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Abstract: In this paper, a DNA aptamer, known to bind stereospecifically the D-enantiomer of an oligopeptide,
i.e., arginine-vasopressin, was immobilized on a chromatographic support. The influence of various
parameters (such as column temperature, eluent pH, and salt concentration) on the L- and D-peptide retention
was investigated in order to provide information about the binding mechanism and then to define the
utilization conditions of the aptamer column. The results suggest that dehydration at the binding interface,
charge-charge interactions, and adaptive conformational transitions contribute to the specific D-peptide-
aptamer complex formation. A very significant enantioselectivity was obtained in the optimal binding
conditions, the D-peptide being strongly retained by the column while the L-peptide eluted in the void volume.
A rapid baseline separation of peptide enantiomers was also achieved by modulating the elution conditions.
Furthermore, it was established that the aptamer column was stable during an extended period of time.
This work indicates that DNA aptamers, specifically selected against an enantiomer, could soon become
very attractive as new target-specific chiral selectors for HPLC.

Introduction

The separation of enantiomers is an area of increasing interest
in pharmaceutical or biological fields, as two enantiomers of
the same chiral molecule may have completely different
physiological behaviors. For example, it is well established that,
frequently, one of the two enantiomers of a drug is pharmaceuti-
cally active, while the other one can be inactive or toxic. Thus,
the industrials are becoming more and more interested in new
separation methodology for both analysis and purification of
optical antipodes. Intensive research efforts are carried out for
the discovery of new peptidic drugs.1 Notably, important papers
have focused on the usefulness of peptides composed ofD-amino
acids (D-peptides) for the development and identification of
potential drugs with resistance to proteolytic degradation.2

Therefore, several papers have been reported for the chiral
separation of oligopeptides.3 High-performance liquid chroma-

tography (HPLC) is one of the most suitable techniques for
enantiomeric resolution at analytical (or preparative) levels
because of its high efficiency, speed, reproducibility, and wide
range of applications. During the last two decades, various types
of chiral selectors have been introduced as chiral stationary
phases (CSPs) in HPLC. The chiral selectors commonly used
for the production of CSPs are amino acids,4 proteins,5 crown-
ethers,6 oligo- and polysaccharides,7 or more recently macro-
cyclic antibiotics.8 However, the conventional chiral stationary
phases are not specifically designed for the enantiomers to
separate, making screening of stationary phase libraries a
necessary step in the method development. Therefore, research
efforts have been carried out in order to obtain tailor-made chiral
selectors. Two major approaches have been reported involving
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the production of imprinted polymers9 or antibodies.10 However,
both these two tailor-made chiral stationary phases have some
drawbacks. Columns packed with imprinted materials exhibit
relatively reduced apparent enantioselectivity, peak asymmetry,
and low sample load capacity due to a heterogeneous population
of binding sites and a lack of recognition of a number of
important compound classes.9a,11In addition, the use of antibod-
ies as affinity stationary phases has constraints such as low
surface loading, difficulty in tailoring the selectivity, and lack
of antibodies for weakly immunogenic molecules.12

Nucleic acid aptamers are oligonucleotides, often single-
stranded, with selective binding properties originating from in
vitro selection experiments (SELEX methodology).13 DNA or
RNA aptamers have been identified for a broad spectrum of
targets including metal ions,14 organic dyes,15 amino acids,16

peptides,17 proteins,18 nucleotides,19 and drugs.20 The selectivity
and affinity of aptamers have been recently used with much
interest in flow cytometry,21 sensors,20a,22ELISA-type assays,23

capillary electrophoresis,24 and affinity chromatography.25 Aptam-
ers present various advantages. They are produced by chemical
synthesis in a short time, at low cost, with reproducibility and
accuracy and at a high degree of purity. It is also easily possible
to change their sequence in order to modulate their binding
selectivity. In addition, they can be modified at precise locations
by molecules such as biotin in order to allow attachment to the
streptavidin surface. Finally, they are stable to long-term storage.
In some cases of chiral compounds, the efficient monitoring of
the selection procedure has allowed a very high specificity
exemplified by the capability of the aptamer to bind stereose-

lectively the target. For example, Geiger et al.26 reported the
selection of RNA aptamers that bindL-arginine with sub-
micromolar dissociation constants and high enantioselectivity.
Other RNA aptamers have been isolated that can discriminate
betweenL- andD-amino acids although showing relatively poor
discrimination factors.27 Williams et al.28 produced a stereose-
lective DNA aptamer. This selected oligonucleotide binds with
high affinity the D-enantiomer of an oligopeptide without
significant affinity for theL-enantiomer. However, to the best
of our knowledge, the enantioselective properties of RNA or
DNA aptamers have never been exploited for an application in
target-specific chiral separations.

The aim of this paper was to examine the feasibility of using
a DNA aptamer, characterized by its high enantioselective
binding, as a specifically designed chiral selector. A biotinylated
DNA aptamer, with stereoselective binding affinity for a test
D-peptide (arginine-vasopressin), was immobilized on a strepta-
vidin chromatographic support. The retention and separation of
the D- and L-peptides on this novel CSP was investigated in
relation to column temperature, pH, and ionic strength of the
mobile phase. A mechanism for the chiral discrimination of
vasopressin enantiomers was proposed, and the operating
conditions for optimal enantiomeric separation were determined.

Experimental Methods

Reagents and Materials.L-Vasopressin (Figure 1) was obtained
from Sigma Aldrich (Saint-Quentin, France).D-Vasopressin was
synthesized fromD-amino acids by Millegen (Toulouse, France) and
purified by reversed-phase chromatography (C8 column: 4.6× 30 mm
with a particle diameter of 7µm; eluent A: H2O; eluent B: H2O-
acetonitrile 25-75 (v/v); gradient elution by varying the proportion of
eluent B in the mobile phase from 2 to 80% in 50 min; flow rate: 1
mL/min; UV detection: 215 nm; injection volume: 100µL; solute
retention time: 13.56 min). The identity of oligopeptide was confirmed
by ESI-MS (before cyclization: m/z 1086.6 ([M + H]+); after
cyclization: m/z 1084.6 ([M+ H]+)). Na2HPO4, NaH2PO4, KCl, and
MgCl2 were supplied by Prolabo (Paris, France). Water was obtained
from an Elgastat option water purification system (Odil, Talant, France)
fitted with a reverse osmosis cartridge. The 55-base DNA oligonucle-
otide (Figure 2) was 5′-biotinylated (Eurogentec, Herstal, Belgium).

Biotin phosphoramidite containing a 16-atom spacer arm based on
triethylene glycol was used for the aptamer biotinylation. The bioti-
nylated oligonucleotide was purified by gel electrophoresis (Eurogen-
tec). The 2.1× 30 mm POROS BA column (perfusion chromatography
column with 20µm flow-through particles) and the loading buffer (10
mM phosphate, 150 mM NaCl, pH) 7.2) were obtained from Applied
Biosystems (Courtaboeuf, France). In this column, streptavidin was
covalently bound to the particle surface.

Stationary Phase Preparation.Prior to immobilization, the bioti-
nylated aptamer was renaturated by heating the oligonucleotide at 70
°C for 5 min in an aqueous buffer (20 mM phosphate buffer, 25 mM
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Figure 1. Primary structure of arginine-vasopressin ([AVP]).
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KCl, 1.5 mM MgCl2 adjusted to pH 7.6) and left to stand at room
temperature for 30 min. The POROS streptavidin column was
equilibrated in loading buffer, by washing with∼20 mL. A 29 nmol
sample of the modified aptamer was applied to the POROS streptavidin
column using a pump fixed at a flow rate of 100µL/min during 3 h,
at room temperature. The column was washed with∼10 mL of loading
buffer, and the column washes were added to the unbound DNA
solution. The amount of oligonucleotide coupled to the chromatographic
support was quantified by subtracting the UV absorbance at 280 nm
of the unbound DNA from the initial solutions. When not used, the
aptamer column was stored at 4°C in the loading buffer.

Apparatus. The HPLC system consisted of a LC Shimadzu pump
10AT (Sarreguemines, France), a Shimadzu SIL-10AD auto injector,
a Shimadzu SPD-10A UV-visible detector (λ ) 195 nm), a Shimadzu
SCL-10A system controller with Class-VP software (Shimadzu), and
an Igloocil oven (Interchim).

Chromatographic Operating Conditions. The mobile phase con-
sisted of 5 mM phosphate buffer and 3 mM MgCl2. The phosphate
buffer was prepared by mixing equimolar solutions of mono- and dibasic
sodium phosphate to produce the desired eluent pH. The mobile phase
pH ranged from 5.0 to 8.0, the column temperature from 0 to 25°C,
and the eluent KCl concentration from 25 to 100 mM. The mobile
phase flow rates (50 or 150µL/min) were low enough to exclude any
split peak effect. To avoid the presence of significant nonlinear effects,
the solute amount added onto the column corresponded to the smallest
sample size allowing the detection ofD-peptide in all operating
conditions. Peptide solutions were prepared in the mobile phase at a
concentration of 0.9 mM, and 100 nL was injected at least three times.

Determination of the Chromatographic Parameters.The solute
retention on the aptamer stationary phase can be evaluated using the
retention factork:

wheretR is the retention time of the solute andt0 is the column void
time. To obtain the thermodynamic retention time, i.e., the accurate
measure of solute retention,tR was determined by calculating the first
moment of the peak as previously described.5a The void time was
determined using the mobile phase peak. The retention times and
column void time were corrected for the extracolumn void time. It was
assessed by injections of solute onto the chromatographic system when
no column was present.

At infinite dilution, i.e., under linear elution conditions, and assuming
that nonspecific interactions between solute and chromatographic
support were negligible (see below), the retention factor can be related
to the association constant between peptide and aptamerK as follows:

whereσ is equal to the ratio of the active binding site number in the
column (mL) over the void volume of the chromatographic column (VM).

The efficiency of the column, reflecting the band broadening, was
characterized by estimating the reduced plate heighth (the smaller the
reduced plate height, the greater the efficiency):

with

whereN is the number of theoretical plates (δ is the peak width at
half-height),L is the column length, anddp is the average particle
diameter.

The asymmetry factorAs, reflecting the peak distortion, was
determined by calculating the ratio of the second (or right) part of the
peak over the first (or early) part of the peak at 10% of the peak height.

Analysis of the Retention Data.The model equations were fitted
to the retention factors of the solutes using the software Table Curve
2D (SPSS Science Software GmbH, Erkrath, Germany).

Results and Discussion

The chromatographic column used in this study consisted of
a D-vasopressin-specific DNA aptamer immobilized on a highly
porous polystyrene-divinylbenzene support via a biotin-
streptavidin bridge. It has been previously established that this
55-base aptamer bound theD-enantiomer of peptide with an
association constant of∼1.1µM-1, while no significant affinity
for theL-enantiomer was observed.28 This aptamer is character-
ized by an asymmetric internal loop of 20 nucleotides, which
is essential for the specificD-vasopressin binding (see Figure
2). A 21 nmol sample of aptamer was immobilized for a bed
volume of 100µL. The maximum binding capacity of the
POROS streptavidin media was approximately 12.5 nmol of
biotinylated antibody per 100µL.29 This difference between
oligonucleotide and antibody immobilization indicates that the
aptamer can be bound more densely than the antibody due to
the difference in the steric effects. Similar conclusions have been
drawn by Deng et al.,25awho immobilized an adenosine-specific
DNA aptamer on a streptavidin support, for the separation of
adenosine and analogues by affinity chromatography. The
analysis of the enantiomeric mixture was carried out in operating
conditions similar to those originally used for the selection of
the aptamer.28 The mobile phase consisted of 5 mM phosphate
buffer, 100 mM KCl, and 3.0 mM MgCl2, pH 7.0. The column
temperature was set at 20°C. As shown in Figure 3, the
D-peptide was retained by the affinity column, while the
L-peptide eluted in the void volume.

This result indicates that the immobilized aptamer binds
significantly theD-enantiomer without any significant binding
to theL-enantiomer. To explore the mechanistic aspects of this
chiral discrimination and to determine the optimal utilization
of this aptamer column, experiments were performed under a
variety of operating conditions (pH and ionic strength of the
mobile phase and column temperature). The chromatographic
results are presented below.

Bulk Mobile Phase pH Effects. Vasopressin has three
ionizable groups: the N-terminal amino, the arginine guanidine,

(29) As indicated in the operating conditions supplied by Applied Biosystems.

Figure 2. Sequence and secondary structure model of the 55-base DNA
aptamer showing the asymmetric internal loop of 20 nucleotides (L1) which
is essential for the specificD-vasopressin enantiomer binding (from ref 28).

h ) L
dpN

(3)

N ) 5.54(tR
δ)2

(4)

k )
tR - t0

t0
(1)

k ) σK (2)
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and the tyrosine phenol groups. In a peptide, the mean values
of pKa for the arginine guanidine, tyrosine phenol, and cysteine
N-terminal amino groups are∼12.5,∼10.5, and∼7.3, respec-
tively.30 Therefore, at eluent pH values lower than 8.5, arginine
guanidine and tyrosine phenol groups are expected to be entirely
protonated. On the other hand, the deprotonation of the
N-terminal amino group is expected to start at lower eluent pH.
By analyzing the pH effects on solute retention in the eluent
pH range from 5.0 to 8.0, it was possible to evaluate a possible
Coulomb interaction between the peptide N-terminal amino
group and phosphate groups of DNA. The column temperature
was 20°C with a mobile phase consisting of 5 mM phosphate
buffer, 100 mM KCl, and 3 mM MgCl2. The L-enantiomer
eluted in the void volume at all the mobile phase pH’s. On the
other hand, theD-enantiomer of vasopressin was significantly
retained by the column over this eluent pH range. However, no
significant variation ofkD was observed over the pH range as
presented in Figure 4.

Such retention behavior is consistent with a binding mech-
anism in which the N-terminal amino group on theD-peptide is
not essential to the interaction with the aptamer stationary phase.

Bulk Mobile Phase Salt Effects: The Polyelectrolyte
Effect. The knowledge of the salt effect operative in the
peptide-DNA interacting system could provide valuable in-
formation on the role of the Coulomb interactions in the
association process. Previous papers have reported that relations
derived from the Wyman concept constitute a valuable tool to
describe the salt dependence on the solute retention in hydro-
phobic, electrostatic interaction and affinity chromatography.31

The salt effects on the equilibrium constantK between the
peptide and the aptamer can be modeled at a thermodynamic

level in terms of the direct stoichiometric participation of ions
(Vx) and water (Vw) in the association reaction. The dependence
of K on the mean ionic activityax can be formulated as follows,
via the linkage Wyman relations modified by Tanford:32

where (∆Vx) and (∆Vw) are respectively the net number of salt
ions and water displaced or bound in forming the peptide-
DNA complex,mx is the molal concentration of salt, andp is
the total number of ions associated with the electrolyte. At low
enough salt concentration, the consequences of water release
are insignificant. So, the dependence ofK on salt activity
provides a measure of the net number of ions released or bound
upon complex formation.33 Assuming that replacing the ionic
activity by salt concentrationcx introduces little error over the
experimental salt concentration range, an approximate integrated
form of the equation is obtained as previously reported:33

whereK0 is the binding constant in a hypothetical 1 M salt
concentration reference state.

Using eqs 6 and 2 the following relation can be obtained:31a

wherek0 is the retention factor corresponding toK0.
It is well established that, for the interactions between a

cationic ligand and double-stranded or single-stranded DNA, a
decrease in the equilibrium association constant is observed with
increasing salt concentration.34 Previous thermodynamic studies
have shown that this salt dependence is mainly due to the release
of counterions (cations) from the DNA phosphate backbone
upon the complex formation.33,34The high electrostatic potential
from the negatively charged backbone of the nucleic acid is
responsible for an accumulation of cations in the vicinity of
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Figure 3. Separation of the vasopressin enantiomer pair (L : L-enantiomer;
D: D-enantiomer) using the target-specific aptamer stationary phase.
Column: 2.1× 30 mm. Temperature: 20°C. Mobile phase composition:
5 mM phosphate buffer, 100 mM KCl, 3 mM MgCl2, pH 7.0. Flow rate:
150µL/min. Injection: 100 nL at a concentration of 0.9 mM. UV detection
at 195 nm.

Figure 4. Plot of ln k versus eluent pH forD-peptide (kD) using the target-
specific aptamer stationary phase. pH range: 5.0-8.0. Column: 2.1× 30
mm. Temperature: 20°C. Mobile phase composition: 5 mM phosphate
buffer, 100 mM KCl, 3 mM MgCl2. Flow rate: 150µL/min.

d(ln K)

d(ln ax)
) (∆νx) -

pmx

55.6
(∆νw) (5)

ln K = ln K0 + (∆νx) ln cx (6)

ln k = ln k0 + (∆νx) ln cx (7)

Target-Specific Chiral Selector for HPLC A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 28, 2003 8675



the nucleic acid (polyelectrolyte nature of the nucleic acid). In
fact, when a cationic ligand interacts with a nucleic acid, the
neutralization of phosphate results in the release of the associated
counterions. For the DNA of the length used here (55 bases),
DNA behaves as a polyelectrolyte.35 Therefore,∆Vx can provide
an estimate of both the number of DNA phosphate charges
neutralized in the interaction and the contribution of the
polyelectrolyte effect to the cationic ligand-DNA complex.33,34

Thus, the following relation can be obtained from eq 7:

wherem′ is the number of ion pairs andΨ the degree of cation
condensation per phosphate (assumed to be 0.76 for single-
stranded DNA34b). In this approach, the presence of Mg2+ as
potential competitive cation for phosphate groups has been
neglected. Taking into account this effect, the following relation
is described:36

wherecMg is the Mg2+ concentration in the medium andKMg

the equilibrium constant at 1 M between Mg2+ and phosphates
on DNA.

The analysis of the salt effects was carried out by measuring
the retention time ofL- and D-peptides in the eluent KCl
concentration range from 25 to 100 mM at a column tempera-
ture of 20°C. The mobile phase consisted of 5 mM phosphate
buffer and 3 mM MgCl2, pH 6.0. The retention factor of the
D-peptide decreased with the mobile phase KCl concentration,
while theL-peptide was always eluted in the void volume. Figure
5 shows the lnk versus lncx plot for theD-enantiomer at pH
6.0.

To assess if this retention factor change with increasing salt
concentration was due to a variation in the binding capacity of
the column, the concentration dependencies of theD-peptide
retention were measured at differentcx.37 No change in the
number of binding sites was observed when the concentration
of salt varied. These results demonstrate that Coulomb interac-
tions participate in retaining theD-peptide. Them′ value obtained

from eq 9 by a nonlinear regression procedure was 1.0( 0.4
(r2 ) 0.964), suggesting that only one charge-charge interaction
was involved for theD-enantiomer binding.

Column Temperature Effects and Determination of Ther-
modynamic Parameters. Valuable information about the
processes driving the peptide chiral discrimination can be further
gained by examining the temperature dependence on solute
retention.38 The temperature dependence of the retention factor
is given by the following relation:

where∆H and∆Sare respectively the enthalpy and entropy of
transfer of solute from the mobile to the stationary phase,T is
the absolute temperature, andR is the gas constant. If the
stationary phase, peptide, and solvent properties are independent
of temperature and∆H and ∆S are temperature invariant, a
linear van’t Hoff plot is obtained. When∆H and ∆S are
temperature dependent, the following logarithmic equation can
be given assuming invariance of heat capacity change∆Cp with
temperature:39

whereTH andTS are reference temperatures at which∆H and
∆S are nil. Enthalpy and entropy changes can be evaluated as
follows:

The analysis of the thermodynamics was carried out by
measuring theD-peptide retention factor in the temperature range
from 0 to 25°C. The mobile phase consisted of 5 mM phosphate
buffer and 3 mM MgCl2, pH 6.0. The van’t Hoff plot for the
D-peptide exhibits a significant nonlinear behavior as shown in
Figure 6.

The concentration dependencies of the solute retention factor
were also measured at different temperature in order to assess
if the nonlinearity of the van’t Hoff plot was due to a variation
in the number of active binding sites.37 As reported above for
the salt experiments, the binding capacity of the column was

(35) Thompson, M.; Woodbury, N. W.Biophys. J.2001, 81, 1793.
(36) Record, M. T.; deHaseth, P. L.; Lohman, T. M.Biochemistry1977, 16,

4791.

(37) Under moderate nonlinear conditions, Snyder and co-workers (J. Chro-
matogr.1987, 384, 45) have established that the apparent solute retention
factorka can be described by the following single function:ka ) k∫ {[k/(k
+ 1)]N1/2Qs/mL} wherek andN are respectively the retention factor and
the number of theoretical plates (at infinite dilution),mL is the number of
active sites, andQs is the amount of solute injected. In two different
operating conditions (named 1 and 2) where [k1/(k1 + 1)]N1

1/2 ≈ [k2/(k2 +
1)]N2

1/2, theka1/ka2 ratio is expected to be invariant withQs if mL is constant.
Overloading experiments were carried out at the different salt or temperature
conditions for whichN1 ≈ N2 and [k1/(k1 + 1)] ≈ [k2/(k2 + 1)] (for high
k values withk1 not much different fromk2). Theka ratios were found to
be invariant with the amount of solute injected, indicating that no changes
in the mL value occurred with varying salt or temperature.

(38) (a) Miyabe, K.Anal. Chem. 2002, 74, 2126. (b) Ravelet, C.; Peyrin, E.;
Villet, A.; Grosset, C.; Ravel, A.; Alary, A.Chromatographia2001, 53,
624. (c) Mozsolits, H.; Lee, T. H.; Wirth, H. J.; Perlmutter, P.; Aguilar,
M. I. Biophys. J.1999, 77, 1428. (d) Fornstedt, T.; Sajonz, P.; Guiochon,
G. J. Am. Chem. Soc. 1997, 119, 1254. (e) Yashima, E.; Yamamoto, C.;
Okamoto, Y.J. Am. Chem. Soc.1996, 118, 4036.

(39) Haidacher, D.; Vailaya, A.; Horvath, C.Proc. Natl. Acad. Sci. U.S.A.1996,
93, 2290.

Figure 5. Plot of ln k versus lncx for D-peptide (kD) using the target-
specific aptamer stationary phase. KCl concentration (cx) range: 25-100
mM. Column: 2.1 × 30 mm. Temperature: 20°C. Mobile phase
composition: 5 mM phosphate buffer, 3 mM MgCl2, pH 6.0. Flow rate:
150 µL/min. (- - -) Theoretical curve obtained by fitting eq 9 to the
experimental data.

ln k = ln k0 - m′Ψ ln cx (8)

ln k = ln k0 -

m′Ψ ln cx - m′ ln[0.5(1 + x1 +
4KMgcMg

cx
2Ψ )] (9)

ln k ) -∆H
RT

+ ∆S
R

+ ln σ (10)

ln k )
∆Cp

R (TH

T
- ln

TS

T
- 1) + ln σ (11)

∆H ) ∆Cp(T - TH) (12)

∆S) ∆Cp ln( T
TS

) (13)
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invariant when the temperature changed. Therefore, the non-
linearity of the van’t Hoff plot is consistent with a large and
negative heat capacity change. Figure 7 presents a chromatogram
obtained by injection of an enantiomeric mixture atT equal to
20 °C.

From the nonlinear lnk versus 1/T plot, the thermodynamic
parameters forD-peptide interaction with the aptamer were
determined using eqs 11-13 (r2 ) 0.983). Table 1 shows the
values of∆Cp, TH, TS, ∆H, and∆S.

For the determination ofTS and∆S, the number of moles of
immobilized aptamer was used as themL value assuming that
the aptamer immobilized on the column was available for an
interaction with theD-peptide. However, it is not always verified
and the number of moles of active binding sites in an affinity
protein-based column can be lower than the number of moles
of ligand effectively immobilized. This is due to various factors
such as steric hindrance, denaturation, or inefficient orientation.40

For example, it has been shown that from∼10% to∼80% of
theâ-blocker sites,40abenzoin sites,40b and warfarin sites40c are

active in various protein-based columns. Therefore,TS and∆S
were also determined using anmL value arbitrarily fixed to 10
nmol, representing∼50% of the number of moles of aptamer
effectively immobilized. Very low changes in theTS and ∆S
values are observed.41 For example, at 10°C, the entropy change
was only 3% higher than the∆S value obtained using the
number of moles of ligand effectively immobilized. So, neglect-
ing these effects has no serious consequences on the interpreta-
tion of the thermodynamics. As a consequence of heat capacity
change, the enthalpic and entropic contributions are strongly a
function of temperature. Figure 8 shows the∆H and -T∆S
values plotted as a function of the column temperature.

At low temperature, the binding of theD-enantiomer to the
aptamer stationary phase is characterized by an unfavorable
enthalpy term so that the association process is purely entropi-
cally driven. At about 25°C, the enthalpy change of association
was estimated to be approximately-20 kJ/mol with-T∆S∼0
kJ/mol, indicating that the complex formation is enthalpically
governed.

Possible Thermodynamic Origins of theD-Peptide Binding
to the Immobilized Aptamer. L-Vasopressin does not exhibit
any significant retention on the aptamer column under the
various operating conditions. This means that possible Coulomb
interactions, hydrophobic effects, or van der Waals interactions/
hydrogen bonding with the chromatographic support or non-
specific regions of DNA are reduced and can be neglected in

(40) (a) Gotmar, G.; Albareda, R. N.; Fornstedt, T.Anal. Chem. 2002, 74, 2950.
(b) Lloyd, D. K.; Ahmed, A.; Pastore, F.Electrophoresis1997, 18, 958.
(c) Loun, B.; Hage, D. S.J. Chromatogr. 1992, 579, 225.

(41) For anmL value of 10 nmol,Ts was found to be 26.3°C.

Figure 6. Van’t Hoff plot for D-peptide (kD) using the target-specific
aptamer stationary phase. Temperature (T) range: 0-25 °C. Column: 2.1
× 30 mm. Mobile phase composition: 5 mM phosphate buffer, 3 mM
MgCl2, pH 6.0. Flow rate: 150µL/min. (- - -) Theoretical curve obtained
by fitting eq 11 to the experimental data.

Figure 7. Separation of the vasopressin enantiomer pair (L : L-enantiomer;
D: D-enantiomer) using the target-specific aptamer stationary phase.
Column: 2.1× 30 mm. Temperature: 20°C. Mobile phase composition:
5 mM phosphate buffer, 3 mM MgCl2, pH 6.0. Flow rate: 150µL/min.
Injection: 100 nL at a concentration of 0.9 mM. UV detection at 195 nm.

Table 1. Temperature Dependence of Thermodynamic Quantities
Associated with the D-Peptide retention on the Aptamer Stationary
Phase As Evaluated by Fitting Eq 11 to Experimental Dataa

temp
(°C)

∆H
(kJ/mol)

∆S
(J/mol‚K)

∆Cp

(kJ/mol‚K)
TH

(°C)
TS

(°C)

0 71.0 (2.3) 341.0 (10.0)
4 55.9 (1.2) 286.1 (6.3)
8 40.8 (0.08) 232.0 (1.6)

12 25.7 (1.2) 178.6 (2.5) -3.780 (0.293) 18.8 (0.9) 25.8 (1.4)
16 10.6 (2.4) 126.0 (6.5)
20 -4.5 (3.5) 74.0 (10.5)
25 -23.4 (5.0) 10.1 (15.1)

a Standard deviations are in parentheses.

Figure 8. ∆H (s) and-T∆S (- - -) plots vs column temperature (T) for
D-peptide retention on the target-specific aptamer stationary phase. Col-
umn: 2.1× 30 mm. Mobile phase composition: 5 mM phosphate buffer,
3 mM MgCl2, pH 6.0. Flow rate: 150µL/min.
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this chromatographic system. Therefore, theD-peptide retention
is exclusively dependent on the interactions with the specific
binding pocket (the 20-base loop as indicated above). pH
experiments suggest that the N-terminal amino group of the
D-peptide is not involved in the binding at the stereospecific
pocket. Such a behavior can be explained if it is considered
that the aptamer has been selected against the target using
D-vasopressin linked to the column through its N-terminal amino
group. Moreover, no significant difference in the association
constants was previously obtained for theD-vasopressin-
aptamer orN-acetyl D-vasopressin-aptamer complexes.28 As
the salt experiments indicate that one charge-charge interaction
occurs in the binding ofD-peptide to the aptamer, it is strongly
assumed that the arginine guanidine residue engages in a
Coulomb interaction with one phosphate group at or near the
specific binding loop. This is in agreement with previous data
that showed that arginine guanidinium groups are frequently
involved in the specific interaction between peptide/protein and
nucleic acids. One example of the arginine-rich family of nucleic
acid-binding proteins is the tat protein, which interacts specif-
ically with TAR via the binding of a single arginine residue
within a bulge situated within an RNA hairpin.42 Furthermore,
a study of Tao and Frankel described an RNA aptamer-arginine
complex formation which involved both Coulomb interactions,
hydrogen bonding, and stacking interactions.43 Temperature
experiments indicate the presence of a large and negative heat
capacity change upon theD-peptide binding (Table 1). A large
negative∆Cp of association is a common feature of site-specific
protein-nucleic acid interactions.44 ∆Cp is classically related
to hydration changes between two states of the system.
Dehydration of nonpolar groups is a process accompanied by a
major negative heat capacity change, while a positive heat
capacity change is observed for the dehydration of polar
surfaces.45 Such a large, negative∆Cp for D-peptide-aptamer
interaction is consistent with a complex formation in which
several contacts between nonpolar groups of two species are
engaged. Consequently, it is strongly assumed that hydrophobic
forces play a role in theD-peptide-aptamer complex formation.
This effect explains, at least in part (see below), the entropically
driven binding process observed at low temperature (Table 1
and Figure 8). However, it is well established that, at 25°C,
the transfer of hydrophobic compounds from water to nonpolar
solvents (“pure” hydrophobic effect) is characterized by an
enthalpy of formation close to zero and a large, positive entropy
contribution.46 At 25 °C, for theD-peptide-aptamer association,
∆H is approximately-20 kJ/mol (Table 1 and Figure 8). This
means that van der Waals interactions and hydrogen bonding
(both characterized by negative enthalpy changes at this
temperature46b,47) are engaged at the complex interface. As∆S
≈ 0 J/mol‚K at 25 °C (Table 1 and Figure 8), it appears that
there should be some source of negative entropy compensating
the large, positive entropy of dehydration. The overall entropy

change at 25°C can be split up in the following way:45a,47a,48

where favorable entropic changes include∆Sdehy(entropy change
due to dehydration effects) and∆Spe (entropy change due to
the polyelectrolyte effect) and unfavorable contributions include
∆Str/rt (entropy change associated with the loss of translational
and rotational degrees of freedom) and∆Sconf (entropy change
due to the loss of conformational freedom). The positive entropy
contribution from counterion removal (polyelectrolyte effect)
is estimated to be weak (20 J/mol‚K).49 In addition, direct
experimental studies have shown that the entropy cost due to
the reduction of translational and rotational degrees of freedom
is small, i.e.,∆Str/rt is about -20 J/mol‚K.50 So, the major
negative contribution to the entropy change would result mainly
from the conformational entropy contribution, and an estimate
of ∆Sconf can be obtained as follows:

where entropic effects of dehydration can result from the water
release from both nonpolar (∆Snp

dehy) and polar (∆Sp
dehy) groups

at the interface.47aUsing the quantitative relationships previously
developed for the analysis of various protein-DNA association
thermodynamics,∆Snp

dehy was estimated to be∼1300 J/mol‚K
at 25 °C.51 Although ∆Sp

dehy cannot be evaluated, the polar
group dehydration can only increase the positive component of
the association entropy.47aTherefore,∆Sconf is lower than-1300
J/mol‚K. This unfavorable conformational entropy change could
proceed from fixation of side chains at the interface and
structural changes in the interacting molecules upon complex
formation. The conformational entropy of fixing an average
amino acid residue is about-40 J/mol‚K.45a,47aSo, the maximal
entropy cost for theD-peptide binding is ca.-360 J/mol‚K.
This means that an other major negative entropy component
comes from some structural changes in the interacting molecules
upon complex formation. This expected behavior squares with
the general feature of the association between peptide/protein
and nucleic acid aptamer. Adaptive conformational transitions
are classically associated with complex formation where both
components are able to adjust their recognition surfaces in order
to maximize complementarity through tightly packed contacts
involving stacking, Coulomb interactions, and hydrogen bond-
ing.52

Chromatographic Properties of the Target-Specific Aptam-
er Column. Enantioselectivity and Analysis Time.The main
advantage of the target-specific aptamer column is that the
enantioselectivity is very significant since the stationary phase
binds only to theD-enantiomer; that is, theL-peptide interaction
with the stationary phase is negligible whatever the operating
conditions investigated. The separation factor is higher than the
one classically observed with the imprinted chiral selectors9a

and in the same order of magnitude as the one obtained using

(42) (a) Tao, J.; Frankel, A. D.Proc. Natl. Acad. Sci. U.S.A.1992, 89, 2723.
(b) Calnan, B. J.; Tidor, B.; Biancalana, S.; Hudson, D.; Frankel, A. D.
Science1991, 252, 1167.

(43) Tao, J.; Frankel, A. D.Biochemistry1996, 35, 2229.
(44) Ha, J. H.; Spolar, R. S.; Record, M. T.J. Mol. Biol. 1989, 209, 801.
(45) (a) Liggins, J. R.; Privalov, P. L.Proteins2000, 4, 50. (b) Srisvastava, D.

K.; Wang, S.; Peterson, K. L.Biochemistry1997, 36, 6359.
(46) (a) Baldwin, R. L.Proc. Natl. Acad. Sci. U.S.A.1986, 83, 8069. (b) Ross,

P. D.; Subramanian, S.Biochemistry1981, 20, 3096.

(47) (a) Privalov, P. L.; Jelesarov, I.; Read, C. M.; Dragan, A. I.; Crane-Robinson,
C. J. Mol. Biol. 1999, 294, 997. (b) Jelesarov, I.; Bosshard, H. R.J. Mol.
Recognit.1999, 12, 3.

(48) Spolar, R. S.; Record, M. T.Science1994, 263, 777.
(49) ∆Spe was evaluated considering that the free energy contribution is primarily

entropic, as proposed in ref 48.
(50) Tamura, A.; Privalov, P. L.J. Mol. Biol. 1997, 273, 1048.
(51) ∆Snp

dehy(T) ) 1.35∆Cp ln(T/386) from ref 48.
(52) (a) Hermann, T.; Patel, D. J.Science2000, 287, 820. (b) Patel, D. J.Curr.

Opin. Chem. Biol.1997, 1, 32.

∆S) ∆Sdehy+ ∆Spe + ∆Str/rt + ∆Sconf ≈ 0 (14)

∆Sconf ≈ -∆Sdehy) -(∆Snp
dehy+ ∆Sp

dehy) (15)
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stereoselective monoclonal antibodies10a (for which the interac-
tion of the nontarget enantiomer with immobilized antibody is
also negligible). Here, it can be noted that the aptamer
immobilization could affect the binding properties of the
selector. However, such a possible behavior is expected to have
a reduced effect since the chiral discrimination properties of
the aptamer are maintained upon immobilization. So, the
immobilization effects via streptavidin-biotin reaction allow
the conservation of the stereoselective properties of DNA, and
such an attachment procedure is useful for HPLC application.
Both the separation of the vasopressin enantiomers and the
analysis time can be easily modulated by varying the mobile
phase salt concentration and the column temperature. Peptide
enantiomers cannot be completely resolved using a high ionic
strength mobile phase at a low column temperature. Baseline
separation in a short time (around 7 min) is achieved at ambient
temperature with 100 mM KCl in the mobile phase (Figure 3)
or at a lower temperature without KCl in the eluent. At ambient
temperature, a significant enhancement of the enantioselectivity,
associated with a concomitant increase in the analysis time
(around 15 min), is obtained when a low ionic strength mobile
phase is used (Figure 7).

Band Broadening and Peak Asymmetry.Using eqs 3 and
4, the reduced plate height of theD-enantiomer was estimated
to be comprised between 35 and 40 at a flow rate of 150µL/
min. As a comparison, the reduced plate height observed for
L-phenylalanine anilide (the more retained enantiomer) on an
imprinted chiral stationary phase varied from 35 to 150 with
flow rate increasing.9e On the antibody-based chiral stationary
phase, theh values obtained for the more retained enantiomer
of various amino acids were comprised between 20 and more
than 200 in relation to the flow rate and the compound type.53

In addition, theD-peptide peak distortion was reflected by an
asymmetry factor around 1.5 (idealAs is 1). When only one
type of site is involved in the solute binding to the stationary
phase as expected for the immobilized aptamer, broad and
unsymmetrical peaks are the consequence of slow mass transfer
kinetics (homogeneous kinetics tailing).54 Several recent studies

have demonstrated that target-aptamer complex formations are
characterized by small rate constants,55 as expected for a two-
step association process that includes a rapid bimolecular
association followed by rate-limiting slow structural changes
which mediate the binding surface complementarity.55c So, no
doubt that slow association-dissociation kinetics contribute
significantly to the peak broadening and asymmetry that are
observed with the aptamer column. Efficiency as well as peak
shape can be significantly improved by increasing the Stanton
number.54 For example, theh value for theD-enantiomer was
around 15 andAs ≈ 1.2 at a lower flow rate of 50µL/min.

Column Stability. The column stability was evaluated by
comparing theD-peptide retention factor before and after more
than five months in the same conditions. No significant change
in retention time was observed. This demonstrates the stability
of the aptamer column during an extended period of time.

Concluding Remarks

In this paper, we report for the first time the use of an
immobilized DNA aptamer as a new target-specific chiral
stationary phase for high-performance liquid chromatography.
Immobilized DNA aptamers could soon become very attractive
chiral stationary phases specifically designed against an enan-
tiomer since experiments show high stereospecificity, valuable
binding capacity, and stability during an extended period of time.
In addition, this work shows that an aptamer immobilized on a
chromatographic support constitutes a valuable tool for examin-
ing the mechanistic aspects of the target-DNA complex
formation. More overall, this new type of chiral selector could
find applications in various other fields of chemistry such as
enantioselective solid phase extraction, binding assays, and
sensors. Further experiments are now in progress in our
laboratory in order to select a stereoselective DNA aptamer
against other enantiomeric compounds such as amino acids.
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(53) h was calculated from the chromatographic data presented in ref 10a.
(54) (a) Gotmar, G.; Fornstedt, T.; Guiochon, G.J. Chromatogr. A1999, 831,
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