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The expression and solubilization of insoluble proteins have been facilitated by the introduction of pro-
tein tags. In our analyses of viral protein R (Vpr) of human immunodeficiency virus 1 (HIV-1), however,
several conventional tag proteins enhanced its expression but failed to solubilize it. Therefore, we
decided to explore whether proteins derived from Thermus thermophilus HB8 (T. th.), a highly heat-stable
bacterium, could be used as tag proteins to enhance the solubilization of Vpr. Based on the data accumu-
lated during the recent structural genomics project of T. th., we selected 15 T. th. proteins with high
expression levels and solubilities. From this group, we identified a T. th. tag protein that expressed Vpr
in a soluble form. Furthermore, two T. th. tag proteins, including the identified one, were found to solu-
bilize the extremely insoluble membrane-spanning domain of the envelope protein of HIV-1. When green
fluorescent protein (GFP) was used as a passenger protein of T. th. tags, the brightness and stability of GFP
were similar to those of untagged GFP, suggesting that the T. th. tags do not negatively affect the function
of the passenger protein. Thus, data of structural genomics can be applied to generate a customized ver-

satile protein tag for protein analyses.

© 2008 Elsevier Inc. All rights reserved.

The structures of various proteins have been determined during
recent years, owing mainly to the progress of structural genomics
(SG)? research. This information not only enriches our knowledge of
certain aspects of basic protein science, such as protein-folding pat-
terns and specific protein-protein interactions, but also provides
practical contributions for structure-oriented drug design against
pathogens [1-5]. The structures of some proteins remain unknown,
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however, because the proteins have unfavorable properties that hin-
der attempts to analyze their structures. Such properties include low
expression level, low solubility, difficulty of purification, poor crys-
tallizability, and instability of formed crystals. Adaptor proteins that
interact with multiple other proteins, or membrane proteins with
highly hydrophobic segments, often possess these properties.

The use of certain tag proteins can overcome some of these
problems. A small peptide tag such as a polyhistidine tag, for
example, can facilitate both the detection and purification of a tar-
get protein [6,7]. Some larger peptide tags (or protein tags) can
likewise improve detection and purification while also enhancing
the expression level and solubility of a protein of interest. Indeed,
maltose binding protein (MBP) [8], glutathione S-transferase (GST)
[9], thioredoxin (TRX) [10], and N utilization substance A (NusA)
[11] have been widely used, and several expression vectors are
commercially available. Several groups have compared the effi-
ciency of conventional tag proteins for expression [12-15].
Although each of these studies used different expression vectors
and passenger proteins, it seems reasonable to conclude that one
should try several tag proteins for a particular passenger protein
because the potency of a tag can be affected by multiple factors,
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including the specific properties of the passenger proteins as well
as the linker between the tag and passenger proteins.

In many cases, tag proteins serve as molecular chaperons during
the synthesis and folding of the passenger protein [12], only to be
removed after production and purification. For an extremely insol-
uble passenger protein, a tag protein is retained so as to facilitate
solubilization. If a proper tag protein is selected, the passenger pro-
tein’s function is well maintained even with a fused tag form [16].
Moreover, the remaining tag proteins, if their structures are
known, can serve as models of molecular replacement for phase
determination [16,17]. Lysozyme [18], MBP [19], and GST [20] have
been successfully used for this purpose.

In our laboratory, we are studying the several proteins of pri-
mate lentiviruses, human immunodeficiency virus (HIV), and sim-
ian immunodeficiency virus (SIV) that are linked with acquired
immunodeficiency syndrome (AIDS). One of them is virus protein
R (Vpr), and another is gp41, a subunit of envelope protein. Vpr
is a highly insoluble 14-kDa accessory gene product of HIV-1. It
works as a pleiotropic adaptor protein in the life cycle of HIV-1
[21-26]. The gp41 subunit plays a critical role for membrane fusion
and contains highly hydrophobic membrane-spanning domain
(MSD). The membrane-spanning domain of gp41 (gp41-MSD) an-
chors the HIV-1 envelope protein to lipid bilayers [27]. During
our study of these insoluble proteins, we tried to improve solubili-
zation by using several conventional tag proteins but had limited
success. Therefore, we tried to identify new tag proteins that would
facilitate the production and structure determination of proteins of
interest. We sought candidate tag proteins from Thermus thermo-
philus (T. th.), one of the well-characterized model organisms of
the SG project [28,29]. Because T. th. survives at 85 °C and its pro-
teins are heat-stable [30], the structures of more than 400 of
approximately 2000 known gene products have been determined
during the past 5 years [28]. Drawing on information that has accu-
mulated from SG research on T. th. proteins, we tested proteins
with high expression and solubility characteristics and known
high-resolution three-dimensional structures for their utility as
candidate tag proteins.

We tested 15 candidate tag proteins on Vpr of HIV-1 and iden-
tified a T. th. tag protein that could express a soluble form of Vpr.
This tag and another tag were also able to help expression of a
gp41-MSD. Analyses using green fluorescent protein (GFP) as a fu-
sion passenger protein suggested that these T. th. tags did not sig-
nificantly affect the biophysical properties of the passenger
proteins. Our results suggest that the information accumulated
during the SG project, as exemplified here for T. th., can be a versa-
tile resource for the identification of customized tag proteins that
may facilitate biophysical and structural analyses of highly insolu-
ble proteins.

Materials and methods
Selection of candidate tag proteins from T. th

We used the accumulated data from expression, purification,
and crystallization trials in the Whole Cell Project of T. th. [29,31]
to select candidate proteins. From the more than 400 proteins with
known structures, we selected proteins that showed good expres-
sion and solubility. In the Whole Cell Project of T. th., we arbitrarily
defined seven classes to indicate a protein’s expression level and
solubility fitness: (i) no expression, (ii) low expression and low sol-
ubility, (iii) high expression and low solubility, (iv) high expression
and half solubility, (v) low expression and high solubility, (vi) high
expression and half solubility, and (vii) high expression and high
solubility. We selected proteins that fell in the high expression
and high solubility category. Among these selected proteins, we

further narrowed the field by choosing candidates whose resolu-
tion of the determined structure is higher than 2 A.

Construction of expression plasmids

All of the proteins were expressed in Escherichia coli BL21 Star
(DE3) (Invitrogen) using the same plasmid derived from pET-47b
(Novagen). pET-47b contains a T7 promoter, a six polyhistidine
tag-coding sequence, and an HRV 3C protease recognition se-
quence upstream of the multiple cloning site. A tag protein was
added at either the N or C terminus of a passenger protein
(Fig. 1). To add the tag at the N terminus, we used a modified
pET-47b plasmid called pET-47md that had been produced by
cloning an oligonucleotide cassette with Ascl, Pacl, BamHI, and
BsrGl sites, in that order, between the Kpnl and Avrll sites of pET-
47b. To fuse a candidate tag protein at the C terminus of a passen-
ger protein, pET-47b was used. The pET-47b vector has BamHI,
BsrGl, Ascl, and Pacl sites, in that order, in the multiple cloning site.

The genes for tag proteins were amplified by polymerase chain
reaction (PCR) using primers that contained Ascl and Pacl sites at
the 5’ and 3’ termini of the genes while also using KOD Plus (Toy-
obo), Pfu Turbo (Stratagene), and Ex Taq (Takara) DNA polymer-
ases. The template DNAs we used included 15 T. th. expression
plasmids for T. th. genes [31,32] (RIKEN Bioresource Center DNA
bank), pMALp2e (New England Biolabs) for mbp, pGEX5x-1 (GE
Healthcare) for gst, pET-50b (Novagen) for nusA, pSP65HXB2gpt
for vpr, and the synthetic vpx (viral protein X) gene whose se-
quence is based on that of SIVmac251 and optimized for yeast co-
don use. Modified GFPs, which were used as passenger proteins,
were also amplified by PCR using primers with BamHI and BsrGI
sites at the 5 and 3’ termini, respectively [33]. The MSD portion
of gp41 [27] was synthesized as a complementary pair of oligode-
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Fig. 1. Schematic representation of plasmids used in this study. The upper panel
shows the details of the multiple cloning site of pET-47b and pET-47md. The lower
panel shows the structure of the backbone. T7, T7 promoter; Hisg, polyhistidine tag;
HRV3, region coding amino acid sequences recognized by HRV 3C protease; MCS,
multiple cloning site; Tag, genes of tag proteins; Passenger, genes of passenger
proteins.
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oxyribonucleotides with BamHI and BsrGlI sites at the 5’ and 3’ ter-
mini, respectively. All amplicons were first cloned into pCR4blunt-
TOPO vectors using the TOPO Cloning Kit (Invitrogen), and their
sequences were verified before being cloning into pET-47b or
PET-47md. After cloning the individual passenger gene between
the BamHI and BsrGlI sites of pET-47b or pET-47md, the respective
tag genes were cloned using the Ascl and Pacl sites. As a control, we
constructed expression vectors containing tag genes but without
passenger genes; this was accomplished by cloning the tag genes
to pET-47md with the Ascl and Pacl sites. We verified all sequences
of the constructed expression vectors.

Analysis of protein expression on a small-scale

BL21 Star (DE3) (Invitrogen) was transformed by the con-
structed expression plasmids and cultured on Luria-Bertani (LB)
plates containing 50 pg/ml kanamycin. Fresh colonies were picked
and inoculated into 2 ml of LB medium containing 50 pg/ml kana-
mycin. All E. coli cells were grown at 37 °C throughout the
experiments. When the cells had reached a log phase, isopropylthi-
ogalactoside (IPTG) was added in a final concentration of 1 mM.
After a 5-h growth period, the cells were harvested by centrifuging
at 15,000g for 10 min at 4 °C using an MX-301 centrifuge (Tomy).
We extracted the expressed proteins using 300 pl of BugBuster
(Novagen) that contained 0.3 pl of Benzonase (Novagen). The total
lysate and supernatant was subjected to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) using a 5% to 20%
SDS gradient gel (DRC). We confirmed the expressed protein with
the peptide mass fingerprinting method using AXIMA-CFR Plus
(Shimadzu).

Measurement of fluorescent activity of GFP

BL21 Star (DE3) cells that had been transformed using the GFP
expression vectors (GFP alone or tag-fused GFP at the N terminus)
were grown for 5 h in LB medium containing 1 mM IPTG and then
harvested by centrifugation (15,000g, 4 °C). The cell pellets were
suspended in 0.7 ml of phosphate-buffered saline (PBS), and the
optical densities at 600 nm were determined. The fluorescence of
the suspended cells was analyzed using a FACSCalibur flow cytom-
eter (BD Biosciences). We normalized the measured mean fluores-
cence signal by dividing it by the obtained optical densities at
600 nm (0D500).

Analysis of stability of tagged protein

A 20-pl aliquot of the supernatant of tag-free or tag-fused GFP-
expressing cell lysate prepared as described above was added to a
500-pul buffer solution containing 20 mM Tris-HCl (pH 8.0) and
increasing concentrations (1, 2, 3, 4, and 5 M) of guanidium hydro-
chloride (GdmHCI). After incubating the preparations for 1 day at
room temperature, we measured the emission spectra from 500
to 600 nm using an F-4500 fluorescence spectrophotometer (Hit-
achi) set to an excitation wavelength of 470 nm.

Large-scale expression and purification

BL21 Star (DE3) cells transformed with individual expression
plasmids were grown in 1L of LB medium containing 50 pig/ml
kanamycin. When ODggo reached 0.5 to 0.7, IPTG was added to
produce a final concentration of 1 mM so as to induce the expres-
sion of target proteins. After a 5-h growth period, cells were pel-
leted down and frozen at —30 °C. To extract the protein, the cell
pellets were resuspended in buffer A (20mM NaPi [pH 7.4],
0.5M Na(Cl, and 20 mM imidazole). The suspended cells were
placed on ice and subjected to ultrasonication for 1 h. The dis-

rupted cell extract was centrifuged at 5000g for 30 min at 4 °C
to remove insoluble materials. The supernatants were loaded
onto Ni Sepharose 6 Fast Flow columns (GE Healthcare) and
eluted with a second buffer (20 mM NaPi [pH 7.4], 0.5 M NacCl,
and 0.5 M imidazole). HRV 3 C protease (Novagen) was added to
the eluted fractions, and the preparations were incubated at
4 °C for more than 16 h to remove the polyhistidine tags. After
exchanging the second buffer for buffer A using VivaSpin (Sarto-
rius), the solutions again were loaded onto Ni Sepharose 6 Fast
Flow columns. The flow-through fraction was collected and con-
centrated to 2 to 5ml in a buffer containing 50 mM Tris-HCI
(pH 8.0) and 0.5 M NaCl. The concentrated fraction was subjected
to Superdex 200 size exclusion chromatography using an AKTA
Purifier (GE Healthcare). We collected the highest peaks and ver-
ified their content using SDS-PAGE.

Secondary structure analyses

Purified proteins were placed in buffer (20 mM NaPi [pH 7.0]
and 0.5 M NaCl), and their circular dichroism (CD) in the far-UV
(ultraviolet) region of 200 to 250 nm was measured at 25 °C using
a Pistar-180 Spectrometer (Applied Photophysics).

Results
Expression of Vpr protein with conventional tag fusion

To obtain soluble Vpr protein for future analysis, we tried to ex-
press Vpr in E. coli. When Vpr was expressed without any tag, it did
not express very well. Even when it was expressed, it did not come
to a soluble fraction (Fig. 2A). This is consistent with previous stud-
ies [26,34]. The conventional tag genes mbp, gst, and nusA were
introduced upstream or downstream of the HIV vpr gene in the
expression plasmid (Fig. 1). Among the conventional tag proteins,
GST and NusA facilitated expression of fusion protein when added
at the N or C terminus, whereas MBP failed to achieve a high
expression level (Fig. 2B). Unfortunately, all of the tagged Vpr pro-
teins that were expressed were observed in the insoluble fraction
(Fig. 2B).

Selection of candidate T. th. tag protein

To seek other effective tags for Vpr protein expression and sol-
ubilization, we decided to introduce proteins from T. th.; the SG
project of T. th. [28] has provided many data sets, including those
for protein expression, purification, and crystallization [29], that
aided in our selection of viable candidates for this effort. We se-
lected 59 candidates from more than 400 proteins based on their
expression level and the solubility (see Materials and methods
for details). From these 59, we selected 31 candidates with resolu-
tions of structures higher than 2 A. By coincidence, the molecular
weight of each of the 31 candidates was less than 40 kDa. This
may reflect the fact that smaller molecular weight proteins are eas-
ier to express and crystallize [35].

We further narrowed the candidate pool by selecting 14 pro-
teins for which information on small-scale protein preparation
was available. To these 14 candidates, we added a 57.9-kDa pro-
tein, the largest in the first-pass group of 59 proteins. We in-
cluded this protein so as to have a larger molecular weight tag
protein that could serve as a favorable model of molecular
replacement for larger passenger proteins. The complete list of
15 candidate proteins appears in Table 1. As a group, there
seemed to be no common functional or structural correlations,
probably because we selected the candidates solely for their prac-
tical properties of expression and solubility and on their struc-
tural analyses.
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Fig. 2. Expression profile of tag protein-fused Vpr with (+) or without (-) induction by IPTG. Based on calculated molecular weights, the positions of expected proteins are
marked by arrows along the right edge of each gel. (A) Expression profiles of tag-free Vpr. (B) Expression profiles of MBP-fused Vpr, GST-fused Vpr, and NusA-fused Vpr. (C)
Expression profiles of individual T. th. protein candidates alone (tth) and when fused with Vpr at the C terminus (vpr-tth) or at the N terminus (tth-vpr). The number
indicated in the box in the upper left corner of each gel corresponds to the number used for the candidate tth gene listed in Table 1. Gel columns indicate molecular weight
markers (in kDa) (M), total lysate (T), and supernatant (S).

Table 1
Selected candidates of protein tags from T. th.

Name in this study Locus tag in genome Functional feature My (kDa) PDB ID Resolution (A)
tth1 TTHA0132 Conserved hypothetical protein 16.9 2dx6 1.78
tth2 TTHA0271 Molecular chaperon, GroEL 57.9 1wf4 2.80
tth3 TTHA0281 UPF0150 family protein 9.8 2dsy 1.90
tth4 TTHA0341 Molybdopterin biosynthesis enzyme MoaB 17.8 2is8 1.64
tth5 TTHA1053 Conserved hypothetical protein 20.7 2cve 1.60
tth6 TTHA1091 Conserved hypothetical protein 17.8 1vgg 1.75
tth7 TTHA1199 Ornithine carbamoyltransferase 333 2ef0 2.00
tth8 TTHA1275 C subunit of V; — V, ATPase 36.0 1v9m 1.85
tth9 TTHA1359 Transcriptional regulator 224 2zcw 1.50
tth10 TTHA1671 Adenylate kinase 20.7 3cm0 1.80
tth11 TTHA1699 Putative transediting enzyme of tRNA-Syn 16.6 2cx5 1.90
tth12 TTHA1713 Conserved hypothetical protein 14.4 2cu5 1.84
tth13 TTHA1838 Atypical ABC-ATPase, SufC 27.6 2d2f 1.90
tth14 TTHA1897 GidA-related protein 25.9 2cul 1.65
tth15 TTHB192 CRISPR-associated protein 23.8 1wj9 1.90

Expression of Vpr protein with T. th. protein fusion

Because the expression vectors used in this study (pET-47b and
PET-47md) (Fig. 1) have the polyhistidine and protease recognition
sequences that are absent from the vectors used in the T. th. SG

project (pET-3a and pET-11a) [28,29], we began our investigation
by evaluating the selected T. th. proteins in the pET-47b backbone.
Our results showed that although all T. th. proteins were expressed
well, 7 of the 15 T. th. proteins (Tth4, Tth5, Tth7, Tth8, Tth12, Tth14,
and Tth15) failed to solubilize (Fig. 2C, tth). Because the general
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conditions for the expression, such as growth medium, growth
temperature (37 °C), and IPTG concentration, were identical to
those of the original T. th. SG project, the differences in the used
expression vectors, especially the presence of a polyhistidine tag
and the protease recognition site in the pET-47md backbone, seem
to have affected the solubility of the T. th. proteins.

Then we tested the expression level and the solubility of T. th.
tag-fused Vpr. Except for tags Tth1, Tth8, and Tth11, all T. th. tags
facilitate the expression level of the fusion protein when the T.
th. proteins had been added at the N terminus of Vpr (Fig. 2C,
tth-vpr). However, in the case of C terminus addition, only the
Tth6-fused protein among the T. th. tag-fused Vpr proteins was ex-
pressed well (Fig. 2C, vpr-tth).We found that the Tth2 protein en-
hanced the solubility of Vpr when Tth2 was added to the N
terminus of Vpr (Fig. 2C).

Efficacy of the tag proteins on other insoluble proteins

We investigated the efficacy of T. th. tag proteins on other insol-
uble proteins from primate lentiviruses. Based on the results of T.
th. alone or T. th. in a Vpr fusion form (Fig. 2), seven T. th. tags
(Tth2, Tth3, Tth6, Tth9, Tth10, Tth11, and Tth13) were introduced
to the N terminus of two lentiviral proteins. Three conventional
tags were also introduced to this position. One of these proteins,
gp41-MSD, is a highly hydrophobic 2.2-kDa peptide that anchors
the envelope protein to lipid bilayers [27]. The synthetic peptide
of gp41-MSD remains insoluble under the condition of 100% di-
methyl sulfoxide (unpublished data). Another protein, VpX, is a vir-
ion-associated 12.9-kDa protein of SIV that plays an important role
in nuclear transport of the incoming preintegration complex [26].
Vpr and Vpx are evolutionarily related to each other and have
approximately 15% of their primary structures in common. Among
the conventional tags, MBP and NusA enhanced the expression le-
vel of tag-fused gp41-MSD (Fig. 3A), but the expressed proteins
could not be found in the soluble fractions (Fig. 3A). Six T. th. tags
(Tth2, Tth6, Tth9, Tth10, Tth11, and Tth13) enhanced expression
levels when fused at the N terminus (Fig. 3B). Both the Tth2 and
Tth10 proteins were partially successful at solubilizing gp41-
MSD (Fig. 3B). In the case of Vpx, expression levels were enhanced
when fused with NusA, Tth2, Tth3, Tth6, Tth9, Tth10, Tth11, and
Tth13, although none of these fusion proteins could be solubilized
(data not shown). These results suggest that T. th.-tagged proteins
can enhance the expression level of insoluble proteins; however,
the efficacy depends heavily on the passenger proteins used.

Effect of tag proteins on the function of passenger proteins

It is of interest to know whether fusion of a tag may affect any
functions of the fused passenger protein. We attempted to test
what effect, if any, the T. th. tag-fused Vpr had on the cell cycle,
but our efforts at transduction of the purified proteins into the

tth2-MSD_ tth3-MSD  tth6-MSD

mammalian cells were not too successful. In the case of gp41-
MSD, there is no good biological assay because it is a portion of a
protein. Therefore, we used GFP as a surrogate reporter for Tth2,
Tth6, Tth9, Tth10, Tth11, and Tth13. Most of the tag proteins, such
as Tth2, Tth3, Tth6, and Tth9, enhanced expression to levels com-
parable to those achieved with the conventional tags GST and NusA
(Fig. 4A). Moreover, Tth2, Tth10, and Tth13 proteins enhanced the
solubility of fused GFPs. The fluorescence-activated cell sorting
(FACS) analyses of the fluorescence of the fused GFPs showed that
the fluorescent intensity of MBP, GST, Tth11, and Tth13 fused pro-
teins was less than half the intensity of intact GFP (Fig. 4B). As
shown in Fig. 4A, both the expression level and solubility of these
fusion proteins were similar to those of intact GFP; however, the
fusion with these tags reduced the activity of GFP. In the case of
Tth2, Tth3, Tth6, Tth9, and Tth10 proteins, the fusion affected the
fluorescence of GFP only slightly.

We next examined the stability of the tagged GFPs under dena-
turing conditions by treating the proteins with GdmHCI (Fig. 4C
and D). For the conventional tag proteins, the denaturation profile
of GST-fused GFP was nearly identical to that of intact GFP,
although for MBP and NusA the normalized fluorescence intensi-
ties of the tag-fused proteins were slightly lower than the intensity
of intact GFP (Fig. 4C). On the other hand, all denaturation profiles
of T. th. tag-fused proteins, except for Tth13, were similar to the
profile of tag-free GFP (Fig. 4D). These results suggest that the T.
th. tag proteins do not destabilize the GFP passenger protein. We
also observed the endurance of the tag-fused proteins to heat
treatment (see Supplemental Fig. 1 in supplementary material),
suggesting the possibility of a simple purification protocol employ-
ing a heat treatment.

Purification and characterization of tag-fused proteins

To verify whether a large amount of tag protein can be obtained
using a T. th. tag-mediated system, large-scale expression and puri-
fication were performed. Tth2- or Tth10-fused protein was used
because these two tags could efficiently solubilize insoluble pro-
tein. After induction, the proteins were purified in two steps: using
nickel-nitrilotriacetate (Ni-NTA) columns and through size exclu-
sion (Fig. 5A). Despite the good expression, the Tth2-Vpr protein
was harder to purify, probably owing to the residual insoluble
properties derived from Vpr. Except for the Tth2-Vpr protein, at
least 1 mg of pure protein was obtained from a 1-L culture. Mean-
while, because a high concentration of salt improved the solubility
of tag-fused proteins, 0.5 M NaCl was added at all of the purifica-
tion and analysis steps. CD spectra of purified proteins were mea-
sured. CD of the Tth2 protein showed the typical pattern of an a-
helix-containing protein, which has negative maxima at 209 and
222 nm (Fig. 5B), consistent with the results of crystal structure
of Tth2 protein (PDB ID: 1WF4). Other proteins fused with Tth2
proteins, such as Tth2-GFP, Tth2-Vpr, and Tth2-gp41-MSD, also

tth9-MSD  tth10-MSD  tth11-MSD tth13-MSD
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Fig. 3. Efficacy of tag protein for the expression of insoluble protein, gp41-MSD (MSD) from HIV-1. (A) Expression profiles of MSD alone and when fused with each of three
conventional tags: MBP, GST, and NusA. (B) Expression profiles of tth-fused MSD. Each arrow indicates the position of the expected molecular weight of the fusion protein.

Abbreviations are as defined in Fig. 2.
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Fig. 4. Properties of tag-fused GFP. (A) Expression profile of tag-fused GFP. All cell extracts were prepared after 5 h exposure to 1 mM IPTG. Based on the calculated molecular
weights, the positions of expected proteins are marked by arrows. Abbreviations are as defined in Fig. 2. (B) Fluorescence intensity of tag-fused GFP-expressing E. coli cells.
The profiles of expression levels of GFP or tag-fused GFPs are the same as those in panel A. The measured mean fluorescence signal was normalized by dividing by the optical
density of the culture at 600 nm. The standard deviations were calculated based on the results obtained in more than five independent experiments. (C,D) Residual intensity
at 510 nm of proteins fused with conventional tags (C) or tth tags (D) and denatured by GAmHCI. Fluorescence intensities are expressed using nondenatured GFP as 100%. @,
tag-free GFP; B, MBP-fused GFP; a, GST-fused GFP; ¢, NusA-fused GFP; O, tth2-fused GFP; [J, tth3-fused GFP; <, tth6-fused GFP; A, tth9-fused GFP; V, tth10-fused GFP; *,

tth11-fused GFP; +, tth13-fused GFP.
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Fig. 5. Purification and secondary structure analyses of tag-fused proteins. (A) SDS-PAGE profile of purified proteins with MSD indicating gp41-MSD. (B) CD spectra of tth2-
fused proteins. O, tth2 alone; O, tth2-fused GFP; A, tth2-fused Vpr; <, tth2-fused MSD. (C) CD spectra of tth10-fused proteins. @, tth10 alone; M, tth10-fused GFP; a, tth10-

fused MSD.

have similar negative maxima, suggesting that a considerable
number of a-helical structures were present in the tag-fused pro-
teins (Fig. 5B). The intensities of CD spectra for Tth2 and Tth2-
GFP proteins were nearly identical, whereas those of Tth2-Vpr
and Tth2-gp41-MSD proteins were lower. As for Tth10 and
Tth10-fused proteins, the patterns of negative maxima were simi-
lar but the intensity of Tth10-fused gp41-MSD was reduced com-
pared with that of Tth10 protein alone. Although it is difficult to
explain the decrease in the intensities, the observed decreases
may suggest that fusion-driven alterations to the proteins’ struc-
tures occur.

Discussion

In this study, we used the information on properties of the T.
th. proteins accumulated during structural genomics studies to
produce tag proteins that could facilitate the high production
of target proteins. We applied two major criteria for the selection
of the candidate tag proteins: high expression level and high sol-
ubility. The additional criterion, a high-resolution structure, was
employed because this characteristic can facilitate phase deter-
mination during X-ray diffraction; the fused tag can be used as
a template for molecular replacement. The 15 proteins that
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met these criteria were diverse in their functions and structures
(Table 1).

We examined the versatility of the selected tag proteins by fus-
ing them to the highly insoluble adaptor protein Vpr. The candi-
date T. th. tag proteins showed themselves to be more effective
when placed at the N terminus of Vpr (Fig. 2). The efficacies of
the enhancements to protein expression proved to be nearly com-
parable to—or sometimes better than—those achieved with con-
ventional tag proteins. Thus, the proteins derived from T. th. can
be used as alternative tag proteins for efficient protein expression.
Furthermore, we successfully identified one T. th. tag protein, Tth2,
that could express Vpr in a soluble form. In addition to Tth2, the
Tth10 protein could solubilize the extremely insoluble gp41-MSD
(Figs. 2 and 3) more effectively than MBP, GST, or NusA.

When we tested Vpx as the fusion partner, the T. th. tag-fused
proteins were expressed better than tag-free proteins, although
the tagged proteins did not solubilize (data not shown). This appar-
ent difference in solubility could arise from many factors other
than the difference of the passenger proteins. One possible factor
is the influence of the sequence that links the tag and the passen-
ger protein. Indeed, we observed that some T. th. tags became
insoluble when fused to a polyhistidine tag in our pET-47 vector
(Fig. 2C). Others have observed similar effects of the linker se-
quence on expression and, possibly, solubility [12-14]. The linker
sequence also plays an important role in the crystallization of a
tag-fused protein [17]. Therefore, for successful analyses, it seems
to be essential that both the fusion tag and linker sequence be care-
fully selected.

The high crystallization characteristics of T. th. proteins may
confer additional advantage to this tag system. For this reason,
we intended to retain the T. th. tag proteins after the purification
not only to keep the proteins soluble but also to facilitate their
crystallization. Therefore, we estimated the effects that the tag
proteins had on the passenger proteins. Our analyses of tag-fused
GFPs showed that 7 of the 15 candidate T. th. tags did not diminish
either the function or the stability of GFP (Fig. 4). Even the consid-
erable effect that the Tth2 protein had on the function of the pas-
senger protein compared favorably with that produced with GST.
In contrast, MBP had a considerable negative effect on the function
of GFP; it also decreased the expression level of GFP itself. This ef-
fect has been reported previously [36]. Our results suggest that T.
th. tags have similar or milder effects on the function of passenger
proteins compared with the effects produced with the conven-
tional tags MBP, GST, and NusA.

We focused mainly on the practical properties of T. th. proteins
rather than on their biological functions when selecting our candi-
date tag proteins. Therefore, the two successful candidates identi-
fied for Vpr and gp41-MSD in this study have unrelated
biochemical properties; Tth2 protein is the molecular chaperon
GroEL, and Tth10 protein is the phosphotransferase adenylate ki-
nase (Table 1). Each is known to undergo a conformational change
on ligand binding [37-40], a characteristic suggesting that these
proteins have flexible structures. In Fig. 5, the molar ellipticities
of the fusion proteins, especially those fused with insoluble pro-
teins, were not cumulative against the ellipticity of T. th. tag alone.
The decrease in the intensities of the T. th. tag-fused insoluble pro-
teins, such as Tth2-Vpr, Tth2-gp41-MSD, and Tth10-gp41-MSD,
may reflect the structure alternation of the T. th. tag proteins for
solubilization. There seems to be no severe structural alteration
in the passenger protein; the fluorescent intensities of GFP and
Tth2- or Tth10-fused GFP were nearly identical (Fig. 4).

In the case of Tth2 protein, the chaperon activity of GroEL may
mediate the process of protein-folding and result in the efficient
solubilization of the passenger protein [41]. Indeed, coexpression
of GroEL/GroES for the production of target proteins in E. coli is
widely used for the production of correctly folded proteins [42-

46]. It has been reported, however, that GroEL from T. th. does
not have chaperon activity alone [47]. If Tth2 protein acts as a
molecular chaperon, endogenous GrokES in E. coli may function in
a coordinate manner during protein synthesis. At this point, we
cannot explain the exact mechanism of Tth2-induced
solubilization.

In this study, we have used the systematically accumulated data
of the structural genomics project of T. th. to develop tag proteins
useful for protein expression and solubilization. The properties
used for the selection of candidate tags, such as high expression le-
vel and high solubility, are beneficial but do not necessarily guar-
antee that the protein will be a successful solubilizing partner.
Although different proteins may need different fusion tags to
achieve maximum efficacy of expression and solubility, it is note-
worthy that the highly hydrophobic gp41-MSD could be solubi-
lized with the use of T. th. tag. It is estimated that approximately
30% of all proteins are membrane proteins, and structural analysis
of these proteins can be difficult because these proteins are often
insoluble. The approach shown here may facilitate their structural
analysis. Our preliminary trials of crystallization of T. th. tag-fused
Vpr and gp41-MSD yielded small crystals. We are interested in
determining whether the attached tag protein can facilitate phase
determination during X-ray crystallographic analyses, as we have
proposed. Moreover, investigation of this type must be useful be-
cause the greater the number of effective solubility-enhancing tags
we can identify, the better are the chances of understanding the
mechanism of solubility enhancement.
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