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Abstract

High-performance monolithic disk affinity chromatography was applied to the investigation of formation of complexes between (1)
complementary polyriboadenylic and polyribouridylic acids, e.g. poly(A) and poly(U), respectively, (2) poly(A) and synthetic polycation
poly(allylamine), pAA. Polyriboadenylic acid and poly(allylamine) were immobilized on macroporous disks (CIM disks). Quantitative pa-
rameters of affinity interactions between macromolecules were established using frontal analysis at different flow rates.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction between DNA and polymeric carrier is too low, the com-
plex will dissociate too quickly to act as transport unit, while
The use of complementary hybridization of DNA or RNA too strong binding might prevent the necessary intracellu-
with their analogues immobilized on solid supports has be- lar release of DNA. The multiple binding sites on oppositely
come a common technique in molecular biology for detec- charged macromolecules resultinthe integrated stabilization.
tion, isolation and genetic analysis of specific sequencesThe cooperative effect of ionic bonds between the cationic
[1-3]. Besides, in the last few years the synthetic polyca- polymers and anionic DNA has to be taken into consideration
tions (homo- or copolymers) began to be actively used in [13-15]
gene therapy as protecting agents or non-viral vectors for To investigate the noticed complexes we suggest to use
gene delivery4—7]. The formation of polycation—-DNA com-  affinity chromatography on short monolithic columns (CIM
plexes are particularly attractive way for such purposes. To disks). In this case, one of the partners is immobilized on
act, they have to be attached to the target cell surface, to bethe surface of monolithic support while another one is in the
internalised, to leave the endosomes, to find a way to the nu-mobile phase. Such approach based on biological specificity
cleus, and, finally, to be available for transcript[8f At the has first been published at the end of the 1966s17] Later,
moment, many methods exist to study in vitro the formation different solid supports such as agarose, cellulose, dextrane,
of described complexes between DNA and cationic carriers glass, ceramics, silicon wafer, magnetic beads, nylon have
[9,10]. Thus, the interaction of poly(allylamine) with DNA  been used for the immobilization of nucleic acid8—24]
has been studied by such spectral methods as IR, CD, UVHowever, all these solid phases have significant disadvan-
and fluororescence spectroscdfy,12] The authors have tages. For example, polysaccharide supports suffer from the
detected the simple electrostatic binding of polycations to deterioration of solvent passage through the column and the
DNA via both phosphate groups and nitrogenous bases ofdestruction of the carrier by microorganisms. For silica sor-
DNA macromolecule. The dissociation of such complexes, bents, a gradual loss ofimmobilized ligands caused by leach-
both in vitro and in vivo, is a crucial point. If the affinity  ing of carrier surface presents a serious probj25).
The recently developed new type of bioseparation on
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(GMA-EDMA) is widely used in different practical fields
[26—28] Originally epoxy bearing GMA—-EDMA polymer
can be easily transformed into hydroxy, carboxy, sulfo or
amino derivatives to realize different chromatographic mech-
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using a UV-vis spectrophotometer SF-26 (LOMO, St. Pe-
tersburg, Russia).

2.3. Methods

anisms. These disks were recently used as highly selective

affinity sorbents as well as the high throughput bioreactor
support§29-35] Mostimportantly, the improved mass trans-

2.3.1. Immobilization of ligands
Direct covalent procedure was carried out to attach

fer mechanism allows consideration only the biospecific pair- poly(A) and pAA to epoxy groups of disk's material. Besides,
ing as a time limiting step. The last fact seemed to be usedyyyg different approach (static and dynamic conditions) were

effectively not only in affinity separation processes but also
at in vitro modelling of biological events following the for-
mation of complementary functional pa[5].

In this paper, the results of use of affinity chromatography
on short monolithic columns to characterize the complexa-
tion between complementary polyribonucleotides, as well as
anionic polyribonucleotide and synthetic polycation are pre-

sented. The data obtained can help to make the right choice

for development of fast and efficient analytical and prepara-
tive methods for nucleic acids purification.

2. Experimental
2.1. Materials and chemicals

The macroporous GMA-EDMA monoliths (CIM disk,
BIA Separation, Ljubliana, Slovenia) were used as a station-
ary phase. The macroporous disks had following parameters
diameter of 12 mm, thickness of 3mm, volume of 0.34¢m
dry mass of 0.34 g, porosity of 70%, mean pore radius of
0.7um, specific surface of 10%fg, and initial concentration
of epoxy groups 3-5% 10-3mol/g. The macroporous disks

were installed in a cartridge specifically designed by the same

producer.
Polyribonucleotides — polyriboadenylic acid [poly(A)]
and polyribouridylic acid [poly(U)] (weight-average molec-

ular mass, 200 000-250 000), potassium salt, were from Re-

anal, Hungary. Poly(allylamine) (pAA) hydrochloride was
synthesized as described elsewH86. TheM,, of the poly-
mer was found as 8.700.

Double distilled water and analytical grade chemicals pur-
chased from Serva (Heidelberg, Germany) or Sigma (St.
Louis, MO, USA) were used to prepare the chromatographic
buffers. The obtained solutions were additionally purified by
filtration through Milex microfilter (Millipore, USA) with
0.2pm pore size.

2.2. Instruments

Affinity chromatography was carried out using a system
consisting of a peristaltic pump P-1 (Pharmacia, Sweden)
and a UV detector (2238 Uvicord S I, LKB, Bromma, Swe-
den). The chromatographic system was completed with air
thermostat (Medical Instrumentation Manufactory, Russia).

The concentration of polyribonucleotides and pAA was
determined by measuring of absorbance of their solutions

realized to bind poly(A).

2.3.1.1. Direct attachment of poly(A) via Migroup of nu-
cleotide base (static conditionsT.he disk was washed con-
sequently with ethanol, ethanol-water mixture (50:50, v/v)
and water, and after that was immersed into 20 mM sodium
carbonate buffer (pH 9.3) for 2 h. The covalent attachment
of polyribonucleotide was carried out using a single-step re-
action between epoxy groups of macroporous polymer and
amino groups of adenine of poly(A). For that, the disks were
transferred into 1.5 ml of polynucleotide solution in the same
buffer of different concentrations ranging from k803 to
7.6x 10~3 M. The binding reaction was allowed to proceed
at room temperature for 24—60 h without any stirring. Af-
ter the reaction has been finished, the disk was washed with
initial carbonate buffer, pH 9.3, to remove the excess of un-
reacted poly(A) from the sorbent porous volume, then with
water, and immersed into 10 mM sodium phosphate buffer,
pH 7.4, containing 100 mM NacCl.

The amount of nucleic acid bound to the support was
determined by monitoring the decrease in absorbance of
poly(A) before and after immobilization. The concentration
of polynucleotides in eluates was calculated using known mo-
lar absorption coefficient at maximum wavelength 260 nm
[37].

The disk with immobilized macromolecular ligand was
stored at £C in 10 mM phosphate buffer containing 200 mM
of sodium chloride, pH 7.4, with addition of 0.02% sodium
azide.

2.3.1.2. Attachment of poly(A) via Nigroup of nucleotide
base (hydraulic approach)The washed epoxy disk was im-
mersed into 20 mM sodium carbonate buffer (pH 9.3) for
2 h. One millilitre of poly(A) solution with concentration of
4.3x 10~3 M in the same buffer was passed through the disk
by a syringe and binding reaction took place at@#or 2 h.
The same procedure was repeated twice by passing of initial
solution of poly(A). After that the disk was washed with ini-
tial carbonate buffer, pH 9.3, and water, and immersed into
10 mM sodium phosphate buffer, pH 7.4, containing 100 mM
NacCl.

2.3.1.3. Covalent immobilization of pAAhe washed

epoxy disk was immersed into 10 mM sodium borate buffer
(pH 10.0) for 2 h. Then the disk was transferred into 1.9 ml
of pAA solution with concentration of 5.8 mg/ml in the same
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buffer. The attachment was carried out by a single-step re- matographic device has been monitored. After hybridization,
action analogously to previous described approach (staticunbound poly(U) was removed from the pores by washing
conditions). The binding reaction was allowed to proceed at with the buffer at 37C. To release of complementary bound
40°C for 20 h. The amount of ligand coupled to the support poly(U) from poly(A) disk, the temperature was raised up to
was determined by monitoring the decrease in absorbance 060°C and maintained for 10 min (stop-flow regime). Then
pAA solution before and after the reaction. The concentra- poly(U) was eluted at 60C using the same buffer (flow rate
tion of polycation in eluate was calculated using established 1.0 ml/min).

molar absorption coefficient at the wavelength 225 nm. Then,

the disk was washed with initial borate buffer, pH 10.0, and 2.3.3. Isotherms of adsorptive binding of poly(A) to

water, and immersed into 10 mM sodium phosphate buffer, immobilized pAA (dynamic conditions)

pH 7.4, containing 100 mM NacCl. Formation of pAA—poly(A) complex was studied using
10 mM sodium phosphate buffer, pH 7.4, containing 100 mM
2.3.2. Hybridization poly(U) with immobilized poly(A) NaCl, room temperature and flow rate 1.0 ml/min. In this

2.3.2.1. Formation of hybridic pairs between poly(U) and case, the solutions of poly(A) of different concentrations
poly(A) at 20 and 37C (statics). The hybridization of ranging from 0.9 to 8.% 10~*M were passed through the
poly(U) with immobilized poly(A) was realized at 20 and pAA disk until no further increase in the absorption density
37°C using 10 mM sodium phosphate buffer, pH 7.4 with at the exit of a chromatographic device has been monitored.

100 mM NaCl. Poly(A) disk containing 2.6 10-® mol lig- After that the unbound excess of poly(A) was removed from
and/ml sorbent was immersed into the solution of poly(U) the pores by washing with the same buffer. The affinity bound
dissolved in the same buffer at concentration:320 4 M poly(A) was eluted using 10" M sodium hydroxide solution,

and incubated for different time ranging from 1 min to 20h. pH 10.

After pairing, the disk was washed with the same buffer using

a pump to remove the excess of poly(U) from the porous vol- 2.3.4. Determination of parameters of affinity pairing

ume. To split the double helix and release poly(U) from the  The affinity characteristics of the poly(A)—poly(U) and
disk, the temperature was raised up td60and maintained  pAA—poly(A) pairs such as maximum binding capacity
for 10 min. After that the complementary bound poly(U) (dmax) and dissociation constan{jsg), were evaluated on
was eluted pumping the same buffer at°@0(a flow rate the basis of mathematical treatment of experimental adsorp-
1 ml/min). tion isothermg30,31]

2.3.2.2. Isotherms of adsorptive binding of poly(U) to im-

mobilized poly(A) (static conditions)The experiments on 3. Results and discussion

the hybridization of poly(U) with immobilized poly(A) was

carried out using two different concentrations of bound 3.1. Covalent attachment of polymeric ligands to

to the disk polyribonucleotide as a ligand, e.g. 1.4 and GMA-EDMA supports

2.6x 108 mol/ml disk. 10 mM sodium phosphate buffer, pH

7.4, containing 100 mM NaCl at 3T was used as a liquid  3.1.1. Immobilization of poly(A)

phase. To build the isotherms, poly(A) disks were immersed  High reactivity of the epoxy groups of macroporous

into solutions of poly(U) dissolved in the same buffer at var- GMA-EDMA materials together with their high original

ious concentrations (0.7-12410-4M) and incubated for ~ content (3—5< 10~2 mol/g sorbent) and porous channel-like

30min at 37C. After pairing, the disks were washed with morphology allows carrying out covalent binding of any

the same buffer at 37T to remove the excess of poly(U) amino bearing ligand as a single step under mild conditions.

from porous volume. To release poly(U) from the disk, the Forthe case of used polyribonucleotide, the amino groups of

temperature was raised up to 8D and maintained 10 min,  adenine base in 6th position will also be able to form strong

after that complementary bound poly(U) was eluted with the C—N bound reacting with epoxy group of a sorbg@#]. Just

same buffer at 60C (pumping at flow rate 1 ml/min). similar to protein and peptide ligangi33], no intermediate
spacers were inserted in all cases discussed. The reaction

2.3.2.3. Isotherms of adsorptive binding of poly(U) to im- scheme is presented iig. 1

mobilized poly(A) (dynamics)To build the isotherms at dy- The binding of poly(A) used at different concentrations

namic conditions, the chromatographic system has been usedio CIM disks are shown iffable 1 Obviously, the higher

The hybridization of poly(U) with poly(A) was realized using concentration of polynucleotide, the bigger total amount of

10 mM sodium phosphate buffer, pH 7.4, containing 100 mM this macromolecular ligand immobilized on monolithic sup-

NaCl at 37C as a mobile phase and flow rate 1.0 and port. The calculated reaction yields appeared to be equal

2.0 ml/min was applied in this experimental series. The solu- to 17.3—-20.5% whereas the amount of bound polyribonu-

tions of poly(U) with different concentrations ranging from cleotide varied from 1.4 to 4.6 10-® mol/ml sorbent.

0.8 to 9.5x 10~*M were passed through the disk until no Kinetic curves built for binding of poly(A) to GMA—

further increase in absorption density at the exit of a chro- EDMA support are shown ifrig. 2 Maximum of coupling
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Fig. 1. Scheme of covalent binding of polyribonucleotides to CIM disk.

Table 1
The immobilization of polymer ligands on CIM disk carried out at static
conditions

Ligand Concentration  Immobilized ligand Reaction
(x10° M) - - yield (%)
mg/ml disk mol/ml disk
(x10P)
Poly(A) 1.8 0.5 1.4 17.3
Poly(A) 4.4 0.9 2.6 19.9
Poly(A) 7.6 1.6 4.6 20.5
pAA 0.7 6.9 0.8 20.0

in this case. Indirect information on ligand’s capacity can be
obtained from the results of affinity adsorption.

3.1.2. Immobilization of pAA

Attachment of polycation pAA to CIM disk was carried
out at analogous to polyribonucleotide experimental (static)
conditions. Calculated yield of reaction was 20Valfle J).

3.2. Hybridization and release of poly(U)

Hybridization, or the formation of double helix, between
dissolved poly(U) and immobilized on the disk poly(A) (see

was reached in 20 h using the solution with a concentration of scheme irFig. 3) was realized also using two, e.g. static and

of 7.6 x 10~3 M. This result is in a good agreement with that

dynamic, experimental approaches. Affinity chromatogram

obtained for proteins — another type of macromolecules usedreflecting the hybridization between complementary polyri-

as affinity ligandg[29]. The most important conclusion is
that the inner porous structure of GMA—EDMA disks allows
sterically non-limited binding of large molecules differed by
their size, conformation and, correspondingly, diffusive prop-
erties.

In contrast, the specially developed approach to immobi-
lization based on hydraulic filling of reactive solution into
porous space (“syringe pumping”) took only 6 h. Though,
the calculation of bound to the sorbent ligand is a problem

104

Absorbance, 260nm

0 T T
0 10 20

T T

30 40 50 60

Time, h

Fig. 2. Kinetic curves of poly(A) binding to CIM disk at different con-
centrations of polyribonucleotide solutions: (curve 1) .80~2 M; (curve

2) 4.4x 103 M; (curve 3) 7.6x 10~3 M. The binding conditions were the
same as those described under Sed@i@nAliquots of the reaction mixture
were sampled at fixed time and the absorbance at 260 nm was measured.

bonucleotides is demonstratedrig. 4.

3.2.1. Kinetics of poly(A)—poly(U) hybridization at 20
and 37°C at static conditions

The kinetic curves of poly(A)—poly(U) hybridization are
shown inFig. 4 Here, poly(A) was bound to the disk and
the concentration of macromolecular ligand was equal to
2.6x 10-% mol/ml sorbent. Obviously, that affinity coupling
of poly(U) to its immobilized complement poly(A) occurs
more effectively at 37C in comparison with that at 2. In
first case, the hybridization was completed in 30 min whereas
at 20°C only approximately 50% of poly(U) applied partic-
ipated the formation of helix duplex. Thus, all next experi-
ments were carried out using this temperature of hybridiza-
tion and 30 min as the time needddd. 5).

3.2.2. Determination of affinity parameters

To evaluate both the calculated from experimental
isotherms values, e.g. maximum binding capacjtax, and
equilibrium constant of duplex poly(A)—poly(U) dissocia-
tion, Kgiss, Which are the important thermodynamic character-
istics of all complementary interactions, we used the frontal
analysis approacf89]. In this case, a loading was contin-
ued until the absorbance of polyribonucleotide solution at
the outlet was equal to that at the inlet of the column (disk).

It was established that the obtained adsorption isotherms
describing the surface interaction of two macromolecular
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Fig. 3. Scheme of the formation of double helix between dissolved poly(U) and poly(A) immobilized on the disk.

partners fit most often the Langmuir equat[d@,41} 1 Kdiss 1 3)
C g qmaxC  gmax
qd=dmax; o~ (1) . .
(Kdiss+ C) and bothKgiss andgmax obtained from the respective plots.

In Table 2the effect of density (surface concentration) of
poly(A), the influence of flow rate and the method of determi-
nation of thermodynamic characteristics — static or dynamic
— on complementary interaction followed by the formation
c c Kiss of polyribonucleotide duplex is demonstrated. It was shown
— = — (2) that the increase of ligand concentration did not strongly af-
9  qmax  qmax fect Kgiss Of investigated affinity pair.

The main request to successful carrying out of affinity

whereq is the bound polynucleotide in the stationary phase,
C is its equilibrium concentration in the mobile phase. Eq.
(1) can be rewritten to linearized forms:

Signal chromatography (dynamic affinity pairing) is that the forma-
1.0 tion of complex of macromolecular solute with covalently
H bound to the stationary phase ligand should be maximum

adequate to the pairing in a solution. Obviously, the com-
plements have to have maximum steric freedom within the
porous space of a sorbent. It means that the porosity, or de-
signed morphology, of used stationary phase appears to be
the most important criteria.

0.5
0,84
07492
o.e-r 1
S
load lesorptipf g 05y |
°© i
A £or
-/ 2 0,3
‘ ‘ D:02
0 2 4 i
Time, min 0,1
. - e 0,0 T r ‘ T
Fig. 4. Affinity chromatogram of the hybridization between comple- 0 5 10 15 20
mentary polyribonucleotides poly(U) with poly(A) immobilized on CIM Time, h

disk. Conditions: stationary phase poly(A)-disk (ligand's concentration

2.6x 10~8 mol/ml sorbent); mobile phase 10 mM sodium phosphate buffer, Fig. 5. Kinetic curves binding of poly(U) to poly(A) immobilized on CIM
pH 7.4, containing 100 mM NaCl; loading 5ml solution of poly(U) with  disk (ligand’s concentration 2.6 10-%mol/ml sorbent) at temperatures:
concentration of 3.% 104 M at 37°C; the disk was washed with the (curve 1) 20C and (curve 2) 37C. The concentration of poly(U) was
same buffer at 37C; denaturation with the same buffer at€D) flow-rate 3.9x 10~ M in both cases. The hybridization condition were the same as
2 ml/min; detection 254 nm. those described in Secti@3.
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Table 2

Affinity characteristics of the complementary
polyribonucleotides

interaction between

Experimental mode Ligand’s capacity Gmax (Mol x  Kgiss
(mol x 10%/ml 108/ml M x 10%)
sorbent) sorbent)

Statics 14 4.8 4804

Statics 2.6 5.3 7.80.2

Dynamics, flow-rate 2.6 3.8 3.4:0.3

1 ml/min

Dynamics, flow-rate 2.6 7.2 3.0:04

2ml/min

Dynamics, flow-rate 4.7 8.7 1.A05

1 ml/min
Dynamics, flow-rate ™ 8.2 5.8+0.2
1 ml/min

Note gmax: calculated maximum binding capacity of poly(A)-digKgiss:
the equilibrium constant of dissociation of duplex poly(A)—poly(U).

* Linear regression coefficientdR}) for calculatedKgyiss were found
0.92-0.99.

** Immobilization of poly(A) on CIM disk was carried out at hydrody-
namic conditions with concentration of ligand solution £.30-3 M.

As itwas mentioned above, the calculation of bound to the
sorbent poly(A) represents a problem for the case of hydraulic
filling of disk’s porous volume. According to the quite sim-
ilar maximum adsorption capacities obtained for both types
of affinity disks (se€Table 2 using for immobilization the
solutions of close ligand’'s concentration, we can suppose
the similar surface concentration of bound macromolecular
ligand. Nevertheless, the hydraulic approach is much more
attractive being time consuming way to introduce maximum
possible amount of adsorption sites.

For a comparison, we studied the binding capacity of
poly(A) disk (2.6x 10-® mol ligand/ml sorbent) at static and
dynamic conditions. We found that the amount of specifically
adsorbed poly(V) differed a little (5.3 at statics experimen-
tal approach versus 3.8 at dynamics) wherégss did not
depend significantly on experimental conditions.

The influence of flow rate on affinity binding was stud-
ied using the disk with immobilized polyribonucleotide
(2.6 x 10~%mol/ml sorbent)Table 2 For this purpose, bind-
ing isotherms were recorded at mobile phase flow rates of
1 and 2 ml/min, respectivel¥ig. 6. Under these condition,
the affinity constant¥yiss, Stayed approximately the same,
while the maximum adsorptiongmax, Was increased approx-
imately twice (7.2 and 3.& 10~8 mol/ml sorbent at 2 and
1 ml/min, respectively). The difference in results obtained
for proteing[31,33]and macromolecules discussed could be
probably explained by difference of affinity binding mecha-
nisms. However, to make the right conclusions, the additional
experimental work has to be done.

3.3. Determination of parameters of dynamic
interaction of poly(A) with immobilized pAA

The same frontal analysis procedure has been used to eval
uate quantitatively the affinity interactions between polyan-
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10

Fig. 6. Comparison of dynamic affinity interactions at different flow rates.
Adsorption isotherm obtained for hybridization of poly(U) with poly(A)
immobilized on CIM disk (ligand’s concentration 2610-% mol/ml sor-
bent) at increasing concentrations of polyribonucleotide ranging from 0.8
to 9.5x 10~* M) at flow rates: (curve 1) 1 ml/min and (curve 2) 2 mli/min.
The conditions of affinity pairing were the same as those described under
Section2.3.
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Fig. 7. Adsorption isotherm: hybridization of poly(A) with pAA immo-
bilized on CIM disk (ligand’s concentration 1:110~* mol/ml sorbent)

at increasing concentrations of polyribonucleotide ranging from 0.9 to
8.5x 10~*M). The conditions of affinity pairing were the same as those
described in Sectiof.3.

ionic and polycationic polymers comparable to the formation
of polyribonucleotide duplex. The situation investigated is in-
teresting because of definite difference of polymer structures.
Their probable steric compatibility allowing formation of a
complex similar to double helix of polynucleotides is still a
question.

The adsorption isotherm resulting from frontal experi-
ments and also obeyed to Langmuir’s equation is shown
in Fig. 7. It has been possible to calculate the dissoci-
ation constant which appeared to be quite close to that
obtained for polyribonucleotide pair (5:410~*M versus
3.4x 1074 M).

4. Conclusions

At first time, the experiments on the investigation of spe-
eific (affinity) interactions between big complementary poly-
mer molecules have been carried out using macroporous
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short monolithic columns (GMA-EDMA disks) as effective
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