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This study explores the use of L-methionine derivative
as a potential affinity ligand for nucleic acids purifica-
tion. The rL-methionine derivative is synthesized by
activation of the carboxylic acid group with 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide//N-hydroxysucci-
nimide follow by immobilization on amine sensor
surface, previously activated and treated with ethylene-
diamine. Their affinity towards oligonucleotides has
been determined by surface plasmon resonance biosen-
sor. The highest affinity is found for cytosine and thy-
mine, followed by adenine, whereas the lowest affinity
is found for guanine. For hetero-oligonucleotides the
affinity order is CCCTTT > CCCAAA ~ AAATTT
> GGGTTT, showing that nucleotides with cytosine
have the highest affinity, and the presence of guanine
reduces the affinity, corroborating with the results
obtained with homo-oligonucleotides.

Keywords: binding interactions/L-methionine/
oligonucleotides/surface plasmon resonance.

Abbreviations: RU, resonance units; SPR, surface
plasmon resonance.

Nucleic acids and proteins are two different macromol-
ecules interacting constantly in cellular processes.
Specific nucleic acid—protein interactions are the
basis of cell life because numerous biological mechan-
isms depend on it such as replication, transcription,
splicing and DNA repair (/—5). Despite decades of
research, it is not yet clear whether there are a general
‘recognition code’ dictating the specificity of the inter-
action between amino acids and nucleotide bases (6, 7).
The knowledge of the groups of atoms involved is rele-
vant to predict the type of favoured intermolecular
interactions. The three-dimensional structures of
numerous protein—DNA complexes determined by
X-ray crystallography and nuclear magnetic resonance
(NMR) spectroscopy have been extensively analysed,
providing a basic representation of the way that these
two macromolecules interact (8—//). The proteins

present domains able to recognize specific DNA se-
quences (/2). The most frequent interactions are the
hydrogen bonds, followed by van der Waals, hydro-
phobic and electrostatic interactions (2).

Amino acids-DNA affinity chromatography has
been widely used (/3, /4) to purify supercoiled (sc)
plasmid DNA (pDNA). This affinity technique to
purify plasmids can be safely used once is based in
the natural occurrence of interactions between proteins
and nucleic acids.

Despite the ligands with biological origin tend to be
fragile and associated with low binding capacities (/5),
several advantages, such as, the high specificity and ef-
ficiency of affinity interactions are crucial if a single
chromatographic step is required, allowing increased
yields and improved process economics (/6—19).
Affinity is determined by the chemical complementation
between a protein and a DNA sequence (20). The iso-
thermal titration calorimetry and surface plasmon res-
onance (SPR) are examples of techniques that provide
binding information about protein—DNA interactions in
thermodynamic and kinetic approaches (14, 21).

The analytical concept of affinity chromatography is
the analysis of the interactions of mobile molecules
flowing over surface-immobilized ligands (2) which
can be mimicked in the SPR biosensor, allowing the
characterization of affinity events and real-time moni-
toring of binding kinetic (22, 23). Furthermore, short
chain oligonucleotides, with several specific sequences,
are attractive models to study the interactions with
amino acids as they allow a clear interpretation of
the experimental data (24) and an estimation of the
binding with more complex nucleic acids.

L-methionine was chosen as a model since is a hydro-
phobic amino acid with a sulphur atom in its side chain
that mediates a larger number of contacts in pro-
tein—nucleic acid interactions (25) and is different
from those that have been previously studied by our
group (26—29).

A preliminary study to screen specific interactions
between L-methionine-agarose support and 5'-mono-
nucleotides was done by chromatographic experiments
and by saturation transfer difference (STD)-NMR
spectroscopy (30). In this support the amino acid has
the carboxylic group free to interact with 5’-mononu-
cleotides. In this preliminary study, the STD-NMR
results revealed that hydrophobic residues (CHz of
thymine and adenine) can preferentially interact with
the L-methionine side chain of the support. In addition,
uridine 5’-monophosphate, cytidine 5'-monophosphate
and guanosine 5-monophosphate interact with the
support mainly through the sugar-phosphate back-
bone. Moreover, thymidine 5-monophosphate led to
more contacts with the L-methionine support and also
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had the highest retention time in chromatographic stu-
dies. Larger homo-oligonucleotides that have more
hydrophobic bases had higher retention time, i.e.
higher contact with L-methionine support (30).

Herein, L-methionine derivative is synthesized,
characterized and immobilized on amine surface of
the chip. In this case, the amine group is free to interact
with different oligonucleotides sequences. The equilib-
rium constants are estimated, and their binding pref-
erences are established to improve molecular
recognition in a chromatography experiment using
this amino acid derivative.

Materials and Methods

All solutions were freshly prepared using deionized water ultra-pure
grade, purified with a Milli-Q system from Millipore (Billerica, MA,
USA). The buffers were filtered through a 0.20 um pore size mem-
brane (Schleicher Schuell, Dassel, Germany). SPR analysis was per-
formed using a Biacore T200 system (GE Healthcare Biosciences,
Uppsala, Sweden) equipped with a carboxymethyl dextran sensor
chip (CM5) and controlled by Biacore T200 Control Software.
The series S sensor chip CMS5, BIA normalizing solution (70% gly-
cerol), amine-coupling kit [N-hydroxysuccinimide (NHS), N-ethyl-
N'-(3-diethylaminopropyl)carbodiimide hydrochloride (EDC), 1 M
ethanolamine-HCI], HBS-N buffer (10 mM HEPES pH 7.4, 150 mM
NaCl) and HBS-EP buffer (10mM HEPES pH 7.4, 150 mM NacCl,
3mM EDTA, 0.005% v/v Surfactant P20), immobilization buffer
(10mM sodium acetate pH 5.0) and P20 surfactant were purchased
from Biacore (GE Healthcare Biosciences). L-methionine, 2-(N-mor-
pholino)ethanesulfonic acid (MES), Tris—HCI and borate buffers
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Single-strand oligonucleotides were provided by Primm (Milano,
Italy) and stored at —20°C. Working solutions at various concentra-
tions were freshly prepared using the running buffer solution (10 mM
Tris—HCI pH 8.0, 0.005% v/v Surfactant P20).

Synthesis and characterization of ligand

The L-methionine derivative was obtained by activation of the car-
boxylic acid group with EDC/NHS. Briefly, r-methionine (0.239 g,
0.4 M) was dissolved in 4ml of 100mM MES at 50°C. Then, 1 ml of
1:1 mixture of 0.48 M NHS and EDC was added dropwise to the
previous solution, stirred for 24h at 50°C and then heated to reflux
for 1 h. The solvent was removed under reduced pressure, and the re-
sulting residue was treated with ethanol at 50°C. The white solid
formed was filtered off, and the solvent was evaporated under reduced
pressure. The pure compound was precipitated from acetonitrile solu-
tion as a white powder and dried. Finally, the desire compound was
characterized by NMR spectroscopy (see Fig. 1 and Table I).

The 'H and '*C NMR spectra were recorded in D,O solution at
temperature of 298 K on a Bruker Avance 111 400 MHz spectrometer
operating at 9.4 T observing 'H at 400.13MHz and '*C at
100.62 MHz. The spectrometer was equipped with a BBFO (broad
band) probe, and all spectra were acquired and processed with the
software topspin 3.1. Chemical shifts are reported in ppm using
sodium trimethylsilyl propionate-d; as an internal standard.

Immobilization of the L.-methionine derivative

Experiments were performed using a Biacore T200 equipped with a
CMS5 sensor chip (series S). The system was prepared with HBS-N
buffer, 0.005% P20 on the left-hand tray and deionized water on the
right-hand tray. The detection was conducted at 25°C. After docking
the sensor chip, the detector was normalized with BIA normalizing
solution to compensate for slight differences in detector responses
between individual sensor chips.

The immobilization of L-methionine derivative on the CMS5 sensor
chip involved two steps. First, the carboxymethyl dextran matrix of
a CMS5 chip was activated by injection of EDC and NHS (70 ul,
200mM EDC, 50mM NHS) for 7min at a flow rate of 5 ul/min,
which leads to the formation of succinimide esters. These were trea-
ted with a solution of ethylenediamine (50 ul, 1 M in 100 mM borate
buffer, pH 10.15) to generate a surface bearing free amine groups
(22, 26). Then, the L-methionine derivative at concentration of 0.5 M

HaN_ I, :
cH o-N |
: /"

3

s
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Fig. 1 Chemical structure of L-methionine derivate.

Table I. 'H and '3C NMR spectral data of rL-methionine derivative®
(D0, 400 MHz).

Position” oc DEPT135 (ppm) Oy (ppm), multiplicity
1 and 4 177.1 (C)

2 and 3 44.1 (CH,), 60.4 (CH,) 3154382 ¢

I 188.6 (C)

2 56.8 (CH) 387 m

3 32.5 (CH») 220 m

4 31.7 (CH,) 2.65¢

1” 16.8 (CH;) 2.14 5

*Assigned by COSY, HMBC and HSQC experiments.
®See Figure 1.

in 10mM acetate pH 5.0, was immobilized in flow cell 2 by reacting
with the -NH, groups of ethylenediamine forming an amide bound
between the sensor chip and the ligand (see Scheme 1).

The immobilized density averaging was 122.5 resonance unit
(RU). The flow cell 1 act as a blank, on which no ligand was immo-
bilized to minimize variations caused by non-specific binding and
bulk refractive index changes. All the surfaces were blocked with a
7min injection of 1 M ethanolamine pH 8.0, followed by HBS-N
injection to stabilize the baseline (see Scheme 1). HBS-N was used
as a running buffer during immobilization. The running buffer cir-
culates through the circuitry and avoids the accumulation of the
amino acid on the walls of the fluidic system.

SPR measurements

All binding experiments were carried out at 25°C in 10mM
Tris—HCI pH 8.0, 0.005% v/v Surfactant P20 as running buffer.
Once the L-methionine coated sensor chip was stable in the running
buffer the solutions containing the analytes (homo- and hetero-
oligonucleotides) were passed over the two flow cells at flow rate
2 pl/min. The concentrations injected of nucleotides with distinct
molecular masses (3, 6, 15 and 30) ranged between 22.9 and
0.004mM and for hetero-oligomers ranged between 11.3 and
0.02mM. Aliquots of each concentration were transferred into sep-
arate 7-mm Biacore tubes for duplicate analysis of the concentration
series. The 2x Tris—HCl 7-mm tubes were also used to serve as
blanks. Caps were placed on top of the 7-mm tubes to minimize
sample contamination and evaporation.

Duplicate injections of each sample were injected over the L-me-
thionine and reference surfaces, in the order of decreasing concen-
tration. No regeneration solution was required as all
oligonucleotides were removed from the sensor surface. In addition,
blank injections (running buffer without analyte) were performed
prior to each collection of binding data following exactly the same
time course as the runs with analyte. Subtraction of the response of
the blank injections from the data traces (double referencing) cor-
rects for unspecific binding of oligonucleotides to the sensor chip,
instrument drift and refractive index changes as well as signal noise
caused by oligonucleotides injections (single referencing). Steady-
state binding studies were carried out by averaging the RU values
in the plateau region of the sensorgrams over a 300—400s period.
All data processing and analysis were performed using
Biacore T200 Evaluation Software v. 1.0. The equilibrium constant
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was obtained by fitting plots of RU versus concentration of
analyte ([analyte]). The data were fitted to a bimolecular interaction
model, yielding a single equilibrium dissociation constant, Kp
(Req = Ka x[analyte] x Ryax/(1 + Ka x [analyte] x n)). The Kp was
estimated when the Chi-square values were minimized.

Results and Discussion

To optimize specific binding to L-methionine chromato-
graphic support, we studied oligonucleotides binding to
L-methionine—coated surface using the SPR biosensor.

0.0 0. O 0.0
e C G
: : §
lEDCﬂNHS
”@ /(1 /[j\
C \c’ c
: § ;
l Ethylenediamine
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H § H

Scheme 1 L-methionine immobilization on the chip surface.

Interaction between L-methionine derivative and oligonucleotides?

To set up the SPR binding assays, the L-methionine
derivative was synthesized by activation of the car-
boxylic acid group with EDC/NHS followed by immo-
bilization on amine sensor surface, previously
activated with ethylenediamine. This strategy was
done to verify if the amine group is preferential for
the binding to the oligonucleotides instead of the car-
boxylic group. The Kp values of each single strand of
polyA (6, 15 and 30), polyC (3, 6, 15 and 30), polyG
(15) and polyT (3, 6, 15 and 30 nucleotides) and also A
AATTT, CCCTTT, CCCAAA and GGGTTT to the
immobilized L-methionine were determined. The
homo-oligonucleotides were chosen due to their differ-
ent size, and the hetero-oligonucleotides were chosen
due to their different bases composition. Hence, this
work allows studying the effect of the oligonucleotides
molecular mass and the hydrophobic character of the
individual bases on the interactions to L-methionine
surface, to evaluate the binding preferences of the
bases.

The affinity data are obtained at 7"= 25°C, and the
running buffer used was 10 mM Tris—HCI pH 8.0 con-
taining 0.005% of surfactant P20. The binding re-
sponses  were  detectable and  reproducible.
Sensorgrams obtained were identical for all complexes
despite the low resonance response levels achieved,
with all the oligonucleotides saturation of the active
surface ranging approximately between 154 and
264.9 RU (normalized signal).

To further characterize the influence of molecular
mass and bases composition in ligand—analyte inter-
actions in a quantitative mode, R.q values were esti-
mated from the non-linear fitting by averaging the RU
values at the plateau region of the sensorgrams over a
300—400s. Plotting R.q against free oligonucleotide
concentration, Langmuir binding isotherms were ob-
tained. The SPR binding profiles obtained were mark-
edly square shaped responses, indicating that k., and
kogr could not be estimated.

The Kp values of each oligonucleotide are presented
in Table II. There are few differences in the apparent
affinity correlated with different oligonucleotides. All
Kp values are in the submM range. The

Table II. Equilibrium analysis of the oligonucleotides performed at
25°C.

Oligonucleotide Kp (M) = SD

Ag 5521073+ 8.6x 107
Ais 8.88x107*+3.7x107°
Aso 6.54x 1074 £ 1.4%x107°
Cs 1311072 £ 1.2x107*
Cs 121x1073+2.1x107*
Cis 6.94x107* +2.6x107°
Cso 334x 1074+ 1.4%x107°
Gis 204x1073+2.7x107°
Ts 223x1073+42x107*
Te 1.81x1072 £ 53%x107*
Ts 737x107* +42%x107°
T3 381x1074+£3.0x107°
A;T, 1.84x 107>+ 1.9%x107*
C3A; 1.83x 103 £2.0x107*
CsT, 1.38x1072 £ 1.1x10~*
G5T; 3.44%x1073 + 2.1 x107*
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Fig. 2 Sensorgrams and binding analysis of immobilized 1.-methionine to oligonucleotides at 25°C. (A) polyAg; (B) polyA;s; (C) polyAz; (D)

polyCs; (E) polyCe; (F) polyCis; (G) polyCsp; (H) polyGys; (I) polyTs;

(J) polyTg; (K) polyT;s; (L) polyTso; (M) polyA;Ts; (N) polyCsAj; (O)

polyC;Ts; (P) polyG;sTs. Concentrations in each sensorgram are given in mM.

oligonucleotides tested showed Kp, values ranging from
0.3 to 5.5mM (see Table II), which indicate low bind-
ing affinity. On the other hand, the L-histidine agarose
support, which successfully purified sc pDNA (/8), has
lower Kp values (27) (ranged from 0.384puM to
0.02mM) compared to the results obtained in this
study. However, in chromatography, the interaction
occurs because conditions of high salt concentration
are used, mainly to promote hydrophobic interactions,
which prevail in both cases (30, 31).

The sensorgrams and equilibrium binding analysis,
at 25°C, fitted to a steady-state model for polyA6,

polyAl5, polyA30, polyC3, polyC6, polyCls5,
polyC30, polyGl5, polyT3, polyT6, polyTlS,
polyT30 and CCCTTT, CCCAAA, GGGTTT, AAA
TTT are presented in Fig. 2.

The highest binding affinity was found for polyCs,
(3.34x107% + 1.4x 107> M), followed by polyTs,
(3.81x107*+3.0x10™> M) and polyAs, (6.54x
107* + 1.4%x 107> M), while polyAg (5.52x 107> +
8.6 x 10~* M) showed the lowest affinity to the L-me-
thionine surface, followed by polyT; (2.23x 107 +
42x107* M) and polyG;s (2.04x 1072 +2.7x 1073
M). The maximum RU signal was higher for
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Fig. 2 Continued.

oligonucleotides with 30 bases and backbone (Fig. 2),
suggesting that an increase in the number of bases and
backbone leads to a higher binding affinity to the L-
methionine surface. For 5-mononucleotides experi-
ments, no binding response was detected.

For polyl5, the order of Kp values was polyGs
(2.04x 107 £ 2.7x 107> M) > polyA;s (8.88 x 10~ +
37x107°  M)>polyT;s (7.37x107*+4.2x107°
M) = polyC;s (6.94x107* £2.6x 10> M), with
polyC;s and polyT;s showing the highest affinity
(Table II). For poly30 and poly6, the order of Kp
values was also the same (polyA > polyT =~ polyC).
For poly3, polyC showed higher affinity than polyT.

10°  10° 10° 10°
[C, (M)

Generally, there were slight differences in K values of
polyC and polyT on L-methionine surface. The stron-
gest interaction obtained with larger nucleotides could
be attributed to their higher hydrophobic degree that
allows more interactions per surface area, inducing co-
operative effects and increasing the stability of the
interaction. These results are in stark agreement with
previous affinity data reported using L-arginine, L-
lysine and r-histidine immobilized on the surface g26,
27), that have similar binding affinities (10~ to 10> M
range) (26), except for L-histidine, whose Kp values
ranged from 107/ to 107> (27). However, the polyT;
showed higher affinity for the r-methionine surface
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than polyAg. This can be explained by the fact that
thymine have a higher binding preference to L-methio-
nine than adenine. This can be attested by NMR stu-
dies that recognized L-methionine to interact
preferentially with thymine (30). Although the chroma-
tographic conditions used to purify nucleic acids in
L-methionine and L-histidine supports are the same
(high salt concentration to promote nucleic acids re-
tention), L-methionine has preference for pyrimidines
(T and C), whereas L-histidine has preference for pur-
ines (A and G) (31).

The polyAg—polyAs, series showed a binding in-
crease of 8.4-fold on the L-methionine surface. On the

10° 10* 10° 107

K =2.23x10" + 4.2x10*
R =154

max

|-2

10° 10
[T,1(M)

contrary, a previous work describes lower binding in-
crease with r-arginine and r-lysine surfaces (3.7-fold
and 1.7-fold, respectively). For polyT;—polyTs series,
higher binding increase was found for L-arginine surface
(15-fold) using the same conditions (26). Thus, when the
length of oligonucleotides increases, the binding affinity
also increases and is more pronounced for polyA and
polyT to L-methionine derivative and L-arginine, re-
spectively. For polyC; and polyC,s, the binding in-
crease on the L-methionine surface was negligible (1.8-
fold). For the polyTs—polyTjsq series, binding increased
5.9-fold for L-methionine surface, representing a twice
increase in affinity when the number of nucleotides also
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increases to double (3.0-fold for polyTs;—polyTs
series). For polyC;—polyCjq series, binding affinity to
L-methionine increased  3.9-fold, whereas for
polyCs—polyCi;s series binding increased 1.8-fold.

Kp value })olyCé for  L-methionine
(121x 107 + 2. 1 X 10 M) was nearly the same for
L-arginine (1.33 x 107 + 0.05 M) and for L-lysine sur-
faces (1.76 x 1072 + 0.04 M) (26).

In general, the L-methionine support showed to be
ideal to interact with the hydrophobic bases, which is
in accordance with previously reported studies done by
STD-NMR and chromatographic experiments (26).

10° 10* 10° 107
[T, J(M)

Our group also suggested, by chromatographic experi-
ments, that base composition could also be responsible
for specific interactions of L-methionine support with
thymine (30).

The maximum binding affinity between oligonucleo-
tides and immobilized r-methionine was found for
cytosine and thymine followed by adenine, whereas
the lowest binding was observed for guanine. In this
study it was not possible to mimic completely the 1-
methionine agarose support, as L-methionine ligand
was immobilized through their reactive ester on the
surface leaving the amino group free to interact with
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oligonucleotide. Nevertheless, these findings are con-
sistent with a previous affinity chromatographic study
using the L-methionine-agarose (30), in which thymine
base presented a stronger retention in the support.
Thus, it is possible to verify that this reverse approach
(amine group free to interact with different oligo-
nucleotides) did not change the affinity of L-methio-
nine to the oligonucleotides.

An analysis of the contacts observed in amino acid
residues and DNA complexes from crystal structures
shows that L-methionine has preferential contacts with

thymine/cytosine > adenine (6). The single methyl
group of the thymine base is the main target for hydro-
phobic interaction (/4). The two CH groups of the
cytosine base are also possible targets for recognition
by hydrophobic residues. However, interaction with
the hydrogen atoms of cytosine will not be as strong
as with the methyl group of thymine (6). Furthermore,
L-methionine has H-bond acceptor, forming H-bonds
with the adenine or cytosine bases (6, 20).

The effect of nucleotide composition on the binding
of hetero-oligonucleotides (CCCTTT, CCCAAA, GG
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GTTT and AAATTT) to r-methionine surface was
also evaluated. The Kp order was GGGTTT > AAA
TTT ~ CCCAAA ~ CCCTTT (Table II). There were
negligible differences between equilibrium Kp values
determined for AAATTT, CCCAAA and CCCTTT.

The affinity decreased 2-fold when the hetero-oligo-
nucleotide has three guanines. On the other hand, the
affinity increased slightly (1.3-fold) when three nucleo-
tides of polyTs were changed by three cytosines
(Kp =1.38x107* + 1.1 x10~*). When three nucleo-
tides of polyTg were changed by three adenines the
affinity was nearly the same (Kp  of
1.84x107* + 1.9x 10~* M). Regarding to polyCs, the
affinity decreased slightly when three nucleotides were
changed by three thymines (Kp values from 1.21 x
1073 +£21x107% to 1.38x107° £ 1.1x107* M) or
by three adenines (Kp of 1.83x 1072 +:2.0 x 10~* M).
Still, the affinity increased 3-fold when three nucleotides
of polyAg were changed by three cytosines (Kp values
from 5.52x;107° +86x107* to 1.83x107°+
2.0x 107" or by three thymines (Kp 1.84x 1073 +
1.9%x 10~ M). Thus, the cytosine and thymine bases
in the oligonucleotide sequences increase the affinity
with the L-methionine derivative. Furthermore, it can
be seen that a combination of cytosine and thymine
bases exhibit the highest affinity. On the other hand,
the GGGTTT was the hetero-oligonucleotide that dis-
played the lowest affinity, showing that the presence of
guanine reduces the affinity with the vr-methionine
immobilized.

SPR measurements were successfully used to screen
affinity data between rL-methionine derivative and
oligonucleotides emphasizing that this ligand estab-
lished preferential interactions with cytosine and
thymine.

Conclusion

The development of safer, more effective and economic
therapeutic approaches needs the development of
robust, efficient and potential chromatographic sup-
ports. Therefore, it is necessary to find new specific

0 10
[G,T,I(M)

ligands for the industrial purification of DNA
biopharmaceuticals.

In light of these considerations, L-methionine deriva-
tive was synthesized and a strategy to immobilize it
was presented. This ligand had the amino group free
to interact with the oligonucleotides. Their binding af-
finity was evaluated to synthetic homo-oligonucleo-
tides (with sizes up to 30 bases) and hetero-
oligonucleotides by SPR biosensor. The highest bind-
ing affinity was found for cytosine and thymine bases,
followed by adenine, while the lowest affinity was
found for the guanine base. Moreover, the additional
analysis with hetero-oligonucleotide also showed that
the composition affected the interaction strength with
an increase in response for oligonucleotides containing
cytosine and thymine and a marked decrease for oligo-
nucleotides containing guanine. From this study we
conclude that this ligand interact preferential with
hydrophobic bases.
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