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Abstract

Chromatography conditions for two types of convection interaction media (CIM) tube monolithic column, DEAE-8 and C4-8, were
investigated using three enzymes from different microorganisms. The enzymes were adsorbed on a CIM DEAE-8 tube column under the same
conditions as conventional DEAE columns. The CIM C4-8 tube column required a high concentration of ammonium sulfate compared to the
conventional G column for adsorbing the enzymes. The separation of enzymes on the CIM tube column chromatography was not affected
at flow rates between 0.15 and 1.25 volumes of the column per min. Both columns were successfully applied to the purification of enzymes
from crude enzyme solution. Thus, both CIM tube monolithic columns proved useful in greatly reducing the purification time, and could be
used at any stage of enzyme purification.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction meter) at the final step of purification or for analysis of the
purified materials. When we find new enzymes from microor-
We are currently using columns packing particulate ganisms, we must purify a certain amount of them in active
materials for purification of proteins such as enzymes. How- form as fast as possible in order to elucidate not only their
ever, column chromatography with these particulate materi- physicochemical properties, but also their enzymatic and ki-
als has some limitations in terms of separation efficiency and netic properties. For the purpose of reducing the purifica-
flow rate. Recently, monolithic columns consisting of a sin- tion time, it is preferred that CIM tube monolithic columns
gle piece of porous materials were developed as new types(4.5cmx 1.5 cm diameter) are used from the first stage of
of column[1,2]. They had a much higher porosity than con- the purification.
ventional columns with particulate materials, and exhibited  In the present study, we first investigated the general con-
the advantages of reducing backpressure generated by flowditions for chromatography with CIM DEAE-8 and C4-8
and of offering high flow ratef3,4]. Their optimum separa-  tube monolithic columns using partially purified enzyme and
tion conditions were studied using model materij&ls7], crude enzyme solutions. Then we applied the resulting con-
and it was revealed that the shortest separation time wasditions of both columns to the purification of a new enzyme
achieved using convection interaction media (CIM) mono- from a crude enzyme solution prepared by disrupting micro-
lithic columns. Until now, CIM monolithic columns have bial cells.
been used for separation of organic compounds, pharmaceuti-
cals, low-molecular-mass biomolecules and large molecules ]
[8-12]. However, these applications were mainly performed 2 Experimental

i IM lithic di I . 1. ia- .
using CIM monolithic disc columns (0.3cm1.6 cm dia 2 1. Chemicals and columns
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used were of analytical grade and commercially available. 10°C using potassium phosphate buffer, pH 7.0, unless oth-
CIM DEAE-8 tube and CIM C4-8 tube monolithic columns erwise stated. The protein concentration of chromatography
were purchased from BIA Separations (Ljubljana, Slove- was measured at280 nm by a Shimadzu UV 2450 spectropho-
nia), while DEAE-Toyopearl and Butyl-Toyopearl were from tometer (Kyoto, Japan). The conductivity was measured by
Tosoh (Tokyo, Japan). a Horiba conductivity meter DS-12 (Kyoto, Japan).

2.2. Enzyme preparation 2.4.1. lon-exchange column chromatography

A CIM DEAE-8 tube monolithic column was equilibrated
with 10 mM buffer (1.8—-2.0 ms/cm of conductivity), and an
enzyme solution deionized to 2.0 ms/cm of conductivity was
applied to the column. After the column was washed with
40 ml of 20 mM buffer, the adsorbed enzyme was eluted by
a linear gradient with 20 mM buffer and 20 mM buffer con-
taining 0.3 M NacCl (40 ml each), followed by 20 mM buffer
containing 0.3 M NacCl at a flow rate of 1.5 ml/min. The same

p-Lactate dehydrogenase (EC 1.1.1.28, D-LDH) was ob-
tained from Amano Enzyme (Nagoya, Japan). A crude en-
zyme solution of secondary alcohol dehydrogenase (S-ADH)
was prepared frorBurkholderiasp. AlU 652 by disrupting
their cells according to the method of Isobe and WaR&).
A crude enzyme solution of alcohol oxidase (AOD) was pre-
pared as follows. The cells were disrupted with glass beads

by a Multi-bead shocker (Yasui Kikai, Osaka, Japan) a4 enzyme solutions were applied to a DEAE-Toyopearl col-

fpr 4min, and the cell depns was discarded by centrifuga- umn equilibrated with 10 mM buffer, and the adsorbed en-
tion. The supernatant obtained was used as the crude enzyme . : . .
solution of alcohol oxidase Zymes were eluted by a linear gradient with the same eluting
' solution (100 ml each) as CIM DEAE-8 column, followed
by 20 mM buffer containing 0.3M NaCl at a flow rate of

2.3. Enzyme assay 0.2 mlimin

D-LDH activity was spectrophotometrically assayed by
measuring the formation rate of NADH at 340 nm accord- 2.4.2. Hydrophobic column chromatography
ing to the method of Isobe et dlL4]. S-ADH activity was A CIM C4-8 tube monolithic column was equili-
assayed by measuring the formation rate of NADH at 340 brated with 10 mM buffer containing 1.0 or 1.5M ammo-
and 550 nm according to the method of Isobe and Wakao nium sulfate (their conductivities were 115-120 ms/cm and
[13] and following method, respectively. The reaction mix- 170-175 ms/cm, respectively). Enzyme solution adjusted to
ture (0.25 ml) was composed of 0.1% 2-propanol and a color 120 or 170 mS/cm of conductivity with ammonium sulfate
reagent consisting of 2.0 mg of NAD0.3 mg of nitro blue were applied to the above CIM C4-8 tube monolithic col-
tetrazolium and 2.0 units of diaphorase (EC 1.8.1.4) per ml umn, and the adsorbed enzyme was eluted by a linear gradi-
of 0.1 M potassium phosphate, pH 8.5, containing 0.05% Tri- ent with 10 mM buffer containing 1.0 or 1.5M ammonium
ton X-100. The reaction was started by the addition ofilbO  sulfate and 10 mM buffer containing 0.5 M ammonium sul-
of enzyme solution, and incubated at“8for 10 min. The fate (40 ml each) at a flow rate of 1.6 ml/min. The same en-
formation of NADH was measured at 550 nm. AOD activity zyme solutions were applied to a Butyl-Toyopearl column
was assayed by measuring the formation rate of hydrogen(10 cmx 1.4 cm) equilibrated with 10 mM buffer containing
peroxide at 30C as follows. The reaction mixture (0.95ml) 1.0 or 1.5M ammonium sulfate, and the adsorbed enzymes
was composed of 1.7% ethanol and a color reagent consistwere eluted by a linear gradient with the same eluting so-
ing of 0.122 mg of 4-aminoantipyrine, 0.643 mg of TOOS lution (75 ml each) as CIM C4-8 column at a flow rate of
and 6.7 units of peroxidase per ml of 0.1 M potassium phos- 0.18 ml/min.
phate, pH 7.0. The reaction was started by the addition of
50l of enzyme solution, and the formation of hydrogen
peroxide was followed at 3@ for 5 min by measuring the
absorbance at 555 nm. One unit of enzyme activity was de-
fined as the amount of enzyme catalyzing the formation of
one micromole of NADH or hydrogen peroxide per min un-
der the above conditions.

2.5. Purification of S-ADH with CIM C4-8 and DEAE-8
tube monolithic columns

All preparations were carried out below 10 using potas-
sium phosphate buffer, pH 7.0, unless otherwise stated.

2.4. Standard conditions of column chromatography 2.5.1. Preparation of crude enzyme solution
Cells of 100 ml culture oBurkholderiasp. AlU 652 were

A CIM DEAE-8 tube monolithic column (4.5cm 1.5¢cm disrupted with glass beads in 10 mM buffer, and the super-
diameter) and DEAE-Toyopearl column (10 eni.4 cm di- natant (50 ml) was collected by centrifugation at 10 000 rpm
ameter) were used for ion-exchange column chromatogra-for 10 min. Then ammonium sulfate (10.45 g) was added at
phy. The same size of C4-8 tube monoalithic column and 35% saturation to the supernatant, and the precipitates thus
Butyl-Toyopearl column were used for hydrophobic column formed were discarded by centrifugation at 10 000 rpm for
chromatography. All chromatography was carried out below 10 min.
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2.5.2. CIM C4-8 tube monolithic column (50 ml each) at a flow rate of 0.2 ml/min, and the active frac-
chromatography tions were deionized to 1.5 mS/cm of conductivity.

A half volume of the supernatant was applied to a CIM C4-
8 Column equilibrated W|th 10 mM buffer Containing 1.5M 2.5.5. Hydroxyapatite Co|umn Chromatography
ammonium sulfate at a flow rate of 1.5ml/min. After the The deionized enzyme solution was app“ed toa hydroxy_
column was washed with 50 ml of 10mM buffer contain- gpatite column (6 cnx 1.4cm) equilibrated with 10 mM
ing 1.5M ammonium Sulfate, adsorbed S-ADH was eluted buffer’ and the column was washed with 50 ml of 10 mM

by a linear gradient with 10mM buffer containing 1.5M  pyffer. S-ADH was eluted by a linear gradient with 10 mM
ammonium sulfate and 10 mM buffer containing 0.5M am- pyffer and 0.1M buffer (50ml each) at a flow rate of

monium sulfate (40 ml each), and the active fractions were g.1 mi/min, and the active fractions were concentrated by ul-
collected. Another half volume of the enzyme solution was trafiltration.

chromatographed under the same conditions, and active frac-

tions of both chromatographies were combined, and deion-

. b 2.5.6. Gelfiltration on Toyopearl HW 55 column
ized to 2.0 ms/cm by ultrafiltration.

The concentrated enzyme solution was applied to a Toyo-
o pearl HW 55 column (50cm 1.0cm) equilibrated with
2.5.3. CIM DEAE-8 tube monolithic column 20 mM phosphate buffer. The active fractions were collected

chromatography and concentrated by ultrafiltration.
The deionized enzyme solution was applied to a CIM

DEAE-8 column equilibrated with 10 mM buffer, and the col-

enzyme was eluted by a linear gradient with 20 mM buffer

and 0.3 M NaCl (40 ml each) at a flow rate of 2.5ml/min. The 3.1 Chromatography conditions for CIM DEAE-8 tube
active fractions were collected and deionized by ultrafiltra- yonolithic column

tion.

The chromatography conditions for a CIM DEAE-8 tube

2.5.4. Blue-Sepharose column chromatography monolithic column were investigated using a partially puri-

The deionized enzyme solution was applied to a Blue- fied enzyme solution of S-ADH. When 30 ml of that solution

Sepharose column (6 cm1.4 cm) equilibrated with 10mM  was applied to a CIM DEAE-8 tube monolithic column equi-

buffer, and the column was washed with 50ml of 0.1 M librated with 10 mM buffer, S-ADH was completely adsorbed
buffer. The adsorbed enzyme was eluted by a linear gradienton the column, and the enzyme peak was eluted at around

of 0.1 M buffer and 0.1 M buffer containing 10 mM NAD 10 ms/cm of conductivity. In the DEAE-Toyopearl column

10 3.0, Ad=h =py 30 1ior 3.0 ’va- 30
’ A
) _la A’

o | = 25~ @ = =
® al g = e | = 2.5 y 25 5
= |8 s =213 £ S
5|5 208 3 % 2.0f Afl 20 £
-‘E’ 6L 8 = ? Gl ; Z
= = 2 B c =
O © S % © =
& |£ 158 oi1s5f 15 §
0] o) =] Q 5] 3
£ 2 8 E‘ @ c
E\ 4L < [&] é ar g 8
i 10 w 1.0 10

2L i

5 8 0.5 5
ok 0 0. 0
30 60 90 120 150 180

(A) Fraction number (2 ml/fraction) (B) Fraction number (4 ml/fraction)

Fig. 1. Chromatography of CIM DEAE-8 tube monolithic column and DEAE-Toyopearl column. (A) A CIM DEAE-8 tube monolithic column was equilibrated
with 10 mM buffer (1.8—2.0 mS/cm of conductivity). After a partially purified S-ADH solution was applied to the column, the column was washed with 40 ml o
20 mM buffer, and the adsorbed enzyme was eluted by a linear gradient with 20 mM buffer and 20 mM buffer containing 0.3 M NaCl (40 ml each), followed by
20 mM buffer containing 0.3 M NaCl at a flow rate of 1.5 ml/min. (B) A DEAE-Toyopearl column was also equilibrated with 10 mM buffer, and the adsorbed
enzymes were eluted by a linear gradient with the same eluting solution (100 ml each) as the CIM DEAE-8 column, followed by 20 mM buffer containing
0.3 M NacCl at a flow rate of 0.2 ml/min. Enzyme activity was assayed at 550 nm by 2-profaNalD*: diaphorase method.
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chromatography, the S-ADH was also completely adsorbed der the same conditions as the conventional DEAE column,
on the column under the same conditions, and then eluted at although the interaction of some proteins with the DEAE
conductivity of around 10 ms/cm. Thus, the S-ADH was ad- group on a CIM-8 tube monolithic column might be differ-
sorbed and eluted under similar conditions in both columns, ent from that on a conventional column. Thus, different kinds
whereas the elution patterns of proteins were different from of proteins might be separated using both columns, and such
each column chromatographyig. 1). These results indicate  a combination of both columns might also be useful for the
that a CIM DEAE-8 tube monolithic column was used un- purification of enzymes.
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Fig. 2. Effects of ammonium sulfate concentration on adsorption of S-ADH on CIM C4-8 tube monolithic column and Butyl-Toyopearl column. (A)A partial
purified S-ADH solution adjusted to 120 ms/cm of conductivity with ammonium sulfate was applied to a CIM C4-8 tube monolithic column equilibrated
with 10 mM buffer containing 1.0 M ammonium sulfate (the conductivity: 115-120 mS/cm), and the column was washed with 10 mM buffer containing 1.0 M
ammonium sulfate. The elution was carried out by a linear gradient with 10 mM buffer containing 1.0 M ammonium sulfate and 10 mM buffer containing 0.5M
ammonium sulfate (40 ml each) at a flow rate of 1.6 ml/min. (B) The enzyme solution adjusted to 170 ms/cm of conductivity with ammonium sulfate was
applied to the CIM C4-8 tube monolithic column equilibrated with 10 mM buffer containing 1.5 M ammonium sulfate (the conductivity was 170-175 ms/cm),
and the column was washed with 10 mM buffer containing 1.5 M ammonium sulfate. The adsorbed enzyme was eluted by a linear gradient with 10 mM buffer
containing 1.5 M ammonium sulfate and 10 mM buffer containing 0.5 M ammonium sulfate (40 ml each) at a flow rate of 1.6 ml/min. (C) The enzyme solution
adjusted to 120 mS/cm of conductivity with ammonium sulfate was applied to a Butyl-Toyopearl column (1D.drom) equilibrated with 10 mM buffer
containing 1.0 M ammonium sulfate, and the column was washed with 10 mM buffer containing 1.0 M ammonium sulfate. The adsorbed enzyme was eluted
by a linear gradient with the same eluting solution (75 ml each) as (A) of CIM C4-8 column at a flow rate of 0.18 ml/min. (D) The enzyme solution adjusted
to 170 ms/cm of conductivity with ammonium sulfate was applied to the Butyl-Toyopearl column (Qcérem) equilibrated with 10 mM buffer containing

1.5 M ammonium sulfate, and the column was washed with 10 mM buffer containing 1.5 M ammonium sulfate. The adsorbed enzymes were eluted by a lineal
gradient with the same eluting solution (75 ml each) as (B) of CIM C4-8 column at a flow rate of 0.18 ml/min. Enzyme activity was assayed at 550 nm by
2-propanolB-NAD™: diaphorase method.
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3.2. Effects of ammonium sulfate concentration on Table 1
adsorption of enzyme on CIM C4-8 column Effects of flow rate on adsorption and elution of D-LDH on CIM DEAE-8
column chromatography
The effects of ammonium sulfate concentration on the Flowrate Adsorbed enzyme Peak conductivity
adsorption of enzyme were investigated using a CIM C4- {M/min) amounts (mg) (mS/em)
8 column and a Butyl-Toyopearl column. When 10ml of 124 3.9 33-34
a partially purified enzyme solution of S-ADH containing . 2:2 22_33
1.0 M ammonium sulfate was applied to a CIM C4-8 tube ¢ 3.9 35-36

monolithic column equilibrated with 10 mM buffer contain-
ing 1.0 M ammonium sulfate, S-ADH was not adsorbed on
the column Fig. 2A). However, when 10 ml of an enzyme so-  3.3. Effects of flow rate on adsorption and separation of
lution containing 1.5 M ammonium sulfate was applied to the enzyme

CIM monolithic column equilibrated with 10 mM buffer con-

taining 1.5 M ammonium sulfate, S-ADH was completely ad- Four milligrams of the purified D-LDH (40 ml) was ap-
sorbed on the column, and eluted at a conductivity of around plied to a CIM DEAE-8 tube monolithic column equilibrated
135 ms/cm Fig. 2B). On the other hand, when the same en- with 10 mM buffer at a flow rate from 1.24 to 10 ml/min, and
zyme solutions of S-ADH were applied to a Butyl-Toyopearl the column was washed with 50 ml of 10 mM buffer con-
column equilibrated with 10 mM buffer containing 1.0 and taining 0.15M NaCl at the same flow rates. All amounts of
1.5 M ammonium sulfate, S-ADH was adsorbed on the Butyl- the enzyme applied were adsorbed on the column, and were
Toyopearl column at both ammonium sulfate concentrations, not eluted under the above conditions. Then the adsorbed
and the adsorbed S-ADHs were eluted at conductivity of enzyme was eluted by a linear gradient with 10 mM buffer
around 100 ms/cm from both columniBig. 2C and D). In containing 0.15 and 0.5M NaCl (50 ml each) at the same
addition, elution patterns of proteins from a CIM C4-8 tube flow rate. The adsorbed enzyme was eluted at almost same
monolithic column were also different from those of Butyl- conductivity in the above flow rate$dble J). Thus, although
Toyopearl column chromatography. When the crude enzymethe flow rates of CIM DEAE-8 tube monolithic column chro-
solutions of AODs were applied to both columns under the matography varied more than 10 times faster than that of the
same conditions, the AODs were also adsorbed on a Butyl- conventional column chromatography, the adsorbed amounts
Toyopearl column equilibrated with 1.0 and 1.5M ammo- of enzyme and the conductivity for eluting the enzyme were
nium sulfate. On the other hand, the AODs were adsorbed not affected by flow rates. These results indicate that the CIM
on the CIM C4-8 tube monolithic column equilibrated with 8 tube monolithic column was useful in reducing the purifi-
1.5 M ammonium sulfate, but not on the CIM monolithic col- cation time.

umn equilibrated with 1.0 M ammonium sulfate. The peak

of AODs A and B were eluted at approximately 120 and 3.4. Application of CIM C4-8 and DEAE-8 tube

140 ms/cm of conductivity, respectively (data not shown). monolithic columns for purification of S-ADH

These results indicate that the hydrophobic interaction of en-

zyme with the C4 group on a CIM tube monolithic column On the basis of the above results, we applied CIM C4-8
might be rather weak compared to that of a Butyl-Toyopearl and DEAE-8 tube monolithic columns for the purification of
column, and that a higher concentration of ammonium sulfate S-ADH from a crude enzyme solution prepared by disrupting
was required for adsorbing the proteins on a CIM C4-8 tube the cells ofBurkholderiasp. AlU 652 with glass beads. The
monolithic column. Thus, it was concluded that a CIM C4- S-ADH was purified to homogeneity from the crude enzyme
8 tube monolithic column should be equilibrated with the according to the procedure described in the Experimental
buffer containing 1.5M ammonium sulfate as the standard section Table 2 Fig. 3). Thus, both CIM 8 tube monolithic

condition for adsorbing proteins. columns proved useful for the purification of enzymes from

Table 2

Summary of purification of S-ADH frorBurkholderiasp. AlU 652

Step Activity Protein Specific activity Recovery Purification
(unit) (mg) (unit/mg) (%) (fold)

Cell-free extract 115 260 84 100 1

CIM C4-8 105 21 0 91 11

CIM DEAE-8 82 40 21 71 47

Blue-Sepharose 73 a 42 63 95

Hydroxyapatite 60 ®4 94 52 213

Toyopearl HW 55 49 a7 105 43 239

Enzyme activity was assayed at 340 nm by 2-propah®AD* method. Specific activity was expressed as units per milligram of protein.
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Fig. 3. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis of S-
ADH purified fromBurkholderiasp. AlU 652. Lines 1 and 2 indicate stan-
dard proteins and purified S-ADH, respectively.

crude enzyme solution in a similar manner as the conventional
columns, and the purification time was greatly reduced using
CIM 8 tube monolithic columns from the first stage of enzyme
purification.

4. Conclusion

Using three kinds of enzymes from different microorgan-
isms, the general conditions of chromatography for two types
of CIM tube monolithic columns, DEAE-8 and C4-8, were
investigated for their effectiveness in purifying a target en-
zyme from a crude enzyme solution of microorganisms The
microbial enzymes were adsorbed on a CIM DEAE-8 tube
column under the same conditions as on conventional DEAE
columns, whereas the CIM C4-8 tube column required a high

K. Isobe, Y. Kawakami / J. Chromatogr. A 1065 (2005) 129-134

concentration of ammonium sulfate for adsorbing the en-
zymes compared to the conventional C4 column. Thus, it
was concluded that CIM DEAE-8 and C4-8 tube monolithic
columns should be generally equilibrated with 10 mM buffer
and 10 mM buffer containing 1.5 M ammonium sulfate, re-
spectively, for adsorbing proteins. When the flow rates of
the CIM DEAE-8 tube monolithic column (column volume:

8 ml) varied between 1.24 and 10 ml/min (more than 10 times
faster than that of conventional column chromatography), the
adsorbed enzyme amounts and conductivity for eluting the
enzymes were not affected by the flow rates. In addition, both
CIM DEAE-8 and C4-8 tube monolithic columns could be
used for the purification of a target enzyme from a crude en-
zyme solution prepared by disrupting microbial cells with
glass beads. Thus, both CIM tube monolithic columns could
be used at any stage of enzyme purification, and proved useful
in reducing the purification time.
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