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Experimental bioinformatics data obtained from an E. coli 
cell-based eukaryotic protein purification experiment were an-
alyzed in order to identify any bottleneck as well as the factors 
affecting the target purification. All targets were expressed as 
His-tagged maltose-binding protein (MBP) fusion constructs 
and were initially purified by immobilized metal affinity chro-
matography (IMAC). The targets were subsequently separated 
from the His-tagged MBP through TEV protease cleavage fol-
lowed by a second IMAC isolation. Of the 743 total purifica-
tion trials, 342 yielded more than 3 mg of target proteins for 
structural studies. The major reason for failure of target purifi-
cation was poor TEV proteolysis. The overall success rate for 
target purification decreased linearly as cysteine content or iso-
electric point (pI) of the target increased. This pattern of pI ver-
sus overall success rate strongly suggests that pI should be in-
corporated into target scoring criteria with a threshold value. 
[BMB reports 2010; 43(5): 319-324]

INTRODUCTION

The purification of many proteins in sufficient quantity and pu-
rity is a major challenge in this new era of high-throughput 
structural genomics and functional proteomics (1). E. coli is 
the most widely used expression host for high-throughput pro-
tein production from prokaryotic and eukaryotic genomes (2). 
The advantages of an E. coli host include low cost, ease of cul-
ture, high expression (3) and availability of numerous vectors 
and strains. In many cases, however, eukaryotic proteins gen-
erated in E. coli cells frequently accumulate as inclusion bod-
ies, which are insoluble aggregates of unfolded or misfolded 
proteins (4). A simple but efficient approach for promoting ac-
cumulation of recombinant proteins in soluble form is to ex-

press foreign proteins as a chimera with a solubility-enhancing 
fusion partner (5).

The aims of structural genomics are to expand the knowl-
edge of fold-function space and ultimately predict three-di-
mensional structures of proteins from their gene sequences (6). 
Potential candidates for structural study are selected by ex-
tensive bioinformatic analysis of annotated open reading frames 
from a variety of gene collections in which scoring is mainly 
based on predicted characteristics; for example, dissimilarity to 
known structures, percentage of low complexity and intrinsic 
protein disorder (7). Biochemical properties of a target such as 
molecular weight (MW) and the number of cysteines are also 
considered in deciding the overall selection tier of the targets 
(8). However, the inclusion of such parameters in the target se-
lection and scoring process has yet to be validated by ex-
perimental bioinformatic analyses. In addition, although pI is 
one of the most important biochemical properties of proteins, 
the relationship between target pI and purification success rate 
has not yet been addressed.

In the present study, an E. coli cell-based protein purifica-
tion system that provides sufficient amounts of pure proteins 
for structural analyses is evaluated. All protein targets were 
from Arabidopsis, human or mouse genomes and were ex-
pressed as His-tagged MBP fusion constructs in order to exploit 
high-throughput IMAC capture (9) as well as to increase the 
solubility of targets in E. coli (10). Overall success rate is the 
percentage of target proteins out of the total number subjected 
to purification of which more than 3 mg were isolated with a 
purity greater than 90% followed by concentration to higher 
than 10 mg/ml without precipitation. Step success rate is the 
percentage of successfully obtained product out of the total 
number of trials performed for an individual step. In our re-
sults, a bottleneck in target purification was identified, and the 
effects of MW, cysteine content and pI on the overall purifica-
tion success rate of target proteins are shown. Finally, possible 
ways for improving the overall efficiency of target purification 
are discussed. 
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Table 2. Correlation between TEV proteolysis and success rate at 2nd 
IMAC step

TEV proteolysis
(%)

No. 
(%)*

No. of target purified 
after 2nd IMAC

Success rate at 2nd 
IMAC step (%)

%≤30 110 (16.2) 9 8.2
30＜%≤40 47 (6.9) 1 2.1
40＜%≤50 43 (6.3) 8 18.6
50＜%≤60 31 (4.6) 6 19.4
60＜%≤70 33 (4.8) 3 9.1
70＜%≤80 36 (5.3) 13 36.1
90≤% 381 (55.9) 278 73.0

*Percentage as a function of the total number of targets subjected to 
TEV proteolysis.

Table 1. Statistics for purification steps

Step No.
Overall 
success 

rate (%)*

Step 
success

rate (%)†

Purification tried 743 100 100
1st IMAC purified 565 76 76
TEV cleaved more than 90% 381 51 67
2nd IMAC purified 342 46 87

*Numbers of products obtained/total number of targets subjected to 
purification ×100. †Numbers of products obtained at each step/total 
number of targets brought through from the previous step ×100.

RESULTS AND DISCUSSION

Statistics and bottleneck in target purification
E. coli cells were grown in 2 liter culture scale, and target pro-
teins were expressed as His-tagged MBP fusion constructs. Out 
of 783 total cell cultures performed using Terrific Broth media, 
the average wet cell mass harvested was 15.7 g. The expre-
ssion and solubility of each fusion protein were scored accord-
ing to a three-tiered scoring protocol. It was found that 558 
(82%) out of 684 samples showed a high or medium level of 
expression while 512 (86%) out of 597 were found in the solu-
ble fraction. Out of 743 total purification trials performed, 565 
(76%) yielded an average of 162 mg of His-tagged MBP fusion 
proteins while 342 (46%) trials provided more than 3 mg of 
target proteins. General features of each purification step were 
described in detail elsewhere (11), and statistics of the overall 
target purification as well as each individual step are summar-
ized in Table 1.

As shown in Table 1, the most common reason for failure of 
target purification was incomplete TEV protease cleavage. In 
general, removal of His-tagged MBP from the target domains 
was completed within 3-5 h. However, about 40% of fusion 
proteins were cleaved incompletely (less than 70%) even after 
incubation for more than 12 h with TEV protease. Analytical 
gel filtration used to separate uncleaved fusion proteins from 
the target and His-tagged MBP found that they were eluted at 
void volume with no further cleavage observed even after ad-
dition of new TEV protease (data not shown). SDS-PAGE per-
formed to investigate the mobilities and molecular sizes of 
these uncleaved fusion proteins under denaturing conditions 
showed that they migrated to a position corresponding to the 
calculated MW of their individual monomeric forms. The solu-
ble aggregates eluted by gel filtration were capable of binding 
an amylose affinity column although uncleaved by TEV pro-
tease. When TEV proteolysis was further attempted in the pres-
ence of 0.1% sodium dodecyl sulphate (SDS), removal of His- 
tagged MBP was detected. This SDS-induced susceptibility to 
TEV protease is due to exposure of the TEV protease cleavage 
site, which indicates there is no damage or mutation during 

expression. All together, these results suggest that uncleaved 
fusion proteins form soluble aggregates in which the His-tag-
ged MBP is exposed outside the shell and the target domains 
are hidden inside the core. Although more than 90% of the tar-
gets were cleaved, approximately 5% were precipitated imme-
diately upon removal of the His-tagged MBP. This outcome is 
judged as a failed purification. It is unclear at present why 
such proteins were precipitated since the target scores of their 
sequences predicted high solubility. It may be that the pre-
cipitated targets do not have the proper native conformation or 
that they require missing cofactors or biologically relevant 
partners for solubility.

The correlation between percentage of TEV proteolysis and 
success rate of the 2nd IMAC step was further analyzed and 
summarized in Table 2. When the percentage of His-MBP fu-
sion protein cleavage was more than 90%, the percentage of 
targets purified after the 2nd IMAC was about 73%. In con-
trast, when the percentage of TEV proteolysis was less than 
90%, the percentage of target purification was drastically drop-
ped to an average of 16%. TEV proteolysis is the penultimate 
step just before final isolation of the target. A great deal of ef-
fort has been dedicated to the expression and purification of 
fusion proteins. However, such efforts become futile if cleav-
age of fusion proteins is not efficient or if targets precipitate 
upon removal of the solubility partner. Therefore, these results 
emphasize the requirement for early screening of the small- 
scale culture in order to identify abortive targets that are poor-
ly cleaved or insoluble following TEV proteolysis. Therefore, 
any abortive targets would be denied entry into the purifica-
tion pipeline until the triage methods can rescue them.

Molecular weight vs. purification 
The targets subjected to purification ranged from 7 to 60 kDa 
in molecular size, with an average MW of 27 kDa. The overall 
success rates of target purification are summarized according 
to MW; MW (total number of targets, percentage of success), 
10＜MW (19, 16), 10＜MW≤20 (226, 41), 20<MW≤30 
(228, 37), 30<MW≤40 (162, 35), 40＜MW≤50 (70, 38), 
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Fig. 1. Overall success rates for each 
cysteine count group (A) and indivi-
dual cysteine content group (B).

and 50＜MW≤85 (38, 23). The data shows that the purifica-
tion protocols applied in this report work best for targets with 
MWs in the range from 10 to 50 kDa. Therefore, new methods 
are needed to increase the production of small (＜10 kDa) and 
large (＞50 kDa) proteins. The target selection process in struc-
tural genomics generally discriminates against proteins with 
MWs greater than 60 kDa, which is supported by our purifica-
tion success data. 

Cysteine content vs purification
The number of cysteines per target showed unimodal distri-
bution with an average of 3.5. For targets with a cysteine count 
greater than 3, i.e., having at least 1 disulfide bond, the overall 
rate of purification decreased as the number of cysteines was 
increased (Fig. 1A). However, when the number of cysteines 
relative to the total number of amino acid residues in a target 
was considered, the relationship between cysteine content and 
overall success rate was more clearly observed. The distribu-
tion of cysteine content was observed to be unimodal with an 
average value of 1.6%. For targets with cysteine content great-
er than 0.5%, the overall success rate of target purification de-
creased linearly (r=0.987) as the cysteine content increased 
(Fig. 1B). This relationship clearly demonstrates that cysteine 
content should be used instead of cysteine count in scoring 
cysteine-rich targets for structural genomics.

Cysteine disulfide bonds play important roles in maintaining 
the stability and activity of proteins as well as refolding. Hence, 
E. coli has evolved to have cytoplasmic redox control mecha-
nisms as well as periplasmic protein disulfide isomerase (PDI) 
to ensure correct formation of covalent bonds (12). The ob-
servation that the rate of target purification decreases as cys-
teine content increases is similar to other reports on the pro-
duction of murine Wint-1 protein (13), human tissue plasmi-
nogen (hTPA) (14) and horseradish peroxidase (HRP) (15). 
These eukaryotic proteins possessing multiple disulfide-bonds 
accumulate as insoluble aggregates upon overexpression in E. 
coli cells. However, soluble and biologically active Wint-1 can 
be prepared when expressed as a fusion with an OmpA signal 
sequence and c-myc tag in the cytoplasm followed by trans-

olcation into the periplasm where an oxidizing environment 
and PDI are provided (13). Likewise, efficient folding of hTPA 
was achieved by cytoplasmic expression in trxB gor mutant E. 
coli cells, which are defective in maintaining the reduced 
states of thioredoxins and glutathione (14). Similarly, coex-
pression of the folding accessory proteins DsbA, DsbB, DsbC 
and DsbD in the cytoplasm of E. coli promotes the production 
of correctly folded soluble HPR (15). Therefore, specific coex-
pression techniques along with utilization of redox mutant E. 
coli strains as expression hosts might increase the production 
of biologically active stable proteins with native disulfide 
bonds and help rescue cysteine-rich targets that were not suc-
cessfully purified by current methods.

Isoelectric point vs purification
Since pI has long been a standard measure for distinguishing 
between proteins, the effect of pI on target purification must be 
analyzed. A histogram of pI values calculated from the amino 
acid sequences of targets shows bimodal distribution with the 
highest modes centered at pI values of 5.5 and 9.5 for acidic 
and basic targets, respectively (Fig. 2A). The overall success 
rate of target purification decreased linearly (r=0.983) as the 
pI values of targets increased (Fig. 2B). For basic targets with pI 
values higher than 9, the overall success rate was about 23% 
on average, which was only half of that for acidic targets with 
pI values lower than 5.0.

The most striking observation from our study is that the 
overall purification of basic targets was much less successful 
compared to that of acidic targets. The distribution of pI values 
for proteins from E. coli, plants and human revealed major 
clusters with major peaks at pH 5.5 and pH 9.5 and minor 
peaks at pH 7.8 and pH 12 (16). Although it is not yet clear 
whether this multimodal pI distribution reflects the subcellular 
localization of proteins or rather is the result of discontinuous 
amino acid ionization values (17), systemic analysis of the pI 
values of eukaryotic proteins provides important evidence that 
cytosolic proteins are responsible for the acidic modality and 
integral membrane proteins for the basic modality (18). In ad-
dition, the minor modality centered at pH 12 was presumably 
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Fig. 2. Histogram of the calculated pI 
values of targets (A) and overall suc-
cess rate for each pI group (B). The 
pI values represented are pI values of 
target proteins. The calculated pI of 
His-MBP tag is 5.5.

due to nucleic acid-associated proteins as well as other pre-
dicted proteins of unknown function (16). At present, there is 
no clear explanation for the lower rate of purification of basic 
targets, especially those with pI values higher than 9. Howev-
er, based on the fact that membrane proteins are of a basic 
modality, it is possible that a certain proportion of the basic 
targets that were subjected to purification include membrane 
proteins. One can also speculate that basic targets associated 
with nucleic acids require acidic partners to maintain their sta-
bility under the non-native conditions of IMAC capture and 
TEV proteolysis.

In conclusion, an E. coli cell-based system produces a broad 
range of eukaryotic targets with high yield and purity sufficient 
for structural analysis (19, 20). However, maximizing the puri-
fication of target proteins is still a challenge. Filtering a sig-
nificant fraction of highly basic proteins from the priority target 
list as well as optimizing the protocols of tag cleavage are both 
expected to significantly increase the production efficiency of 
the E. coli expression system.

MATERIALS AND METHODS

Materials
E. coli Rosetta or B834 (DE3)/pLacIRARE strains were obtained 
from Novagen (Madison, WI, USA). AKTA purifier with Uni-
con 4.12 software, HiTrap chelating HP, HiPrep 26/10 desalt-
ing and MBP Trap HP columns were purchased from GE Health-
care (Piscataway, NJ, USA), The 0.8 μm pore size filters, Cen-
triprep or Centricon, were purchased from Millipore (Billerica, 
MA, USA). The 2 liter polyethylene terephthalate (PET) bever-
age bottles were from Ball Corporation (Chicago, IL, USA).

Target selection
Arabidopsis, human, and mouse proteins were scored and pri-
oritized based on a variety of quantitative and predicted char-
acteristics identified by software packages. Characteristics (and 
the relevant algorithm or tools) considered in categorizing and 

scoring targets were homologous structure (BLAST) (21), frag-
ment score (BLAST), external structural genomics target, struc-
ture class, transmembrane segments (SCOP classification (22), 
TMHMM (23), HMMTOP (24), signal peptide (SignalP (25) 
and TargetP (26)), cysteine count, Pfam score (27), low com-
plexity (seg) (28), new fold prediction, gene chip results (29), 
disorder prediction (PONDR) (30), solubility prediction and 
black list. Based on the results of the bioinformatic analyses, 
each open reading frame (ORF) was allocated a 14 digit target 
score, and these scores are then used to divide the ORFs into 
priority tiers. ORFs in the first, second or third tiers were con-
sidered prime targets. More than 69,886 unique targets from 
the Arabidopsis thaliana, human and mouse genomes have 
been evaluated with the target scoring protocol. The target se-
lection criteria and target list are given on the CESG website 
(www.uwstructuralgenomics.org).

Cloning, expression, purification and laboratory information 
manage system
The detailed protocols for cloning (31), expression (32, 33) 
and purification (11) were described in separate papers. Below 
is a brief outline of the protocols implemented in this study.

The target genes were cloned into a pDONR221 plasmid 
and then transferred into a pQE80-derived expression vector, 
pVP13-GW, which allows expression of the target as an N-ter-
minal fusion in combination with (His)6-MBP. The TEV pro-
tease site is present in the linker region between the MBP and 
target. Isolated targets contain a non-native N-terminal serine 
residue in place of the normal N-terminal methionine. Con-
structs were tested for expression and solubility by gel electro-
phoresis of 0.4 ml cultures prior to large-scale expression. 
Either E. coli Rosetta or B834 (DE3)/pLacIRARE strains were 
grown at 25oC for 22-24 h in a 2 liter PET bottle containing 
500 ml of Terrific Broth, auto-induction or minimal medium 
for unlabeled or unlabeled proteins. After harvesting, cells 
were disrupted by programmed sonication on ice followed by 
centrifugation at 5,000 g for 20 min. Supernatant was used for 
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purification of fusion proteins. Prior to loading onto HiTrap 
chelating HP columns, samples were filtered through a 0.8 μm 
pore size filter. Automated purification was performed on an 
AKTA purifier controlled by Unicorn 4.12 software. The purity 
and concentrations of the targets were determined by SDS-PAGE 
and absorbances were measured at 280 nm. Purified targets 
were desalted using a HiPrep 26/10 desalting column against 
buffers specific to the pI of the target and were concentrated to 
10-15 mg/ml using Centriprep or Centricon. Concentrated tar-
gets were then drop-frozen as 30 μl droplets for storage until 
use. The SESAME program was used for data harvesting, stor-
age and management (34).
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