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ABSTRACT

By optimizing the pH and volume fraction of organic modifier, the complete resolution of an isocratic separation of a mixture of
phenol and thirteen of the nineteen chlorophenol isomers and of a mixture of the three tetrachlorophenols and pentachlorophenol was
achieved. The effectiveness of the Doehlert design in optimizing both experimental parameters was investigated. A quadratic model was
applied. For mixtures of a small number of compounds, a retention boundary map is proposed to determine limits of the concentration
of organic modifier so as to elute compounds within a reasonable analysis time. The resulting three-dimensional graph of the minimum
resolution as a function of the experimental parameters allows the direct visual evaluation of the ruggedness of the optimum conditions
that are attainable in the selected parameter space and with a given stationary phase.

INTRODUCTION

Chlorophenols are used extensively as fungicides,
herbicides, algicides, insecticides, ovicides, pharma-
ceuticals, dyes, as preservatives for wood, glue,
paint, vegetable fibres and leather and as intermedi-
ates in chemical syntheses [1]. About 200 000 tons
of chlorophenols are manufactured annually, while
some additional chlorophenols are formed by the
reaction of chlorinated water supplies with phenol

Correspondence to: D. L. Massart, Farmaceutisch Instituut,
Vrije Universiteit Brussel, Laarbeeklaan 103, B-1090 Jette, Bel-
gium.

in the environment or through the degradation of
chlorinated pesticides [2].

Procedures for the separation and determination
of the chlorophenols, as such or after derivatiza-
tion, include gas chromatography—mass spectrom-
etry, thin-layer chromatography, gas-liquid chro-
matography and high-performance liquid chroma-
tography (HPLC). A great number of HPLC meth-
ods have been reported, which for the greater part
do not allow quantification as the peaks are incom-
pletely resolved. Most often the pH of the mobile
phase and/or concentration(s) of organic modifier
are applied as the experimental parameters. Only a
few representative examples are mentioned to give
an idea of what has already been achieved. Nair et

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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al. [3] and Sha and Stanley {4] used isocratic elution
for the separation of thirteen and nineteen isomers,
respectively, of phenol. Paleologou et al. [2] report-
ed an isocratic separation of the members of each
category of chlorophenols (e.g., mono-, di-) and a
gradient elution method to separate fifteen of the
nineteen chlorophenols on a f-cyclodextrin-bonded
column. Ugland et al. [5] resolved most congeners
in a mixture of phenol and eighteen chlorophenols
using a linear gradient with a mobile phase of pH 4.

These separations were obtained by trial-and-er-
ror, which involves several well known disadvan-
tages. The most evident disadvantage is the often
long development time that is required to select ex-
perimental conditions that are not necessarily the
optimum ones. The first application of a systematic
approach to the optimization of the mobile phase
composition for the separation of phenols was de-
scribed by Ong et al. [6]. He applied a simplex meth-
od combined with overlapping resolution mapping
and successfully improved the separation of eleven
substituted phenols with a quaternary mobile phase
(methanol-acetonitrile-tetrahydrofuran—water).

In this paper the systematic optimization of the
isocratic separation of a mixture of phenol and
fourteen of the nineteen chlorophenol isomers and
of a mixture of three tetrachlorophenols and penta-
chlorophenol by applying a Doehlert design is de-
scribed. The former mixture contains phenol and
mono-, di- and trichlorophenols, with the exception
of 3,4,5-trichlorophenol. As far as we know, the
complete resolution of a reversed-phase isocratic
separation of such a complex mixture of chlorophe-
nols has not been reported previously. Lores et al.
[7] resolved a mixture of ten mono- and dichloro-
phenols by applying a ternary mobile phase in the
isocratic mode. We achieved the complete resolu-
tion of an isocratic separation of a mixture of phe-
nol and thirteen of the nineteen chlorophenol iso-
mers.

EXPERIMENTAL APPROACH

It was decided to optimize the pH of the mobile
phase and the volume fraction of organic modifier.
Preliminary experiments indicated that volume
fractions of methanol higher than 75% were re-
quired to elute tetra- and pentachlorophenols with-
in a reasonable analysis time. Such a volume frac-

B. Bourguignon et al. | J. Chromatogr. 628 (1993) 171-189

tion of methanol is already very close to the solu-
bility limit of the buffer, which in practice imposes
the highest possible limit of organic modifier con-
tent, and a few percent more of methanol would
certainly cause precipitation problems. For that
reason, it was decided to apply a modifier with a
higher solvent strength, namely acetonitrile. With
volume fractions of modifier of at most 61% this
allows the same solvent strength to be obtained as
with 75% of methanol without problems of buffer
solubility.

The chlorophenols are more acidic than phenol
and the acidity of the phenol function increases
with increasing chlorination of the benzene ring.
Therefore, the pH of the mobile phase is a powerful
parameter for optimizing selectivity [2,3,8]. The
concentration of modifier also has an effect on the
selectivity, although a smaller effect than pH. Both
parameters should be optimized simultaneously in
view of the dependence of both pH [9] and pK, val-
ues [10] on the modifier content of the mobile phase.
Because of this dependence, the optimum pH de-
pends on the modifier concentrations (and vice ver-
sa).

In interpretive optimization methods, a model is
needed to describe the retention as a function of the
parameters to be optimized. The relationship be-
tween retention (log k') and volume fraction of or-
ganic modifier has been shown to be linear over a
limited range of capacity factors (e.g., 1 < k' < 10)
and can be described by the following equation
[11,12] :

Ink"=Inkp — Seo M

where kj is the extrapolated retention of the solute
in the aqueous phase, S is the slope and ¢ is the
volume fraction of organic modifier. Over larger
ranges of mobile phase composition, the following
quadratic equation, proposed by Schoenmakers
[13], provides a better approximation:

logk’ = A > + B¢ + log kj )

The relationship between retention and pH is sig-
moid, as has already been shown for the chlorophe-
nols in several studies [14,15]. Two very different
approaches to pH optimization have been de-
scribed. That proposed by Dolan et al. [16] uses
linear models in a restricted pH range whereas the
other [17] uses non-linear models (in both the statis-
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tical and chemical sense). Both approaches are very
interesting and allow useful results, but may have
some disadvantages. The former has the advantage
of being very simple, but works in a restricted
range. Often this will be sufficient or even necessary,
but occasionally it would be preferable to be able to
work in a larger range. This approach was success-
fully applied in the systematic optimization of a
mixture of acids with, however, a pH range of 1 [16]
or 2 pH units {17]. Even in the latter range one risks
considerable deviations from linearity. Consider,
for instance, Fig. 1. In regions A and C a linear
relationship perhaps may be assumed. When selec-
ting a larger region of pH , such as A + B ( see
further), the model of Horvath et al. [18] was shown
to be appropriate in the optimization of pH in a
reversed-phase liquid chromatographic separation
of weak organic acids by a window diagram method
[19]. This model has also been applied in combina-
tion with eqn. 1 [20] and computer simulation soft-
ware (Drylab I/mp) was described for predicting
HPLC separation as a function of both pH and sol-
vent strength [21]. However, to obtain reliable pre-
dictions it is recommended that the pH region is
restricted.

The second approach has the advantages and dis-
advantages of requiring a physical model with nine
coeflicients. Such non-linear models were recently
proposed by Schoenmakers and co-workers [22,23]
and require a considerable amount of experimental
data. Moreover, a non-linear physical model is not

In k' |

a
B | ¢ pH
1 pKaH

|
|
[ pK
I

Fig. 1. Evolution of retention (In k') as a function of pH for an
acidic compound.
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easy to construct and is limited to the particular
situation(s) for which it was constructed. We won-
dered whether a mid-way approach between the
two would be useful.

In experimental design, it is usual to apply qua-
dratic models to optimization. This does not neces-
sarily mean that one assumes the actual relationship
to be quadratic, but rather that it is a relatively
smooth curved (hyper)plane, which can be ap-
proached by a quadratic plane. In the present in-
stance, it is known that the model is not quadratic,
but one can hope that in many instances the qua-
dratic curve approaches reality sufficiently closely
to allow good prediction. It is hoped that by mak-
ing the equation quadratic instead of linear, a larger
pH range would be feasible. The utility of the fol-
lowing model for the simultaneous optimization of
the two experimental parameters will be establish-
ed:

y = bo + b1x1 + b2x2 + b11x§ + bzzxg + blz.xl.a\
3

where x; and x, are the experimental parameters.

It is expected that over moderately broad pH
ranges, such as regions A+B or B+C in Fig. 1,
eqn. [3] may be an improvement over linear approx-
imations when only a limited number of experi-
ments are performed. The strategy we proposed to
investigate can be considered as an extension of that
described by Dolan et al. [16]. Eqn. 3 is fitted by the
Dochlert design, which was introduced into the op-
timization of HPLC methods by Hu and Massart
[24]. They showed this design to have a higher effi-
ciency (expressed by number of coefficients/number
of experiments to be carried out) than other de-
signs. A Doehlert design with two factors forms a
centred hexagon (Fig. 2) where each point repre-
sents an experiment. Seven experiments are to be
carried out for a model with two factors.

A feature of the Doehlert design is that the num-
ber of levels for each experimental parameter is not
the same. A Doehlert design with two parameters
uses three levels for one parameter and five levels
for the other. One should use the design so that the
parameter with the most complex relationship is
modelled with the largest number of levels [24].
Therefore, the highest number of levels (= 5) is used
to model the pH. Once the experimental parameters



174

X2

/ 1\

X4

Fig. 2. The Doehlert design.

have been selected, the parameter space has to be
defined by fixing boundary values. For the volume
fraction of acetonitrile, the highest concentration
should be selected so that the peak of the first eluted
compound is still separated from the solvent peak.
The lower limit should be selected so that the analy-
sis time will not exceed a certain time.

Different approaches have been proposed in the
literature, such as selected isocratic experiments or,
most often, gradient runs. Berridge {25] carried out
an initial gradient separation in order to estimate
the likely range of solvent strength required in the
simplex optimization of a reversed-phase separa-
tion. A similar approach was followed by De Smet
et al. [26] who combined an initial gradient separa-
tion with a small number of isocratic experiments in
a normal-phase separation of sulphonamides. Pre-
liminary isocratic separations combined with low-
wavelength detection termed ‘“‘sequential isocratic
step” (SIS) chromatography have been applied suc-
cessfully in ion-pair separations [27].

A retention boundary map is proposed to estab-
lish in a reasonable time an optimum region of con-
centrations of organic modifier. Conventionally
with binary mobile phases the organic modifier con-
tent is selected to give capacity factors in the range 1
< k' < 10 for all compounds, as only a very small
gain in resolution is obtained with k' values > 10.
By applying eqn. | and capacity factors measured at
two different solvent strengths, percentages of ace-
tonitrile that lead to capacity factors between 1 and
10 are calculated. In this way, a region of acceptable
concentrations of organic modifier is defined for
each compound at the upper and lower limit of pH.

B. Bourguignon et al. | J. Chromatogr. 628 (1993) 171-189

Both regions are connected to constrain an area in
the plane of pH versus organic modifier content of
experimental conditions that should lead to the de-
sired retention times for one compound. This is, of
course, an approximation but it allows an area to be
established with sufficient accuracy and with a mini-
mum of experimental effort. By overlapping of the
areas of each compound one can select one or more
areas where for all compounds of interest or at least
for most of them the postulated requirements are
fulfilled (Fig. 3) .

One should not confuse the retention boundary
map with overlapping mapping techniques as de-
scribed by Glajch and Kirkland [28]. The aim of
constructing a retention boundary map is to select a
region of concentrations of organic modifier so that
the capacity factors of all compounds are within a
certain range. When optimizing selectivity it is rec-
ommended to select pH limits so that for all com-
pounds both ionized and non-ionized forms are
chromatographed.

As it is known that the lifetime of silica-based
stationary phases may be seriously reduced in the
presence of aqueous buffer—mobile phase systems
with a pH that is outside the range 2-7.5, the upper
limit of pH is set at 7 as imposed by the stability of
the stationary phase. The lower limit of pH is set at

pH
3
---- 2346
— 2356-
........ 2345-
—-— penta-
5_.
7 : —_
0,
0 42 56 100 % ACN

Fig. 3. Retention boundary map of the mixture of tetra- and
pentachlorophenols. The numbers refer to the number of com-
pounds for which 1 < k' < 10. ACN = Acetonitrile.
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3 because all compounds remain uncharged at low-
er pH. This pH region encompasses all pH values
that range from pK, — 1to pK, + 1 for the mixture
of tetrachlorophenols and pentachlorophenol. The
pK, values of the fifteen chlorophenols range from
5.80 for 2,3,6-trichlorophenol to 9.92 for phenol
[14] (see Table V). One can argue that in view of the
lowest pK, value of the sample set it is not reason-
able to include a mobile phase pH as low as 3.0.
However, it was decided to do so as several publish-
ed RPLC separations of smaller mixtures of chlo-
rophenols, obtained by trial-and-error, were
achieved at pH values of 4.0 and lower [5,29,30]. In
the low-pH region, there will be no pH effect. How-
ever, it is not necessary that this should be so: if a
good separation is found that is not influenced by
pH, this will be preferable as it leads to increased
robustness.

The effective buffer range for a weak acid or base
is approximately from pH = pK, — 1 to pH = pKk,
+ 1. This implies that a buffer system should be
selected with successive pK, values that differ by
about 2 pH units to ensure adequate buffering abil-
ity at each pH within the selected region. When ap-
plying only one type of buffer, the buffer capacity
will not be sufficient over one or more pH ranges in
the selected pH region [31]. For phosphoric acid,
for instance, the good buffering ranges between pH
3 and 7 are pH 3-3.2 and 6.2-7. For this reason,
stoichiometric mixtures of citrate and phosphate
buffers (1:1) were used.

EXPERIMENTAL CONDITIONS

Chromatographic equipment and parameters

All measurements were carried out with a Varian
Model 5000 liquid chromatograph equipped with a
Rheodyne injection valve (5-ul sample loop) and
coupled with a Shimadzu SPD-2A UV detector.
Detection was performed at 260 nm. The attenua-
tion was set at 0.04 a.u.f.s. The chromatograms
were recorded with a Spectra-Physics SP 4290 in-
tegrator. The column used was LiChrospher RP 18
(250 x 4 mm L.D.) from Merck with a particle size of
5 um because octadecyl-modified stationary phases
were found to be superior for the analysis of chlo-
rinated phenols in reversed-phase chromatography
[1,4]. The flow-rate was maintained at 1 ml/min.
During chromatography, the column temperature
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was maintained at 30°C with a Prolabo Sup-Rs sta-
bitherm column thermostat. pH measurements of
buffer solutions were carried out with a Corning
Model 240 pH meter.

Standards and reagents

All chlorophenols were of reference grade and
were obtained from Aldrich. Standard solutions in
the mobile phase with concentrations of ca. 300
mg/l were daily prepared by dilution of stock solu-
tions in acetonitrile. Acetonitrile of HPLC gradient
quality was purchased from Distrilab. The water
used was purified in a Milli-Q system (Millipore).
Sodium dihydrogenphosphate, phosphoric acid,
citric acid, trisodium citrate and sodium hydroxide
of analytical-reagent grade were obtained from Pro-
labo.

Citrate and phosphate buffers of pH 3, 4, 5, 6 and
7 and ionic strength 0.05 mol/l were prepared with
purified water. At each pH value, the electrode was
calibrated with standard solutions of pH 4 and 7.
After controlling the pH, the buffers were filtered
through a 0.45-um Millipore filter under vacuum.

Procedures

Retention times were obtained from the peak
maximum by the integrator. Peak widths at half-
height were measured manually. The pH of the mo-
bile phase was assumed to be the pH of the aqueous
fraction. To avoid increasing the number of experi-
ments too much, several standards with large
enough differences in retention were chromato-
graphed in one run.

TABLE I

EXPERIMENTAL CONDITIONS FOR THE SEVEN EX-
PERIMENTS OF THE TWO DESIGNS

Experiment pH Acetonitrile (%)

No.
15 phenols 4 phenols

1 7 38 49
2 5 38 49
3 3 38 49
4 6 45 56
5 4 45 56
6 6 31 42
7 4 31 42
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The experimental conditions for the seven experi-
ments of the two designs are given in Table 1. The
central experiment was carried out twice, on differ-
ent days, to obtain an idea of the experimental error
(see further). The seven experiments were perform-
ed in random order and, to avoid a memory effect
from previous eluents, the column each time was
equilibrated for 2 h with the next mobile phase at a
flow-rate of 1 ml/ min.

Description of the software

A program for a Doehlert matrix design of exper-
iments was developed by Hu and Massart [24]. As
their program is limited to the use of at most ten
compounds, a new version in Excell and Quickbasic
was written. The program calculates the coefficients
in eqn. 3 for y = retention time, g, and y = peak
width at half-height, wy,,, for each compound so
that it can predict the values of both variables for a
large set of experimental conditions (= different
mobile phases). Subsequently the resolution of the
worst separated peak pair, R, ;,, is calculated as a
chromatographic response. All values of R, &
and wy,, are saved in spreadsheets in Excell which
allows the user to construct a three-dimensional
graph of the optimization criterion or of each of the
two variables as a function of the experimental pa-
rameters.

RESULTS AND DISCUSSION

Separation of a mixture of tetra- and pentachloro-
phenols

For the Doehlert design with tetra- and penta-
chlorophenols, the upper and lower limit are fixed
at 56 and 42% of acetonitrile, respectively, using a
retention boundary map (Fig. 3). The area where 1
< k' < 10 for all compounds is large at pH 3 but
becomes smaller with increasing pH and at pH 7 it
is no longer possible to obtain 1 < k' < 10 for
2,3,4,5-tetrachlorophenol and pentachlorophenol
at the same time. Therefore, this area is combined
with other areas each with as large a number of
compounds as possible that fulfil the postulated re-
quirements. As a result of combining areas where
not all compounds have 1 < k' < 10, the capacity
factors of all solutes except 2,3,4,5-tetrachlorophe-
nol will be smaller than 1 in the experiment at pH 7.
In only two of the seven chromatograms of the ex-
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Fig. 4. Three-dimensional graph of R, . asafunction of pH and
concentration of acetonitril¢ for the mixture of tetra- and penta-
chlorophenols.

periments of the design (Table I) are four peaks ob-
served. These chromatograms are obtained under
experimental conditions 2 and 6.

The resulting three-dimensional graph of R
(Fig. 4) as a function of pH and concentration of
acetonitrile and the graph in two dimensions repre-
senting areas of equal R ;, (Fig. 5) show a wide
optimum which allows the development of a rugged
method. Both graphical presentations allow an
evaluation of the ruggedness of the optimum. A
maximum value of Ry, of 6.63 is predicted at pH 6
and with a mobile phase that contains 49% of ace-
tonitrile.

Two experiments were carried out with a mobile
phase containing 49% of acetonitrile at pH 5.5 and
6.0. The predicted minimum resolution for the for-

%ACN

W

7

pH

Fig. 5. Plot representing the interaction between pH and volume
percentage of acetonitrile. The lines delimit areas of equal R

Smin’
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Fig. 6. Chromatogram of the mixture of tetra- and pentachiorophenols obtained with a volume fraction of acetonitrile of 49% at pH (a)

5.5 and (b) 6.0. Numbers of the solutes refer to Table II.

mer experimental conditions is 6.35. Baseline reso-
lution was obtained by applying the first experimen-
tal conditions (Fig. 6a). Compared with reversed-
phase isocratic separations of the same mixture that

TABLE 11

have been published [2,5], the resolution in Fig. 6a
is superior, although the analysis time is about 4
min longer. The second experiment led to partial
overlap of penta- and 2,3,5,6-tetrachlorophenol

COMPARISON BETWEEN PREDICTED RETENTION TIMES AND EXPERIMENTAL VALUES FOR THE MIXTURE OF

TETRA- AND PENTACHLOROPHENOLS

Compound  Name® pK, pH 5.5 pH 6
No.
Iy (pred.) £, (exp.) deviation (%) ¢ (pred.) ¢, (exp.) deviation (%)
16 2,3,4,5- 5.64 13.7 14.3 43 11.1 11.6 3.78
18 2,3,4,6- 5.22 8.75 7.29 20 5.99 4.57 31.1
17 2,3,5,6- 5.02 6.62 5.29 251 4.17 3.48 19.8
19 Penta- 4.74 4.26 4.42 3.62 1.51 3.12 107
4 Tetra- and pentachlorophenols.
SO 7, 0
Ny ENEaT

9
woaun
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(Fig. 6b). The pH of the mobile phase in the two
experiments differed only by 0.5, which demonstrat-
ed that the separation of this, at first sight simple,
mixture of four compounds requires the use of an
optimization procedure in which pH is a very im-
portant parameter. At pH 6 also a complete sep-
aration of all compounds was predicted. The devia-
tions of the predicted R,,;, must be due to devia-
tions between the predicted values of retention and
peak width and the results obtained by experiment.
This might indicate a lack of fit of the experiments
to the model. To investigate this the retention times
of the compounds obtained experimentally are
compared with the predicted values in Table II. The
precision of predicted values of the peak width was
investigated in the separation of the mixture of fif-
teen phenols. The deviations between predicted val-
ues of tg and experimental results are larger in the
experiment at pH 6, which indicates that the accu-
racy of the predictions is higher in experiments that
are closer to the central experiment. For all solutes
except 2,3,4,5-tetrachlorophenol the model does
not provide accurate predictions. The pK, values of
the former compounds are nearly in the middle of
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the investigated pH range, so that an almost com-
plete sigmoidal curve of retention versus pH is as-
sumed in the selected parameter space. This was
confirmed in later experiments performed with a
larger set of pH-values for the computer-assisted
determination of pK, values of chlorophenols by
means of HPLC [32]. For 2,3,4,5-tetrachlorophenol
with a pK, value of 5.64 there is only one “leg” of
this curve that is better fitted by the second-order
polynomial than a complete curve. This is illustrat-
ed in Fig. 7, which presents predicted and experi-
mental values of g versus pH for 2,3,4,5-tetrachlo-
rophenol and pentachlorophenol.

When a complete sigmoidal curve of retention
versus pH is observed in the selected parameter
space, other approaches are required. One such ap-
proach is to use non-linear regression using a model
such as that by Horvath et al. [18]. The use of this
method was described by us for pK, determination
in an optimization context [32]. The other approach
is to transform the data to obtain a response surface
that is more amenable to the usual experimental de-
sign approaches. We are currently investigating
such transforms. Two of them are well known,
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Fig. 7. Predicted and experimental retention times versus pH at 49% of acetonitrile. 2,3,4,5-Pentachlorophenol: | = predicted; 2 =

experimental. Pentachlorophenol: 3 = predicted; 4 = experimental.
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namely the probit transform and the logit trans-
form. We chose to study the latter. In the present
case it is carried out as follows:

z = log [K'*/(1 — k'*)] 4

where k'* values are standardized k' values, ob-
tained by transformation to a scale between 0 and 1
by applying the following equation:
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where Y;(*) and Y;{7) are the largest and smallest
values of measured &’ values which are respectively
increased and decreased by 1% to avoid losing in-
formation of the experiments at the smallest and
largest pH by k'* equaling 0 or 1. A first- or second-
order model should allow z to be accurately de-
scribed as a function of the independent variable
(here pH). We have verified this for a few examples,
e.g., on the data of Schoenmakers et al. [22] and for

k' = [Yi(+) — k']/[Y,-(H — Yi(_)] (5)
2T a
-
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15 4
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2,3,4,5-tetrachlorophenol and pentachlorophenoi.
For these three solutes the curves of k" and z as a
function of pH are represented in Fig. 8a—f. Both a
first- and a second-order equation were applied to
modei z and the precision of the predictions was
compared with that obtained by modelling k’ versus
pH with a quadratic equation. The precision was
significantly better with the logit transform for ben-
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zoic acid and pentachlorophenol but not for
2,3,4,5-tetrachlorophenol (Table I1I, Fig. 9a and b).
For the former solutes no difference in precision
was obtained on applying a first- or second-order
equation to model z versus pH (Table IIT). We are
now verifying whether this transformation can be
used in general and how to apply it to the bivariate
optimization of pH and solvent strength.
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Fig. 8. Evolution of capacity factors and z values as a function of pH for (a, b) benzoic acid, (c,d) 2,3,4,5-tetrachlorophenol and (e,f)

pentachlorophenol.

Separation of a mixture of phenol and fourteen chlo-
rophenols

The requirement of 1 < k’ < 10 as imposed by
applying eqn. 1 may be fulfilled if the optimization
problem concerns a small set of compounds with
similar polarities. However, this was not the case
for the mixture of tetra- and pentachlorophenols. Tt

is therefore not surprising that this requirement also
was not fulfilled for the much more complex mix-
ture of fifteen phenols. By performing two isocratic
experiments at two different concentrations of ace-
tonitrile at pH 3 and 7, an upper limit was set at
45% of acetonitrile so that phenol and 2,3,6-trichlo-
rophenol, which have the shortest retention times at
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TABLE III
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COMPARISON BETWEEN EXPERIMENTAL VALUES OF CAPACITY FACTORS [k'(exp.)] AND VALUES PREDICTED
BY FITTING A LINEAR MODEL [k'(a)] AND A SECOND-ORDER MODEL [k'(b)] TO z VERSUS pH, AND BY MODEL-
LING THE EXPERIMENTAL DATA WITH A SECOND-ORDER EQUATION [k'(c)]

Compound k'(exp.) k'(a) Deviation (%) k'(b) Deviation (%) k'(c) Deviation (%)
Pentachlorophenol 12.0 12.0 0.00 11.8 1.67 12.8 6.67
9.25 9.89 6.86 10.1 9.19 7.44 19.6
321 3.28 2.18 4.20 30.7 3.52 9.78
1.39 1.27 8.35 1.70 22.6 2.11 514
0.66 0.51 22.6 0.62 6.08 1.04 58.3
0.36 0.27 25.0 0.28 21.8 0.34 5.14
0.25 0.20 20.8 0.19 2255 0.00 101
0.17 0.18 4.06 0.17 2.06 0.01 94.5
2,3,4,5-Tetrachlorophenol 7.62 7.61 0.20 7.50 1.52 7.63 0.08
7.51 7.48 0.36 7.52 0.10 7.80 3.80
7.28 6.51 10.5 7.29 0.09 6.89 5.29
6.52 5.06 22.4 6.70 2.74 6.04 7.31
496 3.15 36.5 4.88 1.65 492 0.71
2.89 1.71 41.0 2.07 28.5 3.54 224
1.27 1.01 20.5 0.82 35.1 1.88 48.4
0.61 0.75 221 0.63 3.11 -0.04 106
Benzoic acid® 1.81 1.78 1.16 1.79 0.78 2.06 14.3
1.69 1.73 2.07 1.73 2.49 1.67 1.24
1.58 1.63 3.42 1.63 3.23 1.39 11.8
1.20 1.20 0.08 1.15 4.33 0.90 253
1.00 1.09 9.45 1.03 3.02 0.82 17.6
0.46 0.57 233 0.49 6.09 0.53 15.9
-0.36 -0.39 9.10 ~0.39 7.78 -0.18 48.7
-0.46 —-0.46 0.43 -0.45 1.98 —041 11.6
—-045 -047 5.39 —0.46 4.04 -0.49 10.6
—-0.48 —0.48 0.00 —-047 0.63 -0.58 219

¢ Experimental data from ref. 22.

pH 3 and 7, respectively, should be eluted with a
capacity factor of at least 0.5. The lower limit was
relaxed and was set at 31% of acetonitrile, which
should correspond to a capacity factor of about 40.
This value, however, can only be used as a first ap-
proximation because extrapolations have been
made outside the region 1 < &' < 10. Once bound-
ary values of the experimental parameters had been
fixed, the seven experiments of the design were per-
formed (Table I).

Only the experimental conditions of experiment 7
led to a chromatogram with 15 peaks but, as can be
seen in Fig. 10, the peaks of 2,4- and 2,5-dichlo-
rophenol show considerable overlap while the very
large capacity factors cause peak broadening. Com-
pared with the performance obtained in the chro-

matograms with tetra- and pentachlorophenols, the
peaks show much less tailing. This is assumed to be
due to reduced stereochemical effects and reduced
interaction with residual silanol functions because
of a smaller degree of chlorination.

Peak cross-overs occur as a function of pH (Fig.
11) but less when varying the volume fraction of
acetonitrile at constant pH (Figs. 12 and 13). Most
curves in Figs. 12 and 13 are convergent, as is ex-
pected when varying only the organic modifier con-
tent. The retention of compounds such as phenol
and 2-chlorophenol as a function of pH remains
almost constant as they are very weak acids, while
the largest decreases in retention are observed for
more acidic compounds, e.g., trichlorophenols.

Three-dimensional graphs of R;_._ as a function

Smin
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Fig. 9. Evolution of predicted capacity factors as a function of pH. 1 = capacity factors predicted by applying a linear model to z-as a
function of pH; 2 = capacity factors obtained by fitting a second-order model to the experimental data, represented by symbols 3.

(a) Pentachlorophenol; (b) benzoic acid.

of pH and concentration of acetonitrile are repre-
sented in Fig. 14. The highest R, value of 0.98 is
predicted at pH 3.8 and 36% acetonitrile. Consid-
ering in more detail the spreadsheet of all Ry, val-
ues (part of which is represented in Table IV) and
Fig. 13, it can be seen that this optimum is not ro-

bust but should be very sensitive to small variations
in mobile phase composition; when the volume
fraction of acetonitrile is varied by only 1% the val-
ue of Ry, is reduced to 0.4. An HPLC method
under these conditions certainly will not be rugged.

An experiment was carried out at pH 3.9 and
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Fig. 10. Chromatogram of the mixture of fifteen chlorophenols ,
obtained in experiment 7 of the Doehlert design. For experi-
mental conditions, see Table I.
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Fig. 11. Evolution of capacity factors as a function of pH for the
mixture of fifteen chlorophenols.
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Fig. 12. Evolution of retention (log k") as a function of organic
modifier concentration at pH 4.

with a mobile phase containing 36% of acetonitrile.
These experimental conditions should lead to al-
most the same R, as predicted at pH 3.8 but are
slightly more robust (Table IV). In the resulting
chromatogram (Fig. 15), fourteen compounds are
well separated in an analysis time of 44 min. The
peaks of 2,4- and 2,5-dichlorophenol completely
overlap, which was not predicted. The retention
times of the compounds obtained experimentally
are compared with the predicted values in Table V.
The predicted retention times agree with the actual
retention times to within 5% for all but two com-
pounds, i.e., 2,4,6- and 2,3,6-trichlorophenol. For
each compound the means of the percentage devia-
tions between predicted values of fz and w,,,; and
the experimental results for the seven experiments
are given in Table V. Compared with the precision
of predictions of retention times, a poorer precision
is obtained when predicting peak widths. This may
be explained by the larger inaccuracy of the mea-
surements of the peak width, which is also included
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Fig. 13. Evolution of retention (log &) as a function of organic
modifier concentration at pH 6.

in the mean percentage deviations in Table V, be-
sides, of course, a lack of fit of the model. The qual-
ity of fit of the model depends mainly on the pK,
values of the compounds, but also on the order of
elution (magnitude of retention times). In fact, both

TABLE IV
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Fig. 14. Three-dimensional graphs of R, as a function of pH
and concentration of acetonitrile for the mixture of 15 chloro-
phenols.

parameters are interdependent. The model is least
accurate for 2,3,6- and 2,4,6-trichlorophenol. These
compounds have the smallest pK, values of the mix-
ture and an almost complete sigmoidal curve of re-
tention versus pH was observed in later experi-
ments, as was the case for the tetra- and pentachlo-
rophenols. Consequently, changes in retention
times as a function of pH are pronounced for these
trichlorophenols. This is illustrated in Fig. 16a and
Fig. 16b, which represent the surface of retention
times as a function of pH and concentration of ace-
tonitrile for phenol (pK, = 9.92) and 2,4,6-trichlo-
rophenol (pK, = 5.99), respectively. The pK, value

R, . VALUES FOR THE MIXTURE OF FIFTEEN CHLOROPHENOLS AS A FUNCTION OF pH AND VOLUME FRAC-

S

TION OF ACETONITRILE

pH Acetonitrile (%)
35 3.6 37 3.8 39 4 4.1 4.2 43 4.4

34 0.5072 0.5325 0.5526 0.5675 0.5773 0.5818 0.5811 0.5751 0.5638 0.5471
35 0.6683 0.7632 0.7748 0.7806 0.7805 0.7747 0.7629 0.7453 0.7217 0.6920
36 0.0840 0.3804 0.6826 0.9809 0.9681 0.9488 0.9229 0.8904 0.8512 0.8052
37 0.4260 0.1551 0.1213 0.4038 0.6708 0.7124 0.7637 0.8248 0.8958 0.8682
38 0.1547 0.1774 0.2108 0.0838 0.1556 0.3760 0.4529 0.4966 0.5451 0.6170
39 0.2581 0.2111 0.1115 0.0206 0.0026 0.0116 0.0878 0.0717 0.0304 0.0361
40 0.0245 0.1993 0.3410 0.3251 0.2081 0.0773 0.0256 0.1360 0.3059 0.4782
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Fig. 15. Chromatogram of the mixture of fifteen chlorophenols
obtained under the optimum experimental conditions: pH = 3.9;

concentration of acetonitrile = 36%. For identification of the
solutes, see Table V.

of phenol is more than two pH units greater than
the upper limit of pH and small fluctuations of pH
hardly change the retention times.

The experimental error was estimated by repeat-
ing the central experiment. Variations of retention
times between different days were determined to be
of the order of 0.7%, so that results seem to be
fairly reproducible.

For the two overlapping compounds, 2,4- and
2,5-dichlorophenol, the deviations between predict-
ed retention times and experimental results are less
than 2.5%. Therefore, the difference between ob-
served and predicted R, values is probably due to
the inaccuracy of the measurements of the peak
width and also to small fluctuations in the experi-
mental conditions, especially in the organic mod-
ifier content of the mobile phase (sce Table V). The
latter cause is illustrated in Figs. 12 and 13. At con-
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Fig. 16. Retention surfaces as a function of pH and concentra-
tion of acetonitrile. (a) Phenol; (b) 2,4,6-trichlorophenol.

stant organic modifier concentration, differences in
the retentions of 2,4- and 2,5-dichlorophenol are
very small at pH 4 and 6. However, at pH 4 this
difference depends on the concentration of aceto-
nitrile.

After 4 weeks of continuous use, a decrease in
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TABLE V

COMPARISON BETWEEN PREDICTED RETENTION TIMES AND EXPERIMENTAL VALUES FOR THE MIXTURE OF
FIFTEEN CHLOROPHENOLS, OBTAINED WITH A VOLUME FRACTION OF ACETONITRILE OF 36% AT pH 3.9

In the last two columns the means of the percentage deviations between predicted and experimental #, and w, ,, values for the seven
experiments of the design are given.

No. Compound® pK, tp (pred.) 1 (exp.) Deviation (%)  Mean % dev. £° Mean % dev. w, ,°
1 Phenol 9.92 5.38 5.41 0.55 0.35 1.24
2 2- 8.52 9.06 9.12 0.66 0.45 10.9
4 4- 9.37 10.5 10.5 0.48 0.4 4.15
3 3- 8.97 11.4 11.3 0.88 6.07 0
9 2,6- 6.78 16.4 16.1 1.89 3.75 5.38
5 2,3- 7.71 17.3 17.1 0.93 1.36 3.64
7 2,4~ 7.9 19.7 19.9 0.81 0.27 3.39
8 2,5- 7.51 20.4 19.9 2.41 2.22 2.77
6 3,4- 8.62 21.0 20.9 0.81 0.72 3

10 3,5- 8.25 28.6 28.6 0 1.23 0.97

13 2,3,6- 5.8 335 31.5 6.11 18.3 6.73

11 2,34- 6.97 35.5 343 3.29 4.7 9.15

14 2,4,6- 5.99 41.0 383 6.47 11.9 0.65

15 2,4,5- 6.72 42.6 41.1 3.54 4.1 1.77

12 2,3,5- 6.43 46.4 44.3 4.67 391 6.95

¢ Chloro substituent positions.
® The mean of the percentage deviations between predicted and experimental f, and w, 12 values for the seven experiments of the design.

a b

- o o B4
-
Q
b

[ 8 (=)

© ™ = 3

o o <

2 N
o o5
™
~3
=
o~ ™
= @
3 2]

g UL

[ T T T T T

0 5 10 5 min 0 5 10 15 min

Fig. 17. Chromatograms illustrating the deterioration of the stationary phase. The experimental conditions are the same, i.e., pH=6
and acetonitrile = 46%, but chromatogram (b) was obtained 4 weeks later than (a). Numbers of the solutes refer to Table 11.
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retention times of about 10% was observed when
repeating experiment 4 of the Doehlert design with
fifteen compounds. The peak width remained al-
most the same and peak tailing also did not in-
crease, as can be seen in Fig. 17. Washing the col-
umn with water and methanol, each for 5 h at a
flow-rate of 1 ml/min, did not restore the previous
retention times; the stationary phase had degraded.
Such a decrease in retention is caused by hydrolysis
of bonded ligands as solute retention in reversed-
phase chromatography as a function of alkyl ligand
density follows a linear relationship up to a certain
limiting value [33]. Deterioration of the stationary
phase was shown to be a cause of bad predictions in
the experimental design, so the chromatographer
should pay attention when applying conventional
silica columns.

CONCLUSIONS

The large difference in retention times between
tetra- and pentachlorophenols and the other chlo-
rophenols makes the isocratic separation of all
nineteen compounds on the same chromatogram
impossible. By optimizing the pH of the mobile
phase and the volume fraction of organic modifier
using a Doehlert design, two mixtures of fourteen
and four chlorophenols could be completely sep-
arated. In both separations the systematic approach
allowed a short development time of about 2 weeks.
One must determine the peak width and retention
of each compound in each experiment. For the mix-
ture of tetra- and pentachlorophenols, the devia-
tions that were observed between the predicted val-
ues and results obtained by experiment are caused
by a lack of fit of the quadratic model.

For the mixture of fifteen compounds, the qua-
dratic model proved to be convenient for the simul-
taneous optimization of the two experimental pa-
rameters. The predictions were found to be accu-
rate. The result obtained, a chromatogram with
fourteen well separated peaks, does not correspond
to what was predicted (fifteen peaks with an R, of
0.96). However, the inaccuracy of the predicted
R,min is not caused by the lack of fit.

In general, the results indicate that a quadratic
model is adequate for describing only one leg of the
sigmoidal curve of retention versus pH. If an (al-
most) complete curve is observed, a more complex
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model is required such as the model of Schoenma-
kers et al.[22]. Other approaches might prove worth-
while. One of these (the logit transformation) was
described here. Another possibility is to use Drylab
to determine an optimum region and to use the
quadratic model with a D-optimum design in that
region. The quadratic modelling is then an exten-
sion of the Drylab strategy. A very different ap-
proach based on an optimum mapping of the feasi-
ble region is also being investigated [34], but more
detailed studies are needed to ascertain the value of
such approaches.

The three-dimensional graph of R, showed
that the development of a rugged HPLC method to
separate all the fifteen chlorophenols is not possible
in the selected experimental domain and with a Li-
Chrospher RP-18 stationary phase. To resolve this
mixture in an isocratic experiment one will require a
stationary phase with a higher efficiency and/or oth-
er types of organic modifier(s) or HPLC with pho-
todiode-array detection in combination with a
chemometric technique such as evolving factor
analysis to be able to determine two substances,
even when they overlap to a greater extent than usu-
al [35]. It is our intention to explore these possibil-
ities further.
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ABSTRACT

DryLab G/plus and DryLab I/plus (LC Resources) are shown to be effective aids in the development and optimization of gradient
and isocratic HPLC conditions for the assay of drug substances and related compounds. Data obtained after two experimental runs in
the laboratory are entered into the appropriate program where HPLC conditions can be altered (e.g. flow-rate, column dimensions,
mobile phase composition, gradient steepness and shape, etc.) to arrive at optimum separation conditions with less analyst time
required. The computer simulations from DryLab G/plus are shown to be suitably accurate under “real life” conditions in the
development of gradient purity methods for two drug substances (Zalospirone and WY-47 384) and two synthetic intermediates
(cyclooctatetraene and 2-methylcarboxybenzaldehyde). Moreover, DryLab I/plus was shown to be accurate in predicting isocratic
retention for the separation of impurities in cyclooctatetraene, both in scaling down to small columns for speed and scaling up to a

semi-preparative separation for isolation of impurities.

INTRODUCTION

Typically, the development of rugged HPLC sep-
arations involves a significant investment of time
and effort because the variety of stationary phases
and mobile phase combinations provides for a
broad array of possible separation conditions from
which to choose. To assist chromatographers in this
endeavor, a variety of HPLC method development
schemes have been described [1-4]. The potential
utility of computer simulation software packages as
tools to help guide chromatographers to appropri-
ate separation conditions is significant.

DryLab computer simulation programs (LC Re-
sources, Lafayette, CA, USA) were designed to help
chromatographers optimize separation conditions

Correspondence to: L. Wrisley, Wyeth-Ayerst Laboratories, 64
Maple Street, Rouses Point, NY 12919, USA.

using fewer actual experimental runs. These soft-
ware packages for isocratic and gradient HPLC
methods development have been well documented
by Snyder and co-workers [5,6]. In brief, data from
two initial separations (isocratic or gradient) are en-
tered into the appropriate program, then simulated
experiments can be carried out at the computer to
determine the effects on the separation of changing
conditions such as flow-rate, percent organic mod-
ifier, gradient time and shape, column dimensions,
etc. While taking advantage of this computer sim-
ulation software for HPLC method development, a
chromatographer should be able to save consider-
able time and develop better HPLC separations.

EXPERIMENTAL

Instrumentation
The HPLC system used for these studies was

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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composed of the following: a dual pump gradient
(Model 590 and Model 6000A, Waters Assoc., Mil-
ford, MA, USA), a programmable variable-wave-
length UV detector/gradient controller (Spectro-
flow 783G, Applied Biosystems, Ramsey, NIJ,
USA), an autoinjector (Model 710B WISP, Wa-
ters), and integration system (Model HP-3356,
Hewlett-Packard, Avondale, PA, USA). DryLab I/
plus and DryLab G/plus software was supplied by
LC Resources, and was operated on an IBM PC-
XT computer. The total dwell volume of the gra-
dient system was about 3 ml.

Reagents and materials

All drug substances, intermediates and known
impurities were obtained in-house (Wyeth-Ayerst
Research). HPLC-grade methanol and acetonitrile
(J. T. Baker, USA) were used as is. Distilled water
was treated with a Milli-Q purification system (Mil-
lipore, USA) before use. Methanesulfonic acid (Al-
drich, USA) was vacuum distilled before use.
pBondapak C,s (Phenomenex, USA), Spherisorb
Cs and ODS-2 (Phase Separations, USA), Ul-
trasphere  ODS (Beckman, USA), Supelco
LC-18DB (Supelco, USA) and Pecosphere Cig
(Perkin-Elmer, USA) columns were used.

Procedure

To demonstrate the practicality of computer sim-
ulations in the optimization of reversed-phase
HPLC methods, DryLab G/plus and I/plus were
used to aid in the development of four HPLC meth-
ods designed to assess the purity of drug com-
pounds or synthetic intermediates. Overall, the sep-
aration goals were defined with an emphasis on the
rugged separation of the maximum number of
peaks. Of secondary importance was the speed of
the separation.

Appropriate HPLC solvents were prepared to
give good peak shapes and efficiencies for the com-
pounds of interest. These mobile phase choices were
based either on previous HPLC experience with the
compounds of interest (examples 1 and 4) or on a
“best guess” basis given the expected chromato-
graphic behavior of the test compounds (examples 2
and 3). Two linear gradients were then run for each
test compound over the same gradient range and
with the same flow-rate. The gradient time of the
first run was set at 15-20 min, while the gradient
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time for the second run was 34 times longer. Peaks
were tracked during the optimization experiments
based on their relative areas. Retention time data
for observed peaks from the pairs of gradient test
runs were entered into the DryLab G/plus program
along with other data concerning the separation
(flow-rate, temperature, organic solvent, column di-
mensions, etc.). Separation conditions including
gradient shape, range, flow-rate, column dimen-
sions, etc., could all be manipulated within the pro-
gram, essentially to run separation experiments for
projecting optimum conditions.

After the computer simulations were completed,
the optimum predicted conditions were experimen-
tally validated. The theoretical predictions from the
computer simulations were then compared to the
actual HPLC chromatograms. When possible,
peaks were identified following optimization using
authentic standards.

RESULTS

Gradient optimization

The first test involved a purity assay for the ex-
perimental drug substance zalospirone which, in its
crude form, could have a number of impurities in-
cluding synthetic intermediates and by-products.
The initial linear gradient trials are shown in Fig.
1A and B. Changes in peak resolutions and even
elution order between the two trials are evident. Us-
ing the information from these trials, 14 DryLab
experiments were carried out before the optimum
separation conditions depicted in Fig. 1C were ar-
rived at with a total time of about 40 min at the
computer. This is significantly less than the approx-
imately 9 h of instrument time that would have been
needed to perform the actual experiments.

Table I shows a comparison between the DryLab
G/plus computer predicted retention times for the
computer-optimized gradient separation and the
experimentally observed retention times. Despite
some minor differences, the final separation shown
in Fig. 1C appears to be quite suitable with good
resolution between all peaks.

A second use of DryLab G/plus involved the sep-
aration of the experimental drug substance
WY-47 384 from possible synthetic impurities. Us-
ing basically the same mobile phases and column as
for zalospirone, initial gradient trials were run as
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Fig. 1. (A, B) Results of initial gradient experiments run to acquire data for DryLab G/plus on crude zalospirone (peak 5). Mobile
phase: 6 ml methanesulfonic acid/l water at pH 3.0 with KOH-acetonitrile. Column: 30 x 0.39 cm 1.D. uBondapak C,g, 10 pm. Flow:
1.5 mljmin. Gradient: 0 to 80% acetonitrile in 15 min (A) and in 80 min (B). (C) Optimized gradient separation based upon DryLab
G/plus predictions. Gradient: 0% acetonitrile for 3 min, then to 48% acetonitrile by 28 min, and to 80% acetonitrile by 33 min. Sample:

20 ul of crude zalospirone in methanol-dichloromethane (9:1). Peaks: 1

impurities; 5 = zalospirone; 6 = dimeric impurity.

shown in Fig. 2A and B. After 10 computer sim-
ulations were performed, an optimum gradient was
arrived at as shown experimentally in Fig. 2C. The
resolution between peak 2 and peak 3 (WY-47 384)
is now very good with this optimized, segmented

TABLE 1

COMPARISON OF ACTUAL RETENTION TIMES WITH
DryLab G/plus PREDICTIONS FOR AN OPTIMIZED GRA-
DIENT SEPARATION OF ZALOSPIRONE FROM IMPU-

RITIES

Conditions: see Fig. 1.

= synthetic precursor; 2 = dichloromethane; 3, 4, 7 =

gradient. Table II compares the DryLab G/plus
predicted retention times with found results.
Similarly, DryLab G/plus was utilized to develop
a purity assay for 2-methylcarboxybenzaldehyde
(2ZMCBA). Using acetonitrile—water, the initial gra-

TABLE II

COMPARISON OF ACTUAL RETENTION TIMES WITH
DryLab G/plus PREDICTIONS FOR AN OPTIMIZED GRA-
DIENT SEPARATION OF WY-47 384 FROM IMPURITIES

Conditions: see Fig. 2.

Peak Retention time (min)
DryLab Actual Peak Retention time (min)
1 7.1 7.1 DryLab Actual
2 9.6 10.6
3 14.3 13.8 1 11.6 10.6
4 22.7 20.7 2 20.6 19.7
5 25.2 233 3 22,6 235
6 29.3 26.7 4 29.8 29.7
7 323 29.8 5 373 374
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Fig. 2. (A, B) Results of initial gradient experiments run to acquire data for DryLab G/plus on crude WY-47 384 (peak 3). Mobile
phase: 6 ml methanesulfonic acid/l water at pH 3.0 with KOH-acetonitrile. Column: 30 x 0.39 cm L.D. uBondapak C, 4, 10 um. Flow:
1.5 ml/min. Gradient: 0 to 80% acetonitrile in 20 min (A) and in 80 min (B). (C) Optimized gradient separation based upon DryLab
G/plus predictions. Gradient: 5 to 10% acetonitrile in 20 min, then to 80% acetonitrile by 40 min. Sample: 20 ul of crude WY-47 384 in
acetonitrile. Peaks: 1, 2 = synthetic precursors; 3 = WY-47 384; 4, 5 = synthetic by-products.

dient trials were performed as shown in Fig. 3A and
B. Seven computer simulations gave the separation
conditions used to generate the chromatogram
shown in Fig. 3C which shows excellent resolution
between impurity peaks 2 and 3 with the separation
carried out in about 25 min. Comparisons between

TABLE III

COMPARISON OF ACTUAL RETENTION TIMES WITH
DryLab G/plus PREDICTIONS FOR AN OPTIMIZED GRA-
DIENT SEPARATION OF 2MCBA FROM IMPURITIES

Conditions: see Fig. 3C.

Peak Retention time (min)
DryLab Actual

1 8.6 10.9
2 11.7 13.2
3 12.6 14.2
4 15.1 15.8
5 17.2 17.7
6 18.6 18.9
7 23.0 23.2

predicted and found retention times for this gra-
dient separation are shown in Table III.

Finally, a method was developed to detect dimer-
ic impurities in cyclooctatetraene. The initial meth-
anol/water gradient trials (Fig. 4A and B) led to an
optimized gradient shape shown in Fig. 4C after 8
computer simulations. Retention time comparisons
are presented in Table IV.

TABLE 1V

COMPARISON OF EXPERIMENTAL RETENTION
TIMES WITH DryLab G/plus PREDICTIONS FOR THE OP-
TIMIZED GRADIENT SEPARATION OF COT FROM IM-
PURITIES

Conditions: see Fig. 4C.

Peak Retention time (min)
DryLab Actual

1 10.3 11.0

2 11.2 1.9

3 20.1 20.6

4 20.8 21.3
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Fig. 3. (A, B) Results of initial gradient experiments run to acquire data for DrylLab G/plus for 2-methylcarboxybenzaldehyde (peak 4).
Mobile phase: water—acetonitrile. Column: 15 x 0.46 cm 1D, Spherisorb Cg, 5 um. Flow: 1.5 ml/min. Gradient: 10 to 90% acetonitrile
in water in 20 min (A) and in 80 min (B). (C) Optimized gradient separation based upon DryLab G/plus predictions. Gradient: 5 to 20%
acetonitrile in 10 min then to 65% acetonitrile by 20 min. Sample: 10 ul of 2-methylcarboxybenzaldehyde at 10 mg/ml in acetonitrile.

Peaks: 1-3 = impurities; 4 = 2MCBA; 5-7 = impurities.
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Fig. 4. (A, B) Results of initial gradient experiments run to acquire data for DryLab G/plus for cyclooctatetraene (COT, peak 1).
Mobile phase: water—methanol. Column: 25 X 0.46 cm I.D. Spherisorb ODS-2, 5 um cartridge. Flow: 1.25 ml/min. Gradient: 55 to
100% methanol in 15 min (A) and in 45 min (B). (C) Optimized gradient separation based upon DryLab G/plus predictions. Gradient:
55% to 65% methanol in 8.5 min then to 100% methanol from 8.5 to 20 min. Sample: 10 ul of COT at 5 mg/ml in methanol. Peaks: 1 =

COT; 2 = unknown impurity; 3, 4 = dimeric impurities.
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Fig. 5. Optimized analytical scale isocratic separation of dimers from COT based on DryLab I/plus predictions from the gradient
separations shown in Fig. 4A and 4B. Mobile phase: methanol-water (83:17). Columns and flow-rates: (A) 25 x 4.6 cm 1.D. Spherisorb
ODS-2 (5 um), 1.25 ml/min, (B) 7.5 x 0.46 cm I.D. Ultrasphere ODS (3 um), 2 ml/min and (C) 3.3 x 0.46 cm 1.D. Pecosphere Cs(3
um), 2 mi/min. Sample: 10 gl of COT at 5 mg/ml in methanol. Peaks: 1 = COT; 2, 3 = dimers.

Isocratic optimization

Because a simple method to test only for dimers
in COT was desired, computer simulations using
the data generated from Fig. 4A and 4B (initial gra-
dient trials) were performed with DryLab I/plus to
arrive at suitable isocratic conditions for this assay.
A reasonable separation could be performed on the
25 cm column used initially (Fig. 5A) with an opti-
mized mobile phase composition of 8§3% methanol

TABLE V

obtained directly from computer simulations; how-
ever, the column optimization functions of DryLab
I/plus also suggested that satisfactory separation
could be maintained on short, 3 um particle col-
umns with the same mobile phase composition to
greatly reduce analysis time to under 3 min as
shown in Figs. 5B and C. A comparison between
DryLab I/plus predictions and confirming HPLC
experiments is given in Table V. The resolutions be-

COMPARISON OF EXPERIMENTAL RETENTION TIMES WITH DryLab I/plus PREDICTIONS FOR THE OPTIMIZED
ISOCRATIC SEPARATIONS OF COT FROM IMPURITIES ON VARIOUS COLUMNS

Conditions: see Fig. 5.

Peak Retention time (min)

Spherisorb ODS-2 Ultrasphere ODS Pecosphere C, 4

DryLab Actual DryLab Actual DryLab Actual
CoT 42 4.6 0.9 1.0 0.4 0.5
Dimer 1 16.8 16.8 3.2 4.0 14 1.8
Dimer 2 21.5 21.7 4.1

5.3 1.8 23
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Fig. 6. Optimized semi-preparative isocratic separation of dimers from COT based on DryLab I/plus predictions from the gradient
separations shown in Fig. 4A and 4B. Mobile phase: methanol-water (83:17). Column: 25 x 1 ¢cm L.D. Supelco LC-18DB (5 um) at a
flow-rate of 6.0 ml/min. Sample: 2 ul (1.85 mg) of neat COT (A) and 200 ul (185 mg) (B). Peaks: 1 = COT; 2, 3 = dimers.

tween the peaks of interest are large enough to pro-
vide for a very rugged separation.

The utility of DryLab I/plus for scaling separa-
tions upward was also demonstrated for the sep-
aration of COT from dimers. In order to collect
fractions of the COT dimer peaks for off-line identi-
fication by MS and NMR, the separation was
moved to a semi-preparative system, again based

TABLE VI

COMPARISON OF EXPERIMENTAL RETENTION
TIMES WITH DryLab I/plus PREDICTIONS FOR THE OP-
TIMIZED SEMI-PREPARATIVE ISOCRATIC SEPARA-
TION OF COT FROM IMPURITIES

Conditions: see Fig. 6A (2-pl injection).

Peak Retention time (min)
DryLab Actual

1 10.3 11.0
11.2 11.9

3 20.1 20.6

directly on the predictions from the initial gradient
trials of Fig. 4A and 4B. The results presented in
Table VI and Fig. 6 show that the computer opti-
mized separation was accurate and rugged enough
to allow for the injection of 200 ul (about 185 mg)
of neat COT on a 25 X 1 cm Supelco LC-18DB
column at a flow-rate of 6.0 ml/min. It is apparent
from Fig. 6B that more than 185 mg of COT could
have been loaded onto the semi-preparative column
while still maintaining good resolution between the
dimer peaks; however the 200-ul injection size was
convenient with the WISP autosampler used for the
isolation procedure.

DISCUSSION

Overall excellent predictions of retention behav-
ior were observed using DryLab software as an aid
in HPLC method development and optimization.
Furthermore, many hours of analyst and instru-
ment time and solvents were saved through the use
of computer simulations. It is likely that better,
more rugged separations were achieved using sim--
ulations since time restraints may not have allowed
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such a number of “real” experiments and a less op-
timized solution may have been chosen. To assess
their impact on the desired separation, the simula-
tions allow for a wide variety of gradient times, gra-
dient profiles (linear versus segmented), column di-
mensions, particle sizes, flow-rates, etc. to be ex-
plored very rapidly and accurately.

Remarkably, separation predictions worked well
for COT separations despite the fact that the col-
umn packing brands used for experimental HPLC
separations were changed several times from that
used to acquire initial data for the DryLab pro-
gram. Indeed, many of the differences in observed
versus predicted retention are probably due largely
to the varying column packing chemistries used in
the experiments, and not due to errors in the soft-
ware algorithms.

L. Wrisley | J. Chromatogr. 628 (1993) 191-198
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ABSTRACT

A rapid high-performance liquid chromatographic analysis for the simultaneous separation of five naturally occuring polyamines
(agmatine, putrescine, cadaverine, spermidine and spermine) is described. Postcolumn derivatization with o-phthalaldehyde is used.
The separation systems consisted of a strong cation-exchange column, an elution buffer consisting of 1 M sodium citrate (pH 5.4), a
mixing coil for the chemical reaction and a spectrofluorimetric detector. The derivatized fluorescent compounds were detected at 340
nm (excitation) and 455 nm (emission). The recoveries of the polyamines were 94.5-107.0% with a standard deviation of 0.83-7.65%.

INTRODUCTION

Polyamines, such as agmatine, putrescine, cada-
verine, spermidine and spermine, play an important
role in cell fission, nucleotide biosynthesis and pro-
tein biosynthesis in both animals and plants. In
fruits, many researchers have reported that free po-
lyamine levels declined during fruit development
and increased during fruit maturation and ripening
[1-5]. These findings implied that free polyamine
serves as an endogenous antisenescence agent in a
number of plants [6]. On the other hand, ethylene is
a senescence-promoting hormone and accelerates
fruit and vegetable ripening. In contrast, free poly-
amines inhibited ethylene production in some tis-
sues. It is suggested that polyamines and ethylene
have opposite effects in relation to plant ripening
and senescence [7-9].

Methods for the determination of polyamines in
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periment Station, Ministry of Agriculture, Forestry and Fisher-
ies, Fukuyama City, Hiroshima 721, Japan.
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plants using thin-layer and high-performance liquid
chromatography (HPLC) have been reported [10-
14]. In these HPLC methods the polyamines were
derivatized to either dansylates or benzoylates be-
fore the separation. Recently, o-phthalaldehyde re-
agent (OPA) has been successfully applied to poly-
amine assays as derivatization reagent in the precol-
umn [15] and postcolumn modes [16].

We have developed a rapid and sensitive HPLC
method for the determination of the five natural
polyamines agmatine (I), putrescine (IT), cadaverine
(IID), spermidine (IV) and spermine (V) (Fig. 1) in
vegetables with postcolumn fluorimetric derivatiza-
tion. The objective was to establish the separation
procedure and to determine polyamines of interest
in vegetables in a single chromatographic run.

EXPERIMENTAL

Apparatus

The system consisted of two Model 880-51 de-
gassers, two Model 880 PU LC pumps for the liquid
chromatograph, a Model 850 AS autosampler, a

1993 Elsevier Science Publishers B.V. All rights reserved
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NHZ\/\/\NHﬁ:m NH2 "\ NH2
I Agmatine Il Putrescine

NHz N\ A\~ NH2 NH2 "\ NH - ~"NNH2
III Cadaverine IV Spermidine

NH2N A NH SNUAN NH SN NH2
V  Spermine

Fig. 1. Structures of polyamines I-V.

Polyaminepak (strong cation-exchange resin, 5-um
particle size) column (3.5 cm X 6 mm 1.D.) Japan
Analytical Spectro, Tokyo, Japan), a Model 860
column over (70°C), a stainless-steel mixing coil (30
cm X 0.8 mm 1.D.), an FP 210 spectrofluorimetric
detector (excitation at 340 nm, emission at 455 nm)
and a SIC Chromatorecordor 12 recorder. The sys-
tem was controlled by a Model 801SC system con-
troller. All instruments were purchased from Japan
Analytical Spectro.

Reagents

Agmatine dihydrochloride and putrescine dihy-
drochloride were obtained from Wako (Osaka, Ja-
pan) and cadaverine dihydrochloride, spermidine
trihydrochloride and spermine from Aldrich (Mil-
waukee, WI, USA). Other chemicals were of analyt-
ical-reagent grade (Wako).

Materials

Six vegetables, komatu-na (Brassica rapa L.),
kaiware-daikon (Japanese radish; Raphanus acan-
thiformis Morel), broccoli (Brassica oleracea var.
italica, cv. Charade), senpou-sai (Brassica napus),
benri-na (Brassica campestris ssp.) and spinach
(Spinacia oleracea), were grown and harvested at
Chugoku National Agricultural Experiment.Sta-
tion, Ministry of Agriculture, Forestry and Fisher-
ies of Japan.

Sample preparation

Leaves of komatu-na, benri-na and spinach, ed-
ible cotyledon of kaiware-daikon and buds of broc-
coli were taken by cutting with a knife and collected
at random, then used as samples. A 1.0-g amount of

H. Ohta et al. | J. Chromatogr. 628 (1993) 199-204

sample was placed in a 30-ml glass vial containing 7
ml of 5% perchloric acid (HCIO,), then homoge-
nized for 1 min with a Polytron (Nichion Rika
Equipment, Tokyo, Japan). The homogenate was
placed for 1 h in an ice-cold water-bath (0°C) to
accelerate protein precipitation [17], followed by
centrifugation at 35000 g for 20 min (2°C). The
supernatant was stored at —20°C until analysis. A
portion of the defrosted supernatant was filtered
with a 0.45-um filter (Millipore Japan, Tokyo, Ja-
pan). A 10-ul volume of filtrate was applied to the
HPLC column. All treatments were performed in
triplicate and average values are given.

HPLC conditions

Fig. 2 presents a schematic diagram of the HPLC
system. A mixture of 100 ml of acetonitrile and 900
ml of 1.0 M sodium citrate (adjusted to pH 5.4 with
60% HCIO,) was pumped at a flow-rate of 0.65 ml

0.65 ml min -1

—_—

é Deg Q- 1

Moble Phase (pH 5.4) Autosampler
10% Acetonitrile
in 1.0 M Sodium Citrate System
H Controller
.
\
: r=r- E
)
! : Column I: Polyaminepak E
L}
' I ! ‘
— ! | | '
Degasser _‘O'_—I_— (""'""
1
Pump | I '
| ) Mixing Coil :
| | '
Reaction R t L-t-- :
ion Reagen
8 Column Oven (70°C) !
L}
'
'
Fluorescence | ___ ___ 3
Detector H
L}
1
! ,
L}
. Recorder- { ______ 4
Drain Integrator

Fig. 2. Schematic diagram of the HPLC system. A postcolumn
reaction solution was prepared by adding 2.0 ml of 2-mercap-
toethanol, 2 ml of 30% Briji 35 and 0.8 g of OPA dissolved in 20
ml of ethanol to 980 ml of 0.4 M boric acid containing 0.4 M
potassium hydroxide, and protected from light.
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min~! as the mobile phase. Duplicate 10-ul vol-
umes of the sample filtrate described above were
injected into the HPLC column. A postcolumn re-
action solution was prepared by adding 2.0 ml of
2-mercaptoethanol, 2 ml of 30% Briji 35 and 0.8 g
of OPA dissolved in 20 ml of ethanol to 980 ml of
0.4 M boric acid containing 0.4 M potassium hy-
droxide. The reaction solution was protected from
light, pumped at a flow-rate of 0.7 ml min~' and
mixed with the column eluate to convert the poly-
amine into the fluorescent derivative. This com-
pound was measured with a spectrofluorimeter. The
column oven and the reaction coil were maintained
at 70°C. The values of two injections were averaged.

Recovery studies

Recovery was estimated only using cotyledons of
kaiware-daikon. Polyamines I-1V were dissolved in
5% HCIO, to a final concentration of 0.2 mA/. The
samples were treated as described above, then 10 ul
of the filtrate were injected into the HPLC column.
The recoveries were determined by subtracting the
values obtained for control vegetable tissue homo-
genization. The recovery experiment was performed
with five replicates and mean values with the stan-
dard deviations are reported.

RESULTS AND DISCUSSION

Determination of chromatographic conditions

Mobile phase. In order to separate five typical po-
lyamines, we tried several elution systems, i.e., ace-
tonitrile-sodium dihyrogenphosphate and acetoni-
trile-sodium citrate, using a cation-exchange resin
(PolyaminePak) and an isocratic elution system.
The pH of the mobile phase was adjusted to 5.4
with 60% HCIO,. Both acetonitrile-1.0 M sodium
dihyrogenphosphate (10:90, v/v) and acetoni-
trile-1.0 M sodium citrate (10:90, v/v) gave the best
separation and resolution for all five compounds in
45 min. In this study, we selected 10% acetoni-
trile-1.0 M sodium citrate (pH 5.4) as the mobile
phase. A typical chromatogram is shown in Fig. 3,
the retention times for putrescine (IT), cadaverine
(I1I), spermidine (IV), agmatine (I) and spermine
(V) being 4.8, 12.0, 16.5, 26.5 and 40.0 min, respec-
tively.

Optimum concentration of reagent. We used OPA
reagent as the reaction solution in order to convert
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Fig. 3. Chromatogram of polyamines I-V. For operating condi-
tions, see text.

polyamine into the fluorescent compounds. Fig. 4
shows the relationship between OPA concentration
in the reaction solution and the peak area of four
polyamines (I-IV) detected by spectrofluorimetry.
In this study, 10 ul each of 125 mAM polyamine stan-
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o-Phthalaldehyde Concentration (g liter-l)

Fig. 4. Relationship between the peak area detected and the OPA
reagent concentration. For operating conditions, see text.
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dards were injected into the HPLC column. For the
OPA concentration range studied (0.2-1.6 g1™%), a
0.2 g 17! concentration gave the maximum peak
area except for IV in the concentration. However,
the polyamine concentration studied was 1.25
nmol, and it would be necessary to increase the
OPA reagent concentration in the presence of the
higher concentrations of polyamines.

Linearity. In order to check the linearity of the
relationship between the polyamine levels and the
peak area using the above serparation system, 1
mM stock standard solutions of the five polyamines
were prepared and suitably diluted with 5%
HCIlO,. Various amounts of the standard solution
were injected into the HPLC column described
above. Fig. 5 presents the calibration graphs for the
five polyamines. All the graphs exhibited good lin-
earity and obeyed Beer’s law in the investigated
concentration range of 0.06-5.00 nmol. The regres-
sion equation y = ax + b, where x is the concentra-
tion of polyamine (nmol) and y is the peak area, and
the correlation coeflicients (r) of the polyamines
were as follows: for agmatine (I), y = 4.573x +
0.0545 (r = 0.991); for putrescine (I), y = 10.882x
+ 2.2657 (r = 0.991); for cadaverine (III), y =
13.543x + 1.4795 (r = 0.996), for spermidine (IV),
y = 4.838x + 0.5630 (r = 0.991); and for spermine

80

60 - 1

]
11

peak Area (x10°%)

Polyamines (nmol)

Fig. 5. Calibration graphs for polyamines I-V (peak area detect-
ed versus nanomoles of polyamines injected). I = Agmatine;
IT = putrescine; III = cadaverine; IV = spermidine; V = sper-
mine. For conditions and regression equation, see text.
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(V),y = 0.481x + 0.0202 (r = 0.999). These results
suggest that the proposed HPLC method is suffi-
ciently sensitive to detect the five polyamines. Sper-
mine (V) had the lowest sensitivity.

Recovery of polyamines from vegetable homogenates

Measured amounts of four polyamines (I-IV)
were added to a sample homogenate of Japanese
radish cotyledons (kaiware-diakon) with known
levels of the compounds and were then determined
by the proposed procedure. The recoveries of the
polyamines were 94.5-107.0% with a standard de-
viation of 0.83-7.65% (Table I). Of the polyamines
studied, it was appeared that the agmatine content
varied more than the others.

Application
The contents of polyamines in the six selected
vegetables were determined to demonstrate the val-
“idity of the method. The peaks were identified by
adding a mixture of reference compounds to the
sample solution before injection. Fig. 6 shows typ-
ical chromatograms of polyamines in the three veg-
etables. Table IT gives the results expressed as nmol
g~ ! (fresh mass). Spermine (V) was not detected in
any of the vegetables investigated. It has been re-
ported that the contents of polyamines, particularly
putrescine, spermidine and spermine, are abundant
during seed germination of Phaseolus mungo [18]
and that putrescine, cadaverine and agmatine are
also abundant in bean seedlings [19]. In this study,
the radish cotyledon (kaiware-daikon) contained
more agmatine and putrescine, which agreed with
the results reported by others [18,19]. Of the polya-
mines detected in the vegetables other than kai-
ware-daikon, spermidine was predominant, fol-
lowed by cadaverine and/or putrescine in order of
decreasing concentration.

CONCLUSIONS

A rapid useful HPLC analysis for five polya-
mines, agmatine, putrescine, cadaverine, spermi-
dine and spermine, in vegetables was established.
Polyamines were extracted from the vegetables by
homogenization in 5% HCIO,, followed by centrif-
ugation. The supernatant was filtered and injected
into the HPLC column. The separated polyamines
were converted into fluorescent derivatives reaction
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TABLE 1

RECOVERIES OF POLYAMINES I-1IV FROM COTYLEDON OF KAIWARE-DAIKON (RAPHANUS ACANTIFORMIS MO-
REL)

For operating conditions, see text.

Polyamine Added Recovered Recovery Mean recovery + S.D. (%)
(nmol) (nmol) (%)
1 0.50 0.545 109.0 107.0 £+ 7.65
1.00 1.029 102.9
2.00 1.920 96.0
3.00 3.465 115.5
4.00 4.460 111.5
I 0.50 0.480 96.0 96.2 + 0.83
1.00 0.975 97.5
2.00 1.922 96.1
3.00 2.856 95.2
4.00 3.852 96.3
11 0.50 0.473 94.6 94.5 £ 0.93
1.00 0.953 95.3
2.00 1.878 93.9
3.00 2.859 95.3
4.00 3.736 93.2
v 0.50 0.476 95.2 105.2 + 6.41
1.00 1.059 105.9
2.00 2.076 103.8
3.00 3.357 111.9
4.00 4372 109.3
TABLE 11

CONTENTS OF POLYAMINES I-IV IN SIX VEGETABLES

For operating conditions, see text.

Vegetable Polyamine® (nmol/g ™! fresh mass)

I 1I 1 v \%
Cotyledon of kaiware-daikon 4180 3887 —b 319.0 -
Broccoli 1.39 358.0 - 751.0 -
Komatsu-na - 87.4 1123 369.5 -
Senpou-sai - 94.1 - 301.0 -
Benri-na - 45.5 64.9 307.9 -
Spinach - 27.5 - 98.4 -

4 Average values of triplicate measurements.
b —, Not detected.
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Fig. 6. Chromatograms of polyamines I-1V in (A) komatu-na, (B) kaiware-daikon and (C) broccoli. For the HPLC conditions, see text.

with OPA reagent, then detected by spectrofluorim-
etry.
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ABSTRACT

The partitioning behaviour of ecdysone and 20-hydroxyecdysone in aqueous two-phase systems was characterized. Primary systems
were composed of an ethylene oxide—propylene oxide random copolymer, UCON 50-HB-5100, and dextran T500. The ecdysteroids
were first partitioned in a two-phase system with a UCON-rich upper phase and a dextran-rich lower phase. After the phases had
separated, the upper phase was removed and isolated in a separate container. This UCON solution was placed in a water bath and the
temperature increased above the cioud point of the polymer. This resulted in the formation of a new two-phase system with an upper
water-buffer phase and a lower UCON phase. Ecdysteroids partitioned mainly to the final upper water phase in this new two-phase
system. Therefore, temperature-induced phase separation could be utilized to recover UCON polymer and obtain ecdysteroids in a
water—buffer solution. The partitioning behaviour was manipulated by adding ethanol, sodium chloride or sodium sulphate to the
primary two-phase systems. The recovery of ecdysteroids increased when ethanol was added to the system. In a two-phase system with
an ethanol concentration of 20%, recovery was 73.6% for ecdysone and 85.6% for 20-hydroxyecdysone.

INTRODUCTION

Partitioning in aqueous two-phase systems is a
standard technique for separation and purification
of biomolecules [1-4]. Recently, temperature-in-
duced phase separation has been introduced for en-
zyme purification [5,6]. This technique is possible
because of the relatively low cloud point (50°C) of a
random copolymer of 50% (w/w) ethylene oxide
and 50% (w/w) propylene oxide (UCON 50-
HB-5100). UCON is mixed with either dextran or
hydroxypropyl starch to form an aqueous two-
phase system with an upper UCON-rich phase and

Correspondence to: F. Tjerneld, Department of Biochemistry,
Chemical Center, University of Lund, $-221 00 Lund, Sweden.
* Formerly Patricia A. Harris.
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a lower phase enriched in either dextran or hydrox-
ypropyl starch. When the target enzyme or other
substance partitions to the upper UCON phase, this
phase can be removed and the temperature in-
creased above the cloud point of UCON. This re-
sults in the formation of a new aqueous two-phase
system consisting of an upper water-buffer phase
and a lower UCON-rich phase. Enzymes partition
strongly to the upper phase of this new system, and
the lower UCON phase can be recovered and recy-
cled. The cloud point of UCON can be lowered by
changing the ratio of ethylene oxide—propylene ox-
ide groups or by addition of salts such as sodium
sulphate or sodium chloride.

Ecdysteroids are a group of polyhydroxylated
steroids derived from cholesterol through a variety
of metabolic pathways found primarily in the Ar-
thropoda [7,8]. These are phylogenetically old ste-

1993 Elsevier Science Publishers B.V. All rights reserved
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roids [9] that are also found in plants and other
invertebrate phyla [10,11]. Most ecdysteroids are
precursors or metabolites of ecdysone (x-ecdysone:
283,358,140,22 R,25-pentahydroxy-5-f-cholest-7-en-
6-one) and 20-hydroxyecdysone (f-ecdysone), the
hormones that regulate the moulting cycle of an-
thropods [7]. 20-Hydroxyecdysone has also been
implicated as a potential sex pheromone in some
Crustacea [12-14]. Commercially, ecdysone and 20-
hydroxyecdysone are important insecticides [15,16].
Recently these steroids have been detected in the
urine of humans parasitized by helminths and ne-
matods [17,18] or suffering from other medical dis-
orders [19]. Consequently, ecdysteroids are medi-
cally important in the diagnosis of some patholog-
ical conditions in humans [19].

Karlson et al. [20] first obtained ecdysones from
silkworm pupae, Bombyx mori, and described the
original extraction and quantification procedures
[21]. Two extraction procedures were described.
One utilized methanol, butanol and light petroleum
(b.p. 65-117°C) in several steps to obtain the desir-
ed compounds, while the other applied hot water
(80-90°C) and butanol. In each, quantification of
the ecdysones was by weight of the residue obtained
in the final step after the solvent, methanol or buta-
nol, was evaporated. Verification of the desired
compound was obtained through a bioassay that
tested its ability to initiate moulting in the pupae of
a dipteran fly, Calliphora erythrocephala [21]. Since
the work of Karlson and Shaaya [21], a few mod-
ifications have been made to the extraction proce-
dures [8,11,22,23]. Methanol remains the primary
solvent and the desired product is obtained after a
number of steps. Detection and quantification of
the ecdysones have become more sophisticated but
increasingly complex and time-consuming [23-27].
The least complex and most sensitive method is the
use of reversed-phase high-performance liquid
chromatography (RP-HPLC) combined with UV
absorption spectrophotometry [11,24,28-30].

One problem with using two-phase partitioning
to purify steroids is that most steroids are insoluble
in water. There have been two previous studies pub-
lished on the partition of steroids [31,32]. Johans-
son and Joelsson [32] partitioned steroids in two-
phase systems composed of polyethylene glycol
(PEG), dextran and N,N-dimethylformamide.

Shanbhag et al. [31] partitioned testosterone, corti-
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sol and oestradiol, both free and bound to hormone
receptor proteins, in a two-phase system composed
of PEG and dextran. It is of interest to note that,
while these steroids are relatively insoluble in water,
they were soluble at low concentrations in an aque-
ous PEG-dextran two-phase system. Ecdysone and
20-hydroxyecdysone are unique among steroids be-
cause they are water-soluble. These molecules are
identical in structure except for substitution of a
hydroxyl group for a hydrogen at position 20 on
20-hydroxyecdysone. This substitution results in
different hydrophobicities for these two molecules,
with ecdysone being the most hydrophobic.

Aqueous two-phase systems offer an inexpensive
and simple method for separation of many biomol-
ecules [33]. A purification scheme for enzymes uti-
lizing temperature-induced phase separation has al-
so been developed [5,6]. By applying this system it is
possible to recover the target molecules in a water
phase free of polymers without additional ultrafil-
tration or dialysis steps. Therefore, application of
an aqueous two-phase system and temperature-in-
duced phase separation eliminates time-consuming
and therefore expensive purification steps previous-
ly necessary to remove any organic solvents used in
ecdysteroid extraction. In addition, separation us-
ing aqueous two-phase systems is a rapid process
that does not require any specialized equipment,
and the ecdysteroid is obtained in an inert aqueous
solution. Therefore, it would be advantageous to
develop a method utilizing this system for detection
and purification of ecdysone and 20-hydroxyecdy-
sone. However, before such a scheme can be devel-
oped, it is necessary to determine how these mole-
cules are distributed in an aqueous two-phase sys-
tem, and how to manipulate the system to achieve
desirable partitioning. With this objective in mind,
the partitioning behaviour of these molecules in
both an initial UCON—dextran system and a new
UCON-water system induced by increasing the
temperature was studied. The systems were also
modified by adding either salt or ethanol or a com-
bination of these two and observing any effect on
the molecules’ partitioning.

EXPERIMENTAL

Chemicals
UCON 50-HB-5100 [monobutyl ether of ethyl-
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ene oxide (EO)-propylene oxide (PO) random
copolymer, EO/PO weight ratio 1:1, M, 4000] was a
kind gift from Union Carbide (New York, NY,
USA). Before use in experiments, UCON polymer
was ultrafiltered using a Filtron ultrafiltration unit
(membrane cut-off 1000 molecular weight) (Filtron
Technology Corporation, Clinton, MA, USA) to
remove contaminants with light absorption at 280
nm. Dextran T500, M, 500 000, was obtained from
Pharmacia (Uppsala, Sweden). All other biochem-
icals were of analytical reagent grade.

Ecdysteroids

Both ecdysteroids were purchased from Sigma
(St. Louis, MO, USA) in crystalline form (>95%
purity). a-Ecdysone, C,;7;H4406, molecular mass
464.6 (EC 3604-87-3) (1, Fig. 1), was dissolved in
20% methanol and water. f-Ecdysone, C;7H 4407,
molecular mass 480.6 (EC 5289-74-7) (2, Fig. 2),
was dissolved in water.

Ecdysteroid concentration was determined pho-
tometrically using a Shimadzu UV-240 double-
beam spectrophotometer. The extinction coefficient
for a-ecdysone was £250 = 5614 M~ ! cm ™! and for
B-ecdysone g250 = 4478 M~ cm ™! [20].

Two-phase systems and temperature-induced phase
separation

All polymer concentrations were calculated as
weight percentages. The dextran T500 stock solu-
tion was 20% (w/w). The concentration of dextran
was determined by polarimetry using an Optical
Activity AA-10 automatic polarimeter (Optical Ac-
tivity, UK) equipped with a sodium lamp set for 589
nm [2]. UCON stock solution was prepared as fol-
lows: after ultrafiltration, diluted UCON solution
was placed in a water bath at 56°C for 30 min until a
lower, concentrated UCON phase and an upper

Fig. 1. Structure of a-ecdysone (compound 1).
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Fig. 2. Structure of 20-hydroxyecdysone (f-ecdysone; compound
2).

water phase were formed. The lower UCON phase
was isolated and the UCON concentration deter-
mined using an immersion refractometer with an L1
prism (Carl Zeiss, Germany). This concentrated
UCON was diluted to 40% (w/w) and used as stock
solution for all experiments.

Aqueous two-phase systems were prepared from
the above stock solutions of polymers in water.
Polymer solutions were weighed out and mixed
with water, buffer, ecdysteroids and in some cases
salt and/or ethanol. Phase systems were separated
by centrifugation at 125 g for 10 min. The upper
UCON:-rich phase was removed and isolated in a
separate container before being placed in a water
bath at 56°C for 15 min. In one set of experiments
(systems with 5% or 10% ethanol), sodium sul-
phate was added to this upper phase to a concentra-
tion of 0.1 M before the temperature increase. In a
second set of experiments, sodium chloride was
added to a concentration of either 0.05 M (systems
with 5% or 10% ethanol) or 0.1 M (system with
20% ethanol) before temperature increase. This
temperature increase resulted in the formation of a
new phase system consisting of an upper water
phase and an aqueous lower phase that was en-
riched in UCON [5,6]. Owing to its high viscosity,
this lower UCON-rich phase was diluted by a factor
of 10 before analysis, while the upper water-rich
phase was analysed without dilution.

Methanol was added to a concentration of 45%
to the lower, dextran-rich phase from the first parti-
tioning step. The methanol caused dextran to pre-
cipitate out of solution, and the tubes were centri-
fuged for 15 min at 200 g. The methanol super-
natant containing the ecdysteroids was removed for
analysis, and the dextran pellet was discarded.
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Two-phase partitioning of ecdysteroids

The partitioning of ecdysteroids between phases
was determined by removing appropriate amounts
from the methanol supernatant after dextran pre-
cipitation, the upper water phase at 56°C and the
Jower UCON-rich phase at 56°C, and subjecting
them to RP-HPLC analysis (see below, HPLC anal-
ysis). The concentration in the upper UCON phase
from the first partitioning step was calculated to be
the sum of the amount of ecdysteroids obtained in
the upper and lower phases formed by an increase
in temperature. For all partitioning experiments,
blank systems were made and samples were re-
moved and injected to determine any interference.
The partitioning of ecdysteroids between the two
phases is defined by the partition coefficient, X:

K = Ct/Cb

where C, and C, are the concentrations of parti-
tioned substance in the upper and lower phases, re-
spectively, under equilibrium conditions [2]. The
distribution ratio, G, is defined as:

G = K(V/Vv)

where V, and .V;, are the volumes of the upper and
lower phases, respectively, and therefore G gives the
ratio between total amount of ecdysteroid in each
phase [2].

HPLC analysis

RP-HPLC was used to determine the concentra-
tion of ecdysteroids in all samples [11,24,28-30]. A
Waters Delta Pak Cyg 100-A, 150 m X 3.9 mm LD.
column (Waters Chromatography Division, Tokyo,
Japan) was coupled to a Merck-Hitachi L-6200
pump (Merck-Hitachi, Tokyo, Japan) attached to a
Waters Model 441 absorbance detector with a fixed
wavelength of 280 nm connected to a potentiomet-
ric recorder. Before use, the column was equilibrat-
ed with 60% methanol and water. The flow-rate
was set at 0.7 ml min~*, and the pressure ranged
between 1680 and 1720 p.s.i. The injection volume
was set at 0.1 ml.

The elution volume and absorption for ecdy-
steroids were determined by injecting a-ecdysone
(1.0 mg m1~ 1) and B-ecdysone (0.5 mg ml~ '), both
separately and in a mixed sample. Elution volumes
were 2.4 ml and 2.2 ml, respectively. Standard peak
heights were 5.1 cm for 0.1 mg of a-ecdysone and

P. A. Alred et al. | J. Chromatogr. 628 (1993) 205-214

2.9 cm for 0.05 mg of B-ecdysone, with the detector
sensitivity set at 0.2 absorbance units.

Blank injections containing no ecdysteroids were
also made with UCON polymer, methanol super-
natant from the dextran lower phase, the upper wa-
ter phase from separation at 56°C and the lower
UCON phase from separation at 56°C. None of
these solutions eluted at the same volume as the
ecdysteroids.

RESULTS AND DISCUSSION

Partitioning of ecdysteroids in a UCON-dextran
system

Ecdysone (1) and 20-hydroxyecdysone (2) were
partitioned in a two-phase system composed of
5.0% UCON 50-HB-5100, 4.0% dextran T500, and
0.012 M sodium phosphate buffer, pH 7.0 (Table I).
The K value, which reflects the relative affinity of
the compound for the two phases, is affected by
many parameters, including hydrophobic interac-
tions [2,34]. Since UCON is more hydrophobic than
dextran, different partitioning behaviour can be
predicted for the two ecdysteroids, depending on
their hydrophobicity [35]. This trend was not re-
flected in their partitioning in the primary UCON-
dextran system, with X = 1.12 for ecdysone and
K = 1.30 for 20-hydroxyecdysone (Table IA).
However, when the upper UCON phase was re-
moved and the temperature increased to 56°C, the
more hydrophobic ecdysone partitioned much
more strongly to the lower UCON phase (K =
0.59) than 20-hydroxyecdysone (K = 1.34), which
was enriched in the upper water phase.

Addition of salt to the two-phase systems increas-
es hydrophobic interactions [36]. To observe this
effect on the partitioning of ecdysone and 20-hy-
droxyecdysone, sodium chloride was added to the
above system to a concentration of 0.04 M. As ex-
pected, this increased the affinity of ecdysone for the
upper UCON-rich phase (K = 1.21), while the par-
tition coefficient for more hydrophilic 20-hydroxy-
ecdysone decreased to 1.14 (Table IB). Partitioning
at 56°C between water and UCON phases for ec-
dysone was relatively unchanged (K = 0.60), while
for 20-hydroxyecdysone the K value decreased to
1.04.

G values, which depend on the volume ratio be-
tween upper and lower phases, were also affected by
addition of salt. This was partly the result of a slight
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TABLE 1
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PARTITIONING OF o-ECDYSONE AND -ECDYSONE (20-HYDROXYECDYSONE)

Primary phase systems: 5.0% UCON 50-HB-5100, 4.0% dextran T500, 1.0 mg of a-ecdysone, 0.5 mg of f-ecdysone and 0.012 M
sodium phosphate buffer, pH 7.0. K and G values at 56°C are for partitioning between the water and UCON phases formed by
increasing the temperature. (A) Primary system wihout sodium chloride added; (B) primary system with 0.04 M sodium chloride added.
Y = percentage yield of ecdysones in the water phase. (A) Volume ratio (V,/V,) at 22°C = 1.8, at 56°C = 11.3; (B) volume ratio (V,/¥,

at 22°C = 1.9, at 56°C = 8.25.

Compound K (22°C) G (22°C) K (56°C) G (56°C) Y
(A) Without sodium chloride
a-Ecdysone 1.12 2.03 0.59 6.71 58.4
B-Ecdysone 1.30 2.37 15.16 65.9
(B) With sodium chloride
a-Ecdysone 1.21 2.31 0.60 499 58.0
p-Ecdysone 1.14 2.17 8.56 61.3

increase in the volume of UCON phase from 0.3 ml
to 0.4 ml when sodium chloride was added to 0.04
M. The G value for 20-hydroxyecdysone decreased
from 15.16 to 8.56 and for ecdysone from 6.71 to
4.99.

Effect of ethanol on the partitioning of ecdysteroids

Ecdysone and 20-hydroxyecdysone were parti-
tioned in a two-phase system composed of 6.0%
UCON, 5.0% dextran T500 and 0.012 M sodium
phosphate buffer, pH 7.0, and either 5.0%, 10.0%
or 20.0% ethanol (Tables 11 and IIT). Since UCON
is more hydrophobic than dextran, ethanol can be
expected to partition preferentially to the upper

TABLE 11

UCON phase, thereby further increasing the hydro-
phobicity of this phase. After the UCON and dex-
tran phases had separated, the upper UCON phase
was isolated in a separate container and sodium
chloride was added to this phase to a concentration
of 0.05 M (Table II). For the 20.0% ethanol system
sodium chloride was added to this upper phase to
0.1 M (Table III). The addition of salt was neces-
sary in order to obtain phase separation when etha-
nol had been included in the original two-phase sys-
tem. This UCON-water—salt solution was placed in
a water bath at 56°C for 15 min to achieve forma-
tion of a new two-phase system.

In Fig. 3 the log K values at 22°C for ecdysone

PARTITIONING OF «-ECDYSONE AND g-ECDYSONE (20-HYDROXYECDYSONE)

Primary phase systems: 6.0% UCON 50-HB-5100, 5.0% dextran T500, 1.0 mg of a-ecdysone, 0.5 mg of f-ecdysone and 0.012 M
sodium phosphate buffer, pH 7.0; 0.05 M sodium chloride was added to the aqueous UCON phase prior to increasing the temperature.
K and G values at 56°C are for partitioning between the water and UCON phases formed by increasing the temperature. (A) Primary
system with 5.0% ethanol added; (B) primary system with 10.0% ethanol added. Y = percentage yield of ecdysones in the water phase.
(A) Volume ratio (V,/V,) at 22°C = 3.25, at 56°C = 5.5; (B) Volume ratio (¥,/V,) at 22°C = 2.60, at 56°C = 4.8.

Compound K (22°C) G (22°C) K (56°C) G (56°C) Y
(A) With 5% ethanol
a-Ecdysone 1.28 4.15 0.17 0.95 393
p-Ecdysone 1.04 3.38 0.39 2.17 52.8
(B) With 10% ethanol
a-Ecdysone 1.79 4.72 0.43 2.07 55.6
f-Ecdysone 1.34 3.54 0.68 3.30 59.9
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TABLE III
PARTITIONING OF a-ECDYSONE AND f-ECDYSONE (20-HYDROXYECDYSONE)

Primary phase systems: 6.0% UCON 50-HB-5100, 5.0% dextran T500, 1.0 mg a-ecdysone, 0.5 mg of f-ecdysone, 20.0% ethanol and
0.012 M sodium phosphate buffer, pH 7.0; 0.1 M sodium chloride was added to the aqueous UCON phase prior to increasing the
temperature. K and G values at 56°C are for partitioning between the water and UCON phases formed by increasing the temperature.

Y = percentage. yield of ecdysones in the water phase. Volume ratio (V,/V}) at 22°C = 4.0, at 56°C = 6.3.

Compound K (22°C) G (22°C) K (56°C) G (56°C) Y
o-Ecdysone 3.01 12.02 0.62 3.94 73.6
f-Ecdysone 3.18 12.72 1.91 12.09 85.6

and 20-hydroxyecdysone obtained from Tables IA,
ITA, IIB and III have been plotted as a function of
ethanol concentration. For ecdysone log K in-
creased from 0.05 with no ethanol to 0.48 with 20%
ethanol. Log K for 20-hydroxyecdysone exhibited a
different tendency, first decreasing with 5% ethanol
(log K = 0.02), then increasing to 0.50 when 20%
ethanol was included in the system. The different

partitioning behaviour of ecdysteroids with 5% eth-
anol most likely reflects their different hydropho-
bicities. While ecdysone was drawn more strongly
into the hydrophobic UCON phase, 5% ethanol
had much less effect on 20-hydroxyecdysone, even
pushing it slightly more into the hydrophilic dex-
tran phase. However, as the concentration of etha-
nol was raised this effect diminished, with both

0.6 M T T T

Log K 22°C

00 1 L 1
)

% Ethanol (w/w)

20 25

Fig. 3. Effect of ethanol concentration on the partioning at 22°C of a-ecdysone (A ) and f-ecdysone (O). Two-phase systems containing
ethanol were composed of 6.0% UCON 50-HB-5100, 5% dextran T500 and 0.01 M sodium phosphate buffer, pH 7.0. The system
without ethanol was 5.0% UCON 50-HB-5100, 4.0% dextran T500 and 0.01 M sodium phosphate buffer, pH 7.0. Data were obtained
from Tables 1A, 1IA, 11B and Ii1.
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ecdysteroids being drawn increasingly into the up-
per UCON:-rich phase.

In Fig. 4 log K values from Tables IB, IIA, IIB
and III for the partition of ecdysone and 20-hydrox-
yecdysone at 56°C have been plotted as a function
of ethanol concentration. At 56°C it is harder to
determine the effect of ethanol on the partitioning
of ecdysteroids owing to addition of salt to this up-
per phase. Partitioning of both ecdysteroids at 56°C
to the UCON-rich phase increased dramatically
with the addition of 5% ethanol (log K = —0.77
for ecdysone and —0.41 for 20-hydroxyecdysone),
while further addition of ethanol increasingly
pulled them into the upper water—ethanol-buffer
phase. At 20% ethanol the partition coefficient at
56°C for 20-hydroxyecdysone was higher (log K =
0.28) than when no ethanol had been added (log K
= 0.02). For ecdysone the two values were roughly
equal, with log K = —0.22 when no ethanol was
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present and log K = —0.21 when 20% ethanol was
included in the system. This result was consistent
throughout the experiments, with the more hydro-
phobic ecdysone displaying a greater affinity for the
UCON phase than 20-hydroxyecdysone.

The yield of ecdysteroids was calculated from the
amount of ecdysteroid recovered in the upper water
phase after separation at 56°C. For the phase sys-

“tem without ethanol or salt added, the yield of ec-

dysone was 58.4% and of 20-hydroxyecdysone
65.9% (Table IA). Addition of sodium chloride to
the system lowered the yield of ecdysone to 58.0%
and of 20-hydroxyecdysone to 61.3% (Table 1B).
When 5% ethanol was included in the system the
yields of ecdysone and 20-hydroxyecdysone were
39.3% and 52.8%, respectively (Table I1A). In-
creasing ethanol to 10% increased the yield for ec-
dysone to 55.6% and for 20-hydroxyecdysone to
59.9% (Table TIB). The best yield of both ecdysones

0.4

0.2 1

Log K 56°C

% Ethanol (w/w)

25

Fig. 4. Effect of ethanol concentration on the partitioning at 56°C of a-ecdysone (A) and f-ecdysone (O). Primary systems were the
same as described in Fig. 3. Sodium chloride was added to the removed upper phase from primary separation before increasing the
temperature. The salt concentrations were as follows: 0.04 M, upper phase from primary system with no ethanol; 0.05 M, upper phase
from primary systems with 5% and 10% ethanol; 0.1 M, upper phase from primary system with 20% ethanol. Data were obtained from

Tables IB, IIA, IIB and III.
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was obtained in a system which included 20% etha-
nol where recovery for ecdysone was 73.6% and for
20-hydroxyecdysone 85.6% (Table III).

Addition of sodium sulphate to two-phase systems
containing ethanol

Adding a salt containing a divalent anion, sodi-
um sulphate (0.1 M), to the upper UCON-rich
phase before increasing the temperature had an ef-
fect on the partitioning of ecdysteroids. Partitioning
experiments were carried out in systems containing
either 5% or 10% ethanol (Table IV). In the system
with 5% ethanol, K at 56°C was 0.25 for ecdysone
and 0.46 for 20-hydroxyecdysone. K values at 56°C
for the system with 10% ethanol were lower (K =
0.26 for ecdysone and 0.52 for 20-hydroxyecdys-
one) than in a system with 10% ethanol and sodium
chloride (K = 0.43 for ecdysone and 0.68 for 20-
hydroxyecdysone, Table I1B). These results reflect
an increased hydrophilicity of upper water—salt
phases at 56°C when sodium chloride was replaced
with sodium sulphate. The yield of ecdysteroids was
also fairly low in systems containing sodium sul-
phate. With 5% ethanol the yield was 47.7% for
ecdysone and 56.2 for 20-hydroxyecdysone. In-
creasing the ethanol concentration to 10% had little

TABLE IV

PARTITIONING AT 56°C OF a-ECDYSONE AND -EC-
DYSONE (20-HYDROXYECDYSONE)

Primary phase systems: 6.0% UCON 50-HB-5100, 5.0% dextran
T500, 1.0 mg of a-ecdysone, 0.5 mg of f-ecdysone and 0.012 M
sodium phosphate buffer, pH 7.0; 0.1 M sodium sulphate was
added to the aqueous UCON phase prior to increasing the tem-
perature. K and G values at 56°C are for partitioning between the
water and UCON phases formed by increasing the temperature.
(A) Primary system with 5.0% ethanol added; (B) primary sys-
tem with 10.0% ethanol added. ¥ = percentage yield of ecdy-
sones in the water phase. (A) Volume ratio (V,/V,) at 56°C =
5.3; (B) volume ratio (V,/V,) at 56°C = 4.4.

Compound K (56°C) G (56°C) Y
(A) With 5% ethanol
o-Ecdysone 0.25 1.35 47.7
B-Ecdysone 0.46 2.46 56.2
(B) With 10% ethanol
o-Ecdysone 0.26 1.16 46.4
f-Ecdysone 0.52 232 58.6
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effect on total recovery of ecdysteroids, with yields
of 46.4% for ecdysone and 58.6% for 20-hydrox-
yecdysone.

Purification scheme for ecdysone and 20-hydroxyec-
dysone

The results obtained in partitioning these ecdy-
steroids show that it would be possible to purify
them using temperature-induced phase separation.
A purification scheme for enzymes using this tech-
nique has already been developed [5,6]. In these
studies it has been shown that in an initial UCON-
dextran or UCON-hydroxypropyl starch phase
system most proteins, cell particles and other cell
debris partition strongly to the lower phase, leaving
an upper UCON phase with little contamination.
Based on these findings, it can be expected that
when a cell homogenate containing ecdysteroids is
added to a UCON-dextran or UCON-hydroxy-
propyl starch two-phase system the ecdysteroids
will partition to the upper UCON-rich phase, while
most proteins and other macromolecules will parti-
tion to the lower dextran-rich or hydroxypropyl
starch-rich phase. Also, addition of ethanol to the
phase system should increase this effect, as in-
creased hydrophobicity of upper UCON-rich phase
would push hydrophilic biomolecules even more in-
to the lower phase at 22°C and draw the hydropho-
bic ecdysteroids more into the UCON upper phase.
This will result in even greater purification of ecdy-
steroids. The lower dextran or hydroxypropyl
starch phase goes to waste. The upper UCON phase
is removed and placed in a water bath at 56°C for 15
min. This temperature increase forms a new two-
phase system with an upper water—buffer phase and
a lower, highly viscous UCON phase. Ecdysteroids
which are recovered in this water phase can be used
without further purification. The lower UCON
phase is recovered and can be used for future ex-
tractions. A system composed of 6.0% UCON 50-
HB-5100, 5.0% dextran T500, 20% ethanol and
0.012 M sodium phosphate buffer, pH 7.0, shows
greatest promise as a possible purification tech-
nique for these ecdysteroids (Table III). K values
were the highest observed at both 22°C and 56°C.
The percentage recovery (yield) in the final water—
buffer phase was also very high, 73.6% for ecdysone
and 85.6% for 20-hydroxyecdysone. The present
purification techniques use high concentrations of
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organic solvents and repeated extractions, with nor-
mal yields of 50-80% [25,28]. However, this study
shows that a high yield and purity of ecdysteroids
can be achieved by using an aqueous two-phase sys-
tem combined with temperature-induced phase sep-
aration.

CONCLUSIONS

It is possible to partition water-soluble ecdy-
steroids in an aqueous two-phase system composed
of UCON 50-HB-5100 and dextran T500. The use
of temperature-induced phase separation allows
these molecules to be recovered in an aqueous phase
composed of water and buffer that is free of poly-
mers or other contaminants. Since the ecdysteroids
are recovered in a water—buffer phase virtually free
of contaminants or organic solvents, it should be
possible to use them without further purification.
The high level of ecdysteroids recovered, 73.6% and
85.6% for a-ecdysone and f-ecdysone, respectively,
would allow their detection even when present in

small quantities. For these reasons, the use of aque--

ous two-phase partition combined with temper-
ature-induced phase separation offers great poten-
tial as either an analytical or preparative technique
for ecdysteroids.

The partitioning behaviour of ecdysteroids in
both the primary phase system and in the new tem-
perature-induced system can be manipulated by ad-
dition of salt or ethanol. Because of their different
hydrophobicities, addition of a small amount of salt
or ethanol had a different effect on the partitioning
behaviour of ecdysone and 20-hydroxyecdysone.
The distribution of the molecules seemed to be
influenced by hydrophobic interactions with the up-
per UCON-rich phase in the primary system and
with the lower UCON-rich phase at 56°C. In almost
all instances, the more hydrophobic ecdysone parti-
tioned more strongly to the UCON-rich phases
than did 20-hydroxyecdysone.

ACKNOWLEDGEMENTS

Thanks to Dr. Go6te Johansson for many long
and fruitful discussions. The authors gratefully ac-
knowledge the generous financial support of The
Swedish Fulbright Commission, The University of
Alabama in Huntsville Mini-Grant Program and

213

The Swedish National Board for Industrial and
Technical Development (NUTEK).

REFERENCES

1 H. Hustedt, K. H. Kroner and M. R. Kula, in H. Walter, D.
E. Brooks and D. Fisher (Editors), Partitioning in Aqueous
Two-Phase Systems, Academic Press, New York, 1985, p.
529.

P.-A. Albertsson, Partition of Cell Particles and Macromole-
cules, Wiley, New York, 3rd ed., 1986.

G. Johansson, in J.-C. Janson and L. Rydén (Editors), Pro-
tein Purification: Principles, High-Resolution Methods and
Applications, VCH Publishers, New York, 1989, p. 330.

4 H. Walter and G. Johansson, Encycl. Human Biol., 1 (1991)
355.

5 P. Harris, G. Karlstrém and F. Tjerneld, Bioseparation, 2
(1991) 237.

6 P. A. Alred, F. Tjerneld, A. Kozlowski and J. M. Harris,
Bioseparation, 2 (1992) 363.

7 P. Karlson, Naturwissenschaften, 53 (1966) 445.

8 H. H. Rees and R. E. Isaac, Methods Enzymol., 111 (1985)
377.

9 D. Buckmann, G. Starnerker, K. H. Tomaschko, E. Wil-
helm, R. Lafont and J. P. Girault, J. Comp. Physiol., B156
(1986) 759.

10 M. W. Raynor, J. P. Kithinji, I. K. Barker, K. D. Bartel and
I. D. Wilson, J. Chromatogr., 436 (1988) 497.

11 1. D. Wilson, E. D. Morgan and S. J. Murphy, Anal. Chim.
Acta, 236 (1990) 145.

12 J. 8. Kittredge and F. T. Takahashi, J. Theor. Biol., 35 (1972)
467.

13 P. Dunham, J. Biol. Rev., 53 (1978) 555.

14 R. A. Gleeson, M. A. Adams and A. B. Smith III, Chem.
Ecol., 10 (1984) 913.

15 1. Kubo, J. A. Klocke and S. Asano, Agric. Biol. Chem., 45
(1981) 1925.

16 1. Kubo, J. A. Klocke and S. Asano, J. Insect Physiol., 29
(1983) 307.

17 P. Nirde, M. de Reggi, G. Tsoupras, G. Torpier, P. Fes-
sancourt and A. Capron, FEBS Lett., 168 (1984) 235.

18 J. Koolman and H. Moeller, Insect Biochem., 16 (1986) 287.

19 B. Gharib, S. Baswaid, M. Quilici and M. de Reggi, Clin.
Chim. Acta, 199 (1991) 159.

20 P. Karlson, H. Hoffmeister, W. Hoppe and R. Huber, Justus
Liebigs Ann. Chem., 662 (1963) 1.

21 P. Karlson and E. Shaaya, J. Insect. Phys., 10 (1964) 797.

22 J. E. Wright and B. R. Thomas, J. Lig. Chromatogr., 6 (1983)
2055.

23 1. Kubo and S. Komatsu, Agric. Biol. Chem., 51 (1987) 1305.

24 1. D. Wilson, C. R. Bielby, E. D. Morgan and A. E. M.
McLean, J. Chromatogr., 194 (1980) 343.

25 1. D. Wilson, S. Scalia and E. D. Morgan, J. Chromatogr.,
212 (1980) 211.

26 1. Kubo and S. Komatsu, J. Chromatogr., 362 (1986) 61.

27 M. Zhang, M. J. Stout and 1. Kubo, Phytochemistry, 31
(1992) 247.

28 R. Lafont, J.-L. Pennetier, M. Andrianjafintrimo, J. Claret,
J. F. Modde and C. Blais, J. Chromatogr., 236 (1982) 137.

N

w



214 P. A. Alred et al. | J. Chromatogr. 628 (1993) 205-214.

29 R. E. Isaac, N. P. Milner and H. W. Rees, J. Chromatogr., 34 D.E. Brooks, K. E. Sharp and D. Fisher, in H. Walter, D. E.

246 (1982) 317. Brooks and D. Fisher (Editors), Partitioning in Aqueous
30 S. Scalia and E. D. Morgan, J. Chromatogr., 346 (1985) 301. Two-Phase Systems, Academic Press, Orlando, FL, 1985, p.
31 V. P. Shanbhag, R. Sédergard, H. Carstensen and P.-A. Al- 11.

bertsson, J. Steroid Biochem., 4 (1973) 537. 35 M. Carlsson, P. Linse and F. Tjerneld, Macromolecules,
32 G. Johansson and M. Joelsson, J. Chromatogr., 464 (1989) (1992), in press.

49. 36 G. Johansson, J. Biotechnol., 3 (1985) 11.

33 K. H. Kroner, H. Hustedt and M.-R. Kula, Process Bio-
chem., 19 (1984) 170.



Journal of Chromatography, 628 (1993) 215-233.
FElsevier Science Publishers B.V., Amsterdam

CHROM. 24 629

Liquid chromatography—electrospray ionization-mass
spectrometry of cyanobacterial toxins

G. K. Poon and L. J. Griggs

Drug Development Section, Cancer Research Campaign Laboratory, Institute of Cancer Research,. Belmont, Sutton, Surrey SM2 SNG

(UK)

C. Edwards, K. A. Beattie and G. A. Codd

Department of Biological Sciences, University of Dundee, Dundee, DD1 4HN (UK)

(First received June 25th, 1992; revised manuscript received September 16th, 1992)

ABSTRACT

Cyanobacterial neurotoxins such as anatoxin-a and saxitoxin, peptide hepatotoxins including microcystin variants and nodularin
were studied by electrospray ionization-mass spectrometry following direct infusion of samples into the mass spectrometer. This
technique was further exemplified when analysing the cyclic hepatotoxic peptides by means of on-line liquid chromatography-mass
spectrometry. Peptide toxins were identified in extracts from toxic bloom material and cell cultures by comparison of spectral and
chromatographic data to that of authentic materials. When authentic materials were not available, several peptides were tentatively
identified by their molecular-weight information provided by this technique.

INTRODUCTION

Many freshwater cyanobacteria (blue-green al-
gae) produce toxins (Fig. 1) which include: (a) the
cyclic heptopeptides of microcystin and its ana-
logues; (b) the cyclic pentapeptide nodularia toxin
and (c) the neurotoxic alkaloids anatoxins and saxi-
toxin. Microcystins have the common structure cy-
clo(-p-Ala-L-X-D-MeAsp-L-Y-Adda-D-Glu—
Mdha) where X and Y are variable amino acids
(labelled X and Y, Fig. 1) [1], Nodularin contains
four of the five amino acids found in microcystin
and dehydrobutyrine [2]. Blue-green algae are
found in eutrophic lakes and drinking water reser-
voirs and have been responsible for the deaths of
domestic, farm and wild animals in many countries

Correspondence to: G. K. Poon, Drug Development Section,
Cancer Research Campaign Laboratory, Institute of Cancer Re-
search, Belmont, Sutton, Surrey SM2 5NG, UK.

0021-9673/93/$06.00 ©

over several decades [3-5]. Consumption of drink-
ing water contaminated by the toxins can seriously
affect human health, and there is an interest in the
tumor-promoting potential of the microcystins [6].
Complications arise when more than one species of
cyanobacteria co-exist in the algal bloom, and in
addition each species can produce more than one
kind of toxin. Hence there is a need to detect, quan-
tify and confirm the identity of these compounds
for safety evaluation.

The most commonly used analytical method
available for detecting the peptide hepatotoxins is
high-performance liquid chromatography (HPLC)
with ultraviolet detection. Those peaks collected
which were shown to be toxic to mice were further
characterised by mass spectrometry (MS), using
fast atom bombardment ionization (FAB) [7]. Gas
chromatography—mass spectrometry (GC-MS)
seems to be a suitable technique for analysing ana-
toxins, but the toxins must be derivatized prior to

1993 Elsevier Science Publishers B.V. All rights reserved



216

MCYST-LR: X=Lleuy; R'=CHg Y=Arg; HRZ=CH3 994
MCYST-FR: X=Phe; R'=CHa: Y=Arg; R2=CHg 1028
MCYST-RR: X=Arg; R'=CHg Y=Ag; R2=CHy 1037
MCYST-RR: X=Arg; Rl=H; Y=Arg; R2=CH3 1023
(1-Asp)

MCYST-RR: X = Arg; Rl =H; Y = Arg; R2=H 1009
(ID-Asp3,Dha}}

MCYST-YR: X=Tyr; RI=CHg: Y=Arg; RZ=CHz 1044
MCYSY-M(O)R: X=Met(0); R'=CHg Y=Arg; R2=CHz 1028
MCYST-WR: X=Tp; R'=CHz Y=Arg; RZ=CHz 1067

Fig. 1. Structures of cyanobacterial toxins. MCYST = microcystin.

analysis [8—10]. Saxitoxin and its analogues are rou-
tinely analysed by fluorescence detection of their
oxidised products [11].

It is feasible to study the peptide class of toxins by
on-line LC-MS using FAB ionization [generally
known as continuous flow (CF)-FAB] [12,13]. Since
FAB requires matrices to assist ionization it is nec-
essary either to develop a HPLC method with the
matrix being incorporated into the mobile phase, or
to introduce the matrix coaxially into the mass
spectrometer ion source [14]. Care has to be taken
to ensure a steady film of liquid being delivered to
the FAB target. The amount of sample required by
FAB to acquire a spectrum of the purified toxin is in
the nanogram range.

Recently Fenn and co-workers [15,16] have suc-
cessfully interfaced electrospray ionization with
mass spectrometry (ESI-MS), a development which
has proved invaluable in the analysis of thermally
labile polar molecules, especially for peptides and
proteins. This report demonstrates that on-line ESI-
MS is a simple, specific, reliable and rapid tech-
nique to monitor precisely and simultaneously vari-
ous algal toxins in extracts from laboratory cultures
or algal blooms present in eutrophic waters.
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EXPERIMENTAL

Chemicals

Anatoxin-a was obtained from Biometric Sys-
tems (Eden Prairie, MN, USA). Saxitoxin was pur-
chased from Calbiochem Novabiochem (Notting-
ham, UK). Microcystin-LR and microcystin-des-
methyl-3,7-RR were purified from lyophilized cells
of Microcystis aeruginosa PCC 7813 and Nodularin
was purified from a laboratory culture of Nodularia
spumigena as described by Lawton [17]. Microcys-
tin-RR was a gift from Professor H.W. Siegalman
(Biology Department, Brookhaven National Lab-
oratory, Upton, NY 11973, USA).

HPLC grade solvents and glacial acetic acid were
purchased from Romil Chemicals (Shepshed, UK)
and Fisons PLC (Loughbosough, UK), respective-
ly.

Algal material

Microcystis aeruginosa PCC 7813 was grown in
batch culture on BG 11 media as described [18].
Cells were harvested by continuous centrifugation
and freeze dried. Toxic bloom material containing
Microcystis aeruginosa was collected from Hart-
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beespoort Dam in South Africa in August 1987 and
Water Lane fish farm, Wessex, UK in November
1990. Toxic bloom material containing Nodularia
spumigena was collected from the River Humber in
1990.

Preparation of samples from algal cells

Lyophilized cells (0.5 g/50 ml) were extracted
twice in 5% (w/v) acetic acid for 30 min with contin-
uous agitation. The extracts were centrifuged at
3000 g for 10 min. Both supernatants were pooled
and filtered through a GF/C filter to remove partic-
ulate material. The filtrate was applied to a precon-
ditioned environmental C,g Sep-Pak (Millipore) at
a rate of 2 ml/min. The cartridge was washed with
20 ml 25% methanol and the peptides were eluted
with 100% methanol. Solvent was removed in vacuo
at 40°C and residues were retained for analysis. For
the PCC 7813 0.5 g freeze dried material, 1/2000 ul
was used for analysis, whereas for the Nodularia,
South African and fish farm studies, each injection
contained approximately 100, 135 and 400 ng
equivalent amount of nodularin or microcystin-LR
toxins, respectively (assessed by their extinction
coefficients from the UV spectra).

Detection of cyanobacterial toxins by ESI-MS

Authentic toxin standards were dissolved in a
mixture of methanol-water (50:50, v/v) containing
1% acetic acid. Each of these solutions was infused
at 1 ul/min with a Harvard Apparatus infusion
pump (model No. 22, Harvard Apparatus, Cam-
bridge, MA, USA) into a Finnigan TSQ 700 triple-
quadrupole mass spectrometer (Finnigan MAT,
San Jose, CA, USA) fitted with an electrospray ion
source (Analytica, Branford, CT, USA). A poten-
tial difference of 3500-3600 V was applied between
the grounded needle and the metalized ends of the
glass capillary tube that passes ions into the analys-
er. Nitrogen heated to 60°C was used as the drying
gas. Data analysis was controlled by DEC 2100 da-
ta system. The deconvolution program is based on
the Finnigan ICIS software version 5 [19]. Full scan
spectra were acquired in the positive ion peak cen-
troid or profile modes over the mass range of m/z
400-1200 at 6 s/scan.
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Detection of cyanobacterial peptides by LC-ESI-M S

The HPLC system used was an ABI model 140A
dual syringe pump (Applied Biosystems, San Jose,
CA, USA) fitted with a Rheodyne 7125 injection
valve equipped with a 5-ul sample loop. Separation
was achieved using a 150 x 1 mm I.D. microbore
column packed with Spherisorb 5-um ODS materi-
al (Phase Separations Ltd., Clwyd, UK). The mo-
bile phase consisted of water (A) and acetonitrile
(B) both containing 0.1% acetic acid. A gradient
elution was employed: 0—10 min 40% B; 10-20 min,
40-55% B; 20-35 min, 55-65% B and then isocratic
for 5 min at 65% B. The flow-rate was maintained
at 45 ul/min. The effluent was directed to a Valco
tee splitter. One outlet was connected directly with a
fused silica capillary (1 m X 100 um I.D., J & W
Scientific) to the UV detector (Applied Biosystems,
Model 785A) fitted with a micro flow cell (2.4 ul
volume, 6 mm pathlength). The eluent was mon-
itored by UV detection at 240 nm. The other outlet
was linked to the stainless steel electrospray needle
via a fused silica capillary 1.5 m x 50 ym I.D. The
split ratio was maintained at 11:1 (UV:MS), so that
approximately 3.5 ul/min of the effluent entered the
ESI ion source. Full scan mass spectra were ob-
tained in the peak centroid mode over the mass
range of m/z 400-1200 at 6 s/scan. The individual
samples were dissolved in an appropriate volume of
methanol and an aliquots of 1 ul were analysed by
LC-MS.

RESULTS

Detection of cyanobacterial toxins by ESI-MS

The mass spectrum obtained by direct infusion of
anatoxin-a in methanol containing 1% acetic acid
gave a strong protonated molecule at m/z 166 [M +
H]* and a natriated adduct at m/z 188 [M + Na]*
(Fig. 2a). A weak signal at m/z 181 suggested the
presence of a methylene analogue of anatoxin. This
component has been characterised by Skulberg et
al. [20], but further studies are required to confirm
its presence.

The electrospray mass spectrum of saxitoxin is
presented in Fig. 2b, approximately 2 picomol sam-
ple was consumed to give this full scan spectrum.
The protonated molecule at m/z 300 and the
methylated adduct at m/z 314 dominate the spec-
trum. The fragment ion at m/z 282 could be attrib-
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uted to either loss of water from m/z 300 or the
loss of methanol from m/z 314. A similar observa-
tion has been reported by Quilliam et al. [21] during
LC—ionspray-MS analysis.

When the peptide toxins are analysed by ESI-
MS, compounds with molecular weights less than
1000 are more likely to give strong singly charged
protonated molecules [M + H]*. This can be il-
lustrated by nodularin which has a molecular
weight of m/z 824 (figure 2c), whereas for toxins
with molecular weights over 1000, their correspond-
ing doubly charged ions [M + 2H]?** predominate.
In the case of microcystin-LR, the singly charged
(M + H]* at m/z 995), doubly charged (M +

. 2H]** at m/z 498) ions as well as the natriated (M
+ H + Na]** at m/z 509) and kaliated (M + H +
KJ?* at m/z 517) adducts of the doubly charged
ions were all observed in the spectrum (Fig. 2d). A
deconvoluted spectrum around the doubly charged
cluster ions at m/z 500 gave m/z 995 (M + H]™),
mfz 1017 (M + Na]*) and m/z 1033 (M + K]7)
(Fig. 2e). Approximately 100 femtomoles of the
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sample were consumed to obtain a full scan mass
spectrum, with signal-to-noise level in the order of
20:1 or better. The amount consumed to produce a
full scan spectrum could easily be reduced.

Detection of cyanobacterial peptides by LC-ESI-MS

For the LC-MS system, a split ratio of 11:1 was
applied and 3.5 ul/min of the LC eluent was direct-
ed into the mass spectrometer. The rest of the flow
was diverted to the UV detector fitted with a 2.4-ul
flow cell. Since a capillary flow cell (90 nl) suitable
to monitor a low LC flow-rate was not available,
the peaks on the chromatograms tended to be rath-
er broad. There was a 20-s delay in receiving the
signal at the mass spectrometer compared to the
UV detector. The five standards available for this
study, mcyst-LR, meyst-YR, mcyst-desmethyl-3,7-
RR, mcyst-RR and nodularin, were separated by
reversed phase LC with mass spectrometric and UV
detection (Fig. 3a and b). Although the compounds
did not have baseline separation on the UV chro-
matogram, the reconstructed ion chromatogram

] 4
x 10
825 [M+H]* N
CH,3 1.28
COOH i
N CH,
H
o
He ©
H
N NH
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C
27\
BNZ NH,

407

20

y il
600 700 800
Fig. 2.

200 m/z 1000
(Continucd on p. 220)
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Fig. 2. Electrospray mass spectra obtained from freshwater cyanobacterial toxins, (a) (+)-anatoxin-a, (b) saxitoxin, (c) Nodularin and
(d) microcystin-LR. (¢) Deconvolution of the spectrum around the doubly charged cluster ions at m/z 500 gave m/z 995 (M + H]*),
mfz 1017 (M + Na]*) and m/z 1033 (M + K]*).
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Fig. 3. Separation of toxic peptide standards by reversed-phase LC and displayed as (a) reconstructed ion chromatograms; (b) LC

chromatogram with UV detection.

shows the compounds to be adequately resolved.
They were easily recognised either as their singly or
doubly charged protonated ions. Nodularin had a
mass spectrum with a predominant peak at m/z 825
(IM + H]*) (data not shown). The mass spectra of
mcyst-LR, -YR and desmethyl-3,7-RR consisted of
doubly and singly charged ions. Mcyst-RR only
formed a doubly charged ion at m/z 520 (M +
2H]?* but deconvolution of this ion gave the pro-
tonated ion at m/z 1038.

Once the system was shown to be satisfactory
with the known standards, extracts from cyanobac-
terial cultures and blooms were analysed.

The extract from the bloom material collected
from Hartbeespoort Dam contained several micro-

cystin variants as shown by the reconstructed ion
chromatograms and UV chromatogram (Fig. 4a
and b). At fg 13.30 min mcyst-YR was observed
which gave a protonated ion at m/z 1045.7 and a
doubly charged ion at m/z 523. Mcyst-LR was de-
tected at #x 16.00 min with m/z 995, followed by
meyst-FR at #z 20 min. The mass spectrum of
mcyst-FR contained mainly a singly charged pro-
tonated ion at m/z 1029 and a weak signal (20%
intensity) of its doubly charged ion at m/z 514.
Mcyst-WR was detected at g 21.30 min (/2 1069).
Finally a broad peak of mcyst-RR was present as its
doubly charged ion at m/z 520. All toxins men-
tioned above provide very good mass spectra as
shown in Fig. 5.
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Fig. 4. Separation of microcystins in an extract from bloom material from Hartbeespoort Dam, South Africa. (a) Reconstructed ion

chromatograms; (b) LC chromatogram with UV detection.

Analysis of the extract of the bloom containing
predominantly Nodularia spumigena showed the
presence of the pentapeptide, nodularin at rz 12.70
min (Fig. 6a and b). Examination of the recon-
structed ion chromatograms (Fig. 6a) demonstrated
the presence of trace amounts of mecyst-LR (m2/z 995
at tg 16.00 min) and possibly mcyst-RR [D-Asp?] at
fx 28 min which had a mass spectrum with a promi-
nent ion at m/z 512 and a deconvoluted spectrum
with the protonated ion at m/z 1024 (Fig. 6d).

Several microcystin analogues were detected in
the extract from the bloom material collected from
Water Lane Fish Farm (Fig. 7a and 7b) including
mcyst-LR and -YR at fz 11.30 min and # 14.80
min, respectively. Several other peaks were detected

which may be other microcystin variants. A weak
spectrum with m/z 1029 was tentatively identified as
mcyst-M(O)R (Fig. 7¢). At low concentration, no
m/z 515 doubly charged ion was obtained. However
at a high concentration, the m/z 515 ion was pres-
ent, but it was masked by the two abundant doubly
charged ions at m/z 537 and 519 (data not shown).
This component has the same molecular weight as
mcyst-FR but differs in retention time. The rela-
tively short retention time suggests the presence of a
sulphoxide functional group in the molecule. An-
other component was detected at 7z 12.30 min
which had a strong doubly charged ion at m/z 519
and a deconvoluted ion at m/z 1037. This com-
pound could be mcyst-L-Harg (Fig. 7d and e) as
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Fig. 5. Mass spectra of toxic peptides identified in bloom material from Hartbeespoort Dam including (a) mcyst-YR, (b) mcyst-LR, (c)
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Fig. 7. (a) Reconstructed ion chromatograms; (b) reversed-phase LC chromatogram indicating toxins present in the extract from Water
Lane Fish Farm. As well as mcyst-LR and -YR, two peptides were tentatively identified on the basis of their mass spectra as (c)
meyst-M(O)R and (d and ¢) mcyst-L-Harg. Another compound with [M + 2H)** at m/z 537 and [M + H]* m/z 1072 (f and g,
respectively) may be another peptide variant.
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described by Namikoshi ez al. [22]. A strong signal
at m/z 537 with # 5.50 min could be the doubly
charged ion of a toxin which has previously been
observed but not characterised. The deconvoluted
spectrum gave a protonated molecule at m/z 1072
(Fig. 7f and g). It is highly likely that this corre-
sponds to another variant since it has previously
been detected in extracts from laboratory cultures
of Microcystis aeruginosa by FAB mass spectrom-
etry.

In the extract from the laboratory culture of M.
aeruginosa mcyst-LR was the major component
(Fig. 8a and b) but at zz 19.10 min a second compo-
nent, possibly mcyst-RR [D-Asp?, p-Ha’], was de-
tected, giving an (M + H]" at m/z 1010 and an
[M + 2H)?>* ion at m/z 505 (Fig. 8c¢).
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DISCUSSION

Traditionally different analytical methods such as
UV detection (for toxins with UV chromophore),
fluorescence detection for saxitoxin [11], GC-MS
for anatoxin [8-10], static FAB-MS (7] and on-line
CF-FAB-MS detection for microcystins [12,13], are
required for studying different classes of cyanobac-
terial toxin. Mass spectrometry, unlike UV spec-
troscopy, has the advantage that it can handle com-
pounds which lack the UV chromophore. Further-
more GC-MS is applicable to study anatoxin, al-
though samples have to be derivatized before analy-
sis. FAB-MS has been a method of choice to
analyse microcystins. It requires a suitable matrix
for sample ionization and subsequently, LC-CF-
FAB-MS has to incorporate the matrix in the LC

b
0.13+
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Fig. 8. (a) Reconstructed ion chromatograms; (b) reversed-phase LC chromatogram indicating the presence of toxins in an extract from
a culture of Microcystis aeruginosa PCC 7813 as detected by (a) mass spectrometry and (b) UV absorption at 240 nm. As well as
mcyst-LR another peptide, mcyst-RR [p-Asp?, p-Ha"] was identified on the basis of its mass spectrum (c) and comparison the retention

time to that of the standard.

separation. Due to changes in polarity and viscosity
of the mobile phase, the matrix will affect the chro-
matographic separation. In addition, not all matric-
es are amenable to LC-MS because they are not
capable of forming a stable and consistent film on
the FAB target. High matrix backgrounds often
hinder the detection of compounds of interest and
severely decrease the limit of detection. While vari-
ous techniques are normally required to achieve effi-
cient ionization for different classes of toxins, this
study demonstrates that ESI-MS is practicable for
all the compounds, especially when different classes
of toxins are known to coexist in a bloom sample.
ESI-MS experiences less ion suppression effect in
comparison to FAB, hence it is a more attractive
technique for analysing mixtures. Furthermore, on-
line LC-MS analysis is less time consuming than
off-line LC-MS and with a microbore LC system,
less sample is required for the analysis in compari-
son to the conventional LC set up [13]. ESI-MS was

developed primarily for molecular weight determi-
nation of proteins and other large biomolecules.
This study shows the technique is also applicable
for analysis of low-molecular-weight compounds
with good sensitivity. Further studies are in pro-
gress to determine the suitability of this method for
analysis of other cyanobacterial toxins.

These results show that developments and inno-
vations in mass spectrometry require sophisticated
(and sometimes expensive) equipment. However,
the combination of LC-MS for the identification of
peptide toxins exploits the separation capability of
liquid chromatography with the molecular weight
information provided by the mass spectrometer,
and offer a much wider scope in the analysis of algal
toxin. However in a system where authentic refer-
ence compounds are not available, tandem mass
spectrometry (MS-MS) [23] can be considered and
thereby further information on the identity of these
compounds could be obtained.
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Although LC-MS of other cyanobacterial toxins

was not examined in this study their ability to be
ionized by electrospray and to be separated on re-
versed-phase systems would suggest this is feasible.

ACKNOWLEDGEMENTS

We would like to thank Dr. C. Evans at Finnigan

MAT, UK for helpful discussions; G.K.P. and
L.J.G. are supported by Cancer Research Cam-
paign and Medical Research Council, UK.

REFERENCES

1

w

-

D. P. Botes, A. A. Tuinman, P. L. Wessels, C. C. Viljoen, H.
Kruger, D. H. Williams, S. Santikarn, R. J. Smith and S. J.
Hammond, J. Chem. Soc., Perkins Trans., 1 (1984) 2311-
2318.

K. L. Reinhart, K. Harada, M. Namikoshi, C. Chen, C. A.
Harvis, M. H. G. Munro, J. W. Blunt, P. E. Mulligan, V. R.
Beasiey, A. M. Dahlem and W. W, Carmichael, J. Am. Chem.
Soc., 110 (1988) 8557-8558.

G. A. Codd and G. K. Poon, it: . J. Rogers and J. R. Gallon
(Editors), Biochemistry of the Algae and Cyanobacteria, Ox-
ford Science Publications, Clarendon Press, Oxford, 1988 pp.
283-296.

National Rivers Authority, Toxic Blue-Green Algae, Water
Quality Series 2, London, 1990.

G.J. Gunn, A. G. Rafferty, G. C. Rafferty, N. Cockburn, C.
Edwards, K. A. Beattie and G. A. Codd, Ver. Record, 130
(1992) 301-302.

C. MacKintosh, K. A. Beattie, S. Klumpp, P. Cohen and G.
A. Codd, FEBS Leit., 264 (1990) 187-192.

M. Namikoshi, K. L. Rinehart, R. Sakai, R. R. Stotts, A. M.
Dahlem, V. R. Beasley, W. W. Carmichael and W. R. Evans,
J. Org. Chem., 57 (1992) 866-872.

19

233

R. A. Smith and D. Lewis, Vet. Hum. Toxicol. 29 (1987)
153-154.

K. Himberg, J. Chromatogr., 481 (1989) 358-362.

C. Edwards, K. A. Beattie, C. M. Scrimgeour and G. A.
Codd, Toxicon (1992) in press.

J. F. Lawrence, C. Menard, C. F. Charbonneau and S. Hall,
J. Assoc. Off. Anal. Chem., 74 (1991) 404-409.

K. Harada and M. Suzuki, 39th Proceedings ASMS Confer-
ence on Mass Spectrometry and Allied Topics, Nashville, TN,
19-24th May, 1991, pp. 1382-1383.

F. Kondo, Y. Ikai, H. Oka, N. Ishikawa, M. F. Watanabe,
M. Watanabe, K-I. Harada and M. Suzuki, Toxicon 30
(1992) 227-237.

M. A. Moseley, L. J. Deterding, J. S. M. de Wit, K. B. Tom-
er, R. T. Kennedy, N. Bragg and J. W. Jorgenson, Anal.
Chem., 61 (1989) 1577-1584.

S. F. Wong, C. K. Menz and J. B. Fenn, J. Phys. Chem., 92
(1988) 546-550.

J. B. Fenn, M. Mann, C. K. Meng, S. F. Wong and C. M.
Whitehouse, Science (Washington, D.C.), 246 (1989) 64-71.
L. A. Lawton, Phd Thesis, University of Dundee, Dundee,
1992.

R. Y. Stanier, R. Kunisawa, M. Mandel and G. Cohen-Ba-
zire, Bacteriol. Rev., 35 (1971) 171-205.

J. Zhou and 1. Jardine, 38th Proceedings ASMS Conference

. on Mass Spectrometry and Allied Topics, Tuscon, AZ, 3-8th

20

21

22

23

June, 1990, pp. 134-135.

O. M. Skulberg, W. W. Carmichael, R. A. Anderson, S. Mat-
sunaga, R. E. Moore and R. Skulberg, Environmental Tox-
icology Chem., 11 (1992) 321-329.

M. A. Quilliam, B. A. Thomson, G. J. Scott and K. W. M.
Sui, Rapid Commun. Mass Spectrom., 3 (1989) 145-150.

M. Namikoshi, K. L. Rinehart, R. Sakai, K. Sivonen and W.
W. Carmichael, J. Org. Chem., 55 (1990) 6135-6139.

D. F. Hunt, R. A. Henderson, J. Shabanowitz, K. Sakaguchi,
M. Hanspeter, N. Sevilir, A. L. Cox, E. Appella and V. H.
Engelhard, Science (Washington, D.C.), 255 (1992) 1261—
1263.






Journal of Chromatography, 628 (1993) 235-239
Elsevier Science Publishers B.V., Amsterdam

CHROM. 24 591

Determination of paraquat and diquat by liquid
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ABSTRACT

Thermospray liquid chromatography—mass spectrometry can be used for identifying and determining both paraquat (C,,H,,N3*)
and diquat (C,,H,,N2*). Reversed-phase liquid chromatography was performed using a 15-cm Shim-pack CLC-ODS column, with
methanol-water (80:20) + 0.1 M ammonium acetate (adjusted to pH 5 with trifluoroacetic acid) as buffers, at a flow-rate of 1.0 ml/min.
The mass spectral sensitivity was best when the temperatures of the vaporizer, block and tip heater of the ion source block were set at
160, 310 and 320°C, respectively. When thermospray ionization was used, ions of m/z 186 and 183 were obtained as base peaks for
paraquat and diquat, respectively. Detection limits by selected ion monitoring were of the order of 20 ng (S/N = 3.5). The mass spectra
are influenced by temperature and therefore, precise temperature control is essential.

INTRODUCTION

Paraquat and diquat can be determined by meth-
ods such as spectrophotometry [1-5], gas chroma-
tography [6-10], high-performance liquid chroma-
tography [11-19], gas chromatograph—-mass spec-
trometry (GC-MS) [20,21] and fast atom bombard-
ment (FAB) MS [22]. However, these methods, with
the exception of MS [5,6,22] and GC-MS, do not
give a sufficiently complete identification of un-
known compounds.

Recently, thermospray liquid chromatography—
mass spectrometry (LC-TSP-MS) has been used in
analysis for drugs, lipids, nucleotides, steroids and
carbohydrates. In this work, the identification and
determination of paraquat and diquat using this
method was attempted. These herbicides could be
detected without the need for derivatization.

Correspondence to: M. Yoshida, Department of Legal Medicine,
Kansai Medical University, 1 Fumizono-cho, Moriguchi 570,
Japan.
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EXPERIMENTAL

A liquid chromatograph—-tandem quadrupole
mass spectrometer (Shimadzu LC-MS QP1000EX )
equipped with a Vestec thermospray interface was
used for recording mass spectra and selected ion
monitoring. The column used was a 15 cm X 4.6
mm L.D. stainless-steel tube packed with a totally
porous matrix, prepared by chemically binding oc-
tadecyl groups to the surface of spherical silica par-
ticles [Shim-pack CLC-ODS (Shimadzu), particle
diameter 5 um, pore diameter 100 A). The mobile
phase was methanol-water (80:20, v/v) containing
0.1 M ammonium acetate and adjusted to pH §
with trifluoroacetic acid (TFA). This was injected
by a Shimadzu LC-9A pump at a flow-rate of 1.0
ml/min. Samples were injected using a Rheodyne
Model 7125 injector fitted with a 100-ul loop or
with a Shimadzu SIL-7A autoinjector.

The exit temperature of the vaporizer was 140-
180°C . The block and tip heater temperature of the
ion source block was 270-310°C. Positive-ion ther-
mospray mass spectra were obtained using the ther-
mospray ionization mode or the thermospray on

1993 Elsevier Science Publishers B.V. All rights reserved
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filament ionization mode (filament-on ionization
mode). Typical conditions for thermospray MS
were a scan range of m/z 135-600 in 1 s and electron
multiplier voltage 1400 V.

RESULTS AND DISCUSSION

Temperature of the ion source block and vaporizer

The areas of the fragment ions and the molecular
ions change depending on the temperatures of the
vaporizer and the ion source block. The temper-
ature of the latter consists of the block and the tip
heater temperatures, and these were examined by
the use of selected ion monitoring. For this exami-
nation, paraquat was used owing to its lower detec-
tion sensitivity than diquat. In this context, the op-
timum operating conditions for paraquat were in-
vestigated.

Both the thermospray mode and filament-on
mode methods of ionization were similar with re-
spect to the vaporizer temperature change (Fig. 1).
The areas of the fragment ions and the molecular
ions were maximum when the vaporizer temper-
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Fig. 1. Relationship between temperature of the vaporizer and
ion area. A 200-ng paraquat sample was injected; single determi-
nation by selected ion monitoring. The temperatures of the block
and tip heater were both 310°C. (A) Thermospray ionization
mode; (B) filament-on ionization mode. Ion area represents peak
area.
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ature was 161°C. The area of the ions measured us-
ing the thermospray ionization mode was greater
than that with the filament-on ionization mode.
Further, a high detection sensitivity was obtained
when the vaporizer temperature was 161°C in the
thermospray ionization mode.

The relationship between the temperature of the
ion source block and the paraquat ion area is shown
in Fig. 2. The ion area tended to increase with in-
crease in temperature. The thermospray ionization
mode was the best ionization method. However, the
temperature there must be kept constant so that the
ionization is controlled by the ion source block tem-
perature, which means that for every temperature
change the detection sensitivity was changed.
Therefore, the temperature of the tip heater was set
higher than that of the block in order to compen-
sate for any temperature change during flow-rate
changes of the mobile phase.

Based on the above, the temperatures giving
maximum ion intensities were 161°C for the vapor-
izer, 310°C for the block and 320°C for the tip heat-
er.
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Fig. 2. Relationship between temperature of the ion source block
and ion area. Temperature of the ion source block consists of the
block and tip heater temperatures. A 200-ng paraquat sample
was injected; single determination by selected ion monitoring.
The temperature of the vaporizer was 161°C. (A) Thermospray
ionization mode; (B) filament-on ionization mode. Ion area rep-
resents peak area.
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Mass spectrum and mass chromatogram

Mass spectra in the thermospray ionization mode
of paraquat and diquat are shown in Fig. 3. Ions of
m/z 186 and 183 were obtained as base peaks for
paraquat and diquat, respectively, under thermo-
spray ionization conditions. The ions obtained in
the mass spectrum of paraquat using the thermo-
spray ionization mode were similar to those ob-
tained by FAB-MS [22], whereas the ions for diquat
were different from those obtained by FAB-MS.
Mass chromatograms of paraquat and diquat ob-
tained in the analysis of a standard mixture are il-
lustrated in Fig. 4. Peaks representing paraquat
were seen at mi/z 186 and 171 at a retention time of
5.5 min and for diquat at m/z 183, 184 and 157 at a
retention time of 4.8 min. The amounts injected to
obtain the data in Figs. 3 and 4 were 200 ng each of
paraquat and diquat. Hence, LC-TSP-MS analysis
enabled paraquat and diquat to be identified.

However, the relative intensities of the fragment
ions of paraquat in the mass spectra differed ac-
cording to the scan number. This may be due to the
peak of m/z 171 from the mass chromatogram,
which was flat compared with that of m/z 186.
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Hence the mass spectrum of paraquat was obtained
where the scan number indicated the peak top of the
m/z 186 ion in the mass chromatogram.

In the filament-on ionization mode, the mass
spectrum of paraquat was very similar to that ob-
tained using the thermospray ionization mode.
However, the intensity of the m/z 184 molecular ion
of diquat was increased, so that the mass spectrum
of diquat changed slightly. As filament-on ioniza-
tion is similar to a chemical ionization process, the
base peak of diquat in this mode was obtained at
m/z 184, but the fragment ions were similar to those
in the thermospray ionization mode.

We therefore decided to use both ionization
modes because of their accuracy. Paraquat and di-
quat did not interfere with each other so that for
quantification the fragment ions and the molecular
ions of both were used.

Calibration

Typical calibration graphs for paraquat and di-
quat with selected ion monitoring, using the ther-
mospray ionization mode, are shown in Fig. 5. The
graphs are linear over the range 30-500 ng. When
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Fig. 3. Mass spectra of (A) paraquat and (B) diquat. The temperatures of the vaporizer, block and tip heater were 161, 310 and 320°C,
respectively. Thermospray ionization mode; 200 ng of each sample injected.
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X104
1y

T

12

m/z183 (Diquat)

m/z186 (Paraquat)

o

Ion area
o
T

[e]
/o
Lt ,
0 2 4
Concentration (jug/ml)

Fig. S. Calibration graphs for paraquat and diquat. A 100-ul
volume was injected; single determination by selected ion mon-
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the volume of sample injected was 100 ul, a linear
response was observed over a concentration range
0.3-5 ug/ml; the detection limit was 20 ng (S/N =
3.5). The detection sensitivity changed, however,
with variations in the temperature of the ion source
block and vaporizer. The measurement error was
about 10%. Quantitative analysis by this method
was possible whit appropriate temperature control
and when measurement of a known concentration
of the compound was interspersed at frequent in-
tervals.

The filament-on ionization mode was not appro-
priate for quantitative analysis because the sensitiv-
ity was lower than that of the thermospray ioniza-
tion mode.

Sample preparation

Extraction methods have been reported in detail
previsously [2,3,14,15,23-25], hence these were not
included in this study. The extraction cartridge used
was either a Sep-Pak C, g or a Bond Elut C; g, which
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permitted direct injection into the LC-TSP-MS sys-
tem. Extraction cartridges are suitable for practical
use.

CONCLUSIONS

LC with UV detection has mostly been used for
the determination of paraquat and diquat, whereas
LC with diode-array detection has been used for the
identification of these compounds. However, LC-
TSP-MS enabled quantitative and qualitative anal-
yses of paraquat and diquat to be achieved without
the need for individual compound isolation and de-
rivatization. The maximum ion intensities for mass
spectrometry were obtained with the vaporizer at
160°C, the block at 310°C, and the tip heater at
320°C. Quantitative analysis was made possible by
sensitive control of the temperature of the ion
source block and vaporizer. A standard sample is
measured regularly in order to obtain accurate
readings.
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ABSTRACT

The temperature dependence of the chromatographic behaviour of a series of cyclic condensed phosphates with degree of poly-
merization from 3 to 8 on an anion-exchange column was investigated. The efficiency of Jandera’s equation in predicting the elution
behaviour was confirmed and the elution conditions for separating cyclic phosphates were established with the aid of computer
simulations. An increase in column temperature resulted in a significant increase in the number of theoretical plates. Conditions for
separating the six phosphates were not found at 30°C; however, the computer simulations suggested that suitable conditions for their
separation existed at 70°C and this was confirmed experimentally. The enthalpy changes of the ion-exchange reaction of all phosphates
were determined from the temperature dependences of their retention times and varied in proportion to their anionic charges. The
ion-exchange reaction of these cyclic phosphates was governed by the dehydration of the anions and partial dissociation of ion pairs

between cyclic phosphate anions and K* ions in the eluent.

INTRODUCTION

Cyclic phosphates, belonging to inorganic con-
densed phosphates and represented as M',P, 03, (M
= metal), from the viewpoint of electrolyte solution
chemistry are very interesting materials, having
high negative charges on their relatively compact
molecules [1]. They also can be used for other pur-
poses, such as complexing agents with various cat-
ions or food additives, in place of higher membered
linear polyphosphates. Of these cyclic phosphates,
cyclotri- and cyclotetraphosphate have long been
known and can be casily prepared. The existence of

Correspondence to: G. Kura, Department of Chemistry, Fukuo-
ka University of Education, Akama, Munakata, Fukuoka 811-
41, Japan.
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cyclic phosphates above the tetramer was confirmed
in 1956 [2]. Since that time, the chemistry of cyclic
phosphates has developed considerably. We have
studied various chemical properties of these oli-
gomers with degree of polymerization less than
eight [3-5].

Recently, HPLC has been successfully applied to
studies of the hydrolysis of cyclic oligophosphates
[6-8]. Further, we have reported on the rapid opti-
mization of the separation conditions for four inor-
ganic cyclic phosphates under gradient elution con-
ditions in anion-exchange chromatography [9].

In this work, the separation of six cyclic phos-
phate anions from each other and the chromato-
graphic behaviour of these anions were investigat-
ed. Some of the condensed phosphates, including
cyclotri- and cyclotetraphosphate have been used to

1993 Elsevier Science Publishers B.V. All rights reserved
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derive the equations describing their elution beha-
viour and to test the plate theory [10~12]. Since
these condensed phosphate oligomers are useful
polyprotic acids in which each of the PO, tetra-
hedra units is linked to each of its neighbours by an
oxygen atom, their degree of protonation can be
changed with the pH of the eluents except for cyclic
phosphates. Despite extensive studies of their chro-
matographic behaviour, few theoretical approaches
to their selectivities in ion exchangers have been re-
ported.

It has been said that the enthalpy changes in ion-
exchange reactions are usually small and temper-
ature does not have a great effect on the ion-ex-
change equilibria [13]. However, the importance of
column temperature was pointed out in the ion-ex-
change chromatographic separation of linear poly-
phosphate anions having highly negative charges
[14,15]. In this work, the effect of temperature on
the chromatographic behaviour of cyclic phosphate
anions was studied in detail. The retention time of
each of the cyclic phosphate increases with increase
in temperature. The theoretical plate number also
increases with increase in temperature. We found
that the four cyclic phosphate mixtures mentioned
above can be separated at 70°C faster and with a
better resolution owing to the increase in the num-
ber of theoretical plates than at 30°C.

Further, the separation of six cyclic oligomers
from the trimer to octamer has been achieved,
where the pentamer and heptamer were isolated by
the column chromatography of the fractionated
mixture of Graham’s salt [3].

From the temperature dependence of the reten-
tion times of six cyclic phosphate anions, the enthal-
py changes of the anion-exchange reaction were de-
termined. The enthalpy changes were positive, and
hence the anion-exchange reactions were endother-
mic. Large differences in the enthalpy changes per
unit anionic charge on the cyclic phosphate anions
were not observed. The enthalpy changes can be
regarded as corresponding to desolvation energies
and the dissociation energies of K* which form ion
pairs with cyclic phosphate anions when the anions
enter into the exchanger phase. These steps are im-
portant in the anion-exchange reaction of these cy-
clic phosphate anions. The effect of temperature
should be considered for the ion-exchange reactions
of highly charged ions such as condensed phosphate
ions.

G. Kura et al. | J. Chromatogr. 628 (1993) 241-246
EXPERIMENTAL

Chemicals

Sodium salts of cyclotri- (P3,), NazP304-6H,0,
and cyclotetra phosphate (P4y), NasP40,,-4H,0,
were prepared by the usual methods [16]. Sodium
cyclohexa- (Psn,) and cyclooctaphosphate (Pgp,)
were prepared by the methods of Griffith and Bux-
ton [17] and Schiilke [18], respectively. Cyclopenta-
(Ps.) and cycloheptaphosphate (P;,,) were isolated
from the fractionated solution of Graham’s salt by
the use of a QAE-Sephadex A-25 column [3]. All
other chemicals were of analytical-reagent grade.

Chromatographic system

The anion exchanger TSK Gel SAX, 10 um, was
packed into a 500 mm x 4 mm LD. column. A
Hitachi L-6200 liquid chromatograph was used and
a Hitachi 655A-13 reaction pump was connected to
mix the Mo(V)-Mo(VI) reagent with the column
effluents for the spectrophotometric determination
of the phosphates with a Hitachi L-4200 UV-Vis
detector. The flow system was similar to that de-
scribed previously [14]. The separation column was
surrgunded by a jacket, the temperature of which
was %kept constant within + 0.1°C by circulating
water.

Elution procedure

The sample solution (0.5 ml) was injected into a
separation column and chromatographed at a flow-
rate of 1.0 ml/min. The concentrations of the sam-
ples were (1.5-4.5)-10 73 M. The eluent consisted of
appropriate concentrations of potassium chloride
and 0.1% (w/v) Na,EDTA buffered at pH 10.2.
The column interstitial volume and the extra-col-
umn volume were 2.88 and 2.04 ml, respectively.

Computer simulations

The computer simulation procedure and the no-
tations used in the equations have been described
previously [9,19].

RESULTS AND DISCUSSION

In a previous paper [9], we predicted the elution
behaviour of four cyclic phosphates, cyclotri-, -tet-
ra-, -hexa- and -octaphosphate, which can be rela-
tively easily prepared, at 30°C. The four were sep-
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arated from each other as predicted by the comput-
er simulations. However, the retention times for the
phosphates did not differ much and the separation
of the six cyclic phosphate anions known so far (the
above four plus cyclopenta- and -heptaphosphate)
seemed to be difficult at that temperature. There-
fore, the elution behaviour of these cyclic phos-
phates at higher temperatures was investigated. It
was found that the retention volume of the cyclic
phosphate anions increased with increase in the col-
umn temperature. The temperature dependence of
the retention volume of cyclooctaphosphate is
shown in Fig. 1. The number of plates in the column
used (N) was calculated from the analysis of the

30°C
N =624

40°C
N =643

50°C
N =669

70°C
N = 1024

l 1 i L

0 10 20 30
Effluent ( ml )

Fig. 1. Chromatograms of cyclooctaphosphate with 0.4 M KCl
as eluent at various temperatures.
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elution curves with the usual plate theory. The re-
tention volume increased with increase in elution
temperature and the number of plates also in-
creased considerably. The separation of four cyclic
phosphates at 70°C was examined for comparison
with the data at 30°C. To find the optimum condi-
tions for separating the four cyclic phosphates by
computer simulation, the dependence of the capac-
ity factor on the eluent concentration at 70°C was
determined. As described previously [9], a plot of
the logarithm of the capacity factor (k') against the
logarithm of the concentration of eluting ion (c¢')
was found to be linear:

k' = ac'7? 6))

The plot of In k' against In ¢’ at 70°C is shown in
Fig. 2. The values of a and b obtained are given in
Table 1. The slope, b, is referred to as the ionic
charge of cyclic phosphate anion in the exchanger
phase [3]. Substituting the above a and b values in
Jandera’s equation [9,19,20] and the computer sim-
ulations yielded the best conditions for the rapid
and complete separation of the four cyclic phos-

nk'
4
3.—.
2
1k
0
-1.0 -0.8 -0.6
inc

Fig. 2. Plots of In k' vs. In ¢’ at a column temperature of 70°C.
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TABLE 1

CONSTANTS @ AND 4 IN EQN. 1 AT A COLUMN TEM-
PERATURE OF 70°C

Solute a b
P,0,*" 1.56 —3.29
P,0,,*" 0.351 —4.48
PO, 0.115 —5.36
60,8%” 0.0631 —5.78
P,0,,7" 0.0342 —6.58
P,0,.%" 0.0241 —7.86

phates with gradient conditions as C; = 0.5, C; =
0.6, = 40 min, x = 5[9].

Fig. 3 shows the observed and predicted chro-
matograms under the optimum gradient conditions.
The four cyclic phosphates are completely separat-
ed within 40 min, which is half of the separation
time at 30°C. The retention times observed are in
fair agreement with the predicted values, as shown
in Table II. The increase in the column temperature
from 30 to 70°C resulted in an increase in the plate
number and hence the column separation efficiency.

Next, the separation of the six cyclic phosphates
from cyclotri- to cyclooctaphosphate was examin-
ed. As the preparation of cyclopenta- and cyclohep-
taphosphate is difficult by the usual method, they

PGm
P8m
Pdn Pred.
P3m

10.8 18.9 28.9 34.0 42.9 £0.9

M Obsd.

i A A 1 L 1 1 ) 1 1 1
10.0 26.0 50.0

Effluent ( ml )

Fig. 3. Predicted and observed chromatograms for a mixture of
four cyclic phosphates with gradient elution condtions of C; =
0.5, C; = 0.6, 1, = 40 min, x = 5.
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TABLE 11

OBSERVED AND PREDICTED RETENTION VOLUMES
FOR FOUR CYCLIC PHOSPHATES UNDER GRADIENT
ELUTION CONDITIONS AS GIVEN IN FIG. 3 AT 70°C

Phosphate Retention volume (mi) Difference (%)
Observed Predicted

| 36.7 39.8 +8.3

P 22.3 23.6 +5.8

P, 13.6 13.5 -0.7

P 16.7 17.0 +1.6

were isolated by column chromatography as de-
scribed previously [3]. Computer simulations at
lower column temperatures did not give satisfactory
results. However, a good separation at 70°C was
predicted with gradient conditions of C; = 0.4,
Cr = 0.5, ty = 350 min, x = 1 [9]. The chromato-
gram predicted by the computer simulation is
shown in Fig. 4. The chromatogram observed is al-
so shown in Fig. 4, and the separation of the six
cyclic phosphates was satisfactory as predicted. The
predicted and observed retention volumes of each
phosphate are given in Table III, showing good
agreement.

It can be concluded that by increasing the column
temperature to 70°C and by considering the gra-
dient profile of the eluent, the six cyclic phosphates
can be separated from each other. As shown in the
chromatograms finally obtained (Fig. 4), the cyclic

P6ém P7m Psm

Pam  Pgn Pam
- NV\ ]
.9 20.0 4.9 60.8 80.2 120.8
- [\/\/\ /\ /\/\
.0 20.0 4.0 60.0 80.0 100.0

Effluent ( m! )

Fig. 4. Predicted and observed chromatograms for a mixture of
six cyclic phosphates with gradient elution conditions of C; =
04,C, = 0.5, = 350 min, x = 1.
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TABLE Il

OBSERVED AND PREDICTED RETENTION VOLUMES
FOR SIX CYCLIC PHOSPHATES UNDER THE GRA-
DIENT ELUTIONS CONDITION GIVEN IN FIG. 5 AT
70°C

Phosphate Retention volume (ml) Difference (%)
Observed Predicted
P, 88.1 88.6 +0.5
P,. 61.1 60.7 -0.8
P 46.6 46.4 -04
Pq.. 38.9 38.7 -0.6
P, 42.7 422 -1.2
Py, 80.6 82.4 +2.2

phosphates were not eluted in order of increasing
charge. The cyclic phosphates from the trimer to
hexamer are eluted in order of decreasing charge,
contrary to the elution order of linear phosphate
oligomers [19]. However, the heptamer and octamer
are eluted in order of increasing charge. The elution
order depends completely on the relationship be-
tween the capacity factors and the eluent concentra-
tion. From the usual law of mass action for ion
exchange, a linear relationship can be derived for
the plots of In k& vs. In [C17] and the values of the
slopes of the straight lines correspond to the charge
of each cyclic phosphate anion (eqn. 1). Finally, the
In &’ vs. In ¢’ relationships in Fig. 2 are governed by
the free energy changes of ion-exchange reactions of
the cyclic phosphate anions, but at the present stage
it is not possible to determine or predict true free
energy changes of such high-valent anions.

The mechanism of the ion-exchange reaction of
these cyclic phosphate anions was considered in
some detail from the temperature dependence of the
capacity factors. When the concentration of the
eluting reagent, KCI, was kept constant at 0.5 M,
the results for the variation of In k' for each phos-
phate with the reciprocal of absolute temperature of
the column are as shown in Fig. 5. Good linearity
was obtained. As mentioned previously, the capac-
ity factor can be related to column temperature by
eqn. 2, as the ionic strength of the system was kept
constant:

Ink'" = —AH/RT + AS/R + constant 2)

245

3 0.5MKCi

Ink'

UT /I 10

Fig. 5. Temperature dependence of the logarithm of the capacity
factor with 0.5 M KCI as an eluent.

In this study, only the capacity factors were deter--
mined as a function of the concentration of KCl
and temperature. Although selectivity coefficients
were not obtained, the enthalpy changes for the
anion-exchange reactions were calculated.

The enthalpy changes for the ion-exchange reac-
tion were calculated from the slopes of the linear In
k' versus 1/T plots. We measured the temperature
dependence of the capacity factors of the cyclic

AH ( kd/mol )

40
®
[ ]
[ )
20}~ o
[ ]

{ | 1 1

0 2 4 6 8

n { Anion charge )
Fig. 6. AH vs. charge of cyclic phosphate anions in 0.5 M KCI.
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phosphates at constant KCl concentrations from
0.3 to 0.5 M. The enthalpy changes thus obtained
for cyclotetraphosphate were 21.2, 20.5, 21.9 and
19.8 kJ/mol at KCI concentrations of 0.3, 0.4, 0.45
and 0.5 M, respectively. For the remaining solutes,
the AH values did not change so much with KCl
concentration, but for the six cyclic phosphates they
strongly depended on the charge of the cyclic phos-
phate anions. The positive values of 4H indicated
that the ion-exchange reaction is endothermic and
as an example 4 H values in 0.5 M KCl solution are
shown in Fig. 6 as a function of the anionic charges.
The experimental data yielded an approximately
linear plot passing through the origin. Thus, the AH
values per unit anionic charge were almost same for
each cyclic phosphate anion.

No theory has been proposed to predict the selec-
tivity order for a series of cyclic phosphate oligo-
mers on anion exchangers because of the difficulty
involved in the determination of thermodynamic se-
lectivity coefficients. The anionic selectivity has
been discussed for some oxygen-containing anions
by Chu et al. [21]. They attributed the stronger ab-
sorption of the anions to their weaker hydration. In
our case, the enthalpy changes seemed to involve
energy necessary for the partial dissociation of the
ion pair between the phosphate anion and K* ion
in the solution phase and also the dehydration ener-
gy of the phosphate anion entering into the ion-
exchanger phase, and the dehydration step of the
phosphate anion on adsorption might be one of the
important factors that control the ion-exchange re-
action of these cyclic phosphate anions.

G. Kura et al. | J. Chromatogr. 628 (1993) 241-246
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Quantitative structure-retention relationship approach to
prediction of linear solvation energy relationship

coefficients

I. H-Bond acceptor capability of gas chromatography
stationary phases in McReynolds data set
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ABSTRACT

Linear solvation energy relationships (LSER) have been used successfully in the characterization of GC stationary phases. The
various terms in the LSER are related to the ability of the stationary phase to engage in different types of intermolecular interactions.
Using the 77 phase McReynolds set, structural features of the stationary phases have been correlated with the a value in an LSER,
which reflects the H-bond acceptor capabilities of the stationary phase. Structural descriptors consisted of the fraction of each phase
that was represented by a given functional group. For the coatings in this data set, only five descriptors were identified as contributing to
the observed acceptor behavior: siloxane, ester, ether, hydroxyl and methylene (CH,). These terms were included in the equation a =
c,(siloxane) + c,(ester) + cy(ether) + ¢, (OH) + ¢;(CH,), where the coefficients (¢;) were determined by multiple linear regression
analysis. The R? for the above equation was 0.990. The values of the first four coefficients are a direct indication of the ability of these
functional groups to act as H-bond acceptors, while the fifth term is believed to contribute via inductive effects.

INTRODUCTION

The importance of solubility, solvation processes,
and solvent-mediated interactions in nearly all
fields of chemistry has fueled research directed to-
ward the development of predictive methods to en-
hance our understanding of such phenomena. Be-
cause the retention of solutes in chromatographic
separations provides a quantitative measure of sol-
ute-solvent interactions, chromatographic methods
have been used extensively for the investigation of
solubility processes. Consequently, the character-

Correspondence to: D. S. Ballantine, Jr., Chemistry Department,
Northern Illinois University, DeKalb, IL 60115, USA.
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ization of stationary phases for chromatography is
an active research area. The ability to predict the
solubility/retention behavior of these materials fa-
cilitates the process of selecting a stationary phase
for a given application.

The various approaches for predicting chromato-
graphic behavior can be categorized as either theo-
retical or empirical. The theoretical approaches at-
tempt to explain the interactions that give rise to
retention by way of fundamental chemical theory,
especially the thermodynamics of solubility behav-
ior [1-4]. In addition to their predictive ability, such
models also assist in our understanding of the chro-
matographic process; the better the model is at ac-
counting for the relevant factors in the system, the

1993 Elsevier Science Publishers B.V. All rights reserved
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greater its predictive accuracy. Empirical approach-
es rely on the statistical correlation of known or
measurable characteristics of the compounds under
study with their observed retention behavior. Such
correlations usually take the form of multiple linear
regression relationships [5,6]. In the majority of
cases, the properties used for correlation are molec-
ular structural descriptors, and these studies have
been labelled as quantitative structure-retention re-
lationships (QSRRs) [7-12]. While these methods
do not enjoy the same fundamental theoretical basis
as the former approach, their predictive ability has
been well demonstrated. Unfortunately, the QSRR
results are only valid for compound classes that
have been included in the original correlation. Use
of the derived regression equation to predict the be-
havior of other compound classes produces ques-
tionable results.

A compromise between the two approaches dis-
cussed above is the development of solubility fac-
tors or parameters to approximate or describe the
- solvation process [13-17]. Like the empirical ap-
proaches, these methods rely on the development of
a regression relationship with terms and coefficients
that are characteristic of the individual components
in the system . However, they have a more funda-
mental, theoretical basis in that the terms in the
regression equation represent the relative ability of
the components to engage in solubility interactions.
By far, the most successful and widely applied of
these methods is the linear solvation energy rela-
tionships (LSER) of Kamlet, Abraham and Taft
and co-workers which utilize solvatochromic pa-
rameters [18-22]. The LSER usually take a form
similar to the following,

logSP=c¢+ ri Ry + sy ¥ + a0, +
bifa + Lilog L'* (1)

where SP refers to the solvation property under
study, which in chromatographic investigations is
usually the specific retention volume (V) or the
partition coefficient (K.). The coefficients with the
subscript 1 are descriptors for the solvent (or sta-
tionary phase), and the terms with subscript 2 are
descriptors for the solutes. For example, the o and
terms refer to the ability of a given solute to act as a
hydrogen bond donor (acid) and hydrogen bond
acceptor (base), respectively. The L'® term is the
Ostwald solubility (partition) coefficient of the sol-
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ute in hexadecane, and provides a measure of the
dispersion interaction. The n* measures the dipo-
larity/polarizability interactions, and the R term
represents non-bonded electron interactions. The
coefficients r, s, a, b and [ represent the correspond-
ing ability of the solvent phase to engage in these
interactions, while ¢ is a regression constant. Hence,
the overall equation represents a model of the sol-
vation process. The number and identity of param-
eters included in the LSER varies with the system
under study.

The advantage of the LSER approach is that,
once the relevant terms and coefficients have been
determined for the solutes and solvents/phases in
question, the solubility behavior of any solute/sol-
vent pair can be calculated, i.e. the results are not
necessarily limited to a closed system as in other
empirical methods. The development of the terms
(«, B, n*, L%, R) and coefficients (a, b, r, s, ) re-
quires extensive data collection and reduction, and
every compound/stationary phase must be studied
in order to be characterized.

In this paper we demonstrate an alternative ap-
proach to the calculation of the coefficient in the
LSER equation above for chromatographic sta-
tionary phases. Since the ability of a compound to
engage in solubility interactions is determined
largely by its molecular structure and functionality,
we propose to use a simplified QSRR approach to
the calculation/prediction of these values. The ad-
vantages of such an approach are that it permits
rapid prediction of solubility behavior based on
structural features, and it may assist in the rational
design of materials for applications where solubility
behavior is relevant.

METHODOLOGY

The approach demonstrated herein consists of
correlating, via multiple linear regression, the coeffi-
cients determined for an LSER with structural fea-
tures of the stationary phase materials. For the
work reported here, we have focused on prediction
of the coefficient a, which is a measure of H-bond
acceptor basicity of a stationary phase interacting
with an H-bond donor solute (characterized by o).
In order for a material to act as an H-bond acceptor
it must contain atoms that have lone electrons (e.g.
oxygen, nitrogen) or functional groups that have
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sufficient electron density (i.e. multiple bonds, aro-
matic rings).

The first requirement of this approach is a fully
characterized set of stationary phases, i.e., a set for
which the LSER coefficient values have already
been determined. A variety of GC stationary phases
have recently been characterized using solvato-
chromic LSERs [23,24], including the McReynolds
77-phase set [25], which is probably the most exten-
sively documented set of GC stationary phases. The
second requirement is documentation of the struc-
tural features of these phases so that these materials
can be adequately represented by a set of descrip-
tors. A thorough description of the materials, by
general chemical class, included in the McReynolds
set is given below. In cases where a material could
be listed under more than one class, it is included
under the heading which represents the more signif-
icant contribution to the observed solubility behav-
ior.

Hydrocarbons

Included in this class are squalane and the Apie-
zon greases. Squalane, a saturated hydrocarbon,
contains no functional groups capable of engaging
in H-bond acceptor interactions and thus has an a
value of 0.0. The Apiezon phases contain undeter-
mined amounts of alkene and aromatic groups
which convey some weak acceptor behavior to these
phases (¢ = 0.10-0.13). The actual structure(s) of
these materials is not well known, however, which
prevents their inclusion in the study set.

Polysiloxanes

These materials are dimethyl siloxane-based
polymers, usually terminated with trimethyl silyl
groups [-Si(CH3)3]. The methyl group substituents
can be replaced with other functional groups to al-
ter the solubility properties of the material. Includ-
ed in this group are SE-30 (100% methyl substitut-
ed), SE-30-NPGA (same as SE-30, with neopentyl
glycol adipate terminal groups), SE-31 (1% vinyl),
SE-52 (5% phenyl), DCF-550 (25% phenyl),
XF-1150 (50% cyanoethyl), DCFS-1265 (50% tri-
fluoropropyl), and Versilube F-50 (chlorophenyl
groups, unknown%y). These phases are mostly weak
acceptors, having a values in the range of 0.17 to
0.33; the only moderately strong acceptor is
XF-1150, with an a value of 1.38.
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Phosphates

Included in this group are tricresyl phosphate
and Kroniflex-THPP, which have a values of 1.23
and 2.28, respectively. The relatively large a values
are consistent with the multiple oxygens in the
phosphate which are capable of acceptor behavior.

Nitrogen (amides/amines)

The only stationary phase which contains amine
groups is Quadrol (N,N,N’,N'-tetrakis(2-hydroxy-
propylethylene diamine), which has an a value of
2.38. The amides in the data set include Flexol-8N8
(2,2’-(2-ethyl hexamido)diethyl di(2-ethyl)hexoate,
and the Hallcomids M 18/180L (N,N-dimethyl stea-
ramide and N,N-dimethyl oleylamide). The a val-
ues for these phases are 1.55 and 1.59, respectively.

Oxygen (esters/ethers/hydroxyls)

This is by far the best represented set of function-
al groups in the data set. Within this subheading are
several well-defined classes of materials, which are
worth describing further.

Esters/polyesters. Most of the esters are manu-
factured by the reaction of aliphatic alcohols with
dicarboxylic acids (adipic, sebacic and phthalic). In-
cluded in this set are dioctyl sebacate (DOSDb), di-2-
ethylhexyl sebacate (DEHb), di-2-ethylhexyl adi-
pate (DEHA), isooctyl decyl adipate (IODA), diiso-
decylphthalate (DIDP), dioctylphthalate (DOP),
bis(2-ethoxyethyl)phthalate, and dibutyl-tetrachlo-
rophthalate. These are moderate acceptors (a =
0.60-1.25). Three of the phases are produced by the
esterification of sucrose [sucrose diacetate hexaisob-
utanoate (SAIB), sucrose octaacetate, and octa-
kis-2(hydroxypropyl) sucrose (Hyprose SP80)],
which tend to be stronger acceptors (¢ = 1.29-
2.40). Additional ester phases are tripelargonate, a
triester produced by the reaction of glycerol with
pelargonic acid (a = 0.82), and Citroflex A-4 (ac-
etyl tributyl citrate) (¢ = 0.94).

Nine coatings in the set are polyesters, produced
by the polymerization of various glycols with adipic
(A), succinic (S) and sebacic (Sb) acids. Glycols
used to produce these materials included ethylene
glycol (EG), diethylene glycol (DEG), triethylene
glycol (TEG), and neopentyl glycol (NPG). Abbre-
viated names for these phases are given as NPGA
(terminated and unterminated), EGSb, DEGSbD,
NPGS, EGA, DEGA, TEGS, and DEGS. Most of
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the polymer chains terminate in —OH groups, but
the terminal group for the NPGA term. phase was
undetermined. While these phases were very pop-
ular until the 1970s, there is no information avail-
able as to the molecular weight range of the materi-
als used. Attempts to obtain such information from
the manufacturer(s) revealed that even they did not
know for sure, and there was variation from one lot
to the next.

Polyglycol ethers. Included under this heading
are the Pluronic phases and the Carbowaxes (CW).
The Carbowaxes are linear polyethylene glycols
(PEGs), terminated by hydroxyl groups, with the
phase number providing information about the ap-
proximate relative molecular mass (M,) range. Car-
bowax 1000, for example, has an M, of 950-1050,
whereas Carbowax 20M has an M, between 15 000
and 20 000.

The Pluronic phases consist of block copolymers
of PEG and polypropylene glycol (PPG). The letter
in the phase suffix refers to the physical appearance
of the phase as liquid (L), paste (P) or flake (F). The
first number in the suffix, when multiplied by 300,
yields the approximate M, of the phase represented
by the PPG block, while the second number, when
multiplied by 10, yields the % of the total M, repre-

sented by the PEG. Pluronic L63, therefore, is a

liquid phase having a PPG weight of approximately
1800, which represents 70% of the total M, with
30% of the polymer being PEG. The total M, of this
phase is about 2600. There is some disagreement in
the literature regarding the terminal groups on the
polymer chains [15,26], but the more commonly ac-
cepted structure contains hydroxyl terminal groups.

Other PPG- and PEG-based polymer phases in
this class include UCON LB-1715 and UCON
HB-2000. The latter is a butoxy-terminated PPG
with the average number of repeating PPG units
equal to 28 or 29. In general, the PPG-based poly-
mers tend to be water insoluble. The former is also
butoxy-terminated, but is approximately 50% (w/
w) in PEG and PPG units with a total M, of about
2000; the high percentage of PEG groups renders
these polymers water soluble.

Phenyl ethers. Eight of the remaining phases are
characterized by ether linkages. Two of these are
polyphenyl ethers (5 ring and 6 ring, PPE-5 and
PPE-6). Once again, there is some variation in
structures reported in the literature, with one refer-
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ence reporting hydroxyl terminated chains [17], and
another reported no hydroxyl terminals [15]. The
most likely structure is the former. The remaining
six ether phases are often used as detergents/surfac-
tants; these include Polytergent-J300, Oronite
NIW, Ethofat 60/25, Tergitol NPX, Igepal CO-880
and Triton X-305. These phases are di-substituted
phenyls; one substituent consists of a saturated hy-
drocarbon (HC), and the other substituent is an hy-
droxyl terminated PEG chain. The number of car-
bons in the saturated HC substituent varies from 8
(Triton X-305) to 17 (Ethofat 60/25), and the num-
ber of ethylene glycol units in the PEG substituent
varies from 10 (Tergitol NPX) to 30 (Triton X-305).
The exact structure of the Polytergent-J300 could
not be verified.

Alcohols. Included in this group are docosanol
(C12H4sOH),  diglycerol  [(HOCH,CH(OH)-
CH,),—0], and sorbitol. The structure of sorbitol
can be written either as a straight chain or as a 5-
membered ring, which is formed upon the elimina-
tion of a water molecule. These phases are unique in
the 77-phase set because they also exhibit significant
H-bond donor acidity and, thus, have relatively
large b values (0.34-0.52).

Miscellaneous phases

The remaining two phases can not be classified in
any of the above groups. Castor wax is hydrogenat-
ed castor oil [CH3(CH,),6COOH], with the carbox-
ylic acid group providing significant H-bond ac-
ceptor ability (@ = 1.09). The final remaining phase
is Zonyl E-7 which can be described as a polyfluor-
inated ester of aromatic acid (1,2,4,5-tetracarboxyl-
ic acid), although the exact structure could not be
verified.

DATA SET DEVELOPMENT

The a values used in this work were taken from
Abraham et al. [25] for the 77-phase McReynolds
data set at 120°C. Structures for as many coatings in
this set as possible were obtained from a variety of
literature sources and supplier documentation
{15,17,26-30]. Unfortunately, structures for several
of the phases in the data set could not be verified,
and these coatings were not included in the final
data set. Non-verified phases included Zonyl E-7,
Polytergent-J300, Versilube F50, and the four Apie-
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zon phases. In addition, the terminal group for
NPGA-(term.) could not be verified, so this phase
was also eliminated. This reduced the number of
phases in the set to 69. A set of structural descrip-
tors were calculated for the remaining coatings
based on the relative abundance of individual func-
tional groups, expressed as a percentage of the mo-
lecular mass. Potential H-bond acceptor groups in-
clude alkenes (C=C), phenyls, siloxanes (Si-O),
phosphates (PO,), nitriles (C=N), amides
(CONR;), amines (NRj), esters (COOR), ethers
(C-0-C), and hydroxyls (R-OH).

Functional groups for the remaining phases were
considered as descriptors to be included in the re-
gression equation. In order for the regression re-
sults to be statistically valid each functional groups
should be adequately represented within the data
set to prevent skewing of the result. Once again,
several of the remaining phases were eliminated be-
cause of inadequate representation. Among the
functional groups that were under-represented were
the phosphates (2 phases), the amides/amines (3
phases), the alkene/vinyl (3 phases), and the cyano/
nitriles (1 phase). Phases eliminated at this stage
were tricresyl phosphate, Kroniflex THPP, Flexol
8N8, the Hallcomids (18,180L), Quadrol, SE-31
and XF-1150. This reduced the data set to 61. Two
of the remaining phases contained halogens (dibu-
tyltetrachlorophthalate, DCFS-1265); because the
acceptor behavior of chlorine is likely to be negli-
gible, and the fluorine will likely affect acceptor be-
havior via inductive effects, these coatings were re-
tained for the preliminary regression. Chlorine and
fluorine were not, however, included among the
functional groups considered for the regression
equation.

The remaining 61 coatings in the data set are list-
ed in Table 1. Simplified descriptors for the func-
tional groups in these coatings were determined as
follows. Fractional representations for each func-
tional groups were calculated by multiplying the
number of functional groups in the molecule by the
amu for that functional group, and dividing by the
total M,. Hydroxyls and ethers, for example, con-
tain one oxygen at 16 amu, whereas each ester con-
tains two oxygens for a total of 32 amu. Siloxanes
(Si-0O) contained one oxygen at 16 amu; since Si
does not participate as an acceptor, its mass was not
included. Phenyls were represented as (C¢H,) with
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the total number of hydrogens being determined by
the degree of substitution. Monosubstituted phen-
yls, for example, were CgHs for 77 amu. Also in-
cluded in the table are fractions of CHs, CH, and
CH groups. Although these CH, functionalities
cannot engage in acceptor behavior, they provide
information regarding the extent of branching with-
in the molecule, which can affect the molar volume
and/or potential steric or inductive effects. The re-
sulting fractions and the M, used for each phase are
included in Table 1. It should be noted that the ac-
tual mass for the polyester phases was not known.
The data for these phases are for M, ~ 2000 (n ~
10; » = number of monomer repeat units). The
phases in the data set are predominantly represent-
ed by oxygenated functional groups (ester, ether,
hydroxyl), with siloxanes and phenyl groups being
marginally represented. The number of coatings
containing these functional groups are given in Ta-
ble II.

RESULTS

Statistical evaluation of the data set was perform-
ed using two different software packages. A com-
plete statistical system (CSS), obtained from Stat-
soft (Tulsa, OK, USA), was used for correlation
analysis of the regression variables, for calculation
of standard and deleted residuals, and for calcula-
tion of F values. The R? values obtained using the
CSS package used (N) rather than (N —1), and were
thus not reported in this work. Additional statisti-
cal analyses were performed using the regression
subroutines available in Quattro Pro 3.0 (Borland
International). R? values reported herein were ob-
tained using the QPro software. Values for resid-
uals, as well as for the regression coefficients and
associated standard errors, were identical for both
software packages. In all cases, results are for the
linear regression with the intercept forced to zero.

The data in Table I were used to develop a regres-
sion equation of the following form

a; = c¢; (descriptor;); + ¢, (descriptor,); +
¢3 (descriptors) + ... + ¢, (descriptor,); 2)

where a is the coefficient from the LSER from ref.
25, ¢1 »... are the regression coefficients, (descriptor)
is the fraction of the total M, represented by a given
functionality (phenyl, siloxane, etc.) as given in Ta-
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TABLE ]
PHASE DATA SET WITH DESCRIPTORS (POLYESTER M, SET TO » = 10)

Coating M, Coef. 2 Phenyl  Siloxane Ester Ether OH CH, CH CH,

DCFS-1265 24 600 0.2900  0.0000  0.1020  0.0000  0.0000  0.0000  0.1784  0.0000  0.0992
SE-52 100 000 0.2200  0.0959  0.1992  0.0000  0.0000  0.0000  0.0000  0.0000  0.3554
DCF-550 5186 0.2900  0.3563  0.1481 0.0000  0.0000  0.0000  0.0000  0.0000  0.2260
SE-30 1998 100 0.2900  0.0000  0.2162  0.0000  0.0000  0.0000  0.0000  0.0000  0.4054
SE-30(NPGA) 10 032 0.3300  0.0000  0.2089  0.0128  0.0000  0.0000  0.0001 0.0000  0.4053
PPE-5 446 0.5400  0.8565 ~ 0.0000  0.0000  0.1435  0.0000  0.0000  0.0000  0.0000
PPE-6 538 0.5600  0.8513  0.0000  0.0000  0.1487  0.0000  0.0000  0.0000  0.0000
DBTCP 416 0.6000  0.1731 0.0000  0.1538  0.0000  0.0000  0.2019  0.0000  0.0721
DIDP 446 0.7300  0.1704  0.0000  0.1435  0.0000  0.0000 03139  0.1166  0.2018
Dop 390 0.7700  0.1949  0.0000  0.1641 0.0000  0.0000  0.3590  0.0667  0.1538
bis-(2EOE)Ph 310 1.2500  0.2452  0.0000  0.2065  0.1032  0.0000  0.2710  0.0000  0.0968
Oronite-NIW 906 1.4600  0.0839  0.0000  0.0000  0.2472  0.0177  0.5872  0.0143  0.0497
Tergitol NPX 660 1.4700  0.1152  0.0000  0.0000  0.2424  0.0242  0.5939  0.0000  0.0227
IgepalCO-880 880 1.6100 0.0864 0.0000 0.0000 0.2727 0.0182 0.6045 0.0000 0.0170
Triton-X305 1526 1.6500  0.0498  0.0000  0.0000 03145  0.0105  0.6147  0.0000  0.0098
Ethofat 60/25 988 1.5400  0.0000  0.0000  0.0324  0.2591 0.0162  0.6802  0.0000  0.0152
DOSb 426 0.7900  0.0000  0.0000  0.1502  0.0000  0.0000  0.7230  0.0000  0.0704
IODA 398 0.8100  0.0000  0.0000  0.1608  0.0000  0.0000  0.5276  0.0760  0.1884
DEHSb 426 0.8300  0.0000  0.0000  0.1502  0.0000  0.0000  0.5915  0.0610  0.1408
DEHA 370 0.8700  0.0000  0.0000  0.1730  0.0000  0.0000  0.5297  0.0703  0.1622
EGSb 2343 1.4400  0.0000  0.0000  0.2733  0.0000  0.0137  0.6097  0.0000  0.0000
DEGSb 2826 1.4500  0.0000  0.0000  0.2265  0.0623  0.0113  0.6143  0.0000  0.0000
NPGA 2244 1.4700  0.0000  0.0000  0.2852  0.0000  0.0143  0.3868  0.0000  0.1471
NPGS 1964 1.4900  0.0000  0.0000  0.3259  0.0000  0.0163  0.2994  0.0000  0.1527
DEGS 1986 1.6800  0.0000  0.0000  0.3222  0.0886  0.0161 0.4512  0.0000  0.0000
EGA 1782 17200 0.0000  0.0000  0.3591 0.0000  0.0180  0.4871 0.0000  0.0000
DEGA 2266 1.7300 0.0000 0.0000 0.2824 0.0777 0.0141 0.5190 0.0000 0.0000
TEGS 2470 1.8700  0.0000  0.0000  0.2591 0.1425  0.0130  0.4874  0.0000  0.0000
UCON-LBI715 1698 1.2200  0.0000  0.0000  0.0000  0.2638  0.0094  0.2556 02144  0.2562
PL-L8I 2660 1.2900  0.0000  0.0000  0.0000 02767  0.0120  0.2789  0.2004  0.2312
PL-L72 2634 1.4100  0.0000  0.0000  0.0000  0.2855  0.0121 0.3189  0.1777  0.2050
PL-Lé61 2080 1.4200 0.0000 0.0000 0.0000 0.2769 0.0154 0.2894 0.1938 0.2236
PL-P84 3980 1.4400 0.0000 0.0000 0.0000 0.3055 0.0080 0.3975 0.1339 0.1545
PL-L42 1588 1.4500  0.0000  0.0000  0.0000  0.2821 0.0202 03262  0.1719  0.1984
PL-P8S 4860 1.4600  0.0000  0.0000  0.0000 03160  0.0066  0.4407  0.1097  0.1265
PL-Lé63 2608 1.4600  0.0000  0.0000  0.0000 02945  0.0123  0.3597  0.1545  0.1783
UCON-HB2000 2028 1.4800  0.0000  0.0000  0.0000  0.3077  0.0079  0.4418  0.1090  0.1331
PL-P6S 3664 1.5000  0.0000  0.0000  0.0000  0.3144  0.0087 04394  0.1100  0.1269
PL-L44 2027 1.5200  0.0000  0.0000  0.0000  0.3000  0.0158  0.3937  0.1347  0.1554
PL-P46 3084 1.5600  0.0000  0.0000  0.0000  0.3217  0.0104 04767  0.0885  0.1021
PL-F88 12076 1.6000  0.0000  0.0000  0.0000  0.3445  0.0026  0.5576  0.0441 0.0509
PL-F68 8388 1.6100  0.0000  0.0000  0.0000  0.3433  0.0038  0.5558  0.0449  0.0519
PL-F77 6946 1.6100  0.0000  0.0000  0.0000 - 0.3340  0.0046  0.5160  0.0674  0.0777
CW-20M 17 508 1.7800  0.0000  0.0000  0.0000 03623  0.0018  0.6357  0.0000  0.0000
CW-6000 6772 1.8000  0.0000  0.0000  0.0000 03603  0.0047  0.6347  0.0000  0.0000
CW-4000 3362 1.8500 0.0000 0.0000 0.0000 0.3569 0.0095 0.6330 0.0000 0.0000
CW-1540 1470 1.8700  0.0000  0.0000  0.0000  0.3483  0.0218  0.6286  0.0000  0.0000
CW-1000 1008 1.8900  0.0000  0.0000  0.0000  0.3413  0.0317  0.6250  0.0000  0.0000
CW-600 612 2.1200 0.0000 0.0000 0.0000 0.3268 0.0523 0.6176 0.0000 0.0000
CW-400 414 2.1800  0.0000  0.0000  0.0000 03092  0.0773  0.6087  0.0000  0.0000
CW-300 304 22800  0.0000  0.0000  0.0000 02895  0.1053  0.5987  0.0000  0.1020
Hyprose-SP80 806 24000  0.0000  0.0000  0.0000 02184  0.1588  0.1911 0.2581 0.1489

SAIB 846 1.2900 0.0000 0.0000 0.3026 0.0567 0.0000 0.0496 0.1998 0.2482
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TABLE 1 (continued)
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Coating M, Coef. @ Phenyl  Siloxane Ester Ether OH CH, CH CH,
Sucrose(Ac), 678 1.5900 0.0000 0.0000  0.3776  0.0708 0.0000 0.0619 0.1534  0.177
Citroflex A4 388 0.9400 0.0000 0.0000 0.3299 0.0000 0.0000 0.3608 0.0000  0.1546
Docosanotl 327 0.7500 0.0000  0.0000  0.0000  0.0000 0.0490 0.9002 0.0000  0.0459
Diglycerol 166 2.7700 0.0000 0.0000 0.0000  0.0964  0.3855 0.3373 0.1566  0.0000
Sorbitol 164 1.7700 0.0000  0.0000 0.0000  0.0974 0.9898 0.1705 0.3167 0.0000
Squalane 422 0.0000 0.0000 0.0000 0.0000  0.0000 0.0000 0.5308 0.1848 0.2844
Tripelargonate 512 0.8200 0.0000  0.0000 0.1875 0.0000 0.0000 0.6289 0.0254 0.0879
Castorwax 284 1.0900 0.0000  0.0000 0.0563 0.0000  0.0563 0.7887 0.0000 0.0528

ble I. The 61-phase data set was used to develop a
preliminary regression equation. Of the 8 function-
ality factors in the table, only 5 were determined to
be significant. These 5 were siloxane, ester, ether,
hydroxyl, and methylene (CH;). The regression
coefficients and their respective standard errors are
given in Table ITI. Examination of residuals using
this equation revealed that the a values for two
coatings (sorbitol and Citroflex A4) were severely
over-predicted, while one coating (Hyprose SP80)
was severely under-predicted. The over-predictions
could be partly due to steric effects; some of the
oxygens in these compounds may have limited ac-
cessibility. In addition, the sorbitol has a high b val-

TABLE II

REPRESENTATION OF FUNCTIONAL GROUPS IN 61-
PHASE DATA SET

No. of Functional groups
coatings
Phenyl Siloxane Ester Ether OH
12 5 23 40 41
TABLE 111

ue due to its ability to act as a H-bond donor. The
possibility of intramolecular interactions, i.e. self-
association, may reduce the availability of the hy-
droxyls for H-bond acceptor behavior with solutes.
An iterative process of regression, followed by elim-
inating of outliers due to steric hinderance and/or
self-association, reduced the data set to 55 coatings.
Eliminated at this round were the three alcohol
phases (docosanol, diglycerol, sorbitol), Citroflex
Ad, and tripelargonate. The elimination of the first
three coatings can be justified due to self-associ-
ation; each has a significant b value. The latter two
coatings were eliminated on the basis of unusual
steric hinderance. It is worth noting that these 5
coatings tend to be of low M, (164 — 512) compared
with the majority of coatings in the data set. Any
steric or self-association phenomena are likely to
have a larger effect on smaller molecules than on
larger ones. One additional coating, squalane, was
eliminated due to the fact that it contained no H-
bonding capability (a = 0.00), yet had a CH; frac-
tion of 0.52. Inclusion of this coating would skew
the coefficient for CH,.

Upon elimination of these coatings the regression
coefficients were redetermined and are given in Ta-

COMPARISON OF REGRESSION RESULTS FOR 61-PHASE AND 55-PHASE DATA SETS

Data set Rr? Siloxane Ester Ether OH CH, F
(standard error)

61 phases 0.922 1.409 3.423 4.090 5.009 0.549 902
(0.167) (0.415) (0.189) (0.170) (0.295) (0.088)

55 phases 0.990 1.412 3.517 3.872 8.969 0.514 7893
(0.054) (0.134) (0.068) (0.064) (0.275) (0.036)
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ble III for comparison. The R? for the regression
improved from 0.922 (standard error = 0.167) to
0.990 (standard error = 0.054). The regression
coeflicients for siloxane and ester increased slightly,
whereas the coefficients for ether and CH, de-
creased slightly. The largest effect was observed for
the coefficient for hydroxyl, which increased dra-
matically from 5.009 to 8.969. As a result of this
large increase in the hydroxyl coefficient some of the
coatings that were under-predicted using the origi-
nal regression equation, most notably Hyprose
SP80, were now more accurately predicted. Using
these coefficients yields the following regression
equation

a = 1.412 (siloxane) + 3.517(ester) +
3.872(ether) + 8.969(OH) + 0.514(CH,) 3)

The F value of 7893 for eqn. 3 strongly indicates
that this equation is statistically significant and a
useful predictor for a. A plot of predicted a values
using the regression equation versus observed a val-
ues from the LSER study [25] is given in Fig. 1.
The factors used in developing the regression
equation were evaluated for correlation between
factors; the correlation data for the 55-phase set are
presented in Table IV. The only sizable positive cor-
relation is between siloxane and CHj; such a corre-
lation is not unusual since most of the siloxanes
have a large number of methyl substituents. Among
the five factors included in the final regression equa-
tion several negative correlations are indicated, but
the only one worthy of note is between ester and
ether and is a consequence of the coating structures
within the data set. Whereas there are a large num-
ber of coatings that have either ester or ether groups

TABLE IV
REGRESSION FACTOR CORRELATION TABLE
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Fig. 1. Plot of the a values calculated using eqn. 3 (predicted)
versus a values determined for the LSER from ref. 25 (observed).
R? for the regression is 0.990, with a standard error of 0.054.

(23 and 40, respectively) only 8 coatings have both
an ester and ether groups. Thus, intercorrelation of
the regression factors was not considered to be
above an acceptable level.

The residuals from the regression were examined
to determine if they were truly random, or whether
there was some systematic bias in the data. The av-
erage and standard deviation for the calculated re-
siduals (using eqn.3) were 0.0007 and 0.051, respec-
tively. Of the 55 coatings in the data set, 29 coatings
were over-predicted while 26 were under-predicted.
A plot of the residuals versus a in Fig. 2 indicates
that there is no systematic trend as a function of a.
Plots of residuals versus the various regression fac-
tors and versus M, resulted in similarly random
plots. Finally, the coatings were arranged in groups

Variable Phenyl Siloxane Ester Ether OH CH, CH CH,
Phenyl 1.000

Siloxane 0.0407 1.000

Ester —0.1157 —0.1970 1.000

Ether —0.1633 —0.3811 —0.6466 1.000

OH —0.1789 -0.1777 —0.1759 0.2269 1.000

CH, —0.4608 —0.5556 —0.0357 0.3721 0.1966 1.000

CH —0.2076 —0.2240 —0.1212 0.2324 0.1467 —0.3023 1.000

CH, —0.1358 0.6375 —0.0918 —0.3181 -0.1604 —0.6625 0.4826 1.000
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Fig. 2. Plot of residual values for a (observed ~ predicted) versus
observed value, indicating random ditribution of errors.

based on chemical class to determine if there were
trends in residuals as a function of coating class.
The results are presented in Fig. 3. While most of
the coating classes exhibit fairly random distribu-
tion of residuals, some of the ester classes exhibit
systematic behavior. The four diesters, for example,
are over-predicted, whereas the phenyl esters tend
to be under-predicted. The polyesters are, for the
most part, under-predicted even though the largest
over-predicted coating (DEGS) is a member of this
class. For the most part, the number of coatings in
each class is rather limited and the magnitude of the
residuals is small; any conclusions regarding sys-
tematic trends in the residuals as a function of
chemical class would be tenuous. The influence of

TABLE V
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Polyesters

1

Pluronics/UCON

Phenyl
esters

Carbowaxes

m

Phthalate
esters
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Coatings (Grouped by Class)

Fig. 3. Residuals for 55-phase data set grouped according to
coating compound classes.

any individual coating class on the regression re-
sults was investigated further.

The first coating class investigated was the poly-
esters. As stated in the introduction, the actual M,
for the 8 polyester coatings was not known; the re-
gression results given above were calculated using
estimated M, of 2000 (n = 10) . Additional calcula-
tions were performed to determine what effect the
M, of the polyester coatings would have on the re-
gression results. The functionality fraction descrip-
tors in Table I were recalculated for the 8 polyester
coatings using estimated M, of approximately 5000
and 10 000. Most of the descriptors change only
slightly, on the order of 1-3%. The hydroxyl frac-
tional descriptor, however, decreases dramatically

COMPARISON OF REGRESSION RESULTS (POLYESTER M, VARIABLE)

M, R? Standard Siloxane Ester Ether OH CH,
error

2000 0.990 0.0539 1.412 3.517 3.872 8.969 0.513
(0.134) (0.068) (0.064) (0.275) (0.036)

5000 0.989 0.0579 1.409 3.619 3.868 8.948 0.517
(0.144) (0.073) (0.069) (0.297) (0.038)
10000 0.988 0.0601 1.409 3.654 3.866 8.919 0.0520
(0.149) (0.075) (0.072) (0.309) (0.040)

- 0.994 0.0438 1.414 3.423 3.899 8.906 0.502
(0.109) (0.075) (0.054) (0.225) (0.030)

@ Regression results for 48 coating set after elimination of polyester coatings.
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TABLE VI
RESIDUAL (STANDARD AND DELETED) FOR 55-PHASE DATA SET

Coating a Standard Deleted % change
residual residual restdual
Observed Predicted

DCFS-1265 0.2900 0.23558 0.05442 0.05893 8.3
SE-52 0.2200 0.28117 —0.06117 —0.08097 -324
DCF-550 0.2900 0.20904 0.08096 0.09361 156
SE-30 0.2900 0.30517 -0.01517 -0.02130 —40.4
SE-30(NPGA) 0.3300 0.33993 —0.00993 —0.01360 -36.9
PPE-5 0.5400 0.55566 —0.01566 —0.01613 -3.0
PPE-6 0.5600 0.57580 —0.01580 ~-0.01631 3.2
DBTCP 0.6000 0.64461 —0.04461 —0.04558 ~22
DIDP 0.7300 0.66590 0.06410 0.06580 2.6
DOP 0.7700 0.76151 0.00849 0.00879 3.5
Bis-(2EOE)Ph 1.2500 1.26506 —0.01506 —0.01588 ~-54
Oronite-NIW 1.4600 1.41748 0.04252 0.04426 4.1
Tergitol-NPX 1.4700 1.46063 0.00937 0.00977 42
IgepalCO-880 1.6100 1.52959 0.08041 0.08381 42
Triton-X305 1.6500 1.62762 0.02238 0.02348 49
Ethofat 60/25 1.5400 1.61182 —0.07182 —0.07547 -5.1
DOSb 0.7900 0.89953 —0.10953 —-0.12778 -16.7
IODA 0.8100 0.83648 —0.02648 —0.02842 -173
DEHSb 0.8300 0.83201 ~0.00201 -0.00221 -10.0
DEHA 0.8700 0.88047 —0.01047 —0.01123 -173
EGSb 1.4400 1.39719 0.04281 0.04717 10.2
DEGSb 1.4500 1.45466 —0.00466 —0.00499 -71
NPGA 1.4700 1.32997 01.4003 0.15109 7.9
NPGS 1.4900 1.44617 0.04383 0.04892 11.6
DEGS 1.6800 1.85239 -0.17239 —0.19088 -10.7
EGA 1.7200 1.67457 0.04543 0.05139 13.1
DEGA 1.7300 1.68708 0.04292 0.04614 7.5
TEGS 1.8700 1.82996 0.04004 0.04282 6.9
UCON-LBI1715 1.2200 1.23704 —0.01704 —0.01768 -3.7
PL-L81 1.2900 1.32228 —0.03228 —0.06654 -106.2
PL-L72 1.4100 1.37779 0.03221 0.03344 3.8
PL-Lé61 1.4200 1.35894 0.06106 0.06336 38
PL-P84 1.4400 1.45882 —0.01882 —0.01960 —4.1
PL-1L42 1.4500 1.44102 0.00898 0.00930 3.5
PLPg5 1.4600 1.50911 —0.04911 —0.05128 ~-44
PL-L63 1.4600 1.43538 0.02462 0.02554 3.7
UCON-HB2000 1.4800 1.48919 ~0.00919 —0.00956 —4.0
PL-P65 1.5000 1.52108 —0.02108 -0.02197 -4.2
PL-L44 1.5200 1.50553 0.01447 0.01500 3.7
PL-P46 1.5600 1.58375 —0.02375 ~0.02476 —43
PL-F88 1.6000 1.64362 —0.04362 —-0.04617 —-58
PL-F68 1.6100 1.64881 —0.03881 —0.04101 ~57
PL-F77 1.6100 1.59954 0.01046 0.01100 51
CW-20M 1.7800 1.74547 0.03453 0.03696 7.0
CW-6000 1.8000 1.76322 0.03678 0.03919 6.6
CW-4000 1.8500 1.79223 0.05777 0.06118 5.9
CW-1540 1.8700 1.86699 0.00301 0.00316 4.9
CW-1000 1.8900 1.92682 —0.03682 —0.03860 -438
CW-600 2.1200 2.05163 0.06837 0.07285 6.6
CW-400 2.1800 2.20312 —0.02312 —0.02606 -12.7
CW-300 2.2800 2.37283 —0.09283 —0.11770 —26.8
Hyprose-SP80 2.4000 2.36803 0.03197 0.07790 143.7
SAIB 1.2900 1.30932 —0.01932 —0.02298 —-19.0
Sucrose(Ac)8 1.5900 1.63402 - 0.04402 -0.05857 -331

Castorwax 1.0900 1.10794 —0.01794 —0.02406 —3.41]
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by a factor of between 4 and 6 as the M, increases
from ca. 2000 to 10 000. Since the coefficient for the
hydroxyl is the largest factor in the regression equa-
tion, such variations in this factor may significantly
affect the regression results.

Regression equations were developed for the 55
coating data set using the three different M, ranges
for the polyesters, independently. Regression re-
sults for the three data sets are compared in Table
V. The effect on siloxane, ether and CH, coefficients
is relatively small, but the effect on ester and hy-
droxyl coeflicients is larger. As the M, of the poly-
ester increases the value for the hydroxyl coefficient
decreases and the value for the ester coefficient in-
creases. Such an effect is reasonable in light of the
large decrease in the hydroxyl fractional descriptor
as M, increases. Increasing the M, of the polyester
decreases the hydroxyl fraction of the molecule, and
the relative weight given to this factor (the coeffi-
cient) decreases accordingly, while the ester coeffi-
cient increases to make up the difference. The stan-
dard error for all coefficients increases as M, in-
creases. The R? for the regression equation decreas-
es only slightly, from 0.990 to 0.988.

Elimination of the polyester coatings from the
data set improved the regression equation dramat-
ically. The R? improved to 0.994 (standard error =
0.0438), and the standard error for 4 out of 5 of the
regression coefficients decreased. The standard er-
ror for ester increased slightly from 0.068 to 0.075.
These results are also included in Table V.

Other classes of coatings were removed from the
data set and regression results were compared with
eqn. 3. In most cases, removal of a given class re-

TABLE VII
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sulted in a slight improvement in the R?, but with
an increase in the standard error of the regression
coefficients. The only exception occurred upon re-
moval of the siloxanes. Removal of this class neces-
sitated reducing the number of factors in the regres-
sion equation by 1. The R? for the resulting 4-term
regression was 0.986 (standard error = 0.0534), al-
though the values for the 4 remaining coefficients
differ by 2% or less from the values in eqn. 3.

A complete list of the residuals for the 55-phase
data set is given in Table VI. Included in this list are
deleted residuals, i.e. the residual that would be cal-
culated for that particular coating if that coating
were eliminated from the training set. The deleted
residuals provide an indication of the relative im-
portance of that particular coating in the regres-
sion. For most of the coatings in the set the deleted
residual differs from the standard residual by 10%
or less. Only 13 of the 55 coatings had deleted resid-
uals that differed by greater than 10%. Of these, 4
were siloxanes which are marginally represented in
the data set. All three of the sucrose esters also ex-
hibited changes in the deleted residual greater than
10%, with the deleted residual for Hyprose SP80
changing by 144%. The only other unusually large
variation was observed for Pluronic-L81 which
changed by 106%. It should be noted that, even
though the% change in the residual appears to be
large, the absolute change in the predicted a value
was rather small in most cases.

To test the validity of the regression model the
coatings in the data set were divided into two sub-
sets. This was accomplished by placing the coatings
in order of increasing a value, and then assigning

SUMMARY OF SUBSET REGRESSION PREDICTIVE UTILITY

Training set + /- R? for Regression® Residuals
(standard error) average + S.D.
Subset 1 1 15/13 0.991 (0.056) 0.0029 + 0.051
11 16 /11 0.989 (0.054) 0.0206 = 053
Subset 11 I 9/19 0.987 (0.064) —0.0233 + 0.062
11 13/14 0.993 (0.044) —0.0027 + 0.044
¢ + is the number of coatings under-predicted (residual is positive); — is the number of coatings over-predicted (residual is negative).

® R? and standard error values for the subset used as the training set are taken from the regression results. Values for the predicted
subset are calculated as regression results of observed (LSER) values versus predicted (regression) @ values.
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alternating coatings to subset I or subset II. Subset 1
had 28 coatings (@ = 0.22-2.40), while subset II had
27 coatings (a = 0.29-2.28). Subset I was then used
to generate regression coefficients, which were used
to calculate a values for the coatings in subset II.
This process was then reversed, and subset IT was
used to generate regression coefficients, which were
used to calculate a values for the coatings in subset
I. The results are summarized in Table VII. Even
though the R? values for the predicted set are lower
than for the training set, the results are still well
within acceptable limits.

DISCUSSION

Although the statistical results indicate that the
regression equation provides an accurate prediction
for a values of the GC stationary phases, it would
be more intellectually satisfying if these results (i.e.,
regression coefficients) made sense on a molecular
level. On a strictly qualitative basis, we can compare
the values for the regression coefficients in eqn. 3 in
light of the relative abilities of these functional
groups to act as H-bond acceptors.

The coefficients for the oxygen-containing func-
tional groups increase in the order

siloxane < ester < ether < OH

We can rationalize this trend, keeping in mind that
the ability of a functional group to act as a H-bond
acceptor will depend on the number and availability
of lone pairs of electron. The siloxane is structurally
similar to the ether, in that both are systems exhibit
a tetrahedral bond arrangement around the Si or C
atom. The decreased ability of the Si—O-Si func-
tionality to act as a H-bond acceptor can be ex-
plained in terms of the extent of association of the
non-bonding electron pairs with the O atom. In the
siloxane system there is some back-bonding of these
lone-pair electrons with the d-orbitals of the Si. This
is evident in the Si—O bond strength (370 kJ/mol)
compared to the C-O bond (336 kJ/mol) in which
there is no back-bonding. This back-bonding de-
creases the availability of the lone-pair electrons
and, hence, significantly decreases their tendency
for H-bond acceptance.

The value for ester (3.517) is slightly less than
that for ether (3.872). These coefficient values are
normalized against the number of O atoms in each
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functional group, so that the ability of an ester
group to accept H-bonds is actually a factor of two
greater than indicated by the coefficient. The fact
that the H-bond acceptor ability of an individual O
atom in an ester group is less than that of an O in
ether is likely due to the bond orders. In ethers, the
average bond order for a C-O bond is 1; in esters,
the average C-O bond order is 1.5. This increase in
bond order decreases the availability of electrons
for H-bonding. Finally, the tremendous ability of
hydroxyls to act as H-bond acceptors is consistent
with the large coefficient (8.969) in eqn. 3.

It should be noted that the values of the regres-
sion coefficients are somewhat dependent on the
structural descriptors used to represent these func-
tional groups. In this work we chose to only consid-
er those atoms which actively engaged in H-bond
acceptor behavior, i.e., oxygens. Alternatively,
these descriptors could have included the secondary
atoms (i.e. Si and C), which may exert inductive
effects on H-bond behavior. The esters, for exam-
ple, could have been represented as ~CO,—, having
a mass of 44 amu. While use of alternative descrip-
tors in developing the regression equation would
produce different coefficient values, the relative
rankings of functional groups in terms of H-bond
acceptor behavior would not change. In addition,
the predictive value of the resulting relationship,
implied by the R? values, is not affected.

The fact that CH, was determined to be a statisti-
cally significant factor in the regression equation
was, initially, disconcerting. Obviously, there are no
lone electron pairs or any other structural feature
that would permit CH, to engage in H-bond inter-
actions directly. Removing the CH, term from the
regression, however, decreases the R, for the result-
ing equation to 0.951 (standard error = 0.121).
Clearly, this term contains information relevant to

-the H-bonding ability of the coatings, although the

nature of this information is not intuitively ®bvious.
A possible explanation for this observation would
be the inductive effect of CH, on the acceptor be-
havior of other functional groups in the coating
structure. As the length of hydrocarbon chains in-
creases (i.e. as the fraction of CH;) the polarizabil-
ity of the oxygen-containing functional groups in-
creases and, as a consequence, their acceptor behav-
ior increases. The positive sign and relatively small
magnitude of the CH, coefficient in eqn. 3 are con-
sistent with such inductive effects.
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CONCLUSIONS

Clearly, the regression equation discussed above
permits the accurate prediction of the ability of GC
stationary phases to act as H-bond acceptors, as
indicated by their a values in the LSER of Abraham
et al. [25]. The general applicability of this approach
is currently limited by the fact that several function-
al groups (nitrile, amide, amine, phosphate, etc.)
were not adequately represented, which precludes
determination of statistically significant regression

- coefficients. Furthermore, this approach is con-
strained to those coating materials that have been
characterized by LSERs. Before universal applica-
bility can be demonstrated, both of these limita-
tions must be addressed; subsequent refinements of
the regression equation(s) may be necessary. The
success of this approach for the oxygen-containing
coatings is remarkable in light of the relatively sim-
ple model and the fact that the structures for many
of the coatings were approximated.

The ability of a given functional group to engage
in H-bonding is likely to be sensitive to changes in
the structure of the molecule. More sophisticated
computer modeling methods are available which
permit the calculation of electron density maps,
which allow for refinement of the molecular de-
scriptors used in the development of our regression
equation. Such refinements would possibly obviate
the need for the CH, term by correcting for induc-
tive effects. The major advantage of the approach
presented here is that results can be obtained rela-
tively quickly (and easily) without requiring access
to sophisticated modelling software.
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ABSTRACT

Optimization of the experimental conditions affecting the simultaneous steam distillation-solvent extraction of volatile components
of foods was carried out by using the modified sequential simplex method. For this purpose, a new micro steam distillation—extraction
device was constructed. The apparatus includes an enlarged surface condenser which contributes to preventing eventual losses of
high-volatility components. Determination in the pg/l range of compounds having different polarities and volatilities are accomplished
with high recoveries. The construction of the apparatus is such that the use of extraction solvents having densities either higher or lower
than that of the solvent sample is feasible with only one configuration.

INTRODUCTION

Numerous techniques for isolating and concen-
trating volatile chemicals prior to GC analysis have
recently been published and several methods have
been applied to obtain a representative concentrate
of the sample to be analysed, ie., liquid-liquid
extraction, headspace analysis and simultaneous
steam distillation—solvent extraction (SDE). The
last method, introduced by Likens and Nickerson [1]
in 1964, has received great attention. Some modifi-
cations have been made to the original apparatus,
including the incorporation of a vacuum jacket in
the arm which conducts the solvent vapour to the
extractor body [2] and the use of more efficient
cooling surfaces [3,4].

Godefroot et al. [5] reported a micro SDE device
which allows operation with a small volume of
solvent without requiring a subsequent concentra-

Correspondence to: Dra. Marta Herraiz, Instituto de Fermenta-
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Spain.

0021-9673/93/806.00 ©

tion of the extract by solvent evaporation. This
configuration has been used in different investiga-
tions, mainly related to food flavour research [6-8].
Several studies of the effects of different process
factors on recovery efficiencies [9] and minimum
concentrations that can be efficiently extracted {10]
by using the SDE procedure have already been
reported, but as far as we know the optimization of
the variables that influence the process has not been
thoroughly investigated.

The optimization of analytical techniques usually
leads to an enormous experimental effort as the
number of variables involved increases. In that
situation it is of the utmost importance to apply a
suitable optimization procedure for simultaneous
handling of experimental variables. The sequential
simplex method [11] has been broadly recognized as
a very efficient empirical optimization procedure
[12,13] since it allows the optimized conditions
affecting a process to be obtained with a moderate
number of experimental runs. This method has been
successfully used in chromatographic research, as
reported in a previous paper [14].

The objective of this work was to optimize the

1993 Elsevier Science Publishers B.V. All rights reserved
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simultaneous distillation—extraction procedure at
normal pressure, in order to attain a minimum error
in determinations of the extracted solutes. To this
end, the modified sequential simplex method [15]
was applied. A micro SDE apparatus was specially
constructed for this study. The new design allows
effective mixing of the solvent vapour with sample
vapour and includes an enlarged surface water
condenser.

EXPERIMENTAL

Steam distillation—solvent extraction

The test mixture included fourteen compounds,
previously reported as food volatile components,
which were selected by considering differences in po-
larity, volatility and water solubility (see Table IIT).
The stock solution consisted of a pure mixture of
about 7.14% per component and was stored at
—30°C in the dark. Synthetic mixtures were pre-
pared directly in the extraction flask by adding the
appropriate volume of the stock solution to water
purified in a Milli-Q system (Millipore) in order to
obtain a concentration of 1 mg/l or 10 ug/l of each
compound. The reagents, all of GC grade, were
purchased from Merck (Darmstadt, Germany) (iso-
amyl acetate, ethyl hexanoate, ethyl octanoate,
benzaldehyde, diethyl succinate, ethyl dodecanoate,
2-phenylethanol), Aldrich Chemie (Steinheim, Ger-
many) (1-hexanol, linalool, a-terpineol, y-decalac-
tone) and Sigma (St. Louis, MO, USA) (f-ionone,
ethyl tetradecanoate).

According to our previous experience [8], doubly
distilled dichloromethane (Merck) was initially se-
lected as the extraction solvent for the optimization
study. Depending on the concentration range to be
investigated, a 1- or 2-ml volume of the solvent was
used. In all instances cleaned boiling chips were
added to the sample and solvent flasks. The sample
heating bath temperature, solvent heating bath
temperature, coolant temperature and extraction
time were varied according to the optimization
procedure. Further concentration was not needed
and a 2-ul volume of the extract was subsequently
analysed by capillary GC.

Between successive runs the SDE apparatus was
cleaned by rinsing with acetone (Merck) and Milli-Q-
purified water.
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Capillary gas chromatography

The GC analyses were performed on a Perkin-
Elmer Model 8500 gas chromatograph equipped
with a PTV Perkin-Elmer injector and a flame
ionization detector. The system was coupled to a
Model 2600 chromatography software system (Nel-
son Analytical). A 50 m x 0.22 mm 1.D. fused-silica
capillary column (SGE, Ringwood, Australia)
coated with a 0.25-um layer of cross-linked BP-21
(FFAP) was used. Helium at 276 kPa over atmo-
spheric pressure served as the carrier gas. Injections
were carried out in the cold split (1/10) mode by
introducing the sample at 30°C and subsequently
heating the body injector (at 14°C/s) to 250°C. The
detector was operated at 250°C. The oven tempera-
ture was initially 70°C for 5 min, then programmed
at 5°C/min to 180°C and maintained there for
15 min.

The SDE apparatus used (Fig. 1) was specially
constructed for this study by modifying the device
previously designed by Godefroot et al. [S]. In order
to minimize losses of the most volatile compounds,
the condenser surface has been enlarged by the
introduction of a jacket water, concentric with the
cold finger, which acts as a second cooling system. A
chamber on the top of the device facilitates effective
mixing between the sample and the extraction
solvent vapour. The distillation solvent and distilla-
tion sample arms enter the mixing chamber at the
same height, thereby allowing the use of both high-
and low-density extraction solvents.

Simplex optimization

The effect of modifying the experimental condi-
tions on the overall performance of the analytical
method was evaluated in terms of the differences in
concentrations of the compounds present in the
extract, calculated by the internal standard method,
and their corresponding expected values. In order to
improve the discrimination between different exper-
imental runs, errors affecting determinations were
squared, thus magnifying small differences between
their summations. Moreover, two different internal
standards, methyl octanoate and methyl decanoate
(Fluka, Buchs, Switzerland) were used and the
concentrations obtained with each one of them were
averaged. The response function (Y) can be ex-
pressed as:

¥ =3(C - CP)? )
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Fig. 1. Design of proposed simultaneous steam distillation— solvent extraction (SDE) device. Dimensions in mm.

where C; is the concentration of the compound
corresponding to the ith chromatographic peak and
C? is the expected concentration for the same
compound. Obviously, our objective was to mini-
mize the value of the response function.

The initial experimental design was established
according to Spendley et al. [16]. Physical values of
factors were calculated from their mathematical
coordinates using the equation

Xy — X1
Xphys = Xo + Xmath <_S—> (2)

where X,y is the physical value of the variable x,
Xmamn the corresponding mathematical coordinate,
Xo its base level (starting physical value), x; and x,
the lower and upper limits, respectively, of the range
studied and s is the number of mathematical units
into which the range has been divided.

The initial and successive simplexes were moved
in the directions given by the rules of movement of
the modified simplex method [15] and the corre-
sponding responses were subsequently evaluated.
Accordingly, different sets of variables were tested
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until no further improvement was achievable. In all
instances, at least two replicates of each analysis
were carried out. The coordinates of every new
vertex were calculated according to the expression

VE=C+a(C—V) €)

where V¥ is the new vertex, C the centroid of the
retained vertices in the movement, V; the rejected
vertex and a a factor with different values depending
on whether a reflection (¢ = 1), an expansion (o > 1)
or a contraction (a¢ < 1) was performed.

It should be pointed out that the self-directing
nature of the optimization method makes possible a
boundary violation (i.e., a movement outside the
experimental range initially considered). Then, the
corresponding vertex must be rejected without ex-
perimentation and so the simplex is subsequently
forced to move back inside the boundaries by
applying a factor « = —0.5 [17].

As far as this study is concerned, no variable
except the sample heating bath temperature was
considered to be object of upper boundary, as values
higher than 150°C might eventually lead to artefact
formation.

RESULTS AND DISCUSSION

The experimental variables to be optimized, their
studied ranges and their starting values, for the
1 mg/l mixture, are given in Table I.

Table I summarizes the sets of experimental
values tested throughout the optimization proce-
dure. The base level of each variable (i.e., the starting
point) is also included (vertex no. 1). The s value
(eqn. 2) was set to 3. Values obtained for the
response function (eqn. 1) are included in the
response column in Table II.

TABLE 1

G. P. Blanch et al. | J. Chromatogr. 628 (1992) 261-268

The optimization study was initiated by perform-
ing the first five experiments defined in Table TI,
which constitute the initial simplex. The assessment
of the values obtained for the response function in
each analysis allows the worst vertex (no. 5) to be
rejected. Then, a new simplex was formed with the
retained vertices and a new one resulting from the
mirror image of the rejected vertex (¢ = 1). The
procedure must be repeated to move from one
simplex into another by rejecting the worst observa-
tion and by selecting an adequate « value.

Vertex 23 proceeds from a boundary violation of
the sample heating bath temperature occurring in
vertex 22, which was rejected, as previously men-
tioned, without experimentation.

Searching was stopped after vertex 23 for a variety
of reasons: (a) the differences between responses of
vertices 15, 18, 19, 21 and 23 are small, thus
indicating that a region had been already reached in
which the influence of the variables in the response
value was not important (see Fig. 2 and Table II), (b)
no significant improvement was achieved in the last
movements (Fig. 2) and (c) vertex 15 was maintained
throughout the performance of seven successive
simplices, which according to Spendley et al. [16] is
indicative of the attainment of a true optimum,
provided that four variables are involved in the
optimization procedure. Bearing in mind the small
differences occurring between experimental variables
defining four vertices of the last simplex, we finally
selected the experimental conditions corresponding
to vertex 18, even though the best response value
actually results from conditions corresponding to
vertex 15, because the analysis is less time consum-
ing. It should be emphasized that the optimum zone
has been achieved by carrying out only 22 experi-
mental runs.

VARIABLES INCLUDED IN THE | mg/l MIXTURE OPTIMIZATION STUDY

Variable Minimum value Maximum value Base level
Sample heating bath temperature, T (°C) 100 150 125
Solvent heating bath temperature, 7, (°C) 40 70 55
Coolant temperature, 7, (°C) -5 17 6
Extraction time, ¢ (min) 15 180 97.5
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TABLE 11

EXPERIMENTAL RUNS AND RESULTS FOR THE SIMPLEX OPTIMIZATION OF THE SDE PROCEDURE WITH THE
I mg/l MIXTURE

Vertex Simplex  Retained Experimental variable levels Response
No. No. vertices Y

T T. T. t

O (O O  (min)

l 1 — 1250 55.0 6.0 97.5 2572

2 1 - 1404 572 7.6 109.5 2656

3 1 - 128.6 643 7.6 109.5 1652, 18877
4 1 - 1286 572 128  109.5 2896

5 1 - 1286  57.2 76 1484 4804

6 2 1,2,3,4 1327  59.6 9.4 64.6 2353, 2298¢
7 3 1,2,3,6 1347  60.8 2.5 81.1 1291, 1461°
8 3 1,2,3,6 1378 627 26 66.8 5782

9 4 1,3,6,7 120.1 62.7 5.1 66.8 2590
10° 4 1,3,6,7 1252 613 5.8 71.5 2089
11 5 3,6,7, 10 1356 68.0 6.6 68.8 1018, 1103“
128 5 3,6,7,10 141.0 745 6.9 54.5 1707

13 6 3,7, 10, 11 1294 67.6 1.9 1038 2330

14¢ 6 3,7, 10, It 1319 616 7.5 74.4 2072
15 7 3,7, 11, 14 140.3  66.1 6.4 89.4 947, 828°
16° 7 3,7, 11, 14 1440 672 6.5 92.4 1570
17 8 3,7, 11, 15 137.8  68.0 40 100.0 1389
18 9 7,11, 15, 17 148.7  66.8 34 56.3 956, 927¢
19 10 11, 15,17, 18 1464  73.6 7.7 76.2 1047
20 11 11, 15, 18, 19 1478  69.3 8.0 45.4 1246
21¢ i1 11, 15, 18, 19 1453  69.0 7.0 59.1 1042
22 12 15, 18, 19, 21 1547  69.7 5.6 71.7 —
234 12 15, 18, 19, 21 1404 684 6.4 69.6 893

¢ The second response value was obtained by performing a new run to check a vertex maintained in £ + 1 movements.
b Obtained from expansion a = 2.

¢ Obtained from contraction « = 0.5.

4 Obtained from contraction & = —0.5.

¢ Obtained from expansion a = 1.5.

. Response/1000

o 3 ) ! ]
0 5 10 15 20 25

Vertex no.
Fig. 2. Evolution of the response values obtained for the simplex optimization of the SDE procedure.



266

Mean recovery (%)
100

G. P. Blanch et al. | J. Chromatogr. 628 (1992) 261-268

80~

60

40+

o 1 . 1 | ) Il

0 20 40 60 80 100 120
Extraction time (min)

140

160

Fig. 3. Recovery of components by SDE at a concentration of 10 ug/l for each test compound as a function of the extraction time.

Fig. 3 depicts the effect of the extraction time,
using dichloromethane as solvent, on the recoveries
of the investigated compounds occurring at a con-
centration of 10 ug/l. From these data, a 2-h
extraction time was considered to be the best option
to determine components in the g/l range. Other
experimental conditions were fixed at the values
previously optimized by applying the simplex proce-
dure.

Tables III and IV show for concentrations of
1 mg/l or 10 ug/l for each test compound, respective-
ly, the recoveries obtained by SDE, using dichloro-
methane as solvent, under the experimental condi-
tions corresponding to the base level and under the
optimized conditions. As can be seen, near 100%
values were obtained after optimization, except for
2-phenylethanol, probably owing to its high solubil-
ity in water. However, it is noteworthy that the
optimization method proposed also improves the
recovery obtained for this'compound. In order to
check the possibility of using the modified SDE
apparatus with solvents lighter than water, Table IIT
also includes recoveries obtained by using n-pentane
as solvent. In all instances, relative standard devia-
tions, calculated from a minimum of six replicates,
of less than 10% were obtained.

Fig. 4 shows the chromatogram obtained from the
aroma extract resulting from a Muscat grape juice
by using the SDE procedure under the optimized
conditions for determining compounds in the ug/l

range. Tentative peak identification of several com-
pounds characteristic of juice was carried out by
matching retention times with those of reference
solutes.

TABLE 111

RECOVERIES OBTAINED FOR THE COMPOUNDS SE-
LECTED IN THE mg/l RANGE, UNDER THE EXPERI-
MENTAL CONDITIONS CORRESPONDING TO THE
BASE LEVEL OF THE SIMPLEX OPTIMIZATION AND
THE OPTIMUM CONDITIONS SELECTED FOR DICHLO-
ROMETHANE OR #-PENTANE

Recovery as percentage of initial amount. Mean value of a
minimum of six replicates.

Compound Base level Optimum  Optimum
CH,Cl, CH,Cl, n-pentane
Isoamyl acetate 94.24 100.86 89.50
Ethyl hexanoate 93.76 102.66 90.68
Terpinolene 76.96 98.84 85.36
1-Hexanol 102.34 101.32 73.54
Ethyl octanoate 83.96 100.46 87.56
Benzaldehyde 105.96 102.46 87.18
Linalool 105.40 101.74 90.12
Diethyl succinate 80.56 97.00 75.04
a-Terpineol 105.04 102.84 91.42
Ethyl dodecanoate 68.18 99.10 94.58
2-Phenylethanol 18.36 55.28 11.26
B-lTonone 98.82 99.20 89.62
Ethyl tetradecanoate 74.82 101.48 75.20
y-Decalactone 73.94 98.62 85.42
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TABLE IV

RECOVERIES OBTAINED BY SDE FOR THE COM-
POUNDS SELECTED AT A CONCENTRATION OF 10 ug/l

Recovery as a percentage of initial amount. Mean value of a
minimum of six replicates.
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CONCLUSIONS

The use of the sequential simplex method allows
the performance of the SDE procedure to be signifi-
cantly improved. The proposed modified apparatus
operated under the optimized conditions renders, in
general, excellent recovery efficiencies for the inves-
tigated compounds in the mg/l or ug/l range. A
notable advantage is the fact that the use of solvents
denser or lighter than the solvent sample is possible
with only one configuration. Moreover, the pro-
posed micro SDE apparatus may work efficiently in
different approaches including operation at normal
pressure, at reduced pressure and concentration of
the dynamic headspace from the sample. These
aspects will be the topics of forthcoming papers.

This work was made possible by financial assis-
tance from the Comision Interministerial de Ciencia

Compound Base level Optimum
CH,Cl, CH,Cl,
Isoamyl acetate 67.33 98.00
Ethyl hexanoate 86.50 97.50
Terpinolene 95.50 97.25
1-Hexanol 55.83 94.50
Ethyl octanoate 95.00 94.50
Benzaldehyde 48.33 98.50
Linalool 78.83 97.00
Diethyl succinate 17.33 79.00
a-Terpineol 55.00 97.75
Ethyl dodecanoate 96.33 85.00
2-Phenylethanol 16.50 26.00 ACKNOWLEDGEMENTS
p-lonone 60.83 82.00
Ethyl tetradecanoate 83.50 100.90
y-Decalactone 17.66 87.50
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Fig. 4. Chromatogram of the aroma concentrate obtained from simultaneous steam distillation—solvent extraction (SDE) of a Muscat
grape juice by using dichloromethane. Experimental conditions as optimized for determining components occurring in the ug/l range.
Peaks: 1 = isoamyl acetate; 2 = ethyl hexanoate; 3 = terpinolene; 4 = l-hexanol; 5 = methyl octanoate; 6 = ethyl octanoate:
7 = benzaldehyde; 8 = methyl decanoate; 9 = o-terpineol; 10 = ethyl dodecanoate; 11 = 2-phenylethanol; 12 = ethy! tetradecanoate;

13 = y-decalactone. See text for further details.
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ABSTRACT

Racemization of free amino acids in a native peat bog at seven depths from 0 to 5.3 m was studied using glass capillary gas
chromatography with a chiral liquid phase, Chirasil-L-Val. Fifteen L-enantiomers were identified: a-Ala, Val, Thr, Ile, Pro, Leu, Ser,
Asp, Phe, Glu, Tyr, Orn, Met, Asn and Lys. Five D-enantiomers were also found: a-Ala, Ser, Asp, Glu and Phe. The D/L ratios at
different depths were determined and are discussed in terms of racemization, plant and microbial degradation, and the physical and
chemical conditions in the peat bog. In addition, three optically inactive amino acids were identified: -Ala, Gly and y-aminobutyric

acid.

INTRODUCTION

The amino acids in active living tissues exist
mostly as L-enantiomers, which is the only form
used by animal enzyme systems. However, the cell
walls of bacteria also contain some D-enantiomers,
especially D-a-Ala, D-Glu and D-Asp [1]. After the
tissue ceases to be metabolically active, both free
and bonded amino acids eventually start to race-
mize in the soil. This process continues until the
ratio of enantiomers is 1:1. The rate of the process
has been used to date some fossil proteins in ocean
sediments, archaeological bones and fossil shells
[1-5].

Aspartic acid has been found to be a suitable in-
dicator up to 80 000 years and the p-Allo/L-Ile ratio
has been used for even older samples [2,3,6].

The rate of racemization depends on the struc-
ture of the amino acid, especially on the side chain
at the a-carbon, and on the chemical and physical

Correspondence to: T.-P. Jauhiainen, Department of Chemistry,
University of Joensuu, P.O. Box 111, SF-80101, Joensuu, Fin-
land.

0021-9673/93/%06.00 ©

conditions of the environment, for example temper-
ature, trace elements and acidity [1,5]. In aqueous
solutions the rate of racemization decreases in the
order Ser > Thr > Asp > Phe > a-Ala > Glu >
Leu > Jle > Val [7].

This study is a sequel to our earlier work on the
free amino acids in a typical Finnish peat bog [8].
The aim of the present study was to separate and
identify the p- and L-enantiomers of the optically
active free amino acids and to study the effect of the
age of the peat on their D/L ratios. As far as we
know, there have been no previous studies on the
enantiomers of free amino acids in native peat bogs.

EXPERIMENTAL

Reagents and solutions

DL- and L-amino acids were obtained from Sigma
(St. Louis, MO, USA) and pentafluoropropionic
anhydride (PFP) from Fluka (Buchs, Schwitzer-
land). The other reagents were analytical grade and
were obtained from Merck (Darmstadt, Germany).
Aqueous solutions were prepared using deionized
and distilled water.

1993 Elsevier Science Publishers B.V. All rights reserved
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Samples and isolation of amino acids

The peat samples were collected from various
depths, 0-5.3 m, in the Kaitalamminsuo bog, at
Eno, Finland (E30°07°, N63°01"). Characterization
of the samples and the method used for separation
of amino acids are presented elsewhere [8].

Gas chromatography

The gas chromatographic measurements were
made using a Perkin-Elmer F22 capillary gas chro-
matograph with two flame ionization detectors. The
structures of the amino acids were confirmed with a
Jeol IMS-D300/JMA-3500 mass spectrometer.

Amino acids were separated on a silica glass cap-
illary column (25 m x 0.22 mm ID.) using a
0.12-pm Chirasil-L-Val liquid phase.

The carrier gas was nitrogen, which had a flow-
rate of 1.8 ml/min and a split ratio of 1:32. Splitless
injection was used, and the split was opened 40 s
after injection of the sample. The temperatures of
the injector and the detector were 220 and 230°C,
respectively. The column oven was kept at 90°C for
4 min and then heated to 190°C at a rate of 4°C/min.

Derivatization of amino acids

The esters of amino acids were synthesized by
mixing 2.0-3.5 mg of sample with 29 ul of acetyl
chloride and 71 ul of isopropanol. The mixture was
heated in a closed bottle at 110°C for 30 min, after
which it was cooled to 50°C and the volatile re-
agents were evaporated carefully with nitrogen gas.
The dry residue was dissolved in 50 ul of dichloro-
methane, and 50 ul of pentafluoropropionic anhy-
dride were added. The mixture was heated for 10
min at 150°C in a closed bottle. After it was cooled
to room temperature, volatile reagents were re-
moved under a stream of nitrogen. To prevent the
evaporation of ¢-Ala, Val and Thr, excessive drying
was avoided. The residue was then dissolved in an
appropriate volume of dichloromethane and the
sample was chromatographed immediately [9,10].

RESULTS AND DISCUSSION

Kaitalamminsuo bog is an Eriophorum—Sphag-
num mire. The samples for this study were taken
from seven depths up to a depth of 5.3 m. The peat
was classified and characterized by determining its
water, element and ash contents as well as the pH

and degree of humification on Von Post’s scale (see
ref. 8).

Because the chiral centres of the liquid phase,
Chirasil-L-Val, had an L-configuration, the b-
enantiomers eluted from the capillary column first.
The net retention times, resolution factors (L/p) and
mass spectrometric data for D,L-amino acid stan-
dards are presented in Table I. The resolution fac-
tors for all the amino acids were high enough to
identify the enantiomers by their retention times.

Two typical gas chromatograms for amino acid
extracts from peat are presented in Fig. 1A and B.
Fig. 1A represents the surface layer, 2040 cm,
where the conditions were aerobic; Fig. 1B is from a
depth of 3.0-3.3 m, at which the conditions were
anaerobic. Eighteen different amino acids were sep-
arated and identified with the column used.

L-Enantiomers were found for all the optically
active amino acids. For five of them, the D-
enantiomer also occurred in detectable amounts. Of
the epimers of isoleucine, only the threo-L-isomer
was found. The method of derivatization used here
was not suitable for arginine and histidine.

The D/L ratios for the enantiomers at various
depths are presented in Table IT as the means of five
measurements. In the surface layer of the peat,
where microbial degradation of plant and microbial
material is most effective, the L-enantiomers were
the most abundant enantiomers for all five amino
acids. The living organisms and enzyme systems
contain and use L-enantiomers of the amino acids
almost exclusively. However, the microbial cell
walls contain small amounts of D-a-Ala and some
other D-enantiomers [1,11]; this together with race-
mization explains the low positive values of D/L ra-
tios, which were also found in the surface layer of
the bog.

At a depth of 40-100 cm there is a stepwise
change in the properties of peat and in the total
amount and qualitative composition of free amino
acids [8]. Between these depths the D/L ratios for all
five amino acids increase markedly, from 1.5 times
for serine to 7.3 times for glutamic acid. An impor-
tant reason for this may be changes in conditions in
the bog from aerobic to anaerobic, where the mi-
crobial activity as well as the supplementary pro-
duction of free amino acids is low.

Below 100 cm the proportions of D-enantiomers
increase at different rates, but they seem to reach
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TABLE 1

NET RETENTION TIMES (#;), RESOLUTION FACTORS (« = £/t;,), MOLECULAR MASSES (M,) AND MASS SPECTRO-
METRIC DATA OF THE ISOPROPYL ESTERS OF N-(0,S)-PENTAFLUOROPROPIONYL-p,.-AMINO ACIDS

Amino acid t, (min) o M, Main peaks in the mass spectra
D-o-Ala 1.28 1.390 277 190(100), 43(47), 191(43), 41(13),
L-a-Ala 1.79 119(11)

p-Val 2.62 1.237 305 218(100), 55(87), 43(54), 219(34),
L-Val 3.24 203(25), 41(14)

D-Thr 3.39 1.150 453 43(100), 203(70), 202(45), 57(26),
L-Thr 3.92 41(23), 119(16)

Gly 3.97 - 263 43(100), 177(63), 176(62), 41(24)
B-Ala 4.10 - 277 55(100), 218(67), 43(48), 189(24)
D-threo-1le 3.98 1.128 319 69(100), 232(59), 42(31), 203(30),
L-threo-lle 4.49 40(28), 233(21), 221(18), 57(11)
D-Pro 5.72 1.031 303 216(100), 217(12), 43(10), 41(10),
L-Pro 5.90 119(8), 71(7)

D-Leu 6.04 1.273 319 43(100), 69(85), 190(48), 232(41),
L-Leu 7.69 189(27), 41(26)

D-Ser 6.69 1.085 439 43(100), 189(68), 188(45), 41(20),
L-Ser 7.26 119(19), 230(16)

y-Aminobutyric acid 10.39 - 291 232(100), 43(59), 41(44), 204(39)
D-Asp 11.99 1.019 363 43(100), 234(64), 262(46),

L-Asp 12.22 235(35), 189(33)

L-Asn 13.85 466 43(100), 215(51), 189(40), 216(35)
D-Met 13.67 1.081 337 61(100), 75(70), 221(34), 43(32),
L-Met 14.78 203(31), 263(20)

p-Phe 15.67 1.054 353 91(100), 190(75), 148(65),103(30),
L-Phe 16.52 43(26), 266(25)

p-Glu 16.14 1.051 377 248(100), 202(78), 230(72), 43(69),
L-Glu 16.97 85(55), 276(54)

D-Tyr 21.17 1.033 515 253(100), 310(91), 352(88), 43(48),
L-Tyr 21.86 248(30)

D-Orn 22.28 1.043 466 216(100), 43(27), 67(22), 231(11)
L-Orn 23.25

D-Lys 25.45 1.024 480 230(100), 43(27), 67(22), 231(11),
L-Lys 26.07 110(11), 176(10)

TABLE 11

p/L. RATIOS OF FREE AMINO ACIDS AT VARIOUS DEPTHS IN THE KAITALAMMINSUO PEAT BOG

Peat types: | = Eriophorum-Sphagnum; 2 = Bryales—Carex; 3 = Sphagnum-Carex; 4 = Carex; 5 = Carex—Bryales; 6 = Carex—
Phragmites—Equisetum

Sample K1 K2 K3 K4 K5 Ko K7 K8
Peat type 1 2 1 3 3 4 5 6
Depth 0-20 cm 0-20 cm 2040cm  1.0-13m 2.023m 3.033m 4043m 50-53m
Degree of

humification [8] H 0-1 H 0-1 H 2-3 H 56 HS5 HS HS HS
pH [8] 5.3 5.4 5.8 3.8 39 3.7 5.9 2.8
Amino acid D/L ratio
a-Ala 0.414 0.144 0.272 1.270 1.190 1.130 1.690 1.230
Ser 0.090 0.106 0.043 0.064 0.089 0.235 0.161 0.123
Asp 0.013 0.008 0.016 0.093 0.115 0.157 0.172 0.164
Phe 0.033 0.024 0.043 0.128 0.340 0.376 0.378 0.320

Glu 0.012 0.011 0.014 0.102 0.084 - 0.099 0.194 0.157
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Fig. 1. Two typical gas chromatograms of isopropyl esters of N-(O,S)-pentafluoropropionyl-b,L-amino acids extracted from native
peat. Depths of the samples were: A = 2040 cm; B = 3.0-3.3 m. Peaks: 1 = a-Ala; 2 = Val; 3 = Gly; 4 = Thr; 5 = p-Ala; 6 =
threo-lle; 7 = Pro; 8 = Leu; 9 = Ser; 10 = y-aminobutyric acid; 11 = Asp; 12 = Asn; 13 = Met; 14 = Phe; 15 = Glu; 16 = Tyr; 17 =

Orn; 18 = Lys.

equilibrium values typical for each amino acid.
Racemization probably continues at such a low rate
that the process is impossible to follow owing to the
large variation in results and the relatively young
age of the peat, 9000 years [12].

The most rapid rate of racemization is that of
a-alanine, for which equilibrium is reached already
at a depth of 1 m and the p-enantiomer is predom-
inant. Because the D/L ratio of a-alanine is greater
than 1, the degradation of plants and microbes
must produce not only the L-enantiomer but also
the D-enantiomer.

The greatest changes in D/L ratios are for Asp,
Phe and Glu. For these amino acids, at a depth of 5
m the proportion of D-enantiomer is 10-13 times
higher than in the surface layer. However, the L-
enantiomer is still clearly more abundant. On the
other hand, the D/L ratio of serine does not change
as much as that of the other four amino acids. It is
impossible to say to what extent p-Asp, D-Phe and
D-Glu are degradation products of plants and mi-
crobes or whether the racemization of these amino
acids takes place in peat at an exceptionally high
rate. The levelling off of the change at greater

depths indicates that in the upper peat layer the
degradation might provide an additional source of
these D-enantiomers.

The type of peat has an obvious effect on the p/L
ratios. The differences between Bryales (K2, K7)
and Sphagnum types (K1, K3, K4, K5, K6, K8) are
especially great. The same distribution was also
found in the quantitative amounts of amino acids
[8].

On the other hand, there are reports on the D/L
ratios of bound amino acids in ocean sediments
[1,4]. The order of the results for samples from dif-
ferent sources is for the most part the same, but
there are some obvious differences. For example, in
peat samples the D/L ratio of #-alanine is high com-
pared with that in the ocean sediments, because D-
a-Ala in peat is at least partly a degradation prod-
uct of microbial material. In samples from the Ant-
arctic Ocean sediments, ornithine razemices at a ve-
ry high rate [1]. In peat, however, D-Orn was not
found at all. The reason for this must be related to
environmental factors. For example, the pH of the
ocean sediments was 7-8, but of the peat bog was
2.8-5.9. The differences in acidity might change the
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racemization rates by several orders of magnitude
[5]. In addition, the peat bogs contain trace metals
such as copper, zinc, manganese, magnesium, etc.,
and when chelated with amino acids they have the
same effect on the racemization rates [5,13].

With the exception of threonine, the six amino
acids that racemized at the highest rate in aqueous
solutions also had the highest b/L ratios in peat [7].
p-Threonine was not found at all in these peat sam-
ples.

In light of these results, it seems unrealistic to
estimate the age of peat from the D/L ratios of free
amino acids. Obviously, too many environmental
factors influence the D/L ratios in natural condi-
tions, and the age of the peat in our samples was too
low, at a depth of 5 m only about 9000 years, to
allow us to obtain reliable results on pure racemiza-
tion without an additional source of D-enantiomers
from the destruction of plant and microbial materi-
al.
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ABSTRACT

Using standardized chromatographic conditions with respect to carbon dioxide and methanol containing 1% of triethylamine as
modifier, the chromatographic behaviour of omeprazole and four of its analogues was investigated on six types of chromatographic
support at 40°C. Superior selectivity was obtained for omeprazole versus its analogues with NH,-modified silica and also good peak
symmetry (LiChrosorb and Kromasil). Using the present chromatographic system it is possible to detect and separate the analogues

added to omeprazole in the 0.5% (w/w) range within 10 min.

INTRODUCTION

Omeprazole (Fig. 1) is a gastric proton-pump in-
hibitor (Losec). The methods used for the control of
the stability of the substance and its content in the
pharmaceutical formulations are based on normal-
phase liquid chromatography with UV detection
using a silica column and dichloromethane contain-
ing methanol and ammonia as the mobile phase
[1,2]. For omeprazole sodium a reversed-phase sys-
tem with acetonitrile-water as the mobile phase and
Microspher C;g as the support is preferred [3]. We
were interested in exploring whether it was possible
to use modified carbon dioxide as the mobile phase

Correspondence to: O. Gyllenhaal, Department of Analytical
Chemistry, Pharmaceutical R & D, Astra Hissle AB, S-431 83
Moélndal, Sweden.

* Parts of this paper were presented at the European Symposi-
um on Analytical SFC and SFE, Wiesbaden, December
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Fig. 1. Structure of omeprazole. The methoxy group of the pyri-
dine can be absent (as in H 180/29) and the nitrogens of the
imidazole can be methylated (isomers, H 193/61).

H,C

for the chromatography of omeprazole and related
compounds. As capillary columns have limited
sample capacity and the compounds of interest here
are polar and thermolabile we preferred packed col-
umns.

Supercritical fluid chromatography (SFC) has at-
tracted considerable interest for the separation and
determination of a wide range of different com-
pounds [4]. The greatest number of publications
have been based on studies using capillary columns

1993 Elsevier Science Publishers B.V. All rights reserved
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and the analytes are often fairly lipophilic in nature.
Another reason is -that most commercial instru-
ments have been constructed with capillary col-
umns or narrow-bore packed columns.

For improved sample capacity and speed of anal-
ysis, packed columns are attractive. Howevere, pure
carbon dioxide and ordinary columns packed with
silica particles are not useful for most polar and
protolytic compounds. Therefore, polar modifiers
are mixed with the mobile phase. They work both
by deactivating active sites on the support, mainly
acidic silanol groups, and by increasing the solvat-
ing power of the mobile phase [5-8]. The most fre-
quently used modifier is methanol. As our com-
pounds of interest have basic nitrogens we included
a tertiary amine in the main modifier, as is common
practice in liquid chromatography [9].

Most of the supports used for packed-column
SFC were originally intended for liquid chromatog-
raphy. Often a certain type of column is chosen
without any experimental evidence for its superior-
ity, although some exceptions where different sup-
ports have been investigated in detail have been
published [10-17]. For pharmaceutical substances
the most commonly used supports seems to be the
cyano [16,18-22] and amino [10,22-27] types of
modified silicas. The silica can also be modified for
SFC use but from the reported chromatograms it
seems clear that residual activity from the support
still persists [28,29]. Papers have also been publish-
ed on the use of polymeric supports with SFC
[11,20,30,31)] but their retaining properties are high
and they suffer from being sensitive to repeated
pressure changes [31].

The aim of this work was to evaluate and select a
suitable chromatographic support for the separa-
tion and determination of omeprazole and some of
its possible contaminants and degradation prod-
ucts.

EXPERIMENTAL

Instrumentation

The chromatographic system was constructed
from the following separate units. The pump for
CO; was an LKB (Bromma, Sweden) Model 2150
with pump heads cooled by a circulating water—gly-
col mixture (2°C) (MGW Lauda RM6, Lauda-Ko-
nigshofen, Germany). A jacket in the form of an E
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was shaped from a block of aluminium to fit snugly
on the pump heads and made hollow by drilling
several holes at different angles and plugging all ex-
cept two (inlet and outlet) with screws. A second
pump, ISCO (Lincoln, NE, USA) Model uL.C-500
was used for delivery of the modifier. Carbon diox-
ide and the modifier were merged in a tee using tub-
ing that almost faced each other. Mixing was ac-
complished using a magnetic stirrer in a small vessel
{ca. 1.5 ml), previously used as slurry reserve.

A Rheodyne (Cotati, CA, USA) Model 7010 in-
jector with a 20-ul loop was used for sample in-
troduction. The columns were kept in a water-bath
at 40°C (Thermomix 1441; Braun, Melsungen, Ger-
many). The detector was a Jasco (Tokyo, Japan)
UV 875 with a high-pressure cell (4 ul). The wave-
length monitored was 300 nm and the absorbance
range 0.04. A third pump was connected to the sys-
tem downstream of the detector as a pressure mon-
itor (ISCO uLC-500). A piece of fused-silica tubing
(15-20 cm x 50 um 1.D.) was used as restrictor. To
prevent clogging by solid carbon dioxide, most of it
was kept in the water-bath. A Hewlett-Packard
Model 3390A or a Spectra-Physics Model 4400 in-
tegrator was used to display the signal from the UV
detector.

Columns

Standard commercial liquid chromatographic
columns were used. Initially they were tested with
pure carbon dioxide and polyaromatic hydrocar-
bons (naphthalene, anthracene and pyrene) as test
substances dissolved in hexane prior to chromatog-
raphy with modifiers in order to check the efficiency
(wavelength 254 nm, 0.04 absorbance). The follow-
ing dimensions and sources were used: 125 x 4.0
mm I.D. (NH,, DIOL, CN, RP-18, Si-60; Merck,
Darmstadt, Germany); 125 X 4.6 mm 1L.D. (NH,;
Eka Nobel, Bohus, Sweden); 200 X 4.6 mm 1.D.
[NH; and N(CH3),; Macherey—Nagel, Diiren, Ger-
many]; and 150 X 4.6 mm I.D. (CN; Supelco, Belle-
fonte, PA, USA). The size of the particles was 5 um
throughout.

Chemicals and reagents

The carbon dioxide used was 3.5 grade with dip-
per tube from AGA (Lidingd, Sweden), methanol
and dichloromethane of analytical-reagent grade
were obtained from Merck and triethylamine zur
Synthese from Merck was glass distilled.
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Omeprazole, omeprazole sodium and the corre-
sponding sulphide (H 168/22), sulphone (H 168/66),
N-methylated (H 193/61) and desmethoxylated (H
180/29) (the pyridine) compounds were from the
Department of Organic Chemistry, Astra Hassle
(MoIndal, Sweden). Their structures can be under-
stood from that of omeprazole in Fig. 1.

Methods

The substituted benzimidazoles were dissolved in
dichloromethane at ca. 500 ug/ml. Samples were
chromatographed using a pump flow setting of CO,
of 1.20 ml/min and modifier of 60 ul/min (1% of
triethylamine in methanol). The system was allowed
to equilibrate for about 1 h before any measure-
ments were made. For each column the separation
factors with respect to omeprazole were calculated
from the capacity factors, k&' = (¢, — to)/to. When
possible this was done from the injection of a com-
plete mixture of the compounds of interest. The
hold-up time was measured from the point of in-
jection to the apex of the negative peak caused by
the injection. The symmetry was calculated up one
tenth of the peak height from the baseline. Normal-
ly a minimum of two new columns of each type
were investigated in order to confirm the results ob-
tained.

RESULTS AND DISCUSSION

The present chromatographic system

This system was preceded by a slightly different
instrumental set-up in which 250 x 1 mm L.D.
glass-lined columns were used and carbon dioxide
was delivered by an ISCO pump working under
constant pressure [32]. The columns used were
packed in-house as some purchased columns were
unacceptable regarding efficiency and peak sym-
metry. However, as the selectivity with the preferred
packing material was poor [32] and we encountered
problems in making reproducible columns, the sys-
tem was changed to one in which standard-size
packed columns could be used. Also, an advantage
is the less critical demand on the tubing and the
connections compared with using small 1.D. (50
um) fused-silica tubing and microbore columns.

The weak point of this system is the regulation of
the back-pressure. It was not possible to keep the
back-pressure at the same value for all columns but
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as the percentage of modifier was of greater impor-
tance for the capacity factors than was the actual
outlet pressure, and hence the density in the system,
this was thought to be a minor problem at this stage
of development. The back-pressure will be under
control in the future [33,34]. Minor changes in mod-
ifier concentration affect the capacity factor more
than do minor changes of pressure [23], although
this does not exclude the possibility that the selec-
tivity might change with varying density.

The mobile phase used throughout was carbon
dioxide with methanol as the main modifier and
triethylamine added as base. The presence of an
amine or base in the modifier is commonly used in
packed-column SFC[10,14,18,22,23,25,35,36] when
the analytes contain aliphatic nitrogens and is in
analogy with practice in liquid chromatography [9].

Selection of column support with suitable selectivity

The separation factors («) relative to omeprazole
for the investigated columns and substances are il-
lustrated in Fig. 2. The actual capacity factors for
omeprazole, and the inlet pressures and linear ve-
locity of the mobile phase, are given in Table 1. The
columns were tested in duplicate except for the
Si-60, dimethylamino and the diol columns. The
last-mentioned type has been extensively investigat-
ed previously [32].

From Fig. 2 it is evident that the selectivity is not
adequate with LiChrosorb RP-18 or Superspher
Si-60 (bare silica). With the former support there is
insufficient selectivity between omeprazole and its
desmethoxylated analogue, and with bare silica the
last-mentioned compound and methylated omepra-
zole co-elute (Fig. 2). With the diol support most
compounds are close to omeprazole (Fig. 2). This is
in agreement with previous results [32].

It is interesting to observe the reasonably good
agreement between the aminopropylsilica columns
from the three different suppliers, Macherey—Nagel,
Merck and Eka Nobel. For this kind of support the
order of elution is according to increasing polarity
of the analytes. The elution order is illustrated with
the chromatogram in Fig. 3. With dimethylamino-
modified silica an increase in selectivity is found be-
tween omeprazole and the sulphide and the sul-
phone. Selectivity factors from columns run in du-
plicate agree reasonably well considering the ab-
sence of control of the back-pressure.
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Fig. 2. Illustration of the selectivity factors relative to omeprazole with different column supports. Compounds: O = omeprazole; M
methylated omeprazole isomers (H 193/61); D = desmethoxyomeprazole (H 180/29); S = corresponding sulphide (H 168/22); SO,

corresponding sulphone (H 168/66) (cf., Fig. 1). For conditions, see Experimental section and Table 1.

The capacity factors for omeprazole show high
values using bare silica and aminopropylsilica from
Macherey—Nagel (Table I). In the former instance a
stable equilibrium was first reached after about 6 h
of continuous work. The capacity factors decreased
by about 30% over this period. It is possible that a
significant layer of adsorbed methanol acts as a sta-
tionary phase that retains the analytes to a larger
extent than on, e.g., RP-18 (Table I). With the
amine column mentioned the high capacity factor
may partly be due to a fairly low outlet pressure
(Table I).

Selection of column support with the least residual
activity

The asymmetry factors for omeprazole and its
analogues were measured in order to obtain an in-
dication of remaining active sites on the support.

Most columns gave good symmetry for methylated
omeprazole (Table I), which lacks the slightly acidic
nitrogen in the imidazole ring (Fig. 1). However,
with the diol column poor symmetry (ca. 2) was
observed also for this compound (Table I). Al-
though the peak shape is reasonable using RP-18 or
Superspher silica, they do not have sufficient selec-
tivity (see above). Of the columns tested, the ami-
nopropylsilica columns from Merck and Eka Nobel
showed the best overall symmetry for the com-
pounds of interest (Table I). As the latter contains
ca. 30% more packing material and the capacity
factors are a slightly high, the former was preferred
for testing with actual omeprazole samples. The
chromatogram in Fig. 3 shows the separation and
good peak symmetry obtained with this column.
The greater inertness of the aminopropyl type of
silica has been reported elsewhere [26,37] and is evi-
dent from other reports [23,25,27].
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TABLE 1
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SELECTION OF SUITABLE COLUMN SUPPORTS: ASYMMETRY FACTORS AND CHROMATOGRAPHIC DETAILS

Pump flows, 1.20 ml/min CO, and 60 ul/min of modifier (1% TEA in methanol). For other details and conditions, see Experimental

section. Structures in Fig. 1.

Column Asymmetry factors k' Linear Iniet/outlet

(support) (omepra- flow-rate pressure
Methylated Omeprazole Sulphide Sulphone zole) (cm/s) (bar)
omeprazole’ (H 168/22) (H 168/66)

LiChrosorb 1.4 1.5 1.6 1.15 2.57 0.15 122/120

RP-18

LiChrosorb 2.1 2.1 2.8 22 5.56 0.13 273/269

Diol

Supelco 0.9 1.8 >4 1.2 5.06 0.16 95/96

CN

Superspher 1.2 1.45 nm” 1.33 28.6 0.17 142/130

Si-60

Macherey—Nagel 1.22 1.68 nm nm 7.23 0.14 126/126

N(CH,),

Macherey-Nagel 1.0 nm >2 >2 31.3 0.15 118/83

NH,

Kromasil 1.0 0.95 0.94 nm 14.6 0.13 119/105

NH,

LiChrosorb 0.9 1.22 1.37 1.44 9.13 0.15 175/nm

NH,

¢ Given for the second isomer of the pair.

® nm = Not measured.

Chromatographic analysis of omeprazole substance TABLE 11

Using the selected aminopropylsilica column, the
possibility of determining omeprazole of different
origins was tested. In order to reduce the time of
analysis, the flow-rate and the percentage of mod-
ifier were increased. The last aspect is crucial, as the
separation of omeprazole and its desmethoxylated
analogue is easily destroyed with too much mod-
ifier. In Fig. 4 a successful separation within 10 min
where minute amounts of possible contaminants
had been added to omeprazole is shown. Regulato-
ry requirements require that at least 0.1% of impu-

Fig. 3. Chromatogram of omeprazole and related compounds on
LiChrosorb NH, using 1.2 ml/min of CO, and 60 ul/min of 1%
TEA in methanol. Peaks as in Fig. 2. Inlet pressure, 175 bar.

COMPARISON OF LC AND SFC IN THE STUDY OF DE-
GRADATES FORMED FROM OMEPRAZOLE SODIUM
UNDER ACCELERATED CONDITIONS

The degradates are given as a percentage of the omeprazole
peaks, as the chromatographic pattern of the other degradates
was not identical.

Compound Sample A* Sample B*
LC SFC LC SFC
Omeprazole 100 100 100 100
Methylated 1.23, 0.07,
omeprazole  3.66 2.39, 3.62 0.23% 0.14,0.21
Sulphide nm‘ 0.35 nm‘ nd?
Sulphone 2.02 2.33 3.00 2.62

4 A is omeprazole sodium from storage at 50°C and B is from a
rejected batch.

b The isomers of methylated omeprazole were not separated by
LC[3].

¢ The sulphide was not measured by LC; retention time about 25
min [3].

4 nd = Not detected.
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Fig. 4. Chromatogram of different batches of omeprazole substance, ca. 4 mg/ml in dichloromethane. Conditions: CO, 2.0 ml/min and
1% TEA in methanol 120 ul/min; column, LiChrosorb NH, at 40°C; inlet pressure, 183 bar; outlet pressure, 175 bars; linear velocity,
0.27 cm/s. Peaks as in Fig. 2. (a) With possible impurities added (0.4-0.6%, w/w); (b) pure omeprazole substance; (c) omeprazole
sodium from a rejected batch; (d) omeprazole sodium that had been stored at 50°C.

rities can be determined. It should also be noted
that the isomers of methylated omeprazole have dif-
ferent ¢ values. A corresponding chromatogram
with pure omeprazole is given in Fig. 4b and here
the sum of extraneous peaks constitutes less than
0.1 area-% at 300 nm. Fig. 4c and d show chro-
matograms from omeprazole sodium of different
origin. In Fig. 4c the substance had been freeze-
dried but rejected after inspection after storage for 3
months at ambient temperature. The chromato-
gram in Fig. 4d is for omeprazole sodium that had
been stored at 50°C for a certain period of time.
Here more of the methylated omeprazole isomers
are formed than shown in Fig. 4c. Analysis by
liquid chromatography gave the same patterns, as
can be seen from Table II. However, the liquid
chromatographic method cannot discriminate be-
tween the isomers of methylated omeprazole al-
though they elute after about 12 min [3]. As the

sulphide requires 25 min for elition, the SFC sys-
tem is about 2.5 times faster and has a higher degree
of selectivity.
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ABSTRACT

Qualitative and quantitative isotachophoretic indices of 73 amino acids, dipeptides and tripeptides were simulated under 24 leading
electrolyte conditions covering the pH range 6.4-10. The R, values and time-based zone lengths are tabulated together with the absolute
mobility (m,) and pK, values used. The leading electrolyte used was 10 mM HCl and the pH buffers were imidazole, tristhydroxymethy-
lamino)methane, 2-amino-2-methyl-1,3-propanediol and ethanolamine. The simulated indices will be useful in the assessment of the

separability and determination of the listed and related compounds.

INTRODUCTION

In 1983 we published qualitative and quantitative
isotachophoretic (ITP) indices for 287 ions in the
pH range 3-10 in a tabular form [1]. The validity of
the simulation has been confirmed for many sam-
ples. For example, Oefner et al. [2] measured qual-
itative and quantitative indices of 52 anions and
compared them with the simulated values and cor-
relation factors of 0.993 and 0.92 were obtained for
qualitative and quantitative indices, respectively. In
addition to this extensive comparative work, many
researchers have utilized the table for separability
assessment.
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Chemistry, Faculty of Engineering, Hiroshima University, Ka-
gamiyama 1, Higashi-Hiroshima 724, Japan.
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In this work, the qualitative and quantitative ITP
indices of 73 amino acids and peptides as anions
were simulated on the basis of the absolute mobil-
ities and thermodynamic dissociation constants.
Most of them have been evaluated by the ITP tech-
nique [3-5] and several of them were refined using
new Rg data. The methods used for the evaluation
of physico-chemical constants have been reviewed
by Pospichal er al. [6].

SIMULATION

Method

The simulation techniques were the same as in the
previous work [1]; iterative calculation using the
RFQ method [7] was carried out to fulfil ITP condi-
tions. The effect of ionic strength on the mobilities
and dissociation constants was considered.

1993 Elsevier Science Publishers B.V. All rights reserved
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TABLE I
ELECTROLYTE SYSTEMS USED IN SIMULATION FOR AN ANIONIC ANALYSIS

Leading ion = 10 mM ClI~. Gly-Gly = glycylglycine; f-Ala = f-alanine; e-AMC = g-aminocaproic acid; CR = creatinine; HIS =
histidine; IM = imidazole; TRIS = tris(thydroxymethylamino)methane (Tris); AMEDIOL = 2-amino-2-methyl-1,3-propanediol;
EA anolamine.

Buffers Number and the pH of leading solutions

Gly-Gly ( 2.6 (228 ( 3)3.0 (432 ( 5)3.4 ( 6)3.6

B-Ala ( 73.0 ( 8)3.2 (9)34 (10)3.6 (1138 (12)4.0

e-AMC (13)3.8 (14)4.0 (15)4.2 (16)4.4 (17)4.6 (18)4.8

CR (19)4.2 (20)4.4 (21)4.6 (22)4.8 (23)5.0 (24)5.2 (25)5.4
HIS (26)5.4 (27)5.6 (28)5.8 (29)6.0 (30)6.2 (31)6.4

IM (32)6.4 (33)6.6 (34)6.8 (35)7.0 (36)7.2 (377.4

TRIS (38)7.4 (39)7.6 (40Y7.8 (41)8.0 (42)8.2 43)8.4

AMEDIOL  (44)8.2 (45)8.4 (46)8.6 (47)8.8 (48)9.0 (49)9.2

EA (50)9.0 (51)9.2 (52)9.4 (53)9.6 (54)9.8 (55)10.

Electrolyte system 6.4-10 (0.2 pH steps, electrolytes 32-55) using four

The leading electrolyte was 10 mAM HCI contain- different pH buffers as shown in Table 1. For a few
ing an appropriate pH buffer. The pH range of the acidic amino acids, the pH range was 3-10 and
leading electrolyte (pHy) was varied in the range of  eight kinds of buffers were used (electrolytes 1-55).

TABLE II
SIMULATED EFFECTIVE MOBILITIES AND CONCENTRATIONS OF LEADING ZONE CONSTITUENTS

Leadingion = 10mM Cl~. pH, = pH of leading electrolyte; m, = effective mobility of leadingion (10"*cm 2 V=1 57%); Cy | = total
concentration (mM) of buffer ion; my, | = effective mobility of buffer ion (1073 ¢m? V™1 s7!); R, = specific resistance of leading
electrolyte (Q m); E, = potential gradient of leading zone (V cm™1); v = isotachophoretic velocity (1072 cm s ™). Capillary LD. = 0.5
mm.

Buffer pH, m; ChL My | R, E. v

M (32) 64 —-74.70 11.60 41.51 8.435 42.96 32.09
(33) 6.6 —74.70 12.54 38.41 8.435 42.96 32.09
(34) 638 —74.70 14.03 34.34 8.435 42.96 32.09
35 170 ~74.70 16.38 29.40 8.435 42.96 32.09
(36) 72 —74.70 20.12 23.94 8.435 42.96 32.09
37 74 —174.70 26.03 18.50 8.435 42.96 32.09

TRIS 38) 74 —174.70 11.90 21.95 10.28 52.35 39.11
39 7.6 —74.70 13.01 20.07 10.28 52.35 39.10
(40) 7.8 -74.70 14.78 17.68 10.28 52.35 39.10
41) 8.0 —74.70 17.57 14.87 10.28 52.34 39.10
(42) 8.2 —174.70 22.00 11.88 10.28 5233 39.09
43) 84 —74.70 29.02 9.00 10.27 52.33 39.09

AMEDIOL (44) 8.2 —74.70 12.37 23.10 10.03 51.10 38.17
(45) 8.4 ~74.70 13.76 20.77 10.03 51.09 38.16
(46) 8.6 —74.70 15.96 17.91 10.03 51.07 38.15
(47) 8.8 —74.70 19.45 14.70 10.02 51.04 38.13
48) 9.0 —74.70 24.99 11.45 10.01 51.00 38.10
49) 9.2 —74.70 33.77 8.47 10.00 50.94 38.05

EA (50) 9.0 —74.69 12.88 31.58 8.969 45.68 34.12
(51) 9.2 -74.69 14.56 27.94 8.959 45.63 34.08
(52) 9.4 —74.69 17.24 23.62 8.942 45.54 34.01
(53) 9.6 —74.69 21.49 18.98 8.915 45.41 3391
(54) 9.8 —74.68 28.24 14.47 8.874 45.19 33.75

(55) 10.0 —74.69 39.01 10.51 8.808 44.86 33.50
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TABLE III

PHYSICO-CHEMICAL CONSTANTS OF BUFFERS USED
IN SIMULATIONS (25°C)

m, = Absolute mobility (cm® V™! s™"); pK, = thermodynamic
dissociation constant.

Buffer my pkK,
Gly-Gly 315 3.140
p-ala 36.7 3.552
&-AMC 28.8 4373
CR 37.2 4.828
HIS 29.6 6.040
M 52.0 7.150
TRIS 29.5 8.076
AMEDIOL 29.5 8.780
EA 443 9.498
Cl- 79.1 -

Table IT summarizes the simulated effective mobil-
ities and concentrations of the leading zone constit-
uents. Table 1T gives the absolute mobilities and
thermodynamic dissociation constants of the buf-
fers used. Most of them were obtained by ITP but
some were taken from the literature [8-11]. The
names and abbreviations of substances treated are
given in Table IV.

TABLE IV
NAMES OF SAMPLES AND ABBREVIATIONS USED
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Migration conditions

The inner diameter of the separation tube was 0.5
mm, the migration current was 100 uA and the tem-
perature of the separation tube was 25°C.

CONTENTS OF SIMULATED DATA

The contents of the simulated data given in Table
V, pHy, pHs, m, Rg, t, Rs and IS, are explained
briefly below.

pHL

This is the pH of the leading electrolyte used in
the simulation. The leading electrolytes used are
summarized in Table I. Eight different buffers were
used to adjust the pH of 10 mAM HCI. To maintain a
good buffering capacity of the leading electrolyte,
the pHy should satisfy the relationship pKq — 0.5
< pHy < pKq + 0.5, where pKq is the pX, of the
buffers used. The maximum buffering capacity is
obtained at pH; = pKq.

pHs

This is the pH of the sample zone at the steady
state evaluated by simulation. When pHg differs sig-
nificantly from pHy, (approximately over 1-1.5), the

No.” Name

Abbreviation

400 Alanylalanine Ala-Ala

401 L-Alanyl-L-alanyl-L-alanine Ala-Ala-Ala
402 Alanyl-o-amino-n-butyric acid Ala-Amin
403 Alanylasparagine Ala-Asn

404 Alanylglycine Ala-Gly

405 DL-Alanylglycylglycine Ala-Gly-Gly
406 f-Alanylhistidine p-Ala-His
407 Alanylleucine Ala-Leu

408 DL-Alanyl-DL-leucylglycine Ala-Leu-Gly
409 Alanylmethionine Ala-Met

410 f-Alanine B-Ala

411 Alanine Ala

412 Alanylphenylalanine Ala-Phe
413 Alanylserine Ala-Ser
414 Alanylvaline Ala-Val
415 a-Amino-x#-nutyric acid Amin
417 Asparagine Asn
418 Aspartic acid Asp
419 Cysteine Cys

420 Cystine CysH

( Continued on p. 286)
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TABLE 1V (continued)

T. Hirokawa et al. | J. Chromatogr. 628 (1993) 283-308

No.? Name Abbreviation
421 Glutamic acid Glu

422 Glutamine Gln

423 Glycylalanine Gly-Ala

424 Glycyl-g-amino-n-butyric acid Gly-Amin
425 Glycylasparagine Gly-Asn

426 Glycine Gly

427 Diglycine Gly-Gly

428 Triglycine Gly-Gly-Gly
429 Tetraglycine Gly-Gly-Gly-Gly
430 Pentaglycine Gly-Gly-Gly-Gly-Gly
431 Hexaglycine Gly-Gly-Gly-Gly-Gly-Gly
432 Glycylglycyl-L-isoleucine Gly-Gly-1le
433 Glycylglycyl-p-leucine Gly-Gly-Leu
434 Glycylglycyl-L-phenylalanine Gly-Gly-Phe
435 Glycylglycyl-L-valine Gly-Gly-Val
436 Glycyl-L-histidylglycine Gly-His-Gly
437 Glycylisoleucine Gly-Ile

438 Glycyl-L-leucine Gly-Leu

439 Glycyl-pL-leucyl-pL-alanine Gly-Leu-Ala
440 Glycyl-L-leucyl-L-tyrosine Gly-Leu-Tyr
441 Glycylphenylalanine Gly-Phe

442 Glycyl-L-phenylalanyl-L-phenylalanine Gly-Phe-Phe
443 Glycyl-L-proline Gly-Pro

444 Glycyl-L-prolyl-L-alanine Gly-Pro-Ala
445 Glycylserine Gly-Ser

446 Glycyl-D-threonine Gly-Thr

447 Glycyltryptophane Gly-Trp

448 Glycyltyrosine Gly-Tyr

449 Glycylvaline Gly-Val

450- Histidine His

451 Hydroxyproline Hyp

452. Isoleucine Ile

453 Leucine Leu

454 Leucylglycine Leu-Gly

455 L-Leucylglycylglycine Leu-Gly-Gly
456 pL-Leucylglycyl-pL-phenylalananine Leu-Gly-Phe
457 Leucylleucine Leu-Leu

458 L-Leucyl-L-leucyl-L-leucine Leu-Leu-Leu
459 Leucylphenylalanine Leu-Phe

460 L-Leucyl-L-tyrosine Leu-Tyr

461 Leucylvaline Leu-Val

463 Methionine Methionine
464 Ornithine Ornithine
465 Phenylalanine Phenylalanine
466 Proline Proline

467 Serine Serine

468 L-Seryl-L-seryl-L-serine Ser-Ser-Ser
469 Taurine Taurine

470 Threonine Threonine
471 Tryptophan Tryptophan
472 Tyrosine Tyrosine

473 Valine Valine

474 3,5-Diiodotyrosine 12-Tyr

@ In our database, 416 and 462 correspond to arginine and lysine, respectively. As they are cations in the pH range 6.4-10, they are not

included here.
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buffering ability of the counter ion might not be so
good and also the experimental reproducibility of
Rg and R, may not be good.

mg

This is the effective mobility of the sample at the
steady state 107 cm? V™! s, When the effective
mobility of the sample is very small, the pH shift is
very large and therefore the isotachophoretic mi-
gration may be unstable.

Rg

The ratios of potential gradients can be qualita-
tive indices of the separated zones. Rg is one of the
qualitative indices, defined as

Ry = Es/E; = my/mg = Rs/Ry (= hg/hy)

where E, m, R and / denote the potential gradient,
the effective mobility, the specific resistance and the
step height in the recorder trace, respectively, and
the subscripts L and S denote the leading and sam-
ple zones, respectively. In order to convert the step
heights into Rg values, the step heights of the lead-
ing zones, Ay, should be estimated by the equation

hL = hstd/(RE,std_l)

where kg4 is the observed step height of a standard
sample for the conversion and Rg 4 is the Rg value
of the standard. It should be noted that a linear

TABLE V
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relationship is assumed between step heights and
potential gradients. The identification power of iso-
tachophoresis using qualitative Rg indices has been
confirmed theoretically by Kenndler [12].

t

This is the time-based zone length of a 10-nmol
sample in seconds. As the migration current was
100 pA, it corresponds to the electric charge in
107%C; for ¢t = 28.65 s, it means that the zone
length of a 10-nmol sample will be 28.65 s when a
migration current of 100 pA is applied and the elec-
tric charge will be 2.865 mC. This might be useful
for estimating the time-based zone length when the
migration current is different from 100 yA.

Rs

This is the ionic specific resistance of the separat-
ed zones in Q m. This parameter is newly added
based on the wide use of conductivity detectors.

IS

This is the strength of the separated zones in mM.
When the migration order of the zones is simulated,
the effective mobility of the ith ion in the jth zone
(m; ;) and that of the jth ion in the ith zone (m;,)
should be evaluated and compared [13,14]. The ion-
ic strength is necessary in the correction of absolute
mobility.

ISOTACHOPHORETIC INDICES OF 73 AMINO ACIDS AND PEPTIDES

The first line for each sample shows the following information:

No. Chemical Abbreviation my
formula
400 C,H,N,0, Ala-Ala

—27.0

pK, Relative molecular
mass
8.490 160.2

pH; = pH of the leading electrolyte used in simulation; pHg = pH of the sample zone at the steady state; mg = effective mobility of the
sample at the steady state (107> cm” V™' s™%; R = ratio of potential gradients; t = time-based zone length of a 10-nmol sample (s);
R; = specific resistance of the separated zones (Q m); IS = ionic strength of the separated zones (mM).
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400 C6H12N203 Ala-Ala -27.0 8.490 160.2

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.89 7.92 7.97 8.03 8.10 8.19 8.38 8.42 8.49 8.57 8.67 8.79
mS 5.32 5.64 6.11 6.76 7.62 8.74 11.31 11.95 12.82 13.96 15.33 16.86
RE 14.04 13.24 12.23 11.06 9.80 8.55 6.60 6.25 5.82 5.35 4.87 4.43
t 28.65 28.66 28.68 28.70 28.73 28.76 20.32 20.32 20.33 20.34 20.36 20.39
RS 118.5 111.7 103.2 93.28 82.65 72.11 67.88 64.26 59.87 54.99 50.06 45.51

1

IS 1.14 1.21 1.32 1.46 .65 1.90 2.89 3.06 3.29 3.59 3.96 4.37
No. 44 45 46 47 48 49 50 51 52 53 54 55

pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 8.60 9.80 10.00

pHs 8.81 8.89 9.00 9.13 9.28 9.45 9.39 9.53 9.70 9.89 10.08 10.29

ms 17.13 18.03 19.10 20.23 21.30 22.20 21.97 22.62 23.18 23.61 23.93 24.16

RE 4.36 4.14 3.91 3.69 3.51 3.36 3.40 3.30 3.22 3.16 3.12 3.09

t 21.36 21.38 21.41 21.47 21.56 21.70 26.45 26.63 26.91 27.39 28.22 29.69

1

4

RS 43.74 41.55 39.22 37.00 35.12 33.65 30.50 29.58 28.81 28.20 27.70 27.23

IS 4.34 .57 4.85 5.14 5.42 5.63 5.07 5.21 5.31 5.36 5.35 5.24
401 C9H]17N304 Ala-Ala-Ala -22.2 8.245 231.3
No 32 33 34 35 36 37 38 39 40 41 42 43

pi, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.78 7.82 7.87 7.94 8.02 8.12 8.28 8.33 8.41 8.51 8.63 8.77
mS 5.50 5.86 6.38 7.07 7.98 9.09 10.86 11.49 12.31 13.32 14.45 15.60
RE 13.57 12.74 11.71 10.56 9.36 8.21 6.88 6.50 6.07 5.61 5.17 4.79
t 32.97 32.99 33.02 33.06 33.12 33.18 22.79 22.80 22.82 22.84 22.88 22.92
Rs 114.5 107.4 98.81 89.08 78.98 69.28 70.69 66.85 62.38 57.65 53.13 49.21
TS 1.26 1.35 1.47 1.63 1.85 2.11 3.06 3.24 3.48 3.78 4.11 4.45
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.75 8.85 8.98 9.13 9.30 9.48 9.40 9.56 9.75 9.95 10.16 10.38
ms 15.46 16.19 16.97 17.71 18.32 18.79 18.69 19.06 19.34 19.55 19.71 19.84
RE 4.83 4.61 4.40 4.22 4.08 3.97 4.00 3.92 3.86 3.82 3.79 3.76
t 24.10 24.14 24.20 24.29 24.44 24.66 30.48 30.78 31.27 32.12 33.63 36.60
RS 48.48 46.29 44.14 42.28 40.82 39.75 35.84 35.11 34.53 34.06 33.63 33.15
IS 4.28 4.49 4.71 4.92 5.08 5.18 4.62 4.69 4.71 4.68 4.58 4.37

402 C7H14N203 Ala-Amin -25.8 8.495 174.2
No. 32 33 34 35 36 37 38 39 40 41 42 43
pHi, 6.40 6.60 6.80 7.00 7.20 7.40 7

pHs 7.89 7.93 7.97 8.03 8.11 8.20 8

ms 5.07 5.38 5.84 6.46 7.30 8.38 10

RE 14.74 13.88 12.80 11.55 10.23 8.91 6.93 6.56 6.10 5.60 5.10 4.64
t 29.57 29.58 29.60 29.62 29.66 29.70 20

RS 124.3 117.0 108.0 97.47 86.26 75.19 71

IS 1.11 1.18 1.28 1.42 1.60 1.85 2

pHl, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10 00
pHS 8.82 8.90 9.01 9.14 9.29 9.46 9.40 9.55 9.72 9.80 10.10 10.31
mg 16.34 17.21 18.23 19.32 20.33 21.18 20.97 21.59 22.12 22.53 22.83 23.05
RE 4.57 4.34 4.10 3.87 3.67 3.53 3.56 3.46 3.38 3.32 3.27 3.24
t 21.95 21.97 22.01 22.08 22.18 22.33 27.32 27.52 27.84 28.39 29.33 31.04
RS 45.86 43.54 41.08 38.76 36.79 35.27 31.95 30.99 30.19 29.56 29.03 28.54
Is 4.22 4.45 4.73 5.01 5.27 5.48 4.92 5.05 5.15 5.19 5.16 5.03
403 C7H13N304 Ala-Asn -25.5 8.470 203.2

No 32 34 35 36 37 38 39 40 41 42 43

pH, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHS 7.88 7.92 7.96 8.02 8.10 8.19 8.37 8.42 8.48 8.57 8.67 8.80
ms 5.13 5.45 5.91 6.55 7.40 8.48 10.83 11.45 12.30 13.39 14.70 16.14
Rk 14.56 13.71 12.64 11.41 10.10 8.81 6.90 6.52 6.07 5.58 5.08 4.63
1 29.81 29.82 29.84 29.87 29.90 29.95 20.99 21.00 21.01 21.02 21.04 21.07
Rg 122.8 115.6 106.6 96.25 85.19 74.30 70.88 67.04 62.42 57.33 52.23 47.56
IS8 1.12 1.20 1.30 1.44 1.63 1.88 2.85 3.01 3.25 3.54 3.90 4.30

pHI, 8.20 8. 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 $.80 10.00
pHS 8.81 8.89 9.00 9.14 9.29 9.47 9.40 9.55 9.72 9.91 10.11 10.32
ms 16.32 17.18 18.19 19.24 20.21 21.02 20.82 21.41 21.91 22.30 22.58 22.79
RE 4.58 4.35 4.11 3.88 3.70 3.55 3.59 3.49 3.41 3.35 3.31 3.28
t 22.10 22.13 22.17 22.23 22.34 22.50 27.54 27.75 28.08 28.65 29.62 31.41
RS 45.92 43.61 41.19 38.92 37.01 35.54 32.18 31.25 30.48 29.86 29.35 28.86
IS 4.24 4.47 4.74 5.02 5.27 5.47 4.91 5.03 5.12 5.15 5.11 4.98
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404 C5H1QN203 Ala-Gly -28.8 8.390 146.1

No. 32 33 34 35 36 37 38 39 40 41 42 43

pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.84 7.87 7.91 7.97 8.05 8.14 8.33 8.38 8.44 8.52 8.63 8.75
ms 6.20 6.57 7.09 7.82 8.80 10.05 12.88 '13.58 14.53 15.76 17.23 18.84
RE 12.04 11.37 10.53 9.55 8.49 7.44 5.80 5.50 5.14 4.74 4.34 3.97
t 27.42 27.43 27.45 27.47 27.49 27.52 19.60 19.60 19.61 19.62 19.63 19.65
Rs 101.6 95.94 88.85 80.56 71.61 62.72 59.63 56.55 52.83 48.70 44.55 40.74
Is 1.31 1.38 1.50 1.65 1.87 2.14 3.19 3.37 3.62 3.94 4.32 4.74
No. 44 45 46 47 48 49 50 51 52 53 54 55

pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.77 8.85 8.96 9.10 9.25 9.43 9.35 9.50 9.67 9.86 10.06 10.27
ms 19.03 19.97 21.07 22.21 23.25 24.10 23.85 24.48 25.00 25.40 25.69 25.90
RE 3.93 3.74 3.55 3.36 3.21 3.10 3.13 3.05 2.99 2.94 2.91 - 2.88
t 20.55 20.57 20.60 20.65 20.72 20.84 25.28 25.42 25.67 26.07 26.75 27.95
RS 39.39 37.52 35.55 33.71 32.18 30.99 28.09 27.34 26.71 26.21 25.80 25.40
i1s 4.68 4.92 5.20 5.49 5.75 5.95 5.39 5.52 5.61 5.66 5.65 5.56
405 C7H13N304 Ala-Gly-Gly ~-25.0 8.254 203.2

No. 32 33 34 35 36 37 38 39 40 41 42 43

pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.78 7.81 17.86 7.93 8.01 8.10 8.28 8.33 -8.40 8.49 8.61 8.75
mS 6.11 6.50 7.04 7.78 8.76 9.97 12.16 12.83 13.73 14.85 16.12 17.44
RE 12.22 11.50 10.61 9.60 8.53 7.49 6.14 5.82 5.44 5.03 4.63 4.28
t 30.25 30.27 30.29 30.32 30.36 30.40 21.22 21.22 21.23 21.25 21.27 21.30
RS 103.0 97.00 89.54 80.98 71.96 63.18 63.14 59.83 55.91 51.70 47.61 44.00
IS 1.35 1.44 1.56 1.73 1.95 2.23 3.24 3.43 3.68 3.99 4.35 4.71
No. 44 45 46 47 48 49 50 51 52 53 54 55

pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.73 8.83 8.95 9.10 9.27 9.45 9.36 9.53 9.71 9.90 10.11 10.32
ms 17.36 18.17 19.06 19.93 20.66 21.23 21.07 21.51 21.85 22.11 22.29 22.43
RE 4.30 4.11 3.%2 3.75 3.62 3.52 3.54 3.47 3.42 3.38 3.35 3.33
t 22.35 22.37 22.42 22.48 22.59 22.76 27.89 28.11 28.46 29.06 30.09 31.89
RS 43.18 41.24 39.29 37.57 36.20 35.19 31.79 31.11 30.56 30.12 29.73 29.32
1S 4.57 4.79 5.04 5.26 5.45 5.59 5.01 5.10 5.15 5.14 5.08 4.92
406 CgH14N403 B-Ala-His -24.4 9.664 226.2

No. 32 33 34 35 36 37 38 39 40 41 42 43

pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHis 7.78 7.81 7.86 7.93 8.01 8.74 8.95 8.99 9.03 9.09 9.16 8.25
mS 0.00 0.00 0.00 0.00 0.00 2.57 3.91 4.16 4.51 5.01 5.69 6.56
RE 0.00 0.00 0.00 0.00 0.00 29.10 19.10 17.96 16.55 14.90 13.14 11.39
t 0.00 0.00 0.00 0.00 0.00 31.59 22.27 22.29 22.31 22.34 22.38 22.45
RS 0.00 0.00 0.00 0.00 0.00 245.5 196.3 184.7 170.1 153.1 135.0 117.0
IS 0.00 0.00 0.00 0.00 0.00 0.55 0.99 1.06 1.15 1.28 1.45 1.68
No. 44 45 46 47 48 49 50 51 52 53 54 55

pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHS 9.34 9.39 9.45 9.53 9.63 9.74 9.80 9.88 9.98 10.11 10.26 10.43
ms 7.65 8.19 8.94 9.91 11.14 12.57 13.38 14.29 15.41 16.68 17.97 19.19
RE 9.76 9.12 8.36 7.53 6.71 5.94 5.58 5.23 4.85 4.48 4.16 3.88
t 23.62 23.67 23.75 23.86 24.03 24.29 29.97 30.27 30.75 31.54 32.92 35.51
Rs 97.91 91.46 83.83 75.51 67.18 59.45 50.09 46.83 43.34 39.93 36.87 34.27
IS 1.91 2.05 2.24 2.48 2.79 3.14 3.02 3.22 3.45 3.68 3.88 3.97
407 C9H18N203 Ala-Leu -23.9 8.505 202.3

No. 32 33 34 35 36 37 38 39 40 41 42 43

pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.90 7.94 7.98 8.04 8.12 8.21 8.39 8.44 8.50 8.59 8.69 8.82
ms 4.67 4.97 5.40 6.00 6.79 7.80 9.93 10.51 11.31 12.33 13.56 14.92
RE 16.00 15.03 13.83 12.45 11.00 9.57 7.53 7.11 6.61 6.06 5.51 5.01
t 31.21 31.23 31.25 31.28 31.32 31.37 21.81 21.81 21.83 21.85 21.87 21.91
Rs 134.9 126.8 116.7 105.1 92.78 80.76 77.36 73.06 67.91 62.26 56.61 51.45
1S 1.04 1.11 1.21 1.35 1.53 1.76 2.68 2.85 3.07 3.36 3.71 4.09
No. 44 45 46 47 48 49 50 51 52 53 54 55

pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.83 8.91 9.02 9.16 9.31 9.48 9.42 9.57 9.74 9.93 10.13 10.35
mS 15.08 15.90 16.86 17.86 18.79 19.57 19.39 19.96 20.44 20.81 21.09 21.30
RE 4.95 4.70 4.43 4.18 3.98 3.82 3.85 3.74 3.65 3.59 3.54 3.51
t 23.02 23.05 23.10 23.18 23.30 23.49 28.89 29.14 29.54 30.22 31.41 33.66
RS 49.69 47.12 44.44 41.92 39.81 38.18 34.55 33.52 32.67 31.99 31.43 30.88
IS 4,03 4.25 4.52 4.79 5.03 5.23 4.67 4.79 4.87 4.89 4.84 4.68
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408 C11H21N304 Ala-Leu-Gly -21.3 8.272  259.3
No. 32 33 34 35 36 37 38 39 10 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.79 7.83 7.89 7.95 8.04 8.14 8.29 8.35 8.43 8.52 8.64 8.78
ms 5.17 5.51 6.00 6.67 7.54 8.60 10.26 10.86 11.65 12.63 13.72 14.83
RE 14.46 13.55 12.44 11.20 9.91 8.68 7.28 6.88 6.41 5.92 5.45 5.04
t 33.99 34.02 34.05 34.10 34.16 34.23 23.39 23.41 23.43 23.45 23.49 23.54
RS 121.9 114.3 104.9 94.44 83.60 73.24 74.83 70.69 65.88 60.81 55.96 51.75
IS 1.20 1.28 1.40 1.56 1.76 2.02 2.94 3.12 3.35 3.64 3.97 4
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs B8.76 8.86 8.99 9.14 9.31 9.50 9.41 9.58 9.77 9.97 10.18 10.40
ms 14.70 15.41 16.17 16.89 17.49 17.96 17.87 18.22 18.50 18.71 18.86 19.01
RE 5.08 4.85 4.62 4.42 4.27 4.16 4.18 4.10 4.04 3.99 3.96 3.93
t 24.78 24.82 24.89 24.99 25.15 25.40 31.48 31.82 32.38 33.34 35.08 38.61
RS 50.99 48.64 46.33 44.33 42.77 41.61 37.50 36.72 36.10 35.59 35.13 34.60
IS 4.14 4.34 4.56 4.76 4.92 5.03 4.47 4.53 4.55 4.51 4.40 4.16

409 CgH16N203S Ala-Met -24.2 8.463 220.3
No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8
pHs 7.88 7.91 7.96 8.02 8.10 8.19 8.37 8.42 8.48 8.57 8.68 8
mS 4.91 5.23 5.68 6.30 7.12 8.17 10.33 10.93 11.75 12.80 14.05 15
RE 15.21 14.29 13.16 11.86 10.49 9.14 7.23 6.83 6.36 5.84 5.32 4.85
1
9
4

t 30.94 30.95 30.98 31.01 31.05 31.09 21.64 21.65 21.66 21.68 21.71 21.74
R 128.3 120.6 111.0 100.1 88.46 77.11 74.31 70.22 65.33 59.98 54.65 438.80
IS 1.10 1.17 1.27 1.41 1.60 1.84 2.78 2.895 3.18 3.47 3.82 .21
No. 44 45 46 47 48 49 50 51 52 53 54 55

pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.81 8.80 9.01 9.15 9.30 9.48 9.41 9.56 9.73 9.92 10.13 10.34
mg 15.54 16.36 17.32 18.30 19.21 19.96 19.78 20.33 20.79 21.14 21.40 21.60
RE 4.81 4.57 4.31 4.08 3.89 3.74 3.78 3.67 3.59 3.53 3.49 3.46
t 22.83 22.86 22.91 22.98 23.10 23.28 28.62 28.85 29.24 29.89 31.04 33.18
Rs 48.23 45.79 43.26 40.380 38.94 37.44 33.87 32.92-32.13 31.50 30.97 30.46

Is 4.13 4.36 4.62 4.89 5.12 5.31 4.74 4.86 4.93 4.95 4.90 4.74

410 C3H7NO2 B-Alanine 36.7 3.552 89.1
-30.8 10.241
No. 32 33 34 35 36 37 38 39 40 41 42 43

pH;, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8
pHs 7.88 7.91 7.96 8.02 8.10 8.19 9.25 9.28 9.31 9.36 9.
mS 0.00 0.00 0.00 0.00 0.00 0.00 2.84 3.00 3.24 3.58 4.05 4.68
RE 0.00 0.00 0.00 0.00 0.00 0.00 26.35 24.92 23.09 20.89 18.
t 0.00 0.00 0.00 0.00 0.00 0.00 21.15 21.16 21.19 21.22 21.26 21.33
Rs 0.00 0.00 0.00 0.00 0.00 0.00 270.8 256.2 237.3 214.7 189.6 163.9
Is 0.00 0.00 0.00 0.00 O

mS 5.99 6.38 6.95 7.73 8.77 10.11 11.84 12.68 13.81 15.28 17.05 19.07
RE 12.48 11.71 10.76 9.67 8.52 7.39 6.31 5.89 5.41 4.89 4.38 3.92
t 22.37 22.42 22.50 22.61 22.78 23.04 27.95 28.21 28.63 29.28 30.34 32.18
Rs 125.2 117.4 107.9 96.87 85.28 73.92 56.59 52.79 48.35 43.59 38.86 34.49
Is 1.25 1.34 1.45 1.62 1.83 2.10 2.29 2.44 2.65 2.90 3.19 3.46

411 C3HT7NO2 Alanine -32.7 9.862 89.1

No. 32 33 34 35 36 317 38 39 40 41 42 43
pHl, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.88 7.91 7.96 8.02 8.10 8.80 9.04 9.07 9.11 9.16 9.23 9.30
mS 0.00 0.00 0.00 0.00 0.00 2.6 4.27 4.51 4.87 5.38 6.07 7.00
RE 0.00 0.00 0.00 0.00 0.00 28.59 17.51 16.56 15.34 13.89 12.30 10.67
t 0.00 0.00 0.00 0.00 0.00 26.09 19.17 19.18 19.19 19.20 19.23 19.26
RS 0.00 0.00 0.00 0.00 0.00 241.2 180.0 170.2 157.7 142.8 126.4 109.6
1S 0.00 0.00 0.00 0.00 0.00 0.51 0.93 0.98 1.06 1.17 1.33 1.54
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.42 9.46 9.51 9.58 9.67 9.77 9.85 9.91 9.99 10.10 10.22 10.37
ms 8.58 9.14 9.94 11.02 12.41 14.13 15.59 16.65 18.03 19.70 21.57 23.49
RE 8.70 8.17 7.52 6.78 6.02 5.28 4.79 4.49 4.14 3.79 3.46 3.18
t 20.12 20.15 20.19 20.25 20.35 20.49 24.66 24.81 25.05 25.43 26.04 27.08
RS 87.30 81.93 75.37 67.97 60.27 52.86 42.96 40.19 37.05 33.80 30.72 28.00

1. 2 2 .
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412 C12H16N203 Ala-Phe -23.9 8.502 236.3

No. 32 33 34 35 36 37 38 39 40 41 42 43
pH, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.90 7.93 7.98 8.04 8.12 8.21 8.39 8.44 8.50 8.59 8.69 8.81
ms 4.68 4.98 5.42 6.01 6.81 7.82 9.95 10.53 11.33 12.35 13.58 14.94
RE 15.95 14.99 13.79 12.42 10.97 9.55 7.51 7.09 6.59 6.05 5.50 5.00
t 31.21 31.23 31.25 31.28 31.32 31.37 21.81 21.81 21.83 21.85 21.87 21.91
Rs 134.6 126.4 116.3 104.8 892.54 80.56 77.21 72.92 67.78 62.14 56.51 51.38
IS 1.05 1.12 1.21 1.35 1.53 1.77 2.69 2.85 3.08 3.37 3.71 4.10
No. 44 45 46 47 48 49 50 51 52 53 54 55
pH[, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.83 8.91 9.02 9.16 9.31 9.48 9.42 9.57 9.74 9.93 10.13 10.35
ms 15.10 15.92 16.87 17.87 18.80 19.58 19.40 19.97 20.45 20.82 21.09 21.30
RE 4.95 4.69 4.43 4.18 3.97 3.82 3.85 3.74 3.65 3.59 3.54 3.51
t 23.02 23.05 23.10 23.18 23.30 23.49 28.89 29.14 29.54 30.22 31.41 33.66
RS 49.62 47.07 44.39 41.89 39.79 38.16 34.53 33.51 32.66 31.99 31.43 30.88
Is 4.04 4.26 4.52 4.79 5.04 5.23 4.67 4.79 4.87 4.89 4.84 4.68

413 CeH1204N2 Ala-Ser ~26.2 8.297 176.2
No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.80 7.83 7.88 7.94 8.02 8.11 8.29 8.34 8.41 8.50 8.61 8.75
mS 6.16 6.53 7.07 7.81 8.79 10.02 12.42 13.10 14.02 15.18 16.52 17.93
RE 12.13 11.43 10.56 9.56 8.50 7.45 6.02 5.70 5.33 4.92 4.52 4.17
t 29.27 29.28 29.30 29.32 29.36 29.40 20.65 20.66 20.67 20.68 20.70 20.72
R 102.3 96.43 89.11 80.65 71.67 62.87 61.83 58.60 54.76 50.58 46.47 42.80
IS 1.34 1.43 1.55 1.71 1.83 2.21 3.24 3.42 3.67 3.98 4.35 4.74
No. 44 45 46 417 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.74 8.84 8.96 9.10 9.26 9.44 9.36 9.52 9.70 9.89 10.09 10.30
mS 17.92 18.78 19.74 20.69 21.51 22.17 21.98 22.47 22.87 23.16 23.37 23.53
RE 4.17 3.98 3.78 3.61 3.47 3.37 3.40 3.32 3.27 3.22 3.20 3.17
t 21.72 21.74 21.78 21.84 21.93 22.08 26.98 27.16 27.48 28.00 28.89 30.52
RS 41.82 39.90 37.95 36.19 34.77 33.70 30.49 29.78 29.21 28.75 28.36 27.95
IS 4.62 4.85 5.10 5.35 5.56 5.71 5.14 5.24 5.31 5.32 5.27 5.14

414 C8H16N203 Ala-Val -25.2 8.500 188.2
32 33

pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 97.60 7.80 8.00 8.20 8.40
pis 7.90 7.93 7.98 8.04 8.11 8.20 8.39 8.43 8.50 8.58 8.68 8.81
ms 4.93 5.24 5.69 6.31 7.13 8.18 10.49 11.10 11.93 13.00 14.29 15.72
RE 15.14 14.25 13.13 11.85 10.48 9.13 7.12 6.73 6.26 5.75 5.23 4.75
t 30.06 30.07 30.09 30.12 30.15 30.20 21.14 21.14 21.15 21.17 21.19 21.22
Rs 127.7 120.2 110.8 99.92 88.37 77.00 73.17 69.17 64.36 59.05 53.72 48.82
Is 1.09 1.15 1.25 1.39 1.58 1.82 2.77 2.93 3.16 3.46 3.81 4.21

pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.82 8.90 9.01 9.14 9.30 9.47 9.41 9.55 9.72 9.91 10.11 10.32
ms 15.93 16.78 17.79 18.84 19.83 20.66 20.47 21.07 21.58 21.98 22.27 22.49
RE 4.69 4.45 4.20 3.96 3.77 3.61 3.65 3.54 3.46 3.40 3.35 3.32
t 22.27 22.30 22.34 22.41 22.51 22.68 27.79 28.00 28.35 28.93 29.94 31.80
RS 47.04 44.65 42.11 39.73 37.71 36.16 32.74 31.76 30.94 30.29 29.75 29.24
Is 4.16 4.39 4.66 4.94 5.20 5.40 4.84 4.97 5.06 5.09 5.06 4.92

415 C5H1102N a-Amino-n-butyric acid -30.5 9.827 117.1

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 17.60 7.80 8.00 8.20 8.40
pHs 7.90 7.93 17.98 8.04 .11 8.79 9.03 9.06 9.10 9.15 9.21 9.29
mS 0.00 0.00 0.00 o0.00 .00 2.57 4.13 4.38 4.73 5.23 5.91 6.82
RE 0.00 0.00 0.00 0.00 .00 29.09 18.07 17.07 15.80 14.29 12.63 10.95
t 0.00 0.00 0.00 o0.00 27.27 19.84 19.85 19.86 19.88 19.91 19.95
.00 245.4 185.8 175.5 162.4 146.8 129.8 112.5
.00 0.51 0.93 0.99 1.07 1.19 1.34 1.55
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416 CeH14N402 Arginine
4117 C4H8N203 Asparagine -32.1 9.051 132.1
No. 32 33 34 35 36 37 38 39 40 41 42 43

pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 8.16 8.19 8.22 8.27 8.34 8.41 8.64 8.67 8.72 8.78 8.86 8.95
msS 3.62 3.83 4.13 4.56 5.16 5.95 8.77 9.27 9.97 10.95 12.23 13.83
RE 20.61 19.50 18.08 16.37 14.49 12.55 8.52 8.06 7.49 6.82 6.11 5.40
t 25.59 25.60 25.61 25.62 25.63 25.65 18.64 18.64 18.64 18.65 18.66 18.68
Rs 173.8 164.5 152.5 138.1 122.2 105.9 87.55 82.87 76.98 70.12 62.75 55.49
Is 0.72 0.77 0.83 0.91 1.04 1.20 2.02 2.13 2.30 2.53 2.84 3.22

pHs 9.04 9.09 9.16 9.26 9.37 9.51 9.51 9.61 9.74 9.89 10.06 10.25
ms 15.20 16.11 17.32 18.83 20.56 22.35 22.47 23.60 24.83 26.01 27.02 27.81
RE 4.92 4.64 4.31 3.97 3.63 3.34 3.32 3.17 3.01 2.87 2.76 2.69
t 19.50 19.51 19.54 19.58 19.64 19.74 23.75 23.86 24.05 24.36 24.87 25.77
Rs 49.31 46.51 43.24 39.76 36.39 33.43 29.82 28.36 26.90 25.60 24.53 23.65
IS 3.48 3.70 3.98 4.34 4.74 5.16 4.80 5.04 5.29 5.52 5.68 5.76

418 C4H7NO4 Aspartic Acid -30.1 3.900 133.1
-56.8 106.017
No. 1 2 3 4 5 6 7 8 9 10 11 12

pHL 2.60 2.80 3.00 3.20 3.40 3.60 3.00 3.20 3.40 3.60 3.80 4.00
pHs 3.56 3.65 3.74 3.83 3.93 4.04 3.74 3.83 3.92 4.03 4.16 4.30
ms 8.48 9.99 11.48 13.01 14.66 16.45 11.44 12.95 14.57 16.34 18.20 20.06
RE 8.81 7.47 6.50 5.74 5.10 4.54 6.53 5.77 5.13 4.57 4.10 3.72
t 35.45 30.27 26.89 24.42 22.55 21.16 25.77 23.32 21.45 20.05 19.06 18.39
RS 50.44 51.42 51.30 49.87 47.30 44.07 52.66 51.41 48.94 45.70 42.28 39.12
Is 2.09 2.36 2.63 2.97 3.38 3.87 2.68 3.02 3.44 3.94 4.49 5.05

No. 25 26 27 28 29 30 31

pHIL, 40 5.40 5.60 5.80 6.00 6.20 6.40
pHS 59 6.58 5.78 5.97 6.16 6.36 6.56
mS 26.84 26.77 26.93 27.05 27.12 27.17 27.20
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419 C3H7NO2S Cysteine -31.17 8.600 121.2
-62.7 10.280
No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.94 7.97 8.01 8.06 8.13 8.21 8.42 8.46 8.52 8.59 8.69 8.80
mS 5.64 5.96 6.43 7.09 7.99 9.18 12.61 13.32 14.31 15.65 17.36 19.39
RE 13.24 12.53 11.61 10.53 9.34 8.14 5.92 5.61 5.22 4.77 4.30 3.85
t 25.84 25.86 25.88 25.90 25.94 26.00 18.97 19.00 19.05 19.13 19.24 19.42
RS 111.7 105.7 97.97 88.84 78.82 68.66 60.88 57.65 53.64 49.05 44.23 39.58
IS 1{.14 1.21 1.31 1.45 1.63 1.88 2.96 3.14 3.38 3.71 4.12 4.63
No. 44 45 46 417 48 49 50 51 52 53 54 55
pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.85 8.92 9.01 9.13 9.27 9.43 9.40 9.52 9.67 9.82 9.99 10.16
ms 20.30 21.52 23.10 25.00 27.17 29.53 29.26 31.08 33.25 35.75 38.48 41.31
RE 3.68 3.47 3.23 2.99 2.75 2.53 2.55 2.40 2.25 2.09 1.94 1.81
t 20.33 20.48 20.71 21.06 21.59 22.33 26.31 27.00 27.92 29.11 30.46 31.94
RS 36.91 34.82 32.43 29.94 27.53 25.30 22.90 21.53 20.08 18.63 17.22 15.92
IS 4.77 5.07 5.45 5.93 6.47 7.06 6.56 7.02 7.57 8.20 8.90 9.63
420 CeH12N204S2 Cystine -27.0 8.405 240.3
-53.9 9.845
No. 32 33 34 35 36 37 38 39 40 41 42 43
pH, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHis 7.85 7.88 7.93 7.98 8.06 8.15 8.34 8.39 8.45 8.53 8.64 8.76
mS 5.86 6.22 6.74 7.46 8.43 9.69 12.63 13.38 14.43 15.81 17.53 19.55
RE 12.75 12.01 11.09 10.01 8.86 7.71 5.91 5.58 5.18 4.73 4.26 3.82
t 28.87 28.90 28.95 29.01 29.09 29.21 20.99 21.07 21.19 21.38 21.65 22.04
Rs 107.5 101.3 93.51 84.44 74.71 65.05 60.79 57.37 53.21 48.56 43.79 39.25
I8 1.27 1.35 1.46 1.62 1.84 2.12 3.25 3.45 3.73 4.11 4.58 5.14
No. 44 45 46 47 48 49 50 51 52 53 54 55
pH, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.79 8.87 8.98 9.11 9.26 9.42 9.38 9.51 9.65 9.81 9.97 10.15
ns 20.04 21.34 23.02 25.02 27.31 29.81 29.38 31.32 33.51 35.80 38.05 40.06
RE 3.73 3.50 3.25 2.99 2.74 2.51 2.54 2.39 2.23 2.09 1.96 1.86
t 23.12 23.45 23.92 24.60 25.47 26.53 31.22 32.09 33.11 34.18 35.37 36.67
RS 37.40 35.10 32.54 29.92 27.39 25.06 22.80 21.37 19.93 18.60 17.42 16.42
IS 5.17 5.53 5.99 6.56 7.22 7.93 7.30 17.86 8.49 9.16 9.80 10.35
421 C5HgNO4 Glutamic Acid -26.8 4.324 147.1
-55.7 9.966
No. 1 2 3 4 5 6 7 8 9 10 11 12
pH], 2.60 2.80 3.00 3.20 3.40 3.60 3.00 3.20 3.40 3.60 3.80 4.00
pHs 3.77 3.86 3.94 4.02 4.11 4.20 3.94 4.02 4.10 4.20 4.31 4.43
ms 5.19 6.20 7.23 8.31 9.53 10.93 7.20 8.26 9.46 10.84 12.40 14.12
RE 14.40 12.04 10.33 8.99 7.84 6.83 10.38 9.04 7.90 6.89 6.02 5.29
t 38.32 32.67 29.00 26.31 24.25 22.72 27.74 25.07 23.02 21.47 20.36 19.61
RS 82.44 82.84 81.51 78.07 72.77 66.32 83.73 80.58 75.40 68.92 62.05 55.59
Is 1.36 1.55 1.74 1.99 2.30 2.69 1.78 2.02 2.34 2.74 3.22 3.74
No. 13 14 15 16 17 18 19 20 21 22 23 24
pBL, 3.80 4.00 4.20 4.40 4.60 '4.80 4.20 4.40 4.60 4.80 5.00 5.20
pHs 4.49 4.57 4.66 4.78 4.91 5.07 4.77 4.86 4.97 5.11 5.27 5.45
mS 15.02 16.02 17.14 18.37 19.63 20.78 18.32 19.21 20.18 21.14 22.00 22.68
RE 4.97 4.66 4.36 4.07 3.81 3.59 4.08 3.89 3.70 3.53 3.40 3.29
t 21.19 20.95 20.73 20.54 20.40 20.29 23.84 23.73 23.63 23.55 23.49 23.45
RS 48.94 46.74 44.20 41.55 39.07 37.01 38.28 36.75 35.14 33.63 32.38 31.45
Is 3.93 4.17 4.46 4.80 5.16 5.493 4.48 4.70 4.94 5.19 5.41 5.59
No. 25 26 27 28 29 30 31
pHL, 5.40 5.40 5.60 5.80 6.00 6.20 6.40
pHs 5.64 5.66 5.82 6.00 6.20 6.39 6.59
mg 23.17 23.15 23.44 23.66 23.81 23.91 23.98
RE 3.22 3.23 3.19 3.16 3.14 3.12 3.11
t 23.43 20.45 20.44 20.42 20.42 20.42 20.42
Rs 30.79 33.09 32.70 32.41 32.21 32.07 31.99
IS 5.72 6.12 6.21 6.27 6.31 6.34 6.36
No. 32 33 34 35 36 37 38 39 40 41 42 43
pHIL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 6.66 6.86 7.06 7.26 7.45 7.65 7.60 7.79 7.99 8.19 8.39 8.59
mS 24.19 24.23 24,27 24.31 24.35 24.41 24.20 24.28 24.40 24.59 24.88 25.32
RE 3.09 3.08 3.08 3.07 3.07 3.06 3.09 3.08 3.06 3.04 3.00 2.95
t 29.18 29.18 29.19 29.21 29.24 29.29 20.47 20.54 20.63 20.79 21.02 21.37
RS 26.05 26.00 25.96 25.92 25.88 25.81 31.73 31.62 31.46 31.22 30.85 30.31
IS 5.42 5.43 5.44 5.45 5.47 5.48 6.43 6.45 6.48 6.54 6.61 6.74
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No. 44 45 46 47 48 49 50 51 52 53 54 55

pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.44 8.63 8.83 9.02 9.21 9.39 9.32 9.48 9.64 9.81 9.98 10.16
mS 24.89 25.46 26.16 27.16 28.53 30.31 29.65 31.36 33.36 35.59 37.89 40.12
RE 2.99 2.93 2.86 2.75 2.62 2.46 2.52 2.38 2.24 2.10 1.97 1.86
t 22.07 22.44 22.96 23.68 24.58 25.67 30.05 31.08 32.18 33.34 34.52 35.83
Rs 29.99 29.43 28.63 27.56 26.22 24.65 22.59 21.34 20.02 18.71 17.49 16.40
IS 6.49 6.63 6.82 7.10 7.48 7.97 7.26 7.73 8.29 8.92 9.56 10.16

422 C5H10N203 Glutamine -30.1 9.308 146.1

32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 8.29 8.32 8.35 8.40 8.47 8.54 8.76 8.80 8.84 8.90 8.98 9.07
mS 2.62 2.77 3.00 3.32 3.76 4.36 6.59 6.98 7.54 8.31 9.34 10.66
RE 28.54 26.96 24.94 22.52 19.86 17.14 11.33 10.70 9.91 8.99 8.00 7.01
t 26.79 26.80 26.81 26.82 26.84 26.87 19.39 19.39 19.40 19.41 19.43 19.45
Rs 240.7 227.4 210.3 190.0 167.5 144.6 116.4 110.0 101.9 92.40 82.18 72.02
IS 0.53 0.56 0.61 0.68 0.77 0.89 1.55 1.64 1.78 1.96 2.21 2.53
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.16 9.21 9.27 9.36 9.46 9.59 9.62 9.71 9.82 9.96 10.12 10.30
ms 12.07 12.84 13.89 15.24 16.85 18.64 19.12 20.23 21.52 22.87 24.12 25.18
RE 6.19 5.82 65.38 4.90 4.43 4.01 3.91 3.69 3.47 3.27 3.10 2.97
t 20.34 20.37 20.40 20.45 20.53 20.66 25.00 25.15 25.38 25.76 26.40 27.51
Rg 62.08 58.34 53.92 49.13 44.39 40.07 35.04 33.08 31.03 29.12 27.47 26.13
Is 2.82 3.01 3.26 3.58 3.97 4.39 4.14 4.38 4.65 4.91 5.13 5.25

423 C5H10N203 Gly-Ala -28.8 8.435 146.1

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.86 7.89 17.94 7.99 8.07 8.16 8.35 8.40 8.46 8.54 8.64 8.77
mS 5.95 6.30 6.81 7.51 8.46 9.67 12.51 13.19 14.13 15.35 16.81 18.43
RE 12.55 11.85 10.97 9.94 8.83 7.73 5.97 5.66 5.29 4.87 4.44 4.05
t 27.42 27.43 27.45 27.46 27.49 27.52 19.61 19.61 19.61 19.62 19.63 19.65
Rs 105.8 99.96 92.55 83.87 74.51 65.17 61.39 58.20 54.33 50.02 45.66 41.64
Is 1.25 1.33 1.44 1.59 1.79 2.05 3.10 3.28 3.52 3.83 4.21 4.63
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.79 8.87 8.97 9.11 9.26 9.43 9.36 9.51 9.68 9.86 10.06 10.27
ns 18.69 19.63 20.75 21.93 23.02 23.93 23.67 24.33 24.90 25.33 25.64 25.87
RE 4.00 3.80 3.60 3.41 3.24 3.12 3.16 3.07 3.00 2.95 2.91 2.89
t 20.56 20.58 20.61 20.65 20.73 20.85 25.29 25.43 25.67 26.08 26.76 27.96
Rs 40.10 38.16 36.10 34.15 32.50 31.22 28.31 27.50 26.83 26.29 25.85 25.43
IS 4.59 4.84 5.12 5.41 5.69 5.90 5.34 5.48 5.59 5.64 5.63 5.55

424 C6H12N203 Gly-Amin -27.2 8.421 160.2

No. 32 33 34 35 36 37 38 39 40 41 42 43

pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.85 7.89 7.93 7.99 8.07 8.16 8.35 8.39 8.46 8.54 8.65 8.77
ms 5.71 6.05 6.55 7.24 8.16 9.33 11.93 12.59 13.49 14.66 16.05 17.57
RE 13.09 12.34 11.41 10.32 9.16 8.01 6.26 5.93 5.54 5.10 4.65 4.25
t 28.51 28.52 28.54 28.56 28.59 28.62 20.23 20.23 20.24 20.25 20.27 20.29
Rs 110.4 104.1 96.23 87.07 77.26 67.54 64.39 60.99 56.90 52.37 47.83 43.67
IS 1.23 1.30 1.41 1.56 1.76 2.02 3.04 3.22 3.46 3.77 4.14 4.54

pHS 8.79 8.87 8.98

8 9 .

9 9 .
mg 17.75 18.65 19.71 20.80 21.80 22.63 22.40 23.01 23.52 23.90 24.19 24.39
RE 4.21 4.00 3.79 3.59 3.43 3.30 3.33 3.25 3.18 3.12 3.09 3.06
t 21.25 21.28 21.31 21.36 21.45 21.59 26.30 26.47 26.75 27.22 28.03 29.46
RS 42.22 40.16 38.01 35.99 34.31 33.01 29.91 29.08 28.40 27.85 27.40 26.97
IS 4.49 4.72 5.00 6.28 5.53 5.73 5.17 5.29 5.38 5.42 5.40 5.29
425 C6H11N304 Gly-Asn -27.5 8.388 189.2
No. 32 33 34 35 36 37 38 39 40 41 42 43
PHL 40 6.60 6.80 97.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 84 7.87 7.92 7.98 8.05 8.14 8.33 8.38 8.44 8.53 8.63 8.76
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No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.77 8.86 8.97 9.11 9.26 9.44 9.36 9.51 9.69 9.88 10.08 10.28
mS 18.18 19.09 20.14 21.22 22.20 23.00 22.77 23.36 23.86 24.23 24.49 24.69
RE 4.11 3.91 3.7F1 3.52 3.36 3.25 3.28 3.20 3.13 3.08 3.05 3.02
t 21.11 21.13 21.17 21.22 21.30 21.44 26.09 26.26 26.53 26.99 27.77 29.15
RS 41.22 39.25 37.19 35.28 33.69 32.48 29.42 28.64 28.00 27.48 27.06 26.64
IS 4.57 4.81 5.08 5.36 5.61 5.80 5.23 5.36 5.44 5.48 5.45 5.35
426 C2H5NO2 Glycine -37.4 9.780 75.1

No. 32 33 34 35 36 37 38 39 40 41 42 43
p, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.84 7.87 7.92 7.98 8.68 8.75 8.99 9.02 9.06 9.11 9.17 9.25
mS 0.00 0.00 0.00 0.00 2.74 3.17 5.24 5.53 5.95 6.55 7.38 8.48
RE 0.00 0.00 0.00 0.00 27.24 23.58 14.26 13.52 12.56 11.40 10.12 8.81
t 0.00 0.00 0.00 0.00 23.77 23.79 17.77 17.78 17.78 17.79 17.81 17.83
RS 0.00 0.00 0.00 0.00 229.8 198.9 146.6 138.9 129.1 117.2 104.0 90.52
Is 0.00 0.00 0.00 0.00 0.51 0.59 1.07 1.13 1.22 1.34 1.52 1.75
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHI, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.37 9.41 9.46 9.53 9.61 9.72 9.80 9.86 9.94 10.04 10.17 10.31
ms 10.41 11.06 11.98 13.24 14.87 16.87 18.48 19.67 21.23 23.12 25.21 27.34
RE 7.18 6.76 6.23 5.64 5.02 4.43 4.04 3.80 3.52 3.23 2.96 2.73
t 18.55 18.57 18.60 18.64 18.70 18.80 22.35 22.45 22.61 22.86 23.26 23.93
Rg 72.02 67.76 62.52 56.55 50.32 44.30 36.26 34.02 31.46 28.80 26.28 24.06
IS 2.12 2.26 2.45 2.71 3.05 3.46 3.57 3.80 4.10 4.46 4.84 5.20
427 C4H8N203 Gly-Gly -31.5 8.400 132.1

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.84 7.87 7.91 7.97 8.04 8.13 8.33 8.37 8.44 8.52 8.62 8.74
ms 6.70 7.08 7.62 8.39 9.42 10.74 13.99 14.73 15.75 17.07 18.66 20.42
RE 11.15 10.55 9.80 8.90 7.93 6.95 5.34 5.07 4.74 4.38 4.00 3.66
t 25.85 25.86 25.87 25.88 25.90 25.92 18.70 18.70 18.70 18.71 18.71 18.73
RS 94.01 89.00 82.63 75.10 66.90 58.66 54.88 52.12 48.75 44.98 41.14 37.58
IS 1.37 1.44 1.56 1.72 1.93 2.21 3.31 3.49 3.74 4.07 4.46 4.90
No. 44 45 46 47 48 49 50 51 52 53 54 55
pH], 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 98.40 9.60 9.80 10.00
pHs 8.76 8.85 8.95 9.08 9.24 9.41 9.33 9.48 9.65 9.83 10.03 10.23
ms 20.73 21.74 22.94 24.21 25.39 26.36 26.05 26.77 27.37 27.84 28.17 28.41
RE 3.60 3.44 3.26 3.09 2.94 2.83 2.87 2.7%9 2.73 2.68 2.65 2.63
t 19.55 19.57 19.59 19.62 19.68 19.78 23.82 23.93 24.13 24.44 24.98 25.90
RS 36.16 34.46 32.65 30.93 29.47 28.34 25.71 25.00 24.40 23.92 23.53 23.16
Is 4.88 5.13 5.42 5.73 6.01 6.23 5.68 5.83 65.94 6.01 6.02 5.96
428 C6H11N304 Gly-Gly-Gly ~26.1 8.102 189.2

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHI, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.70 7.74 7.79 7.86 7.94 8.04 8.21 8.26 8.34 8.44 8.56 8.71
ms 7.26 7.70 8.32 9.17 10.27 11.62 13.83 14.56 15.52 16.68 17.96 19.23
RE 10.29 9.70 8.98 8.15 7.27 6.43 5.40 5.13 4.81 4.48 4.16 3.88
t 29.37 29.38 29.40 29.43 29.46 29.50 20.69 20.69 20.70 20.71 20.73 20.76
RS 86.77 81.84 75.73 68.72 61.35 54.21 55.51 52.73 49.47 46.02 42.74 39.91
IS 1.59 1.69 1.83 2.02 2.27 2.57 3.63 3.83 4.09 4.41 4.76 5.11
No. 44 45 46 417 48 49 50 51 52 53 54 55
pHI, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.68 8.78 8.92 9.07 9.25 9.43 9.33 9.50 9.69 9.88 10.09 10.30
ms 19.02 19.82 20.67 21.44 22.07 22.53 22.40 22.77 23.05 23.25 23.39 23.51
RE 3.93 3.77 3.61 3.48 3.39 3.31 3.34 3.28 3.24 3.21 3.19 3.18
t. 21.75 21.78 21.82 21.87 21.97 22.12 27.02 27.21 27.53 28.05 28.96 30.60
Rs 39.39 37.79 36.25 34.92 33.90 33.15 29.91 29.39 28.98 28.64 28.33 27.98
Is 4.93 5.14 5.37 5.57 5.73 5.83 565.26 5.33 5.36 5.35 5.28 5.14
429 Cg8H14N405 Gly-Gly-Gly-Gly ~23.3 8.142 246.2

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.73 7.77 7.82 7.89 7.97 8.07 8.23 8.29 8.37 8.47 8.59 8.74
ms 6.30 6.70 7.26 8.03 9.03 10.25 12.08 12.75 13.62 14.67 15.83 16.97
RE, 11.86 11.15 10.28 9.30 -8.27 7.29 6.18 5.86 5.48 5.09 4.72 4.40
t 31.84 31.86 31.89 31.92 31.97 32.03 22.12 22.13 22.14 22.16 22.19 22.23
Rs 100.1 94.08 86.73 78.42 69.78 61.50 63.55 60.22 56.37 52.32 48.50 45.22
1s 1.43 1.52 1.65 1.83 2.06 2.35 3.34 3.53 3.78 4.08 4.42 4.75
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No. 44 45 46 47 48 49 50 51 52 53 54 55
pHI, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.71 8.81 8.95 9.10 9.28 9.47 9.37 9.54 9.73 9.93 10.13 10.35
ms 16.77 17.50 18.26 18.96 19.53 19.96 19.86 20.19 20.45 20.63 20.77 20.89
RE 4.46 4.27 4.09 3.94 3.82 3.74 3.76 3.70 3.65 3.62 3.60 3.58
t 23.35 23.39 23.44 23.52 23.64 23.84 29.36 29.62 30.05 30.78 32.07 34.52
RS 44.70 42.82 41.01 39.48 38.30 37.43 33.73 33.14 32.66 32.27 31.91 31.48
IS 4.56 4.77 4.98 5.17 5.32 5.41 4.84 4.0 4.92 4.89 4.80 4.60
430 C10H17N506 Gly-Gly-Gly-Gly-Gly -21.2 8.167 303.3
No. 32 33 4 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.74 7.78 7.84 7.91 8.00 8.10 8.25 8.31 8.39 8.49 8.62 8.76
mS 5.63 6.01 6.54 7.25 8.17 9.29 10.85 11.47 12.27 13.24 14.30 15.34
RE 13.26 12.43 11.42 10.30 9.14 8.04 6.89 6.51 6.09 5.64 5.22 4.87
t 34.13 34.16 34.20 34.25 34.31 34.38 23.46 23.47 23.49 23.52 23.56 23.61
Rs 111.9 104.9 96.36 86.87 77.11 67.84 70.78 66.96 62.56 57.98 53.69 50.04
IS 1.31 1.40 1.53 1.70 1.92 2.19 3.12 3.31 3.55 3.84 4.16 4.47
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.73 8.84 8.97 9.13 9.31 9.49 9.40 9.57 9.77 9.97 10.18 10.40
ms 15.13 15.81 16.51 17.15 17.66 18.05 17.98 18.28 18.51 18.68 18.82 18.94
RE 4.94 4.72 4.52 4.36 4.23 4.14 4.15 4.08 4.03 4.00 3.97 3.94
t 24.85 24.89 24.96 25.06 25.22 25.47 31.57 31.91 32.48 33.46 35.22 38.82
Rs 49.53 47.39 45.36 43.66 42.35 41.39 37.26 36.59 36.07 35.64 35.22 34.73
IS8 4.28 4.48 4.68 4.85 4.99 5.07 4.51 4.56 4.56 4.52 4.40 4.15
431 C12H20N607 Gly-Gly-Gly-Gly-Gly-Gly -19.3 8.107 360.3
No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.72 7.76 7.82 7.90 7.99 8.10 8.23 8.29 8.38 8.49 8.62 8.77
mS 5.42 5.80 6.32 7.02 7.91 8.97 10.21 10.80 11.55 12.43 13.37 14.26
RE 13.78 12.89 11.82 10.64 9.44 8.33 7.32 6.92 6.47 6.01 5.59 5.24
t 36.68 36.72 36.77 36.83 36.91 37.00 24.94 24.96 24.99 25.03 25.07 25.14
RS 116.2 108.7 99.67 89.73 79.67 70.25 75.21 71.10 66.47 61.74 57.43 53.84
IS 1.30 1.39 1.52 1.69 1.91 2.17 3.06 3.24 3.47 3.75 4.04 4.32
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.72 8.84 8.98 9.15 9.33 9.52 9.43 9.61 9.80 10.01 10.22 10.46
ms 14.01 14.61 15.21 15.73 16.14 16.44 16.42 16.66 16.83 16.97 17.08 17.21
RE 5.33 5.11 4.91 4.75 4.63 4.54 4.55 4.48 4.44 4.40 4.37 4.34
t 26.50 26.56 26.64 26.77 26.97 27.29 34.03 34.48 35.23 36.55 39.05 44.68
Rs 53.47 51.27 49.24 47.59 46.35 45.45 40.80 40.18 39.68 39.24 38.79 38.21
IS 4.11 4.29 4.47 4.61 4.72 4.77 4.23 4.25 4.23 4.16 4.00 3.68
432 C10H19N304 Gly-Gly-Ile -21.9 8.096 245.3
No. 32 33 4 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.71 7.75 7.80 7.88 7.96 8.07 8.22 8.28 8.36 8.46 8.59 8.74
ms 6.17 6.57 7.14 7.90 8.88 10.06 11.64 12.29 13.13 14.12 15.18 16.21
RE 12.11 11.37 10.46 9.45 8.41 7.43 6.41 6.08 5.69 5.29 4.92 4.61
t 33.33 33.36 33.39 33.44 33.49 33.56 22.98 23.00 23.01 23.04 23.07 23.11
Rs 102.2 95.89 88.27 79.74 70.97 62.65 65.94 62.47 58.50 54.39 50.57 47.35
IS 1.43 1.52 1.66 1.84 2.07 2.35 3.31 3.50 3.75 4.04 4.36 4.66
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 .9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.70 8.81 8.95 9.11 9.29 9.48 9.38 9.56 9.75 9.95 10.16 10.39
ms 15.97 16.64 17.33 17.94 18.42 18.78 18.72 19.00 19.21 19.37 19.49 19.60
RE 4.68 4.49 4.31 4.16 4.05 3.98 3.99 3.93 3.89 3.86 3.83 3.81
t 24.31 24.35 24.41 24.50 24.65 24.88 30.77 31.08 31.60 32.48 34.06 37.19
RS 46.93 45.02 43.23 41.73 40.60 39.78 35.79 35.22 34.77 34.38 34.01 33.56
18 4.46 4.66 4.85 5.02 5.14 5.21 4.65 4.70 4.70 4.65 4.54 4.31
433 C10H19N304 Gly-Gly-Leu -21.9 8.116 245.3
No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.72 7.76 T7.81 7.88 7.97 8.07 8.22 8.28 8.37 8.47 8.60 8.74
mS 6.07 6.46 7.02 7.78 8.74 9.91 11.52 12.16 13.00 13.99 15.06 16.10
RE 12.32 11.56 10.64 9.61 8.55 7.54 6.48 6.14 5.75 5.34 4.96 4.64
t 33.33 33.35 33.39 33.43 33.49 33.55 22.98 23.00 23.01 23.04 23.07 23.11
Rs 103.9 97.49 89.73 81.03 72.08 63.57 66.65 63.12 59.08 54.88 50.97 47.65
Is 1.40 1.50 1.63 1.81 2.04 2.32 3.27 3.46 3.71 4.00 4.32 4.63



T. Hirokawa et al. | J. Chromatogr. 628 (1993) 283-308

No. 44 45 46 417 48 49 50 51 52 53 54 55
pHl, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.71 8.82 8.95 9.12 9.29 9.48 9.38 9.56 9.75 9.95 10.16 10.39
mS 15.88 16.56 17.26 17.88 18.38 18.75 18.68 18.98 19.19 19.36 18.48 19.60
RE 4.71 4.51 4.33 4.18 4.06 3.98 4.00 3.94 3.89 3.86 3.83 3.81
t 24.31 24.35 24.41 24.51 24.65 24.88 30.78 31.09 31.60 32.48 34.06 37.19
RS 47.21 45.25 43.41 41.87 40.70 39.84 35.86 35.26 34.79 34.40 34.02 33.56
IS 4.44 4.63 4.83 5.00 5.13 5.20 4.64 4.69 4.69 4.65 4.54 4.31
434 C13H19N304 Gly-Gly-Phe -21.9 8.041 281.3

No. 32 33 4 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.68 7.72 7.78 7.85 7.94 8.05 8.19 8.26 8.34 8.45 8.58 8.73
mS 6.45 6.87 7.46 8.25 9.26 10.46 11.98 12.64 13.48 14.46 15.50 16.48
RE 11.57 10.87 10.01 9.05 8.07 7.14 6.23 5.91 5.54 5.17 4.82 4.53
t 33.34 33.37 33.40 33.45 33.51 33.57 22.98 23.00 23.01 23.04 23.07 23.11
RS 97.62 91.65 84.42 76.35 68.07 60.24 64.07 60.75 56.97 53.10 49.53 46.57
Is 1.49 1.59 1.73 1.92 2.16 2.45 3.41 3.60 3.85 4.15 4.45 4.75
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.68 8.80 8.94 9.11 9.29 9.48 9.38 9.56 9.75 9.95 10.16 10.39
ms 16.21 16.87 17.52 18.09 18.53 18.85 18.80 19.06 19.25 19.39 19.50 19.61
RE 4.61 4.43 4.26 4.13 4.03 3.96 3.97 3.92 3.88 3.85 3.83 3.81
t 24.31 24.35 24.41 24.50 24.64 24.88 30.76 31.07 31.59 32.47 34.05 37.17
RS 46.22 44.42 42.75 41.39 40.36 39.63 35.63 35.10 34.69 34.33 33.98 33.54
IS 4.54 4.72 4.91 5.06 5.17 5.23 4.68 4.71 4.71 4.66 4.55 4.32
435 C9H17N304 Gly-Gly-Val -22.6 8.125 231.3

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pis 7.72 7.76 7.81 7.88 7.97 8.07 8.23 8.28 8.36 8.47 8.59 8.74
ms 6.20 6.60 7.17 7.93 8.92 10.11 11.83 12.49 13.34 14.36 15.47 16.56
RE 12.04 11.31 10.42 9.42 8.38 7.39 6.31 5.98 5.60 5.20 4.83 4.51
t 32.56 32.58 32.61 32.65 32.70 32.76 22.54 22.55 22.56 22.59 22.62 22.66
RS 101.6 95.41 87.89 79.43 70.67 62.31 64.90 61.49 57.56 53.46 49.61 46.34
Is 1.42 1.51 1.65 1.83 2.06 2.34 3.31 3.50 3.75 4.05 4.38 4.70
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.70 8.81 8.95 9.11 9.29 9.47 9.38 9.55 9.74 9.94 10.15 10.37
ms 16.34 17.05 17.78 18.44 18.97 19.36 19.28 19.59 19.83 20.00 20.13 20.24
RE 4.57 4.38 4.20 4.05 3.94 3.86 3.87 3.81 3.77 3.74 3.71 3.69
t 23.82 23.85 23.91 23.99 24.13 24.34 30.04 30.33 30.80 31.60 33.02 35.78
RS 45.86 43.95 42.13 40.61 39.44 38.59 34.75 34.16 33.69 33.30 32.93 32.49
IS 4.51 4.71 4.91 5.09 5.23 5.31 4.75 4.80 4.81 4.77 4.67 4.46
436 C10H15N504 Gly-His-Gly -22.5 8.279 269.3

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.79 7.83 7.88 7.95 8.03 8.13 8.29 8.35 8.42 8.52 8.63 8.77
ms 5.41 5.76 6.27 6.95 7.85 8.95 10.79 11.41 12.23 13.25 14.41 15.59
RE 13.81 12.96 11.92 10.74 9.52 8.34 6.92 6.55 6.11 65.64 5.18 4.79
t 32.64 32.66 32.69 32.73 32.78 32.84 22.60 22.61 22.63 22.65 22.69 22.73
R 116.5 109.3 100.5 90.63 80.31 70.37 71.16 67.29 62.75 57.93 53.28 49.21
IS 1.24 1.32 1.44 1.60 1.81 2.07 3.02 3.20 3.44 3.73 4.07 4.42
No. 44 45 46 47 48 49 50 51 52 53 54 55
pl, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.76 8.85 8.98 9.13 9.30 9.48 9.40 9.56 9.75 9.94 10.15 10.37
ms 15.49 16.23 17.04 17.82 18.48 18.99 18.87 19.26 19.57 19.80 19.97 20.11
RE 4.82 4.60 4.38 4.19 4.04 3.93 3.96 3.88 3.82 3.77 3.74 3.71
t 23.90 23.93 23.99 24.08 24.22 24.44 30.18 30.46 30.94 31.75 33.20 36.01
RS 48.39 46.16 43.95 42.01 40.48 39.35 35.50 34.73 34.13 33.64 33.19 32.71
Is 4.27 4.48 4.71 4.92 5.09 5.21 4.64 4.72 4.75 4.73 4.63 4.43
437 Cg8H16N203 Gly-Ile -25.2 8.412 188.2

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHI, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.85 7.89 7.94 8.00 8.07 8.17 8.35 8.39 8.46 8.55 8.65 8.78
ms 5.35 5.68 6.16 6.83 7.71 8.82 11.12 11.75 12.61 13.71 15.00 16.41
RE 13.96 13.14 12.12 10.94 9.69 8.47 6.72 6.36 5.92 5.45 4.98 4.55
t 30.06 30.08 30.10 30.13 30.16 30.21 21.13 21.13 21.15 21.16 21.18 21.21
RS 117.8 110.8 102.2 92.30 81.76 71.42 69.05 65.34 60.88 56.00 51.16 46.76
IS 1.18 1.25 1.36 1.51 1.71 1.96 2.94 3.12 3.35 3.65 4.01 4.40
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No. 44 45 46 417 48 49 50 51 52 53 54 55

pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.79 8.88 8.99 9.13 9.29 9.46 9.39 9.54 9.72 9.91 10.11 10.32
mSs 16.51 17.36 18.33 19.33 20.23 20.96 20.77 21.32 21.77 22.11 22.36 22.55
RE 4.52 4.30 4.08 3.86 3.69 3.56 3.60 3.50 3.43 3.38 3.34 3.31
t 22.25 22.28 22.33 22.39 22.50 22.66 27.77 27.97 28.32 28.90 29.91 31.77
Rs 45.39 43.17 40.86 38.73 36.98 35.64 32.25 31.39 30.68 30.12 29.64 29.17
Is 4.32 4.55 4.81 5.08 5.31 5.49 4.92 5.03 5.11 5.13 5.08 4.94

438 C8H16N203 Gly-Leu -25.1 8.432 188.2

32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.86 7.90 7.94 8.01 8.08 8.17 8.36 8.40 8.47 8.55 8.66 8.79
mS 5.23 5.56 6.03 6.68 7.55 8.65 10.93 11.56 12.41 13.50 14.79 16.19
RE 14.27 13.43 12.38 11.18 9.90 8.64 6.83 6.46 6.02 5.53 5.05 4.61
t 30.15 30.16 30.18 30.21 30.25 30.29 21.18 21.19 21.20 21.21 21.23 21.27
Rs 120.4 113.3 104.5 94.29 83.48 72.88 70.23 66.43 61.87 56.88 51.91 47.39
18 1.15 1.23 1.33 1.48 1.68 1.92 2.90 3.07 3.30 3.60 3.96 4.35
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 S8.20 9.40 9.60 9.80 10.00
pHs 8.80 8.88 8.99 9.13 9.29 9.47 9.39 9.55 9.72 9.91 10.11 10.32
mg 16.32 17.16 18.14 19.15 20.06 20.82 20.62 21.18 21.64 21.99 22.25 22.44
RE 4.58 4.35 4.12 3.90 3.72 3.59 3.62 3.53 3.45 3.40 3.36 3.33
t 22.31 22.34 22.38 22.45 22.56 22.72 27.85 28.06 28.41 29.00 30.02 31.91
Rs 45.93 43.66 41.29 39.10 37.28 35.89 32.48 31.59 30.86 30.28 29.79 29.31
IS 4.27 4.50 4.77 5.03 5.27 5.46 4.89 5.01 5.08 5.10 5.06 4.92

439 C11H21N304 Gly-Leu-Ala -21.1 8.259 259.3

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.79 7.83 7.88 7.95 8.03 8.13 8.29 8.35 8.42 8.52 8.64 8.78
mS 5.18 5.53 6.02 6.69 7.56 8.62 10.24 10.84 11.63 12.60 13.67 14.77
RE 14.42 13.51 12.40 11.16 9.88 8.66 7.29 6.89 6.42 5.93 5.46 5.06
t 34.23 34.26 34.30 34.34 34.40 34.48 23.53 23.55 23.57 23.60 23.64 23.69
Rs 121.6 114.0 104.6 94.17 83.37 73.07 74.95 70.81 66.00 60.95 56.13 51.97
IS 1.21 1.29 1.41 1.57 1.78 2.03 2.95 3.12 3.36 3.65 3.97 4.30

pHs 8.76 8.86 8.99 9.14 9.31 9.50 9.41 9.58 9.77 9.97 10.18 10.41
mS 14.62 15.32 16.07 16.77 17.36 17.80 17.72 18.07 18.33 18.53 18.69 18.83
RE 5.11 4.88 4.65 4.45 4.30 4.19 4.22 4.13 4.07 4.03 4.00 3.97
t 24.93 24.98 25.05 25.15 25.31 25.57 31.71 32.06 32.63 33.62 35.42 39.10
Rg 51.25 48.90 46.61 44.64 43.10 41.96 37.81 37.04 36.43 35.93 35.46 34.94
Is 4.14 4.34 4.55 4.75 4.90 5.00 4.44 4.50 4.52 4.48 4.36 4.12

440 C17H25N305 Gly-Leu-Tyr¥* ~21.0 8.405 351.4

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.86 7.90 7.95 8.01 8.10 8.19 8.35 8.41 8.48 8.57 8.68 8.81
ms 4.53 4.84 5.28 5.87 6.66 7.64 9.33 9.89 10.64 11.59 12.68 13.84
RE 16.50 15.44 14.16 12.72 11.22 9.78 8.01 7.55 7.02 6.45 5.89 5.40
t 34.33 34.35 34.39 34.44 34.50 34.57 23.61 23.62 23.65 23.68 23.72 23.77
Rg 139.1 130.3 119.4 107.3 94.62 82.48 82.33 77.64 72.14 66.25 60.53 55.45
IS .05 1.13 1.23 1.37 1.56 1.80 2.68 2.84 3.07 3.35 3.68 4.03

. . 8

pHs 8.81 8.90 9.02 9

ms 13.81 14.54 15.35 16.1 . . .

RE 5.41 5.14 4.87 4.63 4.43 4.29 4.32 4.21 4.13 4.08 4.03 4.00
5 K
6
4

t 25.03 25.08 25.15 25.26 25.42 25.69 31.87 32.22 32.81 33.82 35.65 39.43
Rg 54.26 51.55 48.81 46.36 44.39 42.91 38.71 37.74 36.96 36.34 35.78 35.19
IS 3.90 4.11 4.34 57 4.76 4.89 4.34 4.42 4.45 4.43 4.32 4.08
441 C11H14N203 Gly-Phe -24.7 8.310 222.2

No 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pis 7.81 7.84 7.89 7.95 8.03 8.13 8.30 8.35 8.42 8.51 8.63 8.76
ms 5.75 6.11 6.63 7.34 8.27 9.44 11.62 12.27 13.15 14.25 15.52 16.85
RE 12.98 12.22 11.27 10.18 9.03 7.91 6.43 6.09 5.68 5.24 4.81 4.43
t 30.50 30.52 30.54 30.57 30.61 30.66 21.37 21.38 21.39 21.40 21.43 21.46
Rg 109.5 103.0 95.04 85.86 76.18 66.75 66.09 62.57 58.39 53.89 49.48 45.55
Is 1.28 1.36 1.48 1.64 1.85 2.12 3.11 3.29 3.54 3.84 4.20 4.57

* The mobility was refined as 2 monoanion (a nonovalent anion).
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No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.76 8.85 8.97 9.11 9.28 9.46 9.38 9.54 9.72 9.91 10.11 10.33
ms 16.82 17.63 18.54 19.44 20.22 20.83 20.66 21.13 21.50 21.78 21.98 22.13
RE 4.44 4.24 4.03 3.84 3.69 3.59 3.61 3.53 3.47 3.43 3.40 3.37
t 22.52 22.55 22.59 22.66 22.77 22.95 28.15 28.37 28.74 29.35 30.43 32.41
RS 44.57 42.49 40.39 38.51 37.00 35.87 32.42 31.67 31.06 30.58 30.16 29.72
IS 4.45 4.67 4.92 5.16 5.36 5.50 4.93 5.03 5.08 5.08 5.02 4.86
442 C20H23N304 Gly-Phe-Phe -19.7 8.216 369.4

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHl, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.77 7.81 7.87 7.94 8.03 8.13 8.27 8.33 8.41 8.52 8.64 8.79
mS 5.04 5.39 5.88 6.54 7.39 8.42 9.81 10.39 11.15 12.05 13.05 14.03
RE 14.82 13.86 12.70 11.42 10.11 8.87 7.61 7.19 6.70 6.20 5.72 5.32
t 36.07 36.11 36.15 36.21 36.28 36.37 24.60 24.62 24.65 24.68 24.73 24.79
RS 125.0 116.9 107.2 96.34 85.28 74.83 78.26 73.89 68.88 63.69 58.83 54.69
1S 1.20 1.28 1.40 1.56 1.77 2.02 2.91 3.08 3.32 3.60 3.90 4.21
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.75 8.86 9.00 9.15 9.33 9.52 9.43 9.61 9.80 10.00 10.21 10.45
ms 13.84 14.49 15.16 15.77 16.27 16.65 16.60 16.89 17.11 17.28 17.42 17.56
RE 5.40 5.15 4.93 4.74 4.59 4.49 4.50 4.42 4.36 4.32 4.29 4.25
t 26.13 26.18 26.27 26.39 26.58 26.89 33.49 33.91 34.62 35.86 38.17 43.25
RS 54.13 51.71 49.40 47.46 45.97 44.88 40.36 39.61 39.02 38.53 38.05 37.46
Is 4.02 4.22 4.41 4.59 4.72 4.79 4.24 4.29 4.28 4.23 4.08 3.78
443 CTH12N203 Gly-Pro -27.8 8.746 172.2

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 8.01 8.04 8.09 8.14 8.21 8.29 8.50 8.54 8.59 8.66 8.75 8.86
ms 4,28 4.54 4.92 5.45 6.17 7.10 9.70 10.26 11.05 12.10 13.42 14.98
RE 17.43 16.44 15.19 13.71 12.11 10.51 7.70 7.28 6.76 6.17 5.57 4.99
t 28.09 28.10 28.11 28.13 28.16 28.19 20.03 20.03 20.04 20.05 20.07 20.09
Rs 147.0 138.7 128.1 115.7 102.2 88.69 79.12 74.81 69.49 63.46 57.20 51.24
IS 0.91 0.96 1.04 1.16 1.31 1.52 2.43 2.57 2.77 3.04 3.39 3.79
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.91 8.98 9.07 9.19 9.32 9.48 9.44 9.57 9.72 9.90 10.09 10.29
ns 15.66 16.56 17.69 19.00 20.34 21.58 21.40 22.24 23.05 23.73 24.25 24.63
RE 4.77 4.51 4.22 3.93 3.67 3.46 3.49 3.36 3.24 3.15 3.08 3.03
t 21.04 21.06 21.10 21.15 21.23 21.37 26.00 26.16 26.43 26.88 27.64 28.99
RS 47.86 45.24 42.33 39.41 36.78 34.62 31.31 30.08 28.97 28.06 27.33 26.70
IS 3.88 4.11 4.40 4.74 5.07 5.38 4.87 5.05 5.21 5.32 5.36 5.30
444 C10H17N304 Gly-Pro-Ala -22.5 8.492 243.3

No. 32 33 34 35 36 37 38 39 40 41 42 43
pH;, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.90 7.93 7.98 8.05 8.12 8.22 8.39 8.44 8.50 8.59 8.70 8.82
ms 4.46 4.76 5.18 5.76 6.53 7.51 9.43 10.00 10.77 11.75 12.91 14.18
RE 16.74 15.70 14.42 12.96 11.43 9.95 7.892 7.47 6.94 6.36 5.79 5.27
t 32.61 32.63 32.66 32.69 32.74 32.80 22.62 22.63 22.65 22.67 22.70 22.75
Rs 141.2 132.4 121.6 109.3 96.43 83.90 81.40 76.80 71.32 65.36 59.45 54.11
IS 1.02 1.09 1.18 1.32 1.50 1.73 2.62 2.78 3.00 3.29 3.63 4.00
No. 44 45 46 47 48 49 50 51 52 53 54 55
pH, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.83 8.92 9.03 9.17 9.32 9.50 9.43 9.59 9.76 9.95 10.16 10.38
ms 14.29 15.06 15.96 16.89 17.74 18.44 18.30 18.81 19.25 19.58 19.83 20.02
RE 5.23 4.96 4.68 4.42 4.21 4.05 4.08 3.97 3.88 3.81F 3.77 3.73
t 23.92 23.96 24.02 24.11 24.25 24.48 30.24 30.52 31.00 31.82 33.27 36.10
Rs 52.46 49.75 46.93 44.33 42.17 40.51 36.62 35.56 34.70 34.01 33.43 32.85
Is 3.92 4.13 4.39 4.64 4.87 5.04 4.49 4.59 4.66 4.66 4.59 4.40
445 C5H10N204 Gly-Ser -28.1 8.350 162.1

No. 32 33 34 35 36 37 38 39 40 41 42 43
pH, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.82 7.85 17.90 7.96 8.03 8.12 8.31 8.36 8.43 8.51 8.62 8.75
ns 6.28 6.65 7.19 7.93 8.92 10.18 12.89 13.59 14.54 15.76 17.19 18.74
RE 11.89 11.23 10.39 9.42 8.37 7.34 5.80 5.50 5.14 4.74 4.34 3.99
t 27.89 27.90 27.91 27.93 27.96 27.99 19.86 19.87 19.87 19.88 19.89 19.91
RS 100.3 94.70 87.65 79.45 70.64 61.92 59.58 56.51 52.80 48.72 44.65 40.95
IS 1.34 1.42 1.53 1.69 1.91 2.18 3.24 3.42 3.67 3.99 4.37 4.78
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No. 44 45 46 47 48 49 50 51 52 53 54 55

pHL 8.20 8.40 8.60 8.80 98.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.76 8.84 8.96 9.09 9.25 9.43 9.35 9.50 9.68 9.87 10.07 10.27
ms 18.85 19.77 20.83 21.90 22.87 23.65 23.41 23.99 24.47 24.83 25.08 25.27
RE 3.96 3.78 3.59 3.41 3.27 3.16 3.19 3.11 3.05 3.01 2.98 2.95
t 20.84 20.86 20.89 20.94 21.02 21.15 25.70 25.85 26.11 26.54 27.27 28.57
Rg 39.76 37.90 35.97 34.18 32.71 31.59 28.62 27.89 27.29 26.82 26.42 26.03
IS 4.70 4.93 5.21 5.48 5.72 5.91 5.34 5.46 5.54 5.58 5.55 5.45

446 C6H12N204 Gly~Thr -26.3 8.334 176.2

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.81 7.85 7.90 7.96 8.03 8.13 8.31 8.36 8.43 8.51 8.62 8.76
ms 5.98 6.34 6.87 7.59 8.55 9.75 12.19 12.86 13.77 14.93 16.27 17.71
RE 12.49 11.77 10.88 9.84 8.74 7.66 6.13 5.81 65.42 5.00 4.59 4.22
t 29.18 29.20 29.22 29.24 29.27 29.31 20.61 20.61 20.62 20.64 20.65 20.68
Rs 105.4 99.30 91.75 83.01 73.72 64.59 63.01 59.70 55.75 51.43 47.17 43.33
IS 1.30 1.38 1.50 1.66 1.87 2.14 3.17 3.35 3.59 3.91 4.27 4.67
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.76 8.85 8.96 9.10 9.27 9.45 9.36 9.52 9.70 9.89 10.09 10.30
mg 17.75 18.62 19.60 20.58 21.45 22.15 21.95 22.47 22.89 23.21 23.44 23.61
RE 4.21 4.01 3.81 3.63 3.48 3.37 3.40 3.32 3.26 3.22 3.19 3.16
t 21.67-21.70 21.74 21.79 21.89 22.04 26.91 27.10 27.41 27.92 28.81 30.41
Rs 42.22 40.25 38.22 36.38 34.87 33.73 30.53 29.78 29.17 28.69 28.28 27.86
Is 4.56 4.79 5.05 5.31 5.53 5.70 5.13 5.23 5.30 5.32 5.28 5.15

447 C13H15N303 Gly-Trp -23.6 8.359 261.3
. 32 33 34 35 36 37 38 39 40 41 42 43

pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.83 7.87 7.92 7.98 8.06 8.15 8.33 8.38 8.45 8.54 8.65 8.78
ms 5.27 5.61 6.09 6.76 7.63 8.73 10.77 11.39 12.23 13.28 14.50 15.79
RE 14.17 13.31 12.26 11.05 9.78 8.55 6.93 6.56 6.11 5.63 5.15 4.73
t 31.51 31.53 31.55 31.59 31.63 31.68 21.96 21.97 21.98 22.00 22.03 22.07
Rs 119.5 112.3 103.4 93.21 82.53 72.15 71.26 67.38 62.78 57.81 52.95 48.60
IS 1.19 1.26 1.38 1.53 1.73 1.99 2.94 3.12 3.35 3.65 4.00 4.37
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.78 8.87 8.99 9.13 9.30 9.48 9.40 9.56 9.74 9.93 10.13 10.35
ms 15.78 16.58 17.47 18.35 19.13 19.75 19.60 20.07 20.44 20.72 20.93 21.10
RE 4.73 4.51 4.28 4.07 3.90 3.78 3.81 3.72 3.65 3.60 3.57 3.54
t 23.18 23.21 23.27 23.34 23.47 23.66 29.13 29.38 29.79 30.50 31.73 34.08
Rs 47.48 45.20 42.88 40.79 39.10 37.82 34.18 33.35 32.67 32.13 31.66 31.18
IS 4.25 4.47 4.72 4.96 5.17 5.31 4.75 4.84 4.89 4.89 4.82 4.64

448 C12H14N205 Gly-Tyr -19.7 8.211 266.3
-39.4 9.981
No. 32 33 34 35 36 37 38 39 40 41 42 43

pH, 6.40 6.60 6.80 7.00 7.20 7.40 7. .

pHg 7.77 7.81 17.87 7.94 8.02 8.13 8.27 8.33 8.41 8.51 8.64 8.78
ms 5.12 5.47 5.98 6.66 7.54 8.62 10

RE 14.60 13.64 12.49 11.22 9.91 8.67 7.

t. 36.21 36.26 36.33 36.42 36.54 36.69 25.05 25.13 25.26 25.45 25.73 26.13
Rg 123.1 115.1 105.4 94.61 83.58 73.11 75.52 71.10 65.99 60.59 55.36 50.64
18 1.22 1.31 1.43 1.60 1.82 2.09 3.03 3.23 3.49 3.83 4.21 4.64

No. 44 45 16 47 48 49 50 51 52 53 54 55

pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.76 8.87 9.00 9.15 9.31 9.48 9.44 9.58 9.73 9.90 10.07 10.25
ms 15.03 15.93 17.02 18.24 19.62 21.14 20.84 22.16 23.64 25.22 26.81 28.29
RE 4.87 4.69 4.39 4.09 3.81 3.53 3.58 3.37 3.16 2.96 2.79 2.64
t 27.43 27.80 28.34 29.09 30.09 31.35 37.89 39.05 40.42 41.91 43.72 45.94
Rs 49.88 47.02 44.02 41.03 38.13 35.34 32.15 30.20 28.25 26.41 24.72 23.25
IS 4.46 4.76 5.13 5.55 6.03 6.56 5.84 6.29 6.79 7.32 7.80 8.19
449 C7H14N203 Gly-Val -26.0 8.385 174.2

No. 32 33 34 35 36 37 38 39 40 41 42 43

pH, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8
pHs 7.84 7.87 7.92 7.98 8.06 8.15 8.33 8.38 8.45 8.53 8.64 8
ms 5.65 6.00 6.49 7.18 8.10 9.26 11.67 12.32 13.21 14.34 15.68 17
RE 13.22 12.46 11.50 10.40 9.22 8.06 6.40 6.06 5.65 5.21 4.76 4.36
t 29.41 29.43 29.45 29.47 29.50 29.54 20.75 20.75 20.76 20.78 20.80 20
Rs 111.5 105.1 97.01 87.70 77.78 68.03 65.80 62.30 58.11 53.52 48.96 44
Is 1.23 1.31 1.42 1.57 1.78 2.04 3.04 3.22 3.46 3.77 4.13 4.53
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No. 44 45 46 417 48 49 50 51 52 53 54 55
pHi, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.78 8.86 8.98 9.12 9.28 9.45 9.38 9.53 9.70 9.89 10.10 10.31
mg 17.21 18.08 19.07 20.08 20.99 21.73 21.53 22.08 22.53 22.87 23.12 23.30
RE 4.34 4.13 3.92 3.72 3.56 3.44 3.47 3.38 3.32 3.27 3.23 3.20
t 21.83 21.86 21.89-21.96 22.05 22.20 27.14 27.33 27.65 28.19 29.10 30.77
RS 43.54 41.45 39.27 37.28 35.63 34.38 31.12 30.31 29.64 29.11 28.67 28.23
IS 4.44 4.67 4.94 5.20 5.44 5.62 5.05 5.16 5.24 5.26 5.22 5.09
450 C6HQN302 Histidine 29.6 6.040 155.2
. -28.8 9.342

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.84 7.87 7.92 7.98 8.06 8.15 8.79 8.82 8.86 8.92 9.00 9.09
mS 0.00 0.00 0.00 0.00 0.00 0.00 6.14 6.50 7.02 7.75 8.72 9.96
RE 0.00 0.00 ©0.00 0.00 0.00 0.00 12.17 11.49 10.64 9.64 8.57 7.50
t 0.00 0.00 ©0.00 0.00 0.00 0.00 20.01 20.00 19.99 19.98 19.98 19.99
RS 0.00 0.00 0.00 0.00 0.00 0.00 125.1 118.1 109.3 99.08 88.03 77.04
1S 0.00 0.00 0.00 0.00 0.00 0.00 1.47 1.56 1.69 1.87 2.11 2.42
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.18 9.23 9.29 9.38 9.48 9.61 9.64 9.73 9.84 9.98 10.14 10.32
mS 11.30 12.03 13.03 14.32 15.86 17.58 18.07 19.15 20.40 21.71 22.93 23.98
RE 6.61 6.21 5.73 5.22 4.71 4.25 4.13 3.90 3.66 3.44 3.26 3.11
t 20.92 20.94 20.97 21.03 21.12 21.25 25.82 25.99 26.25 26.68 27.41 28.69
RS 66.31 62.26 57.48 52.29 47.17 42.50 37.07 34.95 32.74 30.67 28.90 27.43
s 2.69 2.87 3.11 3.43 3.80 4.21 3.97 4.20 4.47 4.72 4.93 5.03
451 C5H9NO3 Hydroxyproline -30.1 9.816 131.1

No. 32 33 34 35 36- 317 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.84 7.87 7.92 7.98 8.06 8.79 9.02 8.05 9.09 9.14 9.21 9.29
ns 0.00 0.00 ©0.00 0.00 0.00 2.57 4.13 4.37 4.72 5.22 5.91 6.81
RE 0.00 0.00 0©0.00 0.00 0.00 29.05 18.11 17.10 15.82 14.30 12.64 10.96
t 0.00 0.00 0.00 0.00 O0.00 27.50 19.97 19.98 19.99 20.01 20.04 20.08
RS 0.00 0.00 0.00 0.00 0.00 245.0 186.1 175.8 162.6 147.0 129.9 112.7
1s 0.00 0.00 0.00 0.00 0.00 0.51 0.94 1.00 1.08 1.19 1.35 1.56
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.40 9.45 9.50 9.57 9.66 9.76 9.84 9.90 9.99 10.10 10.23 10.38
mS 8.25 8.80 9.58 10.62 11.97 13.60 14.87 15.88 17.19 18.75 20.46 22.18
RE 9.05 8.49 7.80 7.03 6.24 5.49 5.02 4.70 4.35 3.98 3.65 3.37
t 21.02 21.05 21.10 21.18 21.29 21.45 26.01 26.19 26.48 26.95 27.71 29.03
Rs 90.82 85.12 78.21 70.48 62.52 54.92 45.06 42.13 38.86 35.52 32.39 29.66
1S 1.86 1.99 2.16 2.40 2.71 3.08 3.10 3.31 3.57 3.87 4.18 4.43
452 CeH13NO2 Isoleucine ~26.17 9.765 131.2

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.84 7.87 17.92 7.98 8.06 8.79 9.00 9.03 9.07 9.13 9.20 9.28
mS 0.00 0.00 0.00 0.00 0.00 0.00 3.87 4.11 4.45 4.94 5.60 6.46
RE 0.00 0.00 0.00 0.00 0.00 0.00 19.29 18.18 16.77 15.13 13.35 11.57
t 0.00 0.00 0.00 0.00 0.00 0.00 21.29 21.30 21.32 21.34 21.38 21.43
Rs 0.00 0.00 0.00 0.00 0.00 0.00 198.3 186.9 172.4 155.5 137.2 118.8
Is 0.00 0.00 0.00 0.00 0.00 O0.00 0.94 0.99 1.08 1.20 1.36 1.57
No. 1.23 1.31 1.42 1.57 1.78 0.51 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.39 9.43 9.49 9.56 9.65 9.76 9.83 9.90 10.00 10.11 10.25 10.42
mS 7.70 8.22 8.96 9.95 11.21 12.71 13.75 14.70 15.90 17.30 18.79 20.26
RE 9.71 9.08 8.33 7.51 6.66 5.88 5.43 5.08 4.70 4.32 3.97 3.69
t 22.51 22.55 22.62 22.72 22.86 23.08 28.27 28.52 28.91 29.55 30.63 32.58
RS 97.39 91.10 83.56 75.22 66.74 58.76 48.72 45.52 42.01 38.49 35.26 32.47
IS 1.84 1.96 2.14 2.38 2.68 3.03 3.00 3.20 3.44 3.71 3.95 4.12
453 CgH13NO2 Leucine -26.4 9.728 131.2

No 32 33 34 35 36 37 38 39 40 4] 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.84 7.87 17.92 7.98 8.06 8.76 8.98 9.01 9.06 9.11 9.18 9.27
ms 0.00 0.00 0.00 0.00 0.00 2.55 3.97 4.21 4.56 5.06 5.73 6.61
RE 0.00 0.00 0.00 0.00 0.00 29.30 18.83 17.74 16.37 14.76 13.03 11.29
t 0.00 0.00 0.00 0.00 0.00 29.96 21.36 21.37 21.39 21.41 21.45 21.50
RS 0.00 0.00 0.00 0.00 0.00 247.1 193.6 182.4 168.3 151.7 133.9 116.0
IS 0.00 0.00 0.00 0.00 0.00 0.53 0.97 1.03 1.11 1.24 1.40 1.62
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No. 44 45 46 417 48 49 50 51 52 53 54 55

pH, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 S.20 9.40 9.60 9.80 10.00
pHs 9.37 8.41 9.47 9.55 9.64 9.75 9.82 9.89 9.98 10.10 10.25 10.41
mS 7.84 8.38 9.13 10.13 11.40 12.90 13.88 14.83 16.02 17.40 18.86 20.27
RE 9.53 8.92 8.18 7.37 6.55 5.79 5.38 5.04 4.66 4.29 3.96 3.68
t 22.58 22.63 22.69 22.79 22.94 23.16 28.39 28.64 29.03 29.68 30.77 32.76
Rs 95.63 89.45 82.05 73.90 65.64 57.89 48.27 45.12 41.68 38.26 35.14 32.46
IS 1.89 2.02 2.20 2.44 2.75 3.11 3.05 3.25 3.49 3.75 4.00 4.15

454 C8H16N204 Leu-Gly -25.0 8.269 204.2

32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.78 7.82 7.87 7.93 8.01 8.11 8.28 8.33 8.41 8.50 8.61 8.75
ms 6.03 6.41 6.95 7.68 8.65 9.85 12.05 12.72 13.62 14.73 16.01 17.34
RE 12.38 11.65 10.75 9.72 8.64 7.58 6.20 5.87 5.49 5.07 4.67 4.31
t 30.25 30.27 30.29 30.32 30.35 30.40 21.22 21.22 21.23 21.25 21.27 21.30
Rs 104.4 98.28 90.71 82.02 72.86 63.94 63.71 60.35 56.39 52.11 47.95 44.27
Is 1.34 1.42 1.54 1.71 1.93 2.20 3.21 3.40 3.65 3.96 4.31 4.68
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.74 8.83 8.96 9.10 9.27 9.45 9.37 9.53 9.71 9.90 10.11 10.32
mg 17.27 18.08 18.99 19.86 20.61 21.19 21.03 21.48 21.83 22.09 22.28 22.43
RE 4.33 4.13 3.93 3.76 3.62 3.52 3.55 3.48 3.42 3.38 3.35 3.33
t 22.35 22.38 22.42 22.49 22.59 22.76 27.90 28.11 28.46 29.06 30.09 31.99
RS 43.40 41.43 39.45 37.70 36.29 35.25 31.85 31.15 30.59 30.14 29.75 29.33
IS 4.55 4.77 5.01 5.25 5.44 5.58 5.00 5.09 5.14 5.14 5.08 4.92

455 C10H19N304 Leu~-Gly-Gly -21.5 7.992 245.3
. 32 33 34 35 36 37 38 39 40 41 42 43

pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.66 7.70 7.76 7.83 7.93 8.03 8.17 8.24 8.33 8.44 8.57 8.73
ms 6.60 7.03 7.63 8.44 9.45 10.65 12.06 12.71 13.54 14.49 15.48 16.40
RE 11.32 10.62 9.79 8.86 7.91 7.01 6.19 5.88 5.52 5.15 4.82 4.55
t 33.82 33.85 33.88 33.93 33.99 34.06 23.25 23.27 23.28 23.31 23.34 23.39
Rs 95.48 89.62 82.55 74.70 66.68 59.15 63.67 60.40 56.71 52.97 49.57 46.78
Is 1.54 1.64 1.78 1.98 2.22 2.51 3.46 3.66 3.91 4.19 4.49 4.77
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.67 8.79 8.94 9.11 9.29 9.48 9.38 9.56 9.75 9.96 10.17 10.40
mg 16.12 16.74 17.35 17.87 18.27 18.55 18.52 18.75 18.92 19.04 19.15 19.25
RE 4.63 4.46 4.31 4.18 4.09 4.03 4.03 3.98 3.95 3.92 3.90 3.88
t 24.60 24.65 24.71 24.81 24.96 25.20 31.20 31.53 32.07 33.00 34.68 38.06
Rs 46.49 44.75 43.17 41.90 40.95 40.27 36.18 35.69 35.30 34.96 34.61 34.17
Is 4.55 4.73 4.90 5.04 5.14 5.19 4.63 4.66 4.65 4.60 4.47 4.23

456 C17H25N304 Leu-Gly-Phe -~-19.3 7.938 335.4
No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.64 7.69 7.75 7.83 17.92 8.04 8.16 8.23 8.32 8.44 8.59 8.75
ms 6.22 6.64 7.23 8.00 8.95 10.06 11.11 11.72 12.47 13.32 14.16 14.92
RE 12.02 11.25 10.34 9.34 8.34 7.42 6.72 6.37 5.992 5.61 5.27 5.01
t 36.74 36.78 36.83 36.89 36.97 37.06 24.95 24.97 24.99 25.03 25.08 25.13
Rs 101.4 394.89 87.19 78.79 70.37 62.61 69.09 65.50 61.55 57.64 54.19 51.43
IS 1.49 1.60 1.74 1.93 2.17 2.45 3.34 3.53 3.77 4.03 4.30 4.53
No. 44 45 46 47 48 49 50 51 52 53 54 55
8.40 8.60 8.80 9.00 9.20 98.00 9.20 9.40 9.60 9.80 10.00
pHs 8.68 8.80 8.96 9.13 9.32 9.51 9.41 9.60 9.80 10.00 10.22 10.46
mSs 14.64 15.18 15.67 16.08 16.39 16.61 16.62 16.80 16.93 17.03 17.12 17.24
RE 5.10 4.92 4.77 4.64 4.56 4.50 4.49 4.45 4.41 4.39 4.36 4.33
t 26.49 26.55 26.63 26.76 26.96 27.28 34.00 34.45 35.20 36.52 39.01 44.63
RS 51.19 49.37 47.79 46.54 45.64 44.98 40.31 39.84 39.46 39.11 38.71 38.16
IS 4.31 4.47 4.61 4.73 4.80 4.82 4.28 4.29 4.26 4.18 4.02 3.69

457 C12H24N203 Leu-Leu ~21.6 8.397 244.3

No. 32 33 34 35 36 317 38 39 40 41 42 43

pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.856 7.8 7.94 8.01 8.09 8.18 8.35 8.40 8.47 8.56 8.67 8.81
msS 4.68 5.00 5.45 6.06 6.86 7.87 9.64 10.21 10.98 11.95 13.08 14.27
RE 15.95 14.94 13.71 12.33 10.88 9.49 7.75 7.31 6.80 6.25 5.71 5.24
t 33.62 33.64 33.67 33.72 33.77 33.84 23.19 23.20 23.22 23.25 23.29 23.34
Rg 134.5 126.0 115.7 104.0 91.81 80.07 79.67 75.18 69.89 64.22 58.70 53.79
IS 1.08 1.16 1.26 1.41 1.60 1.84 2.793 2.90 3.13 3.42 3.75 4.10
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No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.80 8.89 9.01 9.16 9.32 9.50 9.43 9.59 9.77 9.97 10.17 10.40
mS 14.25 14.99 15.82 16.64 17.37 17.94 17.83 18.26 18.61 18.87 19.07 19.24
RE 5.24 4.98 4.72 4.49 4.30 4.16 4.19 4.09 4.01 3.96 3.92 3.88
t 24.56 24.60 24.67 24.97 24.92 25.17 31.17 31.50 32.03 32.96 34.62 37.96
RS 52.60 49.99 47.35 44.99 43.07 41.64 37.58 36.64 35.89 35.28 34.75 34.18
IS 3.98 4.19 4.43 4.66 4.85 4.99 4.43 4.52 4.56 4.54 4.44 4.22
458 C18H35N304 Leu~Leu-Leu -17.6 7.730 357.5

No. 32 33 34 35 36 317 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.55 7.60 7.67 7.76 7.87 8.00 8.09 8.17 8.28 8.42 8.57 8.75
ms 6.66 7.12 7.75 8.54 9.48 10.51 11.10 11.67 12.33 13.01 13.64 14.15
RE 11.21 10.49 9.64 8.75 7.88 7.11 6.73 6.40 6.06 5.74 5.48 5.28
t 39.60 39.65 39.72 39.80 39.90 40.00 26.59 26.61 26.65 26.69 26.75 26.82
RS 94.58 88.46 81.35 73.80 66.48 59.94 69.19 65.82 62.29 59.00 56.28 54.22
IS 1.65 1.76 1.92 2.12 2.36 2.62 3.47 3.66 3.87 4.10 4.30 4.47
No. 44 45 46 417 48 49 50 51 52 53 *54 55
pPHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.65 8.79 8.96 9.15 9.34 9.54 9.44 9.63 9.84 10.05 10.27 10.54
mS 13.90 14.29 14.63 14.88 15.06 15.19 15.24 15.35 15.43 15.50 15.58 15.72
RE 5.37 5.23 5.11 5.02 4.96 4.92 4.90 4.87 4.84 4.82 4.79 4.175
t 28.30 28.37 28.47 28.63 28.88 29.29 36.70 37.29 38.30 40.12 43.77 53.65
RS 53.90 52.42 51.21 50.32 49.67 49.20 43.95 43.60 43.29 42.96 42.54 41.85
IS 4.24 4.36 4.46 4.52 4.55 4.54 4.02 4.00 3.95 3.84 3.63 3.18
459 C15H22N203 Leu-Phe -21.8 8.413 278.4

No. 32 33 4 35 36 37 38 39 40 41 42 43
pH, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
piHis 7.86 7.90 7.95 8.01 8.09 8.19 8.35 8.41 8.48 8.57 8.68 8.81
ms 4.66 4.97 5.41 6.02 6.82 7.82 9.63 10.20 10.97 11.95 13.08 14.29
RE 16.04 15.03 13.80 12.40 10.95 9.55 7.76 7.32 6.81 6.25 5.71 5.23
t 33.38 33.41 33.44 33.48 33.54 33.60 23.06 23.07 23.09 23.12 23.15 23.20
Rs 135.3 126.8 116.4 104.6 92.37 80.53 79.76 75.26 69.96 64.25 58.68 53.71
1S 1.07 1.15 1.25 1.39 1.%58 1.82 2.72 2.89 3.11 3.40 3.73 4.09
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHI, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.81 8.90 9.02 9.16 9.32 9.50 9.43 9.59 9.77 9.96 10.17 10.39
ms 14.29 15.04 15.88 16.73 17.47 18.07 17.95 18.40 18.76 19.04 19.25 19.42
RE 5.23 4.97 4.70 4.47 4.27 4.13 4.16 4.06 3.98 3.92 3.88 3.85
t 24.41 24.46 24.52 24.62 24.77 25.01 30.96 31.27 31.79 32.69 34.30 37.52
Rs 52.45 49.82 47.16 44.76 42.81 41.34 37.32 36.37 35.59 34.97 34.43 33.87
IS 3.98 4.19 4.43 4.66 4.86 5.01 4.45 4.54 4.58 4.57 4.48 4.26
460 C15H22N204 Leu-Tyr -18.2 7.828 294.3

-36.4 10.065

No. 32 33 34 35 36 37 38 39 40 11 42 43
pH;, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 17.60 7.80 8.00 8.20 8.40
pHs 7.60 7.64 7.71 7.79 7.90 8.01 8.12 8.20 8.30 8.43 8.58 8.74
mS 6.44 6.88 7.50 8.29 9.26 10.36 11.22 11.84 12.61 13.46 14.34 15.20
RE 11.61 10.85 9.96 9.01 8.07 7.21 6.66 6.31 5.93 5.55 5.21 4.92
t 38.59 38.65 38.72 38.82 38.95 39.10 26.24 26.31 26.43 26.61 26.87 27.25
Rs 97.90 91.53 84.05 76.00 68.05 60.81 68.44 64.83 60.91 57.04 53.54 50.50
IS 1.58 1.69 1.84 2.05 2.29 2.58 3.48 3.68 3.93 4.22 4.52 4.82
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHI, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.67 8.81 8.97 9.14 9.32 9.50 9.44 9.60 9.76 9.93 10.10 10.29
ms 14.87 15.54 16.30 17.15 18.14 19.31 19.03 20.15 21.42 22.82 24.26 25.66
RE 5.02 4.81 4.58 4.35 4.12 3.87 3.92 3.71 3.49 3.27 3.08 2.91
t 28.55 28.92 29.47 30.25 31.29 32.63 39.61 41.00 42.56 44.36 46.43 49.17
Rs 50.41 48.20 45.95 43.65 41.24 38.69 35.20 33.22 31.18 29.18 27.32 25.63
1s 4.55 4.79 65.06 5.37 5.74 6.17 5.45 5.83 6.28 6.74 7.19 17.53
461 C11H22N203 Leu-Val ~-22.3 8.364 230.3

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHI, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 17.80 8.00 8.20 8.40
pHs 7.84 7.87 7.92 7.99 8.07 8.17 8.33 8.38 8.45 8.55 8.66 8.79
mS 4.97 5.30 5.77 6.41 17.25 8.30 10.15 10.75 11.55 12.55 13.71 14.92
RE 15.02 14.09 12.95 11.65 10.30 9.00 7.36 6.95 6.47 5.95 5.45 5.01
t 32.84 32.86 32.89 32.93 32.98 33.04 22.73 22.74 22.76 22.79 22.82 22.86
Rs 126.7 118.8 109.2 98.30 86.91 75.91 75.61 71.42 66.48 61.17 56.01 51.43
I8 1.14 1.22 1.32 1.47 1.67 1.92 2.84 3.02 3.25 3.54 3.88 4.24
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No. 44 45 46 417 48 49 50 51 52 53 54 55

pHL, 8.20 8.40 8.60 8.80 S8.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.79 8.88 9.00 9.15 9.31 9.49 9.41 9.57 9.76 9.95 10.16 10.38
mS 14.89 15.65 16.49 17.32 18.05 18.62 18.50 18.93 19.28 19.54 19.73 19.90
RE 5.02 4.77 4.53 4.31 4.14 4.01 4.04 3.95 3.87 3.82 3.78 3.75
t 24.05 24.08 24.14 24.24 24.38 24.60 30.40 30.70 31.19 32.02 33.51 36.44
RS 50.33 47.89 45.43 43.22 41.45 40.12 36.22 35.35 34.64 34.08 33.58 33.06
Is 4.11 4.32 4.56 4.79 4.98 5.12 4.56 4.64 4.68 4.67 4.58 4.37

462 CeH14N202 Lysine
463 C5H11NO2S Methionine -30.4 9.376 149.2
No. 32 33 34 35 36 37 38 39 40 41 42 43

pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.84 8.35 8.39 8.44 8.50 8.57 8.80 8.83 8.87 8.93 9.00 S.09
mS 0.00 2.61 2.82 3.12 3.53 4.10 6.27 6.63 7.16 7.90 8.89 10.16
RE 0.00 28.67 26.53 23.97 21.13 18.23 11.92 11.27 10.43 9.46 8.41 7.35
t 0.00 26.67 26.68 26.69 26.71 26.73 19.33 19.34 19.34 19.35 19.37 19.40
RS 126.7 241.9 223.8 202.2 178.3 153.8 122.6 115.8 107.2 97.22 86.38 75.57
IS 1.14 0.53 0.57 0.63 0.72 0.83 1.46 1.55 1.68 1.85 2.09 2.3¢9
No. 44 45 46 417 48 49 50 51 52 53 54 55

pH, 8.20 8.40 8.60 8.80 9.00 9.20 98.00 9.20 9.40 9.60 9.80 10.00
pHs 98.19 9.24 9.30 9.38 9.48 9.61 9.65 9.73 9.84 9.97 10.13 10.30
ms 11.62 12.37 13.39 14.72 16.32 18.14 18.74 19.86 21.18 22.60 23.95 25.11
RE 6.43 6.04 5.58 5.08 4.58 4.12 3.99 3.76 3.53 3.31 3.12 2.97
t 20.28 20.30 20.34 20.39 20.47 20.60 24.92 25.06 25.29 25.66 26.29 27.38
Rs 64.48 60.58 55.84 50.88 45.83 41.19 35.76 33.70 31.53 29.47 27.67 26.19
Is 2.70 2.87 3.11 3.43 3.81 4.24 4.03 4.27 4.54 4.82 5.06 5.20

464 C5H12N202 Ornithine 28.4 8.712 132.2
-28.4 10.755
No. 32 33 34 35 36 37 38 39 40 41 42 43

pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.84 8.35 8.39 8.44 8.50 8.57 8.80 8.83 8.87 8.93 9.00 9.09
mS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
t 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
IS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o0.00C

pHs 9.19 9.24 9.30 9
ms 0.00 0.00 0.00 O. .
RE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.12 6.39 5.59 4.70
t 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 56.00 60.38 70.55 112.2
RS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 63.62 56.95 49.60 41.37
Is 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.43 1.53 1.62 1.60

465 CgH11NO2 Phenylalanine ~-26.9 9.262 165.2

No. 32 33 34 35 36 317 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.84 8.30 8.34 8.39 8.46 8.53 8.75 8.78 8.83 8.89 8.97 9.06
ms 0.00 2.62 2.85 3.16 3.60 4.18 6.16 6.54 7.07 7.81 8.79 10.02
RE 0.00 28.47 26.25 23.62 20.76 17.88 12.12 11.43 10.56 9.56 8.50 7.45
t 0.00 28.89 28.90 28.92 28.95 28.98 20.59 20.60 20.61 20.63 20.65 20.69
Rs 126.7 240.2 221.4 199.3 175.1 150.8 124.6 117.5 108.6 98.30 87.34 76.57
1S 1.14 0.56 0.60 0.67 0.76 0.89 1.53 1.63 1.77 1.96 2.21 2.52

t  21.69 21.72 21.77 21.84 21.94 22.10 27.00 27.19 27.50 28.02 28.90 30.48
RS 67.04 62.90 58.08 52.94 47.93 43.45 38.23 36.11 33.95 31.98 30.32 28.95
IS 2.76 2.94 3.19 3.51 3.87 4.27 3.96 4.18 4.42 4.64 4.80 4.84
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466 C5H9O2N Proline -29.0 10.640 115.1

No. 33 34 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.84 8.30 8.34 8.39 8.46 8.53 8.75 8.78 8.83 8.89 9.67 9.74
mS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.78 3.21
RE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 26.92 23.28
t 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 27.32 27.50
Rs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 276.6 239.2
IS 0.00 ©0.00 0.00 0.00 0.00 0.00 0.00 0.00 O0.00 0.00 0.52 0.60
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHl, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.89 9.92 9.96 10.02 10.09 10.18 10.33 10.37 10.43 10.51 10.62 10.75
ms 4.33 4.60 4.99 5.55 6.31 7.31 9.30 9.93 10.83 12.06 13.67 15.74
RE 17.26 16.25 14.97 13.47 11.84 10.22 8.03 7.52 6.89 6.19 5.46 4.74
t 29.12 29.26 29.48 29.81 30.30 31.04 38.51 39.30 40.59 42.75 46.67 55.15
Rg 173.2 163.0 150.1 135.0 118.6 102.2 72.05 67.35 61.64 55.21 48.48 41.78
Is 0.79 0.83 0.90 1.00 1.13 1.29 1.52 1.61 1.72 1.87 2.03 2.15
467 C3H7NO3 Serine -34.3 9.329 105.1

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 8.29 8.32 8.36 8.40 8.46 8.54 8.77 8.80 8.84 8.90 8.87 9.06
mS 2.0 3.06 3.29 3.63 4.10 4.74 7.35 7.76 8.35 9.19 10.31 11.76
RE 25.78 24.44 22.69 20.58 18.21 15.76 10.17 9.63 8.%94 8.13 7.24 6.35
t 24.64 24.65 24.65 24.66 24.67 24.69 18.14 18.15 18.15 18.16 18.17 18.18
RS 217.5 206.1 191.4 173.6 153.6 133.0 104.5 98.96 91.90 83.54 74.44 65.29
IS 0.56 0.59 0.64 0.70 0.80 0.92 1.61 1.71 1.84 2.03 2.28 2.61
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHI, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.16 9.21 9.27 9.35 9.45 9.57 9.61 9.69 9.80 9.93 10.08 10.26
ws 13.50 14.33 15.47 16.96 18.77 20.80 21.45 22.68 24.15 25.72 27.21 28.50
RE 5.53 5.21 4.83 4.40 3.98 3.59 3.48 3.29 3.09 2.90 2.74 2.62
t 18.96 18.97 18.99 19.03 19.09 19.18 22.96 23.06 23.23 23.50 23.94 24.70
RS 55.52 52.28 48.40 44.14 39.86 35.91 31.23 29.50 27.65 25.89 24.35 23.08
Is 2.96 3.14 3.40 3.73 4.14 4.60 4.41 4.67 4.96 5.27 5.54 5.73
468 CgH17N307 Ser—-Ser-Ser -22.0 7.385 279.3

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 7.38 7.44 7.51 7.60 7.72 7.86 7.94 8.04 8.16 8.31 8.48 8.66
ms 10.39 11.01 11.83 12.84 13.99 15.19 15.69 16.33 17.02 17.68 18.23 18.65
RE 7.19 6.79 6.32 5.82 5.34 4.92 4.76 4.57 4.39 4.23 4.10 4.01
t 33.41 33.44 33.48 33.52 33.58 33.63 22.93 22.94 22.96 22.98 23.00 23.04
RS 60.62 57.23 53.28 49.07 45.03 41.49 48.93 47.03 45.11 43.43 42.10 41.15
TS 2.43 2.58 2.78 3.02 3.30 3.59 4.51 4.70 4.91 5.11 5.28 5.40
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHI, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.54 8.70 8.88 9.07 9.26 9.46 9.34 9.53 9.73 9.94 10.15 10.38
ms 18.40 18.74 19.00 19.19 19.32 19.41 19.47 19.55 19.60 19.65 19.70 19.77
RE 4.06 3.99 3.93 3.89 3.87 3.85 3.84 3.82 3.81 3.80 3.79 3.78
t 24.22 24.26 24.31 24.40 24.54 24.77 30.61 30.91 31.42 32.29 33.83 36.89
Rs 40.72 39.98 39.42 39.01 38.72 38.49 34.41 34.23 34.07 33.89 33.64 33.28
IS 5.18 5.27 5.34 5.38 5.40 5.39 4.85 4.84 4.80 4.73 4.60 4.36
469 C2H7NO3S Taurine ~37.9 9.182 125.1

No. 32 33 34 35 36 37 38 39 40 41 42 43
pli, 6.40 6.60 6.80 7.00 7.20 7.40 17.40 7.60 7.80 8.00 8.20 8.40
pHs 8.22 8.24 8.28 8.32 8.38 8.46 8.69 8.73 8.77 8.83 8.80 8.99
ms 3.71 3.91 4.20 4.61 5.19 5.98 9.23 9.73 10.45 11.45 12.80 14.51
Ry 20.12 19.11 17.80 16.19 14.38 12.49 8.09 7.68 7.15 6.52 5.84 5.15
t 23.12.23.13 23.13 23.14 23.14 23.16 17.24 17.24 17.24 17.24 17.25 17.26
Rs 169.7 161.2 150.1 136.6 121.3 105.4 83.20 78.94 73.50 67.04 59.98 52.88
IS 0.69 0.73 0.78 0.86 0.97 1.12 1.93 2.04 2.19 2.41 2.70 3.07
No 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.09 9.13 9.20 9.28 9.39 9.52 9.54 9.63 9.74 9.88 10.04 10.21
mS 16.45 17.41 18.73 20.42 22.44 24.66 25.12 26.45 28.00 29.59 31.05 32.26
RE 4.54 4.29 3.99 3.66 3.33 3.03 2.97 2.82 2.67 2.52 2.41 2.32
t 17.94 17.95 17.97 18.00 18.04 18.10 21.48 21.56 21.68 21.89 22.22 22.79
RS 45.56 43.02 39.99 36.66 33.33 30.30 26.67 25.30 23.86 22.50 21.34 20.39
1S 3.44 3.64 3.93 4.29 4.73 5.20 4.98 5.24 5.55 5.86 6.12 6.31
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470 C4H9NO3 Threonine -31.6 9.229 119.1
No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL .40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40

6
pHs 8.25 8.27 8.31 8.36 8.42 8.50 8.72 8.76 8.80 8.86 8.94 9.03
ms 2.97 3.14 3.39 3.75 4.25 4.91 7.41 7.84 8.45 9.30 10.43 11.87
R 25.12 23.76 22.01 19.91 17.59 15.21 10.08 9.53 8.84 8.03 7.16 6.29
t 25.92 2565.92 25.93 25.94 25.96 25.98 18.86 18.86 18.87 18.88 18.89 18.91
Rs 211.8 200.4 185.6 168.0 148.4 128.3 103.6 97.96 90.86 82.55 73.59 64.67
IS 0.60 0.63 0.68 0.75 0.85 0.99 1.71 1.81T 1.95 2.15 2.42 2.76
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.12 9.17 9.23 9.32 9.43 9.56 9.58 9.67 9.79 9.93 10.09 10.27
ms 13.35 14.18 15.31 16.74 18.44 20.30 20.69 21.84 23.16 24.51 25.74 26.75
RE 5.59 5.27 4.88 4.46 4.05 3.68 3.61 3.42 3.22 3.05 2.90 2.79
t 19.75 19.77 19.80 19.84 19.91 20.01 24.12 24.25 24.45 24.77 25.32 26.27
Rs 56.13 52.83 48.93 44.72 40.56 36.80 32.38 30.64 28.84 27.17 25.75 24.59
IS 3.06 3.26 3.52 3.86 4.26 4.69 4.42 4.66 4.93 5.20 5.41 5.53

471 C11H12N202 Tryptophan -26.8 9.635 204.2

No. 32 33 34 35 36 37 38 39 40 41 42 43
pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 8.25 8.27 8.31 8.36 8.42 8.71 8.93 8.97 9.01 9.07 9.14 9.22
mS 0.00 0.00 0.00 0.00 0.00 2.84 4.38 4.65 5.04 5.58 6.32 7.28
RE 0.00 0.00 0.00 0.00 0.00 26.30 17.04 16.06 14.82 13.38 11.82 10.26
t 0.00 0.00 0.00 0.00 0.00 29.46 21.01 21.02 21.04 21.06 21.09 21.14
Rs 0.00 0.00 0.00 0.00 0.00 221.9 175.2 165.1 152.3 137.5 121.4 105.5
IS 0.00 0.00 0.00 0.00 0.00 0.60 1.07 1.14 1.23 1.37 1.55 1.79
No. 44 45 46 41 48 49 50 51 52 53 54 55
pHI, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.32 9.37 9.43 9.51 9.60 9.71 9.77 9.85 9.95 10.07 10.22 10.39
ms 8.53 9.11 9.92 10.99 12.32 13.89 14.75 15.73 16.95 18.32 19.73 21.05
RE 8.76 8.20 7.53 6.80 6.06 5.38 5.06 4.75 4.41 4.08 3.78 3.55
t 22.18 22.22 22.28 22.37 22.50 22.70 27.78 28.00 28.36 28.95 29.94 31.73
Rs 87.86 82.23 75.51 68.15 60.72 53.80 45.42 42.53 39.40 36.34 33.58 31.24
Is 2.06 2.20 2.40 2.66 2.98 3.36 3.25 3.46 3.71 3.98 4.22 4.36

472 CgH11NO3 Tyrosine -20.7 9.165 181.2
-42.0 10.207
No. 32 33 34 35 36 37 38 39 40 41 42 43

pHL, 6.40 6.60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHs 8.25 8.27 8.31 8.37 8.44 8.52 8.71 8.75 8.80 8.87 8.95 9.05
mS 0.00 0.00 2.56 2.88 3.30 3.87 5.51 5.90 6.44 7.20 8.20 9.48
RE 0.00 0.00 29.16 25.97 22.60 19.29 13.55 12.67 11.59 10.38 9.11 7.88
t 0.00 0.00 35.12 35.20 35.30 35.44 24.69 24.77 24.88 25.04 25.27 25.59
RS 0.00 0.00 246.0 219.1 190.7 162.7 139.2 130.2 119.1 106.6 93.61 81.00
Is 0.00 0.00 0.59 0.67 0.77 0.90 1.56 1.67 1.83 2.06 2.35 2.74

pHL, 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 9.12 9.17 9.25 9.34 9.46 9.59 9.61 9.70 9.82 9.95 10.10 10.27
ms 10.47 11.30 12.43 13.89 15.68 17.76 18.20 19.69 21.52 23.58 25.74 27.86
RE 7.13 6.61 6.01 5.38 4.76 4.20 4.10 3.79 3.47 3.17 2.90 2.68
t 27.14 27.38 27.74 28.25 28.94 29.85 36.48 37.28 38.40 39.76 41.40 43.55
Rg 71.57 66.30 60.26 53.90 47.70 42.06 36.82 33.98 31.03 28.24 25.75 23.61
Is 2.96 3.21 3.55 4.00 4.55 5.20 4.87 5.31 5.85 6.47 7.11 7.69

473 C5H11NO2 Valine -28.4 9.710 117.1

No. 32 33 34 35 36 37 38 39 40 41 42 43
PHL 40 60 6.80 7.00 7.20 7.40 7.40 7.60 7.80 8.00 8.20 8.40
pHS 25 27 8.31 8.37 8.44 8.74 8.97 9.00 9.04 9.10 9.17 9.25
ms 00 00 0.00 0.00 0.00 2.75 4.32 4.58 4.95 5.48 6.20 7.15

t 21.54 21.58 21:63 21.71 21.83 22.01 26:81 27.01 27.33 27.84 28.70 30:22
Rs 88.18 82.59 75.87 68.43 60.85 53.71 44.81 41.93 38.77 35.61 32.72 30.23
Is 1.99 2.12 2.31 2.56 2.88 3.26 3.22 3.43 3.68 3.97 4.24 4.44
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474 CgH9I2NO3 I2-Tyr

No. 32 33 34 35 36 37
pH, 6.40 6.60 6.80 7.00 7.20 7.40
pHs 7.04 7.13 7.26 7.41 7.58 17.76

7.40
7.74

-21.0 6.500 433.0
-42.0 9.690
38 39 40 41 42 43
7.60 7.80 8.00 8.20 8.40
7.90 8.08 8.27 8.46 8.65

mS 14.97 15.62 16.33 17.02 17.62 18.13 17.91 18.27 18.64 19.05 19.54 20.19

RE 4.99 4.78 4.12

4.17

4.09 3.92 3.82

t 34.91 34.95 35.01 35.08 35.17 35.29 23.92 24.05 24.25 24.56 25.01 25.64
Rs 42.08 40.34 38.59 37.02 35.75 34.76 42.88 42.02 41.18 40.30 39.27 38.00

Is 3.60 3.76 3.93 4.11 4.27 4.40 5.32 5.44 5.57 5.71 5.89 6.13
No. 44 45 46 47 48 49 50 51 52 53 54 55
pHL 8.20 8.40 8.60 8.80 9.00 9.20 9.00 9.20 9.40 9.60 9.80 10.00
pHs 8.53 8.71 8.89 9.07 9.25 9.43 9.36 9.51 9.67 9.84 10.02 10.21

ms 19.77 20.44 21.33 22.46 23.85 25.43 24:95 26:35 27.86 29.37 30.77 31.98

RE 3.78 3.65 2.94

2.54 2.43

t 26.47 27.13 27.98 29.02 30.22 31.46 37.44 38.56 39.69 40.94 42.32 44.06
RS 37.91 36.66 35.12 33.33 31.36 29.37 26.86 25.39 23.97 22.67 21.53 20.57

Is 5.81 6.05 6.38 7.29 17.85

8.54 8.96 9.25

EXAMPLE OF APPLICATION

Fig. 1 shows the pH dependence of the effective
mobility of polyglycines, butyric acid and carbonic
acid at infinite dilution (ionic strength = 0) The
curves were plotted using the values shown in Table
V. The curves are useful for the assessment of sep-
arability to a first approximation.

Fig. 2. shows the simulated Rg vs. pHy curves.
The values were taken from Table V. It was expect-
ed from Fig. 2 that the separation of these samples
might be possible in the pH range 8.3-9 (pH buffer
= Tris or amedio}).

Fig. 3 shows the simulated and the observed iso-
tachopherograms at pH 8.4 (pH buffer = Tris).
Carbonic acid was contained in the terminating
electrolyte. Good agreement was obtained, suggest-
ing the utility of the simulation.

50 T T
2 40
5 Butyric acid
£
£ -
30} - A
2 6ly, /S «blys
&) ¢ Glyn
8 20} ; ]
g R
g Glyg 6lyg
3 /sy
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—
0 — . . .
7 8 9 10 11
pHs

Fig. 1. pH dependence of the effective mobilities of carbonic acid
(H,CO,), butyric acid, diglycine (Gly,), triglycine (Gly,), tet-
raglycine (Gly,), pentaglycine (Gly,), hexaglycine (Gly,) and
glycine (Gly). The curves are not for the isotachophoretic steady
state. pHg = pH of samples.

pHL

Fig. 2. pH dependence of the R, values simulated for the samples
shown in Fig. 1. pH buffers: IM = imidazole; Tris = tris(hy-
droxymethyl)aminomethane (Tris); AM = amediol; EA = etha-
nolamine.
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Fig. 3. Simulated and observed isotachopherograms for the sam-
ples in Figs. 1 and 2 at pH, = 8.4 (Tris buffer). The terminator
was glycine. The leading electrolyte contained 0.1% of hydrox-
ypropylcellulose.
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ABSTRACT

High-efficiency separations of basic polypeptides from the polymyxin group with equal or nearly equal mass to charge ratios were
achieved by micellar electrokinetic chromatography in dynamically modified capillaries using a zwitterionic surfactant as an additive to
the running buffer. The peptides are probably separated on the basis of differences in their partition coefficients to the surface of the
pseudo-phase ion exchanger and to the lipophilic core of the micelles. Samples of polymyxins B, D and E (colistin) from different

sources were examined.

INTRODUCTION

Polymyxins (Fig. 1) are a group of closely related
decapeptide antibiotics produced by strains of Ba-
cillus polymyxa. They have a general structure com-
posed of a cyclic heptapeptide moiety and a side-
chain consisting of a tripeptide acylated at the N-
terminus. The polymyxins differ from each other in
amino acid composition and each polymyxin con-
sists ofaa mixture of polypeptides with an identical
amino acid composition but with a different termi-
nating fatty acid. Thus, each polymyxin may be
subdivided corresponding to at least three fatty acid
components: 6-methyloctanoic acid, 6-methylhep-
tanoic acid and n-octanoic acid. The characteristic
feature of polymyxins, in addition to the hydropho-
bic fatty acid moiety, is their strong basicity due to
four or five unmasked amino groups from 2,4-di-
aminobutyric acid. The peptides in each group of
the polymyxins (A, B, D and E) have equal or near-

Correspondence to: S. H. Hansen, Department of Organic Chem-
istry, PharmaBiotec Research Centre, Royal Danish School of
Pharmacy, 2 Universitetsparken, DK-2100 Copenhagen, Den-
mark.
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ly equal mass to charge ratios and therefore exhibit
very similar electrophoretic mobilities.

The complex composition of the polymyxins has
earlier been demonstrated by HPLC [1,2] and TLC
[3], and a difference in the potency of polymyxin B,
and B, fractions has been demonstrated by micro-
biological assays [4]. The fatty acids present in poly-
myxins have been measured by GC after hydrolysis
[5]. Samples of polymyxins from different sources
have been examined for potency and composition
by use of microbiological and chemical assays [6].
Complete separation of the peptides has not been
achieved with any of the above-mentioned meth-
ods. However, in order to identify these antibiotics,
to examine their purity and to determine the relative
contents of their components, a complete separa-
tion of the peptide will be very useful.

About 10 years ago, capillary electrophoresis
(CE) was shown to be very suitable for separating
complex peptide mixtures [7], especially when prob-
lems with adsorption to the capillary wall were tak-
en into consideration [8]. The affinity of peptides
toward the capillary wall may be reduced by appro-
priate pH adjustment [9,10], by the action of surface
modifiers [11] and by the addition of surfactants to

1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structure of the polymyxins.

the running buffer [12]. Further, additions of sur-
factants above their critical micelle concentration
(CMQ) also generate the possibility of an additional
separation mechanism, micellar electrokinetic capil-
lary chromatography, which can be beneficial in
separating substances with similar electrophoretic
mobilities. However, high concentrations of these
surfactants are often necessary and, owing to the
high ionic strength of the buffer, only lower volt-
ages can then be applied. This problem has been
overcome by the use of non-ionic or zwitterionic
surfactants [13], which have no net charge and,
therefore, do not contribute to the conductivity of
the buffer.

Recently, it was shown that 3-(N,N-dimethylhex-
adecylammonium)propanesulphonate (PAPS) dy-
namically modifies the silica surface of the capillary
as well as it forms micelles [14]. High-efficiency sep-
arations of polymyxin B were achieved using PAPS
as an additive to the running buffer.

In this study, micellar electrokinetic capillary
chromatography was used to separate polymyxins
A, B, D and E and to examine the composition of
samples of polymyxins from different sources.

sulphonic acid from Sigma (St. Louis, MO, USA).
Diazomethane solution was prepared by mixing 35
ml of diethylene glycol monoethyl ether (Fluka), 20
ml of diethyl ether and a solution of potassium hy-
droxide (6 g) in water (10 ml). During the subse-
quent distillation of the mixture, a solution of 21.5 g
of N-methyl-N-nitroso-p-toluenesulphonamide
(Aldrich, Steinheim, Germany) in about 200 ml of
diethyl ether was added.

Polymyxins A, B, D and E sulphate, 6-methyl-
heptanoic acid and 6-methyloctanoic acid were
kindly provided by Dumex (Copenhagen, Den-
mark). Polymyxin B sulphate was also obtained
from Pfizer (Karlsruhe, Germany) and polymyxin E
from Smit (Turin, Italy), Sumitomo Shoji Kaisha
(Tokyo, Japan) and Warner-Lambert Research In-
stitute (Morris Plains, NJ, USA).

CE apparatus

A Waters Quanta 4000 capillary electrophoresis
system (Millipore, Milford, MA, USA) was used
and on-column detection was performed by UV ab-
sorption at 214 nm. Electropherograms were re-
corded on a DP 700 data processor (Carlo Erba,
Valencia, CA, USA).

EXPERIMENTAL A fused-silica capillary of 75 um 1.D. and 360 um
O.D. was obtained from Polymicro Technologies
Chemicals (Phoenix, AZ, USA). The total length of the capil-

3-(N,N-Dimethylhexadecylammonium)propane-
sulphonate (PAPS), octanoic acid and Dowex 50W-
X8 (100-200 mesh) were obtained from Fluka
(Buchs, Switzerland). Sudan III was purchased
from Merck (Darmstadt, Germany) and methane-

laries used was 60 cm and 52.4 ¢cm to the detector.

Procedure
The fused-silica column was treated with 0.1 M
sodium hydroxide solution for 30 min and subse-
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quently with distilled water for 10 min before in-
troducing the electrophoresis buffer for 10 min.
When changing buffer composition, the capillary
was rinsed for 10 min with 0.1 M sodium hydroxide
and subsequently with distilled water for 5 min be-
fore introducing the new buffer.

For the preparation of the running buffer, 0.2 M
sodium phosphate stock solution (pH 2.5) was
used. The buffer system was composed of appropri-
ate amounts of PAPS, buffer stock solution and dis-
tilled water without further readjustment of pH.

Sudan III in methanol (0.01%) was used as an
indicator for the migration of the micelles.

Polymyxins A, B, D and E sulphate were dis-
solved in distilled water to a concentration of 0.5,
1.0 or 5.0 mM and kept refrigerated when not in
use.

Sample injection was accomplished by hydrostat-
ic injection (9.8 cm) for 5 or 10 s. All analyses were
performed using an applied potential of 15 kV (90

Uh).

Preparative HPLC

The chromatographic system consisted of a
Merck Hitachi Model 655-A12 liquid chromato-
graph equipped with a Model 655 variable-wave-
length UV monitor operated at 220 nm and a Rheo-
dyne (Berkeley, CA, USA) Model 7120 injector
with a 1.5-ml loop. The column (250 x 8 mm I.D.)
was packed with Spherisorb ODS 2 (5 um).

The experiments were carried out at ambient
temperature using methanol-methanesulphonic
acid—water (49.5:1.0:49.5, v/v/v) as the eluent [2] at
a flow-rate of 3 ml/min. Polymyxin B or E sulphate
was dissolved in the eluent to a concentration of 100
mg/ml and kept at about 4°C when not in use. A
total amount of 4 mg of polymyxin B or E was
injected each time and six major peaks were collect-
ed.

A sample from each isolated compound was in-
jected into the capillary electrophoresis system in
order to identify the peaks obtained in the electro-
pherograms of polymyxin B and E.

The pooled fractions of each compound were, ad-
justed both before and after evaporation to half the
volume, to neutral pH with sodium hydroxide solu-
tion and subsequently transferred on to a 5Smm I.D.
cation-exchange column packed with 2 g of Dowex
50W-X8. The column was then washed with 3 ml of

distilled water and the peptide was eluted from the
column using 7 ml of 2 M ammonia solution fol-
lowed by 20 ml of distilled water. The ion-exchange
column was regenerated with 3 ml of 4 M hydro-
chloric acid followed by 7 ml of distilled water.

The collected fraction was evaporated on a rotary
evaporator for 15 min at ambient temperature to
remove ammonia and then freeze-dried.

GC-MS

A few milligrams of the freeze-dried residue were
hydrolysed with 1 ml of 6 M hydrochloric acid at
110°C for 20 h. The hydrolysate was extracted with
three 2-ml portions of diethyl ether and the ethereal
extract was dried over anhydrous sodium sulphate.
With a slow stream of nitrogen at 25°C, the dried
extract was evaporated to a final concentration of
1020 ng/ul.

Fatty acid samples and standard solutions were
derivatized with diazomethane solution. The meth-
yl esters produced were analysed by injection on to
a30m x 0.26 mm I.D. fused-silica DB-5 column
(J&W, Folsom, CA, USA) with a film thickness of
0.25 pym and coupled to a Finnigan MAT (Bremen,
Germany) Model 4515 B mass spectrometer oper-
ated in the electron impact ionization mode at 70
eV. The GC oven temperature was held at 35°C for
2 min, then increased linearly at 12°C/min to 260°C,
where it was maintained for 30 min.

RESULTS AND DISCUSSION

Separation of polymyxins By, B; and B,

The polymyxins B are a group of peptides having
equal or nearly equal mass-to-charge ratios and
therefore they exhibit very similar electrophoretic
mobilities. Recently, the separation mechanisms in-
volved in CE with PAPS was studied [14] and the
ability of PAPS to separate these almost identical
peptides was shown.

Fig. 2. shows the electropherograms of polymyx-
in B with no and with 30 mAM of PAPS added to the
running buffer. No separation of the peptides was
obtained in plain buffer whereas the addition of 30
mM PAPS provided a significant increase in the
separation of the peptides, resulting in at least ten
peaks. .

Based on a comparison of the electrophoretic
mobilities of the peptides with those of the isolated
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fractions and taking the identified free fatty acids
into account, the following can be concluded: the
peak labelled 3 in Fig. 2b corresponds to polymyxin
B; with the 6-methyloctanoyl residue, peak 1 was
identified as polymyxin B, with the 6-methylhepta-
noyl residue and peak 2 appears to be due to poly-
myxin B3 with an n-octanoyl residue.

The electrophoretic mobilities of polymyxins B,
and B, were calculated based on peaks 3 and 1,
respectively, and plotted against the concentration
of PAPS (Fig. 3). With increasing concentration of

1+2+3 3

ol

8 10 12 10 12 14 16 18

Time (min)

Fig. 2. Electropherograms of polymyxin B (0.5 mM in water)
obtained (a) with no PAPS and (b) with 30 mM PAPS added to
the running buffer. Capillary, 75 um 1.D.; buffer, 0.2 M sodium
phosphate (pH 2.5)-water (1:1, v/v); voltage, 15 kV; hydrostatic
injection, 10 s. Peaks: 1 = polymyxin B,; 2 = polymyxin B,;
3 = polymyxin B,.
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Fig. 3. Electrophoretic mobility of (x) polymyxin-B, and (%)
polymyxin B, versus the concentration of PAPS in the running
buffer. Conditions as in Fig. 2.

PAPS, the electrophoretic mobility of the two pep-
tides decreases, probably owing to increased inter-
action with the micellar pseudo-phase, the concen-
tration of which increases proportionally to that of
PAPS. Simultaneously, the relative mobility of the
two peptides increases.

Separation of polymyxins A, B, D and E (colistin)
Polymyxin A differs from polymyxin B in the
substitution of Phe and Leu with Leu and Thr, re-
spectively. Polymyxin D differs from the other poly-
myxins investigated because a DAB group is re-
placed by Ser. In consequence, the polymyxins D
have a higher mass to charge ratio than the other
polymyxins included in this study. Fig. 4a and b
show the electropherograms of polymyxins A and
D, each being separated into two main peaks. A
tentative assignment of the peaks has been made.
Fig. 4c shows the electropherogram of the poly-
myxins E (colistin), which differ from polymyxin B
only in the substitution of a single amino acid. The
assignments of the main peaks, E; (colistin A) with
6-methyloctanoyl, E, (colistin B) with 6-methylhep-
tanoyl and E; with the n-octanoyl residue, were
based on a comparison of the electrophoretic mo-
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Fig. 4. Electropherograms of (a) polymyxin A, (b) polymyxin D
and (c) polymyxin E. Sample concentrations, 1.0 mM; capillary,
75 um 1.D.; buffer, 0.2 M sodium phosphate (pH 2.5)-water (1:1,
v/v) + 30 mM PAPS; voltage, 15 kV; hydrostatic injection, 5 s.

bilities of the peptides with those of the isolated
fractions, and the identification of the free fatty
acids.

Proposed separation mechanism

As described previously [14], above the CMC of
PAPS, separation depends on the partitioning of
solute molecules between the bulk solvent and the
micellar pseudo-phase in the buffer solution. The
separation also depends on the difference in electro-
phoretic mobility of the bulk solvent versus the mi-

celle. Micelles formed from zwitterionic surfactants
have no net charge and are therefore expected to
migrate with the electroosmotic flow. However, sur-
faces in contact with aqueous media are more often
negatively than positively charged, because the
smaller, less hydrated and more polarizing anions
have a greater tendency to be specifically adsorbed
than the cations [15]. Adsorption of anions on the
micelles gives rise to mobility in an applied field and
the micelles migrate towards the anode. This is il-
lustrated with Sudan III, which elutes about 20 min
after the electroosmotic flow marker.

In free solution, the peptides migrate with a speed
given by the sum of their electrophoretic mobility
and the electroosmotic flow. When zwitterionic sur-
factants are added to the buffer in high concentra-
tions, the zwitterionic associations with the peptide
molecules and with the silica capillary surface may
both prevent peptide adsorption on the fused silica
and help to break up peptide-peptide interactions.
In the presence of PAPS at concentrations above its
CMC, the peptides show ion-exchange partitioning
to the surface of the micelles (Fig. 5). While associ-
ated with the micelles, the peptides migrate with the
speed of the micelles.

The hydrophobic moiety of the peptides may

!;Ja&!aél.é'a

BENY

OH O OH

——— =exchange

<«—» = interaction

m = polymyxin
+

C—>) = electrophoretic migration

Fig. 5. Schematic representation of the proposed separation mechanism of polymyxins.
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Fig. 6. Electropherogram of polymyxins A, B, D and E mixed in
equal amounts. Conditions as in Fig. 4.
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show affinity for the inner core of the micelles (Fig.
5), while the remaining polar parts of the peptides
stay outside. Consequently, polymyxins with an
identical peptide moiety and with equal mass to
charge ratios are eluted in order of increasing de-
gree of hydrophobicity, 6-methylheptanoyl < n-oc-
tanoyl. The polymyxins having a 6-methyloctanoyl
residue show a higher affinity for the micelles owing
to the higher mass to charge ratio and to an in-
creased degree of hydrophobicity of the fatty acid
moiety. The peptides are therefore separated on the
basis of differences in their partition coefficients to
the surface of the pseudo-phase ion exchanger and
to the lipophilic core of the micelles.

In plain buffer, the polymyxins migrate as single
peaks in the order A < E < B < D (not shown), in
accordance with the increasing mass to charge ra-
tios. When PAPS is added to the buffer, the migra-

By
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Fig. 7. Electropherograms of (a) two samples of polymyxin B, (b) two samples of polymyxin D and (c) four samples of polymyxin E

from different sources. Conditions as in Fig. 4.
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tion order of polymyxins B; and D is reversed. The
contribution of an amino acid residue to the order
of elution can be evaluated based on a comparison
of the migration times of polymyxins A, By, D,
and E,, which have an identical fatty acid group. As
the polymyxins migrate in the order A; < E; < D,
< B, (Fig. 6), the migration times increase in the
order Thr < Leu and Leu < Phe. Polymyxin D,
has a slower migration rate than polymyxin A;, as
expected because of a higher mass to charge ratio,
but for the same reason polymyxin D; was also ex-
pected to have a slower rate of migration than poly-
myxin B; as observed in plain buffer. The probably
explanation is that the replacement of DAB by Ser,
Phe by Leu and Leu by Thr makes polymyxin D
more polar than polymyxin B and therefore it
shows less affinity for the micelles. Consequently, in
the presence of PAPS at concentrations above its
CMC, the order of migration of the polymyxins is
determined by the mass to charge ratios and by the
polarity of the peptides.

Polymyxins from different sources

Two samples each of polymyxins B and D and
four samples of polymyxin E from different sources
were separated by CE (Fig. 7). The elution profile of
each sample was characteristic and sufficiently dis-
tinct to identify the samples by manufacturer. The
variations between the relative peak areas of the
main peaks in the electropherograms of the four
samples of polymyxin E from different sources are
very high, but correspond to results found by GC
and HPLC analysis [6].

CONCLUSIONS

The method developed is useful for both qual-
itative and quantitative measurements on polymyx-

ins. As some of the major components of each poly-
myxin may possibly be present as impurities in sam-
ples of other polymyxins, the method is also valua-
ble for purity testing of the polymyxins.
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In a recent paper in this journal, entitled “Deter-
mination of total 2,5-hexanedione by reversed-
phase high-performance liquid chromatography”,
Marchiseppe et al. [1] proposed a method for the
HPLC of an n-hexane metabolite by using UV de-
tection at 233 nm. Our more recent paper [2] dem-
onstrated that such a wavelength was specific for
3-methylcyclopent-2-enone, an impurity often pres-
ent in commercial 2,5-hexanedione. This contami-
nant was confirmed by comparing the gas and high-
performance liquid chromatographic, mass spectro-
metric, infrared and ultraviolet data of the un-
known compound with those of a synthesized refer-
ence sample.

Subsequently, in a paper entitled “Rapid and
sensitive determination of urinary 2,5-hexanedione
by reversed-phase high-performance liquid chroma-
tography”’, Colombini et al. [3] proposed some valid
modifications to the preparation of the sample, but,
unfortunately used a wavelength similar to that of
Marchiseppe et al. [1], which is unsuitable for iden-
tifying 2,5-hexanedione.

In Figs. 1 and 2 the UV and GC-MS analyses of
Aldrich and Eastman Kodak 2,5-hexanediones are
reported. The UV spectra of these two commercial
2,5-hexanediones (0.47 mg/ml), obtained by means

Correspondence to: A. Sturaro, Ufficio Sicurezza e Prevenzione
del CNR, Corso Stati Uniti 4, 35020 Padova, Italy.
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Fig. 1. UV spectra of 2,§hexanedione from (A) Aldrich and (B)
Eastman Kodak in water—acetonitrile (85:15), recorded from 200
to 350 nm with a Hitachi U-3200 spectrophotometer.

1993 Elsevier Science Publishers B.V. All rights reserved



317

Nepoy ueunsey
(g) pue youpy (V) woiy sojdures suolpauexay-¢‘g jo sisA[eue ayy ur syead pajoalap ay) 01 Surpuodse1100 winxoads ssew pue sweidorewoiyd SIW-DO 7 S

26 s'e a8 §°¢ 2°¢ S°9 a°s S°S

( utw) Swy g

N " N i " " N 2+38°@
FS+3a@° 1
FS+3@°2
FS+38 "€
FS+30° b

eourRpuNqy

ts+3e s
]

tcr3m-s

8°'6 s'8 2°'8 S ¢ [~ s S°9 a'g S°'S

("ujw)y Swj )

AR R - = S = X /+30°'0
Fe+30°S
FS+3@° 1
FS+3S°1
FS+30°2

esuepunqgy

o FS+35°¢2
LS+30 €

ebivyny /ssey

|ez21 sttt att sel =] S6 26 S8 a8 174 Qe SS9 a9 [+ as St
t . N — = . 1 = s ; y i et s  t—{——+B+30°0

\ vm ; /\k _ mw \m / \

S < Lb+30° S

y; FS+30° 1
FS+36° 1
FS+30° 2

eourpunay

FS+38°2

FS+36°€E

A. Sturaro et al. | J. Chromatogr. 628 (1993) 316-318



318

of a Hitachi U-3200 spectrophotometer in the same
solvent as used by Colombini et al. [3], confirmed
the definite difference due to the presence of the im-
purity, whereas under GC-MS conditions the same
commercial samples (1.4 mg/ml) were identical. On
the basis of the results, the maximum absorption
wavelength of 2,5-hexanedione is 267 nm only [2,4].

In our opinion, in spiked urines 3-methylcyclo-
pent-2-enone was introduced involuntarily as mis-
leading interferent with 2,5-hexanedione. The im-
purity was thought to be the metabolite owing to
the similar HPLC behaviour and high molar ab-
sorptivity [5]. In fact, this parameter greatly influ-
ences the response factor of the analyte in HPLC-
UV determination and therefore a strong signal is
associated with a small concentration of 3-methyi-
cyclopent-2-enone owing to its high molar absorp-
tivity, which is about 150 times higher than that of
2,5-hexanedione.

The presence of 3-methylcyclopent-2-enone in
the urine of exposed workers may be attributed to
the alkaline environment produced by sodium hy-
droxide and carbonate, which favours the cycliza-
tion of the present 2,5-hexanedione, according to
the literature synthesis [5].

A. Sturaro et al. | J. Chromatogr. 628 (1993) 316-318

The GC-MS measurements were performed us-
ing a Hewlett-Packard Model 5890 gas chromato-
graph equipped with an Ultra-1 fused-silica capil-
lary column (25 m X 0.2 mm 1.D., 0.33 um). The
chromatographic system was coupled on-line with a
Hewlett-Packard Model 5971 A quadrupole which
recorded the electron ionization mass spectra by cy-
clically scanning from 40 to 250 mass units every
0.49 s. For GC separations the column temperature
was programmed from 50°C (isothermal for 3 min)
at 10°C/min to 150°C, maintained for 5 min. The
injection volume was 1 ul under split conditions.
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ITon chromatography —principles and applications (Journal of Chromatography Library, Vol. 46), by P. R.
Haddad and P. E. Jackson, Elsevier, Amsterdam, 1990, XXI + 776 pp., price Dfl. 335.00, ISBN 0-444-

88232-4.

The intensity of interest in separation science is
evident from the number of publications on the
subject that have appeared in many scientific jour-
nals. When any aspect of the field reaches a point of
maturity, books on the subject soon appear.

In 1975, ion chromatography was introduced as a
new and powerful separation method for ion deter-
minations. This was a special version of the well
established ion-exchange chromatography among
other high-performance liquid chromatographic
methods. This technique opened up a new direction
in analytical chemistry, namely the simultaneous
determination of ionic species in complex matrices.
The applications and publications in the area of ion
chromatography have expanded very rapidly since
this analytical process was commercialized. The au-
thors of this book indicate that there have been well
over 1800 publications since the inception of the
method.

The present book on ion chromatography is Vol-
ume 46 in the Journal of Chromatography Library.
It is well edited and presented to give a comprehen-
sive overview of this separation method. The con-
cepts are divided into five logical parts and 22 chap-
ters, which follow a helpful introduction. The parts
are as follows: Part I, Jon-exchange separation
methods (stationary phases, eluents, retention mod-
els); Part II, Ion-interaction, ion-exclusion and mis-
cellaneous separation methods; Part II1, Detection
methods; Part TV, Practical aspects (sample hand-
ling, matrix elimination, optimization); and Part V,
Applications of ion chromatography.

The text with over 700 pages is wide in scope and
relatively large and presents in collected system-
atized form a large amount of information. Part 1
begins with a short introduction to the basic princi-
ples of ion exchange and the characteristics of ion

exchangers (capacity, selectivity). A minor criticism
is that it is surprisingly short, merely 9 pages. Chap-
ters 3 and 4 in Part I contain a detailed discussion of
ion-exchange stationary phases (silica-based, resin-
based, agglomerated ion exchangers) and different
eluent characteristics. This part takes a fresh look at
the subject of retention models. The problem of op-
timizing the eluent composition and eluent selection
can be solved on the basis of valid models of reten-
tion mechanisms. The various separation princi-
ples, e.g., ion-interaction, ion-exclusion and miscel-
laneous separation methods, are discussed separate-
ly and illustrated with a number of examples in Part
II. These alternative approaches can be used for the
separation of ionizable species (carboxylic acids, or-
ganometallics, coordination compounds). Part III
gives an excellent overview of detection methods,
on the basis of which the reader should easily be
able to decide which method is best suited to the
analytes in which he or she is interested. Conductiv-
ity, electrochemical, potentiometric, spectroscopic
and postcolumn detection modes are presented in
terms of principles of operation, cell designs and
performance characteristics of detectors. Part IV
provides valuable information on sample handling
(collection, extraction, clean-up, ultra-trace analy-
sis, matrix elimination) and methods development
(selection of chromatographic parameters, optimi-
zation, column switching, coupled methods, auto-
mation). The overall analytical problem must be
carefully defined before the analysis. A series of
questions can provide an evaluation of the sample
and the capabilities and limitations of given sep-
aration method. These questions and answers are
detailed in Part V.

Analytical chemists and users of ion-chromato-
graphic instrumentation will profit from the exten-
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sive information in the applications part. Part V
consists of seven chapters covering environmental,
industrial, foods and plants, clinical and pharma-
ceutical, metals and metallurgical solutions, treated
waters and miscellaneous applications, with very in-
formative tables, listing experimental conditions,
sample type, approximate retention time for each
solute, sample preparation procedures, the column
(and its dimensions), the eluent composition (and
the flow-rate used) and the detection methods em-
ployed. These descriptions of routine and advanced
methods in tabulated form were derived from over
1200 publications. The first four parts contain 480
pages of the text and Part V on applications fills
another 250 pages.

P. Hajos | J. Chromatogr. 628 (1993) 319-320

The book ends with an Appendix concerning as-
pects of statistical information on publications on
ion chromatography. It can be seen how the scope
of the method has changed dramatically in the past
and that the subject is currently expanding rapidly.

This is an extremely well organized book written
by two well known experts in the field of ion chro-
matography. There are many helpful and very il-
lustrative figures, chromatograms and schematic
overviews. The book is highly recommended to
analytical, environmental, industrial and clinical
chemists, university students and all those interest-
ed in modern separation science.

Lausanne (Switzerland) Peter Hajos
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Laboratory experiments in liquid chromatography, by W. V. Willis, CRC Press, Boca Raton, FL, 1991, IT +

260 pp., price £ 42.50, ISBN 0-8493-0177-7.

Everyone who is involved in teaching chromatog-
raphy is probably familiar with the problem of how
to design a practical course for newcomers in this
field. How should one organize experiments that
cover all the different aspects of chromatography
without carrying out time-consuming laboratory
work to evaluate whether a certain experiment
“works”’? In my opinion, this book of William Wil-
lis will be a great help to all those who are faced
with this problem, especially those who are involved
in both research and teaching.

The book is divided into six chapters, which cov-
er the theory of chromatography, different separa-
tion techniques (reversed- and normal-phase, ion-
exchange/ion-pairing and size-exclusion) and pre-
parative chromatography. Each chapter includes a
large number of experiments which deal with vir-
tually all facets of liquid chromatography. The ex-
periments vary in degree of difficulty and range
from the relatively simple determination of caffeine
in beverages to the determination of the molecular

mass of proteins by size-exclusion chromatography.
The clear organization of the book is an excellent
feature. Edach experiment is headed by an introduc-
tion, which gives a clear and compact overview of
the theoretical background-and the goals of the ex-
perimént. The experimehtal part includes a list of
materials required, the methodology of the experi-
ment, notes on how to evaluate the results and some
additional suggestions and practical tips. Even if
one intends to alter the experiments by using differ-
ent analytes, for example, it is still possible to use
the framework presented by this book.

Despite some (mainly editorial) errors, e.g., Fig.
5.1 represents the sulphonic acid groups on a cation
exchanger as SO3, I can recommend this book to
all those who are either involved in the teaching of
chromatography or who want to learn more about
chromatography without following expensive
courses.

Leiden (Netherlands) Hubertus Irth
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Advances in applied lipid research, Vol. 1, edited by F. B.

price £ 54.00, ISBN 1-55938-317-8.

This is the first volume of a new annual series
aimed at the applied area of lipid research. Rather
than focusing on a single theme it covers a varied
spectrum of topics including chemical and biochemi
cal transformations of lipids of industrial interest,
and separation technology.

The first chapter deals with enzymatic modifica-
tions of lipids, and in particular the nature and
function of lipases in degradative and synthetic
modifications to lipids, both from a fundamental
standpoint and in real commercial applications. A
second chapter takes a similar approach to discus-
sion of the biosynthesis of lipids in yeasts, and the
use of these organisms in industrial processes.
Similarly, the sources of long-chain polyunsaturated
fatty acids, together with their biochemistry and
hutritional properties are thoroughly reviewed. The
interaction of oxidised lipids with proteins in foods
on storage or cooking is a topic of great current
interest, not least because of implications for the
health of the consumer. The discussion here deals
largely with the chemistry involved. All of these
chapters are by recognised experts in their fields and
are authoritative accounts.

Readers of the Journal of Chromatography will
probably find the final chapter by Bartle and
Clifford to be of greatest interest, since it deals with

Padley, JAI Press, London, UK, 1992, IX + 271 pp.,

supercritical fluid extraction and chromatography
of lipids and related compounds. A large number of
papers are now appearing on applications of these
techniques, and many laboratories must be consid-
ering purchase of instruments. The theory of the use
of supercritical fluids in chromatography especially
is discussed at considerable length and in some depth
here, and indeed I cannot imagine a better introduc-
tion to the topic. However, only eight pages are
devoted to applications to lipids with a few more on
comparisons with other techniques. To my mind, the
authors make the best of a not very good case for the
technique; I have yet to find a published application
to lipids that could not be done better by gas
chromatography or high-performance liquid chro-
matography in my view. Supercritical fluid extrac-
tion is another matter and there do seem to be some
real advantages, especially when extraction and
chromatography can be performed in a concerted
manner, although it is evident from this report that
problems remain. However, I strongly recommend
that this review be read by everyone with even a
passing interest in the area.

In short, this volume is a promising start to the
series and I look forward to seeing future volumes.

Ayr (UK) William W. Christie
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