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Abstract

Plasminogen activatorsare the proteases which convert plasminogen into plasmin dissolving, in its turn, the major component of blood
clots, fibrin. They are extremely useful in heart attack therapy. Modern and most appropriate way of scaled up production of these valuable
proteins is gene engineering. In this case, a separation and a purification of target product become the important steps of the whole process.
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ecently developedaffinity chromatography on short monolithic columnsseems to be a very attractive method for these purposes. High
f a process prevents the protein’s denaturation due to temperature or/and solvents influence. The better mass transfer mechanism
ather than diffusion) allows considering only biospecific complexing as time limiting step. Specificity of several synthetic pe
lasminogen activatorshave been studied byaffinity chromatography on short monolithic columns. Peptide ligands were synthesized
onventional solid phase peptide synthesis (SPPS). The immobilization procedure was carried out as a one step process at stat
he results of quantitative evaluation of such affinity interactions were compared with those established for plasminogen that is
ffinity counterpart to both proteases. Additionally, some of investigated peptides were synthesized directly on GMA–EDMA disks
ffinity properties were compared with those established for the case of immobilized ligands. The possibility of using of syntheti

igands for plasminogen activators isolation from native cell supernatant and model protein mixtures has been demonstrated.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Affinity chromatography is a powerful tool widely used
or target protein separations. In its turn, it is known that a
hoice of the “right ligand” complementary to the product
o be isolated represents a crucial point of this method. De-
pite of that the application of natural counterparts for affinity

Abbreviations:CIM®, convective interaction media; SPPS, solid phase
eptide synthesis; t-PA, tissue plasminogen activator; SK, streptokinase;
UK, pro-urokinase; K, lysine; G, glycine; R, arginine; P, proline; C, cys-

eine; V, valine; PBS, phosphate buffered saline; CHO, Chinese Hamster
vary
∗ Corresponding author. Tel.: +7 812 3231050; fax: +7 812 3286869.
E-mail address:tennikova@mail.rcom.ru (T.B. Tennikova).

separations can be counted as a preferable way, due to h
bility and high cost of natural biomolecules, like monoclo
antibodies or substrates, the synthetic ligands look mor
more attractive. In particular, the peptides mimicking the
tive centers of proteins become the most widely used affi
sites[1,2].

Present research is devoted to the quantitative analy
the affinity interactions between plasminogen activators
and several synthetic peptide ligands by means of affi
chromatography on monolithic short columns produced f
a copolymer of glycidyl methacrylate (GMA) and ethyle
dimethacrylate (EDMA)[3–7]. All plasminogen activator
are serine proteases activating the conversion of plasm
gen into plasmin, in other words, the enzymes respon
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for the lysis of fibrin clots[8–11]. Thrombolytic agents ap-
proved for clinical use include streptokinase (SK), urokinase
(UK), pro-urokinase (pUK) and tissue plasminogen activa-
tor (t-PA). SK (Mr 47,000) is a secretory protein produced
by various strains of�-hemolyticStreptococus[12,13]. UK
(Mr 54,000) is isolated from urine and conditioned media
of fetal kidney cell cultures, but it is also present in condi-
tioned media from endothelial cell cultures[14–16]. pUK
is a single-chain precursor molecule, which is converted to
urokinase by a cleavage of Lys158 Ile159 peptide bond[17].
t-PA (Mr 68,000) is present in human tissues and circulates
at very low concentrations in the blood[18,19]. However,
nowadays t-PA as well as UK and pUK have been obtained
by recombinant technology[20–22]. Despite of the fact that
the mechanism of plasminogen activation by all mentioned
PA is different, all of them promote proteolysis of the same
Arg561 Val562 peptide bond[23]. The main feature of plas-
minogen activation by t-PA is its direct affinity to fibrin[24].
The t-PA activity is based on the formation of triple complex
between t-PA, plasminogen and fibrin surface. SK, UK and
pUK have no affinity to fibrin.

Process of fibrinolysis represents a very complicated
network of simultaneous biological events. Recently, several
detailed papers devoted to step-by-step modeling of the
fibrinolysis process with t-PA participation have been
p ison
o ith
u n.

tides
w e ob-
t first
g ding
s affin-

i 1)
a of
t fib-
r of
l r-
a

no-
l hase
f phy
o
t y on
G wo
k

2

2

m r-
b e-

signed cartridges were from BIA Separations, d.o.o., Ljubl-
jana, Slovenia.

Plasminogen and streptokinase were purchased from
Sigma (Germany). Recombinant pro-urokinase was a
commercial product of Russian Cardiological Scientific-
Industrial Center (Moscow, Russia). Recombinant t-PA was
kindly donated by Boehringer Ingelheim Pharma KG (Biber-
ach, Germany). Bulk chemicals for buffer preparation were
from Fluka Chemie AG (Switzerland).

Diisopropylcarbodiimide (DIC), trifluoromethanesul-
fonic acid (TFMSA), trifluoroacetic acid (TFA), thioanisole,
ethanedithiol, hydroxybenzotriazole (HOBt), andp-
toluenesulfonic acid (TosOH) were from Fluka Chemie AG
(Switzerland). Dimethylformamid (DMF), dichloromethane
(DCM), and triethylamine (TEA) were purchased from
Vecton Ltd. (Russia). Boc- and Fmoc-protected amino acids
were from Sigma (Germany) and Bachem AG (Switzerland).

Standard protein kit and precast gels for PAGE were pur-
chased from Bio-Rad (Germany). All chemicals used in this
method including those for gels and buffers preparation were
from Fluka and Sigma.

Buffers used for affinity chromatography were prepared
by dissolving analytical grade salts in doubly distilled water
that had been additionally purified by filtration through a
0.2�m pore size microfilter (Millipore Inc., USA).
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ublished[25–27]. The present one concerns the compar
f affinity properties of pUK, SK and t-PA investigated w
se of affinity chromatography on short monolithic colum

The natural substrate plasminogen and several pep
ere used as affinity ligands. The chosen peptides wer

ained by solid phase peptide synthesis (SPPS). The
roup of peptides represent the parts of one of PA bin
ites on plasminogen molecule and were supposed as

ty ligands: (557–566), KCPGRV (557–56
nd RVVGGC (561–566). Due to the direct specificity

-PA to fibrin, the short GPRP peptide (an inhibitor of
in polymerization[28]) as well as different derivatives
ysine: KKKK, KKKKGPRP and dendrimer of third gene
tion K15A, were included in the consideration.

There are a few publications where GMA–EDMA mo
iths are described as successful examples of solid p
or peptide synthesis followed by affinity chromatogra
n the obtained peptidyl sorbents[27,29–31]. According to

hat, some of listed peptides were synthesized directl
MA–EDMA disks. The experimental comparison of t
inds of sorbents has been carried out.

. Experimental part

.1. Materials and chemicals

Macroporous monolithic disks of 12 mm× 3 mm with
ean pore size of 1.5�m and a porosity of 0.63 ml/ml so
ent (standard CIM® Epoxy Disks) as well as specially d
.2. Instruments

A NPS 4000 semiautomatic peptide synthesizer (Neo
em, Strasbourg, France) was used for the automated s
is of peptides. A chromatographic instrument consistin
wo piston pumps, a UV detector and a software data
essing station (Golden System, Beckman, USA) fitted
ydac C18 of 4.6 mm× 150 mm (particle size of 5�m) and
2 mm× 250 mm (particle size of 10�m) columns was use

or the analysis and preparative purification of obtained
idyl products.

For quality control and determination of yields of the s
hesized product, an AAA T339 M automated amino a
nalyzer (Microtechna, Prague, Czech Republic) was
ass spectrometric analysis was performed using ES

nstrument produced at the Institute of Analytical Instrum
ation RAS (St. Petersburg, Russia).

Affinity chromatography was carried out using a ch
atographic system consisting of a peristaltic pump (2
ultiperpex pump, LKB, Bromma, Sweden), a UV detec

2138 Uvicord S, LKB, Bromma, Sweden) and a reco
2210 Recorder, LKB, Bromma, Sweden). To isolate t
rom a cell supernatant and SK/pUK from a model pro
ixture, a chromatographic system consisting of Waters
lliance Separations Module (USA), Waters 490 Scan
luorescence (USA) detector and Knauer injector (Germ
as used and a computer assisted flow control and an
oftware (Andromeda 1.6 CSW) was applied for data an
is.
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The concentration of proteins was determined using a
UV–vis spectrophotometer SF 26 (LOMO, St. Petersburg,
Russia).

SDS-PAGE characterization of isolated t-PA was carried
out with use of PowerPac System (Bio-Rad, Germany).

2.3. Methods

2.3.1. Peptide synthesis
Peptides used for immobilization on GMA–EDMA disks

were obtained by solid phase peptide synthesis using the
Boc–Bzl strategy as described elsewhere[32]. For decapep-
tide, removal of acetaminomethyl (Acm) protective groups of
cysteines and SS bond formation were performed following
the protocol presented in[33].

For SPPS on GMA–EDMA the native epoxy groups were
preliminary converted into amino or hydroxyl groups. To in-
troduce amino function, the disks were immersed into ethy-
lene diamine for 4 h at 50◦C or stored overnight at RT.
Hydroxyls were generated by acidic hydrolysis with 0.1 M
H2SO4 for 6 h at 80◦C. Then, an anchoring amino acid
�-Ala was introduced as described in[34]. For SPPS on
monoliths the recently developed procedure based on Fmoc-
chemistry was used[34]. Side-chain protected groups were
tert-butoxycarbonyl (Boc) for lysine and arginine and ac-
e the
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280 nm of protein solution before and after immobilization,
accounting for protein content in washing buffer volume, and
(ii) by Lowry test[35].

In the case of peptides, a washed disk was immersed into
0.1 M sodium borate buffer (pH 10.0) for 2 h. The disk was
then transferred into 1 ml of 5 mg/ml peptide solution in the
same buffer. The binding reaction at 30◦C was carried out
for 20 h without any stirring. The amount of immobilized
peptide was determined according to absorbency at 230 nm of
peptide solution before and after the reaction with a sorbent.
The immobilization buffer was then replaced by HPMDAC
mobile phase, i.e. 0.01 M phosphate buffered saline (PBS),
pH 7.0. The disks were stored in PBS solution containing
0.02% sodium azide at 4◦C.

2.3.3. Determination of quantitative parameters of
dynamic adsorption by affinity chromatography

The affinity characteristics of prepared affinity CIM®

disks, such as maximum adsorption capacity (Qmax) and
dynamic dissociation constants of affinity complex (Kdiss),
were evaluated on the basis of mathematical treatment of
experimental adsorption isotherms resulting from frontal
analysis[36]. For this purpose, model solutions of stan-
dard t-PA, SK and pUK with concentrations ranging from
0.01 to 0.5 mg/ml were passed through the correspond-
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taminomethyl (Acm) for cysteine. For hexapeptides
cm-groups of cysteine were not removed. The solu
ontaining 2 eq. HgAc2 in 30% acetic acid per Acm grou
f decapeptide was used for Acm deprotection. For
ml of corresponding solution was passed through
isk. After 15 min the procedure was repeated. Then,
as washed 5 min with 50% acetic acid, 5 min with�-
ercaptoethanol and 5 min with water at flow rate 4 ml/m
xidation of SH-groups was carried out with 10% H2O2 for
5 min.

All obtained peptides were tested by amino acid an
is after a treatment of a sample with 6 M HCl at 110◦C
or 24 h. The quality of some peptides was investigate
S–MS method. MS spectra were detected at the mo
ositively-charged-ion analysis. Lyophilized samples of

hesized peptides were dissolved in 50% acetonitrile with
cOH to reach a concentration of 5–10 pmol/�l. The sample
olume was equal to 10�l.

.3.2. Immobilization procedure
Before the immobilization CIM® epoxy disk was washe

y ethanol, ethanol–water (1:1) mixture and water.
In the case of plasminogen immobilization, the disk

mmersed into 0.1 M sodium carbonate buffer (pH 9.3) fo
nd, after that time, was transferred into 1 ml of 5.0 mg/m
rotein solution in the same buffer. The binding reaction
llowed to proceed over 16 h at 37◦C without any stirring
hen the disk was washed with initial pH 9.3 carbonate bu

o remove the excess of unreacted ligand from the po
olume. The amount of ligand coupled to the support
etermined (i) by monitoring the decrease in absorban
ng disk. Unbound protein molecules were removed
.01 M PBS buffer and, additionally, the disk was was
ith 2 M NaCl. Affinity bound proteins were eluted w
.01 M HCl, pH 2.0. The flow rate at adsorption and d
rption was 2 ml/min. Graphical treatment was perform
y virtue of “Origin 6.0” computer program. The sta
ard Lowry test was used to determine peptide conce

ions.

.3.4. Isolation of t-PA from a native CHO-cell
upernatant and SK/pUK from model protein mixture by
ffinity chromatography

t-PA was isolated from a Chinese Hamster Ovary (CH
ell supernatant containing 6�g/ml of t-PA (determined b
LISA as described in[23]). The total protein amount

he supernatant was 21�g/ml. CHO-cell supernatant was o
ained as described elsewhere[25]. SK and pUK were iso
ated from model protein mixture. For this purpose two ki
f mixtures were used. The first one contained 10�g/ml of
K/pUK and total protein amount was 45�g/ml. The othe
ne contained 50�g/ml of SK/pUK and total protein amou
as 400�g/ml. For separation of PA, 3 ml of the cell s
ernatant or 1 ml of model mixture containing SK/pUK
BS buffer was loaded on the disks modified by diffe

igands and the adsorption at dynamic conditions was
ied out. After a removal of ballast proteins by washing

disk with 0.01 M sodium phosphate buffer, pH 7.0, c
aining 2 M NaCl, the adsorbed t-PA was eluted with 0.0
Cl, pH 2.0. The flow rate at both adsorption and desorp
as 2 ml/min.
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2.3.5. SDS-PAGE
For SDS-PAGE, the lyophilized samples of affinity iso-

lated proteins were dissolved in a solvent containing 20 mM
Tris–HCl (pH 8.0), 2 mM EDTA, 5.0% SDS, and 0.02%
brome phenol blue and boiled for 2 min at 100◦C. After a
centrifugation, the samples were applied, in parallel with pro-
tein standard markers, onto a plate covered with precast 12.5
and 15% polyacrylamide gel. Staining of protein zones after
SDS-PAGE was done using 0.1% AgNO3 [37].

3. Results and discussion

3.1. Characterization of peptide ligands

As it was mentioned above, seven peptides were cho-
sen as affinity ligands to PA. There were five linear pep-
tides (RVVGGC, KCPGRV, GPRP, KKKKGPRP, KKKK),

one cyclic ( ) and one lysine dendrimer of
third generation (K15A). All peptidyl ligands used for im-
mobilization on the disks were prepared by standard SPPS
on polystyrene resin using Boc–Bzl chemistry. The obtained
peptides were chromatographically purified and investigated
by a standard method of quantitative amino acid analysis.
It was found that all prepared peptides had the amino acid
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Table 1
Amount of different ligands immobilized on GMA–EDMA disks

Ligand MM Qimm (mg/disk) Qimm (�mol/ml)

Plasminogen 90,000 1.70 0.06

971 0.90 2.70
KCPGRV 728 0.70 2.90
RVVGGC 659 0.70 3.00
GPRP 424 0.45 3.10
KKKKGPRP 936 0.90 2.80
KKKK 529 0.55 2.90
Dendrimer K15A 2,009 1.35 2.00

procedure was carried out as a one step process at static condi-
tions over 16 h[38]. Such long time of coupling procedure can
be explained by the fact that, in general, the reaction between
epoxy and amino groups represents very slow process[39].
Recently it was established that maximum amount of bound
to epoxy monoliths ligands was achieved only after 15 h in-
cubation[38]. Furthermore, our previous experiments have
shown that the recirculation of reaction mixture through the
disk did not reduce the reaction time[40]. Nevertheless, just
this chemistry was used in all our investigations. The reason
is that the use of other type of chemical reactions would re-
quire an intermediate derivatization of original epoxy groups
that, in its turn, would need the additional reaction step, and,
accordingly, additional time.

In our case, no intermediate spacers were inserted because
the numerous papers on affinity chromatography on short
monolithic GMA–EDMA columns have shown no depen-
dence of the efficiency of biospecific separations on any inert
spacers both for the cases of protein and peptide immobi-
lized ligands[41]. The results of ligand immobilization are
summarized inTable 1. As it seen fromTable 1, the amount
of plasminogen calculated in mg per disk is higher than the
amount found for small peptides. At the same time, since the
molecular mass of plasminogen exceeds significantly that of
peptides, the molar amount of bound protein seems to be
m ally
e pep-
t ule is
a total
o Addi-
t ree-
m han
2 m of
a
w igand
d teins
[

3

3
PAs

a ntal
atio corresponded to the expected one. Additionally,
endrimer as well as cyclic decapeptide were analyze
S–MS method and very good agreement of theoreti
alculated molecular masses of these compounds to
ound by MS analysis was established.

Recently, the possibility of using of GMA–EDM
aterials for SPPS followed by affinity chromatogra
n the same solid phases has been described[29–31,34].
ollow peptidilated sorbents were prepared by d
PPS on monoliths: GMA–EDMA–�-ARVVGGC,

MA–EDMA–�-A and GMA–EDMA–�-
KKKKGPRP. The data found by amino acid analysis
S–MS clearly showed that all prepared compounds
ppropriate amino acid content and their molecular ma
orresponded to the theoretical values. In ES–MS sp
f obtained peptides some minor peaks corresponde

nessential defects of the sequence were found. The
efects can be related to the absence of�-Ala, Val and Lys
esidues. According to RP-HPLC data, the yields of ta
eptides were found 83–86% that was sufficient for

urther purpose (affinity chromatography). Ligand coup
ields were about 3�mol/ml of sorbent.

.2. Immobilization of affinity ligands on GMA–EDMA
onoliths

Taking into account the high chemical reactivity of
riginal epoxy groups of GMA–EDMA macroporous po
ers and high concentration of reactive amino groups

ynthetic and natural PA ligands studied, the immobiliza
uch lower. Obviously, that this fact can be exception
xplained by differences in sizes of plasminogen and
ides. The surface occupied by one plasminogen molec
ccessible for more than one peptide molecule, but the
ccupied surface for both cases should be the same.

ionally, the obtained ligand density was in a good ag
ent with declared optimal ligand’s capacity (not more t
0�mol/ml sorbent) necessary to realize the mechanis
ffinity adsorption[7,42]. With GMA–EDMA monoliths it
as shown that the use of exceeding this recommended l
ensity led to non-specific adsorption of back-side pro

29].

.3. Affinity chromatography

.3.1. Dissociation constants
The quantitative parameters of affinity paring between

nd plasminogen/peptide ligands were found from fro
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analysis data. It is well known that this experimental ap-
proach is sectioned into a few steps: (1) saturation of available
adsorption centers on a surface by molecules of biocomple-
ment dissolved in mobile phase; (2) if necessary, elution of
nonspecifically adsorbed (hydrophobic or ionic interactions)
part of the protein of interest, and, finally, (3) desorption of a
product bound specifically to the ligand. A linearization of ex-
perimentally obtained adsorption isotherms based on frontal
elution curves allows calculation of the affinity parameters of
pairing, e.g. dissociation constants and maximum adsorption
capacity.

In all recent publications on affinity chromatography
using ultra-short monolithic macroporous layers as efficient
stationary phases[38,40,41], the values of constants of
dissociation of biospecific complexes were found to be very
close to those obtained in the solutions. This means that the
macroporous optimized design of these sorbents (addition-
ally to extremely high speed of this type of affinity processes
and, accordingly, very short time for each experiment) can
provide a unique opportunity to construct, investigate and
quantitatively compare different biocomplementary pairs
under conditions close to physiological. The same approach
has been used in this research.

Despite of the fact that the short monolithic columns allow
using of very high flow rates, all experiments of this research
w ow
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biological material because of the increasing through pass-
ing. Therefore, flow rates 2–5 ml/min are a good compromise
allowing the completion the process within a few minutes.

Obviously that in the range of investigated ligands, plas-
minogen have been accepted as “zero-point” on a scale
of measured interactions. As expected, the strongest spe-
cific interactions were found for substrate–enzyme pair, e.g.
plasminogen–t-PA, plasminogen–SK and plasminogen–pUK
(Table 2). The dissociation constant of these complexes ap-
peared at least one order of magnitude lower than those estab-
lished for other partners. It should also be stated that found
affinity parameters are also very close to the values mea-
sured in the solution. Thus, the Michaelis–Menten constants
for complexes plasminogen–SK and plasminogen–pUK were
found as 7.7× 10−7 [43,44] and 4.0× 10−7 M [45,46],
respectively. In the case of t-PA, the Michaelis–Menten
constants for complex plasminogen–t-PA varied from 6.5
× 10−5 up to 1.4× 10−7 [9]. These data corresponds
also to that established for the case of plasminogen im-
mobilized on Sepharose. There, the dissociation constant
of plasminogen–SK complex was equal to 6.3× 10−8 M
[47]. The obtained in present work data confirms a high de-
gree of protection of natural structure (and, accordingly, bi-
ological function of proteins immobilized on the surface of
GMA–EDMA monoliths), as well as the advantages of cho-
s re of
t res),
r cular
d en-
s ntly
b

con-
s syn-
ere carried out at 2 ml/min. Recently, the influence of fl
ate (up to 10 ml/min) on recovery of biological product
een demonstrated by our group[40]. It was established th
othKdissand maximum adsorption capacity did not dep
n flow rate. However, the higher flow rate, the higher
ample volume has to be loaded to achieve the satur
hus, flow rates of 7–10 ml/min that would be very attrac

rom the point of time benefit is offset by lost of valua

able 2
ffinity parameters of the PA interactions with immobilized and direct

iganda t-PA

Kdiss (M) Q
×
of

Plasminogen 9.3× 10−7 0.

3.3× 10−6 1.
KCPGRV 2.1× 10−6 1.
RVVGGC 3.6× 10−6 2.
GPRP 2.2× 10−6 3.
KKKKGPRP 1.7× 10−6 3.
KKKK 1.5 × 10−6 2.
Dendrimer K15A 5.0× 10−5 4.

�-A 3.3× 10−6 1.
�-ARVVGGC 3.6× 10−6 3.
�-AKKKKGPRP 2.1× 10−6 2.

onditions:For estimation of affinity constants different sample volume
ith immobilized ligands to produce the breakthrough curve (PBS, p
ound t-PA was eluted using 0.01 M HCl (pH 2.0); desorbed fraction o
re average values of those calculated from linearized forms of the La

a (→) Directly synthesized peptide; (←) immobilized peptide.
esized on GMA–EDMA disks peptides

SK pUK

ol
1

nt)

Kdiss (M) Qmax (�mol
×102 ml−1

of sorbent)

Kdiss (M) Qmax (�mol
×102 ml−1

of sorbent)

7.7× 10−7 0.3 5.0× 10−7 0.6

1.8× 10−6 0.9 3.5× 10−6 2.5
1.3× 10−6 0.8 5.0× 10−6 2.9
3.2× 10−6 1.5 6.7× 10−6 3.6
1.1× 10−5 0.9 1.2× 10−5 3.8
2.5× 10−5 2.5 2.0× 10−5 4.4
1.5× 10−4 2.8 2.2× 10−4 5.3
− – 4.4× 10−4 5.5

2.7× 10−6 0.9 2.3× 10−6 1.9
4.0× 10−6 1.8 7.5× 10−6 4.2
1.2× 10−4 2.5 1.3× 10−4 5.6

ifferent concentrations of PA (0.01–0.50 mg/ml) were pumped throug
intermediate rinsing procedure with 2 M NaCl was carried out and sy

was collected and analyzed by Lowry test;Kdiss andQmax presented in the tab
r equation (Origin 6.0) with ther2 equal to 0.9756–0.9998.

en monolithic stationary phases: well controlled structu
he operating surface of the flow-through channels (po
apid intrapore mass transport not dependent on mole
iffusion, high concentration of reactive epoxy groups
uring high surface density of functional ligands covale
ound, etc.

Table 2demonstrates also the values of dissociation
tant of investigated complexes between immobilized
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thetic peptides and PAs. Here, the complexes of PAs with the
group of peptides mimicking the sequence of plasminogen
binding site can be characterized as the strong ones. The val-
ues ofKdiss are of the same order, 10−6 M, and very close
to Kdiss determined for natural substrate. In the case of t-PA
and SK, neither extension of peptide length nor cyclization of
peptide chain did influenceKdiss values. In contrast, for the
case of pUK, some differences depending on peptide length
and its sequence have been observed.

It is known that t-PA has affinity to fibrin and its degra-
dation products. The adsorption of t-PA on fibrin surface
is passed including so called “lysine site”. It had been
demonstrated the possibility of the separation of t-PA on
Lysine–Sepharose column[48] with Kdiss found as 8.0×
10−5 M. In our experiments, most probably due to the small
size of amino acid ligand, we did not observe any interactions
between lysine immobilized on rigid macroporous material
of monolithic GMA–EDMA disk and t-PA. At the same time,
the hetero- and homolysine peptides revealed very strong
pairing with t-PA. The most significant difference between
t-PA and SK/pUK was the high t-PA affinity to KKKK and
KKKKGPRP as well as to GPRP peptide that played an in-
hibiting role in t-PA–fibrin interaction. The use of branched
lysine dendrimer molecule led to the decreasing ofKdiss up
to 5.1× 10−5 M.
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between discussed cases is that direct synthesis of a ligand on
the polymer ensures single-point binding to a surface whereas
the covalent immobilization can involve more than one reac-
tive groups of a peptide. This risk is increased with increas-
ing of peptide length. In contrast to “random” conformation
of immobilized peptidyl sequences, the direct synthesis on
monolithic sorbent allows an obtainment of the surface con-
formation similar to a “brush”.

The differences between immobilized and directly syn-
thesized peptides may probably arise in two cases. At first,
if the quality (chemical structure) of synthesized ligands is
not comparable to that of immobilized analogues. The way
of preparation of affinity sorbent by immobilization of pre-
liminary synthesized and purified peptides ensures the high
quality of bound ligands of any reasonable length. From our
experience, the direct solid phase synthesis of peptides con-
taining more than 10–12 amino acids meets some problems
that lead to the appearance of failure sequences[34]. This,
in its turn, may worsen the affinity pairing process and, con-
sequently, affect the affinity parameters. Secondly, the more
peptide length, the more difference between spatial structures
of immobilized and directly synthesized peptides. As it was
mentioned above, the immobilization process of ready pep-
tide can involve more than one reactive groups of a peptide
whereas the direct synthesis of a ligand on the polymer en-
s also
a
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Contrary to t-PA,Kdiss of complexes between SK/pU
nd KKKK peptide were found around 10−4 M. Indeed, thes
roteases have no affinity to fibrin, its derivatives and o
gents of fibrinolysis process; so this fact can be expla
y manifestation of rather ionic or different weak inter

ions than real affinity. In the case of dendrimer K15A, no
pecific interaction was observed during saturation with
ontaining solution. For pUK, the values ofKdiss were com
arable with those found for KKKK peptide.

As to GPRP and KKKKGPRP peptides, the analysi
ata presented inTable 2enables to follow the impairme

or both SK and pUK up to 10−5 M. It is clear that the value o
dissobtained for KKKKGPRP peptide, in general, depe
n GPRP fragment. The values ofKdiss for GPRP–SK/pUK
airs confirm the fact of affinity interaction that may oc
ecause of the presence in the sequence of such amino

ike Gly, Pro and Arg which are also included in the PA bi
ng site on plasminogen molecule.

The investigation of interactions of SK/pUK with pe
ides obtained by direct SPPS on GMA–EDMA had a
een done. It was established that both types of pep
upports exhibited the similar constants of affinity com
issociation (Table 2). This fact indirectly testified the hig
uality of peptides obtained by direct SPPS and made
pproach very attractive for affinity matrix preparation.
ecially, it can be very important for the cases of searc
r screening of appropriate ligands among the wide r
eptides. The main advantages of this approach com

ively to traditional way are shorter reactions times, the
f less amount of chemicals that, respectively, makes the
edure cheaper. Furthermore, the most important differ
s

ures single-point binding to a surface. This fact may
lter the affinity pairing.

.3.2. Isolation of t-PA from a CHO-cell supernatant
nd SK/pUK from model protein mixtures

The GMA–EDMA sorbents functionalized with pla
inogen and peptide ligands were used for the isola
f t-PA from a CHO-cell supernatant and SK/pUK fro
odel protein mixtures. The protein amounts desorbed

he disks were measured by Lowry test. For t-PA is
ion a supernatant containing 6�g t-PA/ml was used. A
he same time, the total protein amount in the supern
as 21�g/ml. The possibility of t-PA separation with GPR
nd lysine-derived peptides from a cell supernatant was

iminary described and discussed[41,44]. Data presented
able 3concern the application as affinity ligands of the p
inogen and peptides mimicking its PA binding site.

otal amounts of t-PA isolated from the supernatant u
eptidylated sorbents were found about 89–100% of lo

-PA that is higher than in the case of plasminogen disk (7
he purity of isolated products were analyzed by SDS-PA

Fig. 1). Except t-PA no other proteins were found.
Table 4demonstrates the results of SK/pUK separa

rom a model protein mixture. Protein mixture consis
f phosphorylase B, BSA, ovalbumin, ribonuclease

ysozyme, carbonic anhydrase, trypsin inhibitor
K/pUK. Presented results clearly show that only p
inogen and peptides mimicking its PA binding site ca
sed for SK/pUK isolation. These results are in a very g
greement withKdiss of investigated pairs and, moreov
ith the mechanism of fibrinolysis process catalyzed
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Table 3
Amounts of t-PA isolated from a crude cell supernatant by affinity HPMDC

Liganda t-PA amount
(�g)

Yield
(%)

←
Plasminogen 14 78

17 94
KCPGRV 16 89
RVVGGC 16 89

→ �-A 18 100
�-ARVVGGC 16 89

Conditions:adsorption buffer PBS, pH 7.0, desorption buffer 0.01 N HCl;
intermediate washing buffer 2 M NaCl; flow rate 2 ml/min; loading: 3 ml of
supernatant; total amount of t-PA in 1 ml of supernatant was 6�g; desorbed
fractions of t-PA were collected and analyzed by Lowry test.

a (→) Directly synthesized peptide; (←) immobilized peptide.

these enzymes. The use of GPRP and linear/branched lysine
derivatives as affinity ligands demonstrated non-selective
PAs’ adsorption. It was exhibited in much higher amounts
of adsorbed proteins than real SK/pUK content in loaded
mixtures. The presence of foreign proteins in the eluat was
also confirmed by SDS-PAGE. The total amounts of SK
isolated from a protein mixture using peptides mimicking
plasminogen’s PA binding site were found to be from 34 to
68% of loaded SK that is higher than in the case of plasmino-
gen disk (24%).Fig. 2illustrates a purity of SK isolated using
corresponding ligands. Only SK was found in the eluates

from plasminogen-, - and KCPGRV-disks,
whereas RVVGGC-disk isolated also minor amounts of
trypsin inhibitor. The analogous situation was observed for
pUK separations, but total amounts of isolated enzyme were
approximately two times higher, e.g. 72–84%. This fact is in

Table 4
Amounts of SK/pUK isolated from a model protein mixture by affinity HPMDC

Liganda SK pUK

Mixture 1 Mixture 1 Mixture 2

Total protein
amount (�g)

Yieldb (%) Total protein
amount (�g)

Yieldb(%) Total protein
amount (�g)

Yieldb (%)

←

Plasminogen 12 24 36 72 8 80

44 39 78 10 100
34 37 74 – –
68 42 84 – –
90 56 112 – –
104 61 122 15 150

108 69 138 – –
116

→ 50
98
110

C HCl; 1 ml of
p concen n
c ted and

f loade

Fig. 1. 12.5% SDS-PAGE quality control of t-PA isolated from CHO-cell
supernatant. Lane 1: crude CHO-cell supernatant; lanes 2–4: t-PA iso-

lated with directly synthesized peptide, immobilized

peptide and plasminogen, respectively; lane 5: t-PA stan-
dard; lane 6: t-PA isolated with immobilized KCPGRV ligand; lane 7: stan-
dard protein markers.

a good agreement withQmax data.Qmax for pUK isolation
was also two–three times higher than for SK. Presented on
Fig. 2gel testifies the separation process. As well as for SK,
only three ligands, e.g. plasminogen, cyclic decapeptide and
KCPGRV, were found to be suitable for pUK isolation. Both
kinds of sorbents revealed an equal results.

It is worth noticing that the use of GMA–EDMA–
plasminogen and GMA–EDMA–peptidylated sorbents over
1 year (about 50 cycles) and their storage at 4◦C was not ac-
companied by any significant loss of ligands and, accordingly,
in a decrease in adsorptive capacity. Control experiments with
22
KCPGRV 17
RVVGGC 39
GPRP 45
KKKKGPRP 52
KKKK 54
Dendrimer K15A 58

�-A 25
�-ARVVGGC 49
�-AKKKKGPRP 55

onditions:adsorption buffer PBS, pH 7.0, desorption buffer 0.01 N
rotein mixture; mixture 1 contained 50�g/ml SK/pUK and total protein
oncentration was 45�g/ml; desorbed fractions of SK/pUK were collec

a (→) Directly synthesized peptide; (←) immobilized peptide.
b Yields of isolated protein product(s) were calculated concerning o
74 148 – –

38 76 10 100
51 102 – –
65 130 16 160

intermediate washing buffer 2 M NaCl; flow rate 2 ml/min; loading:
tration was 400�g/ml; mixture 2 contained 10�g/ml pUK and total protei
analyzed by Lowry test.

d PA amounts.
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Fig. 2. Fifteen percent SDS-PAGE quality control of SK and pUK isolated
from model protein mixture. Lane 1: standard protein markers; lanes 2–4:

SK isolated with directly synthesized peptide, immobi-
lized KCPGRV peptide and plasminogen, respectively; lane 5: SK standard;
lane 6: model protein mixture consisting of phosphorylase b, BSA, pUK,
ovalbumin, carbonic anhydrase, trypsin inhibitor, lyzozyme and ribonucle-
ase A; lane 7: pUK isolated with immobilized KKKKGPRP ligand; lane 8:
pUK standard; lane 9–12: pUK isolated with disks containing directly syn-

thesized , immobilized , plasminogen
and immobilized RVVGGC ligands, respectively.

t-PA separations a year later showed that the amounts of t-PA
isolated by GMA–EDMA–peptide monoliths was the same,
but, these for GMA–EDMA–plasminogen disk was at 10%
off the initial values.

4. Conclusions

The results of this work have clearly shown that ultra-
short monolithic stationary phases (CIM® disks) with well
controlled porous design providing enhanced mass transfer
represent the appropriate solid phases for in vitro investiga-
tions of complex biological processes. Using the discussed
technique and the approach of construction of model affinity
pairs, it was possible to discern the difference of affinity
properties of investigated plasminogen activators. Moreover,
it was shown that the biospecific properties of immobilized
after preliminary synthesis and directly synthesized on
GMA–EDMA monoliths peptide ligands did not vary
significantly. This result can be taken into account for the
future development of related methodologies, for example,
spot synthesis on similar materials followed by fast screening
analysis. The quantitative data on affinity adsorption together
with the evaluation of strength of affinity pairs allows making

a balanced choice of stable and efficient peptide ligands
to isolate valuable biological product. It was shown, that
peptides mimicking plasminogens’ PA binding site can be
successfully used for affinity isolations of tested bioproducts.
Thus, they definitely may be considered as an alternative to
large and labile protein molecule of plasminogen.
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