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Abstract

The effect of the mobile phase parameters flow rate, temperature, pH and ionic strength, as well as the addition of various organic modifiers
on the enantiomer separation of various aromat&mino acids was investigated using two antibody-based chiral stationary phases that
have opposing stereoselectivity. On both columns, a decrease in flow rate or temperature resulted in increased interaction with the retained
enantiomer. It was found that the retention fadtpdepends on the affinity between the analyte and the immobilized antibody and is not
independent of the flow rate. Optimum separations of all amino acids investigated were obtained at pH 7.4 on both columns. While increased
k. values were obtained at low ionic strength on the ardimino acid antibody column, no such effect was observed on the -amtiino
acid antibody column. The addition of organic modifiers did not improve separations. In all studies, the unretained enantiomer eluted with
the void volume.
© 2004 Elsevier B.V. All rights reserved.
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acids as a model system, we showed that such immunoaffin-
1. Introduction ity stationary phases possess predicted selectivity and, if op-

erated under mild isocratic conditions, are surprisingly sta-

One of the most popular techniques for the analysis and ble. By employing phosphate buffered saline (PBS), pH 7.4,

direct separation of enantiomers is HPLC utilizing a chi- as the sole mobile phase, we were able to reuse the same
ral stationary phase (CSP). Chiral selectors commonly usedantibody-columns for more than 2000 separations over a pe-
for the preparation of CSPs include oligo- and polysaccha- fiod of 3 years. This is in contrast to various other reports that
rides, macrocyclic antibiotics, alkaloids, synthetic polymers, demonstrated separation of stereoisomers in immunoaffinity
w-donorkr-acceptor systems, crown ethers, ligand exchange System$4-9]. In those studies, mixtures of enantiomers, dis-
selectors, and various proteifis2]. Despite their success, Solved inaneutral buffer, were passed through a column con-
these chiral selectors are generally not tailor-made for spe-taining antibodies covalently linked to agarose beldeS]
cific analytes, which can make the identification of a suitable Or silica[9]; after the unbound enantiomer was washed clear,
CSP a time-consuming exercise. We have recently demon-élution of the bound enantiomer was achieved by altering to
strated that tailor-made CSPs for the direct separation of& mobile phase that disrupted its interaction with the anti-
enantiomers in HPLC can be prepared by immobilizing suit- body. As is typical for classical affinity and immunoaffinity
ably raised stereoselective antibodies onto a solid supportchromatography systenis0-12} elution of bound material
material[3]. Using the stereoselective interaction between required harsh conditions, i.e., a drastic change if9jt-or

monoclonal antix-amino acid antibodies and andr-amino ~ addition of organic solvent},6-8] or chaotropic salt§].
Such severe elution conditions invariably cause protein de-
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Antibodies are glycoproteins, which are produced by prepared according to referend®] and adjusted to pH 7.4
the immune system of vertebrates in response to invadingwith 0.1 N HCI. All amino acids were of the highest purity
pathogenic microorganisms and “non-self” biological mate- availablep-Tryptophanp- andL-phosphotyrosiney- andL-
rial, called antigens. Through their specific interaction with p-aminophenylalanine, ang andL-phenylalanine were pur-
discrete structures on the antigen they mark it for elimination chased from Sigma (Deisenhofen, GermanyJryptophan
by other components of the immune system such as phago-andp-tyrosine were from Aldrich (Munich, Germanyy,; and
cytes and the complement systgiB]. It is well known that L-DOPA were from Fluka (Neu-Ulm, Germany).Tyrosine
antibodies can be raised against low-molecular weight com-was kindly provided by Degussa (Frankfurt, Germany).
pounds, haptens, if these are conjugated to suitable carriers,

e.g., proteins; such antibodies may be stereoselective and mag.2. Monoclonal antibodies

distinguish between the enantiomers of chiral hapféds

Despite the fact that antibodies are made from chiral building  Monoclonal antibodies were produced as previously de-
blocks, namely.-amino acids and sugars, and therefore pos- scribed20]. In brief, 8-week-old BALB/c mice were immu-
sess an inherent chirality, their stereoselectivity appears tonized with conjugates of keyhole limpet hemocyanin and ei-
be primarily based on the specific interaction between amino ther p-aminond-phenylalanine op-aminoi.-phenylalanine,
acid residues in the binding site and complementary func- prepared by diazotization, in complete Freund’s adjuvant fol-
tional groups and moieties in the hapten struc{@je The lowing a standard immunization protocol. For the produc-
most abundant antibodies in blood are immunoglobulins of tion of monoclonal antibodies splenocytes were fused with
the IgG class, which possess two identical binding sites andNSO myeloma cells using polyethylene glycol and hybrido-
have a molecular weight of approximately 150,000[D&j. mas were selected in hypoxanthine/aminopterin/thymidine
As is the case for other types of protein—ligand interactions, medium[21]. Large quantities of the anti-amino acid anti-
such as enzyme-substrate, receptor-hormone, or lectin-sugabody secreted by clone 67.36 and the aréimino acid anti-
systems, the binding forces between an antibody and an anti-body produced by clone 29.2 were obtained by the prepara-
gen are of purely non-covalent nature and involve electro- tion of ascites fluid. The antibodies were purified by ammo-
static interactions, electron acceptor—electron donor forcesnium sulfate precipitation followed by ion-exchange chro-
(hydrogen bonds), and non-polar interactions (Lifshitz-van matography on DEAE-Sephacel (Amersham Biosciences,
der Waals forceq)15,16] The strength of interaction, there-  Piscataway, NJ). The antibodies did not contain any impuri-
fore, is affected by environmental parameters such as the temties as determined by sodium dodecyl sulfate-polyacrylamide
perature, and the pH, ionic strength and polarity of the solvent gel electrophoresis. The binding characteristics of the anti-
in which binding occurs. The effect of the mobile phase on amino acid antibodies have been described in detail else-
protein—ligand interactions has successfully been utilized in where[3,20,22] Their affinities are highest for structures

a number of protein-based chiral separations to modulate thethat resemble the hapten, i.e., bear aromatic side chains;
interaction between the immobilized chiral selector and the however, also amino acids with different side chains, in-
analyte, and to optimize separatidtg,18] cluding aliphatic, charged and non-charged residues, are

Here, we describe how the mobile phase parameters flowstereoselectively recognized by the respective antibodies.
rate, temperature, pH and ionic strength, as well as the addi-The exquisite stereoselectivity of the antibodies has previ-
tion of various organic modifiers influence enantiomer sep- ously been utilized in enzyme-linked immunosorbent as-
aration of several aromatie-amino acids on two antibody-  says[20,22,23] flow-injection immunoassayi24,25], im-
based CSPs that possess “opposing stereoselectivities” andhunosensorf26—28] and chromatographi3,20] for enan-
bind to eithem- or L-a-amino acids. tiomer detection and separation.

2.3. Chiral stationary phase
2. Experimental
Following activation with DSC and DMAP, the POROS-
2.1. Chemicals OH stationary phase material was reacted with either the anti-
p-amino acid antibody or the antkamino acid antibody as
POROS-OH was obtained from PerSeptive Biosystems described elsewhef8]. In brief, 3.5g POROS-OH (20m
(Cambridge, MA)N,N-disuccinimidyl carbonate (DSC)and patrticles) were reacted with 350 mg DSC and 287 mg DMAP
dimethylaminopyridine (DMAP) were from NovaBiochem in 17.5mL dry acetone for 1.5h at€. One fraction of the
(La Jolla, CA), HPLC-grade acetonitrile, ethanol, methanol, support material (1 g) was reacted overnight with 30 mg of
1-propanol, and 2-propanol were purchased from Sigma (St.the antip-amino acid antibody in PBS at°€, while the
Louis, MO). Inorganic salts were from ACROS/Fisher (Fair other fraction (1.5g) was reacted with 50 mg of the anti-
Lawn, NJ); all other chemicals were from Sigma (St. Louis, r-amino acid antibody overnight at®€ under salting-out
MO). conditions. Remaining active groups on the support were
Water was purified using a MilliQ water system (Milli- quenched by treatment with 0.2M TRIS for 1h, followed
pore, Bedford, MA). Phosphate buffered saline (PBS) was by extensive washing. The concentration of immobilized an-
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tibody was determined using the dye binding method pub- carried out at least in triplicate. Standard deviation of chro-
lished by Bonde et al[29], and was found to be as fol- matographic parameters was typically less than 10%.

lows: antip-amino acid antibody column, 12mg per gram

of support material (wet); anti-amino acid antibody col-  2.4.1. Influence of the flow rate

umn, 15.5mg/g. As previously reported, differences in col-  The effect of the flow rate on antibody-based chiral sep-
umn performance of the two antibody-columns are based onarations was investigated at flow rates between 0.5 ml/min
the fact that the antb-amino acid antibody 67.36 has ahigher and 4.5 ml/min. Due to the higher affinity of the anti-
affinity towardsp-amino acids than the antkamino acid amino acid antibody towards-amino acids, compared to
antibody 29.2 has towards the correspondirgnantiomer the antit-amino acid antibody towardsamino acids, more

[3]. In addition, it was found that the column capacities of amino acids, namely DOP/A;aminophenylalanine, phenyl-
the POROS-based antibody-columns are too low to enablealanine, phosphotyrosine, and tryptophan could be baseline
enantiomer separation of aliphatic amino adigls Genetic separated on the armi-amino acid column. In contrast, only
analysis of the antibody-binding sites has recently revealed p-aminophenylalanine, phenylalanine, and tyrosine yielded
that both antibodies possess considerable differences in theicalculable results on the anttamino acid column.

amino acid sequences and that they belong to different fam-

ilies [30]. Thus, it can be expected that the two antibodies 2.4.2. Effect of temperature

interact with their corresponding binding partners via differ- The temperature dependence of the enantiomer separation
ent amino acids, and that these interactions may show dif- of p,L-phenylalanine was studied betweenCGand 40°C.
ferent susceptibilities to changes of environmental parame-Antibody columns and buffer reservoir were immersed in a

ters. water bath (Haake, Berlin, Germany), and the temperature
was increased in increments froni® to 40°C. The anti-
2.4. Chromatography and instrumentation body columns were equilibrated for at least 1.5 h before the

corresponding series of injections were performed at the re-
The HPLC system consisted of a Hitachi L-7100 pump spective temperatures.
with a degasser, an L-7400 UV-detector equipped with an
analytical flow cell, and a D-7000 interface with System 2.4.3. Effect of pH
Manager V 4.0 software. Injections were performed using  The effect of the pH on enantiomer separations was stud-

a Rheodyne 7725i injection valve with a gQ loop (Hi- ied using 10 mM phosphate buffer ranging from pH 4.5 to
tachi, Naperville, IL). Columns were packed using an Alltech pH 10, to which sodium chloride and potassium chloride
Slurry Packer Model 1666 (Alltech, Deerfield, IL). were added to yield final concentrations of 2.7 mM KCI and

Stainless steel columns (amtiamino acid antibody col- 137 mM NacCl, respectively, which corresponds to their mo-
umn: 2.3mmx 200 mm; antie-amino acid antibody col-  larity in PBS. Columns were equilibrated with each buffer

umn: 4.6 mmx 250 mm) were slurry packed at a pressure of for atleast 1.5 h. Separations using the antimino acid an-
160 bar in PBS. No leakage of antibody was detected duringtibody column were carried out at flow rates of 1 ml/min for
column equilibration. Unless stated otherwise, all chromato- p-aminophenylalanine, tryptophan, and DOPA and 2 ml/min
graphic separations were performed at room temperature unfor phenylalanine. Separations of tyrosine, phenylalanine and
der isocratic conditions using PBS, pH 7.4, as mobile phase.p-aminophenylalanine on the antiamino acid antibody col-
Columns were stored under azide-containing PBS<@ 4 umn were carried out at 1 ml/min.

only when not used for an extended period of time. Flow

rates used in this study varied from 0.5 to 4.5 ml/min. Mix- 2.4.4. Effect of ionic strength

tures of the pure enantiomers in PBS (dl0Q were injected. To study the influence of the ionic strength on the sep-
Tryptophan was detected at 280 npraminophenylalanine  aration of p,L-phenylalanine, the molarities of NaCl and
at 240 nm, phosphotyrosine at 254 nm, tyrosine and DOPA atKCI contained in the phosphate buffer mobile phase were
220 nm, and phenylalanine at 205 nm. The elution order waschanged by adding the chlorides to a solution of 8.5 mM
determined by injection of the pure enantiomers as well as NaoHPO, and 1.5 mM KBPQ, adjusted to pH 7.4. The an-
by spiking. The void volume for the determination of chro- tibody columns were equilibrated for at least 1.5 h before the
matographic data was measured using water or b{8fgr corresponding series of injections were performed at the dif-
For the short retention times obtained in this study, errors in ferent ionic strengths. Separations were carried out at flow
the determination of the void volume affect the calculation rates of 2 ml/min using the anti-amino acid antibody col-

of chromatographic parameters. Slight variations may be ex-umn and 1 ml/min on the anti-amino acid antibody column,
plained by this fact. In addition, the results described in this respectively.

paper were obtained over a period of approximately 2 years

during which the antibody columns were subjected to various 2.4.5. Effect of organic modifiers

conditions, e.g., organic modifiers, which may have affected  To study the effect of organic modifiers on the separa-
the structural integrity of the immobilized antibodies. To en- tion of b,L-phenylalanine, the organic modifiers methanol,
sure the reproducibility of the results, all measurements wereethanol, 1-propanol, 2-propanol, and acetonitrile were added
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to the PBS buffer. Using the antikamino acid antibody col-
umn, the following maximum percentages of organic mod-
ifiers were employed: methanol and acetonitrile, 5% (v/v);
ethanol, 9%; 1-propanol and 2-propanol, 8%. Using the anti-
L-amino acid antibody column all organic modifiers were em-
ployed up to a maximum of 5%, except acetonitrile, which
was added up to 3%. Flow rates of 1 ml/min and 2 ml/min
were used with the anti-amino acid antibody column and
the antip-amino acid antibody column, respectively.

3. Results and discussion

3.1. Influence of the flow rate

Both chiral stationary phases used in this study were pre-

pared by immobilizing stereoselective monoclonal antibodies
to eitherp- or L-a-amino acids onto the synthetic high flow-
through type perfusion material PORQ®,33] This sup-
port contains a network of large throughpores, which allow

the liquid phase to flow through the sorbent and enable con-

vective transport within the particle. Thus, diffusional mass
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Fig. 2. Resolution values of the enantiomer separations of phenylalanine
(0), tyrosine (), andp-aminophenylalanineA) on the antie-amino acid
column in PBS at different flow rates. Separations were carried out at RT.
Other conditions are given Bection 2 Values represent means of triplicate
determinations. Missing error bars are obscured by the symbols.

tion as the flow rate is increased. The same general trend was
observed using the anti-amino acid column for all amino

transfer limitations are overcome, and, based on the reducedhcids investigated. With the perfusion material, however, the
flow-resistance of the packing, analyses can be performed atoss in resolution is somewhat smaller than predicted by the

higher flow rates compared to conventional silica supports
[32,34] In order to evaluate the effect of the flow rate on

theory for conventional supports. According to the extended
plate height equation for large-pore supports developed by

antibody-based chiral separations, several aromatic aminoRodrigueg35,36], the plate height becomes independent of

acids were investigated under isocratic conditions using PBS,

pH 7.4, as mobile phase at flow rates of up to 4.5 ml/min.
DOPA, p-aminophenylalanine, phenylalanine, phosphotyro-
sine, and tryptophan were studied using the ardimino acid
column, whilep-aminophenylalanine, phenylalanine, and ty-
rosine were separated on the antkmino acid column. As
exemplified inFig. 1, which shows the separation oft-
phenylalanine on the antiamino acid column at 1 ml/min
and 4 ml/min, increasing the flow rate leads to an improve-

the mobile phase velocity at high velocities, and the resolu-
tion Rs is expected to be independent of the flow rate. This,

however, may not hold true for affinity-based separation sys-
tems, where the slow kinetics of non-covalent molecular in-

teractions can contribute to an extra term in the plate height
equation, which is proportional to the velocity. A decrease

in column efficiency was also observed with both antibody

columns studied here. The plate numbigor the separation

of phenylalanine on the antiamino acid column, for exam-

ment in peak shape and enables rapid separations within &ole, dropped from 1080/m at 1 ml/min to 580/m at 4 ml/min.

few minutes. Plots dRg versus flow rate for the anti-amino
acid column Fig. 2) show a considerable decrease in resolu-

1 ml/min

4 ml/min

T T T T

4 6 8 10 t(min)

Fig. 1. Enantiomer separation ofL-phenylalanine on the antramino
acid column at 1 ml/min and 4 ml/min. The first peak corresponds to the
D-enantiomer, the second to theenantiomer. Separations were carried out

at RT using PBS as mobile phase. Other conditions are givBeation 2

A similar loss in efficiency was observed using the anti-
amino acid column, where plate numbers were lower by a
factor of eight. The overall low efficiencies can be attributed
to the slow dissociation kinetics, the large particle size of
the POROS material as well as the high flow rates. In a pre-
viously published study on the separation of various amino
acid derivatives and drugs using POROS-immobilized bovine
serum albumin as a chiral stationary phgsg, we found that
although the loss in resolution at increased flow rates is less
significant than predicted by the theory for conventional sup-
ports, it is not independent of the flow rate as suggested by
the Rodrigues equation. Based on chromatographic theory,
the product of the resolutioRs and the square root of the
flow ratey/F is expected to be constant. Therefore, the prod-
uct of v/F/, which represents the square root of the ratio of
two different flow rates, and the rati® of the resolutions

at these flow rates should have a value of {8#. Table 1
summarizes the relationship between the change in flow rate
and the change in actual resolutiBffor the enantiomer sep-
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Table 1
Relationship between the change in flow rate and the change in actual res&ytion
Chiral selector Analyte Fo/F1=F JF Rs2/Rs1 =R, RWF'
Anti-L-amino acid antibody p-Aminophenylalanine 4/1=4 2 0.91/1.53=0.59 1.19
3/1=3 1.73 1.02/1.53=0.67 1.16
Tyrosine 4/1=4 2 1.71/2.75=0.62 1.24
3/1=3 1.73 1.83/2.75=0.67 1.16
Phenylalanine 4/1=4 2 1.81/3.11=0.58 1.16
3/1=3 1.73 2.03/3.11 =0.65 1.12
Anti-p-amino acid antibody Phosphotyrosine 4/1=4 2 0.69/1.17=0.59 1.18
3/1=3 1.73 0.8/1.17 =0.68 1.18
DOPA 4/0.5=8 2.83 0.78/1.73=0.45 1.27
3/0.5=6 2.45 0.98/1.73=0.56 1.37
Tryptophan 4/1=4 2 1.01/1.62 =0.62 1.24
3/1=3 1.73 1.07/1.62 = 0.66 1.14
Phenylalanine 4/2=2 1.41 0.92/1.19=0.77 1.09
4/3=1.33 1.15 0.92/1.03=0.89 1.02
p-Aminophenylalanine 45/2=2.25 15 1.19/1.84 =0.65 0.98
4/2=2 141 1.20/1.84 = 0.66 0.93

Conditions: PBS, pH 7.4; room temperature.

aration of several amino acids on both antibody columns. In A plot of the retention factdkas a function of the flow rate
most cases, the values Rgﬁare greater than one, which  (Fig. 3) suggests that, for the immunoaffinity-based enan-
indicates that the perfusion-type support material has sometiomer separations investigated hekeis not independent
advantage over conventional supports. However, a slightly of the flow rate as would be expected according to chro-
higher loss in resolution at increased flow rates was observedmatographic theory for isocratic separations. As exemplified
for the enantiomer separations @iminophenylalanine on  in Fig. 3, the decrease ik with increasing flow rates ap-
the antip-amino acid column, which might be based on the pears to be more prominent for analytes that have a relatively
higher affinity of thep-enantiomer of this amino acid towards higher affinity towards the immobilized antibody. Thus, the
the immobilized antibody. The major advantage of the per- ky values fomn-p-aminophenylalanine decrease from 7.33 at
fusive support appears to be the greater range of flow rates2 ml/min to 5.60 at 4.5 ml/min on the antiramino acid anti-
that can be applied; this is especially valuable in cases wherebody column, whilé, for b-phosphotyrosine remains almost
the retained enantiomer possesses a higher affinity towardsonstant between 1ml/min and 4 ml/mkig. 3a). Similarly,

the immobilized antibody, which would lead to long retention the decrease iky is more prominent for-tyrosine than for
times and extreme peak-broadening at lower flow ri8gs L-p-aminophenylalanine on the antiamino acid antibody
The use of higher flow rates in such cases allows relatively column §ig. 3b). This disparity may be based on different
rapid elution of the retained enantiomer under mild isocratic dissociation rate constants. While association rate constants
buffer conditions as a well-defined peak. of antibody—hapten interactions are typically high and may

&‘\ 7 084 o
a \g\‘A —
6 T o —_ 5
- & —0
A

0.6

~< ~ 041
A A A A
24
o - 0.2
o{ o & A H——A 00{ & 4 A A
T T T T T T T T
1 2 3 4 1 2 3 4
(a) flow rate (ml/min) (b) flow rate (ml/min)

Fig. 3. Relationship between the retention fadt@nd the flow rate. Separation of @aminophenylalanine (triangles) and phosphotyrosine (diamonds) on
the antib-amino acid column, and of (b) tyrosine (squares) praninophenylalanine (triangles) on the ant&mino acid column. Filled symbols represent
the p-enantiomer, open symbols theenantiomer. Separations were carried out at RT using PBS as mobile phase. Other conditions areSgiggon2
Values represent means of triplicate determinations. Missing error bars are obscured by the symbols.
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approach the diffusion-controlled limit, the affinity of the effect oftemperature changes, therefore, is difficult to predict
interaction is primarily determined by the dissociation rate and may actually be negligib[&5,16]

constant. Thus, analytes that are more strongly bound, that In order to study the effect of temperature on antibody-
is, have a higher affinity towards the immobilized antibody, based chiral separations and to compare theriaatitino
dissociate slower from the CSP. We believe that the local acid antibody CSP with the antiamino acid antibody CSP,
concentration ratio of free versus bound analyte decreases ab,L-phenylalanine was separated on both columns at temper-
high flow rates due to dilution effects, and that this reduces atures between®C and 40°C. Higher temperatures were not
the amount of dissociating analyte that is rebound. If both the investigated to avoid protein denaturation. As sedrign 4,
association and dissociation kinetics are fast enough, as is then both columns an increase in temperature leads to reduced
case for more weakly bound analytes, such a dilution effect retention times of the second peak, while the retention time
will not be discernible. However, if the dissociation step is of the unretained enantiomer does not change. Plots lof In
slow and the flow rate high enough, such an effect could re- versus 1T show a non-linear behavior & (Fig. 5. Non-
sultin a relatively lower retention at higher flow rates, which linear van't Hoff plots have been reported for protein-based
would manifestitselfin a decreasddnt should be notedthat  chiral separationg38,40]as well as for antibody-antigen in-

on both columns thk values for the first eluting enantiomer  teractions[41], and are usually attributed to temperature-
(that is, theL-enantiomer on the anti-amino acid column  induced changes of the protein conformation. A detailed
and then-enantiomer on the-amino acid column) were close  study by Theriault et a[42] on the interaction between sev-

to zero and independent of the flow rate; this indicates that noeral anti-DNP antibodies and DNP-derivatized dipeptides,
noticeable specific or non-specific interactions between the for example, demonstrated that the anomalous temperature-
CSP and this enantiomer occur. This, furthermore, implies dependence of the antibody ANOL1 is related to structural het-
that the retention of the second eluting enantiomer is solely erogeneity in the antibody binding site. While the antibody is

based on specific interactions with the CSP. structurally constrained and remains in a single conformation
at 5°C, it can assume multiple conformations at 45
3.2. Effect of temperature The van’t Hoff plot for L-phenylalanine on the anti

amino acid columnKig. 5a) is linear at temperatures be-

Itis well known that temperature changes can have a dra-tween 37.5C and 20°C (y = —27.88 + 8.08; R = 0.999)
matic effect on chiral separations using protein CSPs. An and between 20C and 5C (y = —15.85 + 4.5% R =
increase in temperature typically results in decreased analyte0.999). This biphasic behavior suggests that theaatinino
retention, although unusual effects have been rep¢a@id acid antibody undergoes a conformational change around
Also the interaction between antibodies and antigens may di-20°C. The temperature-dependence of the interactian of
minish with increasing temperatuji@9], which is typically a phenylalanine with the anti-amino acid antibodyKig. 5b)
result of a decrease in the negative valuabf, the enthalpic ~ appears to be more complex and the non-linear plot can be di-
component of the free-energy change of binding. However, vided into at least three phases with transition temperatures
a loss in enthalpy is often compensated by a gain in entropy,around 15C and 37.5C. However, the positive slopes of
which can be explained by increased dehydration of the pro-the van’t Hoff plots that are obtained for the retained enan-
tein at elevated temperatures, and the release of previousltiomer on both columns indicate that the interaction between
oriented water molecules into the solvg¢h6]. The overall theL-enantiomer and the antkamino acid antibody as well

M 40°C

27.5°C 27.5°C

150C 15°C
10°C /J 10°C

I T T T T

(a)o 4 8 12 t(min) (b) o 2 4 6 t(min)

35°C

Fig. 4. Enantiomer separation of phenylalanine at different temperatures on thesamnino acid column at 1 ml/min (a) and on the awi@&mino acid column
at 4 ml/min (b) using PBS as mobile phase. Other conditions are giveedtion 2 Thep-enantiomer elutes first in (a) and second in (b), while the elution of
theL-enantiomer is vice versa.
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Fig. 5. Van't Hoff plots for the enantiomer separation of phenylalanine on tha.aaiino acid column at 1 ml/min (a) and on the apsi&mino acid column at
4 ml/min (b). Separations were carried out using PBS as mobile phase. Filled circles represesttahéomer, open circles theenantiomer. Values represent
means of triplicate determinations. Missing error bars are obscured by the symbols.

as between the-enantiomer and the ant-amino acid an- tigate the influence of the flow rate on the retention factor at

tibody is enthalpy-driven. Since temperature changes do notdifferent temperatures. For that, the enantiomers of phenyl-
affect the interaction of the unretained enantiomer with the alanine were separated on both columns at various flow rates
CSPs, a higher selectivity for the enantiomer separation canand at the highest and lowest temperature that yielded cal-
be achieved on both columns by lowering the temperature. culable results. As seen iRig. 6, the retention factor for

The resolution on the anti-amino acid column at 1 ml/min
shows a maximum at 2@ (Rs = 2.34), which shifts to 15C

at higher flow rates. The resolution on the awvdmino acid
column at 2 ml/min, on the other hand, drops betweenCl0
(Rs = 1.77) and 20C (Rs = 1.19) and remains constant at
higher temperatures, butis constaRg £ 1.20) at all temper-
atures at higher flow rates.

As described above, our studies on the influence of the

flow rate on the retention fact@demonstrated that, depend-
ing on the affinity between the analyte and the GSRay
decrease with an increase in flow rakgg( 3). Our obser-

the retained enantiomeky) decreases significantly afg,
where the affinity to the immobilized antibody is the highest.
In contrastk, remains constant at the investigated flow rates
at 30°C on the antie-amino acid column and at 4C on the
anti-p-amino acid column, respectively. This result supports
our theory that the effect of the flow rate on the retention
factor depends on the affinity of the studied system.

3.3. Effect of pH

The pH of the aqueous mobile phase can have a signif-

vation that the strength of interaction between the retainedicant influence on chiral separations using protein CSPs. In
enantiomer and the immobilized antibody can be modulated general, changes in pH appear to have a stronger effect on
by changing the temperature, therefore, prompted us to inves-charged analytes than on uncharged da@g A convenient
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30°C (triangles) on the anti-amino acid column, and (b) at°® (circles) and 40C (triangles) on the ant-amino acid column. Filled symbols represent
the p-enantiomer, open symbols theenantiomer. Separations were carried out using PBS as mobile phase. Other conditions areSgegionn2 Values
represent means of triplicate determinations; error bars are obscured by the symbols.
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explanation is that an increase in pH reduces the number ofeffect is likely to be primarily based on changes within the
positively charged amino acid residues on the protein, which antibody binding site. While the carboxyl groups of the aro-
results in a decrease of electrostatic interactions with neg-matic amino acids investigated here hatg palues ranging
atively charged analytes, e.g., carboxylic acids. A decreasebetween ca. 1.8 (Phe) and 2.4 (Trp), shamino groups have
in pH, on the other hand, reduces the number of negatively pK, values between 9.1 (Phe) and 9.4 (Trp). Thus, the ana-
charged residues on the protein, thus reducing the interac-lytes will predominantly be in the zwitterionic form at pH
tion with cationic analytegl7]. While this behavior is rem-  values between the lowest pH investigated here, pH 4.5, and
iniscent of the binding of charged analytes to ion-exchange approximately pH 8.1. This means that the decrease in inter-
materials, the pH-dependence of specific protein—ligand in- action between analyte and antibody at pH values below pH
teractions within distinct binding sites often appears to be 8is not due to changes in the analyte structure. However, the
more complex. The binding site may contain buried or partly aromatic amino group gf-aminophenylalanine, which has a
buried ionizable groups with perturbe&pvalues that are  pK, at around pH 4.6, will become protonated at pH values
stabilized by charges on the protein surf§48]. Electro- lower than 5.6; this additional positive charge may be the rea-
static interactions between proteins and ligands may also beson for the drastic drop ik, observed with this amino acid
mediated through metal counter-ions complexed within the on the antib-amino acid column. The decrease in interaction
binding site by appropriate pH-sensitive amino acid residues between analyte and antibody at pH values above pH 8 may
[16,44] Changes in pH may furthermore induce conforma- be based on both the deprotonation ofdhamino groups of
tional changes in the protein that interfere with the correct po- the analyte as well as changes in the antibody binding site.
sitioning of amino acid residues participating in ligand bind-
ing [45,46] Such conformational changes may be restricted 3.4. Effect of ionic strength and organic modifiers
to certain loops or domains, or, especially at extremely high
or low pH, may affect the overall structure and lead to protein ~ The variation of the ionic strength of the mobile phase
denaturatioj47]. In order to minimize the risk of denatura- buffer and the addition of organic modifiers are among the
tion of the antibody CSPs, we limited our studies of the effect most widely used means to influence retention and res-
of the mobile phase pH to the range between pH 4.5 and pHolution in protein-based chiral separatiofi&,18] A de-
10. crease in ionic strength favors electrostatic interactions be-
Plots of the retention factdeversus pH show optima of  tween charged analytes and opposite charges on the pro-
ko at the physiological pH of 7.4 for all amino acids investi- tein; consequently, these interactions are weakened at high
gated hereKig. 7). Similarly, the resolution values on both ionic strength. However, an increase in the salt concentration
columns are highest at this pH. A higher or lower pH of the may also cause dehydration, which, in turn, can increase hy-
mobile phase results in reduced interaction between the re-drophobic interactionfl6]. Organic modifiers, on the other
tained enantiomer and the immobilized antibody. Increasing hand, effectively reduce hydrophobic interactions, but are
or decreasing the pH, however, does not affect the interactionknown to bear a considerable risk of denaturing proteins.
with the opposite enantiomer, which at all pH values elutes In this study, the effect of ionic strength was investigated
with the void volume. While a change in pH will eventu- on both antibody columns by separating the enantiomers of
ally also affect the degree of protonation of ionizable groups the model analyte phenylalanine at ionic strengths ranging
in the analyte, here aromatic amino acids, the observed pHfrom 60 mM to 200 mM. As seen ifrig. 8a, the retention
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Fig. 7. Relationship between the retention fadtand the pH. Separation of (pjaminophenylalanine (triangles), phenylalanine (circles), tryptophan (stars),
and DOPA (upside-down triangles) on the ami&mino acid column, and of (b) tyrosine (squares), phenylalanine (circlegramihophenylalanine (triangles)

on the antie-amino acid column. Filled symbols representthenantiomer, open symbols theenantiomer. Chromatographic conditions are giveBeation

2. Values represent means of triplicate determinations. Missing error bars are obscured by the symbols.
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of the p-enantiomer on the anti-amino acid column was  On neither column did a change in the ionic strength of the
significantly influenced by the ionic strength of the buffer, mobile phase buffer affect the retention of the unretained
being highest at low ionic strength. Similarly, the resolution enantiomer, which eluted with the void voluntéd. 8).
decreased from 60 mM to 200 mM (froRy = 2.45 toRs = Overall similar results were obtained with both columns
1.88). Interestingly, no such effect was observed for the re- upon addition of the organic modifiers methanol, ethanol, 1-
tention of theL-enantiomer on the anti-amino acid column, propanol, 2-propanol, and acetonitrilgq. 9). Anincreasein
wherek, (Fig. 80) as well as the resolutiorR{ = 1.93) re- the concentration of ethanol, 1-propanol, 2-propanol, or ace-
mained constant. This difference in susceptibility to changes tonitrile resulted in a significant reduction in interaction be-
in the ionic strength may be based on dissimilarities in the tween the immobilized antibody and the retained enantiomer
mode of interaction between the two antibodies and their on both columns. An analogous behavior was observed for
binding partners. Although preliminary structural studies in- the resolution, which decreased upon addition of these modi-
dicate considerable differences in the amino acid sequencesdiers. Methanol, in contrast, had no discernible effedtor
within the binding sites of the two antibodi€®0], only X- the resolution. It should be noted that the addition of organic
ray crystallographic analyses, which are currently under way, modifiers had a considerable deteriorating effect on column
will allow elucidation of the molecular basis of interaction be- efficiency, which ultimately led to reduced retention even in
tween the ant-amino acid antibody anetamino acids,and  the absence of modifier. Especially acetonitrile was found
between the anti-amino acid antibody and-amino acids. to negatively affect the anti-amino acid antibody, which
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retention factoik of the enantiomer separation of phenylalanine on thematiino acid column at 2 ml/min (a) and on the anmino acid column at
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probably undergoes partial denaturation in the presence ofcombine a low flow-rate with a neutral buffer of pH 7.4 at

this solvent. The reduced column capacity is obvious in the a reduced temperature, only separations on themaatitino

overall lower values ok, obtained on the anti-amino acid acid column can be further improved by reducing the ionic

column in the presence of methanol, which was the last mod- strength of the mobile phase. Despite the fact that the two

ifier whose influence was investigated. antibodies employed in this study bind to analytes having the
same chemical structure (they just have opposite configura-
tion), it is reasonable to assume that the physical-chemical

4. Conclusions forces involved in these interactions differ, and that changes
in chromatographic conditions affect the antibody-analyte in-

Inthis study, the effect of the mobile phase parameters flow teractions in different ways.

rate, temperature, pH, ionic strength, and organic modifiers

on the enantiomer separation of several aromatic amino acids

on two antibody-based CSPs was investigated. All results in- Acknowledgements
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