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bstract

In this paper, we report a new anti-amino acid aptamer chiral stationary phase (CSP). The enantiomers of histidine were separated using an
mmobilized histidine-specific l-RNA aptamer (40-mer) and an aqueous buffer as mobile phase. The effects of the variation of different operating
arameters, including the mobile phase pH and the MgCl concentration as well as the column temperature, on the solute retention were assessed.
2

he results suggested that (i) the protonated form of histidine was involved in the stereospecific RNA binding and (ii) Mg2+ was essential for
he target enantiomer binding to the specific aptamer sites. From a practical point of view, it appeared that the baseline resolution in a minimum
nalysis time can be achieved at a column temperature of 35 ◦C for an eluent containing 10 mM of MgCl2, pH 5.5.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The detection and quantification of amino acid enantiomers
s important in many areas of science. For example, it is now
ell established that d-amino acids, found at a low level in
igher order organisms in the form of free amino acids, peptides
nd proteins, can play a preponderant role in biochemistry and
hysio-pathology: d-serine functions as an important neuromod-
lator, d-aspartate is implied in developmental and endocrine
unctions and d-arginine plays a role in the urea cycle [1].
n addition, in forensic science, racemization methods which
re based on the age-dependent non-enzymatic changes of l-
orm amino acids to d-form are one of the most reliable and
ccurate methods for the estimation of chronological age [2].

urthermore, the enantiomeric ratio of amino acids can be used
s a reliable parameter to assess food quality [3]. Therefore,
t is appeared of very great interest to develop efficient ana-

� This paper was presented at the 10th International Symposium on Biochro-
atography, Lille, France, 26–28 April 2006.
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ytical methodologies to separate and quantify the amino acid
nantiomers. A variety of chiral selectors such as crown-ethers,
acrocyclic antibiotics and ligand-exchange selectors have been

uccessfully used for the HPLC and CE enantiomeric separation
f native amino acids.

Single-stranded oligonucleotides obtained from very large
ombinatorial libraries (DNA or RNA aptamers) have been
sed successfully as affinity stationary phases in liquid chro-
atography (LC) or capillary electrochromatography (CEC)

or the purification/separation of a variety of molecules, from
ompounds as large as proteins [4] to compounds as small
s amino acids, adenosine and derivatives or flavin mononu-
leotide [5–7]. The enantioselective properties of DNA or RNA
ptamers selected against a target enantiomer were accounted
y our group to create a new class of target-specific chiral
electors for use as chiral stationary phases (CSPs) in HPLC
r additives in capillary electrophoresis [8–12]. The aptamer
SPs were developed for the chromatographic resolution of

he racemates of different analytes [8,9]. At the present time,

he anti-amino acid aptamer CSPs have been designed for the
nantiomeric separation of various native amino acids, including
romatic species (tyrosine, tryptophan, etc.) [10] and arginine
11].

mailto:eric.peyrin@ujf-grenoble.fr
dx.doi.org/10.1016/j.jchromb.2006.06.026
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ig. 1. Sequence and secondary structure of the 40-mer RNA aptamer used as
hiral selector. The consensus sequence is shown in bold [12].

In this paper, we describe a new anti-amino acid aptamer
SP which was able to separate the enantiomers of histidine. The

equence of a 40-mer RNA aptamer (Fig. 1), specifically selected
gainst l-histidine, was used [13] and the mirror-image strat-
gy, previously described to design biostable RNA CSPs, was
pplied [10,11]. The anti-histidine aptamer was immobilized on
chromatographic support via a biotin-streptavidin bridge and

he RNA modified particles were packed into a microbore col-
mn. The effects of various chromatographic parameter changes
mobile phase pH and magnesium concentration, column tem-
erature) on the solute retention were evaluated and the optimal
onditions for the chiral separation were assessed.

. Experimental and methods

.1. Reagents and materials

Histidine enantiomers were obtained from Sigma–Aldrich
Saint–Quentin, France). Hepes, NaCl and MgCl2 were supplied
y Sigma–Aldrich. Water was obtained from an Elgastat option
ater purification system (Odil, Talant, France) fitted with a

everse osmosis cartridge. l-RNA oligonucleotide was synthe-
ized and 5′-biotinylated by CureVac (Tubingen, Germany).
iotin phosphoramidite containing a 16 atom spacer arm based
n triethylene glycol was used for the aptamer biotinylation.
he oligoribonucleotide was purified by HPLC. The strepta-
idin POROS bulk media (20 �m polystyrene particles) was
urchased from Applied Biosystems (Courtaboeuf, France).

.2. Stationary phase preparation and column packing

Prior to immobilization, the biotinylated aptamer was renatu-
ated by heating oligonucleotide at 90 ◦C for 5 min in an aqueous
uffer (50 mM Hepes buffer, 250 mM NaCl, 10 mM MgCl2
djusted at pH 7.0) used as the in vitro selection buffer and left
o stand at room temperature for 30 min. The immobilization
f the aptamer was attained by mixing 60 nmol of oligonu-
leotide (in the aqueous buffer) per 1000 �l of the streptavidin
edia slurry during 3 h at ambient temperature. Unbound RNA
as removed by washing with the same buffer. The amount

f oligonucleotide coupled to the chromatographic support was
stimated by subtracting the UV absorbance, at 260 nm, of the
nbound RNA solution from the initial solution. It was equal to
6 nmol of biotinylated oligonucleotide bound per 100 �l of sup-

a
o
a
b

B 845 (2007) 186–190 187

ort media. The RNA modified particles were packed in-house
nto a PEEK microbore column (260 mm × 0.80 mm) using a
reviously described slurry-packing procedure [9]. When not
n use, the column was stored in the aqueous buffer containing
odium azide (0.05%).

.3. Control stationary phase

Non-modified streptavidin particles were also packed into
PEEK microbore column of same dimensions (260 mm ×

.80 mm) as a control stationary phase, following the procedure
eported previously. It has been shown that streptavidin is able to
iscriminate the enantiomers of some analytes such as warfarin,
rimipramine or adenosine [14,15]. In order to evaluate possi-
le enantioselective properties of the immobilized streptavidin
oward the solute, a racemic mixture of histidine was injected
nto a microbore column packed with non-modified streptavidin
OROS particles. The enantiomers of histidine were not sepa-
ated and were not retained by the column. This result indicates
hat the streptavidin chromatographic support was roughly inert
oward the various compounds and did not affect the chiral recog-
ition.

.4. Apparatus

The HPLC system consisted of a LC Shimadzu pump 10AT
Sarreguemines, France), a Shimadzu SIL-10AD auto injector,
Shimadzu SPD-10A UV–vis detector (detection at 217 nm), a
himadzu SCL-10A system controller with Class-VP software
Shimadzu) and an oven Igloocil (Interchim).

.5. Chromatographic parameters

Solute samples were prepared in the mobile phase and
njected (100 nl) in triplicate. The mobile phase flow rate was
5 �l/min for the l-RNA CSP and the control streptavidin col-
mn (non-modified streptavidin particles). The retention factor
nd the efficiency of the column were estimated through the
alculation of the first and second moments of the peaks, as pre-
iously described [16]. The resolution Rs was calculated using
he following relation: Rs = [2(tR2 − tR1)]/(w2 + w1), where
R is the retention time determined at the peak apex and w is
he peak width. The asymmetry factor As was determined by
alculating the width ratio of the second (or right) part of the
eak over the first (or early) part of the peak at 10% of the peak
eight.

. Results and discussion

.1. The oligonucleotidic sequence used in this study

The minimal sequence of the 40-mer RNA aptamer used in
he present work was obtained via a SELEX procedure directed

gainst l-histidine (see Fig. 1 for the secondary structure). This
ligonucleotide is known to strongly discriminate between l-
nd d-histidine [12]. The dissociation constants, determined
y isocratic competitive affinity chromatography, are in the
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Fig. 2. Plots of k vs. mobile phase pH for d-histidine (open symbol) and l-
histidine (filled symbol). Column: 260 mm × 0.80 mm (i.d.); mobile phase:
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tion further decreased, a strong reduction of the target retention
was observed. On the other hand, the l-histidine retention factor
did not changed significantly when the eluent salt concentration
88 J. Ruta et al. / J. Chrom

icromolar range: Kd = ∼10 �M for the l-histidine-aptamer
ssociation and ∼10,000 �M for the d-histidine-aptamer
ssociation [13]. As previously designed [11], the mirror-image
pproach was applied to create a biostable l-RNA CSP in order
o use such aptamer in a routine chromatographic context.

.2. Enantioselective properties of the anti-d-histidine
-RNA stationary phase

In the first stage of this work, the chromatographic proper-
ies of the l-RNA aptamer stationary phase were evaluated at
mbient temperature (25 ◦C) and using as mobile phase an aque-
us buffer similar to that prepared for the SELEX procedure
50 mM Hepes buffer, 250 mM NaCl, 10 mM MgCl2 adjusted at
H 7.0). The sample was injected at an enantiomer concentra-
ion of 2 mM, which corresponded to the lowest concentration
llowing the target detection. As expected from the data reported
y Yarus and co-workers [13], the l-RNA CSP was able to dis-
riminate the enantiomers of histidine, the d-enantiomer being
ore retained than the l-enantiomer: the retention factors for d-

istidine was 0.98 ± 0.04 while the non-target enantiomer was
eakly retained by the column (0.19 ± 0.05). This is consis-

ent with the principle of chiral inversion, i.e., the mirror-image
f the “natural” aptamer recognizes with the same affinity and
pecificity the mirror image of the target [10,11].

.3. Effects of chromatographic condition changes on the
olute retention

Firstly, experiments were performed to analyze the role of
he eluent pH. As the pKa of histidine is known to be around 6.0,
he mobile phase pH was varied between 5.5 and 7.5 (for a 25 ◦C
olumn temperature) in order to evaluate the possible role of the
olute protonation on the solute retention. The kL values varied
ery slightly, if any, over the eluent pH range. In contrast, the
arget retention factor was roughly constant for the pH values
f 5.5 and 6.0 and decreased significantly as the eluent pH was
ncreased from 6.5 and 7.5. No chiral resolution was obtained
or an eluent pH equal to 7.5. Fig. 2 shows the variation of the
olute retention factor as a function of the eluent pH. Because
he kD value increased as pH dropped near the known pKa of
istidine, it is suggested that the protonated form of histidine
as involved in the stereospecific RNA binding and then elec-

rostatic interactions played a role in the target association with
he aptamer CSP. Such behavior is in accordance with the previ-
us results reported by Majerfeld et al. [13]. It can be noted that
he mobile phase pH change could also modify the active site
onformation and/or the binding capacity of the aptamer CSP.

Further experiments were conducted at various column tem-
eratures (20–35 ◦C), under different mobile phase pH condi-
ions. The data revealed that, whatever the mobile phase pH,
n increase in the column temperature was responsible for a
ecrease in the target retention factor while the kL value did not

hange significantly. As an example, Fig. 3 presents the variation
f the retention factor for d- and l-histidine in relation to the col-
mn temperature, for a mobile phase pH value equal to 6.0. As
reviously reported [10], the target enantiomer behavior could be
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epes buffer 50 mM, NaCl 250 mM, MgCl2 10 mM; column temperature: 25 ◦C;
njected concentration: 2 mM; injection volume: 100 nl; flow rate: 15 �l/min;
etection at 217 nm.

xplained by the involvement of specific interactions which were
nthalpically driven and/or a temperature-dependent change of
he conformation/binding capacity of the aptamer CSP.

The effects of the eluent MgCl2 concentration on the target
etention were also analyzed. It is well established that divalent
ations such as Mg2+ are particularly important for inducing
nd stabilizing RNA tertiary structural motifs [17]. So, in order
o evaluate the role of the three-dimensional conformation of
he RNA ligand on the target recognition, the MgCl2 concentra-
ion in the aqueous eluent was varied from 10 to 0 mM. Fig. 4
resents the k versus MgCl2 concentration plot for the two enan-
iomers, at a column temperature of 20 ◦C and for an eluent
H of 6.5. The target retention factor was weakly affected, if
ny, as the mobile phase magnesium concentration decreased
rom 10 to 2 mM. However, when the eluent MgCl2 concentra-
ig. 3. Plots of ln k vs. 1/T for d-histidine (open symbol) and l-histidine (filled
ymbol). Column: 260 mm × 0.80 mm (i.d.); mobile phase: Hepes buffer 50 mM,
aCl 250 mM, MgCl2 10 mM, pH 6.0; injected concentration: 2 mM; injection
olume: 100 nl; flow rate: 15 �l/min; detection at 217 nm.
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Fig. 4. Plots of k vs. mobile phase MgCl2 concentration for d-histidine (open
symbol) and l-histidine (filled symbol). Column: 260 mm × 0.80 mm (i.d.);
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Fig. 5. Plots of Rs vs. the column temperature at a mobile phase pH of 7.0
(triangle) and 5.5 (circle). Column: 260 mm × 0.80 mm (i.d.); mobile phase:
Hepes buffer 50 mM, NaCl 250 mM, MgCl2 10 mM; injected concentration:
2 mM; injection volume: 100 nl; flow rate: 15 �l/min; detection at 217 nm.

Fig. 6. Chromatograms obtained when a racemic mixture of histidine
was injected onto the the histidine-specific l-RNA aptamer CSP. Column:
2
M
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a

obile phase: Hepes buffer 50 mM, NaCl 250 mM, pH 6.5; column temper-
ture: 20 ◦C; injected concentration: 2 mM; injection volume: 100 nl; flow rate:
5 �l/min; detection at 217 nm.

as modified. Such behavior seems to indicate that a change
n the tertiary structure of the RNA occurred at low Mg2+ con-
entration, affecting the target affinity for the RNA through a
odification of the three-dimensional shape of the aptamer spe-

ific site. This is in accordance with previous results obtained for
ther aptamer-ligand associations [5,18]. Alternatively, a mod-
fication of the affinity constant or the RNA binding capacity
ould be also involved in the reduction of the target enantiomer
etention factor.

.4. Efficiency, peak asymmetry and chiral resolution

For all the pH or the magnesium concentration conditions,
ow efficiency and significant peak asymmetry were typically
bserved for the low temperature range (20–25 ◦C). As an exam-
le, at a pH of 5.5, an MgCl2 concentration of 10 mM and a
olumn temperature equal to 25 ◦C, NL = 144 ± 42, ND = 31 ± 5,
sL = 2.67 ± 0.40 and AsD = 6.27 ± 0.25. Such poor perfor-
ances can result, at least in part, from extra-column band-

roadening effects, the high particle diameter used (20 �m) and
oncentration overload of binding sites (non-linear effects). Fur-
hermore, the band-broadening and the peak distortion were
igher for d-histidine. This indicates that slower mass transfer
inetics were involved in the target-aptamer association [8,10].
oreover, under the same pH and magnesium conditions, the

eak shape and efficiency can be improved for the d-enantiomer
hen the column temperature was increased (ND = 94 ± 8,
sD = 3.45 ± 0.60 at T = 35 ◦C). On the other hand, the effi-
iency performances for the l-enantiomer did not changed
ignificantly with the temperature increasing (NL = 179 ± 50,
sL = 2.23 ± 0.25 at T = 35 ◦C). The desorption kinetics of the

arget from the specific binding sites of the aptamer CSP were

xpected to become faster as the temperature increased so that
fficiency and peak shape were improved [19].

Concerning the chiral resolution, it is important to point out
hat such increase in the efficiency performances was able to

c
e
h
M

60 mm × 0.80 mm (i.d.); mobile phase: Hepes buffer 50 mM, NaCl 250 mM,
gCl2 10 mM, pH 5.5; injected concentration: 2 mM; injection volume: 100 nl;

ow rate: 15 �l/min; detection at 217 nm. (a) T = 25 ◦C; (b) T = 35 ◦C.

ounterbalance the temperature-dependent reduction of the tar-
et retention factor. This is exemplified in Fig. 5 for two mobile
hase pH values: the Rs value did not varied significantly when
he temperature increased from 20 to 35 ◦C. So, from a practical
oint of view, the temperature increase allowed to reduce the
nalysis time without alteration of the resolution. Fig. 6 illus-
rates such column temperature effects on the chiral separation
or a mobile phase pH 5.5, at 10 mM MgCl2.

. Conclusion

In this paper, we report a new l-RNA aptamer CSP which is
ble to separate the histidine enantiomers. The effects of some

hromatographic parameters on the solute retention have been
valuated. The results suggest that (i) the protonated form of
istidine is involved in the stereospecific RNA binding and (ii)
g2+ is essential for the target binding to the specific aptamer
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ites. In addition, it appears that both the separation of the histi-
ine enantiomers and the analysis time can be easily modulated
y varying the mobile phase nature and the column tempera-
ure. The baseline resolution in a minimum analysis time can be
chieved at a column temperature of 35 ◦C for an eluent con-
aining 10 mM of MgCl2, pH 5.5.
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