next section) one has Cg = 0.

and, if the volumes are equal, €, = C? - Gy, the equation then reduces

to
(o}
C ) .
p=2X 1|1 | . (2)

The‘area~évailable for diffusion, a, was obtained in the following
~way., For an idealized cell in which diffusion takes place between
- compartments, éach.of volumelz, through a straight tube of cross
section.a and'leﬁgth h, the cell constant is given by:

g = 2a/hVv | (3)
If E is set equai to the thickness of ﬁheAmembrane,and‘B is taken from
free diffusion data, a is given by:

a = 2.303 hV
2 Dt

(4)

V is the volume in each compartment and it is assumed its value does
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not change in the experiment; this point will be discussed in the next
-section. The factor F is defined as the ratio of the effective area and
the geometric area A of the membrane exposed to diffusion: F = a/A.

In Procedure I, the course of diffusion was followed by analyzing
aliquots portions of the cell contents at intervals. The values of 92
were plotted:against time, the best straight line was drawn through the
" points, and its slope was determined. This can be related to the
equation given above by the following considerations. For small values
of (202/C§) one can use the approximation In (1 +.x) ~ x; to this

approximation, equation (2) is transformed to

C, = BDCt/2 (5)
For values of (202/C§) = 0.20, i.e., 10% diffusion, the érror caused by
the approximation is about 10%. An appreciable portion of the solutions
vwas-withdrawn for sampling, 0.50 ml. from. a total of 8.5 ml., and if no
gorrection is made for this,up to 6% error is made. Since the two
errors are in oppésite directions, they cancel to some extent and it can
-be calculated that making no corrections will céuse the slope to be
1.04 times greater than it should be. Accordingly, the slopes obtained
by Procedure I were décreased by the factor 1.04 and then used to cal-
culate a.
The temperature correction was made to 25° by means of the Stokes-
Einstein equation (2), taking the viscosities of the solutions to be

proportional to those of water. At 25°, n = 0.8937 centipoise, and

D,5 = Dy(298/T) (ng/n ,) = 333.4 D (q /).

where T is the temperature of the measurement in °K and qT the viscosity

of water at that temperature.
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Calculations of the Time Required to Attain Steady-State Diffusion:

This quantity, Ess’ will be used in the discussion that follows.
According to Longworth (67), it can be calculated approximately from the

expression:
tee = 1.2 h%/D (6)
55 .

For p-aminobenzoic acid D = 8.4 x 10"6 cm.zsec.*lg if h is 0,0130 cm.,

t ~ is then 240 sec.
—~58
RESULTS AND DISCUSSION

Membrane Properties and Their Reproducibility:

The "Millipore' membranes used in this work presented a very uni-
form, smooth and clean appearance. Although it cannot be expected that
’they would all be exactly the same in internal structure, it was hope-
fully anticipated at the beginning of this work that microscopic
differences would be effaced by averaging so that different membranes
would give reéults reproducible within a range of, say, % 5%.

The results obtained at the beginning of this work with a limited
number of membranes seemed to conform with this axpectation, altﬁough
occasional exceptions were noted. These exceptions were at that time
ascribed to uncontrolled experimental errors, and changes were then
made in-the apparatus and procedure to minimize such errors -- a more
~reliable stirring apparatus was devised, the cells were kept in a ther-
mostat, sampling and measuring procedures were improved to less than
2% uncertainty. However, these changes gave no systematic improvement

in the reproducibility of the experimental results; on the contrary, as

a larger number of membranes was tested, even greater deviations from
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the average were occasionally found. This led to the conclusion that
differences in the membranes themselves were the major cause of the ob-
serve& variation.

Table I.summarizes the results obtained with fifty membranes,
nominally of 10-my pore size. The results are expressed as the ratio
F between the raté of diffusion observed and that calculated for free
diffusion through a cylinder of cfoss section equal to the area of the
mgmbréne.and of length equal to its thickness. The membranes are
divided in groups of about 10 egch, and the groups with the same Roman
numeral were taken from the same box of filters as purchased from the
manufacturer., It can be seen that the average deviatibn<was 3-5%, but
that the extreme difference within a group could be as great as 30%.
Differences of essentially the same  order of magnitude-&ere found when
.a single membrane was used for repeated trials, usually 3. The results
of 75 trials with 25 membranes were as follows: the average deviation

of each trial from the average value for the particular membrane, was

5%, and the maximum deviation, thé-greatest difference found in the
entire set as percent of the average value, was 40%. At first, the
fact that the same membrane gave differeﬁt values was taken as prima
,fgsig-évidence that other uncontrolled sources of errors were operative
However, it will be naive to consider the membrane as having a uniform
structure throughout; furthérmore, it cannot be taken for granted that
the structure of the membrane will remain unchanged with time (68).
Nearly all the data reported above were obtainedeithimembranes
that had been soaked for some time before the measurements. Some work
-also was done with initially dry membranes (see Experimental section,

Procedure I). In these experiments, the absorbances due to diffused
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TABLE I

VALUES OF "F!" FOR 10-my MEMBRANES

T

- Group .f¥:2::§ Cell Miﬂsz Zéﬁ. T Avg.dev, Ma%'ogiﬁﬁgfe“°%
1.1 10 A 0.264 0.230 0.248 % 0.010 ' 14
I-1B 10 B 0.234 0,205 0.220 = 0.0083 14
I-1c 10 C 0.233 0.165 0.210 + 0.0094 33
I-2C 10 C 0.207 0.164 0.192 £ 0.014 22
II-1B 10 B 0.190 0,165 0.177 £ 0.005 14
111-10° 8 D 0.243 0.210 0.23 =% 0.01l 14

*See Calculations section

bBy,Procedure I
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p-aminobenzoic acid were determined at short intervals after the cell
had been filléd in the manner described. The results, when plotted as

a function of time, extrapolated to zero concentration at zero.time
within the experimental uncertainty (which, admittedly, is rather large
-near the origin); this result is in conformance with equation (2) (see
Calculation section). There are some advantages to starting with dry
membranes, but this of course could be done only once., Since in the
studies of protein diffusion it was thought desirable to do two measure-
ments with the same membrane (vide infra), the appiicability of Proce-

dure I was not investigated beyond the points just discussed.

Area Available for Diffusion; Relation of Diffusion Measurements to

Pore Size:

Table ‘II summarizes the results obtained from measurements of the
’diffusioﬁ of p-aminobenzoic acid through 10, 50, and 100-my membranes.
For the first three grades, about the same degree of variability was
found, while the 450-mj membranes had a larger average deviation.

It is very interesting to note that F has nearly the same value,
0.2, for 10, 50; and 100-my membranes, i.e., the area effectively
available for diffusion of p-aminobenzoic acid molecules is nearly the
same despite the difference in pore size. This finding supports the
manufacturer!s assertion that the membranes contain essentially the

same proportion of free-space (70-74%) (73).

Diffusion of Proteins Through '10-my' Membranes:

-In these experiments, the rate of diffusion of p-aminobenzoic acid

through a particular membrane was measured and the value of F was
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TABLE II

DIFFUSION OF p-AMINOBENZOIC ACID THROUGH MEMBRANES

3

Nominal Pore‘ F = ajA
size, my Cell ' Average + Avg.
Max. Min, deviiation:
10 B 0.234 0.205 0.212 £ 0.008
50 B 0.256 0.228 0.235 + 0.0120
100 B 0.219 0.180 0.209 + 0.0094
450 B 0.428 0.222 0.321 £ 0.059

*20 determinations for each pore size; h = 0.0130 cm. for 10, 50, 100-my;
0.0150 for 450-my membranes (18).
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determined-as already explained. The procedure was then repeated for
the protein solution, using the same membrane. The results are reported

as the ratio g between the two F values

Fprot:eii'l/FPAB'= aprotei'n/aPAB

- In the calculations, no correction was applied for the change in V con-
' sequenﬁ upon the-osm§tic.transfer of water into the protein cqmpgrtment
(compartment 1), even though this was.appreciable, ca. 5% in 10 hours;
-the correction is not sufficiently large to make a significant differ-
ence in the results. TableIIT summarizes the results obtained with

- lysozyme, B-lactoglobulin and BSA.

It isvseen~that, unfortunately, the precision of the results is
not high. The average deviation is about 10% and the extreme‘differn
ences found in.a group of ten membranes was as great as 20%. Since
initial diffgrences in the area available for diffusion were corrected
for on the basis of the p-aminobenzoic acid measurements, this

_variation reflects further differences in the membranes, e.g., changes
in the structure‘tha; may take place during the measurements and dif-
ferences in the distribution of pore-sizes.‘ However, the differences
obtained by .-averaging the several observ;tions clearly are significant;

v 'the_area available to diffusion decreases as the molecular weight (and
- size) increases, from ~78% for lysozyme to 50% for BSA);

| The last .column of Table III gives values of T

—0.1

for 10% diffusion, which can be compared with the results of the earlier

, the time required

investigation (64). The value for lysozyme compares with that reported
earlier. However, the results for BSA is quite different; in the

earlier experiments, less than 1% diffusion was found in 24 hr. To



37

" TABLE III

DIFFUSION OF PROTEIN THROUGH MEMBRANES

| O G = Fprotein/ pag
. Protein M.W. Dx107_1 No. of - - .- - = .. Avg. T Cell
%103 cm.2sec. mem- Max, Min. -#Ayg. —0.1
branes deviation hrs.
Lysozyme 14.4 10.7 20 0.858 0,693 '0.775 5.6 . B

+ 0.065 7,25 B

Bovine Serum ‘ _
Albumin 69 6Q8 10 0.515 0.481 09503

j: 0.017 1205' B

*From Reference (2) adjusted to 25° if necessary.
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preclude the possibility that the present results might be due to the
presenceiof & low molecular weight impurity, measurements were made
‘with a diffefenﬁ sample  of BSA; although the results were less precise
they agreed with those of the first sample. Also, diffusion was allowed
to proceed to the extent of 20% and the rate.for'the second 10% was
found to be comparable to that of the first., Thus considerable
confidence can be placed in the present results. We can offer no
explanation for the difference from: the results réported earlier;
either a mistake was made or the pores of the membranes used in the
-earlier work were substantially smaller. With reference to this
possibility it might be added that the measurement of flow rate through
 '10-my' membranes indicate an effective pore size of some 72 my (ChepiIV).
If this wére-éven.approximately correct, thererwould be no reason to
expect that the pores would prevent the passage of BSA moleﬁules; on
" the other hand, BSA molecules (4.04 my radius).would be completely
barred from diffusion through '10-my' pores.
In some instances two or more_measur%ﬁénts were done with a single

membrane. No better agreement between measﬁrements was achieved, but
- it is worthy of note that the variations were random and hot consistent
ly downward, such as would be caused by a gradual clogging of the
membrane~pores. The-limited precision~bfbthe data do not permit a
preqise evaluation of this question, but it can be stated that clogging,
if it occurs, has no more effect than other sources of variation in- the

membranes.

Attempted Diffusion of BSA Through Dialysis Membranes:

It seemed of interest to test, with the present apparatus and
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technique, "Visking" dialysis membréne, which has much finer pores than
the "ld-mu Millipore™" membranes. A set of me#surements accordingly
was made with ten pieces of membrane that were cut from a single pilece
of tubing. Thg thickness of the membrane when dry was measured with a
micrometer and found to be 0.00216 cm. Taking this as the value of h
in equation (4), the experimental data gives for p-aminobenzoic :acid
a value of F = 0.022. This is much smaller than that for the "Milli.
pore!' membranes, i.e., the dialysié membrane is much 'denser!'. However,
it is also thinner, so that the times effectively required for
diffusion are notproportionally greater; Iy.1 is 45 min. as compared
for 32 min..for the "Millipore" membrane. It is noteworthy that the
~average deviation found with the tubing was only about 2%, much less
than for the "Millipore'" membranes; the dialysis membrane seems to be
a much "harder!" material and this may be an important factor in
determining the réproducibility of pore sizes.

When BSA was put in diffusion cell B with "Visking" membrane.as
diaphragm, less than 1% diffusion was found in 24 hours. This is in
-accordance with expectations, but serves as a check on the validity

of the method.

Diffusion of Polystyrene Latex Through "Millipore!" Membranes:

It also seemed desirable to determine whether "Millipore" mem-
branes would pfevent the passage of particles larger fhan.those of BSA.
The material investigated was polystyrene latex, which contains spheri-
. cal particleg of 88.my diaﬁeter, with a standard deviation of + 8-my;
these dimensions have been determined by electron microscopy. The

first trial was made with membranes of 100-m; nominal pore size and it
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was found that less than 1% diffusion took place in 24 hrs. Measure-
ments were then.mgde with membranes of 450 and 800-my nominal pore size.
The average of the ten measurements with 450;mg membranes gave an F
value of 0.128 and a G value of 0.389; with 800-my membranes the F
value was 0,208 (the diffusion of p-aminobenzoic.acid through these
membranes was not measured and therefore no g value ;an:be quoted).

A noteworthy point of difference between these experiments and
those with proteins was that, when repeated diffusion measurements were
made with the same membranes, a systematic: decrease in the value of G
was noted, which might result from clogging éf the membrane. GConfirm-
atory evidence for such an effect was.afforded by the fact that the
sum of the absorbances in the two compartments at the end of the experi-
ment was less'than that ofginally taken; it should be added that the
cencentrations of laﬁgx used in these experiments was only 0.1%, and
that sequestration of a fraction of the latex from solution would

accordingly be more noticeable than in the protein experiments.
CONCLUSIONS

A‘compar#tively simple apparatus and teqhniqué have been: presented,
for studying the process of diffusion through porous barriers. A cell
has been described in which an -accurately defined and controllable area
of ;he barrier material is exposed; fhis facilitates comparisons and
~makes possible a more-searching interpretation of the results.

With "Millipore" membranes as diaphragm, the time required for
diffusion measurements is greatly shortened in comparison to qells of

conventional design, in which diffusion occurs through a thick, fixed

diaphragm. Craig!s "thin-film" technique (16) affords even faster

K3
~
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diffusion rates,‘but the apparatus does not 1énd itself as feadily to a
studyuand.evaluation of the membrane material.

The following characteristics of "Millipore" membranes have been
ascertained in this work:

(a) membranes of various grades, from 10 to 100-my noﬁinal pore
size, have about the same proportion of free space available for the
diffusion of small molecules; diffusion is only about one-fourth slower
than Ezgngiffusion through a layer of the same area and thickness;

(b) individual membranes show random differences as great as 30%
and averaging 5%, which limits their effective application to quanti-
tétive»studies of diffusion, at least for molecules of molecular weight
104 - 105; however, significant results canﬂbg obtained by averaging a
sufficient number of observations.

With respect to the characteristics of the diffusing particles, it
has been possible to demonstrate that 100-my "Millipore' membranes
efféctively prevent the passage of 88-mg polystyrene latex, and that
Visking dialysis tubing prevents thé passage of BSA. bAs the particles
become smaller with respect to the pore size, there is a gradual
'inérease‘iﬁ‘the area available for diffusion; this leads one to expect
that there will not be a sharp Neut-of f1 of diffusion at a particular
molecular size.

.The present work was originally mativated by the desire to
develop a novel method of investigating molecular sizes and shapes. It
has not so far been possiblevto obtain precise information about these
'~ matters by studies of hindered diffusion, énd at the present time it
seems doubtful that the method could be perfected to give results of

truly satisfactory precision. However, it is hoped that the results
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‘described will serve as a basis for (i) further studies of membrane
materials; (ii) "rough-but-ready" determinations of molecular size;
(1ii) analytical and preparative separation of molecules of widely

different sizes. Investigations along these lines are in progress.



CHAPTER IV
PORE SIZE OF “MILLIPORE" FILTERS

(This paper has been written in a form suitable for publication in

.a journal),

" The rate of flow of water through membranes has been employed to
- obtain information.about the size of tlhie pores in the membranes and
about variations in the membranes characteristics.

The suggestion that the porosity of a membrane might be determined
by measuring the rate of flow of liquid through it was first made in
1872 by Guérout (12). Since then this method has been used frequently
to determine the porosities of various types of beds as well as mem-
branes (13,14,27,68,69). Other techniques have sincé been devised for
‘the same purpose: mércury intrusion (28); cepillary rise (10,26,70);
vapour pressure (71) etc. The flow-rate method is the simplest and
easier to. apply,.however.

This chapter describes the application of the method to "Millipore!'
filters. A very simple apparatus is described to determine this flow
rate. 'Millipore! filters of pore sizes 10; 50 and 100 millimicron
(my) were e#amined. The rates of flow of water through these filters
were found to vary with an average deviation of 10-14% and an extreme
'deviation of about 40%. ' The results of the present work indicate that

the pore size of "10 mu" filters is actually 79 my; that in 50 -, and

100 - my filters, is about twice the nominal value. It is found that

43
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the two sides of the '10 my' membrane, bright and dull, are different

“with respect to the change of flow rate of water with time.
s o Experimental

“Millipore" filters were purchased from the 'Millipore! Filter
Corporation, Bedford, Massachusetts.

Thé stainless steel cell with 'window!'area 2.390 em? (described
in.Chapter{III) was used in this study with one modification: A lucite
disc was made which covered the top of one compartment of the cell,
making a water- and air-tight seal. A glass tube, with inner diameter
0.20 cm, was sealed vertically through the cover so that: it protruded
3 cm below and about lé_cm above the cover. Two marks, on the glass
tube, at EQLZQvand 15 cm above the cover, were marked with glass-
marking‘pencil.

The two compartments of the cell were assembled so that the filter
was sandwiched between them.. Both the cémpa?tments.were filled with
water to the brim ;nd the assembly was then placed in a water bath with
the glass tube vertical., The temperature of the bath was maintained at
25 % 0.18. After about 15 minutes, some water was withdrawn from the
- open cbmpartmeﬁt with a syringe and added to the other ¢ompartment
throughvthe top of the tube until the meniscus of the water colgmn was
above the top mark. The time required for the meniscus to cross the

distance between the two marks was then determined.
Calculations

The flow ¢ across the membrane is the volume v .passing in time t.

This volume can be calculated from the_decrease in the' héight of the
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water column, Am, that supplies the hydrostatic pressure, and from tne
radius of column, r, It is assumed-ehat ;he flow is proportional to
the pressure P, and eince Am is small; it is sufficiently accurate to
consider the;pressureveqnstant. Thevflow takes place‘acrOSS'the areg
A of the cell "window"; and the flow per unit area is therefore given
by

v o _ T_T.EE_QEE = KP. (1)
At At

=

A
The proportionality conétant,E is the volume of the liquid which flows
per unit area in unit time under unit pressure. A representative set
of data obtained with a "10-mp " membrage‘was as follows: Am = 1.25 cm;
r=0.,10 cm; A = 2.39 cm? and P = l4.4 cm qf'water or'laiﬁltorr; the
average time was 1.93 minutes and |

K= nrz Am

APL (2)

i

0000803 ml cm=2 min-! torr-!

The flow under 70.0 cm of mercury pressure would then be 0.562.

""Results and Discussion

The membranes used in this work were taken from the same lot which
had been,used’eaflier (Chapter III). They were smooth, uniform.and
clean in appearance. A comparison of.different membranes could be
made very simply by timing the. passage of a certain volume of water
through the filter, which in turn corresponded to. a specified'decrease
- in the height of the hydrostatic head. Repeated»measurements could be
taken within a short ~period of time, and the reproducibility was of
the order of 2%. Table 1V summarizes the results obtained with twenty

"10-ms'" membranes, which were all taken from the same box. It can be
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.TABLE IV

RATE OF WATER FLOW THROUGH MEMBRANES

WNominal pore size of membranes

10-mp 50-mp, 100-my
(1) No. of membranes examined 20 : 20 20
(2) Flow times, sec.
(a) maximum 150 54 25
(b) minimum : 97 30 21
(c) average * avg. deviation 116 + 14 40.7-+ 8.5 22.0 £ 1.2
(d) maximum difference,
% of -average 46 60 18
(3) Rate of flow
(a) k from eq. (2) x 104,
m1.<:m.'2min'1 (torr)"l 8.0 22.9 42

(b)" ml,cm.=2 mi.‘n."1 under
- 700 torr pressure 0.56
(c) Approx. manufacturer spec. 0.5
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seéﬁ that the average deviation and the difference between the éxtreme
are even greater thanvthe corresponding values found in the diffusion
measurements. This provides confirmatory evidence that differences inb
the membranes themselves are the principal cause fdr the var}ation iﬂ
the results, Illani (72) also reported deviations of the order ' of 25%
in his determinations of the potassium ion flux through bromobenqénen
saturated "Millipore" filters.

It should be noted that the average value for the rate of flow of
water found in the present work corresponds quite.closely with the
approximate specifications given by the manufacturer (73).

Measurements made at intervals of time confirmed the suspicion that
the structure of the membrane might change on prolonged contact with
water. Measurements were made on a membrane 15 minutes after it had :
first :been soaked, and>at.1- or 2-hour intervals thereafter, for 8 to
10 hours. The changes found with different membranes were variable; but
always appreciable-<typically 20% of the ofiginal value. in 8 hours.
These variations are in line with those observed by Bartell and Qster-
hoff (68) with their membranes. Bartell (74) attributed this Qecrease
in permeability to mécHanical clogging of the pores by.very fiﬁe
particles. Whereas this possibility cannot be excluded in our case,
it mayvalso'be-that hydration: of the cellulose material éauses struct-
ural alterations,

An interestiﬁg finding was made. in these experiments,.namely that
when the shinYJSide of the membrane faced tﬁe pressuré head, the flow
rate changed considerably faster than:when the dull side was faging the
'-pressﬁre head. 1In the protein meésurements, no appreciable difference

was found between the shiny and dull sides. These experiments indicate
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that'the,passage of water and proteins do not depend on the same mem-
brane characteristics; but there can be little doubt that both processes
depend on the: structure of the membrane, and are affected by the changes

in it.

Relationship Between Pore Size and the Rate of Flow of Water:

‘Ferry_(Zl) has given an equation relating the flow of water through
membranes having very fine capillarigs of radiﬁs S, based on the
following -assumptions:

(a) Poiseuille's law governs the flow rate through capillaries;

(b) The capillaries are parallel to one another and perpenﬁicular
to the membrane structure; |

(c) The total volume of pores represents the total effective
volume in filtration .i.e. (1) there are no blind channels; (ii) there
is no appreciable immobilized layer of water lining the pore walls.
The equation is:

% .
b= (& @)
'wherelg is the viscosity of water and S is the specific water content
of the membrane, and h is the length of the capillary.

Combining equations (1) and (3), we get

;- (B‘QShK)% | “)
The results obtained by setting h equal to the thickness of the mem-
brane, an-assumption which will be discussed latler, and S to the poros-
ity of the membrane as given in the manufacturer's specifications (73),
are 5 = 36 my for "10-my!' filters; 60 my, for "50-my! and 90 my  fer
"100-mp" filters. (Note that pore:size is 25).

The validity of'equaﬁion (4) 1i,e. Poiseuille!s law, for determining
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the pore size of the membrane is subject to the value of viscosity of
water inside the membrane structure and the actual pore length.

Barte11~and Osterboff (68) compared the results of Poiseuille's and
~capillary rise technique, obtained in carbon beds of approximate pore
size 90 my. The results were in fair aéreement. They estimated that
12-15 mp would be the lower limit #t which Poiseuille!s law could be
'aﬁplicable, assuming that the viscosity of water inside the pores is the
same as in the bulk volume.

Terzaghi (75) estimated that the viscosity of water n' inside a

pore would increase according to the equation:

=1 1+ 6,02 x 10-42) ton (1 + 2.42 x 10‘43)

p8 ; p8
-where n is the normal viscosity of Qater and p is the radius of the
pore. According to this equation, water would have such.-a high viscos-
ity inside a 10-mu pore, that the flow would be much smaller than is
observed, On the other hand, essentially normal values of the viscos-
ity would be obtained if p was 100-mu or greater.

Recently Longueﬁ;Higgins and Austin (32) deduced from statistical
mechanics that the flow of water through pores as small as 9.0A diameter
would follow Poiseuillets law,

Guerout (12) investigated beds of sand and of asbestos filaments.
The pore radius p for the latter, as determined by microscopic examina-
tion, was found to be in fair.agreement with that calculated from rate
of water flow (0.00283 cm and 0.00276 cm respectively). The flow rate
through.sénd beds gave p as 0.71 times the value obtained from micro-

- scopic data (0.000795 cm and 0.00112 qm.respectively). Bartell and

Osterhoff (68) assumed the pore length of their carbon.and silica beds
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to bé (m/2) times the bed thickness, but stated that the pore length of
collodion type membranes is equal to their thickness. On the contrary
Elford-and Ferry (30) suggested that the actual pore- length of these
-membranes is a little less than twice their thickness; whereas Bechhold
(29) believed that his collodion membranes had pore length three to
four times the thickness,

Carman (69) reviewed this problem for granular beds and ‘concluded
that the actual pore length is some multiple, (m/2 or A7), depending
upon the bed type, of their thickness. A similar theoretical analysis
has not been made for cellulose filters., For membranes of pore size
below 20-my, ﬁhe actual pore length is likely to be larger than their
thickness (21), For a given flow rate, therefore, substitution of mem-
brane thickness for h in equation (4) will give a smaller value for j.
In case of "Millipore" filters of nominal pore size !'10-my', when the
pore length, h, is considered to bg equal to the membrane thickness,
the value of p calculated from equation (4), comes out to be six to
seven times the manufacturer's value.

This indicates that the model used-aé the basis of equation (4) is
frobably inadequate,vand one cannot draw definite conclusions concerning
the size of the pores in the membranes. However, they are undoubtedly
larger than nominal size. Evidence of this is provided by the fact that
bovine serum-albumin molecules (4.04 mu radius) (17) diffuse reasonably
rapidly through the so.called 10-my "Millipore!" filters, whereas they
would be .all but completely barred from passing through 10-my pores as-
is indicated by the following equation given by Renkin (76) to account

for steric and frictional hindrance to diffusion:

Alag = (1 - )" [1- 2,106 (2) +2.09()° - 0.95 @1 ()
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where a is the radius of the particle diffusing through a pore of
radius r; Ao and A are the apparent. and. actual membrane area available
for diffusion. Substituting for a = 4,04 my and r = 5-my, we get

% ®0.034 i.e. bovine §erum albumin will be severely restricted by
o

10-mp pores.,



CHAPTER V

STUDIES ON THE DISSOCIATION OF UREASE BY HINDERED
-DIFFUSION THROUGH MEMBRANES AND INTO SEPHADEX GEL
(This paper is written in a form suitable for publication in a

journal).
SUMMARY

U;easewat 0.05 mg/ml concentration can penetrate Sephadex gel
G-lOO while Sephadex G-75 completely excludes it. It is concluded that
. urease is-dissociated_ﬁo.some~exteﬁt into a subunit of molecular weight
abdut 80,0003 for reasons that wili be discussed, the extent of dissoc-
- 1ation cannot be deduced. = The diffusionvof urease throﬁgh 10-mp Milli-
" pore membranes-was measured also and the results confirm the conclusions
~of the~geiudiffusion experiments. TFor comparison,»meaSurementslwere

also made with serum albumin, some amino acids, and salt solutions.
INTRODUCTION

Passage through columns of Sephadex gel has been used to separate

. simple mixtures of components of differént molecular-weighté and size,
that do not interact with one another. ' If rapid association-dissocia=~
tion occurs, the_pﬁenomena; observed arermofe complicated. Gilbgrtr(&ﬁ
has .discussed the~possibility offstudying such a system, Winzor and
Scheraga (59) have- applied the method of gel filtration to study o-

chymotrypsin.

52
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vIn'tHeuprgsent.study, passing urease through Sephadek gel column
gave equivo¢;1 resﬁlts, possib1§ due to the-occﬁranée of absorption,.
‘In order to minimize this.possibility,_é#perimeﬁts'have7been done by
- mixing the solution~with.an.apprOpriaﬁe‘amount.of dry Sephadex and
‘'separating the gel phase from the supernatant after some time. This
procedure will be calied.Séphadex‘dialysié. It has.the additional
~advantage that the contact time can be lengthenéd at will, thus avoiding
the problem that might arise in flow experiments because of failure to
establish equilibrium.
Urease was also investigated with respect to its ability to pass
through Millipore~membranes;_of 10-mp nominal . pore size. The results
of these hindered diffusion studies are in qualitative agreement with

those of the~Sephadex\dia1ysiS.
MATERTAL AND METHODS
Materials:

Urea; p-aminobenéofc acid (Fisher Scientific Co. N.J.); L-tyrosine;
DL-tryptophan (California Corp. for Biochem. Research, L.A.); bovine
serum. albumin (Pentex Corpbration; Kankakee, I11.); CuSO,; CuCliéHZO;
Cr0136H20»and KQCrwaere used without any further purification. Urease

- was prepared from Jack,béans by the method of Corin ét-al (78).

Millipore membranes of 10 $2mu; nominal pore size were purchased‘
from the Millipore Filter Corporation, Mass; and Sephadex G-100 (lot
no. JO 5967; particle size 40-120p) and G-75 (lot no. JO 2393; particle

size 100-270 mesh) were obtained. from Pharmacia;~Uppsa1a, Sweden.

Experimental:
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a) Determination of Water Regain by Sephadex:

Dry Seéhadex, 50 mg, was weighed into a test tube, 0.84 x 2.82 cm,
and 1.30 ml of water was added. The contents were shaken and the tube
‘was placea in‘a‘water bath.at 25 + 0.1 C° The sample was shaken after
ever& 30 minutes, except during the night. After 72 hrs, the contents
were traﬁsfered to-a filter-centrifuge tube (no. 1199 International
Equipment Co.) This tube consists of two compartments separated by a
~sieve, on which is placed an appropriate filter. 1In the present study,
Millipore membranes of pore size 100-my were used. The tube and con-
tents were centrifuged for about 10 minutes at 3000 rpm. Water was
filtered‘through'the’membrane into the loﬁer:compartment, leaving a
'wet! non-sticking Sephadex bead on. top of the filter.»vThis could be
then transfered directly to the balance pan and weighed. The water

regain was determined by difference.

., b) Sephadex Dialysis Technique:

Dry Sephadex,. 50 mg, was weigﬁed into a vial of»1.5 ml capacity;
and 1.3 ml of test solution was added. The vial was capped; and placed
in a bath.at 25 + 0.1 C°, The vials were shaken at 15 min. intervals

- for 5-6 hours. No significant differgnce'was fouﬁd for identically
 prepared samples when.equilibfation was allowed to procee&*for 5, 10,
24 hours. In subsequent expériments,.therefore, equilibration- time
was limited to 5 to 6 hours. The contents were centrifuged as des-
cribed earlier. The filtrate'was assayed spectrophotometrically{
p=aminobenzoic -acid at 273 mp; DLftryptophan:at 278 mp; bovine serum
albuminvénd Lafyrosine_at 275 my; and Meéhyl red at‘450’mu. Dextrose

was determined by the Nelson test (77). Urease in both the filtrate
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and the Sephadex phase was assayed according to Gorin et al (78).

c) Hindered Diffusion Through Membranes:

Three lucite micro-cells were constructed. Figure 3 shows an ex-
ploded view of them. Each compartment held about 0.5 ml of solution or
solvent. A piece of '10-my! membrane was sandwiched between the two
compartments. Silicone rubber 'clear seal' (General Electric, N.Y.)
was applied over the joints outside the cell, and left to dry overnight,

The two sides were filled with 0.02M phosphate bﬁffer pH7.0, con-
taining 1.0 % 10'3 M EDTA, with the help of hypodermic syringe, and
left for 3 to 4 hours, The buffer was taken out from one side with the
syringe. This side was marked as solution side; .and was rinsed with the
test solution. It was then filled with the test solution. This whole
procedure did not take more than 60 seconds. The other two cells were
filled likewise; and all‘the three cells were then suspended for an
.appropriate time in a water bath, at 25 + 0.1 C°.

With each membrane piece an experiment wés first conducted with
0.4% p-aminobenzoic: acid; then a determination was made with urease
at the desired concentration, 0.16 to. 1.9 mg/ml. In certain cases,
0.1% bovine serum albumin was diffused afterwards and an-additional
p-aminobenzoic¢: acid run was. done at the end.. The two compartments

were rinsed with solvent after every run.
CALCULATIONS

Since the solute distributes itself between the Sephadex and the

- solvent phases, we have therefore the following conservation equation:
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1O0cm Dia.
Typical

—1.77cm Dia.

Figure 3., Schematic Diagram of Micro-Diffusion Cell
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where S is the total amount of solute in the system; Si and S, repre-
sent the total amounts of the solute in the Sephadex (internal) and the
solvent (external) phases respectively. It is further defined that

[S1] = 81/Vy (2a)
and )

[Se]=SelVe (2b)
where Xi:andlxs represent the.volumes of solvent inside and outside the
Sephadex phase. [S5i] and [Se] are the concentrations in the respective
phases. S and [Se] can be measured directly, and [Si] is determined by
difference.

Ackers (79) has given the following equation which describes an

equilibrium state between the two phases:

Rg = 5= Ve [Se] | (3)
NP A

‘where Kq is defined as the fraction of the interior volume of Sephadex

available for distribution of the solute. Ky in equation (3) may be

regarded as a distribution coefficient for the solute and equation (3)

is rewritten as:
- ISj . Y,
Ky = hotd - (4)
[Sel

The value of K4 will be 0 when the mdlecu}e is completely excluded from
the Sephadex phase, and 1 in the case it diffuses freely with no
restriction. It may be greater than one if there is absorption and/or
some additional reaction such as an aésociation-diésociation process,
In the case of assoclation-~dissociation 1.e, when the molecular
species in the two phases is different, equation (4) may be written in‘

a modified form. Say a substance A_ undergoes molecular change inside

~n
the Sephadex phase and gives Am i.e,
A, o> D

n < [/

aqueous ™ Sephadex (3)
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The equilibrium constant
n/m

[An]
If we assume that a specific property, such as absorbance or activity,
of the species remains unchanged irrespective of the transforﬁations,
the terms [Ap] and [A,] can be related with [S1] and [S¢] by
n :
[Am] =2 054] (72)

[An] = [Se] , , (7b)
combining equations (6), (7a) and (7b), we get '

n._ \n/m ‘
K=(-r-n—-£-5—i-:-l-2 : (8)
[Sel
Taking logarithm of both sides and rearranging the terms, we get
log [S1] = § log K - log <§)_+-§ log [S,] (9)
‘The slope of the plot of log [Si] vs log [Se] will give the value of %,

and from the intercept of the plot the value of K can be calculated,

"RESULTS

Gel Dialysis:

The water regain for Seph#dex G-IQO and G-75»was found to be 10
+ 0.5 and 8 % 0;2 ml per gram of dry gel, re$pective1y.

it was found that urease does not penetrate G-75 gel, whereas it
isaretaineq to a considerable extent by the more isparsely crosslinked
G-100 structure.  According . to Fig. (4), the degree of penetration for
the enzyme increases up to.i;65 x 1078 M which seems‘to be the satura-
fion limit; the amount of enzyme retained by the gel structure at
higher concentrations remains constént. |

| It was also found that urease at 1.73 x 10'7.M concentration and

containing 0.001 M EDTA, had lost 38% activity during two hours; but
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Figure 4. Lbg [Se] vs. log [S;]
Plot for Diffusion of Urease into
Sephadex gel G-100

*Concentration in (mg/ml) x 103



when EDTA content was raised to 0.003 M, full urease activity was re-
stored,

Dextrose and p-Aminobenzoic acid distribute evenly between the two
phases; also the inorganic.salts tested exhibited normal distributiong
on the other hand, L-tyrosine, DL-tryptophan and méthyl red>entefed
Sephadex to an extent greater than normal as indicated by figs. (5),
(6) and (7). The values of %, table V, indicate that L-tyrosine, DL-
tryptophan and urease may’undergo molécular chénges in Sephadex phase.

An apparent increase in the concentration of solute in the aqueous
phase occured, for inorganic salts as well as aminoi acids, at very low
concentrations. This may be attributed to the presence of impurities
introduced during the manipulation; at moderate or higher concentraticms,

the same impurities have a negligible effect on the results.

Diffusion Throqgh Membranes:

p-Aminobenzoic acid diffused to the extent of 25% in 15 minutes

and bovine serum albumin diffused to the extent of 21.24% in 2 hours,
Urease samples exhibi;éd an increasg in the extent of diffusion

with increasing dilution. Extrapolation of the plot for log (percent-

age diffusion) Xé concentration, fig. (8) gives a value of 26%, which

is comparable to values found for bovine serum albumin.,
DISCUSSION

Table V shows that many substances show abnormal behaviour in the
Sephadex-water system; methyl red distributes itself preferentially in
Sephadex phase but still retains its molecular entity, whereas DL-try-
ptophan, L-tyrosine and urease show moiecular changes.

Lnty#osine and DL-trytophan seem to undergo dimerisation in the

Sephadex cavities. This might involve hydrogen bonding:
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Figure 5. log [Se] vs. log [Sj] Plot for Diffusion
- of xx - L-Tyrosine (0.1 M NaCl), .. - L-Tyrosine (0.0M
NaCl), ©®®6 - DL-Tryptophan (0.1 M NaCl),o000- DL~
Tryptophan (0.0 M NaCl) into Sephadex gel G-100.
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Figure 6. Log [Se] vs. log [Si]
Plot for Diffusion of xx - p-am-
inobenzoic acid, . . - Methyl red,

ooo - dextrose into Sephadex gel
G-100.
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TABLE V
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Compound K M Molecular Weight in
Liquid Phase Sephadex Phase
p-aminobenzoic acid 1 1 137 T 137
Dextrose 1 1 180 180
Methyl red 2.3 1 269 269
L-tyrosine, 0.1M NaCl 0.1 -2 181 362
L-tyrosine,no NaCl 0.1 2 181 362
DL-tryptophan,0.1M NaCl 0.31 2 204 408
DL-tryptophan,no NaCl 0.1 2 204 408
Urease 12 0.6 240,000

480,000

*According to Equation (7)

for Sephadex gel G-100,
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H
_CO0H 8 2

_HO O‘CHZ-CH\ ———s HO QCH2_0H< --0—-—H--N\CH_CH2_ ay
L-tyrosine NH 2 N-nH«O g

Alternately, the abnormal distribution might be due to interaction with

‘the Sephadex:

/COOH H/c-o.-.u._-o Seph..
HO 4{;§>cn -cH{_ + HO-Sephadex z=HO & _S-CH,-C

NH
L-tyrosine . 2

Similar equations can bé written for DL-tryptophan.

The enzyme urease, molecular weight 480,000, is excluded com-
pletely from G-75 (exclusion limit 73000), but it is retained to a
certain degree, which depends upon the sample concentratién up to 1.65
X 10-6 mM/mi, by G.100 gel. The cavities of this gel have an exclusion
limit of 150,000. This indicates that aléubuhit with molecular weight
larger than 75,000 but. smaller than 150,000 ié present in the test
solutions. If one plots this data according to équation (4), one ob-
tains x= 0,61, and this indicates the presence of a species, with
240,000 molecular weight, inside the G-100 cavities,

.Equation (4) would not be applicable if absorption process occurs
and this cannot be ruled out at the pfesent time. This would change
bthe quantitative results. However, it would not alter the qualitative
conclusion that subunit with an.approximate‘molecular weight of 80,000

is present in the solutions of urease tested.

. Diffusion Through Membranes:

Diffusion through a barrier has been used by various workers for

the identification of macromolecules (80,81), This technique, used in
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-conjuction with barriers that havg pores of molecular size, may prove
. of some use in thé study of association-dissociation processes.

We observed earlier (Chapter III), that Millipore membranes of
110-mpy' nominal pore size, by xestriétingvthe diffusion rate of 'heavy!
,molécules, can separate them:from low molecular weight species. Figure
(8) shows that the amount of urease, which diffused through these mem-
branes increased with decreasing enzyme concentration. Extrapolation
of the"values obtained after 2 hours diffusion give»the-vaiue 26%; This
is comparable with the diffusion of bovine serum albumin (molecular
weight 69,000), 21 to 24%.

These results indicate that i) a low molecular weight upit is
present in the solutions; ii) more of this subunit is formed with de-

- creasing urease concentration; and iii) the subunit has an approximate

molecular weight of 80,000,
General Remarks:’

Creeﬁh and Nichol (82) reéorted the“_pfesence-of urease species

- with sedimentation constants'19, 28 and 36vfrom their ultra centrifuge
data; which were latter identified by Siegel and Menty (83) by means of
Sephade# gel column. ‘Sheppard»(84) mentioned the presence of 6.28 syb-
unit. Huber (85) and Setlow (86) observed a 100,000 molecuiér weight
unit by means of»electron_aﬁd deutron bombardment techniques. Reithel
et a1-(87) dissociated the native enzyme into 6 units by 6M guanidine
‘hydrochloridg; whereas Chen (88) showed the presence of a 4.53 éubunit,
corresponding to 83,000 molecular weight, in 0.1M acétate buffer of‘

pH 3.1,
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