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JOURNAL OF CHROMATOGRAPHY I

REVIEW

STARCH ELECTROPHORESIS
II. STARCH COLUMN ELECTROPHORESIS

H. BLOEMENDAL

Department of Biochemistvy, Antoni van Leeuwenhoek-Huis:
The Netherlands Cancer. Institute, Amstevdam (T he Netheviands)

(Received June 5th, 1959)

In the first part of this survey on starch electrophoresis® the starch block technique
was discussed and the conclusion was drawn that generally the best separations are
realised when the starch block is in a vertical position during the electrophoretic run.
In principle similar results are obtained when columns are used. Nevertheless I wish
to-make a distinction between vertical starch block electrophoresis and starch column
electrophoresis, because the analytical operations after the experiment are different
in these two methods. In the first technique the block is cut into equal segments to
separate the zones, whereas in the second the separated zones are forced out by means
of a buffer stream, which makes the use of a fraction collector necessary. Although
originally only starch was used as the inert supporting medium?* in column electro-
phoresis, at present there is a tendency to apply cellulose powders instead of starch®-,
Actually more separations are carried out with other media than starch as stationary
‘phase. These experiments will not be discussed in this article. But even cellulose
column electrophoresis is not so widely applied as starch block electrophoresis and
starch gel electrophoresis. Undoubtedly the reason for this is that in general no better
results are obtained with column electrophoresis than with the two last-mentioned
techniques, while its procedure is more complicated.

METHODS

1. Apparatus
Hacrunp aND TISELIUS? described an apparatus for glass powder electrophoresis
which consisted mainly of a U tube and two electrode vessels. This apparatus was
improved by FLopin aND PoraTH* who replaced the glass powder by potato starch.

A glass tube s (Fig. 7), 50 X 3 cm, with a sintered glass filter f at the bottom is
joined to a second tube by means of rubber tubing. The porosity and thickness of the
glass filter must be chosen so that the electrical resistance is as small as possible. The
filter surface may be covered with a disc of Whatman No. 1 paper. The tube, which
is filled with starch, is connected to the cathode and the second tube is connected to
the anode, both connections being made with rubber tubing that can be closed by
clamps. Reversible silver—silver chloride electrodes as well as platinum wire wound
round glass rods may be used as cathode and anode. HAGLUND AND TISELIUS recom-

?
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2 H. BLOEMENDAL

mend the use of an open system, which allows the electroosmotic flow to develop
freely. This is realized by connecting a narrow horizontal glass tube, open at one point,
to the electrode vessels. In this way a constant hydrostatic pressure is maintained in
the whole system during the electrophoretic run. In some experiments the apparatus
is placed in a thermostat.

VANDEGAER, PREAUX AND LoNTIE™ found a more simple solution for the cooling
problem. The apparatus that these investigators employed was in principle the same

7
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Fig. 7. Apparatus according to HAGLUND AND Fig. 8. Apparatus according to KUNKEL. & =
TiseL1US. e = electrodes; s = tube filled with electrodes; s = tube filled with starch; f =
starch; f = glass filter. filter disc; ¢ = cotton wicks; p=plastic tubing.

as that of FLoDIN AND PoRrATH, but they constructed a water-jacketed column.
Efficient cooling was obtained by tap water of 2°.

CARLSON®, keeping to the design of HAGLUND anD TisErius, placed a central
cooling tube in the starch column.

BOLINGER, VAN DER GELD, WILLEBRANDS AND GROEN"2 improved the original
apparatus of FLODIN AND PoRATH by applying a device that allowed constant removal
of the electrolysis products from the electrode vessels.

KUNKEL?™ described an apparatus that can easily be constructed in any labor-
atory. Two glass tubes s, 40 X I cm, are joined together by rubber or plastic tubing p
(Fig. 8). Tube s is fitted with a glass filter f to support the starch. The connections with
the electrode vessels consist of cotton wicks ¢ enclosed in bent glass tubes or merely
covered with cellophane or parafilm.

SVENSSON?4, in collaboration with Fropin AND PorATH, designed a commercial
apparatus. The glass tube is surrounded by a water jacket, and the connections with
the electrode vessels and the special filling device are supplied with ground glass joints.
For preparative work, columns of considerable length may be used. PorRATH® purified
posterior pituitary extracts in externally cooled columns of 300 X 1.5 cm. These
experiments were carried out on cellulose powder, but starch columns of comparable
or even greater length may be applied.

2. Preparation of starch

Homogeneous packing is essential in all chromatographic techniques where powdered
materials are used. Also, in starch column electrophoresis irregular filling of the tube
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STARCH ELECTROPHORESIS. II. 3

would result in tailing and spreading of the zones. The starch may conveniently be
prepared as described in Part 1%, FrLopiN AND PORATH recommend the use of a
starch fraction that passes a 300-mesh sieve. Application of the packing method of
MOoORE AND STEIN? also gives good results. In this technique starch is suspended in
butanol and ground in a mortar. Distilled water is added to the suspension until the
amount is 30 % of the dry starch. The slurry is poured into the column and slight air
pressure is applied. The starch is allowed to settle during a period of one hour. Air
bubbles can be avoided by dipping the empty column in water so that the filter-disc
surface (Fig. 7, f) within the glass tube is covered with the liquid. The butanol above
the starch is withdrawn by suction. Afterwards water is poured in very carefully and
the column is connected to a Mariotte flask filled with distilled water. The water is
allowed to pass through the column until an eluate shows no, or minimal absorption
at 260 or 280 my against a water control. These washings are repeated with the buffer
solution in which the electrophoresis will be carried out. The column must be kept
exactly vertical during the electrophoretic run as well as during the elution.

3. Introduction of the sample

Before the electrophoretic run is started, the buffer solution above the starch surface
is withdrawn with a pipette or driven down by slight pressure so that the upper
starch layer is just dry. The sample is introduced dropwise by means of a funnel fitted
with a narrow tube or simply with a pipette. The test solution is then slowly forced
into the column by slight pressure. If there are components that will migrate towards
the cathode, the sample must be transported over a certain distance before electro-
phoresis is started. In order to determine this distance the most convenient method is
to add known amounts of buffer solution. The relation between the required buffer
volume and the vertical displacement is easily found by trial using a coloured sub-
stance (¢.g. haemoglobin or albumin stained with bromophenol blue). When the sample
is in the desired position, the column is filled with buffer and connected to the elec-
trodes.

4. Electrophorests

As in the case of starch block electrophoresis, there are no standardized conditions for
all starch column electrophoresis experiments. The most favourable voltage, current,
buffer, and the duration of the electrophoretic run must be found by trial. Much
depends on the packing and the length of the column. Though continuous cooling
by circulating ice water allows the application of higher voltages than those used
without cooling, the heat development even then represents a serious limitation of
the method. In many cases asymmetric band formation causes insufficient separation.
This effect becomes serious when columns with a large diameter are used. The best
results are generally obtained with columns not much longer than 1 m and with a
diameter not exceeding 6 cm.

CARLSON? observed considerable spreading of the zones when phosphate buffers
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4 H. BLOEMENDAL

were used. Veronal and ammonium buffers gave better results. Increasing the salt
concentration had no influence upon the spreading of the protein zones.

According to FLopIN aND KUPKE® citrate and phosphate buffers give rise to
strong electroosmotic flow in the starch medium.

In Table I11 the working conditions of a few investigators are summarized.

TABLE III
Material Bufler - o Pl v md P Refer-
Serum lipoproteins ammonium 0.1 9 350 — — 3
Serum veronal 0.05 8.6 700 25 12—20 4
Bacitracine polypeptide acetate 0.15 4.5 — 35 44 4
Serum + veronal 0.1 8.6 400 5 18 14
Insulin activity in serum bicarbonate — 8.0-8.3 350 100 24 2
6.8-7.0

Thiamine and its

phosphoric esters phosphate 0.05 5.44 — 17 12 82
Vitamin By compounds acetate 0.05 5.1 — 18 14 83
Pancreatic lipase acetate” 0.025 5.25 8 Vjem — 48 85

* 0.005 M CaCl, added.

5. Influence of temperature

As mentioned earlier the rise of temperature as a result of the application of high
voltages represents one of the most serious limitations of starch electrophoresis. In
practice the relation between the applied voltage and the rise of temperature during
the electrophoretic run is easily determined by measuring the temperature in the
column with a thermistor at certain intervals and plotting the temperature against
the time (¢f. Fig. 3 in Part I). Only a little theoretical work has been reported on the
problem of temperature distribution in columns®: 7. Recently PoraTH? described a
device for temperature measurements in cylindrical electrophoresis columns without
central cooling. This author derived a fairly simple equation which allows a rough
estimation of the permissible current values in an electrophoresis experiment.
The assumption is made that heat is transported only by conduction. In this case
the heat flow at time ¢ at any point of the system is described by the general equation:
%: div;% grad T +% (1)
in which T = temperature
A = thermal conductivity coefficient
¢ = specific heat
p = density
Q = heat generated per unit time and volume.

For cylindrical columns packed with powders like starch this equation reduces to:
cp % = AT 4+ Q (2)

in which 4 = Laplacian operator.

J. Chromatog., 3 (1960) 1—10



STARCH ELECTROPHORESIS. II. 5

It can be deduced that if the internally and externally cooled column were filled with
buffer alone, the heat generated would be:
Q= o230 (3
%
in which 7 = current density
» = conductivity of the buffer solution

Q = heat generated (expressed in calories per cm®).

Actually the effective cross section is reduced by the uncharged starch particles so

that equation (3) becomes:
72
Q =o0239%k P (4)

in which k = a constant characteristic for the (starch) medium

I = current
g == cross section of the column.

According to PORATH the water content in starch and cellulose differs considerably
(33 and 85 % per volume, respectively). This difference is reflected in the £ values.

Furthermore, PorRATH evolved an equation which holds when the column is
cooled with circulating water of constant temperature without central cooling:

e (s)

Ty — Ty =
m r Py

in which T, = maximum temperature
T, = temperature at » cm from the axis
Ae conductivity coefficient of the column content.

(A¢ = 2.2-1073 cal-degree C—1-cm~t-sec™! for starch packed in a column of 105 cm

length and 3.4 cm diamdeter).
Inserting Q from equations (4) and (5) gives:

I%2
Tm-—Tr =o0.230k Yo (6a)
0.239 &
=K
4 7%l
K.I2.1/2
Tn—Tr =~ (6b)

in which R = inner radius of the column.

Fig. ¢ is the graphic representation of the latter equation, in which K/x = 3200,
It = 150 mA, Iy = 9o mA.

For the difference between the temperature at the center I’y and the periphery

T, (6b) simplifies to: K.I?

Im—Ty= 45 (7)
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6 H. BLOEMENDAL

PoraTH found that % has the value 4.12 in starch columns (determined at 15° for
starch-o0.1 M pyridinium acetate medium).

Temperature

3 2 A r0 1 2 3 rR,
Radial distance from the axis (cm)

Fig. 9. Radial temperature distribution in a starch column 105 X 3.4 cm, 1z cm below the starch
surface: current in I, 150 mA; current in II, go mA. (Reprinted with the permission of Dr. J.
PORATH.)

6. Elution and automatic analysis

After the electrophoretic run the electrode vessels are disconnected and removed, and
a Mariotte flask filled with elution liquid is connected to the column by means of
rubber or plastic tubing. The Mariotte flask is used in order to obtain a constant
hydrostatic pressure during elution. It is possible to collect the separated components
in reagent tubes manually, but this is a very time-consuming business, so that an
automatic fraction collector becomes really indispensable. Further saving of time is
obtained by analysing the eluates in a continuous analyser.

In our laboratory a very simple apparatus has been constructed, which allows

©

|

| E—)

©®© ©
Fig. 10. Schematic diagram of the optical subunit of the fraction collector used in The Netherlands
Cancer Institute, Amsterdam. (For explanation see text.)
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STARCH ELECTROPHORESIS. II. 7

continuous estimation of nucleotides, polynucleotides, and proteins® (Fig. 10). The
light source is a low-pressure mercury lamp, a. The lamp compartment is divided into
two parts by means of the partition {, in which there is a quartz window, b. The ultra-
violet light-beam falls through the glass cuvette ¢, which is likewise supplied with a
quartz window. The cuvette has been constructed in such a way that air bubbles can
pass through without adhering to the wall. The transmitted light is not measured
directly but via the fluorescent screen, d. The rejected visible light is measured with
a common photocell, g. If it is desired to measure at other wave lengths the mercury

TFig. 11. Automatic fraction collector with recorder.

lamp can be replaced by other suitable light sourccs, if necessary in combination with
filters. The optical subunit is connected to a recorder via a multipole plug, e. The
fraction collector (Fig. 11) is furnished with a volume-measuring system. At the very
moment that a certain tube has been filled, the connection between the vacuum tube
volt meter and recorder is interrupted for a short time. The pen-recordér then falls
back to its zero position. In this way, besides the registered curve, straight lines are
drawn on the paper indicating the transition from one tube to the following one®.

PoraTH and coworkers® designed an apparatus which allows continuous removal
of the separated zones during electrophoresis. A buffer flow is applied in the opposite
direction of the electrophoretic migration. This device permits the use of short columns
and seems to counteract the broadening of zones during elution.

* Similar fraction collectors are commercially available (Dr. Gilson, Madison, Wisconsin, U.S.A.).

J. Chromatog., 3 (1960) 1~10



8 H. BLOEMENDAL

7. Influence of electroosmosts

As described in part 188 the electroosmotic flow is detected with the aid of substances
such as dextran or glucose that do not migrate in the electric field. However, it must
be taken into account that there is some interaction between starch and glucose, so
corrections must be made for the resulting retardation effect on the glucose molecules.
MARCHIS-MOUREN et al® gave examples of the electroosmotic flow under various

conditions (Table IV).

TABLE IV
Na acelate Citrate Veroral Veronal
Bugl 0.025 M + o.025 M — I:}hzsphg;z 0.025 M ~ o.c5 M +
uier CaClyo.005 M CaCly Mi6no A CaClyowos M CaClyo.005 M
pH 5.25 pH 6.15 PH 6.75 pH 8.0 pH 8.0
Potential gradient (V/cm) 6.15 9.4 8.0 6.7 6.7
Flow (cm/h) — 0.64 — 1.1 —0.78 — 0.51 — 0.76

According to FLODIN AND PORATH? monovalent buffers give rise to lower electro-
osmotic flow than do polyvalent buffer solutions.

APPLICATIONS

CarLson® studied the electrophoretic behaviour of serum lipoproteins in nephrosis,
diabetes, and essential hyperlipaemia.The recovery of the lipids and protein was about
100 % in monovalent buffers such as veronal. Adsorption was noticed when phosphate
buffer was used. When the protein concentration was higher than 22, spreading and
overlapping of zones took place. The migration of albumin could be followed by
staining with bromophenol blue prior to the electrophoretic run. The method revealed
that there are at least five distinct lipoprotein components in serum.

CARLSON AND OLIAGEN® investigated chylomicrons in a case of essential hyper-
lipaemia. The chylomicron migrated as two distinct fractions. One fraction was
associated with «-globulin, the other with f-globulin. These findings were in agreement
with the results obtained with free electrophoresis, whereas paper electrophoresis gave
only a single fraction®’.

FLobIN AND PORATH* separated human serum proteins and obtained patterns
that agreed very well with the results obtained with other zone electrophoresis
techniques. The same authors submitted an antibiotic mixture containing bacitracin
to column electrophoresis on starch. Two main peaks were found. The bulk of the
activity appeared to be concentrated in the largest peak. Other methods, however,
revealed heterogeneity of this peak.

KUNKEL™ fractionated serum. In some experiments the sample was made to
migrate up the column; about 100 % recovery was obtained.

BOLINGER and coworkers™ separated normal human serum. The fractions obtained
were tested for insulin activity and the main activity was found in the f-globulin

J. Chromatog., 3 (1960) 1-10



STARCH ELECTROPHORESIS. II. 9

fraction. 131 was detected in the same fraction when it was added to the serum.
Furthermore, some minor activity was found in the y-globulins, indicating that in
serum endogenous insulin is linked to different proteins.

SILIPRANDI AND SILIPRANDI®? separated thiamine and its phosphate esters.
Thiamine and its monophosphate moved towards the cathode, whereas diphospo-
thiamine and triphosphothiamine migrated towards the anode. However, cellulose
powder as inert supporting medium appeared to be superior. With this medium
complete separation of thiamine and its phosphoric esters could be realised and
quantitative recovery of each compound was achieved.

SILIPRANDI et al.®® also investigated vitamin B; compounds. Resolution of a
mixture of pyridoxamine, pyridoxal phosphate and pyridoxine was observed, whereas
pyridoxal and pyridoxamine phosphate overlapped each other partially.

MarcHIS-MOUREN et al.85achieved 135-fold purification of pancreatic lipase with
a 20 9% overall yield, when column electrophoresis on starch was used as final step in
a fractionation scheme including ammonium sulphate and acetone precipitation as
well as differential adsorption on tricalcium phosphate and aluminium hydroxide.
A higher potential gradient (8 V/cm), longer duration of the electrophoretic run
and the use of an acid buffer resulted in higher resolution of components than reported
earlier®.

BoussiEr®* obtained a pure compound of serum mucoprotein haptoglobin.
Starch column electrophoresis was applied in combination with ammonium sulphate
fractionation and starch gel electrophoresis.

The last-mentioned technique, which is of growing importance and may possibly
supersede paper electrophoresis, will be discussed in the last part of this review.

CONCLUSION

Starch column electrophoresis is not used so widely as the simpler block method. A
disadvantage of the former technique is the necessity of elution by means of a buffer
flow after the electrophoretic run, which gives rise to broadening of the zones. Accord-
ing to KuNKEL AND TRAUTMAN®® as much as a two-fold increase in the width of a
haemoglobin band was found when elution over a fairly long distance through the
column was required. Therefore, this procedure is not reliable in homogeneity studies,
since shape and width of the bands are strongly dependent on the distance traversed
during the elution. Furthermore, in some cases elution causes tailing of zones which
showed no adsorption on the medium during the electrophoretic migration. From
these observations it is clear that components originally separated, the mobilities of
which do not differ very much, may overlap each other as a result of the transport
through the column. By cutting the starch in the starch block technique, this com-
plication does not occur.

As a rule cellulose is a better medium than starch in column electrophoresis for
low molecular weight substances. FLopiN aAND KUPKE® consider the difference in
electrophoretic behaviour of these substances in paper and starch as a disadvantage

J. Chvomatog., 3 (1960) 1-10



I0 H. BLOEMENDAL

of starch column electrophoresis. But this unpredictable behaviour would not really
be a disadvantage if the resolving power were greater.

The principal reason why starch column electrophoresis is not so popular as the
block and gel techniques is that it is not so easily manipulated as either of the two
other methods and does not present appreciable advantages.
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CHROMATOGRAPHIC METHODS
FOR THE IDENTIFICATION OF BIOGENIC AMINES*

JORGE AWAPARA, VIRGINIA E. DAVIS anp ODETTE GRAHAM
The Rice Institute, Biology Depaviment, Houston, Tex. (U.S.4.)

(Received March 6th, 1959)

The term “Biogenen Amine” was first used by GUGGENHEIM in 1920, to describe a
large group of compounds with basic properties, occurring naturally and possessing
some properties in common. Many methods have been used for their isolation and
identification. No systematic methods have been developed to identify them as a
group. In animals and most bacteria, amines are usually the product of decarboxyla-
tion of amino acids and/or their derivatives. This limits the number of basic compounds
that would occur naturally. Several methods have been reported for the separation
of known amines by means of paper chromatography!.%. Direct chromatography of
tissue extracts would be unsatisfactory since the concentration of amino acids in
tissues is greater than the concentration of amines. This would mask any amines
present in small amounts; also the amines would be indistinguishable from amino
acids by direct development of color with ninhydrin. Weakly acidic cation exchange
resins have been used in special cases. Amberlite IRC-50 has been used to separate
adrenaline from nor-adrenaline3-3 and also to separate some bases from urine®. It has
been used in columns for the chromatography of basic amino acids’. In our laboratory
we succeeded in separating basic amino acids and few amines using columns of
buffered Amberlite IRC-50 and gradient elution. Buffers of increasing molarity were
used, but the results were not good. Many amines failed to develop sharp boundaries
and others decomposed in the presence of large amounts of ‘salts. We abandoned this
method in favor of partition chromatography on cellulose columns. Good separations
were obtained in a few trial runs. In order to use cellulose as the stationary phase it
was necessary to find a method to separate the amines from amino acids prior to
dhromatbgraphy and to obtain the solution of amines free of salts. We have succeeded
in obtaining such solutions.

The methods reported here are methods for the quantitative separation of amines
from amino acids and for the fractionation of amines by partition chromatography on
cellulose columns and filter paper.

* This work was supported by grants from the Robert A. Welch Foundation, Houston, and
the National Institutes of Health, U. S. Public Health Service.
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12 J. AWAPARA, V. E. DAVIS, 0. GRAHAM

MATERIALS AND METHODS
Reference compounds

Amino acids and amines used were all obtained from the California Corporation for
Biochemical Research in the best grades available.

Resin

Amberlite CG-50, Type 2, with a screen grading of approximately 200 (passing 200
mesh) was used. This resin was purified according to the procedure described by Hirs,
MooRE AND STEIN for the purification of Amberlite IRC-508. (This is the same type
resin as CG-50 but of a different grade.) When the purification was completed, the
resin was converted to the hydrogen form and stored.

Powder cellulose

The powder cellulose was obtained from Brown Company, Boston, and is sold under
the name of Solka-Floc. The cellulose was obtained with a screen grading of 200 mesh.
Before use the powder cellulose was purified by washing several times with 1 NV
sodium hydroxide and 1 N hydrochloric acid. The cellulose was washed with distilled
water and afterwards with alcohol. The cellulose was then dried by placing it under

infrared lamps.

Detection of fractions

The fractions obtained from each column were analyzed by determining their ab-
sorbancy at 279 mu with a Beckman Model DU Spectrophotometer. An aliquot was
removed from each fraction and analyzed by the ninhydrin method of MOORE AND
SteIN®. Other aliquots were taken and analyzed by paper chromatography. The papers
were treated with (a) ninhydrin and (b) diazotized sulfanilic acid.

EXPERIMENTAL RESULTS

1. Separation of mono- and dicarboxylic amino acids from amines and basic amino acids

One of the difficulties in detecting small amounts of amines in tissues is that they are
indistinguishable from amino acids by many of the known tests. Extraction of amines
by solvents has disadvantages; one must operate at extremely alkaline pH and solvent
extraction is seldom specific for one group of compounds. To obtain the amines from
tissues free of amino acids, we tried several methods. WINTERS AND KUNINI? suggested
a scheme for the separation of basic amino acids by means of Amberlite IRC-50
buffered to pH 4.7. We tried the same method to separate amines from amino acids.
The separation was complete but the amine fraction was contaminated with salts
eluted from the resin. Amberlite IRC-50, being a carboxylic type resin, reaches
equilibrium only slowly when operated in the acid form. To obtain an amine fraction
free of salts we had to use the resin in the acid form. In order to attain equilibrium the
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resin was allowed to remain in contact with the solution for one hour and with constant
shaking. We finally decided on the following method. An amount of purified resin was
added to the mixture of amino acids and amines. The amount used was in excess of
the amount needed to reach saturation of the resin. After shaking the mixture in a
mechanical shaker for one hour, the resin and solution were poured in a 1 X 15 cm
column containing 1 g of the resin. After the resin had settled, the column was washed
with water until all the amino acids were washed out of the column. The resin con-
taining the amines and the basic amino acids was eluted with 2 X 10 ml of 4 V acetic
acid. Recovery experiments were carried out using individual mono-carboxylic
amino acids and a number of amines. The results are'shown in Table I. It is clear from

TABLE I

RECOVERY OF AMINO ACIDS FROM COLUMNS OF AMBERLITE CG-SO AND
RETENTION OF AMINES ’

Compound added Found in‘ effiuent Eluted from resin

5 umoles umoles umoles % Recovery
Glycine 5.22 — 104.4
Alanine 5.18 — 105.6
Threonine 5.04 — 100.8
Serine 5.52 —_ 110.0
y-Aminobutyric acid 5.02 — 100.4
Leucine 4.84 — 96.8
Phenylalanine 5.20 — 104.0
Tyrosine 5.02 — 100.4
Tryptophan 4.65 — 93.0
Arginine — 5.21 104.2
Lysine — 5.00 100.0
Histidine — 5.00 100.0
Phenylethylamine — 5.53 I111.0
Tryptamine — 5.03 100.6
Tyramine — 4.94 98.8
Serotonin —_ 5.02 100.4
Epinephrine — 5.07 I0I.4
Norepinephrine — 4.79 95.8
Heordenine — 5.07 10I.4
3-Hydroxytyramine — 4.97 99.4

Table I that mono-carboxylic amino acids are not retained by the resin and that they
can be recovered quantitatively in the effluent. It is also noted that the amines are
retained quantitatively and eluted quantitatively from the resin bed. The analyses
of both amines and amino acids were carried out by ultraviolet spectrophotometry
and by the ninhydrin method. Verification of the degree of fractionation was possible
by paper chromatography. By thismethod the separation is complete and quantitative.
In Table II we show that a mixture of an amino acid and its corresponding amine can
be separated quantitatively.

2. Column chromatography

A number of preliminary experiments were carried out to find the best solvents for
fractionating amines. Mixtures of several reference amines were chromatographed on
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TABLE II

SEPARATION OF AMINQO ACIDS AND AMINES WITH AMBERLITE CG-5O

Recovered
‘; dj;ldo lt; '::zz by ninhydrin method by ultraviolet absorption
pmoles % umoles %

Tyrosine 4.66 93.2 5.04 100.8
Tyramine 4.71 04.2 5.19 103.8
5-Hydroxytryptophan  5.44 108.8 5.31 106.2
Serotonin 4.82 96.4 5.05 10I.0
Tryptophan 5.31 106.2 4.92 98.4
Tryptamine 5.28 106.6 5.17 103.4
Phenylalanine 5.47 109.4 — —
Phenylethylamine 5.28 105.6 — —

filter paper to determine their R values in several solvents. Of the solvents tried
butanol-acetic acid—water in a 4:1:1 proportion and 4:1:1.6 proportion gave very
good results. Best results were obtained with 2-butanone-propionic acid—water in a
3:1:1.2 proportion. Unfortunately this solvent mixture cannot be used in columns
although it gives excellent results on paper. In columns there are many disadvantages;
the presence of the ketone interfered with the detection of compounds absorbing
ultraviolet light. Too, the development of the ninhydrin color is inhibited. We used
this solvent to verify the homogeneity of the fractions obtained from columns.

The procedure used for the chromatography of known mixtures of amines was
the same every time. The columns were packed by several additions of a suspension
of cellulose powder in solvent. Occasionally slight pressure was applied. The solvent
to be used was allowed to wash the column until the effluent gave a low and constant
reading when read at 279 mu and no color when tested with the ninhydrin reagent.
When the column was ready the mixture of amines was pipetted, usually in a T ml
volume, made up with the chromatographic solvent. The solvent was then allowed
to flow at a rate of about 4 ml per hour. Fractions of 1 ml volume were collected.
Each fraction was analyzed as follows: (a) absorption at 279 my, (b) color produced
with ninhydrin, and (c) chromatography on filter paper with a solvent different from
that used on the column.

(A) Fractionation with butanol-acetic acid—water, 4:1:1. This solvent gave good
separation of several amines on filter paper. A mixture of 2 ymoles of each of the
following amines was prepared: valamine, phenylethylamine, tryptamine, tyramine,
serotonin, 3-hydroxy-tyramine, epinephrine, norepinephrine, ethanolamine, histamine,
cadaverine, putrescine, arginine, lysine, threamine. The mixture was chromatographed
on a column as previously described. The results obtained are shown in Fig. 1.

(B) Fractionation with butanol-acetic acid—water, 4:1:1.6. The results obtained
with the mixture previously described are satisfactory for some of the amines.
The aromatic compounds separate well but the more polar substances tend to be
retarded and as a result of this retardation the boundaries become distorted. We
thought that by increasing the polarity of the solvent slightly we would increase the
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rate of migration of the more polar substances without affecting materially the less
polar substances. For this we chose the solvent mixture of butanol-acetic acid-water
in a proportion of 4:1:1.6. The results obtained with this solvent using the same

Iu.M
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10— VALAMINE
0.8}
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Fig. 1. Chromatographic separation of a mixture of amines on a cellulose column (80 X I cm).

Solvent: butanol-acetic acid-water, 4:1:1. Rate of flow: 4 ml per hour. Solid line represents

concentration of efiuent measured by the ninhydrin method. Broken lines represent concentration
measured by absorption at 279 mu.
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Fig. 2. Chromatographic separation of a mixture of amines in a cellulose column (80 X 1 cm).
Solvent: butanol-acetic acid—water, 4:1:1.6. Conditions were the same as those described in Fig. 1.
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compounds as those used in the previous column are shown in Fig. 2. The higher
polarity of this solvent over the previous one causes most compounds to move faster.
In the less polar solvent several amines and the basic amino acids failed to yield
clear-cut boundaries. No separation of them was accomplished. With the more polar
mixture, the epinephrine and norepinephrine bands were sharper and the recoveries
considerably better than in the less polar solvent (Table III). It is difficult to decide
which is the better solvent. For some aromatic amines the less polar solvent is definitely

better.
TABLE III

RECOVERY OF AMINES FROM CELLULOSE COLUMNS

Solvent
Compound Butanol-AcOH-H,0 (4:1:1) Butanol-AcOH-H,Q (4:1:1.6)

added recovered recovery added vecovered recovery

pmoles umoles % pmoles pmoles %
Phenylethylamine 2.0 2.14 107.0 2.0 2.17 108.5
Tryptamine 2.0 1.96 98.0 2.0 2.07 103.5
Valamine 2.0 1.97 98.5 2.0 1.85 92.5
Tyramine 2.0 2.18 109.0 2.0 2.12 106.0
Serotonin 2.0 1.95 97.5 2.0 2.30 115.0
3-OH-tyramine 2.0 1.96 98.0 2.0 2.10 105.0
Epinephrine 2.0 0.98 49.0 2.0 2.0I 100.5
Threamine 2.0 2.29 114.5 2.0 2.28 114.0
Norepinephrine 2.0 2.0 1.22 61.0
Ethanolamine 2.0 1.98 99.0 2.0 0.86 43.0

(C) Fractionation with 2-butanone-propionic acid—water, 3:1:1.2. This solvent
gave the best results on paper chromatography. We tested it as a possible solvent for
columnar separation even though the analysis of the fractions cannot be carried out by
the same means as those described. The fractions were analyzed by paper chromatog-
raphy using butanol-acetic acid—-water mixtures for solvents. The results are plotted
in a different form since there is no quantitative data available. In Fig. 3 one can see
that the separation with this solvent is the best.

3. Paper chromatography

Paper chromatography of amines and basic amino acids has not been satisfactory.
As an adjunct to columnar separation, paper chromatography is extremely valuable.
Whatman 3 MM paper was used in all instances. The best solvents found were those
described for the columns. Chromatography was carried out by the ascending method.
After drying the papers at 40°, they were treated with ninhydrin. Duplicate chroma-
tograms were treated with diazotized sulfanilic acid to detect any phenolic compounds.
In Fig. 4 are shown some selected separations. The separation is not only satisfactory
but the spots obtained are compact and well defined. Of the solvents used z-butanone-
propionic acid-water was the best. We have tried a number of solvents containing
ammonia but the results were not good. In many cases there was poor definition of
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HISTAMINE &1
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Fig. 3. Chromatographic separation of a mixture of amines on a cellulose column (80 X 1 cm).
Solvent: 2-butanone-propionic acid—water, 3:1:1.2. Analyses of fractions carried out by paper
chromatography. Each bar represents the volume of effluent in which the fraction was found.

Fig. 4. Chromatographic separation of a mixture of amines on filter paper (Whatman 3 MM).

Solvent: 2-butanone—propionic acid—water, 3:1:1.2. Spots marked with pencil give colors that

do not show well in photographs. (1) Phenylethyl amine, (2) Tryptamine, (3) Tyramine, (4) Sero-

tonin, (5) Epinephrine, (6) Norepinephrine, (7) Histamine, (8) Putrescine, (9) Lysine, and (10)
mixture of all of them.
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boundaries and trailing. Many phenolic amines are very unstable in alkaline solutions.
Butanol-acetic acid-water mixtures were satisfactory for many compounds. The
Ry values of a number of compounds in these mixtures are given in Table IV.

TABLE IV

Rp VALUES OF SOME AMINES

Bulanone propiomic. ptanol-AcOH-H\0  Butano-AcOH-H,0 Butanol-AcOH-H.0
=iy

CDMPWM ;;1:25: 20 X20: 30:30 120! 3040 120! 30: 50
Norleucamine 0.92 0.80 0.79 0.80
Leucamine 0.91 0.81 0.77 0.81
Phenylethylamine 0.88 0.69 0.79 0.81
Norvalamine 0.87 0.77 0.71 0.76
Hordenine — 0.63 0.77 —
Valamine 0.86 0.66 0.74 0.75
Tryptamine 0.86 0.60 0.67 0.73
Tyramine 0.77 0.58 0.59 0.67
Serotonin 0.64 0.38 0.41 0.47
3-OH-tyramine 0.58 0.41 0.39 0.46
Threamine 0.55 0.43 0.43 0.47
Epinephrine 0.54 0.30 0.32 0.45
Norepinephrine 0.48 0.26 0.28 0.40
Seramine 0.46 0.34 0.34 0.38
Agmatine 0.46 0.21 0.20 0.34
Histamine 0.43 0.20 0.20 0.30
Cadaverine 0.39 0.16 0.14 0.26
Putrescine 0.32 0.13 o.11 0.20
Arginine 0.26 0.09 0.04 0.17
Glutamine 0.25 0.I1 0.16 0.25
Lysine 0.24 0.06 0.07 0.14
Histidine 0.23 0.09 0.08 0.16
Carnosine 0.23 0.08 0.28 o135
Methyl-histidine 0.23 0.08 0.10 0.18
Thiohistidine 0.14 0.11 a.08 0.18
Spermine 0.05 — — —

POSSIBLE APPLICATIONS

There are many amines that occur in nature. There are probably many more that have
not been detected. We have tried to use the methods reported here to identify horde-
nine in germinating barley; this amine accumulates in the roots during the first week
of germination'! 1?2, The formation of hordenine was studied with labeled com-
pounds!®-15, It is formed by decarboxylation of tyrosine to tyramine and subsequent
methylation of the latter. We have analyzed extracts from germinating barley roots
and found large amounts of hordenine as reported in the literature. In addition,
however, there were eight other amines; some were phenolic and some were not. We
have not carried out this work to completion for lack of reference compounds and
because it is beyond the scope of our interest.

As a possible extension of this work, we believe that one can develop a relatively
easy method for measuring amino acid decarboxylases. The separation of an amine
and its parent amino acid is complete. Thus, one can remove the excess substrate by
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means of Amberlite CG-50 after enzymic action, and measure the amine formed by
any suitable method. Many methods cannot distinguish between the amine and the
parent amino acid. In dealing with the amine only, the number of applicable methods
to its measurement is increased several times.

SUMMARY

1. Column chromatography in which the stationary phase is cellulose and the
mobile phase is a mixture of butanol-acetic acid-water is reported as a method to
separate a number of amines. These amines either occur naturally or are likely to

occur.
2. Paper chromatography in which similar solvents were used and also 2-

butanone—propionic acid-water is reported as a method to separate amines and a
number of amino acids and derivatives. The Ky values in these solvents are given for

26 compounds studied.
3. A method to separate quantitatively amines from amino acids (except the

basic amino acids) is reported. The possibility of using this method for the measure-
ment of some amino acid decarboxylases is discussed.
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RADIOAUTOGRAPHIC
DETECTION OF METABOLITES OF *S-pr.-CYSTINE
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Institutes of Biological Chemistry of the Universities of Modena and Rome

AND

L.TENTORI
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As part of a general program of investigation of the metabolism of cystine in mammals,
this paper presents the results of experiments made using labeled cystine in the rat.
ARNSTEIN AND CRAWHALL! and AwAPARA2%? were the first to use labeled cystine
for this type of investigation. In the present paper we describe the occurrence of a
number of unsuspected cystine metabolites as detected by paper radioautography of
the kidney extract and the urine of the rat injected with labeled cystine. A prelim-
inary identification of some of the detected compounds has been possible by using
the criterion of identity based on the fingerprint-like comparison between the radio-
active spot of the unknown and the ninhydrin spot of the authentic sample of the
suspected product added on the same chromatogram.

METHODS AND MATERIALS

35S-pr-cystine was obtained from Amersham, England. It had an activity of 1 mC/6.9
mg. 2mC were dissolved in 0.3 ml 1 N HCI, diluted to 2 ml with water, divided into two
portions and injected intravenously into two male rats weighing 200 g. One rat was
killed after 2 h, the kidneys were removed and an extract suitable for chromatography
was obtained as described by Awapara%. The final aqueous extract (2 ml) was stored
in the deep freeze. The other rat was kept in a metabolic cage and the urine of 24h
was collected under toluene. The sample was diluted to 30 ml with the washings of
the funnel and was stored in the deep freeze.

Chromatograms were made on Whatman No. 4 paper using water-saturated
phenol in the first direction and a mixture of collidine and lutidine saturated with one
volume of water, in the second direction. Radiocautograms were made by lightly
pressing the dried chromatograms on a 30 X 40 cm X-ray film in the dark for a
suitable length of time (10-20 days). After radicautography, the same chromatograms
were developed with ninhydrin in order to locate amino acids and other ninhydrin-
reacting compounds.

J. Chromatog., 3 (1960) 20-24



RADIOAUTOGRAPHY OF CYSTINE METABOLITES 21

RESULTS

The radioautogram of 0.1 ml of kidney extract from the rat injected with labeled cystine
is reproduced in Fig. 1. A very large number of compounds appears on this autogram,
at least 12z different radioactive spots have been enumerated. Among these only
taurine and hypotaurine may be easily identified by their unequivocal chromato-
grapl{ic location. A few other spots have been identified after careful control with an
authentic sample of the suspected compound. All the remaining products are unknown.

Fig. 2 shows the same chromatogram used for the radioautography of Fig. 1,
after the reaction with ninhydrin. It can be seen that, with the exception of taurine,
all the radioactive compounds are present in such low amount that they cannot be

Fig. 1. Radioautogram (20 days) of o.1 ml of

kidney extract from a rat injected with 1 mC

of 3S.pL-cystine. Spots: 2 = hypotaurine;

4 = taurine. For the identification of the

remaining spots see text. Sample applied at
the right lower corner.

Fig. 2. The same chromatogram used for the
radioautography of Fig. 1, after development
with ninhydrin. The outlines of the more im-
portant radioactive spots seen in Fig. 1 have
been marked in this chromatogram. Some of
the ninhydrin-reacting spots have been iden-

tified as follows: A = leucines; B = valine;
C =alanine; D = glycine; E = glutamic acid.

detected with ninhydrin, although a number of them certainly have a ninhydrin-
reactive NH,-group. In order to emphasize this point more strongly, the position of
some of the radioactive spots seen in Fig. 1 have been marked by pen on the chroma-
togram of Fig. 2.

Very recently thiotaurine has been detected in the urine of rats fed with unlabeled
cystine®. We deemed it of interest to confirm this finding using the labeled compound.
The radioactive spot marked as No. 3 in Fig. 1 shows a chromatographic behavior
like that expected for thiotaurine. In order to establish the identity of this spot with
thiotaurine, a chromatogram was made with 0.2 ml of the kidney extract to which
50 ug of a pure sample of synthetic thiotaurine® had been added. After contact with
the X-ray film for 10 days, the chromatogram was removed and developed with
ninhydrin. Fig. 3 represents the radioautography of the same chromatogram devel-
oped with ninhydrin which is shown in Fig. 4. It can be seen that in the chromatogram
the new spot of the added thiotaurine is now present, located in the same area as the
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Fig. 3. Radioautogram (10 days) of o.z ml
kidney extract from a rat injected with 1 mC
3S-prL-cystine, to which 50 ug of unlabeled
synthetic thiotaurine had been added.

Fig. 4. The same chromatogram used for the
radioautogram of Iig. 3, developed with nin-
hydrin. The spot marked No. 3, which is not
seen in the chromatogram of Fig. 2, is due to
the added thiotaurine. The identity in the
position, in the shape and in every detail of
this spot with the radioactive spot seen in the
same area in Fig. 3, is emphasized.

radioactive spot No. 3. It may be further seen that not only the chromatographic
coordinates of the two spots are identical but that the outlines of both the spots match
perfectly well in every detail, like two identical fingerprints.

The same procedure was applied to spot No. 1 which, by its location, was pre-
sumed to be due to thiazolidine carboxylic acid. Comparison of Iigs. 5 and 6 shows
also in this case that the radioactive spot is perfectly superimposable in every detail
on the ninhydrin spot of the same chromatogram made with added pure thiazolidine
carboxylic acid.

The identification of spots No. 3 and No. 1 respectively as thiotaurine and
thiazolidine carboxylic acid was further confirmed by their oxidation to taurine and

T'ig. 5. Radioautogram (10 days) of o.2 ml

kidney extract from a rat injected with 1 mC

33-pL-cystine, to which 50 ug of unlabeled

synthetic thiazolidine carboxylic acid had
been added.

I'ig. 6. The same chromatogram used for the
radioautogram of Fig. 3, developed with nin-
hydrin. The spot marked No. 1 which is not
seen in the chromatogram of Iigs. zand 4 isdue
to the added thiazolidine carboxylic acid. The
identity in the position, in the shape and inall
details of this spot with the radicactive spot
seen in the same arca in Fig. 5, is emphasized.
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to cysteic acid. Using a radioautogram as a guide, the areas of the two spots were cut
out of the respective chromatograms. The fragments were eluted with water, the
solution was treated with 1 ml 309% hydrogen peroxide in the presence of a trace of
molybdate?, and two new chromatograms and radioautograms were made with the
final liquids. Among minor products, a spot of taurine and one of cysteic acid were
detected as required for thiotaurine and thiazolidine carboxylic acid respectively.

Radioautography and chromatography of a 0.z ml sample of the urine of the
second rat are shown in Figs. 7 and 8. The chromatographed sample has been added
with 50 ug of a pure sample of cysteinsulfonate® in order to show, by the same criterion
of identification used above, the identity of spot No. 6 with cysteinesulfonate. The

Fig. 7. Radioautogram (14 days) of 0.2 ml urine
of ratinjected with 1 mC 3¥S-pL-cystine, added
with 50 ug of synthetic unlabeled cysteine-
sulfonate. Spots: 2 = hypotaurine; 3 = thio-
taurine; 4 = taurine; 6 = cysteinesulfonate.

Fig. 8. The same chromatogram used for the
radioautography of Fig. 7, developed with nin-
hydrin. The outline of some radioactive spots
seen in Fig. 7 have been marked in this chro-
matogram. Some of the ninhydrin-reacting

spots have been identified as follows: C =
alanine; D = glycine; E = glutamic acid.

chromatogram of the urine without the addition of cysteinesulfonate obviously lacks
spot No. 6.

The radioautogram of the urine is different from that of the kidney extract.
Three very strong unidentified new spots appear which are not seen in the kidney
extract. Moreover the spots identified in the kidney extract, namely, taurine, hypo-
taurine, thiotaurine, and thiazolidine carboxylic acid, are much weaker in the urine,
probably owing to their higher dilution. Cysteinesulfonate has been detected in the
urine; it is likely that the small spot falling in the same area in the autograms of
kidney extracts (spots No. 6 of Figs. 1 and 2) is cysteinesulfonate itself.

DISCUSSION

Some of the metabolites of DL-cystine detected on the radicautograms have been
identified. Among them are those present in larger amount. It is possible that some
of the spots may be due to an artifact or may have originated from the unnatural
portion of the racemic cysteine injected. Investigation is being continued in order to
elucidate these points. Apart from this limitation, the large number of the metabolites
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detected indicates the occurrence in the animal body of a number of metabolic
pathways of DL-cystine yet to be discovered.

The identification of thiotaurine among the detected metabolites is of particular
interest. It provides a confirmation of a previous finding and at the same time it
serves to exclude the possibility that the thiotaurine first identified in the urine of
cystine-fed rats® had a bacterial origin. Indeed, in the above experiments, cystine
had been injected in the veins and thiotaurine was detected in the kidney extract,
thus making any interference of the intestinal bacteria very unlikely.

The occurrence of thiazolidine carboxylic acid is another point which deserves
attention. This product arises spontaneously by the interaction of cysteine with
formaldehyde®. Enzymic systems have recently been described which oxidize thiazo-
lidine carboxylic acid very rapidly to diformylcystine and other products!® 1. The
disappearance of this compound from the urine gives experimental support to the
postulated role of thiazolidine carboxylic acid in the metabolism of cysteine?®.

It is the first time that cysteinesulfonate is reported as a cystine metabolite.
Although it has been unequivocally identified only in the urine, all the radioautograms
made with the kidney extract show the occurrence of a radioactive spot right in the
position of this compound (spot No. 6 of Fig. 1). Previous experiments made with
synthetic cysteinesulfonate have shown that this product is easily converted into
thiosulfate by the rat'?; accordingly it is likely that this cystine metabolite must be
regarded as one of the natural precursors of inorganic thiosulfate in the animal body.

This work forms part of a research program on the biochemistry of sulfur, sponsored
by the Comitato Nazionale Ricerche Nucleari.

SUMMARY

Metabolites of 3S-DL-cystine have been detected in the kidney extract and in the
urine of rats by means of radioautography. Comparison of the chromatograms con-
taining added pure samples of the suspected radioactive spots with their radioauto-
grams permitted the identification of some of the detected compounds. The following
cystine metabolites have been identified: taurine, hypotaurine, thiotaurine, thiazo-
lidine carboxylic acid, cysteinesulfonate.
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SEPARATION DES ACIDES AMINES DES MILIEUX
BIOLOGIQUES COMPLEXES

V. DESCRIPTION D'UN COUPLAGE DE
METHODES CHROMATOGRAPHIQUES ET ELECTROPHORETIQUES*

GERARD BISERTE, THERESE PLAQUET-SCHOONAERT,
PAUL BOULANGER Etr PIERRE PAYSANT

Laboratoive de Chimie Biologique, Faculté de Médecine et de Phavmacie, Lille (France)

(Rec¢u le 26 mars 1959)

L’application de la chromatographie de partage sur papier & 1’étude des acides
aminés libres ou combinés des milieux biologiques a déja fourni des résultats remar-
quables. Toutefois, ’emploi continu de cette méthode depuis plus de dix ans nous a
permis de définir exactement ses possibilités, mais en méme temps de préciser certains
inconvénients et de faire quelques réserves: I'apparition fréquente, dans la littérature,
de nouveaux systémes-solvants montre d’ailleurs bien que la satisfaction n’est pas
totale!

A. REVUE CRITIQUE DES POSSIBILITES SEPARATIVES DE LA
CHROMATOGRAPHIE BIDIMENSIONNELLE

1. Couplage butanol-acide acétique et phénol aqueux

Le type de chromatographie bidimensionnelle le plus employé est réalisé en premiére
dimension avec le solvant butanol-acide acétique-eau (4:1:5) (PARTRIDGES®) et en
seconde dimension avec le phénol saturé d’eau en atmosphére ammoniacale (CONSDEN
et al.”) ou le phénol tamponné a pH 9.3 (LEvY ET CHUNG¥). Avec ces solvants, la
séparation des acides aminés d’'un hydrolysat total de protéine est satisfaisante a
condition que l'acide chlorhydrique soit complétement éliminé (voir la carte de
Parry?). Toutefois, la séparation de la sérine et du glycocolle, ainsi que celle de la
leucine et dela phénylalanine ne sont pas complétes, et ceci constitue un inconvénient
majeur pour le dosage chromatographique des acides aminés. D’autre part, la valine
et la méthionine occupent exactement la méme position, et l'artifice qui consiste a
transformer la méthionine en méthionine-sulfone et (ou) en méthionine-sulfoxyde
(DENT®) n’est pas toujours d’une application commode, car il y a trés souvent dans
les solutions étudiées une faible proportion de méthionine par rapport a la valine et
I'identification est donc malaisée. De méme, la caractérisation de la cystine n’est pas

* Pour les mémoires antérieurs, voir références?® 4,6,
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toujours facile: il est indispensable d’effectuer un second chromatogramme aprés
. * 7 ) . -
oxydation” et de repérer alors 1'acide cystéique.
L’interprétation des chromatogrammes bidimensionnels des fractions amino-
acides des milieux biologiques (tissus animaux et végetaux, sérum, urine, etc.) est encore

Iy

plus délicate et pose des problémes particuliers trés difficiles a résoudre (Fig. 1).

Butanol /ac. acétique Cys-S03zH =2 GSH
A —_——
°° Cys
Glu s
CN®,

Se:r _
Gly = Asp-(NH,

P T O Glu-NH,

Tyri

+  «-But .
WA
Leu . QD s

Phe  Pip prg ol ”M‘“‘

Phenot (NH,)

Fig. 1. Schématisation des principales difficultés rencontrées au cours de la chromatographie
bidimensionnelle des acides aminés des milieux complexes. (Chromatographie dans le solvant
butanol-acide acétique—eau (4 :1 :5) en premiére dimension et phénol saturé d’eau en atmosphére
ammoniacale en seconde dimension.) Les cercles pointillés figurent ’emplacement théorique des
acides aminés. Les surfaces entourées d’un trait plein correspondent aux positions habituellement
observées au cours de 'étude d’un milien biologigue complexe. Les zones hachurées indiquent
I’emplacement des plages ‘‘ninhydrine positive’’ d’interprétation délicate. Les surfaces ponctuées
et entourées de parenthéses représentent des régions de chevauchement d’acides aminés. Dans la
région de la proline (bien que la coloration jaune de cet aminoacide avec le réactif a la ninhydrine
soit assez caractéristique) il est souvent difficile de conclure a la présence de la colamine. Les deux
surfaces hachurées indiquent la position de la f-alanine et de 'acide y-aminobutyrique dans un
hydrolysat total de milieu biologique (I’acide chlorhydrique ayant été éliminé simplement par
évaporation sous vide). Les abréviations suivantes ont été utilisées: Cys—SO,H = acide cystéique;
Asp = acide aspartique; Glu = acide glutamique; a = acide a-aminoadipique; Ser = sérine;
Gly = glycocolle; Asp-NH, = asparagine; Glu-NH, = glutamine; Thr == thréonine; Tyr =
tyrosine (lorsque la tyrosine se trouve a une concentration élevée, elle a tendance a trainer);
Ala = alanine; f = f-alanine; HO-Pro = hydroxyproline; Sarc = sarcosine; Bas = acides
aminés basiques (ornithine, histidine, lysine, méthylhistidine) + ansérine -+ carnosine; Pro =
proline; Col = colamine; Pip = acide pipécolique; Phe = phénylalanine; Leu = leucines;
Try = tryptophanne; Val = valine; Met = méthionine; y = acide y-aminobutyrique; T = acide
p-aminoisobutyrique ou T-spot; a-But = acide g-aminobutyrique.

En effet, malgré une déminéralisation soignée, la région du chromatogramme
occupée par les acides diaminés est généralement confuse. Elle se présente trés souvent
sous la forme d’une trainée dans laquelle la séparation de I'arginine, de la lysine et de
I'histidine est imprécise. Cette observation est particuliérement nette dans le cas des
urines qui contiennent une trés forte proportion d’histidine et dans lesquelles peut se
trouver un taux élevé de méthylhistidine, ainsi que de Vansérine et de la carnosine,
qui viennent se placer dans la méme zone.

* L’oxydation performique de ’hydrolysat total (ScHRAM ef al.43) est préférable a I'oxydation
par I’eau oxygénée a 110 volumes des substances déposées a la tache de départ.
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Sur les chromatogrammes, certaines amines biologiques forment au-dessous de la
zone des acides diaminés une tache confuse qu'il est difficile de décomposer exactement.
On peut trouver dans ce groupe la f-mercaptoéthylamine.

De faibles quantités d’asparagine ne peuvent étre décelées facilement sur les
chromatogrammes bidimensionnels, car cette substance donne avec la ninhydrine
une tache de coloration brunétre qui vient se juxtaposer au groupe sérine-glycocolle.
La taurine se place également au niveau de cette zone. Si les milieux biologiques n’ont
pas été fractionnés sur une résine a échange de cations fortement acide (Dowex 50
ou Amberlite IR 120), qui retient tous les acides aminés mais ne fixe pas la taurine
(BOULANGER, BISERTE ET COURTOTS), celle-ci ne peut é&tre aisément identifiée.

Il est aussi difficile de distinguer nettement la cystine et le glutathion. Les
différences de Rz sont minimes et le glutathion A tendance A trainer. Pour identifier
la glutathion, il est indispensable d’éluer trés exactement la région correspondante
(sans déborder sur la tache de l'acide glutamique et du glycocolle), d’hydrolyser
totalement I'éluat et de chromatographier I'hydrolysat: la présence de cystine, d’acide
glutamique et de glycocolle permet de conclure & la présence de glutathion.

D’autre part, I'acide y-aminobutyrique se place trés prés de l'acide f-aminoiso-
butyrique (ou T-spot) et la séparation est peu satisfaisante. v

La distinction entre l'acide d-aminovalérique et la valine est également délicate.
Elle est possible avec des solutions témoins équimoléculaires, mais, dans le cas des
milieux biologiques, ot il y a souvent une disproportion trés marquée entre les taux
des deux substances, I'identification est souvent impossible.

La plupart des inconvénients que nous venons de signaler se retrouvent dans le
couplage butanol-acide acétique et m-crésol-phénol tamponné 2 pH 9.3 (LEVY ET
CHUNGY).

2. Autres couplages bidimensionnels

(@) Systéme collidine~phénol. Des difficultés comparables aux précédentes s’obser-
vent également avec le systéme collidine~phénol (voir DENT®) *. De plus, la variabilité
de composition de la collidine, la sensibilité de ce systéme-solvant aux variations de
la température, constituent des inconvénients supplémentaires. Avec ce couplage,
la région des acides diaminés est toujours trés complexe, d’autant plus que l'acide
y-aminobutyrique et I'acide é-aminovalérique viennent également s’y placer. L’argi-
nine n'est pas séparée nettement de la lysine. Au contraire, la méthylhistidine et
I'histidine sont mieux isolées du groupe des acides aminés basiques; mais la méthyl-
histidine occupe une position voisine de la proline. La taurine est bien séparée du
groupe sérine—asparagine—glycocolle.

(6) Autres systémes-solvants. Dans les couplages butanol-acide acétique -~ phénol
et collidine + phénol, les Rr des acides diaminés sont trés nettement différents de
ceux des acides dicarboxyliques (Rp bas des acides dicarboxyliques dans tous les

*La collidine peut étre remplacée par le systéme alcool benzylique—acide acétigue-eau
(50:10:13) (SEN ET BURMAYY),
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solvants; Rp bas des acides diaminés dans le butanol-acide acétique et la collidine,
élevés dans le phénol). Dans de nombreux autres types de chromatographie bidi-
mensionnelle, cette dissociation ne s’observe pas et les acides diaminés, les acides
dicarboxyliques et leurs amides, les acides aminés soufrés et les acides aminés neutres
A chalne courte sont trés proches les uns des autres. Par exemple, le couplage métha-
nol-eau—pyridine (80:20:4) en premicre dimension et ferf.-butanol-méthyléthyl-
cétone—eau—diéthylamine (40:40:20:4) en seconde dimension (REDFIELD¥) n’est
pas applicable a I'étude des milieux biologiques complexes pour cette rajson. Pourtant
il permet une séparation assez satisfaisante de la méthionine et de la valine. L’acide
a-aminobutyrique, l’acide y-aminobutyrique, l'acide f-aminoisobutyrique et la
méthionine ont des Ry trés voisins dans le solvant methanol-eau—pyridine.

La variante technique de BELL et coll.! (en premiére dimension, chromatographie
dans le butanol-acide acétique, et en seconde dimension, chromatographie dans le
solvant méthanol-eau—pyridine des composés a R inférieurs & 0.40 dans le butanol-
acide acétique et dans le solvant ferf.-butanol-méthyléthylcétone—eau—diéthylamine
des composés a Rp supérieurs a 0.40) permet une résolution satisfaisante des acides
aminés d'un hydrolysat total de protéine (sauf pour l'alanine et la proline), mais elle
est difficilement applicable a I'étude des milieux biologiques complexes.

Le couplage sec.-butanol-ammoniaque 3% (150:60) en premiére dimension et
sec.-butanol-acide formique—eau (150:30:20) en seconde dimension (HAUSsMANNIS)
présente les mémes inconvénients que celui de REDFIELD®.

Les systémes uniphasiques de HARDY et coll.?5: éthanol-#-butanol-acétone—-eau-
dicyclohexylamine (10:10:5:2), permettent une séparation satisfaisante des acides
diaminés, mais ne séparent pas suffisamment le groupe valine-méthionine—tyrosine—
leucine-phénylalanine.

En conclusion de cette revue critique, il apparait que la sélectivité et le pouvoir
de résolution des méthodes chromatographiques sont insuffisants pour I'étude
précise des milieux biologiques complexes, qui contiennent beaucoup plus de composés
donnant une réaction positive a la ninhydrine que les hydrolysats totaux de protéines.
Avec tous les couplages chromatographiques décrits, il est relativement facile d’établir
la répartition de trés nombreux composés: par exemple, certaines cartes indiquent,
soit par des points, soit par des cercles, la position de 8o composés ‘‘ninhydrine posi-
tive”’! Quelques expérimentateurs donnent des tableaux des valeurs de Ry avec trois
chiffres aprés le point! Ces données sont trop théoriques et ne peuvent s’appliquer
sans risque a une étude pratique, car elles ne tiennent pas compte des problémes
particuliers qui se posent au cours de 'étude de milieux biologiques différents.

B. PRINCIPE DU COUPLAGE PROPOSE

Pour essayer d’obtenir des séparations plus satisfaisantes et d’application facile,
nous nous sommes efforcés de mettre au point une technique plus sélective. L’origi-
nalité du procédé que nous proposons réside essentiellement dans wn couplage de
méthodes chromatographiques et électrophorétiques classiques, qui conserve a 1’'ensemble
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des manipulations leur simplicité et leur commodité. Son principe peut se schématiser
de la fagon suivante:

(1) Séparation de base par électrophorése sur papier en tampon volatil de pH 3.9;

(2) Couplage bidimensionnel électrophorése sur papier & pH 3.9 et chromato-
graphie butanol-acide acétique—eau pour la séparation des composés “acides’” et la
séparation des composés “‘légérement basiques”;

(3) Couplage bidimensionnel électrophorése sur papier & pH 2.4 et chromato-
graphie butanol-acide acétique—eau pour la séparation des composés ‘“‘neutres’;

(4) Electrophorése sur papier en tampon volatil de pH 6.5 et de pH 11.7 pour la
séparation des composés “‘basiques’.

Les troisiéme et quatriéme étapes peuvent étre réalisées a partir du fractionne-
ment de base en électrophorése sur papier & pH 3.9 grice A une élution directe et
automatique des bandelettes de papier contenant les aminoacides sur une autre feuille
d’électrophorése ou de chromatographie (dispositif d'élution automatique de BISERTE?).

Tous les tampons d’électrophorése et les solvants chromatographiques employés
sont facilement éliminés par ventilation d’air froid ou tiéde.

C. APPAREILS ET REACTIFS
1. Cuve de chromatographie
Tous les modeles classiques de cuve peuvent étre employés. Les cuves a 4 ou 5 godets,
en chlorure de polyvinyle, sont d’'un prix de revient modigue et leur robustesse est
trés satisfaisante. La température de la chambre a chromatographie doit étre stabi-
lisée a 21° + 1°. :

2. Apparels d’électrophorése

Ce sont tous des appareils en V renversé (type DURRUM?) entiérement construits en
chlorure de polyvinyle (voir Fig. 2). Deux types d’appareils peuvent étre utilisés, I'un

Fig. 2. Appareil d’électrophorése ‘“‘en toit” type DURrRUM (vue en coupe). La longueur des bacs a

tampon est de 68 cm dans les appareils de grandes dimensions et de 32 cm dans les appareils de

petites dimensions; les bacs sont indépendants de I’appareil; une électrode en platine est placée

directement dans le bac, a I'une de ses extrémités. L’épaisseur des plaques de chlorure de poly-

vinyle est de 3 mm. La plaque médiane a une épaisseur de 1 cm. A sa partie supérieure, on place
une tige de verre qui supporte directement la feuille de papier.
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pour des feuilles de 28 X 40 cm, l'autre pour des feuilles de 46 x 57 cm. 1l est utile
(mais non indispensable) de disposer de plusieurs appareils pour éviter de changer
constamment les systémes-tampons.

3. Redresseur de courant

Un redresseur de courant robuste permet d’alimenter plusieurs cuves. Le potentiel
peut varier entre o et 800 V (ou 1000 V), par fractions de 100V,

4. Dispositif d’élution automatique

Nous utilisons I'appareil décrit par BISERTE2 Le découpage des deux extrémités de
la bandelette en pointes, dont 'une est mise au contact de la feuille réceptrice, permet
I’élution des acides aminés sous la forme d’une tache de 5 & 6 mm de diameétre. Pour
obtenir I’élution sous la forme d’une ligne, pour I'électrophorése, il suffit de découper
la partie inférieure de la bande & éluer pour lui donner la dimension de la ligne de départ
désirée. Pour fixer la durée d’élution d’'une bandelette de papier, il faut tenir compte
de 1’épaisseur et de la surface de la bande, de la capacité de la seringue (5, 10 et 20 ml)
et de la vitesse de rotation du moteur (1 tour/z4 h ou 1 tour/rz h). La variation de
vitesse du moteur est facilement obtenue par l'addition d’engrenages supplémentaires.
I’élution totale est naturellement controlée 4 la fin de ’opération par pulvérisation de
réactif 4 la ninhydrine sur la bandelette.

5. Formules des tampons
Tampon de pH 3.9: Pyridine-acide acétique—eau (30:100:4870) (MicHL, GRAss-
MANN, HaNNIG ET PLO6CKLY). Cette formule nous a donné de meilleurs résultats que
celle de KICKHSFEN ET WESTPHAL?® (tampon pyridine-acide acétique—eau (1:10:89)
de pH 3.6). Nous utilisons aussi avec succeés la formule pyridine-acide acétique-eau
(30:100:3870). Dans ces conditions, la durée de I’électrophorese peut étre raccourcie,
car les séparations sont plus rapidement obtenues. Le tampon de pH 3.8 (acide
acétique—acétate de sodium, u = 0.05) préconisé par MoNDOVI ef @f.3% permet égale-
ment un {ractionnement de base intéressant, mais il n’est pas volatil.

Tampon de pH 6.5: Pyridine-acide acétique—eau (200: 8:1792) (HARRIS, SANGER
ET NaucHTONIS). Ce tampon nous a donné des résultats plus satisfaisants que celui
de LoCKHART ET ABRAHAM® (tampon collidine-acide acétique—eau (36.3:185:3860)
de pH 7).

Solution d’ammoniaque N (pH 11.7).

Solution d’acide acétique N (pH 2.4).

6. Réactif d la ninhydrine

Pour les révélations rapides, nous utilisons une solution de ninhydrine 4 0.1% dans
le n-butanol saturé d’eau. Aprés pulvérisation, les chromatogrammes sont portés a
I’étuve & 100° pendant 10 4 15 min.

Pour obtenir une révélation plus satisfaisante, notamment sur le plan quantitatif,
nous avons adopté le mode opératoire suivant.
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Pour les acides aminés neutres et dicarboxyliques, nous utilisons la formule de
BELL et coll.i: ninhydrine a 1% dans l'acétone (p/v) contenant 10% (v/v) de tampon
phosphate 0.05 M de pH 4. Pour les acides aminés basiques, la solution de ninhydrine
est 4 19% dans I'acétone (p/v) contenant 6%, (v/v) d’acide acétique.

Les chromatogrammes sont trempés complétement dans le réactif 4 la ninhydrine,
égouttés et séchés pendant une heure dans une atmosphére privée d’ammoniac, puis
portés a I’étuve 4 38° pendant 15 h. Pour une estimation semi-quantitative, les surfaces
englobant la totalité de la coloration et des surfaces voisines de mémes dimensions
servant de blanc sont découpées dans le papier et éluées par 3 ml d’acétone contenant
259% d’eau, pendant zo min sous agitation discontinue. Aprés centrifugation, les
colorations de I'éluat sont lues, dans I'heure qui suit, au spectrophotométre a 575 mu
contre un blanc provenant d'un emplacement du chromatogramme le plus voisin
possible de la tache a doser (pour 'asparagine, les lectures au spectrophotométre se
font a 350 mu). Avec la révélation décrite ci-dessus, la proline et 'hydroxyproline
forment un complexe violet aprés le séjour a I'étuve 4 38°. Des courbes de référence
sont construites & partir de quantités déterminées (0 & 20 ug) de chaque acide aminé
séparé dans les mémes conditions expérimentales (électrophorése, chromatographie,
etc.). (BISERTE, BOULANGER ET PAysant?.)

D. FRACTIONNEMENT DE BASE PAR ELECTROPHORESE A pH 3.9
1. Description de la méthode

L’électrophorése a pH 3.9 s’effectue dans un appareil en V renversé, sur du papier
Arches 304 (28 X 40 c¢m), pendant 4 h, sous un potentiel de 300 a 400 V. Le dépét du
mélange des aminoacides & séparer se fait & 12 cm du bord anodique de la feuille
préalablement imbibée de tampon, le long d’'une ligne de 1.5 & 3 cm, perpendiculaire
au grand axe de la feuille. Le volume déposé est habituellement de I'ordre de 10 & zo ul.

Aprés la migration électrophorétique, la feuille est séchée a 1'air libre, puis
ventilée pendant 15 h ou séchée une demi-heure 4 I’étuve & 100°, et finalement révélée
par pulvérisation ou par trempage dans le réactif a la ninhydrine.

2. Posstbilités séparatives

Les avantages de cette premiére étape sont nombreux:

le tampon utilisé (pyridine-acide acétique—eau) est entiérement volatil et ne
cause donc aucune géne pour les étapes chromatographiques ultérieures;

cette électrophorése ne nécessite qu'un appareillage simple et n’exige pas de
potentiel élevé;

son pouvoir séparatif est trés satisfaisant.

En effet, les acides aminés d'un hydrolysat total de protéine se séparent trés
facilement en 4 groupes principaux (GRasSMANN, HaNNIG ET Procki): acide
aspartique, acide glutamique, le groupe de tous les acides aminés & comportement
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neutre et le groupe des acides aminés a comportement basique (histidine 4 lysine +
arginine) (Fig. 3).

Aprés oxydation de I'’hydrolysat par 'acide performique, 'acide cystéique formé
se sépare également et se localise en avant de I'acide aspartique (Fig. 4).

Dans le cas d’'un milieu biologique, la séparation de base est encore plus poussée
dés ce premier stade: les acides w-aminés se situent entre les acides aminés “‘neutres”

/\ﬂ j\ AA/M A/\ N\

Cyst Asp  Glu<AA N Tf Bas
Fig. 3. Electrophorégramme sur papier
en tampon acide acétique-pyridine de
pH 3.9 (hydrolysat total de protéine).
Papier: Arches No. 304 ; durée: 4 heures
sous 320 V; point de départ: 12 cm du
coté anodique (la fléche figure le point
de dépét du mélange des acides ami-
nés). Asp: acide aspartique; Glu: acide
glutamique; N: acides aminés ‘‘neu-
tres’””; Bas: acides aminés ‘‘basiques”

Fig. 4. Electrophorégramme sur papier en tampon acide
acétique—pyridine de pH 3.9 (acides aminés libres
décelables dans un milieu biologique). Conditions ex-
périmentales identiques a celles décrites dans la Fig. 3.
La fleche indique le point de départ de 1'électrophorese.
Cyst = acide cystéique; Asp = acide aspartique;
Glu = acide glutamique; ¢AA = acide a-aminoadipique;
N = acides aminés ‘“‘neutres’’; T = acide f-aminoiso-
butyrique ou T-spot; f = f-alanine; y = acide y-amino-
butyrique; § = acide d-aminovalérique; Bas = acides

(tysine, arginine, histidine). Les cour-
bes correspondent a l'enregistrement
des colorations a laninhydrine standar-
disées, a1’aide d’un photodensitomeétre équipé d’un filtre vert & 530 mu. L’enregistrement est réalisé a
partir des bandes d’électrophorése préalablement imbibées par de 1’huile de transparence. Le déroule-
ment de la bande se fait mm par mm devant une fente de 1 mm de largeur et de 25 mm de longueur.

aminés basiques (arginine, lysine, méthylhistidine,
histidine, ornithine); Col = colamine.

et les acides aminés “‘basiques”’
aminés “‘basiques” (Fig. 4).

Bien souvent, I'aspect de I’électrophorégramme est encore plus complexe. Afin
de préciser davantage les possibilités de cette méthode, nous avons étudié le com-
portement de nombreux dérivés “ninhydrine positive” ou non, naturels ou synthé-
tiques, dans les diverses zones de I'électrophorégramme a pH 3.9.

; la colamine se localise au dela du groupe des acides

(@) Zone des composés a comportement acide (Figs. 5 et 6)

(2) Composés “ninhydrine positive”. Dans toute la région de 1’électrophorégramme
située en avant du groupe des acides aminés “‘neutres”’, on peut trouver un certain
nombre de composés ‘‘ninhydrine positive” tels que 'acide homocystéique qui se
sépare facilement de I'acide cystéique, le tyrosine-O-sulfate qui se situe juste en avant
de l'acide aspartique, le glutathion traité par I'acide performique (G-SH —~ G-SOzH)
qui se situe entre I'acide cystéique et I'acide aspartique, le glutathion véduit (G-SH) et
oxydé (G-5-5-G) qui sont placés entre l'acide aspartique et l'acide glutamique. Le
glutathion oxydé est légérement plus rapide que le glutathion réduit (Fig. 6). Toutefois
pour séparer ces deux composés, il faut réaliser un couplage électrophorése a pH 3.9
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Fig. 5. Electrophorégramme sur papier 4 pH 3.9 des ‘‘composés & comportement acide’” (4 h,
320V, point de départ & 12 cm du c6té anodique). (a) Comportement des composés ‘‘ninhydrine
positive”. Cyst = acide cystéique; HCyst = acide homocystéique; Tyr-O-S = tyrosine-O-sulfate;
Asp = acide aspartique; GSH = glutathion réduit; Glu = acide glutamique: aAA = acide
a-aminoadipique. (b) Comportement des dérivés N-acétylés et N-formylés de 'acide aspartique et
de l'acide glutamique (révélation au vert de bromocrésol). (c) Comportement des dérivés dinitro-
phénylés de 'acide aspartique, de l'acide glutamique et du glycocolle (dérivés colorés en jaune et
possédant une fluorescence brune en lumiére de Wood). (d) Comportement des formes combinées
d’acides aminés ou des dérivés d’acides aminés & comportement acide. Acide pyrrolidone-carboxyli-
que: révélation par la méthode de Rypon ET SMITH®; acides hippurique et p-aminohippurique:
révélation au p-diméthylaminobenzaldéhyde en solution dans I'anhydride acétique; acide panto-
thénique et homopantothénique: révélation par la ninhydrine aprés hydrolyse partielle par
pulvérisation d’acide acétique; taurine et N (acides aminés neutres): révélation a la ninhydrine;
Fol = acide folique: localisation aprés élution des bandes et hydrolyse totale suivie d’une
identification de l'acide glutamique libéré, par électrophorése ou chromatographie.

Glu Glu Glu

G-SH G-SH +
G-5-5-6|(G-$-5-G

Asp Asp Asp

6-SO4 | |G-5-50,4H

Cys-sosH Cys-SOxH Cys-SO;H

+

Fig. 6. Comportement en électrophorése & pH 3.9 du glutathion et de ses dérivés. G-SH = gluta-

thion réduit; G-S-S5-G = glutathion oxydé; G-SO,H = glutathion traité par I’acide performique;

G-S-SOgH = sulfoglutathion; Cys-SO,H = acide cystéique; Glu = acide glutamique; Asp =
acide aspartique.
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et chromatographie butanol-acide acétique (voir Fig. 10). Le sulfoglutathion (G-5-
SO,H) — synthétisé suivant la méthode de WALEY®¥—se comporte comme le gluta-
thion traité par I'acide performique (G-SO,H). L’acide o-aminoadipique se situe juste
derriére I'acide glutamique.

(19) Dérivés N-substitués des acides aminés dicarboxyliques. Ces dérivés se localisent
également dans la région “‘acide” (Fig. 5b).

Les dérivés N-acétylés et N-formylés des acides aspartique et glutamique peuvent
étre facilement repérés par la coloration jaune qu’ils donnent aprés pulvérisation
d’une solution de vert de bromocrésol & 0.9% (p/v) dans 'éthanol 4 95¢ ajustée a
pH 4.5. Les dérivés N-formylés et N-acétylés des aminoacides dicarboxyliques, plus
“acides” que les acides aminés dont ils dérivent, sont plus rapides qu’eux sur I’électro-
phorégramme & pH 3.9. L’ensemble des dérivés N-acétylés des autres acides aminés
se placent dans la zone de I'acide aspartique et de 'acide glutamique®.

Les dérivés dimitrophénylés des acides aminés dicarboxyliques se séparent assez
facilement 4 pH 3.9. Les autres DNP-aminoacides (tels que le DNP-glycocolle) sont
également situés dans cette méme région, mais ils sont un peu moins rapides (Fig. 5c).

L’électrophorése & pH 3.9, si elle peut étre utile dans certains cas particuliers,
doit cependant étre considérée comme une méthode accessoire pour la séparation des
dérivés N-substitués des acides aminés.

(i33) Formes combinées d aminoacides. Certaines formes combinées d’acides
aminés, ainsi que certains dérivés “‘ninhydrine négative’’, ont également un comporte-
ment ‘“‘acide”’. Ce sont principalement (Fig. 5d):

Vacide hippurique et I'acide p-aminohippurigue, qui peuvent étre révélés spécifi-
quement par une solution de p-diméthylaminobenzaldéhyde a 4%, (p/v) dans I'anhy-
dride acétique;

Pacide pantothénique et Vacide homopantothénique, qui sont identifiés aprés
hydrolyse partielle; celle-ci peut étre obtenue par 2 pulvérisations successives d’acide
acétique & 50% ; aprés chauffage, la $-alanine et I'acide y-aminobutyrique libérés sont
révélables par la ninhydrine (BISERTE, PLAQUET ET BOULANGERY);

Pacide foligue; I'identification de ce composé est conduite de la fagon suivante:
aprés élution de la zone contenant I'acide folique, I'éluat est hydrolysé totalement par
'acide chlorhydrique 5.6 N; dans I'’hydrolysat on peut mettre facilement en évidence
Pacide glutamique;

le coenzyme A, qui se révéle par le réactif classique au nitroprussiate, caracté-
ristique des groupements SH**.

Vacide pyrrolidone-carboxyligue, que 1'on peut mettre en évidence a l'aide de la
réaction de RypoN ET SMITH4 (coloration bleu noir sur fond légérement bleu).

(1v) Acides orgamiques. On peut également rencontrer dans la région “acide” de
I'électrophorégramme des acides organiques (Fig. 7). Les acides fumarique, citrique,

* Le comportement de nombreux N-acétyl-aminoacides a été étudié en chromatographie et
électrophorése sur papier par WHITEHEAD?.
** Pour la chromatographie des composés & groupes thiol, notamment le CoA, voir PRICE ET
CAMPBELL?S.
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a-cétoglutarique, malique et succinique s’'échelonnent dans la zone des acides aminés
a comportement acide; ils sont révélables par le vert de bromocrésol ou mieux par la
réaction de SAARNIO*.

11 résulte de cette étude que les possibilités de séparation dans la zone “‘acide”
de 1’électrophorégramme sont relativement satisfaisantes. On peut d’ailleurs éviter
que tous les constituants dont nous venons de préciser la position se trouvent simul-
tanément dans la solution 4 analyser. En effet, le traitement préalable d'un milieu

o céto - H
Glutarique Malique

Citrique Succinique

Fumarique

H
'
'
'
1
1
1
'
)
'
i

Cyst Hc}st T_yr.b.S Asp Glu

Fig. 7. Electrophorégramme sur papier & pH 3.9 d’acides organiques. Les lignes verticales figurent
I’emplacement d’acides organiques par rapport aux acides aminés & comportement acide (révéla-
tion des acides organiques par la méthode de SaarnN1o*l & l'aide d'un réactif aniline-xylose).

biologique par une résine échangeuse de cations fortement acide (Amberlite IR 120
ou Dowex 50) permet de simplifier le probléme. Les acides aspartique, glutamique,
a-aminoadipique et le glutathion sont fixés, tandis que des composés “ninhydrine
positive”, comme le tyrosine-O-sulfate, ou “ninhydrine négative”, comme l'acide
folique, les dérivés N-formylés et N-acétylés des acides dicarboxyliques, les acides
pantothénique et homopantothénique, les acides hippurique et p-aminohippurique,
ne sont pas ou sont pew retenus sur les résines a échange de cations.

En conclusion, linterprétation de cette zone de l'électrophorégramme doit
toujours étre trés prudente dans le cas d’un milieu biologique non hydrolysé, d’autant
plus qu’en dehors des composés cités plus haut, des oligopeptides peuvent se localiser
également dans cette zone (voir Fig. 10). Il est indispensable de compléter I'’étude de
cette zone acide par un couplage bidimensionnel ““électrophorése & pH 3.9 et chroma-
tographie butanol-acide acétique”. Dans le cas des milieux biologiques hydrolysés
totalement, I'interprétation est beaucoup plus facile.

(b) Zone des composés a comportement neutve

Les acides aminés ‘“‘neutres’” (sérine, glycocolle, thréonine, alanine, acide a-amino-
butyrique, valine, méthionine, méthionine-sulfone, méthionine-sulfoxyde, leucines,
phénylalanine, tyrosine, proline, hydroxyproline, asparagine, glutamine, sarcosine,
cystine, tryptophanne, acide pipécolique, citrulline) se localisent dans cette zone a
comportement neutre & pH 3.9.

Il est important de savoir que la zone des acides aminés “neutres” contient
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également le glucose, 1'urée et la créatine. Au cours de cette électrophorése a faible
potentiel il n’y a pas de fractionnement de I’ensemble des composés 4 comportement
neutre.

(c) Zome des acides w-aminés (Fig. 4)

L’acide B-aminoisobutyrique ou T-spot, la f-alanine, l'acide y-aminobutyrique se
séparent facilement & pH 3.9 et se localisent dans l'interzone “neutres-basiques”.
L’acide §-aminovalérique se trouve également dans cette région, au niveau de l'acide
y-aminobutyrique*.

Les possibilités de séparation des acides w-aminés sont donc particuliérement
intéressantes. Mais il faut savoir que cette interzone ‘‘neutres-basiques” est trés
souvent occupée par des oligopeptides qui peuvent se superposer aux acides w-aminés
et les masquer (voir Fig. 10). Aussi l'interprétation de cette région doit-elle étre faite
avec une grande prudence dans le cas des milieux biologiques non hydrolysés; il est
indispensable de comparer les électrophorégrammes avant et aprés hydrolyse totale
et d’effectuer une étude supplémentaire par un couplage bidimensionnél “‘électro-
phorése a pH 3.9 et butanol-acide acétique” (voir paragraphe E).

(d) Zone des composés a comportement basique (Fig. 4)

A pH 3.9, l'arginine, l'ornithine, la lysine, P'histidine et la méthylhistidine ne se
séparent pas l'une de I'autre. Seul de tous les acides diaminés, I'acide a,y-diamino-
butyrique se distingue assez nettement, car il migre davantage vers la cathode (Fig.
8). Au contraire, le dipeptide carnosine (f-alanylhistidine) est un peu moins rapide

AL

Carn Lys Dia

T\

Carn Lys Tyr

Tyramine

Glucosamine /\

Fig. 8. Electrophoreése a pH 3.9 des composés ‘‘ninhydrine positive’’ 4 “‘comportement basique’’

(4 h, 350V, point de départ & g cm du c6té anodique; distance parcourue par la lysine a partir du

point de départ: 16.3 cm). Lys = lysine (I’arginine, 1’ornithine, I'histidine et la méthylhistidine

ont un comportement identique a celui de la lysine); Dia = acide q, y-diaminobutyrique; Carn =

carnosine; Tyr = tyramine; Glucosamine: la glucosamine se comporte sensiblement comme la
carnosine.

* Apres élution de cette zone, on peut réaliser une chromatographie bidimensionnelle classique
(butanol-acide acétique et phénol (NH,)}. En plagant des témoins latéraux et un témoin interne
de valine, il est facile de distinguer ’acide y-aminobutyrique et ’acide d-aminovalérique qui se
situent au voisinage de la valine.

Solvant butanol-acide acétique—eau (4 :1:5): Rp acide y-aminobutyrique = 0.43, Rr acide
J-aminovalérique = 0.49.
Solvant phénol (NH,): Ry acide y-aminobutyrique = 0.77, Ry acide §-aminovalérique = 0.79.
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que les acides aminés basiques. Dans les extraits de muscle, sa présence se traduit par
un relévement de la pente ascendante du sommet correspondant aux acides aminés
basiques. Cet accident disparait sur les électrophorégrammes des hydrolysats totaux
de ces extraits.

La tyramine est la seule amine biologique que I'on peut rencontrer dans ce groupe
des composés a comportement basique. On y trouve également la glucosamine (Fig. 8).

(e} Zone des amines

La plupart des amines biologiques, qui accompagnent les acides aminés dans le
fractionnement sur résines a échange de cations, viennent se placer ax deld des acides
aminés basiques, du coté cathodique.

Le composé le plus souvent rencontré est la colamine, que I'on peut identifier

Lysine .
Colamine
/\ HMK
Agmatine
Spermine | Putrescine
Colall-nine Histamine
Lysine Allylamine Cadavérine

Fig. 9. Electrophorése & pH 3.9 des amines biologiques (320 V, 210 min, point de départ: 8 cm

du cbété anodique, révélation a la ninhydrine; distance parcourue par la lysine & partir du point

de départ: 16 cm). La majorité des amines viennent se placer au deld de la colamine du coté

cathodique. Leur séparation n’est pas possible. La colamine est le composé le plus fréquemment
rencontré. La tyramine se comporte comme les acides aminés basiques.

facilement a I’aide d'un témoin latéral. Il faut toutefois signaler que cette zone contient
fréquemment d’autres composés colorables a la ninhydrine; la majorité des amines
biologiques (cadavérine, putrescine, agmatine, allylamine, histamine) viennent se placer
dans cette région et ne peuvent étre séparés efficacement par cette méthode (Fig. g)*.

La S-mercaptoéthylamine (révélation 4 la ninhydrine et révélation au nitro-

* Le comportement chromatographique de ces amines est lui aussi trés particulier. Dans le
systeme phénol(NH,), elles forment des trainées allongées dont le R est voisin de 1. Le butanol-
acide acétique permet la séparation de la tyramine et de la colamine. Sil’on donne arbitrairement
la valeur de 1 au R de la tyramine (amine la plus rapide), le Rp de la colamine est de 0.59. FISCHER
ET BouN effectuent la séparation des amines en électrophorése sur papier en tampon pyridine—
acide acétique-acide citrique. GAYER! utilise I'électrophorése & haut potentiel. Une séparation
partielle des amines par électrophorése sur papier (3 pH 4 et & pH 6.5) et par chromatographie
sur papier a été décrite également par HErBsT!?. KAPELLER-ADLER ET IGG0?¢ ont séparé 1'hista-
mine et ses dérivés N-méthylés par chromatographie sur papier et LocKHART?® a étudié le com-
portement chromatographique des dérivés dinitrophénylés des amines.
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prussiate de sodium) se rencontre également dans cette zone de I'électrophorégramme,
ainsi que la spermine.

En conclusion, 1'électrophorése a pH 3.9 constitue une étape de fractionnement
de base trés intéressante. Quant aux composés dont ce premier stade n’a pu réaliser
la résolution, c’est-a-dire principalement le groupe des acides aminés ‘“‘neutres’” et
celui des acides aminés ‘‘basiques”, ils doivent étre obligatoirement soumis a d’autres
techniques séparatives aprés élution automatique quantitative.

E. IDENTIFICATION PARTICULIERE DES COMPOSES A COMPORTEMENT ACIDE
ET DES COMPOSES A COMPORTEMENT LEGEREMENT BASIQUE
(COUPLAGE BIDIMENSIONNEL ELECTROPHORESE
A pH 3.9 ET CHROMATOGRAPHIE BUTANOL—ACIDE ACETIQUE)

Pour obtenir une séparation plus sélective des composés a comportement acide et des
composés a comportement légérement basique, il est recommandé d’effectuer un
couplage bidimensionnel électrophorése & pH 3.9 et chromatographie butanol-acide
acétique (Fig. 10).

L’électrophorése est réalisée dans un appareil en V renversé de grandes dimensions,
sous 600 V, pendant 8 h, dans le sens de la plus grande longueur d’une feuille de papier
Whatman No. 1, le dépdt de la solution 4 analyser se faisant en un point situé dans

un, coin de la feuille de papier & 18 cm du cdté anodique et & 10 cm de I'autre bord.
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Fig. 10. Séparation des composés acides et des composés légérement basiques (couplage bidimen-
sionnel comportant une électrophorése a pH 3.9 sur une feuille de papier Whatman No. 1 (57 X
47 ¢m) en premiére dimension et une chromatographie dans le solvant butanol-acide acétique—eau
(4 :1:5) en seconde dimension). Les abréviations suivantes ont été utilisées: Cys-SOgH = acide
cystéique; Asp = acide aspartique; G-SH = glutathion réduit; G-S-S-G = glutathion oxydé;
G-SOzH = glutathion traité par l'acide performique; G-S-SOzH = sulfoglutathion; Glu = acide
glutamique; a == acide g-aminoadipique; Val = valine; Leu = leucines; Neutres = ensemble
des acides aminés neutres; T = acide f-aminoisobutyrique ou T-spot; = f-alanine; y = acide
y-aminobutyrique; Bas = dcides aminés & comportement basique (ornithine, lysine, arginine,
histidine, méthylhistidine) 4 glucosamine 4 carnosine 4 ansérine; Col = colamine. Dans la
zone des acides aminés neutres, des ébauches de séparation peuvent étre observées, de méme que
dans la zone des composés basiques. Les rectangles limités par des lignes pointillées correspondent
aux zones ol I'on rencontre le plus souvent, au cours de I’étude des milieux biologiques complexes,
de nombreux composés ‘‘ninhydrine positive’’ qui ne correspondent pas a des acides aminés.
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Aprés séchage sous une hotte par ventilation d’air froid pendant 16 h, la chromato-
graphie descendante dans le systéme classique #-butanol-acide acétique-eau (4:1:5)
est effectuée pendant 24 4 36 h.

Aprés révélation, on obtient dans la zone des composés acides une séparation
trés satisfaisante de l’acide cystéique, de I’acide aspartique, des différentes formes du
glutathion, de l'acide glutamique, de l'acide «-aminoadipique. Dans les milieux
biologiques non hydrolysés, on observe également de nombreux oligopeptides dans
cette région du papier (Fig. 10). Dans linterzone ‘‘composés neutres—composés
basiques”, l'identification de I'acide S-aminoisobutyrique, de la f-alanine et de I’acide
y-aminobutyrique est trés aisée. La séparation des acides aminés basiques et celle des
composés 4 comportement neutre sont insuffisantes. Ce couplage est particuliérement
intéressant pour étudier les milieux biologiques non hydrolysés (voir BISERTE,
BOULANGER ET PAvsant?). La présence en différentes régions du chromatogramme
d’oligopeptides ou d’autres composés réagissant a la ninhydrine et distincts des
acides aminés habituels, peut étre confirmée par la comparaison des couplages
bidimensionnels des fractions hydrolysées et non hydrolysées.

F. IDENTIFICATION PARTICULIERE DES COMPOSES A COMPORTEMENT NEUTRE
(COUPLAGE BIDIMENSIONNEL ELECTROPHORESE
A pH 2.4 ET CHROMATOGRAPHIE BUTANOL—-ACIDE ACETIQUE-EAU)

L’électrophorése & pH 2.4 (solution d’acide acétique 1 N), si elle est par elle-méme
insuffisante pour la résolution des acides aminés ‘“‘neutres”, peut étre utilisée de fagon
trés satisfaisante comme premiére dimension d'un couplage électrophorese—chromato-
graphie.

Elle est réalisée dans un appareil en V renversé de grandes dimensions, sous
400V, pendant 18 h, dans le sens de la plus grande dimension d’une feuille de papier
Whatman No. 3 (46 x 57 cm), le point de départ se trouvant 2 8 cm du bord anodique
et 4 10 cm de l'autre bord. Le dépot des acides aminés se fait par élution automatique
4 partir de la bandelette découpée sur un électrophorégramme a pH 3.9. L’appareil
d’élution est équipé avec un moteur de I tour/12 h et une seringue de 20 ml; 'opéra-
tion est prolongée pendant 45 min.

Aprés séchage de la feuille, cette électrophorése est suivie d’une chromatographie
unidimensionnelle descendante dans le solvant butanol-acide acétique—eau (4:1:5),
effectuée dans le sens perpendiculaire & la migration électrophorétique, et dont la
durée est de 20 h. Le chromatogramme est séché soit & 'étuve a 100°, soit, si 'on
désire effectuer une chromatographie quantitative, a4 la température ordinaire
pendant 2 jours par ventilation d’air froid dans une atmosphére exempte d’ammoniac.
La révélation est réalisée de préférence par la solution de ninhydrine & 1% (voir
paragraphe C).

Dans ces conditions, la résolution des acides aminés ‘“‘neutres’” est trés satis-
faisante (Fig. 11). C’est ainsi que la sérine et le glycocolle, la méthionine et la valine,
la phénylalanine et les leucines sont nettement séparées, ainsi que le tryptophanne.
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La méthionine-sulfone se place au voisinage de I'hydroxyproline; mais l'identification
de celle-ci ne pose pas de probléme particulier du fait de la coloration orange qu’elle
donne 4 la révélation i la ninhydrine™; elle peut d’ailleurs étre révélée également a
I'aide de réactions spécifiques, notamment celle de JEPson ET SmiTH?2. La distinction
entre l'asparagine et la glutamine est également facilitée par des différences de
coloration (glutamine: violette; asparagine: brune). La citrulline se place au méme
endroit que la glutamine. Aprés hydrolyse totale du milieu biologique, la persistance

l_® Electro pH2.4 —
9 (D Asp-NH,
= Glu-NH,
§ OTou O oY
g O XMet—SOgG_B Sarc
l HO-Pro O
.
o 57 (O x-NHy-But
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é' o Orip
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Fig. 11. Séparation des acides aminés ‘“‘neutres’ (electrophorése a pH 2.4 suivie d’une chromato-
graphie unidimensionnelle dans le solvant butanol-acide acétique—eaun (4:1:5). Iéve opération:
Electrophorese dans le sens de la plus grande dimension (57 cm) d’une feuille de papier Whatman
No. 3 dans un appareil type DURRUM (400V, 18h). Le point de dépdt (point noir sur le schéma)
se trouve a 8 cm du bord de la feuille du ¢6té anodique et & 10 cm de 'autre bord. Aprés 18 h de
passage du courant, le glycocolle se trouve a 43 cm du point d’origine. 2éme opération: Chromato-
graphie unidimensionnelle dans le solvant butanol-acide acétique—eau (4 :1 :5) pendant 20 h (ou
davantage). A la partie inférieure gauche de la figure, nous avons représenté la position du point
d’origine et la disposition générale de I’opération. Gly indique la position du glycocolle a la fin du
couplage. Les abréviations suivantes ont été utilisées: Tau = taurine; Cys = cystine; Asp-NH, =
asparagine; Glu-NH, = glutamine; Ser = sérine; Gly = glycocolle; HO-Pro = hydroxyproline;
Met-SO, = méthionine-sulfone; Thr = thréonine; Sarc = sarcosine; Pro = proline; a-NH,-But
= acide a-aminobutyrique; Tyr = tyrosine; Pip = acide pipécolique; Try = tryptophanne;
Met = méthionine; Val = valine; Phe = phénylalanine; Leu = leucines. Les positions de la
sarcosine, de la proline, de I’hydroxyproline, de ’acide pipécolique, de la citrulline (qui occupe la
méme position que la glutamine) et du tryptophanne peuvent étre confirmées par des réactions
spécifiques. L’asparagine (coloration brune) et la glutamine disparaissent a ’hydrolyse totale. La
présence de méthionine-sulfone doit étre confirmée a 1’aide d’un témoin interne. Dans les milieux
biologiques, de nombreux autres composés ‘‘ninhydrine positive’” peuvent se rencontrer sur la carte.

* Cette coloration orange est observée au début de la révélation avec le réactif 4 la ninhydrine
concentré; aprés le séjour a I’étuve a 38°, ’hydroxyproline présente la coloration violet-pourpre
classique (pour le mécanisme de formation du complexe pourpre, voir JoHNson ET McCaLDIN?3).

La séparation des acides aminés cycliques (hydroxyproline, allohydroxyproline, proline,
baikiaine, acide pipécolique, acide 5-hydroxypipécolique, acide allo-5-hydroxypipécolique) peut
étre réalisée par une chromatographie bidimensionnelle suivant la méthode de P1ez, IRREVERRE ET
WoLrFr¥ (premiére dimension: alcool butyligue tertiaire-acide formique & 88 %-—eau (70:15:15)
(v/v), 18 h sur papier Schleicher et Schiill No. 598; seconde dimension: alcool amylique tertiaire—
2,4-lutidine-eaun (178 :178:114) (v/v), 18 & 22 h).
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d’une tache ninhydrine positive dans cette zone rend nécessaire la réalisation d’une
révélation spécifique de la citrulline. Le seul probléme qui ne soit pas résolu est celui
de la séparation leucine-isoleucine; mais celle-ci peut étre facilement obtenue par
l'utilisation du systéme-solvant de HOGSTROMZ (méthyléthylcétone-acétone—ean
(3:1:0.6)): on peut le mettre en ceuvre soit en chromatographie unidimensionnelle
descendante pendant 30 h, aprés avoir préalablement séparé les acides aminés
“neutres” en électrophorése a pH 3.9 et élué automatiquement la zone correspondante
sur une bande de papier Whatman No. 1; soit en un couplage bidimensionnel “électro-
phorése a pH 2.4 et chromatographie”, en p'artant de cette méme zone des acides
aminés neutres*. Les Ry calculés par rapport 4 celui du tryptophanne sont les suivants:
isoleucine: Rr (Try) 0.78; leucine: Rp (Try) 0.86.

Dans les milieux biologiques complexes, de nombreuses taches ‘‘ninhydrine
positive’” qui ne correspondent pas & des acides aminés neutres peuvent étre décelées
sur le papier. L’interprétation de la zone délimitée par la cystine, I'hydroxyproline
et la glutamine est souvent délicate.

G. IDENTIFICATION PARTICULIERE DES COMPOSES A COMPORTEMENT BASIQUE

1. Chromatographie bidimensionnelle

Aprés élution, & partir d'un électrophorégramme 4 pH 3.9, de la bande des acides
aminés basiques, I'étude de ces composés peut étre abordée par la chromatographie
bidimensionnelle classique (butanol-acide acétique et phénol (NH,)).

L’identification de la glucosamine, de la tyramine, éventuellement de 1’acide
y-aminobutyrique, est facile. La zone des acides aminés basiques est déja nettement
moins confuse que sur le chromatogramme bidimensionnel obtenu a partir du mé-
lange initial qui n’a pas été “‘simplifié” par électrophorése 2 pH 3.9. Toutefois, on ne
peut obtenir de cette fagon des résultats précis**.

2. Electrophorése dans I ammoniaque 1 N (pH 11.7)

La séparation de I'histidine, de la lysine et de I'arginine est facilement réalisée par

\

une électrophorése a pH 11.7 (solution d’ammoniaque 1 N) dans un appareil en V
renversé, sur du papier Whatman No. 1, sous un potentiel de 400V, pendant 15 h, la
ligne de départ étant placée & 11 cm du bord cathodique de la feuille™*. Le dépét des
acides aminés se fait par élution automatique & partir de la bandelette qui contient
les composés basiques et qui a été découpée sur un électrophorégramme a pH 3.9. 11
est indispensable de placer des témoins latéraux.

* Cette chromatographie doit étre effectuée dans des cuves en verre, car les cuves en chlorure
de polyvinyle se déforment en présence de ce systéme-solvant.
** La séparation des acides aminés basiques sur un papier imprégné par une résine 4 échange
de cations (289, d’Amberlite IR 120) est relativement satisfaisante (TUCKERMANNA45),

***Le tampon de pH 11.6 (phosphate disodique—soude) utilisé par GErLAXHE, CASIMIR ET
ReNARD!? a ét6 utilisé également pour la séparation des acides aminés basiques. Il a le désavantage
de ne pas étre volatil. Harr1s ET WARRENY ont également réalisé 1'électrophorese de ces composés
a4 pH 11.5 (tampon CO4Na, 0.05 M).
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Les possibilités séparatives de ce procédé sont nettement meilleures que celles
des méthodes chromatographiques. Il permet en effet d’identifier aisément, en présence
de témoins latéraux, l'arginine, la lysine et 'ornithine (Fig. 12).

Toutefois, dans le cas des milieux biologiques, le probléme est beaucoup plus
complexe: la zone des acides aminés “‘basiques” & pH 3.9 peut contenir, outre I'argi-
nine, la lysine et 'ornithine, de I'histidine, de la méthylhistidine, de la glucosamine,

/N ’

Arg lys His

VAN

Ar Lys ©Orn His
9 Y M-His

H-Arg

Fig. 12. Electrophorése a pH 11.7 (NH,OH 1 N) des acides aminés basiques (papier Whatman
No. 1, départ & 11 cm de la cathode, 400 V pendant 15 h, dans un appareil type DURRUM). Arg =
arginine (distance parcourue & partir du point de départ: 4 cm); Lys = lysine (distance parcourue
4 partir du point de départ: 9.5 cm); Orn = ornithine (distance parcourue a partir du point de
départ: 11.5); His = histidine; M-His = méthylhistidine {distance parcourue 4 partir du point
de départ: 16 cm); la carnosine ne se sépare pas du groupe histidine-méthylhistidine; H-Arg =
homoarginine (distance parcourue & partir du point de départ: 3 cm). En haut: Séparation du
mélange arginine-lysine-histidine (cas d’un hydrolysat total). Au milieu: Séparation du mélange
arginine-lysine-ornithine-histidine et méthylhistidine (cas fréquent d’un mélange d’acides aminés
basiques d’un milieu biologique). En bas: séparation du mélange homoarginine—arginine-lysine-
histidine (cas d’une protéine partiellement guanidylée ot 1a lysine est transformée en homoarginine).

de la tyramine®, des peptides a caractére basique tels que la carnosine et l'ansérine;
elle peut comporter éventuellement de I'acide y-aminobutyrique provenant d’une
récupération trop large de la bande des acides aminés basiques.

La présence éventuelle de la glucosamine et de la tyramine peut étre déterminée
par une chromatographie bidimensionnelle classique (voir plus haut paragraphe G 1).
Mais de toute fagon I’électrophorése 2 pH 11.7 ne permet pas de séparer U'histidine de
la méthylhistidine.

3. Electrophorése @ pH 6.5

Le probléme de la séparation de Ihistidine et de la méthylhistidine peut étre
résolu par une électrophorése pratiquée en tampon volatil de pH 6.5 (pyridine—acide
acétique—eau (200:8:1792)) dans un appareil en V renversé de grandes dimensions,
sur du papier Whatman No. 1, pendant 15 h, sous un potentiel de 400 V, le dépot
étant effectué 2 28.5 cm du bord cathodique de la feuille et le papier étant placé de

* La glucosamine peut empiéter sur 'arginine, et la tyramine sur la lysine.
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fagon dissymétrique avec un coté cathodique plus long (30.5 cm) que le c6té anodique.
Dans ces conditions, la séparation de I'histidine et de la méthylhistidine est
satisfaisante (Fig. 13). Dans les hydrolysats totaux, elle peut donc s’appliquer
utilement a Videntification et au dosage de ces acides aminés.
Dans certains milieux biologiques non hydrolysés (muscle, urine par exemple),
la séparation est cependant plus délicate du fait de la présence de la carnosine (6-

+ -
His M-His Arg
M-His Gluc Arg
o - Dia
rNHz-But Tyr
His Carn MHis Arg Lys orn
Gluc

Fig. 13. Electrophorése des acides aminés basiques en tampon pyridine-acide acétique de pH 6.5
{pyridine: zoo ml; acide acétique: 8 ml; eau: g.s.p. 2000 ml). Appareil d’électrophorése en V
renversé; le papier est placé de fagon dissymétrique avec un coté cathodique plus long (30.5 cm)
que le c6té anodique (26.5 cm). Point de départ du cété cathodique & 28.5 cm du bord de la feuille.
Durée de I'électrophorése: 15h sous 400V, y-NH,-But = acide y-aminobutyrique; His =
histidine; M-His = méthylhistidine; Carn = carnosine; Arg = arginine; Gluc = glucosamine;
Lys = lysine; Orn = ornithine; Tyr = tyramine; a,y-Dia = acide ¢,y-diaminobutyrique.

alanyl-histidine) et de I'ansérine (B-alanyl-méthylhistidine) qui sont plus ou moins
confondues avec la méthylhistidine.

La présence de ces oligopeptides peut étre démontrée, aprés élution et hydrolyse
totale de I'éluat, par la mise en évidence de la f-alanine.

4. Electrophorése a pH 8.9

L’¢électrophorése en tampon véronal de pH 8.9 (# = 0.1) permet d’effectuer la sépara-
tion de la méthylhistidine et de la carnosine et peut étre utilisée pour leur identifica-
tion a l'aide de témoins latéraux. Cette électrophorése est trés intéressante dans
certains cas particuliers, comme celui des extraits musculaires ol la carnosine est
abondante. Signalons que ScHMIDT ET CUBILES?*? utilisent également I'électrophorése
a pH g (solution acétate d’ammonium 0.03 M ajustée & pH g par de 'ammoniaque
0.1 N) pour séparer 'ensemble ansérine + carnosine des autres acides aminés; mais
les deux dipeptides restent eux-mémes confondus.

5. Couplages divers

Dans certains cas particuliers, 'électrophorése bidimensionnelle (électrophorése avec
une solution d’ammoniaque 1 N dans les deux sens; électrophorése en premiére
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dimension dans 'ammoniaque 1 N et dans un tampon borax 0.05 M-soude 0.05 N
de pH 10 en seconde dimension), les couplages “électrophorése & pH 11.7 oua pH 6.5
en premiére dimension et chromatographie dans le solvant butanol-acide acétique~
eau en seconde”, peuvent quelquefois permettre une séparation intéressante de
composés & comportement basique.

H. DISCUSSION DE LA METHODE

Nous ne pouvons comparer la méthode décrite a celle de GRASSMANN, HANNIG ET
PLOCKLY, qui consiste d’une part en une €lectrophorése continue 4 pH 3.9 et d’autre
part en une chromatographie unidimensionnelle des acides aminés neutres et basiques,
soit dans un solvant phénolique, soit dans le solvant butanol-acide acétique—eau. Si
le procédé de GRASSMANN présente un pouvoir résolutif satisfaisant pour 1'étude d'un
hydrolysat total de protéine, sa spécificité est cependant trop limitée pour les milieux
biologiques complexes.

Il est également difficile de comparer notre mode opératoire aux méthodes
d’électrophorése 4 haut potentiel, dont le pouvoir de résolution est trés grand, mais
dont les difficultés techniques sont importantes; rappelons qu’aucune des étapes
successives que nous préconisons n’exige d’électrophorése sous un potentiel élevé.

La discussion portera donc surtout sur les méthodes d’électrophorése bidimen-
sionnelle et les autres couplages électrophorése~chromatographie actuellement décrits.

Les méthodes d’électrophorése bidimensionnelle les plus connues sont celle de
DurrUM® (électrophorése en tampon borate 0.02 M de pH g sur une bandelette
étroite et électrophorése en milieu acide acétique 0.25 N de pH 2.7), celle de Mrap%t
(électrophorése en tampon phtalate 0.02 M de pH 2.5 et électrophorése en solution
ammoniacale de pH 11.6) et celle de WHITEHEAD® (électrophorése en milieu acide
acétique T N en premiére dimension et en borate de sodium 0.025 M de pH g.2 en
seconde dimension). Elles ne présentent aucun avantage sur le mode opératoire que
nous proposons et elles ne sont pas sans inconvénients. Dans la méthode de DURRUM,
les acides aminés basiques sont perdus; dans celle de MEAD, si la résolution des acides
aminés basiques est trés satisfaisante, celle des acides a longue chaine et des composés
a caractére acide l'est beaucoup moins; dans celle de WHITEHEAD, la valine et la
leucine ne sont pas séparées.

Un certain nombre de couplages électrophorése—chromatographie ont été publiés,
notamment par DURRUM®, VERHELLE ET MERLEVEDE?*, HONEGGER?, KICKHOFEN
ET WESTPHAL2, BLASs, LECOMTE ET POLONOVSKI®, GERLAXHE ET RENARD'3, MONNIER
HucUET ET GRrAs®, LI et coll.?®, KNAUFF2, WAGNERY. Le principe est toujours
sensiblement le méme: électrophorése le plus souvent en milieu acide et chromato-
graphie unidimensionnelle en général dans un solvant butanolique acide.

Citons par exemple les couplages de GERLAXHE ET RENARD'®: électrophorése a
pH 2.4 et chromatographie dans le solvant butanol-acide formique a g3%—eau
(77:15:8); électrophorése 4 pH 11.6 et chromatographie dans le solvant butanol-acide
formique—eau; chromatographie en phénol tamponné a pH 5.6 et électrophorése en
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tampon phosphate de pH 5.6 de force ionique 0.025; celui de KICKHOFEN ET WEST-
PHAL?: électrophorése & haut potentiel (70 V/em) & pH 1.9 en milieu acide acétique
2 N et chromatographie dans le mélange pyridine-acide acétique—eau (50:35:15);
celui de HONEGGER®: électrophorése en tampon citrate 0.1 M de pH 3.8 et chromato-
graphie ascendante dans le solvant n-butanol-éthanol-eau-acide acétique (8:4:3:1);
celui de KNAUFF?: électrophorése 4 haut potentiel (80-x00 V/cm) dans un tampon
acide fumarique-acide acétique de pH 1.9 et chromatographie dans le solvant butanol-
acide acétique—eau (4:1:5); celui de LockHART ET ABRAHAM® et de L1 et coll.?:
électrophorése 3 pH 7 dans un tampon collidine-acide acétique-eau et chromato-
graphie dans le solvant butanol-acide acétique-eau ou butanol-acide acétique-
pyridine—eau (30:6:20:24).

Dans le cas d’un hydrolysat total, les séparations obtenues par ces procédés sont
satisfaisantes et nettement supérieures & celles de la chromatographie bidimension-
nelle. Au corirs de la mise au point de notre méthode, nous avons été amenés 4 choisir
dans la liste qui précéde les tampons et les systémes solvants les plus efficaces. D’autre
part, dans des couplages de cet ordre, il ne semble pas indispensable d’employer
I'électrophorése 4 haut potentiel: c’est ainsi que les résultats que nous obtenons pour
la séparation des composés neutres avec ’électrophorése & pH 2.4 4 potentiel relative-
ment bas sont comparables a ceux de I’électrophorése & haut potentiel (70 V/em) a
pH 1.9 suivant KICKHOFEN ET WESTPHAL?.

Pour les milieux biologiques complexes, les couplages précédents ne permettent
qu’une résolution partielle des problémes posés; le chevauchement des composés
neutres et acides, la perte fréquente des composés basiques, constituent souvent des
inconvénients majeurs dans les méthodes qui ne comportent qu'une seule étape. C'est
pour obtenir le maximum de sélectivité que nous avons proposé un mode opératoire
en plusieurs étapes, en retenant notamment un fractionnement de base simple de 1’en-
semble et en étudiant ensuite plus spécialement la séparation des composés neutres,
acides et basiques. Notre combinaison de méthodes présente alors une souplesse plus
grande et peut s’adapter a la plupart des cas. Bien que longue, elle n’est jamais fas-
tidieuse et son application aux urines, aux tissus animaux, nous a donné toute
satisfaction.

RESUME

Les auteurs décrivent un couplage de méthodes électrophorétiques et chromato-
graphiques classiques applicable 4 I’étude des acides aminés et de leurs formes com-
binées dans les milieux biologiques complexes, ainsi qu’'a la séparation des oligo-
peptides. Les étapes essentielles sont les suivantes: fractionnement de base par
électrophorése en tampon volatil de pH 3.9; couplage bidimensionnel comportant
une électrophorése a pH 3.9 et une chromatographie dans le solvant butanol-acide
acétique-eau (composés acides et composés faiblement basiques); couplage bidimen-
sionnel comportant une électrophorése & pH 2.4 et une chromatographie dans le
solvant butanol-acide acétique—eau aprés élution automatique des composés neutres

préalablement séparés par le fractionnement de base & pH 3.9; électrophorsée 4 pH
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117 et & pH 6.5 aprés élution automatique des composés basiques préalablement
séparés par le fractionnement de base & pH 3.9.

Le procédé reste commode et d’une exécution relativement facile; il ne nécessite
qu’'un appareillage simple et peu coiiteux.

SUMMARY

The authors describe a combination of electrophoretic and classical chromatographic
methods, which can be used for investigating free amino-acids or amino-acid com-
pounds in complex biological material, as well as for separating oligopeptides. The
essential steps in this procedure are the following: preliminary fractionation by
electrophoresis in a volatile buffer of pH 3.9; a two-dimensional combination of
electrophoresis at pH 3.9 and chromatography in the solvent butanol-acetic acid-
water (acid and weakly basic compounds); a two-dimensional combination of electro-
phoresis at pH 2.4 and chromatography in the solvent butanol-acetic acid-water,
after automatic elution of the neutral compounds separated by the preliminary
fractionation at pH 3.9; electrophoresis at pH 11.7 and at pH 6.5 after automatic
elution of the basic compounds separated by the preliminary fractionation at pH 3.9.

The method is convenient and comparatively easy to carry out; only simple and
inexpensive apparatus is required.
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CONSIDERATIONS GENERALES SUR LA CHROMATOGRAPHIE
D’IONS INORGANIQUES SUR CELLULOSE

J.FOUARGE™ T G. DUYCKAERTS

Laboratoive de Chimie analytique, Université de Liége (Belgique)

(Regu le 26 mars 1959)

INTRODUCTION

11 est fréquemment admis et & plusieurs reprises, il a été prouvé!—3 *2 que la séparation
chromatographique sur cellulose est basée sur le partage entre la phase mobile éluante
et une phase aqueuse immobilisée dans la cellulose.

La théorie de la chromatographie de partition développée par MARTIN ET SYNGE?
permet alors de prévoir raisonnablement les positions relatives des différents pics
d’élution moyennant la connaissance des coefficients de partage de chaque substance.

Si ce mécanisme de partage se comprend et se vérifie facilement lorsque 1'éluant
est peu miscible & I’eau, I'obtention de séparations satisfaisantes a 'aide de solvants
entierement miscibles 4 I'eau, tel que le méthanol, semble difficile & interpréter de
facon identique; de plus, il est possible d’obtenir avec HCl 12 N pur, sans aucune
addition de solvants organiques, des séparations de certains cations.

Nous allons montrer que le comportement chromatographique des alcalins, des
alcalino-terreux et des terres rares qui, en milieu chlorhydrique, ne forment pas de
complexes stables, ne peut guére, dans certaines conditions, s’interpréter que par un
mécanisme d’adsorption.

ELUTIONS PAR LE PHENOL EQUILIBRE AVEC HCl 2 N

Parmi les ions considérés, seuls les alcalins Cs, Rb, K migrent avec une vitesse appré-
ciable4 5. Sur bande de papier Whatman No. 1, les Rp valent approximativement:
Cs (0.52); Rb (0.27); K (0.19).

Remarquons d’abord que Vordre d’élution est inverse de celui obtenu sur des
résines échangeuses, ou sur cellulose avec des solvants non phénoliques, notamment
les alcools.

Nous avons également noté sur les enregistrements®® que le pic de ¥Cs “carrier
free’ est relativement étroit, quasi symétrique, et en forme de cloche comme le
prévoit la théorie; avec des doses pondérables de césium, le pic tend a s’étaler un peu,
généralement du c6té de l'orgine.

Nous avons la conviction que, dans le cas envisagé, la séparation résulte de

* Chercheur agréé & I'Institut Interuniversitaire des Sciences Nucléaires.
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partages du type liquide-liquide entre la phase phénolique mobile et la phase aqueuse
immobilisée sur la cellulose; en effet, en 'absence de support cellulosique, on observe
un partage de ces alcalins entre les deux phases en question et les coefficients de
distribution (K4 org./aq.) que nous avons mesurés (Tableau I), concordent raisonna-
blement avec ceux calculés sur la base des positions relatives des pics d’élution, en
appliquant les relations classiques:

YRp (A) —1
K4(B) = Ka(A (b
a(B) a(A) X Ry (B) —1 (bandes)
Vi (A) =T
ou Kqa(B) = Kg(A) x === (colonnes
o(B) = KalA) x 3 m = ( )
TABLEAU I
Elément Rp K g mesuré I;gﬂ%ﬁ;"f VoV Ifcda L;:;Z:Z)lé
Cs 0.52 0.265 + 3% — 1.74 —
Rb 0.27 0.086 0.090 3.30 0.085
K 0.19 0.047 0.057 4.82 0.051

Signalons que nous avons étudié¢ de fagon plus approfondie le partage de CsCl
entre une phase aqueuse chlorhydrique et la phase phénolique en équilibre, en nous
aidant de 1%°Cs “carrier free” comme indicateur; nous avons notamment vérifié que
K4 demeure constant: K4 = 0.26 (- 3%) 4 22° dans un domaine de concentration en
CsCl de 10-? et 10-1 M quand la phase aqueuse est z N en HCI.

Ce sont 13 tous arguments permettant de conclure qu’il s’agit bien d'une chroma-
tographie de partition entre phases liquides.

CHROMATOGRAPHIE SUR CELLULOSE AVEC DES ELUANTS A BASE D'ALCOOLS

A. Valewr des Ry, ordre d’ élution, variation du Rp avec le teneur en eau de I'éluant

En utilisant un solvant organique pur, des R utiles (> 0.2) ne s’obtiennent pratique-
ment qu’avec le méthanol’-1¢; si I'on désire utiliser d’autres alcools, ceux-ci doivent
étre additionnés d’'une certaine proportion d’eau (5 & 20% en volume).

D’une maniére générale, on constate que I’élution des ions considérés s’accélére
lorsque la teneur en eau de I'éluant augmente? % et pour un certain nombre, KEerTESY!
a observé une augmentation plus ou moins linéaire du Ry avec la constante diclec-
trique de I'éluant additionné de quantités croissantes d’eau.

11 existe souvent un parallélisme entre le Rp et la solubilité dans I’éluant; dans
le cas que nous considérons, ce ne doit pas étre le facteur déterminant: en effet, CsCl
est beaucoilp plus soluble dans le méthanol que KCI'2.

Dans chaque famille d’éléments, 'ordre d’élution sur cellulose est, tout comme
sur résines, celui des rayons ioniques hydratés décroissants.

11 est d’ailleurs a signaler que le méthanol solvate aisément les ions alcalins et
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alcalino-terreux, principalement les premiers termes; on connait en effet des composés
tels que: LiCHCH;0H);; MgCl,(CH,0OH),; CaCl,(CH,OH) 2,

Il semble donc que dans ce cas le rayon ionique hydraté (ou solvaté) constitute en
fait le principal facteur déterminant les valeurs relatives de Rp; nous pouvons encore
noter & 'appui de cette thése que les vitesses de Rb et Cs sont pratiquement identiques
dans tous les mélanges éluants organiques essayés, a U'exception des phénols.

Effectivement, dans 'eau, le méthanol ou I’éthanol, les valeurs relatives* des

.

“rayons ioniques solvatés’” de Rb et Cs sont identiques!* (voit Tableau IT).

TABLEAU 11
Solvant Rayon Lit+ Na* K+ Rb* Cst
Rerist A 0.60 0.95 1.33 1.48 1.69
Eau Rgorv. 2.84 2.19 1.50 I.41 I.42
Méthanol Rsowv. A 4.53 3.94 3.37 3.14 3.14
Ethanol Rsov. A 6.05 4.83 4.10 3.82 3.82

Il nous parait vraisemblable d’admettre qu’en l’absence de complexant, au sens
classique du terme, les “moteurs” de la migration sont les molécules solvatantes
elles-mémes et a ce point de vue, I’eau occupe une place de choix; plus il y aura d’eau
disponible dans I’éluant, plus les ions seront hydratés et par suite, moins ils seront
retenus sur la cellulose. L’expérience montre effectivement que le Ry augmente avec
la proportion d’eau ajoutée a I’éluant.

Sur la base de cette hypothése, on peut comprendre qualitativement I’action
freinante des acides non complexants (voir paragraphe B) ajoutés a I’éluant a I’état
pur ou concentré: ils s’emparent tout simplement d’une fraction croissante de 1’eau
libre qui, de ce fait, n’est plus disponible pour I'hydratation, la désorption et le trans-
- port des ions. Seuls des ions a énergie d’hydratation élevée (Li*, Mg*+) pourront
entrer sérieusement en compétition avec les ions H*.8

B. Variation du Ry avec la proportion de HCI ajoutée au méthanol

L’addition au méthanol de quantités de HCl 1z N (inférieure & 20%) diminue progres-
sivement le Rp; le fait a été observé pour les alcalino-terreux élués sur bande de papier
ou sur colonne de cellulose et pour les alcalins sur bande de papier?3,

Lorsque la proportion de solvant organique tombe en dessous d’une certaine
limite, variable avec ’élément, on observe une recroissance des Rp due a leffet
prépondérant de ’eau apportée par 1’acide. Dans le cas des alcalins élués sur colonne
de cellulose, l'effet se marque déja pour des teneurs de quelques pourcents®.

Avec des éluants moyennement riches en HCl 12 N (50%) additionnés de
méthanol et de diverses cétones, on observe déja des inversions dans I'ordre habituel

* Ces chiffres n’ont qu’une valeur relative puisque, comme l'auteur le fait remarquer, les
“rayons solvatés” de Rb et Cs en solution dans ’eau sont trouvés plus petits que les rayons
cristallographiques.
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d’élution des alcalins!®; on a: Rp [Cs > Rb > K > Na]; Li migre pres de Cs.
A la limite, avec un éluant aqueux exempt de solvant organique, on obtient un
Rp voisin de 1; si U'on élue avec HCI de concentration allant de N 3 6N, tous les
alcalins, les alcalino-terreux et les terres rares migrent pratiquement avec le front du
liquide; on observe toutefois un léger retard de Sr élué par HCI1 6 N.
Nous allons voir qu’en utilisant HCl 12 N seul comme éluant, on obtient de
nouveau, particuliérement pour les alcalino-terreux, des R nettement inférieurs a 1.

£LUTIONS SUR PAPIER AVEC HCl 12 N

Nous avions signalé dans une publication antérieure’ que 4°Ba et *Sr en quantités
impondérables migrent ensemble (Rp = 0.5) lorsqu’on utilise un éluant tres riche en
HCl 12 N proposé dans la littérature (HCl 12 N-butanol 95:5 en volume).

La séparation forcément partielle obtenue par les auteurs, qui travaillaient avec
des quantités pondérables de substances, résultait uniquement de la tres faible
solubilité de BaCl, dans I’éluant.

Nous avons remarqué que dans les mémes conditions ®Y et '4La s'éluent
respectivement & Rp = 0.8 et 0.75, ils sont inséparables entr’eux mais tous bien
séparés de leurs parents radioactifs %Sr et 14°Ba. #5Ca migre avec Rr = 0.65 (Fig. 1).

Nous nous sommes demandé si dans un éluant aussi riche en acide chlorhydrique,
la présence de butanol était bien indispensable pour obtenir une élution retardée par
rapport au front du liquide.

Cela nous a amené & essayer I’élution avec HCl 12 N seul. Nous avons opéré sur
bandes de papier Whatman No. 1 (I ou 2.5 X 20 cm utile), en €lution descendante

HCl 12 N -Butanol (95/5: V) Fig. 1 HClL 12N Fig. 3
carrier free : non carrier free

énregistrement

Re: gr: g445 sooo par découpage Rp: Rb: 0.80
a: 0.5 Na: 0.73
ca: 0,65 SrBa Ca K : 0,75 { Photometre gront
La: 0.75 Li:0.79 i
Y: 08 Cs: 0.84 activité
Cs: 0.9

activité et % relatif (photometre)

cm 10 20 ®lem 10
HClL 12N | : Fig. 2 I| Het 12w
carrier free ‘>| carrier free

]

L)

Rg:Sr: 0.45-0.5 Re: Ce: 0.82
Ba: 0.6 - 0.65 Tm: 0.84 v oot
Ca: 0.65 s
Ra: 0.73 Sr BacaRa (s ) ¥ .*/
Cs: 0.9 [
Tm170
ront cont
. /\ .
" " 1
0

cm 10 21

activité relative

cm 10

Figs. 1—4.
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comme d’habitude. Il est & noter que le papier devient fragile et difficile 2 manipuler,
méme aprés séchage.
Avec HCl 12 IV, et des doses traceurs nous avons obtenu les Rp suivants: (Figs.

2 et 4).

Cs* 0.85-0.90 Cat2 0.65 Y+ o.75-0.9
Sr*? 0.45-0.50 Lat? 0.75-0.9
Bat? 0.6-0.65 Ce*? 0.82
Ra*?0.73 Tm*3 0.84

Certes, d’une expérience a l'autre, on peut obtenir des différences de Rp (109%) mais
les valeurs relatives restent les mémes*.

Nous avons de méme essayé l'élution de quantités pondérables de Li, Na, K,
Rb et Cs; les quatre premiers étant détectés au spectrophotométre de flamme et Cs
par l'activité de ¥Cs ajouté comme traceur (Fig. 3).

Dans un essai particulier, les Ry obtenus s’échelonnent dans I'ordre suivant

HCt 12N Fig. §
T=1031°C
. Bal0
E |- Re: Sr:0.29 lcarrier free) 10,000
Q Ba: 0.64
; o La:0.86 b
] 5r89-90 La™?
ol {impureté) 1
3t , ]
I H
o ;
b X
'J) 1 -/ Fron é
i
cm 0 20 S
2
Fig. & HCU 12 N (Témoin )J|'S
90 T=10316°C s
(carrier free)
| Reg: Sr: 0.29 10,000
Y. 0.80
y90
j! o—0-—0- 1
cm 10 20
Figs. 5 et 6.

(Fig. 3): Na (0.73) < K (0.75) < Li et Rb (0.79 et 0.80) < Cs (0.84); les différences
de Rp sont faibles (environ 15% de Cs & Na), mais réelles; pour s’en assurer, il suffit
d’éluer simultanément sur la méme bande. Ces résultats sont a rapprocher de ceux
obtenus par MILLER ET MAGEE?® dans la séparation K-Rb-Cs au moyen de mélanges
contenant environ 50% en volume de HCl 12 N et 50% de méthanol additionnés de

* A la température ambiante de 24-28° lespicsde La et Y sont anormalement étalés?! et parfois
dédoublés mais il semble que I’élution de Y est plus rapide que celle de La (ordre normal). A
température plus basse (10 4 16°), I'ordre d’élution parait renversé (Rp La > Rp Y) et Sr recule
jusqu’a 0.3 (Figs. 5 et 6) et est bien séparé de Ba. Un contréle rigoureux de la température, de
préférence en dessous de la normale, est nécessaire pour obtenir des résultats reproductibles.
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diverses cétones; ils obtiennent des Rp croissants dans l'ordre: Na < K < Rb < Cs
et Li.

En conclusion, mis & part Li et Ca, on observe donc une inversion dans I'ordre
d’élution par rapport a ce qui avait été trouvé pour le méthanol.

DISCUSSION

Puisque I'élution avec l'eau acidulée par HCI N% 16 donne des Rp voisins de 1, quel
est le frein qui, dans I'élution avec HCl 12 N, provoque une rétention qui est particulié-
rement importante pour les alcalino-terreux? Par ailleurs, comment expliquer Pordre
d’élution dans chaque famille?

Alcalins: rétention moyenne dans I'ordre d’importance croissante: Cs, Li et Rb,
K, Na.

Alcalino-terrenx: rétention importante spécialement pour Sr; I'ordre d’importance
croissant est: Ra, Ca, et Ba, Sr.

Terres rares: légére rétention; ordre d’importance croissant apparemment
inchangé par rapport 4 l'ordre habituel d’élution sur résines ou cellulose, caractérisé
par: Tm < Ce.

A premiére vue, une rétention aussi importante peut paraitre surprenante,
d’autant plus qu’elle se fait sentir de maniére spéciale pour les alcalino-terreux; le
mécanisme parait étre différent de ceux habituellement invoqués, en effet:

(a) Un mécanisme basé sur 1’échange d’ions avec la cellulose seulement est hors
de question, car ses rares groupements—COOH ont un caractére acide faible et dans
ce cas d’ailleurs, les trivalents devraient s’éluer en dernier lieu2?.

(b) Un partage du type liquide-liquide auquel on pourrait songer étant donné
I’étroitesse relative des pics, est de méme difficile & comprendre dans une élution avec
HCl 12 N.

(c) Il n’y a pas non plus de relation directe entre la vitesse d’élution et la solubi-
lité dans I'éluant puisque Ba*2 s’élue plus vite que Sr*2 alors que seul BaCl, est trés
peu soluble dans HCl 12 N (1/20,000 en poids).

(d) Un mécanisme basé uniquement sur I’adsorption des ions sur la cellulose??
ne semble pas étre suffisant pour expliquer tous les phénoménes observés; il faudrait
en effet s’attendre dans ce cas 4 voir les trivalents s’éluer moins vite que les bivalents
et I'ordre d’élution dans chaque famille devrait étre celui des rayons hydratés
décroissants.

(e) La migration relativement rapide des terres rares ne peut étre attribuée i la
formation de complexes chlorhydriques chargés négativement car pas plus que les
alcalino-terreux et les alcalins, elles ne sont retenues sur les échangeurs anioniques?.
On a cependant mis en évidence I'existence de complexes chlorhydriques positifs!”.

Il est utile de signaler cependant que des inversions dans ’ordre d’élution, assez
semblables & celles décrites ci-dessus, ont également été observées par d’autres auteurs,
précisément dans Iélution sur résines de ces mémes éléments avec I'acide chlorhy-
drique concentré (> g N). DIAMOND et coll.!® ! mesurant les coefficients de partage
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de toute une série d’éléments (Na, Cs, alcalino-terreux, terres rares et transuraniens)
entre l'acide chlorhydrique de concentration variable et une résine cationique, con-
statent que:

(a) Aux concentrations en acide chlorhydrique inférieures a 5-6 N, les coefficients
de distribution (Kg) décroissent de maniére monotone avec I'augmentation de la
concentration de V'acide (effets de masse). Les courbes sont a peu prés paralléles pour
les éléments d’une méme famille.

(b) Aux concentrations supérieures a 7 N, les K4 d’un certain nombre de ces
&léments notamment ceux de Na, Cs, Sr et, dans une moindre mesure, ceux des terres
rares se remettent i croitre rapidement d’autant plus vite que le rayon de Iion
hydraté est grand; il en résulte au dela de 12 N un renversement complet de I'ordre
normal d’élution des alcalino-terreux et des alcalins représentée par Cs et Na. L’ordre
d’élution des terres rares reste par contre inchangé.

Comme le postulent les auteurs, un des principaux facteurs responsables de ces
phénomeénes est, a n’en pas douter, la déshydratation progressive des ions par Vacide
concentré. Il faut se rappeler, en effet, que dans HCl 1z N, il y a seulement 3.6 moles
d’eau pour 1 mole d’acide et la tension de vapeur indique que HCI 12 N est loin
d’étre hydraté a saturation. Dans ces conditions les ions étrangers, les polyvalents en
premier lieu, vont entrer en compétition pour 'eau avec les ions H et de ce fait
perdront une partie, voire la totalité, de I'eau d’hydratation qu'’ils possedent normale-
ment en solution. Comme la fixation sur la résine est de nature essentiellement
électrostatique, elle augmente avec la charge et elle diminue avec le rayon ionique
effectif en solution; on comprend alors que la déshydratation des ions qui se marque
- au dela de [HCI] = 6 4 7 N, puisse provoquer une augmentation du Ky et finalement
un renversement dans les ordres d’élution qui deviennent: Ra, Ba, Sr, Ca et Cs, Rb,
K, Na, Li c’est 4 dire 'ordre des rayons ioniques cristallins décroissants. On sait en
effet que dans une méme famille, les rayons ioniques cristallins croissent avec le
nombre atomique tandis que ceux des ions hydratés décroissent.

On comprend mieux dés lors que, si ¢’est I’adsorption qui est le facteur prédomi-
nant sur cellulose, on puisse observer des phénomeénes similaires de rétention allant
jusqu’a un renversement de I’ordre d’élution des ions lorsque ceux-ci sont suffisamment
déshydratés.

Le fait que sur bande de papier, Lit et Ca*? occupent des positions spéciales est
vraisemblablement d A la petite dimension et & I'énergie d’hydratation élevée de ces
ions qui ne sont pas encore complétement déshydratés dans nos conditions de travail.
Ce sont précisément des cations qui peuvent remplacer les ions H* comme relargants
dans certaines extractions de sels par des solvants organiques®.

REMARQUE SUR LA LARGEUR DES PICS D’ELUTION

Dans I'élution du 137Cs par le phénols, le pic est relativement étroit; on peut calculer,
d’aprés la théorie de MARTIN ET SYNGE, que la “hauteur équivalente & un plateau
théorique” est, sans méme tenir compte de la dimension non négligeable de la tache
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d’origine, de 'ordre de 0.01 4 0.05 cm; une colonne de 8 cm de haut est bien suffisante
pour obtenir une excellente séparation Cs—Rb, malgré un rapport des vitesses d’élution
(Cs/Rb) légérement inférieur a 2.5

Par contre, les pics obtenus avec les éluants a base de méthanol pauvre en eau
sont beaucoup plus larges; il faut une colonne de 40 cm de long et un rapport des Rp
(Sr/Ba) de 3 au moins pour obtenir une séparation Ba-Sr quantitative.

Sur bandes de papier, les pics de 4%Ba (Rr = 0.07) et Sr (R = 0.25), élués par
le mélange méthanol-HCl 12 N (100:5, v/v)?, bien que symétriques et en forme de
cloches, sont beaucoup plus larges que celui de ¥Cs élué au phénol malgré le Ry plus
élevé de ce dernier (0.5). La hauteur équivalente 4 un plateau théorique est de I'ordre
de 0.5 cm cette fois, soit de 10 & 50 fois celle de ’élution au phénol.

I1 y a 1a encore une indication, pour les élutions au méthanol, d’'un mécanisme
différent de celui d’'un partage liquide-liquide. .

Nous ajouterons que I'addition de quantités croissantes d’eau aux éluants a base
de méthanol non seulement accélére.I'élution mais souvent rétrécit les pics, ce qui
ne s’expliquerait pas par un mécanisme de chromatographie de partition.

On doit admettre qu’il y a une augmentation du nombre de plateaux avec la
teneur en eau de l'éluant et, comme celle-ci s’accompagne d'une augmentation de
I’hydratation de la cellulose, il semble logique d’admettre que la surface nécessaire a
la formation de I'équivalent d’un plateau se développe en profondeur, 4 I'intérieur des
fibres dont une part de plus en plus grande participe 4 la formation de la phase fixe.

CONCLUSIONS

Bien que pour la séparation des alcalins sur cellulose par le phénol, le processus soit
incontestablement du type partage liquide-liquide, il nous semble que les élutions
par le méthanol (éluant entiérement miscible & I'eau) sont & rattacher plutét a la
chromatographie d’adorption, avec cette particulafité que le siége du phénomeéne ne
semble pas limité a la surface des fibres de cellulose mais qu’il s’étend a une profondeur
variable avec la teneur en eau de 1’éluant. Il est probable qu’il en est de méme avec les
autres alcools entiérement miscibles a I’eau.

Pour les alcalins, les alcalino-terreux et les terres rares examinés, le rayon de
Tion solvaté, fixé par la teneur en eau ou en méthanol, est un facteur important.

Lorsqu’on élue par HCl 12 IV exempt de tout solvant organique, on doit admettre
Pinfluence de l'adsorption sur la cellulose et celui du rayon ionique solvaté pour
comprendre les rétentions et les inversions de 1'ordre normal d’élution de la plupart
des ions considérés.
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RESUME

Certains résultats caractéristiques obtenus pour des séparations inorganiques sur
cellulose (alcalins, alcalino-terreux et terres rares) sont discutés du point de vue du
mécanisme.

Alors que I'élution des alcalins sur cellulose au moyen du phénol équilibré avec
HCl 2 N s’avére incontestablement étre du type partition entre deux phases liquides,
les séparations au moyen de solvants a base de méthanol doivent plutdt étre rattachés
a la chromatographie d’adsorption.

Dans ce dernier cas, il apparalt que ce sont le plus souvent les molécules “‘d’eau
libre”” de I'éluant qui jouent le role d’agent moteur. Cette hiypothése permet de com-
prendre qualitativement l'action rétensive due a l'addition d’acides & I'éluant: les
ions H* fixent 'eau libre.

De plus, pour I'élution par HCl 12 N pur, on observe des inversions dans ce qui
est I'ordre habituel des élutions sur cellulose: celui des rayons ioniques hydratés
décroissants.

Les rétentions et inversions avec HCl 12 N sont certainement dues a la déshydra-
tation partielle des cations par les ions H* de l'acide.

Enfin, la largeur relativement grande des pics obtenus avec les éluants a base de
méthanol est une indication supplémentaire en faveur d’un processus d’adsorption.

SUMMARY

Some characteristic results of inorganic separations (alkalis, alkaline earths and
rare earths) on cellulose are reviewed from the point of view of the elution
mechanism.

It is shown that elution of alkalis adsorbed on cellulose by phenol equilibrated
with 2 N HCl is undoubtedly due to partition between two liquid phases, whereas
elution with methanolic eluants must to be considered as a process of adsorption
chromatography.

The authors consider, that in the latter case the “‘free water’” molecules of the
eluant must be regarded as the migration “motor”. This hypothesis provides an
explanation for the retarding action of acids: the H* ions bind “‘free water”” molecules.

Furthermore, on elution of the same cations adsorbed on cellulose with pure
12 N HCl an inversion of the normal order of elution (7.e. in) the order of decreasing
radius of the hydrated ions), is observed.

The inversion and the retarding action are undoubtedly due to the cation being
dehydrated by the H* ions of the acid (increased adsorbability due to a smaller
cationic radius).

Finally, the comparatively wide peaks obtained with methanolic eluants is a
further indication that an adsorption process is involved.
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QUELQUES SEPARATIONS DE RADIOISOTOPES
AU MOYEN DE L’ACIDE
ETHYLENEDIAMINETETRAACETIQUE

G. DUYCKAERTS eT R. LEJEUNE

Laboratoive de Chimie analytique, Université de Liége (Belgique)

(Regu le 26 mars 1959)

Dans le seul domaine de la chimie analytique, I’acide éthylénediaminetétraacétique
(EDTA) a trouvé des applications multiples! d’un intérét considérable; en chromato-
graphie, son emploi a été également souvent proposé: il forme en effet des complexes
de chelation avec la plupart des cations et les différences de stabilité permettent
aisément d’obtenir des séparations sur échangeurs cationique ou anionique; trés
souvent, les différences de stabilité sont telles qu’il suffit de choisir un pH ot un
groupe de cations est entiérement complexé et par conséquent fixé sur résine anionique
et non fixé sur résine cationique tandis que Pautre groupe n’est pas complexé et se
sépare complétement par passage sur la résine; c’est le cas de la séparation de cations
de charges différentes?".

Lorsqu’il s’agit de séparer des cations de méme charge, par exemple ceux d’une
méme famille, les résultats sont aussi satisfaisants: il suffit de citer le cas de la sépara-
tion des terres rares ou des transuraniens: méme dans ces familles, les complexes
possédent des stabilités suffisamment différentes que pour obtenir des séparations trés
bonnest11; la méthode a été exploitée & la fois a I’échelle analytique et a I’échelle
industrielle.

Dans notre laboratoire, différents chercheurs ont eu I'occasion d’étudier les pos-
sibilités d’utilisation de PEDTA en chromatographie sur Dowex 50 en utilisant soit
la technique classique par élution a PEDTA amené au pH convenable par neutralisa-
tion 4 ammoniac?? soit la technique d’élution avec un complexe ’EDTA; dans ce
dernier cas, la résine est mise sous forme du méme métalls,

Dans cette note, nous nous proposons de donner quelques résultats obtenus dans
la préparation de radioisotopes carrier-free.

Détarls expérimentaux

Tous les essais ont été faits sur Dowex 50 calibré entre 35 et 75 p par sédimentation;
la résine est sous forme ammonique et posséde une capacité d’échange de 5.2 meq. g/g
de résine séche.

L’élution est effectuée au moyen d’une solution 1072 M en EDTA amenée au
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pH convenable par neutralisation 4 ’ammoniac. La colonne a une section de 0.78 cm?;
le poids de résine séche est de l'ordre de 15 g (volume libre: environ ro ml). Les
séparations se font a température ambiante. Les mesures d’activité sont faites au
moyen d’un tube G.M. Tracerlab T.G.C.2 et d’une installation de comptage Nuclear.

Séparation 10Ba-—-°Sy et de leurs produits de filiation

Dans une publication antérieurel?, nous avions déterminé les coefficients de partage
du Ba et Sr entre le Dowex 50 et une solution d’EDTA a différents pH et montré
que les valeurs étaient en parfait accord avec celles calculables a partir des pK de
I'acide et des constantes de stabilité des complexes. Cela nous a incité a calculer les
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Fig. 1. Séparation chromatographique 4°Ba~%Sr de fission et de leurs produits de filiation par
I'EDTA.

courbes de K en fonction du pH pour les différents cations, de fagon a pouvoir
connaltre & priori, de fagon assez précise, le pH optimum pour une séparation donnée.

La Fig. 1 donne un exemple de séparation 4°Ba—%Sr de fission sans entraineur
et de leurs produits de filiation respectifs ¢La et %Y.

La colonne sous forme ammonique est d’abord lavée au moyen du mélange éluant
a4 pH = 6 jusqu’a équilibre; puis rincée avec 50 ml d’eau désionisée; la solution
contenant Ba~Sr dans un minimum de volume & pH 3.7-3.8 est versée sur la colonne
puis éluée & pH = 6; lorsque les deux premiers pics sont passés, on amene le pH de
I’éluant vers 8.

Des essais en fonction du pH ont montré que les pH 6 et 8.5 fournissaient des
séparations satisfaisantes dans des temps raisonnables.

Préparation de **Ra

En vue d’essayer une séparation plus compléte de la famille des alcalino-terreux,
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nous avons eu a préparer du radium. Nous nous sommes adressés a la famille du
232Th qui contient ?»Ra (MsTh,) et 2*Ra (ThX).

8 " . B
6'7a~> 228Ac (MsTh,) *_6.x3h_)

22Th — 2 ___, 228Rqa (MsTh,)

1.39-101a

28Th(RdTh) ——> ?2Ra(ThX) — > > 220Rn — > 28Po(ThA) ——
1.g0a 3.64) 54.58 a.158s
22Pb(ThB) — L2 *12Bj(ThC) e WSTI(THC) _3’f—m> 208PY

Pour séparer 2%¥Ra et 22¢Ra présents dans le nitrate de thorium, nous avons ajouté a
la solution contenant 3 g de Th(NOjy), dans quelques ml d’eau acidulée par HCl pour
chasser HNOyj, 0.05 g de BaCl, dissous dans I’'eau; le chlorure de baryum est précipité
par addition de 5 a4 6 fois son volume de HCl 12 N. Le précipité de BaCl,-2H,0
entraine une grande partie de Ra et de ses produits de filiation. Le précipité est
recueilli sur verre fritté puis dissous dans le minimum d’eau et la solution est versée
sur colonne de Dowex 50 et éluée au moyen d’une solution ’EDTA 0.01 M amenée
a pH = ¢ au moyen d’ammoniac. La vitesse d’élution est de 0.1 ml/cm?2/min.
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Fig. 2. Séparation chromatographique & 'EDTA de produits de filiation du 232Th.

La Fig. 2 montre le chromatogramme obtenu, mesuré directement aprés ’élution;
la courbe en traits interrompus a été obtenue apres 8 jours; tous les pics, & "exception
de celui du radium 228 ont disparu. La mesure des décroissances a permis de faire
les attributions indiquées sur la figure. On voit de nouveau que les éléments séluent
dans I'ordre des charges décroissantes. Le fond continu qui se marque entre le pic de
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Ac et celui de Ra directement au sortir de la colonne provient des produits de filiation
qui se forment a partir du ??*Ra au cours de son parcours dans la colonne; il ne s’agit
donc pas d’un manque de pouvoir de séparation de la colonne. Aprés 8 jours, toutes
les vies courtes ont disparu et le pic restant est di au ?*Ra.

Séparation Ca—Sr—Ba—Ra

Cette séparation a été réalisée sur une solution contenant des quantités traceurs
de %5Ca, %0Sr, 140Ba et 2»Ra. La solution est amenée a pH = 3 sur la colonne,
éluée au complexon a pH = 7.4 d’abord, puis a pH = g aprés le strontium.

%Sr
Ra

103

104

Activité cp/min
g

10?3

n

|
100 200 300 400
—— Volume élué en ml

10
0
Fig. 3. Séparation chromatographique Ca-Sr~-Ba—Ra a I'EDTA.
La Fig. 3 montre le chromatogramme 6 jours aprés I’élution au moment ot les
produits de filiation a vie courte ont disparu.
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RESUME

L’EDTA est un éluant possédant de nombreuses possibilités en chimie analytique.
Les auteurs ont donné quelques résultats de séparation de radioisotopes carrier-free:
séparation Ba-Sr-Y-La; préparation de 2¥Ra & partir de thorium; séparation
Ca-Sr—Ba-Ra. Tous ces résultats ont été obtenus sur Dowex 30.

SUMMARY

EDTA is an eluant with many possibilities for analytical chemistry. The authors
present the results obtained in the separation of carrier-free radioisotopes: separation
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of Ba-Sr~Y-La; preparation of 2»¥Ra from thorium; separation of Ca~-Sr-Ba—Ra. All

the results were obtained with Dowex 50.
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DESOXYZUCKER

33. MITTEILUNG*. PAPIERCHROMATOGRAPHISCHE DIFFERENZIERUNG
DER HEXAMETHYLOSEN UND IHRER 3-O-METHYL-DERIVATE**

M.T. KRAUSS, HERB. JAGER, O. SCHINDLER unp T. REICHSTEIN

Organisch-chemische Anstalt dev Universitit Basel (Schweiz)

(Eingegangen den 20. April 1959)

1. PAPIERCHROMATOGRAPHISCHE TRENNUNG DER HEXAMETHYLOSEN UND
DEREN 3-O-METHYL-DERIVATE

Von den theoretisch méglichen acht Paaren normaler Hexamethylosen ist von jedem
Paar mindestens ein Vertreter bekannt. Von den zugehérigen 3-O-Methylderivaten
kennt man. Reprisentanten von 6 Paaren (unbekannt sind hier noch die Allo- und
die Gulo-Verbindungen). Fiir die Identifizierung solcher Zucker sind papierchromato-
graphische Methoden &dusserst hilfreich. Die bisher in der Literatur angegebenen
Systeme sind aber fiir eine sichere Differenzierung*** aller Isomeren ungeniigend.

HirsT uND JoNES! bestimmten im System »-Butanol-Athanol-Wasser (5:1 :4)
die Rp-Werte von Fucose, Glucomethylose, Rhamnose und Talomethylose. Die
Unterschiede der Wanderungsgeschwindigkeiten sind aber fiir eine eindeutige Zu-
ordnung zu gering. Das gleiche gilt von dem System Athylacetat—Pyridin—Wasser
(2:2:1), das IsHERwWOOD UND JERMYN? verwendeten. In diesem System ldsst sich
héchstens Fucose sicher differenzieren. Die iibrigen Hexamethylosen bilden zwei
Gruppen, eine kiirzer (Gulomethylose, Allomethylose und Rhamnose) und eine rascher
wandernde (Altromethylose, Talomethylose und Idomethylose). Eine Zuordnung inner-
halb der Gruppen ist kaum méglich. Im System #-Butanol-Pyridin-Wasser (3:2:1.5)
waren die Rp-Werte von Rhamnose, Glucomethylose, Gulomethylose und Allo-
methylose praktisch gleich3 4. v

Versuche zur Trennung der verschiedenen 3-O-Methylhexamethylosen beschrank-
ten sich bisher auf Thevetose, Acofriose und Digitalose im System #-Butanol-Pyridin—
Wasser (3 :2:1.5)% sowie 3-O-Methyl-glucomethylose und 3-O-Methyl-altromethylose
im System #n-Butanol-Athanol-Wasser (5:1:4)' und schliesslich Digitalose und
Thevetose in verschiedenen Systemen durch Ka1ser®. Im zuerst erwdhnten System
sowie in den von Kaiser empfohlenen Systemen ldsst sich Digitalose abtrennen,
wihrend die Unterschiede zwischen den anderen untersuchten Zuckern zu gering sind.

* 32. Mitteilung: O. RENKONEN UND O. SCHINDLER, Helv. Chim. Acta, 39 (1956) 1490.
** Auszug aus Diss. M. T. Krauss, Basel, die demnichst erscheint.
*** Selbstverstindlich kann ein Zucker durch papierchromatographische Methoden allein nie
ganz sicher identifiziert werden. Erreichbar und nétig ist aber eine eindeutige Differenzierung
aller acht Raumisomeren mit normaler Kette, soweit sie bekannt sind.
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Den erwihnten Systemen ist gemeinsam, dass die Zucker darin eine relativ
grosse Wanderungsgeschwindigkeit besitzen. Fiir die Trennung nahe verwandter
Stoffe sind jedoch Systeme mit kleiner Wanderungsgeschwindigkeit und dement-
sprechend lingerer Dauer des Chromatogramms besser geeignet®. In Anlehnung an
frithere erfolgreiche Versuche bei der Trennung der 2-Desoxy-3-O-methyl-hexa-
methylosen? haben wir nach solchen Systemen gesucht. Die drei folgenden haben sich
fiir die Unterscheidung der sechs 3-O-Methylhexamethylosen gut bewahrt*.

System I: Toluol-Methylithylketon (1 :2)/Wasser™.
Laufzeit 30—40 Std.

System II: Toluol-n-Butanol (1 :1)}/Wasser.
Laufzeit24—28 Std.

System III: n-Butanol-Methylithylketon (1 :1) |Borsiure-Borax-Puffer ™.
Laufzeit 40—50 Std.

Tabelle I enthilt die relativen Wanderungsgeschwindigkeiten der 3-O-Methyl-hexa-
methylosen. Es geht daraus hervor, dass die Reihenfolge der Laufstrecken in den
Systemen I und II gleich ist. Die Unterschiede in den Wanderungsgeschwindigkeiten
geniigen auch {fiir eine sichere Unterscheidung** ausser beim' Paar 3-O-Methylaltro-
methylose und Acovenose. Die beiden letztgenannten Zucker kénnen aber im System

* *

IIT eindeutig voneinander unterschieden werden.

Bei den freien Hexamethylosen, von denen Vertreter aller acht theoretisch
moglichen Isomeren-Paare bekannt sind, waren die folgenden Systeme IV und V
fiir eine Vortrennung in Gruppen geeignet.

System IV: #z-Butanol/Wasser.
Laufzeit 40—50 Std.

System V: Methyldthylketon/Wasser.
Laufzeit 16-23 Std.

In diesen beiden Systemen lassen sich jedoch Gulomethylose, Glucomethylose und
Rhamnose einerseits sowie Idomethylose und Talomethylose andererseits, nicht
sicher voneinander unterscheiden** (vgl. Tabelle ITI). Die Trennung dieser Zucker
gelingt aber in den Systemen VI und VII, in denen wieder wie oben bei den stationdren
Phasen das Wasser durch Borsiure-Borax-Pufferlésung ersetzt ist.

* %

System VI: #-Butanol-Athanol (4 : 1 /Borsaure—Borax Puffer”
Laufzeit 28—48 Std.™™*

System VII: #-Butanol-Methylithylketon (1 :1)/Borsdure—Borax-Puffer.
Laufzeit 48-68 Std.

Es ist aus der Tabelle IT ersichtlich, dass die geringen Unterschiede, die innerhalb
der zwei Gruppen Rhamnose-Glucomethylose-Gulomethylose und Idomethylose—

* Das Papier wurde jeweils mit der ruhenden wéssrigen Phase impragniert. Genaue Ausfithrung
gl Experlmenteller Teil dieser Arbeit.
* Wir betrachten zwei Zucker als eindeutig unterscheidbar, wenn sich ihre Laufstrecken im
Papierchromatogramm um mindestens 109, unterscheiden.
*** Genaue Ausfithrung vgl. Experimenteller Teil dieser Arbeit.
Um die Wanderungsgeschwindigkeit zu erhthen, wurde in diesem System Whatman No. 7
Papier an Stelle von Whatman No. 1 verwendet.

* Kk ek

J. Chyomatog., 3 (1960) 63—74



DESOXYZUCKER. 33. MITT. 65

TABELLE I

LAUFSTRECKEN DER SECHS BISHER BEKANNTEN 3-O-METHYL—HEXAMETHYLOSEN
BEZOGEN AUF D-THEVETOSE = 1.00

Konstellation der HO- baw.

Konfiguration Laxfstrecken im System CH ,0-Gruppen fir die C'I.
Zuckey dey verwendeten Smp. Form® der p-Rethe™ an
Probe
I Ir 111 C-z C-3(0CH,) C4
Digitalose?® p-Galacto 119° 0.37 0.56 0.83 e e a
Acofriosel® L-Manno IT1-114° 0.84 0.74 1.77 a e e
Thevetosell D-Gluco 126—-129° 1.00 1.00 1.00 e e e
3-O-Methyl-
altromethylosel? D-Altro 108-113° 2.33 1.59 0.66 a a e
Acovenosel? r-Talo amorph 2.49 1.69 0.83 a e a
3-O-Methyl-
idomethylosel4 p-Ido amorph 2.86-2.97  2.33 0.60 a a a

* Um die Ubersicht zu erleichtern, wurde iiberall auf die p-Form bezogen, auch wenn nur die
L-Form bekannt war. Nach der Definition von REEVES® ist das Spiegelbild der C-1 Form der p-Reihe
als 1-C Form in der L-Reihe zu bezeichnen. Bei der D-Glucose ist also die C-1 Form und bei der
L-Glucose die 1-C Form stabiler.

TABELLE 1I

LAUFSTRECKEN DER HEXAMETHYLOSEN BEZOGEN AUF L-RHAMNOSE = I.00

Konstellation der HO-Gruppe

Relative Laufstrecken tiir die C-r Form der D-Reihe,
Zucker . Smp. bzw. 1-C Form der L-Reihe*™ an
v 14 Vi vIir C-2 C-3 C-4

p-Fucose 140-146° 0.67 0.68 0.48 0.46 e e a
p-Allomethylosel5-17 146° 0.91 1.38 0.78 0.64 e a e
D-Glucomethyloseld 139-140° 0.99 0.98 0.78 0.78 e e e
L-Rhamnose 122-126° 1.00 1.00 1.00 1.00 a e e
p-Gulomethylosel® 124-125° 1.02 0.98 0.78 0.69 e a a
p-Altromethylose?® amorph I.13 1.84 0.42 0.40 a a e
L-Idomethylose®! 97-100° 1.28 2.00 0.36 0.33 a a a
L-Talomethylose?? 116-118° 1.37 1.84 0.72 0.77 a e a

* Um die Wanderungsgeschwindigkeit zu erhéhen, wurde in diesem System Whatman No. 7
Papier an Stelle von Whatman No. 1 verwendet.
** Siehe Fussnote zu Tabelle 1.

Talomethylose in den Systemen IV und V bestehen, mit Borat-Puffer als stationdrer
Phase in den Systemen VI und VII soweit vergrdssert werden, dass eine sichere
Zuordnung moglich ist. Das Paar Glucomethylose und Gulomethylose liess sich
jedoch bisher nur im System VII gerade noch knapp differenzieren.

II. VERSUCH ZUR ERKLARUNG DER UNTERSCHIEDE IN DEN
WANDERUNGSGESCHWINDIGKEITEN

Die Reihenfolge der Wanderungsgeschwindigkeiten in den Systemen I, II, IV und V
mit Wasser als stationdrer Phase lisst sich dhnlich deuten, wie dies frither fiir die
Hexosen und Pentosen geschehen ist?3. Danach wird die Wanderungsgeschwindigkeit
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raumisomerer Zucker in erster Linie vom Grad ihrer Hydratisierung bestimmt?24.25,
Je stirker hydratisiert das Molekiil ist, umso langsamer wandert es in den genannten
Systemen. Da bei hexacyclischen' Stoffen dquatoriale HO-Gruppen in - der Regel
stidrker hydratisiert sind als axiale, sollte die Wanderungsgeschwindigkeit isomerer
Zucker in erster Anndherung der Anzahl axialer HO-Gruppen, die sie tragen, pro-
portional sein. In den Tabellen I und II sind die Konstellationen der verschiedenen
HO-Gruppen fir die C-1 Form® der p-Reihe* angegeben™*. Es ist dabei ersichtlich,
dass die angegebene Regel tatsichlich in erster Anndherung stimmt. Die Zucker mit
Glucose-Konfiguration (Glucomethylose und Thevetose) verhalten sich aber auch
hier wieder nicht entsprechend der Regel. Obgleich bei diesen Isomeren simtliche
HO-Gruppen und die CH;O-Gruppe bei den 3-O-Methyl-derivaten dquatorial ange-
ordnet sind, zeigen sie nicht die kirzeste Laufstrecke. Die geringste Wanderungs-
geschwindigkeit kommt vielmehr auch hier wieder den Vertretern mit Galactose-
Konfiguration (Fucose und Digitalose) zu***. Gewisse Differenzen gegeniiber den
analogen Hexosen2??® zeigen jedoch die 4 letzten Vertreter der Hexamethylosen in
Tabelle II. Vor allem weist die Ido-Konfiguration in den Systemen IV und V nicht
unbedingt die grésste Laufstrecke auf. Dies ist aber leicht verstidndlich, denn die
Methylgruppe am C-Atom Nr. 5 bei den p-Hexamethylosen vermag den Pyranring
nicht so stark in der C-1 Form zu fixieren wie die gréssere HOCH,-Gruppe der
D-Hexosen****. Die p-Idomethylose dirfte in Losung daher zu einem merklichen

CHy .
]
3 2
3
1 11
C-1 Form 1-C Form

Prozentsatz in der 1-C Form (II) vorliegen, fiir die D-Formen der Altro-, Gulo- und
Talomethylosen kénnte dies auch noch zu einem geringeren Teil zutreffen. Vermutlich
ist dies ein Grund, warum sich die Altro-, Talo- und Idomethylose im Papierchroma-
togramm ohne Borat-Puffer relativ schlecht trennen.

Borsdure-Komplexe

Die Komplexe, die Borsdaure mit mehrwertigen Hydroxy-Verbindungen eingeht, sind
eingehend untersucht®? und in letzter Zeit besonders auch zur Zonen-Elektro-
phorese® bentitzt worden. Sie bilden sich in reversibler Reaktion. Dabei liegt in
alkalifreier Borsdure-Losung das Gleichgewicht meistens weitgehend auf der Seite

* Siehe Fussnote zu Tabelle I.
** Die HO-Gruppe am reduzierenden C-Atom wurde nicht beriicksichtigt, da hier nur das
Vfrhii_}tnis a: B-Form massgebend ist und dieses nicht in allen Fillen bekannt ist.
** Ahnliche Verhiltnisse herrschen auch bei den 2-Amino-2-desoxyhexosen und ihren N-Acetyl-
derivaten. Vgl. hierzu KUHN et al.28.
**** Nach PITzer uND BEGKETT? betrigt die Energiedifferenz zwischen (a)- und (e)-Methyl-
cyclohexan 1.8 kcal pro Mol.
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der Komponenten, und erst durch Laugezusatz entstehen die Komplexe in merklicher
Konzentration3®, Je nach Reaktionsbedingungen bilden sich die 1:1-Komplexe (III)
oder die spiranférmigen 2:1-Komplexe (IV), von denen nur IV viel stirker sauer
sind als Borsdure selbst?.

C—O\B/OH} L T—O\B_OH cl:—o\B/o—c]l
c—0o “oH ic—o/ c—o” \o——cJ
oH~
III v

In einzelnen Fillen wurden auch dreizihnige Komplexe (entsprechend Formel V)
diskutiert, ihre Existenz scheint aber bisher nur bei Cycliten3!-3? mit cis-stdndigen
HO-Gruppen in 1,3,5 Stellung bewiesen zu sein*. Unter den von uns benutzten Be-
dingungen (sehr grosser Uberschuss an Borat) ist vorwiegend mit I:1-Komplexen
(ITI) zu rechnen. Diese Bedingungen (insbesondere pH = ca. 8.8) entsprechen weit-
gehend denjenigen, die FosTER?: 33 fiir die Elektrophorese verwendete. Obgleich die

OH
5
— \
o (e]
/

v

Ergebnisse der Elektrophorese vermutlich nicht quantitativ auf die Verhiltnisse bei
der Papierchromatographie iibertragen werden diirfen**, sind doch weitgehende
Parallelen zu erwarten***. Nach FosTER scheinen unter diesen Bedingungen alipha-
tische 1,2 und 1,3 Diole praktisch immer schwache Komplexe zu geben. Die Tendenz
zur Komplexbildung steigt mit der Anzahl anwesender HO-Gruppen. Die Frage, ob
bei Zuckern die freie Aldehydo-Form massgeblich an der Komplexbildung beteiligt
ist, ldsst er offen, da keine sicheren Beweise vorliegen. Es ist zwar bekannt, dass sich
der Anteil an offenkettiger Form in alkalischer Losung vergrossert®; er bleibt aber
gegeniiber der pyranosiden Form immer noch sehr gering. Dazu kommt, dass FOSTER
bei drei raumisomeren Hexiten (Galactit, Glucit und Mannit) nur sehr wenig ver-
schiedene Laufstrecken fand. Zur Erklirung der Laufstrecken unserer Zucker im

* FosTER (Ref.?, S. 101) macht darauf aufmerksam, dass die Bildung eines dreiz&hnigen
Komplexes an den HO-Gruppen von C3, C5 und C6 in gewissen D-Gluco-furanosiden moglich
wire.

** Bei der Elektrophorese diirfte schon ein kleiner Anteil des Spirans IV wegen seiner viel
stirkeren Ladung die Laufgeschwindigkeit erheblich vergrossern. Falls sich das Gleichgewicht
swischen ITI und IV jeweils rasch genug einstellt, sollte keine Aufspaltung in zwei Zonen erfolgen.
Bei der Papierchromatographie wiirde sich ein kleiner Anteil an IV viel weniger auswirken.

*** In reiner Borsiure, wie sie BOSESERKEN?8 meistens fiir seine Messungen verwendet hat, herrschen
stark abweichende Gesetzmissigkeiten.
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Papierchromatogramm wollen wir uns daher auf die pyranosiden Ringformen be-
schranken*, da sie in Lésung bestimmt dominieren.

Zundchst kann aus den Papierchromatogrammen, wie erwartet, entnommen
werden, dass die Komplexbildung die Wanderungsgeschwindigkeit des Zuckers ver-
kleinert. Die Verzégerung ist umso grésser, je giinstiger die Bedingungen fiir die
Komplexbildung liegen. Nach FosTER? sind bei Pyranosen zwei benachbarte cis-
stindige HO-Gruppen nétig, damit ein Komplex entstehen kann**. Der Abstand
zwischen den O-Atomen von zwei dquatorialen #rans-stindigen HO-Gruppen in
Cyclohexan betrigt 2.83 A36:%7; dieser Abstand ist offenbar noch zu gross, um die
Komplexbildung mit Borat zu erméglichen. Bei benachbarten cis-standigen Gruppen
ist dieser Abstand zwar praktisch gleich gross, lisst sich aber durch eine leichte Aus-
flachung der Sesselform des 6-Ringes verkleinern***. Aus den zwei Tabellen III und IV
glauben wir auch schliessen zu miissen, dass zwei f-stindige cis-axiale HO-Gruppen
zur Komplexbildung befihigt sind. Der Abstand ihrer O-Atome betrigt fiir die
Sesselform des Cyclohexans 2.51 A%:37. Die dreizihnigen Komplexe gewisser Cyclite
(III) miissen ja auch entsprechende Bindungen enthalten.

Um einen brauchbaren Vergleich zwischen Laufstrecke und Komplexbildung zu
erhalten, haben wir die Laufstrecken der 3-O-Methyl-hexamethylosen (Tabelle I) im
System III mit den Werten verglichen, die beim Ersatz des Borats durch einen Na-
phosphat-Puffer von gleichem pH und méglichst gleicher Molaritit erhalten wurden
(vgl. Tabelle III). Wir bezeichnen hier den Quotienten

Laufstrecke im Phosphatsystem
Laufstrecke im Boratsystem

= Verzogerungsfaktor.

Diesen Verzégerungsfaktor betrachten wir als brauchbares Mass fiir die Komplex-
bildung.

Bei den Hexamethylosen haben wir auf die Bestimmung der Laufstrecken im
Phosphatsystem verzichtet und direkt die Laufstrecken der Systeme IV und VI mit-
einander verglichen. Die so erhaltenen Verzégerungsfaktoren (vgl. Tabelle IV) sind
durch den ““Salzeffekt” verfilscht, aus diesem Grunde wurden in Tabelle IV keine
Absolutwerte sondern nur Relativwerte angegeben****

Besprechung der 3-O-Methyl-hexamethylosen

Bei den Zuckern der Tabelle III sind e-a-Komplexe (iquatorial-axial, also solche
zwischen czs-stindigen benachbarten HO-Gruppen) nur unter Beteiligung der Hydro-
xyle an den ersten zwei C-Atomen méglich. Fiir die C-1 Form der p-Reihe ergibt sich

* FosTER fand bei Aldopentosen und Aldohexosen keine sicheren Anhaltspunkte dafiir, dass
die furanoside Form massgeblich an der Komplexbildung beteiligt ware.

** Bei Hexosen kann sich auch die HOCH,-Gruppe (C6) an der Komplexbildung beteiligen, die
in unseren Zuckern fehlt. Hier herrschen daher andere Verhiltnisse. Uber sterische Beeinflussung
dieser 6-Ring-Komplexbildung vgl. BARKER et al.%,

*** Es ist weniger Energie nétig um die Sesselform eines 6-Ringes auszuflachen als um sie noch
mehr zu knicken.
**** Die relativen Laufstrecken der Zucker dndern sich nicht merklich, wenn man von Wasser
zu Phosphat iibergeht.
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fiir die Acovenose und fiir die 3-O-Methyl-idomethylose ausserdem noch die Moglich-
keit zur Bildung eines a-a-Komplexes (di-axial zwischen den HO-Gruppen an den
C-Atomen 2 und 4). Diese zwei Zucker zeigen auch einen besonders grossen Ver-
zogerungsfaktor*. Es ist ferner zu beachten, dass die Ausbildung eines Komplexes
durch eine benachbarte cis-stindige CH,O-Gruppe erschwert wird®. Eine zum
Boratkomplex frans-stindige CH,O-Gruppe ist ohne Einfluss. Der Vergleich der
Zahlen zeigt diesen Effekt deutlich. So besitzt z.B. Acofriose ein gleich giinstig ge-
legenes Paar von HO-Gruppen wie 3-O-Methyl-altromethylose, bei der Acofriose ist
aber die Komplexbildung durch die cis-stindige CH;0-Gruppe gehemmt. Ahnlich
ist der Unterschied zwischen Acovenose und 3-O-Methyl-idomethylose erklarbar, die
beide je zwei Paare von giinstig gelagerten HO-Gruppen besitzen. Bei der Acovenose
stort die CH,O-Gruppe die Ausbildung beider Komplexe. Der im Vergleich zu Theve-
tose und Digitalose sehr grosse Verzégerungsfaktor von 3-O-Methyl-altromethylose
lasst sich aber mit diesern Einfluss der CH,O-Gruppe allein nicht erkldren. Alle drei
Zucker kénnen nimlich nur einen e-a-Komplex (an den C-Atomen 1 und 2) bilden,
der in allen drei Fillen frams-stindig zur CH,O-Gruppe angeordnet ist. Hingegen
haben wir bisher den Einfluss des in Lésung vorhandenen Gleichgewichtes zwischen
den - und B-Formen gar nicht beriicksichtigt. Bei der Thevetose und bei der Digita-
lose ist jeweils nur das a-Isomere, dessen HO-Gruppe am ersten C-Atom in der C-1
Form der p-Reihe axial gelegen ist, zur Komplexbildung befahigt. Auf Grund der
Drehung enthalten Thevetose ca. 35% und Digitalose ca. 30% der zur Komplex-
bildung giinstigen a-Form. Bei der 3-O-Methyl-altromethylose ist fiir die Komplex-
bildung nur die f-Form geeignet. Beniitzt man hier wieder den Vergleich der Drehung
des Gleichgewichtsgemisches und der reinen Methyl-glykoside** als Mass fiir den
Gehalt an §-Form, so kommt man auf ca. 53%. Wir zweifeln aber, ob diese Art der
Rechnung hier zuldssig ist. D-Thevetose und D-Digitalose sollten in Analogie zu D-
Glucose und p-Galactose nach REEVES® in Losung praktisch ausschliesslich in der
C-1 Form vorliegen. Bei 3-O-Methyl-p-altromethylose diirfte in Lésung jedoch ein
Gleichgewicht zwischen C-1 und 1-C Form vorhanden sein, die stark verschiedene
Drehung besitzen miissen, so dass man aus der Drehung nicht mehr so gut auf den
Gehalt an «- und g-Form zuriickschliessen kann. Es ist aber aus dem rdumlichen Bau
leicht ersichtlich, dass fir die C-1 Form das f-Isomere stark begilinstigt sein muss.
Das axiale o-Isomere ist ndmlich durch die ebenfalls axiale Methoxylgruppe in
3-Stellung besonders stark benachteiligt. Hier diirfte die Methoxylgruppe somit die
bevorzugte Ausbildung der fiir die Komplexbildung giinstigsten §-Form erzwingen.
Dieselben Verhiltnisse finden wir auch bei der 3-O-Methyl-idomethylose, nur
dass hier ausserdem noch die Moéglichkeit zur Ausbildung eines a—a-Komplexes
gegeben ist. Bei der Thevetose und bei der Digitalose liegt die CH;0-Gruppe dquato-
rial und sollte demnach keinen merklichen Einfluss auf das «, 8-Gleichgewicht haben.
Bei den zwei noch unbekannten Isomeren, der 3-O-Methyl-allomethylose sowie der

* Bei der Altromethylose ist er noch grosser, vielleicht weil die Komplexbildung bei der Aco-
venose in beiden Fillen durch die CH;O-Gruppe gehemmt ist.
** Zur Abschitzung dienten die Werte der entsprechenden Hexosen.
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3-0-Methyl-gulomethylose, die beide in der C-r Form der Dp-Reihe axiale CH,0-
Gruppen tragen, sollte die Ausbildung der fiir die Komplexbildimg giinstigeren
a-Isomeren stark erschwert sein. Dabei wire auch wieder zu beriicksichtigen, dass
3-0-Methyl-gulomethylose in Lésung teilweise in 1-C Form vorliegen diirfte.

Die Papierchromatogramme mit Boratpuffer deuten darauf hin, dass die D-
Formen aller 6 hier untersuchten Zucker im Boratsystem vorwiegend in der C-1
Form vorliegen, wobei sogar die sonst instabilen C-1 Formen der 3-O-Methyl-altro-
methylose und besonders der 3-O-Methyl-idomethylose (Formel I) durch die Komplex-
bildung weitgehend stabilisiert werden. Bei der Idomethylose sollte in der 1-C Form
der D-Reihe (Formel II) wegen der axialen Methylgruppe an C5 die fiir die Komplex-
bildung benétigte S-Form sehr stark behindert sein, so dass fiir die 1-C Form der
D-Reihe nur ein sehr geringer Verzgerungsfaktor zu erwarten gewesen wire*.

Besprechung der Hexamethylosen

In Tabelle IV sind die Verzdgerungsfaktoren sowie sidmtliche Méglichkeiten der
Komplexbildung fiir e-a- und a-a-Komplexe fiir die C-1 und die 1-C Formen der
D-Reihe zusammengestellt.

Wenn die Komplexbildung an einem Paar von HO-Gruppen die weitere Komplex-
bildung an einem zweiten Paar nicht hindern oder verunméglichen wiirde, sollte
derjenige Zucker den grossten Verzogerungsfaktor aufweisen, der die meisten Paare
geeigneter HO-Gruppen enthélt. Dies ist offensichtlich nicht der Fall, und der Grund
ist auch leicht ersichtlich. Wenn z.B. bei der C-1 Form der p-Allomethylose, welche
total 4 geeignete Paare von HO-Gruppen enthilt, an 2-3 Komplexbildung erfolgt,
30 Kann an 1o—2, 3—4 und 15-3 keine weitere Komplexbildung stattfinden. Bei Fucose,
die nur zwei geeignete Paare enthilt, konnen prinzipiell beide gleichzeitig eine Kom-
plexbildung eingehen. Komplexe mit zwei Boratmolekiilen kann auch Altromethyl-
ose bilden, die insgesamt nur 3 geeignete Paare von HO-Gruppen enthélt. Dies macht
es verstdndlich, dass Fucose und Altromethylose einen grésseren Verzégerungsfaktor
zeigen als Allomethylose.

Aus den Werten der Tabelle IV ldsst sich weiter ableiten, dass Komplexe mit
zwei Boratgruppen pro Zucker nur dann méglich sind, wenn siesich gegenseitig nicht
behindern. Dies setzt voraus, dass sie #rans-stdndig sind. Der merklich gréssere Ver-
zégerungsfaktor von Fucose, die nur zwei Paare geeigneter HO-Gruppen enthilt
im Vergleich zu Rhamnose (2 Paare), Allomethylose (4 Paare!) und Gulomethylose
(3 Paare) wird so leicht erkldrbar. Wir glauben daher auch, dass der besonders grosse
Verzdgerungsfaktor bei der Idomethylose durch die Bildung des Komplexes mit zwei
Irans-stindigen Boratgruppen an 1¢—3 und 2—4 der C-1 Form der p-Reihe (Formel I)
bedingt ist und dass diese sonst unstabile Form durch diese Komplexbildung stabili-
siert wird. Fiir die 1-C Form der p-Reihe wire, wie aus Tabelle IV ersichtlich, nur ein
18-2-Komplex und damit ein viel kleinerer Verzégerungsfaktor zu erwarten.

Die beobachteten Verzégerungsfaktoren lassen vermuten, dass auch von den

* Die verschiedenen, von REEVES UND BLoOUIN® abgeleiteten Wannen-Formen wurden
vernachilassigt.
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anderen drei Zuckern, deren C-1 Form der D-Reihe in Wasser teilweise mit der 1-C
Form in Gleichgewicht steht (Altromethylose, Gulomethylose und Talomethylose in
ungefihr abnehmender Reihenfolge), die Altromethylose und Talomethylose in
Boratlésung vorwiegend auch in der C-1 Form (als Komplex stabilisiert) vorliegen.
Fiir die Gulomethylose ist dies dagegen unsicher.

Konfig.

Freie Hexamethylose
(R = H)

3-O-Methylderivat
(R = CH,)

Konfig.
Freie Hexamethylose
(R =H)

3-O-Methylderivat
(R = CH,)

Konfig.
Freie Hexamethylose
(R=H)

3-O-Methylderivat
(R = CH,)

CHO

OR

CH,
Allo

I. Allomethylose
F. 146°
[a]p = — 1.0°18

IX. Unbekannt

CHO

— OR

CH,
Gulo

Gulomethylose
F. 124-125°

lalo = —35.7°%
XII. Unbekannt

Iv.

CH,
Talo

VII. Talomethylose™
F.116-118°
[dlp — + 18.0°%
XV. Acovenose”
amorph!?

CHO

—OR

CH,
Altro

II. Altromethylose

amorph

[alp = + 16720
X. 3-O-Methyl-

altromethylose

F. 108-113°

[alp — + 22.3°%2

CHO

RO —

CH,
Manno
V. Rhamnose*
F. 122-126°
[alp = — 8.9°
XIII. Acofricose™
F.r1i1-114°
[a]lp = -~ 39.1°%

CHO

CH,
Ido
VIII. Idomethylose™
F. 95—98°
[alp = + 26°%
XVI. 3-O-Methyl-
idomethylose

amorph
[alp = + 22.1°4

CHO

RO—

CH,
Gluco

1II. Glucomethylose
F. 139-140°
[alp = + 29.7°®
XI. Thevetose
F. 110-120°
alp = 4 35.5°%

CHO

RO —|

CH,
Galacto
VI. Fucose
F. 140-146°
[elp = + 76.3°
XIV. Digitalose

F.110°
[alp = + 106°%

Formeln der hier untersuchten Zucker mit Angaben der Smp. Die angegebenen optischen
Drehungen geben die spez. Enddrehung in Wasser. Von den mit * bezeichneten Zuckern ist nur
die L-Form bekannt. Wir geben fiir die b-Form denselben Smp. und die umgekehrte Drehung.
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EXPERIMENTELLER TEIL

Die Chromatogramme wurden zwischen 23° und 25° Raumtemperatur absteigend
ausgefiihrt.

Fiir das System VII (n#-Butanol-Methylithylketon (1 :1)/Borat-Pufferlgsung)
wurde Whatman No. 7 Papier verwendet. Alle iibrigen Chromatogramme wurden
auf Papier No. 1 durchgefiihrt.

Zur Sittigung der mobilen Phase wurde diese wihrend 3 Std. mit gleichem
Volumen stationdrer Phase geschiittelt und nach der Trennung der Schichten die
mobile Phase abgetrennt. _

Wenn Wasser als stationire Phase diente, wurden die Papiere durch eine
Mischung von Wasser—Aceton (1 :2) gezogen und dann zwischen Filtrierpapier ausge-
presst. Hierauf wurden die Substanzproben aufgetragen, und dann das Papier so
lange an der Luft getrocknet, bis die Gewichtszunahme gegeniiber dem trockenen,
unbehandelten Papier 50% betrug. Im Falle von Pufferlésung als stationidrer Phase
wurde das Papier durch die Losung gezogen, zwischen Filterpapier abgepresst und
nach Auftragen der Substanzprobe so lange an der Luft trocknen gelassen, bis auch
hier die Gewichtszunahme 509 betrug. Nach dem Einhidngen der Papiere in den
Trog wurde unmittelbar mit dem Entwickeln begonnen.

Nach Abschluss der Chromatographie wurden die Papiere so lange bei Raum-
temperatur einem schwachen Luftstrom ausgesetzt, bis sie sich trocken anfiihlten
(ca.20Min.). Zum Lokalisieren der Zucker diente entweder Blautetrazolium4® (durch
die Reagenslésung gezogen) oder Anilinphtalat nach PARTRIDGE# (bespriiht). Um
das Zerreissen der mit dem Reagens imprignierten Papiere zu vermeiden, wurde das
Papier auf diinne, entsprechend dimensionierte Glasplatten gelegt und durch schwache
Erwirmen derselben die Farbreaktionen erzeugt.

Herstellung der Pufferlésung: 3.814 g Borax (Na,B,0;-10H,0) und 0.618 ¢
Borsiure wurden in je 100 ml Wasser geldst; fiir die Bereitung der stationdren Phase
wurden gleiche Volumteile der beiden Losungen vermischt; pH (potentiometrisch
bestimmt) : 8.94.

Herstellung der Phosphatldsung: 1.166 g 84% H,PO, (= 0.685 ml), wurden mit
20.8 ml 0.3 N NaOH versetzt; pH (potentiometrisch bestimmt): 8.8.
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ZUSAMMENFASSUNG

Es werden Metheden zur papierchromatographischen Unterscheidung der Hexa-
methylosen sowie deren 3-O-Methyl-derivate beschrieben. Die Rp-Werte, die erhalten
werden, wenn eine Natriumboratlésung als stationdre Phase diente, wurden mit den
stereochemischen Faktoren der Komplexbildung in Beziehung gebracht.
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SUMMARY

Methods are described for the paper-chromatographic separation of hexamethyloses
and of their 3-O-methyl derivatives. The Rp values obtained when a sodium borate
solution was used as stationary phase were correlated with the stereochemical factors

involved in complex formation.
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Recent reports! have shown that there is an altered amino acid metabolism in rheuma-
toid arthritis, and it was considered of importance to study this abnormality in
greater detail. However, no suitable chemical method for the quantitative estimation
of amino acids in blood was available, other than the elegant but complex technique
of MOORE AND STEIN?, and consequently a simpler method has been developed in this
department.

Acting on a suggestion by D. BIDMEAD, the analytical problem was divided into
three parts, (a) removal of protein and salts from the serum, (b) separation into
individual amino acids and (c) quantitative estimation of each amino acid.

BoULANGER, BISERTE AND COURTOT? have shown that the usual reagents used
for precipitating proteins can cause losses of numerous amino acids, and also excess
reagent must be removed4. Preliminary experiments with some other deproteinising
agents, including picric acid followed by Dowex-28, alcohol®, acetic acid at controlled
pH?, and the extraction of dried plasma with acid acetone® or butanol-phenol mixtures,
gave extracts which were not suitable for our purposes. These methods were also
criticised by AwWAPARA AND SATO®. JIRGL! has employed a mixture of alcohol and
acetone followed by ethanol to prepare blood extracts for chromatography, but only
12 amino acids were shown to be present in such extracts.

STEIN AND MooREY, and FLOCK et al.1% have shown that the process of electrolytic
desalting, used by many authors, may cause Josses of certain amino acids. An alter-
native chemical technique has been employed by McCorLLuM AND RIDER!® who used
acetone containing dl-camphorsulphonic acid to extract the amino acids from salt,
followed by saturation with ammonia gas to liberate the dissolved acids.

However, ion exchange resins can be used for the simultaneous removal of both
salts and protein (see e.g. REDFIELD, CARSTEN®, PIEZ ¢f al.'%). Recently COCHRANE
et al.2” have passed serum through a column of Zeocarb 225(H) which adsorbed the
amino acids but allowed the proteins, sugars, acids and other compounds to be
washed through. Elution with 5 M ammonia extracted the amino acids free of salts.
Unfortunately no detailed practical account was given. We have investigated this
system and have found that the extracts obtained are suitable for subsequent frac-
tionation by electrophoresis.

Two-way paper chromatography offers a convenient way of separating complex

J. Chvomatog., 3 (1960) 75-84



76 E. R. COOK, M. LUSCOMBE

mixtures of amino acids, but the spots are often diffuse and may consist of over-
lapping compounds (see e.g. GORDON AND NARDE®, FLOCK ¢f al.’?). It was considered a
better approach technically to separate the mixed amino acids into groups by electro-
phoresis followed by the analysis of each group by descending paper chromatography.

Initial experiments showed that high voltage electrophoresis in barbitone buffer
(pH 8.2) would separate serum extracts into 4 groups of amino acids, but the technique
was discarded partly through practical difficulties and partly due to the necessity for
removing the barbitone buffer prior to paper chromatography. Eventually a method
was adopted which employed electrophoresis in N acetic acid buffer (after DurruM®).
By this means it was found possible to split the free amino acids of serum into 6
groups which could then be located on the paper by a non-destructive fluorescence
method (Cook axp LuscomMBEY). Each group was then separated into its component
amino acids by descending paper chromatography employing a solution of butanol,
ethanol, ethyl acetate and dilute acetic acid. The individual acids were measured as
the stable pink complexes formed on addition of cadmium sulphate to the blue colour
produced by ninhydrin and amino acids®. Salts of zinc, nickel, copper and cobalt
were substituted for cadmium sulphate but were not satisfactory.

This paper presents a detailed account of the method together with some prelim-:
inary results from its application to normal sera.

MATERIALS AND METHOD
Materials

Zeocarb 225H was prepared by washing approximately 400 g (60-80 mesh) with 1 1
of 6 N ammonia followed by 51 of distilled water. The material was then treated with
100 ml of 40 % HCI, 300 ml of 20 % HC], and washed with water until the washings
were free from chloride. The resin was stored under water until required, but some
decomposition occurs after 3-4 weeks, as shown by a yellow colour in the super-
natant water.

Power-pack for high voltage electrophoresis (1350 V) was designed and built by
A. J. S. McMillan, 5 Oakfield Road, Bristol 8, Great Britain.

Method

Extraction of amino acids from serwm. Practical experience showed that consistent
results were not obtained by shaking the serum with added resin, and consequently
the following column technique was adopted. A column of Zeocarb 225(H), 5 cm
long, 0.4 cm diameter, is prepared by pouring an aqueous suspension on to a glass
wool plug in the bottom of a Pyrex glass tube with a 1 mm constriction at one end,
and a 20 ml bulb reservoir at the other.

1.5 ml of fresh serum is passed slowly through the column which is then washed
with 50 ml of water to remove protein, sugars etc. The amino acids are eluted with
20 ml of 10% NH,OH which is collected in a 50 ml conical flask and evaporated off
under reduced pressure in a vacuum desiccator containing NaOH pellets and fused
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CaCl,. The residue is dissolved in 5 ml of warm water and 4 ml pipetted into a small
test tube, 4 in. X % in., which had been previously treated with Silicone Repelcote
(Hopkins and Williams). The water is again evaporated off under reduced pressure
over NaOH pellets.

In this way, an extract, equivalent to 1.2 ml of serum, can be concentrated
over a small area in a test tube, from which it can be conveniently removed quan-
titatively with a small volume of liquid.

Electrophoresis. The blood extract is partitioned into groups of amino acids by
electrophoresis in N acetic acid on Whatman 3 MM paper in the conventional type
of horizontal apparatus (see e.g. MCDONALD?!, WIELAND AND FISCHER??).

The serum extract is transferred to a strip of Whatman 3 MM paper, 5 cm wide
and 20 in. long, by a technique designed to obtain even distribution along the load
line, and to prevent amino acids running along the edges of the paper. The dry
residue is dissolved in 0.05 ml of warm water and evenly distributed over an area of
paper 4 cm X 3 cm adjacent to the load line which is 2 % in. from the anode end of
the strip. This is allowed to partially dry, and the tube rinsed out with a further
0.05 ml of water which is transferred to the paper in a similar fashion and evaporated
by a cold air blast. The strip is clamped in the electrophoretic apparatus, and wetted
evenly with N acetic acid from both ends, so that the advancing liquid fronts meet
at the loading line. In this way the compounds within the loading rectangle are
dissolved up, and distributed along the starting line. Electrophoresis is carried out
for 2%-3 h at 1,350 V, with a current passing of 2% mA/strip of paper 5 cm wide.
At the end of this time the paper is dried 4» situ by a stream of cold air.

Early experiments demonstrated that to obtain reasonable separations it was
essential to minimise electro-osmotic flow of buffer solution, and the customary wet
anode has therefore been substituted by a 26 SWG platinum wire sandwiched between
two perspex strips which are pressed together by elastic bands. When in operation
the end of the paper is folded and nipped between the perspex strips, thus forcing
the wire into the wet paper surface and ensuring a good electrical contact. Fig. 1
describes the paper and electrode layout.

After electrophoresis, the dried paper strips are immersed in acetone containing
0.1 % o-coumaric acid and dried at room temperature for 4-5 min, followed by heating
in an oven at 100° for 1 %-2 min. Exposure to ultra violet light from a Mazda MBW/U
bulb produces yellow fluorescent bands of amino acid—coumaric acid complex, which
can be easily outlined with pencil. The imino acids, proline and hydroxyproline, can
also be visualised. Overheating and over exposure to ultra violet radiation should be
avoided?®.

The most rapidly moving band containing ornithine, lysine, histidine and
arginine, is sometimes rather diffuse and difficult to see, but it can be concentrated
by ascending chromatography with water followed by drying and relocating by the
ultra violet technique.

The outlined bands are excised, dropped into test tubes and extracted with
5 ml of water for at least 2 h with occasional shaking. Suitable aliquots of the solutions,
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usually 3-4 ml, are measured out into test tubes, 4in. X ¥ in., previously treated
with Silicone Repelcote, and evaporated under suction in a desiccator over NaOH
pellets.

The dry residue, concentrated over a very small area in the bottom of the tube,
is dissolved in 0.02 ml of water, and applied as a thin streak??, z ¢m long, to.a sheet
of Whatman No. 1 filter paper 22% in. long by 8 in. wide, drying being hastened by
a cold air blast. The test tube is washed out twice more with 0.02 ml of water.

6'/3crn‘
M Pt wire
26 SWG.
— Heavy glass rods -
—
Loading L
Ag pre] . line ‘_
Lyl MY T |
cm by 25cm) o
imm thick 5f"‘ fom ;
= > H
: 28cm
>
N /— =
L ——1 Whatman. 3mm paper
Electrode chambers
containing N acetic - e
acid, connected by
agar/N acetic acid U
bridges
44% cm
A 4
A

Heavy glass rod

a R / \ZPuper strip 2 .
iir §

N acetic acid
buffer

- Platinum wire

T

—— i —

Whatman ) ~ Perspex

3mm paper | ; ] / strips
B

Fig. 1. Layout of the apparatus and paper for electrophoresis. (A) The apparatus, drawn to scale,

is home built from perspex sheets. The thick paper is held at one end between two wide perspex

strips (B) which are supported in two perspex holders, slotted vertically, and clamped at the

other end between two heavy glass rods, resting on a perspex incline. This system holds the paper-

taut, and pools of electrolyte cannot accumulate. The liquid compartments are filled with N~

acetic acid, and connected by two agar-N acetic acid bridges not shown in plan. (B) An expanded
plan of the platinum wire electrode.
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The sheets are hung in a suitable glass tank, placed in the dark and the amino
acids in the various groups are separated by descending chromatography, employing
as solvent a mixture of n-butanol-ethanol-ethyl acetate-water and glacial acetic
acid (see Table I). This solvent gives good separations, with very compact spots,
especially if the amino acids are loaded on stripwise as described. The small amount
of acetic acid present prevents ‘‘bearding” of valine, leucine and glutamine. The
o-coumaric acid contamination in the extract has an Rp value of 0.8g, and therefore
travels near the solvent front. Table I shows the overall separations achieved.

TABLE I
THE FREE AMINO ACIDS OF NORMAL HUMAN SERUM
Separations achieved by electrophoresis in N acetic acid followed by paper chromatography.

Paper chromatography
Time of
Electroph % develop: £ Solvent: butanol — ethanol — ethyl acetate — water — glacial acetic acid
h Bands 1-5 6o ml 15 mi 10 mi 20 mi 2ml
Band 6 40 mi 15 ml 10 mi 20 mi zoml
Band 1 40 Asp and Hypro
Band 2 40 CySH + Cy,S,, Asp-NH,, Glu-NH, - Cit, Glu, Thr, Pro, Tyr,
Met, Phe
Band 3 24 Ser, Val, Leu + Ileu
Band 4 40 Ala
Band 5 40 Gly
Band 6 72-96 Orn, Lys + His, Arg

Increasing Rp value —

At the appropriate times (Table I) the sheets are removed, dried in a stream of
cold ajr, and then sprayed evenly with a solution consisting of 100 ml of 95 % ethanol
plus 2 ml of lactic acid and 2 g of ninhydrin. The paper is air dried for 10 min at room
temperature in a gentle air current, and then heated in an oven at 105° for 4 min.
The coloured spots are cut out and dropped into test tubes containing 7.8 ml of go %
ethanol and 0.2 ml of 1 % aqueous cadmium sulphate and allowed to stand at room
temperature for 10-20 min. The pink solutions are then determined in the Spekker
with the Ilford green filter (No. 604). Aliquots of a standard leucine solution (5 mg/ml),
ranging from 2.5-50 ug are spotted on Whatman No. 1 filter paper, using an Agla
micrometer syringe, and developed simultaneously with the paper chromatograms.
The larger quantities of leucine are distributed in small spots, and under these con-
ditions straight line graphs are obtained up to 50 ug of leucine. The individual amino
acids can be calculated in terms of leucine, which is quite satisfactory for comparative
work within the laboratory. The absolute values can be obtained by constructing
standard curves of the various amino acids, or by establishing a table of factors
required for converting leucine equivalents to the appropriate amino acid. The amino
acids may also be estimated by extracting the blue spots with 70 % alcohol and rapidly
reading against a yellow filter (Ilford No. 606) but the previously described technique
is preferred as the colorimeter readings are increased by 6070 %, and the pink colour
is stable overnight.
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This technique does not measure small quantities of hydroxyproline or proline,
but it is possible to increase the sensitivity of the reaction with proline by a similar
estimation in acid solution.

The yellow proline spot obtained by the routine technique of spraying and
heating is excised and dropped into 8 ml of a solution of calcium chloride in acetic
acid (2.5 ml of 20 % CaCl, + 97.5 ml of glacial acetic acid), then heated in a boiling
waterbath for 5 min. The bright pink solution is rapidly cooled, and read with the
Ilford 604 filter. The colours are stable for 15 min in daylight and at least 1 h in the
dark. Reproducible straight line standard curves are obtained with 0-435 ug of proline.

In the developmental stage of the method the separated amino acids were located
by the fluorescence technique followed by excision and estimation by the excellent
quantitative method of TRoLL aND CannNan?%. The results, however, proved to be
unreliable due to very high variable paper blanks. This background interference could
be completely removed by treatment with N/10 NaOH?® or by N/20 Na,CO, but we
have observed losses of amino acids by this system.

RESULTS

Early experiments with mixtures of relatively few amino acids suggested that the
speed of movement during electrophoresis altered slightly with the complexity of the
mixture being separated, and location of the individual compounds was eventually
achieved by running duplicate aliquots of serum extract, to one of which had been
added a known amino acid.

Electrophoresis of serum extracts under the conditions described, normally gives
six bands, five of which can be detected by the fluorescence method. Table I is a
summary of the separations achieved by electrophoresis followed by paper chromatog-
raphy. The acids in band 1, 7.e. hydroxyproline, and aspartic acid, are usually present
in concentrations too low to be visualised by fluorescence in the thick 3 MM paper.
It is our practice to excise band 2 together with a 2 cm wide strip above it, thus
combining bands 1 and 2.

This mixture contains thirteen amino acids, occurring in nine distinct spots, 4.e.
a diffuse double spot of cystine and cysteine, aspartic acid and asparagine, a deeply
staining mixture of glutamine and citrulline, followed by the single amino acids
glutamic acid, threonine, proline and tyrosine. Aminobutyric acid and methionine
occasionally separate but are normally estimated together. Phenylalanine is the
fastest moving compound in this group.

Band 3 contains serine, valine, and a fast moving double spot of leucine and
isoleucine, which is not sufficiently separated for the estimation of each component.
Occasionally this band also contains traces of glutamine and threonine from band 2,
but these occur as individual spots before and after serine respectively.

Bands 4 and 5 contain no compounds other than alanine and glycine, and may
conveniently be combined for paper chromatography. The basic amino acids which
occur in band 6 move very slowly and require at least 72 h development {or separation
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into three spots, .. ornithine, lysine and histidine as a poorly separated double spot,
and arginine.

The colovimetric estimation of amino acids

Under the standard conditions described, it was found that the slope of the leucine
standard curves did not vary more than 4 3 9% over a period of several months. The
slopes were invariably straight lines, as were the standard curves of twelve other
amino acids studied. The absorption curves of the unstable blue colours produced

TABLE 11
REPLICATION EXPERIMENTS

Estimations were carried out in quadruplicate on each of four separate specimens of pooled
serum. Range of results, expressed as ug of leucine.

i

Amino acid Expt. 1 Expt. 2 Expt. 3 Expt. 4
Asp-NH, — — 0.8- 1.0 —
Glu-NH, + Cit 49.0-53.6 55.3-61.4 44.5-51.3 50.4-56.4
Glu 19.3—21.4 28.2—32.3 23.4—26.6 —
Thr 4.8- 5.8 5.8—- 8.4 6.4— 7.6 5.4— 7.6
Pro 2.5 2.8 0.7— 1.2 1.4~ I.9 0.3~ 0.5
Tyr 2.9— 3.6 3.7— 4.0 2.6— 3.6 —
Met — — — I.9— 2.7
Phe 1.6— 1.9 0.5— 0.7 1.8- 1.9 0.3— 0.9
Ser 13.0-13.9 18.8~22.3 18.1-19.8 14.7-17.0
Val 22.2-27.2 34.8-38.4 31.2—32.0 30.4-35.0
Leu 14.5-16.6 18.5—21.7 16.9-17.9 17.6—-19.0
Ala 46.0~48.2 37.7-40.6 — 41.2—46.0
Gly 15.9-18.8 14.9-16.1 — 17.0-17.6

TABLE III

RECOVERY OF AMINO ACIDS

The recovery of amino acids was tested by (a) estimating duplicate aliquots of serum to one of
which had been added a known quantity of amino acid and (b) analysing ‘“‘serum-like’’ synthetic
mixtures of amino acids.

Amino acid Amino a;c;d added 'J(Z)rf ;r;::r; (b Sg/:)nt,}ztozj e:r;,tximes
Glu-NH, 20 113

Cit 25 102

Thr 10 74 93
Pro 20 76 85
Met 5 41
Phe 20 84 107
Ser 7 91 110
Val 20 [o1e} 93
Leu 20 88
Ileu 25 79

Ala 30 101 122
Gly 20 124
Orn 9 77
Arg 10 82 53
Mean 89 83
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by alcohol extraction gave rather broad maxima between 570-580 my, but the pink
colours with added cadmium sulphate possessed sharp absorption curves with maxima
between 510-3I5 mu except that for phenylalanine which was at 500 mgu. The
increased stability and sensitivity of the latter colour reaction is of considerable
advantage in estimating the trace quantities of some amino acids present in serum.

The estimation of amino acids in synthetic mixtures and in serum

The reproducibility of the method has been tested by running quadruplicate estima-
tions on each of four separate pooled specimens of serum. The experimentally deter-
mined range of values for each amino acid, expressed as ug of leucine, are shown in
Table IT which clearly demonstrates that consistent replication may be obtained even

below the 5 ug level.
Overall recovery experiments were then carried out in duplicate using either

TABLE IV
THE FREE AMINO ACIDS OF NORMAL FASTING HUMAN SERUM

The values given for each subject are the means for at least two specimens, drawn on different days.

Amino acid in serum, mg/roo ml

Mean (range)

Amino acid
Subject C Subject R Subject G Subject Q Subject P Subject B Subject M
CySH + 0.6 1.7 0.8 1.2 0.7 1.2 1.1 1.0
Cy,S, (0.6— 1.7)
Asp + 1.4 1.7 3.0 1.9 2.7 2.3 2.7 2.2
Asp-NH, (1.4~ 3.0)
Glu-NH, 8.7 11.5 10.6 8.9 8.9 7.6 7.8 9.1
+ Cit ) (7.6~11.5)
Glu 0.6 0.8 0.7 1.0 I.I I.1 1.4 1.0
(0.6— 1.4)
Threo 1.4 1.6 1.3 I.4 1.8 1.5 2.1 1.6
(1.3— 2.1)
Pro 3.2 4.1 2.3 3.4 2.7 3.0 3.7 .2
(2.3- 4.1)
Tyr 1.3 2.3 1.3 2.0 1.6 1.4 I.4 1.6
(1.3— 2.3)
Met 0.6 1.1 1.0 I.I 1.4 0.8 0.9 1.0
(0.6— 1.4)
Phe 0.8 I.1 0.8 1.3 I.I 1.1 I.I I.1
(0.8 1.3)
Ser 1.0 1.3 1.0 I.I 1.4 1.0 1.7 1.2
(0.9~ 1.7)
Val 2.5 3.1 2.5 3.2 2.8 2.7 2.6 2.6
(2.5~ 3.2)
Leu 2.6 3.7 2.3 3.5 3.1 2.8 3.0 3.0
Ileu (2.3— 3.7)
Gly 1.7 2.1 1.6 2.0 2.3 1.9 2.5 2.0
(1.6~ 2.5)
Ala 3.2 3.8 3.4 3.6 4.3 4.1 4.2 3.8
(32— 4.3)
Orn 1.0 1.1 0.7 1.5 1.2 1.7 1.6 1.3
(0.7- 1.7)
Lys + 3.9 3.0 3.6 5.0 4.9 4.6 4.9 4.3
His (3.0— 5.0)
Arg 1.5 1.7 1.9 2.6 2.0 1.6 2.3 1.9
(1.5~ 2.6)
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pure amino acids added to serum, or a mixture of amino acids in proportions resem-
bling those in serum. The recoveries obtained, Table III, were usually between 8o %,
to 110 %, mean 86 %, and a subsequent quantitative study of the three main steps
in the technique suggested that the major losses occurred prior to électrophoresis.

Initially the colorimetric readings from an analysis were calculated as leucine
equivalents, but in later estimations, the specimens of serum were worked up in
parallel with a synthetic serum-like mixture of amino acids, and the concentration of
amino acid in the unknown calculated by simple proportion from the colorimetric
readings. This procedure was considered to be justified by reason of the close replica-
tion obtainable and the straight line standard curves given by the different amino
acids, and also has the advantage of internally correcting for any systematic analytical
errors.

The serum levels of a small number of normal males were then investigated. Two
fasting specimens of blood were taken from each subject, generally with an interval
of two or more days, and the serum stored at —10° until required for analysis. The
results of analysis showed that the individual pattern is remarkably constant over
a small number of days.

The average pattern of values obtained for each of the seven subjects has been
plotted in Table IV, which clearly shows that for these normal males there is little
variation from the mean by the various amino acids. A similar consistency in values
for each amino acid between individual subjects was shown by MOORE AND STEINZ.

TABLE V
THE FREE AMINO ACIDS OF NORMAL SERUM OR PLASMA

The values obtained by the method described are compared, where possible, with values quoted
in the literature.

Amino acid in plasma or serum, mg[roo mi

Amino acid Present work MOSO:;;;ND Mci\;[z;;my | BORDEN ¢t al.t? SA;‘Z‘;}:? Y

(a) (b (9 (4) (e

CySH + Cy,S, 1.0 1.2

Asp + Asp-NH, 2.2 0.6

Glu-NH, + Cit 9.1 8.8 6.6

Glu 1.0 0.7 0.3 1.2

Thr 1.6 1.4 1.6 1.3 1.9

Pro 3.2 2.4 1.6 2.9 0.7

Tyr 1.6 1.0 1.3 1.0

Phe I.I 0.8 0.9 1.1 1.1

Ser 1.2 1.1 I.3

Val 2.6 2.9 2.0 2.5

Leu 4 Ileu 3.0 2.6 1.8 2.3

Gly 2.0 1.5 2.2

Arg 1.9 1.5 I.2 1.5 0.5

(a) Electrophoresis followed by paper chromatography.
(b) Chromatography on ion exchange columns.

(c) Paper chromatography.

(d) Microbiological technique.

(e) Microbiological technique.
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Table V compares the average values obtained in this study with those published
by other authors. There is a reasonable agreement on the whole, but for the large
discrepancy between our value for aspartic acid plus asparagine, and that of MOORE
AND STEINZ; this is, however, due to calculating the mixed spot in equivalents of
aspartic acid which gives considerably less colour per molecule than asparagine in the
modified ninhydrin reaction.

SUMMARY

I. A method is decribed for the estimation of a number of free amino acids in
serum.

2. The acids are extracted by Zeocarb 225H, and are then fractionated into six
groups by electrophoresis at 1350 V in NV acetic acid buffer. The various groups are
located by a fluorescence technique employing o-coumaric acid in acetone, and are
then separated into individual amino acids by descending paper chromatography.
The solvent used is a mixture of butanol, ethanol, ethyl acetate, water and acetic
acid. The final colorimetric estimation is made by spraying the paper with lactic acid
and ninhydrin followed by elution with alcoholic cadmium sulphate. This technique
produces a stable pink colour which is more sensitive than the normal ninhydrin blue.

3. Replication is close, with a mean recovery of about 86 %,.

4. Fasting levels are given for seven males, and a comparison with other published
values is made.
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CHROMATOGRAPHIE SUR
PAPIER DES DINITROPHENYLAMINOACIDES

(Addendum a T'article du J. Chromatog., 2 (1959) 225)

GERARD BISERTE, JAMES W. HOLLEMAN, JANINE HOLLEMAN-DEHOVE
£T PIERRE SAUTIERE

Laboratoive de Chimie Biologique de la Faculté de Médecine et de Phavmacie, Lille (France)

(Regu le 8 juin 1959)

B. PREPARATION DES DINITROPHENYLAMINOACIDES

b. Cas particuliers de synthése

Dérivés de I'histidine: H. Zann ET H. PFANNMULLER, Biochem. Z., 330 (1958) 97.
o-DNP-histidine: H. ZaAuN ET H. PFANNMULLER, Angew. Chem., 68 (1956) 40.
O-DNP-tyrosine: E. R. Fritze T H. ZaHN, Z. anal. Chem., 162 (1958) 414.
N,N’-Bis-DNP-mésolanthionine: H. ZauN ET H. PFANNMULLER, Angew. Chem.,
68 (1956) 41.

Réactions de condensation avec le 1,5-difluoro-2,4-dinitrobenzéne: H. ZAHN ET
J. MEIENHOFER, Makromol. Chem., 26 (1958) 126 et 153.

D. DINITROPHENYLATION D’UNE PROTEINE
Dinitrophénylation de la laine & 60°: E. R. Fritze ET H. ZAHN, Proc. Iniern. Wool
Textile Research Conf., Melbourne, Australia, 1955, C-120.
H. CHROMATOGRAPHIE DES DNP-AMINOACIDES HYDROSOLUBLES

Séparation de DNP-aminoacides hydrosolubles (S-DNP-Cys, O-DNP-Tyr, ¢-DNP-
Lys) des autres DNP-aminoacides et des acides aminés libres, par électrophorése sur
papier (Fig. 1). Electrophorése a haut potentiel (6000 V, 6 4 8 mA), a basse tempé-

N-DNP-AMINO - ACIDES
. + DINITROPHENOL
DEP:RT £- DN‘P— LYs

(+) (~)
: -
$-DNP-CYS !
DNP- e AMING-ACIDES
AMINO —ACIDES O-DNP-TYR LIBRES
“ACIDES”
Fig. 1.
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rature, pendant 180 min sur des feuilles de 80 X 14 cm placées dans un appareil de
B. KICKHOFEN ET O. WESTPHAL (Z. Naturforsch., 7b (1952) 655). Tampon volatil
acide formique-acide acétique de pH 1.93 (H. ZuBER, K. TRAUMANN ET H. ZAHN,
Proc. Intern. Wool Textile Research Conf., Melbourne, Australia, 1955, C-127).

J. CHROMATOGRAPHIE QUANTITATIVE DES DNP-AMINOACIDES

Dosage de 'O-DN P-tyrosine et de I'e-DNP-lysine: E. R. FritzE ET H. ZARN,
Z. anal. Chem., 162 (1958) 414.

Dosage de la S-DN P-cystéine: A la température du laboratoire et a un pH inférieur
A 5.5, le fluorodinitrobenzéne réagit exclusivement avec le groupe SH. de la cystéine.
Aprés hydrolyse de la protéine, la S-DNP-cystéine séparée électrophorétiquement
(voir plus haut) est dosée spectrophotométriquement a 330 mp (H. ZuBegr, K.
TRAUMANN ET H. ZannN, Proc. Intern. Wool Textile Research Conf., Melbourne,
Australia, 1955, C-127).

ERRATUM

Dans la Fig. 5, page 246, les positions de la DNP-leucine et la DNP-phénylalanine
ont été inversées.
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Short Communications

An apparatus for the equilibration of columns prior
to use in vapor phase chromatography*

In an effort to separate many diverse types of compounds by vapor phase chromatog-
raphy, it became necessary to evaluate a large number of potentially useful column
packing materials. The equilibration of the packed columns while connected to the
chromatographic instrument** precluded its analytical use and occasionally fouled
the conductivity cell. Hence, other means of conditioning the columns were sought.
The usual practice of conditioning the columns independently (merely placing the
columns in an insulated rack and heating electrically while nitrogen flow is maintained)
was found to be unsatisfactory because of the high rate of convection cooling and the

Fig. 1. 3-column preconditioner (end view).

* This work was supported by Research Contract No. SAph 70155 with the Air Pollution
Medical Program, Public Health Service, Department of Health, Education, and Welfare.
** Burrell Kromo-Tog: Model K-2.
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presence of uneven heating. For these reasons, a device was designed specifically for
the conditioning of columns. With a minimum of conversion it may also be used as a
three-unit chromatographic instrument.

Apparatus. The preconditioner built in this laboratory is essentially a well
insulated chamber with provision for the flow of heated gas through the column while
it is held at some predetermined temperature. This particular unit is designed to
service 3 Burrell hairpin type columns of any length up to 2.5 m with individual
control of gas flow and heater voltage. It is capable of maintaining temperatures in

Fig. 2. 3-column preconditioner (cut-away view).

excess of 400°, shows a maximum temperature variation along the column length of
4 0.5° and a maximum variation in column temperature of -- 1.0° over a period of
several hours. Heat transfer from compartment to compartment within the unit is
negligible.

The oven is constructed with double walls of 1 in. Maronite® separated by at
least 1 in. of 85 % Magnesia**. The preconditioner*** is shown in Figs. 1 and 2 and
the associated control unit in Fig. 3.

Methods. To obtain a criterion of column conditioning, the following procedure
was set up: The reference side of the chromatographic detector cell was replaced by a
fixed resistance, and the detector cell was thermostatically regulated to a temperature
at least as high as the maximum temperature at which the column was to be used. The
column in question was connected to the measuring side of the detector cell and
flushed with inert gas at room temperature until a stable base linc was obtained.

After attainment of a stable basc line with the column at room temperature, the
column temperature was gradually raised until upward deflection of the base line
occurred.

* Maronite, Johns Manville Co.: A shect product composed of asbestos fiber and diatomaceous
earth with an inorganic filler.
“* 859, Magnesia, Johns Manville Co.: A coarse powder containing 15 %, asbestos fiber,
*** Blueprints can be made available on request.
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The temperature at which the base line showed a deflection of 0.5 %, full scale at
maximum sensitivity was considered to be the maximum allowable operating temper-
ature (MAOT) for each column after the particular conditioning applied.

Results and discussion. Fig. 4 indicates the manner in which conditioning time
affected the MAOT for a pair of typical columns. The shape of the curve appears to be

Fig. 3. 3-column preconditioner control unit. A, flow meter; B, needle valve; C, input and output

toggle valves; D, thermistor outlets; E, powerstat; IF, switch, fuse and pilot light cluster; G,

auxiliary powerstat outlet; H, cable connector, preconditioner to control unit; I, main power inlet;

J. gas inlet, from tank; K, gas outlet, to atmosphere; L, gas stream, to oven No. 2; M, gas stream,
from oven No. 2.

y —
o
o]
0.5Y 8
9 OApiezon L on C-22 Firebrick,
X 2.5M, Tc =250°
° X Carbowax 1000Oon C-22 Fire brick
2.5 M, Tc= 82°
Ju‘ | { _1
() 100 200 300

TIME IN PRECONDITIONER IN HOURS
T—20

Fig. 4. Plot of ¥ as a function of time for a constant preconditioner temperature where: ¥ = T
T'= maximum allowable operating temperature, and 7= preconditioner temperature. ¢
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sufficiently regular to permit the prediction of required conditioning times on this basis.

The Apiezon L column was maintained at a temperature of 250° in the pre-
conditioner until the desired MAOT of 245° was attained. For this column 4 days of
conditioning per m column length were required. This conditioning time is far in
excess of that usually considered adequate, and yet is absolutely essential for satis-
factory temperature-programmed operation.

Temperature-programmed operation of this column over the range 0-240° has
resulted in a base line deflection of less than 0.5 % full scale at maximum sensitivity.

In the case of the Carbowax 1000 column shown in Fig. 4, an MAOT of 45° was
desired. Operation of the preconditioner at 82° allowed us to obtain this MAOT with
a time expenditure of only 2 days per m column length. This illustrates the somewhat
evident point that the conditioning time for a column may be significantly reduced by
operation of the preconditioner at a temperature as far as possible in excess of the
MAOT desired.

Further studies will be required to determine the effect of conditioning time and
rate on the height equivalent theoretical plate.

Department of Biochemistry, Baylor University College J- A. CoopPER”
of Medicine, Houston, Tex. (U.S.A.) R. CANTER
F. L. EsTES

Josepu H. GasT
Received May 22nd, 1959 J. Chromatog., 3 (1960) 87-90

* Public Health Service Research Fellow of the National Heart Institute.

Dédoublement de la tache d’acide aconitique par estérification

Dans les études chromatographiques d’acides organiques, il est une tache maintes
fois signalée: JERMSTAD ET JENSEN!, par exemple, 1’ont trouvée parmi les acides
organiques de I’Aconit et I'ont attribuée & quelque acide inconnu. Nous avons retrouvé
cette tache dans 1’Aconit, dans le B¢, etc. Son Rp est nettement plus grand que celui
de I'acide aconitique, surtout en milieu alcalin; il se situe méme légérement au deld
de I'acide fumarique. Dans le tableau des Rz, ou plus exactement des R¢ (Glycolique),
des acides organiques que nous avons publié?, tandis que I’acide aconitique va a 20
en milieu alcalin et & 135 en milieu acide, cette tache se situe a 75 en milieu alcalin et
155 en milieu acide: il s’agit de 'a-monoaconitate d’éthyle

CH,—COOH CH,—CO—O—CH,—CH,
%—coon + CH,—CH,0H — %_(‘001—1
CH—COOH CH—COOH

Aprés extraction alcoolique faite sur des tissus ou se trouve de l'acide aconitique, il
apparait réguliérement en assez grande abondance. L’alcool éthylique étant le

J- Chvomatog., 3 (1960) go—91
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liquide d’extraction le plus classique, pas plus que JERMSTAD nous n’avons d’abord
soupgonné que cette tache pouvait provenir d'un artefact. Nous avons isolé et fait
cristalliser cet acide, nous I’avons analysé du point de vue cristallographique, spectro-
graphique, etc.®. Comme il fournit de I’acide aconitique & 1'hydrolyse, nous pensions

Acide
n

Alcalin

Fig. 1. (1) Acide glycolique. (2) Acide aconitique. (3) Aconitate de méthyle. (4) Aconitate d’éthyle.

a quelque dérivé naturel, mais, lorsque nous avons eu identifié l'aconitate d’éthyle,
lorsque nous avons eu synthétis¢ ce produit, nous avons constaté qu'il se forme au
cours de l'extraction alcoolique et qu'il suffit de faire I’extraction avec un solvant non-
alcoolique pour que ce corps n’apparaisse pas.

SiT'on emploie I'alcool méthylique, il se forme, au lieu du monoaconitate d’éthyle,
du monoaconitate de méthyle. Comme le laissait prévoir la différence des poids
moléculaires, le Ry de I'aconitate de méthyle est moins grand que celui de l'aconitate
d’éthyle: il est de 50 en milieu alcalin et de 152 en milieu acide.

Les dangers pour les glucides de I'extraction alcoolique avaient déja été signalés
par NorrtBonM ET MAYER? qui ont pu isoler du Lupin de I'éthyl-a-pD-galactoside formé
pendant I'extraction alcoolique aux dépens du galactose; mais on n’avait rien signalé
de tel pour les acides organiques. Il importe de savoir que l'acide aconitique est
fragile, facilement estérifiable et susceptible de donner en chromatographie sur papier
deux taches trés nettes. Ces taches sont facilement identifiables, non seulement par
leur Rp, mais par leurs réactions qui restent celles de 1’acide aconitique, réaction de
Godin, réaction a I'urée (formation d’acide citrazinique), etc.

Il est probable que d’autres acides organiques sont susceptibles de produire dans
les mémes conditions des esters éthyliques.

Laboratoire de Physiologie Végétale de ' Institut J. CARLES
Catholique de Toulouse (France) S. LASCOMBES

1 A. JermstaD ET K. B. JENSEN, Pharm. Acta Helv., 25 (1950) 209.

2 ¢f. Chromatog. Data, T (1958) xxiii.

3 8. LascomBEs, A. LATTES, R. MIguEL ET R. PuLovu, Bull. soc. chim. biol., sous presse.
4 E. NorteouM ET F. MAVER, Vorvatspflege u. Lebensmitielforsch., 1 (1938) 254.

Regu le 8 juin 1959
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Investigations of greenheart alkaloids by paper electrophoresis

Some applications of electrophoresis to the separations of alkaloids have been reviewed
by LEDERER!. The limited use of this technique in alkaloid chemistry can be partly
attributed to lack of suitable apparatus and partly to the lack of suitable current
sources. It is the purpose of this paper to describe electrophoresis experiments on
alkaloids from the British Guiana greenheart (Ocotea rodiaei), using an ordinary
glass chromatography tank. The construction of a suitable D.C. supply is also described.

Apparatus. The apparatus consisted of a glass tank 30 <X 35 X 45 cm fitted with
a glass cover having a central hole (Fig. 1). The paper was held in the vertical position

D.C.

Wire connections
Cork insulator

-~

= 1
|le——— Glass tank and cover

Thick copper wire (Lacquered)

- Paper on glass frame (not shown)

Buffer bridge

¢ « ————— Perspex vessel
‘e 1—————— Mercury contact
— Platinum electrodes

Fig. 1. Electrophoresis tank.

' Y
EY S R, L

Fig. 2. Constant current D.C. circuit. C;: 16 mid. electrolytic 500V ; C,: 32 mfd. electrolytic 500V

R;: 100 2, 1 W; Ry: 133 k2, 1 W; Ry: 5k( potentiometer 1 W; S: Switch; T: Transformer

250-0-250-60 mA; V;: 5U4G; V,: VR 150; V,: 6B.\W.6; L: ro Henry choke, 300 £2, j0 mA
I°: v A fuses.

by means of a glass frame. The electrodes consisted of horizontally placed platinum
wires scaled into glass tubing with holes. The platinum wires were connected to the
external copper leads through mercury contacts. The copper leads were lacquered to
prevent corrosion. A simple D.C. source is shown in Fig. 2. This circuit using the
stabilising valves V, and V; supplies a constant current with slightly varying resistive
load of the paper, which may be due to evaporation taking place.

J. Chromatog., 3 (1900) 9293
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Electrophoresis run. Experiments were done in a temperature-controlled room
(T = 23 4- 2°). Whatman No. 1 paper sheets 53 X 23 cm were spotted near the apex
with approximately 500 pg of the alkaloid mixture or 50 ug of single components. The
buffer used consisted of a mixture of sodium acetate-acetic acid, pH 4.4, ionic
strength 0.133. The paper was first wet with the buffer solution and after a short
period for draining, the current was switched on and adjusted to 7 mA (ca.200V), with
the variable resistance R ;. After 12-16 h the paper was removed and dried.The alkaloid
spots were detected by dipping the paper in a saturated solution of iodine dissolved
in petroleum ether. This was found to be a more satisfactory method of application
than the iodine vapour detection method used by MUNIER AND MACHEBOEUF2. The
alkaloids showed up as yellow or brownspots on a faint yellow or white back ground.

Results. The results of a typical run are shown in Fig. 3. The components of the

Fig. 3. a = Mixture of Greenheart alkaloids: b = Base 11I; ¢ = Base ITI and IV; d = Base II.
e = d-Tubocurarine chloride; f = /-Curine hydrochloride.

mixture were only partially resolved. The similar electrophoretic behaviour of Base 11
and Base III isolated by counter-current distribution techniques was not surprising.
Other chemical evidence indicated them to be very similar bases. Detailed structural
investigations will be published elsewhere.

Two very closely related bisbenzyl isoquinoline alkaloids /-curine and d-tubo-
curarine chloride which were used as reference compounds also show similar electro-

phoretic behaviour.

Chemistry Department, University College of the West Indies, A. W. SANGSTER
Jamaica (West Indies)

1 M. LEDERER, Introduction to Paper Electrophoresis and Related Methods, Elsevier, Amsterdam,
1955, I). 92.

2 R. MUNIER AND M. MACHEBOEUF, Compt. rend., 230 (1950) 1177.

Received June 8th, 1959
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Disparition de I'uracil et de la thymine sur
le chromatogramme par
irradiation avec des rayons ultraviolets

Draprés les travaux comsacrés a la photodégradation des acides nucléiques, des
nucléotides et des nucléosides, la photolyse de certaines matiéres est réalisée par les
rayons ultraviolets (UV)*: 23, Quant aux bases, on sait, par exemple, que la thymine
en solution aqueuse est dégradée par irradiation, avec formation d'urée et d’acide
pyruvique comme produits principaux?. En étudiant la photolyse des bases déposées
sur du papier filtre, nous avons observé que cette photolyse est accompagnée d’une
diminution de I'absorption UV des bases pyrimidiques, particuliérement de I'uracil
et de la thymine. Le but de cette communication est d’attirer ’attention sur les
possibilités d’application de ce phénomeéne a l'identification des bases puriques et
pyrimidiques sur le chromatogramme.

Nous avons utilisé des échantillons préparés au laboratoire dont la pureté a été
vérifiée par chromatographie sur papier. De plus, pour chacune de nos préparations,
nous avons vérifié I'accord des spectres d’absorption avec ceux qui avaient déja été
étudiés précédemment®. Parmi les préparations employées, seule la guanine en
raison de sa mauvaise solubilité, a été introduite sous forme de sel chlorhydrique,
tandis que les autres ont été utilisées sous forme libre. Chaque échantillon a été
employé en solution aqueuse i la concentration de 15 mM. Les irradiations ont été
effectudes sur les composés déposés sur du papier filtre (Toyo No. 51-A) & la tempé-
rature ordinaire, en présence d’air, 4 30 mm de distance, sans filtre, au moyen de la
lampe germicide commerciale 4 vapeur de mercure 4 basse pression ‘“National,
GY-176-G, 15 W” (Matsushita Electric Ind. Co. Ltd., Osaka) qui émet principalement
a 253.7 my. La révélation des substances a été réalisée au moyen de la méme source
avec un filtre (253.7 mu) qui nous a été généreusement donné par le Laboratoire du
Dr. Iwasrk a I'Institut de Recherches scientifiques, Tokyo.

Nous avons d'abord examiné la possibilité de diminution ou disparition des
taches de quelques échantillons par cette technique. Dans ce but, on dépose 10 pl de
solution sur la feuille de papier en taches de 7 & ¢ mm de diamétre qui renferment
donc 0.15 uM d’échantillons. Aprés séchage a la température ordinaire, la feuille est
irradi¢e comme indiqué ci-dessus. La Fig. 1(a) qui montre un exemple typique de
cette expérience, permet de se rendre compte de la diminution de I'absorption UV
au cours de I'irradiation. On peut voir que 'absorption de I'uracil et de la thymine
disparait pratiquement aprés 7-9 heures d’irradiation, tandis qu'il n’apparait pas de
différences notables chez les bases puriques. De méme, on peut voir que I'absorption
de la cytosine diminue trés lentement. En comparant ces résultats & ceux qui ont
¢te obtenus parirradiation & travers un filtre en verre de 1 mm d’épaisseur, on peut
déceler un effet protecteur du verre ou mettre en évidence une photosensibilité des
bases pyrimidiques envers les rayons UV (Fig. 1(b)). Nous avons examiné ensuite les
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possibilités d’application de ce phénomeéne a I'identification des bases sur le chromato-
gramme. A cet effet, nous avons déposé sur la ligne de départ une partie aliquote
contenant la méme quantité d’échantillon que dans I'’expérience décrite ci-dessus. Les
taches obtenues avaient environ 6 mm de diamétre. Aprés séchage, la feuille a été
irradiée pendant 1o heures. Le chromatogramme a été développé selon la technique

rleleg|ele|o|o 000 ®e
vlelele|ojolo|000]||® e
cloeooeole ®ealoee
e o eoeleeee e oe
oo oeoo e e e el lee
O 1 2 3 5 7 9 15 .30 o 10

a b

Fig. 1. Modification de I’absorption UV des bases déposées sur le papier filtre en fonction du temps
d’irradiation par rayonnement UV (a) sans filtre ou (b) a travers un filtre en verre. Les chiffres mon-
trent la durée d’irradiation en heures. A, adénine; G, guanine; C, cytosine; U, uracil; T, thymine.

TI®O @2 QO

vViO @B O
coee0 e |90
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Fig. 2. Chromatogramme du mélange synthétique dans l'isopropanol/acide chlorhydrique/eau,
mettant en évidence la diminution ou disparition des taches des bases pyrimidiques, en particulier
de l'uracil et de la thymine. (a) Les chiffres indiquent la durée d’irradiation en heures avant
développement. (b) La partie gauche du chromatogramme correspond au temps zéro et a 2 heures
d’irradiation dans la Fig. 2(a), qui a été révélée aprés 6 heures d’irradiation.

ascendante unidimensionelle par le solvant de WyaTt6. Le papier a été alors retiré et
abandonné 4 la température du laboratoire, 4 une lumiére diffuse. Les résultats ainsi
obtenus ont été plus nets pour l'uracil et la thymine, dont les taches n’apparaissent
point. Il faut signaler cependant, que, dans les expériences avec le mélange des bases,
il faut un temps d’irradiation plus long pour diminuer 'absorption des deux taches
(Fig. 2(a)). Par contre, les deux taches sur le chromatogramme disparaissent aprés
6 heures d’irradiation (Fig. z(b)). Lorsqu’on se sert de butanol-ammoniaque’ comme
solvant, on obtient & peu prés le méme résultat.

Nous nous limitons ici & remarquer que la technique proposée peut rendre
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service a l'identification des bases A cause de la photosensibilité de l'uracil et de la
thymine envers les rayons UV.

Nous remercions M. le Professeur F. Ecamr de 'Université de Tokyo qui nous a
aimablement guidé et encouragé durant ces travaux.

Laboratoire de Chimie, Université municipale de Nagoya, Hirosur IsHiHArRA
Mizuho-ku, Nagoya (Japon)
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Extraction et purification par chromatographie sur papier de
Ra E contenu dans les solutions de radio-plomb

De nombreuses méthodes ont été décrites en vue d’obtenir le Ra E pur 4 partir de
solutions de radio-plomb!2,

La méthode décrite ici présente l'avantage de ne nécessiter que des opérations
simples et permet d’obtenir du Ra E trés pur. Elle s’effectue en trois stades:

1. Extraction du Ra E de ses solutions.

2. Purification par: (a) chromatographie descendante sur papier; (b) chroma-
tographie ascendante sur papier.

I. Extraction du Ra E

La solution que nous avons utilisée était une solution chlorhydrique 0.3 N contenant
environ 10 mC de Ra D, ses descendants (Ra E, Po ou Ra F, Ra G) et quelques
dizaines de mg de chlorure de plomb. Elle provenait de résidus de minerais d’uranium
traités en vue de 'extraction du radium.

Dans la solution chauffée au bain-marie aux environs de 60° est immergée une
lame de nickel d’environ 1 cm? animée d’un mouvement rotatif (environ 1 tour/sec).
Sur cette lame se déposent le Ra E et le Po par dépdt spontané, le Ra D et le Pb par
adsorption. Apres quelques minutes, la lame de nickel est extraite de la solution,
lavée a I'eau distillée, puis attaquée superficiellement par quelques gouttes d’acide
nitrique concentré. La solution nitrique ainsi obtenue qui contient Ni, Ra E, Po et
trés peu de Ra D + Pb est évaporée, reprise par HCI concentré, évaporée de nouveau ;
le résidu est finalement dissous par une goutte de HCI N (solution A).
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2. Purification

La purification s’opére en deux stades:

(@) Elimination du Nt par chromatographie descendante suy papier. Une bande de
papier Whatman No. 1 d’environ 2 cm de large et 40 cm de long, est préalablement
lavée avec du butanol saturé de HCI N. A environ 3 cm d’une des extrémités de la
bande, est alors déposée la solution A.

En milieu butanol-HCI N, les Rp dq Ni, Pb, Ra E et Po sont respectivement de
0.08, 0.15, 0.5 et 0.8% 4 En raison de la présence d’une trop grande quantité de Ni, il
n’est pas possible d’obtenir la séparation sélective de ces corps. Il est donc indispen-
sable d’extraire ce Ni. Pour cela, on I’élue par NH,OH 10 N, suivant la méthode de
chromatographie descendante, la tache se trouvant i la partie inférieure. Lors de
cette opération, on élimine la presque totalité du Ni sans modifier sensiblement le
comportement ultérieur du Ra E.

(b) Chromatographie ascendante sur papier. Aprés avoir séché le papier, on procéde
a une chromatographie ascendante en milieu butanol-HCl N pendant une nuit. La
partie de la bande Whatman contenant le Ra E, s’étalant depuis le Ry 0.45 jusqu’au
Rp 0.55, est découpée et éluée avec de 'HCI N.

A l'aide de cette méthode, nous avons ainsi préparé des solutions de Ra E ne
laissant pas de dép6t visible aprés évaporation.

Le rendement total de I'opération, compte tenu de la décroissance du Ra E
pendant la purification, oscille entre 85 et 95 %.

Institut du Radium, Laboratoive Curie, Paris (France) P. ConTE
R. MuxarT
avec la collaboration technique de H. ARAPAKI
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2 G. BouissiEREs ET C. FERRADINI, Anal. Chim. Acta, 4 (1950) 610,

3 M. LEDERER, Thése de doctorat, Paris, 1954.
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Recu le 25 mai 1959
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A modified Ehrlich benzaldehyde reagent for detection of
indoles on paper chromatograms*

Many modifications of the Ehrlich benzaldehyde reagent (EBR) for the detection of
indoles on paper chromatograms are in current use®>2. Most of these suffer from the
same limitations, namely (1) the time required for color development and (2) rapid
fading of color.

We have found that these limitations can be markedly reduced by using the

* This investigation was supported, in part, by Research Grant No. M-10o15 (C2) from the
National Institute of Mental Health, National Institutes of Health, U. S. Public Health Service.
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Ehrlich benzaldehyde reagent followed by a nitrite spray. Our procedure is as follows:

1. The chromatogram is first sprayed with a 2 % solution (w/v) of p-dimethyl-
aminobenzaldehyde dissolved in conc. hydrochloric acid (12.1 N).

2. After an interval of 2-3 min, the chromatogram is sprayed with a 1 %, solution
(w/v) of NaNO, in distilled H,0.

Immediately, after the nitrite spray, indole compounds generally appear as deep
blue spots with the exception of indican which appears as an orange brown spot. Urea
appears as a large deep yellow spot. Colors developed with this reagent often persist
for a month or more with little fading.

Laboratory of Research Biochemistry, U.S. Veterans HERBERT SPRINCE
Administration Hospital, Coatesville, Pa.
and

Department of Psychiatry, School of Medicine,
University of Pennsylvania, Philadelphia, Pa. (U.S.A.)

1 C. E. DALGLIESH, J. Clin. Pathol., 8 (1955) 73.
2 J. B. JEPSoN, in 1. SMITH, Chromatographic Techniques, Interscience, New York~London, 1958.

Received May 21st, 1959
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Protides of the Biological Fluids, Proceedings of the Fifth Colloquium, Bruges, 1937.
Edited by Dr. H. PEETERS, published by Elsevier Publ. Co., Amsterdam, 1958,
260 pages, price 45 s.

The importance of electrophoretical techniques in the analysis of fluids containing
proteins, e.¢., in the analytical study of biological fluids, both normal and pathological,
can be well estimated from this book, edited by Dr. H. PEETERS, which contains all
the papers presented at the Fifth Colloquium on Biological Fluids held in Bruges
in 1957.

‘Some of these communications have already been published in Clinica Chimica
Acta, but in this book all the communications to the colloquium have been collected
in one volume. The volume will therefore be extremely useful for all those who in
their daily work are confronted with the task of making a diagnosis with the help of
chemical analysis.

The book contains 40 papers, some of which deal with general topics, while
others are concerned with new methods and techniques of analysis. Of the con-
tributors Prof. A. Tisr1us, Dr. K. Haxnnig and Dr. C. WUNDERLY may be mentioned,
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who are well known for the part they have played in the development of these tech-
niques.

The Round Table Conference, held at the colloquium, on the standardization of
electrophoretical methods in view of their clinical applications, is also included. The
average standard of the communications is very high and we are indebted to the
Editor, Dr. H. PEETERS, for the organization of the colloquium and for this excellent
book.

G. B. MARINI-BETTOLO (Rome)
J. Chvomatog., 3 (1960) 98-99

Fortschvitte der Verfahrenstechnik 1956/57, Vol. 3, edited by H. MIESSNER AND
U. GrigulL (Farbenfabriken Bayer AG, Leverkusen), published by Verlag
Chemie GMBH, Weinheim/Bergstr., 1958, 977 pages, price DM 66.—.

Like its predecessors (Vol. 1: 1952/53 and Vol. 2: 1954/55), Volume 3 of this series has
attempted to review chemical industrial processes for industrial as well as academic
chemists. The chromatographer will find numerous chapters of interest ; however, one
chapter on adsorption and ion exchange (Chapter 17 by K. BraTzLER) will be found
particularly useful. In its 34 pages industrial adsorption and ion exchange processes
are reviewed very concisely. The industrial manufacture of adsorbents is reviewed in
three pages and like the rest deals with many processes which formerly could only be
found in the patent literature. The various .attempts at continuous adsorption, ion
exchange and methods resembling chromatography are well discussed.

The whole chapter contains much stimulating material for the laboratory
chemist. Amongst the 283 references one notes many patents and much German
literature. The English literature is used often only as illustrative examples and is by
no means complete.

As each chapter has its own bibliography the extensive subject and author
indexes are very welcome. The book is well printed and no serious errors were noted.

M. LEDERER (Arcueil)
J. Chromatog., 3 (1960) g9

Progress in Nuclear Energy, Analytical Chemistry, Vol. I (edited Proceedings of the
Second International Conference on the Peaceful Uses of Atomic Energy,
Geneva 1958). Edited by M. T. KELLEY, published by Pergamon Press, London,
1959, 372 pages, published price £ 5.5.0 net.

The papers are arranged in chapters as follows: 1. Reactor applications; 2. Activation
analysis; 3. Spectrographic techniques; 4. Industrial applications; 5. Health physics.
Chromatographic methods are mentioned in several of the review papers: on page 13
the separation of U and Th from large amounts of Bi by ion exchange, on pages 36—38
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a review of chromatographic and solvent extraction methods for the separation of
Th, on page 61 an ion-exchange separation of Nd and Pr from Pu-rich fast reactor
fuel, on pages 78-83 a review on the separation of U by chromatography and solvent
extraction.

Unfortunately there is no introduction to this volume to explain such matters as
what happened to the papers that were not selected, whether a second volume exists
or is in preparation or whether a complete edition of the proceedings has been published
elsewhere.

The reviewer naturally regrets that none of the numerous original papers dealing
with chromatography which were presented at the conference (for example by
T. Sca6NFELD, K. A. Kraus, R. G. pE CaARvALHO) have been selected by the editors.
There is a subject index of 4 ¥ pages, then a list of some papers relating to analytical
chemistry which were read in other sessions (Basic Chemistry in Nuclear Energy)
and finally a list of the contents of the previous volumes that have appeared in this
series.

M. LEDERER (Arcueil)
J. Chrvomatog., 3 (1960) 99—100

Announcement

An international Symposium will be held in Milan, Italy, on June 2-3—4 1960 for the
purpose of reviewing the present status of biological and clinical research on “‘drugs
affecting lipid metabolism”. The agenda will include four main subjects:

1. New data on cholesterol and lipid metabolism (biosynthesis, absorption site,
catabolism, excretion, abnormal pathways).

2. Experimental methods for the evaluation of drugs affecting cholesterol and
lipid metabolism (new analytical methods and pharmacological tests).

3. Drugs affecting cholesterol and lipid metabolism in relation to the prevention
and treatment of experimental atherosclerosis.

4. Clinical methods and therapeutical significance of drugs affecting cholesterol
and lipid metabolism.

The Symposium, sponsored by the Institute of Pharmacology of the University
of Milan, will be under the Chairmanship of Prof. E. TRABUCCHI.

Information on participation and presentation of papers can be obtained from
Prof. S. GARATTINI, c/o Institute of Pharmacology, Via A. del Sarto 21, Milan, Italy,
until March 1st, 1g960.

The official languages are Italian and English. Simultaneous translation will be
available.

The registration fee is US $ 10.

Further announcements will give information about the detailed program.
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THE CHROMATOGRAPHY OF POLYCYCLIC AROMATIC
HYDROCARBONS ON PARTIALLY ACETYLATED CELLULOSE

PART II

T. M. SPOTSWOOD
Department of Ovganic Chemistry, University of Adelaide, S.A. (Austvalia)
(Received April 14th, 1959)

In an earlier publication!, the application of reversed-phase chromatography on
partially acetylated paper to the separation and identification of polycyclic aromatic
hydrocarbons was described. The techniques previously reported have now been
supplemented by alternative methods of locating compounds on the developed
chromatograms, by the isolation of the compounds in crystalline form, and by the
introduction of an improved technique of acetylation which has been found to
produce papers of increased resolving power and better mechanical properties.

The separations obtained on partially acetylated paper have been reproduced on
a larger scale by the use of columns of partially acetylated cellulose powder, using
similar solvent systems to those used with partially acetylated paper. The resolutions
obtained are comparable to those obtained on partially acetylated paper and in the
case of compounds of relatively low Rp values, are sometimes superior. The technique
is of particular value in the separation of the higher polycyclic aromatic hydrocarbons,
which are eluted almost simultaneously from an alumina column but have widely
differing Rp values. For example, a mixture of 3:4-benzopyrene, perylene, 3:4-
benzofluoranthene, 10:I1-benzofluoranthene, 11:12-benzofluoranthene, 1:12-benzo-
perylene and 2:3:10:11-dibenzoperylene can be resolved into constituents by this
method without appreciable overlap of fractions!

CHROMATOGRAPHY ON ACETYLATED PAPER

The technique of acetylation described previously! required the use of purified
reagents in order to obtain acetylated papers of approximately reproducible properties.
The amount of sulphuric acid used as catalyst was small compared with the total
weight of the acetylating mixture, making the degree of acetylation obtained strongly
dependent on relatively minor variations in the purity of the acetylating reagents.
However, it has been found that chromatography paper can be successfully acetylated
at room temperature, using appreciably larger concentrations of sulphuric acid as
catalyst, so that minor variations in the purity of the acetylating reagents no longer
produced marked variations in the properties of the papers produced.

The method is more fully described in the experimental section and gives papers
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of a very even degree of acetylation, and of excellent mechanical strength, which
retain most of the fibre structure of the original paper. The Rz values obtained with
different batches of acetylated paper can be reproduced within close limits by exer-
cising reasonable care in the acetylation process. The papers are sufficiently uniform
to be developed by either the ascending or descending technique and show no variation
in the rate of solvent travel across the width of the paper. The uniformity of the
acetylation is of particular importance in the separation of compounds of similar,
relatively low Ry values, where the solvent front is allowed to over-run the end of the
paper.

It is possible to vary the resolving power of the acetylated paper within wide
limits by varying the catalyst, concentration and the time of acetylation. The papers
produced vary between 21% and 31% acetyl content, but the separations obtained
depend not only on the acetyl content of the paper, but also on the degree to which
the fibre structure of the paper is retained. The greatest separations are obtained with
those papers in which the fibre structure is well retained. Such papers, however, have
a lower capacity than those in which some fibre structure has been destroyed with
consequent swelling of the paper.

A summary of the Ry values obtained for several polycyclic aromatic hydro-
carbons on various types of acetylated paper is given in Tables I and II. The most
satisfactory paper for the separation of two particular compounds depends both on
the Ry values of the compounds concerned and on the technique of identification used.
Where the compounds are to be identified by comparison of Ry values alone, and the
distance of solvent travel is fixed, it is obvious that the papers of type I and II will
give the best separation; but where the compounds are to be identified by extracting
the spots and determining the ultra-violet absorption spectra of the extracts, the
ratio of the Ry values becomes of greater importance than their absolute values. The
solvent front can be allowed to over-run the end of the paper and the greatest separa-
tions are then governed by the ratio of the two Rp values and by the absolute mag-

TABLE I

Rp VALUES FOR VARIOUS TYPES OF PAPER

R values for paper type

I I I w
3 :4-Benzopyrene 0.240 0.186 0.115 0.055
Chrysene 0.460 0.410 0.272 0.164
Perylene 0.630 0.524 0.4I0 0.250
Pyrene 0.765 0.630 0.552 0.365
Phenanthrene 0.801 0.680 0.610 0.400

Solvent: methanol-ether—water, (4 :4 :1, v/v). 35 cm solvent ascent.
Catalyst concentration: based on 700 ml acetic anhydride and 1500 ml of thiophen-free benzene.

Paper I 1.6 g 929, sulphuric acid (21.29, acetyl content).
Paper IT 2.0 g 929%, sulphuric acid (23.7% acetyl content).
Paper III 2.5 g 929, sulphuric acid (25.1%, acetyl content).
Paper IV 3.4 g 929, sulphuric acid (28.09, acetyl content).
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TABLE II

COMPARISON OF Rp VALUES FOR PAPER IV WITH DIFFERENT SOLVENT SYSTEMS

Ry values
Compound
A B
3 :4-Benzopyrene '0.055 0.183
Chrysene 0.164 0.400
1 :2-Benzanthracene 0.260 0.500
Perylene 0.250 0.530
3 :4-Benzophenanthrene 0.352 0.570
Pyrene. 0.400 0.640

Solvent A: methanol-ether—water (4:4:1, v/v).
Solvent B: ethanol-toluene-water (17 :4 :1, v/v).

nitude of the higher Rp. Papers of type IV will, then, often give better separations
of particular compounds, although the absolute Ry values are considerably less than
those obtained with papers of types I and II. For identification by this method, the
papers are invariably run by the descending technique, and uniform acetylation of
the papers is, therefore, of particular importance. When compounds of very low Rp
value are being separated by this method, it is possible to decrease the amount of
streaking obtained by attaching a strip of ordinary chromatography paper to the end
of the acetylated paper, so that the solvent supply to the acetylated paper is metered
by passing through the untreated paper before reaching the actual chromatogram.
The rate of solvent travel is reduced, and the spots are more discrete.

The position of the compounds on the developed chromatograms may usually be
determined by viewing the papers under ultra-violet light, and the position of non-
fluorescent compounds determined by spraying with a solution of tetrachlorophthalic
anhydride'. Both high pressure and low pressure mercury lamps are normally used
for exciting the fluorescence of the compounds as chrysene, phenanthrene, the
phenylphenanthrenes and some other simple polycyclic compounds are not fluorescent
under the usual high pressure mercury lamp with Woods glass filter, while coronene
is difficult to locate under a low pressure lamp filtered to transmit mainly the 2537 A
mercury line. However, certain types of compounds, such as dibenzyl, stilbene, the
isomeric phenylphenanthrenes, phenanthrene, and simple derivatives of naphthalene,
are difficult to locate by these techniques when they -are present in relatively low

concentration. Similarly, a weakly fluorescent compound present in relatively large
~ amounts may often be masked by the presence of a more strongly fluorescent com-
pound of similar Rp value. Such compounds are often more easily located by a
modification of the photo-print technique described by MARKHAM aND SmrTHZ The
light source used is a 15-W low pressure mercury lamp without a filter, and the
chromatogram held in firm contact with a strip of photographic paper sensitive to
ultra-violet light by a quartz plate, is exposed and developed in the usual way. Similar
techniques have been extensively used for several types of compounds chromato-
graphed on cellulose, and partially acetylated papér appears to be almost as trans-
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parent to ultra-violet light at 2537 A as ordinary chromatography paper, so that
special techniques of rendering the paper transparent are unnecessary. The light
emitted from the low-pressure lamp consists essentially of the 2537 A mercury line,
and it has been found that no advantage is gained by filtering the small percentage of
light of longer wavelength. Fluorescent compounds may also be located by this
method, the photographic paper being insensitive to the emitted light; but the
location of these compounds by their fluorescence on the chromatogram is appreciably
more sensitive than the photographic technique.

The well-known technique of locating compounds on a developed chromatogram
by the use of a spectrophotometer® has also been applied successfully to partially
acetylated paper. Most polycyclic aromatic hydrocarbons have intense absorption
bands in the 2500-2800 A region and are readily located by this method, although
strongly fluorescent compounds sometimes appear as areas having a negative absorp-
tion relative to the background absorption. The technique has been fully described
for the location of compounds on ordinary chromatography paper, but it should be
pointed out that the success of the method depends on obtaining a constant reading
for the absorption of the chromatogram itself, thus requiring an evenly acetylated
paper. The papers produced by the method described below are particularly suitable
for this type of location and show little variation in background absorption, whereas
papers acetylated at 60 to 70° tend to give a variable reading which makes the location
of small concentrations of compounds difficult. However, the photographic technique
already described is equally as sensitive as the spectrophotometric location, which
appears to offer no marked advantage.

While the techniques described have proved satisfactory for the identification of
many compounds, it is often desirable to complete the identification of a compound
from its melting point. Obviously it is possible to obtain milligram quantities of a
compound by running a sufficiently large number of chromatograms, but it has been
found that it is possible to isolate certain compounds from the extracts obtained from
a limited number of chromatograms by using the technique of microsublimation. As
the amounts of material concerned are small, the “‘sublimations’” are carried out at
atmospheric pressure using a very short path length, and the compounds are sublimed
directly onto a microscope cover slip; the melting point is then determined in the
usual way on a hot-stage microscope. Using an ordinary microscope slide with a
depression into which the compound is introduced, and subliming onto a microscope
cover slip covering the depression, it is possible to sublime hydrocarbons boiling as
high as 500° at temperatures of 150-170° at atmospheric pressure. Where the com-
pound has been extracted from a large area of paper it is necessary to rechromatograph
the extract before sublimation in order to reduce the amount of resinous material and
fibre in the extract. The technique is not invariably successful, particularly if the
compound is relatively low-melting, but in many cases good melting points can be
obtained. The technique may also be used to purify an extract before determining
the ultra-violet absorption spectrum, thus reducing the amount of background
absorption.
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CHROMATOGRAPHY OF SUBSTITUTED POLYCYCLIC HYDROCARBONS
ON ACETYLATED PAPER

The separation of aromatic hydrocarbons containing a single alkyl grouping is a
problem of particular difficulty and is of importance in the study of the free radical
reactions of hydrocarbons. Thus, although Szwarc? has studied the relative rates of
substitution of many aromatic hydrocarbons by methyl radicals, it has not been
possible to establish the position of the methyl grouping in the substituted compounds.
The Ry values obtained for methyl substituted 1:2-benzanthracenes and benzo-(c)-
phenanthrenes are summarised in Table I1I, where the Rp values have been referred

TABLE III

Rp VALUES FOR ACETYLATED PAPER TYPE IV

Ry (relative to 3: 4-benzopyrene)

Compound
A B
Benzo-(c)-phenanthrene 2.96 5.86
1-Methyl-benzo-(c)-phenanthrene 2.64 5.20
2-Methyl-benzo-(c)-phenanthrene 3.38 6.95
3-Methyl-benzo-(c)-phenanthrene 2.90 5.76
4-Methyl-benzo-(c)-phenanthrene 2.40 3.47
5-Methyl-benzo-(c)-phenanthrene 3.25 5.84
6-Methyl-benzo-(c)-phenanthrene 3.66 7.44
1 :2-Benzanthracene 2.65 4.44
3-Methyl-1 :2-benzanthracene 3.30 5.90
4-Methyl-1 :2-benzanthracene 2.82 5.00
5-Methyl-1 :2-benzanthracene 2.74 3.80
6-Methyl-1 :2-benzanthracene 3.00 4-52
7-Methyl-1 :2-benzanthracene 3.45 5.95
9-Methyl-1 :2-benzanthracene 1.93 2.94
10-Methyl-1 :2-benzanthracene 2.80 3.64
1’-Methyl-1 :2-benzanthracene 2.04 2.50
2’-Methyl-1 :2-benzanthracene 2.98 5.25
3’-Methyl-1 : 2-benzanthracene 3.20 5.70
4’-Methyl-1 :2-benzanthracene 2.50 3.34

Solvent A: ethanol-toluene-water (17:4:1, v/v).
Solvent B: methanol-ether—water (4 :4:1, v/v).

to 3:4-benzopyrene as standard, since this method of comparison appears to give more
reproducible results than do the absolute Rp values. The separations recorded are for
a given distance of solvent travel, and may be greatly increased by allowing the
solvent front to over-run the end of the paper. It is apparent that the position of the
methyl grouping in the two molecules studied can often be assigned unequivocally,
and can be limited to two positions in the most unfavourable cases. It is interesting
to observe that although the sterically hindered isomers of 1:2-benzanthracene, the
1’- and g-methyl, have the lowest Ry values of this group, the same is not true of the
benzo-(c)-phenanthrenes, where the parent molecule already has a non-planar
structure.
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Similar separations can be expected on columns of partially acetylated cellulose,
but unfortunately, insufficient material was available to test this hypothesis fully.

From the results obtained it is apparent that the separation of methyl substituted
polycyclic aromatic hydrocarbons by chromatography on partially acetylated
cellulose may be of considerable assistance in the study of free radical reactions
between aromatic hydrocarbons and alkyl radicals.

ACETYLATION TECHNIQUE

Sixteen strips of Whatman’s chromatography paper (No. 1), 24 in. by 6 in. were rolled
together and immersed in an acetylating mixture comprising acetic anhydride
(redistilled, 700 ml), thiophen-free benzene (1500 ml) and sulphuric acid (92%, 2.0 to
3.0 g} and allowed to stand for z4 h at 18° with frequent stirring and separation of the
papers. After this time the acetylating mixture was poured off, the papers allowed to
drain, and then allowed to stand for 24 h in ethanol, with occasional stirring. The
papers were washed with a further quantity of ethanol and then in running water for
6 h and finally allowed to stand in distilled water for 2 h. After this time the papers
were removed and air-dried.

The acetylating mixture can be used for another two batches of paper, with the
addition of 0.5 g of fresh sulphuric acid for each successive batch, before the papers
become unsuitable through destruction of the fibre structure; the properties of the
successive batches are different but all give good resolutions. Where reproducible
results are desired, fresh acetylating mixture should be used for each acetylation.

CHROMATOGRAPHY OF POLYCYCLIC AROMATIC HYDROCARBONS ON A
COLUMN OF PARTIALLY ACETYLATED CELLULOSE

For many years the method of choice for the purification and separation of polycyclic
aromatic hydrocarbons has been by liquid phase chromatography on alumina, both
because of the high resolution obtained and the large capac?ty of the columns.
However, in the analysis of complex mixtures of hydrocarbons obtained in
pyrolytic reactions, it has been found that it is extremely difficult to effect good
resolutions of the higher polycyclic fractions, which often contain six or seven com-
pounds, by this method. Chromatography of the fractions obtained from an alumina
column by the conventional methods, on a column of partially acetylated cellulose
has been found to give excellent resolutions of the compounds present in such fractions,
and the number of compounds present in each fraction limited to two at the most and
usually to a single major compound. The separations obtained are not usually as
complete as those obtained by paper chromatography on partially acetylated paper,
mainly because of the deficiencies of a dynamic method of resolution as opposed to a
static method, but in conjunction with paper chromatography, the method provides a
powerful analytical tool for the analysis of these fractions. While the separations
obtained for compounds of relatively high Rp are not as efficient as those obtained by
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paper chromatography, the resolution obtained for compounds of low Rp are often
better because of the increased distance available for resolution. Thus, it is possible
to obtain complete resolution of 3:4-benzopyrene, which has a particularly low Rp,
from the compounds accompanying it in some pyrolysis fractions, such as perylene,
1:2-benzopyrene, chrysene and 3:4-benzofluoranthene. :

The technique of acetylation and the method of packing the column are described
in the experimental section. Good resolutions of polycyclic aromatic hydrocarbons
have been obtained on, columns of 24% and 32% acetyl content, the more highly
acetylated cellulose giving more discrete bands and also retaining the compounds for
a shorter time. The solvent systems used for the development of the columns, and also
for the introduction of the compounds onto the column, were similar to those used
for paper chromatography on partially acetylated paper, namely ethanol-benzene-
water (17:4:1, v/v), ethanol-toluene-water (17:4:1, v/v) and methanol-toluene~
water (10:1:1, v/v). The solvent systems containing ethanol have a greater eluting
power than that containing methanol, but the latter is often useful in éﬁecting in-
creased resolution of the compounds of relatively high Rr value, particularly on the
column of lower acetyl content. Some variation in Ry values was observed between
the three solvent systems, but in the majority of cases the order of elution was the
same.

The presence of water in the eluting solvent increases the rate at which the
compounds move through the column and also serves to keep the limits of the individ-
ual bands sharply defined. While good resolutions have been obtained using mixtures
of ethanol and toluene, and ethanol and benzene alone, the proportion of hydrocarbon
in the eluting solvent being gradually increased during development, the absence of
water causes extensive tailing of the bands, so reducing the effectiveness of the
separations. However, compounds differing in Rp by 0.15 to 0.2 or more have been
resolved with these solvent systems.

With the three solvent systems described above, it is possible to resolve compounds
having an Ry difference of 0.08 with an absolute Ry value greater than 0.4, and com-
pounds with an Rp difference of 0.05 with an absolute Rr value less than 0.4 on a
column of partially acetylated cellulose (329% acetyl content) 70 cm long and 2.5 cm
diameter. The capacity of the column is low, and it has been found that approximately
200 g of partially acetylated cellulose is required to give good resolution of yoomgofa
mixture’ of polycyclic aromatic hydrocarbons having a range of Rp values. The
efficiencies of the separations obtained depend not only on the ratio of the Rr values
of the two compounds concerned, but also on the extent to which the bands tail
during development. Fluoranthene and g,Io-diphenylanthracene are particularly
bad in this respect, and are often difficult to separate from the compounds of similar
Rp.

The order of elution from a column of partially acetylated cellulose is given in
Table IV, together with the R values obtained using the same solvent system on
partially acetylated papers of slightly lower acetyl content (28.0%), and it will be
seen that the order of elution follows the order of Rz values, as would be expected. It is
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obvious that many compounds have similar R values and cannot be satisfactorily
resolved by this means, but in most cases these compounds can be separated by first
effecting a preliminary separation on an alumina column by the usual methods, or by
fractional distillation. The technique is of particular value in the isolation of small

TABLE 1V TABLE V
ORDER THROUGH A COLUMN OF PARTIALLY ORDER THROUGH ACTIVATED ALUMINA COLUMN
ACETYLATED CELLULOSE Solvent: n-hexane with
Solvent: ethanol-toluene-water (17:4:1, v/v). gradually increasing benzene concentration.
Compound Rp
9,10-Diphenylanthracene 0.675 hth
Acenaphthylene 0.576 Acenaphthene
2 :3-Benzofluorene 0.539 Acenaphthylene
1,1°-Dinaphthyl 0.539 Fluorene
Phenanthrene 0.501
Anthracene 0.494 Phenanthrene
3 :4-Benzophenanthrene 0.483 Anthracene
Pyrene 0.471 Pyrene
Triphenylene 0.446
Fluoranthene 0.441 Fluoranthene
Coronene 0.410 1 :2-Benzanthracene
Fluorene 0.401I N
1 :2-Benzanthracene 0.396 Chrysene
2,2’-Dinaphthyl 0.359 1:2:5:6-Dibenzanthracene
Perylene 0.351 Perylene
I :2:5:6-Dibenzanthracene 0.246 B
3 :4-Benzofluoranthene 0.209 3 :4-benzopyrene
3:4:9:10-Dibenzopyrene 0.209 3 :4 19 :10-Dibenzopyrene
Chrysene 0.206 Coronene
Anthanthrene 0.163 .
3:4-Benzopyrene 0.003 2 :3 10 :I11-Dibenzoperylene
~ 2:3:10:11-Dibenzoperylene 0.042 Violanthrene
Violanthrene 0.023

amounts of the higher polycyclic aromatic hydrocarbons containing five or more
rings, which are eluted almost simultaneously from an alumina column. The order of
elution from a column of activated alumina with a solvent of continuously increasing
strength, from hexane to benzene, is given in Table V. In practice it has been found
that the complex mixtures of hydrocarbons obtained in pyrolytic reactions of hydro-
carbons can be satisfactorily fractionated by distillation of the fractions boiling below
280° and by chrematography of the residue on activated alumina followed by chroma-
tography of the fractions on partially acetylated cellulose. Where the fractions ob-
tained from the column of partially acetylated cellulose contain two compounds, the -
fractionation may usually be completed by using the techniques of paper chromatog-
raphy on partially acetylated paper already described, allowing the solvent front to
over-run the end of the paper to obtain maximum resolution. The division of a
fraction into groups of compounds of approximately the same Rp value is also of
advantage in the analysis of the fraction by paper chromatography since the type of
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acetylated paper can then be chosen so that maximum resolution is obtained. Thus it
has been found that a paper of relatively high acetyl content (27-29%) is most
suitable for the separation of compounds having a high Ry and for compounds of
relatively low Rp, the best results are obtained with papers of lower acetyl content
(20-24%).

Similar separations have been obtained from columns prepared by pulping
partially acetylated papers, but the difficulties encountered in packing the fibrous
mass obtained into an efficient column usually causes extensive over-lapping of the
fractions.

Chromatography on partially acetylated cellulose columns is not proposed as an
alternative method to the more usual technique of chromatography on activated
alumina, but as an adjunct to this technique by which many difficult resolutions can
be effected more easily. The Ry values recorded for methyl substituted 1:2-benzan-
thracenes and benzo-(c)-phenanthrenes (Table III) suggest that the technique may be
of considerable assistance in the analysis of mixtures of these compounds. Complete
resolutions of 4-, 7- and 5-methyl-benzo-(c)-phenanthrene and of 6-, 5-, 4- and 3-
methyl-1:2-benzanthracene have been obtained on a column 70 cm long and 2.5 cm
in diameter.

EXPERIMENTAL
Acetylation of cellulose powder

Whatman’s cellulose chromatography powder (200 g) was acetylated in a mixture of
thiophen-free benzene (1700 ml) and acetic anhydride (800 ml) containing 4.5 g of 92%
sulphuric acid. The mixture was stirred for 24 h at 18°, filtered and the acetylated
pulp stirred with 2,500 ml of ethanol for 4 h. The pulp was again filtered and stirred
with a further 2,500 ml of ethanol for 5 h, filtered and dried at 70°.

The acetyl content of the powdér was found to be 329%. An acetylation carried
out under the same conditions using 3.0 g of 929% sulphuric acid as catalyst gave a
pulp of 249% acetyl content.

Preparation of columns

The partially acetylated cellulose was slurried with the developing solvent in a
Waring blender and the columns packed by pouring the slurry into a suitable column
and allowing it to settle with intermittent vibration. The density of the partially
acetylated pulp is considerably greater than that of cellulose powder, and a coherent
column of good density can be obtained without compressing the powder. The columns
can be used repeatedly without any obvious decrease in efficiency.

The use of a short column of smaller diameter to straighten the fronts of the
eluates is an advantage in increasing the sharpness of the fractionation.

In establishing the order of elution from these columns the purity of the fractions
obtained was determined by chromatography on partially acetylated paper.
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SUMMARY

The techniques previously described! for the separation of polycyclic aromatic
hydrocarbons by chromatography on acetylated paper have been supplemented by
the introduction of alternative methods of locating compounds on the developed
chromatograms, by the isolation of the compounds in crystalline form from extracts
from paper chromatograms, and by the use of an improved technique of acetylation
which has been found to produce papers of increased resolving power and better
mechanical properties.

The separations obtained on partially acetylated paper have been reproduced on
the larger scale on columns of partially acetylated cellulose powder, using the same
solvent systems as those used in the paper chromatography of these compounds.
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Note added in proof

The method of acetylation of cellulosé powder described in this paper has proved unsatisfactory
with some batches of Whatman’s standard chromatography powder, which do not acetylate
appreciably under these conditions. However, the following catalysts, based on the acetylating
mixture already described, gave a satisfactory product.

1. 92 9%, sulphuric acid (4-35 g) with 72 9, perchloric acid (1 g).

11. 92 9, sulphuric acid (4 g) with 72 9, perchloric acid (4 g).

1I1. 72 9, perchloric acid (10 g), acetylated for 1o hours only.

These methods have been developed in collaboration with Dr. M. J. Tuompson of this
Department.
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ANALYSE CHROMATOGRAPHIQUE DE
I’ACTION LECITHINASIQUE DU VENIN DE COBRA ET D’ABEILLE

M. A.CIASCA RENDINA T F. BOVET-NITTI
Labovatoive de Chimie Thévapeutique, Institut Supévieur de Santé, Rome (Italie)

(Recgu le 22 avril 1959)

Dans des travaux antérieurs I'une de nous! a montré la possibilité d’appliquer la
méthode manométrique de Warburg 4 la mesure de ’action enzymatique du venin de
cobra vis a vis de la lécithine et d’autres esters gras de la choline. Le fait de pouvoir
suivre en quelque sorte la cinétique du phénoméne nous apparaissait comme un progrés
par rapport aux méthodes utilisées jusqu’a ce jour et qui ne permettaient de mesurer
que l'entité de la réaction accomplie. C’est dans le méme esprit que nous nous somimes
demandé s’il n’allait pas étre possible de suivre cette réaction, outre que par la
technique manométrique, par une analyse chromatographique des contenus des
flacons de Warburg, ainsi que I'ont fait WHITTAKER ET WIJESUNDERA? dans le cas
de I'hydrolyse de la succinylcholine par la cholinestérase sérique.

Si de nombreux auteurs se sont en effet servis de I'éléctrophorése sur papier
pour séparer les diverses fractions actives des venins de cobra (NEUMANNS, HABER-
MANN ET NEUMANNY, GRASSMANN ET HANNIGY) et d’abeille et si BussarD® a tenté
par une methode analogue d’élucider la constitution du venin de Naja-Naja, 'on ne
trouve pas a notre connaissance dans la littérature de travaux portant sur ’analyse
chromatographique ou éléctrophorétique de V’action enzymatique elle méme exercée
par les venins de serpents et d’insectes, si I’'on excepte un travail trés récent? relatant
I’action du venin de Crotale sur la lécithine du coeur de boeuf et I'examen par la
chromatographie des résidus de plusieurs jours. Si le venin de Crotale? a fait 1’objet
de nombreux travaux quant a sa nature, le détail de son action enzymatique reste
encore a ¢lucider en ce qui concerne les produits de dégradation. L’on sait toutefois
qu'il est denué d’action cholinestérasique® et que, contrairement au venin de cobra,
il exerce une action sur la coagulation du sangl®.

PARTIE EXPERIMENTALE
Venins employés
Pour tous nos essais avec le venin de cobra nous nous sommes exclusivement servis
d’un échantillon de venin de Naja-Naja provenant du Haffkine Institute de Bombay*.
Dans le cas de venin d’abeille nous avons nous mémes procédé a l'extraction des
glandes d’un certain nombre d’insectes qui ont été ensuite desséchées a 1’étuve a 37°
et finement pulverisées.

* Nous remercions vivement le Colonel S. S. BATHNAGAR qui nous a fourni le venin de cobra.
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Substrat

Comme source de lécithine nous avons eu recours & une dilution de jaune d’oeuf a 10%.

Technique manométrique

L’hydrolyse de la 1écithine a été suivie par la méthode de Warburg dans des conditions
trés voisines de celles décrites précédemment?. Ringer 20, température a 30°. Toutes
les solutions contenaient 0.2% de NaHCO,, le volume total étant dans chaque
facon de 2 c.c. en tout. Le substrat (1.5 c.c.) était placé an milieu et I'enzyme (0.5 c.c.)
dans le bulbe latéral. Les dilutions s’entendent pour la totalité du liquide mis en
oeuvre. Les lectures ont été faites cinq minutes aprés mise en contact du substrat et
de I'enzyme et ensuite aux intervalles indiqués pour le détail de chaque expérience.
Pour arréter la réaction enzymatique les contenus des flacons étaient immédiatement
placés dans des éprouvettes maintenues dans la neige carbonique et portées ensuite
a — 20°

Chromatographie ascendante sur papier

Lécithine et lysocithine. Aprés de nombreux essais nous avons en définitive adopté la
technique décrite par KIRCHNER ET KELLER' et rapportée par LLEa, RHODES ET
STOLL!? et dont la modification essentielle sur les méthodes employées auparavant
consiste dans le fait d’imprégner le papier (Whatman No. 3MM) d’acide silicique sec.
Les méthodes essayées précédemment3-15 comme on le voit d’aprés le Tableau I, ne
permettaient pas en effet une séparation assez nette des deux produits.

TABLEAU I

VALEURS DES Rp OBTENUS PAR LA CHROMATOGRAPHIE DES PRELEVEMENTS DES RESIDUS DE FLACONS
DE WARBURG AU COURS DE L'HYDROLYSE DE LA LECITHINE DU JAUNE D’OEUF PAR LE VENIN DE
COBRA, SUIVANT LES DIVERSES TECHNIQUES EMPLOYEES

Lécithine  Lysocithine

Papier employé Solvant Rp Rp
Whatman No. 1 non traité!? Alcool amylique—acétone (7:3) 0.70 0.60
Whatman No. I non traité!* Chloroforme—éthanol-eau (80:20:2.5) 0.90 0.90
Whatman No. I non traité!® Ethanol-eau (8:1) 0.90 0.0
Whatman No. 1 non traité!® n-Butanol saturé d’eau 0.85 0.85
Whatman No. 3MM impregné

d’acide siliciquel? Méthanol—chloroforme (20:80) 0.78 0.20

Le papier Whatman No. 3MM, format 12.5 X 12.5 était imprégné d’acide silicique sec.
Le solvant employé est du méthanol-chloroforme 20 :80 sur lequel les papiers
devant servir aux chromatogrammes sont laissés pendant une demie heure avant le
développement!?, La quantité du liquide prélevé et déposée sur le papier était de
0.15 c.c. Aprés développement les chromatographies ont été révélées par la méthode
de LevINE ET CHARGAFF!® décrite pour les phospholipides contenant de la choline.

Acides gras. Afin de suivre complétement la réaction enzymatique aboutissant,
outre qu’a la formation de lysocithine, également a la libération d'un acide gras, nous
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avons extrait les contenus des flacons de Warburg trois fois par le chloroforme et
avons ensuite effectu¢ les chromatographies sur du papier a la paraffine suivant la
technique de SPITERIY. Aprés développement I'on met en évidence les acides gras en
les précipitant sous forme de sels de plomb par la coloration brune qu’ils donnent en
présence de H,S™.

1. Hydrolvse de la lécithine du jaune d’ocuf par le venin de cobra

Dans unc prémiére séric d'expériences, utilisant les conditions expérimentales
précédemment rapporties par 'une de nous, nous avons confirmé les observations
montrant la rapidité de 'hydrolyse de la lécithine par le venin de cobra.

En mettant en présence dans un manométre de Warburg une émulsion de jaune
d’oecuf & 10°%, avec des dilutions de venin allant d’une concentration de 103 a 103
dans un milleu & pH 7.4 riche en bicarbonate, 1'on observe dans les premicres 20
minutes de l'cxpérience un dégagement de CO, correspondant & I'hydrolyse de la
fonction cster et a la formation de l'acide gras.

A titre d’exemple, les valeurs trouvées pour |'expérience représentée graphique-
ment dans la Fig. 1 sont données dans le Tableau 11.

TABLEAU 11

mm?* de CO, déguge en

Concentration du venin de cobra -

5 min 1o min 20 min 30 min 40 min 30 min GO min
10-3 128 215 234 237 237 237 237
1o~ 105 17 220 230 240 240 243
o5 053 128 155 177 192 192 197
10" 45 60 37 ay4 98 107 116
10-7 o 12 14 24 28 33 38
107" [} 12 14 13 10O 13 1O

|
|

Poursuivant 'expéricnce nous avons procédé a l'analyse chromatographique des
contenus des flacons de Warburg prélevant le mdélange de venin et de lécithine
apres des périodes déterminées d'incubation et interrompant a chaque {ois la réaction
par refroidissement a —20°.

Les chromatographies reéalisées avee la méthode de LEa, RHODES ET STOLL,
mettent cn ¢vidence la disparition progressive de la lécithine et sa transformation en
lysocithine. Le parallélisme entre les résultats fournis par la méthode manométrique
et 'analyse chromatographique apparait clairement par la comparaison des données
numériques de expérience et des chromatogrammes rapportées dans la Fig. 2; 'on
observe la disparition rapide de la lécithine et sa transformation en lysocithine pour
des concentrations de venin de cobra allant jusqu'd 1o+ A partir d'une concentration
de 103 cette transformation est progressive et n'est compléte qu’au bout d’une heure.
A 1078 le venin, au cours des dix premicres minutes, forme des traces assez visibles de
lysocithine, & 10-7 la trace de lysocithine n'apparait qu’au bout d'une heure de mise
en contact et a 10-% I'on ne voit plus de formation de lysocithine.
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Dans d’autres expériences 1'utilisation de la méthode de SPITERI* nous a permis
de mettre en évidence au cours de l'effet du venin sur les lécithines du jaune d’ocuf
une tiche indiquant la formation d’un acide gras et dont I'apparition est paralléle a

o
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Fig. 1. Effet de différentes concentrations de venin de cobra sur une dilution de lécithine du jaune
d’oeuf. Méthode manométrique de Warburg. Ringer 20, température 30°. En abscisse sont
indiquées les intervalles de temps en minutes et en ordonnée les mm?® de CO, dégagé.

& ECITHINE

LYSOCITHINE

1073 1074 1078 107° 10°® 10 1078
\(/:EUI‘TICN = —N— —— —t— —A— ——
mn 60 5 1 5 10 60 5 10 60 5 10 5 10 60 5 10 60

Fig. 2. Chromatographie ascendante de la lécithine du jaune d’oeuf et de la lysocithine formée

au cours de son hydrolyse enzy matique par le venin de cobra. T = dilution de jaune d’ocuf a

109, aprés incubation a 30° et agitation penda.nt 60 min. Les (,hmnmtogramme: successifs

carrespondent aux dilutions de jaune d'ocuf a 10%, aprés incubation a 30° en présence de concen-

trations décroissantes dec venin de cobra (10~ 4 10-%) ¢t pendant des intervalles de temps déter-
minés (5 & 60 min).
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Conc
Venin

min. 60 5 20 35 S 20 35 5 20 35

r

Fig, 3. Chromatographie ascendante des acides gras (acide oléique) formés au cours de I'hydrolyse

enzymatique de la lécithine par le venin de cobra. T = dilution de jaune d’ceuf & 10%, aprés

incubation & 30° et agitation pendant 60 min. AC.OL. = chromatogramme de l'acide oléique.

Les chromatogrammes successifs correspondent aux dilutions de jaune d'oeuf & 109, aprés

incubation 4 30° en présence de concentrations de venin en ordre décroissant (10—* 4 10-%) et
pendant des intervalles de temps déterminés (5 & 35 min).

celle de la lysocithine et correspond exactement aux phases de la disparition progres-
sive de la lécithine; elle indique l’apparition de l’acide—probablement I'acide
oléique—libéré au cours de I'hydrolyse de la lécithine par le venin (Fig. 3).

2. Action des inhibiteurs de la lécithinase,; acide 4-aminophénylarsinique (Aloxyl)

Si I'estérase contenue dans le venin de cobra peut étre inhibée par de nombreuses
substances! la lécithinase A est par contre trés résistante aux inhibiteurs habituels.
A la suite des travaux de WILLSTAETTER ET MEMMENY, de RoNa ET AMMON2? et de
GyoToKU? sur 'action inhibitrice de certains arsénicaux sur la lipase du sérum, du
foie et de l'estomac et bien qu’il n’ait pas été décrit d’action lipasique du venin de
cobra, nous avions nous mémes étudié?? 'action de quelques uns de ces dérivés sur la
lécithinase A du venin de cobra. L'un des inhibiteurs qui mérite particuliérement de
retenir l'attention est représenté par 1’Atoxyl (acide 4-aminophénylarsinique) qui,
dans nos essais antérieurs, s'est montré un antagoniste de 'action hémolytique du
venin et a montré, au cours des essais réalisés avec la technique manométrique, une
faible action inhibitrice de la lécithinase & des concentrations o1 il ne modifiait pas
les propriétés estérasiques du venin. Nous avons trouvé intéressant d’en reprendre
I’étude en associant la méthode manométrique 2 la recherche des produits de dégrada-
tion par l'analyse chromatographique.

A la concentration de 10-2, I’Atoxyl exerce sur la lécithinase de cobra une action
inhibitrice qui se traduit par un ralentissement de 'hydrolyse de la lécithine, et une
diminution de la quantité totale de la lécithine hydrolysée.
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Nous donnons les valeurs trouvées dans l'expérience dont le chromatogramme fait
l'objet de la Fig. 4 dans le Tableau II1.

TABLEAU 111

mm?® de CQy dégagé en

Concentration du venin de cobra _———

5mn I0 min 20 min 0 man 4O M
107 124 190 197 201 205
10-% 4 Atoxyl 1072 64 110 155 162 187
1078 50 a3 150 163 165
10-% + Atoxyl 10-2 16 50 75 82 S2

LYSOCITHINE

Conc
Venin
Aroxyl - - - 10 10 10
Myg/cc

min. 5 10 40 5 10 40

Fig. 4. Chromatographie ascendante de la lécithine du jaune d’oeuf et de la lysocithine formée

au cours de son hydrolyse enzymatique par le venin de cobra sans et avec l'adjonction de 10 mg/c.c.

d’Atoxyl intervenant comme inhibiteur de 'action lécithinasique. Les conditions expérimentales
sont identiques a celles de la Fig. 2.

Dans des expériences réalisées parallélement nous avons pu également observer
que I’Atoxyl, en ralentissant ou en s’opposant & la formation de lysocithine, retarde
également 'apparition de l'acide gras.

3. Action lécithinasique du venin d’abeille (Apis mellifica)

Si la littérature est assez riche en renseignements sur le venin d’abeille dans ses
rapports avec I'immunologie, la thérapie de certains phénomeénes douloureux et sur
sa constitution4, il faut se reporter aux anciens travaux de CoNTARDI ET ErcoLI®
pour trouver des précisions sur la lécithinase A qu'il contient. Nous avons eu recours
4 ce poison pour avoir une vérification supplémentaire de I'analyse chromatogra-
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phique et avons en effet retrouvé des effets trés comparables a ceux obtenus avec le
venin de cobra. Des concentrations supérieurs a celles du venin de cobra sont nécés-
saires pour que la méthode manométrique soit utilisable et ce venin s’avére pratique-
ment presque sans action a partir d’une dilution de 10-%. Dans 'interprétation de ces
résultats il faut cependant tenir compte du fait que, tandis que le venin de cobra est
pur, celui d’abeille est constitué par un extrait de la glande tout entiére ne contenant
qu'un quart au maximum de venin.

Dans une expérience o1 nous avons mis en jeu les deux venins contemporainement,
nous avons trouvé les valeurs dans le Tableau IV.

TABLEAU IV
mm? de CO, dégagé en
Concentrations des venins

5 min 20 min 40 min 60 min
Cobra 1073 65 152 182 187
Abeille 103 38 54 64 83
Cobra 10-6 43 87 98 116
Abeille 108 7 17 25 25

L’étroite analogie entre les actions lécithinasiques exercées par les venins d’abeille
et de cobra ressort également avec netteté de l'examen chromatographique des

produits de la réaction.
La Fig. 5 montre une disparition progressive de la lécithine et I'apparition de la
lysocithine avec des effets trés superposables a ceux déja observés dans le cas du

' ’ v‘ LECITHINE

LYSOCITHINE

Conc = — —
venin
min. 40 5 40 5 20 40 5 20 40

Fig. 5. Chromatographie ascendante de la 1écithine du jaune d’oeuf et de la lysocithine formée au
cours de son hydrolyse enzymatique par le venin d'abeille. Les conditions expérimentales sont
analogues 2 celles de I'expérience rapportée a la Fig. 2.
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Fig. 6. Chromatographie ascendante des acides gras (acide oléique) formés au cours de I'hydrolyse
enzymatique de la lécithine par le venin d’abeille. Conditions expérimentales identiques a celles
de la Fig. 3.

venin de cobra. La présence de I'acide gras dégag¢ est également facilement identifiée
par voie chromatographique (Iig. 6).

CONCLUSIONS

L’analyse chromatographique de I’hydrolyse enzymatique de la lécithine du jaune
d'oeuf par le venin de cobra ct d’abeille suivie par la méthode manométrique de
Warburg nous a permis de confirmer la nature de cette action et d’identifier les
produits d’hydrolyse, mis en évidence jusqu'ici par d’autres techniques.

En plus du fait que nous avons ainsi pu vérifier la méthode de mesure déja
proposée par l'une de nous, il est appart que I'analyse chromatographique s’avére
trés fidele et trés sensible, d'une part parce qu'elle permet de déceler la présence de
produits d'hydrolyse a des concentrations de venin ou la réaction manométrique ne
donne que des dégagements a peine appréciables, et d’autre part parce qu’elle consent
de mettre en évidence l'action du venin de cobra a une dilution de 0.0001 mg/c.c., ce
que ne permettait ni le test hémolytique ni les méthodes chimiques utilisées jusqu’ici.

11 faut également souligner combien la réaction chromatographique des acides
gras s'avére sensible, apportant une vérification supplémentaire de la nature et de
I'allure de I'action enzymatique de ces venins.

ADDENDUM

Alors que ce travail était déja en cours d'impression, nous avons eu connaissance
d’'une étude sur l'effet du venin de cobra sur la lécithine marquée en 2P et isolée a
partir du foie de¢ rat (MARINETTI, ERBLAND ET ST0TZ?%). Ces mémes auteurs ont
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également examiné l'action du venin sur une lécithine isolée a partir du jaune d’oeuf:
une chromatographie sur papier impregné avec I'acide silicique dans un mélange de
diisobutylcétone~acide acétique—eau (40:25:5) leur a permis d’observer la disparition
de la lécithine et la formation de lysocithine sous I'influence du venin.

Le fait que, dans les conditions adoptées, la réaction s’avére relativement lente
—les observations rapportées concernent l'effet du venin laissé en contact pendant
21 heures 4 la température ambiante—correspond aux résultats que nous avons
précédemment obtenus?? et qui peuvent étre attribués a la différence d’état physique
sous lequel se trouve la lécithine du jaune d’oeuf fraichement diluée et la suspension
de lécithines préalablement purifiées.

RESUME

Au cours de I'hydrolyse enzymatique des lécithines la chromatographie sur papier
permet de suivre la disparition progressive du substrat, la formation de lysocithine et
I'apparition des acides gras libérés.

La concentration de I'enzyme et la vitesse de la réaction ont été appréciées
parallélement par la méthode manométrique de Warburg et par la méthode chromato-
graphique, cette derniére s’étant révélée particulierement sensible.

Le venin de Naja-Naja et le venin d’Apis mellifica se révelent encore actifs a la
concentration de 10-%; la réaction est rapide et hydrolyse est pratiquement compléte
en moins d’une heure lorsqu’on utilise comme substrat la lécithine non purifiée du
jaune d’oeuf.

La méthode se préte également a 1'étude des inhibiteurs de ces enzymes et les
auteurs ont pu mettre en évidence I'action de ’acide 4-aminophénylarsinique.

SUMMARY

During enzymic hydrolysis of lecithins it is possible, by means of paper chromatog-
raphy, to follow the gradual disappearance of the substrate, the formation of lyso-
cithin and the appearance of the liberated fatty acids. The concentration of the
enzyme and the velocity of the reaction have been estimated both by the manometric
method of Warburg and by the chromatographic method, the latter proving to be
particularly sensitive.

The venom of Naja Naja and Apis mellifica were found to be still active at a
concentration of 10-¢; the reaction is rapid and the hydrolysis is practically complete
in less than one hour if non-purified lecithin of egg yolk is used as substrate.

The method can also be employed to study the inhibitors of these enzymes, of
which the authors demonstrated the action of 4-aminophenylarsonic acid.
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GAS CHROMATOGRAPHY OF OXYGEN-CONTAINING TERPENES

GIAN PAOLO CARTONI anp ARNALDO LIBERTI
Institute of Analytical Chemistry, University of Messina (Italy)
(Received April 22nd, 1959)

Tt has been shown by several authors that gas chromatography is one of the more
promising tools for the analysis of essential oils. Though several papers have been
published on various oils no systematic investigation has been carried out on different
classes of compounds. v

In a previous paper! the behaviour of terpene hydrocarbons in gas chromatog-
raphy has been described. The purpose of this work is to report the results obtained
with more common oxygen-containing terpenes, which are usually found in citrus
oils. The technique described should, however, be of value in the study of other terpenes
from different sources.

The volatile oxygen-containing terpenes may be classified as alcohols, carbonyl
compounds and esters. They have the following properties, which render chromato-
graphic examination rather difficult: high sensitivity to heat and to the presence of
foreign substances, which may cause their decomposition, and a high boiling point
in quite a small range. Because of these features the working conditions should be
chosen very carefully. Suitable working conditions have been established during this
work and the retention volumes have been determined on different stationary phases,
so that with these values the identification of the nature of an unknown terpene in an
essential oil should also be possible.

EXPERIMENTAL
Apparatus
The chromatographic measurements were made with an apparatus provided with a gas
density balance meter as detecting device.
Glass columns of 0.4—0.5 cm internal diameter were employed; they were con-
nected by means of teflon tubing to obtain a total length of 3-5 m.

Solid supports
Various solid supports were tried. Substances such as sterchamol or firebrick gave
unsatisfactory results; they do not behave as inert materials, since it was observed
that several oxygen-containing terpenes (mainly alcohols and esters) are either
strongly retained or decomposed. This is probably due to the presence of metal
(iron, aluminum) oxides in these materials.

Celite is an excellent support provided inactivation of the material is carried out
correctly. Embacel (May & Baker) has been found quite satisfactory.
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Stationary liquids

It was found very convenient to perform the chromatographic separation on columns
with quite different properties: one weakly polar, where the components are eluted
according to their boiling point and the other strongly polar in order to achieve
separations of compounds that can only be separated with difficulty. For the former
D.C. 550 Silicone oil was used and for the latter Hyprose S.P. §o, trade name of the
Dow Chemical Co. for octakis(2-hydroxypropyl)sucrose. The large number of hydroxyl
groups makes this substance particularly suitable for the examination of polar
compounds; it has been used up to 160° where its volatility is less than 0.1 %.

The stationary liquids were used in the ratio 20 % w/w. Silicone oil was dissolved
in petroleum ether and Hyprose in methanol; after mixing, the solvent was eliminated
by gentle heating. The use of low percentages of stationary phases is recommended,
in order to obtain low retention volumes; this is one of the main requirements that
should be fulfilled, since fairly long columns should be used in order to achieve
separation of compounds that boil in a very close range.

A lower percentage of stationary liquid affects the shape of the elution peaks: a
20% wjw concentration permits operation with a rather high gas flow-rate, which
corresponds to a more convenient linear velocity. The best results were obtained with
a gas flow-rate of 80-100 ml/min corresponding to a linear velocity of 15 cm/sec.
These working conditions give a column efficiency of about 800 theoretical plates
per meter of column.

Temperature

Particular attention should be paid to the column temperature; since most terpenes
are very sensitive to heat, the columns should be kept at as low a temperature as
possible. The compounds that were examined have a boiling range between 180° and
240°; they may be eluted under the conditions described in a fairly short time (60—
100 min) by keeping the column temperature between 132°-156°.

These temperatures were obtained by means of boiling cellosolve (# = 132°) and
cyclohexanol (¢ = 156°). The highest temperature that can be attained without
causing decomposition depends on each substance; for instance the decomposition of
linalyl acetate, one of the more sensitive esters, is less than T % when it is kept for
1 hour at 132°, but it is about 109 at 156° under the same working conditions.

RESULTS

Table I shows the retention volumes of several oxygen-containing terpenes; V is the
relative retention volume with tetralin (taken as 1) as the reference standard and V,
the retention volume relative to the absolute retention volume of tetralin corrected
for the pressure drop and the column temperature; this absolute retention volume
was found to be 404 ml/g for silicone oil and 238 ml/g for Hyprose S.P. 8o.

In Fig. 1 the logarithm of the retention volume of several oxygen-containing
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terpenes is plotted against the boiling point; it can be observed that the behaviour
of most terpenes is quite different with the two stationary phases used. With silicone
oil all terpenes are eluted according to their boiling points, with Hyprose the order

TABLE I
RETENTION VOLUME OF OXYGEN-CONTAINING TERPENES

Silicone D.C. 550 _ Hyprose S.P. 8o
Substance
14 Vg 14 Vg
Tetralin (reference) 1.00 404.0 1.00 238.0
Alcohols
Cineole 0.38 153.5 0.33 78.5
Linalool 0.56 226.2 1.2 307.0
Menthol 0.99 400.9 2.63 626.0
a-Terpineol 1.10 444.4 3.37 802.0
Citronellol 1.15 464.6 448 1066.2
Nerol I.41 570.6 5.32 1266.1
Geraniol 1.48 598.0 6.65 1583.7
Eugenol 3.41 1378.6
Carbonyl compounds
Caproic aldehyde 0.32 129.2 0.43 102.3
Methylheptenone 0.53 214.1 0.55 131.0
Caprylic aldehyde 0.57 230.2 0.67 159.4
Citronellal 0.76 307.0 I.14 271.3
Capric aldehyde 1.01 408.0 1.05 250.0
p-Citral (Neral 1.52 614.0 2.94 699.7
a-Citral (Geranial) 1.85 757.4 3.63 863.9
Carvone 1.74 703.0 3.81 907.7
Cumic aldehyde 1.76 711.0 3.45 821.1
Cinnamaldehyde 2.70 1090.8 9.98 2376.2
Esters
Linalyl acetate 1.34 541.3 1.24 295.1
Geranyl acetate 2.95 1191.8 2.98 709.2
log 14| //
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Fig. 1. Log of retention volume vs. boiling point for oxygen-containing terpenes on a Silicone
column and a Hyprose column.
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of elution differs according to the nature of the functional group. The alcohols are
more strongly retained than the aldehydes and esters, while terpene hydrocarbons
have a very low affinity to Hyprose so that their elution occurs very quickly.

In the analysis of mixtures of terpenes and of essential oils the use of columns
with quite different properties is particularly effective for achieving good separations
and for the identification of the nature and the functional group of a certain terpene.

In Fig. 2 the logarithm of the retention volume obtained on a Silicone column is
plotted vs. the logarithm of that on a Hyprose column: with a fair approximation most

of the values lie on straight lines.
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Fig. 2. Determination of the nature of Fig. 3. Gas chromatogram of a mixture of linalool
oxygen-containing terpenes by comparing (a), terpineol (b), citronellol (c), merol (d), and
their behaviour on two columns, Silicone geraniol (e). ¢ = 132°, p = 2 atm, gas flow-rate
D.C. 550 and Hyprose S.P. 8o. 110 ml/min. (A) 3 m column of Celite-Silicone 20% ;

(B) 3 m column of Celite-Hyprose S.P. 80 209%,.

In Fig. 3 one of the more interesting applications of the use of the Hyprose
column is presented. It shows the chromatograms of terpene alcohols of similar
structure obtained on silicone (A) and Hyprose columns (B); with the latter a complete
separation is achieved.
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SUMMARY
The separation and identification of oxygen-containing terpenes can be performed by
gas chromatography. The operating temperature should be low (< 160°), the gas
flow-rate high (~ 100 ml/min), and columns of high resolution (> 3000 HETP) with

stationary phases having quite different properties should be used. With a strongly
polar phase (Hyprose S.P. 80) terpene alcohols can be very effectively separated.
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Paper ionophoresis can often separate mixtures not well resolved by paper chromatog-
raphy, e.g., the 3-methyl and 4-methyl ethers of D-glucose!. It can also furnish unique
information about the ionizable groups in a molecule, useful in characterizing un-
knowns. However, it has many limitations. The most serious one is evaporation of
water from the paper strip; this can be minimiized by using various cooling systems
but the apparatus becomes more complex and less convenient to use. Adsorption on
the cellulose can distort the ionophoretic movement of spots. Mobility values are
usually non-linear with time and not highly reproducible, and ionophoresis is often
extremely slow (12 hours or longer).

The work reported in this paper had three main objectives: First, to develop a
series of new buffers of various pH values, which would minimize evaporation,
adsorption, and non-linear mobility. Second, to develop a series of “tracer dyes”, to
serve as reference standards for calculation of reproducible relative mobility values.
Relative mobility (using glucose as a standard) has been shown to be reproducible
and characteristic in ionophoresis of carbohydratest. Third, to reduce the time
required for ionophoresis to 3 hours or less, without elaborate apparatus or cooling
systems.

APPARATUS

The Misco micro-analytical ionophoresis apparatus (made by Microchemical Special-
ties Co., Berkeley, Calif.) was used in this work. It is a modification of the WIELAND-
Fiscuer design?, and consists of ten small Lucite cells, 6.5 cm long, 3.5 cm wide, and
3.5 cm high. Each cell has a platinum electrode set in a Lucite mount, with male and
female couplings. Five cells are usually set side-by-side in a battery, with their
electrodes connected into a common electrode, which is connected to one of the
terminals of the DC power supply. The other five cells are similarly connected, and to
the other~terminal. The two sets are placed 15 c¢m apart, and an indented Lucite
plate (33 x 15 cm) set between them to support the paper strips. Five different
buffers can be used simultaneously. The buffers have nearly the same resistance, and
all five paper strips operate at the same voltage and current, which remain fairly
constant throughout the ionophoresis. The Misco cells are designed for small capacity
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(5 or 10 ml), since buffers are used only for a few runs (about 25 mA-hours) and then
discarded.

For rapid uniform drying of ionograms, a 9 X 9 inch Misco hot-plate is used.
This is an aluminum plate with imbedded heating element controlled by a variable
transformer. Very uniform, constant surface temperatures can be obtained by setting
the voltage to any desired value. This minimizes spot migration and distortion during
drying.

The power supply used need not provide more than 300V at 30 mA, or have
very good voltage regulation. The methods described here cause only minor changes
in the resistance of the paper during ionophoresis, and these changes are largely
compensated for by the use of relative mobility values instead of absolute mobilities.

MATERIALS

All the materials used in this work are obtainable from Microchemical Specialties
Company, Berkeley, Calif., who also manufacture the apparatus. Most of the materials
are also available from various other sources.

Whatman No. 4 filter paper, 1 or 2 inches wide, is available in 600-foot rolls.
This is cut into 24-cm lengths. Starting-lines are drawn in pencil at 12 cm and edge-
marks at 4.5 and at 19.5 cm; from three to six short cross-lines are drawn intersecting
the starting-lines at 6 to 9 mm intervals. Spots are later applied to the points of
intersection. This allows only three to six spots to one strip, but greater crowding is
not desirable. Special Misco ionophoresis cells are available for paper wider than 2
inches, for preparative work or use when many samples are to berun in the same buffer.

It is possible to arrange a battery of three pairs of Misco cells lengthwise and
30 cm apart, and thereby double the path length available for ionophoretic separation.
In our experience this system has proved useless. A superior way of gaining a longer
ionophoresis path length is to draw two starting lines, one at 7 cm and one at 17 cm.
The unknown solution (and also a spot of ABA reference dye solution) is then spotted
(on different lanes) on both starting lines. Cations will be separated on one lane,
anions on the other.

Buffer solutions

FPF, pH 3.3 buffer. Mix 19 g (16 ml) of 88-90% formic acid and 9 g (8.8 ml) of pyridine.
Cool and dilute with water to 100 ml. The stock buffer keeps indefinitely. The dilute
buffer is prepared by mixing 2.0 ml of stock buffer, 7.5 ml of formamide, and water
to a volume of 25 ml. The dilute buffer is approximately 0.09 M in pyridinium ion,
0.09 M in formate ion, and 0.2 M in formic acid, in 30% (v/v) formamide. If pyridine
is objectionable it may be replaced by 10 g of 2-dimethylaminoethanol, or an equimolar
amount of some other strong organic base. Anhydrous (98 %) formic acid (Eastman
139 or equivalent) may be used instead of the go % acid. The pH of all buffers used
in this work falls within 0.05 unit of the intended value, when the stock is diluted
with water and measured with a glass electrode.
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DFF, pH 4.0 buffer. Mix g g (7.5 ml) of 88—g0 %, formic acid and 10 g (11.3 ml)
of 2-dimethylaminoethanol (Eastman 715 or equivalent). Cool and dilute with water
to 100 ml. The stock buffer keeps indefinitely. The dilute buffer is prepared by mixing
2.0 ml of stock buffer, 7.5 ml of formamide, and water to a volume of 25 ml. It is
approximately 0.09 M in hydroxyethyl-dimethylammonium ion, 0.09 M in formate
ion, and 0.05 M in formic acid. "

ADF, pH 4.7 buffer. Mix 10 g of 2-dimethylaminoethanol and 13.5 g of glacial
acetic acid. Cool and dilute with water to 100 ml. This stock buffer keeps indefinitely.
The dilute buffer is prepared by mixing 2 ml of stock buffer, 7.5 ml of formamide, and
water to 25 ml. It is approximately 0.09 M in hydroxyethyl-dimethylammonium ion,
0.09 M in acetate ion, and 0.09 M in acetic acid. Other strong organic bases may be
used to replace 2-dimethylaminoethanol.

IAF, pH 6.0 buffer. Mix 24.6 g f,f’-iminodipropionitrile (Eastman P-6555 or
equivalent) and 3.36 g of glacial acetic acid. Cool and dilute with water to 100 ml.
The stock buffer keeps for at least six months. The dilute buffer is prepared by mixing
4 ml of stock buffer, 7.5 ml of formamide, and water to 25 ml. The dilute buffer is
approximately 0.09 M in acetate ion, 0.09 M in dicyanoethyl-ammonium ion, and
0.23 M in iminodipropionitrile.

DPF, pH 7.2 buffer. Mix 19.6 g of 2-dimethylaminopropionitrile (Eastman 6786
or equivalent) and 6 g of glacial acetic acid. Cool and dilute with water to 100 ml.
The stock buffer keeps for at least six months, but not indefinitely because of slow
hydrolysis of the nitrile to the amide and acid. The dilute buffer is prepared by
mixing 3 ml of stock buffer, 7.5 ml of formamide, and water to 25 ml. The dilute buffer
is approximately 0.12 M in dimethylaminopropionitrile, 0.12 M in cyanoethyl-
dimethylammonium ion, and 0.1z M in acetate jon.

EAF, pH 8.0 buffer. Mix 26 g of N-ethylmorpholine (Eastman P-6274 or equiv-
alent), and 6.75 g of glacial acetic acid (plus about 20 ml of water to reduce the
violence of the neutralization). Cool and dilute with water to r0oo ml. The stock buffer
is usually colored, but this does not affect its use. The dilute buffer is prepared by
mixing 2 ml of stock buffer, 7.5 ml of formamide, and water to 100 ml. It is approxi-
mately 0.09 M in acetate ion, ethylmorpholine, and ethylmorpholinium ion.The similar
MAF, pH 7.6 buffer is prepared by replacing the N-ethylmorpholine by 22.8 g of
N-methylmorpholine. (The use of 2,2’,2"'-nitrilotriethanol as a pH 8.0 buffer is not
recommended, because it is difficult to remove from the paper strips and interferes
with many spray reagents.)

DAF, pH 9.3 buffer. Mix 18 g of 2-dimethylaminoethanol (Eastman 715 or
equivalent) and 6.6 g of glacial acetic acid. Cool and dilute with water to 100 ml. The
stock buffer keeps indefinitely, but slowly becomes yellow in color. The dilute buffer
is prepared by mixing 2 ml of stock buffer, 7.5 ml of formamide, and water to 25 ml.
The dilute buffer is approximately 0.0g M in acetate, 0.09 M in hydroxyethyl-
dimethylammonium ion, and 0.075 M in dimethylaminoethanol.

DBF, pH 9.3 borate buffer. Mix 27.8 g of 2-dimethylaminoethanol and 21.9 g of
boric acid, and dissolve in water (heating if necessary) to a volume of about 450 ml.
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Cool and dilute with water to 500 ml. The stock buffer keeps indefinitely. The dilute
buffer is prepared by mixing 17.5 ml of the stock buffer and 7.5 ml of formamide. The
dilute buffer is approximately 0.25 M in hydroxyethyl-dimethylammonium ion, and
0.2 M in dimethylaminoethanol. The composition of the borate-boric acid system is
uncertain, but the low conductivity suggests that the predominant form is hydrated
tetraborate (H,BO,-H,BO,); ion, at 0.125 M, with relatively little H;BO,. The
dimethylaminoethanol greatly augments the buffering power, but also increases the
viscosity of the buffer.

The pH values of the buffers were determined with a glass electrode, at the
recommended dilution in water, without formamide. For all the buffers except the pH
7.2 DPF, pH 8.0 EAF, and pH 9.3 DAF, the glass electrode reading 11 30 % formaniide
is about 0.5 pH unit Aigher. The three exceptional buffers are tertiary nitrogen bases,
and give the same pH reading with or without formamide. The other buffers can
form strong hydrogen bonds with formamide, and this increases the pK values by
about 0.5 unit in 30 % formamide. Such pK shifts must be considered when (in a
subsequent section of this paper) mobility values are used to calculate the pK of
unknowns.

As new organic nitrogen compounds become available, especially among the
z-hydroxyethyl, 2-cyanoethyl, cyanomethyl, and 3-hydroxypropyl substitution
products of ammonia, it will become possible to prepare superior buffers in the range
from pH 35 to 7 and from 7.5 to 9. The IAF (pH 5.9) buffer now uses iminodipropio-
nitrile far from its pK (about 5.5-5.6), because no organic buffer with a pK near 6 is
available. It would be preferable to use pure substances in place of the technical
grades indicated above, and all substances should be used, where possible, at the pK
value (s.., a I:T ratio of the ionized and unionized forms). When finer gradations of
pH are required, the ratio can be altered to 1.25:1, 1.6:1, or 2:1, to shift the pH by
0.I,70.2, or 0.3 units. If the concentration of the ionized form must be increased,
however, the ionic strength will be too high. The ratio must therefore be altered by
decreasing the concentration of the unionized form, which causes some loss in buffering
power.

Since many proteins are denatured even in 10% formamide, organic buffers
containing 109 urea are recommended for protein ionophoresis, and the ionic strength
must be lowered to one-third that of the formamide buffers. To prepare urea buffers,
use one-third of the recommended volume of stock buffer, and use 10 ml of a 25%
solution of urea in water instead of 7.5 ml of formamide. The most useful urea buffer
is DPU (pH 7.2).

Time may be saved in preparation of buffers (except borate) by using a solution
of 30% formamide (or 10% urea) to dilute the stock buffers. The final concentration
is somewhat lower, but this usually makes little or no difference.

Reference dyes for determanation of relative mobility

The use of glucose as a reference standard of mobility, in ionophoresis in borate
buffers, is now widespread, since Mg values are relatively reproducible®:®. This
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principle can be extended to the ionophoresis of all substances by using at least two
dyes on each ionogram. One must be a neutral dye having zero charge in all buffers.
Another must be an ionized dye whose charge is the same in all buffers. In this work,
these two primary standards are the following:

Amaranth (FD&C Red No. 2) is the trisodium salt of 1-(4-sulfo-1-naphthyl-
azo)-2-naphthol-3,6-disulfonic acid. Molecular weight of the anion is 523. It is a
dark red food coloring, and the commercially available dye is quite pure. At pH
values from 3.3 to 9.3, it has three negative charges; the phenolic hydroxyl is undis-
sociated.

Apolon, a new common name proposed for a new, slightly water-soluble dye,
4-[4'-(2-hydroxyethyl)-phenylazo]-2”/, 2'”’-(phenylimino)-diethanol. The name is
derived from the Greek apolos, meaning “immovable”. The dye is synthesized by
diazotizing 4-(2’-hydroxyethyl)-aniline and coupling the diazonium salt with 2,2’-
{phenylimino)-diethanol. It is a yellow dye, with zero charge in the pH range from
3.3 to g.3. In all buffers except the borate buffer (DBF) it has nearly the same mobility
as the amino acid, proline. In DBF, proline (like all other neutral amino acids) seems
to form a weak complex with borate, and moves as if it had a small negative charge
relative to Apolon. Preparations of Apolon may also contain an unidentified purple
dye, which has a positive charge in the pH range from 3.3 to 9.3 and is easily separated
from Apolon during ionophoresis.

On any ionogram, the distance between Apolon and Amaranth (originally
spotted together on the starting line) is defined as 100 Am units. The mobility of any
other substance can be calculated in Az units by measuring its distance from the
Apolon spot, dividing by the Amaranth-Apolon distance, and multiplying by 100.
The charge on the molecule is indicated by a minus sign, if the molecule has moved
in the same direction as Amaranth. For examplé, the mobility of aspartic acid in pH
3.3 FPF buffer is — 21, and that of arginine is 68.

This mobility calculation is valid only if the mobility of every substance at
every point on the ionogram is constant during ionophoresis. This is approximately
true in the center region of the strip (within 25 mm of the center), but mobilities
often show a slight decline in the region 25-50 mm from the center. Since the Amaranth
spot usually travels in the 25-50 mm region by the end of one hour of ionophoresis,
the Am value of a slower-moving spot is often larger in a 60-min run than in a 30-min
run, since the slow spot moves at a relatively constant velocity, while the Amaranth
spot moves more slowly during the second 30 min of ionophoresis. In order to correct
for this effect, a second reference dye, moving about half as fast as Amaranth, is
introduced.

Brilliant Blue FCF (FD&C Blue No. 1) is the disodium salt of 4-{ [4-(N-ethyl-p-sul-
fobenzylamino)-phenyl] -(2-sulfoniumphenyl) —methylene} -(N-ethyl-N-p-sulfobenzyl)-
2,5-cyclohexadien-1-imine. Molecular weight of the anion is 746. It is a deep blue
food coloring, and a relatively pure commercial dye. At pH values from 3.3 to 9.3
it has two negative charges, and its mobility in the various buffers is from 50 % to
60 %, of that of Amaranth. Standard “Am’” values have been determined for this dye,
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using 30-min runs, in all the buffers. For any substance having a mobility equal to
or less than that of Brilliant Blue, the Am value can be calculated by measuring its
distance from the Apolon spot, dividing by the Brilliant Blue-Apolon distance, and
multiplying by the standard Am value of Brilliant Blue. For substances moving
faster than Brilliant Blue, the calculation from the Amaranth—Apolon distance usually
gives a more reliable A value.

The reference dyes are combined in one solution (the “ABA” solution) and spotted
on each ionogram, and serve as the reference points for calculating the mobility of
negatively charged compounds. The purple Apolon-impurity has a relatively low
mobility (27 Am units) and most positively charged compounds therefore move
outside the dye framework. Attempts to find a satisfactory fast-moving, positively
charged dye were unsuccessful. Most of the dyes tested lose their charge at pH 9.3,
or-adsorb very strongly to filter paper, or form insoluble precipitates when mixed
with Amaranth. One fairly good dye, used for mobility testing in some of our work,
is the well-known antimalarial, quinacrine.

Quinacrine hydrochloride (Atabrin, Mepacrine) is 2-methoxy-6-chloro-g-(x1’-
methyl-4’-diethylaminobutyl)-aminoacridine dihydrochloride. It has two positive
charges at pH 3.3 to 7.2, but apparently only one at pH 9.3. It is adsorbed by filter
paper, but not as intensely as acriflavin or other dyes with a quaternary nitrogen
atom. It has not been used much in this work, although standard Am values have
been determined. It is usually simpler to use the Brilliant Blue scale for positively
charged substances having a mobility equal to or less than Brilliant Blue, and the
Amaranth scale for substances of higher mobility. The mobility lag of substances
moving in the 25-50 mm region is about the same, on either the anodal or cathodal
side of the strip.

PROCEDURE

(A) Dilute buffers are usually prepared within a few hours before use, by pipet-
ting the proper volume of stock buffer into a 25-ml graduate or volumetric flask,
and diluting to the mark with either 30% formamide or 10 % urea in water. A 5
ml or a 1o ml aliquot is then pipetted into each of a pair of buffer reservoirs in
the Misco apparatus. The apparatus must be properly leveled so that there will be
no significant difference in level between the buffer reservoirs; any slight difference
merely adds to the electro-osmotic flow, and is corrected for by the neutral dye,
Apolon.

(B) A pre-cut z4-cm strip of Whatman No. 4 paper is coated (either with a
pipette or a Misco applicator) with the buffer, as uniformly as possible, and slightly
undersaturated. The correct volume is about 1.2 ml/100 cm?, or about 1.0-1.1 ml for
a strip 24 cm long and 3.8 cm (1.5 inches) wide. One end of the strip is then inserted
in one reservoir, the strip is laid across the supporting plate, and the other end
inserted in the opposite buffer reservoir. The edge-marks (at 4.5 and 19.5 cm) should
be approximately on the edges of the plate. The strip should never be inserted dry and
allowed to become saturated by capillary flow from the reservoirs, as the composition
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and pH of the buffer can be drastically altered (by chromatography) by the time the
liquid has reached the center of the strip.

(C) Several strips of paper saturated with distilled water are laid along the walls
of the chamber, to humidify the air. The cover is closed, and a low voltage gradient
(about 2z V/cm) applied to accelerate equilibration of the paper strips. Within 15 min,
any unevenness in coating is smoothed out, and the paper becomes nearly saturated
with buffer. The voltage is then turned off and the strips are spotted, usually on the
center starting line, but in some cases on lines 50 mm nearer the anode or the cathode
(if mixtures only of fast-moving cations or anions are being examined). One of the
spots must be the mixture of Amaranth, Brilliant Blue and Apolon, that will serve
as mobility reference standard.

(D) After spotting, the cover is closed and about 5 min allowed for mixing of the
applied spot§ with the background buffer. A voltage gradient (usually 10 or zo V/cm)
is then applied, for a period from 30 to 180 min, as required to effect separation.
Movement of the reference dyes indicates the degree of separation attained. When
fast-moving substances are being studied, ionophoresis is stopped before the Amaranth
spot reaches the edge of the strip; with very slow-moving substances, the Amaranth
spot is allowed to move off the strip and ionophoresis is stopped when the Brilliant
Blue spot nears the edge.

~ (E) Immediately after turning off the voltage, the ends of the strips are cut off
with scissors, leaving only the 15-cm central region. Any long delay in isolating the
central region from the buffer reservoirs will allow inflow of buffer into the strip and
cause spots that have moved far out from the center to move backward toward the
center. During ionophoresis, the central region becomes undersaturated because of
evaporation of water from the strip, and backward flow from the reservoirs may
displace spots by several mm within 5 min. When the highly saturated ends of the
strips are cut off, however, backward flow to the center is negligible.

(F) Each strip is then blotted, by pressing between two strips of filter paper, to
remove excess buffer. It is then laid flat on the hot plate for a few minutes, until it is
almost dry. When thermolabile substances are being studied, strips can be air-dried
overnight. The centers of the reference dye spots can be marked with pencil before
drying; they should not be displaced during drying by more than 1 mm. The blotted
strips can be extracted with acetone, 2-butanone or ether to remove excess buffer,
water, and formamide quickly, without heating. However, it is better to dry the paper
strips on the hot plate partially, and then extract. Extraction is highly recommended,
because the strips can then be detected with almost any spray reagent and with
maximum sensitivity.

(G) The buffer in a pair of reservoirs can be re-used several times during one day,
with new strips coated with the excess supply of fresh buffer prepared in the morning.
When routine separations are being run, buffer can be used for 2 or 3 days, with as
many as I2 successive paper strips. In this case, where precise pH maintenance is
not needed, only 6 ml of buffer is pipetted into each reservoir, leaving 13 ml (of the
original 25) available for coating strips.
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Detection of spots on paper tonograms

Many reagents used for detecting spots on paper chromatograms cannot be used
directly on paper ionograms because of residual organic buffer, formamide, or urea.
It is usually desirable to extract the ionograms with an organic solvent before detect-
ing spots, but this is sometimes unnecessary because some reagents are specific enough
to show no interference from the background buffer. The following reagents have been
used in this work, either by dipping the ionograms in the reagent, or by pouring the
reagent directly from the stock bottle (or with a pipette) over the ionogram. The
“pouring” technique is less satisfactory on unextracted ionograms containing residual
formamide, because the formamide may form streaks and distort spots; “‘pouring”
should be used primarily on ionograms extracted or completely air-dried.

AD-1 is a 0.1% solution of ninhydrin in acetone, used to detect amines and
amino acids. More sensitive ninhydrin reagents have been described?, but these
usually require spraying. Some amino acids develop a blue color when the ionogram
is heated over a boiling water or steam bath; other amino acid spots can be developed
by careful heating on a hot plate or over a Bunsen flame.

AD-2 is a 0.1 % solution of alloxan monohydrate in acetone. It is used exactly
like AD-1, but is a more sensitive detector for some amino acids.

CD-3 is a periodic acid-benzidine reagent, previously described for detection of
many carbohydrates on paper chromatograms?®. It can be used without prior extrac-
tion to remove buffers, and gives brilliant and sensitive detection on borate ionograms.
It is a pouring or dipping reagent, but can also be sprayed if desired. It not only
detects polyols but also serine and threonine.

Bromphenol Blue(3',3",5',5""-Tetrabromophenol-sulfonephthalein).This is used for
detection of proteins that have been heat-denatured by drying ionograms on the hot
plate. The ionogram is washed in 5 % (v/v) acetic acid in water to remove buffer and
urea, and then immersed in a 0.2 % solution of Bromphenol Blue in 5% acetic acid
for 5 to 10 min. Tt is then quickly washed in 5 % acetic acid to remove excess dye, in
water to remove excess acid, blotted dry and then completely dried (in air, or on the
hot plate). Exposure to ammonia vapor then turns the protein spots deep blue. The
ionogram can be de-stained by washing in dilute ammonia water, and then re-stained
by the above (or some other) procedure, since the protein spots are permanently fixed
to the paper.

RESULTS

Osmotic and evaporative flow rates of various buffers

Since filter paper has some negatively charged groups (probably carboxylic acid) in
its structure, application of a voltage gradient to buffer-saturated paper forces the
buffer to move as if it were positively charged, toward the anode. All substances in
solution are subject to this “‘electro-osmotic” flow. It can be measured by the dis-
placement of a spot of Apolon applied to the exact center of the paper strip. Values
for various buffers and voltage gradients are listed in the column headed “N,” in
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TABLE I

0SMOTIC AND EVAPORATIVE FLOW OF BUFFERS ON WHATMAN NO. 4 PAPER
AT 20°-22° AT SEVERAL VOLTAGE GRADIENTS

Bufer

Viem mWjem? N, — Ny —N_g

Type Ionic strength pH
FPF 0.2 3.3 20 34 4, 5 —" 32,19, —" 38,22, —"
10 9 4, 3, 4 4, 6, 3 6 4, 6
5 3 2, 2, 2 6, 6, 4 6, 5 5
ADF 0.18 4.7 20 32 6, 5 6 42, 29, 21 40, 27, 16
: 10 8 6, 5 5 2, 3, 4 4 4, 5
5 3 4. 3 3 2, 3 2 2, 2, 3
DPF 0.24 7.2 20 32 10, 6, 6 42, 29, 17 44, 29, 18
10 8 4, 5 5 , 6, 6 6, 6, 6
5 3 4, 3 3 4, 4, 3 8 5 4
DAF 0.18 9.3 20 32 16,12, 9 38, 27,15 40, 30, 18
10 8 6, 6, 5 4, 4, 5 s 4 4
5 3 4 3 3 4 4 3 6 4, 4
DBF 0.75 9.3 20 32 14,10, 8 42, 27, 16 46, 30, 18
10 8 10, 9, 8 10, 8, 7 10, 10, 8
5 3 4 4 4 4, 3, 2 6, 5, 4

All buffers are the standard 309 formamide systems described under MaTeriaLs. However, the
FPF buffer used in the experiments of Tables I to V had an ionic strength 10% higher than that
of the buffer described in the text. This lowered absolute mobility values slightly, but made no
other difference. Voltage gradients (V/cm) are approximate, as are values for the electrical heat
input in mW/cm?2. .

Spots of the neutral dye (Apolon) were applied in the exact center of the strip (N,), and
50 mm from the center toward the cathode (N_;,), and toward the anode (N 450). All mobilities
are in mm/h; three values are given for each spot in sequence. The first value is measured at 30
min, the second at 60, and the third at 120. Low values are not very accurate, since measurements
were only to 1 mm.Values for the 50-mm spots have been corrected for osmotic flow by subtracting
the corresponding value for Ny; e.g., the observed values for FPF at 10 V/em were 10 and —1I
mm/h, which are altered (by subtracting the osmotic flow rate of 4 mm/h) to 6 and —5 mm/h.
All values in column —N;, are negative, because spots move toward the anode, ‘“‘as if”’ they had

a negative charge.

* No value, since paper charred after 1 hour.

Table 1. For the pH 3.3 buffer, which partly suppresses the ionization of carboxyl
groups, osmotic flow is about 4 mm/h at 10 V/cm. For the pH 4.7, 7.2, and 9.3 buffers
it is about 5-6 mm/h; for the pH 9.3 borate buffer, which augments the negative
charge on the cellulose by forming weak borate complexes with its glucose units, the
rate is 8—9 mm/h. At lower voltage gradients the rate is proportionately less. At 20
V/cm, however, the N, values in Table I are lower than the theoretical because of
evaporative flow. Only five of the buffers listed under MATERIALS have been exten-
sively studied and are included in Tables I to V; tests with the other buffers, however,
have given very similar results.

Evaporation of water from the buffer cannot be completely suppressed in the
Misco apparatus, although humidifying the air reduces the evaporation rate. Strips
through which current is flowing never become much warmer than the ambient air.
At low values of electrical heat input, most of the heat is lost by convection, and
evaporation is very slow. Since heat input increases as the square of the voltage
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gradient, there is a critical voltage above which convection cannot dissipate the
heat and evaporation then shows a spectacular increase. Data on evaporative flow
(in Table I) indicate that this critical voltage gradient is between 10 and 20 V/cm
under the conditions used in these experiments. The inflow of buffer from the reservoirs
into the center of the strip is very fast at 2o V/cm, of the order of 1 mm/min at a
distance of 50 mm from the center. Additional studies (not shown in Table I) indicate
that evaporative flow is roughly proportional to distance from the center. At 20 V/em,
it is about 0.5 mm/min at 25 mm from the center, and 2 mm/min at the buffer reser-
voirs. We can estimate an evaporation rate of about 6 ul/fcm?/h, since the buffer
content of saturated Whatman No. 4 paper is about 10 ul/cm?. This evaporation not
only distorts the normal movement of charged substances, but rapidly changes the
composition of the buffer. The center’ of the strip becomes permanently undersatu-
rated, and the buffer in this region may have twice the ionic strength and formamide
content of the original buffer. Linearity of voltage gradient is destroyed, and heating
of the center may even cause the paper to char.

At 10 V/jem, however, evaporation is less than 1 ul/cm?/h, and changes in the
buffer on the strip are not drastic even after several hours. Nothing is gained by using
a lower voltage gradient, since evaporative flow rates are not much less than those
at 10 V/cm.

Table IT summarizes the results of experiments on varying ionic strength and
percent of formamide. Buffers containing 10% urea are similar to those containing
10% formamide. Table IT shows that lowering ionic strength to 1/5 of the standard
makes it possible to increase the voltage gradient to zo V/em without excessive
evaporation. This change will seldom be desirable, however, because the lower ionic

TABLE II

EFFECT OF IONIC STRENGTH, FORMAMIDE, AND VOLTAGE ON
OSMOTIC FLOW (0.F.) AND EVAPORATIVE FLOW (E.F.)

Buffer pH Ionic strength % F or U* Viem mWom? O.F.mmh E.F. mmfh
DA 9.3 0.18 30% F 10 8 5 4-5
DA 9.3 0.036 30% F 20 11 16 9
DA 9.3 0.036 30% F 50 8o 36 130
DA 9.3 0.18 109% I 10 8 4 9
DA 9.3 0.036 109% F* 20 11 14 12
DA 9.3 0.18 0% 10 8 5 10
DA 9.3 0.036 10% F 10 2 7 8
DA 9.3 0.036 0% ™ 20 11 10 14
DA 9.3 0.036 09, 5 0.7 3 3
FP 3.3 0.04 30% F 20 13 11 12
AD 4.7 0.036 30% F 20 11 16 10
DP 7.2 0.048 30% F 20 II 15 10
DB 9.3 0.15 30% F 20 11 2 26

* Spots show cometing at 109, I, streaking at 09,. Effect is more severe at low ionic strength
and higher voltage gradients. 109, urea gives slightly higher evaporation than 10%, formamide.
Values of E.F. higher than 10 usually give unsatisfactory ionograms; values of 5 or less give very
good ionograms. Values were determined as in Table I by movement of test spots of Apolon.
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strength decreases the capacity of the buffer (spots tending to become larger and less
symmetrical) and increases the osmotic flow.

Adsorption of substances on the paper strip.

Cellulose adsorbs many substances quite strongly, and this has led many workers to
abandon paper ionophoresis in favor of ionophoresis in starch gels or other substrates,
especially for separation of proteins. Adsorption can be expressed as a coefficient, «,
which when multiplied by the “true” or expected mobility of the substance, gives the
observed mobility. Adsorption can be measured by saturating a paper strip with 4
buffer and suspending it from a buffer reservoir so that the liquid flows down the strip
by gravity flow. If spots of various substances are applied to a starting line near the
top of the strip, all substances should move downward at the same rate unless some
are retarded by adsorption. The result$ of a series of experiments indicate that only
the reference dye, Brilliant Blue, is not adsorbed by Whatman No. 4 paper in any
of the buffer systems used in this work. Its coefficient may be taken as 1.0 and co-
efficients for other substances calculated on this basis. Table III gives coefficients for
the reference dyes Amaranth and Apolon, and for two smaller molecules (proline and
glycerol). The coefficients are altered if the experiment is run in the open air instead
of a closed chamber, since evaporation of water lowers the saturation of the paper
and increases the actual concentration of buffer and formamide; this usually de-
creases adsorption.

In all buffers containing 30 % formamide, the coefficients of Apolon, Amaranth,
proline, and glycerol are not very different. Omission of the formamide increases the
adsorption of the dyes but decreases that of proline and glycerol. Apolon is not a
perfect zero-mobility indicator in the aqueous or 10 % urea buffers, if there is any
large displacement by evaporative or osmotic flow. This will usually be obvious since
the Apolon spot will streak badly. The reduction of strong adsorptive effects by
formamide is a very useful characteristic of the buffers. Solvation by formamide
may tend to equalize the attractive forces between molecules of different size and
chemical structure and molecules of cellulose. Urea has a similar action, but cannot
be used at a high concentration.

The most deleterious effect of adsorption is not the reduction in mobility, but the
very marked tailing and streaking of spots, which makes it difficult to locate the
center of a spot and which may cause adjacent spots to overlap.

The problem of adsorption is discussed in an unusually thorough way by
McDonALDS, who emphasizes the importance of saturation or “wetness’ of the paper,
of the structure, charge, and concentration of the moving substance, and of the type
of paper used. All these factors make the adsorption coefficient unpredictable, and it
must be determined empirically.

Mobility of refevence dyes

Table 1V gives mobilities (in mm/h, relative to Apolon) of Quinacrine (Q), Brilliant
Blue (B), and Amaranth (A) in various buffers, at various voltage gradients, and with
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initial spots applied either at the center (indicated by subscript zero, e.g., Q,) or
- 50 mm from the center of the strip (indicated by subscripts of 4 50 if toward the
anode, and —50 if toward the cathode). Values for the first 30 min of ionophoresis are
relatively inaccurate because centers of spots were not located to better than 4- 1 mm,
and movement was relatively small (less than 25 mm in most cases). During the
initial period, also, some time is required for establishing a relatively steady state.

During the first 30 min, absolute mobility is nearly proportional to voltage
gradient, even at 20 V/cm (except for the very high ionic strength DBF buffer). The
location of the initial spot (at o or at 50 mm) usually does not affect the mobility
value.

After one hour, however, mobilities at 20 V/cm are only from 1.1 to 1.5 times
those at 10 V/cm, since the effect of the strong evaporative flow is to drive all spots
toward the center of the strip. A gradient of 20 V/cm should never be used when a
reliable mobility value (for characterization of a compound) is required. In a few
instances;, the use of 20 V/cm gives good separation of mixtures in 50 % less time than
that required at 1o V/cm, and may therefore be advisable.

At 10 V/cm, ionophoretic mobilities are nearly constant even after 2 h, at all
points on the paper strip. There is an approximately 10 %, decline {rom the one-hour
value in most cases, but this is largely corrected for if mobilities are expressed in
Am units rather than in mm/h.

For each of the standard buffers, standard values for mobility (in Amaranth
units) can be calculated from the mobilities (at ¥ and 2 h) at 10 and 5 V/em. The value
for Brilliant Blue is constant at 57 at pH 4.7 to 9.3, but is somewhat higher at pH 3.3
and somewhat lower in pH 9.3 borate. The small changes probably reflect minor
interactions with pyridinium or hydrogen ions and with borate ions. For Quinacrine,
the Am value is about 70 at pH 3.3 and 4.7, declines slightly at pH 7.2 as the pK of
the acridinium ion is neared, and falls to half the acid value at pH 9.3, where the
acridine ring nitrogen is probably uncharged, while the nitrogen of the dialkylamino
group retains its positive charge. There is a further slight decline in pH ¢.3 borate,
possibly indicating weak complexing with borate ions.

In buffers containing 10 % urea instead of 30 9% formamide, the Am values for
Brilliant Blue are higher. The value is only 10 % higher in 9.3 borate, where the high
ionic strength exerts a strong anti-adsorptive effect, but it is 20 %, higher at pH 9.3
to 4.7, and 30 % higher at pH 3.3. In buffers containing neither formamide nor urea,
Brilliant Blue moves nearly as fast or faster than Amaranth (except in the borate
buffer). This effect is largely due to a striking fall in the absolute mobility of Amaranth,
since the mobility of Brilliant Blue is almost unaffected by formamide or urea, and is
largely explained by the strong adsorption of Amaranth at low formamide (or urea)
concentration. It is not necessary to abandon ““Amaranth units’” as standard mobility
scale, however. All that need be done is to use Brilliant Blue as the reference dye (in
systems containing less than 30 9% formamide), and use the standard Am values
obtained for Brilliant Blue in 30 % formamide buffers.

All methods of paper ionophoresis other than those described in this paper will
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probably give stronger adsorption effects, and mobility values will often differ from
those obtained in this work. If other workers wish to use reference dyes with buffers
not containing formamide, we recommend that a mixture of Apolon and Brilliant
Blue be used, with the distance between the two dyes defined as 60 A units.

Separation and characterization of small organic molecules

Table V gives mobilities (in Amaranth units) for a few amino acids, peptides, and
carbohydrates in the standard (309% formamide) buffers at 10 V/em. All except
borate were run for 60 to 120 min; borate runs were 150 to 180 min. Spots were
T ul, concentrations 0.0z M to 0.1 M. Carbohydrates and amino acids were run both

TABLEV

MOBILITIES (IN AMARANTH UNITS) OF SOME SMALL ORGANIC MOLECULES*

FPF ADF DPF DAF DBF

Substance pH 5.3 pH 4.7 pH 7.2 PH 9.3 PH 9.3
Serine — — — —28 —51
O-Phosphoserine —60 —606 —74 —95 —9o0
Glycine 7 [ o —12 —37
O-Phosphoethanolamine — 1 —10 —33 —57 —58
Alanine 5 — — —10 —22
f-Alanine 61 — e — 3 —15
y-Aminobutyric acid 74 13 2 o -—17
Proline . [¢] [ o o — 8
Aspartic acid —21 —7I —76 —381 —82
Glutamic acid — 7 —60 —72 —77 —77
Glycyl-glycine 33 1 — 2 73 —38o
Glycyl-asparagine 22 I — 2 —58 —65
Glycyl-alanine —_ — — —72 —76
Alanyl-glycine —_ — o —66 —70
Glycyl-glyeyl-glycine 30 — — —64 — 66
Histidine 68 63 8 ——10 —33
Arginine 68 68 62 45 33
Sucrose — — — o —16
Lactose — — — o —33
Mannose — —_ — [ —48
Glucose — - — o —64

* Jonophoresis for 1 or 2 h at 10 V/cm, except borate (DBF) buffer which was run for 2 to 3 h.
One Amaranth unit corresponds to an absolute mobility (relative to Apolon) of about 0.3 mm/h
in DBF, and about 0.45 mm/h in the other buffers. Two spots are clearly resolved if their mobilities
differ by about 8 Am units.

singly and in mixtures; Awm values were the same. When a substance was known or
expected to have a low mobility in a buffer, it usually was not run; this accounts for
many of the blank spaces in the table.

The results for the amino acids are essentially those predictable from the pK
values of the ionizable groups. The most useful single buffer for characterizing an
unknown is probably the FPF pH 3.3 buffer; if Am values in this buffer and also in
the DAF pH 9.3 buffer are determined, an unknown can often be identified at least
as to its class (4.e., as a basic, neutral, or acidic simple peptide or amino acid).
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The classic paper of CONSDEN, GORDON AND MARTIN® gives a mathematical
analysis of the optimal pH for separation of substances whose pK values and ionic
mobilities are very similar; the optimal pH lies between the two pK values, and
somewhat closer to the pK of the substance having the lower ionic mobility. For
aspartic and glutamic acids (pK’s 3.65 and 4.25), the optimal pH is about 4.0, since
glutamic acid has a slightly lower mobility than aspartic acid. Difficult separations
may require very precise control of the buffer pH.

The data in Table V may be used to calculate approximate pK values of ionizing
groups. If we assume that the decline in mobility of histidine from pH 3.3 to pH 7.2
is due to loss of one proton, and that the Am value of 68 at pH 3.3 is largely due to
this one positive charge, the ratio of the acidic form to the basic form at pH 4.7 is
63/5 and at pH 7.2 it is 8/60. By adding the logarithm of this ratio to the pH of the
bufier we obtain estimated pK values of 5.8 and 6.1 (correct value 6.0 for imidazole
group of histidine?). Analogous calculations for the acidic group of aspartic acid give
ratios of 5/71 at pH 4.7 and 55/21 at pH 3.3, and estimated pK is 3.6 and 3.7 (correct
value 3.65). For glutamic acid, the ratios are 12/60 and 65/7, and estimated pK is
4.1 and 4.2 (correct value 4.25).

Calculated pK values agree with the correct values when based on ionophoretic
mobilities in the acidic buffers, but not in the three alkaline buffers containing tertiary
nitrogen bases. For example, values for the alpha-amino group pK, if calculated from
mobilities in Table V for the amino acids in the pH 9.3 DAF buffer, are all approxi-
mately 0.5 pH unit higher than the correct value. The reason is the “formamide pK-
shift” noted in the description of the buffers. All the ionizing groups of the amino
acids can form hydrogen bonds, and their pK values are therefore increased byo.5 pH
unit in 30 % formamide. In the acidic buffers (which are “hydrogen-bonding”’), the
pK of the buffer also shifts and the effects cancel out. In the alkaline (and “‘non-
hydrogen-bonding”’) buffers, only the amino acids undergo the pK-shift. Therefore,
when the pK of an unknown is calculated from mobility values in the ““non-hydrogen-
bonding” buffers, it will usually be desirable to subtract 0.5 pH unit from the estimated
pK value.

Table V indicates that one charged group confers a mobility of about 65 to 70 Am
units to molecules of molecular weight about 150 (histidine, arginine, aspartic acid,
glutamic acid, glycyl-glycine). For y-aminobutyric acid {(molecular weight 1o03) the
maximum Am value per charge is probably 75 to 80, and for B-alanine (molecular
weight 89) it is probably 85 to go. If we assume a value of 9o for f-alanine, the ratio
of acidic to basic form at pH 3.3 is about 62/28, and the pK of its carboxyl group is
therefore 3.6 (correct value, 3.6). It is clear that a series of Am values at different pH’s
will sometimes make it possible to estimate either the PK, or the molecular weight,
or sometimes both.

Amaranth and Brilliant Blue have molecular weights of 500-700 and an Am
value per negative charge of about 33. It is probable that very large molecules (like
proteins) have much lower Am values per charge. The empirical value 800/\/11_4
roughly predicts the Am value per charge as a function of the molecular weight, M.
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The data of WEBER® (for a large series of amines in pH 3.8 citrate buffer) suggest
that the Am value per charge would be about 150 for propylamine, zoo for methyl-
amine, and 250 for very small ions like ammonium or potassium.

Mobility of borate complexes

The DBF buffer is a “hydrogen-bonding” buffer, and gives mobilities for most of
the amino acids that agree well with those predictable from the known pK values of
the a-amino groups. This is presumably due to the mutual cancellation of the form-
amide pK-shifts, as in the acidic hydrogen-bonding buffers. However, calculated pK
values for the a-amino group of aspartic and glutamic acids are 0.3 pH unit too high,
and for the imino group of proline 0.3 pH unit too low. It is possible that interactions
with borate (or other buffers) may sometimes alter the pK values (or the molecular
size and shape and charge), so that the pK calculated from mobility will not be
identical with that obtained in dilute aqueous solution. It is important to note that
an increased negative charge on an unknown in the pH 9.3 DBF buffer, compared to
that in the pH 9.3 DAF buffer, does not always prove that borate-complexing groups
are present in the molecule, especially if the molecule has a hydrogen-bonding ionizing
group whose pK is in the region from pH 8.5 to 10.5. :

In the separation of carbohydrates, DBF gives results similar to those obtained
by other workers with borate buffers. Expected 4m values for sugars can be calculated
from the data in Table X of the review by Micur3, which gives mobilities relative to
glucose. The expected 4m value for mannose is —47, for lactose —25, and for
sucrose —12. The latter two values are about 25 9% lower than those in Table V.
This may in part reflect a difference between the mobility of Apolon and that of the
zero mobility standard used in previous studies (usually proline or a methyl-substi-
tuted glucose). It may also be a result of the very high borate concentration of DBF
(nearly four times higher than that used by other workers), and the very powerful
additional buffering provided by the dimethylaminoethanol in DBF, both of which
will intensify complex formation. CONSDEN AND STANIER! observed that use of a
“strong” borate buffer increased the mobilities of many carbohydrates (but not of
ketoses or ribose) by 30 %, when compared to their usual, weak buffer. The absolute
mobility of glucose in DBF is only 5 X 10-% cm?/volt-second, compared to the value
of 14.5 X 103 reported by CONSDEN AND STANIER. The discrepancy is probably due
to the much higher ionic strength and viscosity of DBF. The ionophoretic system
used by CONSDEN AND STANIER, however, probably had higher osmotic flow rates
and -more intense paper adsorption effects than those obtained with DBF. Both
relative and absolute mobility values in borate buffers are dependent on borate
concentration, pH, buffer viscosity (and therefore temperature), adsorptive power
and resistance to liquid flow of the paper used, and even the quantity of the carbo-
hydrate spotted. Relative mobility values in any one ionophoretic system are fairly
reproducible, but there will be differences in the values obtained in different systems.
Rough tests on many carb'ohydrates in our system indicate that mobilities relative
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to glucose agree fairly closely with the values tabulated by MIcHL?, except that our
mobility values below Ma 0.50 are often somewhat higher.

The structure of borate complexes is not definitely known. FOSTER! suggests a
“monodentate”’ complex and a “bidentate” complex, in which one negatively charged
boron atom forms a chelate ring with one molecule or two molecules of polyol.
MicHL? suggests that a “‘tridentate” complex may be possible with certain cyclitols,
but the evidence is not conclusive. The data of FosTER and his co-workers, tabulated
by MicuL?, on the mobility of various substituted glucoses prove that glucose has
several reactive configurations. The most active configuration (A) is apparently that
of the hydroxyls on carbons 2 and 4 in the open-chain (aldehydo) form. The con-
figuration (B) of the hydroxyls on carbons 1 and 2 in the cyclic form also has a high
affinity for borate. Several other configurations react with borate, but much more
weakly. We conclude that it is likely that most of the complexed glucose (at pH
9.3 and high borate/glucose ratio) is in a 1:1 borate complex either as A or B, with
low concentrations of other types of complexes. The Am value of glucose is — 65,
which is a reasonable value for a complex with one charge and a molecular weight
less than 200; a 2:I complex, with a molecular weight of more than 360, should have
a much lower mobility. It is remarkable that no carbohydrate has a higher mobility
than glacose; this suggests that nearly 100 % of the glucose in a spot is in a borate
complex. Substances with configurations having a lower affinity for borate, such as
mannose, are presumably partly uncomplexed and partly in 2:1 complexes, and so
have lower mobilities. Most pentitols and hexitols have mobilities near that of
glucose, but glycerol has a very low mobility (Mg 0.44, or about 30 Am units). This
suggests that only linkages between borate and two secondary hydroxyl groups in a
molecule (especially the B-cis-configuration noted by FOSTER!) are very strong.
Glycerol cannot form such linkages, and is probably only partly complexed (largely
as a 2:1 complex). The unusually high mobility of the all-cis isomers of inositol and
quercitol® (Mg 1.60, or about 100 A units) suggests that two borate ions may complex
with one molecule.

Mixed complexes between a molecule of carbohydrate and the cellulose of the
paper may be largely responsible for the lowering of mobility by adsorption. Presum-
ably, two different carbohydrate molecules in a mixture may similarly interfere with
each other, so that mobility values will not be the same as those obtained in the
ionophoresis of pure substances. This interference will probably be most severe
between substances of relatively low and nearly equal mobility, since the percentages
of uncomplexed forms will be high and separation will be slow.

Resolving power in tonophoresis

In the ionophoresis of mixtures, with a starting spot of 1 ul volume, spot radius is
2—3 mm. Mobilities must therefore differ by about 6 mm/h (equal to 12 Am units)
for clear separation in a 1-h run. In the 2- or 3-h runs required for separation of slow-
moving spots, a mobility difference of 4-6 Am units should be sufficient, but the
spreading of spots by diffusion blurs the separation if the difference is less than 8 Am
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units. In the DBF borate buffer (which gives lower absolute mobilities), a difference
of 10-15 Am units may be necessary for complete resolution. In buffers containing
less than 30 % formamide, adsorption on cellulose may cause streaking or tailing of
spots and lessen the resolving power. If the ionic strength of the solution spotted is
much higher than that of the background buffer, spots become very large and even
a difference of 20 Am units may not give clear separation. If the solution spotted
causes a local pH shift in the background buffer, resolution of spots may be lessened.
This is why it is desirable to use buffers at a high ionic strength and at a pH near the
pK, where buffering power is maximal.

lonophorests of proteins

When used for separation of human plasma proteins, the 0.06 ionic strength, 10 %
urea buffers give very fast separations at gradients of 10 to 15 V/cm, in 30 to 120 min.
Four or five protein spots can usually be obtained. Albumin has a mobility of about
~—45 Am units (relative to Brilliant Blue, taken as —57 Am units) at pH 9.3, —30
Am uanits at pH 7.2, and 37 Am units at pH 3.3. The clearest ionograms are at pH 7.2,
where adsorption and denaturation effects seem to be minimal. There seems to be no
advantage to the use of lower voltage gradients and longer ionophoresis time, since
diffusion and adsorption spread the protein spots. Operation of the apparatus in a
cold room, however, would probably be advantageous.

If the 109% wurea is omitted, similar but somewhat less clear ionograms are
obtained. Ionograms may be dried by immersion in cold acetone, to preserve enzymes
that would be destroyed by the usual hot-plate drying step.

Advantages and disadvantages of the organic buffers

The major reason for using organic ions is that their conductance (at any given ionic
strength) is lower than that of the inorganic ions commonly used, and it is possible
to use both high ionic strength and high voltage gradients without excessive heating
and evaporative flow. High ionic strength is a great advantage in the ionophoresis of
unknown solutions containing relatively high salt concentrations. Spots move
compactly, without streaking, even when heavy loads (ionic strength 0.2) must be
used (either because the method of detection is insensitive, or because the substance
being sought is a minor component).

The gain in mobility made possible by higher voltage gradient is partly nullified
by the higher viscosity of the buffers, so that absolute mobilities are usually lower
than those obtained by other workers. The high ionic strength also depresses absolute
mobility ; McDoNALD® has shown that mobility is inversely proportional to the square
root of the ionic strength. We have roughly confirmed this rule, since our 30 %
formamide buffers used at about 20 %, of the standard ionic strength give for Amaranth
and Brilliant Blue absolute mobility values that are 2.4 times those at the standard
ionic strength. Electro-osmotic flow is alse about 2.4 times faster.

When the ionic strength of the solution being spotted is 0.05 or less, it may be
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advantageous to lower the ionic strength of the organic buffers by a factor of 2 to 4,
so that separation in a given time will-be approximately doubled.

All of the organic buffers except borate can be easily removed from the paper by
washing with acetone or 2-butanone (which may be acidified with acetic acid),
without removing from the paper spots of many polar organic compounds (such as
amino acids, peptides, or carbohydrates). This makes it convenient to elute bands
from ionograms for further study, after removal of the buffer.

The major disadvantage of the organic buffers is possible interference with the
detection of spots on the ionogram. Many spray reagents are specific, and give no
background color with the organic buffers. If a non-specific reagent must be used, it
may be possible to extract out the organic buffer with acetone before spraying. The
use of different organic buffers may make possible the use of some reagents not
compatible with those devised for our researches. The present work attempts to keep
the number of organic buffers at a minimum. This is why dimethylaminoethanol,
which is primarily useful because its pK is ¢.3, is also used in the pH 4.7 acetate
buffer, although other organic cations might be preferable.

The 30 % formamide in the standard buffers minimizes evaporative flow at a gra-
dient of 10 V/cm, and makes possible fast ionophoresis without the use of cooling sys-
tems. It alsohasa very desirable anti-adsorptive effect, which increases the mobility of
many substances and (even more important) prevents spots from tailing and streaking.
Its disadvantage is low volatility, which requires high, uniform heating to dry the paper
without distortion of the pattern of spots. A minor disadvantage is that buffers must
be prepared daily from stock solutions, to minimize the hydrolysis of formamide.

The 10 %, urea remains on the paper on drying and may interfere with detection
by some spray reagents. It is chiefly useful for protein separations. It can be easily
removed from the paper by washing with methanol or ethanol, which does not remove
most proteins.

Buffers more acid than pH 3 or more alkaline than pH 10 cannot be used with
30 % formamide, because hydrolysis of the formamide causes the pH to shift rapidiy
to the 3-10 range. Dimethylformamide is somewhat more stable, and can be used
even at pH 2; however, slow hydrolysis causes some pH drift even in 1 h, and such
buffers can only be used within an hour after preparation. Dimethylformamide is
more volatile than formamide, and is much less effective in preventing evaporation
at gradients of 10 V/cm; it must be used at percentages higher than 30 % or at lower
voltage gradients. Nevertheless, it may sometimes prove useful because it is a good
anti-adsorptive agent and its volatility makes it easy to remove from the paper by
air-drying.
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SUMMARY

Organic buffers of high ionic strength but low conductance, in 30 % formamide, are
useful for rapid paper ionophoresis in the pH range 3.3 to g.3. The apparatusis designed
for simultaneous use of as many as five different buffers. Charged substances move as
compact spots, without adsorption on paper, and with constant mobility in runs
lasting 1 to 3 hours. Mobilities are measured relative to a set of reference dyes. From
mobility values it is often possible to estimate the molecular weight of an unknown,
the pK value of some acidic or basic groups, and the presence of borate-complexing
groups. The.buffers are useful in separation and characterization of amino acids,
peptides, and carbohydrates. If formamide is replaced by 10 9%, urea, rapid separation
of proteins can be effected.
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Complex formation plays an important role in the separation of ions in chromatog-
raphy, as pointed out by PorLLArD and coworkers!:2, who observed that for the
separation of metalions on filter paper the formation of complexes is essential. Various
workers, including BURSTALL ef al.® and LEDERER?, have studied the separation of
inorganic ions by paper chromatography, using different solvent mixtures with
or without complexing agents. In several earlier papers®—® we have described our
studies on the diffusion of complex ions formed by the interaction of metal ions with
the carboxylic acid groups of oxalic, tartaric and citric acid. In these studies filter
paper chromatography was used with aqueous ethanol as solvent. We have also
investigated how the Ry values of the ions formed in mixtures vary according to the
proportion of the metal ion and the complexing agent used, with a view to determining
the effect of varying concentrations of the complexing agent. In this paper we have
extended the work to some mixtures of ions and have attempted to employ complex-
formation with tartrate for the separation of ions by filter paper strip chromatog-
raphy, using aqueous ethanol as solvent.

Mixtures of copper(II), nickel(II), cobalt(II) and cadmium(II) were investigated
and the results obtained in a large number of experiments are summarised here.

EXPERIMENTAL

Solutions of cupric sulphate, nickel sulphate, cobalt sulphate and cadmium chloride.
were prepared from BDH Analar grade chemicals and standardised as usual. A standard
stock solution of sodium tartrate was prepared and diluted as required. All other
reagents used were of reagent quality. Strips of Whatman filter paper No. 1 were used
for the chromatograms. A simple ascending filter paper strip method, as described by
GaGE, DouGLass aND WENDER?, was employed. Various concentrations of aqueous
ethanol were tried and it was found that in most cases 50% ethanol was suitable as
solvent. A series of mixtures was prepared in which the concentrations of the metals
were the same, but the concentration of tartrate varied, while the total volume of
each solution was kept constant. For the metal to tartrate ratio the total concentra-
tion of the metals was obtained by addition of the molar concentrations of the metals.
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The mixtures were spotted on the filter paper strips and the chromatograms were run
at constant temperature in a thermostat-controlled room at 30°; the time allowed
was go minutes.

Separation of cobalt(1l) and cadmivm(1])

The final concentration of each of the metal ions was 0.05 M ; H,S water was used for
developing. It was found that cobalt(II) and cadmium(II) are separated at all
concentrations of tartrate up to a tartrate:metal ratio of 1:5 to 1: 1. With a tartrate:
metal ratio of 1 and higher, cadmium(IT) does not move and only cobalt(II) diffuses
upwards. For practical purposes a I:1 concentration of tartrate is recommended,
since separation is then satisfactory; the metal ions can be detected with the help
of H,S water.

Separation of cadmium(II) and copper(II)

The final concentration of each of the metal ions was 0.05 M; a freshly prepared
mixture of H,S water and I,Fe(CN); was used for developing. In these systems
precipitation is found to occur and redissolution of the precipitate is only complete
when 1.7 equivalents of tartrate are added; beyond 0.9 equivalent, however, no
separation is possible. It was further found that good separation of the ions from the
supernatant liquid is obtained when 0.3 to 0.4 equivalent of tartrate is added, though
a portion remains settléd as a precipitate.

Separation of cadmium(II) and nickel(11)

The final concentration of each of the metal ions was 0.05 M ; a mixture of H,S water
and dimethyl glyoxime was used for developing. In this case 60 % ethanol was more
efficient as it gave a better separation. For good separation of the ions 0.7 to 0.8
equivalent of the complexing agent gives the best results; no separation is possible
beyond 0.9 equivalent of tartrate because of the spreading and overlapping of the
ZOTi€s.

Separation of copper(I1Il) and nickel(II)

The final concentration of each of the metal ions was 0.05 M ; a mixture of K,Fe(CN),
and dimethyl glyoxime was used for developing. At the beginning precipitation of
the tartrates occurs in the systems and when about 0.9 equivalent of tartrate has
been added, total redissolution of the precipitate takes place. The separation of the
ions is possible when up to 0.9 equivalent of tartrate is added, but with higher concen-
trations no separation occurs. A good separation is obtained when 0.3 to ¢.4 equivalent
of the complexing agent is used.

Separation of cobalt(II) and copper(11)

The final concentration of each of the metal ions was 0.05 M; a freshly prepared
mixture of H,S water and K,Fe(CN); was used for developing. In these systems
precipitation was found to occur and the total redissolution of the precipitate took
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place when 2.2 equivalents of the complexing agent was used. It was also found that
the separation of copper(II) and cobalt(II) ions is possible with up to 0.9 equivalent
of the complexing agent, but with higher concentrations of the complexing agent
separation is not possible. A good separation is obtained with 0.3 to 0.4 equivalent of
complexing agent.

Separation of nickel(I1) and cobalt(1I)

In the case of these ions no separation is possible because both ions move simultane-
ously and have nearly the same Ry values. Both ions can, however, be detected
together by spraying with a mixture of dimethyl glyoxime and H,S water and finally
exposing the chromatograms to vapours of ammonia.

Separation of cobalt(II), cadmium(II) and copper(11)

The final concentration of each of the metal ions was 0.05 M ; the indicator used was a
mixture of H,S water and K,Fe(CN),, freshly prepared. No precipitation occurs
when 0.05 to 0.177 equivalent of tartrate is added, but with higher concentrations
of the complexing agent precipitation occurs in the system after the solution has been
allowed to stand. The separation of copper(II), cobalt(Il) and cadmium(II) ions is
possible when up to 0.481 equivalent of tartrate is added, but with higher concen-
trations of the complexing agent separation is not possible under the experimental
conditions used.

Separation of copper(I1I), cadmium(II) and nickel(II)

The final concentration of each of the metal ions was 0.05 M ; a mixture of H,S water,
K,Fe(CN); and dimethyl glyoxime was used as indicator. At the beginning no
precipitation occurs in the system and when about 0.177 or more equivalents of the
complexing agent are added precipitation occurs after the solution has been allowed
to stand for some time. Of a mixture of copper(II), cadmium(II) and nickel(II) ions
separation of copper(II) ion is only possible with up to 0.59 equivalent of the com-
plexing agent; with higher concentrations separation is not possible.

Separation of cobalt(I11), nickel(II) and copper(Il)

The final concentration of each of the metal ions was 0.05 M ; a mixture of K,Fe(CN);
and dimethyl glyoxime was used as indicator. No precipitation occurs with 0.059 to
0.177 equivalent of the complexing agent, but with higher concentrations precipitation
occurs after the solution has been allowed to stand for a long time. Of a mixture of
nickel(IT), cobalt(1I) and copper(II) ions, the separation of copper(1I) is only possible
with up to 0.59 equivalent of the complexing agent ; with higher concentrations of the
complexing agent no separation takes place.

Separation of nickel(1I), cobalt(II), cadminm(II) and copper(II)

The final concentration of each of the metal ions was 0.042 M ; a mixture of K,Fe(CN),,
H,S water and dimethyl glyoxime was used for developing. No precipitation occurs
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when 0.05 to 0.15 equivalent of tartrate is added, but with higher concentrations
precipitation is observed. Only the separation of copper(II) ions from cobalt(1I),
nickel(IT) and cadmium(II) ions is possible with up to 0.65 equivalents of tartrate
added. No separation occurs with higher concentrations of tartrate.

Separation of nickel(I1), cobalt(1I) and cadmiuwm(II)

No satisfactory separation of nickel(II), cobalt(II) and cadmium(II) ions is possible
with ethanol as solvent, due to the spreading and overlapping of the zones.
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SUMMARY

In this paper we have summarised the results obtained when an attempt was made
to separate copper(Il), nickel(II}, cadmium(II) and cobalt(II) from mixtures by
filter paper strip chromatography, using aqueous ethanol as solvent. The effect of the
presence of varying concentrations of tartrate ion as complexing agent was studied.
The complexing agent was added to the solution of the metals, and not to the solvent
as was usually done by previous workers.

It was observed that, in general, when two metals are present, separation occurs
when up to 0.9 equivalents of tartrate ions are added (ratio total metal:tartrate
1:0.9). When the amount of tartrate added is increased to 1.0 equivalent or more, no
separation occurs. For good separation in the case of three metals present together,
up too.6equivalent of tartrate may be added. Excess of tartrate leads to overlapping
of zones.
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DIAZOREACTION FOLLOWING CHLORAMINE-T-OXIDATION AS A
SENSITIVE AND SPECIFIC TEST FOR ASPARTIC ACID

HERMANN STEGEMANN anp HELEN FRANCIS GRIFFIN™
Medizinische Fovschungsanstalt dev Max-Planck-Gesellschaft, Silikose-Laboy, Gittingen (Germany)
(Received May 4th, 1959)

When gelatin and bovine albumin hydrolyzates on paper chromatograms were
sprayed with Chloramine-T and Ehrlich aldehyde reagents! as a means of identifying
hydroxyproline, aspartic acid was found to give a weak pink color after several days.
Even though 10 y aspartic acid/cm? were visible, attempts to improve this reaction
failed.

In his investigation of the action of Chloramine-T upon aspartic acid, DAxIn®
obtained dichloroacetaldehyde as the final oxidation product and noted that when the
aspartic acid-Chloramine-T reaction mixture or dichloroacetaldehyde and ammonia-
were distilled, an unidentified compound was obtained which gave a highly colored
product when coupled with diazotized sulfanilic acid?.

We have found that, when aspartic acid on paper chromatograms is oxidized with
Chloramine-T and coupled with diazotized sulfanilic acid, T y/cm? is recognizable.
Attempts to employ this series of reactions as a basis for a quantitative determination
were unsuccessful. However, this is the only known test which permits a rapid
differentiation of glutamic from aspartic acid, and with reference to the latter, the
most specific and sensitive one on paper.

MATERIALS AND METHOD
Reagents

Chlovamine-T reagent. N/50 Chloramine-T in 50 % methanol.

Sodium carbonate. 10 %, solution.

Diazo reagent. 0.5 g semi-~dry diazotized sulfanilic acid (if stored in a deepfreezer,
it remains in good condition over a period of at least two years) is suspended in 5 ml
cold water prior to application. The suspension should appear quite milky and is
usable at least three days, if stored in a deepfreezer.

Spraying technique

The dried chromatogram is heavily sprayed with the Chloramine-T reagent with the
aid of a mechanical sprayer. The correct amount of reagent has been applied when the
moist paper requires 30 to 45 min to dry in the air. No heat may be applied. The

* Present address: Research Division, Columbus Psychiatric Institute, University Health
Center, Columbus, Ohio, U.S.A.
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diazo reagent is applied within 45 min to 3 h after application of the Chloramine-T
reagent. No moisture from the Chloramine-T reagent may remain on the paper. The
sodium carbonate solution must be very sparingly applied as fine droplets under 150
to zoo mm Hg pressure, preferably at a distance of approximately 50 to 60 cm. The
paper should not become more than just barely moist during application. After 5 min
the diazo reagent is applied in the same manner. If the paper becomes too moist,
unreacted Chloramine-T will bleach the color in 3 to 5 min, or if too much diazotized
sulfanilic acid is applied, the background will become yellow. The manner of spraying
the diazo reagent is especially critical. When properly applied, the diazo reagent
appears as innumerable fine dots on a white background. Aspartic acid yields imme-
diately a bluish-red or red-orange spot. The relative amounts of the two colors are
principally dependent upon the time interval between application of the two reagents.
More bluish-red color is obtained with shorter and more red-orange color with longer
intervals. The red-orange coupled product is the more stable of the two.

RESULTS

The comparison of the two products obtained from aspartic acid after oxidation and
coupling with diazotized sulfanilic acid is given in Table I.

TABLE I
COMPARISON OF THE TWOQ COUPLED PRODUCTS OBTAINED FROM ASPARTIC ACID
) Bluish-red Red-orange

Semnsitivity (yAsp/cm?) 1 I

Aqueous solution unstable very stable

Alkaline solution (1 N NaOH) unstable very stable

Spectral curve (aqueous solution) — sharp maximum at 480 myu
TABLE II

REACTION OF AMINO ACIDS WITH THE CHLORAMINE-T AND THE DIAZO SPRAY REAGENTS

Color

Amino acid Sensitivity y/em?
Diazo only Chlovamine-T only Chloramine-T and diazo
Aspartic acid none none bluish-red/red-orange I
Asparagine none none bluish-red 5
Glutamic acid none none none
Glutamine none none none
Cysteine none none orange-red 1
Cystine none none orange-red 5
Histidine red none I
brown 1
Methionine none none pink 1
Methionine sulfone yellow — — I
Tyrosine red I
yellow 1
remains yellow
Tryptophan violet brown
Creatine none none none
Creatinine yellow none yellow 10
Glycocyamine none none none
Glycocyamidine brown yellow yellow 100
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The spectral curve was determined in a Unicam Sp. 500 in aqueous solution. A
50 y spot of aspartic acid, treated with the Chloramine-T and diazo reagents and
showing only the red-orange color, was washed with methanol to remove any excess
Chloramine-T and extracted in 10 ml water. A blank was prepared in the same manner.
The color intensity of the aqueous solution decayed at the constant rate of 2.5 %/h
over a period of 8§ h.

Table II summarizes the interfering amino acids. Other amino acids give no
colored products with the Chloramine-T and diazo reagents and it should be pointed
out, that neither glutamic acid nor glutamine form a colored diazo-product.

o o

Fig. 1. Paper chromatogram on Schleicher u. Schiill 2043 b mgl. Additional explanations see
Table I1II.

The chromatogram pictured in Fig. 1 was developed 48 h in freshly prepared
n-butanol-glacial acetic acid—water (4:1:1)%. After drying, the Chloramine-T reagent
was applied followed by the diazo reagent 3 h later. The identity of the bands is given

TABLE III

IDENTITY OF BANDS (See Fig. 1)

Amino acid

Substance spotted Band Identity Relative Col Absorption  present® in

Rp Asp otor at 366 mu  hydrolyzates
b4
A. Bovine albumin I Unknown 49 Pink ?
hydrolyzate 46y I1 Histidine 69 Brown 2
111 Aspartic acid 100 Red-orange 4
v Tyrosine 172 Yellow 2
B. Gelatin hydrolyzate 40y I Aspartic acid 100 Red-orange 2

C. Amino acid mixture I Histidine 68 Brown
10y each of Hist, Asp, Glu II Aspartic acid 100 Red-orange

+ ++ 4+ 4]

D. Aspartic acid 5y 100 Red-orange
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in Table III. Both bovine albumin* and gelatin were hydrolyzed 24 h in 20 % HCl
at 105°.
DISCUSSION

Synthetic dichloroacetaldehyde gives a bluish-red color when coupled with diazotized
sulfanilic acid on paper. This color is unstable in aqueous or alkaline solution. Thus the
bluish-red coupled product given by aspartic acid shortly after oxidation is probably
due to dichloroacetaldehyde. The time interval required for the appearance of the
red-orange coupled product with the concommitant gradual disappearance of the
bluish-red coupled product would indicate that the compound responsible for the
bluish-red color further reacts, condensing with ammonia derived from the —NH,
group in a manner similar to glyoxal® to yield an imidazole as suggested by DaxInNZ
Imidazole coupled with diazotized sulfanilic acid on paper is reported to give a red-
orange product’.
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SUMMARY

A differentiation of aspartic acid from other amino acids, especially from glutamic
acid, is possible when paper chromatograms have been sprayed with Chloramine-T
and diazotized sulfanilic acid.
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SELECTIVE GAS-LIQUID CHROMATOGRAPHIC SEPARATION
OF AROMATIC COMPOUNDS
WITH TETRAHALOPHTHALATE ESTERS

STANLEY H. LANGER, CHARLES ZAHN anp GUS PANTAZOPLOS
Central Experviment Station, U.S. Buveau of Mines, Pitisburgh, Pa. (U.S.4.)
(Received May 8th, 1959)

The problem of separating compounds of closely similar structure by gas-liquid
chromatography is currently under attack from two distinct but complementary
viewpoints. One is the development of more efficient columns and techniques to
refine the separation process; the other is the use and development of selective liquid
substrates. With the latter course, a liquid substrate is used which is sensitive to
structural differences and brings about separation through these differences.

Because of the importance of aromatic materials in synthetic fuel products
derived from coal and because of the difficulty in analyzing these complicated products
the initial objective of this study was to develop selective liquid substrates for
separating aromatic compounds. The separation of #- and p-xylene was of particular
interest because until recently’~? these two materials, which are among the simplest
aromatic isomers, had not been separated by gas chromatography. The tetrahalo-
phthalate esters were selected as potential selective liquid substrates for aromatic
compounds because they contain an aromatic ring with a large number of electro-
negative substituents®. Therefore, they would be expected to be electron acceptors in
“charge transfer”’ interactions of the “zz-n" type%®. Variations in the behavior of
aromatic hydrocarbons as electron donors, as well as their vapor pressures and
activity coefficients'®~2% should then serve to separate these materials in the gas
chromatographic column.

EXPERIMENTAL
Apparatus

A flow diagram of the gas chromatography apparatus is shown in Fig. 1. The Foxboro
regulator Type 67-R222 was modified by plugging the bleed hole with solder to prevent
loss of gas. The Gow-Mac thermal conductivity cell and stainless steel columns were
operated in an insulated circulating air bath in which temperature was controlled to
+ 0.1°. Helium was used as the carrier gas.

Materials

Dimethyl tetrachlorophthalate was prepared (in low yield) by a modification of the
method of KOLLONITSCH aND VITa¥ in which methyl borate-methanol azeotrope was
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Somple
H injection

Thermal
A conductivity
cell

Fig. 1. Schematic diagram of apparatus for gas-liguid chromatography. 4 : reduced pressure gage.

B: system pressure regulator valve; modified Foxboro regulator. C: mercury manometer. D:

control orifice; needle valve. E: gas shut-off valve. F: pressure bleed; needle valve. G: mercury
manometer; column pressuré. H: chromatographic column.

initially refluxed with tetrachlorophthalic anhydride. Preparation of other tetra-
halophthalates is described elsewherel®. Narrow mesh range firebrick was used as a
solid support. The firebrick, predried in an oven at 140°, was treated with an acetone
solution of the liquid phase with or without stirring under nitrogen. In later exper-
iments, the flask used for treating the firebrick was shaken occasionally without stirring.
Hydrocarbons used in the mixtures were mostly 989% pure or better as obtained
from Phillips Petroleum Co., Eastman Organic Chemicals, or A.P.L. standard samples.

Columns

Stainless steel U-shaped columns were connected into flow lines with Ermeto fittings
(Weatherhead Co., Cleveland 8, Ohio). Long columns were constructed of 6 foot
U-shaped sections connected with stainless steel capillary tubing. The 35 foot di-7-
propyl tetrachlorophthalate column, however, was of one piece construction and
carefully wound on a 2 in. mandrel. All columns were packed while being shaken by
an electric vibrator. These columns are described in Table I. Conditions of operation
are indicated in Table II. Data for the dimethyl tetrachlorophthalate column were
obtained on an auxiliary vapor-heated apparatus.

TABLEI

COLUMNS USED IN THIS STUDY

Percent Column dimensions, cm i,
i, . lLiguid ’ I 1rcbnfk,
Column Liquid substrate Packing, g u(bz;; 'wajte -———W Tiamator mesh size
A 90 %, Dimethyl tetrachlorophthalate
+ 109, di-n-propyl tetrachloro-
phthalate I12.T 25 120.7 0.45 35-60
B Methyl propyl tetrachlorophthalate 65.1 20 692.0 0.45 42-48
C Di-n-propyl tetrachlorophthalate 89.5 7 889.0 0.5 35—42
D Di-n-butyl tetrachlorophthalate 32.7 10 304.8 0.5 42—48
E Di-n-propyl tetrabromophthalate 12.3 10 181.6 0.45 42-48
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TABLE II

CONDITIONS OF OPERATION OF CHROMATOGRAPHIC COLUMNS

Column Temperature, °C Py, mm Hg by, mm Hg Flow rate, mijmm* Press1;;i tz‘;li“"w”
A 97.8 1167.3 741.8 35.4 0.765
B 110.0 1660.8 734.8 44.6 0.584

95.0 1675.6 744.6 45.3 0.586
110.0 1725.2 743.2 88.2 0.572
100.0 1709.0 740.0 90.0 0.574

90.0 1674.6 737.6 84.1 0.582
110.0 1386.2 735.2 112.8 0.672
100.0 1372.0 740.0 109.3 0.681
110.0 1020.3 743.3 48.5 0.836
100.0 1055.7 742.2 56.8 0.817°

* Flow corrected to column temperature and atmospheric pressure.

3 (P1lto)®*—1

** Correction for pressure drop across column is P W_—; (ref. 17).

Sample injection
Samples were injected by means of a microsyringe of a type described earlier'. For
sample injection, the gas flow was stopped and when column pressure fell to 100-200
mm, the bleed valve was slowly opened until the inlet of the column was depressurized.
The valve was then closed, sample injected and gas flow resumed. When the marker
air peak emerged, the column pressure had reached gg % of operating value.

Approximately 3 ul samples were generally used. Where a mixture contained
only two or three compounds of interest the sample was diluted with more volatile
materials so that the column would not be greatly overloaded for the materials of
interest.

A preheater was not used for the sample injection section. For xylene separations,
in which we were particularly interested, a preheater effected little or no improvement
in peak resolution with our apparatus.

DISCUSSION

Relative retention volume data for hydrocarbons on dimethyl tetrachlorophthalate,
methyl #-propyl tetrachlorophthalate, di-n-propyl tetrachlorophthalate, di-»n-butyl
tetrachlorophthalate and di-n-propyl tetrabromophthalate are presented in Tables
IIT and IV. Toluene was used as the standard reference material. Retention volume
data for m- and p-xylene are given to 4 significant figures since special attention was
given to their determination. For a particular column these values were reproducible
to 1-2 parts per thousand. While absolute values did vary slightly more with different
columns, relative values (for the xylenes) were close to this range of reproducibility.
10 % by weight of di-n-propyl tetrachlorophthalate was included in the dimethyl
tetrachlorophthalate, m.p. go°, with the idea of decreasing its viscosity at the operating
temperature of 97.8°. This temperature was apparently slightly high for the dimethyl
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TABLE III

RELATIVE RETENTION VOLUMES ON TETRACHLOROPHTHALATE ESTERS (TOLUENE = I)*

Methyl propyl Di-n-propyl Di-n-butyl

tetrachlorophthalate tetrachlorophthalate tetrachlorophthalate

I10° 95° II10° I00° 90° 110° 100°
Benzene 0.459 0.43 0.455 0.439 0.421 0.451 0.435
Toluene (1.000)a  (1.000)b (1.000)¢c (1.000)d (1.000)¢ (1.000)f (1.000)8
m-Xylene 2.038 2.158 2.045 2.125 2.203 2.071 2.152
p-Xylene 2.122 2.255 2.125 2.217 2.302 2.144 2.231
0-Xylene 2.71 —_ 2.70 2.81 — 2.71 2.84
Ethylbenzene 1.70 1.76 1.74 1.79 1.82 1.77 1.81
Styrene — — 2.82 2.93 — " 2.80 —
Phenylacetylene — — 2.68 2.81 2.20 2.60 2.72
Propylbenzene — — 3.12 3.28 — 3.19 3.34
Cumene — — 2.45 2.56 — 2.49 2.60
1-Methyl-z-ethylbenzene  — — 4.31 4.63 — 4.40 4.72
1-Methyl-3-ethylbenzene — — 3.37 3.57 — 3.46 3.67
1-Methyl-4-ethylbenzene  — —_— 3.53 — — 3.61 3.83
Mesitylene — — 3.85 4.14 — 3.98 4.28
1,2,4-Trimethylbenzene — — 5.32 — — 5.41 5.89
Hemimellitene — — 6.88 7.49 — 6.96 —
Butylbenzene — — 6.29 6.89 — 6.45 7.03
Heptane 0.20 — 0.25 0.24 0.22 0.26 0.24
Octane 0.42 — — — 0.49 0.54 0.53
Nonane — — — — — 1.10 1.12
Decane 1.71 — — — — 2.24 2.38
Heptene — — 0.27 0.26 — 0.28 0.27
Octene 0.47 — 0.56 0.55 0.59 0.58 0.57
Nonene — — 1.14 1.16 — 1.19 I.22
Decene 1.93 — 2.33 2.43 — 2.43 2.58
2-Methylhexane — — 0.20 0.19 — 0.21 0.19
2-Methylheptane — — 0.40 0.39 — 0.42 0.41
2-Methyloctane — — 0.83 0.83 — 0.87 0.88
2-Methylnonane — — 1.70 1.74 — 1.79 1.87
Cyclohexane — — — — — — 0.21
Methylcyclohexane 0.32 — 0.37 0.35 0.33 0.39 0.37
Dimethylcyclohexane 0.71 — — — — — 0.85
Butanol ~ 0.47 — ~ 0.3I — — — —
2-Butanone ~ 0.27 — — - — — —

* Retention volume of air taken as zero. Corrected retention volumes in ml/g of liquid phase,
for columns of Table I at column temperature: a = 142, b = 215, ¢ = 162, d = 221, ¢ = 290,
f=163 g =217

ester since some difficulty was encountered with condensation of the solid ester when
the capillary tubing connecting the column to the cell (heated separately) was not

heated.
The data of Tables IIT and IV make it possible to characterize the tetrahalo-
phthalates qualitatively as liquid phases for gas chromatography.

Selectivity

The tetrahalophthalates are selective for aromatic materials in that aliphatic com-
pounds of the same boiling range are eluted from the column first. (They are not as
selective for aromatics as the dipropionitriles from which decane emerges long before
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TABLE IV

RELATIVE RETENTION VOLUMES ON TETRAHALOPHTHALATE ESTERS (TOLUENE = ])*

Dimethyl tetrachlorophthalate-

Di-n-propyl telrabromophthalate 90% + di-n-propyl
tetrachiorophthalate-ro %,

110° 100° : 97.8°
Benzene 0.470 0.451 0.45
Toluene (1.000)2 (1.000)b (1.000)¢
m-Xylene 1.967 2.023 2.076
p-Xylene 2.030 2.094 2.167
o0-Xylene 2.66 2.80 2.85
Ethylbenzene 1.72 1.76 1.72
Styrene 2.86 3.01 —
Phenylacetylene 2.82 2.94 —
Propylbenzene 3.03 3.17 —
Cumene 2.38 2.46 —
1-Methyl-2-ethylbenzene 4.21 4.50 —
1-Methyl-3-ethylbenzene 3.22 3.40 —
1-Methyl-4-ethylbenzene 3.36 3.55 —
Mesitylene 3.51 3.73 —
1,2,4-Trimethylbenzene 4.95 5.39 —
Hemimellitene 7.26 7.87 —
Butylbenzene 5.97 6.45 —
Heptane 0.21 0.20 0.16
Octane 0.42 0.43 0.33
Nonane 0.87 0.88 -
Decane 1.76 1.83 1.41
Heptene 0.24 0.2 —
Octene 0.48 0.48 —
Nonene 1.00 1.01 -
Decene 2.00 2,11 —
2-Methylhexane 0.17 0.16 —
2-Methylheptane 0.34 0.33 —
2-Methyloctane 0.68 0.69 —
2-Methylnonane 1.40 1.46 —
Methyleyclohexane 0.35 0.33 —
Butanol — 1.30 —
1-Propanol — — 0.22

* Retention volume of air taken as zero. Corrected retention volume in mi/g of liguid phase
at column temperature: a = 101, b = 134, ¢ = 159.

benzene!®. However, the use of dipropionitriles is limited by their volatility.) The
selectivity of the tetrahalophthalates appears to be controllable to some extent since
it is governed by the proportion of alkoxyl group comprising the ester. Whereas octane
is eluted before benzene from dimethyl tetrachlorophthalate and methyl propyl
tetrachlorophthalate, it is eluted after benzene from di-u-butyl and di-n-propyl
tetrachlorophthalate. Increasing the atomic weight of the halogen has an effect
similar to decreasing the size of the alkoxyl group and octane emerges before benzene
from di-n-propyl tetrabromophthalate.

Naphthenes and olefins are retained longer than paraffins of comparable boiling
point while alcohols and ketones emerge earlier and exhibit marked peak distortion
due to tailing. The retention volumes of these oxygenates is greater when the alkoxyl
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groups are smaller; this may be due to increased accessibility and concentration of the
polar ester groups.

For the saturated hydrocarbons and olefins on the substrates reported here, the
same general observations apply as reported by others. Retention volumes are
affected in a regular manner by addition of methylene groups to the solute molecule
and the logarithm of retention volume or relative retention volume varies linearly
with carbon number.

Effect of temperaturve on selectivity

While the relative retention volumes of heptane with respect to benzene are lowered
with a decrease in temperature, the geometrical factor for addition of a methylene
group increases (as temperature decreases) and the relative retention volumes for the
higher paraffins tend to be greater compared with aromatic materials. Therefore,
type separations of aliphatic and aromatic compounds are not improved by decreasing
operating temperature.

Separations of aromatic hydrocarbons

Typical separations of aromatic hydrocarbons on di-n-propyl tetrabromophthalate
at 100° and di-n-propyl tetrachlorophthalate at 100° and 110° are shown in Figs.
2 and 3. These may be compared with separations of similar mixtures on naphthalene
tetracarboxylic acid ester’® and Apiezon L#. Neither substrate effected separation of
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D - Toluene

£~ Ethylbenzene

F - m-Xylene
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& = 1-Methy|-2- ethylbenzene
L —Butylbenzene
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