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Abstract

A new affinity chromatography (hydrophobic-mediated affinity chromatography), which was characterized by the matrix
having both affinity site to urokinase and hydrophobic site, was established for the purification of urokinase from human
urine. The hydrophobic affinity matrix (tentatively named PAS in the text) was prepared by immobilizing 6-aminocaproic
acid on Sepharose CL-6B, followed by a coupling p-aminobenzamidine to a part of the hydrophobic site on the matrix. The
PAS matrix was applied to the purification of urokinase from human urine, and high- and low-molecular weight pure
urokinases were efficiently obtained in high yield by the present method. [0 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

Urokinase (UK; EC 3.4.99.26) has been widely
used as an effective thrombolytic agent for medica-
tion of acute myocardial infarction, peripheral arteri-
a occlusion, and acute cerebral infarction [1-3].
Tissue-type plasminogen activator (t-PA) has been
also used as one of the most representative throm-
bolytic agents; however, the side effects of t-PA such
as bleeding and reocclusion [1,4,5] were significant.
Recently, several groups have independently re-
ported that a combination therapy of t-PA and UK
for the patients decreased those side effects [1,6—8].
On the other hand, it is well known that there are
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two kinds of UKs, high- and low-molecular weight
urokinases (HUK and LUK, respectively) in human
urine, and HUK is the major component of urinary
UK [9]. LUK is supposed to be derived from HUK
by proteolytic degradation [10] and/or autolytic
cleavage [11]. Although the enzymatic activities of
HUK and LUK are nearly equivalent at the presence
of plasma in vitro [12], the activity of HUK is
considered to be more significant than that of LUK
based on a higher affinity of HUK to their native
substrate, Glu-plasminogen in vivo [11,13]. Recent-
ly, Abaza et al. [14], Koopman et a. [15], Shetty et
a. [16] and Sillaber et a. [17] have reported
evidence of the biologica importance of HUK on
proliferation [14], metastasis [15] and cell migration
[16], relating to the expression of HUK receptor on
various tumor cells such as human brain malignant
AA cdl lines, GB cell lines, human melanoma cell
M14 and IF6, mesothelioma cells MS-1, and human

0378-4347/00/$ — see front matter [ 2000 Elsevier Science BV. All rights reserved.

PIl: S0378-4347(00)00127-4



72 R. Takahashi et al. / J. Chromatogr. B 742 (2000) 71-78

mast cells [17], respectively. They also suggested
that the biological role of LUK in cancer metastasis
might be less than that of HUK because of the
absence of LUK receptor on various tumor cells, and
the utilization of LUK has recently been reported
[18,19]. Based on these observations, the biological
roles of LUK are attracting a great deal of attention.
There are many reports on the purification of UK
using affinity chromatography [20—26]; however,
there are few reports on the purification of HUK and
LUK from human urine. On the other hand, we have
aready reported a new affinity matrix named PAS
prepared by immobilizing 6-aminocaproic acid (6-
ACA) on Sepharose CL-6B, followed by coupling a
part of carboxyl group of 6-ACA with p-amino-
benzamidine (p-AB) [26]. Furthermore, we applied
this matrix to the purification of UK containing both
HUK and LUK from human urine. In this paper, we
have developed a new affinity matrix, tentatively
named hydrophobic-mediated affinity chromatog-
raphy, having both affinity site and hydrophaobic site.
Furthermore, we showed a large-scale preparation of
purified HUK and LUK from crude urine samples by
the hydrophobic-mediated affinity chromatography.

2. Material and methods
2.1. Reagents

Sepharose CL-6B was purchased from Pharmacia-
Biotech (Tokyo, Japan). 1,1'-Carbonyldiimidazole
(CDI), p-aminobenzamidine dihydrochloride (p-
AB-2HCI), and  1-ethyl-3-(3-dimethylaminop-
ropyl)carbodiimide hydrochloride (EDC) were from
Aldrich (Milwaukee, W1, USA). Anhydrous dioxane
(less than 0.5% of water) was purchased from
Aldrich and used. The partially purified UK was
purchased from Polyamine (Taipei, Taiwan; 15 000
IU/mg protein). All other chemicals were of ana-
Iytical reagent grade and used without further purifi-
cation.

2.2. Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and gel permeation
chromatography (GPC)

SDS-PAGE and GPC were performed according
to the modified methods of Laemmli [27] and

Someno et al. [28], respectively. Briefly, SDS-PAGE
was performed at 4-20% gradient gel (SDS-PAGE
mini-gel, TEFCO, Tokyo, Japan) and protein was
stained with 0.25% Coomassie brilliant blue in 10%
acetic acid with 50% methanol.

The molecular weight of samples were determined
by SDS-PAGE using the following proteins as
references:. phosphorylase b (94 kDa), bovine serum
abumin (67 kDa), ovalbumin (43 kDa), carbonic
anhydrase (30 kDa), soybean trypsin inhibitor (20.1
kDa), B-lactalbumin (14.4 kDa); and then estimated
by a Digitizer densitometer equipped with an image
analyzer (Model TIAS-2300S, ACI Japan, Tokyo,
Japan).

GPC was carried out with TSK-GEL3000SW
column (60 cmX7.5 mm 1.D., Toyo Soda, Tokyo,
Japan). The analyses of HUK and LUK were carried
out with Jasco-UP980 liquid chromatograph (Jasco,
Tokyo, Japan) equipped with a syringe loading
injector with a 50-pl sample loop (Rheodyne, USA).
The eluent used 0.2 M KH,PO, solution (pH 3.0)
with 0.7 ml/min flow-rate, detector wavelength of
280 nm and sensitivity of 20 mV. A 20-p.g protein
sample was injected into the liquid chromatograph.

2.3 Measurement of UK activity

UK activity was determined by the modified fibrin
plate method of Walton [29] using the WHO stan-
dard. The urokinase standards (120 000 units/mg
protein) obtained from the National Ingtitute of
Medicinal and Food Sciences were used for the
determination of the enzyme activity. The amount of
protein was determined by the Folin method of
Lowry et al. [30], using bovine serum albumin as a
standard protein.

2.4. Preparation of standard HUK and LUK

Standard HUK (115000 IU/mg protein, M,
54 000) and LUK (135000 IU/mg protein, M,
33000) were prepared from partially purified UK
according to the modified method of Holmberg et al.
[20]. Briefly, the HUK /LUK mixture was purified by
affinity chromatography of p-AB-Sepharose 4B and
gel filtration on Sephadex G100. The purity of each
HUK and LUK was confirmed by both SDS-PAGE
and GPC. The purified enzymes are stable for 2
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months under the chromatographic condition (0.1—
1.0 M NaCl and pH 4-8 at room temperature).

2.5. Preparation of 6-ACA-Sepharose CL-6B, PAS
and p-AB-Sepharose CL-6B

6-ACA-Sepharose CL-6B, PAS and p-AB-Sepha-
rose CL-6B were prepared according to the previous-
ly described method [26]. Preparation of 6-ACA-
Sepharose CL-6B: Sepharose CL-6B (20 ml) was
washed sequentially with 250 ml of water, 30%
aqueous dioxane, 70% agueous dioxane and dioxane
on a glass filter-funnel and suspended in 20 ml of
dioxane. CDI (1.2 g) was added, and the suspension
was stirred at room temperature for 30 min and then
washed sequentially with 250 ml of dioxane, 70%
aqueous dioxane, 30% aqueous dioxane and water on
a glass filter-funnel. The activated Sepharose CL-6B
(20 ml) was reacted at room temperature with 6-
ACA (9.4 g) in 20 ml of water at pH 10 for 10 h and
washed sequentially with 250 ml of water, 0.1 M
NaOH, water, 0.1 M HCI, and water. Fifty-eight
pmol of 6-ACA was immobilized to 1 ml of
Sepharose CL-6B.

Preparation of PAS: to a solution of 6-ACA-
Sepharose CL-6B (20 ml) suspended in 20 ml of
water, p-AB-2HCI (220 mg), and EDC (1.4 g) were
added, and the suspension was stirred at room
temperature for 10 h. The pH was adjusted to 4.5 and
maintained at the pH for 10 h with 3M HCl and 3 M
NaOH. The modified matrix was washed in the same
way described for the coupling step of 6-ACA.
Twenty-nine pmol of p-AB as a ligand and 29.0
pmol of 6-ACA as aresidua spacer were immobil-
ized on 1 ml of Sepharose CL-6B.

Preparation of p-AB-Sepharose CL-6B: 6-ACA-
Sepharose CL-6B, in which 30.5 pmol of 6-ACA
were introduced to 1 ml of Sepharose CL-6B, was
prepared by procedures similar to those described for
6-ACA-Sepharose CL-6B, except that 0.6 g of CDI
was used. Then, p-AB-Sepharose CL-6B was pre-
pared by procedures similar to those described for
PAS by using EDC (1.4 g) and p-AB-2HCI (220
mg). Thirty wmol of p-AB were immobilized on 1
ml of the 6-ACA derivative.

For the determination of the content of 6-ACA and
p-AB on matrix, first it was dried, and the total
nitrogen content was determined by total nitrogen
analyzer, MT-700 (Yanaco, Tokyo, Japan). The

content of 6-ACA and p-AB was estimated to be
mole equivalent to the total nitrogen content.

These procedures should be performed under
conditions controlled precisely for the reproducibility
of the affinity matrix. When the resolution and
affinity of the resin to the enzymes are lost, the resin
should be washed with 0.05 M NaOH and 0.05 M
HCIl containing 0.1-0.5% SDS, repeatedly.

2.6. Larger-scale purification of HUK and LUK
from human urine

Human urine (1240 |; 9.9x10° 1U) was collected
from healthy male volunteers. Urine was cooled at
10°C, and the pH was adjusted to 9 with 12 M
NaOH, and then the sample was kept at 10°C for 1 h.
The precipitate was removed by a cotton membrane
filter and the pH was adjusted to 6.5 with 12 M HCl,
and then the sample was loaded into a column (30
cm 1.D.X1.5 m) which was used for nitrogen gas
bubbling to produce foam from the urine sample.
The produced urinary foam was transformed from
the bubbling column to the bottle cooled at 4°C. The
foam was turned to liquid form by addition of
deforming agent (silicone mist, TSA-732, Toshiba
silicone, Tokyo). Consequently, we collected 100 | of
concentrated urine fraction from 1240 | of neat urine,
and the fraction was processed further purification
procedures. One hundred liters of the fraction
(10.1x10° 1U; 48 1U/mg protein, total protein 210.4
g) were collected by bubbling, and the pH was
adjusted to 7.5 by 12 M NaOH. To this solution,
silica gel B40 beads (30 kg; Fuji Davison, Tokyo,
Japan) were added, and the mixture was stirred at
300 rpm at 10°C for 10 h. The silica gel B40 beads,
on which UK was adsorbed, were packed into a
column (30 cm [.D.X51 cm). The column was
washed by 3% ammonium borate (pH was adjusted
to 9 by conc. NH,OH), and UK activity was eluted
by 1% ammonium hydroxide containing 1 M NH,Cl.
The pH of a UK fraction was adjusted to 7.3 by 12
M H,SO,, and (NH,),SO, was added to the fraction
to 60% of saturation. The precipitate (9.0x10° IU;
2300 1U/mg protein, total protein 3.913 g) was
recovered by centrifugation at 7000 g, and was
dissolved in 0.1 M phosphate buffer (pH 7.0, 300
ml) followed by centrifugation at 7000 g. The
obtained supernatant was loaded onto a column (2.4
cm 1.D.X3.5 cm) containing 15 ml of PAS, which
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was equilibrated with 0.1 M phosphate buffer (pH
7.0) solution containing 0.1 M NaCl. The column
was washed sequentialy by 0.1 M phosphate buffer
(pH 7.0) solution containing 0.1 M NaCl (Buffer A)
and containing 1 M NaCl (Buffer B) until the optical
absorbance of effluent at 280 nm became less than
0.01. LUK was eluted by 0.1 M NaH,PO, solution
containing 1 M NaCl (pH 4.0) (Buffer C), and then
HUK was eluted by decreasing NaCl concentration
from 1 to 0.1 M in Buffer C. The fractions were
monitored by measuring both the optical absorbance
at 280 nm and UK activity. The molecular weight of
each UK was confirmed by SDS—-PAGE. Both SDS—
PAGE and GPC confirmed the purity of each UK
sample.

3. Results and discussion

3.1. Preparation of matrix for purification of HUK
and LUK

Although there may be many methods for prepar-
ing matrix that is applicable to hydrophobic-me-
diated chromatography, the shortest synthetic route
should be designed. The strategy was as follows.
First, a functiona group that can be used for
hydrophobic site and spacer for affinity site was
introduced. Second, parts of functional group were
reacted with a ligand to form the affinity site so that
the appropriate amount of unreacted functional group
should remain. For this purpose, w-amino akyl
carboxylic acid or diaminoalkane could be selected
as a functional group. In the case of w-amino akyl
carboxylic acid, a coupling reaction between car-
boxylic acid of w-amino akyl carboxylic acid and
the amino group of the ligands was controlled so that
the appropriate amount of carboxylic acid should
remain. By changing the ligand to carboxylic acid
ratio, various types of matrices have been obtained.
It is also well established that UK is one of the
typical serine proteases and p-AB is a strong inhib-
itor against serine proteases [31,32]. Based on these
observations, 6-ACA and p-AB had been chosen as a
functional group and a ligand, respectively.

To clarify the nature of the hydrophobic-mediated
affinity chromatography, two kinds of matrices were
prepared; one is a matrix composed of the hydro-

phobic part of PAS alone (6-ACA-Sepharose CL-
6B), and the other is a matrix composed of the
affinity part of PAS aone ( p-AB-Sepharose CL-6B).
Their structures are shown in Fig. 1.

3.2 Effect of matrix ligand on adsorption of HUK
and LUK under various pH and ionic strength
conditions

Adsorption behaviors of HUK and LUK on the
three matrices, 6-ACA, PAS, and p-AB, were ex-
amined under various pH and ionic strength con-
ditions. Briefly, four columns (1.0X4.0 cm) packed
with 3 ml of each matrix resin were equilibrated by
Buffer A, Buffer B, Buffer C, or 0.1 M NaCl (pH
4.0) (Buffer D). A standard HUK (1.3%10° 1U) or
LUK (1.3x10° IU) solution was loaded onto the
column. The column was eluted until the optical
absorbance of each effluent at 280 nm became less
than 0.01. The amount of each UK adsorbed was
calculated by measuring the unadsorbed enzyme
activity.

Adsorption of HUK and LUK on three kinds of
matrices, 6-ACA-Sepharose CL-6B, PAS and p-AB-
Sepharose CL-6B, is summarized in Table 1. As
shown in Table 1, both HUK and LUK were
adsorbed to a PAS column in the ranged of 83—100%
under the conditions of 0.1 and 1 M NaCl, pH 7.0;
however, only LUK was not adsorbed at pH 4.0. On
the other hand, HUK was not adsorbed at 0.1 M
NaCl and pH 4.0, but was adsorbed at 1 M NaCl and
pH 4.0.

o]
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O—=CNH" " "CooH

o 9 NH "
Q 0—CNH"""CoNH —©—<
0—CNH"""cooH NH

6-ACA-Sepharose CL-6B

p-AB-Sepharose CL-6B

9 NN NHS
0O~CNH CONH —©>—<
NH

o
n
0=CNH " "CcooH
PAS

Fig. 1. Structures of matrices used for this study.
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Table 1
Effect of pH and ionic strength on adsorption of HUK and LUK to
matrix®

Matrix Exp. NaCl pH HUK LUK
no. (M) (%) (%)
p-AB-Sepharose CL-6B 1 0.1 7.0 99.6 98.0
2 1.0 7.0 85.0 83.0
3 0.1 4.0 0.8 05
4 1.0 4.0 19.1 5.0
6-ACA-Sepharose CL-6B 5 0.1 7.0 5.0 35
6 1.0 7.0 30 20
7 0.1 40 15.0 320
8 1.0 40 70.0 15.0
PAS 9 0.1 7.0 100 100

10 10 7.0 100 95
11 0.1 4.0 0.2 0
12 10 4.0 97.0 0

? p-AB-Sepharose CL-6B: 30 wmol of p-AB was immobilized
on 1 ml of Sepharose CL-6B. 6-ACA-Sepharose CL-6B: 30.5
pmol of 6-ACA was immobilized on 1 ml of Sepharose CL-6B.
PAS: 30 wmol of p-AB and 30 umol of 6-ACA were immobilized
on 1 ml of Sepharose CL-6B.

The adsorption—elution mechanism of enzymes
with PAS may be explained as follows: at pH 4.0,
enzymes are generally supposed to be adsorbed by
hydrophobicity because the carboxyl group of 6-
ACA residue does not dissociate at pH 4.0, and

o
i NH# N
O—CNHWCONH—O—( ..... St S';%%'E&'ty

HUK

o
n NH 3"
o—CNHN\/\coNH—©—< 3
. NH

o
0=CNH~""C00H Specificity

pocket

LUK

-------- " Hydrogen bond
1 Hydrophobic interaction

pH4.0, 1IMNacCl

should affect the hydrophobicity of the molecule.
When the pH of the solution was increased, the
dissociation of the carboxyl group might be in-
creased, resulting in both decrease of hydrophobicity
and increase of the affinity composed by p-AB
residues. On the other hand, when the salt con-
centration was increased, the hydrophobicity could
be enhanced. Interestingly, the hydrophobic inter-
action between LUK and PAS disappeared at pH 4.0.
This might be explained as follows: PAS is com-
posed of p-AB residues and 6-ACA residues, and
both residues are distributed at random on the
surface of a resin. The chain length of the p-AB
residue is longer than that of 6-ACA residue. The
lack of kringle module in LUK might not contribute
to its hydrophobicity at pH 4.0. Furthermore, non-
specific hydrophobic interaction between LUK and
6-ACA residues could be greatly influenced by the
steric hindrance due to p-AB residues. Although
HUK has a hydrophobic kringle module, its hydro-
phobicity potential was weakened at 0.1 M NaCl and
pH 4.0, resulting in the lower contribution of the
kringle module to the adsorption. Consequently, it
was considered that the decrease of adsorption was
caused by the steric hindrance due to p-AB residues,
as in the case of LUK. We speculated that the above

Specificit
pocket Y

HUK

o

i NH; b ifici
AN 3 pecificity

ChH CON @ <"\T pocket

LUK

-=uil  Hydrophilic interaction
----- Electrostatic ‘ interaction

pH7.0, 0.1 or IMNaCl

Fig. 2. Speculation of interaction between PAS and HUK under various conditions.
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adsorption mechanism might be depicted as shown in
Fig. 2.

3.3 Large-scale purification of HUK and LUK
from human urine

Table 2 summarizes the purity of UK mixture
from human urine by the present method. Highly
purified UK was efficiently obtained from human
urine by the combination of bubbling, silica gel
chromatography and hydrophobic-mediated affinity
chromatography, with a final yield of 80—90%. Fig.
3 shows each UK elution profile of hydrophobic-
mediated affinity chromatography on PAS, which
was performed as a final step.

The analysis of the purified UK by SDS-PAGE
and GPC revealed that the hydrophobic-mediated
affinity chromatography was very effective in
separating HUK and LUK without contamination of
any impurity (Figs. 4 and 5). As shown in Table 2
and SDS-PAGE (Fig. 4), the resulting HUK showed
a specific activity of 120 000 IU/mg and a molecular
weight of 54 kDa, and those of LUK were 135 000
IU/mg and 33 kDa, respectively. To determine the
maximal binding capacity of a PAS column, various
concentrations of crude UK dissolved in 0.1 M
phosphate buffer (pH 7.0) were loaded to 1 ml of the
column, and then the column was washed with
Buffer A. The adsorption capacity of the column was
estimated by measuring the specific activity and UK
activity of the eluted fraction by Buffer D. As shown

250 "
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Fig. 3. Hydrophobic-mediated affinity chromatography of UK on
the PAS column. After application of the crude UK (2300 IU/mg
protein) eluted from the silica gel column, the PAS column was
washed with Buffer A and B. At the indicated arrow, elution 1
was carried out with Buffer C and elution 2 with reducing NaCl
concentration in Buffer C. LUK, HUK and uUK (unidentified
UK-like protease) fractions were collected, respectively.

in Fig. 5, the maximal binding capacity of PAS was
evaluated to be 9x10° IU per 1 ml of the gel without
a loss of specific activity.

There have been barely successful reports on the
purification of HUK and LUK, and many kinds of
ligands have been tried for affinity chromatography

Table 2
Purification of HUK and LUK from human urine
Step Volume (ml) Urokinase Protein (mg) Specific activity Purification fold
(1U/mg protein)

Activity Recovery

(X107*1U) (%)
Urine 1.24x10° 990 100 7.4x10° 13 1
Foam 1.0x10° 1010 102 2.1x10° 48 39
fraction 3
Silica gel 8.2x10° 900 91 3.9%10 2300 177
eluate (ppt)®
PAS affinity
LUK 190 72 7.3° 533 135 000 10 380
HUK 55 747 75.4° 62.25 120 000 9230
uuUK 100 36 36" 4.73 76 000 5840

® Precipitation (ppt) was obtained by 65% ammonium fractination of the eluate from silica gel chromatography.
® Estimated values based on UK activity. uUK, unidentified UK-like protese.
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Fig. 4. SDS-PAGE of HUK and LUK. The electrophoresis was
carried out a 18 mA for 2 h. The sample was dipped into a
boiling water bath for 5 min before electrophoresis. Lanes: (1)
molecular weight standard proteins (94 kDa, phosphorylase b; 67
kDa, bovine serum albumin; 43 kDa, ovalbumin; 30 kDa, carbonic
anhydrase; 20.1 kDa, soybean trypsin inhibitor; 14.4 kDa, lactal-
bumin); (2) crude urokinase (10 g, ppt. of silica gel eluate in
Table 2); (3) a mixture of HUK and LUK standards (3 p.g each);
(4) purified LUK (3 pg); and (5) purified HUK (3 p.g).

of UK. Among these reports, the affinity ligands to
HUK and LUK seem to be very similar [20,23,31],
and there is no report on complete purification of
HUK and LUK. The fact suggests that it might be
impossible to separate completely HUK and LUK
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Fig. 5. Adsorption capacity of PAS. Increasing amounts of crude
UK were loaded on a constant PAS. After washing PAS, UK was
eluted with Buffer C. The eluted UK activity was estimated as
amount of bound UK per 1 ml of PAS.

each other by general affinity chromatography. Con-
sequently, the utilization of new types of ligand(s)
should be added to the affinity chromatography used
before. On the other hand, there is a big difference in
reported molecular weight between HUK (M,
47 000-54000) and LUK (M, 31 000-33000)
[9,11,20,25,33]. It is well known that 6-ACA can
bind to plasminogen kringle [34], and also it is a
homologue of UK kringle, and this UK kringle
module is found only in the HUK molecule [35,36].
As the kringle module is hydrophobic [37], this
hydrophobicity should be noted as one of the key
points for building up a matrix for the purification of
HUK and LUK. Based on this consideration, we
intended to study chromatography by a matrix
having a general affinity site and a new hydrophobic
site, which was named hydrophobic-mediated chro-
matography, for the purification of HUK and LUK.
The concept shown in this paper on hydrophobic-
mediated affinity chromatography could be generally
applicable to the purification of other enzymes and
proteins.
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