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INTRODUCTION

It has been reported by Yoshinari'™ that the prevention of blood
coagulation with PAS was due to the inhibition of fibrin formation.
This is because PAS dissolves profibrin. Besides profibrin, however,
almost all kinds of proteins are very easily dissolved with PAS. The
relationship of the chemical structure of PAS to that of amide com-
pounds suggested that the polarity of the PAS molecule accounts for
the dissolving of proteins.

PAS is considered to have two actions in dissolving proteins.
First, this compound, like glycine," increases the dielectric constant
of the solvent. If this is actually true, proteins in the PAS solution
would not undergo denaturation. Second, PAS, like urea, acetamide,
and guanidine, breaks down hydrogen bonds between peptide chains
and is bound to the liberated peptide linkages.® If the latter is the
main reason for the dissolving of proteins, proteins can be expected
to be denatured by the dissociation or unfolding of their peptide chains.
It is also probable that the disaggregation of proteing!—1% . #. 48, t3, 74, 5,
w8008 W wanld take place in the concentrated PAS solution the same
as did in the concentrated urea solution.

To explain the mode of the dissolving action of PAS and elucidate
the mechanism of denaturation, if denaturation occurred, the author
estimated the sedimentation constants, the diffusion constants, and
the intrinsic viscosities of serum albumin, ovalbumin, and hemoglobin
in concentrated PAS solution, comparing these with those of native
proteins. The molecular weights, and the frictional and axial ratios
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of the ahove mentioned proteins were determined from these measure-
ments,

From these data it has been concluded that proteins appeared to
underge denaturation in concentrated PAS solution. The binding of
PAS by protein was also assumed to play the most important role in
the PAS-denaturation. This was ascertained by measuring the amounts
of PAS bound by proteins, and by the properties of the monolayer
film formed with protein denatured by PAS.

The conception of the PAS-denaturation mechanism was discussed
by studying the optical rotations of denatured proteins, and by con-
sidering the ionization of PAS and protein,

EXPERIMENTAL

Experimental Materials
Proteins :

Serum albumin (horse): Crystallized from fresh horse blood by
the method of McMeekin,* ® 7

Ovalbumin {chicken): Crystallized from fresh eggs by the method
of Strensen and Hoyrup.® %™

Hemoglobin (horse) : Crystallized from horse red corpuscles hy
the usual method. _

These proteins were lyophilized by the freeze-dry method after
electrodialysis. Examination by ultracentrifugation and electro-
phoresis revealed that they were homogeneous.

Sodium-p-Aminosalicylate (PAS):
Commercial PAS was twice recrystallized. m.p. 112°C. (decomp.)

Experimental Methods

1. The estimation of the sedimentation constants®™ ™

Using Spinco’s Model E Ultracentrifuge, the sedimentation constants
of the proteins were estimated from the rate of sedimentation in pho-
sphate solution containing PAS (in this article the proteins dissolved
in this solution were represented as “PAS treated or denatured pro-
teins”), and in a solution of 0,05 M phosphate and 0.2M NaCl (as
“native proteins”).

The values of st of serum albumin and hemoglobin were calculated
by the usual equation;
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where x is the distance from the axis of rotation and x, and x,.,
refer to positions of boundaries at time {, and ¢,-,, w is the rotational
speed in radians per second and 4¢ is the difference between #, and
t.—1 in seconds.

Since the boundary of ovalbumin in the PAS solution was not
obtainable by the above method, the value of st of ovalbumin was
calculated by the methods of Baldwin,” and of Gutfreund and Ogston.®”
The value of st by Baldwin’s method was obtained by the following
equation,

ST (xi— sd_n); gy (dn)
L[ e e
. 2w2 - f Og M| x“g

st

2 2
where M,:—C“—M—Z{lhmgf’ﬂdn ( —;—c‘r’v), ¢, is the initial concentration

of protein, M is the degree of magnification of the enlarged photograph
of the houndary, =, is the degree of magnification of the camera lens;
2.17, m, is that of cylindrical lens; 3.49, L is the length of the optical
arm; 58.1 cm, H is the thickness of the cell (cm), # is the magnitude
of the bar angle, and 4n is the refraction increment; 0.00186. =x, {,
w are given as the same as mentioned above.

The value of st was also obtained by the following equation, given
by Gutfreund and Ogston,

2.303
=" .}
st 2u?
where b is given from the equation;
2Q¢t) 1
b=—1 {1—ﬁﬁm =
o8 Co %g" } ¢
and
X X
Q':S XS x de dx dx
dx
moreover

X X
S de dx= 1 S dn dx
dx

Here, K is 12.68.

The correction of st for the concentration of protein was carried
out as follows., The corrected value s, is given by st {1+k%c), where &
is obtained from the values of intrinsic viscosities in any case where
E is more or less than &
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k=075 [»]+5 where k<8
k= [y]+55 where k>8

After the corrections were made for temperature and the influence of
the solvent, the sedimentation constant, Ssu., was obtained by the fol-
lowing equation;

Mo, T (1=Vu Pagw)

Trw Rame (1 7= VnP:)
where the value of V, is given as (.75

Same— Sp

2. The estimation of the diffusion constants! % #. 12, &. 00, 79, 8, 103, 108
Using Neurath's type of cell,”™ the diffusion constants of the pro-
teins were estimated from the photograph of the diffusion boundary
obtained by Schlielen’s cylindrical lens method.” ™ The apparent value
of the diffusion constants of proteins were calculated by the maximum
ordinate method, using following equation; ‘
2

Dp= ——gt—— - F
by the maximum ordinate-area method using
p——2 F
4 dnt H,?
and by the moment method using
0'2
By

where the area under the diffusion curve, A, is given hy N-w, # 18

half the distance between both inflexion points of the curve whose
. .. H . .
height, Hu, is given H,uff‘/—%r, H, is the height of the peak, and
¢ is the standard deviation of the curve.
The mean value of these apparent diffusion constants, D,, was
obtained. After correcting for temperature by using the equation be-

low,” the corrected value, Dy, was cbtained :

‘p, - AM
D =Dt =  F

The zero time correction was made by Longsworth's equation ™
Dy = Dy(1+ 4t/t)
where ), is the corrected value for the diffusion constant and 47 is a
small increment added to the observed time, f, to correct the actual

occurrence of the boundary. Thus the diffusion constant under standard
conditions was obtained by the equation:

203
Dy= D,/ - Tsdt T L90
T e Maw 27340
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3. The viscosity measurements

By the uvsual method, using Ostwald's viscosimeter, the specific
viscosities of the proteins in the concentrated PAS solution were deter-
mined. The intrinsic viscosities were calculated from the following
equation

[z]=lim (nsplc)
P d
4, The molecular weights™

The molecular weights of the PAS treated proteins were calculated
from the equation below ;

M= R Ts =2 Ad 10, . Suw

(1-Vvp D {1-0.9982 V) Dy
‘where M is the molecular weight, K 1s gas constant, V is specific
volume of protein, p is the density of the solvent, s and D represent
sedimentation and diffusion constant respectively.

5, The frictional ratios™

Using the determined values of Sy, e and M, the frictional
ratios of the denatured proteins, f/f;, were calculated by the following
equations :

fifo= 1 g]]\r [ - (;V £ =1.00 - 107 (1—0.9982 Vi D¥zppuSnes Vi)
f/fo @—q— ;;’AN{ ' 119 107 MPH(1— 0.9982 Vo) /ss0e Vg™
W 089- 107"
o= mato  svit ) = Dottty

where V,, is given as 0.75.

6. The axial ratios from the frictional ratios!®77.5L8.00

The values of the axial ratios of the denatured proteins, p, were
calculated from the frictional ratios of the proteins.

_ (1—pp _ b
ffe= S T (—p =— <1 for prolate
P
=T b
flfe= o E(aj;"‘(; 1y p=7>1 for oblate

where f/f.,— (i) (L+w/Vp)y?

7. The axial ratios from the intrinsic viscosities ™ 7™ W
Calculations from the values of the axial ratios of PAS denatured
proteins were made from the values of the intrinsic viscosities of the

proteins by the following equations
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__b -<Z1 for prolate
a

=6 __p_ b
ST tan b= g <1 for oblate
where y:v’/(1+ %’) and ' =100[4}/V

8. The measurements of the optical rotations

By Goerz Lippich’s polarimeter, the specific rotations of the proteins
were measured by using a sodium lamp, manufactured hy Toshiba, as
a light source. The accuracy of the measurements was =+ 0.01"

9. The measurements of the bound PAS by proteins™ %

The amounts of PAS bound by protein were measured by dialysis
experiments after Klotz, using collodion bags which were prepared by
collodion-ether solution. The collodion bags were filled with 10 cc of
protein solution usually near 0.57; concentration, The bag was im-
mersed in 20 cc of solution of the 005 M phosphate buffer or 0.1 M
carbonate buffer solution of different pH’s, containing different concen-
tration of PAS, and placed in a cold room at approximately 5°C for a
period of 3 to 7 days, an interval sufficient for the attainment of
equilibrium. The bag was then removed and the external solution
analysed for PAS. For each PAS concentration a control tube was also
prepared, which contained only buffer solution inside the bag. The
correction was made for the PAS binding by collodion membrane.
About 72, of the free PAS in solution was bound by the collodion
membrane.

10. The determination of PAS
The determination of PAS was carried out by the method of
Tennet and Leland,“’”’rusing Shimazu's photoelectric colorimeter with a
filter of 620 me.

11, The formation of monolayer films of PAS-denatured ovalbumin
on KCI Solutionﬂ, 14, 11, 146, 19, 20, 23, 38, 39, 41, 46, 47, 73, o)

Ovalbumin was dissolved in the solutions containing different
concentrations of PAS, 5 to 2025, and placed at room temperature,
approximately 20°C, for 30 minutes. Isopropyl alcohol was added to
30¢; prior to spreading on a substrate. A control spreading solution
of ovalbumin was prepared by dissolving it in water and adding iso-
propyl alcohol to 309;.

As a substrate 0.5 M KCl aq. solution of pH 5.5 was used.

Surface pressure was measured by Sasaki’s modification of Wilhelmi’s



135

hanging plate method®” The measurement were carried out at 21 to
24°C.  The surface pressure, F, was expressed in dyne/cm and the
area of the spread protein monolayer, A, in M*/mg.

The limiting area or co-area was obtained from the compressibility,
—{1/A)(dAjdF), vs area curve of the monolayer film.

The molecular weights*” of the denatured ovalbumin obtained from
the I'A vs F lines at difierent concentrations of PAS were calculated
by the equation below ;

-3
(FA)F—ou — %—RT
REsuLTs

1. The sedimentation constants of the native and the PAS treated
proteins® *¥
The sedimentation constants of the PAS treated proteins were
smaller than those of the natives, particularly in the case of hemoglobin
as indicated in Table 1.
Table 1. Sedimentation cunstants‘of native and 209
PAS-treated proteins at pH 7.8.

’ Somn + 1048
Protein : G s e gue
‘ Ovalbumin ‘ Serum albumin Hemoglobin
Native . 3.59 445 | 456
PAS-treated 2.70 3.32 ! 2.01

2. The diffusion constants of the native and the PAS treated
proteins*”
As with the sedimentation constants, the diffusion constants of

Table 2. Diffusion constants of native and 20%
PAS-treated proteins at pH 7.8.

Dapy - 107
Protein ! S ; | thgrie
Ovalbumin Serum albumin ¢ Hemoglobin
e b ‘
Native 7760 61-65" | 6.30¢
PAS-denatured 5.37 4,57 5.45

a; G. Lamm, A. Polson, Biochem. J., 30, 528 (1936)

b: R. A, Kekwick, ibid., 32, 552 (1938). G. R. Cooper, H. Neurath, Chem. Revs,,
30, 357 (1942}, . Neurath, G. R, Cooper, J. O. Erickson, J. Biol. Chem,,
138, 411 (1941)

¢: A. Tiselius, D. Gross; Kolloid Z,, 66, 11 (1938)
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2025 PAS treated proteins at pH 7.8 were also smaller than those of
the native ones as indicated in Table 2.

3. The molecular weights, frictional ratios, intrinsic viscosities, and
axial ratios of the native and the PAS denatured proteins®™
Results obtained as summarized in Table 3.
Table 3, Molecular weights, frictional ratios, intrinsic viscosities,

and axial ratios of native and PAS.denatured proteins.
| Axial ratios w=0.3

| : ; calculated from
Proteins LM fif ilGO[};]‘ v Fifo ! v
: | : j Ipro- |

ioblate

i
! oblate

: pro-
| | i late,

818

| natives 45,000 116 [ 431 57. 35 ‘ 39, 33, 40
Ovalbumin [ O S N i . -
denatured (49000 162| 77| 103] 83| 98| 4| 93
| native? ‘70,000\ 127 62 831 52 i 6.2 ‘ 5.0 ; 6.3

denatured [71,@" 169 93 i 124 94| 114 \ 7JW1I.E "

Serum albumin

| natives 59,000‘ 116 . 40 53| 35 ‘ 3.9 i 31 35
Hemoglobin e ‘ | LIESSINEN |
denatured |36,000 177 ‘ 108 ‘ 144 ‘ 107 | 133 \ 83 137

a: G. Lamm, et al., Biochem. J., 30, 528 (1936). T. Svedberg, et al., J. Am.
Chem. Soc., 50, 525 (1928).

b: R. A. Kekwick, Biochem. J., 32, 552 (1938), H. Neurath, et al., J. Biol.
Chem., 139, 411 (1941). T, Svedberg, et al, J. Am. Chem. Soc., 50, 3318 (1928).

c: A. Tisselius, et al., Kolloid Z., 66, 11 {1938). H. L. Fevold, Adv. Protein
Chem., 6, 211 (1951) ’
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Fig. 1, The amounts of hound PAS at various concentrations of PAS,
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4. The amounts of PAS bound by ovalbumin with increasing con-
centrations of PAS™
The amounts of PAS bound by ovalbumin at pH 7.4 in various
concentrations of PAS of measured by the equilibrium dialysis method
after Klotz. The concentration of protein inside the collodion bag was
1.11-107% M/10 cc. The experiments were carried out, using 20 cc of
each of the following PAS solutions as the external solutions; 1.43,
0.95, 048, 0.24, and 0.10 M. The results obtained are shown in Fig. 1.

5 F
4 -
=
[—]
i |
3 -
E
&
<
c
)
=
&,
2 -
1
% =
0 . : "
0.5 1.0 1.5 20

A (M?mg)
Fig. 2. The F—A curves of ovalbumin monolayer films spread from
5, 10, 15, and 207, PAS solutions respectively.
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5. The surface pressure vs area curves (F—A curves) of PAS-
treated ovalbumin®®

The I vs A curves were obtained from the monolayers which
were spread from the solutions of ovalbumin, containing 5 to 209;
PAS, on 05 M KCI solution of pH 5.5 at 21°C as shown in Fig. 2.
The surface pressure measurements started in one hour after spreading
the monolayers.

6. The limiting areas of the monolayers of PAS-denatured ovalbumin®”

The limiting areas were obtained from the curves given in Fig. 2
by the method mentioned above.

Table 4 shows the relationship between the concentrations of PAS
in the solutions, in which ovalbumin was treated, and the limiting
areas of the monolayer films.

Table 4. The limiting areas obtained for the monolayers of denatured
ovalbumin in PAS solutions of different concentration.

Concentration of PAS 24 Limiting area M%/mg
- 0 0.787. o
5 0.812 o
10 0969
15 1.157 o
o 20 . - 1.354

7. The FA vs F curves of the monolayer films of PAS-denatured
ovalbumin®’

The values of FA were calculated from the F— A curves given in
Fig. 2 and plotted against the values of F, thus obtaining the straight
lines for each concentration of PAS. Moreover all the lines joined at
one point on the FA axis, when each was extrapolated to F—0. The
value of (FFa)y., for 1 mg protein was given as 0.053 as shown in
Fig. 3.

8. The optical rotations of proteins®™

The dependence of the specific rotations of serum albumin and
ovalbumin upon the concentrations of PAS in solution is shown in
Fig. 4 and 5 respectively.

The optical rotations of hoth proteins were measured in M/10
carbonate huffer solution of pH 10 containing PAS and in M/5 phosphate
buffer solution of pH 7.7 containing PAS at 8—11°C. The concentra-
tion of serum albumin in solutions was 059 and that of vvalbumin
was (.4¢;.
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Fig. 3. The relations between FA and F values
in different concentrations of PAS.
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Fig. 4. The specific rotations of serum albumin at various

concentrations of PAS at pH 7.7 and 1.

139



140

—50}

—45

I
&

|
Cad
ot

Specific Rotation [a]

—30

___25 ') 1 1 1 |
0 0.2 0.4 0.6 0.8 1.0

Concentration of PAS (Mol.)
Fig. 5. The specific rotations of ovalbumin at various
concentrations of PAS at pH 7.7 and 10.

The progressive changes in the specific rotations of PAS denatured
serum albumin and ovalbumin at different pH’s are shown in Fig. 6

—70
[ UrapH 100 ocom g7
X 65
= = H 6.2
z Urea'pH 6.2 PASP
60
g PASPH 10.0
o 55F PASPH 8.3
(e
]
g —sor
4]
-—45 L i 1

5 10 15 20 25 30 35 40 45
Time (min.)
Fig. 6. The progressive changes in the optical activities
of serum albumin in 104 PAS solution of different
pH’s at 10-11°C.
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and 7 respectively. In these figures the values of the specific rotations
are plotted with time measured in minutes. The measurements were
carried out in 10%; PAS and urea solutions of pH 6.2, 7.7, 83, and 10.
The concentration of serum albumin in PAS- and urea solution was
0.6525 and 0.82; respectively and that of ovalbumin in both sclutions
was 0.794.

45
S a0
g
2
-] 7735,
2
I
o —30
=
B PASPH 10.0
£ —250- P
w
_20 1 1 i L 1 'S A i

5 10 15 20 25 30 35 40 45
Time (min.)
Fig, 7. The progressive changes in the optical activities of ovalbumin
in 10¢, PAS solution of different pH’s at 10-11°C.

Serumalbumin

—70r de“atured
760 L

)

g —50F

3 Ovalbumin

Q

o

% —40 F denatured

g ———N____..

n

3ot native
L 1 1 1 '
6 7 8 9 10
rH

Fig. 8. The dependence of the specific rotations upon pH,
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The dependence of the specific rotations of serum albumin and
ovalbumin upon pH is shown in Fig. 8 The measurements were
carried out in 1025 PAS solutions of different pH's at 10—11°C. The
concentration of serum albumin and of ovalbumin was 0.652; and (.79
respectively. The specific rotations of native proteins, which were dis-
solved in buffer solutions, were also measured in contrast with those
of the PAS denatured proteins.

9. Tne dependence of the amounts of bound PAS upen pH™

As shown in Fig. 9, the » vs pH curve gave a point of the minimum
value of », where » refers to the ratioc of the moles of bound PAS to
moles of total protein.

2.0p
1.5F
= 1.0
=
-
0.5
0 1 i 1 I 1 ]
5 6 7 8 9 10 11
pH
Fig. 9. The dependence of the amounts of PAS bound by ovalbumin
upon pH.

DISCUSSION AND CONCLUSION

The sedimentation constants of ovalbumin, serum albumin, and
hemoglohin in concentrated PAS solutions were smaller than those of
the native proteins, especially in the case of hemoglobin, for which a
remarkably low value was obtained, as indicated in Table 1. The
same tendency observed in the concentrated urea solution was ohserved
in the PAS solution. This seemed to suggest that the PAS effect did
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not depend only upon increasing the dielectric constant of the solvent,
but also upon the change in the shape of the protein molecule.

It is well known that two factors influence the sedimentation
constant of a protein—the molecular weight, and the shape or axial
ratio of the molecule. Regard to the shape of the protein molecule,
the increase in the asymmetry causes a decrease in the sedimentation
constant, if the molecular weight is constant. For instance, although
zein,"" " gvalbumin,™ and the protein of Bae. fuberculosis™ have the
same molecular weight, approximately 40,000, they have different values
of flf,; 24, 1.16, and 1.25 and of 1/p; 32, 3.5, and 5.0 respectively.
Thus their sedimentation constants are 1.9, 3.55, and 3.4 respectively.

The values of the diffusion constants of PAS-treated proteins were
aiso smaller than those of the native ones, as indicated in Table 2.
The decrease in the diffusion constants of the proteins suggests also a
decrease in their molecular weight or an increase in their degree of
asymmetry. As indicated in Table 3, however, the molecular weights
of ovalbumin and serum albumin were maintained constant in the
concentrated PAS solution, unlike hemoglobin, which underwent dis-
aggregation in the same solution. The molecular weight of the split
hemoglobin molecule was one half of the native. Consequently, it was
assumed that proteins in the concentrated PAS solution changed their
molecular forms to those which have greater asymmetry in their
molecular shape. In fact, the frictional and axial ratios, and the
intrinsic viscosities of these proteins treated with PAS were greater
than those of the native ones, as indicated in Table 3. These results
suggested, first, that the PAS treated protein underwent denaturation,
and, second, that the molecular shape of the denatured protein was
oblate. Tt was not prolate, since, in the case of denatured proteins,
the axial ratios calculated from the frictional ratios coincided with
those calculated from the intrinsic viscosities when the molecular shape
was assumed to be oblate. The axial ratio of the denatured serum
albumin and ovalbumin, however, were never so large, e.g., only twice
as large as those of the native proteins. Therefore, it was concluded
that the molecules of PAS denatured proteins were slightly enlarged
transversely to their longitudinal axis. Such a change in molecular
shape seemed to be due not only to the entrance of PAS molecules
into proteins, but also to the formation of new hydrogen bonds with
proteins, This led to the enlargement of the protein molecule. The
polar PAS molecules, which were driven by their thermal movements
between the peptide chains, could cleave the original hydrogen bonds
between the peptide chains and bind to the liberated peptide linkages
by the formation of new hydrogen bonds. In this case the negatively
charged groups of PAS molecules also would combine with the liberated,
positively charged groups of the protein molecules. As the results
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of these combinations, the protein molecule, which had partially dis-
sociated, could again be refolded in a different manner from the original,
and then would be in an enlarged or swollen state.

The assumption that the combination of PAS should occur inside
the protein molecule was confirmed by the measuring the amounts of
PAS hound by protein at different concentrations of PAS., As shown
in Fig. 1, the binding of PAS by protein was assumed to take place
in two steps depending upon the concentration of PAS. In concentra-
tions of PAS lower than 0.01 M, the amounts of PAS bound by protein
were relatively small. This seemed to suggest that PAS combined
only with the surface of the protein molecule, which did not undergo
denaturation. Secondly, in concentrations of PAS higher than 0.01 M,
however, the amounts of PAS bound by protein increased rapidly, until
it reached to the maximum value. This suggested that the binding
of PAS occurred inside the protein molecule, whose folding had been
disarranged by the denaturation. Thus the degree of denaturation
seemed to be proportional to the amounts of PAS bound by protein.

On the other hand, the F vs A curves obhtained from the spreading
of monolayers of ovalbumin solutions containing 5 to 202; PAS on
0.5 M KCI] solution at pH 5.5, suggested the binding of PAS occurred
inside the protein molecule, as shown in Fig. 2. These curves indicated
that the area of the monolayer film produced by the PAS-denatured
ovalbumin increased with an increase in the concentration of PAS. At
concentrations of PAS lower than 5%, the area did not increase. This
same tendency was observed also in the case of limiting area of the
monolayer film of the PAS-denatured ovalbumin, as shown in Table 4.

These facts seemed to suggest that in the concentrated PAS
solution, the binding of PAS by protein occurred inside the protein
molecule. The amounts of PAS bound by protein depended upon the
concentration of PAS and upon the degree of denaturation of the
protein.

Moreover, the binding of PAS by protein was assumed to occur
intramolecularly and not intermolecularly. As shown in Fig. 3, all of
the A vs F lines obtained at different concentrations of PAS joined
at one point (0.053} on the FA axis, when the lines were extrapolated
to #=0. Thus the molecular weight of PAS-denatured ovalbumin
corresponded to 45,000, the same as the native protein. This suggested
that the number of the molecules of PAS-denatured ovalbumin in
solution was just the same as that of the native protein. Therefore,
it was concluded that association or aggregation of protein molecules
did not occur during the denaturation. _

Furthermore, the enlargement of the limiting area depended upon
an increasing concentration of PAS. This suggested that the protein
molecules combined more readily by hydrogen bonds with PAS than



145

with H,O molecules, If the hydrogen bonds between the protein and
PAS were weaker than between protein and H,0, the PAS molecule
should be removed from protein by H,O, when the PAS-denatured
ovalbumin is spread on water.

Consequently, it was concluded that the binding of PAS by a
protein played the most important role in the denaturation of the
protein with PAS.
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It was suggested by Kauzmann® that those substances, in which
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them to the asymmetric centers, possess rather large optical activities
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Furthermore, the total optical rotation of a given protein molecule
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of that protein molecule. Consequently, it is assumed that many fac-
tors affect the optical rotation of proteins; i.e., whether the peptide
chains are folding or unfolding, whether the protein molecules are
expanding, swelling, or contracting, etc.

From the points of view mentioned above, the changes in the
optical rotation of the PAS-denatured proteins are discussed.

As shown in Fig. 4 and 5, the optical activities of serum albumin
and of ovalbumin in PAS solution varied with the concentration of
PAS. At pH 7.7, while the changes in the optical activities were not
observed in both proteins untif the concentration of PAS reached ca
0.1 M, in concentrations of PAS higher than 0.1 M, the optical activities
of bath proteins increased proportionately with the increase in con-
centration of PAS. At pH 10, however, it was observed with hoth
proteins that the optical activities began to increase gradually after
the concentration of PAS reached 0.5 M. In either case, it can be said

nnnnn ~F
T
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that the changes in the optical activities of the proteins occurred only
in concentrated PAS solution, in which the amounts of PAS bound by
protein were certainly large. In other words, in lower concentrations
of PAS, where PAS was assumed to combine chiefly with the surface
of the protein molecule without the accompaning denaturation, the
optical rotation of PAS-denatured protein was almost the same as that
of the native ones. However, in high concentrations of PAS, the pro-
gressive unfolding of the peptide chains was assumed to promote the
binding of PAS, by the liberated peptide linkages inside the protein
molecule. Thus the large optical rotations of protein was observed
here, where the large amounts of PAS were assumed to combine with
protein with the accompaning denaturation.

The same interpretation as above can be given to the effect of
pH on the PAS denaturation, i.e.,, a similar relationship between the
magnitude of optical activity of denatured protein and the amounts
of PAS bound by protein as mentioned above is observed here.

‘The optical activities of the proteins, which were denatured at
different pH’'s in 1025, PAS solution for 30 minutes, are shown in Fig.
8. In a pH range lower than 8, the levorotations of PAS-denatured
serum albumin and ovalbumin were larger than that of the native
proteins. However, in a pH range higher than 8, the levorotation of
denatured serum albumin was lower than that of the native protein,
while that of the denatured ovalbumin was slightly higher than that
of the native protein.

On the other hand, as shown in Fig. 9, the amounts of PAS mole-
cule bound by proteins at a pH lower than 8 were definitely greater
than those at a pH higher than 8 At a pH near 85 the combination
of PAS and protein was at a minimum. It appeared, therefore, that
in the acid range the binding of PAS by protein occurred very easily
and rapidly, while in a alkaline medium it occurred slowly and with
difficulty.

From these data it has been concluded that the optical activities
of the denatured proteins varied with pH in the same way as did the
amounts of protein bound PAS. This seems also suggest that the
situation of the peptide chains of the denatured proteins is dependent
upon the pH of PAS solution, in which denaturation has occurred.

This assumption was confirmed by studying the progressive changes
in the optical rotations of serum albumin and ovalbumin denatured by
PAS at different pH’s,

As shown in Fig. 6 and 7, the optical activities of serum albumin
and ovalbumin in 102 PAS solution changed with time, depending
upon pH. At pH’s lower than 8 in the PAS solution, the levorotations
of proteins increased at the same rate as in urea solution of the same
pH. The increase in levorotation of denatured serum albumin occurred
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more rapidly than that of ovalbumin. However, at a pH higher than
8, for instance at pH 10, a fall in levorotations was observed in the
initial stage of denaturation. Subsequently a gradual increase occurred,
in the case of serum albumin, until the value of levorotation reached
a level slightly smaller than that of the native protein. In the case
of ovalbumin, however, the levorotation reached a slightly larger value
than that of the native protein. In 102, urea solution at pH's higher
than § levorotations of hoth proteins increased more rapidly than in
the acid pH range, serum albumin increasing it's optical activity more
rapidly than ovalbumin.

If the protein molecules simply unfolded, the ring structure would
be diminished and the extent of free rotations of groups around the
asymmetric carbons would increase. Thus the protein molecule would
have a partially unfolded «-kelix of peptide chains. This would cause
a distinet fall in levorotation. However, a higher levorotation would
be the result of the refolding of the once partialiy dissociated peptide
chains.

Thus it was assumed that the definite fall in levorotation in the
initial stage of denaturation meant that the peptide chains of the pro-
tein molecules were partially dissociated and unfolded. The gradual
increase in levorotation was assumed to mean that the partially un-
masked amino acid residues of the peptide chains were again bound
through the PAS molecule in a relatively disordered state.

Consequently, it was concluded that during the denaturrtion of
protein by PAS, the protein molecule, in any case, would be partially
unfolded by PAS. At approximately the same time, PAS would combine
with the liberated peptide chains, resulting in a refolding of the protein
molecule. Such changes would occur in all pH ranges of the solution,
but the rate of unfolding and of refolding would be different depending
upon the pH of the solution. At a pH higher than 8, the refolding
through PAS would occur so slowly that it could be observed. How-
ever, at a pH lower than 8, it would occur so quickly that one could
not detect it, '

In considering the ionization of PAS and protein at different pH’s,
the assumptions mentioned above appear to be more definitely con-
firmed.

PAS is assumed to dissociate in the following four forms as shown
in Fig. 10,

In this case form 1 and 2 are not considered, since these forms
will exist only in strongly acid solutions which have not been
studied in these experiments, The third species is the most useful
for the formation of hydrogen bond, since its —OH and —NH, groups
have the potential forming a hydrogen bond. PAS will exist in this
form at a pH near 7. In an alkaline medium near 8.5, however, PAS
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will be converted into form 4, which has only one available group,
i.e., amino group, for the formation of a hydrogen bond. Here, the
OH group of the PAS molecule will be ionized on the bhasis of the

COOH CO0~ CO0~ CO0~
OH OH OH 0-
NH: NH: NH. NH:
(1) (2) (3) (4}
Fig. 10,

pK'value of the OH group of the PAS molecule, Moreover, the dis-
sociation of the positively charged groups of the protein molecule is
also assumed to be insufficient to combine with the negafively charged
groups of PAS which are present in form 4.

Therefore, it is obvious that the binding of PAS by protein is
influenced by the degree of dissociation of PAS and of protein, partic-
ularly of those groups, which have the ability to form hydrogen bonds
at the lower pH’s, ie., less than 8 or 9. At pH’s higher than 8, how-
ever, the groups, which have an ability to form electrostatic bonds,
also influence the binding of PAS. This, in turn, controls not only
the rearrangement of peptide chains during PAS denaturation but the
final state of the denatured protein as well. Thus, the optical activity
of the proteins is affected by the dissociation of both the PAS molecules
and the proteins as a result of the influence of intramolecular binding
upon the optical rotation. For instance, the facts that in the alkaline
range a definite fall in the initial stages of the denaturation and then
a gradual increase occurred in levorotation of PAS-denatured protein
is more easily explained by the consideration of the ionization of PAS
and protein as mentioned beiow.

In an alkaline solution PAS exists in form 4, where the NH,
group will combine with the peptide linkages by hydrogen bonding as
shown in Fig. 11.

However, the combination of O~ or COO™ groups of PAS with the
positively charged groups of protein, whose dissociation is insufficient
to cause electrostatic binding, will hardly occur. The smaller levorota-
tion of the denatured protein in the initial stages will result from
this. However, the electrostatic binding between the above mentioned
groups will occur with the lapse of time. Thus the refolding by either
increasing the linkage between petide chains by bound PAS molecules
or reversal of the disordered folding of the peptide chains will occur.
This will cause an increase in the levorotation to a certain extent.
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Since at pH 6 to 8, where the PAS molecule exists in form 3, the
binding of PAS by protein and the refolding of the dissociated peptide
chains are assumed to occur rapidly in the initial stages of denatura-
tion. The distinct fall in levorotation might not be observed under
these experimental conditions, provided it could occur. The folding of
the peptide chain of the denatured protein should be more complicated
and disorderly than that of the native protein.

0

00C -H IAS

-'OOCON—H PAS
H

Fig, 11. The proposed scheme of the binding of PAS by protein.

Protein

The proposal of the rebinding of peptide chains through PAS
seems also to be confirmed by considering the effects of sulfur-linkages
upon the intramolecular changes in protein during PAS denaturation.
In other words, in considering these effects of sulfur-linkages, the
changes 1n optical activities of proteins are also clearly explained.
Particularly this difference in optical activity between serum albumin
and ovalbumin more clearly understood.

It is well known that the petide chains of serum albumin are
folded more simply and inperfectly than that of ovalbumin® "™ .90
The former contains many sulfur linkages, i.e, 32 half cystines in one
mole compared to 2 in one more of the latter. The sulfur linkage is
not considered to be cleaved during PAS denaturation.

Therefore, when the peptide chain is dissociated by denaturation,
it will occur more easily with serum albumin than in ovalbumin.



150

However, the final extent of dissociation is greater in ovalbumin than
in serum albumin, since the former contains many sulfur linkages, by
which the unfolding of the peptide chains seems to be restricted to
some extent. Upon refolding the dissociated peptide chains the same
sulfur linkages as above will restrict the refolding, ie., the sulfur
linkages interrupt the freedom of rotation of dissociated peptide chain
leading to close, disordered contact. In acid solution, as mentioned
above, since unfolding would he followed rapidly by refolding, the
partially dissociated peptide chains would again be bound quickly by
PAS molecules. The sulfur linkage would have little effect on the
changes in the folding of the molecule. However, the rearrangement
of the peptide chains by PAS with the corresponding changes in optical
activity of the protein would be controlled only by the inherent folding
conditions of the native proteins. Consequently, serum albumin, whose
peptide chains can dissociate easily, showed more rapid and larger
changes in the optical activity than ovalbumin. In alkaline solution,
however, the binding of PAS by protein will occur with difficulty, as
mentioned above. Although dissociation of the peptide chains will be
promoted by an increase in the dielectric constant of the solution with
PAS, the rebinding of the partially dissociated peptide chains by the
combined PAS would occur slowly., For these reasons the distinct fall
in levorotation would he determined by the effect of sulfur linkages
upon the refolding of the dissociated peptide chains. Although serum
albumin’s ability to refold is limited to an extent by its arger number
of sulfur linkages, ovalbumin will be more freely and closely refolded
with the resultant larger optical activity than the native protein. In
alkaline solution, the smaller levorotation of denatured serum albumin
compared to the native protein and the larger levorotation of denatured
ovalbumin compared to its native therefor may bhe explained by the
above consideration.

It was concluded that binding of PAS by proteins, especially
binding by hydrogen bonds play the most important role in the dena-
turation with PAS. The sulfur linkages are of secondary importance
giving a restriction in the dissociation, on the one hand, and the sub-
sequent refolding of the peptide chains, on the other hand. In alkaline
solution the electrostatic forces seem to he important for binding of
PAS by protein.

Consequently, it is concluded that PAS causes the denaturation of
protein molecule in the following mechanism.

When proteins are dissociated in a concentrated PAS solution,
contraction of the protein molecule will occur. Then the polar PAS
molecule enters the peptide chains, destroying the hydrogen bonds.
Partial unfolding of the peptide chains occurs. The PAS molecules
combine with the liberated peptide linkages by the formation of new



151

hydrogen bonds. The partially unfolded protein again fold up with
PAS. The pH of the PAS solution determines the type of refolding.
The refolded protein molecule is assumed to be oblate, and to be in
an enlarged or swollen state.

SUMMARY

It has been discovered that in a concentrated soluticn of sodium-
p-aminosalicylate (PAS), protein underwent denaturation. To explain
the mechanism of denaturation, the sedimentation constants, diffusion
constants, and intrinsic viscosities of serum albumin, ovalbumin, and
hemoglobin in concentrated PAS solution were measured and compared
with those of the native proteins. The molecular weights, and the
frictional and axial ratios of the above mentioned proteins were deter-
minded from these measurements. From these results, it has been
concluded that the denatured proteins had almost the same molecular
weight as the native ones, except hemoglobin, which underwent dis-
aggregation into half the native molecular weight. The shape of the
denatured protein was assumed to be oblate. This suggested that the
binding of PAS occurred inside the protein molecule and would cause
the rearrangement of peptide chains and change in the shape of the
protein. The binding of PAS to the protein molecule was ascertained
by measuring the amounts of PAS hound by protein. The nature of
the binding was studied by properties of the monolaver formed with
protein denatured by PAS.

The changes in optical activities of proteins during denaturation
at different pH's have given more detailed elucidation of the mechanism
of denaturation.

The pH dependence of denaturation was explained by considering
the ionization of PAS and protein. The effects of sulfur linkage of
the protein melecule on the denaturation were discussed from the
point of view that the rearrangement of the peptide chains of the
protein molecule by denaturation was restricted by sulfur linkage.

Consequently, it was concluded that the partial unfolding of the
peptide chains which was assumed to occur in the initial stage of the
denaturation by the increase in the dielectric constant of the solvent
by PAS, was followed by a refolding or rebinding through the bound
PAS. In the rearrangement of the peptide chains, the binding of PAS
to protein played the most important role, controlling the rate and the
extent of denaturation.
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