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ABSTRACT 

Poly(N-vinylpyrrolidone) (PVP) shielding of Blue Sepharose and Scarlet Sepharose proved to be an efficient method for 
improving the process of purification of lactate dehydrogenase (LDH) from porcine muscle and secondary alcohol dehydrogenase 
(SADH) from Thermoanaerobium brockii, respectively. PVP shielding of Blue Sepharose resulted in improvement of the 
efficiency of either specific or non-specific elution of LDH. PVP protection of Scarlet Sepharose resulted in an improvement in 
the SADH recovery during specific elution and in an improvement in enzyme purity on non-specific elution. The dynamic 
capacities of the columns were in both cases decreased after PVP shielding. PVP shielding is considered to prevent the matrices 
from binding foreign proteins and from non-specific binding of nucleotide-dependent enzymes, while not seriously impairing the 
specific binding of these enzymes to the affinity matrices. 

INTRODUCTION 

The trend in protein purification is to use 
affinity-mediated separation fairly early in the 
purification work [l-3]. Earlier, affinity chroma- 
tography was often used towards the end of a 
tedious purification scheme when only minor 
contaminants with properties close to those of 
the target molecule were present. With the 
development towards the early application of 
affinity-mediated purification, some constraints 
are introduced. Stable, small ligands are pre- 
ferred instead of proteinaceous ligands, even if 
the former are less specific [4]. This leads to 
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group-specific isolation, and in many cases also 
some non-specific co-purification. The ligands 
belonging to this group of stable, small com- 
pounds are, e.g., textile dyes [5-111, hydropho- 
bic groups [ 12-151, chelating ligands [16,17] and 
boronates [ 181. 

“Dye-affinity” chromatography using triazine 
dyes coupled to different matrices is widely used 
for the purification of dehydrogenases and ki- 
nases [5-111. Traditionally these enzymes are 
eluted either specifically with nucleotide solu- 
tions or non-specifically with high salt concen- 
trations [19,20]. Low or moderate recoveries 
(30-70%) of nucleotide-dependent enzymes by 
affinity chromatography using Cibacron Blue- 
substituted matrices [21-251 or Scarlet Red-sub- 
stituted Sepharose [26] have been reported. 
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Textile dyes have been described as having 
potential use in the purification of many different 
proteins [6-11,21-251. The importance of this 
group of ligands has led to the development of a 
range of new synthetic dyes specially designed to 
become more specific [27]. 

An alternative mode of operation would be to 
try to manipulate the binding to the ligand and 
thereby to reduce the amount of non-specifically 
bound protein. From earlier model studies we 
have shown that additions of polymers such as 
poly(N-vinylpyrrolidone) (PVP) to Cibacron 
Blue formed complexes that shielded the dye 
from forming weak interactions with proteins. 
This resulted in an improved elution of lactate 
dehydrogenase from PVP-shielded Blue Sepha- 
rose. Both specific and non-specific elution were 
improved [28]. 

This work was carried out with the aim of 
investigating the possibility of exploiting the 
interaction between triazine dyes and PVP to 
improve the performance in the affinity-medi- 
ated separation of enzymes from crude homoge- 
nates with the idea that decreased non-specific 
binding would simplify the overall purification 
procedure. 

EXPERIMENTAL 

Lactate dehydrogenase type XXX-S from por- 
cine muscle, /3-NADH grade III, P-NADP sodi- 
um salt, Cibacron Blue 3GA and PVP K 26-35 
with an average molecular mass of 40000 were 
purchased form Sigma (St. Louis, MO, USA). 
Oxamic acid was purchased from BDH (Poole, 
UK). Blue Sepharose was synthesized by cou- 
pling Cibacron Blue 3GA to Sepharose CL-4B 
according to ref. 29. The Cibacron Blue content 
determined according to ref. 30 was 4.9 pmol 
per ml of swollen gel. Scarlet Sepharose was a 
generous gift from Professor R.K. Scopes (Cen- 
tre for Protein and Enzyme Technology, La 
Trobe University, Australia) and was synthesized 
by coupling of Procion Scarlet H-2G to Sepha- 
rose CL-4B according to ref. 31. 

Minced pork was purchased in a local shop 
and homogenized in ice-cold 20 mM Tris-HCI 
buffer (pH 7.3) containing 1 mM EDTA (10 ml 
of buffer per gram of muscle tissue). The 

homogenate was filtered through a synthetic 
fibre pad to remove larger particulate matter, 
centrifuged for 15 min to remove cell debris and 
the supernatant was filtered through Munktell 
filter-paper to remove traces of fat. The porcine 
muscle extract was kept frozen without any loss 
of LDH activity and was applied directly, after 
thawing and filtering, to the Blue Sepharose 
column. The crude extract had an activity of 64 
U/ml and a protein content of 5.5 mg/ml 
(specific activity 11.6 U/mg protein). 

The obligate anaerobic thermophilic organism 
Thermoanaerobium brockii was cultured in batch 
according to ref. 32. Cells were harvested by 
centrifugation and stored frozen at -18°C. Cells 
were not maintained under strictly anaerobic 
conditions during harvesting and storage. Ex- 
traction of cells was carried out by sonication in 
20 mM morpholinopropanesulphonate buffer 
(pH 6.5) containing 30 mM NaCl and 2 mM 
MgCl, (MES buffer) (4 ml per gram wet mass of 
cells). Cell debris was removed by centrifugation 
and the supernatant was applied directly to the 
column. The crude extract had an activity of 49 
U/ml and a protein content of 14.0 mg/ml 
(specific activity 3.5 U/mg protein). 

Chromatographic experiments using Blue 
Sepharose 

All chromatographic experiments with Blue 
Sepharose were carried out at room temperature 
using a 9.8 x 0.9 cm I.D. column at a flow-rate of 
0.55 ml/min. All solutions introduced to the 
column were in 20 mM Tris-HCl buffer (pH 
7.3). The porcine muscle extract was applied to 
the column until breakthrough of LDH (120-200 
ml with the untreated column and 60-70 ml with 
the PVP-shielded column). The column was 
washed with buffer until no more protein (moni- 
tored as absorbance at 280 nm) was detected in 
the eluate. Non-specific elution of LDH was 
performed with 1.5 M KC1 and specific elution 
was performed with 10 mM oxamate + 0.1 mM 
NADH. Fractions were collected every 20 min 
when eluted from the untreated column and 
every 5 min when eluted from the PVP-shielded 
column. The height equivalent to a theoretical 
plate (HETP) was calculated as HETP = L/N, 
where L is the bed length and N is the number 
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of theoretical plates calculated as N = 5.54 

(VW,,)‘~ where V is the elution volume and 
W,,, is the peak width at half-height. 

Chromatographic experiments using Scarlet 
Sepharose 

All chromatographic experiments with Scarlet 
Sepharose were carried out at room temperature 
using a 2.‘8 X 0.9 cm I.D. column at a flow-rate of 
0.09 ml/min. For SADH elution all solutions 
introduced to the column were in MES buffer. 
The cell extract was applied to the column until 
breakthrough of SADH. The column was 
washed with buffer until no more protein (moni- 
tored as absorbance at 280 nm) was detected in 
the eluate. Non-specific elution of SADH was 
performed with 1.5 M KC1 and specific elution 
with 0.5 mM NADP. For LDH elution all 
solutions introduced into the column were in 20 
mM Tris-HCl buffer (pH 7.3). The porcine 
muscle extract was. applied to the column until 
breakthrough of LDH. The column was washed 
with buffer until no more protein (monitored as 
absorbance at 280 nm) eluted. Non-specific 
elution of LDH was performed with 1.5 M KC1 
and specific elution with 10 mM oxamate + 0.1 
mM NADH. Fractions were collected every 15 
min. 

The PVP shielding of the columns was per- 
formed with 1% PVP-40 000 solution followed 
by washing with 1.5 M KC1 (pH 3.4) until no 
PVP was detected in the effluent. This was 
followed by re-equilibration of the column with 
an appropriate buffer. 

LDH activity was measured in the fractions 
according to a reported procedure [33]. SADH 
activity was measured in the fractions according 
to ref. 26. Concentration of PVP was measured 
as the absorbance of a polymer-iodine complex 
at 480 nm, the complex being produced accord- 
ing to ref. 34. Protein was determined according 
to Lowry et al. [35]. 

Sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE) with 12% gel was 
performed according to ref. 36 using carbonic 
anhydrase (M, 31000), ovalbumin (M, 45 000), 
bovine serum albumin (M, 66200) and phos- 
phorylase B (M, 92 500) as standards. 

RESULTS AND DISCUSSION 

Application of porcine muscle extract to a 
fresh Blue Sepharose column until breakthrough 
resulted in binding of LDH along with a signifi- 
cant amount of foreign proteins, which could not 
be eluted with the buffer. Non-specific elution 
with 1.5 M KC1 resulted first in the elution of 
foreign proteins followed by LDH with a re- 
covery of 76% as judged from activity measure- 
ments (Fig. 1 and Table I). The LDH recovery 
increased gradually to nearly 100% only after 
subsequent purification cycles with application of 
porcine muscle extract to the same column. 
Thus, pretreatment of Blue Sepharose with the 
homogenate resulted in masking of sites capable 
of non-specific irreversible binding of LDH. The 
same effect occurred during the specific elution 
of LDH with 0.1 mM NADH + 10 mM oxamate, 
but in contrast to non-specific elution foreign 
proteins adsorbed on the column were not eluted 
during specific elution. After specific elution the 
column needed to be regenerated; foreign pro- 
teins could be eluted with 1.5 M KC1 (Fig. 2). 

The PVP shielding of the column resulted in a 

400 

0 200 400 600 8Od 

Elution volume, ml 

Fig. 1. Elution profile of (0) LDH activity and (0) protein 

with 1.5 M KC1 from unmodified Blue Sepharose. Arrows 

indicate when washing with buffer and elution with 1.5 M 
KC1 were begun. Experimental conditions: 9.8 x 0.9 cm I.D. 

column; the porcine muscle extract was applied to the 

column until breakthrough of LDH; the column was washed 
with 20 mM Tris-HCI buffer (pH 7.3) until no more protein 

(monitored as absorbance at 280 nm) eluted; LDH was 
eluted at a flow-rate of 0.55 ml/min with 1.5 M KCl; 

fractions were collected every 20 min. 
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0 0 
0 200 400 600 600 1000 

Elution volume, ml 

Fig. 2. Elution profile of (0) LDH activity and (0) protein 

from unmodified Blue Sepharose with 0.1 mM NADH + 10 

mM oxamate, followed by elution with 1.5 M KCl. Arrows 

indicate when washing with buffer, elution with 0.1 mM 

NADH + 10 mM oxamate and elution with 1.5 M KC1 were 

begun. Experimental conditions as in Fig. 1, except that 

LDH was eluted with 0.1 mM NADH + 10 mM oxamate. 

significant decrease in binding of foreign proteins 
and in an improvement in the effectiveness of 
elution of LDH either specifically or non-specifi- 
cally (Fig. 3). The decreased binding of foreign 
proteins with the PVP-shielded column elimi- 
nated the need for a regeneration step after the 
specific elution. The column could be used 
repeatedly after re-equilibration with buffer. The 
LDH recovery was about 100% even during the 
first run on a fresh Sepharose Blue column 
shielded with PVP. Thus, PVP blocked the sites 
to which LDH irreversibly bound. Some proteins 
from the homogenate played the same role 
during the first application of porcine muscle 
extract on to a Blue Sepharose column. It is 
preferable to use PVP to block binding sites on 
the matrix rather than an unidentified mixture of 
proteins from the homogenate. PVP is a cheap, 
stable, non-toxic and highly biocompatible poly- 
mer [37]. No polymer was detected in the eluate 
from the PVP-protected column during chroma- 
tography of LDH (the sensitivity of the method 
of PVP assay being 0.1 mg/ml). 

PVP shielding resulted in a significant im- 
provement in the effectiveness of the elution. 
The HETP for the untreated column was 1.3 cm 
(non-specific elution) and 0.47 cm (specific elu- 
tion). PVP shielding decreased the HETP to 0.13 

a 

\ 
50 

Elulion volume, ml 

b 

I!!!!& 
SO 

Elution volume. ml 

Fig. 3. Elution profile of LDH activity with (a) 1.5 M KC1 

and (b) 0.1 mM NADH + 10 mM oxamate from (0) un- 

modified and (0) PVP-treated Blue Sepharose. Experimen- 

tal conditions: 9.8 x 0.9 cm I.D. column was treated with 1% 

PVP-40000 solution followed by washing with 1.5 M KC1 

(pH 3.4) until no PVP was detected in the eluate, and 

re-equilibration with 20 mM Tris-HCl buffer (pH 7.3); the 

porcine muscle extract was applied to the column until 

breakthrough of LDH; the column was washed with buffer 

until no more protein (monitored as absorbance at 280 nm) 

eluted; LDH was eluted at a flow-rate of 0.55 ml/min with 

1.5 M KC1 or 10 mM oxamate + 0.1 mM NADH; fractions 

were collected every 20 min when eluted from the untreated 

column and every 5 min when eluted from the PVP-protected 

column. The total amount of LDH eluted from the column 

was taken as 100% in both instances for the sake of 

comparison. 

cm for both types of elution. LDH is eluted from 
the PVP-shielded column as a symmetrical peak 
and about 95% of eluted enzyme can be col- 
lected in a volume of 8 ml. LDH is eluted from 
an untreated column of the same size with 
significant tailing, and 95% of eluted LDH can 
be collected only in a volume of about 100 ml 
(Fig. 3). A volume decrease is preferable for the 
further downstream processing because the cost 
of the purification step is usually proportional to 
the feed concentration. 

PVP shielding with a 1% polymer solution is a 
relatively inexpensive procedure, and considera- 
bly cheaper than, for instance, regeneration of 
the column with the same volume of 1.5 M KCl. 
The price of PVP40000 according to Sigma is 
$101.2/kg whereas that of KCL is $34.l/kg, but 
the latter is used at a ten times higher concen- 
tration (1.5 M KC1 corresponds approximately to 
a 10% solution). Moreover, PVP adheres to the 
column and can be reused. 
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The results obtained correspond well with 
previous data on zonal elution of pure LDH 
from PVP-shielded Sepharose Blue [28]. PVP, 
owing to its high affinity to Cibacron Blue 
ligands, occupied sites capable of non-specific 
binding of foreign proteins and of irreversible 
binding of LDH and prevented this binding. 
LDH is considered to bind to PVP-protected 
Blue Sepharose only due to specific interactions 
of Cibacron Blue ligands with nucleotide binding 
sites of the enzyme. The number of sites suitable 
for specific binding is less than the total number 
of specific and non-specific LDH binding sites in 
unmodified Blue Sepharose. This resulted in a 
decrease in dynamic capacity from 1150-1950 
U/ml swollen gel (230-400 U/mmol Cibacron 
Blue ligand) for the untreated column to 680- 
570 U/ml swollen gel (120-140 U/mmol Ciba- 
cron Blue ligand) for the PVP-shielded column. 

Table I and Fig. 4 show virtually the same 
purity of LDH samples, obtained as the result of 
specific and non-specific elution from unmodified 
and PVP-shielded Blue Sepharose. In all cases, 
one step purification using dye-affinity chroma- 
tography resulted in highly purified preparations. 

Application of a Thermoanaerobium brockii 
extract to a Scarlet Sepharose column resulted in 
adsorption of SADH along with significant 
amounts of foreign proteins. This behaviour 
resembled that of LDH binding to Blue Sepha- 
rose, but in contrast to the latter case foreign 
proteins were eluted simultaneously with SADH 
by 1.5 M KCl, resulting in a poor purification 
(Table II and Fig. 5, lane 2). Specific elution 

M 123456 

Fig. 4. SDS-PAGE patterns for LDH. Lanes: M = marker 

proteins; 1 = crude extract; 2 and 4 = elution with 1.5 M KCI 

from unmodified and PVP-treated Blue Sepharose, respec- 

tively; 3 and 5 = elution with 0.1 mM NADH + 10 mM 

oxamate from unmodified and PVP-protected Blue Sepha- 

rose, respectively; 6 = commercial sample. 

M 123 4 5 6 7 

Fig. 5. SDS-PAGE patterns for SADH. Lanes: M = marker 

proteins; 1 = crude extract; 2 and 5 = elution with 1.5 M KC1 

from unmodified and PVP-treated Scarlet Sepharose, respec- 

tively; 3 and 6 = elution with 0.5 mM NADP from un- 

modified and PVP-protected Scarlet Sepharose, respectively; 

4 and 7 = elution with 1.5 M KC1 after elution with 0.5 mM 

NADP from unmodified and PVP-treated Scarlet Sepharose, 

respectively. 

with 0.5 mM NADP resulted in more pure 
enzyme preparation with a recovery of 70%, and 
the remaining 30% of SADH activity could be 
eluted together with other adsorbed proteins by 
1.5 M KC1 as crude preparation (Table II and 
Fig. 5, lanes 3 and 4). The specific elution at 
lower loadings gave lower recoveries and in the 
zonal mode SADH was not eluted by 0.5 mM 
NADP at all. The strong binding of SADH to 
Scarlet Sepharose was also reported by Nagata et 
al. [26], who managed to obtain a 70% recovery 
only during overloading conditions; with conven- 
tional loading, elution with 0.5 mM NADP was 
not successful. 

The PVP shielding of Scarlet Sepharose re- 
sulted in an improvement in the effectiveness of 
specific elution and purity of the enzyme prepa- 
ration, the recovery being 93% (Fig. 5, lane 6, 
and Fig. 6). Again, as with Blue Sepharose, PVP 
shielding of Scarlet Sepharose prevented adsorp- 
tion of foreign proteins and non-specific inter- 
action of SADH with the matrix. The decreased 
adsorption of foreign proteins resulted in a 
reasonable purity of SADH even after non- 
specific elution from the PVP-treated column 
(Table II and Fig. 5, lane 5). The dynamic 
capacity of the column was decreased 5.3-10.5- 
fold after PVP protection. 

The non-specific interactions seemed to be 
more pronounced with Scarlet Sepharose, which 
bound more foreign proteins than Blue Sepha- 
rose did, especially when porcine muscle extract 
was applied. LDH and SADH are eluted readily 
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10 20 30 40 50 

Elution volume, ml 

Fig. 6. Elution profile of SADH activity with 0.5 mM NADP 
from (0) unmodified and (0) PVP-treated Blue Sepharose 
followed by elution with 1.5 M KCI. The arrow indicates 
when elution with 1.5 M KC1 was begun. Experimental 
conditions: 2.8 x 0.9 cm I.D. column was treated with 1% 
PVP-40000 solution followed by washing with 1.5 M KC1 
(pH 3.4) until no PVP was detected in the eluate, and 
re-equilibration with 20 mM morpholinopropane sulphonate 
buffer (pH 6.5) containing 30 mM NaCl and 2 mM MgCl,; 
the Thermoanaerobium brockii extract was applied to the 
column until breakthrough of SADH; the column was 
washed with buffer until no more protein (monitored as 
absorbance at 280 nm) eluted; SADH was eluted at a flow- 
rate of 0.09 ml/min with 0.5 mM NADP; fractions were 
collected every 1.5 min. The total amount of SADH eluted 
from the column was taken as 100% in both instances for the 
sake of comparison. 

from Scarlet Sepharose with 1.5 M KC1 along 
with foreign proteins. One could see a deep red 
ring of haeme-containing proteins on the Scarlet 
Sepharose column during KC1 elution after ap- 
plication of porcine muscle extract, and the 
LDH-containing eluate fractions were coloured 
red. A high adsorption of foreign proteins re- 
sulted in poor purity of LDH preparations after 
dye-affinity chromatography on Scarlet Sepha- 
rose (Table I). Even in that case, PVP shielding 
of Scarlet Sepharose improved the purity of 
LDH preparations, although they had a lower 
specific activity compared with LDH prepara- 
tions obtained after elution from untreated and 
PVP-treated Blue Sepharose. 

Thus, PVP protection of dye-affinity matrices 
significantly decreased the adsorption of foreign 
proteins and also non-specific binding of the 
target molecules. The phenomena observed are 

interpreted as being the result of a shielding 
effect by PVP of the textile dye and also of 
non-specific sites of the support. PVP has affinity 
for the triazine dye, but when a dehydrogenase 
with higher affinity appears, displacement takes 
place. Owing to multi-point attachment, this 
displacement is local and the polymer stays on 
the column. The shielded ligand dye-affinity 
chromatographic process is characterized by im- 
proved elution effectiveness, facilitated column 
regeneration if specific elution is used, no de- 
crease in the purity of enzyme preparations and 
a decrease in the dynamic capacity of the col- 
umn. This concept of improving the performance 
of dye-affinity chromatography is now being 
further evaluated in our laboratory. 
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