
unlikely. Furthermore, we have demon- 
strated X-linkage of human steroid sul- 
fatase by human-rodent somatic cell hy- 
bridization techniques (20). The second 
alternative is that there has been some 
strong selective pressure operative ei- 
ther in vivo or in vitro which favors the 
growth of cells with normal steroid sulfa- 
tase activity and inhibits the growth of 
sulfatase-deficient cells. In appropriate 
growth and mixing experiments, we have 
not observed such selection against 
steroid sulfatase-deficient cells in vitro. 
To rigorously exclude this possibility 
however, we have made use of the fact 
that subjects C and D are also hetero- 
zygous for G6PD deficiency of the Medi- 
terranean type (21). As indicated in Fig. 
2, when clones from these doubly heter- 
ozygous subjects were examined for 
G6PD activity as well as steroid sulfatase 
activity, clones with normal and defi- 
cient G6PD levels could be identified, 
but all clones had normal levels of ste- 
roid sulfatase activity. Thus, regardless 
of whether the X chromosome bearing 
the normal or the mutant G6PD allele 
was inactivated, steroid sulfatase was al- 
ways expressed. 

The data presented here provide evi- 
dence in a somatic cell system for non- 
Lyonization of an X-chromosome locus. 
It is of particular interest that this locus, 
which affects steroid sulfatase ex- 
pression, is in relatively close proximity 
to another non-Lyonized locus, Xga. It 
should now be possible to utilize X-auto- 
some translocations in somatic cell hy- 
bridization studies to localize cyto- 
logically the noninactivated region of 
the X chromosome which contains these 
two loci. 
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Chromatographic resolution of optical 
isomers (1) requires the introduction of 
an asymmetric environment either intra- 
molecularly, by conversion to diastereo- 
mers, or intermolecularly, by the use of 
chiral stationary or mobile phases. In gas 
chromatography, excellent resolution of 
derivatized amino acids has been 
achieved with diastereomers (2), as well 
as with chiral stationary phases (3). Simi- 
larly in liquid chromatography, both 
these approaches have led to good sepa- 
rations of, for example, diastereomeric 
dipeptides (4) and helicenes on optically 
active supports (5). 

In contrast, the effect of chiral eluants 
has not been extensively investigated 
(6). We now report a simple procedure 
for the separation of a number of a- 
amino acid enantiomers without the need 
for prior derivatization. 

The method is based on the addition of 
a metal cation-amino acid complex to 
the eluant of a cation-exchange column. 
In the specific application reported, 
Cu2+-proline complexes are dissolved 
(the molar ratio of Cu2+ to proline being 
1/2) in a sodium acetate buffer. After the 
column is equilibrated (7), an amino acid 
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sample is injected and is resolved into its 
enantiomers (Fig. 1). The chromato- 
graphic system in which the experiments 
were carried out had been developed (8) 
for the rapid, highly sensitive ion-ex- 
change analysis of amino acids with the 
use of 5-/tm bead resins. Separation was 
monitored by fluorometry (9) after the 
postcolumn reaction of the eluant with 
o-phthalaldehyde (10). To prevent pre- 
cipitation of copper compounds by the o- 
phthalaldehyde solution, EDTA was 
added to the reagent (2.5 g/liter). o- 
Phthalaldehyde does interact with prima- 
ry but not with secondary amines, so 
that proline does not interfere (nor does 
Cu2+). Because of these circumstances 
the resolutions reported could be ob- 
served. The method is sensitive to pico- 
mole amounts. 

Cysteic acid retention time was taken 
to represent the void volume of the col- 
umn and the detection system (Table 1). 
The order of elution of the enantiomers 
(Fig. la and Table 1) with the chiral 
eluant is the reverse of that found by Ro- 
gozhin et al. (11) and Lefebvre et al. 
(12), who bonded a chiral proline-copper 
complex to the stationary support. This 
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Separation of D and L Amino Acids by 

Liquid Chromatography: Use of Chiral Eluants 

Abstract. An aqueous eluant containing a chiral copper-proline complex effects 
the separation of underivatized amino acid enantiomers on an ion-exchange column. 
The stereoselectivity is ascribed to differences in stability of the diastereomeric 
amino acid-copper complexes formed in solution. A simple change in the chirality of 
the eluant reverses the order of the enantiomer elution. For detection and quan- 
tification of picomole amounts of amino acids, the eluant is monitored for fluores- 
cence after reaction with o-phthalaldehyde, a reagent insensitive to proline but high- 
ly sensitive for amino acids containing a primary amino group. 
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observation indicates that the stereo- 
selectivity is due to interactions in the 
mobile phase rather than on the resin 
surface. 

The aromatic amino acids show partic- 
ularly efficient separation. With the tyro- 
sine enantiomers, for example, the sepa- 
ration factor (r is the ratio of the adjusted 
retention times of the second peak over 
those of the first peak) is equal to 1.28 
under the conditions described in Table 
1. On a 3-cm column, complete resolu- 

tion of tyrosine could be obtained in 5 
minutes. At least some of the enantiomer 
pairs (Table 1) with separation factors of 
1.00, indicating no resolution, can be 
separated using different operating pa- 
rameters. For instance, D,L-asparagine, 
which has r = 1.00 under the conditions 
of Table 1, shows partial resolution at 
lower ionic strength and pH. 

Temperature effects are evident. D,L- 

Valine gives only one peak at 25?C but 
baseline resolution at 75?C. Similar ob- 

servations were made by Lefebvre et al. 
(12) with their chiral support. Some cau- 
tion in the use of higher temperatures 
must, however, be exercised, because of 
possible racemization during chromatog- 
raphy. Indeed, L-serine showed a slight 
but measurable increase in the content of 
the D enantiomer when the column was 
operated at 90?C, as compared with 
60?C. 

Many more amino acids probably 
could be resolved efficiently by adjusting 

Fig. 1. Effect of the 
chirality of the eluant 
on the separation of 
D- and L-amino acid 
enantiomers by lig- 
and-exchange chro- 
matography. Identical 
portions of a mixture 
of five pairs of ami- 
no acid enantiomers, 
each consisting of 
0.375 nmole of L form 
and 0.125 nmole D 

form, were injected in 
each run. Sodium 
acetate buffer (0.05N, 
pH 5.5) containing 4 
x 10-3M CUSO4 and 
8 x 10-3M proline was 
used as eluant. The 
chirality of the proline 
ligand was as indi- 
cated. The column was 
equilibrated with each 
separate eluant for 15 
minutes before the 
sample was injected. 
The column was 12 by 
0.2 cm (inside diame- 
ter) packed with DC 
4a resin. The eluant 
flow rate was 10 ml/ 
hour, the reagent flow 
rate was 10 ml/hour, 
the column pressure 
was 200 bars, and the 
column temperature 
was 75?C. (a) L-Pro- 
line effected the sepa- 
ration of all five pairs 
of enantiomers with 
the L enantiomers 
eluting before the cor- 
responding D enantio- 
mers. (b) D-Proline 
reversed the order of 
elution. (c) With race- 
mic proline no resolu- 
tion occurred. The 
amino acids eluted 
halfway between the 
corresponding enanti- 
omeric peaks in (a) 
and (b). 

Table 1. Adjusted retention times (t'R) and 
separation factors (r = t'R(D/t'R(L = k'D/k'L) 
for some amino acid enantiomers in ligand-ex- 
change chromatography with a chiral eluant. 
Mobile phase: 0.1N sodium acetate with 8 x 
l0-3M CuSO4 * 5H20 and 16 x 10-3M L-pro- 
line. Column and operating details are as de- 
scribed in the Fig. 1 legend. Retention time 
for cysteic acid taken as column void volume. 

Sepa- 

Amino acid Form tfR ration 
(min) factor 

(r) 

(Cysteic acid) 
Aspartic acid 

Glutamic acid 

Allothreonine 

Glutamine 

Serine 

Threonine 

Asparagine 

a-Amino-n-bu- 
tyric acid 

Valine 

Alanine 

Isoleucine 

Norvaline 

3,4-Dihydroxy- 
phenylalanine 

Alloisoleucine 

Methionine 

Leucine 

Ethionine 

Norleucine 

Tyrosine 

m-Tyrosine 

o-Tyrosine 

Phenylalanine 

p-Fluorophenyl- 
alanine 

(0) 
L 2.2 
D 2.2 
L 3.3 
D 3.3 
L 10.0 
D 11.4 
L 12.9 
D 12.9 
L 12.9 
D 13.4 
L 13.0 
D 13.7 
L 14.0 
D 14.0 
L 16.2 
D 16.6 
L 16.3 
D 17.7 
L 17.2 
D 17.2 
L 21.5 
D 23.7 
L 21.5 
D 22.3 
L 22.3 
D 28.5 
L 23.5 
D 25.5 
L 23.8 
D 24.6 
L 28.3 
D 28.6 
L 29.0 
D 30.3 
L 30.8 
D 32.3 
L 30.8 
D 39.4 
L 34.1 
D 41.1 
L 36.7 
D 43.2 
L 48.7 
D 55.0 
L 64.0 
D 75.6 

1.00 

1.00 

1.14 

1.00 

1.04 

1.05 

1.00 

1.02 

1.09 

1.00 

1.10 

1.04 

1.28 

1.09 

1.03 

1.01 

1.04 

1.05 

1.28 

1.21 

1.18 

1.13 

1.18 
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the temperature, the pH, and the ionic 
strength. The basic amino acids such as 
lysine, histidine, and arginine, which do 
not emerge under the conditions de- 
scribed (Table 1), could possibly be 
eluted in a reasonable time at higher ion- 
ic strength or on a shorter column (or 
both). 

Additional options for obtaining de- 
sired resolutions are the use of chiral lig- 
ands differing from proline, including 
other amino acids, their derivatives, or 
other classes of compounds. Changing 
the nature of the cation offers further 
possibilities. For instance, hydroxypro- 
line-Cu2+ complexes show stereoselec- 
tivity as good as or better than that of 
proline (13). 

When an L-proline ligand is used, the L 
enantiomer of the amino acid resolved is 
eluted before the corresponding D iso- 
mer (Fig. la). This order is reversed 
when a D-proline-copper complex is dis- 
solved in the eluant (Fig. lb), and there 
is no resolution with a racemic proline- 
copper complex in the eluant (Fig. lc). 
Switching chirality of the eluant offers a 
useful method for distinguishing non- 
chiral artifacts from true enantiomers in 
a sample and requires only a few minutes 
for equilibrating the column. Retention 
times can be accurately reproduced (Fig. 
1). 

The stereoselectivity is ascribed to dif- 
ferences in the stability constants of 
diastereomeric species such as the L-pro- 
line-Cu2+ complex with an L-amino acid 
and the L-proline-Cu2+ complex with a 
D-amino acid in aqueous solution. Qual- 
itative and quantitative differences of 
stability constants have been reported 
(14), and it is surprising that resolu- 
tions of amino acids similar to those 
described here have not been reported 
before (15). 

Our results indicate the feasibility of a 
simple automated procedure for quan- 
titative protein amino acid analysis with 
simultaneous determination of enantio- 
meric composition. The method will be 
useful, for example, in checking synthet- 
ic and naturally occurring biologically 
active peptides for the presence of D- 
amino acid components, for screening 
physiological fluids for D-amino acids, 
and for ascertaining amounts of D-amino 
acid enantiomers in progressively older 
fossils (16), in certain living tissues such 
as tooth dentin and enamel, and in lens 
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Application of the convulsant drug 
penicillin to mammalian cortex leads to 
the development of interictal epilepti- 
form discharges recorded in the elec- 
trocorticogram. Intracellular recordings 
obtained from neurons during the gene- 
sis of such events typically show high- 
amplitude (20 to 30 mV) prolonged (50 to 
100 msec) membrane depolarization 
shifts (DS's) with overriding trains of ac- 
tion potentials The mechanism under- 
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lying the generation of these DS's is an 
important issue directly relevant to our 
understanding of the basic mechanisms 
of epilepsy. Two hypotheses have been 
proposed (1). One suggests that DS's 
that give rise to burst firing are sum- 
mated excitatory postsynaptic potentials 
(EPSP's) resulting from actions of pen- 
icillin which increase excitatory synaptic 
transmission (2) or decrease inhibitory 
synaptic events (3). A second hypothesis 
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Dendritic Mechanisms Underlying Penicillin-Induced 

Epileptiform Activity 

Abstract. The action of penicillin on synaptically evoked dendritic activity was 
examined with the use of hippocampal slice preparations. Orthodromic activation of 
CA1 pyramidal neurons produced an excitatory-inhibitory postsynaptic potential se- 
quence recorded intracellularly in the dendrites. Treatment with penicillin resulted in 
the appearance of spontaneous and synaptically evoked multipeaked field potentials 
and associated depolarization shifts and spike burst generation in CA1 cells. Intra- 
cellular recordings revealed that penicillin produced no detectable change in passive 
membrane properties of the postsynaptic dendrites. However, the inhibitory post- 
synaptic potential was suppressed by penicillin, resulting in the release of intrinsic 
dendritic burst firing during synaptic activation. These findings emphasize the role of 
normal patterns of dendritic burst generation in the production of intense neuronal 
discharge during penicillin-induced epileptiform activities. 
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