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The renaissance of liquid chromatography, provoked by the
spectacular development of gas-liquid chromatography, took
place in the late 1960’s and early 1970's. The first edition of
this book published in 1977 describes the detectors that were
available at that time and which provided a performance
matching that of the contemporary equipment with which they
were associated. It is interesting to note that the most popular
detectors then, the UV detector, the refractometer detector,
the fluorescence detector and the electrical conductivity
detectof are still the most commonly used detectors today,
nearly a decade later. Detector design, however, has changed
very significantly over the intervening years. Modern high-
efficiency columns provide very narrow peaks and very fast
separations, and thus the physical design of the detectors had
to change to meet these new challenges. In 1977, there was
littie real understanding of the important role played by the
detector in the overall function of the chromatographic system
and although some of thg factors were pointed out in the first
edition of this book, in retrospect they appeared to be little
understood.

This second edition gives an entirely new presentation of the
subject of ftiquid chromatography detectors. It contains
sections dealing with the fundamental aspects of the inter-
action between columns and detectors and the interaction
between anciliary equipment and the detector. It brings the
reader up-to-date with new designs and novel detecting
systems that have been developed since 1977 and extends
significantly the subject of the association of the liquid chro-
matography detector with spectroscopic techniques. In par-
ticular the book now explores the association of liquid chro-
matography with nuclear magnetic resonance spectroscopy,
infrared spectroscopy and atomic absorption spectroscopy.
This book not only gives a comprehensive treatment of the
subject of liquid chromatography detectors and provides a
rational procedure for defining their performance and so
permit valid comparisons, but also discusses detector per-
formance in relation to the whole of the chromatographic
system.

Like the first edition, this book is expected to be well received.

FEVIEW

“This book ... is a well-balanced, practical review of
modern LC detectors. This-first comprehensive book
devoted to LC detectors ... valuable to workers in
academic and industrial laboratories who desire a clear
understanding of the principles of detection in order to
choose a detector suitable for their research needs.”
(Journal of the American Chemical Society)

“It is recommended to any liquid chromatographer who
desires to have a thorough knowledge of detection
principles, who would like to get the most information
from his available detectors, or who is interested in
pursuing development of a new detactor.” (Analytical
Chemistry)

CONTENTS. Chapter 1. History, Function and Classification
of Detectors. History and Function. Classification of Detectors.
2. Performance Criteria of Liquid Chromatography Detectors.
Principal Detector Characteristics. The Nature of the Detector
Output. Units Employed in Detector Specifications. The
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Detecting System Dispersion. Extra Column Dispersion. Con-
necting Tube Form, Dimensions and Volume. Cell Dimensions
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Sensitivity. Flow Sensitivity. Temperature Sensitivity, Summary
of Detector Criteria. 3. Bulk Property Detectors. The Refractive
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Dielectric Constant Detector. Additional Butk Property Detect-
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RETENTION AND RESOLUTION IN DENSITY-PROGRAMMED SUPER-
CRITICAL FLUID CHROMATOGRAPHY

I. THEORY AND SELECTED RESULTS
ANNELIESE WILSCH and GERHARD M. SCHNEIDER*

Physical Chemistry Laboratory, Department of Chemistry, University of Bochum, D-4630 Bochum (F.R.G.)
(Received December 2nd, 1985)

SUMMARY

A theoretical treatment of the linear velocities of the eluent and a sample band
in the column is given for density-programmed supercritical fluid chromatography
(SFC). It is shown that during a density programme the linear velocity of the eluent
drops from column inlet to column outlet unless there is a considerable density gra-
dient along the column. A numerical integration method for the calculation of re-
tention times in density-programmed SFC is proposed. Peak compression effects and
a reduced resolution can be expected when large decreases in mobile phase density
or linear velocity occur along the column.

INTRODUCTION

In recent years there has been a growing interest in supercritical fluid chro-
matography (SFC) as a supercritical mobile phase may combine favourable transport
properties (e.g., low viscosity and high diffusivity) with considerable solvent power
for substances of low volatility. The retention of substances in SFC depends strongly
on pressure and temperature! and, in a more straightforward way, on the density of
the eluent?-3. Therefore, the retention of different sample components can easily be
adjusted by changes in pressure and/or temperature, pressure-programmed SFC thus
being comparable to temperature-programmed gas chromatography (GC) and gra-
dient elution in high-performance liquid chromatography (HPLC). For many eluents
used in SFC equations of state are known, and with computer-controlled pressure
programming it is also possible to create any density programme*->.

Much experimental work has been carried out on pressure-programmed SFC®—°
and the advantages of density programming have been demonstrated!®. However,
few papers have treated density-programmed SFC theoretically that help to explain
the experimental findings!'-12. As density programming not only affects the capacity
ratios of sample substances but also the flow of the mobile phase through the column,
the prediction of retention and resolution in density-programmed SFC is more com-
plicated than in the related techniques in GC and HPLC. A theoretical treatment

0021-9673/86/503.50 © 1986 Elsevier Science Publishers B.V.
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240 A. WILSCH, G. M. SCHNEIDER
seems worthwhile because the number of experiments that have to be performed
during an optimization procedure can be reduced drastically if the dependence of
retention and resolution on the applied programme and on other operating param-
eters is known.

In this paper, the effect of a density programme on the linear velocities of the
eluent and sample substances is considered for a model system and a method for the
calculation of retention times in density-programmed SFC is presented. The influ-
ences of operating parameters such as density programming rate and eluent flow-rate
on the resolution are considered, and the so-called peak compression effect®!3 is
evaluated.

THEORY

Model system
A scheme of the chromatographic system to be considered here is shown in

Fig. 1. A pump delivers the eluent into the system with the mass flow-rate #1(0). The
eluent streams in the z-direction through a column with a uniform cross-sectional
area 4 and length L, with the z-coordinate being 0 at the column inlet and L at the
column outlet. The mass flow-rates of the eluent at the column inlet and outlet are
denoted by #2(0) and m(L), respectively. After having passed through the column the
eluent is expanded by a reducing valve RV and leaves the system with a mass flow-
rate #1y. The volume between the column outlet and the reducing valve is V5.

m(0) miL)
A W
S % ‘ J\ e
RV
| I |
0z L z

Fig. 1. Scheme of the model system.

Now, for the calculation of retention times the linear velocities of the eluent
and sample in the column are of interest.

Linear velocity of the eluent
The mean linear velocity of the eluent in the z-direction is denoted by #yep; In

the column it is
14
Umob = ; (])

where V is the volume flow-rate of the eluent, which can be replaced according to

Vo= (2)

- |3



RETENTION AND RESOLUTION IN DENSITY-PROGRAMMED SFC. 1. 241

by the mass flow-rate 77 and the eluent density p. Combination of eqns. 1 and 2
results in
m
Umob = —— 3
= 3)

For the simple case when the density in the column is constant with respect to
time, the mass flow into the column, #(0), is equal to the mass flow out of the column,
m(L). If the density is constant throughout the column, ., does not depend on z.
Especially in columns packed with small particles, however, there may be a significant
pressure drop from the column inlet to the outlet, which results in a density drop in
the z-direction that is greater the higher the compressibility of the eluent is. The
linear velocity of the eluent then increases from the column inlet to the outlet.

In density-programmed SFC the density of the eluent is increased with time.
This requires the mass flow into the system to be higher than the mass flow out of
the system. The mass flow through the column then becomes a function of z, and it
will now be divided into a part which does not depend on z and equals 71, and a
z-dependent part.rmi(z): -

m = gy + r(z) 4

Here m(z) is the mass flow that is necessary to increase the density in the volume V.
between z and the reducing valve RV by dp in the time interval d¢; it is given by

o v
mz) = V.- ar 5)

The volume ¥V can be written as the sum of the volume between z and the column
outlet plus the volume between the column outlet and reducing valve V,:

V.=(L —2)A + V, 6)
Using eqns. 4-6, eqn. 3 becomes

- o + [(L — ;): + Valdp/de )

With eqn. 7 the momentary values of ., during a density programme can be
calculated for any point in the column. Here 4, L and V, are constants; r1, does not
depend on z but may depend on time. For a density programme, of course, p depends
on time, as is the case for dp/dr if the programme is not linear. If there is a significant
density drop along the column, both p and dp/d also depend on z. Several important
features of eluent flow in density-programmed SFC can be deduced from eqn. 7:

(a) umop decreases linearly from the column inlet to the outlet if the density
drop along the column can be neglected. With a finite density drop, however, the
decrease in #y0p becomes less pronounced.

(b) umob is higher for a given system the more rapidly the density is increased.
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(C) tmop is higher for a given density programme the larger is the volume V5.
(d) umep decreases with time for a linear density programme if 11, is held con-
stant.

Linear velocity of the sample
The mean linear velocity of a sample i in the z-direction, denoted by w,. is
related to the linear velocity of the eluent as follows:

1

. 8
1+ &k (8)

u; =

where k; is the capacity ratio of the sample, and the factor 1/(1 + k;) gives the
fraction of the time a sample spends in the mobile phase during its passage through
the column. In SFC the capacity ratio depends strongly on the density of the mobile
phase, and it is the aim of density programming to decrease the capacity ratios of
the sample components one after another, because usually &’ decreases with increas-
ing density. Often a linear relationship between log k&’ and density is assumed!!.12,
For the supercritical region, however, we prefer the two-parameter exponential
form#.1+

ki = a(p/p®)™" ®)

where p is a unit density of 1 g cm ™3, and @ and b are fitting parameters that can
easily be determined from a few measurements at different densities. The parameter
a gives the value of k] at the unit density p°, and the parameter b can be related to
the size ratio of the molecules of the sample and the eluent*.

The combination of eqns. 7 and 9 with eqn. 8 yields the following expression
for the linear velocity of a sample:

B 1 Ve + [(L — )4 + V,]dp/dt
L+ alp/p®) " Ap

(10)

U;

Therefore, in density-programmed SFC w; is a function of time and also of the dis-
tance z the sample has already travelled in the column. For a linear density pro-
gramme and constant #1,, u; will usually increase with time because the effect of the
decrease in the capacity ratio is mostly more pronounced than the effect of decreasing
mobile phase velocity caused by the increased density.

Calculation of retention times

At the retention time g ; a sample travelling through the column with a linear
velocity u; has reached the column outlet. The equation

IR
J wde = L (11
0
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generally holds. If the linear velocity of the sample is constant with respect to time
and position in the column, # ; can easily be calculated from

L
fis = — (12)
U;

This way of determining tg ; is no longer possible when u; changes during the
elution of the sample, as in density-programmed SFC. From eqn. 10 it becomes
obvious that the exact solution of the integral in eqn. 11 for the conditions given by
density programming may often not be feasible. However, a simple and universal
approach for the calculation of retention times is the computer-aided numerical in-
tegration of eqn. 11. In this procedure the time is increased by small intervals 47 and
the linear velocity of the sample for time ¢ and position z is calculated. From the
product of At and w; the distance, 4z, the sample travels during the time interval
At is determined. The increments of time and distance are summed, and when the
sum of all increments A4z equals the column length L the retention time fg ; is given
by the sum of all time intervals A¢. A similar calculation method has recently been
proposed for the determination of retention time in gradient HPLC?S.

An important advantage of this numerical integration method is that any time
and z dependence of the variables r1y, p and dp/dt in eqn. 10, which can be expressed
mathematically, can be accounted for by the calculation. So, e.g., a comparison of
the effects of different density programmes on retention times can be made without
additional experiments, once the fitting parameters for the density dependence of k'
and the system parameters A, L and V; are known.

Peak compression and resolution

In a chromatogram that is taken at a constant mobile phase density and ve-
locity the substance peaks mostly become broader the longer the retention time of
a substance. If the density of the mobile phase is increased during an analysis, peaks
eluted later, however, can be of the same width or even be narrower than preceding
peaks.

The width of a peak on the recorder trace is characterized by o,, which is half
the width (in time units) of a Gaussian peak at 67% of the maximum height. In
density-programmed SFC, therefore, a decrease in ¢, can be observed.

It has been stated that a “peak compression effect”” should play an important
role in pressure- and density-programmed SFC813, This effect has been explained as
follows®. During a density programme there is a density drop from the column inlet
to the outlet leading to an increase in the capacity ratio of a sample inside the sample
zone in the column from the column inlet to the outlet. Hence the parts of the sample
zone that are nearest to the column inlet are moving faster in the z-direction than
the parts further down the column, resulting in a compression of the sample zone in
the column. 3

However, if there is no density drop, peak compression should also occur
according to eqn. 10 because of the gradient of the eluent velocity along the column.
This gradient also causes the parts of a sample zone to move faster the nearer they
are to the column inlet. Generally, the peak compression should increase with in-
creasing decrease in the sample velocity along the column.
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The dimension of a sample zone in the column is characterized by o.., the
standard deviation of the peak in length units. At the column outlet, the standard
deviation in length units is o,. The standard deviation o, that can be observed on the
recorder is related to o, by

0 = — (13)
ui(L,1g ;)

where u(L,tg ;) is the linear velocity of the sample as it is eluted from the column at

the retention time fg ;.

As it can be seen from eqn. 13, the narrowing of peaks by density programming
can either be a result of a decrease in o, (which itself could be caused by the peak
compression effect) or could be caused by an increase in u;(L,rx ;) for substances
eluted one after another. This second factor certainly plays a very important role,
and as the application of eqn. 10 allows the calculation of w/{(L,# ;) it is also possible
to determine ¢, from experimental values of o, and to evaluate the extent of the
compression of the sample zones in the column quantitatively. We shall report ex-
perimental work concerned with this aspect elsewheres.

Up to now only the factors that lead to a decrease in ¢, as a consequence of
a density programme have been considered. However, increasing the density also can
result in an increase in o;. The standard deviation in length units is closely related
to the plate height, H, which is a measure of the efficiency of a column, by

. 14
5 (14)
From theory it follows that H increases with increasing viscosity of the mobile
phase!®; in addition, in the region of higher linear velocities of the eluent, H increases
with increasing u,,.,. Because of the favourable transport properties of supercritical
mobile phases, this increase in H is less pronounced in SFC than in HPLC, especially
when columns packed with small particles!” or small-diameter open-tubular capillary
columns!® are used. To compensate for the decrease in efficiency caused by an in-
creased eluent viscosity, it is advisable to decrease the linear velocity of the eluent
during the density programme. This can easily be done be holding constant the mass
flow of eluent that leaves the system!©.
In chromatographic practice, it is not the width of single substance peaks that
is of primary interest, but the resolution of several peaks. For one pair of peaks the
resolution R is given by

_ _Ir2 — kra (15)
1/2(tp.y + 13.2)

where tg  and 1z, are the retention times of the substances 1 and 2, respectively
(with 7g 5 > 1z.1), and 5 1 and tg , are the baseline widths of the peaks. The baseline
width 7y is given by the baseline distance of the tangents at the points of inflection
of the peak; for a Gaussian peak, ty is equal to 4g,.

Here, the influence on the resolution of the factors that lead to peak com-
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pression will be considered qualitatively. As has been stated above, the peak com-
pression effect is more pronounced the higher are the gradients of p and w0, along
the column. However, the same mechanisms that cause a single sample zone to be-
come narrower also result in a greater increase in the velocity of a whole sample zone
that is nearer to the column inlet than a sample zone farther down in the column.
Therefore, the distance between the sample zones and hence the selectivity of the
column are decreased by high density and eluent velocity gradients. Usually, the
distance between two sample zones will be larger than each sample zone width. There-
fore, the effect of the decrease in distance (that is, in selectivity) will be more pro-
nounced than the peak compression effect, which leads to increased efficiency, the
net result being a decrease in resolution.

To achieve optimal resolution in density-programmed S¥C, both the relative
density drop along the column and the relative decrease in o Should be kept small.
A small density drop is favoured by low eluent flow-rates and the use of open-tubular
capillary columns or columns packed with larger particles. Large particles, on the
other hand, yield columns with low efficiencies. Hence an optimal value exists for the
particle size in packed columns, as has been reported for one application?®.

From eqn. 7, it can be deduced that the relative decrease in the eluent velocity
becomes smaller with a decreased density-programming rate at a constant mass flow
out of the system or with an increased mass flow #1g at constant dp/dz. Also for g
there may be an optimal value above which the resolution decreases again because
of the increase in the density drop connected with higher flow-rates. Hence it results
from theoretical considerations that high eluent flow-rates (without a considerable
density drop) and a slow increase in the density should lead to improved resolution.
These relationships have also been found experimentally; Klesper and Hartmann®
reported that the resolution of styrene oligomers in pressure-programmed SFC was
the better the more slowly the pressure (and thereby the density) was increased. They
used relatively high pressure drops along the column and observed an increased
resolution with decrease in the eluent flow-rate.

Graham and Rogers® used columns packed with larger particles, where the
pressure drop along the column was not much affected by the eluent flow-rate. Under
these conditions, the resolution was increased by lowering the ratio of the pressure
programming rate to the eluent flow-rate. They proposed that this increase in reso-
lution might be caused in part by the peak compression effect. From the theoretical
approach given here, it seems more reasonable to assume that the resolution was
increased because of the decrease in the relative drop in w0 along the column, which
is connected with a decrease in dp/d¢ and/or an increase in #,.

EXPERIMENTAL

Substances

In order to determine the accuracy of the retention times calculated with the
numerical integration method, experiments with test mixtures were carried out. The
test substances were dodecyl phenyl ether, tetradecyl phenyl ether, hexadecyl phenyl
ether, octadecyl phenyl ether, phenyl myristate, phenyl palmitate and phenyl stearate,
dissolved in heptane. The volume of solution injected was 1 ul, containing about
3 - 107 mol of each test substance.
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The mobile phase used was supercritical carbon dioxide. The column (12.5 cm
x 5Smm 1.D.) was packed with Spherisorb ODS 2 (Phase Separations) with a particle
diameter of 5 um.

Apparatus

The fluid chromatograph used has been described in detail elsewheres:!9. [t
consists of commercial HPLC equipment and some laboratory-made parts and is
suitable for operation at temperatures up to 100°C and pressures up to 200 bar.

The mobile phase was delivered by a double-plunger pump, the heads of which
were cooled to 0°C. By means of a built-in pressure feedback unit the pump could
be used as a manostat. In order to make density programming possible, it was
coupled with a CBM 8032 SK microcomputer#->. A conditioning system, the injector
and the column were placed in an air thermostat. A high-pressure UV detector with
a thermostated flow cell was used. The mobile phase was expanded by a reducing
valve after the detector, giving an adjustable constant flow-rate (£ 1%) that was
determined with a soap-bubble flow meter.

The mobile phase pressure was measured before and after the column with
two strain gauges. The temperature was determined with a thermocouple mounted
in the eluent stream before the injector.

RESULTS AND DISCUSSION

Retention data were first measured at different constant pressures and tem-
peratures in order to determine the density dependence of the capacity ratios of the
test substances. Some selected data are presented below.

Fig. 2 shows a chromatogram of the test mixture obtained at a relatively high
mobile phase density. Here some of the seven ethers and esters under test exhibit the
same retention times and thus only four peaks can be discriminated.

From the chromatogram shown in Fig. 3 the effect of a decrease in pressure
at constant temperature becomes obvious, With the same mobile phase flow-rate the
retention times of all substances are much higher than in Fig. 2, showing the incrcase
in the capacity ratios with decreasing eluent density. By means of the decrease in
pressure, the retention times of the esters are increased more than those of the ethers,
being co-eluted at higher pressures; as a result, all components of the test mixture
are well separated at the lower density. We shall report our systematic measurements
on the density dependence of the capacity ratios in detail elsewhere!4. The results of
the experiments are given in Table I, where the fitting parameters according to eqn.
9 are listed for all test substances at two different temperatures.

It can also be deduced from Fig. 3 that for each homologous series the dis-
tances between the peaks and the peak widths increase the longer the retention times
become. Hence the analysis takes relatively longer. The analysis time can be de-
creased, however, by density programming. Fig. 4 shows the effect of a linear density
programme on the separation of the test substances. After the injection of the sample
the eluent density was first held constant for a delay time 1, of 3.6 min; during 7, the
density was low enough to allow the separation of dodecyl phenyl ether and phenyl
myristate. The density was then increased linearly at 0.043 g ecm ™2 min™}. All test
substances were eluted during the density programme, the peaks being well separated
and having almost constant widths.
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Fig. 2. SFC trace of the test mixture at high constant density of the eluent. Mobile phase, CO,; p = 181
bar; T = 39.5°C; p = 0.82 gcm ™ 3; riig = 1.25 g min~'. Stationary phase, Spherisorb ODS 2. Substances:
I = dodecyl phenyl ether; 2 = phenyl myristate; 3 = tetradecyl phenyl ether; 4 = phenyl palmitate;
S = hexadecyl phenyl ether; 6 = phenyl stearate; 7 = octadecyl phenyl ether.

Fig. 3. SFC trace of the test mixture at low constant density of the eluent. Mobile phase, CO;; p = 108
bar; T = 39.5°C; p = 0.68 g cm™3; rirg = 1.25 g em ™ 3. Stationary phase and substances as in Fig. 2.

The retention times of the test substances under various density programming
conditions were calculated using the numerical integration method. For all density
programmes the increase in mobile phase density at the column inlet and the outlet,
respectively, within the time of the density increase was determined experimentally
from the measured values of pressure and temperature. For the calculation of the
densities, pV'T data for carbon dioxide taken from the literature?® were used.

For these calculations it was assumed that during the time before the density
programme the eluent density decreased linearly from the value at the column inlet,

TABLE I

FITTING PARAMETERS FOR THE DENSITY DEPENDENCE OF THE CAPACITY RATIOS &’
ACCORDING TO EQN. 9

Substance T = 39.5°C T = 54.9°C

a b a b
Dodecyl phenyl ether 0.60 5.36 0.38 5.57
Tetradecyl phenyl ether 0.72 5.74 0.44 5.97
Hexadecyl phenyl ether 0.87 6.13 0.49 6.40
Octadecyl phenyl ether 1.02 6.59 0.55 6.84
Phenyl myristate 0.55 6.02 0.32 6.21
Phenyl palmitate 0.66 6.41 0.37 6.64

Phenyl stearate 0.79 6.78 0.42 7.08
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Fig. 4. SFC trace of the test mixture with a linear density programme. Mobile phase, CO,; T = 39.6°C;
iy = 1.29 g cm™3. Gradient conditions: 4, = 3.6 min; p = 104.3 bar; po = 0.63 gem™3; 1, = 3.8 min;
dp/dt = 0.043 g cm ™2 min~!. Stationary phase and substances as in Fig. 2.

pa(0), to the value at the column outlet, pa(L). As only linear density programmes
have been considered, the density programming rate dp/dt was constant; it was cal-
culated according to

dp _ pe(L) — pal2) (16)
dt by

where pe(L) is the eluent density at the column outlet after the programme, pa(z) is
the density at position z in the column where the centre of the sample zone is located
when the density programme begins, and #, denotes the duration of the density pro-
gramme. For the time after the start of the density programme the density drop along
the column was no longer taken into account, and the eluent density at the location
of the sample zone was calculated from

d
p(t,2) = palz) + td—’,’ (17)

where ¢ is the time since the start of the gradient and dp/dt is given by eqn. 16. In
our experimental arrangement, the other parameters needed for the calculation of
retention times were L = 12.5cm, 4 = 0.112 cm? and V, = 4.7 cm3.

In Table II the results of the calculations are compared with the retention times
found experimentally. The mean relative deviation between the calculated and the
measured values of g ; is only 2%. The calculation method is equally well suited to
slow and fast density programmes. We shall report on further experiments with other
packed columns and different mobile phase flow-rates elsewhere?.

Finally, the effects of the density programming rate, the delay time before the
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gradient start and the mobile phase flow-rate on resolution were considered quan-
titatively. For two model substances | and 2 the retention times were calculated using
the numerical integration method described above. The density dependence of the
capacity ratios of these model substances is characterized by the following set of
fitting parameters according to eqn. 9: ¢; = 0.6,a, = 0.7, by = 5and b, = 5.5. For
the parameters L, A and V, the values given above that resulted from our experi-
mental arrangement were used. The eluent density after the density programme was
assumed to be pg(L) = 0.8 g cm 3.

In order to calculate values for the resolution according to eqn. 15, the baseline
widths of the substance peaks also had to be determined. This was done by using the

equation

aHL
B ul(L,tr,;) U

Ip
For the plate height, a constant value of H = 15 um was used. Thus, no effects of
the density programming on ¢, were taken into account, an approximation that is
supported for packed columns by our experiments®. The linear velocities u;(L,tr i)
needed in eqn. 18 were available from the numerical integration procedure.

Table HI gives values of the resolution calculated for different delay times ¢,
and different density programming rates. The resolution is always much higher than
would be necessary in practice, but for the intended comparison of the effect of
different operating parameters this is of little importance. It can be seen from Table
111 that for a constant value of 1, the resolution decreases with decreasing ¢, that is,
with a faster increase in the density. For a constant 7, the resolution increases with
increasing 1, because the sample substances then spend more time in the column
when the eluent density is low and therefore the selectivity for the separation of
homologues is high. The well known feature of increasing selectivity with decreasing

TABLE 11

EFFECT OF DIFFERENT DENSITY PROGRAMMES ON RESOLUTION

My = gmin~ ' pa(0) = 0.4 gem™3; pa(L) = 035gem™ 3 pp = 0.8 gem ™3

1, (min) 1, (min) tr.1 (min) tg. (min) tr.2 (min) tp.2 (min) R
0 10 7.63 0.170 8.97 0.173 7.82
0 5 4.97 0.107 593 0.173 6.86
0 1 2.80 0.144 3.60 0.173 5.05
10 10 16.70 0.203 18.43 0.190 8.80
10 S 14.33 0.126 15.40 0.173 7.16
10 1 11.96 0.144 13.03 0.173 6.75
20 10 25.63 0.259 27.90 0.212 9.64
20 5 23.63 0.158 24.93 0.130 8.72
20 1 21.26 0.144 22.53 0.173 8.01
Conditions as before 44.2 2.33 88.9 4.67 11.34
the density programme
Conditions as after 323 0.144 3.87 0.173 4.04

the density programme
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TABLE IV
EFFECT OF ELUENT FLOW-RATE ON RESOLUTION

= 10 min; t, = 5 min; pe(L) = 0.8 gem™3.

o pa(0) pa(L) r,2 R (Rftr.>)
(g min™!) (g cm™3) (g cm™3) (min) (min™1)
0.2 0.40 0.39 27.13 5.62 0.21
1 0.40 0.35 15.40 7.16 0.46
2 0.40 0.30 14.06 8.70 0.62

eluent density in SFC also can be recognized from the results given at the bottom of
Table III. There the resolutions were calculated for the low density before the pro-
gramme and the high density after the programme, the densities being constant with
respect to time.

Table 1V shows the effect of a change in the eluent flow-rate, 1y, on the reso-
lution calculated according to eqn. 15. Although it was taken into account that the
density drop along the column increases strongly with increasing #19 for columns
packed with small particles, the calculated resolution still increases with increasing
cluent flow-rate. Further, the ratio of the resolution to the analysis time, R/tg 2, also
increases strongly with increasing 1.

CONCLUSIONS

From a simple model, equations for the linear velocities of the eluent and
sample zones during a density programme in SFC have been derived that are well
suited to the determination of retention times by a numerical integration method.
The calculated results also agree well qualitatively with the experimental findings of
other workers. As the parameters that are necessary for the calculations are readily
available from few measurements, it is feasible to apply the calculation method pro-
posed in this paper in mathematical optimization procedures for density-pro-
grammed SFC.
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SUMMARY

The effect on retention of the pattern of chlorination in #n-C;—Cg monochlo-
rinated acetates, chloroacetates, dichloroacetates and trichloroacetates has been stud-
ied at temperatures between 100 and 200°C on a low-polarity (SE-30) and a polar
(OV-351) capillary column. The work extends earlier studies and shows the effect of
the degree and position of chlorination in both the acyl and alkyl chains.

INTRODUCTION

The relative incremental effects of the chain parameters, i.e., length and some
substituents, have been studied with a wide variety of alkanoic esters and it has been
established that a particular effect of a variable on retention is greater in the alkyl
rather than in the acyl chain!-2. The retention behaviour and incremental effect of
the methyl esters of the isomeric monochlorinated Cs—C;s monocarboxylic acids3
has shown the influence on retention of the position of a chlorine substituent in the
acyl chain, and the influence of the same substituent in the alkyl chain was shown
by a study of the isomeric monochlorinated C,—C, g n-alkyl acetates*. The elution of
C,—Cj; n-alkyl acetates with mono-, di- and trichlorination on SE-30 and OV-351
capillary columns has been reported®. The C;—Cs and C¢—C;¢ esters have also been
separated at 80°C and 200°C, respectively, on an OV-101 capillary column®.

In this work we studied the C,—Cg n-alkyl acetates, chloroacetates, dichloro-
acetates and trichloroacetates with monochlorination at each position along the alkyl
chain on SE-30 and OV-351 capillary columns at temperatures between 80 and 200°C,
extending the data obtained previously with temperature programming’. The effect

* For Part XXXII, see ref. 4.

0021-9673/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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TABLE V

INCREMENTAL EFFECT OF MONOCHLORINATION AT EACH POSITION ALONG THE ALKYL CHAIN
OF ACETATES, CHLOROACETATES, DICHLOROACETATES AND TRICHLOROACETATES ON SE-30

Temperature  Substituent Acetates Chloroacetates
°C) -
C G Cy Ci Cs Co C; Cyg C Cp C3 Cyo Cs Co Ci Gy
80 1-Chloro 175 147 136 120 114 209 124 114
2-Chloro 224 163 154 139 214 151
3-Chloro 231 171 166 216
4-Chloro 228 177
5-Chloro 231
100 1-Chloro 169 119 130 120 121 109 116 112 195 120 120 106
2-Chtoro 189 159 158 148 139 140 134 211 159 155
3-Chtoro 226 175 177 158 159 151 231 175
4-Chloro 235 188 178 171 16l 240
5-Chloro 244 186 189 17!
6-Chloro 239 196 188
7-Chloro 247 191
8-Chloro 241
120 1-Chloro 109 121 123 114 12F 122 182 119 123 107 108 105
2-Chloro 135 156 150 (49 147 147 214 166 156 148 143
3-Chloro 199 175 181 171 168 166 240 178 181 165
4-Chloro 234 191 191 181 177 245 196 190
5-Chloro 249 199 199 187 260 203
6-Chloro 255 206 205 260
7-Chloro 259 207
8-Chloro 260
140 1-Chloro 131 132 115 125 124 190 136 139 116 112 109 103 104
2-Chloro 170 162 150 (53 150 233 182 170 155 149 141 141
3-Chloro 191 193 173 174 170 258 192 188 173 163 159
4-Chloro 252 205 194 187 18] 261 203 198 179 175
5-Chloro 263 201 206 191 267 211 203 191
6-Chloro 256 212 208 267 209 208
7-Chloro 264 211 262 211
8-Chloro 263 264
160 [-Chloro 14 125 125 136 120 113 110 106 106
2-Chloro I51 154 154 183 177 157 152 147 146
3-Chloro 173 176 173 258 195 192 177 169 167
4-Chloro 194 188 184 265 206 202 186 181
S-Chloro 202 207 195 269 215 210 197
6-Chloro 257 213 213 272 216 215
7-Chloro 264 214 270 218
8-Chloro 267 272
180 1-Chloro 119 125 107 116 117 108
2-Chloro 149 154 154 160 157 151
3-Chloro 169 174 187 184 182 173
4-Chloro 173 183 201 211 200 189
5-Chloro 202 195 266 222 223 205
6-Chloro 206 215 281 229 224
7-Chloro 261 215 287 225
8-Chloro 268 282
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Dichloroacetates Trichloroacetates
C, C C3 Cy Cs C¢ C; Cg C C; Cy3 Cis Cs Cs¢ C; Cg
155 107 102 147 93 85
207 -148 197 136
218 208
[52 109 107 95 146 92 89 8
212 153 150 204 142 141
226 170 217 164
241 237
135 107 106 98 93 100 145 93 91 84 80 78
211 155 153 139 136 209 146 147 132 127
229 175 171 156 223 172 166 152
247 189 182 248 188 183
256 197 258 203
249 261
177 116 1S 100 96 92 90 84 162 101 97 89 8i 74 75
225 164 157 146 139 133 126 223 153 153 135 130 122 121
240 180 180 163 155 147 231 178 171 146 144
253 200 198 176 165 255 192 169 164
265 212 204 185 261 199 187
265 210 202 206 204
264 206 261
260 263
115 103 99 94 92 98 97 88 8 78 78 75
163 165 149 142 137 135 151 155 137 130 128 124
243 187 183 168 161 156 228 181 174 158 154 148
262 201 198 182 175 257 195 191 177 169
267 213 210 194 267 210 209 191
271 216 212 267 214 209
270 216 271 213
301 269
99 97 95 91 82 8 79 75
152 148 143 138 142 137 133 128
188 175 167 161 181 164 159 152
206 205 189 181 203 197 183 184
274 220 217 201 274 214 214 198
280 223 219 277 220 216
289 223 277 220
278 276

263

(Continued on p. 264)
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TABLE V (continued)
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Temperature  Substituent Acetates Chloroacetates
°C) -
C, C C3 Ci Cs Cg C3 Cy € Cy Cy3 Co Cs Cs C1 Cy

200 1-Chloro 132 120 120 126
2-Chloro 162 166 160 161
3-Chloro 186 192 185 186
4-Chloro 197 220 204 204
5-Chloro 206 233 228 221
6-Chloro 226 292 233 239
7-Chloro 226 289 242
8-Chloro 281 298

on retention of the degree of acyl chlorination and the position of the alkyl chlorine
substituent is discussed.

EXPERIMENTAL

The aliphatic C;—Cs n-alkyl acetates were commercial products (Fluka, Buchs,
Switzerland). The C¢—Cjy n-alkyl acetates were prepared from the corresponding al-
cohols and acetyl chloride®, as were the chloroacetates, dichloroacetates and trichio-
roacetates®. The monochlorinated derivatives were prepared by liquid-phase chlorin-
ation of the parent esters®.

The chromatography was carried out on a Perkin-Elmer Sigma 3 instrument.
The injector and detector temperatures were 275°C, with nitrogen as the carrier gas
at a flow-rate of 1 ml min~?! and a splitting ratio of 1:50. The two columns used were
an SE-30 vitreous silica wall-coated open-tubular (WCOT) column (25 m x 0.33
mm [.D.), supplied by Scientific Glass Engineering (North Melbourne, Australia)
and an OV-351 fused-silica WCOT column (25 m x 0.32 mm I.D.) supplied by Orion
Analytica (Espoo, Finland). The chromatographic data were recorded with a Hew-
lett-Packard Model 3390A reporting integrator. Retention times were measured from
the time of injection and the retention indices were determined off-line using a Vector
MZ microprocessor system. The dead volume was determined by regression analysis
using a series of n-alkanes by the procedure of Grobler and Balizs!®. The crude
chlorination mixtures were used for the determinations.

RESULTS AND DISCUSSION

Retention indices of the isomeric monochlorinated C,-Cg n-alkyl acetates are
shown in Table I and corresponding data for the chloroacetates, dichloroacetates
and trichloroacetates are shown in Tables II-1V, respectively, each determined at
several temperatures.

The incremental effect of a chlorine substituent at each position along the
chain for all of the acetates and chlorinated acetate series is shown in Tables V and
VI. On SE-30, in common with other chlorinated esters studied previous-
ly3.5.11.12 " 3 considerable increase in retention occurs at the 1- or g-position with a
further gradual increase in retention as the substituent moves towards the end of the
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‘floroacetates Trichloroacetates

C, G Co Cs Co C; Cy G C; Cy Cp Cs Cq €7 Cy

99 99 91 80 83 8l

152 149 139 136 137 134
178 176 163 165 165 160
212 197 183 199 189 182
229 227 203 218 218 206
284 232 222 278 225 225
289 224 282 229

279 281

chain. At the terminal or w-position, a considerable increase in retention again oc-
curs. With the chloroacetates the effect of chlorination in the a-position is greater
than with the acetates at 80-120°C, whereas at higher temperatures the position is
reversed. Chlorination at the w-position has little effect with the acetate or chlo-
roacetate esters; the values for the former are higher up to 120, at 140°C the values
are essentially identical and at higher temperatures the values for the chloroacetates
continue to increase such that at 200°C the difference in values is much greater than
at any other temperature. The increment w—a is influenced by the high values for
the a-isomer at low temperatures, which give low w— « values; at higher temperatures
the retention of the a-isomer decreases slightly but that for the w-isomer increases
more significantly, resulting in higher w—a values at higher temperatures.

At all temperatures it is evident that the incremental values for both the - and
w-isomers decrease with substitution in the chloro-, dichloro- and trichloroacetates.
In all instances the absolute values of the increments due to a-substitution decrease
with all the esters as the temperature is increased, while the absolute values of the
w-increments increase and accordingly the w —a values increase with increasing tem-
perature at a greater rate. The values for the w- and o-isomers and the o —« values
are given in Table VIIL.

The corresponding values showing the effect of a chlorine substituent in the
alkyl chain on a polar stationary phase are shown in Table VI. With retention on
the polar column, considerably increased retention is shown by all series with sub-
stitution in the a-position, with a further gradual increased retention until the w-
position, where a further considerable enhancement occurs. With the three chlori-
nated acetate series the greatest increase in retention with substitution in the a-posi-
tion occurs with the chloroacetates, with a smaller increase for the dichloroacetates
and the smallest for the trichloroacetates. The values tend to decrease progressively
with increasing temperature whereas the values for the w-isomers tend to show a
slight increase.

The trend with the w-substituted esters varies with temperature. At the lowest
temperature the highest value is observed with the chloroacetates, with a progressive
decrease to the dichloro- to trichloroacetates. With increasing temperature the di-
chloroacetates show the highest retention, the values for the trichloroacetates gen-
erally being slightly different to those for the dichloroacetates.

With all three series the highest w—a values occur with the trichloroacetates,
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TABLE Vi

INCREMENTAL EFFECT OF MONOCHLORINATION AT EACH POSITION ALONG THE ALKYL CHAIN
OF ACETATES. CHLOROACETATES. DICHLOROACETATES AND TRICHLOROACETATES ON OV-351

Temperature Substituent  Acetaies Chloroacetates
(°C)
Ci. C;, C3 Cy Cs Cs C3 Cg C, C, C3 Cs Cs Co C; (g
100 1-Chloro 320 248 255 225 349 246 225 202
2-Chloro 422 340 317 457 335 321
3-Chloro 471 369 467 368
4-Chloro 480 488
120 1-Chloro 297 222 215 215 350 247 229 203
2-Chloro 391 297 311 463 344 326
3-Chloro 427 363 481 378
4-Chloro 476 502
140 1-Chloro 203 188 207 323 233 224 201 184
2-Chloro 273 271 280 452 339 329 292
3-Chloro 395 324 346 480 384 358
4-Chloro 431 382 510 404
5-Chloro 475 506
160 1-Chloro 176 205 207 218 292 215 211 193 191 194 182 179
2-Chloro 265 279 273 285 432 333 322 305 292 289 284
3-Chloro 330 334 320 333 477 382 372 343 337 326
4-Chloro 362 384 357 364 509 417 401 377 363
5-Chloro 459 408 391 381 522 430 418 387
6-Chloro 501 409 413 521 435 417
7-Chloro 494 426 523 429
8-Chloro 508 513
180 [-Chloro 208 230 226 319 235 211 191 198 201 186 187
2-Chloro 298 290 290 456 335 330 316 301 294 296
3-Chloro 351 340 339 482 388 391 356 346 343
4-Chloro 409 374 371 518 439 416 388 382
5-Chloro 434 412 389 548 446 430 407
6-Chloro 525 433 424 540 449 438
7-Chloro 519 437 537 451
8-Chloro 521 537
200 1-Chloro 296 220 226 175 173 199 179 193
2-Chloro 423 336 310 299 295 289 292
3-Chloro 486 373 366 355 343 344
4-Chloro 502 413 419 384 383
5-Chloro 521 447 428 410
6-Chloro 545 447 442
7-Chloro 536 454
8-Chloro 543

with progressively lower values for the dichloro- and monochloroacetates owing, as
indicated previously, to the pattern of variation of the retention increments of the
o~ and w-isomers.

The methylene increments on the polar column have little significance owing,
as shown previously, to the lack of linearity of some comparable series of acyl chain
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Dichloroacetates

Trichloroaceiates
C, G C C C Co C; Cg C G € Co G Co C; G
326 210 193 167 267 147 124 105
462 332 316 436 299 286
469 364 429 333
502 481
318 210 189 167 157 275 155 132 107 99
466 334 323 294 459 319 303 271
476 377 356 462 357 335
514 412 507 400
524 521
330 206 189 169 159 151 151 151 270 154 127 107 99 95 &9 101
470 339 331 299 288 282 274 456 313 301 278 266 259 254
488 388 366 336 327 316 460 361 348 316 306 297
529 423 404 376 361 511 416 393 365 353
538 440 425 393 540 438 423 393
532 411 422 532 440 423
529 434 528 436
520 524
344 201 192 175 155 150 148 159 269 162 148 107 105 95 92 108
473 350 337 300 293 283 279 467 331 305 289 272 264 259
502 396 373 347 332 325 481 369 362 327 317 307
538 430 418 383 372 525 430 407 378 362
547 454 434 405 557 452 436 404
549 450 435 547 454 435
539 448 544 448
535 538
309 188 185 158 151 141 161 163 235 144 116 91 88 78 85 108
453 333 323 297 288 284 278 430 297 286 267 260 258 269
490 386 372 346 336 330 449 354 345 317 312 307
531 433 416 389 377 506 410 393 373 364
551 455 440 410 537 439 434 406
553 457 442 534 451 438
549 455 543 452
545 542

267

esters?, where markedly curved plots resulted. The most that can be indicated for the
various chloroacetates is that the ACH, values at a particular temperature are gen-
erally very similar for the mono-, di- and trichloroacetates.
The effect of chlorine substitution in the acetate group on retention is shown
in Figs. 1 and 2. Fig. 1 shows plots for the w-substituted esters of n-alkyl acetates
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Fig. 1. Retention plots for w-substituted esters of n-alkyl (1) acetates, (2) chloroacetates, (3) dichloroac-
etates and (4) trichloroacetates on SE-30 at 140°C.

Fig. 2. Retention plots for w-substituted esters of n-alkyl (1) acetates, (2) chloroacetates, (3) dichloroac-
etates and (4) trichloroacetates on OV-351 at 140°C.

and chloro-, dichloro- and trichloroacetates on SE-30 at 140°C, where an increased
retention occurs with increasing chlorination of the acetate group.

Fig. 2 shows a comparable plot for the same esters on OV-351 at 160°C, where
it is evident that the retention is increased with the mono- and dichloroacetates but
is reduced with the trichloroacetates. It is apparent with both plots that the greatest
increase occurs with the monochloroacetates but that the effect is considerably greater
on the polar stationary phase. The incremental changes that occur are shown in Table
VIII, where it is evident that monochlorination of the acetate group leads to an
enhancement of retention of 206-214 retention index units (i.u.) on the non-polar
stationary phase whereas dichlorination leads to a further increase of 77-93 i.u. and
trichlorination to a further increase of 76-81 i.u. With the polar stationary phase
monochlorination results in an incremental increase of 414429 1.u. with dichlori-
nation showing a further increase of 58-79 i.u. and trichlorination a decrease of
19-38 i.u. compared with the dichloroacetates.

Table VIII also shows corresponding values for a-substitution of the same ester
series and the same effects are evident, although the values are more variable. On
SE-30 monochlorination results in a retention increase of 187-190 i.u., increasing by
61-93 and 64-76 i.u. with di- and trichloroacetates. On the polar stationary phase
the variations are 360-384 i.u. for monochlorination, with an increase of 16-58 i.u.
on dichlorination and a reduction of 38-84 i.u. on trichlorination.

Ratios of the retentions on the two stationary phases are shown in Table VIII.
With w-chlorination the values decrease both with increasing chain length and with
increasing degree of chlorination, showing the increasing effect of steric considera-
tions!3-14, With the a-substituted esters the same trend in the results occurs but with
the added consideration that the values are all reduced as compared with the values
for the w-substituted esters. This result is to be expected, as greater steric effects
would be expected with the series with the alkyl chlorine substituent adjacent to the
chlorinated acetate group.
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TABLE VIII

J. K. HAKEN, 1. 0. 0. KORHONEN

INFLUENCE OF CHLORINATION OF ACETATE GROUP ON SE-30 AND OV-351 WITH z- AND -
CHLORINATION OF THE ALKYL CHAIN

Monochlore 0V-351 (160°C)
n-alkyr*
C, (& Cs Ca Cs Cq Cy Cg

w-Chlorination
Acelate 1691 1796 1894 1994
Chloroacetate 1637 1787 1896 2017 2120 2211 2308 2408
Dichloroacetate 1695 1866 1959 2083 2189 2281 2377 2470
Trichloroacetate 1657 1852 1931 2061 2170 2258 2354 2446
CIA—A 429 415 414 414
2CIA—A 485 483 476
3CIA—A 462 460 452
ACI 429 415 414 414
A2C1—ACI 58 79 63 66 69 70 69 62
A3Cl1—42Cl —38 — 14 —28 —-22 -19 -23 —23 —24

a-Chlorination
Acetate 1408 1500 1607 1704
Chloroacetate 1637 1570 1630 1701 1789 1884 1967 2074
Dichloroacetate 1695 1602 1660 1723 1810 1900 1999 2101
Trichloroacetate 1657 1550 1598 1657 1729 1821 1915 2023
CIA—A 381 384 360 370
2CIA—-A 402 400 392 397
ICIA—-A 321 321 308 319
ACl 381 384 360 370
A2Cl—-ACl1 58 32 30 22 21 16 32 27
A3C1—A42Cl —38 —52 —62 —66 —81 -79 —84 —78

* CIA—A = chloroacetate —acetate; 2CIA—A = dichloroacetate —acetate; 3CIA—A = trichloroace-

tate —acetate; 42Cl—AC] = dichloroacetate —chloroacetate; 43C1—-42Cl = trichloroacetate —dichloroacetate.
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SE-30 (140°C) Ratio OV-351[SE-30

Cy C; Cs Cs Cs Cs C, Cs Cy C, Cs Ca Cs Co C7 GCg

1033 1142 1249 1350 1451 1.48 144 140 1.37
869 1007 1130 1247 1353 1455 1559 1659 188 1.77 168 162 1.57 152 148 145
962 1094 1209 1325 1432 1535 1636 1736 1.76 1.71 1.62 1.57 1.53 149 145 142
1038 1172 1288 1403 1513 1614 17i4 1812 160 1.58 1.50 147 143 140 137 135

214 211l 206 209 208

292 290 286 286 285

370 371 365 364 361

214 21t 206 209 208
93 87 79 78 79 80 77 71
76 78 79 78 81 79 78 76

912 1011 1108 12i1 1312 1.39 135 133 1.30
869 910 1011 1102 1198 1297 1400 1499 1838 1.73 1.6l 1.54 149 145 141 1.38
962 985 1084 1172 1263 1362 1462 1560 1.76 1.63 1.53 147 143 140 1.37 135
1038 1050 1154 1237 1333 1429 1527 1624 160 1.48 1.38 134 130 1.27 125 1.25

190 187 189 189 187

260 252 254 251 248

325 322 321 316 312

190 187 189 189 187
93 75 73 70 65 65 62 61
76 65 70 65 70 67 65 64
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SUMMARY

The possibility of the gas chromatographic separation and identification of
lower and higher halogenated esters of the same molecular weight and empirical
formula but differing in their molecular “mirror image”, i.e., having the same carbon
number and positions of the halogen atoms in the acid chains of halopropionates as
in the alcohol chains of halopropyl esters, was studied.

INTRODUCTION

In our previous paper! we described the gas chromatographic (GC) separation
and identification of halogenated esters and a comparison of the retentions of pairs
of halogenated esters with the same molecular weight but differing in their molecular
“mirror image”, i.e., having the same carbon number and positions of the halogen
atoms in the acid chains of haloacetates as in the alcohol chains of 2-haloethyl esters.
Because of the imperfect separation of some halogenated esters, capillary GC with
temperature programming coupled with mass spectrometry was used?.

Previously we studied the GC separation of homologous series of halopro-
pionates of C,—C,, aliphatic alcohols and halopropyl esters of C,~C, aliphatic acids
on packed columns under isothermal conditions3~5.

The systematic GC separation of various types of non-halogenated homolo-
gous series of lower esters on packed columns was studied in great detail by Haken
and co-workers®. More recently, a systematic GC separation of homologous series
of various alkyl chloropropionates and chloropropyl esters on glass and silica cap-
illary columns either with temperature programming or under isothermal conditions

0021-9673/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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was reported by Korhonen” '® and Haken and co-workers®!!=13 who compared the
retentions of homologous esters with the same carbon number in the alcohol as in
the acid chains.

In this work, model mixtures of homologous series of C,—C;, n-alkyl and
C;—Cs isoalkyl propionates (Pr), 2-chloropropionates (2-CIPr), 2,2-dichloropropio-
nates (2,2-DCIPr), 3-chloropropionates (3-CIPr), n-butyrates (Bu) and n-propyl es-
ters (PrE), 3-chloropropyl esters (3-CIPrE), 2,3-dichloropropyl esters (2,3-DCIPrE),
1,3-dichloroisopropyl esters (1,3-DClisoPrE), isopropyl esters (isoPrE) and n-butyl
esters (ButE) of n-C,—-C,o and iso-C4—Cg aliphatic monocarboxylic acids were
separated. Kovats retention indices were used to interpret the results.

EXPERIMENTAL

GC separations were carried out on a Fractovap Model 2150 gas chromato-
graph (Carlo Erba, Milan, Italy) equipped with a flame ionization detector and an
SP-400 glass capillary column. This column was made in our laboratory from soft
Unigost soda-lime glass etched with methyl 2-chloro-1,1,2-trifluoroethyl ether vapour,
statically silylated with dimethyldichlorosilane vapour and dynamically coated with
SP-400 silicone stationary phase. The column efficiency was found to be as follows:
capacity ratio, k = 2.94; number of theoretical plates per metre, N = 4020 for »-
decane; “Trennzahl”, TZ = 40.5 for n-nonane and n-decane.

First, all of the homologous series of lower halogenated esters were separated
ona37m x 0.16 mm I.D. column, then the column was divided into two lengths
of 16 and 21 m. All of the homologous series of the higher halogenated esters were
separated on the shorter 16-m column. Nitrogen was used as the carrier gas at a
flow-rate of 10-100 cm/s with a splitting ratio of 1:100. The column temperature
was maintained at 80°C for the separation of the lower C;-Cq n-alky! and C;-C;
isoalkyl chloropropionates and chloropropyl esters of n-C,-Cg monocarboxylic
acids, and at 200°C for those of the higher C4—C,q n-alkyl chloropropionates and
chloropropyl esters of n-Cs—C;o monocarboxylic acids. The temperatures of Lhe in-
jector and the detector were 250 and 300°C, respectively, for the separation of the
higher halogenated esters. The dead time was determined by the injection of methane.

Model mixtures of the lower and higher halogenated esters were obtained from
the individual esters. Non-halogenated esters were prepared by the usual sulphuric
acid-catalysed esterification and halogenated esters by azeotropic esterification.

RESULTS AND DISCUSSION

The influence of chlorine atoms situated in the alcohol chain of chloropropyl
esters of n-C,—C;y and iso-C4—Ce carboxylic acids, the increasing length or
branching of the acid carbon chain of esters, the influence of these in the acid chain
of C,—C, n-alkyl and C;~Cs isoalky! chloropropionates and the increasing length
or branching of the alcoho!l carbon chain of esters was studied using retention index
increments (see Tables I-1V).

Retention index increments. Al5g. Al555a. 4li5aa”- for chlorine atoms

* The increments with a bar belong to chlorine atoms and methylene groups of the alcohol chain
of the esters.



CAPILLARY GC OF HOMOLOGOUS SERIES OF ESTERS. VI. 275

TABLE 1

RETENTION INDICES, I, OF C,-C¢ ALKYL ESTERS AND INCREMENTS OF RETENTION
INDICES FOR METHYLENE AND HALOGEN GROUPS AT 80°C

Ester 1 Alcy, Al q Al > cict Al Al ¢y
PrC, 626.78 -

PrC, 704.69 77.91

PrC,; 803.78 99.09

PrC, 903.37 99.59

PrCs 1003.05 99.68

PrisoC, 748.11 —

PrisoC, 863.89 115.78

PrisoCs 966.13 102.24

2-CIPrC, 78291 — 156.13

2-CIPrC, 858.84 75.93 154.15

2-CIPrC; 952.56 93.72 148.78

2-CIPrC, 1046.11 93.55 142.74

2-CIPrCs 1143.56 97.45 140.51

2-ClPrisoC; 896.75 — 148.64

2-ClPrisoC4 1009.68 112.93 145.79

2-CiPrisoCs 1110.34 100.66 144.21

3-CIPrC, 842.95 - — - - 216.17
3-CIPtC, 920.04 77.09 215.35
3-CIPrC,4 1018.24 98.20 215.46
3-CIPrC,y 1117.08 98.84 213.71
3-CIPrCs 1215.75 98.67 212.70
3-ClIPrisoC; 961.77 213.66
3-ClIPrisoC, 1077.45 115.68 213.56
3-CiPrisoCs 1178.40 100.95 212.27
2,2-DCIPrC, 864.13 - 237.35 81.22

2,2-DCIPtC, 929.53 65.40 224.84 70.69

2,2-DCIPrC, 1014.63 85.10 210.85 62.07

2,2-DCIPtC, 1109.45 92.82 206.08 63.34

2,2-DCIPrCs 1204.33 94.88 201.28 60.77

ButC,; 717.84 —

ButC, 795.17 77.33

ButC; 893.23 98.06

ButC, 992.26 99.03

ButCs 1090.42 98.16

ButisoCs; 838.43 -

ButisoC, 953.82 115.39

ButisoCs 1055.27 101.45

were calculated as the differences between the retention indices for 3-chloro- or
2,3-dichloropropyt esters or 1,3-dichloroisopropyl esters and those for corresponding
non-halogenated n-propyl esters or isopropyl esters, e.g., for the 3-chloropropyl ester
of propionic acid, Al = Is.cipeec, — Iprec, - The retention index increments for
chlorine atoms, 41,.¢; and 41, ;.c1.c1, were calculated as the differences between the
retention indices for the chloropropionates studied and those for the corresponding
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TABLE 11

RETENTION INDICES, /, OF HALOPROPYL ESTERS OF LOWER CARBOXYLIC ACIDS AND
INCREMENTS OF RETENTION INDICES FOR METHYLENE AND HALOGEN GROUPS AT
§0°C

Ester 1 Bl Al Alsea AhisEa
PrEC, 708.12 —

PrEC, 803.78 95.66

PrEC, 893.21 89.43

PrECs 992.95 99.74

PrECq 1092.13 99.18

PrEisoC, 8352.09 —

PrEisoCs 946.59 94.50

PrEisoCsg 1058.13 111.54

3-CIPrEC, 946.50 — 238.38

3-CIPrEC; 1039.89 93.39 236.11

3-CIPrEC, 1127.92 88.03 234.71

3-CIPrEC; 1225.70 97.78 232.75

3-CIPrEisoC,4 1083.62 — 231.53

3-CIPrEisoCs 1178.51 94.89 231.92

3-CIPrEisoCs 1289.78 111.27 231.65

2,3-DCIPrEC, 1068.23 — 360.11

2,3-DCIPrEC; 1159.32 91.09 355.54

2,3-DCIPrEC, 1245.84 96.52 352.63

2,3-DCIPrEC; 1342.85 97.01 349.90

2,3-DCIPrECq 1439.03 96.18 346.90

2,3-DCIPrEisoC, 1200.98 — 348.84

2,3-DCIPrEisoC; 1296.27 95.29 349.68

2,3-DCIPrEisoCe 1403.94 107.67 345.81

isoPrEC; 747.78 -

isoPrEC, 837.19 89.41

isoPrECs5 935.82 98.63

isoPrECq 1034.05 98.23

isoPrEisoC, 792.52 —

isoPrEisoCs 851.09 98.57

isoPrEisoCg 1000.44 109.55

1,3-DClisoPrEC; 1138.77 - 390.93
1,3-DChisoPrEC, 1225.19 86.42 388.00
1,3-DClisoPrECs 1321.34 96.15 385.52
1,3-DClisoPrEC, 1417.52 96.18 383.47
1,3-DClisoPrEisoC, 1178.06 - 385.54
1,3-DClisoPrEisoCs 1276.68 98.62 385.59
1,3-DClisoPrEisoC, 1383.13 106.45 382.69
ButEC, 809.04 —

ButEC; 903.41 94.37

ButEC, 992.26 88.85

ButECs 1088.90 96.64

ButEC,¢ 1189.00 100.10
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TABLE IH

RETENTION INDICES, 7, OF Cs—C10 ALKYL ESTERS AND INCREMENTS OF RETENTION
INDICES FOR METHYLENE AND HALOGEN GROUPS AT 200°C

Ester 1 Alcy, 4l AL cia Al Al ¢
PrCs¢ 1103.35 —

PrC, 1201.56 98.21

PrCs 1298.14 96.58

PrC, 1399.44  101.30

PrC;o 1497.70 98.26

PrC,, 1699.60  202.00

PrC,4 1898.60  199.00

PrCs 2098.09  199.49

2-CIPrCe¢ 1253.04 -— 149.69

2-CIPrC,4 1353.22  100.18 151.66

2-ClPrCgq 1452.09 98.87 153.95

2-CIPrCs 1559.88 98.79 152.44

2-CiPrCyq 1649.76 98.88 152.06

2,2-DCIPrCgq 1329.03 - — 225.68 75.99

2,2-DCIPrC, 1426.56 97.53 225.00 73.33

2,2-DCIPrCyq 1524.86 98.30 226.72 72.77

2,2-DCIPrCq 1622.99 98.13 223.55 63.11

2,2-DCIPrCyo 1722.45 99.46 224.75 72.69

3-CIPrCq¢ 1324.72 221.47
3-CIPrC, 1424.24 99.52 222.68
3-CIPrCq 1523.35 99.11 225.21
3-CIPrC,o 1623.60  100.25 224.16
3-CiPrCyo 1722.99 99.39 225.29
non-halogenated  propionates, e.g., for n-propyl 3-chloropropionate,
Al3.c1 = I3-CIPrC3 _IPrC3 .

Retention index increments, 4/, ».cici, for the second chlorine atoms intro-
duced into the 2-chloropropionate molecules were calculated as the differences be-
tween retention indices for the 2,2-dichloropropionates studied and those for corre-
sponding  2-chloropropionates, e.g., for ethyl 2,2-dichloropropionate,
Alyz 5.c00 = Iz,z-ocnprc2 ——Iz-cmrc2 .

The retention index increments A5, 455756, A5 412-c, 413 and
Al ».cicr decrease with increasing length of the alcohol or acid chains for all the
homologous series of the lower halogenated esters. The decreases in these increments
are greater and sharper for C;-Cg n-alkylchloropropionates, whereas those for chlo-
ropropyl esters of n-C,—Cs carboxylic acids are smaller and more gradual. A small
and gradual decrease in retention index increments for chlorine atoms is observed
for both types of homologous series of lower halogenated esters with branched car-
bon chains.

The retention increments 4/5-q, 45560, 4hi3<ier 412-a, al2,2-cia and A415.¢
for both types of homologous series of higher halogenated esters do not change very
much with increasing length of the alcohol or acid chains.

Special attention was paid to halogenated esters with the same molecular
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TABLE IV

RETENTION INDICES, /, OF HALOPROPYL ESTERS OF HIGHER CARBOXYLIC ACIDS AND
INCREMENTS OF RETENTION INDICES FOR METHYLENE AND HALOGEN GROUPS AT
200°C

Ester I Al Al A5 ¢y A5z
PrEC, 1092.98 —

PrEC, 1191.40 98.52

PrECg 1287.80 98.40

PrECs 1387.36 99.56

PrEC;o 1487.46 100.10

PrEC,. 1687.03 199.57

PrEC,4 1888.09 201.06

PrEC,¢ 2088.18 200.09

3-CIPrECq 1337.77 — 244.79

3-CIPrEC, 1436.66 98.84 245.26

3-CIPrECg 1536.39 99.73 248.52

3-CIPrEC, 1635.29 98.90 247.93

3-CIPrEC, 1737.21 101.92 249.75

2,3-DCIPrECq 1464.68 — — 371.70

2.3-DCIPrEC, [563.46 98.78 - 372.06

2,3-DCIPrECq 1662.40 98.94 - 374.60

2,3-DCIPrEC, 1762.16 9,76 — 374.80

2,3-DCIPrEC,, 1861.09 98.93 - 373.63

isoPrECg 1037.56 -

isoPrEC, 1133.33 95.77

isoPrECg 1225.62 92.29

isoPrEC, 1324.16 98.44

isoPrEC,o 1424.13 99.97

isSoPrEC, , 1622.57 198.44

isoPrEC; 4 1822.74 200.17

isoPrEC,¢ 2023.31 200.57

1,3-DClisoPrECg 1437.17 — 399.61
1,3-DClisoPrEC, 1535.82 98.65 402.49
1,3-DClisoPrECg 1634.45 99.63 408.73
1,3-DClisoPrEC, 1733.94 99.49 409.78
1,3-DClisoPrEC, o 1833.40 99.46 409.26
ButECs 1187.24 —

ButEC, 1286.02 98.78

ButECg 1385.74 99.72

ButEC, 1484.62 98.88

ButEC,q 1584.27 99.65

BWEC,, 1783.57 199.30

BWEC, 4 1984.94 201.37

ButEC,¢ 2185.96 201.02

weight and empirical formula but differing in their molecular “‘mirror image” in the
carbon number and the positions of chlorine atoms in the alcohol and acid chains.
To determine the influence of the number and position of individual chlorine atoms
in these types of halogenated esters, we calculated the differences, D, between reten-
tion indices for pairs of corresponding alkyl chloropropionates and chloropropyl
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TABLE VI

CALCULATED DIFFERENCES, D, IN RETENTION INDICES OF *“MIRROR ™ PAIRS OF HIGH-
ER HALOGENATED ESTERS

“Mirror" pair Capillary columns Packed columns
oV-1011+-1's  SP-400 Silicone QF-]3-3
grease® 3

PrCq—PrECe¢ 11.2 10.37 4 13
PrC,—PrEC, 10.2 10.16 9 14
PrCs-PrECy 10.1 10.34 8 14
PrCo—PrEC, 10.0 12.08 il 16
PrC,o-PrEC;q 10.0 10.24 11 11
PrC,,-PrEC,, - 12.57 10 12
PrC,,—PrEC,, - 10.51 9 15
PrC,¢-PrEC,¢ -~ 9.91 7 10
3-CIPrCe—3-CIPrECsg - 9.0 —13.05 —16 —38
3-CIPrC;-3-CIPrEC, — 8.0 —12.42 -13 —42
3-CIPrCg-3-CIPrECg — 84 —13.04 —12 —44
3-ClIPrCy-3-CIPrEC, — 89 —11.63 —12 —42
3-CIPrC,¢-3-CIPrEC,, — 8.8 —14.22 —12 —41
ButCge—~ButEC, 1.7 0.66 -5 8
ButC,~ButEC, 0.8 — 0.25 — 4 8
ButCg—ButECyg 1.3 — 049 -4 7
ButCy—ButEC, 1.9 0.53 0 7
ButC, —-ButEC,, 2.0 0.90 0 6
ButC,,-ButEC,, - 1.37 -1 4
ButC,,—ButEC,, - 0.20 - 4 10
ButC,¢-ButEC,¢ — — 030 I 6

esters of carboxylic acids (see Tables V and VI). In these tables, we compare calcu-
lated values of D with those calculated from our carlier work on packed columns3~3,
on glass capillary columns with OV-101!#15 and with those calculated from Haken
and Srisukh’s paper®, where the lower esters were separated on packed columns.

Comparisons of the D values showed that those for non-halogenated “mirror”
pairs AcC,~EtEC, were 11-16 units!, whereas those for non-halogenated “mirror”
pairs of esters ButC,—ButEC, were only about 0.2-1.4 units. The differences in D for
“mirror”’ pairs of halogenated esters 3-CIPrC,-3-CIPrEC, are greater then those for
“mirror” pairs of non-halogenated esters PrC,—PrEC,.

These results are in agreement with those of Haken and co-workers®:12:13 and
Korhonen7:8.19,
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SUMMARY

Different affinity chromatography ligands have been compared for the purifi-
cation of guanosine triphosphate (GTP) cyclohydrolase I, an enzyme that catalyses
the transformation of GTP into formate and dihydroneopterin triphosphate, the first
metabolite in the biosynthetic pathway of the pterins. When this enzyme is purified
by affinity chromatography on GTP-Sepharose a major fraction of the activity is lost
and the yield of enzyme decreases as the amount of enzyme applied to the column
decreases. The use of nucleotide competitive inhibitors (UTP and ATP) as ligands
in the affiity column has shown that the extent of inactivation of the enzyme is related
to the affinity of the enzyme for the ligand. Further, the extent of inactivation was
reduced by reducing the length of the columns when using the same volume of
GTP-Sepharose. Dihydrofolate-Sepharose gave consistently higher yields of GTP
cyclohydrolase [ regardless of the amount of enzyme applied, but several other pro-
teins were also obtained. For a high purification of GTP cyclohydrolase I the best
yield may be obtained with UTP as the affinity ligand and with the shortest length
possible of the affinity column, and the purity of enzyme is comparable with that
obtained with GTP-Sepharose.

INTRODUCTION

Guanosine triphosphate (GTP) cyclohydrolase I (E.C. 3.5.4.16) catalyses the
transformation of GTP into two products, formate and D-erythro-7,8-dihydroneo-

* Present address: Department of Genetics, University of Valencia, Burjasot (Valencia), Spain.

0021-9673/86/503.50 © 1986 Elsevier Science Publishers B.V.
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pterin 3'-triphosphate!. This is the first enzyme in the biosynthesis of riboflavin. tetra-
hydrofolate and tetrahydrobiopterin, the natural cofactor for aromatic amino acid
hydroxylases?. The lack of the latter pterin leads to a type of phenylketonuria in
humans with decreased levels in the neurotransmitters norepinephrine, serotonin and
dopamine. At least two cases of GTP cyclohydrolases I deficiency have been reported
in humans3-4. Because this enzyme catalyses the first step in the biosynthetic pathway
of pteridines it may play a key role in the regulation of the biosynthesis of pteridines
in most organisms.

GTP cyclohydrolase 1 has been purified from many sources, including bac-
terias, Drosophila melanogaster®, chicken’, rat® and man®. However, the use of af-
finity chromatography to purify this enzyme has been restricted to GTP cyclohydro-
lases from Escherichia coli®, Lactobacillus plantarum'® and Serratia indica'' as the
enzyme from other sources was either destroyed or not bound by conventional af-
finity chromatography columns®7-°. Only recently has GTP cyclohydrolase from
human liver been purified by affinity chromatography using a GTP analogue as li-
gand?®.

For several years we have purified GTP cyclohydrolase I of E. coli by affinity
chromatography!2~'# and regularly found this system to behave in a non-ideal manner
but not always for the same reason. At times the enzyme was not retained and at
times it was retained but not released, much like the enzyme from other sources®”.
This paper evaluates different ligands for the purification of GTP cyclohydrolase 1
of E. coli and offers suggestions for obtaining improved yields.

EXPERIMENTAL

Sephadex G-25 (fine) and Sepharose 4B were obtained from Pharmacia.
Agarose-hexane-guanosine 5'-triphosphate (GTP-agarose), agarose-hexane—-adeno-
sine 5'-triphosphate (ATP-agarose) and agarose-hexane—uridine 5'-triphosphate
(UTP-agarose) (each nucleotide was periodate oxidized) were purchased as Type 4
from P-L Biochemicals, Bio-Gel A-0.5m from Bio-Rad Labs., GTP, ovalbumin,
myoglobin, chymotrypsinogen and ammonium sulfate (grade III) from Sigma, e-
aminocaproic acid methyl ester from Vega Chemical, cyanogen bromide from Ald-
rich, bovine albumin (crystallized twice) from Nutritional Biochemical Corp. and
[8-14C]guanosine 5'-triphosphate (58 Ci/mol) from Amersham. Adipic acid dihydra-
zide was synthesized according to Lamed et al.'. Folic acid (crystalline) was obtained
from Sigma and 1,6-diaminohexane from Aldrich.

Growth of bacteria
E. coli B cells were grown in 200-1 batches on a glucose carbon source in a

mineral salts media, harvested at late log, and stored at —80°C.

Composition of buffers

Buffer A is composed of 50 mM potassium phosphate-5 mM EDTA (pH 7.0),
buffer B of 10 mM potassium phosphate-2.5 mM EDTA (pH 7.0), buffer D of 20
mM potassium phosphate-2.5 mM EDTA (pH 7.0), buffer E of 200 mM Tris-HCI
(pH 8.0)-20 mM 2-mercaptoethanol-1 M potassium chloride, and buffer F of 10
mM sodium phosphate-2.5 mM EDTA-20 mM 2-mercaptoethanol (pH 7.0).
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Preparation of enzyme for affinity chromatography

Frozen cells (500 g) were allowed to thaw at 4°C for 16 h and suspended in 1
1 of buffer A. The cells were disrupted at 11 000 psi in a Gaulin press previously
cooled with cold distilled water. The suspension was passed twice through the press
to ensure complete breakage of the cells and the long fibers of DNA. Alternatively,
the enzyme was extracted from the cells by incubating 300 g of E. coli at 30°C with
300 mg of lysozyme dissolved in 600 ml of 0.2 M Tris—HCI (pH 8.0) for 1545 min.
Then 30 mg of DNase I were added and incubation was continued for 15 min. The
reaction was stopped by adding 300 g of ice. In either procedure for lysis, after
chilling the suspension was centrifuged at 6000 g for 90 min at 4°C to remove the
cell debris. Unless indicated otherwise, all further manipulations of the enzyme were
performed at 4°C.

With continuous stirring, the supernatant was adjusted to 35% saturated am-
monium sulfate by dropwise addition of saturated ammonium sulfate solution. The
mixture was stirred for 20 min and then centrifuged at 6000 g for 45 min. The su-
pernatant was treated again to bring it to 50% saturated ammonium sulfate, and
stirred for 20 min. It was centrifuged as before (supernatant volume = 1600 ml). The
pellet was suspended in buffer A and dialysed for 3 h vs. 6 1 of buffer A and then for
12 h after replacing the buffer. After dialysis most of the protein was dissolved and
the volume of the solution inside the bags was 100-200 ml. Any undissolved protein
was removed by centrifugation.

The dialysed fraction was applied to a column (97 x 5 cm I.D.) of Bio-Gel
A-0.5m (100-200 mesh) equilibrated with buffer A. The enzyme was eluted with the
same buffer. The fractions that contained GTP cyclohydrolase I activity were pooled
and either used immediately or stored in 50-ml batches at —20°C or —80°C. This
pool was used for subsequent experiments on affinity columns.

Preparation of nucleotide-Sepharose

AMP-, ATP-, UTP- and GTP-Sepharose were synthesized following the pro-
cedure of Jackson ef al.'? with slight modifications. Sepharose 4B (45 g) was washed
on a sintered-glass funnel with 11 of cold water and suspended in 120 ml of water.
The temperature was maintained at < 5°C in an ice-bath, the pH was adjusted to 11
with 5 M potassium hydroxide solution and 12 g of crushed cyanogen bromide were
added. The pH was maintained at ca. 11 (£ 0.3) with potassium hydroxide solution
until the rate of consumption of the latter had decreased significantly (75 min). The
cyanogen bromide-activated Sepharose was then washed with 1 1 of cold water and
11of cold 0.1 M sodium hydrogen carbonate buffer (pH 9.5) and suspended in 120
ml of the same buffer. Adipic acid dihydrazide (6.7 g) was added to the suspension
and allowed to mix on a rotator for 22 h in the dark at 4°C (unless indicated other-
wise, the columns used for this work were synthesized with adipic acid as spacer).
Alternatively, e-aminocaproic acid methyl ester (4 g) was added in place of the adipic
acid dihydrazide, together with 70 ml of hydrazine hydrate (98-100%); the mixture
was heated at 70°C for 15 min'®. The gel with the extender arm was washed with
500 ml of cold water and 1 1 of 0.1 M sodium acetate solution (pH 6.0) and then
mixed with periodate-oxidized nucleotide and rotated for 2 h in the dark at 4°C. The
oxidized nucleotide-gel was filtered, rinsed with water and stored at —20°C in 50%
aqueous glycerol. The oxidation of the nucleotides was carried out as follows: 45 mg
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of nucleoside triphosphate or 31 mg of AMP were dissolved in 15 ml of 0.1 M acetate
buffer (pH 6.0); 1.5 ml of 0.1 M sodium metaperiodaie solution were added and the
solution was incubated in the dark on ice for 60 min. Ethylene glycol (45 pul) was
added and allowed to react for 30 min to destroy the excess of oxidant. The formalde-
hyde formed was removed by bubbling with an inert gas [nitrogen or helium—bulane
(98.7:1.3)] for 5 min.

Measurement of enzyme activity

The procedure of Burg and Brown! was slightly modified. The reaction mixture
of 200 ul contained 0.1 M Tris—HCI (pH 8.5)-0.1 M sodium chloride-0.01 M EDTA
(pH 7.5), 0.1 mM [8-"*C]JGTP (376 000 cpm/umole) and enzyme and was incubated
at 42°C for 30 min. The reaction was stopped by adding 0.25 ml of 0.5 M formic
acid. Activated charcoal (15 mg) suspended in water (Darco G-60, acid and alkali
washed) was added and the mixture was transferred into a Pasteur pipet with a cotton
plug where the charcoal was retained forming a column about 0.5-1 ¢cm high. The
column was washed twice with water (0.5 ml each). The radioactive GTP was retained
in the charcoal, and the radioactive formate that had been released in the enzymatic
reaction was eluted from the column. The original solution and two washes that
passed through the column were combined and mixed with ten volumes of 0.27%
2,5-bis[2-(5-tert.-butylbenzoxalyl)|thiophene (BBOT) in toluene-Triton X-100 (2:1,
v/v), and analysed for radioactivity in a scintillation counter. The amount of formate
released was linear with the enzyme concentration. One unit of enzyme released 1
nmole of formate per minute®. Specific activity is defined as units per milligram of
protein.

Dihydrofolate-Sepharose affinity chromatography

Folic acid was bound to Sepharose 4B through [,6-diaminohexane and sub-
sequently reduced to the dihydrofolate state as described by Then'®. The adsorption
of GTP cyclohydrolase and subsequent washing of the column followed the published
procedure and the enzyme was eluted with 3.3 mA dihydrofolic acid-1 M potassium
chloride-0.2 M Tris~-HCI-20 mM 2-mercaptoethanol (pH 8.0). A method to reduce
folic acid to the dihydro form was described by Then'®. A 3-ml aliquot of the eluted
enzyme was passed over a Sephadex G-25 column (18 x 2.4 cm 1.D.) equilibrated
with buffer D to remove dihydrofolate, an inhibitor of £. coli GTP cyclohydrolase.

Determination of protein content and purity

Protein was determined by the method of Miller!” with slight modifications.
The samples were dialysed against water to remove EDTA, which interferes in the
reaction. Electrophoresis was performed using 5% polyacrylamide in sodium dode-
cylsulfate-containing buffer as described by Weber and Osborn!®.

RESULTS

Affinity chromatography on GTP-Sepharose and dihydrofolate-Sepharose

When various amounts of enzyme activity were applied to several GTP-Se-
pharose columns, the recovery decreased as the amount of enzyme decreased, as
shown in Table I. The specific activity of each enzyme preparation also showed a
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TABLE 1

RECOVERY OF GTP CYCLOHYDROLASE 1 FROM GTP-SEPHAROSE AND DIHYDROFO-
LATE-SEPHAROSE :

Column Enzyme activity {units) Recovery Specific
(%) activity
Applied Recovered
GTP-Sepharose® 190 35 8 465.0
133 2 11 8.0
56 35 6 3.5
{9 0 0 0
Dihydrofolate-Sepharose** 768 462 60 14.0
563 442 79 24.7
152 117 77 119
75 64 85 17.0

* The enzyme was obtained after gel filtration in buffer A. The GTP-Sepharose column (5 ml in
the barrel of a 10-ml syringe) was washed with 80 column volumes of buffer B. The enzyme pool from gel
filtration passed through the GTP-Sepharose slowly (20 ml/h); then the column was washed with buffer
B + 0.3 M KCl (500 ml) and then with buffer B (15 ml). The enzyme was eluted with buffer B plus GTP
(0.3 mg/ml) and it emerged in a sharp peak (8—10 ml) with the leading edge of the GTP. To determine the
recovery, the GTP was removed by passing 3 ml of the enzyme solution over a Sephadex G-25 column
(24 x 1.8 cm L.D.). The recovery from the Sephadex G-25 column was greater than 90%. When a 300-ml
sample (700 units of enzyme) was applied to GTP-Sepharose, the recovery was 50-60% of the activity
applied.

** Conditions for chromatography followed those of Then!s. The folate column (14 x 0.6 cm 1.D.)
was converted into the dihydrofolate form by passing sodium dithionite (40 mg/ml)-sodium ascorbate
(200 mg/ml) solution through at 25°C. The column was then operated at 4°C. The reducing solution was
removed by washing with buffer F. The enzyme was applied and the column then washed with buffer F
with 0.1, 0.5 and finally 1.0 M NaCl added. The enzyme was eluted with 3 mM dihydrofolate in buffer
E. Recovery was measured after an enzyme sample was passed over Sephadex G-25 to remove the dihy-
drofolate. Flow-rates were maintained at 0.5 ml/min.

marked decrease as a function of the amount of enzyme loaded. However, when
dihydrofolate-Sepharose columns were used, neither the recovery nor the specific
activity of the enzyme decreased with decreasing amounts of enzyme applied to the
column (Table I). The cause of the diminishing recovery as smaller amounts of en-
zyme are used with the GTP-Sepharose columns could be irreversible adsorption or
inactivation of the enzyme by the column.

Affinity chromatography on GTP-, ATP- and UTP-Sepharose

Four Sepharose columns were compared: ATP-, UTP- and GTP-Sepharose
from P-L Biochemicals and GTP-Sepharose synthesized in this laboratory. The col-
umns were equilibrated in buffer B and eluted at the same flow-rate in each instance.
Using a linear GTP gradient with buffer B kept constant, the enzyme eluted from
each of the columns in the first 16 fractions, with the maximum around fraction No.
7 (where the concentration of GTP was 70 mg/1). Table II shows the results obtained
in the elution of the different columns. The percentage recovery of the initial amount
of enzyme was higher in the UTP-Sepharose column than in the ATP-Sepharose or
GTP-Sepharose columns, which were comparable to each other. The specific activity
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TABLE 11

GTP CYCLOHYDROLASE I PURITIED BY DIFFERENI AFFINITY CHROMATOGRAPHY
COLUMNS

The column (3.8 x 1.0 cm 1.D.) contained 3 ml of oxidized nucleotide-Sepharose equilibrated in buffer
B. The enzyme purified from the Bio-Gel A-0.5m column was applied (50 ml) to the affinity column at a
flow-rate of 1 ml/min. The column was washed with [00 ml of 0.3 M KCl in buffer B, and the enzyme
eluted with a linear gradient of GTP using 100 ml of 0.3 M KCl in buffer B and 200 mg of GTP in 100
m! of the same solution at a flow-rate of 1.5 ml/min. Fractions (4 ml each) that contained enzyme activity
were pooled; to remove the GTP and KCI, 5 ml of the pooled fractions were loaded on to a Sephadex
G-25 column (29 x 1.7 cm L.D.) equilibrated with buffer B and eluted with the same buffer. The final
volume of fractions that contained enzyme activity after the Sephadex column was 8.2 ml.

Column™ Volume Protein Enzymatic**  Specific Recovery
after content activity after activity % of initial
elution {ug/ml) Sephadex (unitsfmg) activity)
(ml) column

(unitsiml)

GTP-Sepharose (Lab) 45.0 22.5 5.76 - 1073 256 . 1073 6**

GTP-Sepharose (PL) 54.0 33.0 8.64 . 1073 2621073 10

ATP-Sepharose (PL) 65.0 37.0 10.8.10°3 292.107% 15

UTP-Sepharose (PL) 325 46.4 52.1.1073 1123. 1073 36

* The source of the oxidized nucleotide-Sepharose is as follows: Lab, prepared by us using adipic
acid as the extender arm; PL, purchased from P-L Biochemicals.
** After elution from the affinity column the enzyme was passed through Sephadex G-25 to remove

the GTP.
*** Calculated as percentage of the enzyme applied to the column that was obtained by elution with

GTP. Some of the enzyme was not retained and another portion lost due to inactivation.

of the purified enzyme was also higher in the UTP-Sepharose column than in the
others. The experiment was repeated with each of the columns. No change was found
between the first and second use.

When a large amount of enzyme was applied to a 1-ml nucleotide column
synthesized in our laboratory, the column was overloaded and the excess of enzyme
was measured in a pool of the five fractions of the flow-through. The recoveries in
the flow-through from the Sepharose columns were as follows: from GTP 14%, from
ATP 18% and from UTP 25% of the amount of enzyme applied to the column.
These different recoveries may be due to different inactivation of the unadsorbed
enzyme. An AMP-Sepharose column did not bind any enzyme and the enzyme con-
centration in the flow-through was the same as in the applied sample. When GTP-
Sepharose was prepared using g-aminocaproic acid instead of adipic acid as the ex-
tender arm, this affinity column performed similarly to the ones described.

This study of the loading of the affinity column is illustrated in a different way
in Fig. 1. The column (5.5 ml) was washed in 50 ml of buffer B and the enzyme was
added slowly. The capacity of GTP-Sepharose (prepared in our laboratory) was ex-
ceeded. The enzyme that appeared in the flow-through during sample application
reached a concentration equivalent to 60% of the sample. When the flow-through
fractions were pooled and reapplied to the same column, the same pattern as shown
in Fig. 1 was again obtained; a significant amount of enzyme was not adsorbed and
its concentration in the flow-through was only 50-60% of the concentration added.
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Fig. 1. Behavior of GTP cyclohydrolase I on GTP-Sepharose. The laboratory-prepared GTP-Sepharose
(5.5 ml) column was equilibrated with buffer B. The enzyme was recovered in buffer A after the gel
filtration column, diluted to 1800 ml in buffer B and added to the GTP-Sepharose at a rate of 2 ml/min.
The column was washed with 25 ml of 0.3 M KCl in buffer B before the elution with a linear gradient of
GTP in 0.3 M KCl in buffer B.

This pattern has been found with enzyme prepared from different batches of E. coli
and with different nucleotide-Sepharose columns (either prepared in our laboratory
or commercial). The presence of 20% glycerol in the enzyme solution during the
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Fig. 2. GTP cyclohydrolase in flow-through from three GTP-Sepharose columns with different lengths.
The bed volume was 3.0 ml but the diameter varied (see text). The sample volume was 50 ml and the
fractions were 4 ml. (O) Short, (A) medium and ([J) long columns. The flow-rate was 1 ml/min.

Fig. 3. Electrophoretic analysis of GTP cyclohydrolase I. The enzyme was purified from E. coli B on the
following affinity columns: (a) GTP-Sepharose; (b) UTP-Sepharose; (c¢) dihydrofolate-Sepharose; (d)
GTP-Sepharose. The enzymes in (a) and (d) were purified from separate batches of cells. The molecular
weight markers (not shown) were bovine serum albumin (68 000), ovalbumin (40 000) and chymotrypsi-
nogen (25 000).
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TABLE 1ll

COMPARISON OF THE EFFICIENCIES OF THE DIFFERENT SHAPED GTP-SEPHAROSE COL-
UMNS IN THE RECOVERY OF THE ENZYME

The values are the percentage of the amount of GTP cyclohydrolase applied to the column as measured
by enzyme activity. The values were obtained from chromatography experiments from Fig 2. The flow-
rate was [ mlymin for sample addition, washing and elution.

Shape of Enzyme activity (%)

GTP-Sepharose e s

column Flow-through Eluted with GTP
Short 8 20

Medium 8 10

Long 8 3

loading step completely eliminated activity in the flow-through but produced no in-
crease in the amount recovered by elution with GTP. Presumably this means that
glycerol facilitated the inactivation of the unadsorbed enzyme when passing through
the GTP-Sepharose.

Influence of the shape of the column on the recovery of enzyme activity

The GTP-Sepharose prepared in this laboratory was used to prepare three
columns, each of 3-ml bed volume but with heights and diameters as follows: short
(1.7 x 1.5cm 1.D.), medium (3.8 x 1.0 cm [.D.) and long (7.8 x 0.7 cm 1.D.). The
amount of GTP cyclohydrolase that failed to bind to each of the three columns was
the same for each column (Fig. 2). However, the percentage of enzyme recovered
from the shortest column was 6.7 times that from the longest, as shown in Table 111.

Purity of the GTP cyclohydrolase I from different affinity columns

The purity of the GTP cyclohydrolase 1 obtained from GTP-Sepharose,
UTP-Sepharose and dihydrofolate-Sepharose was assesed by gel electrophoresis (Fig.
3). The positions of the Coomassie Blue-stained bands were compared with those of
bovine serum albumin, ovalbumin, chymotrypsinogen and myoglobin. Over 95% of
the protein obtained from GTP- and UTP-Sepharose migrated at the same position
as chymotrypsinogen (molecular weight, M, = 25 000), in agreement with earlier
results®; the minor bands corresponded to molecular weights of 57 000 and 73 000.
The protein from the dihydrofolate-Sepharose consisted of four strong bands, one
that coincided with chymotrypsinogen, the major band corresponding to a molecular
weight of 70 000 and the other two to 40 000 and 160 000; no band was observed at
M, 18 000, the molecular weight of dihydrofolate reductase. We conclude that the
M, 25 000 band represents the GTP cyclohydrolase and that this enzyme is obtained
in a high state of purity from affinity chromatography on GTP- and UTP-Sepharose.

DISCUSSION

Affinity chromatography provides the major purification step for GTP cyclo-
hydrolase I from E. coli® and from Serratia indica''. In these cases periodate-oxidized
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GTP was linked to Sepharose through a six-carbon chain. From the published ac-
counts it is not clear how reproducibly the GTP cyclohydrolase I is bound and re-
leased. In one of our laboratories (K.B.J.) we often experienced unpredictable per-
formance with GTP-Sepharose; on the other hand, our other laboratory (J.J.Y.)
seldom experienced such problems. Consequently, we examined this step in the puri-
fication and we also examined the behavior of GTP cyclohydrolase I on various
affinity columns using competitive inhibitors as ligands.

The competitive inhibition of GTP cyclohydrolase I by dihydrofolate has been
described by Then, and he subsequently demonstrated the use of this inhibitor in the
purification of this enzyme!®. ATP and UTP have also been reported to be com-
petitive inhibitors for GTP cyclohydrolase I from E. coli with K; values of 0.25 and
2.9 uM, respectively, compared with the K, value of 0.2 uM for GTP as substrate,
and AMP is not an inhibitor®.

All the data related to the nucleotide-Sepharose columns suggest that part of
the enzyme is inactivated while passing through the column. In the experiment shown
in Fig. 1, the capacity of the column to remove enzyme from solution was exceeded
but the enzyme that appeared in the effluent contained only 60% of the initial activity.
As shown in Table I1II and Fig. 2, the amount of enzyme activity in the flow-through
did not vary with the length of the bed but the overall recovery was still low. The
amount of enzyme eluted by GTP varied more than six-fold as the column length
varied from 1.7 to 7.8 cm. We found that a major fraction of the enzyme is unac-
counted for on combining the activities found in the flow-through and the GTP
eluate.

These observations can be explained if one assumes that the inactivation is a
function of the number of times a molecule collides with the Sepharose-ligand com-
plex. In a steady-state situation like the one found when the sample is passing through
a column whose capacity is being exceeded, the extent of the inactivation would
depend on the volume of the column (total number of sites where the-enzyme can be
bound) (Figs. 1 and 2 and Table III). Once the column has been loaded and the
enzyme is being eluted, the extent of the inactivation depends on the length of the
column, i.e., the number of sites the enzyme is going to bind before it elutes from the
column (Table IIT). This hypothesis was tested in another way with the use of the
ATP-Sepharose and UTP-Sepharose columns. As the enzyme has less affinity for
ATP and UTP than for GTP, it would be expected that affinity columns made with
ATP and UTP as ligands should produce less inactivation because the enzyme would
bind fewer times to the matrix while passing through the column. This is what indeed
was found (Table II); the UTP-Sepharose gave the greatest recovery and highest
specific activity (UTP is the inhibitor with the lowest affinity for the enzyme). A
controt with AMP-Sepharose gave no inactivation. This seems to exclude the pos-
sibility that either the cyanogen bromide-activated sites on Sepharose or the extender
molecules, that were unoccupied with the affinity ligand, could be responsible for the
inactivation.

Different mechanisms for inactivation could be proposed but only those which
imply that the nucleotide ligand behaves in a catalytic way should be considered, as
we found that a GTP-Sepharose column never ceased to inactivate the enzyme no
matter how much sample was loaded. We suggest that the nucleotide affinity ligand
induces a conformational change in the enzyme that results in irreversible inactivation
as observed for other proteins!®-2°,
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Almost no inactivation was found when dihydrofolate-Sepharose was used,
although a more poorly purified enzyme was obtained. It should be noted that the
dihydrofolate-Sepharose chromatograms were obtained with different salt and buffer
conditions than those for the nucleotide-Sepharose. The yield from this affinity col-
umn remained high with all amounts of enzyme tested and the specific activities
varied no more than two-fold. When a highly pure enzyme preparation is required,
the UTP-Sepharose, arranged in as short a column configuration as possible, would
give better results. Both GTP-Sepharose and UTP-Sepharose can produce a homo-
geneous enzyme provided that the column is washed thoroughly with 0.3 A potas-
sium chloride in buffer B after the enzyme is bound. It is also advisable to wash the
column with buffer thoroughly before use (80 bed volumes at least), as the glycerol
that is used to stabilize the nucleotide-Sepharose during storage or shipping enhances
the inactivation of GTP cyclohydrolase I.
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SUMMARY

The high-performance liquid chromatographic determination of gardenoside
(GAR), geniposide (GEN), deacetylasperulosidic acid methyl ester (DAM), scan-
doside methyl ester (SSM) and monotropein methyl ester (MTM) is described. GAR,
DAM, SSM and MTM were separated on a ODS-Develosil reversed-phase column
using acetonitrile-tetrahydrofuran—water (4:1:95, v/v) as the eluent. In the same way,
GEN was separated on a ODS-Hypersil reversed-phase column with acetonitrile—
tetrahydrofuran—water (8:2:90, v/v) as the eluent. The application of this method to
the evaluation of Inchinkoto (traditional Chinese medicine), which contains these
compounds, is reported.

INTRODUCTION

Gardenoside (GAR) and geniposide (GEN) are iridoid glycosides found abun-
dantly in Gardeniae Fructus that have choleretic and laxative pharmacological ac-
tivity! 5. Treatment of GAR with hydrochloric acid gives deacetylasperulosidic acid
methyl ester (DAM), scandoside methyl ester (SSM) and trace monotropein methyl
ester (MTM)S. Several high-performance liquid chromatographic (HPLC) methods
for iridoid analysis have been described”'°, but the separation of GAR, DAM, SSM
and MTM by HPLC has not so far been reported.

In this paper, the HPLC separation of these compounds and the effects of
temperature and pH on their structural transformation are described. In addition,
we examined the determination of these compounds in Inchinkoto (traditional
Chinese medicine), which includes Gardeniae Fructus as a component.

EXPERIMENTAL

Standards and reagents
GAR and GEN were supplied by Takeda Chemical (Osaka, Japan). DAM,
SSM and MTM were obtained by treatment of GAR with hydrochloric acid accord-

0021-9673/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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ing to the method reported by Ishiguro er al.°. Gardeniae Fructus, Artemisiae Cap-
illaris Herba and Rhei Rhizoma were obtained from Daiko Shoyaku (Nagoya, Ja-
pan). Specially prepared solvents for HPLC (Kishida Chemical, Osaka, Japan, and
Nakarai Chemical, Kyoto, Japan) were used. All other reagents were of special grade.

Apparatus

A Model LC-4A high-performance liquid chromatograph (Shimadzu, Kyoto,
Japan) equipped with a Shimadzu SPD-2AS variable-wavelength detector was used.
Peak heights were measured with a Shimadzu C-R3A computing integrator. A stain-
less-steel column (250 x 4.6 mm 1.D.) packed with ODS-Develosil (5 um, Nomura
Chemical, Aichi, Japan) or ODS-Hypersil (5 um, Erma Optical Works, Tokyo, Ja-
pan) was used. The number of theoretical plates for both columns based on pyrene
was 16 000 (flow-rate, 1.0 ml/min; solvent, 60% aqucous acetonitrile).

For the separation of GAR, DAM, SSM and MTM, a column packed with
ODS-Develosil and acetonitrile-tetrahydrofuran—water (4:1:95, v/v) as the eluent
were used with a flow-rate of 0.6 ml/min and an oven temperature of 40°C. The
effluent was monitored at 242 nm and the detector sensitivity was 0.16 a.u.f.s. The
chart speed was 2.0 mm/min.

For the separation of GEN, a column packed with ODS-Hypersil was used
with acetonitrile tetrahydrofuran—water (8:2:90, v/v) as the eluent at a flow-rate of
0.6 ml/min and an oven temperature of 40°C. These compounds were detected at 237
nm and the detector attenuation was 0.64 a.u.f.s. The chart speed was 2.0 min/min.

Preparation of samples for HPLC

A mixture of Gardeniae Fructus (3 g), Artemisiae Capillaris Herba (4 g) and
Rhei Rhizoma (1 g) was added to 480 ml of distilled water and the volume was
reduced to 120 ml. After cooling to room temperature, the pH of a decoction of
Inchinkoto was measured with a pH meter (Horiba, Kyoto, Japan). The decoction
was filtered through a 0.45-um membrane filter (Toyokagaku Sangyo, Tokyo, Japan)
and subjected to HPLC. Gardeniae Fructus (3 g) was also treated according to the
procedure mentioned above and the sample obtained was subjected to HPLC. Fur-
ther, a mixture of Gardenia Fructus (4 g), Artemisiae Capillaris Herba (4 g) and Rhei
Rhizoma (1 g) in 120 ml of water was stood at 25°C or 60°C for 2 h. In the same
manner, Gardeniae Fructus (3 g) in 120 ml of water was also stood at 25°C or 60°C.
These extracts were subjected to HPLC analysis following filtration through a mem-
brane filter. The volumes injected into the HPLC columns were 5 ul for GEN analysis
and 20 pl for GAR, DAM, SSM and MTM analysis.

Calibration graph
Standard samples supplemented with various concentrations of GAR (0.05~

0.2 mg/ml), DAM (0.05-0.2 mg/ml), SSM (0.05-0.2 mg/ml) or GEN (0.3-1.2 mg/ml)
were prepared for HPLC analysis. The peak heights were calculated in order to
construct a calibration graph. Every sample was analysed in triplicate and the results
were averaged.
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HPLC OF IRIDOID COMPOUNDS
RESULTS

Determination of GAR and its acid reaction products

A chromatogram obtained using acetonitrile—water (5:95, v/v) as the eluent is
compared with that obtained using acetonitrile—tetrahydrofuran—-water (4:1:95, v/v)
in Fig. 1. Both chromatograms showed the successful separation of GAR, DAM,
SSM and MTM. The addition of tetrahydrofuran accelerated the elution without
giving overlapping peaks. We therefore used the latter eluent for the effective deter-
mination of GAR, DAM, SSM and MTM. By linear regression analysis of the cal-
ibration graphs for GAR, DAM and SSM in amounts from 1 to 4 ug, a good linear
relationship was obtained between peak height and amount (Fig. 2). The detection
limit for these compounds was 4 ng, and this sensitivity is high enough for their
determination.

GAR, DAM, SSM and MTM in Inchinkoto and the extract of Gardeniae
Fructus (3 g) were determined using the above eluent system under various condi-
tions. The chromatogram of Inchinkoto prepared at 100°C is shown in Fig. 3. The
three peaks of GAR, DAM and SSM were separated completely even in Inchinkoto.
The peak of MTM was not detected in this chromatogram.

Table I shows the changes in the contents of GAR, DAM and SSM at different
extraction temperatures (25°C, 60°C and 100°C). The DAM and SSM contents in
both extracts increased with increase in the extraction temperatures. The GAR con-
tent of both extracts, however, decreased slightly between 60°C and 100°C. Further,
greater increases in DAM and SSM and decreases in GAR were observed in the
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Fig. 1. Effect of tetrahydrofuran on the separation of (1) MTM, (2) DAM, (3) GAR and (4) SSM. Eluent:
(A) acetonitrile-water (5:95); (B) acetonitrile-tetrahydrofuran—water (4:1:95).
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Fig. 2. Calibration graphs for (Q) GAR, (@) DAM and (A) SSM.

extract of Gardeniae Fructus than in that of Inchinkoto. As it is known that iridoid
compounds are unstable towards acids, and GAR s easily converted into DAM,
SSM and MTM by treatment with hydrochloric acid, the relationship between the
pH of these decoctions and the extraction temperature was investigated. The results
are shown in Fig. 4. The pH of the extracts of Gardeniae Fructus was lower than
that of Inchinkoto at all temperatures. Although the pH of the extract of Gardeniae
Fructus is hardly effected by heat, the pH of Inchinkoto increased with increase in
the extraction temperatures. This result explains the easier transformation of GAR
into DAM and SSM in Gardeniae Fructus than that in Inchinkoto (Table I).

Determination of GEN

As shown in Fig. 5, the separation of GEN from Inchinkoto was achieved by
using acetonitrile-tetrahydrofuran—water (8:2:90, v/v) as the eluent. The calibration
graph for GEN was linear over the range 1.5-6 ug (Fig. 6), and the limit of detection
is 2 ng. GEN showed a single peak under the conditions used. The determination of
GEN in Inchinkoto and the extract of Gardeniae Fructus at extraction temperatures
of 25°C, 60°C and 100°C is illustrated in Table II. The amount of GEN in each
extract increased with increase in the extraction temperature.
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DISCUSSION

Recently, traditional Chinese medicines (Kampohozai), decoctions of a mix-
ture of crude drugs, have been used for the treatment of chronic inflammatory dis-
eases in Japan. The Inchinkoto used in this experiment is a decoction of a mixture
of Gardeniae Fructus, Artemisiae Capillaris Herba and Rhei Rhizoma, and is applied
to the treatment of hepatitis, especially choleresis. The evaluation of traditional
Chinese medicines and their component crude drugs is of growing importance owing

TABLE I
DETERMINATION OF GAR, DAM AND SSM IN PREPARED SAMPLES AT VARIOUS TEMPERATURES

Each value represents the mean + S.D. (mg/decoction) of three determinations.

.Compound 25°C 60°C 100°C
Inchinkoto Gardeniae Inchinkoto Gardeniae Inchinkoto Gardeniae
Fructus Fructus Fructus
GAR 9.14 + 0.09 9.40 £+ 0.04 9.79 + 0.08 11.33 + 0.23 9.22 + 0.32 8.33 £ 0.15

DAM 531 + 0.06 4.48 + 0.07 6.67 £ 0.27 7.07 + 0.33 12.62 + 0.36  16.33 + 0.28
SSM - 4.39 £+ 0.03 441 £ 0.02 4.69 + 0.07 562 + 0.17 6.63 + 0.38 8.36 = 0.20
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Fig. 4. Relationship between pH of extract and extraction temperature in (O) Inchinkoto and (@) extract
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to the variety of cultivation conditions. Recently, gas—liquid chromatography (GLC)
and HPLC have been used extensively to determine the main components present in
crude drugs. Nevertheless, there have been no reports on the GLC or HPLC analysis
of GAR and GEN in Gardeniae Fructus or traditional Chinese medicine because
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GAR is unstable towards acids and heat, and it is very difficult to separaste GEN,
GAR and related compounds produced from GAR during extraction.

In this study, we were successful in the complete separation of GEN, GAR
and the related compounds DAM, SSM and MTM by reversed-phase HPLC. A

TABLE 11
DETERMINATION OF GEN IN PREPARED SAMPLES AT VARIOUS TEMPERATURES

Each value represents the mean + S.D. (mg/decoction) of three determinations.

Temperature (°C) Inchinkoto Gardeniae Fructus
25 111.7 + 0.36 106.6 + 0.32
60 1149 + 0.38 132.7 + 0.09

100 1288 £+ 1.15 1489 + 0.17
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mixture of acetonitrile and water with a small amount of tetrahydrofuran was a
suitable eluent, giving complete separastion. GEN was stable at the extraction tem-
peratures (25-100°C), and no structural changes occurred during the extraction. On
the other hand, the content of GAR decreased and the content of DAM and SSM,
acid reaction products of GAR, increased with increase in the extraction tempera-
tures. During the extraction, the pH of Inchinkoto increased with increase in tem-
perature, but that of Gardeniae Fructus did not change. These results indicate that
there is a possibility of alkaline compounds such as alkaloids in Inchinkoto being
extracted with increase in the extraction temperature and pH. Consequently, we con-
clude that the conversion of GAR into DAM and SSM in both extracts is promoted
by heating, and that the difference in the contents of those compounds between two
extrascts is due to the effect of acidity. MTM, which was derived from GAR by
hydrochloric acid treatment, could not be detected under these mild conditions.
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SUMMARY

A very rapid separation of H1 and core histones by reversed-phase high-per-
formance liquid chromatography using a Bio-Rad Hi-Pore butyl (C,) silica-based
column in a single run is reported. The histones were dissolved in water containing
0.1% trifluoroacetic acid and fractionated within 20 min by means of a linear gradient
system consisting of water—acetonitrile containing 0.1% trifluoroacetic acid. For the
detection of histones the eluate was monitored at 210 nm. The identity and purity of
eluted proteins were confirmed (1) by acid—urea and Triton—acid—urea polyacrylam-
ide gel electrophoresis, and (2) by comparison with the retention times of pure histone
markers. Despite the short elution time, a high resolution of the different histone
fractions could be obtained. The eluted histones were recovered in the following
order: Ht (LHP), HI (MHP), H2B, H2A (LHP), H4 plus H2A (MHP), H3 (LHP),
and H3 (MHP) (where LHP and MHP refer to less hydrophobic and more hydro-
phobic histone variants). The reported system is preferable to time-consuming elec-
trophoretic systems for the separation of histones.

INTRODUCTION

Histones are the most intensively studied group of basic'nuclear proteins and
are of great importance with regard to the organization of chromatin structure and
control of gene activity!. In the nuclei of all eucaryotic cells, DNA is packed in
basically the same way: two each of the histones H2A, H2B, H3 and H4 form the
fundamental chromatin subunit, the nucleosome; an additional part of DNA acts as
linker between adjacent nucleosomes, which may be associated with histone H12:3.

It is apparent that four of the five major histone classes contain different var-
iants*8. Furthermore, the histones and their variants undergo several postsynthetic
modifications such as acetylation, phosphorylation, methylation and ADP-ribosyl-
ation, which are thought to be important for regulatory functions®-1°. To study these
histone functions it is essential to isolate and fractionate the histones, and different
kinds of gel electrophoresis are generally used. Sodium dodecyl sulphate gel electro-
phoresist!-12 separates the five major histone fractions, but the modified forms of the

0021-9673/86/503.50 © 1986 Elsevier Science Publishers B.V.
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histones are not resolved. Acetic acid—urea gel electrophoresis, as described by Pan-
yim and Chalkley!3, can also resolve the five major fractions and in addition may
also discriminate some of the modified forms. According to Franklin and Zweid-
ler!#:15  the use of non-ionic detergents in acetic acid-urea gels enables the sepa-
ration of histones and some non-allelic variants as well as modified forms.

However, these methods are laborious and time-consuming. It seemed desir-
able, therefore, to replace it by a more rapid and simplified technique.

The application of high-performance liquid chromatography (HPLC) to his-
tones has been described by several authors!®~22, Certa and von Ehrenstein?® tried,
as did Gurley et al., to separate whole histone preparations by reversed-phase HPLC.
Employing a relatively long time of analysis (80 min) they were able to fractionate
the histones and some histone variants. However, irreversible adsorption of histones
on the column packing resulted in a low recovery and, moreover, H3 variants were
not separated.

Using a new gradient system (water—acetonitrile—trifluoroacetic acid) Gurley
et al.'” fractionated the histones within 2 h, except H2A from H4. They found two
H3 variants but no H1 variant. Their conditions allowed a 90% recovery of all
proteins applied to the column. By varying the type of column and the TFA con-
centration in the gradient, Gurley et al.'®'? succeeded in separating H4 from H2A
during 2 h. To differentiate between H1 and H1Y, Gurley er a/.2° and D’Anna et
al.2! requires 5 h and a tandem arrey consisting of uBondapak cyanopropyl silane
and C,g columns.

Kurokawa and McLeod?? recently reported a reversed-phase HPLC system
that permits the fractionation in one step (40 min) of five H1 variants, and in another
step (60 min) the core histones and different variants.

Despite all these efforts, however the separation of histone modifications by
HPLC has not yet been successful. Even in cases where HPLC would be a good
alternative to an electrophoretic separation of histones the long time of analysis still
remains unsatisfactory.

Studies in our laboratory have been concerned with attempts to get more in-
formation on the biological consequences of changes in the extent of histone modi-
fication?3:24, In the electrophoretic systems, as described above, all histone variants
and most histone modifications can be separated, but owing to the complexity of gel
electrophoresis it is almost impossible to identify and quantify each band exactly.
Thus it would be advantageous to be able to fractionate the histones readily before
electrophoresis.

In this report we describe a simple and rapid HPLC system. Not only two H1
variants but also the core histones, except H2A (MHP) from H4, can be separated
in a single run within 20 min.

EXPERIMENTAL

Materials
HPLC-grade acetonitrile and water were obtained from Merck (Darmstadt,

F.R.G.), trifluoroacetic acid (TFA) and standard histone H2A (calf thymus, type
VI-S) from Sigma (Munich, F.R.G.). The other histone reference substances HI and
H2B (calf thymus) were purchased from Boehringer-Mannheim (Mannheim,

F.R.G.).
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Calf thymus chromatin was prepared as described by Goodwin et al.2>. The
chromatin was treated with 0.35 M sodium chloride, the residual pellet extracted
with 0.4 N sulphuric actd and the histones obtained according to Gurley et al.*?.

High-performance liquid chromatography

All HPLC experiments were performed on a Bio-Rad HPLC-gradient system
equipped with two Model 1330 pumps, a microprocessor-controlled solvent pro-
grammer (Apple), and a Model 1305 A variable-wavelength UV-VIS monitor. The
detection signal was documented on a Bio-Rad Model 1322 dual channel recorder.

Reversed-phase HPLC was carried out on histone preparations using a Bio-
Rad Hi-Pore RP-304 C, column (250 x 4.6 mm I.D.) packed with 5-um spherical
particles (pore size 330 A).

The lyophilized histones were dissolved in water (2 mg/ml) containing 0.1%
TFA. To remove insoluble material, the solution was filtered through a 0.2-um Sar-
torius Minisart filter. The pure histone solutions were prepared in the same manner
(0.5 mg/ml). After equilibration of the column with the initial chromatography sol-

H2A
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Fig. 1. Separation of caif thymus histones in an analytical run. 40 pg of protein were added to a Bio-Rad
Hi-Pore RP-304 C, column (250 x 4.6 mm 1.D.). Flow-rate, 1.5 ml/min; monitoring wavelength, 210 nm.
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Fig. 3. Separation of calf thymus histones by HPLC and identification of the isolated fractions by
Triton—acid-urea polyacrylamide slab gel electrophoresis. (a) The analysis of 1 mg of calf thymus histones
(whole histones) in the HPLC system described in Fig. 1. Fractions 1-7 were lyophilized and subjected to
electrophoresis. (b) Triton-acid—urea polyacrylamide slab gel electrophoresis of the HPLC fractions 1-7
as indicated on the UV absorbance profile in (a). The histone fractions were identified by comparison with
a calf thymus histone standard (st). In (c), 0.5 pg of protein from fraction 1 was rechromatographed in
the same HPLC system.

vent, the histones were injected on to the sample loop (20 ul). For preparative runs
a more concentrated protein solution (10 mg/ml) was prepared and 100 ul were in-
jected (1 mg of protein). The histones were eluted at room temperature by means of
a linear gradient from 80:20 A-B to 20:80 A-B (solvent A, 0.1% TFA in water;
solvent B, 0.1% TFA in 70% acetonitrile) for 20 min. The flow-rate was 1.5 mi/min
and the eluent was monitored at 210 nm. The preparative runs were performed under
the same conditions as the analytical separations.

Electrophoretic analysis of histone fractions

On the basis of the UV absorption, each HPLC peak was collected separately
in a tube as indicated. Because of the short analysis time the use of a fraction collector
was not required. The fractions were lyophilized to dryness and stored at —20°C
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until used for electrophoretic analysis. Electrophoresis of each HPLC fraction as well
as of pure histone reference substances was performed on polyacrylamide slab gels
(160 x 0.75 mm) of two different types: (1) the acid—urea gel system of Panyim and
Chalkley!3, and (2) the Triton X-100 gel system according to Zweidler'?. The special
conditions for the acid—urea gel were 15% polyacrylamide—0.9 M acetic acid-6.25 M
urea, and for the Triton X-100 gel were 12% polyacrylamide-0.9 M acetic acid-8 M
urea—0.37% Triton X-100, respectively. The gels were stained for 1 h with 0.1% Serva
Blue R in 40% ethanol-5% acetic acid and destained in 20% ethanol-5% acetic acid.

RESULTS AND DISCUSSION

Several column types were tested for the rapid fractionation of the histones:
Bio-Sil TSK™ columns, DEAE-cellulose, ion-chromatography and RP columns (C,
and C, types). In addition, various solvent combinations and gradients were checked.
Poor resolution, long processing times, and low recoveries were the main problems
encountered.

The best results were obtained with a Bio-Rad RP-304 C, column and a linear
gradient system from 80:20 A-B to 20:80 A-B. Fig. 1 shows the separation of histone
proteins by HPLC and the retention times achieved under these conditions. We found
eleven peaks on separating the calf thymus histones prepared as described under
Experimental, seven of which were identified as individual histones. The unlabelled
peaks in Fig. 1 were contaminants and non-histone proteins (data not shown). The
individual histone peaks were identified (1) from retention times in comparison with
purchased individual histone standards (Fig. 2a—), and (2) by preparative runs and
subsequent electrophoretic analysis of the various fractions (Fig. 3a—). Fig. 2a shows
the chromatogram from the H1 standard. Two peaks were detectable, and were in
accordance with the ratios of the areas and the retention times of the first two peaks
of Fig. 1. Electrophoresis of the H1 standard showed (Fig. 2d, sample 1) the uni-
formity of the reference. Therefore, we conclude that these two peaks contain at least
two H1 variants. The minor peak with the higher mobility in the chromatogram was
characterized as H1 (LHP) the second one as H1 (MHP), where LHP and MHP refer
to the less hydrophobic and more hydrophobic variant, according to the nomencla-
ture of Gurley et al.!”.

The separations of the H2B and H2A standards are shown in Fig. 2b and c.
H2B was identified in the same manner as described for H1. The purity of the H2B
standard was also determined by electrophoresis (Fig. 2d, sample 2). However, by
electrophoretic control of the H2A reference, some contamination with H4 was de-
tected and, therefore, it was impossible to determine exactly the location of the H2A
histone among the HPLC fractions. For this reason, and the non-availability of in-
dividual H3 and H4 standard substances, preparative runs characterizing these pro-
teins were performed.

For the separation of histone proteins by HPLC, 1-mg protein samples were
loaded on the Bio-Rad C, column. The corresponding fractions of the eluate indi-
cated on the abscissa of Fig. 3a were collected, lyophilized and subjected to
Triton—acid—urea slab gel electrophoresis (Fig. 3b). Compared with the mobilities of
calf thymus standard histones, the HPLC fractions were identified as follows: No. 1,
H1; No. 2, HI; No. 3, H2B; No. 4, H2A; No. 5, H2A plus H4; No. 6, H3; No. 7, H3
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(cf- Fig. 1). Fractions ! and 2 in the electrophoresis of Fig. 3b show two H1 proteins
with different electrophoretic mobilities. Sample 1, the protein with the lower mobility
in the electrophoresis and the higher mobility in the HPLC system, is characterized
as H1 (LHP), and the protein of fraction 2 as H1 (MHP). Fraction 3 contains only
H2B. However, two proteins were detectable in fraction 4; the main component was
an H2A variant H2A (LHP) and there were traces of a non-classified protein. In
fraction S two histone species, H2A (MHP) and H4, were found.

In contrast to the application of the H2A reference alone (contaminated with
H4 histone), an unambiguous specification of H2A and H4 was possible in this case.
Moreover, Fig. 3b shows the identity and purity of the protein in fraction 6 with an
H3 variant H3 (LHP). In the last fraction of the HPLC separation (number 7), H3
(MHP) was detectable as the main product.

The advantage of our HPLC separation method (using a Bio-Rad C,4 column)
is demonstrated in Fig. 3c: Fraction 1 was rechromatographed without additional
treatment (enrichment), and within 12 min the separation of H1 (LHP) from the
residual proteins could be checked. H1 (LHP) shows the same retention time as in
the first run and no contamination with the other H1 variant H1 (MHP).

This approach offers some advantages over currently used methods for sepa-
rating and analysing the histone proteins: our method is very fast (20 min); not only
two H1 .variants, but also the core histones, except H2A (MHP) from H4, and some
variants, H2A (LHP), H3 (LHP) and H3 (MHP) could be separated in a single run.
Furthermore, the recoveries of the total histones from the column were more than
85%.
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