
May 5, 1955 SORPTION OF POLAR GASES BY NATIVE AND DENATURED PROTEINS 2585 

results do not appear to follow any simple stoichi-
ometry. 

An acid such as HCl presents a very simple 
chemical behavior, forming permanent compounds 
with the strongly basic residue groups. Where it de
parts from simple stoichiometry, the results appear 
to be attributable to slow diffusion in the solid. 
BF3 is a sufficiently strong Lewis acid to attack 
weakly basic groups. Here diffusion has become 
considerably more important and the results are 

much less simple to interpret than for HCl. Com
parisons with the model substance Nylon are very 
interesting in showing that the peptide in Nylon is 
more reactive to BF3 than the peptide in proteins. 
This would be expected on the basis of the a-helix 
model of the proteins proposed by Pauling and 
Corey.20 

(20) L. Pauling and R. B. Corey, Proc. Nail. Acad. Set., 37, 203 
(1951). 
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A modified McBain sorption balance has been used to measure the sorption-desorption isotherms of various polar gases, 
on native and heat denatured proteins at 25 and 40 °. The relative sorptive capacities of egg albumin and bovine plasma 
albumin follow the same trend in binding the following vapors: H2O > EtOH > EtaO > EtCl. Apparently the amount of 
sorption decreases as the adsorbate becomes more restricted in its ability to form hydrogen bonds with the solid protein 
adsorbent. The same trend was observed with heat denatured egg albumin. The series MeOH, EtOH, and J-CiHgOH on 
egg albumin at 25° showed a marked decrease in the amount of sorption with increasing size of the adsorbate molecule. 
All of the isotherms showed hysteresis loops which could be approximately related to the total amount of sorption and the 
molar volume of the adsorbate. The hysteresis loops were quite reproducible, even after three successive cycles and sorption-
desorption points showed negligible drift in 10-40 hour periods. The dissipation of free energy upon completion of a hys
teresis loop was calculated with the aid of the Gibbs-Duhem equation. The values, expressed in kcal./mole protein, for egg 
albumin at 25° were: H2O = 66; MeOH = 118; EtOH = 79 and EtCl = 38. Calculation of the heats of sorption and 

» desorption by means of the Clausius-Clapeyron equation for EtOH in egg albumin showed quite normal behavior in contrast 
to the values reported on earlier for H2O on bovine plasma albumin. 

Introduction 
There are marked differences in the interactions 

of polar and non-polar gases with solid proteins. 
For example, the adsorption isotherms of non-polar 
gases3,4 are reproducible irrespective of path: the 
adsorption and desorption paths coincide and there 
is no hysteresis loop. This indicates that proteins 
have no fine pore structure which could give rise 
to capillary condensation. Moreover, equilibra
tion rates are relatively rapid and the amount ad
sorbed can be related to the surface area of the pro
tein on the basis of BET theory.6 Such evidence 
emphasizes the fact that the adsorption of non-polar 
gases by proteins is a surface phenomenon and 
hence can give only indirect or restricted informa
tion concerning the internal structure of protein 
molecules. 

The foregoing limitations do not apply to polar 
gases. This becomes evident when one considers 
the following observations: (1) polar gases have 
BET surface areas that are several orders of mag
nitude larger than those calculated for non-polar 
gases, (2) the sorption of polar gases is practically 
independent of particle size or surface area of the 
protein adsorbent, (3) the equilibration rates are 
low, suggestive of a rate-controlling diffusion of the 
adsorbate through the solid protein, and (4) the 

(1) This work has been supported by a grant (G-3541) from the 
U. S. Public Health Service of the National Institutes of Health. 

(2) Part of the material presented in this paper has been included 
in a dissertation submitted by R. L. Richardson to the Graduate School 
of the University of Southern California in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 

(3) S. W. Benson and D. A. Ellis, T H I S JOURNAL, 70, 3363 (1948). 
(4) S. W. Benson and D. A. Ellis, ibid., 72, 2095 (1950). 
(5) S. Brunauer, "The Adsorption of Gases and Vapors," Vol. I, 

Princeton University Press, Princeton, N. J., 1943. 

sorption isotherms have hysteresis loops. All these 
features point to interactions within the interior of 
the protein molecule and not on its surface only.6-8 

In regard to the hysteresis effect, Seehof9 has 
observed that the maximum hysteresis displace
ment in the water sorption isotherms of several pro
teins appears to correlate with the arginine, histi-
dine and lysine groups of each protein. For ex
ample, the maximum displacement between the 
sorption and desorption branches of the 25° iso
therm of H2O on bovine serum albumin is 1.5 
mmoles/g. This is in close agreement with 1.4 
mmoles/g., the sum of the above-mentioned R 
groups in that particular protein. In view of the 
capacity for hydrogen bonding of both the adsorb
ate and the cited polar R troups, it was of interest 
to examine further the general problem of sorption 
hysteresis as it relates to a series of absorbates hav
ing decreasing capacity for hydrogen bonding 
(i.e., H2O, EtOH, Et2O and EtCl). Another inter
esting comparison might arise from a series of polar 
adsorbates of equal capacity for hydrogen bonding 
but of increasing size (i.e., MeOH, EtOH and 
Z--BuOH)). The effects of temperature and dena-
turation also seemed worthy of study. 

Experimental 
Materials and Reagents.—The various proteins and polar 

adsorbates used in this research are briefly described as 
follows: (1) egg albumin, 2 % spray frozen, area 18 m. 2 /g . ; 
(2) egg albumin, crystalline powdered, Armour and Co., 
Lot E 90115; (3) heat denatured egg albumin, coagulated 

(6) S. W. Benson, D. A. Ellis and R. W. Zwanzig, THIS JOURNAL, 
72, 2102 (1950). 

(7) L. Pauling, ibid., 67, 555 (1945). 
(8) J. M. Seehof, B. Keilin and S. W. Benson, ibid., 75, 2427 (1953). 
(9) J. M. Seehof, B. Keilin and S. W. Benson, ibid., 75, 2428 (1953). 
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upon 5 min. boiling, evacuated overnight, source; Armour 
and Co., Lot E 90115; (4) gelatin, 2% spray frozen, Cali
fornia Institute of Technology; (5) bovine plasma albumin, 
2% spray frozen, Armour and Co.; (6) water, deionized, 
boiled, several cycles of freezing, pumping and melting; 
(7) methyl alcohol, Baker and Adamson, reagent grade, 
meets ACS specs., Code 1212; (8) ethyl alcohol, U.S. In
dustrial Chemicals Co., absolute, U.S.P.; (9) isobutyl alco
hol, The Matheson Co., Inc., "For laboratory or manufac
turing use only," Code 2858; (10) diethyl ether, Baker and 
Adamson, reagent grade, anhydrous, meets ACS specs., 
Code 1700; (11) ethyl chloride, Eastman Organic Chemicals, 
Code 1075; (12) hydrogen chloride, The Matheson Co., 
Inc., commercial cylinder. Subsequent batch wise distilla
tion and degassing in high vacuum system. 

Apparatus.—A modified McBain sorption balance con
taining a quartz helix of high sensitivity (25.59 mg./cm.) 
was used in this research. The f joints were usually sealed 
with Shawinigan resin and stopcocks were greased with 
Apiezon N or Silicone. The entire sorption balance, adsorb-
ate supply bulb and mercury manometer were submerged 
in a large water-bath held within ± 0.005°. Both tempera
tures were set by a calibrated thermometer (U.S. Bureau of 
Standards). Pressure readings and elongations of the 
quartz helix were measured with a Gaertner cathetometer 
mounting a vernier for measurements to 0.005 cm. Cali
bration of quartz helix revealed a conformance to Hooke's 
law and the probable error of weighing amounted to ±0.2 
mg. Dry sample weights normally ranged between 300 and 
500 mg. Blank runs with empty balance contacting HsO 
or EtOH vapor at room temperature proved that adsorption 
on helix and sample bucket was negligible. For the small 
sample sizes and low pressures involved buoyancy correc
tions were negligible. A preliminary run was concerned 
with the 25.0° isotherm for H2O on powdered egg albumin 
(crystalline). The resulting data agreed closely with those 
reported by Bull10 for the same system and also workers in 
our own laboratories.8 

0.8 

P/P. 

Data and Discussion 
A. Reproducibility of Hysteresis Loop.—The 

reproducibility of the hysteresis loop was examined 
by carrying out three sorption-desorption cycles 
with H2O on egg albumin (hereafter designated as 
EA) at 25.0°. Figure 1 shows t ha t the hysteresis 
effect is reproducible within the limits of experi
mental error. The same result was obtained with 
E tOH on EA at 25.0°. This persistence of the hys
teresis effect, despite repeated sorptions, has also 
been reported for H2O on cotton11 and H2O on 
spruce.12 However, Rao reports1 3 t ha t the loop 
decreases upon the second cycle and disappears 
upon the third cycle for H2O on casein, denatured 
casein and egg albumin a t 30°. 

B. Kinetic Studies.—One of the main ques
tions to be considered as par t of the hysteresis 
problem is whether or not the hysteresis loop repre
sents a failure to reach equilibrium. Moreover, if 
the hysteresis loop is rate dependent, how does the 
area of the loop vary as longer periods of equilibra
tion are afforded for the isotherm determination? 
The rate curves of Fig. 2 indicate tha t H2O is 
sorbed very quickly by EA at 25.0° and t ha t after 3 
hours of equilibration the amount of sorption be
comes essentially constant. A much longer period 
of time is required by E tOH at this temperature.1 4 
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Fig. 1.—Showing reproducibility of sorption-desorption 
cycles of water on egg albumin at 25° for 3 successive cycles: 
first cycle, O; second, A; third, D. 

(10) H. B. Bull, T H I S JOURNAL, 66, 1199 (1944). 

Fig. 2.—Differential rates of adsorption on egg albumin 
of H2O and C2H8OH at 25°: open circles, H2O; p/po -
0.56 (sample initially saturated at p/po = 0.32); erect 
triangles, A, C2H4OH, p/po = 0.82 (sample initially satu
rated at p/po = 0.62); use right hand ordinate; inverted 
triangles, V, C2H8OH, p/po = 0.98 (sample initially satu
rated at p/po = 0.82). 

The data of these and other rate measurements 
could not be satisfactorily treated by first- or 
second-order plots. However, a special type of sec
ond-order plot having the form 

1 
x 

fits reasonably well, an example of such a plot ap
pearing in Fig. 3. The amount of sorption in milli-
moles of adsorbate per gram of dry protein is rep
resented by x and the time in hours is represented 

(11) A. R. Urquhart, J. Text. Inst., 20, T125 (1929). 
(12) A. J. Stamtn and S. A. Woodruff, lnd. Eng. Ckem., Anal. Ed., 

13, 836 (1941). 
(13) G. N. Subba Rao, Proc. Indian Acad. AVi., 26, 221 (1947). 
(14) The rate is much faster at higher temperatures. 

t Xo 
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by /. Without plotting all the available data, it 
may be reported that: (1) adsorbates of large 
molar volume diffuse relatively slowly through 
solid proteins and hence equilibrate at a slow rate, 
(2) temperature and nature of adsorbent both in
fluence the sorption rate of a given adsorbate and 
(3) desorption rates are generally slower than sorp
tion rates. 
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Fig. 3.—Empirical treatment of the sorption rate data on 
egg albumin by the equation 1/x = k/t + l/x<>: open circles, 
H2O at 25°; erect triangles, C2H6OH at 25°; inverted tri
angles, V, C2H6OH at 40.2°. 

Although equilibration periods were seldom ex
tended beyond 24 hours, the extrapolation of the 
foregoing plots to infinite time gave sorption values 
(xo) which still delineated a hysteresis loop. While 
the authors will readily concede the advisability 
of checking the predicted extrapolations with data 
pertaining to equilibration periods of several weeks 
or months, it should be pointed out that other 
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work has been started in this direction and similar 
results have been obtained.15'16 

Hence it appears that if the hysteresis loops 
manifested by the sorption of polar gases on pro
teins are due to failure to reach equilibrium, the 
metastable states involved have life-times too long 
to observe under any reasonable laboratory condi
tions. 

C. Sorption Isotherms of Polar Gases on Native 
Proteins.—Figure 4 shows the sorption isotherms 
of H2O, EtOH, Et2O and EtCl on bovine plasma 
albumin (hereafter BPA) at 25.0°. Adsorbates of 
greater hydrogen-bonding ability (H2O and EtOH) 
develop large hysteresis loops but those of little 
or no hydrogen-bonding ability (Et2O and EtCl) 
give very small loops. A further examination of 
the isotherms reveals that the loops of large area 
occur for those gases sorbed in considerable 
amounts. This suggests that the hysteresis ef
fect might be caused by a deformation of the poly
peptide chains within the protein molecule as the 
polar adsorbates settle into suitable positions for 
hydrogen bonding or ion-dipole interaction.17 

Another set of data appear in Fig. 5. These iso
therms pertain to H2O, EtOH, EtCl and Et ,0 on 

0.2 0.4 0.6 0.8 
P/P.. 
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Fig. 5.—Hysteresis cycles of different sorbates on egg 
albumin a t 25°: open circles, O, H3O; erect triangles. A, 
CjHsOH; squares, D, diethyl ether; inverted triangles, V, 
C2H6Cl. 
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Fig. 4.—Hysteresis cycles of different sorbates on bovine 
plasma albumin (BPA) at 25°: square, a , H2O; erect tri-

(15) (a) R. A. Robinson, J. Chem. Soc, 1083 (1948); (b) P. A. 
Marshall and W. J. Moore, T H I S JOURNAL, 74, 4779 (19S2). 

(16) A. R. Urquhart and A. M. Williams, J. Textile Inst., 15, 48T, 
138 (1924). 

„ .„ . ,-> TT n u • i j » • i T-, r\ TT /-M (1^) The low partial molal heats of sorption calculated by Keilin' 
angles, A, C2H6OH inverted triangles. V, C2H6Cl; open , \ m u • ,<- • * ™ o*i u ., » .,.• 

° ' & ' *-^AJ-«,~ii W ^ U J for HsO on bovine serum albumin at 20-25° may be due to this energy circles, O, diethyl ether. absorbed in swelling {i.e., deforming) the protein structure. 
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EA at 25.0°. Again one notes trends similar to 
those of the preceding systems. An adsorbate 
sorbed in relatively large amounts would cause a 
greater total deformation of the protein network 
and hence hysteresis loops of larger areas. The 
versatile and strong hydrogen-bonding adsorbate, 
H2O, would best typify this situation. On the other 
hand, the sizable loop for EtOH may be due to the 
larger molar volume of this substance. Although 
there are comparatively fewer EtOH molecules 
sorbed per gram of protein, the network deforma
tion per molecule is larger for EtOH than H2O and 
accordingly the former is still able to produce con
siderable deformation and hence large hysteresis 
loops. In the case of Et2O, the small loop could be 
attributed to the very slight amount of sorption 
involved. Probably the considerable bulk of the 
Et2O molecule causes too large local deformation, 
making sorption energetically unfavorable. An
other factor involved in the small amount of Et2O 
sorbed may be the inability of this molecule to 
donate a hydrogen bond. The great difference be
tween the amount of sorption of EtOH and EtCl 
also appears quite illustrative of this factor. (These 
molecules are about equal in size and their dipole 
moments18 in Debye units are not very different: 
EtCl = 1.99, EtOH = 1.70.) 

A further study of the relation of molecular size 
to the extent of sorption was made with a group of 
alcohols on EA at 25.0°. The alcohol adsorbates 
involved R groups of increasing size: MeOH, EtOH 

Fig. 6.—Hysteresis cycles of alcohols and water on egg 
albumin at 25°: dotted line, H2O; erect triangles, A, CH3-
OH; squares, D, C2H5OH; open circles, O, J-C4H9OH. 

(18) C. P. Smyth, "Dielectric Constant and Molecular Structure," 
The Chemical Catalog Co., Inc., New York, N. Y,, 1931, pp. 87, 102. 

and T-C4H9OH. Figure 6 shows that the larger the 
R group, the smaller the amount of sorption. This 
is in accord with the earlier suggestion that ener
getically the sorption process becomes less favorable 
because of the increasing work required by larger 
deformations of the larger adsorbates. As to the size 
of the hysteresis loops, it again appears that not 
only the amount of sorption but also the size of the 
adsorbate molecule must be considered to account, 
for example, the larger loop of MeOH compared to 
H2O (broken line indicates H2O). The small loop 
for ^-C4H9OH also fits this viewpoint. The maxi
mum hysteresis displacement, however, shows no 
uniform trend with any parameters considered, 
being greatest for MeOH. 

D. Sorption Isotherms of Polar Gases on Heat 
Denatured Protein.—Figure 7 reveals that the 
same trend in area if the hysteresis loop with 
hydrogen-bonding ability holds for heat denatured 
as well as for native EA. But the size of a hystere
sis loop for a given gas appears to change upon de-
naturation. For example, native EA gives a H2O 
hysteresis loop which has an area of 20 (areas meas
ured by a planimeter and expressed in arbitrary 
units). But heat denatured EA gives a H2O hys
teresis looping having an area of 26. The increase 
in loop area is far more pronounced in the case of 
EtOH. The hysteresis loop for EtOH on native EA 
has an area of 16: upon heat denaturation the area 
practically doubles, increasing to a value of 30. 

Fig. 7.—Hysteresis cycles on denatured egg albumin at 
25°: open circles, O, H2O; erect triangles, A, C2H6OH; 
inverted triangles, V, C2H5Cl; squares, D, diethyl ether. 

Another effect observed upon denaturation is 
the decrease in sorptive capacity. For H2O it is 
slight, as evidenced by the small downward dis-
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placement of the sorption branch. However, the 
effect is severe for EtOH. The sorption of both 
EtCl and Et2O appears to be decreased somewhat 
by heat denaturation. The absolute values for 
these last two are, however, too small to be meas
ured very accurately. 

Recent ideas on protein denaturation19 indicate 
that the unfolding of the polypeptide chains might 
be the general process involved in all types of de
naturation. If this is so, one might expect the 
amount of sorption to increase upon denaturation 
because the unfolding of chains should make the sorp
tion sites within the protein more accessible. An 
unfolded or open net-work presumably could sorb 
polar gases with little or no deformation and, on the 
basis of ideas already developed, there should be little 
or no hysteresis loop for polar gases on denatured 
proteins. B ut this is not observed. The loop for H2O 
is approximately the same as for the native sample, 
and the loop for EtOH is twice as large as that for 
the native adsorbent—even when EtOH is com
paratively much less sorbed, as it is in the case of 
heat denatured EA. The observed effects seem to 
indicate that heat denaturation produces a more 
compact structure, at least to a degree which would 
cause greater deformation for EtOH as compared 
to H2O. (It is interesting to note that Neurath and 
Bull20 report that the density of ovalbumin in
creases from 1.2655 to 1.2940 upon heat denatura
tion.) 

E. Effect of Temperature.—The hysteresis 
cycles for EtOH on EA at 25.0 and 40.3° are shown 
in Fig. 8. Planimeter measurements show that 
there is a rather small decrease in area of the hys
teresis loop (amounting to about 8%) at the higher 
temperature. This is consistent with the view that 
the area of the loop is related to the total amount of 
sorption, this latter also being smaller at the higher 
temperatures. 

If the Clausius-Clapeyron equation is used for 
the calculation of the net partial molar heats of 
sorption and desorption, from these data, it is 
found that -AS8(net) is about 2.0 kcal. at 0.3 
saturation and decreases slowly to 0.8 kcal. at 0.8 
saturation. For the desorption, -A^d(net) is 
about 2.0 kcal. near 0.9 saturation and appears to 
go through a small maximum of 2.7 kcal. at 0.5 
saturation from which it decreases to 1.6 kcal. at 0.2 
saturation. These data are in sharp contrast to 
the data obtained for the sorption of H2O on BSA 
by Benson and Keilin.8 There the heats of sorption 
appeared to be less than the heat of condensation 
of pure water and showed a steady decrease with 
increasing sorption to values near 0.7 saturation 
which were almost V2 the heat of condensation of 
pure water! This seemed quite anomalous at the 
time and the present results obtained with EtOH 
which are quite normal would indicate that the 
water sorption should probably be reexamined. 

F. Empirical and Thermodynamic Treatment.— 
The foregoing sets of data indicated qualitative 
relations between (1) the amount of sorption, (2) 
the size of the adsorbate molecule and (3) the area 

(19) H. Neurath and K. Bailey, "The Proteins: Chemistry. Biologi
cal Activity and Methods," Vol. 1, Part B, Academic Press, Inc., 
New York, N. Y., 1953, p. 807. 

(20) H. Neurath and H. B. Bull, J. Biol. Chem., 116, 519 (1936). 

Fig. 8.—Effect of temperature on the hysteresis loop of 
C2HsOH on egg albumin at 25 and 40.3°: open circles, 40.3° ; 
closed circles, 25°. Lower branches are sorption; upper 
branches desorptions. 

of the hysteresis loop. A planimeter was used to 
measure the area of the hysteresis loop, L, and 
the area under the sorption path, D. The latter 
value was weighted by V0, the liquid molar volume 
of the adsorbate, expecting that this product might 
give some measure of the stress imposed upon the 
protein network and hence relate in some way to 
the magnitude of the hysteresis effect, represented 
by L. A plot of log D V0 vs. log L indicated an ap
proximate adherence to the equation 

L ~ VTA) 

It subsequently was found that the ratio of ob
served hysteresis loop areas to the calculated areas 
were 1.2, 1.3, 1.4, 0.9, 1.1 and 5.1 for EtOH, i-
C4H9OH, H2O, Et2O, EtCl and MeOH on EA at 
25.0°. The erratic deviation of MeOH discour
aged further calculations along these lines. 

Another approach was made by evaluating the 
cyclic value of AFh, the free energy dissipated by a 
mole of protein upon completing a hysteresis loop. 

Employing the Gibbs-Duhem equation and the 
well-known relation between partial molar free 
energy and activity, the following equation was de
rived for AFh 

AFh = Z*L (f «J d0l 

wherein the symbols have their usual meaning and 
the adsorbate component is indicated by both W1 
and G1. Further substitution led to the working 
equation 

«-= s ^ 3 6 >•««•[-ft)] 
' wherein 

M2 — mol. wt. of the protein adsorbent 
x = mmoles of adsorbate/g. of adsorbent 
P/Po = relative pressure of the adsorbate 

The evaluation of this integral by the graphical in-
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tegration of mm./g. vs. log P/P0 was rather unsatis
factory at the lower values of P/Po. However, upon 
noting that 9, the exponent in the Freundhch sorp
tion isotherm, was approximately 0.7 it developed 
that quite satisfactory evaluations in this region 
could be made with a plot of [mm./g./(P/Po)°-7] vs. 
[(P/Po)0-7]. This follows from the fact that an in
tegral of the form fx d(ln p) is equal to 1/0 fx/pB-
A(pe). Moreover, if x = kpe, i.e., if the sorption can 
be represented by the Freundhch isotherm in the 
region of low relative pressures, then the plot of 
(x/pe) vs. p0 will give straight line extrapolations to 
zero relative pressure. 

Using data for various polar gases on EA at 25.0° 

Introduction 
There has been much discussion in the litera

ture3 - 6 of the factors which determine the strength 
of binding of anions to serum albumin. Since pre
vious measurements of the thermodynamic quan
tities, AF and AS of binding,7 have suggested the 
importance of electrostatic effects in the binding of 
anions, it was considered worthwhile to determine 
yet another thermodynamic property, the volume 
change of the reaction, which should also reflect 
the contribution of electrostatic factors. 

The reaction studied was the binding of sodium 
dodecyl sulfate by bovine serum albumin. The free 
energy and entropy changes in this reaction had 
been determined previously by Karush and Sonen-
berg.8 The number of dodecyl sulfate ions bound 
is sufficient to produce a measurable volume 
change. 

The formation of the complex may be repre
sented by the equation 

P + rA ^ T t P A 1 (1) 

where P represents free protein, A free anion and 
PAr the complex containing r bound anions. The 
volume change for this reaction was determined 
by measurement of the densities of solutions of pro-

(1) Atomic Energy Commission, Predoctoral Fellow in the Physical 
Sciences, 1949-1950; H. E. Russell Fellow of Trinity College, 1947-
1949. 

(2) Taken from part of a dissertation submitted by Robert M. 
Rosenberg to the Graduate School of Northwestern University in par
tial fulfillment of the requirements for the Ph.D. degree. 

(3) B. D. Davis, Am. Scientist. 34, 611 (1948). 
(4) J. M. Luck, Discs. Faraday Soc, 6, 44 (1949). 
(5) T. M. Klotz, Cold Spring Harbor Symposia on Quantitative Bi

ology, 14, 97 (1949). 
(6) F. Karush, T H I S JOURNAL, 72, 2705 (1950). 
(7) I. M. Klotz and J. M. Urquhart, ibid., Tl1 847 (1949). 
(8) F. Karush and M. Sonenberg, ibid., Tl1 1369 (1949). 

and setting M2 = 42,000 the following AFh values 
were obtained in kcal./mole of protein: EtCl = 
38, H2O = 66, EtOH = 79 and MeOH = 118. It is 
noteworthy that these values follow a definite trend 
with respect to the stress factor, DV0, employed 
in the empirical treatment. The values for D V0 in 
(cc.) (unit area)/(mole) were: EtCl = 1680, H2O = 
6060, EtOH = 7440 and MeOH = 7520. However, 
again, the departure of MeOH from the linear 
trend of the other adsorbates was disturbing. It 
tends to emphasize certain omissions in the present 
treatment which do not account for the specific 
geometry of adsorbate-R group arrangements. 

Los ANGELES, CAL. 

tein, small ion, and mixtures of the two, and calcu
lation of the apparent molal volumes of the respec
tive species by standard methods.9 The volume 
change may be computed from the expression 

A V = 0( K)PA1. - <t>( Vh - r0( V)x (2) 

where 4>( V) represents the apparent molal volume. 

Experimental 
Materials.—Crystallized bovine serum albumin was pur

chased from Armour and Company. The moisture con
tent, determined by heating to constant weight at 100° over 
phosphorus pentoxide in an Abderhalden drying pistol, was 
3.0%. The dry protein was found to contain 0.74% sodium 
chloride.10 

The sodium dodecyl sulfate was a specially purified 
sample generously supplied by the Fine Chemicals Division 
of E. I . du Pont de Nemours and Company. 

Toluene used in the thermoregulator was of C P . grade 
and was further purified by shaking it over mercury over
night and by allowing it to stand over mercury one week. 

Sodium hydroxide was J. T. Baker Analyzed grade. 
Distilled water from the laboratory tap was further redis

tilled from alkaline permanganate in an all-Pyrex apparatus 
before use in solutions for the density measurements. 

Methods.—The densities of solutions of bovine serum 
albumin, sodium dodecyl sulfate and mixtures of the two 
were measured by a differential pycnometric method. The 
pycnometers (of about 60-ml. volume) were constructed 
by Dr. C. E. Moser for an investigation of the apparent 
molal volumes of amino acids and related compounds. The 
measurements, with minor modifications, were carried out 
by the method of Gucker and Moser.11'12 

The differential method provides a precise value for the 
difference in density d — do between solution (d) and solvent 
(do), as required for calculation of the apparent molal 

(9) F. T. Gucker, Jr., J. Phyt. Chem., 38, 307 (1934). 
(10) We are indebted to Miss Janet Ayers for the determinations of 

moisture and chloride contents. 
(11) F. T. Gucker, F. W. Gage and C. E. Moser, T H I S JOURNAL, 60, 

2582 (1938). 
(12) C. E. Moser, Ph.D. Dissertation, Northwestern University, 

1939. 
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The volume change in the reaction between bovine serum albumin and sodium dodecyl sulfate has been determined from 
pycnometric measurements of the apparent molal volumes of bovine serum albumin, sodium dodecyl sulfate and the complex 
between them. For solutions in which approximately 13 dodecyl sulfate anions are bound per mole of albumin, the volume 
change for bound anion is 6.7 ± 1.4 ml. The results have been compared with predictions based on a simple electrostatic 
theory, and possible explanations for the deviations have been given. 


