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Application of the UNIFAC method for assessment of
retention in reversed-phase liquid chromatography

LUBOMIR DASKO*
Polymer Institute SAS, Dubravska 10, Bratislava (Czechoslovakia)
(First received October 29th, 1990; revised manuscript received January 14th, 1991)

ABSTRACT

A method for the qualitative assessment of the retention of analytes in reversed-phase liquid chroma-
tography is suggested. The separation is based on the partitioning of analyte molecules between the
stationary and mobile phases. The stationary phase is represented by hexane, cumene and 1-octanol and
the mobile phase is composed of mixtures of acetonitrile and water or methanol and water. With the help
of the UNIFAC group contribution method, the activity coefficients of analytes in both phases were
determined. Subsequently the partition coefficients were calculated and used for the assessment of reten-
tion. The theoretical results were compared with experimental data and reasonable agreement was
achieved.

INTRODUCTION

The development of a reversed-phase liquid chromatographic (RPLC) separa-
tion method for a new analyte is usually a time-consuming process. It is preferable to
choose one of the many procedures available in the literature for retention prediction.
A review devoted to theory and methodology of LC was published recently by Dorsey
et al. [1].

The mechanism of separation in RPLC is often considered to be based on the
partitioning of molecules of analytes between the stationary and mobile phases. The
value of the partition coefticient can be used for the assessment of retention because the
logarithm of the capacity factor is closely related to the logarithm of the partition
coefficient [2].

In the case of pure 11qu1d—11qu1d (L-L) partitioning, the exact compositons of the
stationary and mobile phases must be defined for the calculation of partition
coefficients. The composition of the mobile phase is well known, but that of the
stationary phase is more problematic.

A pure L-L partition mechanism for the separation of analytes in RPLC is
unlikely. Horvath et al. [2] took into account hydrophobic interactions of the
hydrophobic part of an analyte molecule with a bonded alkyl ligand. Martire and

“ Address for correspondence: Kovpakova 12, 851 01 Bratislava, Czechoslovakia.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Boehm [3] applied statistical thermodynamics for the calculation of chemical
potentials of analytes in both phases with respect to the density of coverage of the silica
gel surface with alkyl ligands and conformational changes in bonded ligands
depending on the composition of the eluent (breathing of bonded phases).

These two models are an excellent introduction to the understanding of the
mechanism of separation in RPLC. Their practical utilization is complicated because
of problems with the determination of parameters for calculation.

A pure L-L partition model has also been developed. Griinbauer and Tomlinson
[4] modelled the stationary phase with cyclohexane. For the calculation of the
logarithm of the partition coefficient they applied Wilson’s concept of local
composition. The binary interaction parameters were calculated by a curve-fitting
procedure from experimental information.

The partition coefficient can be calculated from known values of the activity
coefficients of the substance of interest in both phases. An interesting and simple
means for the assessment of activity coefficients is the UNIFAC group contribution
method [5], where the parameters for calculation are tabulated for immediate
reference. This method has been utilized for retention prediction in gas-liquid
chromatography [6,7]. Petrovic ez al. [8] have used the UNIFAC method in RPLC, but
they did not calculate directly the activity coefficients of analytes in the stationary
phase.

In this paper a method is described for the assessment of the retention of analytes
by applying the UNIFAC group contribution method. A pure L-L partition model is
adopted. Direct calculation of activity coefficients of analytes in model stationary and
mobile phases was’performed. By comparing calculated and experimental results and
taking into account the effort required to obtain theoretical results according to this
model, the acceptability of this strong approximation is confirmed.

DESCRIPTION OF THE MODEL

This model is similar to that of Griinbauer and Tomlinson [4]. In this case
stationary phase is represented by a liquid (hexane, cumene and l-octanol). It is
assumed that molecules of the stationary phase cannot diffuse into the mobile phase.
The mobile phase is composed of mixtures of methanol and water or acetonitrile and
water. The same precondition as for stationary phase is valid for the mobile phase, i.e.,
molecules of the mobile phase cannot penetrate into the stationary phase. Molecules of
analytes are partitioned between the stationary and mobile phase. Model analytes used
were 1-alcohols, alkylbenzenes, phenol, benzene and chlorobenzene.

The partition process is assumed to be an equilibrium process and the following
equation is valid [9]:

ud + RTIn x5y = pd + RT In x7 y7 )

where 0 denotes to the chemical potential of the analyte in the standard state, x3, y;,
x™ and y" are the mole fraction and and activity coefficients of the analyte in the
stationary and mobile phase, respectively, T is absolute temperature and R is the gas
constant.
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In the case of the same standard state for both phases, it follows for the partition
coefficient [9]:

nK=In <x—m> =In <y—> 2)
Xa Ya

According to eqn. 2 one can calculate the logarithm of the partition coefficient of an
analyte on a mole fraction basis.

The UNIFAC group contribution method was applied for the calculation of the
activity coefficients of analytes of interest. The group contribution method transforms
a solution of molecules into a solution of groups. In the original paper [3] it is stated
that “The number of distinct groups must remain small, but not so small as to neglect
significant effects of molecular structure on physical properties”.

The UNIFAC method is closely related to UNIQUAC[10]. The logarithm of the
activity coefficient of component a (y,) is the sum of combinatorial (y$) and residual
(va) parts [5]:

Iny, = Iny$ + Iny} 3)

In the UNIFAC method the definition equation for the combinatorial part is the
same as in UNIQUAC:

Iny§ =In (%) + gqa In <§)‘:> + L — <%:> % Xplp @

where x, is the mole fraction of component (analyte) a, the summation is over all
components, 0, is the area fraction and ¢, is the segment fraction. The definition
equations are

Ga Xa
— . 5
55 ©®)

ra xa
O ®)

The parameters r, and ¢, are defined by

ra =Y v Ry @)

k

G = 2N Qu (®)
k

where v is the number of groups of type k in molecule a. The parameters R, and Q,
represent the Van der Waals group volume and surface area, respectively.
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The last parameter for calculation of the combinatorial part is /,, for which the
following equation is valid:

V4
Za=§(ra_qa)_(ra" 1) (9)
z =10 (10)

The difference between the UNIFAC and UNIQUAC methods is in the
expressions for calculation of the residual part. The residual part in UNIFAC can be
calculated according to the following equation [5]:

Iny? =Y v [In Iy — In P (11
k

where I', is the group residual activity coefficient and I'f” is the residual activity
coefficient of group k in a reference solution of molecules a only. I', and I'® can be
calculated by the same equation [5]:

Inly = Oy [1 —In (Z B W) — Y. <Z—E"—'d;~l/jkl//i>:| (12)

n

where Z,, is the area fraction of group m:

Om Xn
Y O X, =

(1]

and X,, is the mole fraction of group m in the mixture. Sums are over all different
groups. V., is the group interaction parameter, given by

Uwm — U A
— _ mn nn — _ mn 14
P (PR IS .

where U, is the measure of the interaction energy between groups m and n. Parameters
A,., must be evaluated from exprimental phase equilibrium data.

Amn # Anm (15.)

All known group interaction parameters are tabulated together with other parameters
which are necessary for calculation [11]. Of course, the table of interaction parameters
is not completely comprehensive [11]. Some parameter are missing because of
deviations from experimental results after calculations [5]. On the other hand, very
good correlations were obtained in various mixtures [5,12].

Calculated results were transformed to a volume fraction scale.

The concentration of analyte is usually very low in both phases, which is why the
concept of infinitesimal dissolution was applied.
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EXPERIMENTAL

Chromatographic measurements were made using a VCM-300 membrane
pump, a six-port injection valve, and a UVM-4 UV-VIS detector (all from
Development Works CSAS, Prague, Czechoslovakia). An RIDK 101 refracive index
detector (Laboratory Works, Prague, Czechoslovakia) was used for detection of
alcohols. For both detectors aTZ-4200 chart recorder was used (Laboratory Works).

Eluents were prepared from acetonitrile (UCB, Brussels, Belgium), methanol
(Lachema, Brno, Czechoslovakia) and doubly distilled water. The analytes were
l-alcohols, alkylbenzenes, benzene, chlorobenzene and phenol from Fluka (Buchs,
Switzerland) and were used as received.

The separation column (150 x 3.3 mm [.D.) was filled with Separon Six C,¢
(Tessek, Prague, Czechoslovakia). The dead volume was determined using sodium
nitrate.

Calculations were performed on a TI-56 calculator (Texas Instruments, Dallas,
TX, U.S.A)). All parameters necessary for calculation are available in the literature

[1].
RESULTS AND DISCUSSION

Activity coefficients were calculated using the UNIFAC group contribution
method [5]. Subsequently partition coefficients (K) were calculated according to eqn. 2.
Plots of In K versus volume fraction of water (¢w) in the mobile phase were constructed.
Infig. 1a, band c the stationary phase is represented by hexane, cumene and 1-octanol,
respectively. A homologous series of 1-alcohols were used as analytes. The mobile
phase was acetonitrile-water. Experimental results are represented by a plot of
logarithm of capacity factor (k') versus volume fraction of water in Fig. 1d.

Fig. 1a-d show a fairly good agreement from the qualitative point of view
regardless of the stationary phase selected. Plots of both In &’ and In K versus volume
fraction of water are markedly curved within the composition range 0-0.4, probably
owing to interactions of free silanols groups with the hydroxy! group of the alcohol.
The changes in the composition of the mobile phase could induce conformational
changes in the alcohol molecules too. Conformational changes are closely related to
the hydrophobic surface of the molecules of alcohols. These effects together can
contribute to the total behaviour of alcohols in RPLC. _

Using the same procedure as for alcohols, the values of In K were calculated for
alkylbenzenes and the results are shown in Fig. 2a, b and ¢, where stationary phases are
represented by hexane, cumene and 1-octanol, respectively. The experimental results
are shown in Fig. 2d. In contrast to the plots for alcohols, plots of In &’ and In K versus
volume fraction of water are represented by straight lines for alkylbenzenes. In this
instance there is no chance of silanophilic interactions. Conformational changes in
short alkyl chains are improbable; if they do occur the changes in the surface are not
significant.

From Figs. 1 and 2, one cannot draw any conclusion about the best choice for
the stationary phase from the suggested liquids. This is why one had to take into
account another analytes, i.e., chlorobenzene and phenol. The mobile phase had to be
changed to methanol-water, because not all the necessary parameters for the
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Fig. 1. (a—c) Calculated plots of In K versus volume fraction of water in acetonitrile-water mobile phase.
Stationary phase: (a) hexane; (b) cumene; (c) 1-octanol. 1 = 1-Propanol; 2 = i-butanol; 3 = l-pentanol,
4 = 1-hexanol; 5 = I-heptanol; 6 = 1-octanol; 7 = 1-nonanol; 8 = I-decanol. (d) Experimental results for
selected 1-alcohols: plots of In k' versus volume fraction of water in acetonitrile-water mobile phase.
® = 1-Propanol; O = I-hexanol; A = l-heptanol; @ = l-octanol; x = l-decanol.
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Fig. 2. (a—) Calculated plots of In X versus volume fraction of water in acetonitrile-water mobile phase.
Stationary phase: (a) hexane; (b) cumene; (c) l-octanol. | = Benzene; 2 = toluene; 3 = ethylbenzene;
4 = propylbenzene; 5 = butylbenzene. (d) Experimental plots of In k' versus volume fraction of water in
acetonitrile-water mobile phase. ® = Benzene; M = toluene; O = ethylbenzene; A = propylbenzene;
x = butylbenzene.
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Stationary phase: (a) hexane; (b) cumene; (c) I-octanol. 1 = Phenol; 2 = benzene; 3
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4 = chlorobenzene; 5 = ethylbenzene. (d) Experimental plots of In k' versus volume fraction of water in
methanol-water mobile phase. x = Phenol; ® = benzene; O = toluene; (] = chlorobenzene.
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acetonitrile-phenol and acetonitrile—chlorobenzene pairs in the UNIFAC group
contribution method are known [11].

Calculated plots of In K versus volume fraction of water are shown in Fig. 3a,
b and ¢, where the stationary phase is represented by hexane, cumene and l-octanol,
respectively. Comparing the calculated results with the experimental results (see Fig.
3D), one can see that the best choice for the stationary phase is 1-octanol.

CONCLUSIONS

A simple method for the qualitative prediction of the retention of analytes in
RPLC has been presented. It has been shown that the UNIFAC group contribution
method is suitable for calculating activity coefficients and consequently partition
coefficients of small molecules between model stationary and mobile phases. The best
choice for the stationary phase is 1-octanol. Fairly good assessments of the retention of
analytes in RPLC can be obtained in a reasonable time.
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ABSTRACT

Up to now, most stationary phases have had either n-acceptor or n-donor characteristics. In this
study, the behaviour of stationary phases having mixed characteristics (n-donor and n-acceptor) was
investigated and compared with that of silicas bonded either with the same n-acceptor group or with the
same n-donor group. The chiral selectors, (S)-1-(a-naphthyl)ethylamine associated with (S)-phenylalanine
and (8)-N-(3,5-dinitrobenzoyl)phenylalanine, were bound to a y-aminopropylsilanized silica gel. Station-
ary phases possessing mixed character were obtained either by bonding the two chiral selectors on the same
silica or by mixing two chiral silicas bonded with only one of two chiral selectors. The selectivity of these
chiral stationary phases possessing n-donor and n-acceptor characters are similar; the a values are interme-
diate between those shown by the two chiral stationary phases with only n-donor or n-acceptor character.
The results obtained in the resolution of a series of racemic compounds with either n-donor or n-acceptor
character show that the chiral recognition mechanism is probably more complex than the conventional
face-to-face n-interactions usually described.

INTRODUCTION

The resolution of racemic compounds by liquid chromatography using chiral
stationary phases, consisting of silica gel bonded to small optically active compounds,
has made notable advances in the last decade [1-4]. In addition to these stationary
phases, the chiral identity of which is, in general, a molecule with a n-acceptor or a
n-donor radical, more recently new stationary phases based on asymmetric natural
(albumin, glycoproteins, cellulose derivatives, etc.) [5] or synthetic [6-8} macromole-

¢ Present address: Laboratorio de Quimica Farmacéutica, Facultad de Farmacia, Universidad de Barcelo-
na, Avd. Diagonal s/n, 08028-Barcelona, Spain.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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cules have appeared. Even the noteworthy return of old asymmetric supports such as
cellulose [9,10] and cellulose triacetate [11] cannot be forgotten.

Classical silica-bonded chiral stationary phases are easy to prepare and to use.
Nevertheless, their scope of application is relatively limited when compared with that
of stationary phases based on natural or synthetic macromolecules [12].

In order to obtain a wider range of application for these kinds of stationary
phases we synthesized silicas carrying both a n-donor and a n-acceptor group. They
were obtained in two different ways. First, we successively bonded the two chiral
moieties carrying a n-donor group and a n-acceptor group on the same silica. Second,
we explored the possibility of mechanically mixing a silica carrying a n-donor group
with a silica carrying a n-acceptor group. We used (S)-N-(3,5-dinitrobenzoyl)phenyl-
alanine as a m-acceptor group and (S)-1-(a-naphthyl)ethylamine associated with (S)-
phenylalanine as a n-donor group. We then compared the chiral stationary phase
CSP-AD1 (Fig. 1), made by successively bonding the two different groups, with the

NO,
BN G CSP-A
[—0—=8i—(CHg)s~NH=C—CH-NH-G N
e S 8 °:
_0\ Q a ® 9 ' |
—O;Si—(CHz)?-NH—C—(CHZ)Z—C—NH—?H-C-—NH—CH—CHJ CSP-D1
—0 CH, (S)
NO,
—2\3' {CHylg~NH=C E:ZNH c
O Si={CHlg=RA=L =L =R NO.
—’ Se 8 ?
o o o o CSP-AD1
AN it 1 S §
O;Si—(CHz)a—NH—C—(CHR)Z—C—NH—(I:H-C—NH-CH—CH,
o] CH,

o\ a o} Ry O
O;Si—(CHz)g—NH—C—(CHZ)Z—C—NH—(IZH-C-NH-CH—CH, CSP-D2
o) CH, ()

N\ 2 g ®
— 0=Si—(CHg)g—NH=C —(CHy);—C —NH—=CH=CH,
_ CSP-D3

Fig. 1. Structures of chiral stationary phases.
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stationary phase obtained by packing the column with a mixture (1:1) of CSP-A [13]
and CSP-D1 (Fig. 1) (hereafter referred to as CSP-A +D1) and with the simple sta-
tionary phases CSP-A and CSP-D1. In order to test all the chiral stationary phases we
used racemic compounds with either n-donor or zn-acceptor character.

Silicas bonded to one chiral molecule with radicals possessing different charac-
ter have already been described [14,15], but these are silicas bonded to a chiral mole-
cule with both n-donor and n-acceptor radicals and, to our knowledge, no compara-
tive study of the properties of a mixed stationary phase with those of two simple
stationary phases with only one kind of radical has been undertaken. However, one
example has been described [16] of y-aminopropylsilanized silica on which a mixture
of two chiral compounds was fixed by ionic bonding, but the two chiral compounds
both had n-acceptor character.

We have studied the influence of the chiral centre of the phenylalanine moiety in
CSP-D1 in which the naphthylethylamine group already has a chiral centre. There-
fore, we prepared and tested two new chiral stationary phases, one of them by replac-
ing (S)-phenylalanine with (R)-phenylalanine in CSP-D1 and the other by suppress-
ing the amino acid (CSP-D2 and CSP-D3 [17], respectively, Fig. 1). We also tested a’
mixture (1:1) of CSP-A and CSP-D3 (hereafter referred to as CSP-A +D3).

EXPERIMENTAL

NMR spectra were measured at 200 MHz using a Bruker AC200 spectrometer.
Tetramethylsilane (TMS) was used as the internal standard. Rotatory power was
measured with a Perkin-Elmer Model 241 polarimeter. Elemental analyses were per-
formed by the Service Central de Microanalyse du CNRS (Vernaison, France). The
chromatographic experiments were carried out on an HP 1090 liquid chromatograph
(Hewlett-Packard, Palo Alto, CA, U.S.A.) equipped with a PU4020 UV detector
(Philips, Cambridge, U.K.) (254 nm). The chiral stationary phases were packed into
stainless-steel tubes (100 mm x 4.6 mm 1.D.) by the slurry method according to Coq
et al. [18]. The volume of sample injected was of 5 ul. The flow-rate of the pump was 1
ml/min. The mobile phases consisted of various mixtures of n-heptane, chloroform
and methanol.

Chemicals and reagents

Compounds 1-3 (Fig. 2) were obtained by treating the methyl ester of each
amino acid with 3,5-dinitrobenzoyl chloride. Compound 6 was prepared by the meth-
od described previously [19]. All were identified by their ‘H NMR spectra and ele-
mental analysis. Compounds 4, 5 and 7-9 were purchased from Aldrich.

(S)-tert.-Butoxycarbonylphenylalanyl-(S)-1-( a-naphthyl)ethylamine (10) (Fig.
3). L-N-Boc-phenylalanine-N'-hydroxysuccinimide ester (Sigma) (5 g, 13.8 mmol)
was dissolved in dichloromethane (120 ml) and cooled in an ice-bath. (S)-1-(a-naph-
thyljethylamine (2.4 g, 14.0 mmol) in dichloromethane (50 ml) was added over 10 min
with magnetic stirring. The solution was stirred at 0°C for 1.5 h and left to stand at
room temperature for 10 h. The solution was diluted with dichloromethane (200 ml)
and washed with 1% orthophosphoric acid, 0.2 M potassium hydroxide and distilled
water. After drying over magnesium sulphate, the solution was evaporated to dryness
and the residue collected. Recrystallization from toluene gave 4.5 g (78%) of a white
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Fig. 2. Structures of test compounds.

solid, m.p. 145°C. "H NMR (200 MHz): § (CDCl3) 1.36 (s, 9H, ¢-Bu), 1.58 (d, 3H,
CH3), 3.01 (m, 2H, CH,Ar), 4.38 (m, 1H, CH3CH), 5.95 (m, 1H, NCHCO), 7.0-8.2
ppm (m, 12H, ArH). 3C NMR (50.3 MHz): § (CDCl3) 20.9 (CH3), 28.1 [(CHa)3],
38.4 (CH3), 44.6 (CH;CH), 56.0 (NCHCO), 80.1 (C,), 130.9, 133.8, 136.4 and 137.9
(C4 aromatic), 155.2 (O-CO-N), 170.0 ppm (CO-N). [¢]3*> = —3.6° (¢ = 1, dichloro-
methane). Analysis: calculated for C;6H3oN,05, C 74.61, H 7.22, N 6.69; found, C
74.08, H 7.16, N 6.66%.

(R )-tert.-Butoxycarbonylphenylalanyi- (S )-1-(o-naphthyl)ethylamine (11). Anal-
ogously to 10, compound 11 was obtained from D-N-Boc-phenylalanine-N’'-hydroxy-
succinimide ester. Recrystallization from toluene gave 5 g (86%) of a white solid, m.p.
154°C. *H NMR (200 MHz): é (CDCl;) 1.36 (s, 9H, -Bu), 1.47 (d, 3H, CH3), 3.06
(m, 2H, CH,Ar), 4.38 (m, 1H, NCHCO), 5.90 (m, 1H, CHN), 7.2-8.1 ppm (m, 12H,
ArH). 3C NMR (50.3 MHz): § (CDCl3) 20.8 (CH3), 28.2 [(CH3)3], 38.5 (CH ), 44.8
(CH3CH), 56.1 (NCHCO), 79.9 (C,), 130.8, 133.8, 136.7 and 138.0 (C, aromatic),
154.5 (O-CO-N), 169.9 ppm (CO-N). [2]3* = +33.0° (¢ = 1.4, dichloromethane).
Analysis: calculated for C,4H30N50,3, C 74.61, H 7.22, N 6.69; found, C 74.83, H
7.28, N 6.73%. '

Succinyl-(S)-phenylalanyl-( S )-1-(a-naphthyl)ethylamine (12). A 4.2-g (10-
mmol) amount of 10 was dissolved in glacial acetic acid (45 ml) and cooled in an
ice-bath. Hydrogen chloride was passed through for 40 min and the solution was left
to stand at room temperature for 3 h. The solvent was removed in vacuo and the
residual solid washed with diethyl ether. The solid was then dissolved in pyridine (12
ml) and succinic anhydride (1.1 g, 11 mmol) was added. After stirring for 24 h at
room temperature, the mixture was evaporated to dryness and the residue treated
with 5% orthophosphoric acid (120 ml) and distilled water. Recrystallization from
ethanol-water gave 3.5 g (83%) of a white solid, m.p. 155°C *H NMR (200 MHz): §
(acetone-de) 1.54 (d, 3H, CHj3), 2.45-2.58 (m, 4H, CH,CH,), 2.68 and 3.10 (m, 2H,
CH,Ar), 4.73 (dq, 1H, CH3;CH), 5.85 (m, 1H, NCHCO), 7.1-8.3 ppm (m, 12H,
ArH). 3C NMR (50.3 MHz): § (acetone-de) 22.0 (CHs), 29.7 and 31.1 (CH,CH,),
38.7 (CHAr), 45.6 (CH3CH), 55.5 (NCHCO), 131.7, 134.8, 138.6 and 140.8 (C,
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aromatic), 170.9, 172.4 and 174.5 ppm (CO). [«J3® = —20.5° (¢ = 2, pyridine).
Analysis: calctilated for C,sH6N,04, C 71.75, H 6.26, N 6.69; found C 71.41, H
6.11, N 6.68%.

Succinyl-(R)-phenylalanyl-( S )-1-(a-naphthyl)ethylamine (13). Analogously to
12, compound 13 was obtained from 11. Recrystallization from ethanol-water gave
3.8 g(90.5%) of a white solid, m.p. 156°C. 'H NMR (200 MHz): § (CDCl;-DMSO-
de) 1.36 (d, 3H, CH3), 2.20-2.50 (m, 4H, CH,CHy;), 2.93 (m, 2H, CH,Ar), 4.60 (q,
1H, CH,CH), 5.70 (m, 1H, NCHCO), 7.0-8.1 ppm (m, 12H, ArH). }3C NMR (50.3
MHz): 6 (CDCl3-DMSO-de) 20.8 (CH3), 29.2 and 30.5 (CH,CH,), 37.6 (CH,), 44.4
(CH3CH), 54.1 (NCHCO), 130.5, 133.4,7136.8 and 138.6 (C, aromatic), 169.7, 171.7
and 174.5 ppm (CO). [a]8® = +52.5° (¢ = 2, pyridine). Analysis: calculated for
Cy5H,6N,04, C 7175, H 6.26, N 6.69; found, C 71.56, H 6.26, N 6.66%.

Chiral stationary phases

General procedure. To a solution of 3.1 mmol of the appropriate chiral acidic
moiety in 60 ml of tetrahydrofuran (THF), 3.5 g of y-aminopropylsilanized silica,
obtained from a spherical silica (5 um, 100 A, Nucleosil 100-5; Macherey, Nagel &
Co.) according to the method of Pirkle et al. [1] (analysis: C 3.10, H 1.05, N 0.90%)
and a solution of 0.93 g (3.7 mmol) of 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquino-
line (EEDQ) in 15 ml of THF were added successively while stirring at room temper-
ature. The mixture was allowed to react overnight. The resulting bonded silica was
collected by filtration and washed exhaustively with THF, ethanol, water, acetone
and diethyl ether and dried in vacuo at room temperature. All elemental analyses are
given in Table 1.

Phase CSP-ADI. This CSP was prepared in two steps according to the above-
described general procedure. First, 3 g of y-aminopropylsilanized silica were treated
with a solution of 150 mg of 12 in 150 ml of THF and 120 mg of EEDQ in 10 ml of
THF. In the second step, 2.5 g of the previously obtained silica (analysis: C 5.18, H
1.43, N 1.33%) was treated with a solution of 1 g of (S)-N-(3,5-dinitrobenzoyl)phen-
ylalanine in 40 ml of THF. CSP-AD1 was collected by filtration and washed as usual.

TABLE I
ELEMENTARY ANALYSES OF CHIRAL STATIONARY PHASES

Chiral Elemental analysis (%) Ratio of carbon atoms Bonded chiral moieties
stationary per nitrogen atom per gram of stationary phase
phase (mmol)*

C H N Analytical Theoretical* From %C From %N
CSP-A 1093 1.76 2.69 4.74 4.75 0.48 0.48
CSP-D1 15.53 2.02 201 9.01 9.33 0.46 0.48
CSP-ADI1 11.80 1.80 2.40 5.74 6.71 0.42 0.49
CSP-D2 10.65 1.79 1.77 7.02 9.33 032 0.42
CSP-D3 941 165 1.54 7.13 9.50 0.41 0.55

“ Calculations made with regard to organic moiety structures in each stationary phase. The remaining free
NH, groups were not considered. In CSP-AD] a ratio of 1:1 between both kinds of chiral moieties was
considered.



L. OLIVEROS et al.

282

"02:08 aseyd aniqour jo uonsodwo)

" ISWIONUBUS PIIN[a-)$I JO uoneInSyuod sInjosqy ,

suejydsy—[oueyow
%S0
+ WIOJOIOTYD

SLST 06:01 SLST 05$:05 SL1ST 0£:0L 0£:0L 02:08 0£:0L ‘oseqd ojIqON
Sl LE0 9FT 0S80 00T POP 00T TSOL  TOT  IL9 vl (LT  €€T ()e6S0 €T (8L0  vET (¥)T0T £€d +V-dSO
vl 120 ¥T6  €C0 001 €¥T 001 €T 001 0S¥y 601 00€ 9.1 (g650 081 DITT 91T (Nove £d-dsSO
$0'T  81°0 0001 STO 001 +#I't 00T 67T 001 GSS¥ 001 6€ 90T QD8LT  Tol (98T LOT (NLiEY 7a-dsO
991 PE0 €27 670 601 YIS 001 L®L 001 €44 €UT @6ET  zel @es0 LTl (NooT 17T v 1d+V-dSO
99’y 050 001 €€0 00T ¥I'L HOT 9061 00T IS8 €I'T (S)6sE  S€T (Nl 67T (DITT €71 L6t 1av-dso
€61 170 €6L 610 001 €T 001 €€ 001 88€ 001 T IS QDILO 6T QNSE0 T AELT 1a-dso
091 ZS0 LT1  SE0 POT 659 €IT LI'6L 90T 018 6T (81T zzi (0T +vTT Lo 611 LLDY8'1 V-dSO
vy ey oy oy oy ® Ty © o © Ty © o

6 8 L 9 S 1 4 € 4 1 aseyd Areuoness

i punodwo) [elrgd

AALSAL SNANTOO THL NI @ ‘SYOLOVA ALIAILOHTIS ANV JFWOILNVNA 41N TI-LSdId d0 %% ‘SY0LOVA ALIDVAVD

II914vVL



CHIRAL STATIONARY PHASES FOR HPLC 283
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Fig. 3. Synthetic scheme for the preparation of 12 and 13.

Phase CSP-D3. This has already been described by Oi er al. [17] and was
prepared by our general procedure.

Phases CSP-A+ D1 and CSP-A+ D3. These were prepared by mechanically
mixing either CSP-A and CSP-D1 or CSP-A and CSP-D3 phases (50:50, w/w).

RESULTS AND DISCUSSION

The chemical structures of the racemic compounds used as test compounds are
shown in Fig. 2. The results obtained after testing the chiral stationary phases are
given in Table II.

It appears clearly that racemic products 1, 2 and 3, N-(3,5-dinitro)benzoyl
derivatives of amino acids, therefore having a m-acceptor character, can be separated
by all the stationary phases tested, even CSP-A, a chiral stationary phase with the
same 7-character. The racemic compound 4, usually used as a test compound for
testing the chromatographic behaviour of chiral stationary phases and itself having a
n-donor character, is only resolved by chiral stationary phases having a m-acceptor or
a mixed character. On the other hand, 5, 6 and 7 are not resolved by most of the chiral
stationary phases tested. Compounds 8 and 9 are weakly retained by our chiral phas-
es but, in general, they are well resolved. However, 8 shows an unexpected behaviour.
It is not resolved by CSP-AD1. Moreover, one of the enantiomers of 8 interacts very
weakly with the other chiral phases while the second enantiomer is strongly retained.
Therefore compound 8 seems appropriate for the study of chiral recognition mecha-
nismes.

As several racemic products (1, 2 and 3) are resolved in the same way by silicas
with either a n-acceptor or a n-donor group, the need for these groups may be ques-
tioned. We synthesized and tested a chiral stationary phase in which the nitrobenzoyl
radical in CSP-A has been replaced with an acetyl radical (CSP-0, Fig. 4). The selec-
tivity values in this case, for the same elution strength, are 1.02 (k' = 1.13) for 1, 1.00
(k" = 0.35) for 2 and 1.00 (k" = 0.42) for 3. According to these clearly low values, it
can be deduced that an electronic interaction between CSP-A and compounds 1-3 is
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Fig. 4. Structure of CSP-0.

established by dinitrobenzoyl groups. Therefore, in certain instances, a non-classical
electronic interaction between m-acceptor groups [20,21] instead of the classical
charge-transfer interaction between a m-acceptor and a n-donor group exists. This
could be the origin of the known easy separation of compounds with a dinitrobenzoyl
group [4] and that of the wide field of application of chiral stationary phases bearing
that group, even showing a good resolving power for compounds containing the same
- group [22]. We can draw the same conclusion when we consider that a number of
racemic compounds containing a 3,5-dinitrobenzoyl radical are separated by chiral
stationary phases bearing a n-donor group as weak as a C-C double bond [23]. These
results suggest that solute—chiral entities in the stationary phase interactions, which
take part in the chiral recognition mechanism, are probably more complex than the
standard face-to-face n-system interactions considered by most workers.

Comparison between CSP-A and CSP-D1

CSP-A itself has a large separation capacity. It separates compounds that can
be considered to be n-donors in addition to m-acceptors.

We tried to improve its selectivity further by blocking the remaining NH,
groups with 3,5-dinitrobenzoy! chloride, thus increasing the number of n-acceptor
interaction sites. In fact, we established that the retention values increase but the
selectivity is slightly lower (1, k' = 4.59, « = 1.14;4, k' = 2.38, o = 1.10). Therefore,
the resulting bonded silica does not show any improvement over CSP-A for the same
elution strength.

On the other hand, as would be expected, CSP-D1 acts by separating almost
exclusively compounds with a manifest z-acceptor character. Nevertheless, the very
good separation of 8 and 9, compounds possessing neither pronounced =-donor nor
n-acceptor character, can be noted.

Comparison between CSP-ADI and CSP-A+ DI

In CSP-ADI1 we find, except for 8 (loss of separation), a small decrease when we
compare it to the individual performances of CSP-A and CSP-D1. This decrease in a
can result from the dilution of each chiral moiety in the other.

A m-character interaction between the 3,5-dinitrobenzoyl group in one of the
chiral moieties and the naphthylethylamine group in the other can be postulated in
CSP-AD1. The absence of resolution for 8 may be produced by the mutual inhibition
that these n-characters interactions can produce between the chiral moieties as they
can block the interaction of this racemic compound with the chiral stationary phase.
As 8 is the least retained of all the tested compounds, it is the most affected by this
phenomenon. Moreover, it can be said that this interference can only be established
at short distances, as it does not exist with CSP-A+D1.
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CSP-A + D1, prepared by mechanically mixing CSP-A and CSP-D1 (1:1, w/w),
shows a chromatographic behaviour similar to that of CSP-ADI: the o values are
intermediate between those for CSP-A and CSP-D1 before mixing. This mixed sta-
tionary phase is constituted of silica particles with only one of two different chiral
entities. Thus, the foregoing hypothesis of interaction between chiral moieties having
different character cannot be applied. In this instance, the reduction in « comes from a
decrease in the mixed stationary phase of the amount of chiral silica suitable for each
racemic compound. Although CSP-A+D1 and CSP-ADI show similar perform-
ances, one of the main advantages of the chiral stationary phase over CSP-AD] is the
ease of preparation. Moreover, the mixing of different kinds of bonded silica particles
avoids interferences due to the proximity of chiral moieties.

Effect of chiral centres on CSP-D selectivity

In CSP-D1 there are two asymmetric centres because the choosen n-donor
group itself is a chiral entity. Previous papers [23-27] have shown that the perform-
ances of chiral stationary phases remain the same or are slightly improved on going
from one to two asymmetric centres in the chiral moiety. However, we have seen that
interferences could exist between two chiral entities in the same bonded silica. It can
be considered that the same phenomenon can exist in a chiral moiety possessing two
different chiral centres. To study the existence of this effect, we synthesized and tested
CSP-D2 and CSP-D3.

CSP-D2 differs from CSP-D1 in the absolute configuration of the phenylala-
nine moiety. Surprisingly, the « values decrease considerably in all instances (except
for 8, which is very well resolved). Thus, CSP-D2 gives o values near unity even with
n-acceptor compounds that are well separated by CSP-D1. These results seem to
show the importance of the absolute configuration in the phenylalanine asymmetric
center. However, when it is eliminated (CSP-D3), the o values recover their previous
magnitude. Hence, a competition between the stereoisomers of racemic compounds
and the two asymmetric centres, located here in the sole chiral entity (CSP-D1 or
CSP-D2), must exist. Therefore, in general, the existence of two or more chiral centres
in a chiral stationary phase does not improve the separation but, depending on the
configuration of these centres and the relative affinity of the two enantiomers for
them, it can seriously interfere with the selectivity.

As a consequence of data obtained from CSP-D3, we also tested its mixture
with CSP-A (1:1, w/w) (CSP-A+D3). As with CSP-A+ D1, we obtained o values
intermediate between those of CSP-A and CSP-D3 and an overall chromatographic
behaviour resulting from the addition of their individual behaviours. Hence, it can be
considered that mixtures of bonded silicas with different chromatographic behaviours -
can be useful for increasing the performances of the individual components.

CONCLUSION

The performances of two different stationary phases can be combined by pack-
ing the same column with a mixture of the two components. This stationary phase
preparation method is better than bonding successively the different chiral entities
whose characteristics we wish to combine.

Two different chiral asymmetric centres in the same stationary phase can, de-
pending on their configuration, lead to bad selectivity.
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According to our results, the validity of the recognition models proposed previ-
ously and based in n-acceptor-n-donor interactions may be questioned.
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ABSTRACT

A study of the separation of enantiomeric amines as diastereometric complexes (ion pairs) with
N-benzoxycarbonylglycyl-L-proline (L-ZGP) as chiral additive is presented. The chromatographic per-
formances of two solid stationary phases, porous graphitic carbon (PGC) and LiChrosorb DIOL, were
compared and the carbon-based phase was found to have advantages with regard to column efficiency and
short equilibration times. Less than 15 column volumes of the mobile phase (L-ZGP in dichloromethane)
were sufficient to obtain constant chromatographic conditions with porous graphitic carbon. The water
content of the organic mobile phase had no significant effect on the equilibration time of the PGC phase.
The chiral counter ion (N-benzoxycarbonylglycyl-L-proline) could be used with aqueous mobile phase on
PGC for chiral separations of enantiomeric polyaromatic amines. :

INTRODUCTION

Several enantiomeric amino alcohols, e.g., propranolol, metoprolol and al-
prenolol, have been resolved in the direct separation mode using ion-pair chromato-
graphy with N-benzoxycarbonylglycyl-L-proline (L-ZGP) as the chiral counter ion
[1,2]. The L-ZGP was dissolved in dichloromethane (containing 30-500 ppm of water)
in order to promote a high degree of ion-pair formation. A non-chiral solid phase, e.g.,
LiChrosorb DIOL, was used to separate the diastereomeric complexes (ion pairs) of
enantiomeric amines with L-ZGP. The chromatographic system showed good stability
and has recently been applied to the determination of propranolo! enantiomer in
plasma [3]. However, a relatively large volume of mobile phase (300400 ml) was
needed before constant retention times were obtained. The gradual decrease in
retention during the equilibration was probably due to the deactivation of strong
adsorption sites on the solid phase. Water dissolved in organic solvents of low polarity

¢ Presented at the 132k International Symposium on Column Liquid Chromatography, Stockholm, July 1989.

The majority of the papers presented at this symposium have been published in J. Chromatogr., Vols. 506
+ 507 (1990).

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.



288 A. KARLSSON, C. PETTERSSON

adsorbs and changes the properties of polar solid phases, e.g., silica or surface-
modified silica [4].

Recently, a new high-performance liquid chromatographic (HPLC) support,
porous graphitic carbon (PGC), developed by Gilbert et al. [5], was made commer-
cially available (Hypercarb; Shandon, Runcorn, U.K.). The PGC phase is a strongly
hydrophobic adsorbent with a flat surface consisting of layers of hexagonally arranged
carbon atoms [6]. PGC has mainly been used as an alternative to reversed-phase
bonded silica gels, but the planar and rigid surface structure also gives new and
interesting separation capabilities for normal-phase chromatography. One advantage
of the PGC phase is the homogeneous surface of the carbon molecule layers as they
only possess a minimum of polar groups at their edges [6]. Further, as PGC has low
contents of polar functionalities, the retention and selectivity of solutes might be less
susceptible to small changes in the concentration of water and polar modifiers when
applying organic mobile phases of low polarity.

The aim of this investigation was to compare a silica-based support, LiChrosorb
DIOL, and PGC as adsorbing phases in chiral ion-pair chromatography. The possible
effects of the stationary phase on the stereoselectivity in separations with a chiral
counter ion are discussed.

In the comparison of the phases, particular emphasis was placed on the volume
of mobile phase necessary to obtain constant retention times and stereoselectivity and
also the chromatographic performance (efficiency and peak symmetry). The mobile
phases were L-ZGP in dichloromethane with different contents of water. The effect of
adding tricthylamine (TEA) to the mobile phase as a “tailing reducer” was also
studied.

Enantioselective separations for various classes of amines are given in order to
illustrate the potential of porous graphitic carbon as adsorbing phase in chiral ion-pair
chromatography. The separation of racemic 1-phenyl-2-aminopropane was of special
interest as it has no polar functions apart from the amino group.

The successful application of PGC for the separation of enantiomeric amines
using L-ZGP in aqueous mobile phases is also demonstrated.

EXPERIMENTAL

Apparatus

The liquid chromatographic system consisted of a Constametric 1II (LDC,
Riviera Beach, FL, U.S.A.) pump, a 7125 injecor (Rheodyne, Cotati, CA, U.S.A.) with
a 20-ul loop and a Spectromonitor IIT UV detector (LDC) with a 12-ul cell.

The LiChrosorb DIOL column (150 x 3.0 mm I1.D.) was packed by a slurry
technique using chloroform as suspending medium [1]. The PGC columns (100 x 4.7
mm I.D.) were packed with 7-um particles. The PGC 134 column (Batch PGC 93) was
a gift from Professor J. H. Knox (Department of Chemistry, University of Edinburgh).
The Hypercarb column was supplied by Shandon. Columns and solvent reservoir were
thermostated at 25.0 + 0.1°C with a HETO type 2 pt 293 TC water-bath (Birkered,
Denmark).
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Chromatographic technique

The columns were pre-equilibrated with 250-300 ml of dry dichloromethane
(containing <30 ppm of water) before the mobile phase was introduced.

The chromatographic performance was characterized by reduced plate height
(h), enantioselectiviy (o) and the peak asymmetry factor (4sf) obtained at a reduced
velocity of 1.9 mm/s. Measurements were made using standard equations [7], but as the
peak frequently showed severe tailing the data were used only as a qualitative measure
of the peak performance. The void volume was determined by injection of chloroform,
which was assumed to be unretained.

Chemicals

LiChrosorb DIOL (5 um), dichloromethane (LiChrosolv), chloroform (ana-
lytical-reagent grade), methanol (analytical-reagent grade) and molecular sieves 4A
were obtained from E. Merck (Darmstadt, Germany).

Dichloromethane dried with molecular sieves had a water content of less than 30
ppm. The water contents of the eluents were adjusted by mixing dry and water- satur-
ated (2100 ppm of water [8]) dichloromethane.

N-Benzoxycarbonylglycyl-L-proline was obtained from Nova Biochem (Swit-
zerland). (R)- and (S)-propranolol - HCI was supplied by ICI (Macclesfield, U.K.),
(R,S)-atenolol - HCI, (R,S)-2"-methylpropanolol - HCl and (R, S)-tocainide - HCl were
gifts from Hassle (M6lndal, Sweden), (R)- and (S)-prilocaine - HCl was obtained from
Astra (Sodertilje, Sweden), (R,S)-mexiletine: HCl from Boehringer (Ingelheim,
Germany), racemic and (S)-1-phenyl-2-aminopropane sulphate were gifts from the
Department of Organic Pharmaceutical Chemistry (Uppsala, Sweden) and (R.S)-
promethazine - HCI was provided by Kabi-Pharma (Stockholm, Sweden).

RESULTS AND DISCUSSION

Solid phase

LiChrosorb DIOL had a very strong affinity for amines and thus high
counter-ion concentrations (L-ZGP) were required in order to elute the amines from
the column, (Table I). The chromatographic performance was unsatisfactory with
poorly shaped peaks and low efficiency that impaired the chiral resolution. A previous
study [2] had shown that the addition of an amine, e.g., tricthylamine, to the mobile
phase could enhance the resolution by increasing the efficiency and improving the peak
shape. In this study acceptable peak symmetries (4sf = 1.2) and complete resolution
(Rs = 2.0) of propranolol and metoprolol enantiomers could be obtained by using
10 mM 1-ZGP and 0.20 mM TEA in dichloromethane as the eluent (Table I). The
modified silica surface is energetically heterogeneous [9] and the observed improve-
ment in the chromatographic performance was probably due to'deactivation of strong
adsorption sites by the TEA. The presence of the amine in the mobile phase also
reduced the retention times, but had only a negligible effect on the enantioselectivity.

At low counter ion concentration, asymmetric peaks were obtained with porous
graphitic carbon as the adsorbing phase. The bad peak shape might be due to retention
of the free amine on strong adsorption sites with limited capacities as addition of
competing amine, trichylamine, improved the peak performance (Table II). Further,
high L-ZGP concentrations, i.e., a high degree of ion-pair formation and retention as
ion pairs, improved the peak symmetry and efficiency.
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TABLE 1

INFLUENCE OF TRIETHYLAMINE AND L-ZGP CONCENTRATIONS ON CHROMATOGRA-
PHIC PERFORMANCE WITH LICHROSORB DIOL AS STATIONARY PHASE

Mobile phase: L-ZGP and TEA in dichloromethane (containing 80 ppm of water).

Mobile phase Parameter®  Solute

Metoprolol  Propranolol

[L-ZGP] = 10 mM, K, 5.1 5.8
[TEA] = 0mM & 56 61

Asf 2.5 2.3

« 1.40 1.36

[L-ZGP] = 25 mM, Kk, 5.2 7.4
[TEA] = 025 mM 32 kY

Asf 1.4 14

o 1.40 1.37

[L-ZGP} = 10 mM, K, 3.0 3.5
[TEA] = 020 mM 4 26 2

Asf 12 1.2

% 1.43 1.36

“ ki = capacity factor for R enantiomer; # = observed reduced plate height; Asf = asymmetry factor;
a = kyfky.

TABLE 11

INFLUENCE OF TRIETHYLAMINE AND L-ZGP CONCENTRATIONS ON CHROMATOGRA-
PHIC PERFORMANCE WITH HYPERCARB AS STATIONARY PHASE

Mobile phase: L-ZGP and TEA in dichloromethane (containing 80 ppm of water).

Mobile phase Parameter®  Solute

Metoprolol  Propranolol

[L-ZGP] = 2.5 mM, k), 2.7 20
[TEA] = 0 mM h 20 —b
Asf 2.6 —b

o 1.24 1.58
[L-ZGP] = 10 mM, Ky 24 13
[TEA] = 0 mM h 8 11

Asf 1.4 2.0

o 1.25 1.48
[L-ZGP} = 2.5 mM, Kk 2.2 13
[TEA] = 0.25 mM & 8 b
Asf 1.7 —b

o 1.24 1.47
[L-ZGP] = 10 mM, Ky 2.3 11
[TEA] = 025 mM & 7 8

: Asf 1.0 1.7

o 1.26 1.48

¢ See Table 1.
? Severe tailing.
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Addition of triethylamine had no significant effect on the enantioselectivity
except for a minor decrease in the separation factor of propranolol.

Regarding column efficiency, the PGC phase was found to be superior to the
LiChrosorb DIOL phase. However, it was not possible to eliminate completely the bad
peak shape for the propranolol enantiomers obtained on PGC with 0.25 mM TEA
added to the mobile phase, whereas the metoprolol enantiomers eluted as symmetrical
peaks (Table II). _

The reason for the change in stereoselectivity on replacing LiChrosorb DIOL
with PGC (cf., Tables I and II) has not yet been elucidated, but it may be due to
differences in the adsorption of the two diastereomeric ion pairs [(R)-A—(S)-HX and
(S)-A—(S)-HX] to the solid phases. The apolar PGC phase will interact with the ion
pair and its components by dispersion forces and n—n interactions, whereas
LiChrosorb DIOL gives mainly polar interactions (e-g., hydrogen bonding). Pre-
viously it has been demonstrated, by using L-ZGP [2] and 10-camphorsulphonic acid
[10] as chiral counter ions, that the hydrogen-bonding properties of different modified
silica phases affected the enantioselectivity and resolution of enantiomeric amines.

As discussed by, e.g., Davankov [11], in systems having a chiral additive several
different chiral mechanisms responsible for the stereoselectivity are possible. A chiral
acid might promote stercoselective ion-pair formation in the mobile phase and
a selective distribution of the two diastereomeric ion pairs. The enantioselective
separation may also be due to stereoselective interaction of the enantiomeric amines
with the chiral acid adsorbed on the solid phase.

The retention of the enantiomeric amine, (R)-A, as an ion pair [(R)-A—(S)-HX]
with the chiral acid, (S)-HX, can be expressed by the equilibria

Kgs : Kis
(Ry-Am + ($)-HX,, = (R)-A~(S)-HX,, = (R)-A~(S)-HX, M

where m and s refers to the solid and mobile phase, respectively, and Kgs and K are
constants for the ion-pair formation and distribution of the ion pair between the

mobile and stationary phase, respectively. The free amine might also be retained by
adsorption on the solid phase: -

K,
(R)-Am = (R)-A, )

The adsorption constant K| is the same for the (R)- and (S)-amines as the binding to
the solid phase of the free amine is non-stereoselective.

So far it has not been possible to predict the change in the separation factor, ug/g,
on replacing, e.g., LiChrosorb DIOL with PGC. This would require a knowledge of
the adsorption constants for the free amine (K}) and the ion-pairs (K&, K¥) and also
the ion-pair formation constants (K, Kjss) in the mobile phase. The stationary phase
with the highest selectivity for diastereomeric ion-pair adsorption (¢ = Ki/K%s) also
gives the highest enantioselectivity provided that the enantioselective ion-pair

formation is not dominating and counteracting (i.e., Kgs > Kgs) the selective ion-pair
adsorption.
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Influence of water content on the equilibration of the chromatographic system

Fig. 1 shows the number of column volumes (¥,,) that had to pass the PGC
column in order to obtain stable chromatographic conditions. The breakthrough
volumes of L-ZGP were only slightly higher than the void volume, demonstrating alow
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Fig. 1. Equilibration of chromatographic system. Stationary phase, Hypercarb; mobile phase, 10 mM
L-ZGP in dichloromethane (containing X ppm water); solute, (R,S)-metoprolol. (a) X = 80;(b) X = 500; (c)
X = 2100. (A) Capacity factors; (®) separation factors.
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adsorption constant of L-ZGP with respect to the PGC phase. Furthermore,
thermodynamic equilibrium in the column, ie., constant retention times and
separation factors, were obtained within less than fifteen column volumes, (Fig. 1).
The water content of the mobile phase had no significant effect on the equilibration
time. This indicates a low adsorption of water on PGC.

A decrease in the capacity and separation factors was observed when the mobile
phase was saturated with water (2100 ppm of water) (Fig. 1). High concentrations of
water gave more effective solvation of the diastereomeric ion pairs and their
components which probably affected their stabilities and their distribution properties.
Thus, a water content of about 500 ppm was preferable as it gave negligible differences
in retention and stereoselectivity compared with mobile phases containing 80 ppm of
water (Fig. 1b and a). However, it is more convenient to prepare and easier to control
a mobile phase with a higher water content (e.g., 500 ppm).

In comparison, 300 column volumes of mobile phase were required in order to
obtain constant chromatographic conditions with LiChrosorb DIOL as stationary
phase (Fig. 2). Interestingly, the separation factor becomeés constant after 50 column
volumes, whereas more than 300 column volumes had to pass the column before
constant retention times were obtained. This indicated that the retentions of the
enantiomers were affected to the same extent during the equilibration of the column.
Asdiscussed above, with silica-based phases it was necessary to include an amine in the
mobile phase in order to obtain a good chromatographic performance. The
deactivation of the LiChrosorb DIOL was dependent on the concentrations of amine,
counter ion and water. It was extremely time consuming to condition LiChrosorb
DIOL when the triethyamine ws omitted from the mobile phase. More than 500 ml of

* sk
e oo o o e o ®e0® oo . 1145
. o s
1.40
L ]
’
ks
o3
20fa
10+ :
A4 .
A‘ N
4 AA A A as 4
| — 1 i 1 o ol
0 100 200 300 880 column
volumes

Fig. 2. Equilibration of chromatographic system. Stationary phase, LiChrosorb DIOL; n{obile phase, 10
mM L-ZGP and 0.20 mM TEA in dichloromethane (containing 500 ppm of water). Symbols as in Fig. 1.
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Fig. 3. Structures of solutes (see Table 1IT). %, Asymmetric centre.

dichloromethane containing 500 ppm of water and 10 mM L-ZGP were required to
obtain a constant retention and selectivity. Close control of the water content and the
presence of an amine in the mobile phase were essential in order to obtain rapid
equilibration and reproducible systems when applying silica-based phases.

Solute structure and enantioselectivity

Chiral separations of some pharmaceutical compounds (Fig. 3) with L-ZGP as
the counter ion and porous graphitic carbon as the adsorbing phase are shown in Table
III. The highest separation factors were observed for the amino alcohols (propranolol
and atenolol) which can give multi-point interactions (electrostatic attraction and
hydrogen bonding) with the counter ion. This is in accordance with previous findings
using modified silica supports (LiChrosorb DIOL and Nucleosil CN) [2]. The
surface-modified silica phases gave more or less the same stereoselectivity (¢ = 1.2

TABLE 111
INFLUENCE OF SOLUTE STRUCTURE ON RETENTION AND STEREOSELECTIVITY
Stationary phase, PGC 134; mobile phase, 10 mM L-ZGP in dichloromethane (containing 80 ppm of water).

No.* Solute k, of

1 Propranolol 11 1.47
2 Atenolol 4.1 1.35
3 Tocainide 34 1.20
4 Prilocaine 0.91 1.12
5 Mexiletine 3.9 1.21
6 1-Phenyi-2-aminopropane 3.8 1.15
7 Promethazine 1.0 1.15

¢ For structures see Fig. 3.
b k' (second-eluted enantiomer)/k’ (first-eluted enantiomer).
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Fig. 4. Resolution of (R,S)-atenolol. Stationary phase, PGC 134; mobile phase, 10 mM L-ZGP and X mM
TEA in dichloromethane (containing 80 ppm of water). (a) X = 0 mM; (b) X = 1.0 mM.

1.8) as PGC but they retained the hydrophilic amino alcohols (e.g., atenolol) more
strongly than propranolol. As discussed above, high concentrations of L-ZGP and
addition of TEA to the mobile phase were necessary in order to obtain a reasonable
retention time with the modified silica phases. Thus, hydrophilic chiral amines and
amino alcohols are preferably separated using PGC, as demonstrated by the
separation of (R,S)-atenolol in Fig. 4a. A complete resolution of the enatiomers was
obtained within less than 10 min using 10 mM L-ZGP in dichloromethane as the eluent.
As indicated in Table II, the bad peak shape could be improved by an addition of
tricthylamine (Fig. 4b).

The combination of L-ZGP as the chiral additive and a modified silica as the
adsorbing phase generally separated enantiomeric f-amino alcohols but not amines
lacking a strong hydrogen bonding group in the vicinity of the asymmetric carbon
atom [1,2]. With PGC, on the other hand, separations of several different classes of
enantiomeric amines (Table III) were possible. Interestingly, chiral recognition was
observed for 1-phenyl-2-aminoproprane, an amine with no polar function attached to
the chiral centre apart from the amino group. The separation (Fig. 5) indicated that

[o0.001 AuFs

IO‘O2A

,/\JLMW

min 5 \ j "o min 20 10 0

Fig. 5. Separation of racemic I-phenyl-2-aminopropane. Conditions as in Fig. 4a.

Fig. 6. Reversed-phase separation of (R,S)-promethazine. Stationary phase, PGC 134; mobile phase: 5.2
mM L-ZGP in methanol-water (95:5).
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ion-pair formation and the possibility of additional weaker hydrophobic or steric
interaction between the L-ZGP and enantiomeric amines were sufficient for chiral
resolution. However, introducing a polar group, e.g., —O— (mexiletine, Table III) or
—CONH- (tocainide and prilocaine, Table IIT) in the vicinity of the chiral centre
improved the stereoselectivity. It is possible that two or more strong interactions
(electrostatic attraction, hydrogen bonding, dipole-dipole) between the ions enhanced
the differences in stability or distribution properties of the diastereomeric ion pairs.

Chiral separations were also carried out for tertiary amines, e.g., promethazine
(Table III).

Chiral separations in reversed-phase systems

The enantioselectivity obtained using L-ZGP in water-saturated dichloro-
methane suggested the possibility of chiral recognition in mobile phases of high
polarity. Indeed, L-ZGP dissolved in methanol-water (95:5) promoted the separation
of enantiomeric amines with a polyaromatic structure structure (Fig. 6). The column
efficiency was moderate but a complete resolution of racemic promethazine was
possible owing to the high stereoselectivity (¢ = 1.25).

Based on the limited data available, it was not possible to elucidate if the
decrease in capacity factors at the higher L-ZGP concentration (Table IV) was due to
an increased formation of less retained ion pairs or to a more effective competition by
the counter ion for the limited adsorption capacity of the stationary phase. Further,
the mixed effects on the separation factors by the 3-fold increase in the counter ion
concentration indicated complex retention mechanism(s).

CONCLUSION

The study of PGC has revealed some advantageous properties as an HPLC
stationary phase. Chiral separations of amines with different hydrogen-bonding
capabilities were possible using N-benzoxycarbonylglycyl-L-proline dissolved in
organic mobile phases with high water contents. Fast equilibration (less than fifteen
column volumes) were obtained without the addition of an amine to the mobile phases,
whereas LiChrosorb DIOL as adsorbing phase gave long equilibration times despite
the use of triethylamine in the mobile phase. The bad peak shape obtained on the

TABLE 1V
CHIRAL SEPARATION USING AQUEOUS MOBILE PHASES
Stationary phase, PGC 134; mobile phase, L-ZGP in methanol-water (95:5).

Solute L-ZGP concentration (mM)
5.22 19.0
Kk, o &, o
Propranolol 32 1.08 5.4 .12
Promethazine 17 1.25 3.9 1.20

2'-Methylpropranolol 57 1.06 5.5 1.0
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DIOL and PGC phases was improved by the addition of triethylamine to the mobile
phase.

Enantiomeric amines having a polyaromatic ring were resolved with L-ZGP
dissolved in an aqueous mobile phase.
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ABSTRACT

A series of enantiomers of cyclic and linear dipeptides containing aromatic amino acids was prepared
and chromatographed on §- and y-cyclodextrin (CD) columns. The retention times, separation factor « and
resolution values were calculated. The relevance of the distance of the chiral center from the phenyl ring for
chiral resolution was studied. A model was developed using X-ray crystallographic data for an inclusion
complex of f-CD and the enantiomers of cyclic(Phe-Gly).

INTRODUCTION

Separation of chiral peptides has become increasingly important due to differ-
ences in physiological activity of the resolved stereoisomers as well as regulatory
requirements [1]. A variety of techniques have been used to facilitate enantiomeric
separations, including chiral stationary phases, chiral eluents and chiral derivatiza-
tions [2-4]. The increasing importance of peptides as drugs has encouraged new
systems for analysis of small peptide stereoisomers that are not well resolved by
traditional reversed-phase columns.

Cyclic dipeptides (diketopiperazines) are an interesting class of peptides that
have a variety of biological activities [5]. Previous work has been done on resolution
of amino acid and dipeptide (linear and cyclic) enantiomers [6-8]. The mode of sep-
aration of enantiomers using cyclodextrin (CD) immobilized on silica high-perform-
ance liquid chromatography (HPLC) columns requires the formation of an inclusion
complex that will selectively form a tighter binding complex with one isomer as
opposed to the other [9-11].

Structural requirements in some systems have been defined that allow for sep-
aration of enantiomers [12-14]. In the present study a series of dipeptide compounds
was synthesized. The dipeptides contained phenylalanine and phenylalanine deriv-
atives where the phenyl ring was directly attached to the chiral center, or at one or
two carbons away from the chiral center, respectively. Both linear and the cyclized
dipeptides were prepared and chromatographed.

To understand better the importance of the structural requirements for sep-
aration of these dipeptides on CD, several features of these model compounds were
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studied including the requirement for a phenyl ring, its proximity to the chiral center
to be resolved and also the possible effects on the hydrogen bonding in CD inclusion
complexes.

Molecular graphics studies of the CD inclusion complexes were also done to
understand better the chromatographic results.

EXPERIMENTAL

Chromatography

Separations were performed using a Waters Assoc. (Milford, M.A,, U.S.A))
HPLC system which consisted of two 510 HPLC pumps, a 481 UV detector, A WISP
autoinjector and a Model 840 data acquisition and control system. The columns were
B-CD and y-CD (25 cm x 4.6 mm L.D.) from ASTEC (Whippany, N.J., US.A))
Mobile phases consisted of various isocratic combinations of HPLC-grade methanol
and water, typically 10:90 (v/v). Additives to the aqueous phase were also tried, such
as triethylamine acetate, pH 4.0. Flow-rates were 1.0 ml/min and UV detection was at
214 nm.

Materials

Solvents were HPLC grade from J. T. Baker (Phillipsburg, N.J., U.S.A.) and
water was obtained from a Milli-Q system (Bedford, MA, U.S.A.). The 0.1 M TEAE
buffer was made by titration of triethylamine with acetic acid to pH 4.0.

o-Phenyl-a-ethylglycine (racemic) was obtained from Chemical Dynamics
(South Plainfield, N.J., U.S.A.). Cyclo(L-Phe-Gly) and p- and L-homophenylalanine)
were purchased from Bachem (Bubendorf, Switzerland); b- and L-phenylglycine were
purchased from Sigma (St. Louis, MO, U.S.A.). Boc-glycine was purchased from
Peninsula Labs (Belmont, CA, U.S.A.). All other chemicals were reagent grade.

Synthesis

The linear peptides were prepared by the same general procedure as using
conventional -Boc peptide chemistry. Cyclic dipeptides were prepared from the cor-
responding linear dipeptides by cyclodehydration. This was done using phenol under
non-racemizing conditions, with slight modifications from the original described by
Kopple and Ghazarian [15].

Computer graphics

The molecular graphics were done on a PS390 Evans and Sutherland using
SYBYL molecular modeling software [16]. The three-dimensional coordinates of
B-CD were obtained from the Cambridge Crystallographic Data Base [17]. The coor-
dinates for c(Phe-Gly) were obtained from the X-ray crystal structure of ¢(Tyr-Gly)
which was modified by removing the hydroxyl group from tyrosine.

RESULTS AND DISCUSSION

Previous work has shown that the proximity of the chiral center to the 2'- and
3'-hydroxyls at the top of the CD cavity are important for resolution of enantiomers
{12]. Modeling studies with propranolo! have shown that increased hydrogen bonding
allows for a more stable inclusion complex for d-propranolol as compared to the
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l-isomer. The elution order from a B-CD column reflects this with /-propranolol
eluting before the d-propranolol.

The presence of an aromatic group is beneficial but not essential for the forma-
ion of an inclusion complex with CDs. Models show that this is the portion of the
molecule that inserts into the CD cavity. In the present study, an aromatic group (i.e.,
a phenyl group), is contained in all of the cyclic dipeptides. There is also a pseudo-
aromatic ring in the form of the diketopiperazine ring in these compounds. The
model suggests that as with other aromatic compounds, the aromatic phenyl ring is
inserted into the CD pocket.

It has been previously suggested that the distance of the chiral center to the
phenyl group seems to be important for the stability of the inclusion complex. Com-
pounds such as racemic barbiturates, in which the chiral center is contained in rings,
resulted in increased resolution of enantiomers on CD. Chiral centers farther away
(i.e., more than one carbon) from the phenyl ring are often not well resolved on CD,
although there are exceptions. Decreased bond rotation due to a shorter side chain
was one suggestion for this effect [12]. Our results also agree with this observation as
cyclic dipeptides are better resolved than linear dipeptides.

Studies have been conducted on a series of hydantoin enantiomers in which the
length and location (5’ and 3’) of the alkyl subtituents were varied and corresponding
effects on resolution of enantiomers on CD were evaluated. The best resolution was

TABLE |

RETENTION TIMES OF LINEAR AND CYCLIC DIPEPTIDES CONTAINING AROMATIC
GROUPS ON y- AND g-CD HPLC COLUMNS

Mobile phase: water—methanol, 90:10 (v/v) at 1 ml/min, 214 nm.

Compound Retention time
y-CD -CD
Cyclo (L-PhenylGly-Gly) 4.1 4.8
Cyclo (D-PhenylGly-Gly) 4.1 4.8
Cyclo (L-Phe-Gly) 4.9 12.2
Cyclo (D-Phe-Gly) 49 8.1
- Cyclo (L-homoPhe-Gly) 4.6 14.6
Cyclo (D-homoPhe-Gly) 4.6 14.6
Cyclo (L-a-Phenyl-z-ethylGly-Gly) 4.9 13.6
Cyclo (D-a-Phenyl-a-ethylGly-Gly) 4.9 123
L-PhenylGly-Gly 4.1 49
D-PhenylGly-Gly 4.1 49
L-Phe-Gly 49 8.2
D-Phe-Gly 49 7.8
L-HomoPhe-Gly 4.7 13.3
p-HomoPhe-Gly 4.7 133
L-Phenylglycine 39 4.1
D-Phenylglycine 39 4.1
L-HomoPhe 4.5 8.7
D-HomoPhe 4.5 8.7
L-Phe 42 4.5

p-Phe 42 4.5
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TABLE 11
CALCULATED a AND RESOLUTION VALUES ON j-CD FROM DATA IN TABLE !

Compound .. p-CD

Resolution o

Cyclo(t-PhenylGly-Gly)

Cyclo(o-PhenylGly-Gly) 0 1.0
Cyclo(L-Phe-Gly)

Cyclo(p-Phe-Gly) 1.5 1.67
Cyclo(L-homoPhe-Gly) 0 o
Cyclo(p-homoPhe-Gly) :
Cyclo(L-a-phenyl-a-ethylGly-Gly) 0.5 -

Cyclo(p-a-phenyl-a-ethylGly-Gly)

obtained with the methyl substituent; it decreased with larger substituents. The evi-
dence points to disruption of hydrogen bonding due to longer chain substituents on 3’
or 5 of the phenyl ring [13].

In the present study, we observed no resolution of enantiomers with the phenyl
ring attached directly to the chiral center when hydrogen is the other substituent (i.e.,
¢(p- and L-PhenylGly-Gly). Some resolution is observed when the substituent is ethyl
(i.e., D- and L-cyclo(a-Phe-a-ethylGly-Gly) (CPEGG) separation factor (x) = 1.12
and resolution R; = 0.5.

The retention times of the cyclic dipeptides c(Phe-Gly), c(homoPhe-Gly) and
CPEGG were in the range 8.1-14.6 min as seen in Table I. The retention times seem
to be more related to the relative hydrophobicity of the compound rather than the
chiral discrimination, although the enantiomers of c(Phe-Gly) seem to be an excep-
tion.

300
mvy

1
250 F
200 L
150 2 . r
100 r
50 r
0 - -
5 10 15

20

L

L [

MINUTES

Fig. 1. Resolution of (1) ¢(b-Phe-Gly) and (2) ¢(L-Phe-Gly), on Cyclobond I, 90:10 (v/v) water-methanol at
1 ml/min.

Fig. 2. Model of the inclusion complex of c(L-Phe-Gly) (A) and c(D-Phe-Gly) (B) with f-CD using X-ray
coordinates. The hydrogen bond distances in the c(L-Phe-Gly)-CD complex for the two amide hydrogens
interacting with the oxygens of the 2’- and 3'-hydroxyls are 2.2 and 2.6 A. In the p-isomer complex the
same distances are 2.6 and 4.1 A as measured with SYBYL software.
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Enantiomers in which the phenyl ring and the chiral center are separated by two
methylene units were not resolved on 5-CD (i.e., ¢(D- and L-homoPhe-Gly). This was
expected in view of other studies indicating that when the chiral center is too far out
of the CD pocket it will not interact with the 2'- and 3’-hydroxyls, thus not allowing
for chiral recognition.

The enantiomers of ¢c(Phe-Gly) were retained and well resolved with « = 1.67
and R, = 1.5 (Table II). The high resolution indicates a significant difference between
the stability of the inclusion complex of CD with the D- versus the L-isomer. The
difference is manifested in the elution times, with the c(L-Phe-Gly) eluting about 5 min
after the c(p-Phe-Gly) as shown Fig. 1. These results suggest that optimal chiral
resolution in this class of cyclic dipeptides is observed when the distance between the
phenyl ring and the chiral center is one methylene unit.

In this study most of the chiral chromatography was performed with isocratic
methanol-water combinations. In addition, cyclic dipeptides were chromatographed
using an ion-pair buffer, triethylamine acetate, pH 4.0. The retention times on -CD
were increased slightly but no improvements in resolution were seen with this buffer
system. No enantiomers were separated using this system that did not resolve with
methanol-water. :

In Fig. 2 a model of the inclusion complex of c(p-Phe-Gly) and c(L-Phe-Gly)
with B-CD shows the phenyl ring inserted into the CD pocket. In this model the
possible hydrogen bonds that can form with the primary and secondary hydroxyls of
B-CD are the two amide protons from the cyclic dipeptide ring. The diketopiperazine
ring is not linear but slightly puckered as determined from crystallographic data. It
would be difficult to form optimal hydrogen bonds between the two carbonyls on the
cyclic dipeptide ring and the CD hydroxyls, with the phenyl ring fully inserted. The
hydrogen bond distances were measured in both D- and L-Phe isomers for the amide
hydrogens. The preliminary results indicate that the L-isomer has the possibility for
two optimal hydrogen bonds (about 2.5 A) with the adjacent CD hydroxyls. The
D-isomer seems to allow for only one optimal hydrogen bond with the phenyl ring
fully inserted. Various rotations and translations of the cyclic dipeptide and §-CD
were performed to locate possible hydrogen bonds. Molecular modeling studies are
currently underway to refine this model of CD-dipeptide complexes. A full under-
standing of the dipeptide—f§-CD complex would require crystallization of the complex
and solution of the crystal structure by X-ray techniques.
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ABSTRACT

Monoiodinated tyrosine methyl ester, a derivative of 5-hydroxy-6,8,11,14-eicosatetraenoic acid con-
taining '2°I in the phenolic ortho position was prepared with high specific radioactivity and separated by
column chromatography on a Sephadex LH-20 gel. The adsorption behaviour of the labelled product was
studied both by adsorption chromatography using a Sephadex LH-20 adsorbent with ethanol-water as a
binary eluent and by reversed-phase high-performance liquid chromatography using C,-silica as a sta-
tionary phase with aqueous binary eluents containing ethanol, methanol or acetonitrile. In both separation
systems, a linear relationship was found between the logarithmic capacity factor or distribution coefficient
and the logarithmic concentration of the organic solvent.

INTRODUCTION

Various prostanoids can be labelled with !2°I through their histamine and
tyramine [1] or tyrosine methyl ester (TME) [1,2] and these derivatives have
widespread use in radioimmunoassay (RIA). 5-Hydroxy-6,8,11,14-cicosatetraenoic
acid [S-HETE] is a key intermediate produced in the lipoxygenase pathway of
arachidonic acid, and therefore the 12°T-labelled derivative of this compound may be
useful in specific RIA, although no such RIA has previously been reported.

In the course of labelling through TME derivatives radioiodine may be
incorporated via electrophilic substitution into the aromatic ring in the 3'- and/or
5'-positions, but only the monosubstituted derivatives are suitable as tracers for RIA.
As we have shown previously, adsorption chromatography on Sephadex LH-20 is an
efficient method for the isolation, with high specific activity, of the monoiodinated
derivatives of prostanoids [3], steroids [4-8] and other bioactive compounds [9-11].

In this paper we report on the adsorption chromatographic separation of
'2°I-labelled 5-HETE-TME from the inactive parent compound using Sephadex LH-
20 as adsorbent, a method that permits a high specific activity suitable for RIA to be
achieved.

According to a widely accepted model of adsorption, the displacement of solute
molecules from a sorbent involves the participation of a stoichiometric number of
solvent molecules used as organic modifier. Solutes that behave according to this
stoichiometric displacement model are expected to give linear plots of log (distribution

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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coefficient) or log (capacity factor) vs. log (concentration of organic solvent), with
a slope that reflects the stoichiometric number of solvent molecules participating in
displacement.

The adsorption behaviour of various iodinated compounds has been studied
previously on Sephadex LH-20 adsorbent and a linear log k vs. log X relationship was
found with an ethanol-water binary eluent [3-11], where k and X are the distribution
coefficient and the molar fraction of ethanol, respectively. On the other hand,
numerous investigations related to the mechanism of adsorption in high-performance
liquid chromatography have also demonstrated a linear relationship between log £’
and log X, where k' is the capacity factor. This relationship, originally verified for
normal-phase high-performance liquid chromatography (HPLC) using silica as
stationary phase, was extended also to reversed-phase (RP) systems using binary
mobile phases consisting of water and an organic solvent modifier [12-16].

In previous work, RP-HPLC was found to be an efficient alternative to
Sephadex LH-20 adsorption chromatography for the separation of various '2°I-
labelled prostanoid derivatives and a similar chromatographic behaviour of these
derivatives was observed in RP-HPLC and in Sephadex LH-20 chromatography
[17,18].

In this work, the chromatographic behaviour of '**I-labelled 5S-HETE-TME
was studied using both adsorption chromatography with Sephadex LH-20 as
adsorbent and ethanol-water as eluent and RP-HPLC using C,g-bonded silica as
stationary phase with aqueous binary eluents containing ethanol, methanol or
acetonitrile as organic modifier. Highly significant linear relationships for log k vs.
log X (Sephadex LH-20) and log k' vs. log X (RP-HPLC) were obtained. To our
knowledge, this paper is the first to report on the linearity of log k" vs. log (molar
fraction of organic modifier) in RP-HPLC for a representative of an important family
of small molecules containing the monoiodo-TME functional group.

EXPERIMENTAL

5-(+)-HETE was synthesized from arachidonic acid according to the method of
Corey et al. [19] (since the racemic form was used throughout this study, the chirality
will not be indicated any further). In order to study the chromatographic behaviour of
5-HETE-TME used for the radioiodination, this compound was synthesized using
tritium-labelled TME. [PH]TME prepared as described [20] was diluted with
non-radioactive TME to a specific activity of about 100 uCi/mg and coupled to
5-HETE using the carbodiimide method.

5-HETE-TME was labelled with 12°1 by the use of the chloramine-T method. To
2-3 ug (3-4.5 nmol) of S-HETE-TME in 50 ul of buffer, 1-2 mCi (0.5-1 nmol) of
carrier-free Na'251 (Institute of Isotopes, Budapest, Hungary) was added, followed by
the addition of 50 ul of 0.5% chioramine-T solution. After 60 s, the reaction was
quenched with 100 ul of 0.7% sodium metabisulphite solution. All reagents were
dissolved in 50 mM phosphate buffer (pH 7.4).

Monoiodinated [*2°1]5-HETE-TME was isolated from the labelling reaction
mixture by column chromatography on a preparative scale. Sephadex LH-20 dextran
gel (Pharmacia, Uppsala, Sweden) swollen in distilled water was packed in a column
(130 x 10 mm 1.D.) to a height of 100 mm. The reaction mixture was administered on
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the top of gel and allowed to soak in. After equilibration for 10 min, the elution was
started with 150 ml of water, followed by 80-100 ml of 20% ethanol, and the
monoiodinated product eluted with 30-35 ml of 30% ethanol. The flow-rate was 45—
50 ml/h. In order to suppress the dissociation of the phenolic OH group, which would
lead to a decrease in adsorption on dextran gel, the pH was adjusted to 4.0 with 0.1 M
citrate buffer.

The effluent was passed over an NalI(Tl) scintillation crystal and its radioactivity
was counted by a ratemeter and recorded by an X-Y plotter.

In order to measure the elution volume of [H]5-HETE-TME, the effluent was
collected with a fraction collector and the 3H radioactivity determined by liquid
scintillation counting.

For RP-HPLC separation, a two-pump (LKB, Type 2150) gradient system
controlled by an HPLC controller (LKB, Type 2152) was used. An RP-18 (Spheri-5)
Aquapore Cartridge column (100 x 4.6 mm LD.) (Pierce) equipped with a guard
cartridge was attached to an Nal(Tl) scintillation crystal. Radioactive samples (0.5—
1.0 uCi) dissolved in 5-10 pl of mobile phase were injected through a Rheodyne sample
injector equipped with a 200-ul sample loop. The I radioactivity of the effluent was
counted by a ratemeter attached to the scintillation crystal and registered with
a potentiometric recorder (LK B, Type 2210).

The elution volumes in various binary eluents were determined in duplicate. The
dead volume (1 ml) was determined using Na'2%1 as the non-retained compound. In
preliminary experiments the effect of pH on the retention time was studied in
acetonitrile-10 mM citrate buffer (60:40, v/v) mobile phase in the pH range 4.0-9.0. As
the retention volume remained unchanged throughout this range, the pH was
unadjusted for the experiments with different binary eluents of various composition.

RESULTS AND DISCUSSION

Isolation of radioiodinated ['*°1]5-HETE-TME by Sephadex LH-20 column chroma-
tography

Labelling of 5-HETE-TME with '*°I led to the production of a complex
reaction mixture. Asillustrated in Fig. 1, several labelled products could be detected in
the effluent collected from the Sephadex LH-20 column. Omitting the free ‘251~
eluting at the dead volume, of the three elution peaks peak 2 was assigned to an
unidentified labelled by-product. Peak 3 was attributed on the basis of the immuno-
reactivity to the monoiodinated [*2°1)S-HETE-TME. On the basis of the decrease or
lack of peak 4, when a large molar excess of target material was employed (i.e., 40—
100 nmol of 5-HETE-TME to 1 nmol of Na'2°I), this peak can be attributed to the
disubstituted derivative, [*2°1]5-HETE-TME.

In order to achieve high specific activity, when a 125I-labelled derivative is
intended for use as a tracer in radioimmunoassay, perfect separations from the parent
compound is of the utmost importance. When run in the same separation system as
that used for the isolation of the labelled compound, tritiated S-HETE-TME, the
parent compound of monoiodinated [*?°1)5-HETE-TME was found to elute with
water near the dead volume. This experiment demonstrated that the monoiodinated
product eluted with ethanol would not contain any of the unreacted parent compound.
At the same time, however, when water was replaced immediately for the final eluent of
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Fig. 1. Separation of !2°I-labelled S-HETE-TME by column chromatography. Sorbent: Sephadex LH-20.
Eluent: (A) water; (B) ethanol-water (20:80); (C) ethanol-water (30:70). Peaks: 1 = free !2°]7;
2 = unidentified labelled product; 3 = ['2°I|5-HETE-TME; 4 = ['251,]-5-HETE-TME.

30% ethanol, the monoiodinated product to be isolated was usually contaminated
with labelled by-products. So as to ensure the removal of these radioactive impurities,
the final elution with 30% ethanol was preceded with an intermediate elution using
a lower concentration of ethanol. This elution pattern, illustrated in Fig. 1, led to the
isolation of monoiodinated [*2°I)5-HETE-TME free from both the unreacted parent
compound and labelled by-products. The efficacy of this separation procedure and the
structure of the labelled product were further supported by the specific binding of the
separated material to an antibody raised against 5S-HETE-bovine serum albumin
conjugate.

The monoiodinated [*2°1]5-HETE-TME thus purified was used for studying its
chromatographic properties in both column chromatography on Sephadex LH-20 and
RP-HPLC on alkylated silica as the stationary phase.

Chromatographic behaviour on Sephadex LH-20
The chromatographic behaviour of monoiodinated [*2°1]5-HETE-TME on
Sephadex LH-20 was studied using aqueous ethanol eluents. As can be seen from

TABLE 1

DEPENDENCE OF ELUTION VOLUME OF *#*I-LABELLED 5-HETE-TME ON THE COMPOSI-
TION OF ELUENT

Sorbent: Sephadex LH-20. Eluent: agueous ethanol-water.

Ethanol concentration  Elution Distribution
volume, ml  coefficient

% (v/v) Molar

fraction, X
35 0.144 126.7 83.05
40 0.172 60.2 37.51
45 0.203 35.8 20.79
50 0.238 21.8 11.20

55 0.276 17.3 8.12
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Table 1, the elution volume decreased with increasing ethanol concentration. The
distribution coefficient (k) was calculated according to the equation

Ve — Vo Ve — 544

k= =14 M

where v,, vy and w are the elution volume, the dead volume and the weight of the
adsorbent, respectively.

In the range 30-55% (v/v) ethanol, the distribution coefficient as a function of
ethanol concentration was calculated according to the equation

log k = log ko — nlog X Q)

where X is the molar fraction of ethanol, k is the distribution coefficient extrapolated
to 100% ethanol and # is a constant.

As illustrated in Fig. 2, a highly significant (correlation coefficient 0.9945) linear
relationship was found, with the regression line

logk = —1.167 — 3.610 log X 3

Chromatographic behaviour in RP-HPLC

In RP-HPLC using C,s-bonded silica as the stationary phase, the chromato-
graphic behaviour of the pure monoiodinated [*23[]5-HETE-TME was identical with
that observed with Sephadex LH-20 separation, i.e., the retention time decreased with
increasing proportion of organic solvent (ethanol, methanol or acetonitrile) in the
aqueous binary eluent (Table II). In order to obtain a parameter suitable for direct
comparison of RP-HPLC data with those determined for Sephadex LH-20, the

601

40-
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10 Q

i 1 L
02 03 04 X

Fig. 2. Distribution coefficient of ['*°I)5-HETE-TME as a function of ethanol concentration (x) in
adsorption column chromatography. Sorbent: Sephadex LH-20. Eluent: ethanol-water. Scale: log-log.
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TABLE 11
CAPACITY FACTOR OF '>)I.LABELLED 5-HETE-TME IN RP-HPLC WITH BINARY ELUENTS

Stationary phase: Cyg-bonded silica. Mobile phase: aqueous mixtures of organic modifiers.

Concentration Capacity factor, k’

% (v/v)  Molar fraction, X Methanol  Ethanol  Acetonitrile

Methanol Ethanol  Acetonitrile

50 0.238 32.5

55 0.276 0.296 8.2 17.7
58 0.322 12.7
60 0.319 0.340 5.5 9.7
63 0.369 7.4
65 0.367 0.390 3.0 5.8
68 0.422 4.8
70 0.421 0.445 1.9 3.7
75 0.546 0.508 16.2 2.4
78 0.587 9.4

80 0.615 0.579 6.7 1.7
82 0.646 4.8

84 0.677 3.4

85 0.694 0.661 2.9 1.2

capacity factor, which is directly proportional to the distribution coefficient, was
calculated according to the equation

Ve — Vg Ve — 1.0
k’ = =
Vo 1.0 (4)

where k', v, and v, are the capacity factor, the elution volume and the dead volume,
respectively.

k)

k

201

L__ 1 | 1

1 1
03 04 05 06 07 X

Fig. 3. Capacity factor of [*2°I]5-HETE-TME as a function of the concentration of organic modifiers (x) in
RP-HPLC. Sorbent: C,g-bonded silica. Mobile phase: binary mixtures of water and organic solvents (A =
methanol; [] = ethanol; O = acetonitrile). Scale: log-log.
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Within the approximate capacity factor range 2-10, a linear relationship was
found according to the equation

log ¥ = logky — mlog X )
where X is the molar fraction of organic solvent, kj, is the capacity factor extrapolated

to 100% organic solvent and m is constant. The regression lines fitted for different
binary eluents (Fig. 3) gave the following equations:

log £ = —1.052 — 3.55 log X (ethanol) (6)
log k&' = —0.715 — 3.68 log X (acetonitrile) @)
log k& = —0.674 — 7.13 log X (methanol) (8)

The linearity was highly significant, with correlation coefficients of 0.9966,
0.9980 and 0.9999, respectively.

The widely accepted displacement model of adsorption predicts that solute
molecules that behave according to this model will give linear plots of log
(concentration) vs. log (distribution coefficient) and log (capacity factor). Although it
cannot be regarded as direct evidence of a displacement mechanism of solute retention,
the linear relationship between the concentration of organic solvents and the capacity
factor (eqns. 6-8) observed in our experiments is not inconsistent with this model.

The slope of log &’ vs. log X curve is said to be an indicator of the strength of
a pure solvent used as the mobile phase. The larger slope found with methanol, which
leads to a faster decrease in k" with increase in methanol concentration, may underly
the good resolution obtained in RP-HPLC of the analogous monoiodo-TME
derivatives of various prostanoids using a ternary eluent containing water, acetonitrile
and methanol [18]. Further studies could be useful to check how the differences in
elution strength could be utilized to optimize the selectivity of the separation of this
family of compounds.

Comparing the slopes of fitted lines obtained from the elution on Sephadex LH-
20 and RP-HPLC, the ratio was 3.61 (eqn. 3):3.55 (eqn. 6):3.68 (eqn. 7):7.13 (eqn. 8) =
1:1:1:2. The solute showed similar behaviour in terms of the retention dependence on
the concentration of ethanol, as indicated by the identical slope of the plots obtained
on Sephadex LH-20 (eqn. 3) and C, 3-bonded silica (eqn. 6). Although the agreement
occurred in a different range of composition for the two systems, the results are not
inconsistent with the displacement model.

Linearity is normally obtained with capacity factors in the range 0.5-10. Outside
this range, at extremes of k', non-linearity is frequently observed and different
theoretical approaches were considered to account for this phenomenon [15,16], but
none of these interpretations affected the validity of displacement mechanism. The
non-linearity was observed in our experiments also in ethanol and acetonitrile below
55 and 60%, respectively, but this phenomenon was not studied in more detail.
However, the divergence from linearity observed at extremes of capacity factor is not
expected to affect the predictive value of solute retention based on the equations
presented, as the linearity was found to be valid in the capacity factor range 2-10,
a range that meets the practical requirements for applications of RP-HPLC.
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ABSTRACT

A mouse monoclonal antibody (SIA4-5) which reacts with a chick 14K lectin (C14K) was covalently
attached to a new support for high-performance affinity chromatography, TSK gel Tresyl-SPW, which is a
preactivated, polymer-based particle. The immobilized antibody (SIA4-5-SPW) thus prepared proved to
be useful in measuring not only the molecular properties of C14K but also specific interactions of C14K
with SIA4-5 and hapten sugars. The C14K preparation was fractionated according to the oligomeric
structure and with slight differences in affinity to SIA4-5 although the former was homogeneous in sodium
dodecyl sulphate polyacrylamide gel electrophoresis. Application of the method for quantitative analytical
purposes was successful.

INTRODUCTION

The development of suitable supports for affinity chromatography has always
been required in order to extend the field of application of the method. Properties
required for suitable supports are as follows: hard, small, spherical, homogeneous in
size, highly porous with large pores, hydrophilic and devoid of non-specific adsorp-
tion. A new preactivated support for high-performance affinity chromatography has
become commercially available under the trade-name TSKgel Tresyl-5PW. Accord-
ing to the manufacturer (Tosoh, Yamaguchi, Japan), it is prepared by introducing
tresyl groups into TSKgel G5000PW [1], which is hydrophilic resin-based material of
large pore size (particle diameter 10 um, approximate pore size 1000 A), intended for
high-performance gel filtration. The amount of tresyl groups introduced is about 20
pmol per ml of swollen gel. Protein can be easily coupled via its e-amino or thiol
groups [2]. Affinity adsorbents prepared from this support should be useful not only
for preparative but also for other purposes such as analysis and diagnosis. We intend
to use this new material for investigations on specific interactions of biomolecules.

In the course of studies on vertebrate f-galactoside-binding lectins, we cloned
anti-chick 14K lectin mouse monoclonal antibody (SIA4-5). Chick 14K lectin (C14K)

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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has a monomer molecular weight of 14 970 [3] and an 1soelectric point of 7.0 {4]. Both
monomeric and dimeric forms were usually found in purified preparation. To in-
vestigate the interaction between C14K and SIA4-5, we attached SIA4-5 to TSK gel
Tresyl-5PW and studied the chromatographic behaviour of C14K. Useful informa-
tion such as oligomeric structure and dissociation constants between C14K and its
soluble hapten sugars were obtained.

EXPERIMENTAL
The columns and proteins investigated are summarized in Table 1.

Materials

Human y-globulin (HG) and mouse y-globulin (MG) were purchased from
Miles Diagnostics Division (Elkhart, IN, U.S.A.), concanavalin A (carbohydrate-
free) from Seikagaku Kogyo (Tokyo, Japan), thiodigalactoside, N-acetyl-p-lactosa-
mine, proteins for molecular weight markers, from Sigma (St. Louis, MO, U.S.A))
and Bradford protein assay dye reagent was purchased from Bio-Rad Labs. (Rich-
mond, CA, U.S.A.). Other reagents and solvents were of analytical-reagent grade.
TSK gel Tresyl-SPW (Tosoh) with particle size 10 um and average pore size 1000 A
was used as a support for affinity adsorbent. C14K and SIA4-5 were purified as
described {4,5].

Chromatography

Chromatography was performed at ambient temperature (20-25°C) with an
HLC-803D pump equipped with a variable-wavelength Model UV-8000 UV detector
and a Model FS-8000 variable-wavelength fluorescence detector (all from Tosoh).
Fluorescence of proteins was detected with excitation at 285 nm and emission at 340
nm. The recovery of proteins was determined from the areas of the eluted peaks [6].
As controls, we used areas obtained when the column was replaced with empty 1 mm
I.D. stainless-steel tubing of 1 ml total inner volume and elution was performed
isocratically at the eluent compositions at which each protein was eluted. Each pro-
tein was injected. Peak areas were measured with a Model CP-8000 data processor
(Tosoh).

TABLE 1
AFFINITY CHROMATOGRAPHIC COLUMNS

Column Immobilized Column size Sample Fig. No.
protein

CI4K-5PW C14K 50 mm X 4.6 mm 1.D. SIA4-5 1A

C14K-5PW Cl4K 50 mm x 4.6 mm LD. MG 1C

Non-protein—SPW - 75 mm X 4.6 mm L.D. SIA4-5 1B

Non-protein-SPW - 75mm X 4.6 mm 1.D. Cl4K 1F

SIA4-5-5PW SIA4-5 75 mm x 4.6 mm L.D. Cl4K 1D, 2A, 2B,
2C, 3B, 3C,
SA, SB, 6A,
6B

HG-5PW HG 75 mm X 4.6 mm L.D. Cl4K 1E
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Coupling of proteins to TSKgel Tresyl-5PW

Protein solution was applied to a Bio-Gel P-6 column that had been equili-
brated with buffer [1 M sodium potassium phosphate buffer (pH 7.5) or 0.2 M NaH-
COj; containing 0.5 M NaCl (pH 8.0)] for buffer change. The protein concentration of
SIA4-5 was calculated from the absorbance at 280 nm assuming a molar absorptivity
(1% w/v, 1 cm) of 14 [5]. The protein concentration of C14K was determined by the
protein assay method of Bradfood [7]. The protein-containing fraction obtained (4
ml) was mixed with 0.5 g (dry weight) of TSKgel Tresyl-5PW and shaken at 4°C
overnight. After washing with the same buffer, unreacted tresyl groups were deactiv-
ated by resuspending the gel in 12 ml of 0.5 M Tris—-HCI buffer (pH 8.0) at 4°C
overnight. As a control, 4 ml of the buffer without protein were mixed with 0.5 g (dry
weight) of TSK gel Tresyl-5SPW and the same treatments were carried out. The cou-
pling yield of protein was determined by amino acid analysis of pure and immobilized
protein. After immobilization of protein, a portion of the gel and pure protein solu-
tion were treated with 6 M HCl for 20 h at 110°C. Hydrolysis was performed iz vacuo.
This treatment did not destroy the gel. The amino acid composition of supernatant
was determined with a Hitachi Model 835 automatic amino acid analyser. As alanine
is stable, its value is not easily influenced by contamination and it is a major compo-
nent of the proteins investigated in this work, its value was used for determining the
coupling yield. The amount of coupled protein was calculated from the protein con-
centration of pure solution and the coupling yield. The adsorbent thus prepared was
usually stored in 0.05% sodium azide solution at 4°C. It could be used repeatedly for
at least 1 year without an appreciable decrease in efficiency.

Miscellaneous methods

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was
carried out by the method of Laemmli [8] using 3% stacking gel and 12.6% separat-
ing gel. Haemagglutination activity was measured according to Nowak et al. [9]. In a
microtitre plate (Cooke Engineering), 25 ul of serially diluted sample, 25 ul of buffer
[20 mM sodium phosphate buffer (pH 7.2) containing 150 mM NaCl, 2 mM EDTA
and 4 mM 2-mercaptoethanol], 25 ul of 1% bovine serum albumin and 25 ul of a 4%
suspension of trypsinized glutaraldehyde-fixed rabbit erythrocytes were mixed. One
unit of hemagglutination activity was defined as the reciprocal of the highest dilution
of the sample which gives detectable agglutination. Concanavalin A was used as a
positive control. Protein concentration was determined by using a dye reagent ac-
cording to Bradford [7]. Bovine serum albumin was used as a standard. The molec-
ular weight of C14K under non-denaturing conditions was determined by high-per-
formance gel filtration chromatography on TSK gel G2000SWxI. Sodium phosphate
buffer (0.1 M, pH 6.8) containing 0.1 M Na,SO, was used.

Analysis of the interaction between CI14K and immobilized SIA4-5

Interaction between C14K and immobilized SIA4-5 was analysed quantitative-
ly according to the theory developed for frontal affinity chromatography [10,11] and
that for zonal chromatography [12]. In frontal affinity chromatography, we use a
relatively weak affinity adsorbent so that only retardation instead of adsorption oc-
curs. The dissociation constant (Ky) of the complex formed between a soluble protein
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(A; in this case, C14K) and its immobilized ligand (B; SIA4-5) can be described as
follows:

Ky = [A][B]/[AB]

B,
= =7~ A M

where B, is total amount of the immobilized ligand, ¥ the elution volume of A, V, the
elution volume of A under the conditions where specific interaction is completely
suppressed and [A], the initial concentration of A, which is maintained in the column.
Eqn. 1 can be rearranged to

- B,
V="V, + AL+ K, 2
If [A]o is negligibly small in comparison with Ky, V approaches the maximum value
Vi, hence

Va = Vo + (B/Ky) (3)
Eqn. 3 can be rearranged as follows:

B,
A=y, @
This means that we can determine K, from the elution volume provided that we apply
a very dilute solution of A. Eqn. 3 is equivalent to the basic equation derived for
partition chromatography (not for frontal chromatography but for zonal chromato-
graphy), although in the latter the volume of stationary phase and partition coeffi-
cient are used instead of B, and Ky, respectively. This indicates that when we apply a
very small amount of protein to the column, adsorption chromatographic techniques
such as affinity chromatography can be treated by the same theory as developed for
partition chromatography, because the amount of the occupied immobilized ligand
becomes negligible and consequently the ratio of free and bound protein ([A]/[AB])
becomes constant. This consideration also indicates that eqn. 3 is applicable not only
to frontal chromatography but also to zonal chromatography under these conditions,
because frontal chromatography can be considered as a repetition of independent
zonal chromatography. By expanding eqn. 3, the interactions between C14K (A) and
other soluble molecules (I) that affect the binding of C14K to SIA4-5-5PW can be
analysed. When chromatography is carried out in the presence of a competitive ligand
I, A is eluted at an elution volume V; which is smaller than V,,. If the concentration of
I ({I]o) is extremely high in comparison with [A]e, we obtain the following equation
[10,11]:

1 _ V=W
0~ V= Vo ©)

1+
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where K; is the dissociation constant of the Al complex. Eqn. 5 can be rearranged as
follows:

Vi — VO + Ki(Vm - Vn) (6)
(o

When Vi is plotted against (¥, — ¥3)/[Ilo, a straight line is obtained and K; and Vo can
be determined from the slope and the intercept, respectively. Dunn and Chaiken [12]
also proposed another analytical procedure for affinity chromatography, which was
developed to analyse the effect of soluble molecules (I) which inhibit the interaction of
the immobilized ligand (B) and its counterpart (A). It was originally developed for
zonal chromatography and the K; value can be obtained from the ratio of intercept
and slope of the 1/(V; — Vy) versus {I], plot.

RESULTS

Immobilization of SIA4-5 and C14K on TSKgel Tresyl-SPW

SIA4-5-5PW and C14K~5PW were prepared as described under Experimental.
The protein concentration of SIA4-5 solution was calculated as 0.9 mg/ml from the
absorbance at 280 nm. The coupling yield was determined by amino acid analysis of
pure and immobilized SIA4-5, using the value of alanine. A 4-ml volume of pure
SIA4-5 solution contained 153.9 ug of alanine and 0.5 g (dry weight) of SIA4-5-5PW
contained 144.7 ug of alanine; therefore, the coupling yield was determined as 94%.

A B N‘C D E F

Fluorescence of Protein
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Fig. 1. Properties of several derivatized Tresyl-SPW. Columns, (A, C) C14K-5PW (50 mm % 4.6 mm 1LD.),
(B, F) non-protein-5PW (75 mm x 4.6 mm 1.D.), (D) SIA4-5-5PW (75 mm x 4.6 mm L.D.) and (E)
HG-5PW (75 mm x 4.6 mm LD.) (containing 1.9 mg of HG). Applied samples, (A, B) SIA4-5 (100 g1, 100
ugfml), (C) commercial MG (100 pl, 2.2 mg/ml) and (D--F) C14K (100 ul, 18 pg/ml). Flow-rate, 1 ml/min.
Two elution programmes were used: for A~C, 010 min, 0.1 M sodium phosphate buffer (pH 6.8) contain-
ing 0.1 M Na,SO, and 10-20 min, 0.1 M sodium citrate buffer (pH 5.0) containing 0.1 M Na,SO,; for
D-F, 0~10 min, 0.1 M sodium phosphate buffer (pH 7.4) and 10-20 min, 0.1 M sodium citrate buffer (pH
5.0). Non-protein-SPW refers to derivatized Tresyl-5PW which coupled Tris base instead of protein.
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The coupling yield of C14K was determined as 91% by the same method. Each gel
was packed in a stainless-steel column. The column of SIA4-5-5PW (75 mm X 4.6
mm [D.) contained 2.1 mg of SIA4-5 and that of C14K-5PW (50 mm X 4.6 mm
I.D.) contained 70 ug of C14K.

SIA4-5 was adsorbed on a C14K—5PW column and eluted with sodium citrate
buffer (0.1 M, pH 5.0) containing 0.1 M Na,SO, (Fig. 1A). The recovery of SIA4-5
was 96%. Commercial MG was not adsorbed on the C14K-5PW column (Fig. 1C).
C14K was strongly adsorbed on SIA4-5-5PW column at pH 7.4 (0.1 M sodium
phosphate buffer) and eluted with 0.1 M sodium citrate buffer (pH 5.0). The recovery
of C14K was more than 90% (Fig. 1D). On the other hand, C14K was not adsorbed
on an HG-5PW column (Fig. 1E). No protein was adsorbed on non-protein—5PW,
which coupled Tris base instead of protein (Fig. 1B and F).

Separation of C14K into several components with the SIA4-5-5PW column

Under certain conditions, C14K was separated into several peaks by SIA4-
5-5PW chromatography, although the preparation used had given only one band
(14K) on SDS-PAGE. Fig. 2A shows that four peaks (1-4) appeared when a descend-
ing pH gradient was applied. Apparently peak 1 has the weakest affinity to immobi-
lized STA4-5 and peak 4 the highest. A more detailed study showed that they can be
classified into two groups, weaker (peaks 1 and 2) and stronger (peaks 3 and 4).
Under the initial conditions used (pH 6.0), peaks 1 and 2 were not adsorbed on the
column, whereas peaks 3 and 4 were adsorbed and eluted with 0.1 M sodium phos-
phate buffer (pH 5.0).

To characterize each peak, the C14K preparation was size-fractionated by gel
filtration on TSK gel G2000SWxI and the resulting protein fractions were applied to

A 1

Fluorescence of Protein

Elution Time (min)

Fig. 2. Chromatograms of C14K (100 ul, 18 ug/ml) on SIA4-5-5PW column with various elution pro-
grammes. C14K protein, 1.8 ugin 100 ul, was applied. Elution programmes: (A) linear gradient from 0.1 A/
sodium phosphate buffer (pH 7.4) to 0.1 M sodium citrate buffer (pH 5.0) for 30 min; (B) isocratic elution
with 0.1 M sodium citrate buffer (pH 5.9) for 30 min, then linear gradient from pH 5.9 to 5.0 in 0.1 M
sodium citrate buffer for 30 min; (C) isocratic elution with 0.1 M sodium phosphate buffer (pH 6.0).
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Fig. 3. (A) Gel permeation chromatography of C14K preparation on TSKgel G2000SWxI (30 cm x 7.8
mm [.D.). Mobile phase, 0.1 M sodium phosphate buffer (pH 6.0). Eluate between the two vertical lines of
each peak was collected. Flow-rate, 0.5 ml/min. (B) and (C) chromatograms on SIA4-5-5PW of fractions I
and II obtained in (A). The elution programme was the same as in Fig. 2B. Flow-rate, 1 ml/min. K =
Kilodalton.
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Fig. 4. Gel permeation chromatography of C14K on TSKgel G2000SWxI (30 cm x 7.8 mm I.D.). Mobile
phase, 0.1 M sodium phosphate buffer (pH 6.8) containing 0. I M Na,S0O,. Flow-rate, 0.5 ml/min. Portions
of 100 gl of column eluent were collected and haemagglutination activity was measured (indicated by
histogram). Letters d and m below the chromatogram indicate C14K dimer and monomer, respectively.
Elution of protein was detected by absorbance at 280 nm.
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an SIA4-5-5PW column. Fig. 3A shows that C14K was separated into two peaks by
gel filtration. The molecular weight of the first peak (fraction I) was calculated to be
about 25000 and that of the second peak (fraction IT) about 16 000. Fraction I
corresponds to C14K dimer and fraction II to C14K monomer. This was further
supported because, as shown in Fig. 4, the haemagglutination activity of fraction I
was much higher than that of fraction II. Fraction I gave only peaks 3 and 4, and
fraction II only peaks 1 and 2 on SIA4-5-5PW chromatography under the same
conditions as in Fig. 2B. Thus, peaks 1 and 2 in Fig. 2 correspond to C14K monomer.
On the other hand, peaks 3 and 4 correspond to C14K dimer. It is reasonable that the
dimer species has a higher affinity than the monomer species. However, the reason
why each of them was further separated into two peaks has not been clarified.

Comparison of old and fresh preparations of C14K

As the behavior of C14K described above was attributable to some modifica-
tion of C14K protein that occurred after purification, a C14K preparation which had
been stored for 50 days at 4°C after preparation (old preparation) was applied to the
column. This preparation also gave only a 14 000-dalton band on SDS-PAGE. The
specific activity of the old preparation was at least eight times lower than that of
freshly prepared C14K. Elution conditions that allowed only discrimination between
the dimer and monomer were chosen in the experiments shown in Fig. 5. Apparently,
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Fig. 5. Chromatograms of (A) fresh and (B) old C14K preparation on S1A4-5-5PW. C14K protein, 3 pg in
30 pl, was applied. Elution programmes were as follows; 0-10 min, 75% buffer A [0.1 M sodium phosphate
buffer (pH 6.8) containing 0.1 M Na,SO,, 6.7 mM lactose] + 25% buffer B [0.1 M sodium citrate buffer
(pH 5.0) containing 0.1 M Na,SO,]; 10-20 min, 100% buffer B. Flow-rate, 1 ml/min. Letters d and m
indicate C14K dimer and monomer, respectively.
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the fresh C14K preparation contained only dimer (peak d, retention time 12.5 min).
On the other hand, the old preparation contained both monomer (peak m, retention
time 3 min) and dimer (peak d). This suggests that C14K had partially lost its ability
to form dimer during storage.

Quantitative analysis of the interaction between CI4K and SIA4-5

The amount of effective immobilized ligands of the STA4-5-5PW column (B,)
was determined as 5.5 - 10~ mol by applying an excess amount of C14K. V¥, was 1.0
ml. Under the conditions as described in Fig. 2C, when C14K monomer (3.9 - 10~ !
mol, 0.59 ug) was applied to the STA4-5-5PW column, the retention volume of peak 1
was 28 ml and that of peak 2 was 48 ml. When a smaller amount of C14K (1.1 -
1072 mol) was applied, the same elution volume was observed. As the elution vol-
ume was unaffected by the change in the amount of protein applied, these elution
volumes can be considered as V,,. Thus, K, values were calculated to be 2.0 - 107 M
for peak 1 and 1.1 - 1077 M for peak 2 by using eqn. 4. K, values for peaks 3 and 4
were not determined because they were adsorbed on the column.,

Effect of hapten sugars

It was found that addition of hapten sugars affected the chromatographic pat-
tern. Chromatography of C14K was carried out under conditions where peaks 1 and
2 were not adsorbed but retarded. In the presence of lactose, the elution volumes of
both peaks 1 and 2 were diminished whereas sucrose and maltose had no effect (Fig.

Protein
N

f Fluorescence of
v}
=

f
Peak1 Peak2 d IA—/\M

L l.k_/\/_\ Peak1 Peak2 g
L 1 X W

o] 30 60 4] 30 60
Elution Time {(min) Elution Time (min)

Fig. 6. (A) Effect of sugars on the chromatograms of C14K on SIA4-5-5PW. C14K protein, 0.6 ug in 100 ul
was applied. Mobile phase, 0.1 M sodium phosphate buffer (pH 6.0) containing disaccharides: (a) 2 mM
lactose; (b) 10 mM maltose; (¢) 10 mM sucrose; (d) none. Flow-rate, 1 ml/min. (B) Effect of lactose of
various concentration on chromatograms of C14K on SIA4-5-5PW. C14K protein, 0.6 pg in 100 zl, was
applied. 0.1 M Sodium phosphate buffer (pH 6.0) was used. Concentration of lactose: (a) 20; (b) 3; (c) 2; (d)
15 (e) 0.6; (f) 0.3; (g) 0 mM. Flow-rate, I ml/min.
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Fig. 7. Analysis of the effect of lactose. SIA4-5-5PW column was equilibrated with sodium phosphate
buffer (pH 6.0) containing various concentrations of lactose. C14K protein, 0.6 ug in 100 ! was applied,
then the elution volumes of C14K peak | were determined. Flow-rate, 1 ml/min. (A) V, versus (V,, —
Vo/lll, plot; (B) 1/(V, — V;) versus [1], plot.

-6A). Peaks 3 and 4 were not examined because under the conditions used they were
adsorbed on the column. Other sugars containing a f-galactoside moiety, thiodiga-
lactoside and N-acetyl-p-lactosamine, showed a similar effect. As the STA4-5 used is
sensitive to conformational changes of C14K protein, a conformational change of
C14K induced by the binding with specific sugars seemed to diminish the interaction
with STA4-5. Chromatograms obtained in the presencé of various concentrations of
lactose (20-0.3 mM) are shown in Fig. 6B. A plot of V; versus (V. — V)/[I]o, where
[Mo is the concentration of lactose, according to eqn. 6 is shown in Fig. 7A. The
retention volume of C14K peaks in the absence of lactose was used as V. Straight
lines were obtained for both peaks 1 and 2 [correlation coefficients (r) were 0.999 and
0.997, respectively]. K; values calculated for lactose were 0.6 mM (peak 1) and 0.88
mM (peak 2). K; values for thiodigalactoside and N-acetyl-D-lactosamine were also
determined and are summarized in Table II. K; values were also calculated using the
equations developed by Dunn and Chaiken [12], and similar values were obtained.
Thiodigalactoside bound most strongly and lactose most weakly. These values are

TABLE 11

K, VALUES OF LECTIN PEAKS FOR B-GALACTOSIDE-CONTAINING SACCHARIDES BY
QUANTITATIVE AFFINITY CHROMATOGRAPHY

Saccharide K, (mM)*

Peak 1 Peak 2

a b a b
Lactose 0.60 0.51 0.88 0.76
Thiodigalactoside 0.063 0.060 0.12 0.12
N-Acetyl-p-lactosamine 0.14 0.15 0.25 0.25

“ a, K, values were calculated by plots according to eqn. 6; b, K; values were calculated by plots according
to Dunn and Chaiken [12].
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consistent with previous reports [13]. Peak 1 always had a slightly stronger affinity
than peak 2 for sugars.

DISCUSSION

The advantages of TSKgel Tresyl-5PW for the preparation of affinity adsor-
bents have been demonstrated. Proteins can be immobilized under mild conditions
either at ambient temperature or in a cold room. The coupling reaction is completed
within 1-2 h at 20-25°C. The procedure is simple and convenient, because it does not
require aggressive reagents such as cyanogen bromide [14] or reducing agents [15].
The ratios of tyrosine and arginine to alanine particularly decreased after immobil-
ization. The decrease in the ratio of arginine to alanine is undoubtedly due to cou-
pling to the gel. Although tyrosine is unstable during hydrolysis in the presence of the
gel, this appreciable decrease in the ratio of tyrosine to alanine may be due to cou-
pling to the gel. Non-specific adsorption of the proteins investigated to TSK gel Tre-
syl-SPW was absent.

Purified C14K was separated into four peaks by the SIA4-5-5PW column in
spite of apparent homogeneity in the molecular weight of the monomer. C14K is
known to require a thiol-reducing agent to maintain haemagglutination activity
[16,17]. However, it was suggested that no cysteine residue is involved in the sugar-
binding site. Modification of cysteine residues seems to, affect the dimer-forming abil-
ity of C14K, which is supported by the results shown in Fig. 5. Although the fresh
Cl14K preparation was composed exclusively of dimer, the old preparation contained
monomer in addition to dimer. The C14K preparation stored for a long period after
purification seems to have been chemically modified and to have become unfavour-
able for forming the dimer. The reason why the monomeric C14K was separated into
two peaks (peaks 1 and 2 in Fig. 2) has not been elucidated. Peak 1 seemed to have a
slightly stronger affinity to saccharides than peak 2, although the former had a weak-
er affinity to the SIA4-5-5PW column than the latter. Some modification might have
occurred which affected both sugar-binding ability and interaction with SIA4-5.

Employment of the new support for high-performance affinity chromatography
proved to be promising, especially for analytical purposes. In this work, we used less
than 1 ug C14K protein and each chromatographic run took less than 1 h. This -
method proved to be very sensitive in detecting slight differences between C14K
molecules and also very powerful in determining dissociation constants. This will be
also useful in a variety of applications such as diagnosis and quality control.
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ABSTRACT

Non-cross-linked and disulfide-cross-linked two-chain molecules comprising the o and/or j chains of
rabbit skeletal tropomyosin were studied by electrophoretic, chromatographic and physical methods. Elu-
tion order on C, reversed-phase high-performance liquid chromatography depends markedly on the num-
ber and position of the cross-links. In the C, reversed-phase elution medium, cross-linked and non-cross-
linked species are >85% helical by circular dichroism, but the non-cross-linked elute later from high-
performance size-exclusion chromatography (G4000) and have molecular mass of 31 000-41 000 dalton by
equilibrium ultracentrifugation. The data suggest that in the C, reversed-phase high-performance liguid
chromatography elution medium non-cross-linked tropomyosin exists as amphipathic single-chain o-heli-
ces.

INTRODUCTION

The native tropomyosin molecule is a two-chain a-helical coiled coil comprising
two parallel, registered, and slightly super-twisted, amphipathic a-helical chains {1-4].
Rabbit skeletal tropomyosin (R Tm) consists of genetically variant chains, « and B, in
a 3-4:1 ratio [2,4], forming principally, two types of molecules, o and aff, in a
~3:2 ratio [5,6]. Each 284 amino acid chain has a molecular mass of 33 000 dalton, and
the two differ, usually by conservative substitution, at only 39 positions [7]. One
important difference between the two chains is that the § chain has two cysteines, at
positions 36 (C36) and 190 (C190), whereas the o chain has only one cysteine at C190;
This allows the two adjacent chains of such Tm coiled-coil molecules to be covalently
(disulphide) cross-linked [3,4,8-12].

In some studies, no S molecules were found in native R.Tm [5,6]. However, in

¢ A preliminary report of this work was presented (Abstract T146) at the Fourth Symposium of the Protein
Society, San Diego, CA, U.S.A., August 1990.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.



328 D. L. CRIMMINS, M. E. HOLTZER

other studies, 8 molecules have been observed in disulphide-cross-linked R,Tm [11].
To determine whether or not 88 molecules exist in native R,Tm, and, if not, whether
their absence results from thermodynamic, kinetic, or biological factors, requires
a sensitive analytical assay for the relative amounts of the various molecular species.
The aforementioned studies employed hydroxyapatite (HA) chromatography and
sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE), neither of
which gives sufficient resolution for accurate quantitation of the molecular species. In
fact, the resolution using HA chromatography is ordinarily so poor that the 4-6% ff
molecules that would result from random association of the « and f chains in R, Tm
could easily be masked.

In this study we investigate the efficacy of 4-20% gradient SDS-PAGE and Cq
reversed-phase high-performance liquid chromatography (RP-HPLC) in separating
the various cross-linked and non-cross-linked species that can be formed from the o
and f chains of Tm. In vitro all three possible molecular species, aa, «f, and S8, form
readily and can be selectively cross-linked [3,4,8-12] to give five different cross-linked
species: C190 cross-linked o (x”a); C190 cross-linked, C36 blocked aff («7f); C190
cross-linked, C36 blocked B ( f~5); C190 blocked, C36 cross-linked § (f_f); and
C190 and C36 cross-linked B (8- f8). [We use a superscript (subscript) dash to indicate
cross-linking at C190 (C36), and a superscript (subscript) dot to indicate blocking at
C190 (C36).] These are listed in Table I along with the non-cross-linked species studied
here, i.e., reduced and blocked o« (ae, ‘aa’) and B (88, BB).

We find that, although it is often possible to resolve SZf using 4-20%
SDS-PAGE, that «~« and non-cross-linked molecules as well as fZf are easily
resolved using C, RP-HPLC. Not only can small amounts of these species be detected
by measuring the absorbance at 214 nm, their relative amounts in a given sample can
determined by integration. Moreover, we find that the cross-linked species elute earlier

TABLE I
SUMMARY OF TROPOMYOSIN TWO-CHAIN MOLECULES

Species® C36°  C190° Elution order Order of mobility

C4 RP-HPLC HPSEC 4-20%  9%°

act - RD 6,7,8,9 6,7,8,9 1,2 1,2
o - CAMorCM  6,7,8,9 67,89 1,2 1,2
BB RD  RD 6,7,8,9 6789 3.4 3,4
B CAM CAM 6,7,8,9 6,7,8,9 3,4 3,4
aa - XL 2 ,2,3,4 678 7
a P CAM XL 3,4 ,2,3,4 678 8
BB, CAM XL 3,4 ,2,3,4 67,8 9
BB XL  CAM 5 ,2,3,4 5 56
BB XL XL 1 5 9 56

“ We use a superscript (subscript) dash to indicate cross-linking at C190 (C36), and a superscript (subscript)
dot to indicate blocking at C190 (C36).

b RD, XL, CAM, CM = Reduced, cross-linked, carboxyamidomethyl-blocked, carboxymethyl-blocked
sulfhydryl, respectively.

¢ From ref. 11.
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than the non-cross-linked contrary to expectations based on their hydrophobicities
and chain lengths alone [13].

Many previous investigations have dealt with the effects of HPLC solvents and
hydrophobic matrices on the secondary and quaternary structures of proteins and
peptides and have attempted to elucidate the role of conformational changes and/or
chain dissociation in their binding to and elution from such columns [13-17]. Whether
conformational changes take place upon binding to a RP-HPLC column matrix is
difficult to determine experimentally and beyond the scope of this study. However, in
order to investigate whether the RP elution medium induces changes in the secondary
and/or quaternary structures of Tm upon release from the column matrix, we
examined circular dichroism (CD), high-performance size-exclusion chromatography
(HPSEC) and equilibrium ultracentrifugation for various Tm species in a represen-
tative RP elution medium, namely, 0.0975% (v/v) trifluoroacetic acid (TFA) in 45%
aqueous acetonitrile, without and with added NaCl. Using millimolarity as subscript
and pH in parentheses, these media can be designated CH3CNgs0oTFA3NaCl, (2).

WAl b)
MATERIALS AND METHODS (cH3eM Y4500

Protein preparation and characterization

Rabbit skeletal tropomyosin (R,Tm) and rabbit cardiac tropomyosin (R, Tm)
were prepared and characterized as previously described [18,19]. R, Tm contains only
a chains [20} and was used whenever pure ao tropomyosin was required. Pure
B-tropomyosin () was obtained by carboxymethylcellulose ion-exchange chromato-
graphy of reduced, denatured R,Tm and subsequent renaturation of the p fraction [3].

The preparation and properties of the cross-linked homodimer species: o "o
BZf; BB B- B have been described previously [8-12]. For the samples used in this
study, disulphide cross-linking was carried out by oxidation with ferricyanide [10], and
sulfhydryl blocking was carried out by reaction with iodoacetamide or iodoacetic acid
[12,21].

The preparation and isolation of the heterodimer species, &~ f, was carried out
as follows. R,Tm, consisting mostly of ax and o molecules was cross-linked at C190,
then blocked at the C36 position of the § chains as previously described [12]. The
resulting mixture of cross-linked dimers, mostly &~ and o~ B., was denatured using
8 M urea and separated using carboxymethylcellulose ion-exchange chromatography
[22]. The final product was characterized by SDS-PAGE using both non-reducing and
reducing 9% Laemmli gels, and by sulfhydryl titration of the re-reduced material [23].

The preparation and properties of ‘aa- have been described [21]. The :f: used in
this study was produced willy-nilly, as a byproduct in the preparation of *f_f and
separated from it by SEC [11].

Gel electrophoresis and chromatography

Samples were prepared for SDS-PAGE as described earlier [24] and analyzed on
4-20% linear acrylamide gradient mini-gels of 1 mm thickness (Enprotech, Hyde Park,
MA, U.S.A)) for 1.5 h at a constant voltage of 150 V. Normally, the sample size was
5-20 pl (2.5-10 pg of protein).

RP-HPLC was performed using a Vydac 214TP54 C4column (25¢cm x 0.46 cm
[.D.) and HPSEC using a TSK 4000SW column (60 cm x 0.75cm LI.D.) plus a guard
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column (7.5cm x 0.75cm 1.D.), all purchased from the Nest Group (Southborough,
MA, U.S.A). The sources of solvents, configuration of the chromatographic
hardware, temperature control, and data acquisition procedures have been previously
described [25,26].

The solvent program used to effect separation on the C4 RP column was a linear
gradient from 0 to 100% B in 60 min at 1 ml min~", with mobile phases A = 0.1 %
TFA and B = 0.095% TFA in 90% aqueous acetonitrile. HPSEC was performed
isocratically at 0.5 ml min~! using a 50:50 mixture of the RP solvents A and B
described above. The chromatograms were monitored at 214 nm.

Protein samples were prepared by reconstituting each lyophilized sample to a
protein concentration of ~ 1 mg ml~* with 1% acetic acid (Fisher Scientific, St. Louis,
MO, U.S.A.); these were stored at 4°C until use. Usually, 25 ul (25 pug of protein) or
50 pl (50 pg of protein) of cross-linked and/or blocked sample was injected onto the
column. To reduce disulphide bonds, 50 ul (50 ug) of samples prepared as described
above were mixed with 140 ul of NaPi;oEDTAs (7.4) and 10 gl dithiothreitol
(DTT)1000. The mixture was blanketed with nitrogen and then incubated at 45°C
overnight. Control samples were prepared by substituting 10 ul water for the
reductant. For both the reduced and control samples, 150 ut (37.5 ug of protein) of the
reaction mixture was injected on the column.

CD measurements

CD measurements were carried out using a Jasco J500A spectropolarimeter
interfaced to a THE personal computer. Temperature control and measurement, data
collection and analysis, and calculation of fraction helix from the ellipticity at 222 nm
have all been described previously [8,11]. All denaturation curves were reversible.

Solutions for CD measurements were prepared by quantitative dilution of stock
protein solutions (5-10 mg ml~ ') in 0.195% aqueous TFA (TFA,¢). Each stock
solution was passed through a 0.45-um filter (Gelman, Fisher Scientific) before further
manipulation. For concentration determination (and CD measurements in benign
buffer) an aliquot of each stock was diluted tenfold with NaCl,33HClyo (2) and the .
absorbance at 275 nm of the resulting solution measured against a blank prepared by
diluting TFA ,6 in the same manner. The protein concentration was then calculated
using an extinction coefficient of 0.314 cm? mg ™' [27]. For CD measurements in the
RP medium another aliquot of each stock was diluted twofold with 90% acetonitrile
(CH3CN{7000) resulting in a medium with composition CH3CNgs00TFA 3 (2).

Equilibrium ultracentrifugation

A Spinco Model E analytical ultracentrifuge equipped with UV optics and a
photoelectric scanner was used for sedimentation equilibrium molecular mass
determinations of a«o and ‘@ in CH3CNygs00TFA3 (2). Protein solutions having
concentrations of 0.8 to 1.6 mg ml~! were first dialysed against solvent for 8 h at room
temperature (using dialysis bags that had been soaked successively in a series of
solutions containing 13 mM TFA and 10, 20, 30, 40, 45% acetonitrile) and then
centrifuged at 18 000 rpm for 24-48 h at ca. 20°C in an An-H rotor with 12-mm,
double-sector cells.

The data for each run were plotted as In A,g¢ vs. 2, where r is distance from the
center of rotation. Where the data fell on a straight line, the molecular mass was
calculated from:

d(In A350)/d(r?) = KM (M
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where M is the molecular mass and K = (1 — v,p)w?/2RT; we used v, = 0.729 ml g~
[28], and a solution density, p = 0.930 gml~ . For runs where the data showed obvious
downward curvature, the data were computer-fit using a finite difference Levenberg—
Marquardt algorithm (program ZXSSQ in the IMSL library of programs) to the
equation:

r? = Ao + A; (In Azg0) + A2(A250) (2

The coefficients of each term in the first derivative of eqn. 2 with respect to In
Azgo can be equated with the corresponding coefficients in the two term virial
expansion of the sedimentation equilibrium equation, giving the molecular mass, M =
1/KA,, and second virial coefficient, B = K(A4,)el/2, where ¢ is the extinction
coefficient in cm? g™* and / the optical path length in cm.

RESULTS AND DISCUSSION

SDS-PAGE and C4 RP-HPLC analysis of Tm species

Results of a 4-20% SDS-PAGE experiment with the various cross-linked species
used in this study are shown in Fig. 1 and Table I (column 6). Lanes 1-10 of the gel
show, respectively, a™ B, fZf, a"a, -f_B and BB, f~ B, BB, a” B, o o, blank and
markers. The order of electrophoretic mobility for all species is: aa & aa > ff ~
P> B-p >a axa f ~ p7B > BZP. The band of lowest mobility, PP, is
often well enough resolved on scans to allow determination of its fraction in a mixture
containing other cross-linked species. For comparison, column 7 of Table I gives the
order of electrophoretic mobility of the various species on 9% Laemmli SDS-PAGE
[11]. On that system it is often possible to resolve and quantitate the band consisting of
both "f_pB and BZp.

Nevertheless, because the resolution obtained using SDS-PAGE is variable and
the time required for staining, destaining, and quantitation is long, we investigated the
use of C4 RP-HPLC as a possible fast and direct analytical assay for the various Tm
species. The results are shown in Figs. 2 and 3 as abscissa expansions of the 30-40 min
region of each chromatogram and are summarized in Table I (column 4). The peaks
were assigned by comparison to those obtained for each of the individual species in
separate runs made under identical conditions. Except for the unretained solvent peak
no peaks other than those shown appear in the complete chromatograms.

Fig. 2A-D shows expanded chromatograms of a mixture of f2 8, « "o, and o B
as a function of temperature. The expanded chromatogram of a mixture of f=f, o~ o,
o~ f,and BB at28°Cisshown in Fig. 3A, and that of a mixture of 2, P B PP,
and :Bf: at 37°C in Fig. 3B.

The variations in retention times and peak resolutions for 8, « ~«, and o~ . as
a function of temperature are shown graphically in Fig. 2E and F as the capacity
factor, k', and the resolution between pairs of samples, R,, respectively. As the
temperature increases, the retention times and k' values for all species first decrease
then increase again (Fig. 2E). The resolution of the #~f and o "« peaks (open dels) first
increases then decreases, whereas that between the « o and o™ f. peaks (open
diamonds) steadily decreases up to 46°C whereupon the two peaks coalesce (Fig. 2F).

In all cases, B~ § has the smallest retention time and, except at 55°C (Fig. 2D), is
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Fig. 1. Photo of 4-20% SDS-PAGE for various samples. Electrophoresis is from top to bottom. Lanes are:
l=a"B;2=p_p3=a wd=_p B pluspp;5=pf;6=P_7=af;8=0a o9 =blank;10=
protein standard mixture with indicated molecular mass (in kilodalton). The electrophoretic mobilities of
the cross-linked Tm species (66 000 dalton) are lower than that of the 66 000-dalton marker on this gel

system. 5.8

well separated from the other species. The retention times for the C190 singly
cross-linked species are somewhat longer, and at 28°C the a~a peak is almost
baseline-resolved from that of &~ 8, (Fig. 2A). On the other hand, the retention times of
a”B. and B~ B. are almost the same, and for a mixture containing both, only one
slightly broadened peak appears (Fig. 3A). The retention time for ‘f_ - is even longer
(Fig. 3B; the order of retention times is the same at 37°C as at 28°C). Retention times
for the non-cross-linked species are longest and approximately equal for sulfhydryl-
blocked and disulphide-reduced (data not shown) samples. The elution order at 28°C
or37°Cis: pop < a a < BB ~a f. < f_f <ox= o = pf = pp.

The retention times for the various Tm species depend on the number and
positions of the cross-links and thus cannot be accounted for wholly on the basis of
their hydrophobicities and chain lengths as others have found for several proteins,
including R, Tm [13]. The 284-residue « andf Tm chains differ at 39 positions, only 11
of which are interior hydrophobic positions; the chains almost match in the number of
hydrophobic (104 vs. 102), basic (55 vs. 54), and acidic (80 vs. 81) residues [7]. Thus,
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Fig. 2. Effect of temperature on the C, RP resolution of 78, a”« and a™f; scale = 375 mV full scale;
mobile phases A = 0.1% aqueous TFA and B = 0.095% TFA in 90% aqueous acetonitrile with a linear
gradient from 0 to 100% B in 60 min at 1 ml min~!. (A-D) C, RP chromatograms at 28, 37, 46 and 55°C,
respectively; (E) capacity factor, k', vs. temperature: A = 75, @ = o~ o; B = o~ B; (F) resolution, R, vs.
temperature: V. = BZBfa"a; O = fZfla"B; O = a"afa”f.

their overall hydrophobicities should be very similar. Indeed, we observe no separation
between non-cross-linked « and § using C, RP-HPLC.

Since there are twice as many hydrophobic sites in a cross-linked molecule as in
one of its constituent chains, the overall hydrophobicities of all cross-linked species are
also very similar. All cross-linked Tm species, then, would be expected to clute at
approximately the same time, but, owing to their longer chain lengths, later than the
non-cross-linked species. However, we find here that the cross-linked species not only
elute earlier than the non-cross-linked, but at times quite different from one another.

We also find a similar inversion of expected elution positions for the cyanogen
bromide (CNBr) produced C-terminal segment of «”«. A preliminary result shows
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Fig. 3. (A) C4 RP-HPLC chromatogram for 8~ f,a"a,a” f and B~ f at 28°C. Chromatographic conditions
same as for Fig. 2, except that scale = 550 mV f.s. (B) C4 RP-HPLC chromatogram for 8-f, f=f, -/,
and “ff- at 37°C. Chromatographic conditions same as for Fig. 2, except that scale = 550 mV fs.

that when reduced, the C-terminal segment, comprising residues 142-281 (1420351),
elutes later than when cross-linked, and approximately at the same time as the
N-terminal segment, comprising residues 11-127 (;;0127). The N-terminal and
reduced C-terminal segments have comparable chain lengths, almost equal fractions of
positive, negative and hydrophobic residues, and similar coiled-coil conformation
near room temperature in benign neutral medium [29,30], so would be expected to have
similar elution behavior. However, we find cross-linking ;4,0,51, as in parent Tm,
leads to an inversion of expected elution positions. A similar inversion, albeit
accompanied by decreased resolution upon cross-linking, has been observed for short
Tm-analogue peptides (35 residues/chain) [31].

This inversion must arise from decreased interactions of the cross-linked species
with the hydrophobic solid support. In the a-helical coiled-coil structure present in
native parent Tm, excised Tm segments and Tm-analogue peptides, the amphipathi-
city of the helices provides strong inter-chain hydrophobic interactions that impart
extraordinary stability to the structure under benign conditions [1,8,29--33]. These
inter-chain interactions must be disrupted and the hydrophobes exposed for a coiled-
coil molecule to interact with the hydrophobic solid support. Maximal interaction will
occur when the chains are completely dissociated. For cross-linked molecules complete
dissociation of the helices is, of course, impossible and, owing to conformational
constraints imposed by one or more cross-links, complete exposure of the hydrophobic
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residues is difficult. There are no such constraints for non-cross-linked molecules,
resulting in increased binding to, and later elution from, the column.

Moreover, we find that the retention times for the cross-linked species
themselves vary and that - § elutes before all the C190-cross-linked species, which, in
turn, elute before ‘f_ . It is not surprising that two cross-links are more effective than
one in decreasing the accessibility of the hydrophobic sites. It is surprising, however,
that a single cross-link at C190 is more effective than a single cross-link at C36, even in
the two singly cross-linked B species that are identical except for the exchanged
positions of the cross-linked and blocked sulfhydryls. A preliminary result shows that
this order of elution persists in excised, cross-linked CNBr-produced segments of fZ4.
That is, the C190-cross-linked C-terminal segment, comprising residues 147-265
(1478265) elutes before the C36-cross-linked N-terminal segment, comprising residues
11-127 (11B127) (Cs stationary phase, n-propanol mobile phase).

The complete or near-complete resolution of some Tm species, particularly f 28,
suggests that C4 RP can be used as an analytical assay. We determined the relative
amounts of various species in a sample of cross-linked R,Tm (data not shown) and
compared the results to those obtained using 4-20% SDS-PAGE and free solution
capillary electrophoresis (FSCE). The presence of §2f in this sample is easily detected
using C4 RP-HPLC and the relative amounts of the principal species present (7.3%
B=B, 55.8% o~ a, 32.1% a~ B, 2.3% non-cross-linked, and 2.6% unidentified) are in
agreement with those obtained from 4-20% SDS-PAGE (7.6% B-8, and 92.4% o~ «
plusa™ ). These results are also in agreement with a preliminary result obtained using
FSCE (Beckman P/ACE System 2000). In ureaso0oNaPisoSDS o7 (7.4) all § species in
a cross-linked R,Tm sample showed the same mobility and were well resolved from
a” B, which was almost completely resolved from o ~a; the relative amounts were 8.2%
B (all species), 29.1% o~ B, and 62.6% o a. Thus, we observe an amount of Bp
molecules in R{Tm that is not inconsistent with the 4-6.25% expected for random
association of « and f chains present in a 3—4:1 ratio. Since our samples were never
heated (initial reduction carried out at 4°C overnight) and since chains of the native
molecules do not exchange at or below room temperature [9], it is unlikely that these 58
species were produced through intermolecular cross-linking. However, further
investigations are being carried out to exclude that possibility.

Studies of Tm species in C4 RP-HPLC elution solvent

In order to investigate whether the elution medium itself causes secondary
and/or quaternary conformational changes we carried out CD, HPSEC and equilib-
rium ultracentrifugation studies for several of the Tm species in CH3CNgs0oTFA 5
(2). The composition of this medium is very close to the average required to elute
cross-linked species from the C4, RP-HPLC solid support, and unless interaction with
the solid support itself produces irreversible changes, the conformation of a given
species dissolved directly in this representative RP medium should be approximately
the same as it would be upon elution.

CD spectra and thermal denaturation profiles

The CD spectra at 3°C for B2 B, a~a, and ‘ae in the average RP elution medium
are shown in Fig. 4 and all have the characteristic double minima at 208 and 222 nm
indicative of a-helical structure. For each, the ratio of the intensity of the 222 nm to
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Fig. 4. CD spectra at 3°C for various Tm species in CH3CNgsoo TFA 13 (2). Dashed curve, 0.73mgml ™' a0,
solid curve, 2.60 mg ml~! ‘ao; dotted curve, 1.77 mg ml™' BZ4.

that of the 208 nm minimum is approximately unity, whereas in benign aqueous media,
itis ~1.1. Approximately equal intensities of the two minima have also been observed
for Tm in trifluoroethanol (TFE) [33] and in SDS [34] solutions, and for Tm-analogue
peptides in acetonitrile and in TFE solutions [31-33,35]. If the decrease in 0,,2/0208
observed here for the Tm species upon change from aqueous benign media to the RP
medium is indeed associated with a change in conformation from a two-chain
coiled-coil conformation to non-interacting helices as recently predicted from theory
[36], then the helices must be non-interacting in non-cross-linked and cross-linked
species alike, even though the latter are physically tethered.

Fraction helix, [®] (from CD at 222), is plotted vs. temperature in Fig. 5A for
o~a, ao, and ‘acr, and in Fig. 5B for - 8. Thermal profiles are shown for benign
aqueous as well as RP acidic media. Up to ~40°C, both a”« (Fig. 5A) and -8
(Fig. 5B) are almost as helical in the RP medium (~90% at 25°C and ~80% at 40°C)
as in benign aqueous acidic solution, wheras ‘oo (< 1.6 mg ml ™) is slightly less stable
in the RP elution medium (~85% at 25°C and 75% at 40°C; Fig. 5A). Nevertheless, in
the medium used here for C, RP-HPLC all species are highly helical and, therefore,
none of them undergo major changes in secondary structure. In previous studies of the
conformations of proteins both in free solution and when bound to an RP support it
was also found that the helical forms of those proteins constitute the eluted forms and
that those proteins were less helical when bound to the RP-HPLC support [14,15].
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Fig. 5. Fraction helix, [@], (from CD at 222) vs. temperature. (A) aa species: dashed (solid) curve is spline
curve through data for ao (o ") in NaClsgo_s9oHCly (2)[37]. © = aar, 0.59 mgm!i ™! in NaCls0oHCl, o 2);
00 = oo, 0.017-1.6 mg ml™! in CH3CNgs00TFA 5 (2); ¥ = o~ 0.0126, 0.73 and 0.90 mg ml~! in
CH3CNgsooTFA, 3 (2). (B) B2 solutions: [] = 0.315 mgml™"in NaClygoHClyo (2); © = 1.77 mgml~!in
CH;3CNgs00TFA (3 (2); © = 0.133 mg ml ™! in CH;3CNgu40TFA, NaCl, ,cHCl; (2).

Size-exclusion chromatography

To determine whether the RP elution medium causes quaternary structural
changes we carried out HPSEC for the Tm species in the RP medium at 25°C. The
elution profiles for o ~a, ‘ae and a mixture thereof (Fig. 6A), and those for =8, 8.,
‘B-B, and ;B (Fig. 6B) show a sharp peak for each of the principal species. The
elution orderis:a”a = o~ § (data not shown) = BB = B_p ~ BZp < an(data not
shown) = ax = Bf (data not shown) = BB and is given in column 5 of Table I.
Samples of «™f, ‘B_fB, -aor, and ‘Bf: that had been subjected to RP-HPLC were
collected and then subjected to HPSEC (data not shown). The results are the same as
those for samples that had not previously been subjected to RP-HPLC. Thus,
interaction with the support during C4 RP-HPLC produces no irreversible changes in
these species that affect their HPSEC behavior.

We find here that in the RP medium, the cross-linked species elute before the
non-cross-linked, indicating that the former have larger Stokes’ radii than the latter.
Since both have similar, highly helical, secondary structures in the RP medium, the
differences in HPSEC elution times must be caused by diferences in the quaternary
structure, i.e., by further association of the cross-linked molecules to higher aggregates
or by dissociation of the non-cross-linked molecules into single-chain a-helices. The
former is highly unlikely: the presence or absence of a cross-link should have little
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Fig. 6. HPSEC chromatograms of Tm species. Mobile phase is CH3CNgsooTFA 15 (2) for all. (A) Overlay of
three separate chromatograms for o« (solid curve), ‘e (long-short-short dashed curve), and a mixture
thereof (long dashed curve); scale = 500 mV f.s. (B) Overlay of four separate chromatograms for 8 (solid
curve), ‘B- B (long-short dashed curve), B S (long-short-short dashed curve), and -ff (long dashed curve);
scale = 700, 450, 300 and 450 mV f.s., respectively.
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affect on the formation of higher aggregates. In order to investigate whether the
chains, indeed, dissociate in the RP medium we carried out additional HPSEC
experiments of Tm species in the presence of added salt. The addition of NaCl should
increase the helix—helix hydrophobic interactions as well as decrease the chain
dipole—chain dipole repulsions [38], and at high enough salt concentration cause the
chains to reassociate.

Additional HPSEC experiments were carried out on oo, oo, and oo in
NaCl39oHCl (2) and in the average RP elution medium containing 50 and 100 mM
NaCl; the elution profiles are shown in Fig. 7. In NaCl;9oHCl, 0 (2) (Fig. 7A) all three
species show the same elution profile: one main peak flanked by two considerably
smaller peaks. The two small flanking peaks are probably aggregated and monomeric
Tm, or some unrelated impurities. In any case their amounts are small. In benign acidic
aqueous medium ao has the same intrinsic viscosity [34] as R,Tm which has been
shown to be a two-chain «-helical molecule [27]. Thus, it seems reasonable to conclude
that in benign media ‘aa, aa, and o "o all exist predominantly as two-chain coiled coils.

The effect of added salt in the RP elution medium is shown in Fig. 7B, which
gives elution profiles of « ~«, o and “aor” in CH3CNygs0oTFA 3NaCly g0 (2). The profile
for « " is similar to that observed in benign acidic aqueous solution (Fig. 7A),-except

ion-ti nding-peaks-are-shorter. The profile for aor, however,
shows two broad overlapping peaks, a larger one that elutes at the same position as
oo (=38 min; peak I) and a smaller one that elutes later (~44 min; peak II). The
eluent from each peak was collected and reinjected onto the column. The results are
also shown in Fig. 7B. The elution profile of reinjected peak I is similar to the original;
reinjected peak I elutes as two peaks —a larger one with elution time ~38 min and
a much smaller one with elution time ~44 min. Reinjected peak II elutes as a single
peak with elution time ~44 min.

Fig. 7C shows ‘a0 and o~ in CH3CNy s00 TFA3NaCls, (2). Again, the elution
behavior of o "« is similar to that observed in benign acidic solution (Fig. 7A) or in
CH3CNgs00TFA3NaCl, o0 (2) (Fig. 7B), except that the elution times for corre-
sponding peaks are shorter. As in 100 mM NaCl, the profile for ‘-z shows two broad
overlapping peaks, but the peak that elutes at the same time as oo is considerably
diminished. We also find that the elution time for a given species and a given mobile
phase is independent of the medium of the injected sample, indicating that equilibrium
with the column mobile phase is achieved in a much shorter time than is required for
elution, i.e., < 30-40 min. For example, the elution time of ‘a0 is the same whether the
sample was in NaCl;4oHCl,; (2) or CH;CNj s00 TFA3NaCls, (2) prior to injection
onto a column with mobile phase CH;CNgso0TFA, sNaCls, (2) (Fig. 7C).

The data are consistent with the existence of an equilibrium between two-chain
a-helical ‘ao species and single-chain a-helical o species in the RP elution medium
containing added salt. Increasing the salt concentration favors two-chain species and
decreasing it favors single-chain species, and in the absence of added salt the
single-chain species are overwhelmingly favored.

Equilibrium ultracentrifugation

Fig. 8 shows sedimentation equilibrium data for ao and for ‘wa in
CH3CNgs00TFA 3 (2) plotted as In 4,4, vs. 7 2. The values for aa fall on a straight line
(correlation coefficient = 0.9997), and give an apparent molecular mass of 31 000 dal-
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Fig. 7. HPSEC chromatograms of Tm species. (A) Mobile phase is NaCl3goHCl;o (2). Overlay of three
separate chromatograms for ao in NaClsgoHCl, ¢ (2) (solid curve), aer in CH3CNgsooTFA 15 (2) (dashed
curve), and &~ « in CH3CNgs00TFA13NaCl, 40 (2) (long-short-short dashed curve); scale = 325, 500 and
100 mV f.s., respectively. (B) Mobile phase and sample buffer for all is CH3CNg500TFA 3NaClyo0 (2).
Overlay of four separate chromatograms for ‘aa- (long-short-short dashed curve), reinjected ~38 min aa
peak (dashed curve), reinjected &44 min ‘oo peak (short-long curve), and &~ (solid curve); scale = 250, 10,
7.5 and 375 mV fs., respectively. (C) Mobile phase is CH;CNgs500TFA3NaCls, (2). Overlay of three
separate chromatograms for aa in NaCly9oHCly ¢ (2) (solid curve), and ‘oo (long-short-short dashed curve)
and o~ o (dashed curve) in CH3CNgsooTFA | 3;NaCls, (2); scale = 150, 200 and 250 mV fis., respectively.
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Fig. 8. Sedimentation equilibrium data plotted as the natural logarithm of A, vs. the square of the radial
distance: @ = ao, and O = ‘o, in CH3CNgs0oTFA 5 (2). Initial concentrations, temperatures, and times

for aor (aor) were 1.0 (0.87) mgml ™1, 17.2 (19.6)°C and 24 (45 h), respectively. Rotor speed was (8 000 rpm
for both.

ton (eqn. 1). Those for ‘ace fall on a slightly curved line that is concave downward.
Downward curvature in such a plot indicates non-ideality, whereas heterogeneity in
the system will cause upward curvature. Thus, it is possible that the straight line
observed for ax results from fortuitous cancellation of the two and that the curved line
for o results from predominance of the former. A straight line fit to the data for oo
(eqn. 1) gives an apparent molecular mass of 29 000 dalton and correlation coefficient
of 0.9953, whereas a computer fit to eqn. 2 above gives a molecular mass of
41 000 dalton (infinite dilution), second virial coefficient of 4.4 - 10~* mol cm> g 2,
and root mean square (r.m.s.) residual 0.022. Using this second virial coefficient to
calculate a corrected molecular mass for the ag sample gives 32 000 dalton.

For comparison we also examined the sedimentation equilibrium behavior of
"o (1.6 mg ml™?; data not shown) in CH3CNgs0oTFA 3 (2). The data were fit using
eqn. 2 above which gives molecular mass of 58 000 dalton, second virial coefficient of
2810 *molcm? g~ 2, and r.m.s. residual 0.0155. Although the molecular mass of the
cross-linked sample is less than the two-chain value (66 000 dalton), it is distinctly
greater than those for the non-cross-linked species, indicating that the non-cross-
linked species are highly dissociated in the RP medium.

CONCLUSIONS

We find here that C4 RP-HPLC is useful as an analytical tool for detecting
various non-cross-linked and disulphide-cross-linked dimers formed from the o and
p chains of R,Tm, and for quantitating the relative amounts of BZP, o a, and
non-cross-linked material in a given sample. The method should be applicable to
mixtures of other cross-linked coiled coils as well.
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We also find that in the RP elution medium both the cross-linked and
non-cross-linked species are highly a-helical, and that the non-cross-linked species are
highly dissociated into single-chain a-helices, which, upon addition of salt, reassociate.
Although long chain synthetic polypeptide have long been known to form single-chain
a-helical structures [39] and short, synthetic amphipathic peptides have more recently
been shown to form such structures [31,33,40], to our knowledge this is the first
observation of a naturally occurring protein single-chain a-helix.
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ABSTRACT

Proteins can be distinguished by exploiting complementarity between a histidine’s microenvironment
and a metal—chelate ligand in metal-affinity separations. The partitioning behavior of three myoglobins
was investigated in aqueous two-phase polyethylene glycol-dextran systems containing polyethylene glycol
derivatized with Cu(lI) complexes of the L- and p-isomers of methionine and aspartate. TSK chroma-
tographic supports derivatized with the methionine complexes were used to study retention of these pro-
teins in metal-affinity chromatography. In the partitioning studies, the amino acid metal chelates exhibit
selectivities for the myoglobins that are different from that of Cu(II)-iminodiacetate. Significant differences
in selectivity based on the chiral nature of the amino acid complexes were also observed. The chroma-
tographic selectivities of the chelating ligands exhibit little variation, however, suggesting that interactions
occurring in solution but not on a surface play an important role in protein binding to the Cu(II)-amino
acid-PEG complexes. In solution, the Cu(II)-amino acid complexes are sensitive probes of the microenvi-
ronments of surface histidines. The choice of the metal chelate affinity ligand offers a powerful means by
which the selectivity of metal-affinity separations can be altered.

INTRODUCTION

The development of cost-effective affinity separations will eventually require
that expensive and labile biological affinity ligands be replaced by small chemicals
capable of selective binding interactions. Metal-affinity separations, which use chelat-
ed metals to bind proteins and other biological materials, afford an excellent example
of the advantages of a separation process based on small chemical affinity ligands.
Metal chelate ligands are inexpensive and stable; they can be chemically modified and
formulated into columns with extremely high loading capacities; they are easy to
regenerate and recycle; and product elution is carried under conditions that do not
normally harm sensitive biological products. As a result, the applications of metal-
affinity separations are rapidly expanding. To be most effective, however, small chem-
ical ligands must exhibit affinities and selectivities for the molecules of interest that
are comparable to biological binding interactions. A major drawback of metal-affin-
ity separations for large-scale purification is the limited selectivity that can be
achieved with currently-used materials.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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In order to expand the potential applications of metal-affinity techniques in
biological separations, we are investigating methods by which the selectivity for a
particular protein can be modified and enhanced. Various means for altering selec-
tivity, including engineering metal-binding residues into recombinant proteins, have
recently been reviewed [1]. In this paper we demonstrate that significant changes in
selectivity in metal-affinity partitioning can be effected through the choice of the
metal chelate affinity ligand.

Metal-affinity chromatography with iminodiacetate-bound copper ion [Cu(1I)
IDA] distinguishes proteins primarily based on their surface histidine content. Pro-
teins with several surface histidines are easily separated from those with no exposed
histidines. However, to easily differentiate among proteins bearing similar numbers of
exposed histidines, modifications which influence the strength of individual metal—
histidine interactions are required. Since Cu(II)IDA is small, hydrophilic, achiral,
and bears no net charge, its affinity for histidine is minimally influenced by the protein
environment in the vicinity of the histidine. However, this environment is necessarily
chiral and will have a particular character imparted to it by the nature of the sur-
rounding amino acid residues. To investigate the feasibility of exploiting the chiral
nature and specific properties of the microenvironments of surface histidine residues
for protein recognition, we synthesized polyethylene glycol (PEG) derivatives of the
L- and D-isomers of aspartic acid and methionine and metallated them with Cu(II) for
use in metal-affinity aqueous two-phase partitioning [2]. The L- and D-isomers of
methionine were also immobilized onto TSK supports and loaded with Cu(Il) in
order to determine their binding selectivities in metal-affinity chromatography.

MATERIALS AND METHODS

MPEG-5000 [PEG monomethyl ether, relative molecular mass (M,)5000] was
purchased from Fluka, Dextran T-500 from Pharmacia, epichlorohydrin from Al-
drich, and amino acids and proteins from Sigma. Materials were used as purchased,
without further purification. TSK G6000PW (15-19 um porous beads) was the kind
gift of Dr. Y Kato, Tosoh. Microchemical analyses were performed at the Caltech
Microanalytical Laboratory. Copper contents were determined spectrophotometri-
cally by dissolving the samples in 0.10 M EDTA, pH 7, and comparing the absor-
bance at 800 nm with 0.10 M EDTA solutions of known Cu(II) concentration.

Synthesis of Cu(Il)IDA-PEG

MPEG-5000 was chlorinated by the procedure of Buckmann et al. [3]. CI-PEG
(25.40 g, 5.1 mmols), anhydrous potassium carbonate (3.97 g, 28.7 mmols) and imi-
nodiacetic acid (3.87 g, 29.1 mmols) were dissolved in 225 ml of distilled water and
gently refluxed for 53 h. Anhydrous sodium sulfate (37.5 g) was dissolved in the warm
reaction mixture, which was transferred to a separatory funnel to cool and separate
into two phases. The lower phase, containing most of the inorganic salts and unreac-
ted iminodiacetic acid, was discarded. The upper phase was diluted with an equal
volume of distilled water and exhaustively dialyzed, first against dilute bicarbonate,
then against distilled water, to remove the low-molecular-weight impurities. The dia-
lyzed solution was lyophilized, giving the product as a white solid. Yield: 23.15 g
(89%). IDA-PEG (1) and excess copper(II) sulfate pentahydrate were dissolved in



METAL AFFINITY PROTEIN PARTITIONING 347
distilled water and exhaustively dialyzed. The dialyzed solution was lyophilized, giv-
ing the product as a light blue solid. Yield: 86%. Anal. (C,3;H45oNO,;,Cu - 3H,0)
C, H, N, Cu.

HOOC

SCHy
HOOC—\ " .
N‘( N\ o~)CH3 HOOC :‘(/_\ 0_)(:”3 HOOC :f \o_)CHa
n n n
Hooc—/
1 2 3

Synthesis of Cu(Il) Asp—PEG (L- and D-isomers)

CI-PEG (5.04 g, 1.00 mmol), L-aspartic acid (0.82 g, 6.2 mmols), and anhydrous
potassium carbonate (2.00 g, 14.5 mmols) were dissolved in 45 ml of distilled water
and gently refluxed for 67 h. Anhydrous sodium sulfate (3.5 g) was dissolved in the
warm reaction mixture, which was transferred to a separatory funnel to cool and
separate into two phases. The two phases were treated as described above. Yield
(L-isomer): 4.36 g (85%). The same procedure was performed using D-aspartic acid
(0.79 g, 6.0 mmols). Yield (p-isomer): 4.38 g (85%). The specific rotation was deter-
mined for each product and found to be —0.454° and +0.453° for the L- and D-
isomers, respectively (room temperature, 0.07 M phosphate, pH 7.0, using the sodium
D line). :

Asp-PEG (2) and excess copper(IT) sulfate pentahydrate were dissolved in dis-
tilled water and exhaustively dialyzed. The dialyzed solution was lyophilized, giving
the product as a light blue solid. Anal. L-isomer: (C,3,H450NO,;,Cuyg s - 2H,0) C,
H, N, Cu. p-isomer: (C;3,H450NO;;7Cuo 5 - 2H,0) C, H, N, Cu.

Synthesis of Cu(II)Met-PEG (L- and D-isomers)

CI-PEG (5.46 g, 1.09 mmols), L-methionine (0.86 g, 5.6 mmols), and anhydrous
potassium carbonate (0,84 g, 6.1 mmols) were dissolved in 40 ml of distilied water and
gently refluxed for 96 h. Anhydrous sodium sulfate (7.0 g) was dissolved in the warm
reaction mixture, which was transferred to a separatory funnel to cool and separate
into two phases. The two phases were treated as described above. The dialyzed solu-
tion was lyophilized, giving the product as an off-white solid. Yield (L-isomer): 4.36 g
(85%). The same procedure was performed using CI-PEG (5.43 g, 1.08 mmols), D-
methionine (0.83 g, 5.8 mmols), and anhydrous potassium carbonate (0.81 g, 5.8
mmols). Yield (D-isomer): 4.84 g (88%). The specific rotations was determined for
each product and found to be +0.315° and —0.336° for the L- and D-isomers, respec-
tively (room temperature, 0.07 M phosphate, pH 7.0, using the sodium D line).

Met-PEG (3) and excess copper(11) sulfate pentahydrate were dissolved in wa-
ter and exhaustively dialyzed. The dialyzed solution was lyophilized, giving the prod-
uct as a light blue solid. Anal. L-isomer: (C;3,H464NO;;5SCuq s - 4H,0) C, H, N,
Cu. p-isomer: (Cy3,H464NO,15SCug 5 - 4H,0) C, H, N, Cu.

Protein partitioning
Aqueous two-phase partitioning experiments were performed as described pre-
viously [4]. Two-phase systems were generated by combining appropriate amounts of
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stock solutions: (1) 13.54% (w/w) dextran T-500 in distilled water, (2) 0.5 mg/ml
protein in 0.046 M sodium phosphate, 0.45 M sodium chloride, pH 7.6 (3) 40% (w/w)
MPEG-5000 in distilled water [used for the determination of the partition coefficient
of the protein in the absence of the metal complex (Ko)l, and (4) 40% (w/w)
MPEG-5000 containing PEG-derivatized Cu(II) chelate to 5.6 - 10™2% [used for the
determination of the protein partition coefficient in the presence of the metal complex
(K)]. Each phase system consisted of 1.30 g of the dextran solution (1), 2.00 g of
buffered protein solution (2), and 0.70 g of the appropriate PEG solution, (3) or (4).
This gave a final 4.00 g phase system composed of 4.4% (w/w) dextran, 1 mg total
protein, 7% (w/w) total PEG, and 9.8 - 10™*% (1.6 - 10~* M) copper, buffered to pH
7.6. The total concentrations of Cu(Il) were identical in all partitioning experiments.

The phase systems were gently mixed for 30 min, then centrifuged for 30 min to
separate the phases. An aliquot of 200 ul of each phase was diluted to 3.00 ml with
distilled water and their absorbances were read at the Soret maximum for the heme
proteins (ca. 409 nm). The partition coefficient is the ratio of the absorbance derived
from the upper phase to the absorbance derived from the lower phase.

Surface histidine contents of the myoglobins were determined from the X-ray
crystal structure of sperm whale myoglobin and from the sequences of homologous
proteins, as described previously [2]. A histidine was defined as exposed if it exhibited
at least 1 A2 of surface accessible to a 3 A radius probe.

Preparation of metal-affinity TSK derivatives

The TSK G6000PW beads were epoxidated using a method similar to that of
Matsumoto et al. [5]. After extensive washing with distilled water, 9.3 g beads in 9 ml
water were combined with 5 ml of 15 M NaOH and 6 m! epichiorohydrin, and the
mixture was stirred for 2 h at room temperature. The activated beads were washed
extensively with water and suction dried before coupling to the chelating agents. For
coupling, 3 g of the dried epoxidated beads were added to 6 ml of L- of b-methionine
(0.5 M, pH 10). An amount of 3.4 g beads were combined with 7 ml iminodiacetic
acid (0.5 M, pH 11). The three reaction mixtures were shaken at 55°C overnight. (Ina
separate control experiment, L-methionine showed no tendency towards racemization
under these conditions.) The derivatized beads were extensively washed with water.

Metal-affinity chromatography

A 40 x 5 mm column was packed with a quantity of the derivatized beads to
give approximately equal total copper loading of 4 umol for each experiment. The
columns were then subjected to the following protocol to determine copper loading
and to regenerate the column between experiments (0.4 ml/min flow-rate): 0.1 M
EDTA, pH 8.0: 10 min; 0.2 A CuSO,: 10 min; distilled water: 2 min; 0.05 M sodium
phosphate, 0.5 M NaCl, 0.02 M imidazole, pH 7.6: 10 min; 0.05 M sodium phos-
phate, 0.5 M NaCl, pH 7.6: 10 min.

The amount of copper loaded onto each column was determined by washing
with 0.1 M EDTA, pH 7.0, and comparing the absorbance at 800 nm with standard
copper solutions. The columns were loaded with approximately 100 ug (5 - 107° mol)
protein, folowed by an imidazole gradient at a flow-rate of 0.2 ml/min. The experi-
ments were repeated with samples of mixed proteins to ensure that the correct elution
order was maintained.
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RESULTS AND DISCUSSION

Protein recognition by copper chelates can be readily investigated through the
measurement of partition coefficients in aqueous dextran-PEG two-phase systems
containing metal chelate covalently bound to PEG. Histidines exposed on protein
surfaces are available for interaction with chelated copper at neutral and alkaline pH.
Since the side chains of other amino acids bind copper with much less affinity (see
discussion below), metal-affinity partitioning with Cu?* chelated by IDA at neutral
pH reflects the protein’s surface histidine content. The addition of Cu(INIDA-PEG
to a two-phase PEG-dextran of PEG-salt system increases the partitioning of pro-
teins which contain surface histidines, and the increase in the logarithm of the parti-
tion coefficient in the presence of the the metal-affinity ligand, In(K/Ko), is linearly
proportional to the number of histidines exposed on the protein surface over a very
wide range [2]. This behavior is expected when surface histidines bind equally and
independently to the metal complex [4]. Similar behavior is observed in metal-affinity
chromatography; proteins are eluted from Cu(I)IDA supports according to their
surface histidine contents [6].

The partitioning of three myoglobins from horse, whale, and sheep were stud-
ied using copper complexes of IDA-PEG and chiral aspartate and methionine deriv-
atives of PEG. The results are summarized in Table I. The contribution to partition-
ing that is due to interactions between the protein and the metal-affinity ligand is
indicated by In(K/Kjy), the difference between the logarithms of the partition coeffi-
cient in the presence (K) and absence (K,) of affinity ligand [4,7]. As observed in
carlier studies, the metal-affinity partitioning of horse myoglobin to the PEG phase
with Cu(IDIDA-PEG is less favorable [as measured by In(K/Ko)] than the partition-
ing of whale or sheep myoglobin.

"The relative affinities of these proteins for the PEG-rich phase are dramatically

TABLE I

MYOGLOBIN PARTITION COEFFICIENTS IN PEG-DEXTRAN TWO-PHASE SYSTEMS CON-
TAINING PEG-DERIVATIZED Cu(Il) CHELATES

K, = partition coefficient in the absence of PEG—copper chelate, K = partition coefficient in the presence
of PEG-copper chelate. Each partition coefficient is an average of at least five measurements, with a
standard deviation of approximately 3% of the mean. Mb = Myoglobin.

Derivative Horse Mb Whale Mb- Sheep Mb
K, 0.39 0.47 0.38
K IDA 0.75 0.97 1.10
L-Asp 0.53 0.60 0.52
D-Asp 0.54 0.53 0.50
L-Met 0.73 0.55 0.73
D-Met 0.49 0.53 0.49
In (K/K,) IDA 0.66 0.73 1.07
L-Asp 0.32 0.25 0.32
D-Asp 0.33 0.13 0.28
L-Met 0.64 0.17 0.66

D-Met 0.24 0.12 0.27
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altered when the chiral metal-chelating polymers derived from aspartic acid and
methionine are used. Ln(K/K,) for whale myoglobin is the least favorable of the three
proteins in all four two-phase systems containing the amino acid-copper-PEG com-
plexes. This is particularly striking for partitioning with the methionine-derivatized
PEG; the apparent affinity of both optical isomers of Cu(Il)Met-PEG towards whale
myoglobin is approximately equivalent to (Cu(I)IDA-PEG binding to a protein
possessing only one exposed histidine as opposed to five. In contrast, the apparent
affinity of the Cu(I)-L-Met-PEG complex towards the myoglobins from horse and
sheep in only slightly smaller than that of Cu(IDIDA-PEG. Furthermore, there is a
distinct chiral effect in the protein partitioning; partitioning with complexes derived
from L-isomers of the amino acids results in In(K/Ky) values significantly different
from those obtained using the pD-isomers. For the methionine-based complexes, this
chiral effect is most significant for the myoglobins from horse and sheep.

To determined whether the altered selectivities observed for metal-affinity parti-
tioning also occur in metal-affinity chromatography, a TSK chromatographic sup-
port was derivatized with Cu(IDIDA, Cu(Il)-L-Met, and Cu(II)-p-Met. The concen-
trations of imidazole required to elute the three myoglobins from these supports are
reported in Table II. For these experiments, the column lengths were adjusted to
maintain similar copper loadings. On all three Cu(II)-chelating supports, the whale
protein requires a greater concentration of imidazole for elution than do the horse
and sheep proteins. Since the elution order remains the same for the myoglobins on
all three supports, there are no significant differences in binding selectivity for the
copper chelates in the solid phase. If anything, the selectivity of Cu(Il)-methionine is
reduced with respect to Cu(I)IDA; the horse and sheep myoglobins are indistin-
guishable on both methionine-based supports. The fact that the myoglobins require
smaller concentrations of imidazole for elution from the L- and D-methionine sup-
ports as compared to Cu(II)IDA probably reflects the lower Cu(Il)-binding affinity of
methionine. Cu(Il) is more easily removed from these columns than from the IDA-
derivatized material.

Imidazole competes with binding sites on the protein for coordination to the
bound copper ion. Elution with a gradient of imidazole at pH 7.6 allows us to identify
the relative binding affinities based on interactions between the copper chelates and

TABLE I1

COLUMN CHARACTERISTICS AND CONCENTRATIONS OF IMIDAZOLE REQUIRED TO
ELUTE MYOGLOBINS FROM TSK METAL-AFFINITY COLUMNS

Column diameter is 0.5 cm, flow-rate = 0.2 ml/min.

Chelating Column Copper Concentration of imidazole at elution (mAM)
ligand volume loading
(ml) (umol) Horse Sheep Whale
IDA® 0.63 4.2 7.3 8.5 9.3
L-Met® 0.51 3.6 4.9 49 6.4
D-Met® 0.78 3.7 5.3 5.3 6.1

¢ Gradient: 0-10 mM imidazole in 150 min, pH 7.6.
b Gradient: 2-8 mM imidazole in 100 min, pH 7.6.
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surface histidine residues. Direct binding by chelated Cu(Il) to other functional
groups such as the N-terminus or lysine residues are small because these groups are
still largely protonated at this pH. Copper coordination to carboxylic acid moieties is
weak relative to histidine [8]. There is no evidence that copper directly coordinates
aromatic side chains; the apparent influence of aromatic residues in metal-affinity
chromatography is due to indirect effects on solvation and metal electronegativity
[1,9]. Thus it is unlikely that direct binding interactions with residues other than
histidine are contributing to the observed altered selectivity order in metal-affinity
partitioning. While Cu(IIDA appears to bind all accessible histidines with more-or-
less equal affinity [4], the altered selectivities of Cu(Il)-L-Met and Cu(II)-D-Met most
likely reflect the effects of neighboring amino acid residues on Cu(II)-histidine bind-
ing. However, these interactions manifest themselves only in solution, not upon inter-
action with the surface-immobilized chelates.

Possible origins of the differences in binding selectivity observed for the various
Cu(II) chelates in metal-affinity partitioning must be discussed in light of the struc-
tures of the protein-chelate complexes. Cu(Il) and IDA form a 1:] (metal-ligand)
complex, whereas most amino acids form a 1:2 (bis-glycinate-like) complex in solu-
tion [10,11] (Fig. 1). When the derivatized PEGs are metallated with excess Cu(Il),
followed by exhaustive dialysis to remove unbound metal, the free, dialyzable Cu(II)
becomes negligible as the Cu(II)-(IDA-PEG) ratio approaches 1:1. In contrast, sig-
nificant quantities of free copper are present until the Cu(I)--(Asp-PEG) and Cu(Ih)-
(Met-PEG) ratios approach 1:2. This indicates that the stability constants [13] and
structures of the soluble PEG-derivatized chelates are similar to those of their under-
ivatized counterparts. 1:2 Cu(II)}-amino acid complexes cannot form on the TSK
surface because all the amino acids are covalently attached, and the distance between
ligands (>40 A) is much greater, on average, than the length of epoxide spacer arm
and Cu(IT)Met ligand (7.5 A).

We expect a surface histidine to coordinate Cu(Il)IDA equatorially in a 1:1
complex, similar to the coordination seen in the crystal structure of Cu(IIIDA—
bipyridine [14]. Although two equatorial sites are available for histidine coordination,

[0}
L, : \ h
s o
' n
L o}

Cu(INIDA-PEG

L 0
Hod ,0’3,
CHs'('o/ﬂ\N—Cu—N
n 'S/O A H\é_/o-)CH3
L n

o}

Cu(I)bis-(amino-acid)-PEG

Fig. 1. Expected structures of Cu(INIDA~PEG and Cu(II)bis(amino acid-PEG) complexes. Structures are
assumed to be analogous to those of Cu(Il)iminodiacetate dihydrate [10] and bis(L-methionato)Cu(IT)
[11,12]. “L” indicates sites available for ligand binding (protein or solvent). % = Stereogenic center.
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protein complexation with Cu(IDIDA-PEG is sterically limited to single histidine
residues, unless multiple histidines are arranged according to precise geometric re-
quirements, such as the His-X;-His arrangement in an a-helix [15,16]. Thus, in solu-
tion, the protein can associate with as many Cu(II)IDA-PEG molecules as there are
accessible histidines. This simple binding behavior leads to the linear dependence of
In(K/Ky) on surface histidine content.

The nature of complex formation between a histidine residue and a Cu(II)bis-
glycinate-like amino acid complex is less clear. A histidine could coordinate to the
weak axial site of the bis-complex. Such binding would be weaker than to a Cu(Il)
IDA complex, a result of both the weaker nature of the axial bond and the greater
steric hindrance from the bisamino acid complex, which depends on the histidine
microenvironment. However, this weaker binding may not necessarily be apparent in
the partitioning, since two PEG molecules associated at a single histidyl site could
offset the negative effects of the reduced affinity on partitioning. Alternatively, the
histidine could displace one amino acid to take up a more strongly-bound equatorial
position, yielding a 1:1 Cu(II)chelate-histidine complex similar to that expected for
Cu(IDIDA. Cu(IT) complexes of amino acids (1:1 mixed) are known: the crystal
structure of Cu(Il)aspartic acid—phenanthroline is similar to that of the Cu(INIDA-
bipyridine complex cited above [17]. However, a complex of this type, which can form
on the solid support as well as in solution, cannot explain the difference between
partitioning and chromatography.

The complexes derived from the L- and p-isomers of aspartic acid exhibit simi-
lar affinities for the different myoglobins in partitioning, although the affinity for
whale myoglobin is somewhat reduced. Aspartic acid is isomeric with IDA and, if a
1:1 Cu(IT)aspartate-histidine complex is formed, it would be expected to have proper-
ties very similar to those of the IDA complex and should exhibit little tendency to be
influenced by the protein environment in the vicinity of the histidine. The properties .
of the methionine-derived complexes should be quite different from those derived
from aspartic acid. These complexes bear a greater positive charge than do their
aspartate-derived counterparts, and the methyl thioether side chain confers both ster-
ic bulk and a greater hydrophobic character to the complex. Both forms of the Cu(II)
Met-PEG have low apparent affinity for whale myoglobin in metal-affinity partition-
ing. .
Although the structures of myoglobins from horse, whale, and sheep are highly
conserved [18], they differ slightly in the content and placement of surface histidine
residues. Horse, whale and sheep myoglobin share five histidines that are accessible to
solvent (amino acid positions 36, 48, 81, 113 and 116). The whale and sheep proteins
each have one additional surface histidine. Histidines 113 and 116 in all three myoglo-
bins are separated by a very short distance, and it appears that only one Cu(I)IDA-
PEG can bind at this position [2]. As discussed previously [16], there is no evidence
that the His 113—His 116 arrangement forms a special high-affinity binding site for
Cu(1). Myoglobin partitioning with Cu(II)IDA is fully explained by binding interac-
tions with non-interacting histidines [4]. \

Using protein sequence data for horse, sheep and whale myoglobins [7], and
crystallographic data for sperm whale myoglobin [19,20], the surface environments
within 6 A of the exposed histidines were compared. The amino acid residues within
this radius are 100% conserved for three of the exposed histidines (His 36, 48, and 81)
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in horse and sheep myoglobin. In contrast, the environment is 100% conserved for
only one of the surface histidine residues in whale myoglobin (His 81). In two of four
of the surface histidine environments which differ from those of the sheep and horse
proteins (His 36 and 48), the whale myoglobin either has an additional positive charge
in the vicinity (a lysine residue), or lysine has been substituted by a larger, positively-
charged arginine. The effect of these substitutions may be to move a positive charge
closer to, or add an additional charge in the vicinity of, the potential histidine binding
sites. The reduction in affinity for whale myoglobin is much more pronounced for the
more positively charged Cu(II)methionine complexes than for the Cu(Il) aspartate
ones. The increase in positive charge near the histidine residues in the whale myoglo-
bin could effectively reduce the number of histidines available for complexation to
Cu(I)Met-PEG.

Cu(ll)-L-Met-PEG has a higher apparent affinity for the horse and sheep myo-
globins than does the complex derived from p-methionine in the partitioning experi-
ments. The protein environment surrounding a histidine is chiral, and it is certainly
feasible that these surroundings can differentiate between copper chelate complexes
that differ in their chirality. [The effective size of the chelate that is available for
interactions with the protein surface and, therefore, the distinction between the D-
and L-forms are enhanced if the protein is binding a 1:2 copper—(amino acid-PEG)
complex.] However, at this point we are unable to identify specific structural origins
for the differences in the abilities of the complexes derived from the D- and L-amino
acids to bind to exposed histidines. Further work will be necessary to explain the
observed chiral selectivity.

We have shown that selectivities in protein binding by copper chelate complexes
can differ significantly from solution to solid phase. A possible explanation for this
behavior is that, in solution, the amino acid chelates form larger 1:2 copper—chelate
complexes which are capable of discriminating among histidines on the surface of the
myoglobins. Cu(Il)Met-PEG and Cu(II)Asp—PEG complexes are sensitive probes of
the microenvironments of surface histidines in metal-affinity partitioning.
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ABSTRACT

Naproxen, (8)-6-methoxy-a-methyl-2-naphthyleneacetic acid, is a non-steroidal anti-inflammatory
drug, which is administered as a single enantiomer. Two different approaches applying high-performance
liquid chromatography for the determination of the optical purity of naproxen are described. One method
involves the derivatization of naproxen with 3,5-dinitroaniline and separation of the amide derivatives on a
(R)-N-(2-naphthyl)alanine chiral stationary phase. The second method is a direct separation of naproxen
optical isomers using «-1-acid glycoprotein columns. The latter method has been studied in detail to

address the effects of temperature, ionic strength, pH and concentration of mobile phase buffer on
enantiomeric resolution.

INTRODUCTION

The use of high-performance liquid chromatography (HPLC) for the determi-
nation of the optical purity of chiral substances is now a well developed analytical
technique. The past 15 years have given rise to a profusion of new analytical devel-
opments such as chiral stationary phases (CSPs), derivatizing reagents, and chiral
mobile phase additives, all of which have been proven effective in achieving chiral
separation.

Four major approaches involving the separation of optical isomers by HPLC
are: (1).direct separation on a CSP, (2) derivatization with an achiral reagent and
separation on a CSP, (3) direct separation on an achiral stationary phase with the use
of a chiral mobile phase additive, and (4) derivatization with a chiral reagent and
separation of the resulting diastereomers using an achiral support. Similar techniques
for the determination of optical purity by gas chromatography (GC) have also been
reported.

Many of the separation types described above have been successfully applied to
separate the optical isomers of the a-methylarylacetic acid series of non-steroidal
anti-inflammatory drugs (NSAIDs), such as naproxen and ibuprofen. The majority
of NSAIDs have one chiral center a to the carboxylic acid moiety, and most NSAIDs
in this category are administered as the racemic mixture, with the exception of na-
proxen, which is administered as the resolved (S) enantiomer.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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The majority of enantiomeric resolutions of NSAIDs reported in the literature
are achieved by formation of diastereomeric derivatives with an optically active re-
agent and subsequent separation using either gas chromatography (GC) or HPLC.
Separation via the diastereomeric amide derivatives is by far the most applied meth-
od. Of all the applicable chiral amines used as derivatizing reagents, a-methylben-
zylamine has been the most widely published in conjunction with GC [1-6] or HPLC
[7-10] analysis. The use of a number of other chiral amines e.g. L-1-(4-dimethyl-
amino-1-naphthyl)ethylamine (DANE) and L-leucinamide in such applications has
also been extensively reported [11-32] and, in many cases, these diastereomeric sep-
arations are preferred to the direct resolution on chiral columns. Other reported
diastereomeric separations of the optical isomers of NSAIDs have included ester
derivatives [9,33].

Derivatization of NSAIDs with various achiral amines combined with sep-
aration on CSPs has been applied to effect chiral separations of NSAIDs on numer-
ous occasions [34—41]. The majority of these separations have been accomplished on
“Pirkle-type” CSPs [34,35,37-41]. Other CSPs used have included cellulose based
CSPs [39] and a CSP which contained either (R}- or (S)-1-(x-naphthvDethvlamine
with (8)-valine chemically bonded to y-aminopropyl silanized silica |36]. Chiral sep-
arations of ester derivatives of NSAIDs have also been reported [34,42] using the
Pirkle-tvpe CSPs. )

Protein based CSPs offered direct chiral separations of NSAIDs [43,44] while
ion-pair chromatography employing chiral amine counter-ions on an achiral support
[45,46] failed to facilitate enantiomeric resolution of naproxen. Nonetheless, a CSP
that contains acetylquinine bonded to silica has been reported to separate the optical
isomers of naproxen with the addition of quinine in the mobile phase [47,48].

Mixed advantages and disadvantages may be identified with the methods re-
ported to date, therefore, method development was continued in order to develop a
rugged chiral separation method for naproxen with good sensitivity and high effi-
ciency. An important criterion is that this method can be easily adopted in a quality
control environment. Two suitable methods considered to be most rugged are report-
ed in this manuscript.

EXPERIMENTAL

Apparatus

The HPLC equipment consisted of a Spectra-Physics Model 8100 liquid chro-
matograph equipped with a Valco fixed-loop injector and a Kratos 757 UV detector.
The detector output was monitored using a Spectra-Physics SP 4200 recording in-
tegrator.

Materials

Naproxen, its enantiomer and the racemic mixture were synthesized by the
Institute of Organic Chemistry, Syntex Research (Palo Alto, CA, U.S.A.). 3,5-Di-
nitroaniline (98% + ) and N,N-dimethyloctylamine were obtained from Aldrich (Mil-
waukee, WI, U.S.A.). Thionyl chloride was obtained from J. T. Baker (Phillipsburgh,
NJ. U.S.A)). HPLC-grade hexane, isopropanol, acetonitrile and methanol were ob-
tained from Burdick and Jackson (Muskegon, MI, U.S.A.). NaH,PO,, Na,HPO,,
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and NaCl were obtained from Mallinckrodt (Paris, KY, U.S.A.). Doubly distilled
deionized water was used throughout the experiments.

Chiral HPLC columns

The chiral HPLC columns used were: (1) Pirkle covalent (R)-N-(3,5-dinitroben-
zoyl)phenylglycine (Regis, Morton Grove, IL, U.S.A.); (2) Pirkle covalent (R)-N-(2-
naphthyljalanine (Regis); (3) Cyclobond B-cyclodextrin (Astec, Whippany, NI,
U.S.A.); (4) Resolvosil bovine serum albumin (Macherey-Nagel, Diiren, Germany);
(5) Enantiopak a;-acid glycoprotein (AGP) (LKB, Bromma, Sweden); (6) Chiral
AGP (ChromTech, Stockholm, Sweden); (7) Chiralpak OT(+) (J. T. Baker); (8)
Chiralcel OB (J. T. Baker); (9) Chiralcel OD (J. T. Baker); (10) Chiralcel OJ (J. T.
Baker); (11) Chiralcel CA-1 (J. T. Baker).

Derivatization procedure

The 3,5-dinitroanilide derivative of naproxen was prepared by converting the
acid functionality of naproxen into the acid chloride with thionyl chloride followed
by the addition of excess 3,5-dinitroaniline.

Naproxen acid chloride: naproxen (0.05 g, 0.22 mmol) was gently refluxed in
5.0 ml of freshly distilled thionyi chloride for 5 min. The excess thionyl chloride was
then removed, in vacuo, to give a viscous yellow oil.

Naproxen 3,5-dinitroanilide: the acid chloride of naproxen was diluted with 5.0
ml of dry dichloromethane and (0.037 g, 0.24 mmol) of 3,5-dinitroaniline was added.

R s
a
JM
F + : — — t t .
o 10 20 30 0 10 20 30
Time (min )

Time (min }

Fig. 1 (a). Chromatographic separation of the 3,5-dinitroanilide derivatives of R,S-naproxen on the (R)-N-
(2-naphthyl)alanine CSP. Mobile phase: hexane-isopropanol (90:10). Flow-rate: 2.0 m}/min. UV detection
at 254 nm. Temperature: ambient. (b) Chromatographic separation of the 3,5-dinitroanilide derivative of
S-naproxen containing ca. 1.0% R-naproxen on the (R)-N-2-(naphthyl)alanine CSP. Chromatographic
conditions same as in Fig. la.
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The reaction mixture was stirred at room temperature for 10 min. A 1.0 m] aliquot of
the reaction mixture was diluted to 50 ml with mobile phase and injected onto the
HPLC system.

Chromatography

Naproxen 3,5-dinitroanilide: the separation of the 3,5-dinitroanilide of naprox-
en was accomplished using a Pirkle covalent (R)-N-(2-naphthylalanine (250 x 4.6
mm I.D.) HPLC column (Fig. 1). The mobile phase was hexane-isopropanol (90:10,
v/v) and the flow-rate was 2.0 ml/min. The column eluent was monitored at 263 nm
and the chromatography was accomplished under ambient temperature conditions.
Sample concentrations were approximately 0.2 mg/ml and the injection volume was
20 ul.

Naproxen: the direct separation of naproxen isomers was accomplished using
the Enantiopak AGP (100 x 4.6 mm [.D.) column or a second generation, Chiral
AGP (100 x 4 mm IL.D.) column. Mobile phases consisted of phosphate buffers at
different pHs and ionic strengths with isopropanol as the organic modifier. Flow-
rates were maintained between 0.3 and 0.8 ml/min. The eluent was monitored at 263
nm and column temperature was maintained in the range of 5 to 40°C using water-
jacket thermostated control. Sample concentrations were approximately 0.05 mg/ml
and the injection volume was 20 pl.

RESULTS AND DISCUSSION

Initial reports in the literature on the use of CSPs for the separation of the
optical isomers of naproxen and other NSAIDs involved formation of amide deriv-
atives followed by separation on a CSP. Wainer and Doyle [34] resolved the optical
isomers of naproxen (separation factor, « = 1.23) and other NSAIDs as the 1-
naphthylenemethylamide derivatives using the Pirkle covalent (R)-N-3,5-(dinitroben-
zoyl)phenylglycine (DNBPG) CSP. Nicoll-Griffith [38] reported the resolution of
twelve amide derivatives of ibuprofen using the DNBPG CSP, and McDaniel and
Snider [39] compared the Pirkle 3,5-DNBPG column and the chiralcel OC (cellulose
triphenylcarbamate coated on macroporous silica) column for the separation of
amide derivatives of ibuprofen and two other a-methylarylacetic acids.

Pirkle [37] recently introduced a new CSP, covalent (R)-N-(2-naphthyl)alanine
and reported numerous separations of 3,5-dinitrophenyl derivatives of alcohols,
amines and acids (ibuprofen, & = 1.33). Encouraged by the results obtained by Pirkle,
the 3,5-dinitroanilide of R,S-naproxen was prepared and chromatographed using the
(R)-N-(2-naphthyl)alanine CSP. Baseline resolution, = 1.34 was achieved using the
conditions described in Fig. la. The resolution between the naproxen isomer peaks
could be improved by decreasing the amount of the organic modifier, isopropanol,
but, at the same time, the isomer peaks broadened, making quantitation of the minor
R-isomer more difficult. It was determined by derivatizing and chromatographing
each individual isomer of naproxen that the elution order was the R-isomer first
(retention time, fr = 18 min) and the S-isomer second (fx = 24 min).

The precision of this method was addressed by performing six replicate in-
jections of the same reaction product of a sample of S-naproxen containing 1% of
R-naproxen (Fig. 1b). The ratios of the two isomer peaks gave a standard deviation of
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0.1%, demonstrating the chromatographic method to be precise and repeatable. The
detection limit was determined to be ca. 0.1%.

Direct resolution of the optical isomers of naproxen and other NSAIDs was
reported using the Enantiopak AGP CSP [45,46], wherein the enantioselectivity of
strong acids such as naproxen was regulated by the addition of a tertiary amine,
N,N-dimethyloctylamine (DMOA) to the mobile phase. In this laboratory, the base-
line separation (¢ = 1.25) of naproxen isomers with the Enantiopak column could
only be achieved upon addition of DMOA to the mobile phase. An example of the
best separation achieved with this column is illustrated in Fig. 2. However, the long
retention times of up to 65 min, broad peaks and generally poor peak shape encoun-
tered with the Enantiopak CSP prohibited the quantitation of small (<1.0%)
amounts of the R-naproxen present in S-naproxen. Column to column variability was
observed with the Enantiopak CSP and, in many cases severe peak fronting was
observed for the Enantiopak CSP.

The difficulties experienced with the Enantiopak CSP were not observed when
using a “‘second generation” AGP CSP, the Chiral AGP column. This CSP has been
reported to give superior results [49], for a series of chiral dihydropyridine com-
pounds as compared to the Enantiopak column and, appears to be more durable as
well.

The chromatographic conditions for the resolution of the optical isomers of
naproxen with the Chiral AGP were optimized by changing mobile phase conditions
such as pH, buffer strength, temperature and ionic strength. The optimal conditions
as shown in Fig. 3a and b allowed for the baseline resolution (@ = 1.71) of the
naproxen optical isomers in less than five minutes! The R-isomer was determined to
elute first and the S-isomer second. As can be seen in Fig. 3a and b, the peak shapes
are much improved from those obtained on the Enantiopak column (Fig. 2). In
addition, quantitation of small amounts (< 1%) of R-naproxen was more feasible
with the Chiral AGP column than with the Enantiopak column.

The effects of pH, temperature, ionic strength, buffer strength and organic
modifier on retention times and resolution of the naproxen enantiomers were studied
using the Chiral AGP column.

] !
t ¥ } —

0 20 40 60 80

Time (min )

Fig. 2. Direct chromatographic separation of the optical isomers of naproxen on the Enantiopak AGP
CSP. Mobile phase: 20 mM phosphate buffer with 8 mM DMOA at pH 7.0-isopropanol (99:1). Flow-rate:
0.3 ml/min. UV detection at 263 nm. Temperature: ambient. Sample loading: 1.0 ug.
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Fig. 3 (a). Direct chromatographic separation of the optical isomers of naproxen on the Chiral AGP CSP.
Mobile phase: 4 mM phosphate buffer, pH 7.0~isopropanol (99.5:0.5). Flow-rate: 0.8 ml/min. UV detec-
tion at 263 nm. Temperature: ambient. Sample loading 1.0 ug. (b) Chromatographic separation of S-
naproxen containing 1.5% R-naproxen on the Chiral AGP CSP. Chromatographic conditions as in (a).

Effect of buffer concentration

The effects of buffer strength were studied at pH 7.0 using six phosphate buffer
concentrations ranging from 40 to 1 mM. All the mobile phases contained 0.5%
isopropanol as the organic modifier. At higher buffer strengths, capacity factors (k')
were increased, peak shape was broadened and a-values increased. The data are
depicted in Fig. 4a and b. In general, the retention behavior of the S-isomer was
slightly more sensitive than that of the R-isomer to changes in the buffer concentra-
tion.

Effect of pH and ionic strength
The effect of mobile phase pH was studied in the range between 5.0 and 7.5
while maintaining a 4.0 mM phosphate buffer concentration in a buffer—isopropanol
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Fig. 4. Effect of buffer concentration on (a) k": 0 = R-isomer, ¢ = S-isomer; and (b) resolution of R- and
S-naproxen. Chromatographic conditions as in Fig. 3a, except buffer concentrations.

(99.5:0.5, v/v) composition. In addition, at each pH value studied, 10 mM NaCl was
added to the mobile phase to evaluate the effect of ionic strength at the respective pH
values. The results as shown in Fig. 5 indicate increased resolution with decreasing
pH. Retention times for the S-isomer ranged from 5.7 min at pH 7.5 to greater than 3
h at pH 5.0. However, no apparent effect was observed when 10 mA NaCl was
present in the mobile phase. Baseline resolution between the enantiomers was
achieved throughout the 5.0 to 7.5 pH range.

Effect of temperature

The chromatography was evaluated at temperatures from 5 to 40°C. The HPLC
conditions and mobile phase are those described in Fig. 3. As expected, the resolution
increased at the expense of lengthened retention times as well as broadened peak
shape when the column temperature was decreased. However, no significant column
degradation was observed upon operation at higher temperatures. The retention time
of the S-isomer, which was the longer retained enantiomer, was significantly in-
creased at temperatures below 20°C. In the 20-25°C range, the chromatography was
not effected by slight changes in temperature. These data are depicted in Fig. 6.

Effect of organic modifier

Evaluation of the retention characteristics of the enantiomers as a function of
the amount of isopropanol in the mobile phase established that the AGP CSP, in
addition to chiral recognition, appeared to operate in a reversed-phase mode as well
(i.e., the retention times decreased in response to increased levels of isopropanol).
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Fig. 5. Effect of pH and ionic strength on resolution of R- and S-naproxen. Chromatographic conditions as
in Fig. 3a, except pH and NaCl concentration. O = 10 mM NaCl; ¢ = no NaCl.

While isopropanol acted as an effective regulator of retention times, resolution of
enantiomers could be manipulated by varying the isopropanol content in that the
longer retained S-isomer showed more response in its retention time towards the
organic modifier. Specifically, a total loss of resolution between the naproxen
enantiomers was observed by increasing the isopropanol content to amounts greater
than 2.0% (v/v).

From the above evaluation, the optimal chromatographic conditions for the
direct resolution of the optical isomers of naproxen using the Chiral AGP column
were defined as follows: a mobile phase composed of 99.5% 4 mM phosphate at pH
7.0 and 0.5% isopropanol operating at a column temperature of 25°C, at a flow-rate
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Fig. 6. Effect of temperature on (a) k: O = R-isomer, = S-isomer; and (b) resolution of R- and
S-naproxen. Chromatographic conditions as in Fig. 3a, except temperature.

of 0.8 ml/min. Typically, UV detection at 263 nm and a sample loading of 1.0 ug
should be used.

The method was examined for precision, linearity and limits of detection under
the above conditions. The precision of the method was evaluated by performing six
replicate injections of a solution of S-naproxen containing ca. 1.3% R-naproxen. The
mean value for S-naproxen was 98.71% and the standard deviation was 0.1% in-
dicating that the method is precise. The intended application of this chiral separation
method is to quantitate low levels of R-naproxen present in the S-naproxen product.
Therefore, linearity of the method was determined by analyzing spiked solutions of
0.2,0.5, 1.0, 2.0, 4.0 and 5.0% of R-naproxen in the presence of S-naproxen. Fig. 7
depicts the experimentally determined linearity plot from these spiked samples. This
method exhibits good linearity over the range tested, following the derived linear
equation of y = 0.00198 + 0.998778x, where y = observed response and x =
theoretical response of % R-naproxen. The average deviation from a theoretical
calibration line having a slope of 1.00, expressed as the standard error of estimate, is
0.05%. The coefficient of correlation is 0.9998. The method is, therefore considered to
be linear in the examined range of concentration. The limit of detection was deter-
mined to be ca. 0.1% of either enantiomer in the presence of its enantiomeric counter-
part.

Finally, for comparison, four resolved S-naproxen samples of varying optical
purities were separately subjected to the two optical purity determination methods
described in this work. The results (Table I) showed good correlation between the
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Fig. 7. Linearity plot for R-naproxen spiked in S-naproxen.

TABLEI

COMPARISON OF CHROMATOGRAPHIC RESULTS OF THE ENANTIOMERIC PURITY OF
NAPROXEN USING THE PIRKLE CSP AND CHIRAL AGP CSP

Sample (%S-Naproxen)
Chiral AGP Pirkle CSP
A 99.87 99.55
B 99.55 99.06
C 98.65 98.50
D 9582 95.62
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methods using the Pirkle (R)-N-(2-naphthyl)alanine column and the Chiral AGP
column.

Other chiral stationary phases

Seven other commercially available chiral stationary phases were evaluated for
their ability to separate the optical isomers of naproxen. These included S-cyclo-
dextrin, bovine serum albumin, Chiralpak OT(+) and four cellulose based CSPs,
namely, Chiralcel OB, OD, OJ, and CA-1. In all cases, the attempted separations
were performed on naproxen using mobile phases suggested by the respective column
manufacturer. Chiral separations of derivatives of naproxen were not attempted with
these columns. No separation of the optical isomers of naproxen was observed with
any of these seven columnms.

CONCLUSIONS

Two chromatographic methods for the separation of the optical isomers of
naproxen were presented. Both methods offer advantages over existing literature
methods in both separation factors and ease of use. In particular, the Chiral AGP
CSP gave direct resolution of the optical isomers of naproxen in less than 5 min. This
CSP has been shown to be superior to the Enantiopak AGP CSP with regard to
column stability, peak shape and separation efficiency. The methods reported in this
manuscript may prove applicable to other a-methylarylacetic acid NSAIDs since
these compounds all share common functional groups and often share similar chro-
matographic characteristics towards chiral separations.
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ABSTRACT

A procedure for the simultaneous determination of both ascorbic and dehydroascorbic acid in dairy
foods by high-performance liquid chromatography using precolumn derivatization with 4-methoxy- and
4-ethoxy-1,2-phenylenediamine is presented. The derivatives are isolated by solid-phase extraction and
analysed by fluorescence detection on a resin-type reversed-phase column at pH 9. Retention times are 2
and 3.2 min for the derivatives of ascorbic and dehydroascorbic acid, respectively. Relative standard
deviations of the within- and between-assay tests are 7.1 and 5.5%, respectively, for ascorbic and 11 and
9%, respectively, dehydroascorbic acid. The limits of detection are 50 and 70 fmol per 5-ul injection for
ascorbic and dehydroascorbic acid, respectively.

INTRODUCTION

Milk and dairy products are a valuable source of vitamins for human nutrition.
These foods may be heated by a range of processes and stored for various periods of
time. Vitamin C, consisting of both ascorbic acid (AA) and dehydroascorbic acid
(DHAA), is known to be labile during both processing and storage. It seems impor-
tant to measure the effects on vitamin C and to ensure that losses are at a minimum, if
possible. Also, it is of interest for the consumer to know the final level of vitamin C.

A variety of methods for the assay of vitamin C in foods and biological samples
are available. They include biological, chemical, polarographic, enzymatic and chro-
matographic procedures. The literature in this area has been reviewed by Jaffe[1] and
by Bui-Nguyén [2]. Chemical techniques combined with spectrophotometric or spec-
trofluorimetric detection are still in use. Oxidation-reduction titration of AA with
dichlorophenolindophenol is still very popular, although unspecific [3]. Another class
of colorimetric reactions involves the reaction of AA with metal ions such as Fe3*
[4,5]. Enzymatic assays for AA utilize the ability of ascorbic acid oxidase to deplet
ascorbic acid. The depletion may be followed by spectrophotometric [6] or pola-
rographic methods [7]. Total vitamin C (AA + DHAA) may be measured by ox-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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idation of AA to DHAA, followed by derivatization of the DHAA with either 2,4-
dinitrophenylhydrazine [8] or 1,2-phenylenediamine [9] to give a coloured or a fluo-
rescent derivative.

New developments in this area include high-performance liquid chromatogra-
phy (HPLC) on anion-exchange [10-13], reversed-phase [14-16] and bonded-phase
NH, [17] columns. Either ultraviolet [13,17] or electrochemical [14-16] detection is
applied. However, these techniques are sensitive to AA only.

A precolumn derivatization procedure includes the reaction of DHAA with
1,2-phenylenediamine, followed by HPLC [18,19]. With prior oxidation of AA to
DHAA, total vitamin C may be measured in the second run.

Using a post-column derivatization technique, both AA and DHAA may be
measured separately in one run [20]. In this instance, the post-column reagent solu-
tion contains both 1,2-phenylenediamine and an oxidizing agent. After separation by
HPLC, DHAA is derivatized and AA is oxidized and derivatized, to give the fluo-
rescent quinoxaline. However, disadvantages include both the use of 20-m heated
(65-70°C) and cooled coils and retention times of up to 20 min.

In this work, 4-methoxy- and 4-ethoxy-1,2-phenylenediamine were applied to
the sequential precolumn derivatization of both AA and DHAA. The derivatives
formed exhibit at least a 10-fold increase in fluorescence, compared with the quinoxa-
line derived from 1,2-phenylenediamine. They can be selectively isolated by solid-
phase extraction and analysed by HPLC at pH 9 in a single run. The retention times
are 2 and 3.2 min.

EXPERIMENTAL

Apparatus

The HPLC system consisted of Beckman (Berkeley, CA, U.S.A.) Model 100A
precision-flow metering pumps, a Hamilton (Reno, NV, U.S.A.) PRP-1 column (150
x 4.1 mm 1.D.) with a 5-um polystyrene—divinylbenzene copolymer packing, a 5-ul
loop, a Shimadzu (Kyoto, Japan) C-R1A data processor and a Merck-Hitachi
(Darmstadt, Germany) Model F1000 spectrofluorimeter for HPLC applications,
equipped with both a 150-W high-pressure xenon lamp and a 12-ul flow cell. The
excitation and emission wavelength were set at 375 and 475 nm, respectively. The
mobile phase was delivered at 1 ml/min. A Perkin-Elmer (Beaconsfield, U.K.) LS-5
luminescence spectrometer was used to scan the excitation and emission wavelengths
of the methoxy- and ethoxyquinoxaline derivatives of DHAA.

Reagents and chemicals

Unless stated otherwise, analytical-reagent grade chemicals were used. Ascor-
bic acid, oxalic acid, 70% perchloric acid, 85% orthophosphoric acid, 25% ammonia
solution, methanol, ethanol, bromine, 1,2-phenylenediamine and palladium phthalo-
cyanine and HPLC-grade acetonitrile, dipotassium hydrogenphosphate and 1-pro-
panesulphonate were obtained from E. Merck (Darmstadt, Germany). Column chro-
matographic grade C, silica gel LiChroprep (particle size 25-40 um) and Florisil
(100-200 mesh) were from Merck. 4-Methoxy-1,2-phenylenediamine dihydrochloride
(98%) and 4-ethoxy-2-nitroaniline (97%) were from Aldrich (Steinheim, Germany)
and Aminex 50W-X2 (Na*) (200-400 mesh) from Bio-Rad Labs. (Richmond, CA,
U.S.A).
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Stock solutions were 0.5% oxalic acid, 150 mmol/l H3PO,, 1 mol/l KH,PO,, 1
mol/l K,HPO, for HPLC stored in a refrigerator, C, g silica gel LiChroprep in etha-
nol (10 g in 95 ml), saturated aqueous bromine, phosphoric acid buffer (150 mmol/1
H3PO, adjusted to pH 2 with 1 mol/l KH,PO,) and a 30% (v/v) slurry of Aminex
50W-X2 (H") in water. '

Solutions prepared on the day of use were mobile phase for HPLC, consisting
of 16% acetonitrile in both 50 mmol/l K,HPO, and 5 mmol/l 1-propanesulphonate,
adjusted to pH 9 with 150 mmol/l H3PO,, 10 mmol/l ascorbic acid made by dis-
solving 1 mmol of ascorbic acid in 100 ml of 0.5% oxalic acid and 1 umol/l de-
hydroascorbic acid as a standard solution. The last solution was prepared by transfer-
ring 100 pl of 10 mmol/! ascorbic acid into a 10-ml screw-capped volumetric flask
(Pierce Europe, Oud-Beijerland, The Netherlands), half-filled with 0.5% oxalic acid,
followed by addition of aqueous bromine as an oxidizing agent. The excess of bro-
mine was removed by streaming nitrogen over the fluid surface. The flask was diluted
to the mark with water, sealed and shaken. The resulting solution contained 100
pmol/l DHAA. A 100-ul volume of this solution was diluted in 10 m! of phosphoric
acid buffer.

Solutions prepared just prior to use were 100 mg per 100 ml 4-ethoxy-1,2-
phenylenediamine ditrifluoroacetic acid in phosphoric acid buffer (pH 2) and 100 mg
per 100 ml 4-methoxy-1,2-phenylenediamine ditrifluoroacetic acid in phosphoric acid
buffer (pH 2).

Solid-phase extraction columns were made on the day of use by filling 1-ml
filtration tubes (containing frits only) with 1 ml of a suspension of Cig silica gel in
ethanol. The filled tubes were allowed to drain. The packed adsorbent was rinsed
twice with 1 ml of water.

Cation-exchange columns were made on the day of use by filling filtration tubes
with 1 ml of a suspension of 30% Aminex S0W-X2.

Derivatization reagents .

4-Methoxy-1,2-phenylenediamine dihydrochloride (3 g) was dissolved in 100 ml
of water, decolorized with Florisil and filtered through a 0.45-um pore membrane
filter. The solution was loaded onto a 25 x 5 cm L.D. Prepbar column (E. Merck)
filled with reversed-phase C,g silica, particle size 7 um. Gradient elution with ethanol
was performed at 10 ml/min (gradient from 0 to 60% in 60 min) in the presence of
0.5% trifluoroacetic acid. The 4-methoxy-1,2-phenylenediamine peak at 280 nm was
identified by reacting one drop of effluent with 5 ml of 100 mmol/l disodium a-ke-
toglutarate in 1 mol/l KH,PO,4 and observing blue-green fluorescence under UV
light. The fraction was evaporated to dryness and the residue was dissolved in 100 ml
of water and freeze-dried. The substance was stored in a 250-ml glass bottle under
nitrogen at room temperature.

4-Ethoxy-1,2-phenylenediamine was prepared from 4-ethoxy-2-nitroaniline. 4-
Ethoxy-2-nitroaniline (3 g) was dissolved in 200 ml of methanol and hydrogenated
with hydrogen on 250 mg of palladium phthalocyanine as catalyst. The fluid was
passed through a 0.45-um PTFE membrane to remove palladium, decolorized with
Florisil, evaporated to dryness, the residue dissolved in 100 ml of water, purified by
HPLC using gradient elution with ethanol as described above (gradient from 0 to
80% in 60 min), evaporated to dryness, the residue dissolved in water, freeze-dried
and stored under nitrogen.
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Sample preparation, derivatization and extraction

A 1-g cheese sample or 1 ml of milk was homogenized in or mixed with, respec-
tively, 18 ml of 0.5% oxalic acid, 1 ml of 70% perchloric acid was added and the
precipitate was removed by centrifugation at 1600 g.

The supernatant (0.5 ml) was transferred into a test-tube, followed by addition
of 0.8 ml of 1 mol/l KH,PO, for buffering at pH 2 and 0.5 ml of 100 mg per 100 mi
4-cthoxy-1,2-phenylenediamine for derivatization. The reaction time was 45 min in
the dark at room temperature. The solution was passed through a solid-phase extrac-
tion column and a cation-exchange column, attached to one another by means of an
adapter, and collected in a test-tube. Two 1-ml volumes of water were passed through
the columns for rinsing and collected in the same test-tube. Saturated aqueous bro-
mine (50 pl) was added to oxidize AA. The excess of bromine was removed by bub-
bling with nitrogen for 10 min. [A manifold for delivering nitrogen to ten test-tubes
held in a rack was constructed from a length of polyethylene tubing (30 cm X 1.2 cm
I.D. x 1.4cm O.D.) and ten pieces of PTFE capillary tubing (100 mm X 1.8 mm I.D.
x 2 mm O.D.). The polyethylene tubing was sealed at one end with a stopper and
punctured a long its length in ten places, corresponding to the positions of the ten
test-tube holes in the rack. The PTFE capillaries were then forced into the puncture
holes. The unit was attached at one end to the nitrogen source and fixed in position,
allowing immersion of capillary tubing tips into the test-tube fluid for nitrogen bub-
bling.]

A 0.5-ml volume of 100 mg per 100 ml 4-methoxy-1,2-phenylenediamine was
added and allowed to react for 45 min in the dark. The solution was passed through
the solid-phase extraction column used previously. The column was rinsed with 1 ml
of water. The derivatives of interest were recovered from the adsorbent by elution
with 1 ml of 15% acetonitrile and 0.5% of trifluoroacetic acid in water, and immedi-
ately neutralized by adding 5 ul of 25% ammonia solution. (For this purpose, a 25%
ammonia solution was stored in a 30-ml serum-type reaction vial sealed with a 13.5
mm O.D. polyethylene stopper. When in use, the stopper was replaced with one
having a 1 mm diameter hole, through which the ammonia solution was sampled with
a 5-ul syringe-pipette with a disposable PTFE-tip.) HPLC analysis was performed
within a few hours.

RESULTS AND DISCUSSION

1,2-Phenylenediamine reacts with a-keto acids and with DHAA to yield fluo-
rescent quinoxaline derivatives under mild conditions {21]. The present derivatization
reagents also undergo this type of reaction to generate presumably methoxy- and
ethoxyquinoxalines. However, these derivatives exhibit at least a 10-13-fold higher
fluorescence than the quinoxaline of DHAA. Excitation and fluorescence maxima are
observed at 375 and 475 nm, respectively.

Two-step sequential derivatization is applied to the simultaneous assay of both
AA and DHAA by HPLC. First, the sample is derivatized with 4-ethoxy-1,2-phenyl-
enediamine, followed by isolation of both products of derivatization and removal of
excess of reagent. The latter is removed by adsorption on a cation-exchange resin.
The derivatives are retained by the reversed-phase adsorbent. The AA in the sample is
oxidized to DHAA and then derivatized with 4-methoxy-1,2-phenylenediamine.
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Each derivatization reaction could be followed by measuring the increase in
fluorescence. Stable plateau values of fluorescence were attained within 45 min at pH
2, 3,4 and 5 at room temperature.

The derivatives were recovered from the reversed-phase adsorbent by elution
with 15% acetonitrile and 0.5% trifluoroacetic acid in water. Under these conditions,
the derivatives of keto acids and orange-coloured products are largely retained by the
adsorbent. Usually colourless eluates were obtained. These were immediately neutral-
ized with a 25% ammonia solution, with which pH 8-8.5 was easily obtained. When
neutralized, the derivatives were found to be very stable at room temperature, and
could be analysed by HPLC within 24 h without noticeable changes in the fluo-
rescence.

A typical chromatogram representing 5 pmol each of AA and DHAA per 5-ul
injection is shown in Fig. 1. Separation at pH values between 3 and 5.5 on both resin-
and silica-based reversed-phase columns was unsatisfactory, as the elution profile of
each derivative gave a major peak with a shoulder on both sides. This drawback could
not be corrected by ion-pair reagents in the mobile phase.

In the extract, AA should remain constant during derivatization of DHAA.
This requirement was fulfilled by performing the derivatization at pH 2, as shown in
recovery experiments (Table I). Different amounts of both AA and DHAA were
added to oxalic acid—perchloric acid extracts of milk, buffered with 1 mol/l KH,PO,
at pH 2, and with 1 mol/l potassium oxalate (pH 5) at pH 3 and 4, followed by
two-step derivatization, extraction and HPLC. The recoveries of AA ranged between

AA 2.53
DHAA-

I

5TOP

)

Fig. 1. Separation of methoxy- and ethoxyquinoxaline of DHAA, with retention times of 2.03 and 3.12 min
as indicated. Peaks represent 5 pmol each of AA and DHAA. Elution at 1 ml/min; injection volume, 5 ul;
recording attenuation, 8 mV full-scale. For other details, see text.

START
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TABLE 1

RECOVERIES OF AA AND DHAA ADDED TO 0.4-m! VOLUMES OF OXALIC ACID-PER-
CHLORIC ACID EXTRACTS OF MILK

Procedure Amount added Amount measured Recovery (%)
(pmol) (pmol) (mean £ S.D.)
AA DHAA AA DHAA AA DHAA
Derivatization at 0 0 612+ 68 167429
pH 2 (n=>5 at each level) 100 100 715+52 265+24 103 98
200 200 850+ 67 345+43 119 89
400 400 1050+ 78 532+51 108 91
800 800 1432445 913+36 103 93
Derivatization at 0 0 276 +13 1677
pH 3 (n=35 at each level) 100 100 339+26 301£13 63 134
200 200 450+ 14 395+19 87 114
400 400 641439 589+26 91 106
800 800 908+49  1064+27 79 112
Derivatization at 0 0 244+ 19 2007
pH 4 (=15 at gach level) 100 100 235+7 41119 0 211
200 200 250+26 635+33 0 217
400 400 204411 1050+30 0 213
800 800 20+3 2281499 0 260

103 and 119% at pH 2 and 63 and 91% at pH 3. No recovery of AA was observed at
pH 4. The AA losses were recovered as DHAA.

Dairy foods such as raw and pasteurized milk, yoghurt, UHT-processed milk
and cheese were analysed by derivatization at pH 2. Results with details of the origin
of the foods and type of heat treatment are given in Table II.

TABLE I1

AA AND DHAA CONTENTS OF DAIRY FOODS EXPRESSED IN mg PER 1000 mi OR 1000 g,
RESPECTIVELY

Results are means + S.D. (n=6).

Food AA DHAA
Raw cow’s milk® 59 +0.3 1.52+0.2
Pasteurized milk®* 4.0 £025 0.39+0.03
Yoghurt® 0.27+0.3 1.52£0.2

UHT milk by indirect heating®®¢ 1.1 £0.05  0.21+0.03
UHT milk by indirect heating”®/  0.14%0.03 0.07+0.007
UHT milk by direct heating®*¢ 415+£0.21  0.28+0.014
UHT milk by direct heating®*" 3.90+0.13  0.28+0.02
Pasteurized milk®* 50 £0.3 0.46+0.03
Tilsiter cheese” 1.76 £0.3 0.32+£0.04

7 Obtained from the herd at our institute.

b On retail sale.

eef e [ocal dairy plants.

4 Ultra-high-temperature-processed milk (135-150°C).
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Fig. 2. Elution profiles for the analysis of (a) raw milk, (b) yoghurt and (c) Tilsiter cheese. Peaks for AA
and DHAA are indicated. Numbers at peaks indicate retention times in min.
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Fig. 3. Elution profiles for the analysis of UHT milk by (a,b) direct and (c,d) indirect heating at dairy plants
given in Table II. Numbers at peaks indicate retention times in min.
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TABLE III
PRECISION OF THE ASSAY

Parameter Amount in 1-ml aliquot of Tilsiter cheese (pmol) (mean + S.D.)
AA DHAA

Within-assay (n=19) 500+ 36 90+6

Relative standard deviation 7.1% 5.5%

Between-assay (n=16) 479145 9348

Relative standard deviation 11% 9%

Typical chromatograms for the analysis of dairy foods given in Table II are
shown in Figs. 2 and 3. As expected, the highest values were found in both raw and
pasteurized milk, with as much as 80% in the form of AA. The yoghurt contained a
quarter of the amount found in pasteurized milk, mostly in the form of DHAA.
UHT-processing by indirect heating with heat exchangers destroyed as much as 80—
90% of the vitamin in raw milk, in contrast to processing by direct heating with
steam. In contrast to Emmental and Gruyere cheese, which contained less then 0.2
mg/kg, Tilsiter cheese showed concentrations of about 2 mg/kg, with 80% in the form
of AA.

The reproducibility of the procedure was tested on a Tilsiter cheese, which was
stored in a refrigerator for 10 days. The results are given in Table I11. The within- and
between-assay relative standard deviations were 7.1 and 5.5%, respectively for AA
and 11 and 9%, respectively, for DHAA. These values are within acceptable limits.

At a signal-to-noise ratio of 3, the detection limits were calculated to be about
50 and 70 fmol of AA and DHAA, respectively, per 5-ul injection.
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ABSTRACT

A method has been developed for the determination of the pharmacologically active terpenoids
ginkgolide A, B and C and bilobalide in Ginkgo biloba leaves and phytopharmaceutical preparations
containing ginkgo extracts. The leaves (400-800 mg) are selectively extracted with methanol-water (10:90)
and the resulting extract is purified by means of a polyamide and a C, solid-phase extraction column.
After concentration, the terpenoids are determined by high-performance liquid chromatography ona C 4
column with methanol-water (33:67) as eluent and refractive index detection. Benzyl alcohol is used as an
internal standard. The recovery of the method is 95 + 5%. The reproducibility is dependent on the
concenttation and varies from 2 to 15%: The minimum concentration that can be determined in leaves is 10
pg of terpenoid/g of dry leaves. With a small modification the method can be used equally well for
phytopharmaceuticals. Several ginkgo medicines were investigated and the total concentration of terpe-
noids was found to vary by a factor 18. The concentration in leaves varied by a factor 40.

INTRODUCTION

Ginkgolides, which occur in the leaves of the tree Ginkgo biloba, possess unique
pharmacological properties and are part of many phytopharmaceutical preparations.
Reviews have been published by Braquet {1], Schilcher [2] and Hosford et al. [3]and in
a special issue of La Presse Medicale [4] and a multi-author book on ginkgolides [5].

Their analysis and that of the closely related sesquiterpenoid bilobalide is diffi-
cult because of the poor UV characteristics of these compounds and the highly com-
plex matrix. Guth and co-workers [6,7] were the first to publish two different re-
versed-phase high-performance liquid chromatographic (RP-HPLC) methods with
UV detection. Both methods have in common time-consuming purification steps
prior to HPLC analysis, a high detection limit of 30 ug and unsatisfactory results.

In 1988 Teng [8] published a good chromatogram of a Ginkgo biloba extract
with a baseline separation of bilobalide and ginkgolide A, B, C and J and no other
visible peaks. Separation was achieved by RP-HPLC with refractive index detection.
Unfortunately, no details of the work-up procedure or recovery were given so the
work cannot be reproduced. Komoda ez al. [9] also reported an RP-HPLC method
with refractive index detection. Their purification procedure involved two partitions,
among other steps. No recovery data or extraction efficiencies were given.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Bilobalide Ginkgolide A R1=0H, Ry=R3=H
Ginkgolide B R1=R7=0H, R3=H
Ginkgolide C R1=Ry=R3=0H
Ginkgolide ] R1=R3=0H, Ro=H

Recently, Wagner et al. [10] published a method for the determination of flavo-
noids and ginkgolides in leaves and phytopharmaceuticals by means of HPLC and
thin-layer chromatography (TLC) followed by detection with a chromogenic reagent.
Prior to detection they used a lengthy purification procedure including column chro-
matography. After investigating several phytopharmaceuticals they concluded that
ginkgolides were either absent or present in extremely low concentrations. This state-
ment prompted a polemic in the same journal by one of the producers of the extracts
[11], who stated that the extracts do contain at least 3% of ginkgolides and that these
can be determined with sufficient accuracy if the proper analytical techniques are
employed. The method used by Wagner et al., especially the TLC part, was consid-
ered to be inadequate.

Finally, Pietta et al. [12] recently published a simple purification step for gink-
golides followed by RP-HPLC with UV detection. Unfortunately, using this type of
detection, several trace impurities co-eluting with ginkgolide C and A are determined
at the same time, which gives rise to too high values for these two compounds. This
follows from the on-line UV spectra which show too much absorption in the 200-220
nm range, and the baseline of the chromatogram, which returns to zero only after
elution of ginkgolide B. No recoveries were given.

In summary, there are no reliable methods that will allow smaller companies
and pharmacies to compare different batches of leaves, to control extracts or to
standardize phytopharmaceuticals. Phytopharmaceuticals could thus be lacking in
the important ginkgolides. Nothing is so far known about differences in the content
_ of ginkgolides as a function of harvest time, age, sex or geographic origin of the tree
or weather conditions.

In this paper we report a simple method for the determination of ginkgolides
and bilobalide in ginkgo leaves and phytopharmaceuticals containing ginkgo ex-
tracts.
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EXPERIMENTAL

Plant materials and phytopharmaceuticals

Dutch ginkgo leaves were collected in the botanical garden of the Agricultural
University, Wageningen, from a 55-year-old male tree. The year and month of har- -
vest are mentioned with the individual samples. German ginkgo leaves were collected
in mid-September, 1989, from two trees near the Organic Chemistry building of the
University of Heidelberg. For the Chinese and French leaves no details are known.

Phytopharmaceutical preparations were provided by the producers or bought
in a pharmacy. '

Drying
Dutch and German leaves were dried as soon as possible after collection for 24
h at 70°C in an oven with forced ventilation.

Standards )
Ginkgolide A, B and C and bilobalide used for some of the recovery experi-
ments and the determination of the response factors were supplied by Prof. K. Weing-

es. The purity was checked by means of RP-HPLC, UV spectroscopy and 200-MHz
'H NMR spectroscopy.

Solvents

Methanol (M4058), acetonitrile and tetrahydrofuran (THF), all from Fisons
(Loughborough, U.K.), were of HPLC quality. Methyl acetate was of synthetic qual-
ity (Merck, Darmstadt, Germany) and was redistilled prior to use. Hexane was of
analytical-reagent grade (Merck). Water was doubly distilled in an all-glass appara-
tus. All solvents used for HPLC were filtered (0.45 um) and ultrasonically degassed
before use.

Instrumentation

All separations were carried out isocratically at room temperature (20°C) with a
Kratos (Manchester, U.K.) Spectroflow 400 HPLC pump, equipped with a MUST
(Spark, Emmen, The Netherlands) injector with a 50-um (analytical) or 250-um (pre-
parative) loop. Detection was carried out with a Gilson (Villiers le Bel, France) Model
131 refractive index (RI) detector (3 - 10~ ° refractive index units full-scale). In some
initial experiments detection was carried out with a Kratos Spectroflow 773 UV
detector at 219 nm. Integration was performed with a Shimadzu (Kyoto, Japan)
C-R3A Chromatopac integrator. The analytical column (231 X 4.6 mm 1.D.) packed
with Spherisorb (Clwyd, U.K.) S-um C,g-modified silica gel was prepared in our
laboratory. The preparative column (250 x 10 mm L[.D.) packed with Microsorb
5-um C;g-modified silica gel was prepared by Rainin (Woburn, MA, U.S.A.).

Chromatographic conditions

Three different eluents were used: (1) water-methanol-THF (7:2:1), flow-rate
1.0 ml/min; (2) water-acetonitrile-~THF (7:2:1), flow-rate 1.0 ml/min; (3) water-meth-
anol (67:33), flow-rate 1.0 ml/min (analytical) or 4.0 ml/min (preparative).



378 T. A. VAN BEEK et al.

Identification and purity of peaks

Ginkgolide A, B and C and bilobalide were identified by comparing the reten-
tion times of the various peaks with those of authentic reference samples. Ginkgolide
J was identified by comparing its chromatographic behaviour in the different eluents
with literature data [7,8].

The purity of the peaks was checked by working up a 1-g amount of French
leaves according to the standard procedure (see below) and, after evaporation of the
ethyl acetate—hexane extract, injecting the ginkgolides onto the preparative HPLC
column. Each peak was collected separately and after several injections the solvent
was removed. The five residues were investigated by means of analytical HPLC with
solvents 1 and 2 with refractive index detection. When only one peak was observed
the ginkgolide or bilobalide peak in solvent 3 was considered to be pure.

Extraction and purification procedure

(a) Phytopharmaceuticals. A Bond Elut (Analytichem International, Harbor
City, CA, U.S.A)) 500-mg C,3 solid-phase extraction column (Art. No. 607 303) is
placed below a similar extraction tube packed with 500 mg of MN-polyamid SC 6 for
column chromatography (Macherey, Nagel & Co., Duren, Germany). The combina-
tion of the two purification columns is first washed with 10 ml of methanol and then
conditioned with 10 ml of 2% aqueous methanol. Unless stated otherwise, the col-
umn is never allowed to run dry. A 1.00-m! volume of the medicine is diluted with 4
ml of water in a 20-ml conical flask and boiled for 5 min in an oil-bath of 150°C
without a reflux condenser. After cooling, the solution is transferred to another flask.
The first flask is washed three times with 1.5 ml of 2% aqueous methanol.

The diluted ginkgo extract and the washings (ca. 8 ml) are transferred to the
polyamide column and sucked through the two columns at a rate of 1 drop/s. The
flask is washed three times with a total of 5 ml of 2% aqueous methanol and the
washings are transferred to the column as well. The two columns are then washed
with 5 mi of 5% aqueous methanol and dried by sucking air through the columns for
2 min with a water pump at maximum suction. The polyamide column is discarded,
the C,5 column is washed with 1 ml of water and again dried for 2 min.

The dried C;5 column is first washed with 6 ml hexane (washings discarded)
and then eluted with 7 ml of hexane-methyl acetate (60:40) into a 20-ml conical flask.
After evaporation of the solvent, the residue is dissolved in 70-350 ul of methanol.
Subsequently 1.00 gl of benzyl alcohol is added with a Hamilton (Bonaduz, Swit-
zerland) zero-dead-volume Model 7001 injection needle, followed by 130-650 ul of
water. The flask is stoppered and placed in a water bath at 50°C. After 5 min, the
solution is ready for injection in the HPLC system.

(b) Leaves. The dried leaves are pulverised either mechanically or with a pestil
and mortar. Leaves (400-800 mg) arc carefully weighed and placed in a 20-m] conical
flask, 5 ml of 10% aqueous methanol and a boiling stone are added and the solution is
refluxed for 15 min. During the last minute the condenser is removed. The hot solvent
is filtered under vacuum over a small Blichner funnel (3.3 cm 1.D.) with a filter-paper
(Schut, Heelsum, The Netherlands). The flask and the leaves are washed with 2 ml of
2% aqueous methanol. After 1 min of suction the leaves are replaced in the flask and
extracted a second time in the same way with 4 ml of 10% aqueous methanol. After
filtration the flask and the residue of leaves are washed twice with 1.5 ml of 2%
aqueous methanol.
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The combined filtrates (ca. 12 ml) are transferred to the polyamide column (see
above) and drawn through the two columns at a rate of 1 drop/s. The flask is washed
three times with a total of 3 ml of 2% aqueous methanol and the washings are
transferred to the column. ,

The remainder of the procedure for the leaves is the same as that for the phy-
topharmaceuticals from “The two columns are then washed with 5 ml ...”.

Determination of response factor

Benzyl alcohol (Aldrich, Milwaukee, W1, U.S.A.) was used as an internal stan-
dard. Response factors were calculated for ginkgolide A, B and C and bilobalide by
plotting for each of the ginkgo compounds the ratio of the area of the ginkgo peak to
that of the internal standard peak (benzyl alcohol) against the ratio of the weight of
the ginkgo compound to that of the internal standard. The slope of each line gives the
relative response factor. For each ginkgolide seven different weight ratios, varying
from 0.00 to 2.1, were used. '

Reproducibility of integration
The reproducibility of the integration of the RI signals was determined for each

ginkgolide at six different concentrations. Each solution was injected five times and
relative standard deviations were calculated.

Recovery experiments -
Known amounts of the ginkgolides and bilobalide in aqueous methanol were

submitted to the extraction and purification procedure and the recovery was deter-

mined. Three different amounts of starting material were investigated. For each

amount the purification process was repeated three times. Each extract obtained was
injected three times for HPLC analysis.

Quantification

The ginkgo leaves and phytopharmaceuticals to be investigated were analysed
two to five times according to the above purification procedure. The concentrations
of ginkgolide A, B and C and bilobalide were calculated with the following equation:

concentration (ppm) = _area (G) X 1—06 X 1.045

area (I.S.) R M
where area (G) is the peak area of the ginkgo compound of interest, area (1.S.) is the
peak area of the internal standard (benzyl alcohol), R is the relative response factor of
the ginkgo compound (see Table I) and M is either the sample volume of the phy-
topharmaceutical preparation (ul) or the weight of the ginkgo leaves (mg).

Owing to the poor separation of bilobalide and ginkgolide J in some chroma-
tograms the concentration given for bilobalide includes ginkgolide J, whereas in other
chromatograms it was possible to give a separate value for ginkgolide J. As no pure
ginkgolide J was available to determine the response factor relative to benzyl alcohol,
an estimated value of 1.21 was chosen (average of Rgp and Rge).
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RESULTS AND DISCUSSION

Although ginkgolides can be determined by gas chromatography (GC) [1] as
their trimethylsilyl derivatives, HPLC seems a more logical choice for these relatively
polar compounds. All the earlier investigations used RP-HPLC, which gives good
separations of the ginkgo compounds [7]. Initially we choose UV detection because of
the ready availability of UV detectors, high stability and good sensitivity. The gink-
golides and bilobalide all have poor UV characteristics with A, = 219 nm and ¢ =
300 1/mol - cm [13]. Nevertheless, the detection limit was 30 ng, which was more than
sufficient for our purposes. Water—methanol (67:33) was used as eluent, which gives a
good separation of, in order of increasing retention time, bilobalide and ginkgolide J,
C, A and B in 20 min. Only bilobalide and ginkgolide J nearly coelute.

With pure reference compounds several purification procedures were developed
using different combinations of solid-phase extraction columns and extraction proce-
dures. Combinations showing adequate recovery were then tested on leaves and
sometimes phytopharmaceuticals. Interfering compounds present in ginkgo leaves
include many phenolics, e.g., flavonoids and tannins, and more apolar compounds,
e.g., chlorophyl, anacardic acids and lipids. Although ginkgolides and especially
ginkgolide B are not very soluble in cold water, they are soluble in boiling water and
this was found to be a selective primary extraction solvent.

However, many flavonoids are co-extracted and have to be removed because of
their high concentration and their much stronger UV absorption, but no single puri-
fication column or combination of two or even three solid-phase extraction columns
gave an extract that could be analysed by RP-HPLC with UV detection. Purification
columns used include Cy silica, Diol, Extrelut, polyamide and phenylboronic types.
Precipitation agents for phenolics such as Pb?* ions and polyvinylpolypyrollidone
(PVPP) did not improve the chromatograms.

The best results were eventually obtained with a combination of a polyamide
and a C,g column. The polyamide column removes most of the phenolics. The non-
retained ginkgolides are then retained by the C s purification column if the methanol
content is low enough. By increasing the elution strength the ginkgolides can easily be
removed from the C;5 column. However, even leaves with a high content of gink-
golides gave poor chromatograms with this procedure and UV detection. Fig. la
shows the chromatogram of an already partially purified phytopharmaceutical with a
high content of terpenoids after the polyamide—C, 3 column work-up. Only at the end
of the chromatogram is the baseline back to zero. Leaves could not be analysed at all.

We therefore tried this clean-up procedure in combination with RI detection.
This immediately gave much better results and, after some modifications, this method
was also usable for leaves and phytopharmaceuticals with a low yield of ginkgolides.
Fig. 1b shows the same purified extract as in Fig. la analysed under identical condi-
tions except that RI detection instead of UV detection was used. The noise level is
naturally much higher but the baseline immediately returns to zero after the solvent
and essentially no peaks other than those of the terpenoids of interest are observed.
Apparently the unwanted compounds still present in the purified extract occur in low
concentrations relative to the ginkgolides but possess ¢ values at 219 nm which are ca.
100 times higher than those for the ginkgolides. Hence the RI detector, which shows
much less variation in response factors, is better suited even though the sensitivity and
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Fig. 1. HPLC traces of 1.00 ml of Tanakan preparation purified according to extraction and purification
procedure (a). Solvent 3; flow-rate, 1.0 mil/min. BB = Bilobalide; IS = internal standard (benzyl alcohol);
GJ, GC, GA, GB = ginkgolide J, C, A and B, respectively. (a) UV detection (220 nm); (b) RI detection.

baseline stability are much poorer. The detection limit was 0.5 ug for bilobalide and
ginkgolide C and 1 ug for ginkgolide A and B. For quantitative purposes ten times
more is needed, which means that the purified extract obtained after the last puri-
fication column is usually too dilute for direct analysis by HPLC. The final extract has
to be evaporated and the residue dissolved in a small volume (0.2-1.0 ml) of the
HPLC eluent before injection. Because water is difficult to evaporate quickly we tried
to elute the ginkgolides with a purely organic solvent. Hexane—ethyl acetate (6:4) or
hexane-methyl acetate (6:4) gave good results. As ethyl acetate is more difficult to
evaporate and appeared as an additional peak in the chromatogram near ginkgolide J
and C, methyl acetate, which lacks these disadvantages, was chosen. A wash step with
hexane just prior to the hexane—methyl acetate elution was necessary to remove the
water still present on the C;5 column after drying. Hexane does not remove gink-
golides because they are totally insoluble in this solvent.

Another modification was the addition of a few percent of methanol to the
primary extraction solvent, which increased the extraction efficiency. Removal of the
methanol before transferring the extract onto the polyamide by boiling briefly with-
out a reflux condenser was necessary to retain as much impurities as possible on the
polyamide column. A small percentage of methanol was left in the various condition-
ing, washing and elution solvents to increase the retention of the Cyg solid-phase
extraction column. This method could also be used for phytopharmaceutical prep-
arations if their initial high alcohol content (50-60%) was lowered almost to zero by
boiling for 5 min in an open flask.
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TABLE 1
RESPONSE FACTORS OF GINKGOLIDE A, B AND C AND BILOBALIDE

Compound Response factor Correlation coefficient
Ginkgolide A 1.12 0.9988
Ginkgolide B 1.16 0.9972
Ginkgolide C 1.26 0.9989
Bilobalide 1.11 0.9984

To avoid fixed end volumes and to make the method usable by laboratories
which do not possess pure ginkgolides, benzyl alcohol as an internal standard was
added just prior to the HPLC analysis. Relative response factors for ginkgolide A, B
and C and bilobalide were determined and are reported in Table 1. The relative
standard deviation in the integration process is dependent on the concentration and
becomes considerable at concentrations of 100 ppm or lower (see Table II).

The recovery of the whole filtration and purification process was determined for
various initial concentrations of the ginkgo constituents. The results are presented in
Table III. The recovery was 95 + 5% for all concentrations except for very high
concentrations of ginkgolide B. The reason for this is the very poor solubility of this
compound in water (0.01%). Concentrated solutions of ginkgolide B in water have a
tendency to form crystals which do not redissolve easily. Most of the ginkgolide B in
the most concentrated test solutions remained as tiny crystals on the polyamide col-
umn. With leaves or phytopharmaceutical preparations containing higher concentra-
tions than the reference solutions there was never any evidence of crystallization of
ginkgolide B. Probably other substances present in ginkgo leaves keep ginkgolide B in
solution. Only in the final solution for injection into the HPLC system, which some-
times contains high concentrations of the ginkgolides (>0.1%), could crystallization
again be observed. This could be prevented by warming the solution in a closed flask
at 50°C.

The efficiency of the extraction of the leaves was determined by extracting the
leaves for 30 min a third time after the first two times. It was found that an additional
1.8% of ginkgolide C and bilobalide, 3.5% of ginkgolide A and 4.5% of ginkgolide B

TABLE II

RELATIVE STANDARD DEVIATIONS OF INTEGRATION RESULTS FOR GINKGOLIDE (G)
A, B AND C AND BILOBALIDE (BB) (n = 3)

Concentration Relative standard deviation (%)
(ug/ml)

G-A G-B G-C BB
100 3.8 14.3 5.6 6.0
200 7.5 4.8 34 3.8
300 5.2 3.4 5.2 2.4
435 3.7 2.4 3.6 1.6
625 2.2 3.4 1.5 0.8

800 2.0 1.5 1.3 1.4
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TABLE III
RESULTS OF RECOVERY EXPERIMENTS

For conditions, see Experimental (n = 3)

Compound Initial Recovery Relative standard
amount (%) deviation (%)
(ng)
Bilobalide 2140 98.8 22
719 98.5 29
Ginkgolide C 1160 102.5 9.2
615 90.1 3.1
290 97.3 5.8
Ginkgolide A 1300 96.6 0.6
738 94.8 2.6
320 97.0 8.9
Ginkgolide B 708 86.9 2.5
590 92.3 2.5
150 99.5 79

could be extracted. Thus in the normal procedure 95-98% of the ginkgolides and
bilobalide are extracted.

As there is always a possibility that an impurity which is not removed during
the purification process coelutes with one of the compounds of interest, the purity of
the peaks was assessed. A larger amount of leaves with a high content of ginkgolides
was purified in the usual manner and then separated on a preparative column. The
peaks corresponding with ginkgolide A, B, C and J and bilobalide were collected,
evaporated and then reinjected onto an analytical column with a tetrahydrofuran-
containing solvent. Such solvents have a large influence on the capacity factors of
ginkgolide A, B and C and bilobalide {7]. The chance that a possible interfering
compound undergoes exactly the same shift in retention can be considered small. The
appearance of one or more peaks in addition to the ginkgolide peak is then evidence
for an impurity co-eluting in the standard water-methanol (67:33) solvent. No peaks
larger than the noise level were observed, so no major impurities co-elute.

Finally, the reproducibility of the method when applied to leaves with a high
ginkgolide content was determined. For this purpose four samples of 500 mg of leaves
were extracted and purified according to the standard procedure. Each of the four
extracts was analysed three times by HPLC. The results are given in Table IV. For
leaves and phytopharmaceuticals with a low content of ginkgolides the relative errors
become larger owing to larger integration errors (see also Table IT). If “electronic
noise” and not “chemical noise” is the main problem, decreasing the volume of the
final solution from 1.0 to 0.3 ml gives more reliable data.

The method was applied on some commercial ginkgo preparations. The results
are given in Table V. Two corresponding chromatograms are shown in Fig. 2. Tebo-
nin and Rokan look similar to Tanakan in Fig. 1b. It is immediately clear that
controlled partially purified ginkgo medicines (Rékan, Tanakan, Tebonin) contain
much higher concentrations of ginkgolides and bilobalide than Dutch phytopharma-
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TABLE 1V

REPRODUCIBILITY OF EXTRACTION AND PURIFICATION PROCESS FOR 500 mg OF GINK-
GO LEAVES (n = 4)

Compound Weight (ug) . Standard Relative
deviation standard
1 2 3 4 Average (ug) deviation (%)
Bilobalide 531 507 517 520 519 10 1.9
Ginkgolide C 316 313 321 327 319 6 1.9
Ginkgolide A 226 224 218 232 225 6 2.6
Ginkgolide B 197 196 205 196 198 4 2.2

ceuticals (see Fig. 2a), which are prepared according to the homeopathic pharmaco-
poeia. This is not surprising as, according to this pharmacopoeia, 10 kg of fresh
leaves, which correspond to ca. 2.5 kg of dry leaves, give ca. 20 1 of ginkgo tincture.
The partially purified French and German preparations contain far more “leaves”/
ml. The ginkgogink preparation is entirely different from all the others. It contains
high concentrations of all the ginkgolides but bilobalide could not be detected. As
bilobalide is the major terpenoid in all the leaves and other phytopharmaceuticals
investigated, this suggests that the bilobalide has been selectively removed during the
manufacturing process. Some extra peaks not present in any other sort of leaves or
phytopharmaceuticals can be observed at the beginning of the chromatogram (see
Fig. 2b). ~

According to Stumpf [11], Tebonin extract contains at least 0.12% of *‘gink-
golides”. We found a total of 0.115% (excluding bilobalide) or 0.21% (including
bilobalide), which is in agreement with his claim. Hence the HPLC-TLC procedure
put forward by Wagner et al. [10] is indeed not usable. According to Drieu [14],
Tanakan contains 0.24% of ginkgolides and bilobalide. We found 0.22%. As we do
not know how they determined these compounds, it is difficult to say whether their
determination gives systematically slightly higher results than ours or whether the

TABLE V

GINKGOLIDE (G) A, B, C AND J AND BILOBALIDE (BB) CONCENTRATIONS IN GINKGO
PHYTOPHARMACEUTICALS

For Dutch preparations only a combined value for bilobalide and ginkgolide J is given.

Phytopharmaceutical Concentration in pg/m] fluid Total (%)
BB G-J G-C G-A G-B
Geriaforce A (Dutch) 98 20 26 24 0.017
Geriaforce B (Dutch) 80 22 23 21 0.015
Ginkgoplant (Dutch) 72 18 27 16 0.013
Naphyto DG (Dutch) 58 22 24 . 19 0.012
Ginkgogink (French) <20 120 363 372 256 0.111
Tanakan (French), 943 184 336 460 278 0.220
Rokan (German) 921 174 280 360 180 0.192

Tebonin (German) 988 167 302 398 279 0.213
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Fig. 2. HPLC traces of 1.00 ml of commercial fluid ginkgo phytopharmaceuticals after purification accord-
ing to extraction and purificafion procedure (a). Solvent 3; flow-rate, 1.0 ml/min; RI detection. Abbrevia-
tions as in Fig. 1. Sample: (a) Geriaforce; (b) Ginkgogink.

batch is below their specification. If we make a 3-4% correction for the usual losses
(see recovery experiments) the difference is hardly significant.

Some different leaves were compared and large variations were found (see Ta-
- ble VI). French leaves contained the highest amount of ginkgolides. Dutch leaves
from the good summer of 1989 contained almost as much bilobalide but ca. 40% less
ginkgolides, whereas Chinese leaves, German leaves (1989) and Dutch leaves (1987)
contained much less. Dutch leaves from May 1990 contained a small amount of
bilobalide and no detectable ginkgolides. Apparently the sun and the time of harvest
play an important role in the yield of these terpenoids. In all instances the bilobalide

TABLE VI

GINKGOLIDE (G) A, B, C AND J AND BILOBALIDE (BB) CONCENTRATION IN GINKGO
LEAVES

For Chinese leaves only a combined vatue for bilobalide and ginkgolide J is given.

Origin of leaves Date of Concentration in pug/g dry leaf Total (%)
collection

BB G-J G-C G-A G-B

Chinese - 758 162 265 155 0.134
Dutch Oct. 1987 318 7 9 17 21 0.037
Dutch Sept. 1989 1100 42 260 380 220 0.196
Dutch May 1990 65 <2 <2 <3 <3 0.006
French - 1250 190 424 646 348 0.266
French Aug. 1982 964 74 638 450 396 0.252

German Sept. 1989 290 <4 . <4 <4 29 0.032
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Fig. 3. HPLC trace of 1.000 g of Dutch Ginkgo biloba leaves (September 1989) after purification according
to extraction and purification procedure (b). Solvent 3; flow-rate, 1.0 ml/min; RI detection. Abbreviations
as in Fig. 1.

content was equal to or higher than that of the total ginkgolides. A typical chroma-
togram is presented in Fig. 3.

CONCLUSION

Selective extraction of ginkgo leaves with methanol-water (10:90) followed by a
sample clean-up with a polyamide and a C,4 solid-phase extraction column in series
- gives an extract that can be readily analysed by RP-HPLC with RI detection. All the
leaves and phytopharmaceuticals investigated were found to contain bilobalide and
ginkgolides, although large differences between different leaf batches or ginkgo prep-
arations from different manufacturers were observed.

Owing the intrinsic poor stability and sensitivity of the RI detector, the mini-
mum concentration that can be determined with acceptable accuracy is fairly high
(ca. 10 ppm). Improvements to the proposed analytical procedure should in the first
place concentrate on this aspect.
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ABSTRACT

A high-performance liquid chromatography method is described for the separation and quantifica-
tion of 1,4-benzoxazin-3-ones and benzoxazolin-2-ones in maize root extract. The four compounds, 2,4-
dihydroxy-7-methoxy-1,4-benzoxazin-3(4H)-one, 2,4-dihydroxy-7,8-dimethoxy-1,4-benzoxazin-3(4H)-
one, 2-hydroxy-7-methoxy-1,4-benzoxazin-3(4H)-one and 6-methoxybenzoxazolinone, were separated
and identified within 30 min on a C, 4 reversed-phase column using a gradient of methanol and phosphoric

acid. The technique has useful applications in studies of the chemical ecology of plant root and sub-
terranean pest interactions.

INTRODUCTION

It is well known that 1,4-benzoxazin-3-ones are present in several species of
Gramineae, such as maize, wheat [1] and rye [2]. Some of these compounds and their
decomposition products have been found to play an important role in the resistance of
plants to insect pests such as European corn borer, Ostrinia nubilalis (Hiibner) 3],
cereal aphids, Rhopalosiphum maidis (Fitch) [4], Metopolophium graminum (Walker)
[5] and to plant pathogenic fungi, Helminthosporium turcicum [6] and bacteria, Erwina
carotovia [7]. We recently found 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one
(DIMBOA), a major 1,4-benzoxazin-3-one in maize, to be toxic -to western corn
rootworm, Diabrotica virgifera virgifera (LeConte) [8].

During the past three decades, several methods have been developed to separate

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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and to quantify 1,4-benzoxazin-3-ones and related compounds. The simplest method
available is to measure total hydroxamic acid content by measuring the absorbance of
the blue complex formed between hydroxamic acids and FeCl; [9-11]. This method
can only estimate total cyclic hydroxamic acids as FeCl; does not react with
benzoxazolinones. Another method is based on the assumption that 1 mole of
hydroxamic acid (2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3(4H)-one, DIMBOA)
produces 1 mole of benzoxazolinone (6-methoxybenzoxazolinone, MBOA) after
degradation, and measures hydroxamic acid content as benzoxazolinones. The
benzoxazolinones were quantified by isotopic dilution [3], infrared spectrophotometry
[12], fluorometry [13], gas chromatography (GC) [14] and by high-performance liquid
chromatography (HPLC) [15]. However, it has been found that the amount of MBOA
formed from DIMBOA varies with temperature, pH and composition of the reaction
medium and always yields less than 75% of MBOA from DIMBOA [16]. Therefore, it
is clear that these methods can lead to erroneous estimates of DIMBOA content in
plant extracts. More recently, GC and HPLC methods have been developed which can
separate and quantify individual cyclic hydroxamic acids and related compounds
[14,17-20].

Most of the authors cited above used plant leaves (corn or wheat) as
experimental materials to quantify the compounds concerned, although Klun and
Robinson [21] have reported that corn root, compared with corn stalk, whorl and leaf,
contains the highest concentration of 1,4-benzoxazinones. Corn roots have been used
as experimental materials to quantify total cyclic hydroxamic acids [22,23], but none
of these studies has quantified the individual hydroxamic acids and/or related
compounds. Our previous work [8] has demonstrated that DIMBOA, the main
hydroxamic acid in maize, plays an important role in the defence of maize to the
western corn rootworm, a serious insect pest which damages the corn root system. To
understand the chemical ecology of corn root subterranean pest interactions, it is
necessary to develop a method for the quantitative determination of the content of
individual hydroxamic acids and related compounds in corn root.

In this paper we report an accurate HPLC method for separation and quantifica-
tion of two hydroxamic acids, 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3(4H)-one
(DIMBOA), 2,4-dihydroxy-7,8-dimethoxy-1,4-benzoxazin-3(4H)-one (DIM,BOA),
one lactam, 2-hydroxy-7-methoxy-1,4-benzoxazin-3(4H)-one (HMBOA) and one
benzoxazolinone, 6-methoxybenzoxazolinone (MBOA) (Fig. 1) in corn root extracts.

R
MeO 0._OCH MeO 0
)¢ L=
o Nl
Ra2 H

I,4 - benzoxazin - 3 - ones benzoxazolin -2-one
RI Rz  Abbreviotion {MBOA)

H OH DIMBOA
MeO OH  DIM,BOA
H H HMBOA

Fig. 1. 1,4-Benzoxazin-3-ones and benzoxazolin-2-one found in maize root extracts. Me = Methyl.
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It represents the first gradient HPLC method to separate a variety of hydroxamates
and derivatives in maize root exfracts.

'EXPERIMENTAL

Standard compounds

All standard compounds (DIMBOA, DIM,BOA, HMBOA and MBOA) were
synthesized in our laboratory, and the complete synthetic details were described by
Atkinson [24].

Extract sample preparation :

Seeds of maize (Zea mays L.) (hybrid 359GC3-6 x 46-43) were soaked in tap
water for 24 h and planted in a plastic pot (15 cm x 15 cm) with growing medium of
one part perlite and one part vermiculite. Greenhouse temperature was maintained at
approximately 22/20°C day/night and the photoperiod was 12L:12D (12 h light:12
h dark; 12 h light provided by natural sunlight plus 3 h artificial light at the beginning
and at the end of the photoperiod). After two weeks of growth under these conditions,
corn roots were taken out and washed with tap water, then with distilled water. One
gram of this fresh root material was cut in small pieces and homogenized with2 x 5ml
distilled water using a mortar and pestle. The slurry was extracted by a modification of
the method described by Gutierrez et al. [18].

Apparatus and HPLC procedures

The root extract in methanol was analyzed using a Perkin-Elmer HPLC system
equipped with a Model 250 binary pump, and a Model LC-480 auto scan diode-array
detector. A 20-ul volume of the extract sample in methanol was injected into the liquid
chromatography system. The sample was run under the following conditions:
Ultrasphere ODS 5 um, 25 cm x 4.6 mm reversed-phase C,;g column (Beckman);
a flow-rate of 1 ml/min; detection wavelength of 265 nm; an online UV scan of 190-400
nm; and a two-solvent system, solvent A 100% methanol and solvent B 20 mM H;PO,
(pH 2.3), was used as a mobile phase. A gradient program was processed as follows:
Solvent A at the initiation was 10%; then when sample was injected, 10% A was
linearly altered to 56% A in 25 min, and then to 100% A in 2 min. This ratio was held
for 4 min to clean the column, after which the mobile phase was returned to the starting

concentration (10% A} in 2 min. This ratio was maintained for 2 min to equilibrate the
column.

Identification and quantitation of 1,4-benzoxazin-3-ones and benzoxazolin-2-ones

Identification of 1,4-benzoxazin-3-ones and benzoxazolin-2-ones in corn root
extract was carried out by comparison of retention times, UV spectra and by peak
enrichment of known standard compounds. Quantitation of related compounds was
derived from standard curves created by a dilution series (0-20 pg) of different
compounds. Three replicates were prepared for each concentration.

Recovery efficiencie; | ..
A triplicate of different concentrations of DIMBOA, DIM,BOA, HMBOA and
MBOA were separately added to an erlenmeyer (7 em x 7 cm) containing 1 g of
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homogenated tissue from corn root and the extraction was processed as described
above. In order to detect how much of the reference compounds was lost by binding to
the tissue, a triplicate of different concentrations of the reference compounds were
added to an erlenmeyer containing solvent (ethyl acetate) alone and the same
extraction procedure was carried out.

RESULTS AND DISCUSSION

The purity of DIMBOA, DIM,BOA, HMBOA and MBOA standards were
checked by HPLC. Under the HPLC procedures described above, each of the
standards showed one peak. When a standard mixture of DIM,BOA, HMBOA,
DIMBOA and MBOA was injected into the HPLC system, four peaks were resolved
within 25 min with a retention time of 18.95 min (DIM,BOA), 20.10 min (HMBOA),
20.83 min (DIMBOA) and 24.32 min (MBOA), respectively. The retention times of the
mixture of four standards were almost identical as when they were injected
individually.

A typical chromatogram of a corn root sample extracted for 1,4-benzoxazin-3-
ones and related compounds is shown in Fig. 2. DIM,BOA, HMBOA, DIMBOA and
MBOA were identified as the major compounds in corn root extracts based on
comparison of retention times and spectra. Other minor hydroxamates appear to be
present in the extract sample shown in Fig. 2, but we have, so far, no available data for
the identification and quantification.

Fig. 3 shows typical UV spectra of 1,4-benzoxazin-3-ones and related com-
pounds in corn root extracts which are useful in confirmation of the identification of
the compounds concerned. DIM,BOA, HMBOA and DIMBOA have similar but
distinct UV spectra with absorbance maxima at wavelengths of 264 nm, 261 nm
(shoulder 289 nm) and 264 nm (shoulder 292 nm), respectively. MBOA has two
absorbance peaks with maxima of 230 nm and 292 nm.

Quantitative estimates of the identified compounds were derived from standard
curves for DIM,BOA, HMBOA, DIMBOA and MBOA. Regression formulas for the
quantitation of different compounds in practical samples were: y (ug DIM,;BOA/ml
sample) = 31.99 + 7548.50 (absorbance units) (r = 0.99, P < 0.001); y (ug

o
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Absorbance (265 nm)

000 ‘_” L Il | ! 1 !
0 16 18 20 22 24 26

Retention time (min)

Fig. 2. Chromatogram of maize root extracts separated by the conditions as described in the text. I =
DIM,BOA; 2 = HMBOA; 3 = DIMBOA; 4 = MBOA.
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Fig. 3. UV spectra of 1,4-benzoxazin-3-ones and benzoxazolin-2-one in a maize root extract. (a)
DIM,BOA; (b) HMBOA; (c) DIMBOA; (d) MBOA. '

HMBOA/ml sample) = 11.42 + 2627.00" (absorbance units) (r = 098, P <
0.0001); y (ug DIMBOA/ml sample) = 96.29 + 10898.50 " (absorbance units) (r =
0.99, P < 0.0001; y (ug MBOA/ml sample) = 63.79 + 12360.50" (absorbance units)
(r = 0.99, P < 0.0001). By using these formulas, concentrations of compounds in
practical samples were calculated, and Table 1 shows the analysis of two different corn
lines which were used for the study of corn resistance to western corn rootworm [8].
ITR 3872 contains considerably more of all the hydroxamates, which we believe
explains its demonstrated resistance to rootworm [8].

The limits of detection of the present method were determined from a dilution
series. It appears that this method can detect 1 ug/ml for DIM,BOA, DIMBOA and
MBOA, and 0.5 ug/ml for HMBOA. The accuracy of the present method was
evaluated by a recovery test. Triplicate known amounts of each compound were
individually added to an erlenmeyer containing 1 g of homogenated root sample and
processed according to the extraction procedure. The results are shown in Fig. 4. The
intercept values in these plots represent the original amounts of each known
compound found in the root sample without adding any known compounds. The
recoveries are represented by the slopes of the regressions. The recoveries of

TABLE I

CONTENTS OF [,4-BENZOXAZIN-3-ONES AND BENZOXAZOLIN-2-ONES IN TWO DIF-
FERENT MAIZE LINES (;g/g FRESH ROOT)

Maize line DIM,BOA  HMBOA DIMBOA MBOA

ITR 3872 120.95 86.96 718.48 214.14
NTR-2 Ger. 4042 272 9.78 36.20 69.64
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Fig. 4. Recovery of DIM,BOA, HMBOA, DIMBOA and MBOA added to maize root samples prior to
extraction and HPLC analysis. In each plot, the intercept values with y axes represent the original amount of
the compounds present in the samples; the slope of each regression is equal to the fraction of the compounds
recovered. The figures in the corners show the recovery of the compounds added to solvent (ethyl acetate)
alone prior to extraction and HPLC analysis. Bars indicate standard deviation.

DIM,BOA, HMBOA, DIMBOA and MBOA were 89 + 4%,91 + 11%,72 £ 10%
and 87 + 8% (mean + S.D.). The recovery of DIMBOA was relatively low, due to
decomposition of DIMBOA to MBOA. When the extraction was carried. out with
solvent (ethyl acetate) alone (no added plant tissue), the recoveries of DIM,BOA,
HMBOA, DIMBOA and MBOA were obviously increased (Fig. 4). This may be the
result of cyclic hydroxamic acids reacting with plant tissue. It has been reported that
cyclic hydroxamic acids react with protein thiol groups, which is one possible cause of
yield loss and one of the unavoidable problems in quantification of cyclic hydroxamic
acids [25.26].
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The standard deviations in Fig. 4 are large for most data points. In comparison
with the standard deviation in standard curves (>0.5%), it indicates that the main
source of error appeared in the extraction procedure rather than in the separation
method used.

The HPLC procedure reported here is a rapid and accurate method for
separation and quantification of individual 1,4-benzoxazin-3-ones and related com-
pounds in corn root extracts. Compared with GC, the present HPLC method
eliminates the derivatization step and can separate and quantify at least four
1,4-benzoxazin-3-ones and related compounds within 30 min.
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ABSTRACT

A gas-liquid chromatographic system containing a-cyclodextrin in formamide medium (coated on
Celite) was found to be useful for the separation of camphene enantiomers, with a separation factor «
[1e(=)/6x(+)] equal to 3.6 (at 30°C). The packing was applied in the analytical mode for a study of the
composition of five commercial camphenes, and in the micropreparative mode to establish the enantiomer-
ic composition of separated camphenes.

INTRODUCTION

Terpenes are found in large amounts in most plants, and are of special interest
because of their industrial uses and on account of their chemical properties and
biological activity. The very large number of possible stereoisomers within each
group of terpenes makes it very difficult to obtain pure reference compounds, espe-
cially enantiomers. In fact, most commercially available terpenes derived from nat-
ural sources are of variable composition and variable enantiomeric purity. Hence
methods for their exact analysis and the determination of their enantiomeric purity
are of crucial importance.

Nevertheless, the chromatographic separation of enantiomeric hydrocarbons
presents a number of difficulties, because they are very resistant to diastereoisomer
formation. The use of optically active organic stationary phases cannot be applied on
the basis of the ‘three-point attachment’ concept of Dalgliesh [1] because hydrocar-
bon molecules do not contain any functional groups able to form the necessary
hydrogen bonds for specific attachment of enantiomers.

Recently, chiral metal complexes were applied in high-performance liquid chro-
matography (HPLC) and gas-liquid chromatography (GLC) for the resolution of
some olefins into enantiomers [2-7]. However, in this instance n-donor—acceptor in-
teractions, being possible only for unsaturated hydrocarbons, take place. Chiral sat-
urated hydrocarbons cannot be recognized in this way.

Subsequently it was discovered that the stereoselective fitting of a- and B-pi-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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nenes and cis- and trans-pinanes to the a-cyclodextrin (a-CD) cavity permits the very
efficient resolution of their enantiomers under GLC conditions [8-11]. Another ap-
proach was initiated recently by Konig and co-workers [12,13] and subsequently by
Armstrong and co-workers [14,15] involving the use of some molten CD derivatives
of relatively low fusibility in capillary GC. Although numerous efficient separations
of various chiral compounds have been reported [12-15], only one example concerns
terpenoic hydrocarbons, viz., limonene.

This paper reports some further systematic studies on the application of CD
solutions to enantioselective separations of various hydrocarbons and it focuses at-
tention on the enantiomeric camphenes.

CH2 CHB
CH
3 CHgqg
CH
CHg 2

(+)- camphene (-)-camphene

EXPERIMENTAL

Reagents

CDs were supplied by Chinoin (Budapest, Hungary), Celite for GLC by BDH
(Poole, U.K.) and samples of camphenes by Fluka (Buchs, Switzerland), Aldrich
(Milwaukee, WI, U.S.A.), S.C.M. Glidco (Jacksonville, FL, U.S.A.) and Chemipan
(Warsaw, Poland). All materials were used as received.

Apparatus and procedures

Analytical chromatographic studies were performed using a Hewlett-Packard
Model 5890 gas chromatograph equipped with duel flame ionization detectors. The
peak areas and retention times were measured by means of a Hewlett-Packard Model
3390A integrator. Glass columns (2 m x 4 mm I.D.) were used. The compounds were
injected with Hamilton microsyringes (0.02 ul). A constant inlet pressure (2.75 + 0.05
atm) and helium flow-rate (40 + 0.5 ml/min) were maintained.

Micropreparative .separations were performed on a Hewlett-Packard Model
7620A gas chromatograph, adapted for this purpose, equipped with a thermal con-
ductivity detector and a glass column (§ m X 7 mm 1.D.) [16].

The amount of coated support in each analytical column was ca. 11 g, and the
micropreparative column was filled with ca. 100 g of packing.

The column packings, i.e. Celite (30-80 mesh) coated with a formamide solu-
tion of a-, - or y-CD, were prepared as described previously [8]. The amounts of
formamide (4.54 g) and Celite (20 g) were constant. The amounts of CDs used were as
follows: (I) none (reference); (IT) a-CD, 0.60 g (0.79 mol%); (IIT) f-CD, 0.23 g (0.22
mol%); and (IV) y-CD, 0.90 g (0.79 mol%).

As indicated previously [17], an «-CD then acts as an efficient separating agent
under GLC conditions when its formamide solution contains 3-4% of water. Hence
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the packing for column II contained ca. 4% of water and lithium nitrate (0.45 g) was
added as a stabilizing agent. The contents of formamide and water in the final column
packings were determined by thermogravimetric analysis with a DuPont Type 1090B
apparatus.

Optical rotation was measured using a JASCO DIP 360 polarimeter.

'H and '*C NMR spectra were recorded with a Bruker AM-500 spectrometer
at 500.14 and 125.76 MHz, respectively.

RESULTS AND DISCUSSION

Analytical approach
Fig. 1a shows a chromatogram obtained on the chiral column II containing
a-CD solution (0.79 mol%) in formamide medium.

N
w
SOLVENT
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—
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@
&
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Fig. 1. Chromatograms of a heptane solution of (+)-camphene from Fluka obtained at 40°C on (a) chiral
column IT 2 m x 4 mm L.D.) loaded with Celite (30-80 mesh) covered with a solution of a-CD 0.79

mol%) in formamide and (b) a reference achiral column with Celite (30-80 mesh) covered with formamide
only. Injected samples, 0.02 ul; helium flow-rate, 40 ml/min.

The sample was (+)-camphene from Fluka, dissolved in heptane. It is seen that
in addition to the peak of the solvent, several peaks were unregistered. At first, it was
very difficult to identify the maxima of elution of camphene enantiomers from chiral
column II or even to answer the question of whether resolution of the enantiomers
had been achieved or not. In order to elucidate this matter, a second reference achiral
column was used, working in parallel, as shown in Fig. 1b. This achiral reference
column, containing pure matrix medium, i.e., formamide, should permit the elution
of the sum of (+)- and (—)-camphene. In this simplified consideration, impurities by
other hydrocarbons that may be eluted together with camphene were not taken into
account. Thus, on the basis of the results shown in Fig. 1a and b, it was possible to
suggest tentatively that maybe peaks 1 and 3 in Fig. 1a and 2 in Fig. 1b are the
suspected ones, but it was very uncertain. For this reason we undertook further
studies on other camphene samples, derived from different sources. Their chroma-
tograms, obtained on chiral column II (0.79 mol% «-CD), are presented in Fig. 2.

The adjusted retention times (t)of the components of the investigated samples
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Fig. 2. Chromatograms of heptane solutions of camphenes obtained under the same conditions as in Fig.
la. (+)C, (+)-camphene; (—)C, (—)-camphene; 2-Ca, 2-carene; Tr, tricyclene. (a) (+)-Camphene from
Aldrich; (b) (— )-camphene from Aldrich; (c) camphene from S.C.M. Glidco; (d) camphene from Chem-
ipan.

TABLE 1

ADJUSTED RETENTION TIMES () OF THE MAIN COMPONENTS OF THE COMMERCIAL
CAMPHENES DETERMINED AT 40°C ON CHIRAL COLUMN II (0.79 mol% «-CD) AND THEIR
CONTENTS EVALUATED FROM THE PEAK AREAS

Flow-rate, 40 ml/min

Source t'y (min) Content (%)
Aldrich (+) 5 60
7 —
14 28
23 1
26 11
Aldrich (=) S 40
7 13
14 43
23 1
26 6
Chemipan 5 56
7 -
14 31
23 1
26 12
Fluka 5 42
7 11
14 44
23 1
26 3
S.C.M. Glidco 5 41
7 2
14 43
23 -

26 13
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as eluted from the a-CD column, and their percentage contents calculated from peak
areas, are given in Table I. In the calculations the share of the solvent was subtracted
and it was not taken into account.

Total declared and found contents of (+)- and (— )-camphene enantiomers are
given in Table II. The found values were evaluated at 60°C using the y-CD (0.79
mol%) column IV, which separates camphene from impurities of other terpenoic
hydrocarbons especially well.

TABLE 11

TOTAL CONTENTS OF (+)- AND (—)-CAMPHENE DETERMINED AT 60°C ON COLUMN IV
WITH »-CD (0.79 mol%)

Source Total content of camphene (%)
Declared Determined
Aldrich (+)- 80 79
Aldrich (—)- 95 80
_ Chemipan Not given 75
Fiuka 90-95 83

S.C.M. Glidco Not given 76

The chromatograms in Figs. 1 and 2 and the data in Tables I and 11 lead to the
conclusion that in fact peaks with adjusted retention times of 5 and 14 min (peaks 1
and 3, respectively, in Fig. 1a) correspond to enantiomers of camphene. Nevertheless,
the absolute configuration of the enantiomeric camphenes, i.e.q, the sequence of their
elution, remained unsolved. Our earlier experiments on «- and f-pinenes and cis- and
trans-pinanes indicated that the compounds of R configuration form more stable
complexes with a-CD than those of S configuration. In order to make this aspect
clear, we have indicated the enantiomers of camphene in Fig. 2 according to this
supposition, although this statement precedes true verification, which will be dis-
cussed late.

Enantiomeric compositions found using column IT with 0.79 mol% o-CD are
presented in Table III.

In fact the enrichment of the samples denoted (+) or (=) is poor, and they
seemed to be closer to a racemic mixture. From a comparison of the data in Tables IT
and I11, it is seen that the total contents of camphene determined on the y-CD column
IV are always smaller than those found as the sum of (+) and (—)-camphenes using
the a-CD column II. This may suggest that some small impurities are eluted from
column II together with enantiomers. In some instances rationalization of the mea-
sured optical rotation with the true enantiomeric composition suggests that there
must be another component involved, imposing its optical activity. This may be
exemplified by camphene from Fluka or (—)-camphene from Aldrich.

In additional chromatographic runs we have identified peaks with retention
times (Figs. la and 2a-d) of 23 and 26 min as 2-carene (2-Ca) and tricyclene (Tr),
respectively, while that with a retention time of 7 min remained unidentified.

The values of the separation factor « [tr(—)/tr(+)] determined on column II
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TABLE 111

ENANTIOMERIC COMPOSITION OF (+)- AND (—-)-CAMPHENE IN THE SAMPLES INVESTI-
GATED

Source Optical rotation (°) Enantiomeric
composition from
chromatograms
evaluated on «-CD
column 11

Declared Measured (+)- (=)
directly

Aldrich (+)- +12.6 +13.7 60 28

Aldrich (—)- ~ 6.6 -20.7 40 43

Chemipan Not given +10.7 56 31

Fluka +17 —19.5 42 44

S.C.M. Glidco  Not given -21.5 41 43

(a-CD) at different temperatures are given in Table IV. Two aspects are notable. The
first is the remarkable enantioselectivity of the a-CD inclusion process towards cam-
phene, e.g., «=3.6 at 30°C. Such values are very rarely achieved for enantiomers,
where separation factors of the order of 1.1-1.2 are considered satisfactory. Second,
the considerable changes in the values of the selectivity factor with temperature
should be mentioned. This phenomenon may suggest that the enantioselective differ-
entiation processes of camphenes via «-CD complexation are mainly enthalpic.

Micropreparative approach

Micropreparative attempts were made to confirm the absolute configuration of
enantiomeric camphenes, i.e., to verify the sequence of their elution from the «-CD
column assumed above and to identify the compound denoted (Figs. 1 and 2) as
unknown on the chromatograms.

Fig. 3 shows an example of the separation of 10 ul of ca. 60% camphene in
heptane solution, performed on a micropreparative scale. The inset shows a chroma-
togram of a heptane solution of a collected fraction of (—)-camphene.

Starting from the Fluka camphene, using the micropreparative approach, we
obtained (+)-camphene of 82% optical purity and of 90% chemical purity (both

TABLE 1V
VALUES OF ENANTIOSELECTIVITY FACTOR « AT DIFFERENT TEMPERATURES

Temperature (°C) o

30 3.6
35 3.1
40 2.9

45 23
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Fig. 3. Micropreparative separation of 10 ul of camphene from Fluka at 40°C on a column 8m x lcm
L.D.) filled with Celite (30-80 mesh) covered with «-CD solution (0.59 mol%) in formamide. Helium
flow-rate, 40 ml/min. Inset: chromatogram of indicated collected fractions of (—)-camphene.

determined chromatographically) and (— )-camphene of 94% optical purity and 98%
chemical purity (both determined chromatographically). The optical rotations of
(+)- and (—)-camphene were [0]3° = +7.8° (c=1, CCl,) and [0]3° = —8.5° (c=1,
CCly), respectively. Supplementary 'H and '3C NMR spectra confirmed the above-
mentioned purities.

Hence the earlier assumed absolute configuration of camphenes appeared une-
quivocally to be correct. Unfortunately, our attempts to identify the ‘unknown’ com-
pound have so far failed. Nevertheless, both the contents of camphenes in the collect-
ed fractions and their optical purity seem to be worthy of mention, especially with
regard to our analytical data for commercial samples.
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ABSTRACT

Analysis by supercritical fluid chromatography, in conjunction with chemical ionization mass spec-
trometry shows that methyl 5-O-pentafluorobenzoyl eicosatetraenoate is the stable product of the deriv-
atization of methyl 5-hydroxyeicosatetraenoate with pentafluorobenzoic anhydride. This method may be
useful in the analysis of hydroxy lipids.

INTRODUCTION

The measurement of small quantities of hydroxy lipids continues to increase in
importance as more of them are discovered [1]. The ocular effects of eicosanoids, most
of which are hydroxy lipids, is a nascent and rapidly growing field [2].

Previously, we developed a method for the gas chromatographic (GC) analysis
of alcohols and hydroxy fatty acid methyl esters that utilized electron-capture detec-
tion (ECD) and pentafluorobenzoic anhydride (PFBA) as a derivatizing reagent [3].
After derivatization, methyl ricinoleate (12-OH-18:1w9), a mono-unsaturate, as well
as some saturated compounds, were found to be stable at temperatures high enough
to elute them from a GC column [3]. Using that method, we attempted to analyze 5-
and 15-hydroxyeicosatetraenoic acid methyl esters (5- and [5-HETE-Me). We were
not able to elute the products of these derivatization reactions from our GC column.
Instead, the chromatogram consisted of numerous small peaks with retention times
much less than one would anticipate for the expected product, indicating that the
derivative decomposed at the temperatures required for elution. Using thin-layer
chromatography (TLC), we observed that derivatization of methyl ricinoleate, 5-
HETE-Me and 15-HETE-Me yielded products having polarities between triolein and
methyl oleate.

* Presented in part at a satellite meeting (The Ocular Effects of Eicosanoids and Other Lipid Mediators) of
the International Conference on Eye Research, Helsinki, August 1990.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Using supercritical fluid chromatography (SFC)-mass spectrometry (MS), we
show here that the product of derivatization of 5-HETE-Me is stable under the condi-
tions required to elute it from an SFC column and that the product is the anticipated
methyl 5-O-pentafluorobenzoyl eicosatetraenoate. Derivatized 15-HETE-Me was al-
s0 analyzed using SFC-MS, but because of the complexity of its mass spectrum we
are somewhat uncertain of the identity of derivatized 15-HETE-Me.

EXPERIMENTAL

Chemicals

Racemic methyl 5-hydroxy-6,8,11,14-(E,Z,Z,Z)-eicosatetraenoate and methyl
15(S)-hydroxy-5,8,11,13-(Z,Z,Z,E)-eicosatetraenoate were obtained from Sigma (St.
Louis, MO, U.S.A.). Methyl fert.-butyl ether was obtained from Aldrich (Milwaukee,
WI, U.S.A)), and ethyl acetate from Fluka (Ronkonkoma, NY, U.S.A.). Acetonitrile,
hexane, methylene chloride, and tetrahydrofuran were J. T. Baker HPLC grade (pur-
chased from Doe and Ingalls, Medford, MA, U.S.A.). Silylation grade pyridine was
obtained from Pierce (Rockford, IL, U.S.A.); because of its shelf life, it was redistilled
prior to use. Dimethyldichlorosilane and methy! ricinoleate were purchased from
Alltech (Deerfield, IL, U.S.A.). TLC standards [18-4-A (a mixture of cholesterol,
cholesteryl oleate, triolein, oleic acid and methyl oleate) and 18-5-A (a mixture of
cholesterol, cholesteryl oleate, triolein, oleic acid and lecithin)] were obtained from
Nu-Chek Prep (Elysian, MN, U.S.A.) and fatty acid methyl ester standards were
from Supelco (Bellefonte, PA, U.S.A.).

Instrumentation and equipment

SFC with flame ionization detection was done on a Lee Scientific Series 600
Supercritical Fluid Chromatograph (Salt Lake City, UT, U.S.A.). A 0.2-ul fixed-loop
injector having an injection time of 0.6 s and a split ratio of 2.6:1 was used to in-
troduce samples into the column. The column was 10 m X 375 yum O.D. x 50 ym
I.D. SB-Phenyl-5 (0.25-um film) from Lee Scientific. The mobile phase was SFC-
grade carbon dioxide. The column temperature was held constant at 120°C. The
mobile phase was subjected to the following pressure program: 115 atm for 10 min,
then ramped at 10 atm/min to 415 atm.

SFC-MS was performed at Oneida Research Services (Whitesboro, NY,
U.S.A.). The chromatograph was the same as described above except that the sample
loop was 0.1 ul and the column was 8 m x 100 ym I.D. SB-Methyl (0.25-um film).
The mobile phase and its temperature and pressure parameters were also the same.
The MS apparatus was a Finnigan TSQ-70. It was scanned from 100-700 a.m.u. in
0.6 s. The electron multiplier was 2000 V. Methane was the reagent gas for both
positive ion (PT) and negative ion (NT) chemical ionization (CI). The pressure in the
ion source was maintained at 210 mtorr. Both the NICI-and PICI measurements were
made with the ion source at 250°C.

High-performance liquid chromatography (HPLC) was performed using a
Beckman Model 344 interfaced to a Spectra-Physics (San Jose, CA, U.S.A.) SP-4250
integrator. A reversed-phase ODS column (250 x 4.6 mm I.D.) was obtained from
Beckman. Ultraviolet (UV) detection was done with a cadmium lamp and 229-nm
filter. Mobile phase was acetonitrile-water (75:25, v/v) with a flow-rate of 1.0 ml/min

(4].
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TLC plates were E. Merck high-performance plates with a silica gel 60 station-
ary phase (thickness: 0.2 mm) having dimensions of 10 x 10 cm. They were pur-
chased from Alltech.

Silica gel Sep-Pak cartridges were obtained from Waters Assoc. (Milford, MA,
U.S.A.). They were used in conjunction with a 10-ml glass syringe purchased from
Scientific Products (Bedford, MA, U.S.A.).

Procedures

TLC plates were activated at 115°C for 10-15 min just prior to use. Samples
were applied manually with a 25-ul TLC syringe (Alltech). The TLC mobile phase
was hexane-methyl erz.-butyl ether-ethyl acetate (80:20:2) [S]. After developing, the
plates were dried at 115°C for 2 min. Bromothymol Blue (Alltech) was used to visual-
ize the spots.

PFBA was synthesized as previously described [3]. Tt was recrystallized in
tetrahydrofuran rather than diethyl ether.

Just prior to derivatization, the HETE-Mes were brought to dryness with a
gentle flow of nitrogen. The PFBA derivatization reaction was run as previously
described [3] with the following modifications: acetonitrile or methylene chloride was
used to dissolve the alcohols rather than toluene, since toluene was found not to be a
polar enough solvent to dissolve HETE-Mes. The reaction time was increased to 2.5
h, the reaction volume was decreased to 0.5 ml, and 15 ul of pyridine were used.
Silanized (with dimethyldichlorosilane) 6 ml glass scintillation vials were used to
carry out reactions and for any subsequent transfers of products. (Caution is recom-
mended in storing and using dimethyldichlorosilane. During storage, it easily cor-
rodes the plastic of a PTFE-lined cap.)

After derivatization, the reaction solution was cleaned up with a (600 mg) silica
Sep-Pak cartridge. The mobile phase was the same as was used for TLC (see above).
The cartridge was rinsed with 10 ml of mobile phase before introducing the reaction
solution. The products were then eluted with 5 ml of mobile phase. The sample was
then concentrated under a stream of nitrogen to a final volume of ca. 0.4 ml.

RESULTS

Chromatography

We observed that PFBA derivatization of the HETE-Mes occurred more slowly
than that of the saturated 2-hydroxy fatty acid methyl esters or methyl ricinoleate.
This was somewhat surprising considering that allylic hydroxyl groups typically are
acylated more easily than isolated hydroxyls [6]. Increasing the reaction time to 2.5 h
and using 50% more pyridine provided satisfactory results.

TLC chromatograms (not shown) indicated that the relative polarlty of the
products is derivatized 5S-HETE-Me > derivatized 15-HETE-Me > derivatized
methyl ricinoleate. All three products migrate between triolein and methyl oleate.
Consistent with previous results on a normal-phase HPLC column for 5- and 15-
HETE [4], the same relative polarity was observed for the starting materials. The
underivatized alcohols have R, values close to that of cholesterol.

Fig. 1 indicates that both 5-HETE-Me and derivatized 5-HETE-Me are stable
when subjected to the conditions of SFC. The two small peaks observed in both
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Fig. 1. Supercritical fluid chromatograms. Mobile phase: carbon dioxide. Column temperature: 120°C.
Pressure program: 115 atm for 10 min, then 10 atm/min to 415 atm. (A) 5-HETE-Me; (B) derivatized
5-HETE-Me.

chromatograms were not identified but most probably can be attributed to impuri-
ties. Small impurity peaks are also observed when underivatized S-HETE-Me is ana-
lyzed with HPLC using UV (229 nm) detection (data not shown). These minor peaks
were not present in the blank (derivatization reaction run without 5-HETE-Me).

With the same chromatographic conditions as in Fig. 1, the retention times of
methyl stearate (18:0), methyl arachidicate (20:0), methyl behenate (22:0), methyl
ricinoleate and derivatized methyl ricinoleate were 17.7, 19.2, 20.4, 18.0 and 19.8 min,
respectively. Methyl stearate was not resolved from 18:1, 18:2 or 18:3 methyl esters
and methyl behenate was not resolved from 22:1 methyl ester. The chromatographic
conditions were not optimized for maximum separation. SFC enables much better
resolution [7] but that was not required for these experiments. The retention times of
5-HETE-Me and derivatized 5S-HETE-Me were consistent with what one would ex-
pect based on the fatty acid methyl ester standards, methyl ricinoleate and derivatized
methyl ricinoleate. As is common on silica-based columns, the underivatized alcohol
tails to a greater extent than the derivatized compound.

Mass spectrometry

To identify the derivatized compounds, the positive chemical ionization mass
spectra were measured (Fig. 2). For derivatized 5-HETE-Me (m/z 528), the base peak
is m/z 317 (Fig. 2A, Table I). This indicates that the major pathway of fragmentation
begins with loss of an electron from the alkyl oxygen adjacent to CgF s and includes
subsequent heterolytic a-cleavage of the C-O bond, leading to an allylic secondary
carbocation (m/z 317). Formation of the acyl ion, [C¢FsCO]™ (m/z 195) is not ob-
served. Since the relative abundance of m/z 213 is 9.7%, double H-transfer (associ-
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Fig. 2. Positive-ion chemical ionization mass spectra. Ion source temperature is 250°C. Reagent gas:
methane. (A) Derivatized 5-HETE-Me; (B) derivatized 15-HETE-Me.

ated with the pentafluorobenzoyl ester) appears to compete slightly with heterolytic
a-cleavage. Probably, m/z 435 is formed via the neutral McLafferty [8] fragment
associated with the methyl ester [9] that subsequently loses a fluorine. other than
these, most of the peaks appear to stem from [M — C,Fs0,]* (See Table I).

The PICI-MS of derivatized 15-HETE-Me (Fig. 2B) also had m/z 317 as its
base peak. With the exception of m/z 523, 512, 445 and 435, which all have small

TABLE I

PICI-MS FRAGMENTATION PATTERN OF DERIVATIZED METHYL 5-HYDROXYEICOSA-

TETRAENOATE

M is the molecular ion m/z 528. Ion source temperature was 250°C and the reagent gas was methane.

mfz Relative Positive ion assignment
abundance
(%)

557 0.7 M + C,H,

525 0.6 M + C,H,] — CH,0H

497 0.1 M - CH,0

451 0.6 IM-CO,CH,] - F +H

435 3.8 M — 74 - F

345 15.8 M - C,F;0,] + CO?

334 2.9 M - C,F,0,] + CH or[M - C,F,0] + H

319 35.6 M - C,F,0,] + 2H

318 243 13C and 2H isotopes

317 100.0 M - CF,0,

285 222 [M - C,F;0,] - CH,OH

259 14.7 (M - C,F,0,] - CO,CH, + H

213 9.7 CsF,CO,H,

169 59.6 C,FH+H

153 23.8 ?

149 38.5 C.,F,H
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relative abundances, the remainder of the spectrum does not correlate with the deriv-
atized 5-HETE-Me mass spectrum. We hypothesize that the secondary carbocation
(m/z 317) cyclizes to an aromatic intermediate (m/z 273) with concurrent loss of CO,.
This fragment then goes on to form the series: 273, 247, 221, 195, 169 and possibly
142 (with loss of H). A series of m/z values differing by 26 daltons from one another is
typical of aromatic compounds [10].

When the NICI mass spectra were measured, it would have been desirable to
maintain the ion source temperature at 80°C. At that temperature, we probably
would have observed the molecular ion. But, because of Joule-Thompson cooling of
the mobile phase when it eluted from the column [11], with this instrument it was
necessary to maintain the ion source of the mass spectrometer at 250°C so that eluting
components did not precipitate at the interface [12]. Consistent with our previous
NICI-MS measurements on derivatized 2-hydroxy fatty acid methy! esters [3], at this
high of a temperature, the only fragments observed for both derivatized 5- and 15-
HETE-Me were: m/z 148, CsF4; m/z 167, C¢Fs; and m/z 196, CcFsCO + H.

DISCUSSION

The advantages and disadvantages of SFC relative to GC and HPLC have been
considerably discussed in the past [13]. Also, the extremely good sensitivity of ECD
has been known since the middle sixties [14]. With our derivatizing reagent and GC-
ECD we were able to measure hydroxy lipids in the femtomole range [3]. Only very
recently has anyone attempted to couple ECD to SFC. SFC-ECD was first shown to
be a viable technique by Kennedy and Wall in 1988 [15]. In this early work, a rising
baseline prevented them from obtaining a sensitivity better than 35 pg for a triazole
fungicide metabolite standard. Subsequent work by Richter et al. [16] indicated that
baseline rise could be reduced. More recently, Chang and Taylor [17] have reported a
detection limit for 2,3',4'-trichlorobiphenyl of 0.64 pg and a linear range of 10*. These
results along with the results we show here suggest that without resorting to complex
chemical procedures and extremely expensive instrumentation (NICI-MS), but using
SFC-ECD instead, the chromatographic analysis and detection limits of hydroxy
lipids can now be significantly improved.
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ABSTRACT

The use of supercritical carbon dioxide as an extractant for biological materials is described. Extrac-
tions from a mediterranean brown alga were conducted with commercial micro-scale equipment, improved
by introducing a sapphire extraction cell, and coupled to a high-pressure vessel in order to collect the
extracts. By applying a controlled stagewise pressure increase one obtains separate fractions, the colours of
which range from colourless to green, depending on the temperature of the extraction. The results, in terms
of weight, colour and analysis by high-performance liquid chromatography and by high-performance
thin-layer chromatography, are discussed.

INTRODUCTION

Recent concern about the hazardous nature of many commonly used solvents
as well as the costs and environmental dangers of waste solvent disposal have led to
the development of alternative sample extraction methods. The limitations of conven-
tional methods such as liquid-liquid or liquid—solid extractions, which are time and
solvent consuming, have fuelled interest in the development of high-pressure extrac-
tion by supercritical gases, especially for compounds intended for human consump-
tion. Many research groups have reported extractions of a variety of compounds
from natural products, including flavouring materials from leaves and needles [1,2]
and from citrus and orange peels [3-5], food colours from dried grass and turmeric
roots [6,7] and flavours from milk fat [8], but no reports on marine materials, especial-
ly algae, have been published.

Algae are widely exploitated owing on the one hand to their technological and
nutritional properties (asiatic nutritional algae industry), and on the other to their
content of specific polysaccharides (colloids industry), with a world production of 1
600 000 tons of collected algae [9]. There are also many prospects for new devel-
opments, as described in a recent review [10], including the use of algae in the medical
field, where numerous studies have confirmed the antifungal, anticoagulative and
antimicrobial activities of algae extracts [11,12]. Screenings of such activities have
been obtained from crude extracts, but only a few active molecules have so far yet
been isolated [13-15].

0021-9673/91/%03.50 © 1991 Elsevier Science Publishers B.V.
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Classical purifications often require numerous steps, such as liquid extraction
and flash chromatographic techniques [16], including evaporations and sample trans-
fers which may induce losses and contamination risks. For such purification of active
molecules from complex natural matrices, supercritical fluids may offer some ad-
vantages over liquid organic solvents; from a brown mediterranean alga, supercritical
carbon dioxide leads to extracts similar to those obtained by liquid extraction in
terms of antifungal properties, but they contain interfering compounds with a nar-
rower range of polarity, and they are obtained in a shorter analysis time [17]. Selec-
tivity may be adjusted by controlling the solvent strength of the fluid, depending on
the pressure and the temperature of the extraction; at a constant temperature, extrac-
tion at lower pressures will favour less polar analytes, while higher pressures will
favour more polar and higher molecular weight analytes [18].

In this paper, we present the results of supercritical carbon dioxide extraction
from a brown mediterranean alga, Dilophus ligulatus, which exhibits a wide range of
antifungal activities. By applying a stagewise pressure increase, from 8 to 25 MPa,
differents fractions, in terms of colour and composition are obtained.

EXPERIMENTAL

Superecritical fluid extraction (SFE) is conceptually simple to perform, partic-
ularly on an analytical scale. A micro-scale extractor offers many advantages: (1) ease
of construction with components available for liquid or gas chromatography, (2) low
cost of the optimization because of the small sizes of samples and fluids, (3) on-line
monitoring of extract by UV during the extraction step and (4) through the use of
switching valves, on-line analysis of extracts by chromatography. The sample prep-
aration accessory (SPA) from LDC Analytical (Thermo Instrument Division) com-
bines most of these advantages.

SFE can be performed in either a dynamic or a static mode. In the dynamic
mode, the fluid is constantly flowing through the cell containing the raw material,
while a flow restrictor maintains pressure in the system and allows the fluid to depres-
surize into the collection device (most of the published examples are performed in
such a mode). The static mode is performed by pressurizing the cell and extracting the
sample with no outflow of the fluid. Specific criteria for selecting dynamic or static
modes are not yet clear, and both methods have been used for quantitative SFE of a

variety of samples [19]; the commercial extractor we used combines both techniques,
as described below.

Micro-SFE apparatus

The SPA is shown in Fig. 1. Carbon dioxide (N 45 grade, Air Liquide) from the
supply tank was cooled to the liquid state and then compressed to the desired pres-
sure, up to 35 MPa, by a constant-pressure pump. The compressed carbon dioxide
was preheated to the desired temperature, up to 333 K, before being introduced into
the oven. The oven houses the extraction loop, which is made up of the loop control
valve, recirculating pump, switching valves, extractor and high-pressure UV detec-
tion cell. Two modifications were carried out: the original extraction cell, which was a
5-ml 316 stainless-steel cup with a porous bottom and lid with frits, was replaced with
an empty column, because an amount of cosolvent always remained in the bottom of
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the cell; and a sapphire cell [20] was introduced into the extraction loop in order to
observe various phenomena.

The original purpose of this extraction system is to provide both modes of
extraction (dynamic or static), depending on the position of the loop control valve.
When 3—4, and therefore 1-2, are connected, the extraction loop is isolated from the
supply tank and becomes a closed system, filled with a known volume of carbon
dioxide of density precisely controlled by the pressure and the temperature param-
eters. When the recirculating pump is activated, the fluid continuously cycles though
the closed loop until extraction of the desired analytes has occurred, as indicated by
the UV-VIS detector. After a set period of time, the loop control valve is switched, so
that 2-5 and therefore 3-1, are connected. A constant flow-rate of fresh carbon
dioxide delivered by the main pump, enters the loop to sweep out the carbon dioxide
enriched with analytes through a flow restrictor into a collection device; this orifice is
temperature controlled to prevent ice build-up due to rapid depressurization.

Collection device

A quickly and easily dismantled device, made of 316 stainless steel, is shown in
Fig. 2. The vessel head is securely fastened to the body by two half-circle nuts and
sealed with anti-extrusion O-rings; the nuts themselves are confined in a lid. The lid,
nuts and head can be removed by hand, without using any tools.

Three tubes of 1/8 in. O.D. pass through the vessel head; the compressor tube
(not drawn in Fig. 2) is connected to an air compressor, which pressurizes the vessel
with argon above the set pressure. Through the inlet tube, connected to the extractor,

L2777 7
L 777777777,

Fig. 2. Collection device. 1 = Tubing of 1/8 in. O.D. connected to the extractor; 2 = lid; 3 = vessel head;
4 = anti-extrusion O-rings; 5 = half-circle nuts; 6 = body of the collector; 7 = tubing of 1/8 in. O.D.
connected to the collection valve; § = outlet port.
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supercritical carbon dioxide enriched with analytes is introduced into the vessel,
which generally contains a few milliliters of hexane. Extracts are dissolved in the
organic solvent and carbon dioxide flows out from the outlet port.

Analysis ,

High-pressure thin-layer chromatography (HPTLC). Extracts are dissolved in
100 pl of the developing solvent [hexane—ethyl acetate (80:20, v/v)]; 5 ul are applied to
a glass plate (5 cm X 5cm) precoated with silica (Silica gel 60 F,s4; Merck, Nogent
sur Marne, France). Separated substances are revealed using a spray reagent (sul-
phuric acid-methanol).

High-performance liquid chromatography (HPLC). Extracted substances are
separated, after dilution in 3 ml of ethyl acetate, on a Spherisorb ODS-2 column (15
cm X 0.46 cm 1.D.). Pumps, column oven, single-wavelength UV detector and in-
tegrator were obtained from LDC Analytical.

Sample matrix

A brown alga, Dilophus ligulatus, was collected from the Mediterranean at
Villefranche sur Mer, France, during May and June 1989. If the algae were then
stored in ethanol, the weights of the supercritical extracts were too low for subsequent
quantitative analysis. However, if fresh algae were stored in a dark room until they
were dry, repeated samplings showed that storage did not alter the antifungal proper-
ties. Algae were therefore stored at 255 K in a freezer.

For each experiment, 2.7 g of the alga were crushed into pieces of about 0.5
mm, mixed with an equal volume of 50-um glass beads and introduced into an empty
column (8.3 cm x 1.05 cm L.D.).

Procedure

The extraction cell was connected to the extraction loop and the carbon dioxide
was then pressurized to the set pressure of 8 MPa. The system was allowed to equili-
brate for 30 min before the recirculating pump was activated for 30 min. This time
corresponds to the altainment of a constant UV detector response, indicating that the
maximum amount of dissolved compounds had been reached. Subsequently, a con-
stant flow-rate of fresh carbon dioxide swept the extract into the collector, previously
pressurized to the extraction pressure. The collection device was then isolated by
shutting off the two high-pressure regulating valves, while the extraction loop was
pressurized to the second set pressure value. The collector was depressurized by open-
ing the collection valve and the hexane containing solutes flowed out. The organic
solvent was gently evaporated under a stream of nitrogen; extracts were weighed and
analysed by both types of chromatography.

Pressure values investigated during the stagewise pressure increase were 8, 10,
15, 20 and 25 MPa; three temperatures of extraction were also investigated, 308, 318
and 328 K.

RESULTS AND DISCUSSION

The densities and amounts of carbon dioxide used in the experiment are listed
in Table I. Because the SPA extractor consists mainly of a closed loop of finite
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TABLE 1

VALUES OF DENSITY AND MASS OF CARBON DIOXIDE AS A FUNCTION OF PRESSURE
AND TEMPERATURE

Density (p) is expressed in g cm™2 and mass of CO, (m,) in g.

T (K) Pressure (MPa)

8 10 15 20 25

p m P m p m; p m; p m
308 0505 9.52 0678 1278 0816 1539 0856 1614 0895 18.80
318 0.294 555 0490 924 0740 1397 0800 1508 0857 16.16
328 0205 388 0338 637 0655 1235 0756 1426 0802 1546

volume, each density corresponds to a precise amount of fluid. This point depends on
the fact that density cannot be dissociated from the mass of the extraction fluid;
therefore, the effect of the density parameter on the solubilization has to be counter-
balanced by the effect of the mass of carbon dioxide used for the extraction.

Colours and weights of extracts

As indicated in Table I1, the colours of the extracts range from colourless to
green, depending on the carbon dioxide density; for densities less than 0.74 g cm ™3,
most extracts are colourless excepted that at 15 MPa and 328 K, which is slightly
orange; up to a density of 0.8 g cm ™ the extracts are yellow and at higher densities
green pigments are extracted.

Asnoted in Table I11, the total amount of fluid used for each isotherm decreases

TABLE 11
COLOURS OF EXTRACTS AS A FUNCTION OF PRESSURE AND TEMPERATURE

T(K) Pressure (MPa)

8 10 15 20 25
308 Colourless Colourless Yellow Light green Green
318 Colourless Colourless Colourless Yellow Green
328 Colourless Colourless Orange Yellow Green
TABLE 111

TOTAL AMOUNTS OF EXTRACTS (M., mg) AND CO, (M, g), AND RATIO OF THESE TWO
VALUES FOR EACH ISOTHERM

TK) M, M, M /M,
308 36.1 7072 0510
318 74.5 60.01 1.241

328 88.5 52.33 1.691
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TABLE IV
WEIGHTS OF EXTRACTS (mg) COLLECTED FOR EACH PRESSURE INCREASE

T7(K) Pressure (MPa)

8 10 15 20 25
308 1.4 1.4 213 7.5 4.5
318 2.9 13.5 384 12.8 6.9
328 1.1 2.6 443 22.4 18.1

with increasing temperature, while the total weight of extracted material increases.
Therefore, a temperature of 328 K was chosen in order to obtain a greater amount of
extract with a smaller consumption of carbon dioxide.

Weights of the extracts are listed in Table IV. For a constant temperature, an
increasing pressure up to 15 MPa leads to an increase in the weight of the extracts,
owing to the general influence of pressure (and density) on the solubility of com-
pounds in a supercritical fluid. For higher pressure, the amounts decrease; this may be
due to the depletion of the algae in soluble analytes, which does not overcome the
possible increase in solubility of more polar compounds. This depletion in soluble
analytes is also observed when several extractions are performed on a same sample,
with a constant density of carbon dioxide.

By representing the distribution of extraction yields with pressure in the form of
fractions (Fig. 3), one observes that the fraction corresponding to a pressure of 15
MPa (and also to an extraction time of 3 h), contains about 50% of the total amount,
whatever the temperature. Hence temperature seems to be a parameter influencing

70
60
50 A

40

extraction yield (%)

30

20
10 4
0 -
8 10 15 20 25
Pressure

Fig. 3. Distribution of extraction yields by fractions depending on extraction temperature. Yield is defined
by the ratio between the extracted amount in a fraction i and the sum of amounts obtained at constant
temperature. Temperature in K, pressure in MPa.
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mainly the amount of extractable material, but not the distribution of yields by
pressure. The HPTLC and HPLC results confirm these tendencies.

HPTLC

TLC plates of extracts are shown schematically in Fig. 4. For a pressure of 8
MPa, only a few compounds are revealed; because of their migration zone, these
species are fairly non-polar or moderately polar analytes; for example, compounds 9
and 5 are eluted as standards of f-carotene and cholesterol respectively. By increasing
the pressure, compounds with a wider range of polarity are extracted by carbon
dioxide; the third fraction contains the nine solutes, in increasing concentration with
temperature. For higher pressures, the concentration of each solute generally decreas-
es, except for a green compound eluted between 2 and 3 and which appears in the
fourth and the fifth fractions depending on temperature. Refering to Table III, the
presence of this compound may be compared with the green colour of extracts.

The influence of temperature is not clearly defined: it modulates the distribution
of solutes by fractions, but generally it does not induce important changes in selec-
tivities.

HPLC

Four chromatograms corresponding to fractionation along the isotherm at 318
K are shown in Fig. 5. Whatever the pressure, there is a lack of polar compounds
which might be eluted rapidly under such conditions. When the pressure is increasing,
several modifications in terms of concentration and selectivity are observed: a pres-
sure of 15 MPa leads to the extraction of compounds with retention times less than 45
min, whereas materials collected at higher pressures show fewer compounds present.
The variations also depend on the isotherm considered. As shown in Fig. 6, the first
fraction obtained at 8 MPa and 308 K contains compounds with a wider range of
retention times than the corresponding fraction obtained at 318 K. For a quantitative
description, peaks have been collected into groups numbered from I to VII; these
groups are determined by their responses to a change in extraction pressure or tem-

9 @ g <
8 8
7 D Dy
6 . 6 -
5 - 5. )
§ig 3 3
o 2 2 o
= <> 1 [}
8 10 15 20 25 8 10 15 20 25 8 10 15 20 25
T = 308K T = 318K T = 328K

Fig. 4. HPTLC plates of fractions obtained for each isotherm (fractions are identified by pressure, in MPa).
Experimental conditions are described in the text.
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Fig. 5. HPLC of fractions obtained for the isotherm 318 K. Corresponding pressures: (A) 8 MPa; (B) 15
MPa; (C) 20 MPa; (D) 25 MPa. Conditions: column, 15 x 0.46 cm L.ID.; stationary phase, Spherisorb
ODS-2 d, 5 um; mobile phase: methanol-water with a methanol content of initially 44% for 5 min,
reaching 84% in 50 min and then remaining constant for 10 min; flow-rate 1.5 ml min~*; UV detection
wavelength, 254 nm; attenuation, 64.
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W
o 20 20 60 min
fo 20 a0 - 86 min

Fig. 6. HPLC of fractions corresponding to a pressure of (A) 8 MPa and (B) 15 MPa and to a temperature
of 308 K. Conditions are as in Fig. 5.

TABLE V

DISTRIBUTION (%) OF GROUPS FOR EACH SUPERCRITICAL FRACTION, FOR A CRUDE
SAMPLE AND FOR A PURIFIED EXTRACT AND SELECTIVITY OF GROUP V

Selectivity is the % of group V divided by the sum of % of other groups.

Group Supercritical fractions Crude Purified
number sample extract
T =308 K T=318K

8 15 20 25 8 15 20 25
MPa MPa MPa MPa MPa MPa MPa MPa

1 1 4 4 3 1 2 4 3 2 0
11 3 9 9 2 1 5 4 5 3 3
11 4 10 3 3 4 9 14 16 11 0
v 22 39 35 18 7 42 45 58 37 7
Vv 27 18 15 16 15 28 8 7 10 65
VI 1 1 10 5 11 3 13 8 30 14
VIl 42 19 24 53 61 11 12 3 7 11

Selectivity 037 022 0.8 0.19 018 039 0.09 0.07 0.11 1.86
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perature. The distributions of groups for each extracted fraction are listed in Table V
and may be correlated with the selectivity; results for a crude sample extracted by a
conventional method (two organic solvents, hexane and dichloromethane) and for a
purified fraction (the isolation of which involved selective elutions by flash chromato-
graphy [17]) are also given. With the supercritical extracts, most of compounds are
distributed mainly among three groups, IV, V and VII, whereas the content of the
crude sample is distributed among more groups. A further purification of this crude
sample led to a narrow distribution, with a high content of 65% for the fifth group;
the presence of compounds in this fraction has to be correlated with the antifungal
activities of this extract. Hence terms of selectivity between this group and the six
others (Table V), supercritical extraction does not allow the production of highly
purified fraction, but it may compete favourably in a first step to the achievement of a
crude extract of better quality than is obtainable with organic solvents.

CONCLUSION

The small amounts of sample and fluids used in this modified commercial ex-
tractor were useful in optimizing the carbon dioxide extraction of compounds from a
complex matrix such as an alga. By increasing the pressure stagewise, extracts of
different contents in terms of selectivity and amount can be obtained; the choice of
operating conditions will depend on the purpose and on the demands of the extrac-
tion process. Therefore, these results indicate that an extraction process with a super-
critical fluid in order to obtain different active compounds from algae is practicable
and that this process will compete favourably with classical processes such as liquid
extraction.

Further experiments will be performed in order to increase the selectivity of the
extraction. We have already used a modifier such as ethyl acetate in addition to
carbon dioxide, but it does not induce noticeable modifications. Future studies will
concern the use of packed beds to fractionate the extract during the collection step.
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ABSTRACT

The retention of 21 nucleoside derivatives with various alkyl substituents at the 5'-position was
determined on unimpregnated and paraffin oil-impregnated alumina layers using dichloroethane—metha-
nol, water-methanol, water—ethanol and water—2-propanol eluent systems. The nucleosides showed anom-
alous retention behavior in each system: their retention first decreased with increasing concentration of the
stronger component in the eluent, reached a maximum, and then increased with further increase in the
concentration of the stronger component in the eluent. The data indicate a mixed (adsorption and re-
versed-phase) retention mechanism independently of the impregnation of the alumina surface. A quadratic
equation described well the dependence of the R,, value on the concentration of the stronger component in
the eluent; the parameters of the quadratic equation showed a high intercorrelation. The chain length of the
alkyl substituent and the number of triple bonds in the alkyl chain governed the retention of nucleoside
derivatives in each eluent system.

INTRODUCTION

In recent years quantitative structure—activity relationship (QSAR) studies
have often promoted the design of novel bioactive compounds [1]. QSAR methods
may also help in the elucidation of the role of hydrophobic interactions in various
biochemical {2] and biophysical processes [3]. In the search for the best correlation
between chemical structure and biological activity, a wide range of molecular param-
eters have been applied [4] and many of these parameters can readily be determined
by various chromatographic techniques [3]. Chromatographic methods have several
advantages: they are rapid and relatively simple, very small amounts of the sub-
stances are required and the compounds used need not be very pure. Lipophilicity as
the molecular parameter used most frequently in QSAR studies can also be deter-
mined by reversed-phase high-performance liquid chromatography [6], reversed-
phase thin-layer chromatography (RPTLC) [7] and gas chromatography [8].

The Ry value (related to the molecular lipophilicity), determined through the
use of RPTLC, generally depends on the concentration of the organic component in
the eluent [9]. In most instances the correlation is linear. The R u value extrapolated to
zero organic phase concentration (R,o) was regarded as the most accurate estimate

0021-9673/91/%03.50 © 1991 Elsevier Science Publishers B.V.
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of lipophilicity. However, marked deviations from linearity have been observed with
quaternary amino steroids [10], crown ether derivatives [11] and peptides {12]. The Ry
value decreased with increasing organic component concentration in the lower con-
centration range, reached a maximum and then increased with further increase in the
proportion of organic component. This phenomenon was tentatively explained in
terms of a silanophilic effect: at higher organic component concentrations, the solute
molecules have an enhanced probability of access to the silanol groups uncovered by
the impregnating agent. The interaction with the free silanol groups results in an
increased retention and an increased apparent lipophilicity [13,14]. It was further
established that the relative polarity of the mobile and stationary phases is the main
distinguishing attribute for the classification of different chromatographic systems; in
other words, in RPTLC, the stationary phase has to be less polar than the mobile
phase [14]. This means that the impregnation or chemical bonding of hydrophobic
substituents to the support is not a prerequisite in RPTLC. The validity of the hy-
pothesis outlined above was proved to be correct for unimpregnated cellulose [15].
For example, the application of water—alcohol mixtures on unimpregnated layers
may result in an adsorption or reversed-phase retention mode depending on the
relative polarity of the stationary and mobile phases.

It has additionally been stated that not only the Ry, value extrapolated to zero
organic phase concentration but also the slope (b) value of the linear correlation is
characteristic of molecular lipophilicity [15]. With a homologous series of compounds
the slope and the Ry value exhibited a significant intercorrelation [16], but for a
non-homologous series both parameters were needed to describe the lipophilicity
accurately [17]. The slope has been regarded as a characteristic of the hydrophobic
surface of the compounds {18].

The various molecular parameters determined by means of adsorption chroma-
tography (relative energy of adsorption, specific adsorption surface) have found only
limited application in QSAR. A good correlation was found between the tumour-
inhibiting activity and the relative energy of adsorption for a series of benzofluorene
derivatives [19].

Synthetic nucleosides have many biological effects [20]; they can be incorporat-
ed into DNA [21], resulting in the modification of some enzymatic processes [22]. The
dependence of their biological activity on certain chromatographic parameters has
recently been demonstrated [23]. The adsorption capacity, the specific adsorptive
surface, the lipophilicity and the specific hydrophobic surface of some nucleosides
have recently been determined using a silica support [24}.

Nucleosides may be partially ionized in an aqueous environment, with the re-
sult that the pH and the ionic strength of the eluent may influence their retention. As
the nature of the buffer [25] and the buffer mobility [26] also influence the retention,
we assumed that the inclusion of so many variables (pH, ionic strength, buffer type
and buffer mobility) would overcomplicate the experimental design and the calcula-
tion. Accordingly, we used unbuffered, ion-free eluent systems. Our choice was also
guided by the fact that the adsorptive, non-aqueous systems were also unbuffered and
jon free, and hence the comparison of the systems is facilitated. The objectives of our
investigations were to determine some hydrophilic and hydrophobic parameters of
nucleosides using alumina as a support, to select the molecular substructures that
significantly influence the parameters and to find correlations between the various
parameters.
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EXPERIMENTAL

DC-Fertigplatten Aluminiumoxid 60 F,s4 plates (Merck, Darmstadt, Germa-
ny) were used for adsorptive TLC without any pretreatment. For RPTLC the plates
were impregnated with paraffin oil as described earlier [27]. The nucleosides were the
5'-alkylated derivatives of deoxyuridine (1), i.e., methyl (2), ethyl- (3), n-propyl- (4),
butyl- (5), hexyl- (6), heptyl- (7), octyl- (8), vinyl- (9), pentenyl- (10), hexenyl- (11),
heptenyl- (12), octenyl- (13), propynyl- (14), butynyl- (15), pentynyl- (16), hexynyl
(17), heptynyl- (18), octynyl- (19), isopropyl- (20) and bromovinyldeoxyuridine (21).
They were synthesized by the research group of Dr. J. Ségi at the Central Research
Institute for Chemistry of the Hungarian Academy of Sciences (Budapest, Hungary).

The nucleoside derivatives were dissolved separately in methanol to give a con-
centration of 5 mg/ml, and 2 ul of solution were spotted on the plates with a Camag
(Muttenz, Switzerland) applicator. The developments were carried out in sandwich
chambers, the running distance being about 16 cm. Dichloroethane-methanol (1:0,
3:1, 1:1, 1:3 and 0:1, v/v) and water—methanol, water—ethanol and water—2-propanol
mixtures (15-90%, v/v, alcohol in steps of 5%) were applied as eluents for adsorption
TLC. The application of the uncommon water-alcohol mixtures as adsorption-mode
eluents was motivated by the considerations mentioned in the Introduction about the
distinguishing features of adsorption and reversed-phase separation modes. For
RPTLC, ethanol was applied as the organic mobile phase in the concentration range
0-90% (v/v) in steps of 10%.

After development the plates were dried at 105°C and the nucleoside spots were
detected under a CAMAG UV lamp at 254 nm. Each determination was run in
quadruplicate. The Ry values were calculated for both TLC and RPTLC systems.

When in a given chromatographic system the nucleoside spot remained at the
start or was very near to the front (deformed spot shape) or when the relative stan-
dard deviation of parallel determinations was higher than 8%, the data were omitted
from the calculations. As the linear correlation between the Ry value of the nucleo-
sides and the alcohol concentration in the eluent did not fit the experimental data
well, quadratic correlations were calculated for each nucleoside—organic modifier
pair:

RM = RMO + b1C + b2C2 (1)

where Ry, = actual Ry, value of a compound at an alcohol concentration C in the
eluent, Ryo = Ry value extrapolated to zero alcohol concentration, C = alcohol
concentration in the eluent (%, v/v), b, = change in Ry value caused by a unit
change in alcohol concentration and b, = change in Ry value caused by a unit
change in the alcohol concentration squared.

To assess the contributions of the nucleoside lipophilicity and the nature of the
organic component to the anomalous retention behaviour, the organic compound
concentration corresponding to minimum retention (Cy) was calculated with the
parameters of eqn. 1. Mathematically, Cy corresponds to the point where the first
derivative of eqn. 1 is equal to zero.

To elucidate the similarities and dissimilarities between the retention behaviour
of the nucleosides and the parameters of eqn. 1, principal component analysis (PCA)



428 T. CSERHATI

was applied [28]. The nucleosides were taken as observations, and the parameters
(Ryo, b1, by and Cy values separately for methanol, ethanol and 2-propanol on
unimpregnated alumina; a total of twelve variables) served as variables. Two-dimen-
sional non-linear mapping of the PC loadings and variables was also carried out [29].

To find the molecular substructures accounting for the retention behaviour,
stepwise regression analysis was applied [30]. The calculation was carried out sixteen
times; the Ry, b1, b2 and Cy values of eqn. 1. determined in methanol, ethanol and
2-propanol as organic mobile phases on unimpregnated alumina and in ethanol on
impregnated alumina were the dependent variables. The length of the alkyl chain, the
number of double and triple bonds in the chain and the number of branching and
bromo substitutions were the independent variables in each instance. The acceptance
limit for the individual independent variables was set to the 95% significance level.

RESULTS AND DISCUSSION

Solvent demixing was not observed in the eluent systems; in each instance the
first and second eluent fronts were very near to each other and the nucleoside spots
were always under the second eluent front.

The nucleosides showed anomalous retention behaviour even under strictly
adsorption conditions (unimpregnated alumina, dichloroethane-methanol mixtures
as eluents). They remained at the start in pure dichloroethane and pure methanol and
showed low mobility in eluents of 1:3 and 3:1 (v/v). The lowest retention was observed
in the 1:1 (v/v) eluent. This phenomenon is similar in character to the silanophilic
effect. It has been customary to use this term for the attraction (retention) of solutes
by SiOH groups. However, in this instance the support was unimpregnated alumina,
which does not contain any silanol groups. We are well aware that the application of
the term “silanophilic effect” to describe the anomalous retention behaviour of nucle-
osides is somewhat misleading. As the phenomenon is similar we subsequently use the
term “silanophilic-like effect”, bearing in mind the differences between the two reten-
tion mechanisms discussed above.

It was expected that the mobility of the nucleosides would increase with in-
creasing concentration of methanol. The data contradict this supposition. We have
no valid hypothesis to explain this anomalous retention behaviour. The Ry value
decreased with increasing length of the alkyl chain (Fig. 1), which indicates a normal-
phase separation mode.

The relationship between the chain length and the Ry, value was not linear. The
presence of a double bond in the alkyl chain increased the retention slightly and a
triple bond increased it strongly; the difference between the effects of double and
triple bonds was higher than expected from their physico-chemical characteristics.

In water—alcohol eluents on unimpregnated alumina the nucleosides showed
typical silanophilic-like retention behaviour; the Ry value decreased or did not
change in the lower concentration range, then increased with increasing alcohol con-
centration (Fig. 2). Methanol had the smallest and 2-propanol the greatest impact on
the retention at higher alcohol concentrations. This order corresponds to the order of
reversed-phase eluent strengths; however, higher concentrations of water with respect
to alcoho! caused a decrease in Ry, which would be compatible with a normal-phase
mechanism. These observations indicate a mixed mode of retention that is not well
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Fig. 1. Effect of the length of the alkyl chain on the R,, values of some synthetic nucleosides. Eluent:
dichloroethane-methanol (1:1, v/v). 1 = Saturated alkyl chain; 2 = double bond in the alkyl chain; 3 =
triple bond in the alkyl chain.

understood. The water-alcohol eluents at higher alcohol concentrations behaved sim-
ilarly to dichloroethane-methanol (1:1, v/v) eluent; the nucleosides with the longest
alkyl chain showed the highest mobility and the difference between the retentions of
nucleosides with saturated and unsaturated chains was the same (Fig. 3). This finding
suggests that the retention is governed by the adsorption separation mechanism;
however, the eluent is of reversed-phase character.

The retention order of nucleosides changed continuously with changing alcohol
concentration and it showed a curious picture at the lowest alcohol concentration
(Fig. 4). The Ry value decreased with increasing length of the alkyl chain for the
shorter chains, which indicates an adsorption-type separation. It increased again with

Ry
1.8
o9,
)(\
-04
15

vol. % alcohol in the eluent

Fig. 2. Effect of the alcohol concentration in the eluent on the R, value of 5'-hexynyldeoxyuridine.
Unimpregnated alumina, water—alcohol eluents. 1 = Methanol; 2 = ethanol; 3 = 2-propanol.
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Fig. 3. Effect of the length of the alkyl chain on the R,, values of some synthetic nucleosides. Eluent,
water—2-propanol (1:9, v/v). | = Saturated alkyl chain; 2 = double bond in the alkyl chain; 3 = triple
bond in the alkyl chain.

Fig. 4. Effect of the length of the alkyl chain on the R,, values of some synthetic nucleosides. Eluent,
water—2-propanol (85:15, v/v). 1 = Saturated alkyl chain; 2 = double bond in the alkyl chain; 3 = triple
bond in the alkyl chain.

increasing length of the alkyl chain at longer chain lengths, which indicates a re-
versed-phase separation mechanism. This result can be explained by the assumption
that the retention mechanism in the same chromatographic system may depend heav-
ily on the type of solute because its partitioning between the stationary and mobile
phases may depend on the length and lipophilicity of the alkyl chain substituents.

The substantial role of triple bonds in determining retention prevails for the
shorter alkyl chains and disappears with longer alkyl chains.

The results indicate that the retention of nucleosides is highly irregular on
unimpregnated alumina; at least two retention mechanism (adsorption and reversed-
phase) are involved, their relative importance depending on the type and composition
of the eluent and on the character of the alkyl substituent. The data do not exclude
the possibility that the change in intermolecular forces (caused by the changing die-
lectric constant of the eluents) may also influence the retention, as was observed with
silica-based supports [31].

Similar anomalies were observed on impregnated alumina (Fig. 5). The Ry
values decreased with growing ethanol concentration in water in the lower concentra-
tion range, reached a minimum, then increased again.

The importance of triple bonds is manifested only at higher ethanol concentra-
tions (adsorption-like separation mechanism). In this instance the anomaly can be
explained by the silanophilic-like effect when we assume that for the appearance of
the silanophilic-like effect a support with uncovered adsorption centres is sufficient
and the adsorption centres need not to be silanol groups. However, this explanation is
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Fig. 5. Effect of ethanol concentration in the water—ethanol eluent on the R,, value of (1) hexyl-, (2)
hexenyl- and (3) hexynyldeoxyuridine. Impregnated alumina. :

not valid for the unimpregnated alumina, showing similar retention behaviour. We
suggest two possible mechanisms to account for the irregularities:

(a) The water or the alcohol is adsorbed on the alumina depending on their
relative concentrations in the eluent. The quasi-stationary phase of water or alcohol
behaves as an adsorption or reversed-phase support, respectively, depending on the
equilibrium of the various nucleoside derivatives between the stationary and mobile
phases. )

(b) The extent of dissociation of the nucleosides depends strongly on the die-
lectric constant of the eluent, which decreases with increasing proportion of organic
component in the mobile phase. The dissociated and undissociated nucleosides may
be retained in the same eluent by an adsorption or reversed-phase retention mecha-
nism, the retention being influenced by the changing intramolecular forces.

We assume that both processes have a considerable impact on the retention and
the retention order is the result of the interplay of the processes outlined above.

The parameters of eqn. 1 are compiled in Tables I-IV. Blanks in Table I in-
dicate that the linear regression coefficient did not differ significantly from zero. The
quadratic function fits the experimental data well, the significance level in each in-
stance being higher than 99.9%, confirming the applicability of eqn. 1 (see F values).
The equation accounted for about 92-99% of the total variance (see r? values). The
normalized slope values (b7 and 5 values) clearly show that the contribution of the
linear and quadratic parameters to the retention is commensurable. The numerical
values of the slope (b,) increased in the order methanol < ethanol < 2-propanol on
unimpregnated alumina. As this order corresponds to the reversed-phase elution
strength of the alcohols, this phenomenon indicates a reversed-phase separation
mechanism. For deoxyuridine derivatives with a saturated alkyl chain and with a
double bond in the alkyl chain the intercept (Ryy) values generally increased with
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TABLE 1

PARAMETERS OF THE QUADRATIC RELATIONSHIP BETWEEN THE R,, VALUES OF NU-
CLEOSIDES AND THE METHANOL CONCENTRATION (C) IN THE ELUENT USING UN-
IMPREGNATED ALUMINA

Ry = Ry + 5,C + b,C.

Parameter No. of nucleoside

1 2 3 4 5 6 7
Rypo 50.4 ~1.38 11.1 6.49 —5.27 9.81 39.9
b, —4.02 —1.55 -2.12 -2.08 —1.65 —2.54 -3.52
b, - 10 4.96 2.79 2.99 3.03 2.57 3.48 4.23
F 104.9 136.1 72.3 67.8 100.4 71.5 73.6
r? 0.9589 0.9612 0.9393 0.9250 0.9481 0.9337 0.9305
b(%) 41.01 32.28 37.88 37.13 35.50 38.56 41.69
by(%) 58.99 67.72 62.12 62.87 64.50 61.44 58.31

8 9 10 1 12 13 14
Ryo 51.1 —455 56.1 32,0 38.3 79.6 243
b, —3.83 - - -321 ~3.60 —4.65 -
b, - 102 445 1.50 1.56 423 472 5.26 2.14
F 102.2 190.5 162.0 182.1 1737 180.4 709.6
r? 0.9489 0.9407 0.9310 0.9707 0.9693 0.9704 0.9834
b(%) 42.53 - - 39.46 39.58 43.15 -
by(%) 57.47 - - 60.54 60.42 56.85 -

15 16 17 18 19 20 21
Ryyo ~259 247 229 -234 -215 -58.1 -526
b, - - - - - - -
b, - 102 2.10 2.02 2.15 1.92 1.89 1.21 1.86
F 756.8 463.2 616.6 323.5 292.6 155.9 291.6
r? 0.9844 0.9748 0.9809 0.9672 0.9606 0.9285 0.9605
b (%) - - - - - - -
By(%) - - - - - - -

increasing length of the alkyl substituent, which also supports the reversed-phase
retention mechanism. However, the derivatives with triple bonds did not show a
similar retention behaviour, that is, for these the reversed-phase retention mechanism
is not valid. The unsubstituted deoxyuridine deviates considerably from the retention
order. It shows a higher retention than would be expected under reversed-phase
conditions. We assume that the free hydrogen can form hydrogen bonds with the free
adsorption centres of alumina, resulting in increased retention.

Only one background variable explains the majority of the variance in the data
matrix for PCA (Table V). It means that may exists only one chromatographic pa-
rameter that accounts for about 80% of variance. We must stress that the PCA did
not state that such a parameter really exists, it only indicates the mathematical possi-
bility of it. Each parameter has a high loading in the first component, which demon-
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TABLE II

PARAMETERS OF THE QUADRATIC RELATIONSHIP BETWEEN THE R,, VALUES OF NU-
CLEOSIDES AND THE ETHANOL CONCENTRATION (C) IN THE ELUENT USING UNIM-
PREGNATED ALUMINA

Ry = Ry + b,C + b,C

Parameter No. of nucleoside

1 2 3 4 5 6 7
Ryo 183.1 2.96 30.8 47.2 5.50 64.3 100.6
b, —8.71 —1.76 —3.02 —3.81 —2.63 —5.08 —6.45
b, 107 7.53 2.36 3.12 3.78 2.1 4.78 5.89
F 81.6 97.9 75.4 108.2 188.8 79.7 140.1
r? 0.9477 0.9377 0.9263 0.9516 0.9667 0.9300 0.9589
b, (%) 47.89 41.11 46.45 46.41 47.00 48.76 49.53
by (%) 52.11 58.89 53.55 53.59 53.00 51.24 50.47
8 9 10 11 12 13 14
Ry 106.7 14.4 41.7 51.3 58.2 102.1 16.8
b, —6.73 —2.29 —4.06 -4.36 —4.75 —6.50 —1.52
b, - 102 6.10 2.74 4.09 423 4.67 6.07 2.79
F 76.9 110.2 89.4 105.1 71.8 95.7 254.1
r? 0.9276 0.9443 0.9322 0.9417 0.9229 0.9677 0.9750
b1(%) 49.72 43.85 48.12 49.10 48.73 50.02 33.76
b, (%) 50.28 56.15 51.88 50.90 51.27 49.98 66.24
15 16 17 18 19 20 21
Ry 16.8 17.3 24.6 25.7 34.7 5.19 6.66
b, -1.52 —1.94 —222 -2.39 —2.70 —2.48 —2.38
b, 10% 279 3.11 3.40 3.48 3.62 2.57 2.89
F 254.1 138.4 216.0 208.8 145.3 149.2 99.7
r? 0.9751 0.9551 0.9708 0.9698 0.9572 0.9582 0.9388
b (%) 33.76 36.81 37.88 39.76 41.11 47.46 43.55
b5 (%) 66.24 63.19 62.12 60.24 58.89 52.54 56.45

strates again the strong intercorrelation between them. The linear regression coeffi-
cients form a distinct cluster on the two-dimensional non-linear map of PC loadings,
whereas the other parameters form another cluster (Fig. 6). This finding suggests that
the intercept value, the quadratic regression coefficient and the critical alcohol con-
centration contain similar information. As the slope value is generally related to the
lipophilicity, we assume that these three parameters are related to the lipophilicity of
the nucleoside derivatives. The nucleosides form three separate clusters on the two-
dimensional non-linear map of PC variables (Fig. 7). The nucleosides with triple
bonds in the alkyl chain (cluster C) form the most compact group, indicating the
important role of triple bonds in the retention of nucleosides on unimpregnated
alumina. The nucleosides with a saturated alkyl chain form a separate group (cluster
A), whereas the nucleosides with double bonds and with branching or bromo sub-
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TABLE 111

PARAMETERS OF THE QUADRATIC RELATIONSHIP BETWEEN THE R,, VALUES OF NU-
CLEOSIDES AND THE 2-PROPANOL CONCENTRATION C IN THE ELUENT USING UNIM-
PREGNATED ALUMINA

Ry = Ry + b,C + b,C%

Parameter No. of nucleoside

1 2 3 4 5 6 7
Ry 269.3 16.8 25.2 45.2 53.0 96.1 136.0
b, —144 —2.58 —347 —4.66 —5.53 —-8.15 —9.99
b, - 10? 12.7 3.05 3.58 4.52 5.30 7.66 9.25
F 96.9 197.4 135.6 88.4 115.4 173.7 132.8
r? 0.9556 0.9681 0.9542 0.9315 0.9467 0.9639 0.9533
b'(%) 48.73 44.18 47.58 49.03 49.38 49.87 50.24
b, (%) 51.27 55.82 52.42 50.97 50.62 50.13 49.76
8 9 10 11 12 13 14
Ry 154.3 17.7 96.4 124.8 153.1 165.7 7.85
b, —10.6 —3.04 —7.64 -9.19 -10.9 -113 —1.95
b, - 10 9.67 3.29 7.25 8.64 10.3 10.4 3.44
F 93.7 110.5 95.8 120.0 83.7 104.6 110.5
r? 0.9351 0.9444 0.9365 0.9486 0.9279 0.9415 0.9526
b(%) 50.61 46.38 49.60 49.85 49.87 50.22 34.38
b5(%) 49.39 53.62 50.40 50.15 50.13 49.78 65.62
15 16 17 18 19 20 21
Ry 8.95 18.5 31.0 45.8 67.7 57.0 75.3
b, —2.06 —2.71 —3.57 ~4.36 -5.29 -5.10 —5.80
b, - 10 3.37 3.78 4.67 5.15 5.93 4.61 5.48
F 126.4 83.2 80.9 186.6 144.9 1443 108.9
r* 0.9583 0.9380 0.9363 0.9664 0.9571 0.9569 0.9437
b\ (%) 36.26 39.83 41.38 44.20 45.47 50.83 49.73
b,(%) 63.74 60.17 58.62 55.80 54.53 49.17 50.27

stitution in the alkyl chain form the third cluster (cluster B). This means that branch-
ing and bromo substitution of the alkyl chain have a similar effect to the double bond
on the retention of nucleosides.

The significant correlations between the chromatographic parameters and
structural characteristics of the nucleoside derivatives are collected in Table VI. As
the PCA proved that the chromatographic parameters did not show large differences
and are strongly intercorrelated, it was reasonable to assume that the structure—
chromatographic parameter correlations will be very similar. The calculation entirely
supported this assumption; the equations did not differ considerably from each other.
Therefore, only the equations derived from the 2-propanol-unimpregnated alumina
system are presented. Each chromatographic parameter was related to the structural
characteristics of the nucleoside derivatives and the significance level was over 99.9%
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TABLE IV

PARAMETERS OF THE QUADRATIC RELATIONSHIP BETWEEN THE R, VALUES OF NU-
CLEOSIDES AND THE ETHANOL CONCENTRATION (C) IN THE ELUENT USING IMPREG-
NATED ALUMINA

Ry = Ryo + b,C + b,C%

Parameter No. of nucleoside

1 2 3 4 5 6 7
Ry 974.1 47.5 834 125.4 167.2 3229 441.5
b, —249 —3.11 —4.40 —5.80 ~6.26 —9.78 —-12.9
b, . 10% 15.6 3.47 4.16 5.12 4.89 6.68 8.61
F 483.8 79.8 59.6 47.4 131.1 63.2 168.9
r? 0.9979 0.9580 0.9445 0.9405 0.9740 0.9693 0.9883
b'(%) 55.18 48.97 53.09 55.04 57.81 54.71 55.19
b, (%) : 44.82 51.03 46.91 44.96 42.19 45.29 4481
8 9 10 11 12 13 14
R, 526.9 60.2 231.6 346.5 467.2 536.6 63.8
b, —149 —3.08 —7.48 —10.5 —-13.7 —152 —2.66
b, - 10? 9.83 3.00 5.47 4.34 9.37 10.2 3.71
F 182.0 i16.1 159.0 717.2 185.0 153.3 418
r 0.9747 0.9707 0.9815 0.9747 0.9979 0.9871 0.9227
b1 (%) 55.56 5241 57.16 54.10 54.59 55.18 43.45
b, (%) 44.44 47.59 42.84 45.90 45.41 44.82 56.55
15 16 17 18 19 20 21
Ry 123.2 180.9 313.7 303.2 421.9 129.9 168.1
b, —4.70 —6.67 —-9.85 —9.37 —12.5 —6.69 -17.27
b, - 102 5.14 6.60 8.46 7.82 9.80 5.94 6.54
F 98.4 752 38.1 69.0 38.5 40.9 81.8
r? 0.9657 0.9619 0.9384 0.9787 0.9506 0.9424 0.9703
b (%) 49.48 52.18 51.01 49.65 51.20 54.61 54.31
b,(%) 50.52 47.82 48.99 50.35 48.80 45.39 45.69

in each instance (see F values). The substructures accounted for about 81-94% of the
total variance (see r values). The normalized slope values (b") indicate that the length
of the alkyl chain and the number of triple bonds in the chain have the greatest impact
on the retention. The role of the triple bond is higher than would be expected. We do
not have any valid explanation for the phenomenon. It is probable that the triple
bond specially binds to the adsorption site on the alumina surface, but the character
of the binding is not known.
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TABLE V
RESULTS OF PRINCIPAL COMPONENT ANALYSIS USING UNIMPREGNATED ALUMINA

No. of PC Eigenvalue  Explained variance (%)

| 9.57 " 79.76
2 1.06 8.86
3 0.92 \ 7.68

Principal component loadings

No. of variable® No. of principal component
1 2 3
1 0.82 0.48 0.22
2 —0.93 —0.11 —0.33
3 0.92 0.24 0.24
4 0.84 0.05 0.52
5 - 0.85 0.28 —0.35
6 -0.97 0.01 0.16
7 0.94 0.14 -0.27
8 0.86 ~043 0.15
9 0.93 —0.03 -0.32
10 -0.95 0.17 0.17
11 0.94 -0.07 —-0.22
12 0.72 ~0.66 0.12

“« |4 = Water—methanol eluents: | = intercept (a) value; 2 = linear regression coefficient (b,); 3 =
quadratic regression coefficient (b,); 4 = critical alcohol concentration (Cy). 5-8 = Water—cthanol
eluents: 5 = intercept (a) value; 6 = linear regression coefficient (b,); 7 = quadratic regression coefficient
(h,); 8 = critical alcohol concentration (Cy,). 9-12 = Water—2-propanol eluents: 9 = intercept («) value;
10 = linear regression coefficient (b,); 11 = quadratic regression coefficient (b,); 12 = critical alcohol
concentration (Cy,).
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Fig. 6. Two-dimensional non-linear map of PC loadings. Number of iterations, 1 16 Maximum error, 1.83 .
103, 1-4 = Water—methanol eluents: 1 = intercept (a) value; 2 = linear regression coefficient (b;); 3 =
quadratic regression coefficient (b,); 4 = critical alcohol concentration (Cy). 5-8 = Water—ethanol
eluents: 5 = intercept (2) value; 6 = linear regression coefficient (,); 7 = quadratic regression coefficient
(b,); 8 = critical alcohol concentration (Cy). 9-12 = Water—2-propanol eluents: 9 = intercept (a) value;
10 = linear regression coefficient (b,); 11 = quadratic regression coefficient (b,); 12 = critical alcohol
concentration (C,).
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Fig. 7. Two-dimensional non-linear map of PC variables. Number of iterations, 73. Maximum error, 9.59 .

1073, Numbers refer to nucleosides given in Experimental.

TABLE VI

PARAMETERS OF SIGNIFICANT CORRELATIONS BETWEEN THE CHROMATOGRAPHIC
PARAMETERS AND STRUCTURAL CHARACTERISTICS OF SOME NUCLEOSIDE DERIV-

ATIVES

Results of stepwise regression analysis. Unimpregnated alumina; eluent, water-2-propanol mixtures.

D Ryo =a+ byx, + byx, + byx, + byx,.

(I1) Regression coeflicient (linear) = a + b x, + b,x, + b x,.
(IIT) Regression coefficient (quadratic) = a + b,x, + byx, + byx,.
(V) Cy = a + byx, + byx, + byx,.

x, = length of the alkyl chain; x, = number of double bonds in the alkyl chain; x, = number of triple

bonds in the alkyl chain; x, = number of bromo substituents in the alky! chain.

Parameter Equation No.

I I 11T v
a -837 —1L10 0.017 44.2
b, 19.13  —1.21 0.010 1.86
b, 16.43 - - —4.61
by —66.88 4.49 -0.030 -17.75
b, 4539 —2.26 0.017 -
F 64.7 79.4 67.4 25.4
r? 0.9418 0.9334 0.9225 0.8175
b (%) 47.11 51.71 56.96 28.86
b%(%) 8.30 - - 14.67
by(%) 33.78 39.03 33.96 56.47
b, (%) 10.81 9.26 9.08 -
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ABSTRACT

A longitudinal (Z-shaped) flow cell for improved UV detection for capillary electrophoresis was
examined and compared with perpendicular (on-column) detection. Bending of a small section of the
capillary column into a Z-shaped flow cell has no adverse influence on the electrophoresis process. With
enhancements in signal-to-noise ratio of up to 6-fold for 3-mm Z-shaped flow cells, a considerable im-
provement in detectability is possible. The increase in signal of up to 14-fold in comparison with on-column
UV detection illustrates the potential of this new type of capillary flow cell. The loss in resolution caused by
the extended path length is less pronounced than expected, and can be tolerated in many of the CE
separation modes.

INTRODUCTION

A wide variety of detection techniques have been developed for capillary elec-
trophoresis (CE) and have been reviewed recently [1-3]. Owing to its universal nature
and its ease of use, UV detection is still the most popular method. In order to mini-
mize band spreading and to cope with the nanolitre zone volumes, on-column UV
detection is mainly used. Nevertheless, with capillaries of 1.D. less than 100 um,
considerable loss in sensitivity is encountered. Recently, several attempts have been
made to extend the path length for UV detection in CE. Tsuda et al. [4] described the
use of rectangular tubing with widths of up to 1 mm, while Grant and Steuer [5]
extended the path length up to 3 mm by axial illumination of the capillary using
laser-induced fluorescence with indirect UV detection. Owing to the presence of high
background noise, however, the advantage of an increased path length could not be
fully exploited with this approach.

In capillary LC the successful use of longitudinal flow cells with volumes of
<90 nl and path lengths of up to 20 mm resulting in enhancements in the signal-to-
noise ratio of up to 100-fold have been described [6]. It was therefore of interest to
know if similar types of flow cells with shorter path lengths (maximum 3-4 mm) could
be used for UV detection in CE, where the maximum tolerable path length is deter-
mined by the width of the zone rather than the peak volume. Further, the influence of
the bends (Z shape) on the electrophoretic process and the peak distortion caused by

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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the extended path length have to been established.
The aim of this work was to evaluate the performance of longitudinal (Z-
shaped) capillary flow cells. The advantages and drawbacks are discussed.

EXPERIMENTAL

Reagents

Nucleosides (2'-deoxycytidine, 2’-deoxyguanosine), nucleotides (2'-deoxygua-
nosine-5'-monophosphate, 2'-deoxycytidine-5"-monophosphate) and peptides (met-
enkephalin, leu-enkephalin, val-5-angiotensin II, angiotensin II) were purchased
from Sigma (St. Louis, MO, U.S.A.). Other reagents and solvents were of analytical-
reagent grade.

The compounds were dissolved in water at concentrations of 50 ug/ml each.
For electrophoresis of the nucleosides and nucleotides a 75 mM sodium dodecyl
sulphate (SDS)-10 mM phosphate—6 mM borate buffer (pH 8.5) was used and for the
peptides a 50 mM SDS-10 mM borate buffer (pH 8.5). Buffer solutions and samples
were filtered through 0.2-ym membrane filters (Chromafil; Macherey, Nagel & Co.,
Diiren, Germany) and were stored at 4°C.

Flow cell construction

In order to minimize zone dispersion and to facilitate handling, the Z-shaped
flow cell is constructed as part of the capillary column by bending a small section of
the capillary into a Z shape. The bending of fused-silica tubing into Z or U config-
urations has been described elsewhere [7].

The flow cell (Fig. 1) is prepared by sandwiching a shim (made of alumina) with
the bent capillary between two plastic disks (black polyethylene). The thickness of the
shim and the sharpness of the capillary bends determine the total path length of the
flow cell. For shims of 1 mm thickness, and for sharp bends, flow cells of ca. 3 mm
path length can be obtained. The shim has a centred hole of 300 um that is adapted to
match the O.D. of the fused-silica capillary. Each plastic disk has a groove to fix the
capillary with epoxy resin in order to obtain a stable capillary flow cell. For on-
column detection the same type of shims and plastic disks was used. Thus, the 300-um
hole of the shim served as an aperture for on-column detection, placed directly in
front of the perpendicular capillary. The distance between the flow cell and the photo-
diode was ca. 3-4 mm and was equal for both types of flow cell.

Capillary column pretreatment

Capillary columns were made of fused-silica tubing of 50 or 75 um I.D. and 280
um O.D. (Polymicro Technologies, Phoenix, AZ, U.S.A.). Typically, the columns
had a length of 60 cm, with 40 ¢cm to the detector.

The columns were pretreated with 0.1 M sodium hydroxide solution for 5 min
(ca. 25 capillary volume), followed by a 5-min rinse with water. After each in-
jection, the column was rinsed with 0.1 M sodium hydroxide solution for 1 min (ca.
5% capillary volume), followed by a 1-min rinse with water.

Instrumentation
The basic electrophoretic apparatus was similar to that described in detail by
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Fig. 1. Schematic diagram of the 3-mm Z-shaped capillary flow cell. (A) Front view; (B) cross-sectional
view. | = Shim (alumina) with centred 300 um L.D. hole; 2 = plastic disks (black polyethylene or Plex-
iglas); 3 = fused-silica capillary of 50 or 75 ym 1.D., 280 um O.D.

Jorgenson and Lukacs [8,9]. A variable-wavelength UV detector (Model 433; Kon-
tron Instruments, Milan, Italy) equipped with a flow-cell holder was used for all
measurements. The holder guarantees optimum positioning and alignment of the
flow cell (Z shape and on-column). It minimizes the distance between the flow cell and
the photodiode [10] and allows for easy capillary column replacement.

A d.c. power supply capable of delivering up to 30 kV (Alpha III, Model 3807;
Brandenburg, Surrey, U.K.) was used to provide the high voltage. Sample introduc-
tion was accomplished manually by hydrostatic injections with a height of 10 cm for 5
s. All data were collected with a Kontron Datasystem 450, using MT-2 chromatogra-
phy software (Kontron Instruments).

THEORY

UV detection

In UV detection, flow cells of longer path length (/) exhibit increased sensitiv-
ities. If, however, the volume of the flow cell has to be minimized, the I.D. of the flow
cell must be reduced, which results in a smaller aperture width (d.). As a consequence,
the optical transmittance of the flow cell decreases rapidly, resulting in poor linearity
and increased noise levels. For UV detectors with common cylindrical flow cells, the
ideal optics have numbers for the optical aperture (d./l.) within the range 1/10 to 1/5
[11]. Fig. 2 illustrates qualitatively this optimum aperture range for micro flow cells
with volumes ranging from 2 to 20 nl.



442 J. P. CHERVET, R. E. J. VAN SOEST. M. URSEM

6
20 nl

~—~ 5-
£ 10n! doflc = 1/40
E 41 defle = 1110
=L 2n
£ 31
o
S
; 24 / doflg= 115
®
a

11

0 T T T

0.0 0.1 0.2 0.3 0.4

cell diameter, do (mm)

Fig. 2. Aperture ratios (d /) for cylindrical flow cells. Optimum (shaded area), 3-mm Z-shaped (x);
arrows indicate directions for aperture optimization.

For values below 1/10 the utilizable light energy rapidly decreases, resulting in
increased noise and poor linearity. For values above 1/5 the path length becomes too
short, resulting in poor sensitivity. Optimum values for d.//; are in the shaded area. In
principle, longitudinal (Z-shaped) capillary flow cells have the same cylindrical geom-
etry as common flow cells used in UV detection. Assuming that the same aperture
ratios (d./l,) are valid for the capillary flow cells, values far beyond the optimum of
1/10 result, e.g., 1/40 for a 3 mm x 75 uym L.D. capillary flow cell. However, the
substantial gain in sensitivity with Z-shaped flow cells counterbalances the drawbacks
of increased noise and loss in linearity. Nevertheless, ideal optical d. /I, ratios can only
be accomplished with capillaries of larger I.D. and/or shorter path lengths.

Dispersion in CE

In CE, the dispersion of a zone can be expressed by its total variance [12,13].
Assuming an ideal Gaussian distribution of the zone, the total variance can then be
summed in terms of its individual variances according to the well known relationship

2 — 2 2 2
Otot = Ocol + O-inj + Odet (1)

where o2, is the variance generated during the migration of the zone in the capillary
column and ¢ and o2 are variances originating from the injection and detection
system, respectively.

The spreading of the zone in the capillary (6Z,), which includes the longitudinal
molecular diffusion, dispersion by Joule heating and deviation from the ideal elec-
troosmotic plug flow, is usually the major contributor to of. For longitudinal flow
cells with a path length longer than 3 mm, the detection system starts to exhibit a
sizable contribution to the total peak distortion and therefore should be considered.

For an ideal rectangular zone, the dispersion of the detector cell (63 can be
expressed as

o3 = 12/12 @
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where /. is the path length of the detector cell [14]. Hence the dispersion of a zone in a
flow cell is determined mainly by the path length. Since in CE the separation is still in
progress in the flow cell, it is advisable to define the influence of the path length as
zone distortion, rather than dispersion.

Assuming that the injection and other factors that contribute to the total dis-
persion of the zone are relatively small in comparison with ¢2, and ¢2,, and by
replacing o, by /Z/N in eqn. 1, the following equation can be derived for the maxi-
mum tolerable path length (/; ma) of the flow cell [5]:

I max = [(12/N)2]{[f11 = NIV} L 3)

where f'is the fraction of theoretical plates lost that is tolerated, N the number of
theoretical plates and L the length of the capillary column (from column inlet to
detector).

If a moderate loss in efficiency can be tolerated, path lengths of up to 3 mm are
possible (see Fig. 3). For example, if a loss of 30% in plate numbers (f = 0.3) can be
tolerated, we can calculate for a 1-m column and an efficiency of 600 000 theoretical
plates a maximum path length of almost 3 mm. In agreement with the Beer—Lambert
law, the gain in sensitivity would be substantial.

RESULTS AND DISCUSSION

Influence of the bends (Z shape)

To examine the influence of the 3-mm Z-shaped flow cell on the electrophoretic
process, without interfering with the UV detection, two similar capillary columns
with on-column detection were used (see Table I). One of the capillaries had an
additional Z-shaped flow cell (bends) in the separation part of the column. The two
capillary columns were tested under identical conditions. Both capillaries showed
identical electropherograms. The resulting efficiencies and asymmetries for the nucle-
oside-nucleotide test mixture are summarized in Table L.

As expected, the bending of a small portion of the capillary column into a Z
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Fig. 3. Maximum tolerable path length vs. column efficiency for different fractional losses (), in efficiency
for a capillary column of 1 m length,
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TABLE I
INFLUENCE OF BENDS (Z SHAPE) ON EFFICIENCY (¥) AND ASYMMETRY (s)

uv ' uv

Compound On-column On-column -+ bends
N (% 10%) s N (x10%) s
2'-Deoxycytidine 142 0.93 119 0.90
2'-Deoxyguanosine 166 1.09 155 1.07
2'-Deoxyguanosine-5'-MP 173 0.82 180 0.79
2'-Deoxycytidine-5'-MP 162 0.78 166 0.74

shape has virtually no influence on the electrophoretic process. The data for both
types of capillary column are fairly similar with respect to our instrumentation
(manual injection, no thermostating). No difference in the resulting current could be
observed.

Noise

The Z-shaped flow cell is more susceptible to detection of impurities and con-
tamination (so-called “chemical noise™) than less sensitive on-column detection. Cap-
illary washing and pretreatments that have been described for improving the repro-
ducibility of the electrophoretic process [15,16] become important for stabilizing the
baseline. The effect of capillary washing using a highly sensitive 5-mm Z-shaped flow
cell is depicted in Fig. 4. In general, extended washing of the capillary with water (to

T 1
0.0 3.0 6.0 9.0 12.0 15.0
time (min)

5 mm Z shape

Fig. 4. Influence of capillary washing on baseline stability in MEC: 60 cm (40 cm to detector) % 75 um L.D.
fused-silica capillary; 6 mM borate-10 mM phosphate-75 mM SDS (pH 8.5) buffer; 11 kV, 30 uA; detec-
tion at 254 nm, rise time 2 s. All flushing steps are ca. 5 column volumes in 1 min. | = Flushing with 0.1 M
NaOH and buffer; 2 = flushing with 0.1 M NaOH, water and buffer; 3 = flushing with 0.1 M HCl and
buffer; 4 = flushing with 0.1 M HCI, water and buffer.
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remove the acid or base) before flushing with buffer solution improves the baseline
considerably. When no water was used after the acid or base treatment, variations in
the baseline appeared.

Under static conditions (no voltage applied) both type of flow cell showed
similar noise levels with values ranging from 0.040 to 0.062 mAU at 254 nm (see
Table II). As soon as a high voltage is applied the noise increases in proportion to the
voltage, as reported by Walbroehl and Jorgenson [17]. This increase in noise is even
more pronounced with Z-shaped flow cells. At a moderate voltage of 11 kV the noise
level is nearly twice that for on-column detection (0.125 vs. 0.067 mAU) utilizing a 50
um 1.D. capillary column. The results of the noise measurements for capillaries of 50
and 75 um L.D. are given in Table I1. Further, Table I lists data obtained using 75 pm
LD. capillaries at different wavelengths. At lower wavelengths, such as 210 nm, a
considerable increase in noise was observed for the Z-shaped flow cell (0.40 vs. 0.15
mAU), caused by the larger, less UV-transparent volume segment of buffer solution
captured in the longitudinal flow cell.

Signal and signal-to-noise ratio (S/N)
Figs. 5 and 6 show the micellar electrokinetic chromatography (MEC) [18-20]
of nucleosides-nucleotides and peptides, respectively, using the two types of flow cell.

TABLE II
SIGNAL AND NOISE VALUES FOR Z-SHAPED AND ON-COLUMN FLOW CELLS

Parameter A = 254 nm

On-column flow cell Z-shaped flow cell

50 pum 75 pm 50 pm 75 pm

I.D. I.D. I.D. I.D.
Static noise (mAU) 0.047 0.040 0.057 0.062
Dynamic noise* (mAU) 0.067 0.062 0.125 0.105
Signal, $* (mAU) 4.1 6.6 29.0 67.0
S/S,. cotomn i 1 7.1 10.2
S/N 62 106 232 638
(S/NY/(S/N),.._corumn 1 1 3.7 6.0

A =210 nm

On-column flow cell

Z-shaped flow cell

(75 pm 1.D)) (75 pum 1.D.)
Dynamic noise* (mAU) 0.15 0.40
Signal, S° (mAU) 2.3 32,5
S/Son column l 141
S/N 15 81
(S/NY(S/N)opcotumn l >4
At 11 kV.

® Measured with 2'-deoxyguanosine, peak No. 2, Fig. 5.
¢ Measured with val-5-angiotensin 11, peak No. 3, Fig. 6.
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3
I 0.01 AU 0.01 AU
1
4
2
3
1 4
A l in .
f T T 1 r T T 1
0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0
time (min) time (min)
on-column 3 mm Z shape

Fig. 5. Separation of nucleosides and nucleotides by MEC: 60 cm (40 cm to detector) X 75 um 1.D.
fused-silica capillary; 6 mM borate—10 mM phosphate~75 mM SDS (pH 8.5) buffer; 11 kV, 30 pA; hydros-
tatic injection 10 cm, 5 s; detection at 254 nm, rise time 2 s; 50 ug/mi (0.35 ng absolute) each, in water.
Peaks: 1 = 2'-deoxycytidine; 2 = 2'-deoxyguanosine; 3 = 2'-deoxyguanosine-5'-monophosphate; 4 =
2'-deoxycytidine-5’-monophosphate.

2
3
4
0.003 AU 0.01 AU
1
2
34 .

I T T 1 T T T 1
0.0 5.0 10.0 15.0 0.0 5.0 100 15.0
time (min) time (min)

on-column 3 mm Z shape

Fig. 6. Separation of peptides by MEC: 60 cm (40 cm to detector) x 75 um 1.D. fused-silica capillary; 10
mM borate-50 mM SDS (pH 8.5) buffer; 11 kV, 20 uA; hydrostatic injection 10 cm, 5 s; detection at 210
nm, rise time 2 s; 50 pg/ml (0.35 ng absolute) each, in water. Peaks: | = met-enkephalin; 2 = leu-enkepha-
lin; 3 = val-5-angiotensin II; 4 = angiotensin II.
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At 254 nm enhancements in signal of up to 10.2-fold could be realized (see Table II).
At a wavelength of 210 nm, a 14.1-fold improvement in the signal could be measured
for val-5-angiotensin II.

Considering the noise levels listed above, an overall improvement in S/N of
6.0-fold at 254 nm and of 5.4-fold at 210 nm result when using the 3-mm Z-shaped
flow cell.

Using a Z-shaped flow cell of ca. 4 mm path length, enhancements of more than
10-fold in S/N could be realised (see Fig. 7). Capillary columns of smaller I.D. (e.g.,
50 um) yields lower S/N. For 2’-deoxyguanosine an S/N of 3.7 was measured, in
contrast to 6.0 with the 75 um I.D. capillary column. Reducing the I.D. of the capil-
lary column while maintaining the O.D. constant (280 um) results in a thicker glass
wall of the tubing, which reduces the proportion of light passing through the sample.

Maximum tolerable path length and observed column efficiency

Several workers [21,22] have shown that for on-column detection with a slit
aperture, the maximum aperture length should not exceed 0.8 mm. Thus, for an
optimum longitudinal flow cell the maximum acceptable path length should be <0.8
mm to prevent distortion of the zone. In practice, however, a compromise must be
made between maximum achievable sensitivity and minimum peak distortion. In
Table III the loss in efficiency is given for the electropherograms shown in Fig. 5.
With a decrease of more than 30% forthe 60-cm capillary column (40 cm to the
detector), a considerable loss in efficiency results when using the 3-mm longitudinal
flow cell. On the other hand, the loss in resolution is less pronounced, owing to its
square root dependence on the efficiency. This is illustrated by comparing the resolu-
tion of the two electropherograms in Fig. 5. Alternatively, Z-shaped flow cells can be
used in longer capillary columns (e.g., 120 ¢cm, 100 cm to the detector) to minimize the
loss in efficiency to an acceptable value (see Table IIT). The observed loss in efficiency
shows good agreement with the theoretical values calculated with eqn. 3, and con-
firms its validity.

Despite the observed loss in efficiency of ca. 32% on average for the 60-cm

2

0.02 AU 0.02 AU

2

i o L

I’Il T T 1 III T T 1

6.0 9.0 120 150 6.0 9.0 120 - 15.0
time (min) time (min)

w
H

on-column 4 mm Z shape

Fig. 7. Separation of nucleosides and nucleotides by MEC. Conditions and peaks as in Fig. 5.
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TABLE 111
CALCULATED AND OBSERVED LOSS IN EFFICIENCY (N)

Compound 60-cm capillary column (40 cm to detector)

On-column Z-shaped Loss (%)

(N x 10%) (N x 10%)

Calc.* Obs.

2'-Deoxycytidine 100 68.5 32 32
2'-Deoxyguanosine 145 98.2 40 32
2’-Deoxyguanosine-5'-MP 202 136 49 33
2'-Deoxycytidine-5'-MP 190 133 47 30

120-cm capillary column (100 ¢cm to detector)

On-column Z-shaped Loss (%)
(N x 10% (N x 10%)
Calc.” Obs.
2'-Deoxycytidine 391 293 23 25
2'-Deoxyguanosine 382 322 22 16
2'-Deoxyguanosine-5'-MP 351 314 21 11
2'-Deoxycytidine-5'-MP 317 267 19 16

“ Calculated with eqn. 3, assuming N = N __
column and of ca. 17% on average for the 120-cm column, the resolution is not
greatly affected, demonstrating the usefulness of Z-shaped flow cells even for columns
as short as 40 cm.

Linearity, detection limits and reproducibility

To evaluate the linearity of the Z-shaped flow cell independent of the electro-
phoretic process (i.e., injection, temperature, column, etc.), the static linearity test was
used [16]. For the solutes tested the linearity ranged from 2.5 to 3 orders of magnitude
at both 210 and 254 nm, with response indices of 0.93 and 0.96, respectively.

At the high concentration end the calibration graphs flatten owing to stray light
caused by the small aperture ratio. The limits of detection (S/N = 2) for the nucleo-
sides were 0.31-0.47 and 0.51-0.63 ug/ml for the enkephalins, respectively.

In comparison with on-column detection, the detectability was up to six times
lower when the 3-mm Z-shaped flow cell was used.

The reproducibility between flow cells was measured with a series of eight capil-
lary columns. The entire series showed identical performance within the limits of our
test system. Similar results in flow-cell reproducibility and enhanced detectability
have been found for other type of detectors using 3-mm Z-shaped flow cells.

CONCLUSIONS
Capillary columns with Z-shaped flow cells provide higher sensitivities than

conventional on-column detection. With a 6-fold improvement in S/N under CE
conditions, the gain is less than one would expect just considering the increase in path
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length (theoretically up to 80-fold). This is due to the fact that a considerable part of
the light is probably guided by the glass wall of the capillary, the presence of scattered
light and the increase in noise with the applied voltage. On the other hand, the
substantial gain in the signal of up 14.1-fold confirms that Z-shaped flow-cell detec-
tion has significant potential when using common UV detectors. The observed loss in
efficiency of 17-32% shows good agreement with the theoretical values. Most capil-
lary electroseparations, in particular free solution, semi-preparative and MEC with
typical efficiencies of (3—4) - 10° plates/m, can be accomplished utilizing the Z-shaped
flow cell without sacrificing much of the resolution.

To benefit fully from the advantages of the Z-shaped flow cell, however, further
improvements are required. This would include synergy between the detector and
flow cell. On the detector side, optimization of the light beam (parallel light rather
than divergent or convergent) and adaptation of the photodiode (miniaturization)
should reduce the noise considerably. On the flow cell side, the influence of the wall
thickness, grounding of the flow cell, possible use of refractive index matching fluids,
etc., should be further investigated.
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ABSTRACT

The specificity and rate of cleavage of adrenocorticotrophic hormone (ACTH) peptide bonds by
endoproteinase Arg C were analyzed using capillary electrophoresis (CE) and reversed-phase (C ) high-
performance liquid chromatography (HPLC). Acidic cleavage products were readily resolved by CE in
uncoated capillaries using low ionic strength electrolytes. However, products predicted to have a net
positive charge greater than 2 or more than 4 positively charged groups per peptide did not migrate out
from the capillary at low ionic strength. Addition of salts and zwitterions to the electrolyte decreased
capillary—peptide interactions such that all of the ACTH peptides examined were eluted with high efficiency
separation by CE. Commercially obtained endoproteinase Arg C preparations exhibited peptidase activity
at Lys'>-Lys'S and at Lys'®~Arg'” in addition to the expected cleavage at Arg—X bonds. ACTH peptide
bond cleavage rates for Arg8-Trp®, Arg'"~Arg'®, Lys'5-Lys'®, and Lys'®~Arg!” were 1.46, 0.096, 0.057,
and 0.029 gmol min~! mg™! respectively. CE separations generally exhibited better resolution and were
accomplished in shorter times than C;; HPLC separations. These properties make CE a particularly
appropriate method for kinetic analysis of proteolytic enzyme action on peptide substrates.

INTRODUCTION

Development of high efficiency peptide separation methods has stimulated
progress in areas as diverse as purification of prohormone processing proteinases [1]

“ Journal series No. 9360, Agricultural Research Division, University of Nebraska-Lincoln.
b Present address: Department of Biochemistry, Boston University School of Medicine, Boston, MA
02118, US.A.

0021-9673/91/803.50 © 1991 Elsevier Science Publishers B.V.
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and the study of protein structure using tryptic digestion [2]. Peptide separations are
often achieved with reversed-phase (C,g) high-performance liquid chromatographic
(HPLC) methods. However, resolution of complex or structurally similar mixtures of
peptides by C;g HPLC may require relatively long analysis times and elaborate
gradient solvent programming.

Application of capillary electrophoresis (CE) to protein and peptide separations
has demonstrated that extremely high separation efficiency and resolution can be
obtained by this method [3-5]. A potential obstacle in CE separations is adsorption of
peptides and proteins to the wall of the capillary, resulting in low separation efficiency
or irreversible binding of analyte to the capillary. Such interactions are generally
strongest for basic peptides and proteins [3].

Three approaches have been used to reduce these interactions. One strategy is to
derivatize the inner wall of the capillary with functional groups that chemically block
silanol groups or sterically shield them from interaction with analytes [6,7]. A second
method is to alter the pH of the electrolyte such that silanol groups of the capillary are
protonated [8] (low pH) or basic groups of the analyte are deprotonated [9] (high pH).
These changes can reduce capillary—analyte interactions, but the pH extremes required
may alter the structure of biological analytes. The third approach is to decrease
binding interactions by increasing the ionic strength of the electrolyte. Jorgenson and
co-workers [3,10] have employed this tactic to achieve high efficiency separation of
relatively basic proteins at pH values near neutrality.

In this report we compare CE and C,s HPLC separation methods for kinetic
analysis of the action of a proteolytic enzyme, endoproteinase Arg C, on a peptide
substrate, adrenocorticotrophic hormone (ACTH). Endoproteinase Arg C hydrolyzes
most Arg-X peptide bonds [11]. However, additional cleavage at Lys-Lys and
Lys—Arg bonds was observed for ACTH (see Fig. 1). We also demonstrate the
application of CE for measurement of rates of peptide bond cleavage. The influence of
net charge and total positive charges on peptide adsorption to the capillary wall during
CE separation is discussed.

EXPERIMENTAL

Materials

Tyr’ACTH(3-9), ACTH(1-10), and ACTH(1-16) were obtained from Bachem
Bioscience (Philadelphia, PA, U.S.A.)). ACTH(7-24) was prepared by solid phase
methods using fert.-butyloxycarbonyl protected amino acids. Porcine ACTH(1-39)
was purchased from Sigma (St. Louis, MO, U.S.A.) and purified by chromatography
on Whatman CM-52 cellulose (Hillsboro, OR, U.S.A.) and preparative C;g HPLC.
Acetyl-L-methionine-1-naphthyl ester was from Serva (Garden City Park, NY,
U.S.A)). CE electrolyte components were obtained from Sigma.

Endoproteinase Arg C was obtained from Boehringer Mannheim (Indianapolis,
IN, U.S.A.) and Sigma. Similar results were obtained with both preparations. The
heterogeneity of these enzyme preparations was examined by non-denaturing
polyacrylamide gel electrophoresis (PAGE) [12]. Three major and six minor protein
bands were observed when the gel was silver-stained. Four activity bands were
observed when a comparable gel was stained for esterase activity using acetyl-L-
methionine-1-naphthyl ester as the substrate [12], one corresponding to each of the
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Fig. 1. ACTH sequence and points of cleavage by endoproteinase Arg C. The amino acid sequence of
porcine ACTH and the sites of predicted (P) and observed (O) cleavage by endoproteinase Arg
C preparations are shown. Residues denoted by + or — signs are predicted to be charged at pH 8.0, as
calculated using the constants of Noszal and Osztas [18].

major silver-stained bands, and one to a minor silver-stained band. This indicates that
these enzyme preparations probably contain more than one proteolytic activity.
Non-endoproteinase Arg C activities may account for the cleavage observed at
Lys-Lys and Lys—Arg bonds (see Discussion).

Peptide bond cleavage measurements

Enzymatic cleavages were carried out with endoproteinase Arg C in 0.12
M NaHCO; - NH,OH, pH 8.5 or 40 mM Tris-40 mM Tricine, pH 8.2 at 37°C. Peptide
bond cleavage rates measured in these two buffers were the same. For HPLC analysis
proteinase action was stopped by addition ot 0.05 volumes of 6 M HCI. Samples were
centrifuged at 14000 g for 5 min and stored at —20°C until the supernatant was
analyzed by C,;3 HPLC. Samples analyzed by CE were injected dlrectly into the
capillary without a quench step.

The identity of reaction products was established by amino acid analysis of
fractions collected from HPLC separations. Peptides were hydrolyzed in 6 M HCI,
converted to their phenylthiocarbamyl forms, and resolved by C,s HPLC [13].
High-performance liquid chromatography

Products from proteolytic cleavage reactions were resolved by C;3 HPLC using
a BakerBond wide pore (J. T. Baker) 5 um, 250 x 4.6 mm L.D. column. Separations
were achieved with linear gradients of 0.05% trifluoroacetic acid (TFA) in water
(solvent A) and 0.05% TFA, 50% aq. acetonitrile (solvent B); using 80% solvent A to
30% Solvent A over 25 min (except where noted), followed by a 2-min wash cycle with
100% solvent B, at a flow-rate of 1 ml/min. The absorbance of the eluate was
monitored at 210 nm. Peak areas were calculated using a Waters Maxima 820 data
analysis system.
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Capillary electrophoresis

An Isco (Lincoln, NE, U.S.A.) prototype electrophoresis system was used for
these studies. The system includes an Isco CV [4] variable-wavelength UV monitor
with cassette-mounted capillary cell, a Spellman Model EPM30PNX1696 + 30 kV
power supply, and a split flow sample injection system [14]. CE separations were
carried out with 50 cm long uncoated capillaries, 50 um I.D. (Polymicron, Phoenix,
AZ, U.S.A.). Temperature was controlled by forced ambient air stabilization of the
capillary compartment. Data were recorded and analyzed with an Isco ChemResearch.
data management system using an IBM PC computer. In addition to the electrolytes
noted in figure legends, a range of electrolytes was used for CE analysis of ACTH
peptides. The systems tested, with ACTH(1-39) theoretical plate values and migration
times, respectively, shown in parentheses were: 40 mM Tris—40 mM Tricine-0.1
M NaCl, pH 8.3 (16050, 9.2 min); 40 mM phosphate-2 M betaine pH 7.5 (44 000, 9.7
min); 40 mM phosphate-0.1 M K,SO,, pH 7.0 (107600, 19.7 min); 40 mM
phosphate-2 M betaine-0.1 M K,SO,, pH 7.6 (201 000, 28.2 min); 0.1 M 2-(N-cyclo-
hexylamino)ethanesulfonic acid (CHES)-0.25 M K,SO,-1 mM EDTA, pH 9.0
(84 500, 49.4 min); 20 mM 3-(cyclohexylamino)-1-propenesulfonic acid (CAPS)-10
mM KCl, pH 10.5 (7100, 4.9 min); 40 mM 2-(N-morpholino)ethanesulfonic acid
(MES)-2 M betaine-40 mM K,SO,, pH 5.5 (221 700, 48.5 min); and 0.1 M sodium
phosphate, pH 2.5 (109 000, 5.9 min).

Analysis of peptide bond cleavage rates

Peptide quantities in cleavage reactions were determined from peak areas, which
were converted to molar quantities by reference to peak areas obtained from injections
of standard peptide solutions. The peptide concentration of standard solutions was
determined by ultraviolet absorbance measurements [15]. Rates of peptide cleavage
were determined from plots of peptide concentration vs. reaction time. The slopes of
linear portions of these plots gave the rate of peptide bond cleavage. Rates were usually
determined with reactions that had gone to less than 10% of completion. However, no
product inhibition was observed even in reactions carried to 50% of completion. For
determination of Ky values, the rate of peptide bond cleavage was measured as
a function of substrate concentration. Ky values were then obtained from plots of 1/V
vs. 1/[s].

RESULTS

Identification of cleavage products resolved by Cys HPLC

The peptides derived from endoproteinase Arg C hydrolysis of porcine
ACTH(1-39) were initially examined by monitoring the reaction products as
a function of time using C;5 HPLC (Fig. 2). Incubation for 0.5 h (upper trace, Fig. 2)
resulted in two peptide products. Peaks 4 (retention time, g = 12.8 min) and 5 (#x
= 26.5 min) were identified as ACTH(1-8) and ACTH(9-39), respectively, by amino
acid analysis, which indicated that the Arg®~Trp® bond was the most rapidly cleaved
by endoproteinase Arg C action. After a 3-h incubation, ACTH(9-39) was largely
cleaved to other products (Fig. 2, lower trace). The peaks were identified as: peak 1,
ACTH(9-16) (tx = 5.6 min); peak 3, ACTH(9-15) (x = 7.4 min); peak 7,
ACTH(17-39) (tx = 27.4 min); and peak 8, ACTH(18-39) (tx = 28.1 min). Peaks
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Fig. 2. Resolution of ACTH(1-39) cleavage products by C,3 HPLC. ACTH(1-39) (80 uM) and
endoproteinase Arg C (14 ug/ml) were incubated in a volume of 33 ul at 37°C as described under
Experimental. The reactions were quenched after 0.5 (upper) and 3.0 h (lower), and the products resolved by
C,3 HPLC. The elution time of the substrate, ACTH(1-39), is indicated by the arrow (¢ = 26.0 min). The
vertical bar at time £= 0 represents 0.05 absorbance units. Peaks were identified as ACTH peptides: | =9-16;
3=9-15; 4=1-8; 5=9-39; 7=17-39; and 8=18-39. Peaks 2 and 6 appeared transiently and were not
obtained in sufficient quantity to permit identification.

2 and 6 appeared transiently, and were not obtained in sufficient quantity to permit
identification. These results indicated that cleavage occurred at Lys'® and Lys*®, in
addition to the expected cleavage at Arg!”. ACTH péptides (1-8), (9-15), (17-39), and
(18-39) were resistant to further cleavage when incubated with endoproteinase Arg
C for up to 24 h.

CE separation of peptides

CE separations of endoproteinase Arg C treated ACTH were initially performed
in 80 mM Tris, 80 mM Tricine, pH 8.2, and a typical electropherogram is shown in Fig.
3. The electrolyte employed for this separation was similar in pH and ionic strength to
that previously reported for analysis of tryptic digests of proteins [16]. Under these
conditions, neither the starting material, ACTH(1-39), nor the cleavage products
(9-39) and (9-16) were observed in the electropherogram. Injection of standard
solutions of these three peptides, as well as ACTH(1-16), confirmed that these peptides
did not elute from the capillary. However, ACTH fragments (9-15), (1--8), (17-39),
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Fig. 3. Analysis of ACTH(1-39) cleavage products in low ionic strength electrolyte. ACTH(1-39) (6 nmol,
27.4 ug) was incubated with endoproteinase Arg C (I pg) as indicated in the Experimental section. The
reaction products were then subjected to CE, which was carried out at 25kV, 12 pA in 80 mM Tris-80 mA/
Tricine, pH 8.2. The elution profile was monitored at 200 nm (0.10 AUFS). Peaks were identified as:
3=9-15; 4=1-8; 7=17-39; 8=18-39; H = histidine standard.

and (18-39) did elute and were well resolved in a relatively short analysis time under
these conditions.

Effect of pH and ionic strength on CE separation of ACTH peptides

The peptides that did not elute from the capillary were those predicted to have
a higher number of positively charged groups, and/or net charge (Table I). It seemed
likely that interactions between these positively charged groups of the peptide and

TABLE 1
PREDICTED CHARGE PROPERTIES FOR ACTH DERIVED PEPTIDES AT pH 8.0

Predicted charges present at pH 8.0 on the residue side chains and o-amino and a-carboxyl groups were
calculated using the microconstants determined by Noszal and Osztas [18].

Peptide  Positive Negative  Net

(1-39) 7.1 7 +0.1
(1-8) 1.1 2 ~0.9
(1-16) 4.1 2 +2.1
(9-16) 3.1 1 +21
(o-15) 2.1 1 +1.1
(17-39) 3.1 6 -29
(18-39) 2.1 6 -39
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silanol groups of the capillary were responsible for adsorption of peptides to the
capillary. Therefore the influence of ionic strength on CE separation was examined for
two of the peptides that were predicted to have a large number of positively charged
groups, ie., ACTH(1-39) and (1-16).

Addition of NaCl to the electrolyte (80 mM Tris-80 mM Tricine, pH 8.2)
decreased adsorption and increased the separation efficiency for both ACTH(1-16)
and (1-39) (Fig. 4). The theoretical plate values observed for ACTH(1-16) at 20, 40,
and 60 mM NaCl were 570, 6160, and 9190, respectively. ACTH(1-39) appeared to
interact most strongly with the capillary and was not observed until the NaCl
concentration in the electrolyte was raised to 60 mM. Increasing the NaCl concen-
tration to 90 mM improved theoretical plate values from 5060 (60 mM) to 17020.
These results strongly suggest that the cause of low efficiency in these separations was
electrostatic in nature.

The efficiency of ACTH(1-39) separation was examined in a number of
electrolyte systems (see Methods). In general, increased electrolyte ionic strength or
relatively acidic conditions resulted in higher theoretical plate values. The combined
phosphate-betaine-K,S80,4, pH 7.6 electrolyte was among the most efficient, yielding
201 000 theoretical plates. Electrophoresis conducted at pH 10.5 resulted in relatively

F—

20 mM NaCl

40 mM NaCl

Absorbance

60 mM NaCl

— FJL

30 mM NaCl
b . l

0 5 10
Time (min)

Fig. 4. Effect of NaCl concentration on CE mobility of ACTH(1-39) and (1-16). ACTH(I-39) or
ACTH(1-16) was introduced into the capillary, and peptides were analyzed using 80 mM Tris—80 mM
Tricine, pH 8.2 as the electrolyte, to which NaCl was added: 20 mM, (1-16) only; 40 mM, (1-16) only; 60
mM ((-16) and (1-39); 90 mAf (1-39) only. The separation was carried out at 25 kV, and the elution profile
was monitored at 200 nm. The negative pen deflection corresponds to the migration of the neutral zone.
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low separation efficiencies. However, migration times were extremely short, and this
can be advantageous for kinetic measurements (see Discussion). Conversely, the highest
separation efficiency was obtained at pH 5.5 in the presence of betaine and K,S0,.

Comparison of CE and Cyg HPLC separation of peptides derived from endoproteinase
Arg C cleavage of ACTH(1-39)

Comparison of CE and C,g3 HPLC separation of ACTH(1-39) cleavage
products resulting from endoproteinase Arg C action is shown in Fig. 5. CE separation
was performed using a Tris-Tricine electrolyte system that provided moderate
resolution and relatively short analysis times. Under these conditions, CE generally
provided better separation of peptide pairs [except ACTH(1-39) and (9-39)]. The total
time required for analysis is substantially less with CE, particularly as a wash cycle and
column re-equilibration time were not required, as they were for the C, 5 separation.

Kinetic analysis of endoproteinase Arg C hydrolysis of ACTH peptide bonds

Kinetic measurements of peptide bond hydrolysis can be performed if either
product can be resolved from the substrate peptide. We therefore used CE separations
for rate measurements that provided moderate separation efficiency and relatively
short migration times.

ACTH(1-39) was incubated with endoproteinase Arg C and samples analyzed at
various times to determine the rates of hydrolysis of the Arg®-Trp®, Lys'®~Arg!’, and
Arg'’-Arg'® bonds. These values determined by C;3 HPLC separations were 1.46,
0.029. and 0.096 umol min~* mg~'. The hydrolysis rate of the Lys'*~Lys'® bond of

Time (min)
0 5 10 15 20 25 30

. : .

Absorbance

¢ . L 1 '

0 3 10 13 20 25

Time (min)

Fig. 5. Separation of cleavage products derived from endoproteinase Arg C treatment of ACTH(1-39).
ACTH(1-39) was subjected to proteolytic cleavage as described in the Experimental section. The
components of the reaction mixture were then analyzed by C;5 HPLC (upper panel) using a linear gradient
from 10 to 80% solvent B over 28 min or CE (lower panel) using 200 mM Tris—200 mM Tricine, pH 8.2 as the
electrolyte at 25 kV. Peak identities are as noted in Fig. 2.
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TABLE II
RATES OF Arg-Trp BOND CLEAVAGE OF ACTH PEPTIDES BY ENDOPROTEINASE Arg C

Substrate Separation method®

C;s HPLC CE

ACTH(1-39) 1.46° 1.49
ACTH(I-16) 1.28 1.25
ACTH(1-10) 0.095 0.136
Tyr’ACTH(3-9)  0.007° N.D:¢
ACTH(7-24) 0.55 N.D.

¢ Units are umol min~' mg~! endoproteinase Arg C.

b V... determined from plot of 1/ ¥ vs. 1/[s}. All other values were initial rates determined at 100 uM peptide
substrate.

¢ N.D. = Not determined.

ACTH(11-16), measured by C,s HPLC analysis of an ACTH(1-16) cleavage reaction,
was 0.057 pmol min~! mg*.

The hydrolysis observed at the Lys'*-Lys!® and Lys'®-Arg!” bonds was
unexpected both because of the known specificity of endoproteinase Arg C action on
the carboxyl side of arginine residues and for the Lys!'*~Lys® bond because of the
exoproteolytic nature of the cleavage. The rate of Arg®-Trp® bond cleavage was
therefore examined in a number of truncated ACTH peptides to determine -the
influence of the proximity of the amino and carboxyl termini on peptide bond
hydrolysis rate. The results in Table II show that relatively rapid cleavage rates are
maintained when the Arg®-Trp® bond is only one residue away from the amino
terminus, 0.55 pmol min™ mg™' in ACTH(7-24) vs. 1.46 pymol min~! mg~! in
ACTH(1-39), a factor of 2.7 difference. Close proximity to the carboxyl terminus has
a larger effect, as the cleavage rate decreased by a factor of 15 [1.46 umol min~! mg~*
vs. 0.095 umol min~! mg~* for ACTH(1-10)] when Trp was one residue removed from
the carboxyl terminus. The hydrolytic rate was decreased by a factor of 200 when Trp
was the C terminal residueé [0.007 umol min~' mg ! for Tyr> ACTH(3-9)]. These effects
are due to alterations in k., not Ky, because the K, values for cleavage of the
Arg®-Trp® bond are quite similar for ACTH(1-39) (6.9 uM), ACTH(1-16) (6.2 uM),
and Tyr*ACTH(3-9) (6.1 uM). Peptide bond cleavage rates measured by CE analysis
were quite similar to those measured by C,s HPLC. K, values could not be determined
by CE analysis however, because of detector sensitivity limitations.

DISCUSSION

Kinetic analysis of ACTH cleavage by endoproteinase Arg C was conducted
using CE and C; 5 HPLC to resolve peptide products. Resolution and measurement of
the more basic ACTH peptides by CE required the presence of moderate levels of ionic
or zwitterionic components in the electrolyte. Commercially obtained preparations of
endoproteinase Arg C were found to cleave ACTH at some Arg-X bonds, as expected,
and also at Lys-Lys an'd Lys—Arg bonds, but not at Arg-Pro, Lys-Pro, or Lys—Val.
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The resistance of the Arg—Pro bond to cleavage is consistent with the observation that
a mammalian endopeptidase activity that cleaves X-Pro bonds has not been observed
to date [17].

Our initial attempts to resolve peptides from proteolytic reaction mixtures using
CE showed that some ACTH peptides were adsorbed to the capillary. ACTH(1-39),
(1-16), and (9-16) were not eluted from the capillary in CE separations carried out
with low ionic strength electrolytes (Fig. 3). Similar low ionic strength CE electrolytes
(pH 8) provided excellent separation of peptides derived from complete tryptic digests
[19]. However, these systems are not useful for analysis of peptides containing a higher
content of basic residues. Using similar electrolytes, we observed substantial
adsorption of peptides containing as few as three basic residues. Higher concentrations
of NaCl were required to achieve efficient elution for ACTH(1-39) than for
ACTH(1-16) (Fig. 4), and this suggests that the number of positively charged groups
may be as important as net charge in determining the strength of peptide—capillary
interactions. Note that ACTH(1-16) is predicted to have a more positive net charge
than ACTH(1-39) at pH 7-9. Net charge also appears to be a factor however, as
ACTH(17-39) and ACTH(9-16) are predicted to have the same number of positively
charged groups, yet ACTH(17-39), which has a negative net charge, showed no
indication of adsorption, even at low ionic strength, whereas ACTH(9-16) did. These
results are in agreement with previous studies of basic proteins that also demonstrated
low.separation efficiencies caused by adsorption to the capillary wall, which can be
overcome by addition of salt or zwitterions to the electrolyte [3,10]. Our examination
of the electrophoretic properties of ACTH(1-39) using the electrolyte systems
developed by Bushey and Jorgenson [3] showed that the behavior of this peptide was
generally similar to that of lysozyme and «-chymotrypsinogen with respect to
theoretical plate values obtained in these systems. Their high efficiency phosphate—
betaine—K ;SO system also gave high (200000) theoretical plate values with ACTH-
(1-39).

CE resolved ACTH cleavage products with different net charge efficiently, and
generally in shorter analysis times than C;3 HPLC. CE separations also have the
distinct advantage with respect to kinetic measurements of proteolytic enzyme action
that analyses can be made in relatively short times. With some electrolytes these times
may be 5 min or less in some analyte combinations (see Methods), which is less than the
time required to wash the HPLC column with 100% solvent B and re-establish starting
solvent conditions in our C;g analyses. Separations by C;3 HPLC, however, are
capable of analyzing much larger sample volumes. This is particularly useful for
analysis of low concentrations of peptides, which is often required when making Ky
measurements.

Endoproteinase Arg C preparations obtained from two commercial sources
gave essentially identical ACTH cleavage patterns. The relative bond cleavage rates
were Argd-Trp®, 50; Arg!’-Arg'8, 3.3; Lys'>-Lys'® [measured in hydrolysis of
ACTH(1-16)], 2.0; and Lys'5-Arg'7, 1.0. Cleavage at Arg®~Trp® and Arg!7-Arg'®
was expected from previous work of Schenkein et al. [11]. It is likely that the
unexpected hydrolyses occurring at Lys'*-Lys'® and Lys'®-Arg'” were catalyzed by
another proteolytic enzyme present in the endoproteinase Arg C preparations. This
putative non-endoproteinase Arg C activity appears to display significant cleavage
specificity, as the Lys2!~Val?? bond was not hydrolyzed at a measurable rate.
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As anticipated from the studies of Schenkein et al. [11], proximity of the cleavage
site to the peptide termini influenced the rate of bond cleavage. Kinetic analyses
indicated that this was a result of lower k., values, and not due to changes in Ky.
Cleavage of the Arg®—Trp® bond was much more rapid when Trp® was more than two
residues removed from the C terminal, but still occurred at measurable rates even when
Trp was the C terminal residue. Close proximity of Arg® to the N terminal had
a smaller effect on the rate of bond hydrolysis. The rate of Arg*’~Arg!® bond cleavage
was also influenced by the position of the bond relative to the N terminal. This bond
was hydrolysed fairly rapidly when ACTH(1-39) was the substrate. The same bond
appeared to be completely resistant to hydrolysis in ACTH(17-39).

Our results demonstrate that CE separations employing low ionic strength
electrolytes that provide excellent separation of peptides derived from tryptic digests
can result in significant adsorption of peptides by the capillary for molecules
containing as few as three positively charged groups. However, extremely high
efficiency separations can be achieved using high ionic strength electrolytes such as
those developed by Jorgenson and co-workers or relatively acidic low ionic strength
electrolytes. In addition, very short analysis times of peptide mixtures make CE
a particularly attractive method for kinetic analysis of proteinase action on peptide
substrates.
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ABSTRACT

A simple, micro-scale method was established for the characterization of growth factors at picogram
levels using Phast system gel electrophoresis followed by monitoring the mitogenic activity by DNA
synthesis in cell culture instead of staining methods. The separations and bioassays were carried out with a
procedure involving Phast polyacrylamide gel electrophoresis or isoelectric focusing, gel slicing along the
template, elution of growth factors through Transwell membranes and measurement of [*H]thymidine
incorporation into DNA of normal rat kidney (NRK) fibroblasts. Transwell cell culture chamber inserts
separated sliced gel pieces from culture cells and also permitted the direct elution of growth factors into the
culture medium. The lower limit of sensitivity for human epidermal growth factor (hEGF) and trans-
forming growth factor type alpha (TGF-a) were about 50 and 200 pg, respectively. At these concentrations,
they were not detectable by the current most sensitive silver staining technique. Iodinated hEGF and
TGF-o were also used to demonstrate the feasibility of determining the isoelectric point and molecular
weight of peptides at picogram levels. This method is reliable, reproducible and can improve current
methods for the characterization of growth factors.

INTRODUCTION

Polypeptide growth factors and growth inhibitors are regulatory agents that act
to control cell proliferation and differentiation in vitro and in vivo [1-5]. The isolation
of growth factors in homogeneous form, such as epidermal growth factor (EGF), |
transforming growth factor type alpha (TGF-2). fibroblast growth factor (FGF) and

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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platelet-derived growth factor (PDGF), made structural and functional character-
ization possible and allowed studies of the molecular mechanisms of their actions and
genetic analysis [6-12]. However, many biologically important polypeptide growth
factors or inhibitors remain to be isolated and characterized.

During the isolation process for peptide growth regulators, the identification of
any specific factor in a complex mixture of growth factors is difficult. Moreover, only
a small amount of the purified peptide factors will be available at the final stage of
purification for identification and characterization. In addition, other complicated
problems are that at very low concentrations, in the nanogram range, peptide factors
are easily washed away from the gel matrix by the standard staining procedure after
polyacrylamide gel electrophoresis (PAGE), and some growth regulators cannot be
detected with Coomassie blue or silver nitrate, even if retained in the gel matrix in
sufficient amounts. ,

‘ To circumvent these problems, a simple microanalytical method is desirable. In
this paper, we describe an effective method combining Phast gel electrophoresis and
the Transwell cell culture system to measure growth factor mitogenic activity. This
technique does not require staining procedures and provides a significant improve-
ment over current identification methods.

EXPERIMENTAL

Materials

Phast gel, silver staining kit and standard proteins for measuring p/ and molec-
ular weight were purchased from Pharmacia (Piscataway, NJ, U.S.A)). Transwell cell
culture chamber inserts were obtained from Costar (Cambridge, MA, U.S.A.) and
recombinant human EGF (hEGF) was purchased from Amgen Biologicals (Thou-
sand Oaks, CA, U.S.A.). Recombinant human TGF-o was obtained from Triton
Biosciences (Alameda, CA, U.S.A.). Carrier-frec *2°I and [*H]thymidine were pur-
chased from ICN Biomedicals (Irvine, CA, U.S.A.). Other chemicals were of analyt-
ical reagent grade.

Cell line and cell culture

Normal rat kidney (NRK) fibroblast cells, clone 49F, were purchased from
American Type Culture Collection (Rockville, MD, U.S.A.). The cells were cultured
at 37°C in a humidified atmosphere of carbon dioxide-air (5:95). The culture medium
consisted of Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO, Grand Island,
NY, U.S.A.) supplemented with 10% (v/v) newborn calf serum (Hazelton Product,
Denver, PA, U.S.A.), 50 ug/ml gentamicin and 30 mM tricine. The cells (1 X 10*
cells/ml) were seeded in each 1-ml well of 24-well multi-dishes with DMEM-10% calf
serum for 24 h and then the medium was replaced with DMEM-0.1% calf serum for
at least 24 h prior to use.

Iodination of hEGF and TGF-o

Growth factors were labeled with carrier-free *2°1 according to the chloramine
method using published procedures [13,14]. Carrier-free ' >°I (0.2 mCi) was added to 1
ug of growth factor in 12.5 ul of 1 M phosphate buffer (pH 7.4). Iodination was
initiated by the addition of 2.5 pl of chloramine-T (2 mg/ml in 0.05 M phosphate
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buffer, pH 7.4). The reaction was carried out for 1 min at room temperature with
gentle shaking, then 10 ul of sodium metabisulfite (5 mg/ml) and 30 ul of sodium
iodide (10 mg/ml) were added to stop the reaction. Bovine serum albumin (30 ul, 5%)
was added and the labeled growth factor was separated from unreacted iodine by
passage through a Sephadex G-25 column (20 cm x 0.5 cm 1.D.). The labeled growth
factors were stored at —20°C.

Bioanalysis of growth factors

Phast system PAGE. Samples were separated on Phast gel media (50 x 43 x
0.45 mm) or Phast gel isoelectric focusing (IEF) media (50 x 43 x 0.35 mm) with a
Phast system gel electrophoresis apparatus (Pharmacia, Uppsala, Sweden). For sodi-
um dodecyl sulfate (SDS) PAGE, the growth factors were dissolved in 10 mM Tris—
HCI buffer (pH 6.8) containing 2.5% (v/v) of SDS and heated at 100°C for 5 min. It
was carried out for 20-50 min depending on the kind of electrophoresis.

Elution of growth factors. After completion of electrophoresis, the slab gel was
sliced along the template (Fig. 1A) with a razor blade into equal pieces of 4 x 3 mm,
scraped and each piece transferred into an indivual Transwell (Fig. 1B), that had been
prewashed with sterilized water and phosphate-buffered saline solution. The wells
were then placed in a 24-well plate containing quiescent NRK cells and incubated for
18 h at 37°C. The gels in the Transwells were rinsed with the original medium in the
wells and then the gels and the Transwells were removed before adding [*H]thymidine
to measure the rate of DNA synthesis.

DNA synthesis. A 20-ul volume of [*H]thymidine (0.5 uCi) was added to each
well and incubated at 37°C for 4 h. The incorporation was terminated by diluting with
1 ml of cold thymidine (100 ug/ml). DNA was precipitated with cold 10% trichloroa-
cetic acid (TCA) and washed once with 5% TCA, then 95% ethanol. [P H]DNA was
dissolved in 0.5 ml of 0.2 M sodium hydroxide solution and transferred to vials
containing 2.5 ml of Ecolume scintillation fluid (ICN Biomedicals). [P HIDNA was
measured using a Beckman Model LS 6800 scintillation counter.

2 5 6

Fig. 1. lllustration of microanalysis of growth factors. After electrophoresis, the gel was sliced along the
designed template (A) and transferred into a Transwell (B). The measurement of [*H]thymidine incorpora-
tion is described under Experimental. 1| = Cathode; 2 = anode; 3 = 24-well cell culture plate; 4 =
Transwell; 5 = culture medium; 6 = monolayer of cell; 7 = porous membrane.
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RESULTS

Determination of biological activity of growth factor by direct elution from gels through
Transwell membranes

We have successfully determined the biological activity of hEGF at the pi-
cogram level by eluting the growth factor from small, ultra-thin pieces of acrylamide
gels (4 x 3 x 0.45 mm). After placing the gels on Transwell membranes and inserting
the Transwell chamber into the cell culture medium, we were able to eliminate inhib-
ition to the cells caused by direct contact of the gels. To determined the sensitivity,
hEGF and TGF-« in amounts ranging from 2 to 400 pg were separated by 20% Phast
gel native PAGE. The sliced gels were then transferred into the Transwells and the
mitogenic activities were measured (Fig. 2). The sensitivity for hEGF and TGF-«
were 50 and 200 pg, respectively.

Recovery of growth factors from acrylamide gels through Transwell membranes.

The kinetics of the elution profile of a growth factor after PAGE was examined.
A 1-ng amount of hEGF was separated by 20% Phast gel native PAGE and then
transferred into Transwells. The gel pieces were removed from the culture medium at
different time intervals between 15 min and 20 h. Mitogenic activity was tested by
[*H]thymidine incorporation. As shown in Fig. 3, more than 95% of hEGF was
eluted into the medium within 1 h of incubation. There was no need for shaking or a
special extraction procedure for eluting the growth factor from gel slices under these
conditions.

(3H) Tdr Incorporation, cpm(x10-3)

0.2 0.6 1.0 1.4 1.8 2,2 26
Log. Pose (pg)

Fig. 2. Concentrations of hREGF and TGF-« that affect DNA synthesis of NRK celis. Different concentra-
tions of (@) hEGF and (O) TGF-u, as indicated, were separated by 20% Phast gel native PAGE. [*H]Thy-
midine incorporation into DNA was determined after incubation of the sliced gels for 18 h. Data points
represent means * standard errors of the difference between the presence and absence of the growth
factors from triplicate experiments.
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Fig. 3. Recovery of hEGF activities from Phast polyacrylamide gels. An equal concentration of hEGF (1
ng) was separated by 20% Phast gel native PAGE. At various time intervals, the gels were removed from
the Transwells. [*H]Thymidine incorporation was initiated after 20 h. The percentage recoveries were
calculated based on the maximum activity of hREGF eluted from the gels. The efficiency was more than 75%
of that obtained from hEGF (I ng) added directly to culture medium for 20 h under the same conditions.

Determination of isoelectric points by monitoring mitogenic activity after isoelectric
Sfocusing

A 2-ng amount of hEGF or TGF-« was used to determine its isoelectric point.
Neither hEGF nor TGF-o could be detected by silver staining at this low concentra-
tion. A 1-ul volume of the samples (2 ng/ul) was separated on Phast gel IEF 3-9 by
IEF, followed by slicing of the gel into 4 x 3 mm pieces. The sliced gels were added to
Transwell without washing. As shown in Fig. 4, the profiles of mitogenic activity after
isoelectric focusing revealed that hEGF and TGF-« were well separated and their p/
values were calculated to be 4.4 and 6.8, which were consistent with published data
[15,16]. The above results illustrate that one can determine isoelectric points of mito-
gens at nanogram levels or less by IEF. This is much lower than the range detectable
by the most sensitive silver staining technique [17].

Determination of isoelectric points, molecular weight and purity of iodinated growth
factors.

[***TIhEGF and [*2°T]TGF-« were used to determine isoelectric points and mo-
lecular weights by the proposed microanalytical methods. As shown in Fig. S,
['**IIhEGF and ['**I]TGF-« were separated with isoelectric points of 4.4 and 6.8.
respectively, confirming the observation in Fig. 4 using mitogenic activity as a mark-
er. The iodinated growth factors were also used as examples to determine molecular
weights by SDS-PAGE. ['**ThEGF and ['?*T]TGF-« were separated and their mo-
lecular weights were calculated to be 6000 and 5000 dalton, respectively (Fig. 6),
compared with standard molecular weight markers. These results demonstrate that
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Fig. 4. Microanalysis of hEGF and TGF-o by isoelectric focusing. (B) hEGF (2 ng) and (LJ) TGF-u (2 ng)
were separated on Phast gel IEF 3-9 by IEF and determined by monitoring DNA synthesis, as described
under Experimental. Standard proteins stained by silver staining were used as markers. B = background;
Nos. 1-11 = gel section numbers from cathode to anode.
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Fig. 5. Separation of ['25IJhEGF and ['>*I]TGF-« by isoelectric focusing. A 1-ul volume (M) ['>*TJhEGF
(1.4 - 10* cpm/ul) and (L) [*2°T] TGF-a (1.7 - 10* cpm/ul) were used for separation on Phast gel IEF 3-9 by
IEF and determined by measuring radioactivity in a y counter. Standard proteins stained by silver staining
were used as markers. B = background; Nos. 1-22 = gel section numbers from cathode to anode.
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Fig. 6. Determination of molecular weight of ['**IhEGF and ['>*I]TGF-u by 20% Phast gel SDS-PAGE.
(M) ['**IIhEGF (1.8 - 10* cpm/ul) and (C1) ['2*1]TGF-% (2.0 - 10* cpm/pl) were used for separation by
Phast gel SDS-PAGE (20% polyacrylamide gel) and determined by measuring radioactivity in a y counter.
Other details as in Fig. 5.

isoelectric points and molecular weights of growth factors and purity of preparation
can be determined by this technique with much higher sensitivity than using standard
staining procedures.

DISCUSSION

Electrophoresis is widely employed for determining the properties of purified
proteins. In general, the sensitivity of protein detection in the gel has been improved
significantly by utilizing the silver staining method [17]. However, some proteins do
not stain well with silver nitrate. Low concentrations of growth factors, e.g., IGF-1
(50 ng), hEGF (30 ng) and TGF-u« (100 ng), cannot be detected in gels by existing
staining methods. In this paper, we have shown that as little as 50 pg of hEGF can be
separated by electrophoresis and shown an increase in DNA synthesis in NRK cells.
Hence picogram amounts of growth factors, which cannot be detected by convention-
al staining techniques, can now be detected and characterized. We have also shown
that the isoclectric point of growth factors can be determined by their biological
activity with better sensitivity than using the silver nitrate staining method.

Picogram amounts of growth factors were successfully transferred into a cell
culture system by cutting ultra-thin layer of gel into slices (4 x 3 x 0.45 mm) and
placing them in Transwells. It was shown that 95% of the growth factor was eluted
within 1 h by examining mitogenic activity for NRK cells. Further. the content of
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ampholytes and free acrylamide, in a total volume of only 5.4 mm? of the gel slice,
was also low, which minimized the possible toxicity to the cells. Therefore, we were
able to determine the biological activity of growth factors at extremely low concentra-
tions.

The effective performance of this method was due to the fact that Phast gel was
fixed on a hard film with a uniform size. During electrophoresis, the separations were
controlled by the apparatus under the same conditions. In addition, Transwell cham-
ber inserts, originally desgined for cell culture, were used to support sliced gels to
prevent any physical interference with the cells. After electrophoresis, the sliced gels
were directly transferred into the Transwells to minimize the loss of growth factors.
The Transwells are durable and can be used repeatedly. The sensitivity of this analysis
can be increased by iodinating the samples, followed by SDS-PAGE, native PAGE
and IEF to estimate molecular weight, p/, electrical properties and purity (Figs. 5 and
6). The highly improved detection and identification technique described here should
have wide applications and be useful for the isolation and characterization of many
peptide growth regulators, mitogens or inhibitors.
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ABSTRACT

Retention times of 66 gibberellins (GAs) in gradient C,, high-performance liquid chromatography
(HPLC) are reported. These include the retention times of 21 new GAs added to our previously reported 24
GAs. Retention times of the other 21 GAs are the ranges estimated from previously reported C,s HPLC.
The polarity order (elution order) of GAs with hydroxyl groups at different locations and orientations is
120 > 13> 11> 160 > la > 2a > 158 > 1 > 28 > 3a > 3f.

INTRODUCTION

High-performance liquid chromatography (HPLC) is now a routine procedure
for the purification and separation of gibberellins (GAs), a group of plant hormones.
We have previously reported both the reversed-phase C;3 HPLC and the normal-
phase silica HPLC of GAs and their methyl esters [1]. These four HPLC systems can be
sequentially used for purification and identification of radioactive GAs in metabolism
studies using a radioactive flow detector. Reversed-phase C,5 HPLC of free GAs has
been the most frequently used and reported HPLC system [1-6]. For the positive
identification of endogenous GAs in plants, gradient C,g HPLC of free GAs is usually
used before bioassay and gas chromatography (GC)-mass spectrometry (MS) or
GC-selected ion monitoring (SIM). We reported previously the retention times of 24
GAsina gradient C; 3 HPLC system. Jensen et al. [2] reported the retention times of 42
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GAsinisocratic C,g HPLC systems. Since gradient C,s HPLC can separate all the free
GAs in one HPLC run, and isocratic C;s HPLC cannot, gradient C;5 HPLC is the
method of choice for the analysis of endogenous GAs in plants. We report here the
retention times of additional GAs in our gradient C;g HPLC system, and incorporate
some data of Jensen et al. [2] and Koshioka et al. [3] into this HPLC system to assist the
analysis of GAs of plant origin.

EXPERIMENTAL

A Waters Assoc. liquid chromatograph was used which consisted of two pumps
(M510), a multiwavelength detector (M490) and a data and chromatography control
station (M840). The injector was a Rheodyne Model 7125. The column was
a reversed-phase C;s column (25 cm x 4.6 mm LD., 5 um, Ultrasphere ODS;
Beckman, San Ramon, CA, U.S.A.). The GA standards (about 1-5 ug each) dissolved
in less than 25 ul of methanol were chromatographed on the column. Eluent, linear
gradient from 35% methano! in water (containing 0.05% acetic acid) to 100%
methano!l (containing 0.05% acetic acid) in 40 min; flow-rate, 1 ml/min; initial
pressure, 120 bar; final pressure, 55 bar. ent-Kaurenoic acid and ent-kaurene
(dissolved in ethanol) were eluted by the gradient followed by 100% methanol
(containing 0.05% acetic acid) isocratically.

RESULTS AND DISCUSSION

Retention times of GAs in the gradient C;g HPLC are given in Table I in the
order of elution. We have previously reported the retention times of 24 GAs in this
gradient C,;5 HPLC system [1]. Since that report we can add to this list the retention
times of 16 GA standard and 5 endogenous GAs from immature apple seeds [7] which
were identified by GC-SIM in HPLC fractions. The retention times of 21 other GAs in
Table I were estimated as ranges based on previous publications by Jensen et al. [2] and
Koshioka et al. [3]. The HPLC columns and eluents used by Jensen et al. [2] and
Koshioka et al. [3] were different from those of this work. However, the orders of
elutions of GAs shown were the same in general. When listing the retention ranges
estimated in Table I we assumed that the elution orders of GAs including the GAs not
available to us were the same. There are in total 66 GAs listed in Table I. Some GAs
such as GAus, GAss, GAge and GA4; not listed in Table I have been purified
previously by gradient C;3 HPLC [8.9], however, several HPLC fractions were
combined for the identification by GC-MS and the ranges of the estimated retention
times are too large to be listed here.

Retention times [2,4] and HPLC fractions [3,5] of GAs in isocratic [2,4,6] and
gradient [3,5,6] C;s HPLC have been reported. The GAs for which new retention data
were measured in this work are as follows with references of previous works: GAg
[2,3,5], GAss [2,5], GAso [2], GA33 [2], gibberellenic acid [3], GAso [2], GA2s [2,5],
GA,s [2], GAss [2], GA4y [2], GAzs [2], GA; [2-6], 3-epi-GA4 [3], GA; [2-6], GA2o
catabolite [3], 4'"*YGA , counterpart [3], GAg [2], GA5[2,3,5], GA3s [2], GA | methyl
ester [3], 41@YGA, counterpart methyl half ester [3], GA,; [2], GA3, [2], GA3, [2],
GAus3 3], GAs [2-6], GA 10 [2], GA 6 [2], GA20 [2-6], GA21 [2], GAus [2], GA36 [2,5],
GA ;3 [2-5], GA4o [2], allogibberic acid [3], GA44[2,5], GA15[2,3,5], GA34[2,3], GA14
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TABLE 1
RETENTION TIMES OF GIBBERELLINS IN GRADIENT C,g HPLC

For HPLC conditions, see Experimental.

Gibberellins’ Retention times Gibberellins Retention times
(min) (min)
GAss 5.03 GA,, 19.61
GAg 5.08 GA,; 19.6-20.4°
GA,, 6.0-6.5° GA s 20.44
GAjo 6.0-6.5° GA,; 20.47
is0-GA4 6.36 GAgs 20.5¢
GA;, 6.50 GAyo 20.5-22.0°
GAa, 6.98 Allogibberic acid 20.5-22.5°
Gibberellenic acid . 7.42 GAus 21.4°
GAsp 7.46 GAgs 21.5°
GA,, 7.7-8.2b GAyo 22.41
GA,g 8.0-8.4% GA;, 22.58
GAig 3.2-8.6° GA;, 22.83
GA4y 9.1-9.3% GAg, 23.5°
GA,6 9.1-9.3% GA,, 23.74
GA; 9.38 epi-Allogibberic acid ~ 23.5-24.0°
3-epi-GA, 9.41 GA;; 24.07
GA, 10.51 GAg, 24.5°
GA,, catabolite 10.5-11.0° GAs, 24.5°
AYMOGA | counterpart 11.32 3-epi-GA, 24.42
GAg 11.5-12.3% GA, 24.92
GA,g 12.0-12.5° is0-GA- 25.0-26.0°
GA;; 12.89 GA, 26.07
GA | methyl! ester 13.40 GAs, 27.81
A'OGA, counterpart methyl half ester 13.2-13.6° GA,, 28.17
GA;; 13.61 GA,, 28.86
GA,, 14.25 GAq 29.36
GA, 14.96 GA,5 29.54
GA;, 16.07 GA,; 29.76
GAys 14.5-17.5° GA, methyl ester 29.0-31.0°
GA; 17.86 GA,, 32.0-38.0°
GA,p 17.8-18.4 GA,,-ald 38.0-44.0°
GAss 18.42 ent-Kaurenoic acid 44.82
GA,p 18.97 ent-Kaurene 60.72

“ For structures of GAs, see refs. 3 and 10.

* The ranges of elution times were estimated from the data of Jensen et al. [2] and Koshioka et al. [3]
(fraction/min).

¢ Detected by GC-SIM in HPLC fractions (fraction/min) from immature apple seeds [7]. The ranges are
+0.5 min.

[2,5], epi-allogibberic acid [3], GA37 [2,5], GAs, [2], 3-epi-GA4[3], GA- [2-6], is0-GA,
(3], GA4 [2-6], GAs; [2,3], GA 4 [2-5], GA24 [2], GA, [2-6), GA,5 [3-5], GA45 [2],
GA, methyl ester [3], GA,; [2,3,5], GA;,-ald [2,3], ent-kaurenoic acid [3] and
ent-kaurene [3].

The more polar compounds elute sooner from reversed-phase C,s HPLC. We
have previously given the polarity order (elution order) of GAs with hydroxyl groups
at different locations and orientations as 12a > 166 > 13 > 118 > la > 2a > 18 >
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28 > 3o > 3f. Based on the retention times of additional GAs reported in Table I,
158-hydroxyl GAs can be included in this order and the location of 16a-hydroxyl GAs
in this polarity order is modified. The new polarity orderis 12a > 13 > 11 > 160 >
lo > 20 > 156 > 18 > 28 > 3o > 3f. All of the examples we can find in Table I are
as follows: 120 > 13; GA3; > GA;, GAjp > GA;z. GAs > GAgg. 13 > 116
GA| > GA;s. 118 > 160; GAss > GA,. 160 > la; GA, > GAge. la > 2
GAi¢ > GA4q. 20 > 156; GAy4r > GAgz. 158 > 18; GAgs > GAs4. 15 > 20,
GAss > GAg, GAsy > GA44. 28 > 30, GAyo > 3-epi-GA ;. 3¢ > 3f; 3-epi-GA, >
GA |, 3-epi-GA, > GA,. All of the examples given here are without any exception in
the polarity order, while the examples in the polarity order we gave previously [1] had
one exception. Gibberellins with a double bond are more polar than those without the
double bond in the C,g3 HPLC system and examples are as follows: GA; > GA|,
GA; > GA4, GA;s > GA,g, GAgy > GAgy, GAgs > GAgs.

The approximate retention times of GAs not listed in Table I can be predicted
using the retention times in Table I and the retention properties given here. The HPLC
of GAs) 51.62.63,68 have not been previously reported and the standards are not
presently available to us. We successfully predicted the retention times of these GAs in
immature apple seeds [7] as demonstrated by GC-SIM of the correct HPLC fractions
using the retention times in Table I and retention properties given here. Since 1-min
fractions were collected, the retention times given in Table I are in the range of +0.5
min. The retention time of GAgq is not given in Table I, but it is eluted between GAg
and GA, [11], which agrees with the retention properties presented.
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ABSTRACT

The enantioselectivity of bonded bovine serum albumin (BSA) which has been destroyed by high
temperatures can be restored by exposure to methanol, common water-based mobile phases are ineffica-
cious. The effectiveness of methanol demonstrates that BSA enantioselectivity, though conformationally
dependent, is not conditioned by native conformation of BSA. Therefore, a systematic study is advised of
the influence of denaturing factors on BSA enantioselectivity.

INTRODUCTION

The idea of using bovine serum albumin (BSA) as a chiral selector in liquid
chromatography arose from the fact that albumin is capable of selectively binding
compounds that differ only in their steric structures. Biological functions of albumin
in living organisms are ascribed to, among other factors, the existence of a particular
steric conformation of the albumin molecule, called the native form. In view of the
sensitivity of BSA conformation to medium effects such as pH, ionic strength and
chemical composition [1,2], it is improbable that the conformation of albumin in the
separation system is identical with its conformation in living organisms. This applies
in particular to albumin bonded to a solid matrix. In spite of this, bonded albumin
retains the ability to distinguish steric conformations of solutes [3.4].

® Present address: Department of Chemistry, Technical University, Gorkého 7, 662 38 Brno (Czechoslova-
kia).

0021-9673/91/803.50 © 1991 Elsevier Science Publishers B.V.
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Fig. 1. Separation of b,L-tryptophan on Separon HEMA 1000-BSA sorbent (a) prior to heating, (b) after
heating to 96°C and (c) after heating and washing with methanol. Separation conditions: CGC column (150
x 3.3 mm 1.D.) packed with Separon HEMA 1000-BSA; temperature, ambient; mobile phase, 50 mM
phosphate buffer in water (pH 7.5); flow-rate, 0.5 ml/min; injection, 2 g of 0.46 mM p,L-tryptophan;
detection, UV (254 nm). Quantitative characteristics of separations: (a) k, = 1.42, 0 = 2.21, R_ = 1.60; (b)
k, =087, ¢ = 261, R, = 3.42.

The chromatographic properties of the separation system can be controlled
effectively by temperature. However, heating results in changes in albumin conforma-
tion and leads to its denaturation [1,2].

EXPERIMENTAL AND RESULTS

To test the effect of heating BSA on the enantioselectivity of the separation, we
used BSA chemically bonded to a hydroxyethylmethacrylate matrix (Separon HEMA
1000-BSA sorbent; Tessek, Prague, Czechoslovakia). D,L-Tryptophan, whose L-form
is transported by albumin in living organisms, was selected as a model solute. Fig. 1a
shows the selectivity of the separation of p,L-tryptophan on a column filled with
Separon HEMA 1000-BSA stored for ca. 1 year at 5°C in phosphate buffer (pH 7.5)
containing 0.1% sodium azide. After being equilibrated with 50 mM phosphate buf-
fer (pH 5.93), the column was heated in a stream of this mobile phase in a thermostat
up to 96 £+ 1°C within 40 min and allowed to stand at 96 = 1°C for the following 30
min. The heated column almost lost its ability to separate tryptophan (Fig. 1b).
Conditioning of the heated column with 50 mAf phosphate buffer (pH 7.45)-at ambi-
ent temperature for 40 h did not change the selectivity of the separation and condi-
tioning with 50 mAf buffer (pH 2.53) (at ambient temperature for 24 h) improved it
only negligibly. The enantioselectivity of the separation of D,L-tryptophan was re-
established by washing the column with methanol (Fig. 1¢). The separation selectivity
in Fig. 1c agrees with that on the same sorbent immediately after BSA bonding (k; =
1.80, a = 2.64) [5].
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DISCUSSION

The finding that methanol, which also has a denaturing effect [1,2], re-establish-
ed the enantioselectivity of bonded BSA is remarkable. First it reveals the reversibility
of the loss of BSA enantioselectivity caused by thermal treatment. It confirms that the
ability of BSA to bind solutes enantioselectively is conditioned neither by the native
conformation nor by any other conformation close to it. Chemically bonded albumin,
having been heated and subsequently washed with methanol, could not acquire any
structure analogous to the native one in the mobile phase of pH 7.45. The native form
exists only in aqueous medium in the pH range 4.8-7.0 [6,7]. The results of the
experiment do not cast doubt on the likely link between the selectivity of the sep-
aration of D,L-tryptophan and the steric conformation of bonded BSA. The experi-
ment also shows that neither an identical nor an unambiguously negative effect of
denaturating factors on the enantioselectivity of BSA as a chiral selector can be
expected in advance. The reason can be found in different mechanisms of the actions
of the various denaturating factors.

The possibility of restoring the selectivity of tryptophan separation reduced by
heating by exposure to methanol has immediate practical importance. Provided that
BSA in free solution and BSA bonded to a solid carrier are influenced similarly by the
environment and temperature, speculations leading to important conclusions for
practical applications can be based on the influence of temperature and methanol on
the enantioselectivity of tryptophan separation.

Conformational changes of albumin are caused not only by temperature and
methanol but also by other factors, e.g., the pH of the environment [1,2]. Therefore, it
cannot be discounted that a decrease in the selectivity of tryptophan separation on
Separon HEMA 1000-BSA stored for almost 1 year at pH 7.5 (with respect to the
selectivity on the freshly prepared sorbent) may be connected with changes in albu-
min conformation at pH >7.

Each enantiomer is sorbed at particular points of the BSA chain. Its retention
depends on the accesibility of appropriate sorption centres and, as a consequence,
also on the BSA conformation [6,7]. Therefore, changes in BSA conformation mani-
fested by a decrease in tryptophan retention need not necessarily lead to a decrease in
retention of any enantiomeric solute. If this expectation is proved, the management of
BSA conformation can serve as a new method for the regulation of the enantioselec-
tivity of bonded BSA.

Systematic studies on the enantioselectivity of bonded BSA are a prerequisite
for a decision on the correctness of these two and other possible speculations. The
information that BSA enantioselectivity is conditioned neither by the native form nor
a conformation close to it should be one of principal starting points.
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performance thin-layer chromatographic densitometry

G. VAMPA* and S. BENVENUTI

Dipartimento di Scienze Farmaceutiche, Universita degli Studi di Modena, Via Campi 183, 41100 Modena
(Italy)
(First received October 3rd, 1990; revised manuscript received December 20th, 1990)

ABSTRACT

A high-performance thin-layer chromatographic method with scanning densitometry was developed
for the simultaneous separation and determination of 18«- and 188-glycyrrhetinic acid.

INTRODUCTION

Glycyrrhetinic acid (GA), the aglycone of glycyrrhizin (GL), the main compo-
nent of the root of Glycyrrhiza glabra L., has anti-inflammatory [1-3], antiulcerous
[4], antihepatotoxic [5-7], antiallergic [8], anticarcinogenic [9] and hypertensive activ-
ity [7].

Glycyrrhetinic acid exists as two stereoisomers, 18a-GA (trans) and 18-GA
(cis) (Fig.1). Their specific activities have not yet been ascertained: the anti-inflamma-

OH

__0
O

1 2
Fig. 1. Structures of (1) 18x-GA and (2) 184-GA.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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tory action, one of the most important properties of glycyrrhetinic acid, has been
attributed, for example, either to the 188-form {2] or to the 18«-form, or to a combi-
nation of the two [10].

Qualitative and quantitative analyses of 188-GA have been conducted by
means of various chromatographic techniques, such as high-performance liquid chro-
matography (HPLC) [11-15] and, as the silyl ether [16] or methyl derivative [17], by
gas chromatography (GC). Only Amagaya et al. [18] have determined both isomers
simultaneously by GC, after derivatization with diazomethane.

As the two stereoisomers seem to have different pharmacological properties, it
is clearly important to test each isomer separately, and therefore the aim of this study
was to establish a method to separate 18¢-GA and 18-GA using a high-performance
thin-layer chromatographic (HPTLC) approach.

EXPERIMENTAL

18a- and 18B8-GA were purchased from Sigma (St. Louis, MO, U.S.A)). All
solvents were of analytical-reagent grade and were obtained from BDH (Milan, Ita-
ly).

Pure samples of 18a- and 188-GA (10~* M) were dissolved in chloroform-
methanol (1:1, v/v) and spotted, separately and in combination, on 10 X 20 ¢m
precoated silica gel F,s, plates (Merck, Darmstadt, Germany) using a Linomat IV
instrument (Camag, Muttenz, Switzerland).

The solvent used for development was butanol-ethanol-2 M ammonia solution
(6:2:1, v/v/v). All chromatograms were developed at room temperature using the
ascending technique in a chromatographic tank previously saturated with eluent mix-
ture. The layers were dried in a forced current of air, then analysed at 254 nm by the
fluorescence quenching method using a Camag TLC Scanner II (Camag) equipped
with an M 280 Olivetti PC operating the Cats 3.04 scanning program. The scanner
was set up as follows: band with, 10 nm; span, 25; slit, 5 X 0.2 mm; and scanning
speed, 5 mmy/s.

o 1807

Fig. 2. Separation of (1) 18«-GA (157 ng) and (2) 184-GA (302 ng) by HPTLC with the solvent system
butanol-ethanol-2 M ammonia solution (6:2:1, v/v/v).
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Fig. 3. UV absorption spectra of (1) 18x-GA and (2) 188-GA determined by scanning the HPTLC plate in
the reflectance mode.

RESULTS AND DISCUSSION

Fig. 2 shows the chromatographic resolution of the mixture of the two isomers;
the spots were baseline separated with this development system. Fig. 3 shows the UV
absorption spectrum of 18«- and 18-GA obtained by scanning the HPTLC plate in
the reflectance mode; 18x-GA shows maximum absorption at 258 nm and 188-GA at
264 nm.

Table I shows the experimental analyses of a series of isomer mixtures contain-
ing various amounts of the two components. The experimental values were calculated
by comparing the areas under the peaks with a calibration graph. The summarized
data represent the means of six determinations.

The detection limit (at a signal-to-noise ratio of 2) was 1.93 ng for 184-GA and
2.09 ng for 188-GA. Although the determination of the a-isomer is the more accurate
and reproducible of the two, the HPTLC method may be said to be accurate, repro-
ducible and selective and to allow the rapid, simultaneous determination of the two
isomers.

TABLE I
ANALYTICAL RECOVERY OF A MIXTURE OF 18z- AND [88-GLYCYRRHETINIC ACID

18¢-GA 188-GA

Amount Amount Recovery (%) S.D. Amount Amount . Recovery (%) S.D.
applied found (mean, n = 6) (ng) applied found (mean, n = 06) (ng)
{ng) (ng) (ng) (ng) :
117.10 [13.62 97.02 1.39 171.45 172.77 100.70 5.78
175.65 177.93 101.30 5.23 228.60 225.22 98.52 8.50
234.20 233.27 99.60 971 17145 171.75 100.30 8.72
292.75 299.75 102.33 6.14 114.30 107.30 93.90 5.40
117.10 116.89 99.80 2.95 285.75 284.25 99.47 10.21

292.75 293.46 100.20 6.46 228.60 226.51 99.08 7.95
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Book Review

HPLC of biological macromolecules —Methods and applications (Chromatographic
Science Series, Vol. 51), edited by K. M. Gooding and F. Regnier, Marcel
Dekker, New York, 1990, XIII + 676 pp., price US$ 150.00 (U.S.A. and
Canada), USS$ 180.00 (other countries), ISBN 0-8247-7879-0.

Interest in biomacromolecules has been growing very rapidly in the last two
decades. Among the various aspects involved in the analysis of biomacromolecules
the separation process is an important analytical challenge and various groups have
worked in this area. High-performance liquid chromatography (HPLC) is one of the
separation methods being studied extensively and it has become a valuable analytical
tool in this area. The complexity of biomacromolecules enables various analytical
approaches to be used based on different chemical interaction models, but from the
scattered literature it is difficult to obtain a clear overview, allowing a strategy to be
developed.

This book is a useful guide for those starting in this field but is also of interest
for more experienced workers, giving rapid access to more detailed information. The
book is organized in three parts. The first part focuses on the basic techniques used in
the HPLC of biomacromolecules. Extensive attention is paid to support materials.
The overview given for this aspect is extremely useful and gives clear guidelines for
tailoring the physical structure of silicas and criteria important for selecting silica- or
organic polymer-based materials. Several chromatographic approaches are discussed,
namely size-exclusion, ion-exchange, hydrophobic interaction, metal interaction and
reversed-phase chromatography. These various techniques are well described with
sufficient emphasis on practical aspects. Separation based on gradient elution is high-
lighted and a systematic approach for optimizing this method is outlined in a very
clear way. In addition to the separation process, some attention is also paid to sample
pretreatment, while detection, including among others pre-/post-column derivatiza-
tion, is discussed in a scattered way throughout all the different papers.

Parts two and three focus on the application of the techniques to the separation
of mainly polypeptides, but polynucleotides are also discussed. The broad range of
polypeptides covered includes amino acids/peptides, (iso)enzymes, membrane and
ribosomal proteins, haemoglobin variants, histones, antibodies and glycoproteins.
The change in conformation of various macromolecules depending on the chemical
environment is, of course, an important parameter and attention is paid to this as-
pect.

The book, written by many specialists in macromolecular research, is a valuable
source of information for a wide range of scientists, from interested researchers to
those active in the field. It is a practical guide containing also fundamental concepts
and a good update of current research.

Leiden (The Netherlands) JAN VAN DER GREEF
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