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Transfer Enthalpks and Entropies of Amino Acids from Water to 
Urea Solutions 

Mohammad Ah-Hamdiyyah’ and Afaf Shehabuddln 
Chemktty Department, Kuwait University, Kuwait 

Trader enthalpks, AH’,, of 11 amlno acid8 and 
tr iglych from water to 2, 4, 6, and 8 M urea sokrtkns 
were d e t u “ d  at 25 OC. COmMnatkn with AGO, 
vaker of Nozakl and Tanford for them cOmpOunds gave 
transfer .nkopkr. The r#cdrcrln to AH’, 
and ASo, were then estimated. Leucbte, alanine, 
thr.onkn, and phenylalahe dd. c h a h  have poenlve 
AHo, vcrknr whkh incroeae Iknsrly wlth urea 
colmntratkwl, wh.ncrr tyrodne, mewonhe, hlswne, 
glutsmkn, -, and mp8raghe side chah have 
negative v.knr whkh become m e  neg.thre with urea 
“ntratlon. Louclne, phenylalanh, ty”, alanlne, 
mdhbdne, c#wl threonh dde chakrr have podtlve AS’, 
values which inoreow with urea oonccwdrath, 
while tryptephan dde chab~ has a rmdl negative ASo, 
value which koonur less nm@atlve wlul urea 
concentratkn. The 0 t h ~  amino add dd. & a h  and 
trtgtyclne have negative AS’, value8 which become more 
negative wtth urea concmtratlon. 

Introduction 

The native state of a given protein is determined by the na- 
ture and sequence of its constbent amino acids as well as by 
the solvent environment (7). I n  the native state the nonpolar 
side chains of amino aclds tend to aggregate to minimize 
contact with bulk water. This tendency is commonly called 
hydrophoblc bonding and is believed to be controlled by water 
structure (2). However, addition of urea, a denaturing agent 
of proteins, weakens hydrophobic bonding so that the nonpolar 
side chains tend to deaggregate and become solvated. I t  is 
of paramount interest to learn about the differences in the 
enthalpic and entropic states of the side chains and their en- 
vironment h the native and denaturated states of proteins. 
Such information could be obtained from studies using amino 
acids as models since they contain the same side chains as 
proteins. Nozaki and Tanford (3) determined the free energy 
of solution for 11 amino acids and two peptides in water and 
in 2,4,6,  and 8 M urea solutions and estimated the change in 
free energy for transferring a side chain from water to urea 
solutions. 

However, the transfer free energy is a measwe of the overall 
change in the state of the &de chain and its surrounding in the 
two media and does not provide the enthaipic and entropic 
details of the process involved. These details are important in 
order to understand more fully the changes that occur on 
transferring the solute from water to aqueous urea. Data on 
the enthalpies of solution of amino acids in aq. urea are very 
scarce in the literature. There is only one study (4) involving 
three amino ac& at one urea concentration only. There is, on 
the other hand, another study (5) invoMng hydrocarbons which 
approximate nonpolar amino acid side chains, in which the 
enthalpies of solutlon of these hydrocarbons in aqueous urea 
were determined by the van’t Hoff method at only one urea 
concentration. I t  is generally recognized (6) however, that the 
enthalpy of solution obtained by the van’t Hoff method is not 
as reliable as that obtained directly. Secondly, the use of hy- 
drocarbons as representatives of amino acid side chains in- 

volves uncertainties conceming possible head-group effects. 
For example AH’, values for toluene and isobutane obtained 
by Wetlaufer et al. (5) by the van’t Hoff method for the transfer 
from water to 7 M urea are both 1.5 kcal mi-‘. The cone- 
sponding AHo, values for (phenylalanine-glycb) and for (leu- 
ckre-glyclne) obtained by Kreshedc and Benjamin (4) are 0.83 
and 0.18 kcai mol-’, respectively. Finally, the study of the 
enthalpies of solution of amino aclds as a function of urea 
concentration is important in order to learn how the skbchain 
contribution to AH’, or AS’, varies as urea concentration is 
increased. This information throws light on the structural 
changes that occur in the solvent on adding urea. 

We therefore have determined the enthalpy of solution of 
glycine, L-, D, and &alanine, L-leucine, L-phenylalanine, L- 
tryptophan, L-methionine, kthreonine, L-tyroslne, ~MsWne, 
 asparagine, ~qlutamine, and triglycine, at 25 ‘C in water and 
in 2, 4, 6, and 8 M urea solu#ons. Transfer enthalpies for the 
amlno addsand f o r m  side chains as well as thedependence 
of these quantities on urea concentration were obtained. The 
enthaipic data were combined with the corresponding fresen- 
ergy data of Nozaki and Tanford (3) and the corresponding 
transfer entropies were also obtained. Thus, the driving force 
for the transfer of amino acids from water to urea sokrtion (up 
to 8 M) was determined. 

Experimental Secllon 

ch.mlcslr. The amino acids, triglycine, and tris(hydroxy- 
methy1)aminomethane were all purchased from Koch Light 
Laboratories Ltd. and were of puriss grade. Urea of analytical 
reagent grade quallty (British Drug House) was used. Water 
was double distllled and deionized. Urea solutions were all 
freshly prepared. The amino acid samples and the triglycine 
were &led under vacuum at 50 ‘C for at least 12 h In pra 
welghed ampules which were then covered and sealed under 
nitrogen. 

Cab&wlry. An LKB 8700-1 precision calorimetry system 
eqdpped with a i 0 k m S  reaction vessel was used. The tem- 
perature changes that occur on dissolution of the sample or on 
calibration were expressed in terms of ARlR,, the relative 
change in the resistance of the calorimeter thermistor, where 
AR is the corrected resistance change, R, = ’ /dR, + R,), and 
R ,  and R ,  are the resistances at the beginning and the end of 
the main period, respectively. AR was obtained by using 
Dickenson’s grephical method (7) for all of the COmPOUICJ8 used 
except for leucine, tyrosine, and tryptophan. For the latter three 
amino acids, which were slow dissolving, the Gunn-modified 
Dickenson’s method was used to estimate AR. The resist- 
ance-time plots were obtained initially manually and later via 
a recorder. The energy equivalent of the calorimeter was ob- 
tained before and after each dissolution measurement by 
electrical calibration. 

Remits end Dlscwdon 

C H e n J C e l C d B ”  WBV, 7hm. The system was checked 
by measurkrg the enthalpy of sokrtlon of Tham in 100 mL of 0.1 
M aqueous hydrochloric acid. Six independent runs gave an 
average enthalpy of solution of 471 13 f 8) cal mol-‘ with the 
uncertainty equal to twice the standard deviation of the mean. 
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Table I. Enthalpy of Solution at Infinite Dilution, AH,", of Amino Acids in Aqueous Urea Solutions at 25 "C 

AH,", cal mol-' 

amino acid [urea], M 0 2 4 6 8 

glycine 3365 i 10 (7) 3032 i 14 (2) 2768 t 2 (2) 2528 t 10 (2) 2279 i 14 (7) 
L-alanine 1801 t 2 (4) 1601 t 4 (2) 1474 t 2 (2) 1358 t 10 (2) 1241 t 14 (4) 
D-alanine 1789 t 8 (4) 1242 t 12 (4) 
DL-alanine 2183 i 8 (6) 1625 i 2 (4) 
L-leucine 823 i 18 (3) 724 t 12 (2) 692 t 8 (2) 655 t 86 (2) 626 t 128 (2) 
L-phen ylalanine 1986 i 36 (3) 1655 t 44 (2) 1412 i 46 (2) 1164 f 2 (2) 930 t 30 (5) 
L-tryptophan 2954 i 6 (3) 2105 t 42 (2) 1655 f 12 (2) 1230 i 28 (2) 836 i 20 (3) 

2770 i 18 (4) 2384 i 26 (2) 2078 t 20 (2) 1810 i 30 (2) 1525 t 14 (3) L-me thionine 
L-threonine 2338 t 8 (4) 1992 i 8 (2) 1787 i 6 (2) 1576 i 6 (2) 1390 i 36 (4) 
L-tryosine 5177 i 24 (2) 4808 t 2 (3) 4522 t 32 (2) 4250 i 24 (2) 3971 i 10 (2) 
L-histidine 3336 t 38 (4) 2728 i 40 (3) 2286 i 10 (2) 1981 i 24 (3) 1666 i 60 (3) 
L-asparagine 5008 i 34 (3) 4179 t 58 (2) 3676 t 66 (2) 3261 i 8 (2) 2865 i 28 (3) 
L-glu tamine 5328 i 14 (3) 4673 i 24 (2) 4218 t 36 (2) 3792 i 12 (2) 3503 t 14 (3) 
triglycine 2768 t 22 (5) 2068 t 8 (2) 1432 i 16 (2) 1001 t 110 (2) 492 t 36 (3) 
The uncertainty is equal to twice the standard deviation of the mean. The number of determinations is shown in parentheses. 

Uterature values for the enthalpy of this standard reaction are 
as folbws (cai W'): Parson and Rochester (8) 47132 f 24), 
a n n  (9) -(7107 f l), Cassei and Wen (70) -(7107 f 4), de 
VLsser and Somsen ( 7 7 )  47104 f 2), Vandreeze and King (72) 
47110 f 4), Irving and Wadso (73) 47104 f 4), and Skinner 
(74). using an LKB reaction calorimeter, -71 1 f 2. 

Entha@b of SOMkn of Am/no Add6 and Trb&c/ne. The 
measurement of the enthalpies of solution were ail carried out 
in very d#ute solutkns (concentration range, lo4 - lo-* M), and 
thus the resulting enthalpy for each of these compounds is 
regarded as the enthalpy of solution at infinite dilution, AH',. 
Table I shows the average values of AH', for each of these 
compounds at the various urea concentrations with the number 
of measurements shown in parentheses. 

Enthalpy values of some of the amino acids which were also 
determined by others are compared with corresponding values 
obtained in this w W  in Table 11. OU result for $y&e in water 
agrees reasonably well with the values obtained by Kresheck 
and Benjamin (4, Kresheck et ai. (75) and Spink and Auker 
(76) but is less by about 10% than that obtained by Zittle and 
Schmidt (77). The value obtained by Bull et ai. (78) is much 
lower; however, the value which they obtained through the 
solubility measurements is closer to our resuit. The enthalpy 
of sokrtbn of glycine in 6 M urea that we obtatned is higher than 
that obtained by Kresheck and Benjamin (4) by about 7%. The 
results for malanine are ail similar. For L-alanine our resuit and 
that of Matsumoto and Amuga (79) are close, but both are 
lower than the result obtained by Bull et ai. ( 78) by about 6%. 
For L-leucine and Lphenylalanine in water and in 6 M urea our 
results are similiar to those obtained by Kresheck and Benjamin 
(4). For L4istidh-e and L-methionine our values are higher than 
those obtained by Bull et ai. (78) by calorimetry but are similar 
to the values obtained from sdubiitty measurements. Finally, 
the enthalpy of solution of L-asparagine obtained is lower than 
that obtained by Zittie and Schmidt by about 700 calories. 

The enthaiples of solution at infinite dilution of L-, D and 
malanine were determined in water and in 8 M urea solution. 
The resub show that L and D isomers have essentially identical 
enthalpies of solution in water and also in 8 M urea solution. 
However, the optically inactive form has a higher enthalpy of 
solution than the optically pure isomers in water and in 8 M urea 
solution. 

The enthalpies of solution of these compounds are all en- 
dothermic in water. AH', values in aq. urea are endothermic 
but are smaller than those in water. The decrease in AH', with 
urea is greater in the range 0-2 M urea than that in the range 
2-8 M urea. The variation of AH', with urea in the range 2-8 
M urea is linear. The order of the rate of this decrease followed 
by the different amino acids is the same In both ranges and is 
as follows: leucine < alanine < threonlne < phenylalanine < 

Table 11. AH," Values of Some Amino Acids at 25 "C as 
Determined by Others Compared with our Result% 

AH:, cal mol-' 

amino acid ref water 6 M urea 
glycine 

DL-alanine 

L-alanine 

L-leucine 

L-phen ylalanine 

L-his tidine 

L-asparagine 

L-methionine 

17 
4 
15 
16 
18 
18 
this work 
17 
15 
16 
19 
this work 
18 
18 
this work 
19 
4 
this work 
4 
this work 
17 
18 
18 
this work 
17 
this work 
18 
18 
this work 

3750 
3376 t 10 
3413 F 56 
3390 t 100 
2801 
3312 (van't Hoff) 
3365 i 10 
2040 
2200 
2210 t 80 
2235 t 17 
2183 i 8 
1911 
1881 (van't Hoff) 
1801 f 2 
1759 i 36 

823 f 20 6 5 0 i  15 
823 t 18 655 t 86 

1180 t 10 2010 t 15 
1986 i 38 1164 t 2 
3300 
2876 
3435 (van't Hoff) 
3336 t 38 
5750 
5008 i 30 
2386 
2787 (van't Hoff) 
2770 t 18 

2365 i 25 

2528 i 10 

a The uncertainty shown for our results is equal to twice the 
standard deviation of the mean. 

glycine < tyrosine < methionine < histidine glutamine < tryp 
tophan < asparagine < triglycine. The greater the rate of 
decrease of AH', with urea concentratbn, the more hybophilic 
the side chain. 

Transfer Enfha@ies and Entropies fnwn Water to Urea So- 
Mkns. The change in enthalpy on taking l mi of amino acid 
from its infinitely dilute solution in water to the corresponding 
infinitely dilute solution in aqueous urea of a given concentration 
is AH',, the transfer enthalpy. The enthalpies of transfer of 
the 11 amino acids and of triglycine are all negative and de- 
crease linearly with increasing urea concentration. The order 
of the rate of this decrease followed by the amino acids is the 
same as that obtained for AH',. 

When our enthalpy data were combined with the freeenergy 
data of Nozaki and Tanford, TAS', values for the amino acids 
were obtained. Ail amino acids have negative TAS ', values 
which become more negattve with increasing urea concentra- 
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Figure 1. Amino acid sMe-chain contribution to AH',. 

tion except leucine, which has a small positive value which 
increases with urea concentration. 

SMe-Chaln ConiMlon. Assuming that the enthalpy of 
solutlon of the amino acid is the sum of the effects of the side 
chain and of the zwitterionic head and that the latter effect is 
approximately equal to that of glycine (3), we obtained the 
ConbJbutiOns of the varlous amino acld side chains to AH',, and 
they are shown in Figure 1. I t  shows that the amino acid side 
chains fall into two groups: those of leucine, alanine, threonine, 
and phenylalanine which have positive contributions to AH', 
which increase wtth urea concentration and those of tyrosine, 
methionine, histidine, glutamine, tryptophan, and asparagine 
which have negative contributlons to AH', and become more 
negative with increasing urea concentration. 

The contrlbutions of amino acid side chains to T AS ', are 
shown in Figure 2. I t  is found that the side-chain contributions 
are linear with urea concentration. Again, amino acid side 
chains fail into two groups: those of leucine, phenylalanine, 
tyrosine, alanine, methionine, and threonine which have posithre 
contributions to TAS', and become more positive with urea 
concentration and those of Mstkline, asparagine, glutamine, and 
triglycine which have negative contributions which become 
more negative with increasing urea concentration. The tryp- 
tophan side chain has a negative contribution to TAS', but 
behaves like the side chains of the first group regarding the 
effect of urea concentration. 

Transfer Wvhg Force. Knowing the enthalpy contribution 
to the transfer free energy of amhw acids, or their side chains, 
from water to aqueous urea solutions enables us to determine 
whether the driving force is entropic or enthalpic in origin. 
Regadhg the transfw of amino a&, we found that for glydne 
and alenine the transfer is unfavorable because of entropy 
(-TAS', > -AH',). For leucine the transfer is favorable be- 
cause of entropy and enthalpy (AHot is negative and TA', is 
positive). For the rest of the amino acids and triglycine, the 
transfer is favorable because of enthalpy (-AHo, > -TAS',). 

With respect to the transfer of the amino acid side chains, 
it is unfavorable for alanine because AH', is m e  positbe than 
TASol. For the side chains of leucine, phenylalanine, and 
threonine, the transfer is favorable because of entropy (both 
AH', and TAS', are positive but TAS', > AH',). For me- 
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Figure 2. Amino acid side-chain contribution to TAS O1. 

thionine and tyrosine side chains the transfer is favorable be- 
cause AH', is negative and TAS', is positive. Finally, for the 
side chains of tryptophan, histldlne, asparagine, glutamine, and 
triglycine, it is favorable because of enthalpy (both AH', and 
TAS', are negative but AH', > -TAS',). When the driving 
force for the favorable transfer is enthalpic, it is indicative of 
the dominance of the enthalpic Interaction of the amino acid (or 
the side chain) with aqueous urea. This is true for all of the 
amino acids, except for glycine and alanine, and for triglycine 
as well as for all of the side chains that contain polar groups 
or substituents which are acidic, basic, or both. 

However, when the favorable transfer is governed by entro- 
py, it must be due to the greater degrees of freedom of the 
nonpolar group and its surrounding in aqueous urea than in 
water. This is related to the difference in the structure of these 
two solvent systems. 
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