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Membrane proteins are essential to many cellular processes. However, the systematic study of membrane
protein structure has been hindered by the difficulty in obtaining large quantities of these proteins. Pro-
tein overexpression using Escherichia coli is commonly used to produce large quantities of protein, but
usually yields very little membrane protein. Furthermore, optimization of the expressing conditions, as
well as the choice of detergent and other buffer components, is thought to be crucial for increasing the
yield of stable and homogeneous protein. Herein we report high-yield expression and purification of a
membrane-associated monotopic protein, the glycosyltransferase monoglucosyldiacylglycerol synthase
(alMGS), in E. coli. Systematic optimization of protein expression was achieved through controlling a
few basic expression parameters, including temperature and growth media, and the purifications were
monitored using a fast and efficient size-exclusion chromatography (SEC) screening method. The latter
method was shown to be a powerful tool for fast screening and for finding the optimal protein-stabilizing
conditions. For alMGS it was found that the concentration of detergent was just as important as the type
of detergent, and a low concentration of n-dodecyl-b-D-maltoside (DDM) (�1� critical micelle concentra-
tion) was the best for keeping the protein stable and homogeneous. By using these simply methods to
optimize the conditions for alMGS expression and purification, the final expression level increase by
two orders of magnitude, reaching 170 mg of pure protein per litre culture.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Membrane proteins are involved in a number of essential cellu-
lar processes, including signalling, transport, energy conversions,
cell adhesion, vision, smell, taste and mechano- and thermal trans-
ductions. Many of them are therefore key targets for pharmaceuti-
cals [1–3]. However, the low purified protein yields usually
obtained from membrane protein overexpression are a limiting
factor for functional and structural studies, where common prob-
lems include the formation of inclusion bodies and protein aggre-
gates. This may explain why less than 1% of the structures
deposited in the Protein Data Bank database [4] are membrane
proteins [5], although membrane proteins are predicted to consti-
tute up to 30% of the encoded proteins in many genomes [6,7]. That
ll rights reserved.

embrane Research, Depart-
ersity, SE-10691 Stockholm,

Eriksson), ake@dbb.su.se (Å.
said, it is thought that overall protein yields may be improved via
the optimization of growth- and purification conditions.

Membrane proteins may be categorized as monotopic, bitopic
and polytopic, depending on the mode by which the protein inter-
acts with the membrane. The monotopic proteins only interact
with one of the monolayer leaflets of the bilayer, while bitopic
and polytopic proteins have one or more segments spanning the
full membrane bilayer, respectively [8]. One may anticipate that
membrane interface-associated proteins (monotopic) would be
easier to experimentally handle since they are not as deeply
embedded into the membrane. As a result, they would not need
as high a detergent concentration for solubilization and stabiliza-
tion, as compared to bi- and polytopic membrane proteins. Fur-
thermore, monotopic proteins would also be expected to be more
easy to solublize (less prone to aggregate) and, thus yield higher
expression levels than transmembrane proteins. Currently only a
dozen monotopic protein structures are available, which could be
an indication that difficulties producing and studying them exist,
or they are hard to crystallize. Comparing the expression levels
in Escherichia coli of some monotopic and glycosyltransferase
membrane proteins, as well as a few soluble glycosyltransferases,
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it was found that the yields are always lower than 15 mg/l culture,
and often in the range of 5–12 mg/l culture [9–16].

Of utmost importance to improving the final protein yield is the
increase in the overall expression level of the membrane protein it-
self. It has been shown that through screening growth conditions,
such as temperature, induction time and level, media etc., higher
yields can usually be obtained [17,18]. Next, finding optimal condi-
tions for the detergent solubilization, to obtain stable and func-
tional proteins, is not trivial [18–20]. It is commonly thought
that the concentration of detergent should be significantly higher
than the critical micelle concentration (CMC), e.g. �10� CMC
[21], in order to effectively liberate the membrane proteins from
the membrane while retaining a functional state. The physio-
chemical properties of detergents vary considerably, and therefore
a screening procedure is usually needed to find a suitable deter-
gent for the solubilization. The properties of a high-quality solubi-
lizing detergent might not be optimal for the stabilization of the
protein, resulting in additional screening of detergents.

Monoglucosyldiacylglycerol synthase (alMGS1; 45 kDa), is a
monotopic protein that is associated with the cytosolic side of the
membrane by both hydrophobic and electrostatic interactions
[12,22–24]. It catalyzes the first step in the glucolipid synthesis in
the mycoplasma Acholeplasma laidlawii [25] resulting in a mono-glu-
cose lipid, GlcDAG. The glycosyltransferase alMGS is predicted to
have two Rossman-fold like domains (GT-B) [22,24] with a few pre-
dicted attachment segments to the membrane [26], and belongs to
the Carbohydrate Active Enzymes (CAZy) GT-4 family (http://
www.cazy.org/) [27,28]. There are only a few solved structures from
this family, although it is one of the largest CAZy families (�9400
CAZy Entries, March 2009).

Previously, the expression level of alMGS was in the order of
2 mg/l [12]. The overall aim of this study was to optimize the
expression and purification conditions to obtain higher yield of
pure and active protein, which can be used for structural and func-
tional studies. We report here a simple optimization procedure,
which resulted in nearly two orders of magnitude increase in yield
of the purified protein.

Materials and methods

Cloning and expression hosts

Isolation of the gene for the enzyme monoglycosyldiacylglycer-
ol synthase (alMGS) from A. laidlawii has been described previously
[12,22]. It was obtained by PCR amplification from chromosomal
DNA of A. laidlawii strain A-EF22 and the gene was ligated into
the pET-15b vector (Novagen Inc.) containing an N-terminal His6-
tag, followed by a thrombin cleavage site before the alMGS gene.
The calculated molecular mass of the expressed protein is
48,000 Da. E. coli strains BL21 (DE3) pLysS (Invitrogen), BL21-AITM

Invitrogen), OverexpressTM C43 (DE3) (Lucigen) and OverexpressTM

C41 (DE3) (Lucigen) were screened as expression hosts for the
alMGS containing plasmid. All cultures contained 100 lg/ml car-
benicillin, and were inoculated with 1% (v/v) overnight culture of
the alMGS clone unless otherwise noted. The cells giving the high-
est amount of active protein per optical density (600 nm) unit were
used for further optimization experiments.
1 Abbreviations used: alMGS, monoglucosyldiacylglycerol synthase from Achole-
plasma laidlawii; CHAPS, 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane
sulphonate; CMC, critical micelle concentration; CYMAL�-5, 5-cyclohexyl-1-pentyl-
b-D-maltoside; DAG, 1,2-dioleoyl-sn-glycerol; DDM, n-dodecyl-b-D-maltoside; FC-12,
Fos-choline�-12; FC-14, Fos-choline�-14; GlcDAG, monoglucosyldiacylglycerol; GT,
glycosyltransferase; LDAO, n-dodecyl-N,N-dimethylamine-N-oxide; OG, n-octyl-b-D-
glucoside; PC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; PG, 1,2-dioleoyl-sn-glycero-
3-[phospho-rac-(1-glycerol)].
Culture media optimization

The following media for liquid cultures were evaluated: 1� Ter-
rific broth (TB), 2� TB, 1� Luria broth (LB), 2� LB, 2� YT and 1�
Superbroth. TB medium (1�) contained 12 g/l bacto-tryptone (Dif-
co), 24 g/l bacto-yeast extract (Difco), 4 ml glycerol, 2.3 g/l KH2PO4

and 12.5 g/l K2HPO4. The sterile-filtered salts were added after heat
sterilization. LB medium (1�) contained 10 g/l bacto-tryptone, 5 g/
l bacto-yeast, 5 g/l NaCl and 1 ml 1 M NaOH. Two times of TB and
2� LB media contained the double amounts of the components
listed above. YT medium (2�) contained 16 g/l bacto-tryptone,
10 g/l bacto-yeast extract and 5 g/l NaCl. Superbroth medium
(1�) contained 32 g/l bacto-tryptone, 20 g/l bacto-yeast extract,
5 g/l NaCl and 5 ml 1 M NaOH. The media optimal for alMGS
expression in strain BL21-AI were screened for growth at 37 �C
and the medium giving the highest optical density at 600 nm
(OD600), and largest wet-pellet weight, was used for further
studies.

Expression time and temperature

To further optimize the expression levels of alMGS in expres-
sion strain BL21-AI, the effect of different temperatures and induc-
tion times were screened. Most experiments were performed by
growing the cultures at 37 �C until the OD600 reached approxi-
mately 0.7, after which they were transferred to lower tempera-
tures (16, 22 and 30 �C), and thereafter induced when reaching
OD600 �1 with 1 mM IPTG and 0.2% L-arabinose. Control cultures
were kept at 37 or 30 �C throughout the experiment. The optimal
induction time was determined by removing samples hourly for
one to eight hours after induction, plus at 21 h after induction.
The OD600 of all samples was measured and for the 21 h sample
the wet-pellet weight was determined. The samples were further
analyzed by SDS–PAGE and activity assay, and the conditions
yielding largest amount of active protein were used for further
studies.

Solubilization optimization

Optimum detergent conditions for solubilization of the alMGS
protein from the membrane were determined for a set of deter-
gents at �10� CMC concentration, except for CHAPS, which was
both analyzed at �2� CMC and �10� CMC. Detergents investi-
gated were: 15 mM CHAPS, 80 mM CHAPS, 24 mM CYMAL�-5,
10 mM LDAO, 1.7 mM DDM, 15 mM FC-12, 1.2 mM FC-14 and
180 mM OG. Control experiment without detergent was also per-
formed. The samples were analyzed with SDS–PAGE and activity
assay, and the optimal detergent for solubilization of alMGS was
used for further studies.

Overexpression and isolation

His6-alMGS was overexpressed in E. coli BL21-AITM cells. A
250 ml culture in 1� TB was grown in a 2 l baffled flask, to ensure
sufficient aeration, at 37 �C and 250 rpm until OD600 �0.7. The cul-
ture was then transferred to 22 �C, and at OD600 �1 protein expres-
sion was induced with 0.2% L-arabinose and 1 mM IPTG. After 21–
22 h at 22 �C, the cells were collected by centrifugation at 6000g at
4 �C for 20 min. The cells were washed once with 100 mM HEPES,
pH 8 and collected by centrifugation as above. The pellet was
weighed and stored at �80 �C until use.

The frozen cell pellet was thawed and resuspended in 30 ml ly-
sis buffer per gram of cells, containing 50 mM HEPES, pH 8, 1 mg/
ml lysozyme, 0.1 mg/ml DNase and 1 CompleteTM Protease Inhibitor
Cocktail tablet (EDTA-free) (Roche Applied Science); per 50 ml li-
quid. The cell suspension was incubated for 20 min at 4 �C before
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sonicated on ice. The membranes were collected by ultracentrifu-
gation at 135,000g at 4 �C for 60 min, and solubilized in 100 ml sol-
ubilization buffer (50 mM HEPES, pH 8, 20 mM MgCl2, 20%
Glycerol, 500 mM NaCl, 15 mM CHAPS, CompleteTM Protease Inhib-
itor cocktail (EDTA-free) and 3 mM TCEP), per gram of cells. The
suspension was incubated at 4 �C for 2 h with continuous stirring.
The supernatant was cleared by 30 min centrifugation at 22,000g
at 4 �C, prior to application to the His-affinity column.

Small scale buffer optimization method

The protein was expressed and isolated as described above. Part
of the isolated membrane-bound fraction of alMGS was added to
100 ll of Ni SepharoseTM 6 Fast Flow beads (GE Healthcare) and
incubated for 30 min for batch purification. The beads were then
washed with 30 bed volumes buffer W (50 mM HEPES, pH 8,
20 mM MgCl2, 20% glycerol, 500 mM NaCl and 1 mM TCEP) con-
taining 20 mM imidazole and the detergent of interest. The protein
was eluted by addition of 3� 200 ll of buffer W containing
250 mM imidazole and the detergent of interest. The fractions con-
taining the target protein were concentrated 5- to 10-fold, to
�1 mg/ml using an Amicon� Centricon� YM-3 centrifugal filter de-
vice (Millipore). For screening of the optimal types and concentra-
tions of detergents, as well as salt concentration, a small size (3 ml)
size-exclusion chromatography (SEC) column was used. All buffers
contained 50 mM HEPES, pH 8, 10 mM MgCl2, 10% glycerol,
500 mM NaCl, 1 mM TCEP, unless otherwise noted. An ÄKTApurifi-
erTM 10 (GE Healthcare) was used for the SEC analysis; a method
was programmed using UNICORNTM v5.11 software (GE Healthcare)
for a 3 ml Superdex 200 5/150 GL SEC column. The program started
with a pump wash, followed by a two-column volume (CV) equil-
ibration step with the buffer of interest. Thereafter the His-purified
protein was injected, using a 10 ll loop. Fractions of 50 ll were
collected in a 96-multiwell plate from 0.6 ml through 3.0 ml of
the elution run, resulting in 48 fractions. The flow rate was set to
0.3 ml/min. Using this program, one sample can be screened in just
40 min, including pump wash and column equilibration. Analysis
by dot-blot assay and/or SDS–PAGE was performed to estimate
the amount of protein in each fraction. The intensity recorded from
each spot from the dot-blot could be inserted as an additional
curve in a chromatogram in UNICORNTM, and it was smoothed over
two-column volumes.

Optimized large scale purification procedure

The protein was expressed and isolated as described above. The
initial purification step was histidine-affinity chromatography.
Imidazole was added to the clarified supernatant, prior to the
his-affinity step, to a final concentration of 10 mM. The detergent
CHAPS (at 15 mM) was exchanged for DDM by addition of 1 mM
DDM to the supernatant, which was incubated at 4 �C for 60 min
before loading on a HisTrapTM FF Crude column (GE Healthcare).
The ÄKTApurifierTM 10 (GE Healthcare) was used for the purification
steps. The column was washed extensively with at least 20 column
volumes (CV) of buffer A (50 mM HEPES, pH 8, 20 mM MgCl2, 20%
glycerol, 500 mM NaCl, 0.1 mM DDM, 1 mM TCEP and 20 mM
imidazole) to facilitate the detergent exchange. The protein was
eluted by a step-gradient of 30–50% buffer B (50 mM HEPES, pH
8, 20 mM MgCl2, 20% glycerol, 500 mM NaCl, 0.1 mM DDM,
1 mM TCEP and 500 mM imidazole). Collected fractions were ana-
lyzed with SDS–PAGE and/or Western blot. Fractions containing
alMGS were combined and concentrated 5- to 10-fold using an
Amicon� Ultra-15 30 k centrifugal filter device (Millipore). The
protein sample was then applied to a 24 ml size-exclusion column
SephadexTM 200 10/300 GL (GE Healthcare), and eluted with a final
buffer (50 mM HEPES, pH 8, 10 mM MgCl2, 10% glycerol, 500 mM
NaCl, 0.1 mM DDM and 1 mM TCEP). Collected fractions were ana-
lyzed with SDS–PAGE and activity assay. Fractions containing
alMGS were combined and concentrated as above.

Analysis

SDS–PAGE was performed with 4–12% NuPAGE� Bis–Tris gels
(Invitrogen) and NuPAGE� MES running buffer (Invitrogen). Molec-
ular mass was indicated by a LMW marker (GE Healthcare). All gels
were stained with SimplyBlueTM SafeStain (Invitrogen).

Activity assay for alMGS was performed by mixing 20 ll of
alMGS with 25 ll of mixed micelles (20% DAG, 30% PC and 50%
PG (mole/mole) (all lipids from Avanti Polar Lipids, Inc.) in
50 mM HEPES, pH 8, 10 mM MgCl2, 10% glycerol and 35 mM
CHAPS), 2.5 ll assay buffer (200 mM HEPES, pH 8, 40 mM MgCl2

and 40% glycerol) and 2 ll 25 mM DTT. The mixture was incubated
on ice for 30 min before the reaction was started with 5.5 ll [C14]-
UDP-Glc mix (3 ll [C14]-UDP-Glc (75 nCi) (GE Healthcare) and
2.5 ll ddH2O) and incubated at 30 �C for 30 min. Enzyme activity
was stopped by the addition of 350 ll chloroform:methanol 2:1
(v/v) and 150 ll 0.9% NaCl. After vortexing and centrifugation,
the solvent phase was withdrawn and 25 ll of each sample was
mixed with 1 ml of OptiPhase SuperMix scintillation liquid (Perk-
inElmer) in 24-well plates, and the amount of the produced radio-
labeled GlcDAG lipid was determined with a Wallac MicroBeta�

TriLux scintillation counter (PerkinElmer).
Western blot analysis was performed by transferring the pro-

teins from the 4–12% NuPAGE� Bis–Tris gel to a nitrocellulose
membrane. The membrane was blocked with 5% powder-milk
and 0.1% Tween 20 in PBS. The primary antibody was a mouse
anti-His monoclonal IgG antibody (Novagen) diluted 1:5000, and
the secondary an ImmunoPure goat anti-mouse IgG (H + L), HRP-
conjugated (Pierce) diluted 1:5000. The membrane was developed
using ECL Plus Western blotting detection reagents (GE Health-
care), and detected with a FluorChem (Alpha Innotech Corp.) For
the dot-blot analysis, 1 ll samples were loaded directly on the
nitrocellulose membrane. After drying, the membrane was im-
mersed in blocking solution and the remaining part of the analysis
was performed following the same protocol as for the Western
blot.

Protein quantification was carried out with Bradford assay [29],
or by absorbance at 280 nm using a NanoDropTM 1000 Spectropho-
tometer (Thermo Scientific). The two methods were found to yield
similar results with respect to quantification.
Results and discussion

Overexpression optimization

Bacterial strain
The BL21-AITM cells gave the highest amount of active protein

per OD600 unit, as determined by the activity assay (Table 1). In
BL21-AITM, the gene for the expressed protein is tightly regulated,
and very little activity was observed for cultures not induced (Ta-
ble 1). A tightly regulated system is advantageous for overexpres-
sion of membrane proteins, which may be harmful for the cell
when in large concentrations [30]. The alternative strain BL21-
pLysS yielded equally high expression levels as BL21-AITM, but here
also the non-induced cells showed similar activity (Table 1), i.e. the
promoter was ‘‘leaking”. Therefore, BL21-AITM was the preferred
choice for further investigation.

Growth conditions
Cultures were grown at a minimum shaking of 250 rpm, with a

starting temperature of 37 �C. When OD600 reached �0.7 they were



Table 1
Summary of overexpression conditions screened for alMGS.

Conditions Activitya (cpm) OD600 Pellet amountb (g/l) SDS–PAGEc

Strains
BL21-AIind

d 2098 (421)e 3
BL21-pLysSind

d 2224 (1936)e 2
C41ind

d 336 (584)e 2
C43ind

d 211 (321)e 2

Medium
1� TB 12 24
2� TB 12 29
1� LB 3 7
2� LB 4 14
2� YT 6 11
1� Superbroth 7 13

Temperature
37–22�Cf 17275 14 24 +++
37–16�Cf 11636 12 29 +++

Induction time
3 hg 2261 3 +
8 hg 15513 8 ++
21 hg 17275 14 24 +++

a CPM GlcDAG product, whole cell extract (blank value 27).
b Amount of wet-weight pellet in grams per litre of culture.
c Yield estimated from SDS–PAGE.
d 1� LB, 37 �C.
e Non-induced cells.
f 1� TB.
g 1� TB, 37–22 �C.

Table 2
Overview of the detergents used for solubilization of alMGS from the membrane.

Detergents SDS–PAGEa Activityb (cpm)

15 mM CHAPS ++++ 14,492
80 mM CHAPS ++++ 495
24 mM Cymal-5 +++ 2294
10 mM LDAO +++ 927
1.7 mM DDM + 15,247
15 mM FC-12 ++ 8664
1.2 mM FC-14 + 14,379
180 mM OG +++ 31
No detergent + 15,800

a Estimated amount of soluble protein.
b CPM of GlcDAG product per mg total protein in supernatant after solubilization

(blank value 27).

146 H.M. Eriksson et al. / Protein Expression and Purification 66 (2009) 143–148
transferred to 22 �C. As protein overexpression can lead to a toxic
condition, lowering the temperature and thereby expressing the
protein slower over a longer time has been shown to be helpful.
Hence, cultures were transferred to 22 �C to cool down before
the induction of the protein synthesis. The lower temperature in-
creased the amounts of active alMGS protein compared to higher
temperatures (data not shown). However at 16 �C, the lowest tem-
perature investigated, the cell growth rate was slower, resulting in
less active protein. Thus, for this expression system the optimum
temperature, to obtain high yields of active protein, was 22 �C (Ta-
ble 1). Initial culture temperatures of 37 �C were used instead of
30 �C in order to obtain more cells before the induction of protein
expression, which was made with 1 mM IPTG and 0.2% L-arabinose
at OD600 �0.8–1 for alMGS expression, in the BL21-AITM cells. By
keeping the cells at 22 �C for 21–22 h after induction, the amount
of expressed protein increased substantially (Table 1).

Optimal growth medium conditions leading to the highest
amount of active protein was 1� TB medium supplemented with
100 lg/ml carbencillin. For the growth of large cultures, the final
OD600 was usually near 20, and �30 g wet-weight pellet was ob-
tained per litre of culture. A rich medium such as TB allowed the
cells to grow continuously throughout the long expression time
at low temperature. A less rich medium such as LB resulted in
much a lower optical density. The optimized conditions are sum-
marized in Table 1.

This work shows that, via a very simple method, the amount of
membrane protein produced can be increased several times by the
optimization of a few basic parameters such as temperature and
media conditions. Membrane proteins are much more sensitive
after removal from their natural environment and therefore it is
crucial for successful further studies to obtain large amounts of ac-
tive protein in the initial steps. Compared to other proteins such as
glycosyltransferases and monotopic proteins [9–16], the levels of
purified alMGS in this study was about 10 times higher than what
has been reported before. GT-4 family proteins may potentially be
particular easy to work with and give high expression levels, but in
fact, the 3D structure is solved for only 8 out of approximately
9400 GT-4 proteins (http://www.cazy.org/) [27,28], which makes
this assumption less plausible. Also, when comparing to other
monotopic proteins, only eleven protein structures are so far re-
ported [5], which contradicts the suggestion that monotopic mem-
brane proteins are intrinsically easier to express and purify than bi-
and polytopic membrane proteins.

Solubilization optimization

As the protein is tightly bound to the membrane, detergent is
necessary for solubilizing the membrane-associated alMGS pro-
tein. A number of detergent types and concentrations were
screened to find the one that solubilized the protein most effi-
ciently from the membrane, and at the same time kept it active.
To this end, 15 mM CHAPS (at �2� CMC) was found to be the best
overall choice (Table 2). It was not the single best detergent to sol-
ubilize the protein, however, 15 mM CHAPS was the only detergent
that also kept the protein active: as determined using a relevant
activity assay. FC-14 also kept the protein active, but it was an infe-
rior solubilizing agent at 10� CMC. Higher concentrations of FC-14
(e.g. 5.2 mM (0.2%, �40� CMC)), were more efficient for solubiliz-
ing alMGS, but at the same time the activity analysis showed that
this concentration of FC-14 inactivated the protein and also made
it precipitate in solution within one day (data not shown).

Small scale buffer screening using SEC

The fast and efficient SEC screening method was successfully
used to find some detergents that resulted in a stable and mono-
disperse protein (Fig. 1a). The first peak in the chromatogram, at
1 ml, is the void volume of the column and should be interpreted
as protein aggregate. The buffer containing 0.1 mM DDM gave only
one major peak with the mass for a monomer of the protein, i.e. no
aggregates were formed and only one form of the protein existed in
the sample. It is evident from the chromatogram in Fig. 1a, that
15 mM CHAPS gave more protein than 0.1 mM DDM, but it also re-
sulted in a quite large aggregate peak. The substantial difference
between the curves in the chromatogram of the 0.1 (�1� CMC)
and 0.4 (�4� CMC) mM solutions of DDM, were investigated fur-
ther by a second experiment analyzing 0.1, 0.2, 0.3 and 0.4 mM
DDM (Fig. 1b). The results were consistent, and 0.1 mM DDM
was the optimal detergent and concentration giving the highest
yield of a homogenous protein. The shift seen in retention volume
(mass) of the major peak is caused by detergent, which interacts
with the protein and thereby increases the determined species
mass that now represents the protein-detergent complex. The shift
depends on the micelle mass of the detergent [31], however the
protein is still a monomer as indicated in Fig. 1b. The biological
function of purified alMGS was confirmed by activity assay analy-

https://www.cazy.org/


Fig. 1. Screening conditions by SEC. (A–C) Size-exclusion chromatogram of solubilized alMGS using a Superdex 200 5/150 GL column. Arrows indicate void and monomer
retention volumes. (A) The effects of different detergents on alMGS. The peak profile shows the monodispersity of the protein, a single monomer peak is desirable. (B) Effect of
different detergent concentrations, 0.1–0.4 mM DDM is analysed. The yellow curve indicates the dot-blot intensity for the 0.1 mM sample. (C) NaCl concentrations screened
with permanently low (0.1 mM) DDM concentration. (D) SDS–PAGE of purification steps for alMGS with 15 mM CHAPS in the solubilization buffer, and 0.1 mM DDM in the
final buffer: (1) lysed cells, (2) supernatant after ultra-centrifugation, (3) sample loaded on His-column, (4) flow-through from His-column, (5) LMW marker, (6) His-pool and
(7) SEC-pool.
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sis (data not shown) of the pooled monomer peak fractions from
the 0.1 mM DDM run. The result of the dot-blot analysis of the
0.1 mM DDM sample (Fig. 1b) confirmed that all the protein in
the main peak was indeed alMGS, since the dot-blot intensity
(His-tag specific antibody) coincided with the recorded absorbance
at 280 nm in the chromatogram obtained from the SEC run. This ra-
pid dot-blot analysis saves time by quickly identifying unfavour-
able buffer components without the need to purify the protein in
larger scale for SDS–PAGE analysis.

Most of the detergents were tested in low concentrations with
respect to their CMC [31]. For example, CYMAL�-5 at 2 mM and
DDM at 0.1 mM are about 1� CMC, and 0.4 mM DDM, 10 mM
CYMAL�-5 and 15 mM CHAPS are about 2–5� CMC (literature val-
ues, Anatrace Inc., http://www.anatrace.com). Note that the spe-
cific CMC in the buffers used in the present study are not exactly
known, and that the values given by Anatrace are from measure-
ments in water or 0.15–0.2 M NaCl solutions. Our results show that
for alMGS the concentration of detergent was as important as the
type of detergent (Table 2 and Fig. 1). We conclude that a low con-
centration, around 1� CMC, is optimal for keeping the protein sta-
ble and homogeneous. This rather low detergent concentration
may be explained by the fact that only parts of alMGS are hydro-
phobic, since the membrane association area is limited [26].

We also found the SEC method very useful for the screening of
other buffer components. Salt concentrations were screened in a
step-wise manner, ranging from 50 to 500 mM NaCl in an attempt
to reduce the amount of NaCl in the buffer. The other buffer com-
ponents were kept constant; 50 mM HEPES, pH 8, 10 mM MgCl2,
10% glycerol, 1 mM TCEP and 0.1 mM DDM. We found that
500 mM NaCl was the most favourable concentration for keeping
the protein monodispersed at low concentration of the detergent
DDM (Fig. 1c). The screening trials showed that the final buffer
composition, ideal for the alMGS protein, was 50 mM HEPES, pH
8, 500 mM NaCl, 10 mM MgCl2, 10% glycerol, 1 mM TCEP and
0.1 mM DDM. These conditions also resulted in a highly pure pro-
tein (Fig. 1d).

The SEC method reveals whether the protein of interest mi-
grates as a monomer or dimer etc., by comparison of the retention
volumes. This way of using size-exclusion chromatography is a
well established method [32–34], but SEC is usually very time-con-
suming because of long columns where the sample need to migrate
slowly for good separation. The small 3 ml SEC column used in this
study was found to be a very convenient and fast screening tool for
selecting detergent type and concentration, as well as other buffer
components.

Expression levels after optimization

After optimization of both growth and purification conditions,
the yield of alMGS was 170 mg pure and concentrated protein
per litre of E. coli culture. This is nearly two orders of magnitude
more than before the optimization process. The protein yields in
each step during the purification are summarized in Table 3. The
purification was always performed from a smaller volume of cul-
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Table 3
Yields in each step in the purification of alMGS.

Purification step Total
proteina (mg)b

Contaminant
removedc (%)

Yielda

(mg)b
Purityd

(%)
Yield/Le

(mg)b

Cell lysis 1100 0
Membrane

fraction
660 40

Loaded on
His-column

580 12

After His-
column

17.5 (13.5)f 97 16 (12)f 90 460 (340)f

After SEC-
column

11.5 (6)f 34 11.5 (6)f 99 330 (170)f

a Corresponding to a 35 ml culture.
b Protein concentration estimated by Nano-drop measurement.
c Based on the total protein amounts.
d Purity estimated by SDS–PAGE.
e Amount per litre of culture, estimated from the amounts per 35 ml culture.
f Values in parenthesis are after concentration of protein.
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ture; Table 3 shows the results of purification corresponding to a
35 ml culture. The amount of removed contaminating proteins is
also given, as calculated from the reduction of total protein.

Conclusions

Membrane proteins normally yield low expression levels in
most cell types. By careful optimization of basic parameters, the
yields for the monotopic membrane protein alMGS were improved
by two orders of magnitude. In these processes, a small-sized SEC
column is a valuable and efficient tool for fast buffer and detergent
optimization.
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