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Historically, valuable insights have resulted from successful 
correlations between molecular structure and resulting macro­
scopic thermodynamic properties that are, by definition, structure 
independent. This communication provides data, obtained by 
infrared spectroscopy, on the degree of solvent-solvent hydrogen 
bonding in the hydration shells surrounding eight "hydrophobic" 
amino acids. These structural data are correlated with ther­
modynamic criteria for amino acid hydrophobicity. 

Hydrophobicity has traditionally been defined in classical 
thermodynamic terms that are based upon macroscopic properties 
of solutes and their solutions. These include (a) the free energy 
of transfer of compounds from a nonaqueous to an aqueous 
phase I-'.4"-'' and for amino acids (b) estimates of the solvent-
accessible surface area that is lost as an amino acid is buried 
inside a fully folded protein4'^56 and (c) the effect of amino acid 
substitutions on protein stability.7 

The data presented below demonstrate systematic patterns in 
the vibrational transitions of water molecules that are associated 
with eight L-amino acids in aqueous solution. Shifts in vibrational 
frequencies and intensities of solvating water molecules are 
consistent with an increase in the degree of hydrogen-bonded 
structure8'9 that is generated as the hydrocarbon moieties of amino 
acid side chains increase in size. The measured vibrations result 
from a complex convolution of the numbers and the enthalpies 
of solvent-solvent intermolecular hydrogen bonds.8 
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Figure 1. Individual difference spectra, i.e., (spectrum of zwitterionic 
amino acid solution) - (spectrum of pure water), of aqueous 100 mM 
amino acid solutions (prepared from >98% pure compounds, Calbiochem, 
with deionized and filtered water, <5.6 x 1O-8S cm-1, pore size = 0.22 
Mm; Millipore). Each difference spectrum results from the average of 
two or more independently measured sample spectra, with spectra 
exhibiting a variation of less than 4 X 1O-4 AU (absorbance units) prior 
to averaging. The spectrum labeled 1 is the difference spectrum that 
results from subtracting two independently measured water samples. The 
regions where hydration shell water vibrations occur for each of the amino 
acid difference spectra are labeled with the appropriate single letter code 
(i.e., glycine, G; alanine, A; valine, V; leucine, L). Also shown in this 
region are Gaussian peaks representing water vibrations. These peaks 
resulted from deconvolutions that were performed using a curve fitting, 
iterative, linear least-squares algorithm (Fit; Galactic Industries Corp.). 
Regions where NH vibrations and CH vibrations occur are labeled 
accordingly. Difference spectra were smoothed using a maximum 
likelihood algorithm13 (ESmooth; Galactic Industries Corp.). As de­
scribed previously,9 each difference spectrum was corrected to account 
for the exclusion of water molecules from a given volume of the solution. 
All spectra were measured on a Nicolet 740 FTIR as described previously.' 
Samples were examined in internal reflectance cells in duplicate 
experiments (pathlength ~7.5 nm, SpectraTech) containing ZnSe or 
GeAsSe crystals (45° conical ends). All samples were measured at pH 
7.0 ±0 .1 at 24.0 ± 0.1 0C. 

The spectra of four representative 100 mM aqueous amino 
acid solutions are shown in Figure 1. N-H vibrations occur in 
the 3 200-2600-cnr' region; C-H vibrations occur at wavenumbers 
<3000 cm-1.10 

The 3800-2800-cnr1 region of the absorbance spectrum of 
liquid water consists of three major families of infrared 
transitions:10 at the high-energy end of this region are the 
asymmetric stretch »} (—H-O »« H, ~3630 cm-') and the 
symmetrical stretch »\ (H-KV-H, ~3450 cm-1); at the low-
energy end of the spectrum is the v2 overtone bending vibration 
("-H-O-H-*, ~3225cnr')- Previous spectroscopic studies have 
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Table I. Peak Areas and Maximum Absorbance Values (Xn,,,,) for 
the Water Peaks Obtained from Deconvolutions of the Amino Acid 
Solution Difference Spectra 

solute (0.1 M, pH 7) Xm.„ (cm ') area (AU'Vcm) fwhm(cm') 

glycine 
methionine 
proline 
alanine 
phenylalanine 
valine 
isoleucine 
leucine 

AU = absorbance 

3437 
3412 
3402 
3401 
3397 
3386 
3384 
3383 

units. 

0.390 
1.285 
1.147 
0.943 
1.633 
1.221 
1.684 
1.737 

established that both V) and v\ shift to lower frequencies and that 
the »i overtone shifts to higher frequencies as either the enthalpies 
or the number of hydrogen bonds increases.8 

Assuming that component peaks were well represented by 
Gaussian distributions, all spectra were analyzed and deconvolved 
with an iterative curve-fitting procedure.9 The frequency of 
maximum absorbance for each water peak (Xmax) reflects the 
average energy for the overlapping ci, v2, and K3 transitions. Net 
shifts of \max to lower frequencies in the high-energy 3800-
3300-cm-1 region of the spectrum are reliable indicators of an 
overall increase in the degree of hydrogen bonding in water.8 

With the strategies used in this communication, the waters being 
examined are in the hydration shells of the indicated amino acids 
and represent a direct determination of solute-induced hydrogen 
bonding. 

Thus the ranking of amino acids, in order of increasing 
hydration shell structure, is as follows (Table I): G < M < P,A 
< F < V1I1L." 

We have compared this ranking (Table I) to five commonly 
used thermodynamic hydrophobicity scales (Table II). With only 
two exceptions (glycine in Wolfenden's3 hydration potentials and 
leucine in Kyte and Doolittle's hydrophobicity index5), for amino 
acids containing only alkyl side chains the ordering is the same 
using either the newly presented hydration shell structural data 
or classical thermodynamic criteria for hydrophobicity. This is 
consistent with previous proposals that as the relative hydro­
phobicity of a solute increases so does the extent of hydrogen 
bonding in its solvation shell.912 

There is general disagreement (Table II) regarding the ranking 
of methionine and phenylalanine. The solvation shell transitions 
induced by sulfides and aromatic rings are currently being 

(11) As the data were acquired at 2-cm ' resolution, it is not yet clear 
whether the X,,,.,, differences between P and A as well as those between V, I, 
and L (Table I) are significant. This issue is now being examined. 

Table II. Ordering of the Amino Acids Based upon the Structure of 
the Hydration Shells, Xmax, Compared to Several Representative 
Preexisting Hydrophobicity Scales 

evaluation criteria 

K»* (cm-1) 
A ^ t r (ETOH-HOHJ * 

Hydration Potential * 

^^Sumet Ttrwlon 

Hydrophobicity index " 
Hydrophobicity Parameter* 

relative ranking or hydrophobicity 

a 
a 
Q 

a 
S. 

M 

M F 

P/A 
A 
A 
A 

* 
AJ 

F 
M 

M 
M F L 

V/l/L 

V 
V i 
V I 
V I 
V 

F 

M 

L 
L 
L 

F 
G 

F 

" NozakiandTanford.2 h Wolfendenetal.' ' Bull and Breese.u J Kyte 
and Doolittle.5 •' Eisenberg.6 

examined to gain greater insight into the origins of the relative 
hydrophobicities of Met and Phe. 

In this report, solute-induced perturbations of solvent structure 
have been measured and are observed to correlate with ther­
modynamic criteria for amino acid hydrophobicity. The strategy 
described is currently being extended to include other amino acids, 
amino acid analogues, and small peptides. The information gained 
from these and future studies will lead to a better understanding 
of the relationship between the molecular structure of hydration 
shells and the origins of classical thermodynamic measurements 
of hydrophobicity. 
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