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Denaturation of Soybean Proteins by Organic Solvents!

DANJI FUKUSHIMAZ, Central Research Institute, Kikkoman
Shoyu Co., Noda-shi, Chiba-ken, Japan -
ABSTRACT

A systematic study was made of the denaturing ability of about 30 kinds of
organic solvents toward soybean protcins. In general, the denaturing ability of
organic solvents depended on their hydrophobicities and their degree of dilution
by water, Highly hydrophobic solvents possessed little denaiuring power toward
proteins, cven at high temperature. The denaturing power of solvents increased
with addition of water, whereas that of water also increased with addition of
solvents. Conscquently, the water-solvent mixture had high denaturing abilitics
that could not be attained by the individual components alone. Lower alcohols
were much stronger denaturants than other solvents examined, The denaturing
ability of alcohols at low concentration increased with the hydrophobicitics of
alcohols; the reverse was found at high concentrations. The denaturation
mechanisms of soybean proteins with organic solvents and with water are
discussed from the standpoint of the three-dimensional structure of soybean pro-
tein molecules.

Several workers have investigated the denaturation of soybean proteins with
organic solvents (1-6). The purpose of the present studics was: (a) to choose
oil-extracting solvents that would minimize protein insolubilization; (b) to obtain
useful data for choosing conditions that would preclude protein insolubilization
during alcohol extraction,

However, enhancing soybean protein denaturation is also important for some
aspects of soybean utilization, because denaturation markedly increases sus-
ceptibility to proteinase attack (7-10). Traditionally, denaturation by heat and
moisture has been used for this purpose, but denaturation by organic solvents
should also be of interest because the soybean protein molecules contain some
hydrophobic regions not expected to be altered by water (9,10).

In the present study, the denaturing action of various organic solvents on soy-
bean proteins was investigated systematically, and the conditions under which soy-
bean proteins are completely denatured were determined with the solvents having
strong denaturing power, that is, the lower alcohols. This work is discussed herein,
togetlhier with the mechanisms of the denaturation with organic solvents, water, and
the solvent-water mixtures from the standpoint of the three-dimensional structure
of soybean protein molecules.

MATERIALS AND METHODS

Defatted Soybean Flour

Whole soybeans were dried, dehulled, and ground to 30-mesh size. The resultant
flours were air-dricd after removal of the oil with n-hexane extraction at 35°C.
Total nitrogen was 8.506%.

Donaturation of Soybean Protoins with Solvents

The flour sample corresponding to 85 mg. nitrogen was put into a test tube with
5 ml, of a solvent, except as noted later, The tube was scaled and treated at the
desired temperature and time in a constant-temperature bath. The sample was then

1presented at the 53rd Annunl Mecting, Washington, D.C., April 1968,
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cooled rapidly to about 20°C. and unsealed; the solvent was removed by acration at
room temperature,

Measurement of Native Protein in Treated Samples
The native proteins in the treated samples were measurcd quantitatively by the
method described previously (8).

RESULTS

Danaturation of Defatted Soybean Flour Proteins with Various
Organic Solvents

The denaturing abilities of various solvents toward soybean proteins arc shown
in Tables I, I1, 111, and IV.

The highly hydrophobic solvents, immiscible with water, possess very slight
abilities to denature soybean protcins, even at high temperatures (Tuble I). On the
contrary, in the solvents which have fairly high hydrophobicity but ar¢ able to
dissolve a little water, the denaturing ability of these solvents is increased markedly
by the addition of watcr, though they hardly possess this ability without addition
of water (Table II). On the other hand, the denaturing abilitics of water are
strikingly increased in the presence of small amounts of these solvents (Table 111).
With hydrophobic solvents miscible with water in any ratio, there were character-
istic ratios of solvent to water, ut which maximum denaturation occurred (Table
IV). A comparison of the denuturing ability in the maximum denaturing con-
centration of each solvent indicates that lower alcohols were stronger denaturing
agents than acetonce or dioxane.

TABLE |. DENATURATION (60 MiN.) OF DEFATTED SOYBEAN FLOUR PROTEINS WITH
WATER-IMMISCIBLE ORGANIC SOLVENTS

ad
Absorbonce(s) at threo
denaturation temperatures

Solvents 60°C. so°c. 100°C.
Benzine 0.275 0.250 0.242
Benzone 0.275 0.241 0.231
n-Hexane 0.270 0.266 0.233
Toluol 0.273 0.260 0.241
Carbon totrachloride 0.275 0.245 0.271
Isopropyl other 0.250 0.250
Chloroform 0.252 0.228
Butyl acetate 0.266 0.226
Amyl acotato 0.283 0.270 0.241
Ethy! propionate 0.283 0.263 0.250
Trichloroathylene 0.283 0.242 0.219
Water 0.2650 0.202 0.008

P
BNative protein contents shown by sbsorbance(s) in the soybean flour
proteins after the treatments.

It is obvious from these data that water-containing organic solvents have a high
denaturing power which cannot be attained by the individual components alone,
The denaturing abilitics of the series of the lower alcohols having diffcrent hydro-
phobicitics were investigated 2t various concentrations expressed as mol.% (Figs. 1
and 2). According to these figures, there cxisted striking dependence between the
molecular structures of lower alcohiols and their denaturing abilities. In the region
below the maximum denaturing concentration characteristic of each alcohol the
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“TABLE il. DENATURATION (GO MIN.) OF DEFATTED SOYBEAN FLOUR PROTEINS
WITH PARTIALLY WATER-MISCIBLE ORGANIC SOLVENTS

Absorbance(s)®at three
denaturation temperatures

Solvont Concent-ation co°c. 80°¢c. 100°¢.
vol.%

Methyl ethy! kotono 100 0.304 0.268, 0.263
-t water-sat'd 0.254 0.211 0.177
Methy! formate 100 0.236 vessas

water-sat'd 0.072
Ethyl formoto 100 0.230 0.184
wator-sat'd 0.115 0.096
Propy! formote 100 0.256 0.215 0.089
water-sat'd 0.226 0.174, 0.089
Mothy! acotato 100 0.302 0.2565
water-sat'd 0.25% 0.226
Ethyl acetate 100 0.290 0.290 0.252
water-sat'd 0.283 0.270 0.226
n-Butanol 100 0.266 0.255 0.188
90 0.255 0.210 0.184
water-sat'd 0.201 0,176 0.080
sec-Butano! 100 0.266 0.263 0.2256
80 0.214 0.152 0.094
water-sot'd 0.166 0.094 0.006
Isobutanol 100 0.280 0.273 0.210
90 0.240 0.194 0.176
Woter 0.250 0.202 0.008

———
SNative protoln contents shown by absorbancal(s) in soyboean flour proteins after treatments.

TABLE 1ll. EFFECT OF PARTIALLY WATER-MISCIBLE ORGANIC SOLVENTS ON
WATER-DENATURATION (GO MIN.) OF DEFATTED SOYBEAN FLOUR PROTEINS

Absorbancols)at two
denaturation temporatures

Solvents Amounts Addod s0°¢. 70°C.
01, %

Water 0.289 0.219

I 5 0.230 0.205

Methy| othy! kotone - 0.230 o203
20 0.175 4]

: 5. 0.280 0.218

Mothy! formate : 10 0.254 0.046
20 0.105 . 0

Ethyl formate 5 0.250 0.214

Propy! formate sat'd 0.262 0.2;8

4 0.254 0.232

Methy! acatato 10 0.222 0.214
20 0.214 - 0

Ethyl acetato 5 0.238 . 0.250

n-Butanol 4 0.208 0.163

- ! 5 0.250 0.190

soe-Butono 10 0.212 0.078

lenhittanat
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NATIVE PROTEIN (ASSORBANCE)

o -
1V. DENATURATION (60 MIN, AT 50 C.) OF DEFATTED SOYBEAN FLOUR
TABLE VFROTEINS WITH WATER-MISCIBLE ORGANIC SOLVENTS?

Concen- 2

tration Absorboanco
vol.% Methano! Ethanol n-Proponol Isopropanol tert-Butanol Acetono Dio
0.283 0.283 0.283 0.283 0,283 0.2'83 0
?O 0.257 0.237 0.188 0.212 0.2}5 0.231 0.:
20 0.215 0.208 0.007 0.188 0.17% 0.204 0..
30 0.196 0.162 0.004 0.103 0.1586 0.192 0._
40 0.187 0.0G6 0.002 0.091 0.162 0.187 0."
60 0.142-  0.035 0.001 0.130 0.170 0.186 0.1
60 0.045 0.059 0.027 0.163 0,187 0.192 0.7
70 0.013 0.152 0.160 0.190 0.211 0.201 0.}
80 0.007 0.205 0.205 . 0.216 0.242 0.226 0.2
90 0.018  0.265 0.266 0.267 0.282 0.272 0.2
100 0.152 0.283 0.284 0.284 0.285 0.284 0.2

8Native protein contents shown by absorbance(s) in tho soyboan flour proteins after tho
treatmonts.
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oFig. 1. Denaturation of defatted soybean flour proteins with lower alcohols for 60 min.
50°C, .

Fig. 2. Effect of addition of lower alcohols to water on denaturation of defatted soybe
flour proteins by water for 60 min, at 50°C,

denaturing effects increased with increase of the hydrocarbon contents, length «
the straight chains, and distance of branching position from the alpha-carbon ator
indicating that the denaturing abilities of alcohols coincided completely with (1
order of their hydrophobicities. In the region over the maximum denaturing cor
centration, on the other hand, the order of alcohols was quite the reverse, excef
for n-propanol. These phenomena will be discussed later from the standpoint of th
three-dimensional structure of soybean protein molecules.

Next, the effects of time, temperature, and solvent concentration on th
alcoholic denaturation of defutted soybean flour proteins were investigated in dctai
(Figs. 3, 4, and 5). The velocity of denaturation by aqucous nlenhnl ic e ranis

ne d st
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Moti-yl othyl kotona 100 0.104 0 ren B o>
watuy sat'd 0204 021t Oisr
Mothy! formato 100 0236 ... ..
waotor-sat'd 0.072 Ve L .
*
Ethy! formato 100 0.230 0.184 crores
watcer-sat'd 0.115 0.096 cvres
Propy! formato 100 0.256 0.215 0.089
water-sat'd 0.226 0.174 0.089
Methy! acetate 100 0.302 0.255 eese
water-sat'd 0.265 0.226 corres
Ethyl acetate 100 0.290 0.290 ~ 0.252
water-sat'd 0.283 0.270 0.226
n-Butanol . 100 0.266 0.255 0.188
90 0.255 0.210 0.184
water-sat'd 0.201 0.176 0.080
sec-Butano! 100 0.266 0.263 0.225
80 0.214 0.152 0.094
water-sot'd 0.166 0.094 0.006
Isobutano! 100 0.280 0.273 0.210
90 0.240 0.194 0.176
Water 0.250 0.202 0.008

Inative protein contents shown by absorbancels) in soybean flour proteins after treatments.

TABLE Ill, EFFECT OF PARTIALLY WATER-MISCIBLE ORGANIC SOLVENTS ON
WATER-DENATURATION (GO MIN.}) OF DEFATTED SOYBEAN FLOUR PROTE!INS

Absorbance(s)®at two
denaturation temperatures

Solvonts Amounts Added 50°¢c. / 70°¢C.
vol.%

Nater 0.289 0.219
Meothyl ethyl ketono 5 0.230 0.205
10 0.214 0.138

20 0.175 0
Viothy! formate 5 0.280 0.218
10 0.254 0.046

20 0,105 [+]
Zthyl formate . 5 0.250 0.214
*ropy! formate sat'd 0.262 0.238
viothy! acetoto 4 0.254 0.232
Y 10 0.222 0.214

20 0.214 0
ithyl acatote 5 0.238 . 0.250
1-Butano! 4 0.208 0.163
-Butano! ] 0.250 0.180
ge-Butane ‘ 10 0.212 0.078
sobutanol 3] 0.208 0.205

‘Nativo - protain contents shown by sbsorbance(s) In the soybean flour proteins after
troatmaonts,




Avsorbance® - )

Mothano! Ethanol n-Propanol isopropanol tert-Butano! Acccne Diexane
.283 0,283 0.283 0.283 0.283 0.28 3
?0 gg?’,g 8.237 0.183 0.212 0.215 0.231 0.21u
20 0.215 0.208 0.007 0.188 0.175 0.204 0.197
30 0.196 0.162 0.004 0.103 0.155 0,192 0.189
40 0.187 0.066 0.002 0.091 0.162 0.187 0.186
50 0.142 0.035 0.001 0.130 0.170 0.186 0.182
60 0.045 0.059 0.027 0.163 0.187 0.192 0.192
70 0.013 0.152 0.160 0.190 0.211 0.201 0.192
80 0.007 0.205 0.205 0.216 0.242 0.226 0.234
20 0.018 0.265 0.266 0.267 0.282 0.272 0. 279

100 0.152 0.283 0.284 0.284 0.285 0.284 0.245

8Native protein contants shown by absorbance(s) in the soybean flour proteins after the
troatmonts.
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JFig. 1. Denaturation of defatted soybean flour proteins with lower alcohols for 60 min, at
50°C.

Fig. 2, Effect of addition of lower alcohols to water on denaturation of defatted soybear
flour proteins by water for 60 min. at 50°C,

denaturing cffects increased with increase of the hydrocarbon contents, length of.
the straight ¢hains, and distance of branching position from the alpha-carbon stom
indicating that the denaturing abilities of alcohols coincided completely with the’
order of their hydrophobicities. In the region over the maximum denaturing con-:
centration, on the other hand, the order of alcohols was quite the reverse, cxccpt-
for n-propanol. These phcnoana will be discussed later {from the standpoint of the:
three-dimensional structure of suybean protein molecules, ’
Next, the effects of time, temperature, and solvent concentration on thc
alcoholxc denaturation of defutted soybean flour proteins were mvcslng'ucd in dclml‘
(Figs. 3, 4, and 5). The velocity of denaturation by aqueous alcohol is very rapid,
and the dcnaturntlon is completed within several minutes (Fig. 3). Figure 4 shows%
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Fig. 4. Effect of temporature and concentration on denaturation of defatted soybean flour
roteins with othanol for 60 min,

he effect of the temperature and concentration of ethano! on denaturation. When
he concentrations of alcohols in the zero native protein intercepts from Fig. 4 are
lotted for cach temperature, the curve designated as EtOH in Fig. § is obtained.
‘or the defatted soybean flour treated under the conditions indicated on the left
ide of this curve, various amounts of native proteins are present, increasing with
1¢e distance from the curve. In the region of the right sides of this curve, however,
o native proteins remain. Similar curves for methanol and isopropanol are also
1own as the curves designated as MeOH and iso-PrOH, respectively, in Fig. 5. Tlxc
oncentration of methanol, ethanol, and isopropanol at which the native profeins
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CONCENTRATION OF ALCOHOL {vOL %)

0 L ) s - N . . "
50 60 70 80 90° 1CO MO 120 130

TEMPERATURE OF TREATMENT (*C)

Fig. 5. Denaturing curves of the defatted soybean flour proteins with methanol, ethanol,
and isopropanol for 60 min. Explanation in text.
disappear completely in the lowest temperature are 70 to 90, 45 to 55, and 30 to
40 vol.%, respectively, and the lowest temperature for disappearance of native
proteins at those alcohol concentrations becomes lower in the order mentioned,
indicating that the denaturing power in the maximum denaturing concentration of
each alcohol becomes stronger in that order. This is also shown in Table 1Y.
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Fig. 6. Successive extraction of defatted soybean flour proteins denatured with ethanol for
60 min. at 5L°C. by water, salt, and alkali solutions.

Figure 6 shows that alcohol-denatured soybean proteins are insoluble in water
or salt solution but are soluble in dilute alkaline solution.

DISCUSSION
The author reported previously (7-11) that: (a) the major soybean protein
molccules are compactly folded, including the interior hydrophobic region; (b) the
major structures of polypeptide chains are beta- and disordered forms, thouglh &
unall amount of alpha-helix is present; and (¢) the chains liave little susceptibility
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Fig. 7. Schematic representation of the mechanism of protein denaturation with water and
alcohols. Top {A), one globular protein molecule surrounded by water (HOH) in which a
hydrophobic region (a) and a hydrophilic region (b) are present. B and C, disruption of
hydrogen bond by water and of the hydrophobic bond by alcohol. Thick lines in B and C,
polypeptide backbhono of proteins; ® in C, one molecule of water; -R in C, amino acid side
chains.

to proteinases before disruption of the internal structure. Direct information about
the spatial position of the amino acid sidc-chains has not been obtained so far,
except for tryptophan and tyrosine, on soybean proteins (9,10). Recently, how-
ever, the spatial positions of almost all the amino acid side-chains in the molecules
have been determined by means of X-ray analysis for several globular proteins, such
as mioglobin (12), hemoglobin (13), and lysozyme (14) molecules. According to
these results, most of the hydrophobic side-chain residues were located toward the
center of the molecule, forming hydrophobic regions, and the hydrophilic ones
were located on the surface of the molecule. On the basis of these results and my
results reported previously about soybeun protein molecules (9-11), it is most
reasonable to consider the soybean protein molecule as an oil drop covered with a
shell of hydrophilic chain groups, as shown in Fig. 7. If such a three-dimensional
structure of soybean protein molecules is assumed, the various phenomena observed
here can be satisfactorily explained as described below.

The lack of denaturing ability by water-immiscible hy drophobic solvents toward
soybean proteins, even in high temperature (Tables 1 and II), can be explained by
the idea that the solvents are prevented from entering into the hydrophobic region
by the surrounding hydrophilic shell and the outside hydration layer, which cannot
be disrupted by hydrophabic solvent alone. On the other hand, water can destroy
these hydrophilic shells casily, owing to its strong hydrogen bond-forming ability.
The hydrophobic regions of the molecules, however, cannot be disrupted directly
by water, because hydrophobic bonds are strengthencd in water cavironments,
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though the indirect rupture of the hydrophobic region might occur, accompanying
the unfolding of polypeptide chains caused by disruption of the hydrozhilic shell,
Thus, the hydrophilic shell wili be the principal region altered as a result of de-
naturation with water alone. On the other hand, dismption of the hydrophobic
region will be easily brought about by the addition, to water, of water-soluble
solvents which possess both lydrophobic and hydrophilic radicals. The hydro-
phobic portions of the added solvents can penetrate into the hydrophobic region
after disruption of the surrounding hydrophilic shell (Fig. 7). In this case, the
denaturing abilities of water should increase with the amounts of added solvents,
and, further, with the same concentrations of added solvents their cffect should
increase in the order of hydrophobicities of the added solvents. However, adding
too much of these solvents to water will weaken the action of water to breuking the
hydrophilic shell of the protein molecules. Thus, the data observed in Tables !, I,
11, and IV and Figs. 1 and 2 could be explained quite satisfittorily on the basis of
this idea.
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