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Abstract

Functional and structural studies require gene overexpression and purification of soluble proteins. We wanted to express proteins
from the psychrophilic bacterium Vibrio salmonicida in Escherichia coli, but encountered solubility problems. To improve the solubility
of the proteins, we compared the effects of six N-terminal fusion proteins (Gb1, Z, thioredoxin, GST, MBP and NusA) and an N-ter-
minal His6-tag. The selected test set included five proteins from the fish pathogen V. salmonicida and two related products from the mes-
ophilic human pathogen Vibrio cholerae. We tested the expression in two different expression strains and at three different temperatures
(16, 23 and 37 �C). His6-tag was the least effective tag, and these vector constructs were also difficult to transform. MBP and NusA per-
formed best, expressing soluble proteins with all fusion partners in at least one of the cell types. In some cases MBP, GST and thiore-
doxin fusions resulted in products of incorrect size. The effect of temperature is complex: in most cases level of expression increased with
temperature, whereas the effect on solubility was opposite. We found no clear connection between the preferred expression temperature
of the protein and the temperature of the original host organism’s natural habitat.
� 2006 Elsevier Inc. All rights reserved.
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The field of protein X-ray crystallography is more pop-
ular than ever as protein scientists and pharmacology com-
panies are searching for new folds and novel targets for
therapy. In this quest the focus has necessarily turned from
easily approachable organisms and proteins to the more
exotic and problematic targets, the so-called ‘‘high-hanging
fruits’’. At the same time, sequence information accumu-
lates at increasing speed through various genome projects
all over the world. The easily available sequence data has
paved the way for what is known as structural proteomics
or structural genomics, where the goal is to determine the
three-dimensional structures of all proteins [1].
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Functional and structural studies require large amounts
of pure recombinant protein and an ideal study target would
be not only soluble and available in high yields but also easy
to purify. Affinity chromatography is a powerful tool in
extracting a desired protein from crude extract to a nearly
homogenous preparation in a single step. Most natural pro-
teins lack properties which allow affinity extraction and
require addition of N- or C-terminal fusion tags. The most
commonly used tag is six or more histidines (His6)1; this
tag is small and easy to add, and it is less likely to interfere
with protein function or crystal packing. For the His6-tag,
there are also several well established purification protocols
1 Abbreviations used: His6, histidines; MBP, maltose-binding protein;
GST, glutathione-S-transferase; Gb1, Gb-1 domain of protein G; NusA,
N-utilizing substance A.
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Table 1
Description of the target genes

Gene Protein size
(kDa)

Vs Vc

fur Ferric uptake regulator 16.6
soxR Oxidative stress transcription factor 16.8
dam DNA adenine methylase 31.9 31.6
oxyR Oxidative stress transcription factor 33.8
recJ Recombination pathway exonuclease 63.7 64.8

Table 2
Description of the Gateway destination vectors

Vector Fusion protein Promoter Fusion size (kDa)

pDEST15a GST T7 26.2
pDEST16a Thioredoxin T7 14.2
pDEST17a 6*His T7 2.4
pDEST-TH1b MBP tac 44.2
pDEST-TH3b Gb1 T7lac 8.6
pDEST-TH7b NusA T7lac 56.4
pDEST-TH10b Z T7lac 11.1

a Invitrogen.
b Hammarström et al. [3].
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and matrixes [2]. Other often used fusion partners are the
maltose-binding protein (MBP), glutathione-S-transferase
(GST), Gb-1 domain of protein G (Gb1), thioredoxin,
and N-utilizing substance A (NusA) [3,4]. MBP, GST
and the Z-domain of protein A were originally developed
as affinity tags, but they also increase solubility [5–7]. This
is a highly preferable property, since the use of strong pro-
moters and high inducer concentrations often leads to
accumulation of insoluble protein aggregates (inclusion
bodies) in Escherichia coli [8]. This aggregation is possibly
due to overload of the folding pathway during overexpres-
sion of the protein (sometimes up to 50% of total cellular
protein), which increases the probability of misfolding [9].
The problem is even more severe with extremophilic pro-
teins which do not fit well into the E. coli folding machin-
ery. Nonetheless, E. coli is still the favored host organism
because of its easy manipulation, low cost and well known
characteristics.

Statistical models for the solubility or insolubility pre-
diction of E. coli expressed proteins [10,11] are inaccurate
with extremophilic proteins and predict insolubility better
than solubility [12]. Hence, the solubility problem has been
tackled by testing the effect of different culture media, addi-
tives and temperatures [13,14], but also by using different
E. coli strains with altered codon usage or with additional
heat- or cold-shock proteins. These proteins often act as
chaperones and have a dual role: they assist in proper fold-
ing of the expressed proteins as well as help the host to
grow at suboptimal temperatures [15,16]. High-throughput
protein production units have intensively explored strate-
gies to follow when solubility problems are encountered
[1,4,12,17–19]. The most extensive studies are by Hammar-
ström et al. [3], Dyson et al. [20] and Shih et al. [4]. Even so,
only a few studies compare the effects of different
approaches in a parallel and systematic way. The above
mentioned three screens compare the expression of mam-
malian and eukaryotic genes using different tags at one sin-
gle or two temperatures but mainly in one expression strain
only. Screens of the expression of extremophilic bacterial
genes are limited both in number and span: Kataeva
et al. [12] tested the effect of MBP-fusion and three different
induction temperatures on mesophilic Shewanella oneiden-

sis and thermophilic Clostridium thermocellum proteins,
whereas Donnelly et al. [18] expressed Salmonella typhimu-

rium proteins with MBP-tag. No screens have been done
with a set of cold adapted proteins.

The results from the expression and solubility studies
cannot be directly transferred to other species or sets of
genes, and comparisons are often relevant only within
closely related species or a particular family of proteins.
We encountered solubility problems when expressing pro-
teins from the psychrophilic fish pathogen Vibrio salmoni-

cida in E. coli. A screening system was therefore designed
to improve the solubility of Vibrio proteins. We selected
five different size target proteins involved in DNA modifi-
cation or transcription regulation in V. salmonicida and,
for comparison, two related proteins from the mesophilic
human pathogen Vibrio cholerae. With these genes, we
compared the effect of seven different N-terminal fusion
partners, two E. coli strains and three culture temperatures
on protein expression and solubility. We found that in
addition to the fusion partner, also expression host and cul-
ture temperature affect the levels of expression and the sol-
ubility of the produced proteins.

Materials and methods

Cloning

The genes chosen from both V. salmonicida (vs) and
V. cholerae (vc) were dam (DNA adenine methylase) and
recJ (recJ exonuclease), and from V. salmonicida fur (ferric
uptake regulator), soxR and oxyR. The sizes of the respec-
tive proteins are 17–65 kDa (Table 1). The V. salmonicida

genes were cloned from chromosomal DNA or a BAC-li-
brary clone with specific primers (designed on the basis
of a predicted gene from genome sequencing project).
The V. cholerae genes were cloned from chromosomal
DNA (strain ATCC 14035 serovar O:1) with specific prim-
ers based on the O1 biovar Eltor strain N16961 sequence
(NCBI genome database, www.ncbi.nlm.nih.gov).
Enzymes used in PCR reactions were from Invitrogen
(Platinum Pfx polymerase) and New England Biolabs
(Taq polymerase).

The Gateway system (Invitrogen) was used for cloning
the genes into pDONR221 donor vector and the seven des-
tination vectors (Table 2). Cloning was done as described
in the Gateway manual. Entry and expression clones were
transformed into competent E. coli DH5a cells and correct
construct architecture confirmed by colony-PCR. Plasmids

http://www.ncbi.nlm.nih.gov


212 L. Niiranen et al. / Protein Expression and Purification 52 (2007) 210–218
were extracted by alkali lysis and isopropanol precipitation
[21] or with Wizard Plus SV Miniprep kit (Promega). All
entry clones were checked by sequencing with M13 primers
using the BigDye chemistry (Applied Biosystems) before
proceeding to make expression clones.

Expression and solubility tests

Two different E. coli strains were selected for expression.
The BL21(DE3)RIL CodonPlus� strain (RIL) from Strata-
gene carries a plasmid that supplies extra tRNA for codons
that are common in organisms with AT-rich genomes, but
rare in E. coli. BL21-AI� (AI) from Invitrogen is a prote-
ase deficient strain where expression from T7-based expres-
sion vectors is tightly regulated by the araBAD promoter.

Expression cultures of 2 ml 2xYT broth with the appro-
priate antibiotics were inoculated with 100 ll of overnight
cultures or with 5–10 colonies from transformation plate.
Carbenicillin was used instead of ampicillin for pDEST-
TH7 constructs. Expression cultures were incubated at
37 �C for 2 h (16 �C cultures) or 11

2
h (23 and 37 �C cul-

tures), after which the cultures were transferred to 16, 23
or 37 �C and allowed to acclimatize for 30 min. Expression
was then induced by adding isopropyl-b-D-galactoside
(IPTG) (Promega) to a final concentration of 0.5 mM or
L-arabinose (Sigma) to a final concentration of 0.2%, or
both as needed. Cells were harvested by centrifugation
4 h after induction and pellets frozen.

Cell pellets were resuspended in 20 mM Tris–HCl (pH
7.0) and an amount of the bacterial suspension correspond-
ing to 1.5 ml of culture with OD600nm of 2.0 was spun down
to collect a uniform number of cells from each sample.
These cell pellets were lysed with 100 ll CelLytic B-II
extraction reagent (Sigma) according to the manufacturer’s
instructions to yield soluble and insoluble fractions. Equal
amounts of the samples were analyzed on 4–12% Bis–Tris
NuPage gels (Invitrogen) and stained with SimplyBlue
SafeStain (Invitrogen). Expression levels of the fusion pro-
teins were assessed by comparing the band strength of both
soluble and insoluble sample to those of neighboring sam-
Fig. 1. SDS–PAGE gels showing insoluble (I) and soluble (S) fractions of expre
tags. Expressed fusion proteins are denoted with black boxes. The arrow in gel
MS analysis.
ples with different constructs, and solubility levels were
determined by comparing bands in the insoluble and solu-
ble fractions.

Tandem MS analysis

Protein identification was done by tandem MS analysis
after in-gel trypsin digestion of gel plugs of SDS–PAGE
separated proteins. Protein spots were excised, reduced
and alkylated using a modified method of Shevchenko
et al. [22]. The eluted trypsin-generated peptides were con-
centrated and desalted on OMIX C18 pipette tips (Varian
Inc.) according to the manufacturer’s instructions prior to
MS-analysis. Peptide mixtures were analyzed on a Q-TOF
UltimaGlobalTM mass spectrometer with a nanospray ion
source interface (Micromass). MS/MS ion data were
searched against NCBInr database using the publicly avail-
able Mascot search engine (Matrix Science Ltd). The
searches were taxonomically restricted to bacteria. Toler-
ances were set to 0.6 and 0.2 Da for the peptide precursors
and the fragment ions, respectively.

Results

We produced a total of 49 different expression con-
structs by recombining the set of seven entry clones with
seven Gateway vectors with N-terminal fusions of His6-
tag, Gb1, Z, thioredoxin, GST, MBP or NusA. Transfor-
mation of some pDEST17 constructs into expression
strains was problematic especially with the RIL strain,
and only a few colonies could be produced even after
repeated attempts. In the case of pDEST17-vcdam we did
not obtain any transformants of RIL.

Effects of N-terminal tags

Fig. 1 shows two examples of SDS–PAGE gels with sol-
uble and insoluble fractions of SoxR expression in RIL
strain at two different temperatures. Expression levels were
high for Gb1, Z, MBP and NusA tagged proteins at both
ssed SoxR in RIL strain at 23 �C (A) and at 37 �C (B) using seven different
B points out a product band of incorrect size that was subjected to tandem
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temperatures, but product solubility was better at 23 �C.
Expression with thioredoxin tag was weak, but all product
was soluble. No expression was detected with His6 or GST
tag. Table 3 summarizes the effects of used tag, expression
strain and temperature on protein expression and solubility.
In short, all fusion proteins were expressed, and expression
levels were in most cases moderate to high with all tags. An
exception was the Dam proteins where expression was
weak to moderate with tags other than MBP and NusA.
These two tags had the highest overall expression in our
study and were the only ones able to express the gene prod-
ucts at all temperatures in both strains. With other tags,
expression of all proteins was not obtained in both strains
or at every temperature. All target proteins could be
expressed in soluble form with at least two tags, although
in some cases solubility was very low. MBP and NusA were
the best fusion partners with respect to protein solubility.
With these tags all seven fusion proteins were soluble under
at least some conditions, totaling 79% and 69% of condi-
tions, respectively. The percentage was under 50% for other
tags. The ranking of tags based on our results is MBP > Nu-
sA� Gb-1 > thioredoxin > GST > Z > His6.

We observed expression products of incorrect size either
as the only product or in addition to the correct size prod-
uct with three of the tags: thioredoxin, GST and MBP.
Expression of Fur with thioredoxin and GST tags yielded
insoluble high molecular weight products of incorrect size
in RIL at 23 �C and 37 �C, but the correct size product in
AI strain and at 16 �C in RIL. MBP fusion led to additional
insoluble products of tag or target protein size in 36% of all
cases. The presence of these bands was not linked to a par-
ticular expression strain. Three incorrect size protein bands,
two about 44 kDa bands from pTH1-soxR (Fig. 1B) and
pTH1-oxyR expression and one about 32 kDa band from
pTH1-vsdam expression, were subjected to tandem MS
analysis. Based on the significant hits list the proteins are
MBP or its degradation products. There were no hits point-
ing to the actual target proteins.

Effect of strain

The AI strain was able to express more proteins (100%
vs. 86% total for RIL), but was only slightly better (65%
vs. 57% total) when solubility was compared. There were
six cases where only AI produced soluble protein against
three cases where only RIL succeeded. However, when
there was expression in both strains, we could not see
any major differences in the expression levels of the target
protein. The pDEST17 vector and RIL strain did not func-
tion well together, since in the majority of cases transfor-
mants were difficult to obtain.

Effect of temperature

In general, lower temperature resulted in lower expres-
sion level, but there were also cases where expression
increased as temperature was decreased. Increased expres-
sion did not necessarily lead to increased solubility. The
preferred temperature for obtaining soluble product was
16 �C or 23 �C (product soluble in 51% and 48% of cases,
respectively), but if the product was soluble at both temper-
atures the amount was usually higher in 23 �C extracts.
There was no difference in preference between 16 �C and
23 �C for vs proteins and vc proteins. The optimal temper-
ature depends more on the gene than on the temperature
adaptation of the protein.

Effect of gene size and origin

There was a certain gene size dependency regarding sol-
ubility but not expression. The smallest protein, Fur, was
to some extent soluble even with His6 tag, whereas larger
tags were needed for solubility as the protein size increased.
There were no clear differences in detectable expression lev-
els between the two V. salmonicida and V. cholerae derived
genes, although V. cholerae proteins were easier to produce
in soluble form (soluble product for vs in 18% and for vc in
43% of all conditions). In general, same tags were preferred
irrespective of species.

Discussion

Large quantities of recombinant protein are needed for
functional and structural characterization studies. For each
protein a suitable expression system must be found where
the protein is produced in a soluble and correctly folded
conformation in high yields. This process of expression sys-
tem selection is based primarily on trial and error, and
bears often more resemblance to lottery than logical scien-
tific research. An overview of previous studies shows that it
is hard to find generalized expression guidelines which
would apply to all species and proteins. Working with
recombinant proteins from unconventional species is there-
fore particularly challenging as little information on (suc-
cessful) protein overexpression is available. Our main
objective was to find any preferences on fusion tags, expres-
sion strains or temperature conditions for overexpression
of cold adapted proteins. N-terminal fusion was chosen
based on vector availability and in order to keep the screen
simple. The tags in our study represent seven commonly
tested or promising tags and range in size from small to
large (from 2.4 kDa for His6 to 56.4 kDa for NusA). Sim-
ilarly, the selected target proteins vary in size. We chose
three different expression temperatures (16, 23 and 37 �C)
because our main interest is in cold-adapted proteins, and
slower protein production due to lower temperature [23]
might give more time for proper protein folding. The opti-
mum growth temperature for V. salmonicida is 15 �C [24]
whereas V. cholerae is a mesophile. The AI strain was
selected because its tight control of expression might pre-
vent toxicity or aggregation problems arising from basal
level expression at pre-induction temperature. The RIL
strain was chosen because it is modified to better translate
genes with codon usage differing from that of E. coli’s.



Table 3
Expression and solubility levels of the Vibrio proteins when expressed as seven different gene fusions in two expression strains at 16, 23 and 37 �Ca,b

Gene Host strain Temperature (�C) 6*His Gb-1 Z Thioredoxin GST MBP NusA

Exp Sol Exp Sol Exp Sol Exp Sol Exp Sol Exp Sol Exp Sol

vsfur BL21-AI 16 +++ + ++ ++ + + +++ +++ + 0 +++ +++ ++ +
23 +++ + +++ +++ ++ +++ +++ ++ +++ ++ +++ +++ +++ ++
37 +++ 0 +++ +++ +++ ++ +++ ++ +++ + +++ ++ +++ +

BL21(DE3)RIL 16 – – ++ + ++ 0 + ++ – – +++ ++ +++ ++
23 – – +++ +++ +++ +++ § – § – +++ +++ +++ +++
37 – – +++ +++ +++ +++ § – § – +++ ++ +++ ++

vssoxR BL21-AI 16 +++ 0 ++ + + + +++ + + 0 ++ ++ +++ +
23 +++ 0 ++ + + + +++ + ++ + +++ +++ +++ +
37 +++ 0 +++ + +++ + +++ + +++ 0 +++ + +++ 0

BL21(DE3)RIL 16 – – +++ + ++ 0 – – – – +++� ++ +++ +
23 – – +++ ++ ++ + + +++ – – +++� ++ +++ ++
37 – – +++ + +++ 0 + +++ – – +++� ++ +++ +

vcdam BL21-AI 16 + 0 ++ 0 + 0 + 0 + 0 +++ 0 + +
23 ++ 0 + + + 0 ++ + + 0 ++ ++ ++ 0
37 + 0 ++ 0 ++ 0 ++ + +++ 0 +++� ++ +++ 0

BL21(DE3)RIL 16 nt + 0 – – – – – – +++ ++ ++ +
23 + 0 + 0 – – – – +++ ++ +++ +
37 + 0 ++ 0 – – + 0 +++ + +++ 0

vsdam BL21-AI 16 + 0 + 0 + 0 ++ 0 + 0 ++ + ++ +
23 ++ 0 + 0 + 0 + 0 + 0 +� + + 0
37 ++ 0 +++ 0 ++ 0 +++ 0 ++ 0 +� 0 +++ 0

BL21(DE3)RIL 16 ++ 0 ++ 0 + 0 – – + + ++ + ++ +
23 – – – – – – ++ 0 ++ 0 ++� 0 +++ 0
37 – – + 0 + 0 – – + 0 ++� 0 +++ 0

vsoxyR BL21-AI 16 +++ 0 ++ 0 + + +++ + + + +++� 0 ++ +
23 +++ 0 +++ 0 ++ 0 +++ + ++ + +++� 0 +++ +
37 +++ 0 +++ 0 +++ 0 +++ + +++ + +++� 0 ++ 0

BL21(DE3)RIL 16 – – +++ 0 ++ 0 + 0 ++ + +++� + +++ +
23 – – +++ 0 ++ 0 – – ++ + +++� + +++ +
37 – – +++ 0 +++ 0 ++ + ++ + +++� + ++ 0

vsrecJ BL21-AI 16 +++ 0 ++ + ++ 0 +++ 0 ++ 0 +++ + ++ +
23 +++ 0 +++ 0 +++ 0 +++ 0 +++ 0 +++ + +++ 0
37 +++ 0 +++ 0 +++ 0 +++ 0 +++ 0 +++ 0 +++ 0

BL21(DE3)RIL 16 ++ 0 +++ + ++ 0 +++ 0 ++ 0 +++ + +++ +
23 +++ 0 +++ 0 +++ 0 +++ 0 +++ 0 +++ ++ +++ +
37 +++ 0 +++ 0 +++ 0 +++ 0 +++ 0 +++ 0 +++ 0

vcrecJ BL21-AI 16 +++ + ++ ++ + + +++ 0 + 0 +++ ++ ++ +
23 +++ ++ +++ + ++ + +++ 0 +++ + ++ ++ ++ ++
37 + 0 ++ 0 ++ 0 ++ 0 ++ 0 ++� + ++ +

214
L

.
N

iira
n

en
et

a
l.

/
P

ro
tein

E
x

p
ressio

n
a

n
d

P
u

rifi
ca

tio
n

5
2

(
2

0
0

7
)

2
1

0
–

2
1

8



B
L

21
(D

E
3)

R
IL

16
+

0
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
23

+
0

+
+

+
+

+
+

+
+

+
+

+
+

+
0

–
–

+
+

+
+

+
+

+
+

+
+

37
+

0
+

+
0

+
+

0
+

+
+

0
–

–
+

+
+

+
+

+
+

+

Y
ie

ld
(%

)c
B

L
21

(D
E

3)
A

I
T

o
ta

l
10

0
29

10
0

71
10

0
57

10
0

57
10

0
57

10
0

86
10

0
10

0
16

10
0

2
9

10
0

5
7

10
0

5
7

10
0

43
10

0
14

10
0

71
10

0
1
0
0

23
10

0
2
9

10
0

5
7

10
0

43
10

0
5
7

10
0

5
7

10
0

86
10

0
57

37
10

0
0

10
0

29
10

0
29

10
0

5
7

10
0

29
10

0
57

10
0

29

B
L

21
(D

E
3)

R
IL

T
o

ta
l

43
0

10
0

57
10

0
43

86
57

71
43

10
0

10
0

10
0

10
0

16
43

0
10

0
57

86
14

57
2
9

57
4
3

10
0

1
0
0

10
0

1
0
0

23
29

0
86

43
86

43
57

14
43

14
10

0
86

10
0

86
37

29
0

10
0

29
10

0
14

57
29

57
14

10
0

71
10

0
43

C
o

m
b

in
ed

10
0

2
9

10
0

7
1

10
0

5
7

10
0

7
1

10
0

7
1

10
0

1
0
0

10
0

1
0
0

A
ll

co
n

d
it

io
n

s
67

10
98

45
95

33
79

38
76

29
10

0
79

10
0

69

a
E

xp
re

ss
io

n
le

ve
ls

gi
ve

n
as

:
+

+
+

=
st

ro
n

ge
st

b
an

d
o

n
S

D
S

–P
A

G
E

ge
l,

+
+

=
am

o
n

g
th

e
st

ro
n

ge
st

b
an

d
s,

+
=

vi
si

b
le

b
an

d
,
�

=
n

o
ex

p
re

ss
io

n
,

§
=

in
co

rr
ec

t
si

ze
,

�=
ad

d
it

io
n

al
b

an
d

s,
n

t
=

n
o

n
tr

an
sf

o
rm

ab
le

.
b

S
o

lu
b

il
it

y
le

ve
ls

gi
ve

n
as

:+
+

+
=

m
aj

o
ri

ty
in

so
lu

b
le

fr
ac

ti
o

n
,+

+
=

m
in

o
ri

ty
in

so
lu

b
le

fr
ac

ti
o

n
b

u
t

am
o

n
g

th
e

st
ro

n
ge

st
b

an
d

s,
+

=
vi

si
b

le
b

an
d

,0
=

n
o

th
in

g
in

so
lu

b
le

fr
ac

ti
o

n
,�

=
n

o
ex

p
re

ss
io

n
.

c
P

er
ce

n
ta

ge
o

f
ex

p
re

ss
ed

ge
n

es
an

d
so

lu
b

le
ge

n
e

p
ro

d
u

ct
s.

E
xp

re
ss

io
n

o
f

in
co

rr
ec

t
si

ze
o

n
ly

w
as

co
u

n
te

d
as

n
o

ex
p

re
ss

io
n

.
B

o
ld

ed
co

n
d

it
io

n
s

fo
r

ea
ch

ta
g

re
p

re
se

n
t

th
e

m
in

im
al

am
o

u
n

t
o

f
d

iff
er

en
t

co
n

d
it

io
n

s
n

ee
d

ed
fo

r
p

ro
d

u
ci

n
g

th
e

m
ax

im
al

p
er

ce
n

ta
ge

o
f

so
lu

b
le

p
ro

d
u

ct
s

d
es

cr
ib

ed
in

‘‘
co

m
b

in
ed

’’
.

If
tw

o
co

n
d

it
io

n
s

ca
n

b
e

u
se

d
to

gi
ve

sa
m

e
eff

ec
t,

b
o

th
ar

e
in

b
o

ld
.

‘‘
A

ll
co

n
d

it
io

n
s’

’
is

th
e

p
er

ce
n

ta
ge

o
f

co
n

d
it

io
n

s
p

ro
d

u
ci

n
g

so
lu

b
le

p
ro

d
u

ct
.

L. Niiranen et al. / Protein Expression and Purification 52 (2007) 210–218 215
The selection of cell lysis reagent CelLytic II-B was based
on the rapidity of the lysis procedure. It should be noted
that there is a difference in protein composition of soluble
and insoluble fractions obtained by CelLytic or by tradi-
tional methods such as sonication. It is possible that a
greater proportion of proteins would have been soluble if
another extraction method had been used. Nevertheless,
this should not affect the trends we saw in protein
solubility.

Effects of N-terminal tags

Some of the clones did not produce visible amounts of
recombinant protein. One cause of this lack of fusion pro-
tein expression could be degradation by proteases. Prema-
turely terminated polypeptides, trapped folding
intermediates and partially folded proteins are targeted
for degradation to avoid their accumulation in cells [9].
The insoluble products of incorrect size with thioredoxin,
GST and MBP fusions were possibly produced in high
amounts and resulted in aggregates. Interestingly, the
bands analyzed with tandem MS consisted of the MBP
tag or fragments of it, and no actual target proteins could
be detected although fusion tags should not interfere with
target protein identification by MS [19]. All constructs were
confirmed correct by sequencing before the expression
studies. It is therefore suggested that the tags have folded
or started to fold correctly and thus are resistant to degra-
dation, whereas the target proteins have either not been
translated in full or have not folded properly and as such
are susceptible for degradation. The fact that no degrada-
tion products between full length fusion protein and tag
protein size were observed implies that translation has
stopped before the target proteins. Hammarström et al.
[3] also observed expression products of much smaller size
than expected and speculated that these could be stable
degradation products. In their study this was seen with
GST, Gb-1, MBP and NusA tags. Expression of incorrect
size gene products is probably not restricted to any partic-
ular tags. Observation of such products in our study and in
the study by Hammarström et al. [3] suggests, however,
that thioredoxin, GST, MBP, NusA and Gb-1 proteins
are more stable or resistant to degradation than other tags.

Large tags led to better expression and more soluble
products in our study, rendering MBP and NusA the best
tags. MBP was superior to NusA at 37 �C in both strains
and at 23 �C in AI strain, whereas NusA was better at
16 �C in AI. Our results agree with the results of Kataeva
et al. [12] who found that MBP and NusA increased the
solubility of thermo- and mesophilic proteins better than
the GST tag when expressed at 37 �C. In studies on eukary-
otic genes, MBP and NusA score well but are not outstand-
ing in comparison to thioredoxin [3] or GST [17,4]. This
suggests that thioredoxin and GST are better suited for
mammalian proteins whereas MBP and NusA work well
with bacterial proteins. MBP is by far the most studied sol-
ubility enhancing tag, and several groups have reported its
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superior performance compared to other tags [5,25]. It has
been suggested that MBP can act as a general (passive)
molecular chaperone preventing the aggregation of its
fusion partner’s folding intermediates [5]. Douette et al.
[26] propose that the solubility enhancing properties of
MBP and NusA are in part related to interactions with
the GroEL chaperone pathway.

The high solubilising effect of MBP and NusA combined
with their large size raises the question of ‘‘false’’ solubility:
are both fusion partners correctly folded and soluble or is
the soluble tag attached to a misfolded protein? It is partic-
ularly suggestive that solubility levels of our MBP fusions
are higher in smaller proteins or ‘‘easier’’ (V. cholerae) pro-
teins, although there is no size effect if only the Dam and
RecJ proteins are considered. Nominé et al. [27] reported
that their MBP-fusion protein preparations contained
high-molecular-weight aggregates of remarkably homoge-
nous size, and hypothesized that these structures were
micelles of misfolded target protein shielded from solvent
by the MBP tags. They detected some target protein activ-
ity in the samples, but assumed the percentage of folded
protein to be very low. Activity tests (results not shown)
of our MBP-vsDam and MBP-vsRecJ confirmed that both
these proteins were enzymatically active in their fusion
forms. It is curious that expression is not affected by the
target gene size but solubility is. This size dependency
was also noticed by Kataeva et al. [12]: in their experiment
there was a noticeable decrease in solubility of target pro-
tein expressed with MBP tag when the protein molecular
mass exceeded 60 kDa. In a systematic comparison of
MBP and NusA [28] little difference was observed between
solubility enhancing effects of these two tags. Moreover,
there was no difference in their ability to promote passen-
ger protein folding, and it was concluded that solubility
or folding efficiency of the passenger protein depends pri-
marily on the passenger protein itself. As Cabrita et al.
[17] point out it is important to do parallel cloning with
several different tags in order to find the best tag for a par-
ticular target protein. Although in our study MBP and
NusA are overall the best tags in improving solubility,
the amount of soluble product is in some cases higher with
thioredoxin, Gb1 or Z.

Effect of strain

It seems that the AI strain with its tighter control of the
expressed gene is better suited for expression of ‘‘difficult’’
proteins. No problems with transformation were encoun-
tered with this strain contrary to the RIL strain. Insoluble
proteins that were poorly expressed in AI were often not
expressed at all in RIL. This agrees well with the results
obtained by Studier [13], who found that clones expressing
the toxic T7 gene 5.3 protein could be more readily estab-
lished in AI than in ordinary BL21(DE3) cells. Possibly
RIL rapidly loses plasmids with genes exerting adverse
effects whereas AI with tighter control of basal level expres-
sion does not have the need to do so before induction
phase. In our study, proteins that were expressed in both
strains often had similar solubility as well. Studier [13] also
found equal expression and solubility levels in the two
hosts for most target proteins, and found no difference in
expression levels between RIL and a BL21-AI/RIL strain
with genes that were well expressed in RIL. It is therefore
suggested that host strain selection affects only the expres-
sion of protein and has little influence on product solubil-
ity. The studied AI and RIL strains are, however, both
BL21 derivatives, and it is possible that hosts from other
E. coli lineages would perform differently.

Effect of temperature

The effect of temperature on protein expression level
was not as straightforward as was expected, and this
applies to the solubility level as well. Although there
was a general trend for less expression and more soluble
product at lower temperature, there were several excep-
tions. Our experiments demonstrated that only in 2% of
all cases 37 �C was the best temperature for protein solu-
bility. Studier [13] found that target protein solubility
could occasionally decrease after prolonged incubation
at 37 �C. In such cases product was soluble in parallel cul-
tures induced at 20 �C, indicating that lower temperature
could be beneficial for product solubility. There are sever-
al factors that may contribute to the greater percentage of
soluble product at temperatures below 37 �C: Culturing E.

coli at suboptimal growth temperatures leads to lower
general production rate. The nascent proteins will there-
fore have more time to fold and more chaperones avail-
able to help them in this process. Transferring the
cultures to 16 �C or 23 �C induces expression of chaper-
ones and cold-shock proteins, which help to maintain pro-
teins soluble but may also assist folding. It is also possible
to use too low an expression temperature. Our finding
that more products were soluble at 23 �C than at 16 �C
is interesting, particularly because it was observed with
proteins from both Vibrio species. Also for meso- and
thermophilic proteins [12] reducing induction temperature
from 37 to 28 �C had a positive effect on the solubility,
but reducing temperature further to 18 �C had no addi-
tional advantage. Despite the overall increased solubility,
thermophilic proteins were more soluble than mesophilic
ones. Idicula-Thomas and Balaji [29] have shown a strong
positive correlation between the thermostability and solu-
bility of proteins. It is therefore not surprising that psy-
chrophilic proteins have poor solubility. An expression
and folding temperature of 16 �C should nevertheless
not be a problem for proteins from psychrophilic species,
but it may be that these proteins are marginally stable
and need to be extensively stabilized in their native organ-
isms. DNA itself may be a stabilizing factor, which would
help to explain the phenomena in our set of DNA associ-
ated proteins. Overproduction of unstable proteins will
lead to protein aggregation if their numbers exceed those
of the stabilizing components.
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Conclusions

Our aim was to find expression preferences for high
throughput production of psychrophilic Vibrio proteins.
Interestingly, we found the preferred fusion tag and expres-
sion temperature for obtaining soluble product to depend
more on the gene than on the temperature adaptation of
the protein. In conclusion, small proteins were easier to
express, whereas large tags (MBP and NusA) were best at
promoting solubility. Using the AI strain with tight control
of expression was beneficial, as well as lowering induction
temperature to 23 �C, but not to 16 �C. The recommended
experiment for high yields of soluble protein would there-
fore be to express MBP tagged protein in the AI strain with
induction at 23 �C. These conditions are easy and fast to test,
but are likely to fail especially with larger proteins. Trying
other tags can be useful, but the benefits of testing other host
strains or culture temperatures are in our view questionable.
For difficult cases there are several ways to proceed further in
the search for soluble products: using weaker promoters,
decreasing the inducer concentration, using cold-inducible
promoters together with lower transcription temperatures
or co-expressing molecular chaperones [9,30,31]. One
exciting finding is that some maltodextrin-binding proteins
from diverse micro-organisms are even better solubility
enhancers than E. coli MBP [25]. Among them are two very
thermostable variants and, interestingly, also the V. cholerae

MBP ortholog. It would be intriguing to test if a Vibrio

derived tag combined with expression from cold-induced
promoter at expression temperatures in the range of the
natural V. salmonicida environment would further promote
the solubility of V. salmonicida proteins.
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