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Abstract

A new chromatography system,ÄKTAxpress (GE Healthcare, Amersham Biosciences, Uppsala, Sweden) has been designed to meet the
demand for high-throughput purification of proteins in structural genomics and drug discovery. The system offers a number of automated
multistep purification protocols for affinity-tagged proteins. All protocols start with affinity chromatography followed by combinations of
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desalting, ion exchange chromatography and gel filtration. As an option, tag removal can be included in the purification protoco
16 proteins can be purified per day and the yield can be as high as 50 mg of each protein at >90% purity. To highlight the versatil
system, this paper presents several case studies; purifications of hexahistidine- and glutathione S-transferase-tagged proteins us
protocols, automated on-column tag cleavage and optimization studies for a hexahistidine-tagged kinase.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In the post era of Human Genome Project, the need for
high-throughput in protein production has increased, for ex-
ample, in drug discovery[1,2]. The task of producing many
different pure proteins will be much easier if automation is
available for all different steps such as; cloning, expression,
screening of expression, cell lysis, sample preparation, chro-
matographic purification and analysis.

An automated system for high throughput cloning, ex-
pression and one-step affinity purification of tagged proteins
using 96-well micro plate format has been reported[3], but
the amount of protein purified extend to only about 90�g. For
structural determination of proteins using X-ray crystallog-
raphy, milligram quantities of pure proteins are often needed,
especially if extensive crystallization screening is required.
Also, in most cases more than one chromatography step is
necessary to achieve suitable protein quality.
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To facilitate the production of milligram quantities o
protein for research, standard chromatography instrum
are available and can normally handle one chromatogra
step at a time. When more than one chromatography
is involved in the purification process, tedious and tim
consuming manual handling such as pooling of elu
peaks, dialyzing or desalting and applying the sample
the next chromatography column are required. To autom
these procedures, a standard chromatography system
modified with extra valves, tubing and updated softwa
and protocols to perform multistep purification[4]. This
semi-automated system can purify up to six proteins with
few hours by using affinity chromatography steps combin
with either ion exchange or gel filtration/desalting. T
increase the throughput even more, an automated multi
chromatography system,̈AKTAxpress has been designe
[5]. The system is equipped with a peak detection algorit
allowing automation of four-step chromatographic purific
tion. The user-friendly software, allows the choice of seve
purification protocols as well as an option to include affin
tag removal.ÄKTAxpress consists of four modules whic
0021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2005.05.026
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work in parallel and can purify up to 16 proteins in one day
to yield up to 50 mg of each protein with a purity >90%. For
the laboratories demanding even higher throughput protein
purifications, up to 12 modules can be controlled by one
computer and the throughput is then increased three times.
The protocols in the system are optimized for the purification
of recombinant proteins with tags such as histidine[6,7] and
glutathione S-transferase (GST)[8].

To show the versatility of̈AKTAxpress system, this re-
port presents several case studies for the purification of
hexahistidine- and GST-tagged proteins using different mul-
tistep protocols. The possibilities to optimize protocols and
to perform on-column cleavage of affinity tags are also ex-
emplified.

2. Experimental

2.1. Material

All clones for the affinity tagged proteins except for
P-450 (Crosslink Bt., Budapest, Hungary) were kind gifts
from different research groups (see Acknowledgement).
Other chemicals purchased were: lysozyme and EDTA from
Sigma Chemical Co., St Louis, USA; glutathione from
TANABE EUROPE N.V., Brussels, Belgium; Pefabloc SC
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Table 2
List of buffers used for the different chromatography steps

Technique Buffer composition

AC (His) binding 50 mM Tris–HCl, 0.5 M NaCl, 20 mM imidazole,
pH 7.5

AC (His) elution 50 mM Tris–HCl, 0.5 M NaCl, 0.5 M imidazole,
pH 7.5

AC (GST) binding 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA,
1 mM DTT, pH 7.5

AC (GST) elution 50 mM Tris–HCl, 10 mM reduced glutathione, pH
8.0

DS/IEX binding 50 mM Tris–HCl, 25 mM NaCl, pH 8.0
IEX elution 50 mM Tris–HCl, 1 M NaCl, pH 8.0
GF 50 mM Tris–HCl, 150 mM NaCl, pH 7.5
AC (His) cleavage 50 mM Tris–HCl, 0.5 M NaCl, 50 mM imidazole,

pH 7.5
AC (GST) cleavage 50 mM Tris–HCl, 150 mM NaCl, 1 mM EDTA,

1 mM DTT, pH 7.5

clarified by centrifugation at 39,000×g for 20 min prior to
sample loading. The molecular weight, isoelectric point and
code numbers of the proteins are listed inTable 1.

2.3. System and software

ÄKTAxpress (Fig. 1) together with the software, UNI-
CORN version 5.01 (GE Healthcare, Amersham Biosciences,
Uppsala, Sweden) was used for all the automated multistep
protein purifications. Default settings were used in the meth-
ods unless otherwise stated. The proteins were detected at
280 nm wavelength. The peak fractions in the intermediate
steps were automatically collected in internal capillary loops
and directed to the next column used in the protocol. All pu-
rifications in this study were performed at room temperature,
unless otherwise stated.

2.4. Automated multistep purification

All protein purification protocols start with affinity chro-
matography (AC) followed by combinations of desalting
(DS), ion-exchange chromatography (IEX) and gel filtration
(GF). A typical total chromatogram from an automated four-
step protein purification protocol is schematically presented
in Fig. 2. The tubing and columns are automatically washed
and prepared during each run as part of the purification pro-
t
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.2. Sample preparation

All proteins were expressed as soluble proteins inEs-
herichia coli. Cells were sonicated in 5 ml of binding buf
or affinity chromatography/g wet cells. The sonication bu
lso included 1 mM Pefabloc, 1 mg/ml lysozyme, 1 mM m
esium chloride and 50 U/ml benzonase. Each sample
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.5. On-column cleavage

A two- and four-step purification protocols was used
ombination with automated on-column tag cleavage.
ample was loaded onto an affinity column and then wa

es. All proteins except GST-Pur� were hexahistidine-tagged
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Fig. 1. Left:ÄKTAxpress system consisting of four separate protein purification modules. Right: the schematic flow diagram illustrating the system set up for
each module.

with the appropriate cleavage buffer. Protease solution was
loaded from a pre-filled sample reservoir and allowed to react
for the optimized time and temperature. The cleaved protein
was recovered by passing the cleavage buffer through the col-
umn and it was automatically purified further and collected in
the fractionation plate. The affinity column was regenerated
by AC elution buffer which desorbed the cleaved affinity tag,
tagged protease and any remaining uncleaved protein. The
eluate was collected in the vessel for unselected peaks. For the

hexahistidine-tagged protein, a cleavage solution containing
200 units of AcTEV Protease, a hexahistidine-tagged pro-
tease from Tobacco Etch Virus, in AC (His) cleavage buffer
was used. The run took place at room temperature with a
cleavage time of 8 h. For the GST-tagged protein, a solu-
tion containing 20 units of PreScission Protease, a recom-
binant protein consisting of human rhinovirus 3C protease
with GST-tag, in AC (GST) cleavage buffer was used. The
run took place at 8◦C with a cleavage time of 8 h.

F rotoco y loops an
t ionatio op
t

ig. 2. A schematic total chromatogram of an automated four-step p
he largest peak is automatically injected onto the next column. Fract
hrough and unselected peaks are saved in two separate vessel.
l AC–DS–IEX–GF intermediate peaks are stored in internal capillard
n after the last chromatographic step takes place in a deep-well micrlate. Flow
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2.6. Analysis

Each protein sample was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)[9].
The reduced samples were applied to 8–18% gradient or
12.5% homogeneous SDS Excel gels under reducing con-
ditions as described by the supplier. Approximately, 7.5�g
of total protein was loaded per lane. The gels were stained
with Coomassie. Purity was assessed by visual inspection
of the gels and profiles of the chromatograms. Yields were
calculated by integrating the chromatographic peaks using
UNICORN software.

3. Results and discussion

ÄKTAxpress offers a number of automated, multistep pro-
tein purification protocols for tagged proteins. All protocols
start with affinity chromatography (AC) followed by com-
binations of desalting (DS), ion exchange chromatography
(IEX) and gel filtration (GF). The available protocols are
named as; AC–DS, AC–DS–IEX, AC–GF, AC–DS–IEX–DS
and AC–DS–IEX–GF. Depending on the amount of protein
required, different sizes of prepacked columns can be chosen.
The number of samples to be purified and the time taken de-
pends on the choice of the protocol. For example, 16 samples
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high throughput laboratories, the clarified lysates are applied
to a standard set up of columns and a chosen protocol without
checking the exact expression level. In those cases, where the
results are not satisfactory, e.g. when the protein was not pure
enough or final yield was low, the chromatograms from each
step have to be carefully inspected. The most common expla-
nation for low recovery is either the low expression level of
the protein or instability of the protein in the conditions used
leading to proteolysis. For such protein one needs to optimize
the purification conditions separately.

In the current report, tagged proteins (Table 1) were pu-
rified using different automated multistep protocols. In all
cases, the purified proteins were analyzed by SDS-PAGE
to estimate purity. The emphasis was made on the purity
rather than yield of tagged-protein. The following case stud-
ies are reported: (i) one hexahistidine-tagged protein was
purified using three different protocols; (ii) four different
hexahistidine-tagged proteins were purified using the same
protocol; (iii) optimization of a purification protocol of a
hexahistidine-tagged kinase and (iv) on-column cleavage of a
hexahistidine- and GST-tagged protein with appropriate pro-
teases followed by purification.

3.1. One protein and three different protocols
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Fig. 3. Purification of APB7 (Mr 28× 103, pI 6.0) using three different protocols. The total chromatogram for each protocol is presented and the prepacked
columns are listed above each chromatogram. The chromatograms obtained for the final step are shown as insets in the framed boxes to the right. The amount
of pure APB7 produced in this study was: AC–DS, 22 mg; AC–GF, 15 mg and AC–DS–IEX–DS, 17 mg. The samples analyzed by SDS-PAGE are: lanes 1 and
8, low molecular weight markers; lane 2, start sample; lane 3, flow through; lanes 4–6, pooled fractions from the final step in the protocol; lane 4, AC–DS; lane
5, AC–GF; lane 6, AC–DS–IEX–DS.

3.2. Four proteins and one protocol

Four hexahistidine-tagged proteins (P-450, APC234,
APC1040 and APB7) were purified using the AC–DS–
IEX–GF protocol (Fig. 4), to emphasize that this system can
handle different proteins using the same pre-programmed
protocol. For APC234, both from the IEX and GF step,
one symmetrical peak was observed indicating that a one-
or two-step protocol could be sufficient for purification of
this particular protein. For the other three proteins, be-
sides the main peak, some more peaks were observed
in IEX as well as GF. SDS-PAGE of the fractions from
the GF steps shows that high purity was achieved for all
proteins.

For protein APC1040, faint protein bands just below the
main protein and a stronger protein band atMr 14.4× 103

were observed indicating that the protein may not be stable
at room temperature or in the buffer conditions used. To min-

imize degradation, purifications can be performed at lower
temperature or the buffers used can be altered to stabilize
the target protein. In general, a four-step protocol is prefer-
able when separation of isomers and aggregates is required.
Heterogeneously charged molecules due to post translational
modifications will be separated in the ion exchange chro-
matography step and the dimers or multimer forms of pro-
teins will be separated in the gel filtration step. Depending
on the protein, the final yield in a four-step protocol is com-
paratively lower.

3.3. Optimization of the purification protocol for a
hexahistidine-tagged kinase

The purification of a hexahistidine-tagged kinase ex-
pressed inE. coliwas performed using the default settings of
the protocol AC–DS–IEX (Fig. 5a). To optimize the proto-
col for purification of this protein, the default settings were
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Fig. 4. Purification of four hexahistidine-tagged proteins using the protocol, AC–DS–IEX–GF. The chromatographic profiles for the ion exchange and gel
filtration step are presented. The name, size and isoelectric point of protein, and prepacked columns used are mentioned on the top of each chromatogram. For
SDS-PAGE analysis, samples in the lanes are: lane 1, low molecular weight markers; lane 2, start sample; lane 3, flow through; and lane 4, pooled proteinafter
AC–DS–IEX–GF.
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Fig. 5. Purification and optimization of a hexahistidine-tagged kinase. (a) Purification using default settings. (b) Increased imidazole concentration in the wash
step prior to affinity elution. (c) Shallow gradient (80 CV) in ion exchange step. A high resolution, anion exchanger (Mono Q, 5/50 GL 1 ml) was used in the
IEX step. To the standard buffers, 1 mM DTT and 10% glycerol were added. The chromatographic profiles of Mono Q and total chromatograms (top right for
a and c, top left for b) are presented. The arrows indicate fractions from the chromatograms that were analyzed by SDS-PAGE. Low molecular weight markers
are labeled.
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Fig. 6. A total chromatogram of on-column cleavage of hexahistidine-tagged APC234 cleaved with AcTEV protease, combined with AC–DS–IEX–GF
purification. For SDS-PAGE, samples are: lane 1, low molecular weight marker; lane 2, start sample; lane 3, flow through; lane 4, purified cleaved APC234
(Mr 30.1× 103) and lane 5, as a reference, uncleaved APC234 (Mr 32.5× 103).

easily changed in the method wizard of UNICORN. In one
case, the concentration of imidazole was increased from 5
to 30 mM imidazole in the wash step prior to affinity elution
(Fig. 5b). In a second case, the length of the elution gradi-
ent in the anion exchange step was increased from 20 to 80
column volumes, to investigate eventual effect on the reso-
lution of the separation (Fig. 5c). SDS-PAGE showed that
an increase in the imidazole concentration in the wash step,
prior to affinity elution, removed the weakly bound protein of
Mr 66× 103 and low molecular weight contaminants (com-
pare the first peak in the chromatograms ofFig. 5a and b
and SDS-PAGE lanes 4 and 5 inFig. 5a with lanes 2 and
3 in Fig. 5b). The resolution was slightly increased using a
shallow elution gradient in the IEX step (Fig. 5c) compared
with the default gradient setting. By adding a GF column as
the fourth step (results not shown), size homogeneity of the
protein and buffer exchange was achieved. However, the pu-
rity of the kinase after both three- and four-step purifications
was very similar. In all experiments, the main peak contained
about 50 mg of protein.

All the fractions were analyzed by western immunoblot-
ting (data not shown) using antibodies against phospho-
threonine and phosphotyrosine residues. The results showed
that one of the small peaks which eluted after the ma-
jor kinase peak was more phosphorylated than the major
peak. These results indicate that to separate the isoforms

due to heterogeneity in phosphorylated proteins or glycopro-
teins, ion exchange chromatography can be used as a third
step.

3.4. On-column cleavage

Tag removal is sometimes necessary to obtain better crys-
tals for structural analysis or to restore the “native protein”.
The availability of tagged proteases on the market eases
on-column cleavage, as the cleaved proteins are recovered
easily without additional chromatography steps. Parameters
such as time, temperature, and concentration of imidazole
and the proteases were optimized. The development proto-
col was initially performed in batch or using a traditional
chromatography system. The optimized conditions were then
applied to each purification protocol using̈AKTAxpress
system.

On-column tag cleavage of two proteins, each purified
using different protocols and proteases were performed in
this study. For APC234, AcTEV protease was used to cleave
off the histidine-tag and on-column cleavage was combined
with a four-step purification protocol (Fig. 6), resulting in
16 mg of highly pure APC234, without the hexahistidine-tag
(Fig. 6, SDS-PAGE, lanes 3 and 4).

To cleave off the GST-tag from GST-Pur� and purify
the Pur� protein, a two-step protocol was chosen (Fig. 7).
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Fig. 7. A total chromatogram of on-column cleavage of GST-tagged protein cleaved with PreScission Protease combined with AC–GF purification. For SDS-
PAGE, the samples were: lane 1, low molecular weight markers; lane 2, start sample; lane 3, flow through; lane 4, purified, cleaved GST-Pur� (Mr 35.2× 103)
after AC–GF; and lane 5, as a reference, uncleaved GST-Pur� (Mr 61.6× 103).

The affinity column was subjected to a cleavage solution
containing 20 units of PreScission Protease. After the two-
step purification, 46 mg of highly pure Pur�, without the
GST-tag was obtained (Fig. 7, SDS-PAGE, lanes 3 and 4).
The results suggest that on-column cleavage can be success-
fully performed and extended to various proteases as long as
the cleavage conditions are optimized. The incubation times
can be shortened if a protease with faster hydrolysis rate is
used.

4. Conclusion

We have shown that the automated and multistep pu-
rification protocols inÄKTAxpress system can be used to
produce milligrams of high purity of hexahistidine- and
GST-tagged proteins. The chromatographic parameters can
be conveniently altered and optimized with UNICORN
software when the default settings do not give desirable re-
sults. Although the protocols are dedicated to hexahistidine-
and GST-tagged proteins, any affinity tag-ligand system
can be used as long as binding and elution conditions are
optimized. Removal of the affinity tag and the purification of
the cleaved protein can be easily and efficiently performed
automatically and this method can also be extended to other
proteases. A protease with fast kinetics is beneficial since

it shortens the incubation times. Automation during the
purification saves time and minimizes the human error. To
handle all the proteins that need detailed analysis in the
post-genomic era is an enormous challenge.ÄKTAxpress
can help by removing some of the tedious tasks and by saving
time.
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