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Abstract

Specific tags with defined amino acid residues are widely used to purify or probe target proteins.
Interestingly, the tagging system occasionally results in an increase of the recombinant protein
expression in vivo. Here, we systematically examined this phenomenon using a poly-histidine
(His)-tag fused to N- or C-terminal region of green, red, and blue fluorescent proteins by quantifica-
tion and uneven distribution in cytoplasm of Escherichia coli. This effect was further supported by
the distinct over-expression of several unrelated proteins, such as esterase, neopullulanase, and
chloramphenicol acetyltransferase, tagging with the same tag. These results suggest that a poly-
His-tag placed at N-terminal region can induce over-expression of recombinant protein via subcellu-

lar uneven distribution in vivo.
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Introduction

It has become clear that bacterial cytoplasm is not homogeneous but a
differentiated medium in which various macromolecules, such as
RNAs and proteins, are not freely diffused to particular subcellular re-
gions [1-4]. Uneven distribution of various molecules, referred specif-
ically to as subcellular localization, is common in eukaryotic cells [1].
The unevenly distributed localization is essential for the proper func-
tion of proteins in the processes such as cytokinesis, replication, and a
wide array of signal transduction pathways [3,5]. This is further rein-
forced by recent studies showing that RNAs are also localized at cer-
tain sites within cells [6]. For example, transfer-messenger RNA is
spatially concentrated by organizing into a cytoskeletal structure to
avoid ribonuclease R. Therefore, it has been recognized that subcellu-
lar localization is not only important for specific functions, but also in
regulating concentrations of biomolecules through interactions with
factors for quality control [3,6]. Although some progress has been
made in the understanding of unevenly distributed phenomena (sub-
cellular localization) in bacterial cytoplasm, the structures or sequence

elements that dictate the uneven distributions of proteins and RNAs
remain to be further elucidated.

Functional purification is prerequisite to define the activity and
structure of the resulting recombinant protein. In this respect, a poly-
histidine (His) peptide tag is commonly used for affinity purification
after a prototype study has been reported [7]. This tag provides
clear advantages due to its relatively small size and strong binding to
metal ion-immobilized resins, which ensures that protein activity is
rarely impaired, although there are also reports of cases showing
that it may affect the structure or activity of some proteins [8,9]. There-
fore, researches of His-tag have mainly focused on the solubility and
yield of the target proteins from affinity purification procedures
[10-13]. Interestingly, it has been reported that the orientation of
His-tags, either N- or C-terminal of the target proteins, affected the
expression levels of recombinant proteins, although the underlying
mechanism has not been clearly elucidated [14-16].

Recently, we have observed the distinct pattern of uneven distribu-
tion of recombinant mBFP protein with an N-terminal His-tag [17].
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This pattern was observed to be closely associated with the over-
expression in Escherichia coli under no induction conditions. The pro-
tein mBFP is an NADPH-dependent fluorescence protein derived from
a metagenome; thus, there is no possibility of finding a functionally
interacting partner in E. coli [17]. In this study, we provide evidence
that the His-tag is responsible for the uneven distribution (subcellular
localization) and over-expression, particularly when it is tagged to
N-terminal region of recombinant proteins.

Materials and Methods

Strains, plasmids, and culture conditions

The E. coli strain used in this study was XL1-Blue (Stratagene,
La Jolla, USA). The genes of two fluorescent proteins, Discosoma
sp. red fluorescent protein (DsRed) and green fluorescent protein vari-
ant optimized for excitation by UV light (GFPuv), were obtained from
the commercial vectors pDsRed2-N1 and pGFPuv (Clontech, Moun-
tain View, USA), respectively. The gene of blue fluorescent protein
(mBFP) was from pBGR-Blue [17]. The chloramphenicol acetyltrans-
ferase (CAT) gene was derived from the cloning vector pACYC184
(Promega, Madison, USA). The genes encoding an esterase 1767
and a neopullulanase (BCN, Bacillus cereus neopullulanase) were ob-
tained from the corresponding genomic DNA by PCR [18,19]. The
cells were grown at 37°C in LB media supplemented with 50 pg/ml
ampicillin. When required, the expression of recombinant protein
was induced with 0.1 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) under defined conditions.

Construction of recombinant plasmids

Two expression vectors, pQE30 (QIAGEN, Heidelberg, Germany)
and pET-22b(+) (Novagen, Darmstadt, Germany), containing His-tag
at their N- or C-terminal region of multi-cloning site, were used to con-
struct the His-tagged proteins. The genes (dsred, gfpuv, mbfp, and cat)
encoding the target proteins with His-tag were amplified by PCR using
a set of primers (Table 1) and then digested with restriction enzymes
(Sphl/HindIll for pQE30 and EcoRI/HindIIl for pET-22b(+)), respect-
ively. These genes were ligated with expression vectors and then trans-
formed into E. coli cells. The resulting constructs were confirmed by
DNA sequencing.

For a clear comparison of the His-tag effects under the same
expression conditions, all constructs were further subcloned into the
pTrc99A expression vector using the EcoRI/HindlIll-digested (encod-
ing each protein with an N-terminal His-tag) or PCR-amplified
(encoding each protein with a C-terminal His-tag) DNA fragments.
The construct pTrc99A-His-CAT was prepared by replacing the
gene encoding DsRed of pTrc99A-His-DsRed with the gene encoding
CAT. All genes without any tags were also cloned into the same vector
as controls. The additional two His-tag constructs, His-BCN and
His-1767, were also prepared to compare the distribution pattern in
cytoplasm with those of fluorescent proteins under the same condi-
tions. Therefore, these two genes were subcloned into the expression
vector pTrc99A by PCR using a set of primers containing an appropri-
ate restriction site (Table 1).

Fluorescent cell imaging and intensity

The recombinant E. coli cells were cultivated at 37°C in LB media and
induced with 0.1 mM IPTG at an optical density (600 nm) of 0.5, and
then incubated for an appropriate time. To monitor the uneven distri-
bution (localization) patterns under a low level of expressed proteins,
the cells were incubated without inducer at 37°C for 8 h, or further

production of proteins in the cells was blocked with 50 pg/ml tetracyc-
line and 170 pg/ml chloramphenicol after 25 min of induction with
0.1 mM IPTG. All cells were subject to image analyses in the following
manner. An aliquot of cultured cells was withdrawn to investigate the
time course cell images. These cells were diluted with LB media or
phosphate-buffered saline to an optical density of 1.0 and placed on
slide glasses. After air drying for 20 min at room temperature, the
cells were observed using a BX43 fluorescence microscope (Olympus,
Tokyo, Japan) equipped with reflected fluorescence system and x100
differential interference contrast (DIC) or phase-contrast objectives.
The excitation wavelength for the filter mounted on the BX3-URA uni-
versal reflected illuminator (Olympus) was 340-390 nm (U-FUW) for
mBFP, 460-495 nm (U-FBW) for GFPuv, and 530-550 nm (U-FGW)
for DsRed and immunofluorescent proteins. The image was captured
by a DP71 digital camera (Olympus) with a 500 ms exposure time
for the DIC and fluorescence images. Images were processed using soft-
ware (DP-BSW; TOMORO Digital Image Package, Tokyo, Japan). The
relative fluorescence was also measured with harvested cells in 96-well
plates using a fluorescence spectrophotometer (Infinite M200; Tecan,
Minnedorf, Switzerland).

Protein expression analyses

The recombinant E. coli cells were cultured at 37°C in LB media for
comparative analyses of the expression level of the protein with or
without the His-tag. After 8 h of culture without induction, the cells
were appropriately concentrated (1.5 mg/ml) and re-suspended in a
buffer (50 mM Tris—HCI, pH 6.8) and then sonicated for 10 s twice
at 4°C. After centrifugation at 14,000 g for 20 min, an aliquot of
cell lysates (20 pl) was subject to 11% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) analyses according to a
general procedure. The expression level of proteins in soluble fraction
was determined according to the previous report [20]. Band intensity
of expressed proteins was quantitatively analyzed using Image] soft-
ware (ver. 1.44p) and also confirmed by western blotting using
anti-His-tag and anti-mBFP antibody according to a general proced-
ure of manufacturer (Santa Cruz Biotech, Santa Cruz, USA).

MIC and zymogram assay of proteins

The clone expressing CAT with a His-tag was cultured for 14 h at
37°C, and the effect of the increased expression level by the His-tag
on antibiotic resistance of the host was evaluated. In brief, an aliquot
of harvested cells (10® cells) was mixed with fresh LB media and
spread on the solid plates containing LB media. Chloramphenicol
was dropped on 6 mm filter paper in a 10-fold concentration series
from 10% to 10° pg/ml. After incubation for 16 h, the diameter of
the growth inhibition zone was measured. Clones expressing CAT
with a C-terminal His-tag or no tag were assayed under the same con-
ditions as controls. The activity staining (zymogram) of esterase was
conducted according to the general procedure of a previous report
[18]. In brief, cell lysates were mixed with 0.2 volume of native sample
buffer and resolved on a 11% PAGE. After gel electrophoresis, half of
the separating gel was washed twice with 50 mM Tris-HCI (20 ml)
buffer and then soaked into the same buffer containing 4 mg of
o-naphthyl acetate dissolved in ethoxyethanol (0.5 ml). The activity
band was developed by dropping Fast Blue RR (2 mg/ml) solution.

Indirect immunofluorescence staining
Immunofluorescence images of the cells were determined as described
elsewhere with slight modifications [21], using rabbit anti-His-tag
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Table 1. Primers and vectors used in this study

Primer® Sequence (5’ - 3’) Construct

H-DsRedf ATAGCATGCGCCTCCTCCGAGAAC pQE30-DsRed

H-DsRedr? ATAAAGCTTCTACAGGAACAGGTGG

H-GFPf ATAGCATGCAGTAAAGGAGAAGAACTT pQE30-GFPuv

H-GFPr® TTTAAGCTTTTATTTGTAGAGCTCATCC

H-mBFPf ATAGCATGCCAGAATCTGAACG pQE30-mBFP

H-mBFPr® TTAAGCTTCA AGCGGCGAAG CCGCCGT

H-BCNf AAGGATCCATGTTTAAAGAAGCTATTTATCATAGGCC pQE30-BCN

H-BCNr AACTGCAGTTACCATTTTAATATGGAGAATCCATATGG

H-1767f CACGGATCCGTGCAGATTCAGGGTACA pQE30-1767

H-1767r CAAGCTTTTACAGACAACCGGCCAATA

DsRed-Hf* TATCATATGGAATTCGCCTCCTCCGAGAACGTCA pET-22b(+)-DsRed

DsRed-Hr ATACTCGAGAAGCTTCAGGAACAGGTGGTGGCGG

GFP-Hf* GAGGAATTCAGTAAAGGAGAAGAACTTT pET-22b(+)-GFPuv

GFP-Hr TATAAGCTTGTAGAGCTCATCCATGC

mBFP-Hf* ATAGAATTCCAGAATCTGAACGGC pET-22b(+)-mBFP

mBFP-Hr ATAAAGCTTAGCGGCGAAGCCGCC

PETr-1 TTCGGGCTTTGTTAGCAGCCCCGGGTCAGTGGTGGTG pTrc99A-DsRed- and GFPuv-His
PETr-2 TTCGGGCTTTGTTAGCAGCCTGCAGTCAGTGGTGGT G pTrc99A-mBFP- and CAT-His
DsRedf AGACCATGGCCTCCTCCGAGAACGTCATCACCG pTrc99A-DsRed

GFPuvf ATGGAATTCATGAGTAAAGGAGAAGAACT pTrc99A-GFPuv

mBFPf ATACATATGCAGAATCTGAACGGCAAAGTGGC pTrc99A-mBFP

CATf ATAGGATCCGAGAAAAAAATCACTGGATATACCACCGTT pTrc99A-His-CAT and pTrc99A-CAT
CATr TATAAGCTTACGCCCCGCCCTGCCA

CAT-Hr ATACTCGAGCGCCCCGCCCTGCCA pET-22b(+)-CAT

BCNf CGCCCATGGGAATGTTTAAAGAAGCTATTTATCATAGGCCG pTrc99A-BCN

H-BCN2f TAACCATGGGACATCACCATCACCATCACGGATCC pTrc99A-His-BCN

1767f GCGGAATTCATGGTGCAGATTCAGGGTCATTA pTrc99A-1767

1767r TATAAGCTTTTACAGACAACCGGC

Restriction sites are underlined.
#The name of primer denotes target gene’s name with His-tag located.
P get g g

PThese reverse primers were also used in PCR for pTrc99A-gene constructs.

“These forward primers were also used in PCR for pTrc99A-gene-His constructs.

antibody (1:75; Santa Cruz Biotech) and rhodamine-conjugated
secondary antibody (1:200, goat anti-rabbit IgG; Millipore).

Statistical analysis
All experiments were conducted in triplicate and the representative
ones were shown in all the figures.

Results

Distinct over-expression of proteins with N-terminal
His-tag under no induction condition

Blue fluorescent protein mBFP is a member of the short-chain
dehydrogenase family proteins isolated from a metagenomic DNA
library. The mBFP contains two signature sequences, an NADPH bind-
ing motif and a Rossmann fold, for distinct structures and emits fluores-
cence only upon association with NADPH [17]. In order to further
evaluate its potential as a novel reporter protein, we constructed an
expression vector carrying His-tag at N-terminus of mBFP (pQE30-
mBFP), and observed unevenly distributed blue fluorescence loci in the
transformed E. coli cells, particularly at the end poles or membranes of
cells (Fig. 1A). Most interestingly, the expression level of mBFP was dra-
matically increased to over 25% of total cellular protein even in the ab-
sence of the inducer IPTG (Fig. 1B). An evenly distributed pattern of
blue fluorescence was observed with mBFP fused to other peptide tags
such as Myc. No localization patterns were seen in the cells expressing

mBFP alone or that fused to maltose-binding protein (MBP). When His-
tag was fused to the N-terminal region of MBP-mBFP, the unevenly dis-
tributed fluorescence signal was partly observed, although image was
somewhat vague presumably due to abnormal folding and/or low stabil-
ity of the resulting fusion protein His-MBP-mBFP with a calculated mo-
lecular mass of ~70 kDa (data not shown). This might be due to a high
oligomerization tendency of mBFP [17]. Taken together, these results
provide a clue that His-tag might function at the N-terminal region of
recombinant protein as a subcellular uneven distribution signal and
leads to an over-expression of target proteins.

This possibility was further tested using two fluorescent proteins
DsRed and GFPuv, which could be readily imaged at the single cell
level. mBFP was included as a positive control. The genes for these
fluorescent proteins were amplified by PCR and subcloned into the
pQE30 and pET-22b(+) expression vectors, carrying innate His-tag
at N- and C-terminal region of the multiple cloning site, respectively.
These constructs including the His-tag were further subcloned into
pTrc99A expression vector to compare the expression level and local-
ization patterns of all proteins under the same conditions. The E. coli
cells carrying DsRed and GFPuv constructs (incorporated gene with
His-tag or no tag in the same vector pTrc99A) were streaked on LB
plate and incubated for 24 h at 37°C. As expected, cells harboring
the gene with the N-terminal His-tag showed distinct fluorescence
even in solid plates without any inducer (Fig. 2A). At the colony
level, the increase in fluorescence was dramatic and thus readily discri-
minated from cells expressing proteins with the C-terminal His-tag or
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no tag. Subsequently, we quantified fluorescence proteins from all con-
structs on SDS-PAGE using the cultivated cells for 8 h without any in-
ducer. Cell lysates were divided into soluble and insoluble fractions
after centrifugation at 15,000 g for 30 min. As shown in Fig. 2B, the
expression level of the fluorescent protein with the N-terminal His-tag
was significantly higher than those of constructs with C-terminal His-
tag or no tag. The N-terminal His-tagged fluorescent proteins were

A

accumulated up to 12.2% =2.4% (DsRed), 10.4% =2.2% (GFPuv),
and 23.8% = 1.9% (mBFP) of total cell protein. These were 5.36,
5.38, and 4.86 times more than that without tags. Most intriguingly,
almost all proteins expressed with the N-terminal His-tag were found
in soluble fractions. These results provided evidence that the proteins
were not over-expressed as inclusion bodies. In the contrast to that of
N-terminal His-tagged mBFP, the expression level of C-terminal

26 kDa

Figure 1. Fluorescence microscopy and SDS-PAGE analysis of mBFP When expressed with an N-terminal His-tag, mBFP was unevenly distributed and mainly
localized at the end pole or membrane (A) The expression level of the resulting protein increased to be ~25% of total cell protein (B) when harvested at optical
density of 1.5 without induction. The expression level of mBFP was analyzed on a 11% SDS-PAGE gel using cells harboring an expression vector pQE30 with
innate N-terminal His-tag (RGSHHHHHH).
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Figure 2. Fluorescent intensities and expression levels of fluorescent proteins with His-tag

(A) Clones expressing N-terminal (a), C-terminal (b), and no-tagged

(c) fluorescent proteins, and the clone transformed with an empty vector (d). The images were captured after 24 h cultivation in LB-agar plates. (B) SDS-PAGE (11%)
was conducted using the culture in LB media for 8 h without any inducer. (C) Western blotting was conducted using anti-His-tag antibody according to a provided
procedure by the manufacturer. Bands corresponding to the calculated molecular masses of proteins are indicated by arrows.
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His-tagged protein was severely unstable and often lower than that of
non-tagged proteins. Western blotting using anti-His-tag antibody
further supported these results (Fig. 2C).

Uneven distribution of proteins with N-terminal His-tag
in vivo

We then examined the fluorescent images of tagged proteins in the
cells cultivated for 8-12 h at 37°C to address whether or not the
His-tag of the constructs dictated uneven distribution in cytoplasm.
Expectedly, many fluorescence images from N-terminal His-tagged
proteins showed unevenly distributed and concentrated at the mem-
brane or end poles of cells. However, the localized signals of proteins
expressed in cells harboring the expression vector pTrc99A had more
unclear boundary image than proteins expressed in cells harboring
the expression vector pQE-30. This could be partly due to lower quan-
tum yields and shorter excitation/emission wavelengths of GFPuv
(400/509 nm) and mBFP (350/450 nm) than those of DsRed (488/
583 nm). It is also well known that the slow maturating DsRed
requires a prolonged cultivation time (9-12 h) for visible images
after seeding bacterial cells. Thus, hyper-level expressed proteins,

N-Terminal His tag

DsRed

GFPuv

mBFP

Without tag

particularly in the case of protein with an N-terminal His-tag, could
generate an unclear localization boundary image due to super-
saturation of protein expression. Therefore, further attempts to con-
firm the function of His-tag as a localized distribution signal at an un-
saturated level were made by blocking translation with 50 ug/ml
tetracycline and 170 pg/ml chloramphenicol after 25 min of the induc-
tion with 0.1 mM IPTG. IPTG induction permitted a detectable
amount of protein expression in a controllable manner and did not
disturb the localized distribution. Consequently, overall fluorescent in-
tensities of these constructs were weaker, but images with more dis-
tinct localization of DsRed and GFPuv with the N-terminal His-tag
were obtained (Fig. 3). All proteins with N-terminal His-tags showed
similar fluorescent loci as those of translation-unblocked cells. About
98% of cells expressing DsRed exhibited unevenly distributed patterns
of fluorescent loci, whereas relatively lower frequencies of unevenly
distributed patterns were observed for GFPuv (32%-50%) and
mBFP (45 %-60%). However, fluorescence of the C-terminal- or non-
tagged proteins was evenly distributed throughout the entire cytoplas-
mic region. The fluorescence intensities of C-terminal tagged proteins
were relatively lower than those of proteins with an N-terminal His-
tag. Especially, the fluorescence of C-terminal His-tagged DsRed

C-Terminal His tag

Figure 3. Subcellular localization of His-tagged fluorescent proteins All fluorescent proteins were expressed under the same conditions using pTrc99A as the
expression vector. Cells expressing proteins with an N-terminal His-tag were induced with 0.1 mM IPTG for 25 min and blocked from further expression by
treatment with 170 pg/ml chloramphenicol and 50 pg/ml tetracycline. Cell images were captured after further incubation for 9 h (His-DsRed) and 2 h (His-GFPuv
and His-mBFP), according to their maturation time. To induce an expression suitable for imaging, cells expressing proteins with a C-terminal or no tag were
induced with 1 mM IPTG for 1 h and treated with the same amount of antibiotics to block further expression.
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was quite low and thus hardly detected in this experiment even when
induced with 1 mM IPTG (Fig. 3). Therefore, no dictated roles of
C-terminal His-tag for subcellular uneven distribution were observed
in vivo. We observed the similar results with other E. coli strains
(DHS5a, Top10, and BL21), suggesting that the localized uneven dis-
tribution with N-terminal His-tag is not strain-specific.

Finally, to provide further evidences for localized uneven distribu-
tion of expressed proteins with N-terminal His-tag, structurally unre-
lated proteins including CAT (chloramphenicol acetyl transferase,
26 kDa, trimer), BCN (neopullulanase, 61 kDa, dimer), and enzyme
1767 (esterase, 41 kDa, monomer) were arbitrary selected and cloned
into the expression vector pTrc99A as those of fluorescent proteins

His-BCN

His-1767

His-mBFP

His-mBFP

mBFP-His Empty

B Total protein Soluble protein
1 2 3 4 1 2 3 4
1, Empty vector; 2, Without tag; 3, His-mBFP; 4, mBFP-His
C Control CAT His-CAT CAT-His

R R
A =

Y
L 4 > \‘

Figure 4. His-tag effect on uneven distribution and activity of chloramphenicol acetyltransferase (CAT), neopullulanase (BCN), and esterase 1767 (A) Distinct
uneven distribution of proteins with N-terminal His-tag was observed by immunofluorescence staining using anti-His-tag antibody. As a negative control,
unlocalized patterns of mBFP (without His-tag) using anti-mBFP antibody were shown in this figure. All constructs were expressed under the same conditions
using the expression vector pTrc99A. (B) Comparison of distribution pattern of proteins with N- and C-terminal His-tag, or without tag under the same culture
conditions. Right panel, light microscopic image; left panel, immunofluorescent image, using anti-His-tag antibody. Western blot was also conducted using
anti-mBFP antibody as a control for protein expression under the same condition. (C) Zymogram assay for esterase 1767 (left panel) and MIC assay for CAT
(right panel). For zymogram assay, an aliquot (10 pg) of the crude enzymes was analyzed on a 11% native-PAGE and then stained with a-naphthyl acetate and
Fast Blue RR. Lane 1, empty vector; lane 2, 1767; lane 3; His-1767; lane 4, 1767-His. MIC assay showed differences in inhibitory zone against 6 mm paper
impregnated with the same concentration of chloramphenicol (10° ug/ml).
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described earlier. Subsequently, the recombinant cells harboring each
construct were cultivated in LB media at 37°C for 8 h, and then immu-
nostained with anti-His-tag antibody. We used the same construct of
mBFP as a positive control. As expected, immunofluorescence staining
results indicated that all proteins expressed with N-terminal His-tag
were unevenly distributed in cytoplasm and thus localized as discrete
loci near the cell poles or membranes under the no-induction condi-
tions (Fig. 4A). As observed in the cases of three fluorescent proteins,
the majority of cells (62%-85%) displayed distinct localization pat-
terns. These results further provided evidence that the expressed pro-
teins with N-terminal His-tag were unevenly distributed in subcellular
regions consistently. Although the expressed proteins without tags
could not be detected with antibodies due to the absence of His-tag,
immunofluorescence of mBFP using a specific antibody (raised against
mBFP) was evenly distributed throughout the cells, as identical to that
of blue fluorescence of mBFP protein (Figs. 3 and 4A). The immuno-
fluorescence loci of C-terminal His-tagged proteins could not be easily
detected under the same culture conditions due to their low expression
levels, as typically observed in the case of mBFP (Fig. 4B). Western blot
analysis also supported these results (Fig. 4B, lower panel).

The increased activity also showed that the proteins with N-terminal
His-tag were over-expressed than those of no-tags and C-terminal His-
tag (Fig. 4C). As shown in the zymogram analyses, the expression level
of esterase 1767 was distinctly increased in the cells harboring a construct
with N-terminal His-tag. Maximum inhibitory concentration (MIC)
assay also showed that the viability of cells expressing CAT with
N-terminal His-tag was clearly increased. These cells overgrew on solid
media supplemented with 10° pg/ml chloramphenicol as expected. The
increased activity in zymogram assay of His-BCN (1.2-1.4 folds higher
than that of no-tag) was relatively low compared with those of the His-
CAT and His-1767. Quantification analyses using the band intensity of
the expressed proteins on SDS-PAGE showed that the His-tagged
proteins at N-terminal regions accumulated 72 vivo to high level up to
15.7% = 2.6% (CAT), 10.2% = 2.2% (esterase 1767), and 6.5% +
1.7% (BCN) of total cell proteins, which were 6.2, 4.8, and 1.3 times
more than those of no-tagged proteins when cultivated at 37°C for 8 h
under no-induction conditions (data not shown).

Discussion

We have provided plausible evidence for subcellular uneven distribu-
tion of proteins tagged with poly-His at N-terminus, accompanied by
an increase in expression level under the no-induction conditions.
When induced with IPTG, the differences in expression level between
protein with N-terminal His-tag and no-tag (or C-terminal His-tag)
were decreased, especially when induced with a relatively high concen-
tration (>0.1 mM) of IPTG for a prolonged time (>90 min). However,
the localizing loci of unevenly distributed protein in cytoplasm were
consistently observed, although the boundaries of fluorescence loci
were occasionally ambiguous due to hyper-level expression of
N-terminal His-tagged proteins under the induction conditions.
There are two possible mechanisms for uneven distribution of proteins
with N-terminal His-tag: the localization signal could be either the
His-tag RNA or poly-His of expressed proteins. The latter case is pre-
sumed to be more reasonable due to the different localization patterns
and fairly concerted effects (high avidity of three or four His-tags of
oligomeric proteins could allow for better uneven distribution) by
the innate oligomeric state. In fact, we observed more distinct localiza-
tion patterns with tetrameric (DsRed and mBFP) and trimeric proteins
(CAT) than that of monomeric (GFPuv and esterase) and dimeric

(BCN) proteins. Relatively low localization signal with high molecular
weight proteins (BCN and esterase) also further support the second
model. However, the exact mechanisms and/or in vivo interacting
partner for over-expression of unevenly distributed proteins with
N-terminal His-tag are unknown under the no-induction conditions,
although there is a possibility that the quality control, such as chap-
eron partitioning or degradation of product (RNA or protein), was
avoided by localization. Further studies are needed to elucidate the
role or mechanism of the His-tag in uneven distribution and thus sub-
cellular localization. For example, different tags composed of the syn-
onymous His codon may also help to confirm whether localization can
be addressed at the transcription or translation level.

The signal sequence prediction programs PSORTD [22] and Sig-
nalP [23] revealed that the poly-His-tag used here is not a known sig-
nal peptide in bacteria but partly matches RcnRA, a protein localized
in the cytoplasmic membrane with a 13 histidine-rich stretch that is
functionally related to the nickel/cobalt efflux system in E. coli. It is
likely that the tag used in this study also interacts with a related protein
or charged molecules (cationic metal-rich) through electrostatic inter-
actions. In this context, a recently reported organelle in bacteria, simi-
lar to acidocalcisomes of unicellular eukaryotes [24], could be a
possible interacting partner. The acidocalcisomes are phosphorus,
magnesium, potassium, and calcium storage compartments and,
thus, could have an innate ability to bind histidine. Demonstrating
the existence of an acidocalcisome counterpart in E. coli is an intri-
guing subject for future studies. Although a detailed mechanism re-
mains to be elucidated, His-tag may protect tagged proteins in a
subcellular region from cellular machinery responsible for the quality
control of RNAs or proteins.
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