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The distribution coefficients of free a-amino acids have been measured around their isoelectric value 
by centrifugal partition chromatography (CPC), allowing the determination of the partition 
coefficient (log P)  of the amino acids in their zwitterionic form. Good correlations with published 
distribution coefficients of amino acid derivatives allowed log P values to be calculated for the five 
amino acids (Arg, Asn, Asp, Glu, Lys) whose high polarity prevented direct measurements by CPC. 
The log P values were factorized into a steric component (molecular volume V, mainly accounting 
for inductive and hydrophobic forces) and a polarity factor (A,  accounting for ion-dipole and dipole- 
dipole interactions and hydrogen- bonds) which correlates with other amino acid parameters 
expressing mainly polar interactions. Using two examples from the literature, we show that multiple 
linear regression analysis based on steric and polar parameters is able to afford a quantitative 
interpretation of factors influencing protein conformational stability. 

The words lipophilicity and hydrophobicity, despite referring to 
distinct physical properties, have been used rather loosely in the 
literature. Lipophilicity, as expressed by the partition coefficient 
(log P), is a molecular parameter describing a partitioning 
equilibrium of solute molecules between water and an 
immiscible lipid-like organic solvent. Many studies have clearly 
and repeatedly demonstrated that lipophilicity encodes two 
major structural contributions, namely a steric or bulk term 
reflecting hydrophobic and dispersive forces, and polar terms 
reflecting dipole4ipole interactions and hydrogen bonds. 1-7 At 
equilibrium, a balance between all solute-solvent interactions is 
reached. In consistency with this analysis, the concept of 
hydrophobicity should be restricted to the balance of hydro- 
phobic and dispersive forces, i.e. those elicited by non-polar 
groups. Although the driving force for hydrophobic interactions 
is still it is now well-established that the 
hydrophobicity of non-polar solutes is proportionally and 
solely related to a bulk term such as molar volume. To 
quantify this hydrophobic force, many scales of hydropho- 
bicity for free amino acids and amino acid side-chains have been 
developed. These hydrophobicity scales were evaluated by 
theoretical calculations of the van der Waals volume ’ and the 
water-accessible surface area.’ 3-1 ’ 

Unlike hydrophobicity, lipophilicity provides additional 
structural information related to polar interactions. Several 
authors have measured indirectly the lipophilic character of 
amino acids. For example, relative solubilities of amino acids in 
water, ethanol and dioxane were used to derive, for the first 
time, a lipophilic scale (AjJ for free amino acids.I8 Fauchere and 
Pliska have proposed another lipophilicity scale (7~:) for 
twenty naturally occurring amino acid side-chains based on the 
partitioning of Na-acetyl-L-amino-acyl amides in the octan- 1 - 
ol-water solvent system. The main feature of these amino acid 
derivatives is that they mimic the situation in peptides and 
proteins in which the amino acid side-chain is flanked by two 
peptide bonds. Using analogues of amino acids, Wolfenden and 
co-workers 20,2’  have determined the free energy of transfer of 
amino acid side-chains between water and the vapour phase 
(AGvap) and between water and cyclohexane (AGcyc). These 
values were considered as a measure of water affinity (and hence 
of polarity). 

Lipophilicity is measured experimentally as a partition 

coefficient, which refers to a single, well-defined chemical form 
(e.g., a neutral form of an ionizable compound, or a zwitterion). 
Partitioning resulting from the effect of more than one form of a 
compound is expressed as distribution coefficients (i.e. 
‘apparent’ partition coefficients) which vary with pH. The 
lipophilicity of some free amino acids has been assessed by 
several experimental techniques such as the shake-flask 
technique, RP-HPLC and RP-TLC 2 2 - 2 6  but these methods 
suffer from a number of practical limitations and disadvantages 
due to various perturbating factors.* Recently, measurements 
of partition coefficients of various compounds by hydrodynamic 
equilibrium Centrifugal Partition Chromatography (CPC) 
which employs a purely liquid-liquid partitioning process have 
been successfully developed in our l a b ~ r a t o r y . ~ ~ . ~ ~  This method 
has several advantages over the classical technique for its 
precision, reproducibility, and decreased interference by 
impurities; it also allows the measurement of partition 
coefficients of very polar compounds (log P down to - 3.3.). 

In this study, we apply this CPC technique to determine the 
partition coefficient of zwitterionic free amino acids near their 
isoelectric points in an octan-1-01-water system. Molecular 
volume ( V )  and water-accessible surface area (ASA) of free 
amino acids were also calculated. A comparison between these 
scales of free amino acids and currently available ones is the 
main purpose of our study. In addition, an interpretation of 
structural factors influencing the conformational stability of 
some water-soluble proteins is suggested. 

Experimental 
Materials.-The L-amino acids were purchased from Fluka 

(Buchs, Switzerland) or Sigma (St. Louis, Missouri, USA) and 
were of > 99% purity. 2-MorpholinoethanesuIfonic acid (MES, 
> 99% purity) and 3-morpholinopropanesulfonic acid (MPS, 
> 99% purity) were from Merck (Darmstadt, Germany), and 
octan-1-01 (purity ca. 98%) from Fluka. All compounds were 
used without further treatment. 

Measurement of Distribution Coefjcients (log D).-Measure- 
ments of distribution coefficients (i.e., ‘apparent’ partition 
coefficients) in octan- 1 -01-aqueous buffer systems were 
performed at three pH values by horizontal flow-through 
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centrifugal partition chromatography using a coil planet type 
centrifuge. The design principle of the instrument has been 
described e l ~ e w h e r e . ~ ~ . ~ '  The apparatus from Pharma-Tech 
Research Corporation (Baltimore, Maryland, USA) used three 
columns, each of which was helically wound with five layers of 
PTFE tubing (3.00 mm ID, 3.94 mm OD). The three columns 
made a total volume capacity of 350 cm3. A Kontron model 420 
HPLC pump was used to propel the solvent, and a Kontron 
model 432 UV-VIS detector coupled with a Hewlett-Packard 
3392A integrator to detect the solutes. A flowmeter from 
Deeside Industrial Estate (Queensferry, UK) was used for 
precise measurement of flow rates. 

Measurements began by filling the columns with octan-1-01 
pre-saturated with 0.05 mol dmP3 MES or MPS buffer 
depending upon the pH used. While the columns were revolving 
at a speed of 1000 rpm along the central axis, they were also 
rotating along their own axis in a mode of planetary motion. The 
mobile phase (aqueous phase) was then pumped into the 
columns in a 'head-to-tail' mode during the rotation. 
Depending upon expected distribution coefficients, the flow rate 
of the mobile phase was varied from 0.5-6.0 cm3 min-' (flow 
rates of 0.5 cm3 min-' for compounds with log D < -2.3; 1 cm3 
min-' for those with log D between -2.3 and - 1.3; and 6 cm3 
min-' for those with log D between -1.3 and 0). A Merck 
injector was used to inject samples of 200 mm3 (aqueous buffer, 
1-50 mmol dmP3). All the amino acids were detected at 200 nm, 
and all measurements were performed at 25 k 0.1 "C in 
triplicate. Concentration effects were negligible, the difference in 
calculated log D values being < 0.05 units. 

Under flow rates of 0.5, 1 and 6 cm3 min-l, ca. 310, 305 and 
270 cm3 of the stationary phase were retained, respectively. The 
retention time of the solvent front (to) was measured by non- 
retained solutes (potassium dichromate or lysine). It follows 
that the distribution coefficient can be calculated by eqn. (l), 

(tR - log D = log v, - u*t, 

where tR is the retention time of the solute, U is the flow rate of 
the mobile phase, and V, is the total capacity of the columns. 
The lower log D limit was - 3.3. 

Since the isoelectric points of most amino acids included in 
this study are within the range of 5.&7.6, their distribution 
coefficients were measured at three different pH values, 5.0, 6.0 
and 7.4. The highest log D value was taken to represent only the 
zwitterionic form and was equated with the partition coefficient 
(i.e. log P) of this form. For histidine, log D values at pH 7.2 and 
7.8 were also measured. Our method failed to measure the 
distribution coefficients of glutamic acid, lysine, arginine, 
asparagine and aspartic acid owing to their very low distribution 
coefficients (log D < - 3.3). 

Theoretical Calculations and Statistics.-Molecular volume 
( V )  and water-accessible surface area (ASA) of free amino acids 
were calculated by the program MOLSV (QCPE 509) running 
on a Silicon Graphics Personal Iris Workstation using van der 
Waals radii and interatomic distances of free amino acids in 
their zwitterionic form according to Gave~zoti ,~,  except that 
the van der Waals radius of the water molecule was taken as 1.5 
A. Multiple linear regression analysis was performed using the 
QSAR Regression program (MEDCHEM Project, Pomona 
College, California, USA) running on a VAX 9000 computer. 
Cross-validation procedure was performed using the QSAR 
module of SYBYL (Tripos Associates, Inc., St. Louis, Missouri, 
USA) running on a Silicon Graphics Personal Iris Workstation. 

In cross-validation procedures, the analysis is repeated 
omitting one compound at a time, and the resulting equation is 
used to predict the target property of the omitted compound. 

The standard errors of cross-validated predictions are 
calculated as the sum of squares of deviations of the observed us. 
predicted values. This procedure is repeated until every 
compound in the data set has been predicted exactly once. A 
cross-validated rz is defined as eqn. (2), where SD is the sum of 

r& = (SD - PRESS)/SD (2) 

squares of deviations of the observed values from their mean 
and PRESS is the prediction error sum of squares. It is 
important to note the r& is considered as a real measure of the 
predictive power of the equation. For more detail, the reader is 
referred to the original study of Wold and c o - ~ o r k e r s . ~ ~  

Results and Discussion 
Distribution Coefficients of Amino Acids Near Their 

Isoelectric Point.-For zwitterionic molecules, distribution 
coefficients form a broad plateau when measured at pH values 
near this isoelectric point. For example, the distribution 
coefficient of zwitterionic peptides was shown to form a plateau 
over a few pH units and to drop outside this pH range due to the 
increased population of positively or negatively charged 
species.34 In the present study, the distribution coefficients 
measured at three pH values showed little or no variation with 
pH (Table 1); the highest log D value, measured near the 
isoelectric point, was retained as log D' = log P, the partition 
coefficient of the zwitterion. However, for histidine with an 
ionizable imidazole ring, log D values vary significantly in the 
low pH range. For this reason, the distribution coefficients of 
histidine at pH 7.2 and 7.8 were also measured. These log D 
values, including log D at pH 7.4, showed no variation with pH, 
and log D at 7.4 was retained as log P. 

Correlations between our log P values and distribution 
coefficients measured at pH 7 and taken from the literature 2 2 , 2 3  

are given in eqns. (3) and (4), respectively, where log 0' is the 

log P = 0.96( k0.20) log D7 - 0.23( k0.44) (3) 
n = 7 r2 = 0.969 r& = 0.937 s = 0.122 F = 153.8 

log P = 0.94( k0.12) log D7 -0.13( k0.30) (4) 
n = 6 r2 = 0.992 r& = 0.964 s = 0.06 F = 478 

distribution coefficient at pH 7, n the number of compounds, r2 
the correlation coefficient, r& the cross-validated correlation 
coefficient, s the standard deviation of the regression and F the 
Fischer test of statistical significance of the equation. Values in 
parentheses are the 95% confidence limits. These equations 
indicate a good degree of agreement. Histidine is excluded from 
eqn. (4) due to an unreliably high log D7 value reported by 
Younger and Cramer.23 Indeed, Fauchere et a1.,19 have 
observed that radioactive histidine can be contaminated with 
some lipophilic radioactive material. 

Obviously, scattered and incomplete literature data on the 
distribution coefficients of free amino acids in the octan-1-01- 
water system (log 0) reflect experimental difficulties due to their 
zwitterionic/dipolar nature and their very low solubility in 
organic solvents. Another problem with literature data is that 
all distribution coefficients were determined at a fixed pH; thus, 
the maximal population of the zwitterionic form is not assured 
as isoelectric points of amino acids vary with the ionization 
constants of the CO,H and NH, groups.35 It should be noted 
that our method failed to measure the distribution coefficients of 
glutamic acid, lysine, arginine, asparagine and aspartic acid due 
to their very low lipophilicity (log D < - 3.3). 

Comparison between Lipophilicity Scales of Amino Acid Side- 
chains.-To allow comparison, a lipophilicity scale (nR) of 
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Table 1 Octan-l-ol-water distribution coefficients of free amino acids at various pH values 

log DIb 
Amino acid log D5 log Db log D7.4 PI" (log P) log D7 log D 7 d  

Ala 

Asn 
Asp 
CY S 
Gln 
Glu 
GlY 
His 
Ile 
Leu 
LYS 
Met 
Phe 
Pro 
Ser 
Thr 
TrP 
TYr 
Val 

- 2.78 
e 
- 
- 

- 2.55 
-3.11 
- 

- 3.02 
- 3.33 
- 1.82 
- 1.72 

- 2.10 
- 1.44 
- 2.64 
- 3.08 
- 2.99 
-1.15 
-2.1 1 
- 2.29 

- 

- 2.77 
- 

- 

- 

- 2.57 
-3.15 

- 3.00 
- 3.27 
- 1.80 
- 1.72 

-2.10 
- 1.45 
- 2.62 
- 3.00 
-2.83 
- 1.15 
-2.11 
- 2.29 

- 

- 

- 2.79 
- 

- 

- 

-2.61 
-3.15 
- 

- 3.01 
- 2.85 
- 1.82 
- 1.72 

-2.10 
- 1.45 
- 2.65 
- 3.02 
- 2.86 
- 1.16 
-2.1 1 
- 2.29 

- 

6.02 
10.76 
5.43 
2.98 
5.02 
5.65 
3.08 
5.97 
7.59 
6.02 
5.98 
9.47 
5.75 
5.48 
6.30 
5.68 
6.53 
5.89 
5.66 
5.97 

- 2.77 
(- 3.79) 
(- 3.48) 
(- 3.61) 
- 2.55 
-3.11 

(-3.51) 
- 3.00 
- 2.85 
- 1.80 
- 1.72 

-2.10 
- 1.44 
- 2.62 
- 3.00 
- 2.83 
- 1.15 
-2.11 
- 2.29 

(- 3.77) 

- 2.74 
- 4.08 
- 

- 

- 

- 

- 3.69 
- 

- 1.95 
- 
- 

- 3.05 
- 
- 

- 2.54 
- 3.07 
- 2.94 
-1.11 

- 2.26 
- 

- 2.72 
- 
- 

- 

- 

- 

- 

- 3.00 
- 2.52 
- 1.69 
- 1.52 
- 

- 1.87 
- 1.35 
- 
- 

- 

- 
- 

- 

~~~~ ~- 

Isoelectric points of amino acids taken from Jencks and Regensteim6' Distribution coefficients at isoelectric point, taken as the highest log D value 
in a range of pH values covering the isoelectric point and equated with log P of the zwitterion. Data in parentheses are calculated from nR values 
themselves calculated from eqn. (6). Distribution coefficients at pH 7, reported by Younger and Cramer.23 Distribution coefficients at pH 7, 
reported by Klein et ~ 1 . ~ ~  ' Not measurable by CPC method. For His, distribution coefficients were also measured at pH 7.2 (log D = -2.84) and at 
pH 7.8 (log D = -2.85). 

Table 2 Various lipophilicity and polarity scales of amino acid side-chains and steric parameter of free amino acids 

Aft ' I  AG,,,~I A . G ~ ~ ~ ~ I  ~ f i  ~ ~ 9 1  

kcal kcal kcal kcal kcal 
Amino acid n,' R*Rh mol-' mol-' mol-' mol-' mol-' A h  V k l A 3  ASAmlA3 

Ala 
Arg 
Asn 
ASP 
CY s 
Gln 
Glu 
GlY 
His 
Ile 
Leu 
LYS 
Met 
Phe 
Pro 
Ser 
Thr 
TrP 
TY 
Val 

0.23 
-0.79' 
- 0.48 J 

-0.61' 
0.45 

-0.1 1 
-0.51' 

0.00 
0.15 
1.20 
1.28 

-0.77' 
0.90 
1.56 
0.38 
0.00 
0.17 
1.85 
0.89 
0.71 

0.3 1 
- 1.01 
- 0.60 
-0.77 

1.54 
- 0.22 
- 0.64 

0.00 
0.13 
1.80 
1.70 

1.23 
1.79 
0.49 

0.26 
2.25 
0.96 
1.22 

-0.99 

- 0.04 

-0.50 
- 
- 

- 

- 

- 

- 

0.00 
- 0.50 
- 

- 1.80 
- 

- 1.30 
- 2.50 

__ 

0.30 
- 0.40 
- 3.40 
- 2.30 
- 1.50 

1.94 
- 19.92 
- 9.68 
- 10.95 
- 1.24 
- 9.38 
- 10.24 

2.39 

2.15 
2.28 

- 10.27 

- 9.52 
- 1.48 
- 0.76 
- 

- 5.06 
- 4.88 
- 5.88 
-6.1 1 

1.99 

1.81 
- 14.92 
- 6.64 
- 8.72 

1.28 
- 5.54 
- 6.8 1 

0.94 

4.92 
4.92 

- 5.55 
2.35 
2.98 

- 4.66 

- 

- 3.40 
- 2.57 

2.33 

4.04 
-0.14 

-0.55 
2.00 
0.51 
1.20 

- 1.40 
0.29 
0.76 
0.00 

- 0.25 
-2.10 
- 2.00 

0.78 
- 1.60 
- 2.60 
- 1.50 

0.09 
-0.58 
- 2.70 
- 1.70 
- 1.60 

-0.54 
- 5.96 
- 3.55 
- 2.97 
- 1.64 
- 3.92 
- 3.71 
- 0.59 
- 3.38 

0.32 
0.27 

-2.19 
- 0.60 
- 1.06 

0.32 
- 3.82 
- 1.97 
- 3.80 
- 5.64 

0.13 

- 0.02 
- 2.56 
- 1.24 
- 1.08 
-0.11 
- 1.19 
- 1.43 

0.03 
- 1.06 

0.04 
0.12 

- 2.26 
-0.33 
- 0.05 
-0.31 
- 0.40 
-0.53 
-0.31 
- 0.84 
-0.13 

82.20 
163.00 
112.30 
103.70 
99.10 

127.50 
120.50 
65.00 

140.60 
131.70 
131.50 
144.30 
132.30 
155.80 
106.70 
88.50 

105.30 
185.90 
162.70 
1 15.60 

254.20 
363.40 
303.60 
287.90 
282.90 
335.00 
31 1.60 
224.90 
337.20 
322.60 
324.00 
336.60 
336.30 
366.10 
288.50 
266.70 
283.90 
401.80 
377.80 
295.10 

_ _ _ _ ~  ~~ -___ 

' Lipophilicity constant of amino acid side-chain (R) as determined in this study [eqn. ( 5 ) ] .  Lipophilicity constant of amino acid side-chain, taken 
from Fauchere and Pliska.'" Free energy of transfer of amino acid side-chain from pure organic solvent to water, relative to Gly as reported by 
Nozaki and Tanford." Free energy of transfer of amino acid side-chain from the vapour phase to water, taken from Radzicka and Wolfenden.21 

Free energy of transfer of 
amino acid side-chain R from protein interior to water, taken from Eisenberg and M~Lachlan .~ '  Hydration free energy of unfolding of amino acid 
side-chain, taken from Oobatake and O O ~ . ~ ~  I,  Polarity parameter calculated by eqn. (7). Values estimated from eqn. (6). Molecular volume of amino 
acids in their zwitterionic form, calculated by the MOLSV program. ' Water-accessible surface area of amino acids in their zwitterionic form, 
calculated by the MOLSV program. 

Free energy of transfer of amino acid side-chain from cyclohexane to water, taken from Radzicka and Wolfenden.21 

amino acid residues based on log P values of amino acids in 
their zwitterionic form has been determined as eqn. (5),36 

nR = log P[+H3NCH(R)CO,-] - 

1 displays the relationship between nR and the nz parameter 
reported by Fauchere and Pliska l9 and based on octan-l-ol- 
water partitioning of Nu-acetyl-L-amino-acyl amides. This 
figure clearly illustrates a deviant partitioning behaviour (i.e. 
higher than expected n; values) of relatively non-polar bulky 
amino acid residues such as Val, Met, Ile, Leu, Phe and Trp, 
compared to the behaviour of polar amino acid residues. This 
discrepancy must reflect different intramolecular interactions of 

log P[+H,NCH,CO, -1 ( 5 )  

assuming that nH = 0. This parameter is reported in Table 2 
along with some lipophilic scales of amino acid side-chains. Fig. 
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Fig. 1 Relationship between the lipophilic scale ( 7 ~ ~ )  from octan-1-01- 
water distribution coefficient of zwitterionic amino acids and the 
lipophilic scale (n;) from octan- 1-01-water distribution coefficient of 
Na-acetyl-L-amino-acyl amides. l 9  The dotted line represents 7tR = xf. 

-1 - 

-2 - 

0 

0 "  
I I I "  

50 100 150 200 250 
V 

Fig. 2 The relationship between the log P and molecular volume ( V )  of 
zwitterionic amino acids. Filled circles (a) refer to amino acids with 
non-polar side-chain, open circles (0) to amino acids with polar side- 
chain, and crosses ( x ) to amino acids with ionizable side-chain, where 
log P was calculated as explained in Table 1. 

the side-chain in zwitterionic free amino acids versus Nu-acetyl- 
L-amino-acyl amides. In fact, it is well-known that the 
zwitterionic - OOC-CH-NH, + moiety is more effective than 
the dipolar CH,CONHCHCONH, moiety in exerting 
proximity effects which decrease the lipophilic character of non- 
polar ~ide-chains. '~~ 7 * 3 8  Nevertheless, excluding cysteine, a 
global linear relationship between nR and ng is obtained, given 
in eqn. (6). 

TCR = 0.76( k0.09) ~2 + 0.01( kO.10) (6) 
n = 14 r2 = 0.968 r& = 0.956 s = 0.12 F = 364.4 

The anomalously high n: value of cysteine presumably results 
from experimental difficulties during the lengthy shake-ff ask 
procedure (Fauchere, personal communication). Using eqn. (6) 
the nR values of arginine, asparagine, aspartic acid, glutamic acid 
and lysine were estimated (Table 2) and from them log P values 
can also be calculated. In analogy with eqn. (6), nR is found to be 
linearly related ( r2  = 0.922) to the free energy of transfer (AGR) 
of amino acid side-chains from the interior of a protein to an 
aqueous e n ~ i r o n m e n t ~ ~ - ~ '  and to the free energy of transfer 
(Aft) of amino acid side-chains from pure organic solvent to 
water (r2 = 0.917j." Conversely, no correlations between nR 
and other lipophilic scales such as AG,,, (the free energy of 
transfer of amino acid side-chain from cyclohexane to water), 
AG,,, (the free energy of transfer from vapour phase to water) 
and AGh (the free energy of hydration) were ~ b t a i n e d . ~ ' , ~ ~ , ~ ~  
The absence of correlations may be related to the fact that AGcyo 
AG,,, and AGh scales measure affinities of amino acid side- 

chains for water, and not a true partitioning between water and 
an amphiphilic polar organic solvent. A similar criticism was 
raised by Rose et al.I7 and Ooi et 

Polarity Scales.-A priori, only partial correlations are 
expected between lipophilicity and steric parameters. However, 
for non-polar solutes, several studies have clearly shown that 
lipophilicity, as expressed by partition coefficients (log P),  
correlates linearly with molar volume. 1,3744 Polar solutes 
systematically deviate from such linearity due to polar 
interactions and these deviations have been taken as a measure 
of all polar interactions. In a previous study, we have designated 
as A (capital lambda, chosen simply because it is written as an 
upside-down V )  the sum of these polar interactions,3i45 i.e. 
eqn. (7). 

log P = aV + bA (7) 

An analysis of the physicochemical information content of 
this term A demonstrated that it mainly related to the hydrogen- 
bond acceptor basicity and polarizability of  solute^.^' In the 
present study, a similar approach was applied to amino acids as 
shown in Fig. 2. For the six amino acids with non-polar side- 
chains, a linear relationship was obtained between log P and the 
van der Waals' volume V given by eqn. (8). 

log P = 0.018(f0.003)V - 4.22( k0.41) (8) 
n = 6 r2 = 0.980 r& = 0.967 s = 0.10 F = 207.8 

From eqns. (7) and (8) and Fig. 2, the value of the polarity 
parameter A was calculated for the 14 amino acids with polar 
side-chains, its value for the 6 amino acids with non-polar side- 
chains being in the range -0.13 to 0.12 (Table 2). Calculated in 
such a manner, the A parameter gives a measure of the polarity 
of the side-chain and not of the whole molecule of amino acids. 
It is important to note that A values for Arg, Asp, GIu and Lys 
encode, in addition to hydrogen-bond acceptor basicity and 
polarizability, ion-dipole interactions as a result of the presence 
of an ionizable functional group in their side-chains. 

This A parameter correlates well with the free energy of 
transfer from cyclohexane to water (AGcyc) and the free energy 
of transfer from vapour phase to water (AGvap) (r2 = 0.80 and 
0.84, respectively). It is therefore obvious that these parameters 
(A, AG,,, and AG,,,) mainly characterize the polar interactions 
of amino acid side-chains with an aqueous environment. 
Interestingly, the A parameter is highly and negatively correlated 
(r2 = 0.89) with the average water-accessible surface area of 
residues in folded globular proteins (ASA,) as calculated from X- 
ray crystallographic data by Rose et al.' This can be taken to 
imply that polar side-chains have a tendency to be located at the 
surface of globular proteins and hence to be maximally exposed 
to water, the reverse applying to non-polar side-chains.' 5-1 ' 

An Interpretation of the Conformational Stability of some 
Water-Soluble Proteins.-The importance of hydrophobicity is 
repeatedly demonstrated in the folding of proteins and the self- 
organization of membrane receptors into cell membrane.46,47 
In an earlier study, K a u ~ m a n n ~ ~  pointed out that the 
hydrophobicity of amino acid side-chains is the dominant force 
in the folding of some proteins. A number of more recent studies 
strongly support this  vie^.^'-^ Site-directed mutagenesis 
experiments, i.e., replacement of a given amino acid residue in a 
particular position of a protein with different amino acids, allow 
a comparison of structural factors influencing the stability of 
secondary and tertiary structures. The contributions of 
hydrophobic and electrostatic interactions and hydrogen 
bonding to the conformational stability of proteins are well 
documented in the l i t e r a t ~ r e . ~ ~ - ~ ~ - ~ ~  However, no statistical 



J. CHEM. SOC. PERKIN TRANS. 2 1992 83 

Table 3 
proteins 

Observed values of free energies of unfolding of mutant 

AAGLY “1 A,GTS ‘1 
Amino acid kcal mol-’ kcal mol-’ 

Ala 

Asn 
Asp 
CYS 

GlY 

Gln 
Glu 

His 
Ile 
Leu 
LYS 
Met 
Phe 
Pro 
Ser 
Thr 
TrP 
TYr 
Val 

- 1.1 
C 
- 

- 1.8 
- 0.4 

- 1.1 
- 1.8 

- 

0.0 
0.9 
- 

-0.3 
- 1.0 

- 1.9 
- 1.7 
- 3.6 
- 2.7 
- 0.6 

- 

8.5 

8.2 
8.5 

11.0 
6.3 
8.8 
7.1 

10.1 
16.8 
15.0 
7.9 

13.3 
11.2 
8.2 
7.4 
8.8 
9.9 
8.8 

12.0 

- 

“The difference between the free energy of unfolding of the mutant 
protein and that of wild type at the melting temperature of wild-type 
lysozyme, taken from Matsumura et aLS3 The unfolding free energy in 
water of 19 proteins substituted by each of the 19 amino acids at the 
same position of tryptophan synthase cc subunit, taken from Yutani 
et al.” Not measured. 

evaluation of the relative contributions of these interactions and 
their nature (i.e., favourable or unfavourable) has been made. 

Recently, the conformational stability of mutant forms of 
bacteriophage T4 lysozyme (substitution of isoleucine residue 
at position 3 with 13 different amino acids) and tryptophan 
synthase M subunit (substitution of amino acid residue at 
position 49 with 19 different amino acids) were measured 
thermodynamically by Matsumura et 
respectively. The results showed that the conformational 
stability of these mutant proteins increases linearly with 
increasing lipophilicity of the side-chains, except for aromatic 
residues (Phe, Trp and Tyr). However, no mechanistic inter- 
pretation could be derived in terms of intermolecular forces. 

In the present study, an attempt has been made to rationalize 
the relationship between structural properties of amino acid 
residues and their role in the conformational stability of the two 
proteins mentioned above.5 3 7 5 8  Their stability data were used 
(Table 3) and correlated by multiple linear regression analysis 
with various lipophilic, steric and polar scales of amino acid 
residues. Some of the statistically most significant equations are 
as follows. 

and Yutani et 

For mutant bacteriophage T4 lysozyme. 

AAGLY = 0.164( & 0.06 1) V - 0.066( 0.024) V 2  + 
0.145( k 0.067)AGV,, - 10.30( 3.76) (9) 

n = 14 r2 = 0.859 r& = 0.740 s = 0.49 F = 20.3 
Optimum V = 123.7 A3 

AAGLY = O.lSl(f0.067)V -0.074(&0.027)V2 + 
1.39(&0.75)A - 11.04(+4.21) (10) 

n = 14 r2 = 0.828 r& = 0.587 s = 0.54 F = 16.0 
Optimum V = 122.5 A3 

A comparable equation is afforded by AG,,,. Normalization of 
eqn. (9), i.e., the calculation of the relative contribution of each 
parameter to the explained variance6’ shows that the relative 

contributions to AAGLY of V 2  is 47.9%, of V 46.4% and of AG,,, 
5.7%. The same contributions were observed when normalizing 
the other equations. 

For tryptophan synthase M unit. 

A&’’’ = 0.334(+0.165)V - 0.127(&0.065)V2 + 

n = 18 r2 = 0.788 r& = 0.572 s = 1.42 F = 17.3 
Optimum V = 13 1.7 A3 

0.515(f0.174)AGC,, - 10.31(+ 10.11) (11) 

Comparable equations are afforded by AG,,, and A. 
Normalization of eqn. (1 1) shows that the relative contributions 
to AdGTS of V 2  is 44%, of V 45.4% and of AG,,, 10.6%. The 
same contributions were observed when normalizing the other 
equations. The AG,,, and AG,,, values of proline were not 
available. It is important to note that using other molecular 
volume-related parameters such as ASA gave also statistically 
significant equations (results not shown). 

Eqns. (9)-(11) clearly show that an optimum in molecular 
volume of amino acid side-chain has a determining influence on 
the conformational stabilities of the two proteins. Beyond this 
optimum value of volume (ca. 120 A3 for T4 lysozyme and 140 
A3 for tryptophan synthase), a decrease in the conformational 
stability is related to an unfavourable steric hindrance, i.e. 
limited space available for the side-chain in the interior of 
the macromolecule. In addition to hydrophobic interactions 
expressed by the V term, polar interactions, as expressed either 
by AGCyc, AG,,, or A, influence with weak relative contri- 
butions (ca. 6% and 11%, respectively) and negatively the 
conformational stability of T4 lysozymes and tryptophan 
synthase. Indeed, the relevant regression coefficients in eqns. 
(9)-( 1 1) are positive for polar descriptors which decrease with 
increasing polarity (A, AG,,,, AGcyc). 

As discussed above, polar interactions favour the tendency of 
polar residues to be located at the surface of protein molecules. It 
is therefore not surprising that polar interactions, in position 3 
of lysozyme and in position 49 of tryptophan synthase, are 
detrimental for the folded conformation. For example, the 
volume of glutamic acid ( V  = 124.3 A3), a highly polar amino 
acid, is very close to the optimum volume for T4 lysozyme but 
its AAGLY is two units less compared to that of leucine. 
However, it is important to keep in mind that polar interactions, 
in particular hydrogen bonding, would favour the folding of 
polar residue should strong inter-residue hydrogen-bonds occur 
in the interior of the protein. 

Conclusions 
This study shows how the lipophilicity of amino acids, as 
expressed by their partition coefficients, is indeed the resultant 
of steric hydrophobic and polar solute-solvent interactions. 
From measured log P values and calculated molecular volumes, 
a polarity factor can be obtained which correlates with amino 
acid parameters if and when these express mainly polar 
interactions. Multiple linear regression based on such steric and 
polar parameters could afford a quantitative interpretation of 
factors influencing protein conformational stability, as 
documented by two examples. 
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