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Abstract

The recently discovered serine protease calisalie plasminogen activator (t-PA) enables efficient dissolution of blood
clots. t-PA works by converting plasminogen into its active form, plasmin, dissolving the major component of blood clots,
fibrin. The activation of plasminogen by t-PA is enhanced by the presence of fibrin, and this is probably due to the fact that
both plasminogen and t-PA possess high affinity binding sites for fibrin. Besides fibrin, fibrin monomers and some
fibrin(ogen) degradation products, certain synthetic polymers (for instanceidines) can provide the same stimulation
of plasminogen activation. The recently developed high-performance monolithic-disk chromatography, HPMDC, could
become the most convenient way to study biological pairs of interest. The inherent speed of HPMDC isolation facilitates the
recovery of a biologically active product, since the exposure to putative denaturing influences, such as solvents or
temperature, is reduced. The better mass transfer mechanism (convection rather than diffusion) allows to consider only the
biospecific reaction as time limiting. The step-by-step modeling of hypothetical affinity pairs between t-PA and different
types of oligo/polymer forms of linear and branched lysine derivatives obtained both by initiated polycondensation and
solid-phase peptide synthesis using HPMDC seemed to be possible and a quite useful tool. The results of quantitative
evaluation of such affinity interactions were compared with those established for natural affinity counterparts to t-PA
(monoclonal antibodies, plasminogen, fibrinogen). The role of steric structure of lysine ligands was observed and analyzed.
The results allowing to make the practical choice of affinity systems will be used for development of fast and efficient
analytical and preparative methods for the downstream processes of recombinant production of this valuable enzyme.
0 2003 Published by Elsevier Science B.V.
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1. Introduction

It is well known that the serine protease called
tissue plasminogen activator (t-PA) efficiently dis-
solves blood clots [1-4]. Thus, this protein seems to
be extremely useful in clinical practice in the cases
of heart attack victims. However, a high therapeutic
level of t-PA in blood (in thepg/ml ranger is
required to obtain rapid coronary artery reperfusion.

The activation of plasminogen by t-PA is enhanced
substantially more by the presence of fibrin than
fibrinogen, probably due to the fact that both plas-
minogen and t-PA possess higher affinity binding
sites for fibrin [5—-8]. Besides fibrin, fibrin monomers
and some fibrin(ogen) degradation products men-
tioned above, certain synthetic polymers (for in-
stance, poly-lysine) can provide the same stimulat-
ing plasminogen activation effect [8,9]. It is also
known that short GPRP tetrapeptide, an inhibitor of
fibrin polymerization, plays an inhibiting role in
t-PA-fibrin interaction [10].

The data listed above show that the process of
fibrinolysis represents a very complicated network of
simultaneous biological events. It is clear that t-PA

al affinity chromatography. Most importantly, the
better mass transfer mechanism (convection rather

than diffusion) allows only the biospecific reaction to
be time limiting. The last fact can be used effectively
not only in affinity separation processes but also for
in vitro modeling of biological events following the
forming of complementary functional pairs [15-19].
The results of quantitative analysis of a range of
modeled pairs between t-PA and its probable natural
and synthetic complements using modem affinity
HPMDC are presented in this paper. Taking into
account the elevated stability and controlled ad-
sorption capacity, the main attention has been paid to
the synthetic t-PA counterparts including linear poly-
mers and peptides of different length and structure.
By comparing binding parameters of t-PA with its
various possible complements, the data obtained in
this research can help illuminate the on t-PA-depen-
dent part of fibrinolysis. Finally, the right affinity

ligand for fast and efficient analytical (on-line analy-
sis) and preparative methods for down stream pro-

cessing of t-PA production can be chosen.

has a branched set of functional complements with 2. Experimental

their own, and probably different, affinity to this

enzyme. It seems to be possible and quite interesting 2.1. Materials and chemicals

to investigate all these pairs by separately creating
them in vitro. This research would make it a possible
to define accurately the properties of complementary
pairs with the participation of t-PA. The solved
fundamental problem can appear quite useful from a
practical side. It is clear that recombinant technology
of t-PA production will become a main source of
therapeutic amounts of this valuable remedy. It
means that such general steps as protein purification
will need productive, rapid and robust methods.
Affinity chromatography is dominant in this range.
In its turn, a crucial point of this method is a choice
of the “right ligand” complementary to the product
to be isolated.

The recently developed high-performance mono-
lithic-disk chromatography, HPMDC [11-14], is
quite promising in both scientific and practical
regards because of its high capacity and selectivity,
combined with low back pressure and short operation
times. The affinity mode of HPMDC is likely to
overcome many critical disadvantages of convention-

Macroporous monolithic disks>38 H2m with
mean pore size qfm.&nd a porosity of 0.63
ml/ml sorbent (standard CIM epoxy disk; CIM
stands for convective interactive medium) as well as
specially designed cartridges were from BIA Sepa-
rations (Ljubljana, Slovenia).
Plasminogen and fibrinogen were purchased from
Sigma (Germany) and bulk chemicals for buffer
preparation were from Fluka (Switzerland). t-PA
standards as well as monoclonal anti-t-PA antibodies

were kindly donated by Boehringer Ingelheim
Pharma (Biberach, Germany).
Diisopropylcarbodiimide (DIC), trifluoro-

methanesulfonic acid (TFMSA), trifluoroacetic acid
(TFA), thioanisole, ethanedithiol, hydroxyben-
zotriazole (HOBt), triphosgen (TPG) and
toluenesulfonic acid (TosOH) were from Fluka.
Dimethylformamide  (DMF), dichloromethane

(DCM), and triethylamine (TEA) were purchased

from Vecton (Russia).
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Standard protein and peptide kits for poly-
acrylamide gel electrophoresis (PAGE) and size-ex-
clusion chromatography (SEC) were purchased from
BioRad (USA) and Sigma, respectively. All chemi-
cals used in these methods including those for gels
and buffers preparation were from Fluka and Sigma.

Buffers used for immobilization procedures as
well as for affinity chromatography were prepared by
dissolving analytical grade salts in doubly distilled
water that had been additionally purified by filtration
through a 0.2am pore microfilter (Millipore, USA).
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(France) combining two piston pumps 303 and 305
and 118 UV-Vis detector.
Affinity HPMDC was carried out using a chro-
matographic system consisting of a peristaltic pump
(2115 Multiperpex pump, LKB), a UV detector
(2138 Uvicord S, LKB) and a recorder (2210
Recorder, LKB).
To isolate t-Pa from a Chinese hamster ovary
(CHO) cell supernatant, a chromatographic system
consisting of Waters (USA), 2690 Alliance sepa-

ration module, Waters 490 scanning fluorescence

detector and Knauer injector (Germany) was used
and a computer-assisted flow control and analysis
software (Andromeda 1.6 CSW) was applied for data
analysis.
The concentration of proteins was determined

2.2. Instruments

A NPS 4000 semiautomatic peptide synthesizer
(Neosystem, Strasbourg, France) was used for the

automated synthesis of peptides. A chromatographic
instrument consisting of two piston pumps, a UV
detector and a software data processing station
(Golden System, Beckman, USA) fitted with Wdac
C,g with 150X 4.6- and 25k 22-mm columns was
used for the analysis and preparative purification of
obtained peptidyl products.

For quality control and determination of yields of
the synthesized product, an AAA T339 M automated
amino acid analyzer (Microtechna, Prague, Czech
Republic) was used.

The molecular masses of prepared polymeric
derivatives of lysine were verified by sodium
dodecylsulfate (SDS)—PAGE carried out using Mini
Protean Il System (Bio-Rad) with silver staining
detection.

Additionally, to evaluate the molecular masses of
poly-L-lysines, SEC using a 301.5-cm two-adaptor
glass column (Pharmacia, Sweden) filled with
Sephadex G-200 (Pharmacia) was explored. The
column was connected with peristaltic pump (2115
Multiperpex pump, LKB, Bromma, Sweden) and UV
detector (2138 Uvicord 5, LKB). The SEC method

using a UV-Vis spectrophotometer SF 26 (LOMO,
St. Petersburg, Russia).
Gel electrophoretic characterizations of isolated
t-PA were carried out using a Phast System with
silver staining detection (Pharmacia Biotech, Upp-
sala, Sweden). Polyacrylamide gels (12.5%; Phast
Gel Homogeneous 12.5) from Amersham—Phar-
macia Biotech were used in the SDS—PAGE method.
The quantity of t-PA isolated from CHO superna-
tant was established using the enzyme-linked im-
munosorbent assay (Testkit Imulyse t-PA system,
Pharmacia Biopool,” Umea, Sweden). The optical
absorption of analyzed solutions was determined at
495 nm using Photometer Immunoreader NJ-2000
(Nunc, Wiesbaden, Germany).
t-PA was isolated from a CHO cell supernatant
cultivated in BioPro 1-Medium (Biowhittaker, Ver-

viers, Belgium). The crude supernatant of a fermen-

tation process was treated by centrifugation for 3 min

at 1500 rpm using a Labofuge 6000 instrument
(Haereus, Germany). The cell-free supernatant was
divided into small portions and frozen28t°C.

was also applied to establish the molecular masses of2.3. Methods

synthesized peptides. In this case, a Beckman System
2.3.1. Synthesis of poly-L-lysines

Gold (USA) chromatograph and 15%@-mm TSK

2000 PW column (Toya Soda, Japan) were used.
The ion-exchange mode of HPMDC (IE-HPMDC)

was performed for quality control of synthesized

Pdojgine was obtained by NCA-polymeriza-
tion as recently described elsewhere [21].

linear peptidyl lysines. For this purpose, a cation- 2.3.2. Solid phase peptide synthesis

exchange CIM SQ disk was used as a stationary
phase a gradient chromatographic system Gilson

All peptides used for affinity binding to t-PA were
obtained by solid-phase peptide synthesis using the
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tert.-butoxycarbonyl (Boc)-benzyl (Bzl) strategy
[22]. In all present cases, the following general
procedure for peptide synthesis was explored: (a)
DMF, 2X1 mm; (b) DCM, X 30 mm; (c) ninhydrin
test; (d) 20% TosOH/AcOH, X60 mm; (f) AcOH,
2X1 mm; (g) DCM, 3x1 mm; (h) DMF, 2x1 mm;

(i) 10% TEA/DMF, 1X1 mm; (j) 10% TFA/DMF,
1X2 mm; (k) DMF, 3x1 mm; (1) DMF, Boc-amino
acid, 3 equiv, DIC/HOBt, 3 equiv, X120 mm.

2.3.3. Immabilization of ligands on CIM epoxy
disks

2.3.3.1. Coupling of protein ligands

The CIM epoxy disk was washed with an ethanol,
ethanol-water (1:1) mixture and water, then im-
mersed into 0. sodium carbonate buffer, pH 9.3,
for 2 h and, after that time, was transferred into 1 ml
of a 5.0 mg/ml of protein solution in the same
buffer. The binding reaction was allowed to proceed
over 16 h at 34C without any stirring [15]. Then the
disk was washed with initial pH 9.3 carbonate buffer
to remove the excess unreacted ligand from the
porous volume. The carbonate buffer was then
replaced by affinity HPMDC mobile phase, i.e.,
phosphate-buffered saline (PBS, 1Mnphosphate
buffer containing 150 Ml of sodium chloride, pH
7.0).

The amount of ligand coupled to the support was
determined (i) by monitoring the decrease in ab-
sorbance at 280 nm of protein solution before and
after immobilization, accounting for protein content
in washing buffer volume, and (ii) by the Lowry test
[23]. The affinity adsorbents were stored in PBS
solution containing 0.02% sodium azide atCl

2.3.3.2. Immabilization of poly-L-lysine

Similar to the previously described method, the
coupling of polyt-lysine was carried out at static
conditions. The 0.1 mol/l sodium borate buffer, pH
10.0, was used as a reactive medium, the con-
centration of polymeric ligand was 5 mg/ml and the
reaction was allowed to proceed over 20 h afG0

The amount of ligand covalently bound to the

support was determined by measuring the decrease in

absorbance at 229 nm of ligand solution before and
after immobilization, accounting for polymer content
in washing buffer volume.
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2.3.3.3. Coupling of peptides
The immobilization procedure was carried out
according to Ref. [16]. In this case, a washed disk

was immersed into 0.1 mol/l 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 3G was 20 h without any
stirring. Just as in the two previous cases, no
quenching of residual epoxy groups of an adsorbent
was carried out.

The amount of immobilized peptide was deter-
mined according to absorbency at 229 nm of peptide
solution before and after the reaction with a sorbent.

2.3.4. Determination of quantitative parameters of
dynamic adsorption by HPMDAC
The affinity characteristics of prepared affinity
CIM disks, such as maximum adsorption capacity
0.6, and dynamic dissociation constants of affinity
complEy. 0, were evaluated on the basis of
mathematical treatment of experimental adsorption
isotherms resulting from frontal analysis [15-17].
For this purpose, model solutions of standard t-PA
with concentrations ranging from 0.01 to 0.5 mg/ml
were passed through the corresponding disk. Un-
bound t-PA was removed with PBS buffer and,
additionally, the disk was washed with 2 mol/l
NaCl. Affinity bound t-PA was eluted with 0.01
mol/l HCI, pH 2.0. The flow-rate at adsorption and
desorption was 2 ml/min.

2.3.5. Isolation of t-PA from a crude CHO cell
supernatant by affinity HPMDC
One ml of a CHO cell supernatant in PBS buffer
was loaded on the disks modified by different ligands
and the adsorption at dynamic conditions was carried
out. After a removal of ballast proteins by washing
of a disk with 0.01 mol/l sodium phosphate buffer,
pH 7.0, containing 2 mol/l NaCl, the adsorbed t-PA
was eluted with 0.01 mol/lI HCI, pH 2.0. The flow-
rate at both adsorption and desorption was 2 ml/min.

2.3.6. Enzyme-linked immunosorbent assay
(ELISA)
ELISA was carried out on a polystyrene 96-well
microplate according to De Munk et al. [24] to
determine t-PA concentration in CHO cell super-
natants. For this purpose, the commercially available
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ELISA Testkit Imulyse t-PA (Biopool,
Sweden) was used.

Umea,
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analysis appeared to be equal to 1500, 1000 and 550
and, thus, closely corresponded to those of 1554,

1042 and 530 theoretically calculated fof K ;K and

2.3.7. Polyacrylamide gel electrophoresis of t-PA

For SDS—PAGE, lyophilized samples of t-PA were
dissolved in a solvent containing 20MnTris—HCI,
pH 8.0, 2 nM EDTA, 5.0% SDS, and 0.02%
bromphenol blue and treated by boiling for 5 mm at
100°C. After centrifugation, the samples were ap-
plied, in parallel with protein standard markers, to a
plate covered with 12.5% polyacrylamide gel. Stain-
ing of protein zones after SDS—PAGE was done
using 0.4% AgNQ . The molecular mass of a sample
isolated by HPMDC was established by using elec-
trophoresis low-molecular-mass standard from Phar-
macia Fine Chemicals (Uppsala, Sweden).

K., respectively. Another useful result to character-

ize the synthesized lysine derivatives has been

obtained by cation-exchange gradient HPMDC. The

chromatogram presented in Fig. 1 not only confirms
a difference of molecular parameters of peptide
products but also allows evaluate their homogeneity
(a presence of minor peaks in K gnd K samples).
This result seems to be very interesting from the
point of view of further application of commercially
available monolithic supports.
Additionally, the synthesized and chromatograph-
ically purified heteropeptides GPRP, K GPRP,
s K GPRP, as well @s K A dendrimer were investi-

gated by a standard method of quantitative amino
acid analysis. It was found that all prepared peptides

3. Results and discussion

had the content corresponded to the theoretically

expected one.

3.1. Characterization of polymeric and peptide
ligands

To establish the molecular mass of palysine
obtained by NCA-polymerization, SEC and PAGE
methods have been used.

In SEC, according to the calibration curve ob-
tained for standard proteins, the apparent molecular
mass (more correctly, molecular size) of paly-
lysine corresponded to 60 000. In contrast to the
proteins, the polymer had a high-molecular mass
distribution. This conclusion have been done with
according the fact that a single broaden peak was
observed to be an elution profile. Nevertheless, no
additional fractionation of this substance before its
use as a specific ligand in affinity chromatography
was carried out.

A similar result has been obtained by PAGE
method where the proteins of different molecular
masses were used as standard markers. The sample
of poly-L-lysine was observed as a vertical fuzzy
zone with a dense center corresponding to proteins of
M, 60 000.

=] .
2 020
E Tetralysine (K4)
o0
# |

0.15 4

0.10

Octalysine (K8)
l Dodecalysine (K12)
0.05 -
0.00
T T 1

T
400 600 800

Time, s

To determine molecular masses of synthesized Fig.- 1. HPMDC separation of linear lysyl homologueg K , K,

linear lysine homologues (K , K andf ), SEC has
been explored. In this case, carefully characterized

and K, on GMA-EDMA SO, monolithic sorbent (CIM SO
disk). Conditions: 0—1 min gradient from 0 to 50% B, 1-2 min
from 50 to 60% B, 2—4 min from 60 to 80% B, flow-rate

peptides of different molecular masses were used ass mi/min; eluent A, 5 v PBS buffer, pH 7; B, 5 i PBS, pH 7
standards. The molecular masses found by SEC containing 0.5 mol/l NaCl.
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Table 1
Amount of different ligands immobilized on GMA—-EDMA disks

Ligand Mr Dimmobit immobite
(mg/disk) (mol
X107 /ml)
mAb 150 000 1.2 2.3
Pmg 90 000 1.6 55
Fibrinogen 340 000 0.7 0.6
K, 60 000 15 7.2
KA (dendrimer) 2009 0.8 110.0
K, 1554 0.9 160.0
Kg 1042 0.7 190.0
K, 530° 0.4 200.0
K GPRP 1492 0.9 170.0
K,GPRP 980 0.6 170.0
GPRP 468 0.3 190.0

*Molecular masses of peptides were calculated theoretically.
® Gimmoni» iMMobilization capacity of the disks.

All results discussed in this paragraph are summa-
rized in Table 1.

3.2. Immobilization of affinity ligands on glycidyl
methacrylate—co-ethylene dimethacrylate (GMA-
EDMA) monoliths

Taking into account the very high chemical reac-
tivity of the original epoxy groups of GMA-EDMA
macroporous polymers and high concentration of
reactive amino groups in the synthetic and natural
t-PA ligands studied, the immobilization procedure
was carried out as a one-step process at static
conditions [15,16]. No intermediate spacers were
inserted.

Besides investigation of practical perspectives of
synthetic ligands, there was also a fundamental goal
to try to compare quantitatively the biospecific
binding of t-PA to both synthesized polymers/pep-
tides and its known natural complements such as
monoclonal antibodies or the direct substrate plas-
minogen. Furthermore, it was quite interesting to
investigate complementary interactions of the protein
of interest not only with its direct biological partners
but also with some of their precursors (for example,
a precursor of fibrin—fibrinogen).

The results of functionalization of monolithic
GMA-EDMA supports by natural and synthetic
ligands are presented in Table 1. The data obviously
demonstrate a dependence of the resulting concen-
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tration of ligand covalently bound to the adsorptive
sites (calculated per volume) on molecular mass,
more exactly, molecular size, of the functional
residue. The molar density of peptide ligands found
significantly exceeds that calculated for proteins. The
result obtained can be caused, at first, by elevated
steric accessibility of intraporous space for small
molecules, second, by their higher coefficient of
molecular diffusion in comparison with that for large
molecules, and, finally, by the absence of the steric
blockage of significant surface area following the
immobilization of covalently bound protein mole-
cule. In general, the specific concentration of im-
mobilized homo- and heteropeptide ligands seemed
to be approximately the same as explained by small
differences in their molecular sizes. In contrast, in
the case of poly-lysine, the molar concentration of
immobilized binding sites was significantly de-

creased. For rigid dendrjmer K A molecules, just as
for proteins, a serious decrease of volume concen-
tration of immobilized ligands was observed. This
result confirms the structural similarity as well as
steric peculiarities of such molecules.

3.3. Sudy of biospecific pairing of t-PA with
different synthetic and natural complements

3.3.1. Affinity adsorption capacity

Frontal elution has been realized for this purpose.

It is well known that this experimental approach is
sectioned into three stages: (1) saturation of avail-
able adsorption centers on a surface by molecules of

biocomplement dissolved in mobile phase; (2) if

necessary, elution of nonspecifically adsorbed (hy-
drophobic or ionic interactions) part of the protein of
interest; and finally (3) desorption of a product
bound specifically to ligand. A linearization of
experimentally 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 chromatog-
raphy using ultra-short monolithic macroporous
layers as efficient stationary phases [15-20], the
values of constants of dissociation of biospecific
complexes seemed to be very close to those obtained

in the solutions. This means that the macroporous

optimized design of these sorbents (additionally to
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extremely high speed of HPMDAC experiments and,
accordingly, very short time for each experiment can
provide a unique opportunity to construct, investigate
and quantitatively compare different biocomplemen-
tary pairs under conditions close to physiological.
Just such approach has been used in this study.

A schematic scale shown in Fig. 2a, as well as
Table 2, summarize the data on affinity adsorption of
numerous supports prepared by the immobilization
of synthetic and natural t-PA partners on commercial
epoxy CIM disks. It is obvious that in the range of
ligands investigated, monoclonal anti-t-PA antibo-
dies, mAbs, have been accepted as “zero-point” on a
scale of measured interactions. For their case, the
adsorption capacity was found to be half that pre-
dicted from the amount of immobilized ligand. It
means that a specific complex with t-PA is formed

(@

K3GPRP
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with participation of every second molecule of mAb
covalently bound to the sorbent. This fact can be
explained by two factors. First, these are the steric
limitations affecting affinity pairing of two macro-
molecules inside of a rigid porous space. Second,

this can be caused by a labiality of conformation of
the protein ligand decreasing the accessibility of its
active site. It is also impossible to eliminate the
effect of surface immobilization of mAb.

The highest adsorption capacity was observed for
fibrinogen, an indirect natural partner of t-PA. The
ratjQ,mon/ daqs ShOWN in the table demonstrates
that 25 t-PA molecules interact with one fibrinogen

molecule. This may be caused by a less specific
adsorption explained by the presence of “broader”
structure of adsorption site on t-PA molecule bound
to fibrinogen. As expected, in the case of using the

Fbg
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schematic scales of affinity t-PA—ligand interactions.



116 E.G. Vlakh et al. / J. Chromatogr. A 992 (2003) 109-119

Table 2
Affinity characteristics of GMA—EDMA disks
Ligand Gasord 9 agsorn C— K diss
(mg/disk) (wmol Oadsorb (pmol/1)
X 107 /ml)
mAb 0.3 1.2 1.91 0.2
Pmg 0.1 0.6 9.17 0.9
Fibrinogen 3.4 15.6 0.04 14.0
K, 2.4 11 6.55 9.8
KA (dendrimer) 0.9 4.0 27.50 4.9
K, 0.8 3.7 43.24 4.5
Kg 11 4.9 38.78 2.7
K, 0.7 34 58.82 1.0
K GPRP 0.3 12 141.67 5.4
K,GPRP 0.2 11 154.55 4.9
GPRP 0.2 1.1 172.72 1.8

? Ousory, @dsorbtion capacity of the disks.
® Gimmoni» iMMobilization capacity of the disks.
° Linear regression analysis of the obtairiég, R® values in the range of 0.92-0.99.

natural t-PA substrate plasminogen as affinity ligand, occur, as well as what percentage efNkee
the interaction seemed to be much more specific. groups will be retained in a ligand molecule after its
In comparison with monoclonal antibodies, the immobilization. In polymeric forms of lysine, a
homopeptide forms of lysine demonstrated higher decrease of adsorption capacity has been established.
values of adsorption capacity. In this case, the ratios This fact, evidently, can result from the steric
Uimmob/ Jags NAVe been found to range from 30 up to hindrance of some adsorption sites at the interaction.
60. That means one t-PA molecule was bound to A comparisom,Qf for heteropeptide ligands
approximately 30-60 molecules of immobilized also demonstrates a good coincidence whereas that
peptidyl ligand. Obviously, such a ratio is con- for lysine hetero- and homopeptides reveals signifi-
ditioned by a difference of molecular sizes of cant difference in this value. The latter has been
interacting molecules. It is easy to imagine that one further explained by the existence of nonspecific
t-PA molecule forming a specific complex with ligand—t-PA interactions in the cases of “pure” lysyl
immobilized ligand blocks a significant amount of derivatives.

neighboring short peptides. At the same time, the
obtained values of adsorption capacity practically did
not depend on small variations of chain length of the 3.3.2. Dissociation constants

peptidy! lysines. The minor differences in adsorption The same frontal elution curves explored for
capacity of homolysine ligands may be due to small calculation of maximum adsorption capacity have
experimental differences in volume concentration of been used to evaluate quantitatively the affinity
ligands discussed. It is also interesting that a transi- interactions between t-PA and its immobilized coun-
tion from linear to branched forms of lysine does not terparts. The results of analysis of 11 affinity pairs
provide any significant change a@f,. The reason are also shown in Table 2 and Fig. 2b represent,
may be a conformational variability of lysine ligands similar to Fig. 2a, a schematic scale of affinity
caused by the existence of a large number of free constants.

e-NH, groups in lysine derivatives. Due to the As expected, the strongest specific interactions
statistical mode of immobilization, it is not possible were found for standard pair mAb—t-PA. The dis-
to predict precisely whether a single-point or a sociation constant of this complex seemed to be one

multipoint linkage with an adsorbent surface will order of magnitude lower than those established for
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other partners. Unexpectedly, the thermodynamic 3.4. Isolation of recombinant t-PA from a crude
strength of the enzym-substrate complex [plas- CHO cell supernatant using affinity HPMDC

minogen (Pmg)-t-PA)] was very close to the im-
mune one. Thus, the obtained data testify to a high
degree of preservation of natural structure safety and,
accordingly, biological function of proteins immobil-
ized on the surface of GMA-EDMA monoliths. The
measured values & ;. confirmed the advantageous
parameters of monolithic stationary phases, namely,
well controlled structure of the operating surface of
the flow-through channels (pores), rapid intrapores
mass transport not dependent on molecular diffusion,
high concentration of reactive epoxy groups ensuring
high surface density of functional ligands covalently
bound, etc. At the same time, a thermodynamic
stability of a complex of t-PA with its indirect natural
partner—fibrinogen—was found to be much lower.

The values of the dissociation constants of a series
of synthetic ligands demonstrate high affinity of all
of them to t-PA. However, while the values K,
are of the same order (16 mol/l), the data analysis
of Table 2 enables to identification of the strongest
complexes with t-PA as those formed by the short
linear peptides GPRP and,K . Comparing dissocia-
tion constants of Table 2, it can be noticed that
polymer form of lysine showed less intensive cou-
pling, while the peptide K, and dendrimeric ligand
took an intermediate position between polymer and
shorter peptides. The obtained results indirectly
confirm the increase of probability of multiple-point
linkage in the cases of long-chain peptides and
polymer macromolecules. In contrast to “broken” or
“random” conformation of immobilized long pep-
tidyl or polymer sequences, the surface conformation
of short peptides should be similar to a “brush”. The
data obtained for heteropeptides demonstrate the
high similarity of the affinity properties of GPRP-
ligand affected neither by introduction of a lysyl
residue nor by increasing its length.

Experiments were carried out to exclude any non-

All sorbents functionalized with synthetic ligands
have tasted for direct isolation of t-PA from a cell

supernatant.

Fig. 3 shows an example of t-PA extraction from a
crude CHO cell supernatant using disks with im-

mobilized GPRP- and polylysine-ligands. All chro-
matograms looked very similar and had the same
elution times. The exception was a difference in the

amounts of nonspecifically bound proteins desorbed
with 2 mol/l NaCl. Thus, GPRP-peptide showed a
minimum of non-specifically bound protein, whereas
a maximum was observed for-lysipe. In fact,

all homopeptidyl derivatives of lysine gave higher
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nonspecific binding in comparison with GPRP and
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specific interactions using each type of synthesized rig. 3. Affinity HPMDC t-PA isolation from a CHO cell superna-
ligands. For these purposes, the standard mixture of tant on epoxy CIM disk with immobilized: (1) K (poly-lysine),

proteins [insulin bovine serum albumin (BSA), lac-
tate dehydrogenase (LDH) and lysozyme] cases, the
nonspecific interactions were absent totally, or, in a

(2) GPRP-peptide. Conditions: flow-rate 2 ml/min; 1 ml of a
crude CHO cell supernatant in PBS buffer was loaded on the disk;
the disk was washed with 0.01 mol/l sodium phosphate buffer, pH
7.0, containing 2 M sodium chloride; mobile phase of the

worse case, did not exceed 2% from applied protein agsorption step was PBS buffer, pH 7.0; desorption was carried

sample.

out with 0.01 mol/l HCI, pH 2.0.
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B-Galactosidase 116kDa _,

Phosphorylase 97kDa —»

BSA 66kDa —» o -
Ovalbumin 45 kDa > -

Carboxyanhydrase 29kDa —
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1 2 3 4 5 6
—
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Fig. 4. SDS—-PAGE (12.5%) of t-PA isolated from a CHO cell
supernatant using affinity HPMDC. (a) Lanes: (1) markers; (6)
t-PA-standard; (2-5) t-PA isolated from a supernatant using the
disks with the following ligands (lanes): (2) K (polylysine)
disk; (3) K, disk; (4) K; disk; (5) K; GPRP disk. (b) Lanes: (1)
initial proteins from supernatant; (2) t-PA standard; (3-6) t-PA
isolated from a supernatant using the disks with following ligands
(lanes): (3) K, GPRP disk; (5) i A (dendrimer) disk; (6),K
disk.

this increased with increasing length of the
homopeptide chain.

The desorbed t-PA was analyzed by SDS—PAGE
and ELISA methods. In particular, the purity of
isolated product was examined by SDS—PAGE and
the results are presented in Fig. 4. The studied
synthetic ligands actually were highly specific to
t-PA. Another quantitative method, the ELISA test,

made it possible to measure the concentration of t-PA

Table 3
ELISA quantitation of t-PA isolated from a crude CHO cell
supernatarit by affinity HPMDC

Synthetic ligands t-PA Yield
(n9) (%)
Dendrimer K A 25 71
Ky 1.3 37
K, 1.0 29
KGPRP 1.4 40
K,GPRP 1.2 34
GPRP 3.0 86

“Total amount of t-PA in 1 ml of supernatant was 3.§.

both in crude supernatant and eluted samples. Ac-
cording to this method, Table 3 demonstrates that
immobilized GPRP and KA ligands having a good
affinity also provided the highest adsorption capacity
for t-PA.

4, Conclusions

The data obtained in this research show that all the
studied lysyl derivatives (homo- and heteropeptides,
as well as polymeric forms) obtained by methods of
solid-phase peptide synthesis and initiated polycon-
densation formed highly specific complexes with
tissue plasminogen activator (t-PA). The dynamic
dissociation constants of affinity pairs determined by
frontal elution confirmed the high specificity of all
studied ligands.

It has been shown that despite the absence of
intermediate spacers between the ligand and the
surface of the monolithic medium, the short peptides
demonstrated higher affinity to t-PA, whereas in-
creasing the length of the peptide ligand using lysyl
polymers led to decreased ligand affinity. This can
be explained by a decrease of steric accessibility of
adsorption sites of a ligand due to its probable

multiple-point binding to a surface.
The quantitative data on affinity adsorption to-
gether with the evaluation of strength of affinity pairs
allows making a balanced choice of stable and
efficient peptide ligands to isolate preparative
amounts of valuable biological product.
The results of this work have clearly shown for the
first time that ultra-short monolithic stationary phases
(CIM disks) with well controlled porous design
providing enhanced mass transfer are ideal solid-
phases for such in vitro investigations of complex
biological processes.

Acknowledgements

Grants DFG KR 1076/6-1 and 436 RUS 113/555/
0 are gratefully acknowledged for a financial support
of this research. The authors are grateful to Drs. G.
Renemann and A. Loa for their kind assistance at
different steps of this work, as well as BIA Sepa-
rations (Ljubljana, Slovenia) and Boehringer Ing-



E.G. Vlakh et al. / J. Chromatogr. A 992 (2003) 109-119

elheim Pharma (Biberach, Germany) for providing
disks and t-PA standards.

References

[1] D.C. Rijken, D. Collen, J. Biol. Chem. 256 (1981) 7035.

[2] O. Matsuo, D.C. Rijken, D. Collen, Thromb. Haemost. 45
(1981) 225.

[3] M. Hoylseris, D.C. Rijken, H.R. Lijnen, D. Collen, J. Biol.
Chem. 257 (1982) 2912.

[4] O. Matsou, D.C. Rijken, D. Collen, Nature 291 (1981) 590.

[5] J.H. Verheijen, W. Nieuwenhuizen, G. Wijngaards, Thromb.
Res. 27 (1982) 377.

[6] D.C. Rijken, M. Hoylaerts, D. Collen, J. Biol. Chem. 257
(1982) 2920.

[7] E. Kaczmarek, M. Lee, J. McDonagh, J. Biol. Chem. 268
(1993) 2474.

[8] G.AW. de Munk, M.P.M. Caspers, G.T.G. Chang, P.H.
Pouwels, B.E. Enger-Valk, J.H. Verheijen, Biochemistry 28
(1989) 7318.

[9] R.A. Allen, Thromb. Haemost. 47 (1982) 41.

[10] P. Laudano, R.F. Doolittle, Biochemistry 19 (1980) 1013.

[11] T.B. Tennikova, B.G. Belenkii, F. Svec, J. Lig. Chromatogr.
13 (1990) 63.

119

[12] T.B. Tennikova, F. Svec, J. Chromatogr. 646 (1993) 279.

[13] A. Strancar, M. Barut, A. Podgornik, P. Koselj, Dj. Josic, A.
Buchacher, LCGC Int. 11 (1998) 660.

[14] T.B. Tennikova, R. Freitag, J. High Resolut. Chromatogr. 23
(2000) 27.

[15] C. Kasper, L. Meringova, R. Freitag, T. Tennikova, J.
Chromatogr. A 798 (1998) 65.

[16] G.A. Platonova, G.A. Pankova, l.Ye. Il'ina, G.P.Vlasov, T.B.
Tennikova, J. Chromatogr A 852 (1999) 129.

[17] L.G. Berruex, R. Freitag, T.B. Tennikova, J. Pharm. Biomed.
Anal. 24 (2000) 95.

[18] N.D. Ostryanina, G.P. Vlasov, T.B. Tennikova, J. Chroma-
togr. A 949 (2002) 163.

[19] TV. Gupalova, OV. Lojkina, V.G. Palagnuk, A.A. Totolian,
T.B. Tennikova, J. Chromatogr. A 949 (2002) 185.

[20] N.D. Ostryanina, OV. IlI'ina, T.B. Tennikova, J. Chromatogr.
B 770 (2002) 35.

[21] R. Wilder, S. Mobasheri, J. Org. Chem. 57 (1992) 2755.

[22] V.. Korol'kov, G.A. Platonova, V. Azanova, T.B. Ten-
nikova, G.P. Vlasov, Lett. Pept. Sci. (LIPS) 7 (2000) 53.

[23] H. Lowry, N.I. Rosebrough, A.L. Farr, P.I. Randall, J. Biol.
Chem. 193 (1951) 265.

[24] G.AW. de Munk, M.P.M. Caspers, G.T.G. Chang, P.H.
Pouwels, B.E. Enger-Valk, J.H. Velheijen, Biochemistry 28
(1989) 7318.



	In vitro comparison of complementary interactions between synthetic linear/branched oligo/po
	Introduction
	Experimental
	Materials and chemicals
	Instruments
	Methods
	Synthesis of poly-l-lysines
	Solid phase peptide synthesis
	Immobilization of ligands on CIM epoxy disks
	Coupling of protein ligands
	Immobilization of poly-l-lysine
	Coupling of peptides

	Determination of quantitative parameters of dynamic adsorption by HPMDAC
	Isolation of t-PA from a crude CHO cell supernatant by affinity HPMDC
	Enzyme-linked immunosorbent assay (ELISA)
	Polyacrylamide gel electrophoresis of t-PA
	Results and discussion
	Characterization of polymeric and peptide ligands
	Immobilization of affinity ligands on glycidyl methacrylate-co-ethylene dimethacrylate (GMA
	Study of biospecific pairing of t-PA with different synthetic and natural complements
	Affinity adsorption capacity
	Dissociation constants

	Isolation of recombinant t-PA from a crude CHO cell supernatant using affinity HPMDC
	Conclusions
	Acknowledgements

	References




