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Abstract: We reported previously on the unusual thermodynamic characteristics of the enantioselective
interactions between the enantiomers of fwbdlocker propranolol and the protein cellobiohydrolase |
immobilized on silica. The adsorption of the more retained enantior8epropranolol, is endothermic while

that of the R)-propranolol is exothermic. This causes a rapid increase of the selectivity factor with increasing
temperature. In this work, we study the complex dependence of the selectivity factor on the pH of the solvent.
We determined the equilibrium isotherms &{and §-propranolol in a wide concentration range (028

to 1.1 mM) at six different mobile-phase pHs (4.7, 5.0, 5.2, 5.5, 5.7, and 6.0) and fitted the data obtained to
the bi-Langmuir model. This gave the saturation capacity and the binding constant of the nonselective
contribution for the two enantiomers. It also gave these parameters for the enantioselective contributions of
each of them. The dependence of these parameters on the pH is discussed and interpreted in terms of the
retention mechanism. Our conclusions are in excellent agreement with recent, independent results on the structure
of the protein obtained by X-ray crystallography.

chiral properties and their viewpoint is seldom that of the
. . . chromatographers. For example, although it has been abundantly
Many pharmaceuticals are chiral. Although most of their \4jigated®-10 the concept that two retention mechanisms are
physicochemical properties are identical (except for their miveq in chiral separations by chromatography has not yet been
interactions with polarized light and with other enantiomers), yigely accepted! Retention factors and even isotherms are stil
the two enantiomers of the same chiral drug may have different sften treated as if only the selective retention mechanism was
p.hys_lologlcall effects and dlffereqt metabolic and pharmaco- involved 116 although such an occurrence is highly improbable.
kinetic behaviors. As reported earlier by Howe and Shaake More fundamental studies of the thermodynamics and mass
noted recently in an FDA policy stateméthe two enantiomers  ansfer kinetics of the retention mechanisms of chiral phases

of severalfi-receptor antagonists, a group of amino alcohols 4re needed for a better understanding of the chiral recognition
with a chiral center, exhibit often different pharmacological and echanisms.

metabolic behaviors. For examplesotalol generates arrhyth-
mic cardiac behavior, whila.-sotalol is a j-blocker, and
p-propranolol shows ng-blocking effects, while.-propranolol
is an efficient3-blocker? Therefore, it is important to be able
to separate these enantiomers, whether for analytical or for
production purposes.

HPLC is a most suitable separation method for this purpose,
provided proper chiral stationary phases are availablEhe _ o
development of such phases has been rapid during the pasg7(;)3“é"_’m°bson' S. C.; Golshan-Shirazi, S.; GuiochomMGhE J.1992
decade. Much effort has been made to classify these new phases ’(8) Charton, F.; Guiochon, Gl. Chromatogr 1993 630, 21.

Introduction

One of the most important type of chiral stationary phases
(CSPs) includes those obtained by chemically bonding a chiral
ligand to the surface of a solid support, e.g., porous silica. Often,
the ligand is a compound of natural origin and proteins are
among the most populaf.l8 The interactions that take place

(6) Jacobson, S. C.; Golshan-Shirazi, S.; GuiochonJ.GAm. Chem.
Soc 199Q 112 6492.

according to which groups or families of chiral drugs they can
separate. Libraries or databases have been buift Mpst
investigations in this area originate, however, from experts in
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between the bonded protein molecules and the analytes argpropranolol and not for the less retaine)-propranolof°
similar to the drug-receptor interactions taking place in the Satisfactory answers could be obtained by measuring the
body since receptors are proteins. As an example, one of theadsorption isotherms of the two enantiomers, separating the
most successful proteins used as chiral selectonsisicid chiral and achiral mechanisms of retention, and using the rate
glycoprotein, a human plasma proté#+° Commercialized theory of chromatography to model their band prof#e¢¥ The
under the name Chiral AGP, it is most likely the CSP with the theory of linear chromatography, conventionally used in such
broadest applicability? However, cellobiohydrolase | (CBH 1)  studies so far, does not allow such an intimate investigation of
immobilized on porous silica is preferred for the separation of the chiral retention mechanist?2
basic chiral drugs containing one or more basic nitrogen atoms The most significant result of our earlier study was a
and one or more hydrogen-acceptor or hydrogen-donor gfdgps.  demonstration of the strong pH dependence of the retention
CBH | gives probably the best results and the largest separationmechanisms (at pH 4.7, the temperature effect indicated above
factors for almost all the enantiomeric pairs ffreceptor was not observedf The goal of this study is to provide a better
antagonists (amino alcohols). For these separations, it givesunderstanding of this behavior by discussing the results of an
larger separation factors than-acid glycoprotein. investigation of the dependence of the retention of the two
CBH | is a cellulase enzyme, catalyzing the sequential propranolol enantiomers on CBH | on temperature and on the
removal of cellobiose units from the nonreducing end of the mobile-phase pH.
cellulose molecul&324I1t exhibits product inhibition, its activity
decreasing in the presence of increasing concentration of Theory
cellobiose?® When cellobiose was added to the mobile phase,
the enantioselectivity was reduced, suggesting that the enzy-
matically active site and the chiral adsorption site ovetfes.
The enzymatically active site contains sevefatheets and
o-helical segments arranged to form an extended flat tunnel
(ca. 40 A long) into which the cellulose chain can be threaded
and cleaved®?* Recent crystallographic studies suggest that
the carboxylic groups from three amino acid residues, two from
glutamic acid and one from aspartic acid, are important for the
catalytic effec® This was confirmed by kinetic studies made
with the wild-type CBH | and with different mutant proteins in
which these amino acids were replaced by glutariinehro-
matographic experiments were made using immobilized mutant
proteins and the immobilized wild-type CBH | as stationary
phases. It was found that the loss of chiral recognition followed

1. Adsorption Model. We have previously validated a simple
adsorption model that accounts well for the interactions of
enantiomers with immobilized proteins, such as BSA or CBH
I, bonded to the surfaces of porous silica parti€lié8. The
surfaces of these CSPs are heterogeneous, which affects both
the thermodynamics and the kinetics of adsorption. Most of the
adsorption sites found on these surfaces are nonselective. These
sites, called here type-I| sites, have identical behaviors toward
the two enantiomers. They involve the exposed part of the silica
surface, the residual SOH groups after bonding the enantio-
meric selectors, and the achiral parts of these selectors. Although
all the molecular interactions involving type-I sites have a low
energy, their total contribution to the retention of the enantiomers
is significant because of the large number of these sites. The
low interaction energy of type-I sites explains their fast exchange

thebsan;_e pattern ??htht?N Iosis tOf _catal_;guc actl?ﬁ;tiﬂ 'I;jhte b kinetics. Thus, although type-l sites constitute a broad con-
carboxylic groups of the two giutamic acids were found 1o be tinuum, they can be characterized by an average adsorption
most important. It was suggested that they face each other, on

both sides of th tonated nit f lol. Th energy and an average mass transfer coefficient and there is no
a(r)e ti\lloetsrﬁptoghparg ?Qgigue'! r%%?r? %rto:ps%igglﬁ)era(;(s)tgﬁce ef:)er practical way to determine the adsorption energy distribiion.
interaction with the aromatic part of th&blocker, which is The enantioselective sites, called type-ll sites, are specific

also believed to play a role in the chiral recognition. At least regions of the bonded ligand (i.e., the protein) which are
pay . 9 : responsible for the chiral recognition. Their interactions with
one of them could interact with the naphthyl group &-(

propranolol the two enantiomers require the strict fulfillment of some steric

In recent publications we investigated the unusual temperatureconditions' If these _interactions_ are sufficient!y enantioselective,
dependence of the retention time &-propranolol (at pH= they lead to the chiral separation. Type-_II sites are f_ew, mu_ch
5.5, it increases with increasing temperature, while thaRpf ( Ie_ss numerous than. type-I sites, but their energy of Interaction
p;oi)ranolol decreases: at pH4.7, both retentio;l times decrease with the enantiomeric analytes (or. at least WIFh one of them) is

S X ’ o e much stronger than that of type-I sites. Thus, in favorable cases,
with increasing temperatuf@and the unusually low efficiency

N : the contributions of type-1 and type-Il site interactions to the
and strong peak tailing observed for the more retairijd ( overall retention are comparable. Both types of site contribute

(18) Allenmark, S.; Andersson, S. Chromatogr., AL994 666, 167. to retention, but only type-II sites contribute to chiral resolution.

(19) Hermansson, J. Chromatogr.1985 325 379. i Il si i-
(20) Hermansson, TrAc 198 8. 251, In most cases, it seems that type-Il sites adsorb both enanti

(21) Marle, I.: Erlandsson, P.: Hansson, L. Isaksson, R.; Pettersson, C.;OMers, albeit one of them preferentially. In some cdsadas )
Pettersson, GJ. Chromatogr.1991, 586, 233. been demonstrated that they do not adsorb one of them. It is
(22) Isaksson, R.; Pettersson, C.; Pettersson, @ssdm, S.; Stahlberg,  conceivable that two types of chiral type-Il sites, one selective

J';(gg)rrg?vnnsgogt”L;ié'\r/]'ﬁ)réeréTGA.chggi‘t(;ﬁeﬁ?’#_ Ruchonen. L - Pettersson. [F the first enantiomer and the other for the second one, coexist

G.: Knowles, J. K. C.: Teeri, T. T.: Jones, T. Aciencel994 265, 524. on the surface. This situation has not yet been exemplified.

19%4)2%@3,90; Stahlberg, J.; Teeri, T. T.; Jones, T.JAMol. Biol 2. Retention Factors.The retention factor, derived from the

(25) Mohammad, J.; Li, Y.-M.; EI-Ahmad, M.; Nakazato, K.; Pettersson, e'“t'on peak (.)f an infinitely small amo.unt of the correspondl_ng
G.; Hjerta, S.Chirality 1993 5, 464. enantiomer (linear chromatography), is the sum of the contribu-

(26) Fornstedt, T.; Hesselgren, A.-M.; JohanssonCMirality 1997, 9, tions of the type-l and the type-lIl sites to the retention. Thus,
329.

(27) Stahlberg, J.; Divne, C.; Koivula, A.; Piens, K.; Claeyssens, M.; (30) Fornstedt, T.; Zhong, G.; Bensetiti, Z.; Guiochon,ABal. Chem
Teeri, T. T.; Jones, T. AJ. Mol. Biol. 1996 264, 337. 1996 68, 2370.

(28) Henriksson, H.; Stahlberg, J.; Isaksson, R.; PetterssofREGS (31) Rudzinski, W.; Everett, D. FAdsorption of Gases on Heterogeneous
Lett 1996 390, 339. Surfaces Academic Press: New York, 1992.

(29) Henriksson, H.; Stahlberg, J.; Koivula, A.; Pettersson, G.; Divne, (32) Chen, Y.; Kele, M.; Sajonz, P.; Sellergren, B.; GuiochonAGal.
C.; Valtcheva, L.; Isaksson, R. Biotechnol.1997, 57, 115. Chem.In press.
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the overall retention factors for enantiomers 1 and 2, are on a heterogeneous surface of the type encountered in chiral

respectively separations. Because of Pasteur principle, the contributions of
the achiral type-I sites to the isotherms of the two enantiomers

K= k’1,| + k’l,ll (1a) are the same; hende,, = by, andqu, s = gz, Hence, the set
K, =K, + Ky, (1b) of egs 4a,b contains usually six parameters only, instead of eight.

This model has been used successfully to describe the adsorption
behavior of many pairs of enantiomers on different CSPS.

From egs 3 and 4, the retention factors at infinite dilution of
the two enantiomers are

The Roman figures stand for the types of sites and the Arabic
ones for the enantiomers. Since type-| sites are achiral=
k'2, and the number of unknown parameters in the two equations
can be reduced to 3. Still, it is impossible to identify these three
contributions from the only parameters that can be measured K1 =K1, T Ky =F(0y, Py, + 6y by y) = Fla, +ay)
in linear chromatography, the two retention factors in eqs 1a,b, (5a)
k'; andk',. The only correct method to determine these three |, _ . . _
contributions is the acquisition of the nonlinear adsorption Ko =Kai+ Ko = POz, 020+ o) = (2, + 25,0)
isotherms?10 (5b)
3. Adsorption Isotherms. An adsorption isotherm relates the
concentrations of a compound in the two phases in equilibrium
(here, the stationary and the mobile phase), at constant tem
perature. The Langmuir equation is the simplest model of a
nonlinear isotherm. It accounts well for the adsorption of single
components on homogeneous surfaces, at low and moderat
concentrations, or for the isolated adsorption of a solute on either
type-1 or type-Il sites, respectively. This model is expressed by
the classical equation

with K'1; = k'», (Pasteur principle). Since type-Il sites are much
fewer than type-l sitesg ;s > 0,11 s. Because the adsorption
energy is much larger on type-Il sites than on type-I sibgs,

> by,. This explains whya, and &, turn out to be of
gomparable magnitude in many cases. When the former is much
larger than the latter, there is retention but little or no
enantioselectivity and no enantiomeric separation.

The three contributions'1 = K’z , K1, , andk'z, can be
derived from the isotherm data of the two enantiomers. Thus,
_q_ bC _ T it is possible to characterize a CSP by two separation factors.
0=—"= =T @) i i i =
g, 1+bC 1+T The first such factor is the apparent separation faatgy,

k'o/k'1, which measures the actual difficulty of the chromato-
where 6 is the fraction of a monolayer covering the surface graphic separation. The second factor is the true enantiomeric
when it is in equilibrium with a concentratio® in the mobile ~ separation factorguue = Kzu/k'1,u. Only the latter value is
phaseq the corresponding stationary phase concentration, andmeaningful for a discussion of the mechanism of enantioselec-
gs the concentration corresponding to a monolayer. The coef- tivity.
ficient b (dimension of the reverse of a concentration) depends ~ Finally, the relative density of the sites of either type on the
on the adsorption energy and the temperature. The prdduct surface can be derived from the best parameters of the isotherms.
= bC characterizes the deviation of the isotherm from linear We haveq; = d1;,J(Guis + Guus), With g being the relative
behavior. IfI" is negligible compared to unity, the isotherm abundance of typgsites on the surface. Note that the results
behaves as if it were linear. If is large, the isotherm deviates ~for the two compounds may be slightly different @s s and
markedly from linear behavior. The accurate determination of Gz, are slightly different.
the isotherm parameters requires that measuremenfishef
performed in a broad range of concentration values, from very
small values of" (i.e., infinite dilution) to values of" large or 1. Apparatus. The data were obtained with a Shimadzu LC-10
at least significant compared to unity. The classical retention system (Shimadzu, Kyoto, Japan) equipped with two pumps, an

factor at infinite dilution is related to the numerical coefficients ~autoinjector, a UV detector, and a data station controlling the equipment
of the Langmuir isotherm by and acquiring the data. The outlets of the two pumps were connected
directly, with a low-dead-volume PEEK tee. All connections among

Experimental Section

aq the tee, the column, and the flow cell were made with 0.17 mm PEEK
K= F% = Fqu =Fa ) capillaries. The column was placed in a laboratory-assembled column
jacket and temperature controlled using an MN6 Lauda circulating water
wherea = bg is the equilibrium or Henry constant, i.e., the bath (Lauda, Kaigshofen, Germany).
initial slope of the adsorption isotherm, aRdthe phase ratio 2. Chemicals. (Ri-(+)-Propranolol and 9-(—)-propranclol (the
(with F = (1 — ¢)/e, wherec is the total porosity of the column) active g-blocking enantiomer) were 99% pure chemicals from Sigma

Lo ; . Chemicals (St. Louis, MO). The buffer salts were acetic aeiélq.8%)
. The contrlbgtlons of type-I and typ.el-ll sites to the adsorpthn and anhydrous sodium acetate99%) from Riedel-de Hae(Seelze,
!sotherm are mdependen_t and additive. Thus, the adsorptlonGermany)_ The water used was from Millipore, MilliQ grade. After
isotherms of both enantiomers are the sum of two terms, gissolution of the buffer salts, the stock solutions were filtered on 0.45
accounting for the contributions of the two types of sites, type-l um filters (Kebo, Spanga, Sweden).

and type-Il sites, respectively. These isotherms are accounted 3. Column and Immobilization of the Stationary Phase.The

for by the bi-Langmuir model protein cellobiohydrolase I, CBH |, was immobilized on silica particles,
as described previously.The material obtained was packed in a 100
(o P o PO o PN o I OF) x 4.6 mm stainless steel column. The concentration of the CBH |
0, =0y, T 0= 1 + b : c. 1 + b : C (4a) immobilized on the silica support was determined by measuring the
11 L1 UV absorbance at 280 nm of the solution used, before and after its
0,0, C Uy Co rgact!qn with aldehyde silica. The amount of protein bonded to the
G =0+ Uy =7 ST (4b) diol silica was found to be 50.7 mg/g of packing. The amount of protein
' ' 1+ b2’|C2 1+ b2,||C2 in the column, 45.6 mg, was derived from the bonded protein/diol silica

concentration and from the dry weight of packing material in the
This model is the simplest one available to describe adsorption column.
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Table 1. Analytical Retention and Separation Factors Rf-(and Table 2. Bi-Langmuir Isotherm Parameters fdR)¢ and
(9-Propranolol at Different Mobile-Phase pHs and Temperatures (9-Propranolol at Different Mobile-Phase pHs (lonic Strength
(lonic Strengthl = 0.02 M) 0.02)
pH T(°C) K'r K's o type of
i =1
173 10 357 214 116 site pH a rsc (%) b(mMM™1) rsd (%) gs(mM)
20 2.85 3.67 1.29 R, 472 5.00 1.9 0.328 6.0 15.2
30 2.27 3.25 1.43 498 6.10 1.8 0.364 5.2 16.8
40 1.84 2.90 1.58 521 7.09 1.9 0.378 5.4 18.8
4.98 10 4.63 5.60 101 549 7.76 2.8 0.354 7.6 21.9
5.70 9.02 2.3 0.364 6.4 24.8
20 3.62 4.97 137 503 964 25 0.334 78 289
30 2.94 4.60 1.56 ) ) ) : : :
40 2.41 4.25 1.76 S, 4.72 4.65 2.9 0.297 8.3 15.7
501 10 5.90 751 197 498 5.68 2.0 0.335 5.8 17.0
5.21 6.97 1.4 0.393 4.2 17.7
20 4.63 6.85 1.47
549 7.76 1.4 0.354 4.7 21.9
30 3.78 6.56 1.73
20 310 6.02 501 5.70 9.16 15 0.379 4.9 24.2
5.93 10.33 1.5 0.392 4.9 26.4
5.56 10 7.94 11.09 1.40 RIl 472 354 29 14508  10.0 0.24
20 6.41 11.01 1.72
498 4.85 2.6 16.287 8.9 0.30
30 5.31 11.06 2.08
20 4.47 10.99 246 521 6.13 25 16.142 8.7 0.38
’ ' ’ 549 8.90 2.3 13.080 8.7 0.68
5.74 10 8.98 13.09 1.46 5.70 11.20 2.0 15.131 7.2 0.74
20 7.31 13.21 1.81 593 14.72 2.0 16.190 7.0 0.91
28 g% gg% gég Sl 472 6.65 1.6 9.834 6.4 0.68
’ ' ’ 498 10.16 1.2 14.196 4.4 0.72
6.00 10 11.00 17.22 1.57 521 14.28 1.1 21.368 35 0.67
20 9.13 18.37 2.01 549 2241 1.2 28.788 3.1 0.78
30 7.83 19.77 2.52 5.70 32.42 1.4 41.766 3.2 0.78
40 6.81 20.76 3.05 5.93 44.58 15 57.773 3.3 0.77

) ) ) o arsd = relative standard deviation.
4. Mobile Phase.Solutions of an acetic buffer at six different pH

values between 4.7 and 6.0 were used as the mobile phase. All thesg,, gach data point and avoids sacrificing the precision on the low-
solutions contained 20.0 mM sodium acetate, and the ionic strength of concentration data, which are important for linear chromatography.
the mobile phase was kept constant a 0.02. The concentration of

acetic acid was calculated to achieve the desired pH value, using theResylts and Discussion

Hendersor-Hasselbalch equation. The exact pH was measured with a

calibrated Metrohm 632 pH meter (Metrohm, Herisau, Switzerland). 1. Known Chromatographic Properties of Immobilized

The mobile-phase flow rate was 1.00 mL/min. The exact pH values of CBH I. Immobilized CBH | protein is a somewhat unusual CSP,

the solutions used are reported in Tables 1 and 2. with a narrow scope of application. It seems mostly able to
5. Procedures.Frontal analysis in the staircase mode was used to separate the enantiomers of amino alcohols, sughraseptor

determine the adsorption isotherms of the two propranolol enanti- antagonists, but it can separate almost all of them with high

Ome{§?flo Pufre f.“Ogl"e phase was usefd as thfe rs]olvent in pump A and ge|ectivity factors. The best mobile phase is an aqueous buffer

a solution of suitable concentration of one of the two enantiomers as | i b cpa oo oo organic solvent such as 2-propanol

the solvent in pump B. The solute concentration in the eluent was L . .
increased stepwise, by programming the system controller in the high- or acetonitrile are added. The retention times of fibtslocker

pressure gradient mode to execute step gradients at the appropriate timeZN@ntiomers increase with decreasing concentration of the
Data points are required in a broad concentration range in order to Organic modifier and with decreasing concentration of the buffer.

obtain sufficient accuracy in the estimates of the contributions of the The selectivity factor is strongly dependent on the mobile-phase
low-capacity enantioselective sites and the high-capacity nonselectivepH and on the column temperature. Thenantiomer is always
sites, respectively. Three solutions of each enantiomer were usedthe more retained one. Its retention time increases more rapidly
successively as solvent B, allowing the determination of the isotherm yith increasing mobile-phase pH than that of Renantiomer.

data in the concentration range between Q.86 and 1.1 mM, an An unusual temperature effect was previously reported. It
approximately .4400-fold dynamic range. An isotherm was acquired was found to be strongly dependent on the mobile-phase pH.
for each enantiomer, R and S propranolol at each of six different pH When the column temperature increases at a mobile-phase pH

values. Each isotherm contained 26 data points with concentrations 55 th tention ti ol i hich i
between 0.25M and 1.1 mM. ol 5.9, the retention time oB)-proprano ol InCreases, whnicn Is

Two wavelengths were used for the UV detection, 230 and 254 nm, MOSt unusual. By contrast, at a mobile-phase pH of 4.7, the
depending on the actual concentration. The column hold-up volume, retention time of §)-propranolol decreases, a conventional
Vo, was determined to be 1.26 mL, derived from the elution time of behavior, similar to that of thR enantiomer at both pH values.
the first buffer/water disturbance peak. The hold-up volume did not The selectivity factor increases with increasing temperature at
change with the pH values used in this study. All the frontal analysis both pH values, however, but less rapidly at gH4.7 than at
data were corrected for the dead-volume contribution of the instrument pH = 5.5,
and for the column hold-up volume. The total correction volukig, Finally, note that the amine group of propranoldkgp= 9.5)
was determined to be 1.58 mi/qis included inV). is protonated at all the pH values where measurements have

The best values of the parameters of the bi-Langmuir isotherm (eqs been done. Thus the analyte (Figure 1) is always a cation under
4a,b) were calculated using a nonlinear regression method, the-Gauss - . - -
the experimental conditions of interest. It can give strong

Newton algorithm with the Levenberg modification as implemented .. ) . -
in the software PCNONLIN 4.2 from Scientific Consulting (Apex, NC). electr_ostatlc interactions with the exposed ionized groups of the
In the regression, the experimental data were given a weight equal toprotein.

1/gpes Wheregyreq is the stationary-phase concentration predicted by 2. Properties of CBH | and Retention Mechanism.The pl

the model. This forces the program to tolerate the same relative errorof CBH | is close to 3.9. In the pH range of this study 4.7
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Figure 1. Structure of the chiral solute propranolol. The chiral center
is marked with an asterisk.

Retention factor k

6.0), its net charge is negative. It contains 43 amino acid residues
with a carboxylic group, 24 being aspartic acid and 19 glutamic
acid residues. The three-dimensional structure of CBH | was
determined using X-ray protein crystallography. This showed - . . .
an~45 A long tunnel within which the cellulose chain threads Temperature (°C)
and is cleaved into cellobiose units. It is assumed that propra- Figure 2. Retention factors ofR)- (circles, dashed lines) and®)¢
nolol binds inside this tunnel, at the same site (the molecule propanolol (asterisks, solid lines) versus the column temperature at
loses most of its selectivity in the presence of cellobiodd. different pHs of the mobile phase. Conditions: column, 0Gt.6
Sixteen of the 43 amino acid residues with a carboxylic group mm,; stationary phase, immobilized CBH | on silica; eluent, acetic buffer
are located inside the tunnel, 11 being aspartic acid and 5at! = 0.02; mobile phase flow rate, 1.0 mL/min; sample20of 0.1
glutamic acid residues. Two of these glutamic acid residues are™M rac-propranolol. Mobile-phase pH: (1) 4.73; (2) 4.98; (3) 5.21;
borderline cases. In this tunnel, the acid groups of three amino (4) 5:56: (5) 5.74; (6) 6.00.
acid residues (two from glutamic acid and one from aspartic . , . :
acid) are critical for the enantioselective bonding of the 3
enantiomers of propranolol. This was shown by the comparison
of chromatograms obtained on silica bonded to either wild-type
CBH | or different mutant proteins in the chain of which these  2s
amino acids are replaced by glutam#i&he carboxylic groups
of the two glutamic acids were most important. It was suggested s >*[
that they face each other and come on the two sides of the.-E'z_z
protonated nitrogen group of propranolol (see the structure of §
propranolol in Figure 1). There are also two tryptophan residues g *[
at a suitable distance for interaction with the aromatic part of @,
propranolol to form a strong hydrophobic interaction. At least
one of the tryptophan residues would stack to the naphthyl group 4
of S propranolol (cf. Figure 1). Thekp values of the carboxyl
groups are usually between 3.5 and 4.5 in free amino acids. In |
acids incorporated in a protein molecule, thig pan be strongly 12p
perturbed, due to the microenvironment. It is usually quite larger, 10 15 20 25 30 35 0
so all the carboxylic groups may not be dissociated in the low Temperature (°C)
pH range of our study. Figure 3. Selectivity factor,a, for rac-propranolol as a function of

The pH dependence of retention, previously reported by the temperature at different pHs of the mobile phase. The pH values
Fornstedt et al%20 and confirmed by Henriksson et &f., are the same as those as in Figure 2. Data were taken from Table 1.
suggests that electrostatic interactions, most likely between the
positively charged nitrogen of propranolol and one or more and the modeling of the experimental data using egs 4a,b, to
negatively charged carboxylic groups on the active site in the separate the contributions of the type-I and type-Il sites at the
protein tunnel, are responsible for chiral recognition. This set different pH values. In the latter study, the temperature was
of groups would constitute the type-Il sites of this CSP. When kept constant at 25.€C.
the pH of the mobile phase is increased, from 4 to 6 or 7, the 3. Retention Factors in Linear Chromatography. The
solute remains positively charged but more and more carboxylic retention factors of the two enantiomers were measured
acid residues at and around the type-Il site become negativelysystematically at six different mobile-phase pHs, between 4.7
charged. This causes the formation of a high negative chargeand 6.0, and at four temperatures, between 10 antC40 he
in the protein tunnel. Although most of these interactions belong results are reported in Figure 2 (symbols) and Table 1. At all
to the type-l sites, they also contribute to an increase in the values of the pH, the retention factor &){propranolol (circles,
energy of interaction with the type-Il sites. dashed lines) decreases with increasing temperature. At each

To elucidate further the enantioselective retention mechanism,temperature, the retention factor of either enantiomer increases
it is necessary to acquire adsorption data for the propranolol with increasing value of the pH. However, the retention factor
enantiomers in the important pH range 4&70. This study has  of (S)-propranolol (asterisks, solid lines) decreases with increas-
been conducted in two successive steps. First, a semiquantitativeng temperature only at pH 5.2 (lines 13 in Figure 2). At
investigation of the influence of the column temperature and higher pH values, the retention factor increases with increasing
the mobile-phase pH on retention in linear elution chromatog- temperature. The change in behavior is progressive; the average
raphy was undertaken. Its purpose was to determine the extenslope of plots ok’ versusT in Figure 2 increases with increasing
of the transition range within which the selective adsorption of pH and goes through 0 around pH5.4. This behavior is also
theSenantiomer changes from the exothermic, normal behavior illustrated in Figure 3, which shows a plot of the separation
to the unusual endothermic behavior previously reported at pH factor versus the temperature at different mobile-phase pHs. The
= 5.5. Second, a quantitative study was carried out, involving separation factor increases with both increasing pH and increas-
the determination of the adsorption isotherms by frontal analysis ing temperature.

28r
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Figure 4. Comparison of bi-Langmuir isotherms calculated for different values of the type-I site parameters. The solid lines illustrate the case of
increasing values afj at a constant value df (0.30 mM™): qisis (1) 16.7 mM, (2) 20.0 mM, (3) 23.3 mM. The dotted lines illustrate the case

of increasing values dfj at a constant value afis (16.7 mM): b is (1) 0.30 mM?%, (2) 0.36 mM?, (3) 0.42 mM ™. The type-ll parameters are

both constant:qys = 0.5 mM andb, = 10.0 mM . The main figure shows the highest concentration range (mobile-phase concentrations between
0 and 2.0 mM). The top left inset shows the lowest concentration range (concentrations betweengMgneh3his figure the solid and dotted

lines coincide. The bottom right inset shows the medium concentration range (concentrations between 0 and 0.1 mM).

Actually, however, as shown under Theory (see discussionseters. The investigation of the influence of the pH on the
of egs 1 and 5), the retention factors measured in linear isotherms of the two enantiomers is complex because the bi-
chromatography are the sums of two contributions. We know Langmuir model contains the contributions of both type-I and
that, for both propranolol enantiomers, the nonselective con- type-Il sites and, in principle at least, all the parameters,
tribution is exothermic. We know also that, at pH5.5, the and gs of both contributions could be functions of the pH. In
enantioselective contribution foS¢propranolol is endother-  thjs study, it is of special interest to evaluate whether the
mic.'® The combination of both contributions does not give saturation capacity, i.e., the number of the adsorption sites of
much information. The apparent athermal behavior at pH around g5ch type (thegs terms), varies with the pH and how their
5.5 (Figure 2) results from the balance between two opposite jnteraction energies (i.e., theterms) change with the pH. A

behaviors that cancel each other. The determination of the qinjation of the fitting procedure allows a better understanding
isotherm data is necessary to understand the chiral retention

. of the need to carry out experimental measurements in an

mechanism. unusually broad concentration range

4. Adsorption Isotherms. For this section, each of two . ’ .
figures (Figures 4 and 5) contains a main figure corresponding " Figure 4, we study on a theoretical basis the dependence
to the large concentration ranges® mM, and two insets, one of the isotherms on the contrlbutm_)n of type-I S|te_s. In Figure 5,
in the top left corner corresponding to the low concentration We do the same for the contribution of type-Il sites. There are
range, 6-5 M, and the other in the bottom right corner, five isotherms in each figure. The solid lines in Figure 4 were
corresponding to the medium concentration range).0 mM. calculated for slightly different values of the paramedey (at
In the first subsection, we discuss the influence of the data in constantb), while the dashed lines correspond to slightly
the different concentration ranges on the accuracy of the six different values o (at constantys). The changes in these
different parameters to be determined. In later sections, we curves illustrate the sensitivity of the isotherms to changes in
discuss the experimental results and their modeling. the values of the parameters. The effect of a parameter depends

a. Range of Concentration and Accuracy of the Param- strongly on the concentration range investigated. The usefulness
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Figure 5. Comparison of bi-Langmuir isotherms calculated for different values of the type-II site parameters. The solid lines illustrate the case of
increasing values of s at a constant value df, (10.0 mM™): qus is (1) 0.5 mM, (2) 1.0 mM, (3) 1.5 mM. The dotted lines illustrate the case

of increasing values dfy at a constant value afys (0.5 mM): by is (1) 10.0 mM?%, (2) 20.0 mM?, (3) 30.0 mML. The type-I parameters are

both constant:.qy = 16.7 mM andb, = 0.30 mM™. The main figure shows the highest concentration range (mobile-phase concentrations between
0 and 2.0 mM). The top left inset shows the lowest concentration range (concentrations between/Mvhnd e bottom right inset shows the
medium concentration range (concentrations between 0 and 0.1 mM).

of this study is that it will allow the determination of the contribution is practically flat, the surface coverageCat =
concentration range within which data must be measured. 2.0 mM beingf; = 95%.

The initial type-l isotherm parameters wesie= 0.30 mM The other isotherms in Figure 4 were calculated with slightly
andq;s = 16.7 mM (i.e.,a = 5), and those for type Il werg, different values of the parameters. The solid lines illustrate the
= 10.0 mM* andqys = 0.5 mM (i.e.,ay = 5; Figure 4, line effect of an increase @ s, from 16.7 mM (line 1) to 20.0 mM
1). These values of the saturation capacity correspond to(line 2) and to 23.3 mM (line 3), at a constant valuepf0.30
densities of 97.1% and 2.9% for type-l and type-Il sites, mM™1). The dotted lines illustrate the effect of an increase of
respectively, well within the range previously reported for CBH b, from 0.30 mM? (line 1) to 0.36 mM (line 2) and to 0.42
I immobilized on a silica surfac¥.Becausdy C becomes larger ~ mM~1 (line 3), at constanty s (16.7 mM). These values give
than 0.10 forC > 0.33 mM, the contribution of type-I sitesto 5.0, 6.0, and 7.0, respectively, for the prodact bqs, i.e.,
the isotherm has a nonlinear behavior only in the high for the Henry constant. In all cases, the parameters of the type-
concentration range (main figure). At the highest mobile phase Il isotherm contribution were kept constant.
concentration showrQy, = 2.0 mM), the surface coveragé, Obviously, all isotherms being linear in the low concentration
is approximately 40% and the type-I isotherm contribution is range, a variation of the saturation capacify, at constanb,
strongly nonlinear. By contrast, the contribution of type-Il sites gives the same results as the same variatioh, @ft constant
to the isotherm is linear only in the lowest concentration range qs, i.€., the same isotherm. In both cases, the initial slope of
(Figure 4, top left inset). It is already strongly nonlinear in the the isotherm (eq 3) increases, as illustrated in the top inset of
medium concentration range. The surface coverage of type-Il the figure. The corresponding solid and dotted lines coincide,
sites become$;; ~ 10% for C, ~ 0.01 mM. It reaches 50%  and it is impossible to distinguish between the two contributions.
for the highest concentration in the bottom right inset of Figure In the medium concentration range (Figure 4, bottom inset),
4. The curvature of the contribution of type-II sites is strong in the type-Il sites become strongly overloadéll & 52.4% at
the range covered by this inset. In the main figure, this Cy = 0.11 mM). Nevertheless, the curvature of the isotherms
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remains moderate because the proportion of the surface areaf at least 4000. The data in the low part of this concentration
occupied by these overloaded type-Il sites is only 2.9%. The range provide the sum of the twaoparameters (i.eg + ay;
contribution of the type-I sites which represent 97.1% of the see eqs 5a,b) and a check on the linearity of the isotherm (i.e.,
surface area is still nearly linear in this range, as explained aboveit shows that the lowest concentrations studied were low
(6, ~ 3.3% atCy = 0.11 mM). Yet, this small contribution  enough). The data in the medium concentration range provide
explains the slight tendency for a separation between the solidthe strength of the adsorption energy on the type-Il sites (i.e.,
and dotted lines. In practice, however, it is not possible to use the value of;) and an estimate of the saturation capadity,

the isotherm data acquired in this range to distinguish betweenFinally, the data in the high concentration range give a

the effects of an increase gf and an increase ib,. For data

confirmation of the estimate ajys and the parametets and

acquired in this range, the numerical problem of fitting the data q .

to the eqs 4a,b would be ill-posed.
The precise determination bfandg, becomes possible only

b. Measurement of Adsorption Isotherm Data.In previous
publications it was shown that the adsorption isotherm of

when data are obtained in the highest concentration range, showrpropranolol was consistent with the bi-Langmuir adsorption
in the main Figure 4. In this last range, the isotherms are strongly model°3° This result agrees with the conclusions of our
nonlinear and there is a significant difference among the five previous studies on another chiral selector, bovine serum
calculated isotherms. It is only from the isotherm data acquired albumin®7 These investigations showed that the acquisition of
in this range that it is possible to determine a good estimate of isotherm data requires caution, especially in the case of ionized
the ordinate( s, of the asymptote. The main Figure 4 shows compounds. The equilibrium constants depend on the activity
that, for a given value of the initial slope of the isotherm, coefficients of all the ions in the solution; i.e., the ionic strength
increasingb, increases the average curvature. This is becauseof the solution must remain constant during each chromato-
the saturation capacityg(s = a/b)) decreases and, since the graphic experiment. This was achieved by using as the mobile
productb,C increases, the curve gets closer to its horizontal phase a buffer having an ionic strength at least 10 times higher
asymptote. The converse is true fpg, and all the dotted lines  than the highest concentration of the component under study
have the same asymptote. Finally, although the data acquired(here 1.1 mM). Under such conditions, the passage of the
in the high concentration range allow the necessary distinction breakthrough front of the enantiomer does not significantly affect
between the effects ofys and by (and, hence, permit their the activity coefficient of this compound in the mobile phase.
determination by parameter identification; see later), a degreeFinally, the presence of adsorbed additives in the mobile phase
of uncertainty remains on the estimate gfs since the might lead to system peaks but none were observed. The mobile
corresponding type-1 sites cannot be fully saturated. phases used all contained 20.0 mM acetate ions and 20.0 mM
A similar analysis can be made for the contribution of the sodium ions. In addition, they had different concentrations of
type-Il sites. The solid lines in Figure 5 illustrate the influence Uundissociated acetic acid, depending on the pH. At the lowest
of an increase ofy; s (0.5 mM for line 1, 1.0 mM for line 2,  PH (4.7), the mobile phase contained 20.0 mM acetic acid; at
and 1.5 mM for line 3), at constabj (10.0 mM1). The dotted  the highest pH (6.0), it contained 1.125 mM acetic acid.
lines illustrate that of an increase laf (10.0 mM™ for line 1, c. Bi-Langmuir Adsorption Isotherm Data. The experi-
20.0 mM1 for line 2, and 30.0 mMm? for line 3), at constant ~ mental results are reported in Figure—&a in which the
Ois (0.5 mM). In all cases, the parameters of the contribution isotherms at the different pHs are plotted in the three different
of type-I sites were kept constarg { = 16.7 mM andb, concentration ranges, respectively (symbdlsi(R)-propranolol;

0.30 mM™). In the lowest concentration range (Figure 5, top
left inset), the solid lines coincide with the dotted lines in their
initial parts since the isotherm contribution of type-Il sites is

*(9-propranolol). In this Figure, the best isotherms obtained
by fitting these experimental data to the bi-Langmuir model
(egs 4a,b) are also plotted (dashed lin&3;dropranolol; solid

practically linear at concentrations belowuM (b C = 1 x
1072, 2 x 1072, 3 x 1072, respectively9, = 1%, 2%, 3%). the isotherm model are reported in Table 2.
At higher concentrations, a slight deviation can be seen, similar ¢, The Isotherm ShapesFigure 6a shows that, in the lowest
to the one observed in the bottom rlght inset of Figure 4, for concentration range, the isotherms B]_(and @-proprano]o]
type-l sites and for the same reason, the onset of nonlinearare linear. There is only a minor deviation from linear behavior
behavior. In this low concentration range, it is impossible to for the highest two isotherms (lines 5 and 6), corresponding to
identify any of the parameters of the two isotherm contributions, (S)-propranolol at pH 5.7 and 6.0. The influence of the pH is
not even the saturation capacity of type-Il sites. clear; at any given concentration, the amount adsorbed at
In the medium range of concentrations (Figure 5, bottom right equilibrium increases rapidly with increasing pH. The effect is
inset), the isotherm contribution of the type-IlI sites is strongly stronger for §-propranolol than forR)-propranolol, in agree-

lines, @-propranolol). The best values of the coefficients of

nonlinear (surface coverage of type-Il site<Cat= 0.11 mM:
6y = 52.4% forb; = 10.0 mM, 68.7% foib, = 20.0 mM, and
76.7% forb, = 30.0 mM). Under these conditions, an increase

ment with the data obtained in the linear range by measuring
the retention factors (Figure 2 and Table 1).

Figure 6b shows the data acquired in the intermediate

of qu,s at constanb, is easily distinguished from an increase concentration range. All the isotherms exhibit a nonlinear
of by at constanty,s. The former (cf. solid lines) results in pehavior. It is especially strong foBfpropranolol, for which
steeper isotherms, while the latter results in isotherms more the curvature increases with increaging pH The isotherms of
strongly curved (cf. dotted lines). In the high concentration range (R)-propranolol are less strongly curved. At any mobile-phase
(main Figure 5), the surface coverage of the type-Il sites is very pH, there is much less relative difference between the amounts
high (6, ~ 95%—98%, depending on the value bf) and the  of each enantiomer adsorbed at equilibrium in the high than in
contribution of type-ll sites is limited to a shift of the horizontal the low concentration range (Cf Figure 6a’b). Fina”y’ in the
asymptote of the global isotherm. high concentration range (Figure 6c), the isothermsSpfgnd

In summary, the accurate determination of the parameters of (R)-propranolol corresponding to any given pH become close
a bi-Langmuir adsorption isotherm requires the acquisition of together. The resolution between the two enantiomers tends to
the experimental isotherm data in a dynamic concentration rangedisappear at high concentrations. The slopes of the isotherms
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Figure 6. Single-component equilibrium isotherms f&®){ and §)-
propranolol at increasing pH. Experimental conditions are as in Figure
2. Symbols indicate experimental datad, R enantiomer;*, S

Fornstedt et al.

are nearly the same and the distance between them becomes
insignificant.

e. The Bi-Langmuir Parameters. These parameters are
reported in Table 2. They were obtained by fitting each set of
data to eq 4, with eight parameters, i.e., without introducing
the assumption that the two enantiomers have the same
coefficients for the contribution of type-I sites. This procedure
allows the validation of our isotherm model. Tagb,, andq s
coefficients obtained forR)- and ©)-propranolol are indeed
very close, as should be the coefficients corresponding to
nonchiral interactions. The coefficieatincreases with increas-
ing pH of the mobile phase. It is approximately twice as large
at pH = 6.0 than at pH= 4.7. The coefficienty, seems to
increase slightly with increasing pH, an effect which is only
barely significant given its small magnitude (ca. 16%) compared
to the measurement error (rsd 7%). This means that the
increase of the coefficier with increasing pH can be explained
but partially by an increase of the energy of interaction of the
enantiomers with the nonchiral sites. It is rather due to an
increase of the column saturation capacity for the type-I sites.
The coefficienty, s increases by a factor of 1.8, from 15.4 mM
at pH 4.7 to 27.6 mM at pH 6.0.

The parameters corresponding to the contribution of the
interactions with the type-Il sitesy, by, andq s, are different
for (R)- and @-propranolol. This is consistent with our
adsorption model. For both enantiomers, the coefficant
increases rapidly with increasing mobile-phase pH. The effect
is stronger for §-propranolol, for whichay, increases nearly
7-fold when the pH is raised from 4.7 to 6.0, while fd®){
propranolol the increase is only 4-fold (Table 2). The coefficient
by of (R)-propranolol increases only slightly with increasing
pH (approximately by 12%). This means that the largest part
of the increase irg, originates from a 3-fold increase in the
saturation capacity forR)-propranolol (Table 2). By contrast,

b, for (§-propranolol increases considerably with increasing
pH, approximately 6-fold (Table 2). The column saturation
capacityq s of the type-Il contribution for §-propranolol is
nearly the same at low and high pH. Remarkably, its value,
0.80 mM, is nearly the same as the high-pH saturation capacity
of (R)-propranolol. So, the behaviors of the two enantiomers
are most different. When the pH is increased, the number of
enantioselective sites increases fg)-propranolol but remains
constant for §)-propranolol. The energy of selective interactions
remains constant folR)-propranolol but increases considerably
for (9-propranolol.

These experimental results are illustrated in Figures 7 and 8
(note the two different scales: on the right for the nonselective
parameter; on the left for the two enantioselective parameters).
Figure 7 shows the dependence of the saturation capacities of
the three retention mechanisms identified: the enantioselective
interactions of §-propranolol with type-Il sites (line 1), those
of (R)-propranolol with the same sites (line 2), and the
nonselective interactions of either enantiomers with type-I sites
(line 3). Line 1 (©-propranolol, type-Il sites) is a nearly
horizontal straight line, while line 2 R)-propranolol, type-II)
is a steep straight line. Line 3 (nonchiral type-I sites) is a steep
straight line. Figure 8 shows similar plots for the thermodynamic
constant of interactiorly. This time, lines 2 and 3 are nearly

enantiomer. Lines are best calculated bi-Langmuir isotherms (parametershgrizontal straight lines, while line 1 is a steep straight line.

in Table 2): dashed line® enantiomer; solid linessenantiomer. Part
a: low concentration range, between 0 andNs; pH values are (1)
4.72, (2) 4.98, (3) 5.21, (4) 5.49, (5) 5.70, (6) 5.93. Part b: medium

concentration range, between 0 and 0.1 mM; pH values as in part a.

f. Comparing the Bi-Langmuir Parameters and the
Isotherms Shapes.The values of the parameters in Table 2
explain the observations made earlier regarding the distributions

Part c¢: high concentration range, between 0 and 1.1 mM; pH values Of the isotherms in Figure 6&. The initial slopes of the

as in part a.

isotherms (Figure 6a) are the sums of the two coefficients
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— T T T T T T T T 71 for the latter enantiomer because of the large difference in the

129 % ag exp 1% influence of the pH ora, for the two enantiomers.
— 1qg,fit In Figure 6a, the experimental isotherms are linear because
O dgyexp ] so are the contributions of the sites of both types. In Figure 6b,
10| 2qg, fit ’ the influence of the curvature of the isotherm contribution of
+ g exp type-1l sites to the experimental isotherm is important. The
3 qfit 2 difference between the isotherms 8){ and §-propranolol is

explained by a comparison between Figures 5b (bottom right
inset of Figure 5) and 6b. It is explained by the much larger
value ofby for the latter enantiomer. An increaselmf causes

an increase of the isotherm curvature in the intermediate
concentration range. We have seen thais nearly constant
for (R)-propranolol but increases rapidly with the pH &)
propranolol. On the other hand, it was shown in the discussion
of Figure 5b that an increase @ s causes an increase in the
apparent slope of the isotherm, the effect observed Ry (

| 7 410 propranolol in Figure 6b.
o . In the high concentration range (Figure 6c¢), the type-Il sites
024 7 are practically completely saturated and adsorption follows

essentially a Langmuir behavior, with a simple ordinate shift
corresponding to the saturation of type-II sites. This explains

0.0 +¥—1————1————————1— 0 why the isotherms are arranged in order of increasing pH, with
46 48 50 52 54 56 58 60 a minor effect of the chirality, by contrast with what happens
pH in the low and moderate concentration ranges. We also observe

_ ) ) _ that, the higher the pH, the steeper the slopes of R)egnd
Figure 7. Plot of the saturation capacity of the three retention (g)_propranolol isotherms. This is due to an increase in the

mechanisms versus the pH of the mobile phase: line 1, enantioselectiverm.mmayer capacity of the type-I sites (cf. main Figure 4 and
interactions of §)-propranolol with type-II sites; line 2, enantioselective Figure 6¢) '

interactions of R)-propranolol with type-Il sites; line 3, nonselective . .
interactions of either enantiomers with type-I sites. NB. Theylefkis It was shown previously that the enthalpy of retention3)# (
corresponds to lines 1 and 2; the righaxis, to line 3. propranolol was exothermic at pH 4.66 and weakly endo-

thermic at pH= 5.4710 Note that, at pH= 5.49, by, for (-
T o112 propranolol becomes twice that foR)¢propranolol andy; j s
709 * bsy &P ((R)-propranolol) becomes equal tp s ((S-propranolol).

1 T ;bsv" fit 5. Enantiosele(_:tive and _Nonsele(_:tive Mecha_nismé’.he _
60 R &XP J10 results presented in the previous sections are easily summarized.
"""" 2 by, fit % The retention factors of botlR}- and §)-propranolol increase

+  bexp 1 rapidly with increasing mobile-phase pH. The latter retention
factor increasing faster than the former, the separation factor
also increases with increasing pH. These results are explained
by the major role of the electrostatic interactions in both the
nonchiral (type-I sites) and the chiral selective (type-Il) inter-
actions and by the increasing degree of dissociation of the acidic
residues in CBH I, hence the increasing electrostatic interactions
between the protein and the analytes. The strong pH dependence
of the two retention factors is the result of the combination of
three effects. When the pH increases, (1) the number of
nonchiral type-1 sites increases rapidly, (2) the monolayer
capacity of the enantioselective sites f&)-propranolol in-
creases significantly, and (3) the binding constants 9f (
propranolol with these type-Il sites increases considerably.

Our experimental results can be better understood in the light
of results recently published on the three-dimensional structure
. . . : of CBH | provided by X-ray crystallographi?:?* These results
46 48 50 52 54 56 58 60 provide useful information regarding the origin of the changes

pH of the properties of the type-1 and type-Il sites measured and
) . . reported earlier. The solute is an amino alcohol withka of
Figure 8. Plot of the binding constant of the three retention 9.5. It is positively ionized in the whole pH range studied. The

mechanisms versus the pH of the mobile phase: line 1, enantioselective . . h ff . ion-bindi
interactions of §)-propranolol with type-Il sites; line 2, enantioselective ~ StrONgest interactions that can affect a cation are ion-binding to

interactions of R)-propranolol with type-Ii sites: line 3, nonselective ~ Negatively charged groups of the stationary phase. These groups
interactions of either enantiomers with type-I sites. NB. Theytefkis are in the protein, on its surface, or on the silica matrix. First,
corresponds to lines 1 and 2; the righéxis, to line 3. the residual silanols are becoming ionized in an increasingly
large proportion with increasing pH in the range investigated.
anday. This sum is larger for§)- than for R)-propranolol. It They all contribute to the nonselective interactions. Besides,
increases much faster with increasing pH for the former than the molecule of CBH | contains 43 carboxylic amino acid

20 +

10
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residues, 24 aspartic acids and 19 glutamic acids. Sixteen acidioon the separation between the contributions of the enantio-
residues are located inside the tunnel, 11 aspartic acids and Sselective and nonselective interactions. This made more attrac-
glutamic acids. Most of the other acid residuals exist on the tive the use of the semi-empirical bi-Langmuir model.

protein surface. Only a few are inside the protein globular

structure. The K, values of the second carboxylic function of ~Conclusions

acidic amino acid residues of a protein molecule vary markedly,  The results reported here confirm and extend our previous
depending on their microenvironment, i.e., on the nature and fingings regarding the chiral separation of the enantiomers of a
position of close-by residues, and there is a rather broad g pjocker on an immobilized protef?.Combined with recent
distribution of (K, for these groups. This suggests that a large resyits of X-ray crystallography unraveling the structure of CBH
fraction of them is not d|5500|at§d at. pE4.7 but that most.of I, our experimental measurements of the adsorption da)ef (
them are at pH= 6.0. Thus, in this pH range, there is a ang )-propranolol have allowed the first detailed description
considerable increase of the number of anionic charges on thegf the enantioselective site.
protein molecules. This explains the important increase of the  Fyrthermore, these results permit the derivation of a system-
saturation capacitygs, of the type-I sites in our experiments.  atic procedure for the investigation of enantioselective retention
Specific details of the structure of the tunnel inside the protein mechanisms. The measurement of the adsorption data of the
were supplied by the same X-ray crystallographic stfd¥.  two enantiomers studied on the selected CSP followed by the
They suggest that the enantioselective sites would involve modeling of these data using the bi-Langmuir isotherm allows
essentially the carboxylic groups of two glutamic acid residues the direct determination of the nonselective and the enantio-
and the hydrophobic indole ring of a tryptophan resiéfié? selective contributions to the retention of these compounds.
This assumption is validated by the observation that the ratio From these contributions, the values of the saturation capacity
of the number of carboxylic groups in the active site to their and the binding constants of the two enantiomers on the
total number in the protein is 22, while the ratio of the nonselective type- sites and each of them on the enantioselective
nonselective to th& enantiomer selective saturation capacities type-Il sites can be derived. The access to these thermodynamic
varies from 23 at pH= 4.72 to 36 at pH= 5.93 (cf. Figure 7). characteristics of the different interactions taking place on CSPs
Obviously, not all nonselective interactions can be ascribed to allows a detailed investigation of the retention mechanism. The
ionic interactions between carboxylate groups and the positively study of the influence of the temperature, of the mobile-phase
charged nitrogen atom on the propranolol. There are other type-IpH, and/or of any relevant parameter on these constants will
sites, e.g., the dissociated silanol groups at the silica surface orbe particularly informative, especially if details of the CSP
the so-called silanophilic and hydrophobic interactighidow- composition and structure are available and permit the inter-
ever, the dependence of this capacity on the pH suggests thapretation of the thermodynamic data.
these ionic interactions play a very important role. If the active  This methodology has proven successful in a number of
site has the postulated structure, the increase of the energy ofifferent instance&:1° In only one case, did the bi-Langmuir
binding, bz i, of (S)-propranolol to the enantioselective type-ll  isotherm prove to be an unsuitable mo#elhe information
sites (cf. Figure 8) should be related to the influence of the pH gained when more sophisticated models are needed is extremely
on the degree of ionization of the two carboxylic groups at the valuable. Its interpretation will become possible only when
selective site. The presence of the positively charged nitrogenfurther progress is made in the modeling of weak intermolecular
atom between them mitigates their electrostatic repulsion andinteractions.
might cause the loss of the solvated water molecules, hence |n the case of the separation d®)¢ and ©)-propranolol on
the large adsorption entropy.Because R)-propranolol does immobilized CBH I, we have also shown that the parameters
not fit well to the selective site, the increased ionization of the of the isotherm which describes the nonselective adsorption
carboxylic group has little effect on its selective binding constant dependent only weakly on the pH of the mobile phase. By
but simply makes more sites available for interaction. This contrast, the parameters of the enantioselective adsorption
explains the increase of its saturation capacity for the selectiveisotherm depend strongly on the pH, suggesting that the
sites while its binding constant is little affected. corresponding mechanism is mainly ionic. Comparison with the
In this context it should be mentioned that, although ionic results of independent studies on the X-ray structure and the
interactions play a dominant role, we did not try to model the enzymatic activity of the protein allowed a plausible suggestion
isotherm data with one of the several stoichiometric or non- regarding the identity of the groups of atoms which carry the
stoichiometric models availabfé3*examples of the latter being  chiral selectivity.
the several versions of the Ster@ouy—Chapman (SGC) theory
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