
&r4.mat of cxrvnr&&y, 193 (19so) 345-356 
Q Elsevler S&ntifk PubIisbing Company, Amsterdam - Printed in The Netherkmds 

cHROM_ 4.715 

ANOMALOUS PAR-ITFION BEHAVIOUR OF SODIUM DODECYL SUL- 
PHATE MONOMER IN SEPHADEX GELS WITH HIGH DEXTRAN 
CONCENTRATXONS 

POSSIBLE ROLE OF WATER OF HYDRATION IN THE GEL PHASE 

MASANOBU JANADO, YUKI YANO and HIROKO NAKAMORI 

Biochemhd Luborarory, Department of Food Science, Kyoto Women’s University, Kyoto 605 (Jizpan) 

and 

TOSHIRO NISHIDA 

Bwzh’es Research Laborato~, University of Illinois, Urbana, IL 61801 (U.S.A.) 

(First received November lst, 1979; revised manuscript received Januvy 23rd, 1980) 

SUMMARY 

The partition coefficient of sodium dodecyi sulphate (SDS) monomer for 
Sephadex gels with hi& dextran concentrations were found to be abnormally high, 
and this was attributed to the anomalous nature of the internal water of Sephadex gel 
stemming from strong hydration_ The thermodynamic parameters relevant to the 
transfer of SDS from external water to internal water indicate that the preferential 
partition of SDS monomer is a hydrophobic free energy driven process. “Icebergs 
formation is partially prevented in the water of hydration, thereby aliowing the 
preferential partition of SDS without an excessive increase in free eneqg. 

INTRODUCEiON 

The internal water of concentrated hydrophilic gel matrices may acquire 
anomalous properties because of extensive hydration_ Strongly bound water mokcules 
may impose orientational restrictions on neighbouring water molecules by virtue of 
the greater polarity, leading to so-called cooperative hydration*. It is possible that in 
dense gel matrices all water molecules are more or less immobilized and display 
physical properties distinct from those of normal water_ 

We have previously reported the preferential partition of SDS monomer in a 
swollen B&Gel, which was interpreted in terms of transfer free enera pertaining 
to the external and intemaI water of the gel beadsz. It was concluded &at the overall 
transfer process was primarily governed by hydrophobic free ener_q derived from the 
anomalous nature of the water of hydration in the gel matrices_ That is, in water coop- 
eratively hydrated in a hydrophiiic gel matrix (polyacrylamide), “iceberg” formation 
as a ccmsecpence of the introduction of hydrophobic mokcules into wate3 is partially 
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prevented and hence the hydrophobic free energy is reduced thereby resuhing in the 
preferential partition of SDS in the internal water phase. This contention was 
sup~rted by our subsequent finding that internd water cooperatively hydrated in 
Scphadex G-10 was capable of dissolving appreciable amounts of water-insoluble 
dyes, azobenzene~ and dimethyImhoazobenzenei. The relevant themodynamic 
pztrsmkkrs indicated that the solubilimtion of these dyes is a hydrophobic free 
energy driven process. 

This anomaious property of cooperatively hydrated water may have important 
biological implications in the metabolism of hydrophobic compounds. Undoubtedly 
it bears directly upon the fractionation mechanism in gel chromatography and on 
hydrophobic hgand-macromolecula acceptor interactions, including that of the SDS- 
protein system, which is still not weli understoodz.~‘. In a previous pape?, we 
presented anon-specific binding model for SDS-protein and SDS-amylose complexes, 
in which SDS was considered to be dissolved preferentiatly in internal water coopera- 
tively hydrated in the macromolecular structures. It was also predicted that the 
anomaly of internal water must be increased in Sephadex gels which are more 
hydrophilic than polyacrylamide gel (Bio-Gel). In this study, the anomaious nature 
of the internal water of swollen Scphadex gels was further studied with special 
reference to its consequences in the gel chromatography of hydrophobic compounds. 

ExPJzRIhENTAL 

Sodium dodeqri sulphate (SDS) was purchased from Nakarai Chemical 
(Kyoto, Japan) and used as supplied. A hi-&y purified SDS sample (a gift from 
Dr. T. Takagi of the Protein Researc h Jnstitute, Osaka University, Osaka, Japan) 
was also, used for the critical assessment and confirmation of the results obtained. A 
dextran fraction (T 500) and Sephadex gels (fine) were obtained from Pharmacia 
(Uppsala, Sweden). All other reagents used were of analytical-reagent grade. 

Ali of the measurements were carried out in 0.1 M sodium chloride solution 
unIess otherwise specified. The partition coefficient of SDS for Sephadex gels was 
measured by the equilibrium methodz. The volume occupied by a given amount of 
swollen gel beads (V,), or the vohxme not available to non-penetrating solutes, was 
determined as foUowsS. A weighed amount of dried geI beads (ca. 0.5 g) in a IO-ml 
vohunetric ffask was allowed to swell to equilibrium in 0.1 M sodium chloride 
solution. An aliquot of Blue Dax+m sohrtion was then added to ffie fh& and the 
Enal volume was brought to 20 ml with 0.1 M sodium chloride solution. The mixture 
was allowed to equilibrate for 6 h with occasional shaking. When the fmd volume 
remained constant (IO ml), a portion of the supernatant solution was carefirlly pipetted 
into a small glass Hter and the concentration of Blue Dextran in the filtrate was 
obtained from the absorbance at 625 nm. V, was calculated from the dilution of 
Blue Dextran. It should be noted that no signikant dif5ercnce in V, was observed 
in the temperature range empIoyed (2W “C). The values of VG per gram of dried 
Sephzdex gels were ns follows: G-10, 1.74 ml; G-15,2.19 ml; G-25,3.43 ml; G-50, 
7.75 ml and G-100, li.32 ml. These values were used for the evaiuation of the 
partition coefficient (K,,), which is &en by 
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where C, and CM are the equilibrium concentrations of SDS in the gel phase and in 
the external phase, respectively. SDS was determined as described by Takagi et a1.9. 
The critical mice&r coucentration (CMC) of SDS in 0.1 M sodium chloride solu- 

tion was determined by frontal gel chromatography on a Bio-Gel P-2 coluuuP”. To 
examine the efkt of hydration by dextran in the external solution on the CMC of 
SDS, the partition coefficient of SDS for Sephadex G-10 was also measured in dcxtran 
solutions (20 ok and 40 Ok)_ While it is known that the Vc of Sephadex &ad changes in 
response to the external osmotic pressure exerted by non-penetrating or partially 
penetrating ~~Iutes’~-~~, it does not interfere with the aim of the experiment in so far 
as the external dextran concentration is kept constant. 

In order to evaluate the thermodynamic parameters pertaining to the transfer 
of SDS from the external water to the internal water of swollen Sephadex gel, it is 

necessary to know the actual concentration (Gb,) of SDS monomer in the volume 
fraction of the gel phase accessible to this solute. -The solute concentration (cc) in 
this volume element (Vg) is equal to that in the external phase (C&I only if there is 
no interaction between the solute and gel matrix and no dilferential interaction of 
the solute with internal and external water. Under such ideal conditions14, Vz is 
related to V, by 

where K$ is the partition coefficient pertinent to the ideal case_ The experimental 
determination of K& is, however, subject to some uncertainty as there is no method 
that fully guarantees such a condition_ This will be discussed later. As Co, = C&V,/ 
V$), combination of eqns. 1 and 2 yields 

From eqn, 3 it directly follows that 

LIP = -RTIn 

where dG“ is the free energy change involved in the transfer of SDS monomer 
from the external phase to the restricted region of the gel phase that is accessible to 
SDS monomer, and if the interaction of SDS monomer with the dextran chain of 
Sephadex gel is negligible, then LIGO represents the transfer free ener,v pertaining to 
the passage of SDS monomer from external water to internal water. The entbalpy 
chaqe @IHO) of the transfer process was evaluated from the van ‘t Hoff plot and 
then the entropy change (4s”) was obtained from the relationship 

AGO = AH0 - TASO is 
As our primary interest was to investigate the differential properties of external and 
internal water, it may be more informative to include the contribution of the mixing 
entropy in A@, and therefore the thermodynamic parameters were calculated from the 
partition data given on molar concentration basis rather than on mole fraction basis 



Eflecb of pore size of Sephadex gels on Ii& of SDS monomer 
Fig. I shows the internal concentration (Co) rersLcs the external concentration 

(CM) of SDS for various Sephadex gels- In the low range of CM, C, increases IinearIy 
with C,, but as c, increases over C&K (ca, OJM~)), Cc gradually approaches a 
constant vahre, and forms a plateau on further increase in CM. K,, was calculated 
from the slope at CM = 0 and is given in Table I together with C,, the dextran-chain 
concentration of Sephadex gel. In contrast to normal gel permeation chromatography, 
the &. of SDS monomer increases with decrease in the pore size of Sephadex gel 
and wheu Sephadex G-10 was employed K”_ is 11.3. which is abnormally high_ It 
should be stressed that we examin ed possible interactions between SDS monomer and 
dextran (Dextran T ,XlO) by frontal gel chromatography on B&Gel P-50, but the 
resuhs showed that no interaction occurred at dextran concentration in the range 
50-200 m&f. Accordingly, the preferential partition of SDS monomer in swollen 
Sephadex gel is attributed to a large extent, if not entirely, to the anomalous nature of 
internal water stemmin g from cooperative hydration in Sephadex gels with high 
dextran concentrations. This will he further discussed later. 
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Fig.1.EfkctGfpomSizeGfsc@deX@% Gn&.Gf SDS lllGIlGlIlS.C~ =concentration of SDS 
in the gel phase; CM = conoentiation in the e..temal soWion. K.. is obTained from the slope of the 
curves at Cw = 0. The rszswremnts wxe made in 0. I M Nail solution at 25’C_ 

TABLE I 

EFFECT OF THE INNER DEXTRAN-CHAIN CONCEMRATION (C,) OF SEPHADEX 
GELS ON AT.. OF SDS MONOMER AT 25’C 
The mssuremts were made in 0.1 M Nail soIution. 

sepex cr &per Im m.0 K, 

G-10 57.4 11.3 
G-15 45.6 4.3 
G-25 29.2 1.5 
G-SO 129 1.1 
G-100 5.8 1.0 
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Efiecz of urea on Km of SDS iuorwmer 
As with B&Gel*, the preferential partition of SDS monomer is m&&d in 

the presence of urea, Fig_ 2 shows that the KS9 of SDS monomer for the various 
Sephadex gels decreases asymptotically with increase in urea concentration. While the 
disruptive action of urea is not fully explainable, it is conceivable that the hydration 
effect of the dextran chain is swamped by the overwhelming hydration effect of urea, 
which must be freely accessible to the internal space of the gel matrices. Nevertheless, 
as the preferential partition of SDS disappears at higher urea concentration, it seems 
reasonable to take the asymptotic value of each curve as the eV of SDS monomer 
for the various Sephadex gels employed_ Accordingly, KS. was plotted a_&st the 
reciprocal of urea concentration (l/C) and the linear part of the resulting curve was 
extrapolated to I/C = 0 to obtain cV. The values of K& thus obtained Were as 
follows: 0.37 for G-10, 0.45 for G-15, 0.56 for G-25, 0.60 for G-50 and 0.86 for 
G-100. The variation of eV with temperature was examined only for Sephadex 
G-10 and was found to be within experimental error in the temperature range 
examined (2040 ‘C). 
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Fig- 2. Effkct of urea concentration on K,. of SDS monomer. The data were obt.zined at 2YC. 

Eflect of salt concemration ad temperature on K, of SDS monomer 
The e&ct of salt concentration on the K,, of SDS monomer was examined 

with Sephadex G-10 in sodium chloride solutions of various concentrations (PH = 
5.35 & 0.04 at 35 “C). The results (Table II) clearly show that K,, increases markedly 
with increase in salt concentration. It was also found that the K,, of SDS monomer 
for Sephadex G-IO increased appreciably with increase in temperature (Fig. 3), 
indicating that the transfer of SDS monomer from the external phase to the internal 
phase of Sephadex G-10 is an endothermic process. KS, values calculated from the 
slope of the curves at C, = 0 were 9.7 at 20 “C, 11.3 at 25 “C, 12.2 at 30 OC, 
12.6 at 35 “C and 13.2 at 40 ‘C. The mode of the salt-concentration dependence of 
K,, and the endothermic&y of the partition process are indicative of the hydrophobic 
interaction. MorrW contended that chromatographic retention can be ascribed 
mainly to hydrophobic interaction only if all three of the following criteria are met: 
(1) hydrophobic sites can be identitied on the stationary phase; (2) the solute is more 
firmly bound at higher rather than lower temperatures, so that the free energy of 



EFFECT OF TFXE SALT CONCENTRATiON ON K, QFSDS MONOMER FOR SEPHADEX 
G-10 

water ad. l 20 
0.0: M NaCl 6.6 7.1 
0.05 M NaCt 9.5 10.6 
C.lOMNaCi 11.3 12.6 
020 A4 Nail 13.5 15.0 

* 0-d. = not determined_ 

01234557 

Cm mx10* 
Fig_ 3. Efkt of temperature on K,, of SDS monomer for &phadex G-10_ Cc = concentration of 
SDS in the gel phase; CM = concentration in the external solution (0.1 M NaCIh The slope of the 
curves at CM = 0 represents K,_ at the temperatures indicated_ 

binding is primarily entropic in nature; and (3) binding occurs at relatively high _Mt 
concentrations and elution at lower salt concentrations_ As will be discussed later, 
we consider that cooperatively hydrated water in the gel matrix acts as the acceptor 
of hydrophobic solutes and therefore the above criteria seem to be met fully in the 
present system. 

At all temFratures examined, C, increases linearly with C, up to co. 0.03% 
of C,, but above this concentration it curves gradualiy and forms a plateau_ Within 
the region of curvature there should be found the CMC of SDS, above which SDS 
fcrms non-pecetratiq miceiles in the external phase. Therefore, in the plateau 
region, m&kqrriEbria operate between internal SDS monomer and external SDS 
monomer, and between SDS monomer and its micelles in the external soIution. As 
the external monomer concentration at the plateau is equal to the CMC of SDS at 
a given temperature, KzV can also be evakated from the relationship 

- 

Ka, = gg (6) 

where & is the C, value at the plateau region at a given temperature. TO evaluate qn- 
6, we measured the CMC of SDS at various temperatures by frontal gel chromate- 
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graphy in 0.1 M sodium chloride solution and obtained 0.04f % at 20 “C, 0.039 % at 
25 “C, 0.041% at 30 “C,O.O46% at 35 “C and 0.051% at 40 “C. Substitution of these 
v&xes together wiFh & V&ES releuant to Fhe respective FeempefaFures into eqn. 6 
gave rC=, values of 9.8 at 20 “C, IO.3 at 25 “C, 11.3 at 30 “C, I 1 .O at 35 “C and 10.8 at 
40 “C, which are comparable to those obtained from Fhe Cc ver= C, plot (Fig- 3). 
Considering some uncertainty in & imposed by the osmotic effect exerted by non- 
penetrating miceiles lerz, the agreement between the two sets of &. values ~nay be 
regarded as satisfactory_ The above resuits lead to the important cunc~usion that in 
the inte.mal phase of Sephadex G-10, where water moIc~ules are cuopcratively 
hydrated by the concentrated dextran-chain, SDS monomer can be concentrated to 
levels far exceeding the C&K, in spite of Fhe restricted translational freedom in the 
condensed gel matrix. This translational entropy loss, as will be discussed later, must 
be outweighed by an entropy increase due to the diminished “iceberg” formation in 
the water of hydration. 

Eflect of t&mm concentration on CMC of SDS 
If SDS monomer can indeed be concentrated above Fhe CMC in Fhe internal 

phase of Sephadex G-10, the same should apply to SDS in highly concentrated 
dextran solutions. Accordingly, the use of a highly concentrated dextran solution as 
the extemai solution of Sephadex G-10 would give the C, verslls C, pIot with a 
linear response extending above the CMC (0.039 T5 at 25 “C) and breaking only at 
Fhe point where SDS starts to form micelIes in the external solu_tion. Indeed, when 
20% dextran was used as an external solution, the linearity extended to a C,, value 
of 0.04%, as shown in Fig_ 4 (in which arrows indicate the points of deviation from 
linearity). With 40% dextran as the external solution, no deviation from linearity 
occurred on increasing C, even up to O_l”~_ On the other hand, in the absence of 
external dextran, the iinear response was limited only to a C, vaIue of 0.030A_ Thi’s 
parallels the result given in Table I, which indicates that the striking anomaIy of 
SDS partition &arts at a dextran-chain concentration (C,) between 29-22 and 
44.6%. Hence, provided that the surface properties of Sephadex G-10 remain un- 
changed in the dextran solutions, the results presented in Fig. 4 indicate that SDS 
Fends to exist as a monomer in highly concentrated dextran soiuFions, and this is in 

0 2 4 6 8 10 

JZq. 4. EBkct of the external dextran (Dextran T 500) coucmtration on the CMC of SDS. The data 
mzre obtained with Sephadex G-IO at 25°C. ~7~ = concentration of SDS in the gel phase; CM = 
concentration in the external sohnion. (a) In 40% dextrm solution; (b) in 20% dextran solution; 
(c) in the absence of dextmn (0.1 M NaCl). 



acwd with 0-m previous umtentioa That is= unlike in free water, in ccwperative~y 
hydrated water “iceberg” formation is partially hindered, thereby resnlting in the 
preferentiaI partition of SDS and also an increased soolubility of hydrophobic com- 
pounds in swollen gel+‘. However, it shouId be borne in mind that substantial 
alterations of the gel surface can be brought abonG e.g., by sang adsorption of 
dextran molecules forming the concentric layers of dextran matrices around the gel 
surke. Pr’ this is the case, the gei beads will behave like Iarge-pore gels, aliowing 
the partitioa of SDS mice&s and hence leading to phenomena sin&r to Fig. 4, 
even in the presence of SDS miceltes. Another point to be noted iu Fig. 4 is that the 
slope of the C, ser.~.~ CM plot increases with an increase in the external dextrau cou- 
centration, thus lead&g to au apparent iucreaz~ iu K=. at high dextran concentrations. 
This may be reascmabfy expkined in terms of the steric exchrsion eEkct of external 
dextrzm mokcnIes, which in effect increases the external couceutration of SDS 
(CM). 

Thermodynamic parameters pert&Gag to the trwqfer of SDS monomer from extend 
user ro internal n-arer 

The free ener_q change invoived in the transfer of SDS monomer from the 
extema! phase to the gel phase is given by 

AGO= --RTm. (7) 

where & is the apparem equilibrium solute concentration in the gel phase (C,) 
divided by equilibrium solut_econcentration in the extemai phase (CM). 4@, which 
is considered to he a composite of several component terms161*, may be conveniently 
written as a sum of the two terms describing the steric exclusion efkt (4G9 and all 
types of interaction between the sohtte and the gel phase (de’,3, i.e., 

The term "gel phase” refers to all of the components of the swollen gel phase in- 
cluding the gel fibre, water of hydration, free water and inorganic salt. Aazordingly, 
de’,, includes a contribution of diierential interactions of the solute with extemai 
and internal water of the gel phase that may arise from different water structures in 
the two phases- In the ideal case of gel permeation chromatography (GE), where 
the solute is free from any type of interaction with the gel phase, the steric exclnsion 
effect is the sole factor determining the partition coefficienf K&r*_ In so far as the 
volume of the gel phase (V,) remains constant, the steric exclusion effect or the 
vohrme fraction of the gel phase accessible to the solute (K&V,) may be assnmed to 

remain constant without regard to solute-gel phase iateractious, and therefore it 
fol!ows that -RT ln(Kav/K&) = AC&, which is identical with eqn. 5. As the inter- 
action between SDS and the dextran chains of Sephadex get does not occur to an 
appreciable extent, as indicated by frontal gel chromatographic analysis, 4Go in equ. 5 
refers essentially to the free energy change invoIved in the transfer of SDS monomer 
from external water to internal water. However, the validity of eqn. 5 depends OQ the 
accurate measurement of K&, which is not always possible, Addition of urea to the 
SDS-Sephadex G-10 system decreases the K& value of SDS from 11-3 to 037, whkh 
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is reasonable for a solute with a molecular weight of28g cotiorming to a typical GFfI 
calibration for Sephadex G-IO. A simifar elect of urea on the partition coefEcients 
of SDS, sulphanilamide and phenol for Bio-Gel P-2 have been rep~rted*~~~-~*. These 
results indicate that ffie solute-gel phase interaction is practically abolished at high 
cor~ce~trations of urea and that any diirentiaI physical properties of external and 
internal water due to the cooperative hydration in the gel matrices is eliminated by 
the overwhelming hydration of urea_ It seems feasible, therefore, to use 037, the 
value obtained in the presence of urea, as K& for a qualitative description of the 
transfer process. The thermodynamic parameters CalcuIated for the transfer process 
at 25 OC were A@ = -2-O kcal/mole, AM* = 3.2 kcaljmole and ASo = 17.5 e-u. 
[AM0 was obtained from the van ‘t Hoff plot (Fig. S), which shows that the enthalpy 

+2-e-z- 
+-xl 2 

Fig. 5. Van ‘t HOE plot for the transfer process of SDS monomer from external water to internal 
water of Sepbadex G-10. The data acre obtained in 0.1 MN&l solution. 

change is strongly temperature dependent]. Kence, the transfer process is accompanied 
by an increase in enthal~y and by a large increase in entropy, indicating t5at the 
preferential partition of SDS monomer is primarily governed by hydrophobic free 
euergy arising from the anomalous nature of internal water. WhiIe it is not imme- 
diately possibte to envisage the state of the hydrocarbon chain of SDS in internal 
water, it can be assumed that in water highly organizd by extensive and cooperative 
hydratiou in dense gel matrices %&erg” formation3 is snbstantially hindered. This 
results in a -decrease in hydrophobic free energy and thereby allows the preperential 
partition of SDS monomer in internal water. Indeed, the internal water of Sephadex 
G-PO is capable of dissolving a variety of hydrophobic compounds, including azo- 
benzene, diiethyhuninoazobenue~, alkylbenzenes and aikanes (unpublished data). 
The bigb CMC of SDS in 40% dextran soiution (Fig. 4) in&cates that the solubility 
of SDS monomer imxeasw in concentrated dextran solutions, and this conforms to 
the above view. 

Eflect of the ciextrm-cka-n concentration (CT,) on K, of SDS monomer 
As shown in Fig. 6, the pIot of K,, ver.szr C, is well described by a regression 

curve of the Gfth power in C$ 

K. = t + 1.67 - IOrC; (9) 
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Fig. 6. K,, of SDS monomer as a function of the inner &%raa-&ain coaccatratioa (C,) of the 
Scpha&x gek. The data (dosed circia) were obtaiaed in 0.1 M NaCl solution at 25’C. The soEd 
iiae represents a rcgresioa curve of the fifth power in C,: KL, = I -i- 1.67-l@ Cr. 

formally indicating that K,,, a measure of the sohrbility of SDS monomer in the 
internal water of the Sephadex geIs, is proportional to C:. Accordingly, it may be 
coaaceivable that in the gei matrices SDS monomers occupy the spaces surrounded by, 
on average, five dextraa chains (a five-membered unit cell) in which water molecules 
arc more or kss immobilized by cooperative hydration. This may be better under- 
stood by considering the anal.o,T between the present system and the equilibrium 
di&ysis experiment in which Visking tubes containing dextran solutions of the Same 
concentrations as the Sephadex gels are immersed in an SDS solution below the 
CMC, to allow the equilibrium partition of SDS. Let us consider that inside the 
Visking tu’bes SDS monomers are either dissolved in free water, as in the outside 
difbusate, or accommodated in the interstitial space formed in the water of hydration 
cocbined in the n-membered unit cells. The equilibrium dialysis system is then 
desccbed by 

S-i-nD=SD, (10) 

where S and D represent SDS and dextran, mspectively, and SD, is SDS accommodat- 
ed in *he n-membered unit cell, which may well be regarded as a sort of inclusion 
complex, Using the usual notations, the equilibrium constant (K&) can be written as 

As IS] = nC,, [SDJ = a(& - C,) and CD] = MY, (a and b being the factors for 
conversion of the concentrations from a weight to a molar basis), eqn. 11 can be 
rewritten in the form 

where K=. = C,/C,_ By comparkn of eqns_ 9 and 12, it follows that n = 5, in- 
dicating that one SDS mokcule is accommodated in water of hydration contained in 
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a five-membered unit ceiL It should be noted, however, ffiat eqn, 12 may not 
necessarily represent a unique situation derivable from the empirical equation 
(eqn. 9) Further, because of the limited range and number of experimental data, the 
exponent.5 is not a uniquely determined value. We have recently proposed a similar 
tentative model based on the solubility data of water insoluble dyes, azobenzene and 
dimethylaminoazobenzene in the inFernal phase of Sephadex G-lol. In the assumed 
unit cell structure, the five dextran chains are not necessa&y linked to each other 
by specific interactions, as at a high dextran concentration, e.g., 57% in Sephadex 
G-10, dextran chains must be closely packed to produce a statistical unit, Goto and 
Isemura? showed that the degree of hydration of sucrose and man&e fell steeply 
as the temperature was increased. This may reflect a cooperative tendency toward 
hydration that may be easily abolished by thermal perturbationL. In a highly con- 
centrated dextran solution, and hence in the unit cell structure as described above, 
the cooperative tendency would be further augmented and persist even at elevated 
temperatures owing to the restriction of the thermal motion of the solute and water 
mokcules. The preferential partition of SDS monomer was also observed with 
polyacryiamide gel @i&et), but to a much lesser extent’. If water of hydration is 
indeed involved in the soiubilization of hydrophobic groups, it follows that the 
K,, of SDS monomer depends not only on the gel fibre concentratoin (C,) but also 
on the hydratioK-‘apacity of the gel fibre. In this context, the larger K=, values 
obtained with Sephadex gels are reasonable, as dextran must be more hydrophilic 
than polyacrylamide. The present study is insufficient to provide a deep insight into 
the solubilized state of SDS monomer in water of hydration, but it seems plausible 
that SDS monomers fit in the interstitial spaces formed in strongly oriented water 
confined in the gel matrices, without altering greatly the preexisting orientational 
order of cooperatively hydrated water. 

.bpreesion for e&ion r?olume of SDS monomer 
The elution volume (V,) is usually given by the equation V, = V, i #-,V’ 

where V, is the void volume of cohmm and V, is the volume of the gel phase. The 
K*. of SDS may be split into hvo terms, IQ, describing the steric exclusion effect, 
and G,,, the parameter for the differential interaction of SDS with external and 
internal water. To establish the empirid relationship between Kzv and K&, I&Jew 
was plotted against c,, which resulted in a regression curve of the fifth power in 
C,, Le., K./e. = 1 + kFx where k (proportionality constant) = 4.74. lw ml’/$. 
Combination of the hV0 equations leads tc 

v, = V, -I- K,o,I -!- kC;)V, (13) 

As kC: is constant for a given grade of Sephadex gel, it may be written as J&, and 
accordingly eqn. 13 takes the form V, = V, -j- K$V, f K!&K,,,V,. This is formally 
similar to the expression derived by Lecourtier et aLX7, who assigned a different 
meaning to the constant, 

Bioiogical implications of water of hydration 
It seems remarkable that cooperatively hydrated water can dissolve various 

hydrophobic compounds. In a preliminary examination we found that a 40% solu- 
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tion of Dextran T MO, but not of glucose, dissolves a variety of hydrophobic mo!e- 
cules to an appreciable extent, including axobenzeue, dimethylamiuoazobenzene, 
alkylbenzenes and a&anes_ This anomalous property of water of hydration suggests 
its possibk involvement in the metabolic trausport of hydrophobic compournk It is 
generally believed that in the macromokcular acceptor-hydrophobic ligand iuter- 
actions t-he latter is bound to specik hydrophobic sites or buried in the hydrophobic 
domain of the former so as to mmimize the hydrophobic free energy level. In view 
of the present finding, it also seems plausible that hydrophobic hgauds itre solubilized 
in cooperatively hydrated water in the hyclroph3ic region of macromo!ecular struc- 
tures.Ind~ithasheensu~tcdthat naphthalenedisso~vedindodecytammonium 

chloride micelies resides at the micelle-water inter&&, i.e., in close proximity to 
the polar head where water mokcuks must be more or less immobilized by coopera- 
tive hydration. We have recently observed that OiI Red 0, a water-insoluble dye, 
solubilized iu serum high-density lipoprotein is transferred within a few minutes to 
low-density lipoprotein upon mixing to establish equilibrium. This may indicate that 
the dye is dissolved in the interstices of the surfkce polar groups of the lipoproteins 
and not in the internal @id core. A similar mechanism may operate in an initial 
stage of the membrane l &ansport, resulting in a local concentration of hydrophobic 
ligands at the surface of c&f rzembrancs, which in turn facilitates subsequent transfer 
to their specific reCeFtOrS. 

This study was supported in part by grant HL 17597 from the NationaI In- 
stitute of Health, U.S.A. 
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