tions) are hypoplastic (3). Our observa-
tions suggest that these structural defi-
ciencies may be the result of reduced cel-
lular proliferation in the organogenesis
phase, due to a direct action of ethanol
(14). Clinical correlation of head size at
birth with subsequent brain function has
suggested that microcephaly is strongly
related to mental retardation (/5). Since
we observed microcephalic growth in
this study, the mental retardation seen in
both fully and partially expressed FAS
(16) may be the result of a direct inhibi-
tion by ethanol of neural growth early in
gestation.

Our demonstration of ethanol-induced
developmental retardation suggests that
FAS may not be the result of maternally
produced metabolites or altered mater-
nal function. Whether the embryotoxic
agent is ethanol itself or some other spe-
cies produced by embryonic metabolism
of ethanol is not yet clear. Current evi-
dence, however, shows that embryos at
this stage of gestation do not possess any
ethanol-oxidizing or alcohol dehydro-
genase activities (/7). Although our re-
sults demonstrate that continuous ex-
posure to high levels of ethanol exerts a
direct toxic action on the developing em-
byro, the effects of short-term ethanol
exposure have yet to be determined.
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Water, Protein Folding, and the Genetic Code

Abstract. The absolute affinities of amino acid side chains for solvent water closely
match their relative distributions between the surface and the interior of native pro-
teins and are associated with a remarkable bias in the genetic code.

Many processes of biological ‘‘recog-
nition’’ require the stripping away (at
least in part) of solvent water from inter-
acting groups. The mutual affinities
therefore reflect in part the ease with
which they can be removed from solvent
water, in addition to any specific forces
of attraction or repulsion that may be
present. We now report the free-energy
changes associated with the removal of
side chains of common amino acids from
solvent water. These changes resemble
the relative distributions of the amino

Nitrogen >

Pots containing
radioactive solute

utes (2)

RHaqueous
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acids between the surfaces and the inte-
riors of native globular proteins, and are
associated with a sharp bias in the ge-
netic code.

The affinity of a compound for watery
surroundings can be expressed quan-
titatively in terms of its free energy of
transfer from the dilute vapor phase, in
which intermolecular forces are virtually
absent, to an aqueous solution so dilute
that solute-solute interactions can be ne-
glected. Results obtained for many com-
pounds suggest that this measure of the

Traps for collecting
radioactive solute

Fig. 1. (Left) Water-vapor distribution coefficient; (above)
apparatus for determining the partial pressure of polar sol-
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Fig. 2. Relative tendencies of amino acid resi-
dues to be inaccessible to solvent, observed in
12 crystalline proteins (8), as a function of the
hydration potentials of the corresponding side
chains. On the ordinate, the number of resi-
dues of each amino acid that are inaccessible
to solvent over 95 percent of their surface
areas is expressed as a fraction of the total
number of residues of that amino acid that are
present in all 12 proteins taken together.

hydrophilic character of complex mole-
cules can be treated as an approximately
additive function of their constituent
groups (/). The peptide bond is unusual
in the degree to which it is stabilized
thermodynamically by interactions with
solvent water (2). It would be useful to
have similar information about the side

chains of amino acids that are commonly
found in proteins.

It is not possible at present to deter-
mine the partial pressures of aqueous
amino acids, because of their extremely
low volatility. Nor did this seem desir-
able since free amino acids, unlike inter-
nal amino acid residues in polypeptides,
are zwitterionic in aqueous solution.
Free energies of solvation of charged
ammonium and carboxylate groups in
water are very large, in the neighbor-
hood of —70 to —80 kcal/mole for each
group (3) as compared with about —10
kcal/mole for a simple peptide group ).
The disruptive local influence of a pair of
charged groups might be expected to
modify the apparent solvation properties
of different side chains to an indetermi-
nate extent, especially in view of the
anomalous effects of chain length on the
volume changes that accompany dis-
sociation of normal carboxylic acids in
water (4). To obtain results that might be
more closely comparable with the behav-
ior expected of amino acid residues in
proteins, we examined the behavior of
amino acid side chains alone, without
substituents of any kind.

In most cases, a dynamic technique
was used to measure equilibria of distri-
bution of side chains, with radioactivity
to detect the solute in the vapor phase
(Fig. 1) (2); the distribution of 3-methyl-
indole was determined spectrophoto-
metrically, with cuvettes of 10-cm light
path to detect the solute in the vapor

Table 1. Hydration potentials of amino acid side chains at 25°C. See Table 2 legend for abbrevi-

ations of amino acids.

Amino (RHy o) Hydration

Side chain acid Ky = ——— at potential

residue (RH.ap) (kcal/mole)
Hydrogen Gly 1.7 x 1072 1 +2.39
Isobutane Leu 2.1 x 1072 1 +2.28
n-Butane Ile 2.6 X 1072 1 +2.15
Propane Val 3.5 x 1072 1 +1.99
Methane Ala 3.7 x 1072 1 +1.94
Toluene Phe 3.6 1 -0.76
Methanethiol Cys 8.1 1 -1.24
Ethyl methyl sulfide Met 1.2 x 10! 1 —1.48
Ethanol Thr 3.9 x 10° 1 —4.88
Methanol Ser 5.2 x 102 1 -5.06
3-Methylindole Trp 2.1 x 10* 1 -5.89
4-Cresol Tyr 3.1 x 10* 1 —6.11
Propionamide Gln 7.9 x 108 1 -9.38
n-Butylamine Lys 1.6 x 10? 1.6 x 10~ -9.52
Acetamide Asn 1.3 x 107 1 -9.68
Propionic acid Glu 5.5 x 10* 1.8 x 1073 -10.19
4-Methylimidazole His 3.2 x 107 9.1 x 107! -10.23
Acetic acid Asp 8.1 x 10* 7.6 x 104 -10.92

*RH represents the solute (acetamide in the case of Asn, for example) whose distribution coefficient was
measured. The values for 3-methylindole, 4-methylimidazole, acetic acid, acetamide, and propionamide
were determined by us. Other values were taken from a compilation of results (2), the value for ethyl methyl
sulfide being interpolated from closely similar values for diethyl sulfide and dimethy] sulfide. Equilibria are for

uncharged solutes.

‘ta is the fraction of solute that is not ionized in aqueous solution, buffered at pH 7.0.

Values for pK, were assumed to be equivalent to the apparent pK, values of the side chains, observed with
the free amino acids (/3), that is, lysine, 10.79; histidine, 6.00; glutamic acid, 4.24; and aspartic acid, 3.86.
The pK, values for the isolated side chains gave somewhat different values for a, but the resulting effects on

the slope and correlation coefficient of Fig. 2 were insignificant.
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fHydration potential is — RT In(K. /).

Table 2. Code letters in messenger RNA
(mRNA) and DNA. Abbreviations for amino
acid residues are: Gly, glycine; Leu, leucine;
Ile, isoleucine; Val, valine; Ala, alanine; Phe,
phenylalanine; Cys, cysteine; Met, methi-
onine; Thr, threonine; Ser, serine; Trp,
tryptophan; Tyr, tyrosine; Gln, glutamine;
Lys, lysine; Asn, asparagine; Glu, glutamic
acid; His, histidine; and Asp, aspartic acid.
Abbreviations for code letters are: G, gua-
nine; U, uracil; C, cytosine; A, adenine; and
T, thymine.

Second code
letter in

mRNA DNA
C

Resi-
due

Gly
Leu
Ile

Val
Ala
Phe
Cys
Met
Thr

Ser C
Trp
Tyr
Gln
Lys
Asn
Glu
v His
Most hydrophilic Asp

cQ

QP> Q> >

22222208 OCOCOCC
Q
e

=30

phase (5). Measurements were made at
25°C, in the presence of a buffer appro-
priate to maintain the solute in an un-
charged state, and sufficient K*l to ad-
just the ionic strength to 0.1. C:ther val-
ues, obtained under comparable con-
ditions by other investigators, are shown
in Table 1.

In order to generate a scale of free
energies of transfer from the vapor phase
to neutral aqueous solution, it seemed
appropriate to correct for the influence
of ionization of acidic and basic side
chains under physiological conditions.
Tonized forms of the side chains can be
considered totally nonvolatile for pres-
ent purposes, in view of the large nega-
tive free energies of hydration of ammo-
nium and carboxylate groups. Equilibria
observed for the transfer of uncharged
side chains, from the vapor phase to wa-
ter, were therefore divided by the frac-
tion of each acidic or basic side chain
present in uncharged form at pH 7. The
resulting free energies (Table 1), desig-
nated for brevity ‘‘hydration poten-
tials,”’” span a range of about 13 kcal for
the 18 amino acid side chains that we
studied.

Protein structures have now been
solved in sufficient numbers so that it is
possible to use our findings to test the
strength of subjective generalizations (6)
that the polar character of amino acid
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side chains determines their tendencies
to be found at the surface of globular
proteins. A rolling sphere model, pro-
posed by Lee and Richards (7), provides
a reasonable semiquantitative basis for
determining the exposure to solvent of
the individual atoms of a protein whose
configuration has been determined by
exact structural methods. Applying this
method to 12 crystalline proteins,
Chothia (8) has calculated the number of
residues of each amino acid that are in-
accessible to solvent over 95 percent of
their individual surface areas, expressed
as a fraction of the total number of resi-
dues of that amino acid, which are pres-
ent in all 12 proteins taken together. In
Fig. 2, this fraction is plotted as a func-
tion of the hydration potentials in Table
1. Amino acid residues falling on the
lower half of one scale, also fall on the
lower half of the other. There are no ex-
ceptions (9).

This close relationship led us to ques-
tion whether there might be any corre-
spondence between the hydration poten-
tial of the various side chains and the nu-
cleic acids that serve as their genetic
determinants. The amino acid code (10)
has been found to be moderately degen-
erate at the first position of the codon
and highly degenerate at the third posi-
tion of the codon, in the sense that sever-
al alternative bases serve to code for the
same amino acid at these positions; but
each amino acid is uniquely associated
with the presence of a single base at the
second position of the codon except ser-
ine (two alternative bases). In our study,
the 18 side chains, ranked in order of in-
creasing hydration potential, can be di-
vided into two equal groups (Table 2). It
is evident from inspection that the ob-
served distribution of code letters is non-
random. Thymine, for example, serves
as the second code letter for seven amino
acids. Every one of them has a hydro-
philic side chain, and all are clustered
near the origin of Fig. 2. Estimated con-
servatively (I1), the probability that this
might occur by chance is in the neighbor-
hood of .0045.

The present scale of hydration poten-
tials illustrates the probable importance
of amino acid side chain interactions
with solvent water as a factor in deter-
mining the overall configurations of pro-
teins. It is not apparent that any simple
physicochemical basis exists for the ob-
served correlations with the modern ge-
netic code, but it seems natural to sup-
pose that coding similarities between
amino acids with similar physical proper-
ties may have tended to offset the dis-
ruptive effects of mutation on the struc-
tural stability of proteins during their

SCIENCE, VOL. 206, 2 NOVEMBER 1979

evolution (12). Figure 2 provides quan-

titative support for the widely held view

that mutations that would result in the in-

troduction of hydrophilic amino acids, at

interior locations that were previously

hydrophobic, are expected to be espe-

cially damaging. The observed distribu-

tion of code letters appears to minimize

the likelihood of these events.

R. V. WOLFENDEN

P. M. CuLLis

C. C. F. SOUTHGATE

Department of Biochemistry, University
of North Carolina, Chapel Hill 27514

References and Notes

1. J. A. V. Butler, Trans. Faraday Soc. 33, 229
(1937); J. Hine and P. K. Mookerjee, J. Org.
Chem. 40, 292 (1975).

. R. Wolfenden, Biochemistry 17, 201 (1978).

. P. Kebarle, in Environmental Effects on Molec-
ular Structure and Properties, B. Pullman, Ed.
(Reidel, Dordrecht, 1976), pp. 81-94.

4. W. Kauzmann, A. Bodansky, J. Rasper, J. Am.

Chem. Soc. 84, 1777 (1962).

5. The absorption spectrum observed for 3-methyl-
indole in the vapor phase was almost identical
with its spectrum in cyclohexane. Its concentra-
tion in the vapor phase was therefore estimated
from its extmctlon coefficient (¢) determined
in cyclohexane in separate experiments:
€67 = 6.74 X 102,

. W. Kauzmann, Adv. Protein Chem. 16, 1 (1959);

M. Perutz, J. Mol. Biol. 13, 646 (1965).

?. Lee and F. M. Richards, J. Mol. Biol. 55,379
1971).

. C. Chotbhia, ibid. 105, 1 (1976).

. The coefficient for linear correlation, for the 18
amino acids included in Fig. 2, is 0.90
(P = .00001). An exact value for the hydration

w N

vo | o

potential of the side chain of Arg remains to be
determined. Preliminary results indicate that it
is even more negative than that of Asp, consis-
tent with its extreme tendency to be exposed at
the surface of globular proteins in which it is
found (8). Earlier scales of hydrophobicity that
were based on free energies of transfer of amino
acids near their isoelectric points to ethanol or
dioxan [Y. Nozaki and C. Tanford, J. Biol.
Chem. 246, 2211 (1971)], or to the surface of
their aqueous solutions [H. B. Bull and K.
Breese, Arch. Biochem. Biophys. 161, 665
(1974)], when used as abscissas in plots similar
to that of Fig. 2, exhibit correlation coefficients
of 0.20 and 0.58, respectively. Some of the dif-
ferences between these various scales are al-
most certainly due to the special solvation prop-
erties of zwitterionic amino acids.

10. M. W. Nirenberg, O. W. Jones, P. Leder, F. C.
Clark, W. S. Sly, S. Petska, Cold Spring Harbor
Symp. Quant. Biol. 28, 549 (1963). The in-
cidence of similar code words for similar amino
acids, noted in a qualitative sense by these au-
thors, has been a subject of commentary and
speculauon [see, for exam =+ F. H. C. Crick, J.
Mol. Biol. 38, 367 (1968); C. Woese, ibid. 43, 235
(1969)].

11. Comparing the dichotomy hydrophilic/not-hy-
drophlllc with the dichotomy T/not-T, the signif-
icance level by Fisher’s exact test is .0011. One
such test was performed with each of the four
bases, so that we estimate that the real signifi-
cance is about four times larger. Regarding the
overall pattern of the distribution in Table 2, in-
cluding all four bases, the nonrandomness of the
distribution was confirmed by the Kruskal-Wal-
lis test: the P value was approximately .005. We
thank Drs. R. C. Grimson and R. C. Elston, De-
partment of Biostatistics, University of North
Carolina, for advice in this matter.

12. R. M. Sonneborn, in Evolving Genes and Pro-
teins, V. Bryson and H. J. Vogel, Eds. (Aca-
demic Press, New York, 1965), pp. 377-397.

13. J. T. Edsall and J. Wyman, Biophysical Chemis-
try (Academic Press, New York, 1958).

14. Supported by NIH grant GM-18325 and NSF
grant PCM-7823016.

5 June 1979; revised 15 August 1979

Candidiasis: Detection by Gas-Liquid Chromatography

of D-Arabinitol, a Fungal Metabolite, in Human Serum

Abstract. D-Arabinitol was identified as a major metabolite of Candida species in
human subjects. Gas-liquid chromatography was used to measure the concentration
of D-arabinitol in serum. The study included subjects who were healthy and cancer
patients who had proven invasive candidiasis or were colonized with Candida. D-
Arabinitol concentrations greater than 1.0 microgram per milliliter were found in
serum from patients with invasive infection. This technique may prove valuable in

the diagnosis of invasive candidiasis.

Invasive candidiasis is a common, life-
threatening infection in immunosup-
pressed hosts, such as transplant re-
cipients or cancer patients (/); however,
it is difficult to diagnose invasive infec-
tions caused by Candida species. These
yeasts are commonly isolated from vari-
ous body sites and secretions of subjects
who have no evidence of invasive dis-
ease (2). Yet many patients with in-
vasive candidiasis do not have positive
blood cultures (3). Also, recovery of the
yeast from positive blood cultures is of-
ten delayed @). Because a positive blood
culture may not reflect invasive disease,
patients may recover from transient
fungemia without specific antifungal
therapy. Similarly, detection of aggluti-
nating and precipitating antibodies does
not correlate consistently with invasive
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disease, especially in heavily immuno-
suppressed patients whose immunoglob-
ulin function or levels may be depressed
).

An alternative to standard culture and
serologic diagnosis of invasive fungal in-
fections involves chemical or immuno-
logic detection of fungal cell metabolites.
For example, the latex agglutination test
for cryptococcal capsular polysaccha-
ride is used widely to diagnose crypto-
coccal infection by the detection of anti-
gen in blood and cerebrospinal fluid ().
Crossed electrophoresis (7), enzyme-
linked immunosorbent assay (8), and
passive hemagglutination inhibition (9)
have been used to diagnose invasive can-
didiasis by detecting the circulating anti-
gen. These reports suggest that antigen
can be detected in the serum of some pa-
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