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Solutions

By T. L. McMEEexIN, M. L. GrovEes anD N. J. Hiep

The densities and hydration of a number of virus
proteins have been determined by sedimentation
rates in media of different densities.2~7 Solutions
of sucrose, urea, glycerol® and serum albumin®
with different densities were used in making these
measurements. These investigations show that
the densities of viruses in solution are much higher
in sucrose solutions than in serum albumin solu-
tions.%” It has also been reported®® that the
sedimentation rate of a virus in sucrose solutions
is not a linear function of the sucrose concentra-
tion. Recent measurements,’8 however, indicate
that the sedimentation rate of a virus in sucrose
solutions is a linear function of the density of the
solution,

It was thought that a study of the composition
and densities of pB-lactoglobulin crystals after
equilibration in solutions of serum albumin and
sucrose would be valuable in interpreting sedi-
mentation data on virus proteins in similar solu-
tions. Adair and Adair® have shown that the
partial specific volume of a protein is the same in
the crystal as in solution. This makes the hy-
pothesis plausible that the hydration of a protein
is essentially the same in solution as in the crys-
tal. The results obtained in our study on the
densities of B-lactoglobulin crystals in these solu-
tions parallel the densities reported for viruses by
sedimentation rates. It was found that sucrose
penetrates the protein crystal and that the relation
of the concentration of sucrose in the crystal to
that of the medium varied with the concentration
of sucrose. In contrast to this behavior, the com-
position of g-lactoglobulin crystals was unchanged
when the crystals were suspended in serum albu-
min solutions, demonstrating that serum albumin
did not go into the S-lactoglobulin crystal.

Materials and Methods

B-Lactoglobulin Crystals.—Palmer’s method,* involv-
ing the separation of the p-lactoglobulin fraction with
ammonium sulfate, was used it making crystalline g-lacto-
globulin, After two recrystallizations from dilute sodium
chloride solutions, large crystals were made by diluting a
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saturated solution of B-lactoglobulin in a 0.1 N solution of
sodium chloride with an equal volume of water. Onstand-
ing for several days at 2-4°, large crystals formed. The
supernatant liquor was removed with a pipet, and the crys-
tals were washed free of chloride., Toluene was used as a
preservative.

The bovine serum albumin was obtained from Armour
and Company. The sucrose was a Bureau of Standards
preparation. Solutions were made by weight per cent.
Densities of sucrose solutions were taken from the ‘“‘Inter-
national Critical Tables.”’ The hydration, densities and
protein contents of B-lactoglobulin crystals were deter-
mined by methods previously described.!! Large 8-lacto-
globulin crystals weighing from 5§ to 18 mg. were placed
in solutions of serum albumin and sucrose contained in a
closed vessel, and kept at 2 to 4°, After standing for
twenty-four hours, which was sufficient time for equilib-
rium, the vessels were warmed to 25° and allowed to
stand about one hour; periods of standing at 25° up to 7
hours did not alter the composition. A crystal was re-
moved and carefully blotted with soft filter paper. The
crystal was then weighed on a balance sensitive to 0.01
mg. The variation of weight with time was determined,
and the weight at the time of blotting obtained by extra-
polation. The dry weight was determined by heating to
constant weight at 110°, The total water content was
considered to be the difference between the extrapolated
wet weight and the dry weight., For determination of
sucrose and protein contents, the dried crystal was sus-
pended in 2 ce. of boiling water for three minutes, and then
the supernatant, which contained sucrose, was removed.
This extraction procedure was repeated twice, and the
sucrose was determined in the extract by the method of
Stiles, Peterson and Fred.!? The extracted crystal was
again dried to constant weight. This weight, considered
to be the protein content of the crystal, was in excellent
agreement with the value obtained by subtracting the
sucrose content from the total dry weight.

For determination of density, the g-lactoglobulin erystal
was blotted rapidly and dropped into a tube containing a
mixture of bromobenzene and xylene (BBX). Suitable
additions of these liquids were made until the crystal was
suspended. The density of the flotation liquid was de-
termined. To obtain more precise density values, further
determinations were made on a series of flotation liquids
in which the densities varied by 0.002. The density re-
sults are accurate to =0.002.

No attempt was made to demonstrate the absence of
serum albumin in the B-lactoglobulin crystals after they
were suspended in serum albumin solutions. It was con-
sidered that the density determinations on such crystals
were sufficiently precise to detect the presence of any ap-
preciable change in their composition.

The solubility of S-lactoglobulin in sucrose and serum
albumin solutions is of the same order as its solubility in
water, being about 0.1%. The presence of 0.19, dis-
solved B-lactoglobulin is considered to be of negligible
influence on the results obtained.

Results

B-Lactoglobulin Crystals Suspended in Serum
Albumin Solutions.—No difference was detected
between the densities of the B-lactoglobulin crys-
tals equilibrated in water and in serum albumin
solutions (Table I).
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B-Lactoglobulin Crystals Suspended in Su-
crose Solutions.—Tables I, IT and III show the
changes in the composition of 8-lactoglobulin crys-
tals suspended in sucrose solutions. Densities de-
termined in bromobenzene and xylene mixtures
(BBX) are in good agreement with calculated
densities. Densities were calculated by means of
the formula v = 'Upo + szOXHgO + vSXsucrose»
where V = specific volume of the crystal, v, = the
partial specific volume of protein (0.753) and X, =
the weight fraction of protein; vm,0 = the partial
specific volume of water (1.0) and Xg,o0 the weight
fraction of water; vs = the partial specific volume
of sucrose (ranging from 0.616 to 0.626, depending

TABLE 1
CoMPOSITION AND DENSITIES OF $-LACTOGLOBULIN CRYS-
TALS EQUILIBRATED IN SUCROSE AND SERUM ALBUMIN
SoLuTIONS AT pH 5.2 AND 25°

Water Albu-
content min or
of B- sucrose Density
lacto- in Detd,
globulin crystal in BBX
Suspending Concn., crystal, water, mix-
medium wt. % Y% wt. % Caled.  tures
Water 100 46.5 ... 1,152 1.153
Serum albumin 9.15 47.0 0 1.152 1.153
Serum albumin 18.3 45.0 0 1.152 1.153
Sucrose 6.45 43.9° 2.49 1.164 1.163
Sucrose 12,9 42.7* 6.00 1.175 1.172
Sucrose 24.2 39.8 11.70 1.190 1.189
Sucrose 34.7 38.5° 20.73 1.209 1.210
Sucrose 53.7 33.7° 35.3 1.243 1.255

@ Calculated from the weight of water and protein,

omitting the weight of sucrose.
TABLE 11

CoMPOSITION OF B-LACTOGLOBULIN EXPRESSED AS VoOL-
UME FrAcTION®

Suspending

medium Specific
sucrose, Volume fraction of volume
wt. % Water Protein Sucrose of crystal

0 0.465 0.403 0 0.868

6.45 .434 .418 .0068 .859
12.9 .416 .419 .0164 .851
24.2 .378 .431 .0312 .840
34.7 .350 .420 .0570 .827
53.7 .285 .422 .0970 .804

@ Volume fraction, as used here and in Figs. 3 and 4, is
defined as the contribution of the component to the spe-
cific volume of the crystal.

TABLE III

EFFECT OF SUCROSE ON THE WATER CONTENTS AND VOL-
UME OF B8-LACTOGLOBULIN CRYSTALS

Vol Contraction
Loss of sucrose of crystal
Concn. water, in crystal, in volume,
sucrose, G. water/ ml./g. ml./g. ml./g.
wt. % g. protein protein protein protein
0 0.873 e e cee
6.45 .783 0.090 0.012 0.078
12.9 .745 .128 .029 .099
24.2 .661 212 .054 .158
34.7 .626 .247 .092 .165
&3.7 , 608 , 366 .171 194
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on the concentration) and Xgucrose = the weight
fraction of sucrose.

As shown in Fig. 1, the density of a 8-lactoglo-
bulin crystal suspended in sucrose solutions is a
linear function of the density of the suspending
medium, but 8-lactoglobulin crystals suspended in
serum albumin solutions are not influenced by the
serum albumin.
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Fig. 1.—Densities of B-lactoglobulin crystals equilibrated
in sucrose and serum albumin solutions.

The water contents of the crystals were deter-
mined by difference between the wet weight and
the dry weight of the crystal rather than calcu-
lated from the densities. The weight per cent. of
sucrose in the water of the crystal was calculated
from the sucrose and water contents. Figure 2,
curve 1, shows the relationship of the sucrose con-
tent in the water of the crystal to that of the sus-
pending medium. The ratio of the concentration
of sucrose in the water of the crystal to that in the
suspending medium is not a constant but ranges
from about 38%, in the lowest to about 659 in the
highest sucrose concentration. In contrast to
curve 1, Fig. 2, which represents the analytically
determined sucrose concentration, curve 2 repre-
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Fig. 2.—Effect of concentration of sucrose in the sus-
pending medium on the sucrose content of the B-lacto-

globulin crystal. Curve 1 represents data obtained by
analysis for sugar, protein and water. Curve 2 represents
concentration of sucrose in the crystal caleulated by the
equation of Perutz from data on detsities.
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sents the concentration of sucrose in the water of
the crystal, as calculated from densities with the
equation of Perutz!? for calculating the specific
volume of the liquid of crystallization

v = (V — nMv,)/ (VD — nM)

where v = specific volume of the liquid of crys-
tallization, ¥V = unit cell volume in A%, » = num-
ber of 8-lactoglobulin molecules per unit cell, i/ =
molecular weight of B-lactoglobulin in 10— g,
D = crystal density, and v, = partial specific vol-
ume of the protein. The values for the unit cell
volume, molecular weight, and number of mole-
cules per unit cell as computed by Senti and War-
ner!4 for B-lactoglobulin were used in these calcu-
lations. The concentration of sucrose corre-
sponding to a given specific volume was obtained
by interpolation from a standard sucrose density
concentration curve. The values obtained by
this method of calculating the concentration of su-
crose in the water of the B-lactoglobulin crystal
(curve 2, Fig. 2) are considerably greater than
those obtained by direct analysis. Moreover, the
calculated ratio of the concentration of sucrose in
the crystal to that in the suspending liquid, about
75%, is largely independent of the concentration
of sucrose in the suspending liquid. To apply the
equation of Perutz in determining the specific
volume of the liquid of ecrystallization, it is
necessary to know the volume of the unit cell.
As shown in Table III, the loss of water by §-
lactoglobulin crystals is greater than the volume
of the sucrose in the crystals; consequently the
unit cell volume decreases proportionally to the
total loss in volume, If the unit cell changes in
volume in the sucrose solution, the basis for the
calculation of curve 2 of Fig. 2 is erroneous, since
the calculation involves use of a constant volume
for the unit cell of the S8-lactoglobulin crystal.
Table II shows the composition of A-lacto-
globulin crystals suspended in sucrose solutions
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Fig. 3.—Relationship of the volume fraction of water
to that of sucrose of B-lactoglobulin crystals in sucrose
solutions,

Volume fraction of sucrose.

(13) Perutz, Trans. Faraday Soc., XLIIB, 187 (1946).
(14) Senti and Warner, THIS JourNaL, 70, 3318 (1948).

T. L. McMEEkIN, M. L. GrRovEs aND N, J. Hipp

Vol. 72

expressed as volume fraction. In making these
calculations, the specific volume of water was
assumed to be 1.0; that of sucrose from 0.616 to
0.626 and that of protein 0.753. The volume
fraction of protein changes only slightly with
changes in concentration of sucrose, but the
volume fraction of sucrose increases and the
volume fraction of water decreases in a reciprocal
manner. This inverse linear relation between the
volume fraction of water and sucrose, shown
graphically in Fig. 3, indicates that the factors
involved in the distribution of sucrose and water
in the crystal are directly related. The slope of
the line of —0.58 indicates that approximately
1 g. of sucrose displaces 1 g. of water. This
interpretation does not include the shrinkage in
the volume of the crystal (Table III). Figure 4
illustrates the composition of the crystal,
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Fig. 4. —Volume fractions of sucrose, protein, and water
in crystals of B-lactoglobulin expressed as a function of
concentration of sucrose in the suspending medium.

The composition of B-lactoglobulin crystals
suspended in sucrose solutions (Table III) shows
the contraction in volume per gram of protein,
indicating a progressive decrease in volume of the
unit cell with increasing concentrations of sucrose.
The loss in water per gram of protein of the §-
lactoglobulin crystal is directly proportional to
the osmotic pressure®® of the difference in concen-
tration of sucrose in the water of the crystal and
in the suspending medium. This relationship
is illustrated in Fig. 5.

Discussion

The density of B-lactoglobulin crystals sus-
pended in serum albumin and sucrose solutions
is similar to the density that Schachman and
Lauffer” found for tobacco mosaic virus in these
solutions by sedimentation rates. They report
the density of tobacco mosaic virus in serum al-
bumin by sedimentation rate to be 1.13 g./cc.
and in sucrose to be 1.27 g./cc.  Our value for the
density of B-lactoglobulin crystals equilibrated
in serum albumin solutions is 1.15 g./cc. and su-

(15) The values of Frazer and Myrick, sbid., 38, 1907 (1916).
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Fig. 5.—Relationship between loss of water by S-lacto-
globulin crystals and the osmotic pressure of the difference
in sucrose in the crystal water and that in the suspending
medium.

crose is greater than 1.255 g./cc.  Although there
is no reason to expect tobacco mosaic virus to
have the identical density as -lactoglobulin, the
densities should be of the same order of magni-
tude. However, the parallel changes in density
in sucrose and serum albumin solutions are
suggestive that the densities of viruses in solution
are affected by the same factors that operate on
the densities of protein crystals. If this be true,
it indicates that hydration of a protein in solution
is essentially the same as in the crystal state. A
further similarity between the density of 8-lacto-
globulin crystals in sucrose suspension and the re-
sults of Schachman and Lauffer” on the density of
tobacco mosaic virus, and those of Taylor and
Lauffer® on the density of Southern Bean mosaic
virus, in sucrose is the straight line relationship be-
tween the density of the particle and the density
of the suspending medium.

The hydration of proteins has frequently been
calculated from the apparent non-availability of
water as solvent for an added substance. Re-
cently, Perutz!® reported that hemoglobin crys-
tals contain 0.82 g. of water per gram of protein.
Based on density determinations of hemoglobin
crystals equilibrated in from 1 to 4 molar am-
monium sulfate, he deduced that about 0.3 g.
of water per gram of protein is not available as
solvent and is the hydration of the protein.

Measurements on the composition of B-lacto-
globulin crystals in sucrose solutions are partic-
ularly valuable for composition studies because
the entire sucrose concentration range can be
studied. This is impossible in salt solutions
because of solution of the protein crystal. The
calculated ‘‘non-solvent” water per gram of §-
lactoglobulin is plotted against the sucrose comn-
centration in Fig. 6. The values for ‘“non-
solvent” water vary with the concentration of
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“Non-solvent' water, g./g.

0.25 ; | ! i !
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Sucrose concentration in suspending medium, weight 9.

Fig. 6.—Effect of sucrose concentration in the sus-
pending medium on the “non-solvent’’ water in g-lacto-
globulin crystals.

sucrose. At a concentration of 6.49, sucrose,
the value is 0.49 g. water/g. protein; at 53.79,
sucrose, the value is 0.27 g./of water/g. of pro-
tein. These results indicate that the forces
involved in determining the concentration of
sucrose in the crystal are complicated and do not
form a basis for dividing the water of crystalliza-
tion of this protein in a simple manner. It was
of interest to apply the equation of Perutz!? for
“non-solvent” water to the composition of S-
lactoglobulin crystals suspended in sucrose,
though, as previously indicated, such a calculation
is not valid because of probable changes in the
volume of the unit cell. This equation, expressed
as grams of water per gram of protein, is

VD

wz=1)

v = specific volume of crystal liquid; v,, = specific
volume of the suspending medium; V = volume
of the unit cell, D = density of the crystal;
n = number of molecules in a unit cell; and
M = molecular weight.

The values obtained for hydration by means of
this equation ranged from 0.20 to 0.26 g. of water
per gram of protein, with the exception of the
lowest concentration of sucrose, which gave a
value of only 0.12 g. of water per gram of protein.

It has been observed many times that enzyme
solutions are more stable in sucrose and glycerol
solutions than in water alone. The experiments
reported here suggest that the stabilizing effect
of sucrose is due to its penetration of the water
and dehydration of the enzyme molecule.

Acknowledgment.—We wish to acknowledge
our indebtedness to Mrs. Janet Pepinsky for the
sucrose determinations and to S. R. Hoover
and E. F. Mellon for aid in interpreting the data.

V= Um
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Conclusions

1. The densities of B-lactoglobulin crystals
suspended in serum albumin and sucrose solutions
are similar to the densities of viruses determined
by sedimentation rates in these solutions. This
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similarity in behavior is suggestive that the degree
of hydration of a protein is essentially the same in
" solution as in the crystal.

2. The high densities of B-lactoglobulin crys-
tals suspended in sucrose solutions are due to
the diffusion of sucrose into the crystal and to a
dehydration of the crystal. These effects on the
protein crystal indicate that similar effects are
present in solutions and that sucrose is not a
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suitable medium for density determinations of
viruses by sedimentation.

3. The calculated ‘“‘non-solvent” water of the
B-lactoglobulin crystals in sucrose solutions varies
widely with the sucrose concentration, making a
division of the water crystallization of a protein
on this basis of doubtful validity.
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Hydroxynaphthoquinones.

IV. Photochemical g-Oxidation of Side Chains

By MARTIN G. ETTLINGER!

During an investigation? of the distribution
of hydroxynaphthoquinones between ether and
aqueous buffers, it was accidentally observed that
adilute (20 mg./100 cc.) solution of hydrolapachol®
(I, R = (CH,),CH(CHj).) in wet ether decom-
posed on standing for a week in a flask on a desk
top with formation of a more hydrophilic quinone.

1
/OH

(R
(o]

The product was isolated by differential buffer
extraction and identified as an oxygenated de-
rivative of hydrolapachol, hydroxyisolapachol*
(I, R = CH;COCH(CHj;);). The facile autoxida-
tion of the B-methylene of the side chain to a
carbonyl group was new and distinct from hy-
droxylation of the tertiary <y-carbon of hydro-
lapachol by metabolic oxidation® or chromic
anhydride,® or quinone ring opening by alkaline
permanganate or peroxide.”

In continued experiments on autoxidation of
hydroxynaphthoquinones, the conditions first
discovered were generally followed. A quinone
was dissolved at the usual concentration 10 mg./
100 cc. in ether, which was advantageously satu-
rated with water, and allowed to stand for several
weeks in diffuse daylight. In darkness reaction
stopped. The rate of oxidation was affected
by iron, an inhibitor, and peroxides as well as
the intensity of illumination, and was not pre-
cisely reproducible. In ordinary experiments
with 100 mg. or less of hydrolapachol, the frac-
tions, determined by buffer extraction and colorim-
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etry, of hydroxyisolapachol and unchanged hy-
drolapachol present were, respectively, after eight
to ten days 15~259%, and 45~509, and after sixteen
to twenty-four days 15-25%, and 10-209,. The
missing substance occurred partly as neutral, yel-
low material, and perhaps as colorless, water sol-
uble acids that escaped detection.

If hydrolapachol in dilute, wet ethereal solution
was illuminated directly by the sun or a high pres-
stire mercury arc, it was gradually destroyed with
the appearance of bright, light blue fluorescence.
If, while a majority of the quinone remained, the
solution was darkened and let stand for one to two
days, as much as 129, of oxygenated derivative
was formed.

The B-oxidation of hydrolapachol was extended
to four other quinones®® containing a chain of two
methylene groups adjacent to the nucleus (Eq.
(1)). All known B-ketonic 2-hydroxy-1,4-naph-
thoquinones,*® one new example, and no other
product were obtained. The colorimetrically
measured yield of oxygenated quinone from the
unrecovered #-propyl compound was 609, almost
half of which was isolated.

Properties of hydroxyisolapachol, a representa-
tive oxidation product, were examined in detail.
The difference? in extraction number pE between
hydrolapachol and hydroxyisolapachol is approxi-
mately 3, of which 1 unit can be attributed to the
increased acidity!® and the other 2 units to the
more hydrophilic character produced by the oxy-
gen in the side chain. Since the ratio of their dis-
tribution constants between ether and an alkaline
buffer is 1000, hydrolapachol and its ketonic de-
rivative are easily separable. Whereas hydrolapa-
chol in alkaline solution gives a stable red color,
hydroxyisolapachol gives an orange*! which
fades slowly (half-life of 10 mg./100 cc. solution
two weeks) in contact with air. In concentrated
sulfuric acid, hydroxyisolapachol and alkyl ana-
logs give a characteristic play of colors from orange

(8) Fieser, ¢t al., ibid., 70, 3174 (1948).

(9) Hooker and Steyermark, sbid., §8, 1202 (1836)
(10) Ettlinger, ibid., 78, 3085 (1950).



