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" FOREWORD
When Amino Acids and Proteins was selgc;_céd as 'the topic of this
year’s symposiam, it was realized that there would be some duplication’

with the sixth symposium of our series, held in 1938, which dealt with -

Protein Chemistry. During the intervening decade, however, such
'rapid progress had been made in research with proteins that it seemed
desirable to renew the discussion.of this subject.

The program for this symposium was orgahized with the help of A.
Mirsky, J. S. Fruton, and D. Shemin. The editorial work was done
by Katherine Brehme Warren. - ' :

Meetings were held from June 8 to June 16, 1949. The registered
attendance was 186. Expenses of the symposium, particularly those
connected with foreign guests, were covered by a grant received from
the Carnegie Corporation of New York. G2

; - M. DEMEREC
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The hydrolysis of proteiﬁs has been of concern

. to_chemists for a great many. years. In spite of the

large amount of work expended, important features
of this reaction ave still obscure; it is inherently a
most complex sequence of reactions with which one
_has to deal. . . P RIS

. So far, we in our laboratory have studied the ki-
- netics of hydrolysis of egg albumin by hydrochloric
acid and tke molecular weight distribution of the
peptides resulting therefrom, using a new _spread
- film technique which we have been able to develop.

L)

. HYDROLYSIS -OF.
e et 7" ... HENRY B.BULL S
: ' Chemistry Department, Northwestern University Medical School, Chicago, Tllinois He

PROTEINS -
'-thn" the peptide bonds in @-lactoglobulin are hydro-

lyzed by the action ¢f pepsin. =~ - .. 7 :
It is to be expected that the two structural factors

_ which wotld have the most impértant ‘influence ori

the rate of hydrolysis of peptides would be 1) the,

- nature of the amino acid residues adjacent to the

" peptide bohd and 2) the length of the peptide chain.

We have also investigated to a limited ‘extent the

partial hydrolysis of egg albumin by barium hydrox-
ide; We have been able to arrive at an approximate

idea of the intrinsic relative rates of release of amino -

acids during the early stages of hydrolysis. For this ~

purpose we :
We have studied the kinetics of the hydrolysis of
- egg albumin by pepsin in some detail, and we are
also prepared to make a preliminary report on the

. molecular ‘weight distribution of the peptides result-.

. *ing from the peptic hydrqus_is of egg albumin. *
G Tue PeprioE Bonp -
' 1vis useful to review briefly some of the properties

of the peptide-bond. This bond as it exists in pep-"

have used filter papér.chromatography.

tidés has.an abnormdlly short length for a carbon- -

« nitrogen bond.- Corey (1948) assigns it a length of

1.33 A while the normal distance is about 1.47 A.
This indicates that the peptide bond has consider- "

able dotble bond character and is stabilized by reso-
nance. ' ’ -

Massive groups attdched to.the aacarb'qné must .

impose considerable steric hindrance to the approa¢h
‘of a water molecule preparatery to hydrolysis of the
peptide chain, and there are, no doubt, only certain
configurations of the peptide chain which will permit
such an approach. : ; )

From the dielectric constant studies of Marcy and

Wyman (1941) and of Conner, Clarke and Smythe
" (1942), it can be concluded that while peptides show
a marked degrge of rigidity due to the high energy
barriers for rotation about the various bonds in a
peptide, a large measure of randomness in peptide
configuration results.

Huffman (1942) has calculated the free energy
change involved in the hydrolysis of some dipeptides
and finds the energy ‘change to be from about
—3,000 to —4,000 calories per mole at 25°, This
means; of course, that the eguilibrium point is far
in the direction of hydrolysis. S

. Haugaard and Roberts (1942) estimate that about .

2,000 calories of heat are evolved per peptide ‘bond

f1]

* peptide bonds, the peptides in

‘Levene and co-workers (1932) investigated the
rate of hydrolysis of a series of dipeptides by 0.5N
NaOH at 25° and found the rate to be very much
dependent on the size of the amino acid residues;

_the larger the residue, .the slower:the rate of hy-
- drolysis, The size of the residue on the carbonyl
. side of the peptide bond was most important. This-

fact probably indicates that the water moleculé at-
‘taches- itself to the carbonyl group. More recently
Synge (1945) has studied the rate of hydrolysis of
a similar series of dipeptides in the presence of acid. ~

His results parallel thoseé of Levene closély. The in- .

fluence ‘of the. size of the residue on the fate of hy- .
drolysis was, however, less pronounced £or acid than
for alkali; alkali is apparently a more discriminating -
agent. b el B ot
Kuhn, Molster and Freudenberg {1932) and later

. Freudenberg, Piazole and Knoevenagel  ( 1938)

studied ‘the rate of hydrolysis of a series of glycine -

peptides of increasing length-in the presence of one
normal sodium hydroxide at 20°. ‘They found that
the rate of hydrolysis increases with the length of
the peptide. A study of their data shows, however,
that while the rate per peptide bond is substantially -
constant tl\xrough the tetrapeptide, beyond this
length the rate per bond progressively decreases.

HyDROLYSIS OF PROTEINS BY ACIDS AND BY BASES

In the hydrolysis of a protein either by ‘acids or .
by bases, there is undoubtedly a large measure of
randemness. It can be shown from statistical theory-
(Montroll and Simha, 1940) that'under such circum-
stances there will be an accumulation of shiort chain -
-peptides and the greater the degree of hydrolysis, the .
shorter will be the most favored length for the pep-
tides. After hydrolysis of 10 to 15 percent -of the
greatest . concentra- -
‘tion will be di- and tripeptides: . : B

- It is true, however, that neither dcids nor b_aées

- lead to complete randomness of hydrolysis, For ex-.

ample, the approximate intrinsic relative rates of re- -

lease of various amino -acids from egg albumin by .-
barium hydroxide and by sulfuric acid -during the
early part of the hydrolysis. reaction have been de- -
termined. These ‘determinations were made by filter
paper chromatography technique (Bull, Hahn and:

v .



2 ' HENRY B. BULL

Baptist, 1949), The results of these studies are
shown in Table 1. ; : kg

A relative intrinsic rate of unity means that the
. amino acid is liberated at a rate proportional to its
concentration in the' protein while a rate greater
than unity means that it is preferentially liberated;

Tases™1. InTeovsic RELATIVE RATES OF RELEASE OF AMING
Acinsg: 8y 5.0N HsS0 avp BY 3.7N Ba{OH]; zroM Eco

ALBUMIN AT-60°
, o £ _ Intrinsic relative.
. Amino Acd | rutegi;gluse
" H:S0,~ | BafOHK
Aspactic 1.56 1:.5%
. Ornithine - I .26
Glutagaic; lysine, serine (average) | .94 | 1.29
Threonine, arginine (average) S1 - 407
Alanine, tyrosine (average) 1.36 .67
Valine, leucines (average) 79 .55

<

the slower rate of release of valine and the*leucines

is notable, Conspicuous also is the diffei'enf_;ial effect .

of acid and of alkali. ]
. A comparisqn of the relative rate of release of
.. total free amino acids by alkali (1.45N NaQH at
66°, Warner, 1942) with the, rate with acid (7.95N
HCL at 60°, Bull and Hahn, 1948) for egg al-
bumin reveals that .the ratio of free amino acids
. released to total peptide bonds hydrolyzed is, during
the first part of the reaction, about 3.5 times greater
for alkali than for acid. s f
- Over a substantial part of the hydrolysis reaction
of egg albumin by 7.95N HCL there appears to be a

\ L
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. Fic. 1. Molecular weight distribution of peptides after re-
moval of “isoelectric heat coagulable material; two hoyr
bydrolysate, 12.7 percent peptide bonds hydrolyzed at 30°.
Also shown is the distribution of peptides on the basis of
random hydrolysis for the same extent of hydrolysis (filled
. civcles). iR '

" nearly constant ratio_betwéen

sgfr S

MOLECULAR WEI
N
g -
S

! § the number -of pep-
tide bonds hydrolyzed ‘and the arount of peptide
which cannot be heat coagulated at the isoelectric
paint ‘of ‘egg albumin. This ratio correspunds to
about 55 peptide bonds per mole of egg albumin.
This constant ratio means that the peptide bonds
in protein hydrolyze at a much faster rate than do
the peptide bonds in peptides produced from ‘the

coherent structure of the protein molecule is more
conducive to the activation of. peptide bonds, The

-

hydrolysis of a peptide bond is an ezothermic; proc.

i1

_ protein hydrolysis, It may well be that the. more .

ess, and it is possible that the heat evolved tends to

activate neighboring, peptide bonds, in the protein.

molecule.

. While, as noted abo{ré, upon acid hydrolysis of '
egg dlbumin the molecule splits on an average into

55 fragments, these fragments are not of equal size.
Figure 1 shows the molecular weight distribution of.

the peptides resulting from .the hydrolysis ‘of egg

albumin by 7.95N HCL at 30° after the iscelectric'

heat-coagulable has been removed (Bull and Hahn,

1948). This distribution was determined by the
spread film technique. i b
As can be seen from F:Ig’ure 1, there is no gvidence
for the accumulation in the hydrolysate of any con-
siderable quantity of peptide of a given molecular
weight; there. is a spread of molecular, weights.
About 40 percent of the hydrolysate has a molecular
weight below 1,000, and about 20 percent is between
1,000 and 10,000, There is little material whose-
molecular weight is between 10,000 and 30,000. A

most curious feature is thg'relafively large ameunt .

5 0.~ 70, . 80 -
Go OF HYDROLYSATE

Fic. 2. Mlecular weight distribution of peptides resulting

S0

. from the action of 3.7N Ba[OHI, on egg albumin at 60°

after removal of isoeléctric heat-coagulable material for indi-
cated times, of hydrolysis.,

of peptide of quite high molécular weight The

hydrolysis af egg albwnin by acid departs very -

greatly from a random process; the greatest depar- .



ture'is by way of this high molecular welght pepude
fraction.

Figure 2 shows the molecular weight distribution *
of peptides resulting from the action of 3. 7N
Ba{OH]; at 60° on egg albumin.- "~

It appears from Figure 2 that there is an accumtiu-
lation of peptides in the alkaline hydrolysate whose
molecular welght is about 5,000. The very high
molecular weight peptides are lmssmg from the
alkaline’ hydrolysate. :

#

HYDROLYSIS OF PROTEINS o 3

into an activated complex before the egg
can‘hydrolyze into peptides. -

The Michaelis-Menten treatment also neglects the
influence of the hydrogen ions. Since 'the reaction

albumip

‘tate is sc dzpendent on the cougentration of hydro-

gen ions, its seems reasonabie to assume that they
enter du-ecﬂv into the catalyuc reaction. -

There are, no doubt,.a'variety of ways to formu-
late the abcve Lonsxd,ratwns* three szmple possi-
bilities are: 4

1) H‘*'+E<=!H+E H+“'+ST—’I{+ES&[H+ES]*—->E+P :

2) H+4Se2H?*S;" H+S+E®HES@[H+ESPF—E+P .« .
: ES+H+1=H+ESJ:L[H+ES]*—+E+P _

3) E+S®ES;
K

1

" PeprIiC H*'mzomsxs )

We have ooncemed ourselves with the actlon of
pepsin on .egg albumin, and have.studied -certain
kinetic aspects of this p;‘oblem along with deter-
minations of 'the .molecular weight' distribution of
peptides resultmg (Bull and . Currie, '1949).

The extent of the action of pépsin or, egg alhdmm

was estimated from the amount of egg albumin -
which cannot be heat-coagulated at its isoelectric -
point.. The maxzimum velocities (V) are expressed in

moles of egg atbumin solubilized per second per mole
of pepsin. The molecular weight of egg albumin was
taken as 45,000 and that of pepsin as 35,000. These
maximum velocities were estimated by "the appro-
priate Michaelis-Menten plots, The variation of
the maximum velocities with the pH of the reactxon
mixture are shown in Figure 3.

According to the theory of absolute reactxon ratw,
the rate of decomposition of the activated complex
should be

kT
yCF——

- Where ¢ is the transmission coefﬁment whose vajue

approaches. unity, C* is the concentration of the
activated complex, k is Boltzmann’s constant, h is
Plank’s coustant and T is the absolute temperature
The important question arises as to whether or not
the Michaelis-Menten complex is identical with the
activated complex. If this is true, then V should
equal ¥kT/K,,h where K,, is the chhaehe-Menten
dissociation constant. Setting ¢ equal to unity and
substituting the value of Ky, (3.4 X 10-4) at pH 2.0
and at 30° C.’and the values for the constants, we
calculate that V should be 1.9 X 10 moles per
secondper mole of pepsin. The experimental value

for V is 0.077 moles per second per mole. Evidently,

the Michaelis-Menten complex is not the activated
complex; its concentration is very much greater than
that of the activated complex, It is, therefore, neces-
sary that the Michaelis-Menten complex pass over

v
2

In the above E represents the enzyme, ;S the egg
albumin, H*'the hydrogen.ions, P is the peptlde and
[H*ES] * is the activated complex.

A consideration of the first and second formula-+

" tion reveals that the maximum velocnty o£ ‘the reac-

*
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Fre. 3, Plot of, expenmeutal pomts for the maximum
velocity of digestion of egg albumin agrinst pH for 30°. 'I‘he
solid’ line has been caleulated from Equatum 3. \ :
: L. 4 , :

tion should be independent of the hydrbgen fon con-
centration; this is cootrary to experience so that
both of these formulations must be rejected. The
third formulation will: be considered in detail.

Now if we asswne that the slowest reaction is the
formation of the activated ‘comg)xex such that all
steps leading ‘up to this reaction'ate’in substantial
equilibrium, we can formulate.the kinetics of the

peptic. hydrélysis ‘quite Simply. The veloc:ty of the -

decomposition of the actlvated complexi is

o CUTRT :
V= 7[H+»¥JS]* . (1)

Substituting’ the value of the equilibrium con-
stants for the various steps in Equation 1, we have
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. Wekn.low) that b .
E = E—~ES-H‘ES<[H'ES} . (3)
where E, is the total amount of enzyme asdded te the
hydrolysate. Substituting Equation 3 in Equation 2
and réarranging, we find | - N e g e .

KiK:Ksh - KpKsh - Kghh o o h
b b Oy | 1

1/v= T T oo
b 71{.TSEO ’YkTHEo :’Yk’lEQ kTEn

the line and is equal to K./V. The intercept on the
Y-axis is : et :
) - KgKzh . K h
3 Ve o WKah | Kah

(5)

. When 1/V is plotted against 1/H*, the slope of

the line is K, Ksh/ykT and the intercept is Ksh/y
kT + h/vkT. It is thus possible to evaluate all the
dissociation constants of the third formulation, and
these are given in Table 2 for 30° and in Table 3

for 45°. The value of K; is based upon the assump-

" tion that ¥ is unity, Since we have the value of the

dissociation constants at two different temperatures, |

it is possible to calculate the heats of dissociation as
well as the entropy changes involved. . ‘

. TaBsE 2. DissocIaTioN CONSTANTS AND,ENERGIES FOR STEPS
INvOLVED 1IN THE Dicestion oF Ece ALBUMIN
- BY PrePSIV AY 30°°C

AH AS

L AR 30

' Cox.ls'cs.nt_‘ ' Calories | Calories E.U.
E\=EXS/ES=17.4X10"¢ 4,400 |~ 1,500 |--19.2
Ky=H*XES/H*ES=1.2X10"% 3,000 | 11,100 | 26.6
Ky=H*ES/|H*ES}*=5.7X10% | 19,200 |-31,400 |-40.5

(]

TasLE 3. DissociaTion CONSTANTS FOR STEPS INVOLVED IN
TEE D16ESTION OF EGG ALBUMIN BY PEFSIN AT 45°
il v y ‘ .

il

K1==EXS’/’ES,=~(‘S.6>-(IO"‘ o
¢ N Ky=HYXES/H*ES=1.7X10"*
Ky=[H*ES)/{H*ES]* =4.9X 10!

- . As can be seen from Table 2, the heat of dissocia-
tion :of the proton frong the enzyme-substrate com-
plex is about 11,000 calories:and its pKa is about
2.14. The dissociation constant is about what is to
- be expected from the ionization of a carboxyl group,

but the heat change involved is much too large for.

a single carboxyl group. It can be seen that the plot
of the maximum velocity against pH is essentially a

titration curve of the complex. It is possible that a

number of carboxyl :groups are involved and ithere

may be multiple binding ef protons in the forma-

@

Evidently, when-E, is unity and 1/v is plotted’
~ against 1/8, KyK,K:h/ kT is equal to’the:slope of.

. 'ykTH+""I KT kT L S

tion of the activated complex; if there is consider-
able overlapping of the binding constants without
electrostatic - interferexjce, the dissociation of the

protons could still be approximately treated by the

mass law on the assumption that only ane proton.
was bound. ¢ ot i .
~ Figure 3 shows a comparisen of the &xperiniental
values for the maximum velocity plotted against the
pH of the hydrolysate. Also shown are the values
calculated according to Equation 5 (solid line). The
agreement is Batisfactory. ' ) v
The large heat needed for the creation of the
activated complex is very nearly equal to the heats

- of activation for the denaturation of -egg albumin
‘which, at 30° C and in the acid region, is about

35,000 calories (Cubin, 1929). The creation ef the

_ activated complex quite possibly involves changes in

the entire egg albumin molecule<and probably is not
confined to a single peptide bond. ‘
As we have formulated the hydrolysis of egg al-
bumin by pepsin, the collision rate between the pep-
sin and the egg albumin becomes secondary. It

. appears, however, that the Smoluchowski theory

(1916) of the precipitation of colloidal solutions

- provides a more realistic approach to the calculation
- of the collision rate ‘than does the gas collision
. formula. 2 )

- According to Smoluchowski, the number of unit
particles.in a colloid at any time, t, is given by

(6

R ) ur
; 1z b-—+ e i e -
_ o 1 + 8wrDnot
where r is the radius of the unit particle, D is the
diffusion constant, n, is the number of unit particles -
at the beginning of the reaction. Evidently, the rate
of rdisappearance of unit particles is twice as great

as the collision rate and is at zero time equal to

—8nrDn,?. Then the collision rate is 4xrDn,”. Cal-

- culations ‘show that the rate of collision of pepsin

molecules with egg albumin molecules ‘under the
conditions which we have worked is about 1/200th

-of the rate as given by the gas collision theory,

Comparison of the number of peptide bonds hy- -
drolyzed as determined by the Van Slyke amino .
nitrogen with the amount of protein which cannot

oo PR e
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o BEREES, | re—
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Fic. 4. Peptidé bonds hydrolyzed per mole of egg albumin -
attacked by pepsin at 30°.as a function of pH.

*
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be heatwccadulated at the isoclectric_point gives the
average numbbr of peptide bonds hydroly"ed per

molecule of egg albumin attacked. We have deter- .

mined this ratio as ‘a function oi pH, and these re-
sults are shown-in Figure 4.
Including and above pH 2.5, the number of pep-

tide bonds hydrolyzed per mole of egg albumin’ is

about 84 while below pH 2.2 the ratio is about 44
b6nds per egg albumin molecule. So far as can be
judged, these ratios are independent of the reaction
time; measyrements were started as soon after the
becrmmng of the reaction as feasible. =~ '

Shown in Figure 5 are the molecular weight dis-
tributions of the peptides resultmg at pH 1.7 and
pH 2.7.

2

f

2
'8

|

1

o . 30 - 50 70 70
go OF HYDROLYSATE -
; / E
FiG. 5. Molecular ‘weight distribution of peptides resulting
from the action of pepsin on egg slburain at 30° after removal
of isaclectric heat-coagulable material. Curve 1, pH 1.7, Curve
2, pH B ¥

The reason ior the lower ratio ‘of bonds hydro-

.1y2ed per egg albumin melecules attacked, in the

lower pH range, no doubt resides in the fact that
there is a large quanuty of high molecular weight
material in the pepuc hydrolysate at the lower pH
values. *

At pH values in excess of 2.5; the molar ratio
between the bonds hydrolyzed and the molecules at-

" tacked is; as we have seen, about 84. This means
that on the average, the egg albumin molecule is-

split into tetra- and pentapeptxdes and since there
are few or no free amino acids released and prac-

" tically all the peptides have a malecular weight be-

low 1,000, the tetra- and pentapeptides must be in

.abundance.,lt must also be noted that this extensive

bond breakage per molecule occurs during the be-
gimning of the hydxolysxs reaction where there can
hardly be any question of peptide rearrangements

and of co-substrate formation. Quite evidently, the

Bergmann (1942) specificity requirements’ for pep-
sin are; as far as the hydrolysis of egg albumin is
r-’\ncemed meaningless. Pep:m simply hydrolyzes

every fourth, or fifth bond in the egg a.lbumm mole- |
cule. ‘

Our tesearch on the hydrolysas of proteins has
been supported by Corn Products Refining Com-
pany, Swift and Company, The Abbott Laboratories,
and the Division of Grants of the U. S. Public

. Health Semce‘
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. D!SCUSSION o

AnsoN: 1There has been much evidence, both
from -the studies of ‘acid hydrolysis by Bull and of
enzymatic hydrolysis by Tiselius and others, that
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the first. pieces of proteins produced by hydrolysis
are rapidly hydrolyzed further. In the usual course
of hydrolysis one thus obtains a mixture of intact
protein and small pieces. I have, however, obtainéd
some  suggestive, but quite . inconclusive evidence

that, despite *the usual explosive character of hy-

drolysis, it is possible to isolate big pieces of pro-

teins from the 1irst products of enzymatic digestion.

If a protein is digested by a proteinase to the
~ extent of only a few percent and the undigestec pro-
tein is precipitated by 0.2N trichloracetic acid, half
or more of the digestion products not precipitated
by 0.ZN trichloracetic acid can be precipitated by
1N trichloracetic acid. As digestion prqceeds further,
the fraction of the products®f digestion precipitated
by IN but not by 0.2N trichloracetic acid becomes
less and less (Anson, 1940, J. gen. Physiol, 23:695;
see page 699). It remains to be found out by direct
experiment whether or not the fraction of slightly
digested protein precipitated by 1N trichloracetic
acid does in fact contain the much desired big pieces

of proteins. This could be done by measurements

of end groups and by the: usaal molecular weight
measurements, ;

Burr: In the case of acid hydrolys'is as well as .

of ‘peptic hydrolysis a fair fraction of the hydroly-
sate has, during the early stages of hydrolysis, a
molecnlar weight in excess of 30,000 as revealed by
film balance studies, This high molecular weight
material cannot, however, be heat coagulated. This

is no doubt the material which Dr. Anson has en- |

countered in his work. The nature of this large
peptide fragment is obscure. Alkalin hydrolysis docs

- not give rise to this high molecular weight peptide.
" ButiEr:. Is:Dr. Bull sure that all the heat pre-
cipitated material is undigested protein? Peptic di-
gests of proteins easily deposit, at some pH’s, in-
.soluble materials (plasteins). Does anything analo-
gous occur under his conditions?

"Buru: | The question of whether or not some of

the peptide is brought down during the heat coagu-
lation of the intact egg albumin is. dealt with in-my
reply-to the discussion of Dr. Neurath, where it is
shown by recovery experiments that such precipita-
tion, under the conditions of our experiments, is
small. ) | -
_ If the filtrate resulting from the heat coagulation
of a peptic hydrolysate be concentrated to about a
third -of its volume in a sausage casing by evapora-
vtioln at room temperature, a slight precipitate re-
sults.

BuTLER: With regard to the specificity of the

action of the enzyme, we have found with chymo-
irypsin that there is an initial rapid specific action

followed by a slow, less specific proteolysis. Has Dr.-

Bull found any indication that the bonds broken
in the initial stages may be different from those
broken toward the end of the reaction? .-

Bury: ‘- Such informatioii as we have does not

indicate that pepsin behaves like chymotrypsin in
regard to bond specificity. ‘The ratic. of bonds hy-
drolyzed to egg albumin attacked is, as nearly as we
csn judge, constant over a broad rarge of the re-
action extending*to a point as early in the reaction
as it is practical to make measurements.
Hauvrowrzz: Could the larger split products of
peptic hydrolysis not arises by disaggregation of

‘ovalbumin? Are they not sub-units of a larger poly-

meric molecule?.
Buir: Egg atbumin, unlike some proteins, does
not easily dissociate into sub-units. I am inclined to

believe that the fragments which are produced by hy--

drolysis arise principally if not exclusively from the
hydrolysis of peptide bonds. ;

Haurowrrz: Can secondary closure of peptide
bonds not interfere with the results? Such a forma-
ion of peptide bonds seems inprobable in non-en-
zymatic hydrolysis. However, the formation of co-
valent bonds between haem and globin has been
observed, when haemoglobin is either boiled with
NaOH or exposed to the action of trypsin. .,

Buwr: The resynthesis of peptide bonds is, of
course, always a possibility and nothing which we
have ‘done throws any light on this problem. The
hydrolysis studies which we have made have been
concerned with: the early stages of hydrolysis where
the probability of such resynthesis is least. '

‘Haurowirz: Are there any indications of a core
in the ovalbumin molecule? If there were a dif-
ference between superficial and interior parts of the
molecule, they should be revealed by the paper
chromatography of the hydrolysates.

Buir: We have no evidence for the existence of
a core in the egg albumin molecule.

Neuvrate: I am under the impression that Dr.
Bull’s most intéresting'results are predicated oh the
accuracy of the method which he has used in dif-
ferentiating between unhydrolyzed protein and split
products. The method of isoelectric heat coagula-
tion may not be entjrely valid in this respect not

- only because of the coprecipitation of split products

with the heat coagulum, as already mentioned in
this discussion, but also because it is known from
Kleczkowski’s work that the heat coagulation of a
protein may be inhibited by other proteins which do

‘not coagulgte themselves under the same conditions. °

Thus, protein fragments of different isoelectric
points, formed during the initial phase of hydrolysis,
may conceivably mask the heat coagulation of un-
changed egg albumin. . s

Buir: We hydrolyzed egg -albumin by pepsin
and prepared solutions of peptide free from egg al-
bumin, the protein being removed by isoelectric heat
coagulation and filtration. We then added this pep-
tide to egg albumin solutions without the addition
of pepsin. Aliquots of these solutions were removed
and heat-coagulated at the isoelectric point of egg
albumin in'the usual manrer. These solutions were

»
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made up to volume and filtered. Total nitrogens
were run on aliquects of the filtrates and the amount
of peptide in the filtrates calculated. The recoveries
of the peptides are shown in the table below:
GrAMS GF PEPTIDE RECOVERED FROM EGC ALBUMDS
SOLUTIONS AFTER ISOELsCTRIC HEAT COAGULATION

Grams protein Grams'peptide er::v:r;xde
: ded per 100 cc. : T
per 100 cc._ added p | per 100 cc.
6.10 0.159 0.159
1.89 0.049 0,046
1.02 0.026 0.025.
0.62 0.016 9.017
4.46 1.62 1:63
3.96 1.62 1.64
2.63 1.62 1.67
0.98 1.62 * 1.63

_ Evidently, the method of isoelectric heat coagu-
lation is capable of yielding good recoveries of added
peptide. It is, accordingly, probable that no large -
error is involved in following the course of the di-
gestion of ¢gg albumin by pepsin by means of this’
method.

NEURATH:
- whether the hydrolysis of amide bonds in the pro-
:ein occurs and if so, whether he has applied the
proper corrections in his calculations, -~

Burr: We bave been unable to detect any pro-
duciion of ammonia during the hydrolysis of egg
albumin by pepsin. In the case of the acid hydrolysis
of egg-albumin, the ammonia has been determined

and corrections applied.
NruraTz: Bbince I shall not be in aftendance

of the Symposium when other papers on proteclytic
enzymes will be presented, I should like to offer now
a few comments on the significarice of the calcula-
tions based on the determination of the temperature
_dependence of hydrolysis rates. Such measurements
have been cairied out in our laboratory in great
detail, primarily of the chymotryptic hydrolysis of
specific peptide and ester substrates but also of the
‘hydrotysis of specific peptides and esters by car-
boxypeptidase and trypsin. These have been cal-

culated for the rate-determining step of the activa- -

tion of the Michaelis-Menten complex, and cor-
rected to a standard state defined by the moles of
substrate activated per mole of enzyme-substrate
complex, per second, at the pH optimum of each
enzyme at 25°. The calculated heats of activation
are uniformly lower than those given here by Dr.
Bull, {.e., ranging from about 10 to 16 kcals. per
mole, as compared to Bull’s value of 31 kecals. The
changes in entropy of activation are likewise lower
than those reported here for the peptic hydrolysis
of egg albumin, i.e., about —10 E.U.,, as compared
to Dr. Bull's value of —40 E.U. Our values are com-

I should like to ask Dr, Buil also -

parable: to those previously reported by Dr. Butler.

J can conceive of two explanations for the con-
sicerably higher values presented by Dr. Buil; First,
Bull’s values are unly slightly higher thaf those
found in the literature for the acid- or base cata-
lyzed hydrolysis of specific peptides and thus may
be indicative of the acid hydrolysis of egg albumin,
though I am aware that the standard states for

these catalytic reactions and for enzymatic catalysis

need not necessarily be comparable. Nevertheless,
one should recognize, the fact that the measuréments
of the peptic hydrolysis of egg albumin were per-
formed in solutions of high acidity and that the
enzymatic contribution to the energetic constants
can only be evaluated by comparison with analogous

' _measurements in the absence of the enzyme.

The other possible explanation is that the ener-
getic constants given by Dr. Bull refer not to pro-
tein hydrolysis but to the peptic denaturation of egg
albumin, This suggestion is being offered because of
the resemblance of the present energetie constants
to those found for protein denaturation in general
and also because of the widely-held notion that
the first step in the enzymatic hydrolysis of pro-
teins is depaturation, Since the measured rates are
those of the slowest step, all we would have to as-
sume is that in the present case, and perhaps in
every such case, the rate of denaturation is slower

than the rate of proteolysis. Whichever explanation’

is more nearly correct, I believe that calculations
of energetic changes accompanying the enzymatic
hydrolysis of peptide ar ester substrates, which will
be published in full elsewhere, represent more
nearly the true state of affairs. .

BuLr: The value of ~—31 kcals per mole for

the heat and —40 E. U. per mole apply to the

reverse reaction; to compare these values with those
obtained by the usual formulation, the signs should

be reversed. As stated, these large values probably

indicate that the entire egg albumin molecule is
activated before it can undergo . hydrolysis. Un-

. doubtedly, this activation can be regarded as a form

of ~denaturation, although how profitable such a
point of view may turn out to be is questionable.
Dr. Neurath’s experiments on the influence of

temperature on the rate of hydrolysis of specific .

peptides by chymotrypsin were conducted at the
pH optimum of the enzyme-at 25° C. The heat
of ionization of the enzyme-substrate coraplex has
thus, by necessity, been neglected, This neglect has
introduced an element of ambiguity.into his cal-
culations of the energies of activation. It is, there-
fore, difficult to compare our values in which the
keat of ionization has been taken into account with
those of Neurath and of Butler. I

. Under the conditions which we have worked, the
amount of hydrolysis of egg albumin in the abeence

- of pepsin. (acid hydrolysis) is so small that,it is un- -

detectable.

..
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NEURATH: Fmally, I should like to ask Dr. Bull
,whether he would care to comment on the effect of
enzyme concentration on hydrolysis rates, with par-
ticular ‘cansideration of the competitive influence

. of reaction products on the hydrolysxs of remaxmng
brotem substrate , . .

- Burr: Wehave made no detailed meestxgatxon

‘ oi the influence of varying enzyme concentration on

the rate'of digestion. It has been found that the

. addition of peptide obtained from a peptic hydroly-

sate to a fresh enzyme-substrate system greatly in-

hibited the, digestion of egg ‘albumin by pepsm
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A method of fractxonanon of proteins in solutxon
utilizing a combination of electrophoretic and con-
vective transport of the components was first sug-
gested by Kirkwood in 1941 and investigated
experimentally by Nielsen and Kirkwood (1946)

several,years later. More recently an electrophoresis-

convection apparatus of improved desiga has been
described and successfully used to fractionate oval-
bumin, horse dlphthena antitoxin pseudoglobulin,
the bovme Serum protéins and -bovine y-globulif
(Cann, Kirkwood, Brown and Plesma, 1949 ‘Cann,
- Brown and KlrkWood 1949). &

- The method is based upon the same pnnupl& as
those of the Clusius column, except that horizontal
electrophoretic transport mstead of transport by
thermal diffusion is supenmposed on convective
transport in a vertical convection channel. The frac-
_tionation scheme may be briefly described-as fol-
lows. Two reservoirs connected by a vertical ‘chan-
nel, of width sufficiently small to ensure laminar
ﬂow contain a solution of the protein to be fraction-
ated, Upon application of a horizontal electric field,
differential transport of the mobile components
across the channel takes place, producing a hori-
zontal density gradient dependmg upon the compo-
sition. gradients. Under the action of gravity, the

'I‘xm Ewcmomomssxs—Comc'rmN Apmu'rus
The electrophoresis-convection’ apparaﬁxs may be .
considered as being composed of five ‘principal
parts: (1) the fractionation cell consisting of a cell
block, two'face plates, and semi-permeable mem-

-branes (2) the box housing the fractionation cell -

and electrodes; (3) the-électrode assemblies; (4)
the buffer circulating system; and (5) the’ power
pack, A photograph of an unassembled fractionation
unit is presenited in Figure 1. On assembly 'the cell
consists essentially of a narrow vertical ¢hanhel con-
necting upper and lower reservoirs. That portion of
the channel’ effective’ in fractionation is formed by
the ‘rectangular space hetween two sheets of semi- -

- permeablé” membrane, The cell, containing a. buf-
* {ered solution“of thé protein to be fractionated, is

density gradient inducas convective circulation in’

the channel with a velocity distribution qualitatively

similer to that of the Clusius column: The result of -

the superposition of the horizontal electrophoretic

transport and vertical convective transport is move- -

ment of the mobile components from the top reser-
voir to the bottom reservoir at rafes depending on
their mobilities, with a relative enrichment of the
top reservoir with- respect to the slow components

"and of the bottom reserveir with respect to the fast

components. In order to avoid comnts
solution by electrolysis products,
convection channe] are constructed of semi-permea-
ble membranes, separated from the electrodes by
buffer solution. "The electric field across the channel
is maintained by the electric ciirrent carried by the

mination of the

ions of the buffer electrolyte, to which the mem-

_branes are permeable. The exterior buffér solution
is replenished by a circulation system’at rate suffi-
cient to prevent electrolysis products from reaching
the membranes.

The purposé of this paper is to point cut the

he walls of the .

* with two small legs

immersed in buffer solution to within a,bout an inch

abave the bottom of the upper reservoir, The elec-
trode assemblies are placed In the box on opposite
sides of the cell, and an elestric field applied across
the channel of the cell. During operation elactrolysis

‘occurs which tends to change the pH of the buffer

solution. To counteract : this, buffer is circulated -
vertically around the cell. The temperature of the
system is regulated in a constant temperature cold
room operating at 4°-C. ’
The material used in the constmction of the fzac-'

" tionation cell and its hausing must he electncally
non-tonducting, exhibit no swelling when in contact

with aqueous solutions, possess dimensional stability,
and be readily machined with high precision. Lucite
appeatred to be the material ‘most suitable for this
purpose and was chosen as the &‘,onstruction mate-
rial." ”

The cell ‘block consists of an upper and lower
reserveir between which is a. vertical rectangular
slot. The reservoirs are connectéd to the central
slot by means of nmarrow vertical channels passing
through- the body of the block. A recess is milled
around the .edge of the: rectangular slot on both
faces ‘of the cell biock. The cell block is supplied
The-reservoirs arc supplxed with
valves' for sampling;.and the fop reservoir is open ,

‘to the atmosphere. The ¢apacities of the upper and

essential features of e!ectrophoresx%«convectmn and °

to ilustrate the utility of the miéthod in protem
fractionation.

9]

lower reservoirs of the apparatus used in these stud-
ies are 100 and 50 ml.; ;/vespectively. The top and
bottom reservoir capacmes of .the apparatus pic-
tured in:Figure 1 are 15 and 10 ml respectxvelyx
The'face plates are frames which fit intp the re-
cesses'around. the periphery of the central slot of the

cell block. Around the inner. edge of the frame is.a
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shoulder constructed to fit into the central slot, The
 face plates clamp the sheets of semi-permeable mem-
brane into place 4gainst the -bottom of the recess,
Since the membranes form the face-walls of the ef-
fective portion of the: channel, the height of the
shoulders control the channel wall separation. In

the apparatus described here the wall separation is -
0.037”. The face plates are bolted to the cell block -

with machine screws. If metal screws are used it is
.necessary to-insulate electrically the heads and tips

of .the screws. ‘The use of plastic screws would, of

course, eliminate the pecessity for electrical, msula-
tion, Sheets of semx-permeable membrane are magde
from cellulose sausage casing. .

The inside dimensions of the box whzch houses

the fractionation cell and electrode assembhes are
such that a snug fit. is obtained tween
the box and the edges of the «cell

_ minimizes loss jof. electric_field by leakage a.rqund
the cell. The'box is supplied with byffer: inlet and
outlet, tubes.;

+ Eaeh electrode assembly consists. of 2 mil’ platl-
num foil mounted.in a h;cxte frame, The' dxpl&nsx.ons
of the platinum foil correspond to thosg. of the inner
periphery of the face plates. The dimensions of the
frames are such that the strips of platinum and the
effective channel .of the cell are aligned when, the
‘cell aud electrode assemblies are housed in*the box.
Since platinum occlugles, large guantities of electro-
lytic hydrogen it is advisable to alternate the po}ar-
ity of the electrodes from run to run.

Circulation of buffer around the cell i 13 hy grawty
flow, The bufier flows from an aspirator bottle into
the box: housing the ‘cell and electrodes. After cir-
culating wertically aronnd the cell the, buﬁer is dis-
charged into a flask. A centrifugal pump, penodxcally
,pumps the circulated buffer back into the aspirator
bottle. It is desirable: to operate under conditions of

field strength and current density which do not lead

to electrolytic. decomposition of the. buffer, anions.

Under these cenditions: the original pH of the buffer -

‘solution is restored on isixing, and the buffer may
be recycled:in the circulating system, mthout Te-
plenishment. )

OPERA‘IION oF THE ELEC’I’ROPHORESIS-CONVECTION .

ArpARaTUS

Depending upon the electrophoretlc properties of
the particular! protein:system under’ investigation,
 fractionation can be accomplished by three modes of
operation. In the first method the operating pH is
such that ‘all' the ‘components of the heterogeneous
"protein ‘are ‘either onrthe alkaline or acid side:of
their isoelectric points. Under these conditions the
components are differentially transported out of the
upper and into ‘the lower reservoir, the, fractiona-
- tion depetiding upon the difference in mobilities of
the constitdent proteins. The greatest separatior of
‘components is obtained by so choosing the operating
time that half of the major component is transported
out of the upper reservoir. This method is suitable

51des of :

for the separation of components dn’fenng but slight-
ly in their isoelectric points.

The separation of a pratﬂn mixture possessing
discrets mobility and isoelectric point spectra, e.g., .
serttm, into its constituent proteins is accomplished
by the isqelectric procedure. In this method of opera- -

‘tion ‘one’ of the constituents of the heterogeneous

protein is immobilized by operating at its isoelectric
point, The mobile components are transported out
of the upper and into the lower reservoir, le:.wmg the
iinmobilized component in, the upper reservoir. Com-
plete exhaust of “the mobile components from the .
top: reservoir although closely approach under ideal
conditiong issometimes inhibited by various dis-

- turbing factors. The inost important disturbing fac-
~ tors appear -t

_be osmotic tra.nqport of solvent from
the exi¥rior buffer solution into the cell and the
establishment of a stationary state before exhaust
when  the mobnlmes of some of the coiaponents are
of opp051te mgn at, the operating pH.- Optimum
operating conditions must therefore be determined
by _pilot fractionations, When applicable this pro~
cedure is far more efficient than the first method of
operation. , ;.

.The sticcessive separatxon of the oomponents of
a protein mixture can be accomplished by the iso-
electric ;procedure as follows. The component with
the most alkalitie or acid isoclectric pomt is first
sepmated from the other in several successive stages
by operating at its’isoelectric pomt The composite
of the top cuts of these stages is further processed
to purify the desired component. The bottom cut
of the last of these stages is a concentrate of the

.mobile components. The process is repeated until

the mixture has been resolved.
In, the,case of-'a .protein. which migrates as a
single’ boundary in an ‘electric field but possesses a

- specified mobility distribution as revealed by re-

versible , electrophoretic boundary spreading, e.g.

‘"_‘f-nlobulm, fractiondtjon is accomplished by means
.of amodified isoelectrig procedure. In this procedure
.the fractionation is carried out at a pH displaced

by an arbitrary amount from the mean isoelectric
point of the heterogeneous protein. Transport in the
apparatus leads to a redistribution of the protein
ions such that the fractions withdrawn from the
top and bottom reservoir possess mobility distribu-
tions differing” from that of the original protein.

Fractions. possessmg different mean mobilities and
isoelectric points are obtained by proper choice of
the operating piDl’s, Transport proceeds to a station-
ary state in which the top fraction is isoelectric at
the operating pH.

The application of these methods of fractionation .
to particular heterogeneous proteins will be dis-
cussed below. ...

I‘RACTIONATION oy OVALBUMIN - ?

Within the, pH range of 5 to 10, crystalline oval-
bumin is resolved. electrophoretlcally into two com-
ponems A, and A;, A; being the slower moving
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component (Longsworth, Cannan and Maclnnes,
1940). The relative concentration of A, in freshly

prepared material is reported fo vary from 15 to

25 percent. A third component, As, has also been
found to be present in small amounts (MacPherson,

Moore and Longsworth, 1944; Alberty, Andet'Son,

and Williams, 1048). A; ig less mobile than A; and
" A, at pH 6.8. At its average isoelectric point pH
4.58 and ionic -strength 0.1 (Longsworth, 1941),
ovalbumin is not resolved electrophoreiically into
its’ components (Alberty, Anderson and Williams,
1048). , oy

Since the components of ovalbumin possess ap-
proximately the same isoelectric point and since the
differences.in the mobilities of the components are

. Tance 1. FRACTIONATION OF OVALBUMIN BY ELECTROPHORESIS-CONVECTION AT pH 6.8 AND Ionic STRENGTT 0.05

R x 1 —x° '
ks P fos. ~ .
x‘.o 1 —_—

(1)
ZiCy ‘ .

In this case x° and x; are the initial-and final ratios

of component A, concentration to total protein con-

. ceufration in the upper reservoir, respectively,

‘The field strength employed in these experimeats
was varied from 0.4 to-3.1 volts/em. The duration
of the runs were such as to transport -about half of
component A; out of the top reservoir. It will be
noted that under the condition of half transport the
top separation factor is' independent of the field

.

e -y
- 5 . Total protein concentration | P - - P2
Run Ep Ly % by wt. : ercent compenent, Az i
" wvolt/cm. - hr. ; — : - = e
bl ~ Initial _Top -Bottom Initial Top Bottom | .
1 0.4 2 1.2 0.8 1.6 30 34 28 100 o8
2 1.2 1 1.1 0.4 1.4 30 35 29 21,26
3 1.2 1 1.6 0.9 2.1 30 34 - 26 1.20
4 1.2 1 3.3 1.6 3.8 32 38 3 - 1.30
5 1.6 2 1.3 0.7 1.7 33 37 29 1,19
6 3.1 3 1.0 0.5 1.4 30 34 27 1.20
s Nomiaal field strength. <

b Duration of run.

relatively small, the partial fractionation of this ma-
terial affords a good example of the application of
the first method of operation described above to a
naturally occurring protein. Although component
Ay converts irreversibly into A,, the rate of con-
version is slow enough to be negligible in the pres-
" ent investigation (MacPherson, Moore and Longs-
worth, 1944). '

- Fractionation experiments  were carried out in
phosphate buffer, pH 6.8 and ionic strength 0.05.
At this pH and ionic strength the mobility of com-
ponecat A, is —7.08 X .10-% cmZecivolt?, A,

—5.93 X 105 and A, —5.2 X 10-%, In these.ex- -
periments the three components were differentially .

transported out of the top and into the bottom reser-
voir at rates depending on their mobilities, with a
velative enrichment of the top reservoir with respect
to componerts A, and A; and of the bottom reser-
voir with respect to component A,. The results. of a
series. of single stage fractionations are presented

in Table 1. The tabulsted relative concentratfons
of A, were obtained by extrapolation of the apparent |

.. electrophoretic distributions to zero protein concen-
tration at a constant ionic sirength of 0.1 and pH

6.8. The contribution of component Ay to the elec-.

trophoretic pattern is included with that of compo-
nent A,. The efficiency of separation is expressed in
terms of the top separation factor defined by the
relation ,

. _ _ .
strength, It was also found that at counstant field
strength and time, the fraction of protein transported

ut of the top reservoir and the scparation factor are

independent of the initial protein concentration

within the range 1 to 3 percent. These observations

-and the magnitude of the top separation factor are

in agreément with the predictions of a mathematical
tjl:eory Iof transport in the electrophoresis-convection
channel. o

The average separation factor of 1.23 obtained-in -

. this series of runs indicated ‘the possibility of accom-

plishing considerable enrichment of the slow moving
cemponents by successive batch fractionations, the
top-cut of each stage of fractionation serving as the
starting material for iBe succeeding stage. Thus,
starting, with a solution of ovalbumin containing 20
percent A, after ten stages of fractionation the rela-
tive concentration of A, in the final top cut weuld
be 67 percent. Such a three-stage batch fraciicha-
tion was carried out at a -field strength of 1.2
volts/cm and an operating tirae, of 1 hr, The initial

- total protein concentration was 4.8 percent, and

the initial relative concentration of A, was 22 per-

- cent. The solution withdrawn from the top reservoir

after the third stage of fractionation analyzed 0.9
percent total protein and 31 percent A;. This rep-

resents an over-ail top separation factor of 1.59.

~These experiments demonstrate that the separa-
tion of a mixture of protein possessing nearly the



