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Abstract

A large variety of fusion tags have been developed to improve protein expres-

sion, solubilization, and purification. Nevertheless, these tags have been com-

bined in a rather limited number of composite tags and usually these

composite tags have been dictated by traditional commercially-available

expression vectors. Moreover, most commercially-available expression vectors

include either N- or C-terminal fusion tags but not both. Here, we introduce

TSGIT, a fusion-tag system composed of both N- and a C-terminal composite

fusion tags. The system includes two affinity tags, two solubilization tags and

two cleavable tags distributed at both termini of the protein of interest. There-

fore, the N- and the C-terminal composite fusion tags in TSGIT are fully

orthogonal in terms of both affinity selection and cleavage. For using TSGIT,

we streamlined the cloning, expression, and purification procedures. Each

component tag is selected to maximize its benefits toward the final construct.

By expressing and partially purifying the protein of interest between the com-

ponents of the TSGIT fusion, the full-length protein is selected over truncated

forms, which has been a long-standing problem in protein purification. More-

over, due to the nature of the cleavable tags in TSGIT, the protein of interest is

obtained in its native form without any additional undesired N- or C-terminal

amino acids. Finally, the resulting purified protein is ready for efficient ligation

with other proteins or peptides for downstream applications. We demonstrate

the use of this system by purifying a large amount of native fluorescent

mRuby3 protein and bacteriophage T7 gp2.5 ssDNA-binding protein.
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1 | INTRODUCTION

The use of composite tags fused to a protein of interest to
improve protein expression, solubility, and purification
has gained increasing popularity in protein science.1–4

Despite their advantages, fusion tags can introduce a var-
ious number of undesired amino acids to the N-terminus
and/or to the C-terminus in the protein of interest. To
solve this problem, cleavable fusion tags have been devel-
oped.5,6 The nature of these cleavable tags however limits
their usability to either the N- or the C-terminus. More-
over, cleavage of the vast majority of these tags, for exam-
ple the ones derived from the sequence-specific TEV
technology,7 leaves undesired amino acids that may
interfere with protein function.

Composite fusion tags typically include a mixture of
one or more small affinity tags, an optional solubilization
tag and a cleavable tag. Ideally, the cleavable tag is
located immediately after the protein of interest to reduce
the number of amino acids leftover after cleavage. In gen-
eral, N-terminal fusion tags leave a smaller number of
amino acids than their C-terminal counterparts.5–7 Nev-
ertheless, in practice, it can often be beneficial to include
both N- and C-terminal tags. The main motivation for
this approach is to select for full-length proteins over
truncated and degraded protein forms,8 which have cau-
sed a long-standing problem in protein purification.
Three main mechanisms can generate these unwanted
truncated protein forms. First, they can be generated
directly during protein expression and in some cases the
truncated form remains soluble and consequently can be
carried on to the purification step.9–11 This scenario
increases dramatically when the protein of interest is also
fused to a solubilization tag. Second, proteolytic cleavage
can occur at various positions inside the protein's back-
bone during expression or even during purification.12–14

Third, based on the protein's structure and its amino acid
sequence, sequential degradation of the N-terminus14–16

or C-terminus14,17,18 can occur. Depending on the
amount of similarity between the full-length protein and
its truncated forms, the truncated forms may or may not
be removed during purification.8–11

To overcome the aforementioned limitations, we
developed a system that employs two different composite
tags at the N- and C-termini, each containing a different
affinity tag. Sequential selection for the N- and then the
C-terminal affinity tags would therefore select for the
full-length protein over its truncated versions. Moreover,
we combined these affinity tags with cleavable tags to
allow for their removal. To achieve these versatile fea-
tures, we focused on selecting optimal composite tags
that would maximize the benefits of each individual tag
and also of the construct as a whole.

For the N-terminal part of our fusion system, we
selected a double His6-tag (two consecutive hexa-
histidine tags connected by a glycine2-serine2 flexible
linker)19,20 as the purification tag, Trx (Thioredoxin)21,22

as the solubilization tag and SUMO (small ubiquitin-like
modifier, Smt3p)23–25 as the cleavable tag. His-tag-
capturing media exhibits high dynamic binding capac-
ity26 and therefore can capture large amounts of the pro-
tein of interest, whereas the SUMO-tag is efficiently
cleaved via Ulp1 SUMO protease without leaving any
additional N-terminal amino acids. The redundancy in
adding both Trx and SUMO at the N-terminus may have
an additive effect on enhancing protein expression and
solubility.24,27 For the C-terminal part of the fusion sys-
tem, we selected a Twin Strep-tag (two consecutive Strep-
tag IIs connected by an optimized flexible linker)28,29 as
the purification tag, Trx as the solubilization tag and a
contiguous mini-intein30–34 (optimized Mxe GyrA intein
containing N198A mutation; this mutant version will be
referred to as Intein for simplicity) as the cleavable tag.
The Twin Strep-tag exhibits high specificity and results in
sharp chromatographic peaks, which makes its elution
ideal for subsequent purification steps. The Intein-tag is
efficiently cleaved by reducing agents without leaving
any additional C-terminal amino acids. Moreover, SUMO
and Intein cleavage can proceed simultaneously for opti-
mizing the duration of the protocol. In addition, the use
of the Intein-tag allows the target protein to be ready for
intein-mediated protein ligation (IPL).30–32 We demon-
strate the use of this system, which we called TSGIT for
Trx-SUMO-Gene of interest-Intein-Trx, by expressing and
purifying native mRuby3 fluorescent protein35 and bacte-
riophage T7 ssDNA-binding protein gp2.5.36 We also
streamlined TSGIT's cloning, expression and purification
protocols for maximum ease of use and time efficiency.

2 | RESULTS AND DISCUSSION

We tested our composite TSGIT system in five steps. Ini-
tially, we verified if the N- and C-terminal parts of the
fusion expressed correctly (Figure 1). Second, we purified
mRuby3 fluorescent protein using this optimized system
as an example (Figure 3). Next, we verified that the IPL
reaction proceeded efficiently for the purified mRuby3
(Figure 3). Further, we monitored mRuby3 fluorescence
using an energy-transfer assay that involved confirming
both the functionality of mRuby3 through its fluores-
cence and the presence of the biotin moiety attached
through IPL (Figure 4). Finally, we purified gp2.5 using a
tag-free protocol and using the TSGIT system, and
showed that TSGIT had no effect on its oligomerization
and activity (Figures 5 and 6).
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2.1 | Design of the TSGIT system

The general scheme for using TSGIT is shown in
Figure 1a; a schematic representation and an amino acid
sequence of TSGIT are provided in Figure 1b and
Figure 2a, respectively. Several points were taken into
consideration during the design of the fusion system.
First, both the His and Strep affinity tags were included
in their double form to improve the purification step
(Figure 1b). Second, a variety of flexible linkers were
introduced between the individual elements of the fusion
to increase the exposure and accessibility of each tag
(Figure 2a). Third, Trx-tags were introduced to both the
N- and C-terminal parts of the fusion to ensure maxi-
mum solubility of these parts and of the fusion as a whole
(Figures 1b and 2a). Finally, SUMO and Intein are used

as cleavable tags since they are two well-characterized
structure-specific cleavable tags that do not leave addi-
tional undesired amino acids on the target protein after
cleavage (traceless cleavage). The sequence encoding the
gene of interest can be assembled together with the N-
and C-terminal fusion tags of TSGIT using Gibson assem-
bly cloning between the SUMO and Intein regions into
any desired destination plasmid (Figure 2a).

The N-terminal SUMO cleavable tag was selected due
to its small size and its efficient traceless cleavage reac-
tion at its C-terminal junction (Figure 2f), which occurs
over a wide range of buffer conditions and relatively
independent of the N-terminal amino acid sequence of
the target protein of interest.23–25 N-terminal intein-
fusions could also be considered since their C-terminal
cleavage does not leave any additional undesired amino
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FIGURE 1 Design of the TSGIT system. (a) Workflow diagram for protein expression and purification using TSGIT. (b) Schematic

representation of component tags of the TSGIT fusion system. Induction and solubility controls for the (c) N-terminal and (e) C-terminal

parts of TSGIT. 10% SDS-PAGE gels showing the uninduced (Und), induced (Ind), insoluble (Ins), and soluble (Sol) samples for TSGIT-N

and TSGIT-C. The marker (M) is PageRuler Prestained Protein Ladder. Schematic representation of the components of the independently

tested (d) N-terminal and (f) C-terminal fusion tags
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FIGURE 2 Amino acid sequence of empty TSGIT and cleavage mechanisms of its component cleavable tags. (a) The amino acid

sequence and the corresponding nucleotide sequence are presented in FASTA format. The different tags that compose TSGIT are identified

by their corresponding color code. The sequence encoding the protein of interest is inserted between the SUMO and Intein regions.

(b) Schematic representation of the cascade of chemical reactions that leads to the cleavage of the C-terminal fusion tag via traceless Intein

cleavage at its N-terminal junction; based on the reaction schemes presented in30,61. (c) Chemical structures of commonly employed thiol

reagents for Intein-tag cleavage at its N-terminal junction. (d) Chemical structures of sulfhydryl-free reducing agents. (e) Schematic

representation of the IPL reaction between a C-terminal 2-MESNA-activated protein of interest and a peptide that contains an N-terminal

cysteine residue. Additional details about thiol-mediated Intein cleavage and IPL can be found in Supporting Information Material. (f)

Schematic representation of the traceless cleavage of the SUMO-tag and therefore of the N-terminal fusion tag by the specific SUMO

protease Ulp1 between the first amino acid of the protein of interest (X) and the second glycine residue of the C-terminal diglycine motif

of SUMO
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acids on the target protein. Nevertheless, as opposed to
SUMO, they present several drawbacks. Thiol-cleavable
inteins at their C-terminal junction such as the Sce VMA
intein are much larger in size. The smaller Ssp DnaB
intein, on the other hand, is cleaved by pH and tempera-
ture shift rather than reductants,33 which might be
unsuitable for certain proteins. As for most inteins, their
cleavage efficiency is influenced by the terminal amino
acids of the target protein.32,33 Moreover, another limita-
tion is imposed by their premature cleavage in an unde-
sired fashion in vivo during protein expression.32,33

Premature cleavage of inteins can be avoided by using
split inteins (reviewed in37,38) rather than contiguous
inteins. However, split inteins introduce other specific
limitations such as low cleavage rates, low solubility and
inefficient assembly of the two split intein parts.37

Finally, the N- and C-terminal combinations of the Ssp
DnaB and Mxe GyrA or Mth RIR1 inteins (implemented
in the pTWIN1 and pTWIN2 expression vectors, New
England BioLabs) have slightly different optimal cleavage
pH preferences, which renders their efficient cleavage to
be performed sequentially rather than simultaneously.33

For the C-terminal part of the fusion, two comple-
mentary small-size contiguous inteins can be used
depending on the last amino acid of the target protein:
Mxe GyrA and Mth RIR1.33 Some C-terminal amino acids
of the target result in better intein cleavage than others.33

These two inteins are cleaved at their N-terminal junc-
tion (Figure 2b) by sulfhydryl-containing reagents (thiols,
Figure 2c), among which 2-Mercaptoethanesulfonic acid
(2-MESNA) and Thiophenol are preferred if a subsequent
IPL reaction is required (Figure 2e).30,32 While some of
the aforementioned general drawbacks of inteins are also
true for Mxe GyrA and Mth RIR1, these represent the
most competitive contiguous tag options available for
traceless C-terminal cleavable tags. We incorporated Mxe
GyrA rather than Mth RIR1 in our TSGIT design, since
its cleavage reaction occurs with a relatively high effi-
ciency for C-terminal lysine or phenylalanine residues,32

such as the ones in our mRuby3 (Figure S2) or gp2.5 (-
Figure S3) target proteins. As most inteins, naturally
occurring Mxe GyrA39 can undergo cleavage at both of its
termini. To block cleavage at its C-terminal junction, Mxe
GyrA was engineered to carry the previously described30

N198A mutation (Figure 2a). Removal of the C-terminal
cyclization-capable asparagine residue blocks intermedi-
ate succinimide formation30 and consequently the cleav-
age at the Intein-tag C-terminal junction.

We next proceeded to verify the expression and solu-
bility levels of the individual N- and C-terminal parts of
TSGIT. Cultures of Escherichia coli transformed with
pTSGIT-N and pTSGIT-C were prepared as described in
Section 4. Upon induction of expression of pTSGIT-N,

the N-terminal part of TSGIT (Figure 1d), consisting of a
double His-tag, Trx, and SUMO, was immediately visible
as a strong band in SDS-PAGE (Figure 1c). After cell lysis
and separation of the soluble and insoluble fractions, this
part of the fusion was found to be mostly in the soluble
form as desired. The same observations are made about
the C-terminal part of the fusion (Figure 1f), consisting of
Intein, Trx, and Twin Strep (Figure 1e). Nevertheless, the
expression level of the TSGIT C-terminal part was rela-
tively lower than that of the N-terminal part, suggesting
that the N-terminal Trx and SUMO tags were efficient in
driving upward the expression level.

Together, these experiments showed that both the N-
and C-terminal parts of TSGIT were not limiting for pro-
tein expression and solubility. The high expression level
of the N-terminal part of the fusion was particularly
desirable, as it could potentially drive forward the expres-
sion of the whole fusion. Moreover, the solubility of the
individual parts of the fusion was also critical, both dur-
ing the protein extraction phase and during purification,
especially after cleavage. If the tags were insoluble on
their own, cleavage might result in protein precipitation,
which would negatively interfere with the downstream
protein purification steps. It is worth noting that in cases
where the protein of interest is large and reduction of the
size of the construct is needed, the size of the fusion can
be reduced by sequential removal of the Trx-tags, starting
with the N-terminal one since SUMO can already cover
on its own some of the benefits offered by Trx.24,25 If fur-
ther reduction is needed, the His and Strep affinity tags
can be reduced from their double to single versions.

2.2 | Purification of IPL-ready mRuby3
using the TSGIT system

While SUMO has been used in a variety of applications
in combination with His-tag, the C-terminal Intein, espe-
cially in commercially available plasmids, is often fused
to a Chitin-binding domain tag (CBD-tag).40,41 Although
the CBD-tag is suitable for on-resin bulk cleavage or
denaturing elution conditions, its relatively strong bind-
ing makes it unsuitable for FPLC-based protein purifica-
tion under native conditions when on-column cleavage is
not desirable. To build a purification scheme that was
fully FPLC-compatible, we replaced this tag with Twin
Strep. The resulting purification scheme based on chro-
matography with His- and Strep-tags is shown in
Figure 3a. To demonstrate the success of this scheme, we
first purified mRuby3 fluorescent protein using TSGIT.

We included 0.1 mM TCEP in the lysis and purifica-
tion buffers in order to maintain a reducing environment
prior to initiating Intein-tag cleavage by the addition of
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thiol reagents (Figure 2b,c). Sulfhydryl-free reducing
agents such as TCEP and TCCP (Figure 2d) can provide
efficient reducing conditions to prevent undesired disul-
fide bond formation, while their lack of sulfhydryl groups
ensures that Intein cleavage reaction is not initiated pre-
maturely. On the other hand, most of the thiols used to
initiate the Intein cleavage reaction are also reducing

agents (Figure 2c) that will provide reducing conditions
during the cleavage reaction.

The soluble fraction of the cell lysates for TSGIT-
mRuby3 (Lane 1 in Figure 3b) was applied at a flow rate
of 3 ml/min onto a 5-ml HisTrap affinity column pre-
equilibrated with buffer A. This column was then washed
with 15 column volumes (CV) of buffer A at a flow rate
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FIGURE 3 Purification of mRuby3 by employing TSGIT. (a) A schematic of the procedure employed for purification of mRuby3 using

TSGIT. (b) Image of a 10% SDS-PAGE gel showing the different steps of purification of mRuby3 starting from E. colily sate containing the

expression product of the pTSGIT-mRuby3 expression vector: Lane 1, soluble fraction of the lysate; Lane 2, flow-through of the first HisTrap

affinity column; Lane 3, TSGIT-mRuby3 elution from the HisTrap affinity column; Lane 4, flow-through of the first StrepTrap affinity

column; Lane 5, elution of TSGIT-mRuby3 from StrepTrap affinity column; Lane 6, release of mRuby3 from the TSGIT-mRuby3 fusion via

SUMO protease and 2-MESNA cleavage; Lane 7, flow-through of cleaved mRuby3 through the second HisTrap affinity column; Lane
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of 5 ml/min. The protein fusions were eluted with a
15 CV linear gradient of buffer B from 30 mM to 350 mM
Imidazole (gradient of buffer B at a flow rate of
5 ml/min). The protein fusion eluted in a peak centered
at �210 mM Imidazole concentration (Lane 3 in
Figure 3b). The eluted protein was then applied at a flow
rate of 2 ml/min onto a 5-ml StrepTrap affinity column
pre-equilibrated with buffer C. This column was then
washed with 15 CV of buffer C at a flow rate of 5 ml/min.
The protein fusions were eluted with a 15 CV linear gra-
dient of buffer C from 0 to 2.5 mM d-Desthiobiotin (gra-
dient of buffer D at a flow rate of 5 ml/min). The protein
fusion eluted in a peak centered at �0.85 mM d-
Desthiobiotin concentration (Lane 5 in Figure 3b).

The protein was then concentrated to 2.5 ml using
10 kDa cut-off spin concentrators. Two PD-10 desalting
columns were equilibrated three times with 2-MESNA-
cotnaining cleavage buffer. The concentrated protein was
then passed through the PD-10 columns for rapid
exchange to the cleavage buffer to initiate cleavage of the
C-terminal part of the fusion via Intein. Cleavage of the
N-terminal SUMO-containing part was initiated by the
addition of His-tagged SUMO protease Ulp1; the purifica-
tion of the His-tagged SUMO protease Ulp1 (Figure S1) is
described in Supporting Information Materials and
Methods section. Cleavage was allowed to continue over-
night at 4�C with gentle rotation.

Following incubation, cleavage was confirmed by
SDS-PAGE (Lane 6 in Figure 3b) and 2-MESNA was
removed by rapid buffer exchange to buffer A via two
PD-10 columns. The cleaved His-tagged N-terminal part
of the fusion, the His-tagged SUMO protease and any N-
terminal uncleaved products were removed by passing
the cleaved protein products through a second HisTrap
affinity column and collecting the flow-through (Lane
7 in Figure 3b). The cleaved Strep-tagged C-terminal part
of the fusion and any C-terminal uncleaved products
were removed by passing the cleaved protein products
through a second StrepTrap affinity column and collect-
ing the flow-through (Lane 8 in Figure 3b).

The flow-through of this second StrepTrap affinity
column contained more than 90% pure mRuby3 with
both N- and C-terminal parts of the fusion cleaved and
removed from the protein. The yield of the purified
mRuby3 was �2.7 ± 0.2 mg from 50 ml of resuspended
expression cells. The yields and purities of the protein
obtained from each purification step are summarized in
Table S1. Following quantification, the protein prep was
split into two equal fractions. One fraction was concen-
trated to 1 ml using 10 kDa cut-off spin concentrators
and applied at a flow rate of 1 ml/min to a 120 ml Sup-
erdex 75 pg size-exclusion column that was pre-
equilibrated with 1.5 CV of storage buffer. The pure

fractions were selected (Lane 9 in Figure 3b), concen-
trated to 1 ml using 10 kDa cut-off spin concentrators
and flash-frozen for subsequent experiments. This size-
exclusion step increased the purity of the protein to
greater than 95%. The functionality of the protein was
tested by verifying its emission spectra (Figure S4a). This
protein served as the negative control for the subsequent
experiments involving the IPL-treated protein. We den-
oted it as unlabeled mRuby3.

The second fraction was used to verify whether the
purified mRuby3 was IPL-ready, as offered post-cleavage
by the C-terminal Intein-tag cleavage mechanism.32,33

Cleavage of this tag, especially in the presence of
2-MESNA as reducing agent, generates a reactive C-
terminus for the protein of interest that can efficiently
react with a peptide or protein containing an N-terminal
cysteine residue forming a continuous backbone
(Figures 2e and 3c). To illustrate this IPL reaction for the
proteins generated by TSGIT, we chose to fuse mRuby3
to a small BioP peptide, containing a modified lysine resi-
due fused to a biotin moiety and an N-terminal cysteine
residue for attachment.

The second half of the fraction obtained from the
flow-through of the second StrepTrap affinity column
was concentrated to 2.5 ml using 10 kDa cut-off spin con-
centrators and buffer was rapidly exchanged to IPL buffer
by using two PD-10 columns. The concentration of the
protein was adjusted to 10 μM with IPL buffer and 1 mM
BioP peptide in IPL buffer was then added. The IPL reac-
tion was allowed to continue overnight at 4�C with gentle
rotation. Following incubation, the excess unreacted pep-
tide was removed by applying the reaction mixture at a
flow rate of 1 ml/min onto a 120 ml Superdex 75 pg size-
exclusion column that was pre-equilibrated with 1.5 CV
of storage buffer. The pure fractions were selected, con-
centrated to 1 ml using 10 kDa cut-off spin concentrators
and flash-frozen for subsequent experiments. The func-
tionality of the protein was tested by verifying its emis-
sion spectra (Figure S4b). We denoted this protein as
biotin-labeled mRuby3.

To test the efficiency of the IPL reaction and therefore
the addition of the biotin moiety to mRuby3, two prepa-
rations of 2 ml of NeutrAvidin Agarose resin were equili-
brated three times with storage buffer; each time, the
resin was settled by centrifugation and the supernatant
was discarded. Solutions of 1 ml of 1 μM unlabeled
mRuby3 and biotin-labeled mRuby3 were freshly pre-
pared from the protein stocks in storage buffer. These
protein solutions were then incubated with the Neu-
trAvidin Agarose resin for 2 hr at 4�C. The flow-through
was separated by centrifugation. The resin containing the
bound protein fusions was washed with storage buffer
and then separated by centrifugation.
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With the exception of the bound fraction, the yield of
protein in each fraction was quantified by NanoDrop
reading of A280 and converted to a percentage of the
starting protein yield. The percentage yield for the bound
fraction was estimated by subtracting the yield of the
flow-through and wash fractions from the starting frac-
tion because the presence of the large Agarose beads can
interfere with its direct absorbance reading (Figure 3d).
Biotin-labeled mRuby3 bound with �65% efficiency to
the NeutrAvidin Agarose resin, while the unlabeled
mRuby3 control bound with only �10% efficiency proba-
bly through nonspecific binding. This binding enhance-
ment clearly demonstrated the presence of the biotin
moiety in the biotin-labeled mRuby3 due to the IPL reac-
tion. Moreover, the same results could be directly visual-
ized using SDS-PAGE (Figure 3e). Additionally, SDS-
PAGE showed that the �35% of unbound biotin-labeled
mRuby3 was generated by an incomplete IPL reaction.
The IPL reaction and Intein cleavage have been previ-
ously shown to be strongly dependent on the C-terminal
amino acid of the protein of interest.32,42 Moreover, the
efficiency of cleavage and IPL were shown to be able to
increase with longer (up to 40 hr) incubation times. Nev-
ertheless, we intentionally restricted the IPL reaction
time to only 12 h to capture this limitation.

To directly test the fluorescence functionality of
mRuby3 purified using TSGIT and the efficiency of the
IPL reaction, we next designed an assay based on sensi-
tized emission Förster resonance energy transfer
(FRET)43 between mRuby3 and NeutrAvidinDyLight650.
DyLight650 was selected as acceptor since its excitation
spectrum exhibits significant overlap with the emission
spectrum of mRuby3. Solutions of 150 μl of 100 nM
unlabeled mRuby3 and biotin-labeled mRuby3 were
freshly prepared from the protein stocks in storage buffer.
Solutions of 150 μl of various concentrations
(10–1,000 nM monomer) of NeutrAvidinDyLight650 were
freshly prepared from protein stock in storage buffer. To
account for the direct excitation at 520 nm of Neu-
trAvidinDyLight650, the emission spectra of the solutions of
various concentrations, mixed in equal volume with stor-
age buffer, were recorded (Figure 4a). Next, the solutions
of unlabeled mRuby3 and biotin-labeled mRuby3 were
mixed with solutions of various concentrations of Neu-
trAvidinDyLight650. The emission spectra were collected
for each sample, corrected for the direct excitation of
NeutrAvidinDyLight650 at the given concentration and nor-
malized to a total area of 1 A.U., as described in
Supporting Information Materials and Methods section.

The signals from the samples containing unlabeled
mRuby3 remained largely unchanged, beyond variations
expected from experimental noise, upon addition of Neu-
trAvidinDyLight650 (Figure 4b). This suggests the absence

of factors that would spatially constrain mRuby3 and
NeutrAvidinDyLight650 to be within FRET distance. On the
contrary, for biotin-labeled mRuby3 produced by the IPL
reaction, addition of increasing concentrations of Neu-
trAvidinDyLight650 resulted in the emergence of a second
emission peak centered at �673 nm (Figure 4c). Simulta-
neously, the amplitude of the direct emission of mRuby3,
centered at �592 nm, decreased in an anti-corelated
manner with the increase in the emission of Neu-
trAvidinDyLight650 (Figure 4c), suggesting the efficient
occurrence of FRET. When we plotted the increase in
emission at 673 nm as a function of NeutrAvidinDyLight650

concentration, the totally different behaviors of unlabeled
mRuby3 and IPL biotin-labeled mRuby3 became immedi-
ately obvious (Figure 4d). Taken together, our FRET
experiments clearly show that mRuby3 purified through
TSGIT maintained its fluorescence functionality and that
the IPL reaction proceeded properly allowing for biotin-
labeling of the protein.

2.3 | TSGIT-purification of gp2.5 ssDNA-
binding protein

We next tested some of the potential limitation of TSGIT
with respect to the effect of the tags on oligomerization
and protein folding. We opted to use gp2.5 since it forms
a stable dimer in solution36 and its ssDNA binding activ-
ity has been extensively characterized.36,44,45 TSGIT-gp2.5
was expressed and purified (Figure 5a) as described for
mRuby3 with two differences; cleavage of the C-terminal
fusion via Intein-tag was initiated by DTT rather than
2-MESNA since no subsequent IPL was intended and the
cleavage time was increased to 36 hr.

TSGIT-gp2.5 was eluted from the first HisTrap affinity
column together with several contaminants (Lane 3 in
Figure 5a), which were removed efficiently by the subse-
quent StrepTrap affinity step (Lane 5 in Figure 5a). The
fusion was cleaved with high efficiency (Lane 6 in
Figure 5a,c) and the released N- and C-terminal fusion
tags were removed by second HisTrap (Lane 7 in
Figure 5a,c) and StrepTrap (Lane 8 in Figure 5a,c) affinity
steps. Finally, gp2.5 purity was polished using a Superdex
75 pg column (Lane 9 in Figure 5a,c).

It is worth noting that due to their similar size and
electrophoretic properties, the N-terminal fusion tag and
gp2.5 could not be separated using the standard SDS-
PAGE conditions (Lane 6 in Figure 5a). To separate
them, the post-cleavage samples were analyzed using an
increased percentage SDS-PAGE that was run at lower
voltage for an increased amount of time as described in
Supporting Information Materials and Methods section.
The N-terminal fusion tag appeared as a slightly lower
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band than gp2.5 in Lane 6 in Figure 5c, which was effi-
ciently removed by the second HisTrap affinity step
(Lane 7 in Figure 5c.). TSGIT-based purification of gp2.5
yielded �4.3 ± 0.1 mg from 35 mL of resuspended
expression cells (7 g of dry cells) with a purity higher
than 98% (Table S2). Although this yield was �3-fold
lower than the one described in Reference 36, it was

obtained without using very rich media or fermenter
expression conditions.

The solution dimerization state of TSGIT-purified
gp2.5 was assessed by size-exclusion analysis using a Sup-
erdex 75 pg column pre-equilibrated and run with analy-
sis buffer (Supporting Information Materials and
Methods section). The gp2.5 monomer has a molecular
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FIGURE 4 Fluorescence functionality of the TSGIT-purified mRuby3. (a) Emission spectra of various concentrations of

NeutrAvidinDyLight650. Corrected and normalized emission spectra of various concentrations of NeutrAvidinDyLight650 in the presence of

(b) 50 nM unlabeled mRuby3 or (c) 50 nM IPL biotin-labeled mRuby3. All data points represent the average of three independent

acquisitions. All spectra were collected between 530 and 750 nm upon excitation at 520 nm. All spectra follow the color codes presented in

the inset tables. Correction and normalization of the emission spectra were performed as described inSupporting Information Materials and

Methods section. (d) Plot of the enhancement in corrected and normalized emission intensity at 673 nm upon addition of various

concentrations of NeutrAvidinDyLight650 to 50 nM unlabeled mRuby3 (blue crosses) or to 50 nM IPL biotin-labeled mRuby3 (red circles). All

error bars represent the standard deviation of three independent acquisitions. For IPL biotin-labeled mRuby3, the experimental datapoints

were fit to a Hill equation, as described inSupporting Information Materials and Methods section. The parameters of the fit are described in

the inset table together with their standard deviations. The 95% confidence bounds of the fitted model are depicted by the dashed lines. In all

panels, the concentration of NeutrAvidinDyLight650 is indicated as the concentration of NeutrAvidin monomers, that is, biotin binding sites
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weight of �25.56 kDa as estimated from its amino acid
sequence, yet is known to run higher in SDS-PAGE.36

The retention volume of TSGIT-purified gp2.5
(Figure 5b) was situated between the elution peaks of
Conalbumin (�75 kDa) and Ovalbumin (�43 kDa), dem-
onstrating that it formed a dimer in solution. Further-
more, using a calibration curve generated by the four
known molecular weight calibration markers predicts a

relative molecular weight of TSGIT-purified gp2.5 of
�53.62 kDa (Figure S5a), which is consistent with the
previously reported value of 53.7 kDa.36 These experi-
ments demonstrate that TSGIT methodology did not
interfere with gp2.5 dimerization.

The complete size of the TSGIT-gp2.5 uncleaved
fusion is �88.42 kDa as estimated from its amino acid
sequence. Performing a similar analysis as described
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vector: Lane 1, soluble fraction of the lysate; Lane 2, flow-through of the first HisTrap affinity column; Lane 3, TSGIT-gp2.5 elution from the

HisTrap affinity column; Lane 4, flow-through of the first StrepTrap affinity column; Lane 5, elution of TSGIT-gp2.5 from StrepTrap affinity

column; Lane 6, release of gp2.5 from the TSGIT-gp2.5 fusion via SUMO protease and DTT cleavage; Lane 7, flow-through of cleaved gp2.5

through the second HisTrap affinity column; Lane 8, flow-through of cleaved gp2.5 through the second StrepTrap affinity column; Lane

9, gp2.5 after Superdex 75 pg size-exclusion elution. The marker (M) is PageRuler Prestained Protein Ladder. (b) Chromatograms showing
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affinity of gp2.5 to short ssDNA. (e) Examples of time-resolved fluorescence decays of the Cy3-labelled ssDNA obtained in the presence of

various concentrations of TSGIT-purified gp2.5. (f) Binding isotherms (log-linear) of native tag-free-purified gp2.5 (top) and TSGIT-purified

gp2.5 (bottom) to the Cy3-labelled ssDNA as determined from time-resolved fluorescence measurements. The y-axis represents the increase

in Cy3 lifetime upon gp2.5 binding as compared to the lifetime of the oligo alone. All the elements of the plots have the same meaning as in

Figure 4d
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above for the cleaved gp2.5 placed the uncleaved TSGIT-
gp2.5 fusion molecular weight (Figure S5b) in the vicinity
of the Aldolase molecular weight calibration marker
(�158 kDa) on Superdex 200 pg column. A calibration
curve analysis estimated the relative molecular weight of
the uncleaved TSGIT-gp2.5 to be �184.6 kDa (-
Figure S5c), which is consistent with a dimer fusion pro-
tein rather than monomer. Remarkably, these results
show that TSGIT fusion tags do not impair gp2.5 dimer
formation neither before nor after fusion tags cleavage.

Next, we sought to investigate if the TSGIT purifica-
tion method had any impact on gp2.5 ssDNA binding
activity. For comparison, we purified native tag-free
gp2.5 as described previously.36 First, we investigated
gp2.5 microscopic dissociation constant (Kd) as an indica-
tion of its affinity for ssDNA through a previously-
established protein-induced fluorescence enhancement
(PIFE) assay.46 We selected a 21 nucleotide (nt) ssDNA
sequence labeled internally with Cy3, which undergoes
an increase in Cy3 fluorescence lifetime upon gp2.5 bid-
ing (Figure 5d). Previous reports show that gp2.5 binds
with a stoichiometry of one monomer per �7 nt 36 and
requires �23 nt for stable binding.45 Therefore, our
Cy3-ssDNA substrate can support the binding of up to
three gp2.5 molecules.

The lifetime of the oligo in the absence of protein was
found to be �1.64 ns (Figures 5e and S5d). Increased
PIFE was observed upon protein titration for both
TSGIT-purified gp2.5 and native tag-free-purified gp2.5
(Figures 5e and S5d). A plot of fluorescence lifetime ver-
sus ligand concentration servers as a binding isotherm,
where the isotherm saturation value is proportional to
the maximum achievable PIFE.47 Such plots were gener-
ated for both TSGIT-purified gp2.5 and native tag-free-
purified gp2.5 and the experimental datapoints were fit to
a PIFE-adjusted Hill-type dependence (Figure 5f)
described by Equation (5) in Supporting Information
Materials and Methods section. The Kd was calculated as
�0.78 μM for TSGIT-purified gp2.5 and �0.81 μM for
native tag-free-purified gp2.5 (Figure 5f). These values
are consistent with each other and with the previously
reported value of �0.8 μM.36,48

Unlike other ssDNA-binding proteins, gp2.5 was pre-
viously reported to exhibit little binding cooperativity36,48

to ssDNA at any salt concentration. In accordance with
this finding, the binding isotherms of both TSGIT-
purified gp2.5 and native tag-free-purified gp2.5 were
characterized by a Hill coefficient of only �1.5
(Figure 5f) despite the length of the employed ssDNA
which can support the binding of up to three gp2.5 mole-
cules. It is worth noting that the sigmoidal shape of the
binding isotherms is exaggerated since a log-linear plot is
used to better illustrate the whole titration concentration

range; even a perfect Langmuir hyperbolic isotherm
would appear sigmoidal in log-linear plots.49 The last
parameter of interest of the binding isotherms is the max-
imum increase in Cy3 fluorescence lifetime at saturating
gp2.5 concentrations of �0.76 ns for TSGIT-purified
gp2.5 and �0.74 ns for native tag-free-purified gp2.5
(Figure 5f). Since the fluorescence lifetime is highly spe-
cific and sensitive to the nearby protein residues, their
conformation as well as the overall structure of the DNA-
dye-protein complex,46 this finding further strengthens
the similarity between TSGIT-purified gp2.5 and native
tag-free-purified gp2.5 at microscopic scale.

In the last set of experiments, we investigated TSGIT-
purified gp2.5 binding to ssDNA at a larger scale and its
power to stretch collapsed ssDNA upon binding. The
experiments are based on a well-established single-
molecule flow-stretching bead assay,44,50,51 which can
monitor the conversion of free ssDNA to gp2.5-coated
ssDNA via their length difference through the observa-
tion of the time-position dependence of a large bead
attached to the free DNA end (Figure 6a). The assay was
performed as described in Supporting Information Mate-
rials and Methods section using our previously described
protocols 52,53. Native tag-free-purified gp2.5 (Figures 6b
and S6a) and TSGIT-purified gp2.5 (Figure 6c and S6b)
produced similar ssDNA stretching events; the stretching
length is represented as equivalent length of dsDNA in
base pairs (bp). Statistically, the distribution of the
stretching lengths produced by native tag-free-purified
gp2.5 and TSGIT-purified gp2.5 are highly similar
(Figure 6d) with their empirical cumulative distribution
functions exhibiting less than 10% difference at any
length. Both gp2.5 proteins stretched the ssDNA to an
equivalent dsDNA length of �6.5 kbp. The length of the
ssDNA region of the employed substrate is �7.2 knt.
Therefore, we conclude that both TSGIT-purified gp2.5
and native tag-free-purified gp2.5 perform highly similar
in this assay and stretch the ssDNA region of the sub-
strate to �90% of the contour length of its equivalent
dsDNA form, which is consistent with the previously
reported value.44

Taken together, the gp2.5 experiments show that the
protein obtained through TSGIT purification is virtually
indistinguishable from the one obtained through native
tag-free purification. Therefore, TSGIT purification,
despite the presence of its large fusion tags did not dis-
turb gp2.5 proper folding, its dimeric solution form or its
ssDNA-binding activity. Nevertheless, as in the case of
any fusion system, these results should be extrapolated
with care to other proteins, for which the presence of the
N- and C-terminal fusion tags may have a negative effect
depending on the overall three-dimensional structure
and folding of the fusion.
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3 | CONCLUSION

During protein expression and purification, a variety of
mechanisms can generate soluble truncated forms of the
protein of interest that coexist with the full-length form.
These truncated forms can vary by different degrees from
the protein of interest, and small N- or C-terminal degrada-
tions are typically inseparable from the full-length target
protein under such conditions. A possible solution to this
problem is the addition of at least one N-terminal and one
different C-terminal affinity tag to form a fusion protein.
Sequential selection for the two different affinity tags results
in the exclusive retention of the full-length protein. Never-
theless, the presence of these tags can considerably interfere
with the function of the protein and their removal is often
desirable. By surveying existing affinity and cleavable tags,
we designed TSGIT, a unified system for protein expression
and purification that simultaneously resolves these prob-
lems. TSGIT also includes an N-terminal and a C-terminal
Trx for increased solubility. TSGIT isolates the target pro-
tein between its N-terminal and C-terminal composite tags
that are designed to maximize the benefits of each

individual component. Upon simultaneous cleavage of
these tags, the protein of interest is released without any
undesired additional N- or C-terminal amino acids. The
main limitation of the TSGIT system is the relatively high
concentration of thiol-containing reductant that is required
for Intein-mediated cleavage of the C-terminal fusion tag.
Such strong reducing conditions may be harmful for certain
proteins; for example in cases where natural disulfide bonds
must occur within the protein structure54 or in cases where
reductants participate, even indirectly, in Peptide Backbone
Fragmentation.55–57 The purification strategy proposed for
TSGIT resulted in a high yield of more than 95% pure
native and active proteins of interest. Additionally, the pro-
teins produced by TSGIT are ready for IPL with other pep-
tides or proteins for downstream applications. Through
custom-synthesis, the peptides used for IPL can offer a large
variety of modifications such as fluorophores, attachment
groups (e.g., biotin and digoxigenin), glycans, localization
sequences, and orthogonal reactive chemical groups for
general coupling to different moieties (e.g., click chemistry),
while having only the simple requirement to contain an
N-terminal cysteine residue.
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FIGURE 6 ssDNA stretching power of TSGIT-purified gp2.5. (a) Schematic representation of the single-molecule flow-stretching bead

assay used to monitor the elongation of collapsed long ssDNA upon binding of gp2.5. The position of the DNA-attached bead is monitored

over time and converted to dsDNA extension equivalent length as described in Supporting Information Materials and Methods section.

(b) Example of a single-molecule time-trace showing the stretching of the ssDNA-containing substrate upon injection of native tag-free-

purified gp2.5. (c) Example of a single-molecule time-trace showing the stretching of the ssDNA-containing substrate upon injection of

TSGIT-purified gp2.5. For both panels, the maximum extension was calculated between the initial and final basslines along the y-axis. (d) A

plot of the empirical cumulative distribution function, obtained from the indicated number (N) of individual time-traces, of the maximum

dsDNA equivalent stretching length by native tag-free-purified gp2.5 (blue) and TSGIT-purified gp2.5 (red). The average stretching length

together with its standard deviation is indicated for both proteins
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4 | MATERIALS AND METHODS

4.1 | Plasmid design and construction

For the component tags of the TSGIT fusion, their amino
acid sequences were selected from well-established avail-
able sources. For the N-terminal part of the fusion, the
two His-tags consist of six consecutive histidine resi-
dues58,59 and the SUMO-tag sequence was chosen from
the pE-SUMO expression vector (LifeSensors; plasmid
1001 K). For the C-terminal part of the fusion, the Intein-
tag sequence and its subsequent linker were chosen from
the pTXB1 expression vector (IMPACT system, New
England BioLabs; plasmid N6707S) and the sequence of
the Twin Strep-tag was selected as the one described pre-
viously.28,29 The Trx-tag sequence used for both parts of
the fusion was selected from the 2T-T expression vector
(MacroBac system;60 Addgene plasmid 29712). All these
amino acid sequences were converted to coding DNA
sequences by the codon optimization tool available on-
line from Integrated DNA Technologies (IDT).

The genes encoding the empty full-length TSGIT con-
struct (Figure 2a), its N-terminal part only or its C-
terminal part only were custom synthesized by IDT as
gBlocks. The cloning primers were also custom synthe-
sized by IDT. The pRSF-1b plasmid was purchased from
Novagen. The gene inserts encoding mRuby3 and gp2.5
were codon optimized and custom synthesized by IDT as
gBlocks. The three TSGIT genes were independently
cloned by Gibson assembly into empty pRSF-1b plasmids,
yielding plasmids that we denote as pTSGIT, pTSGIT-N
and pTSGIT-C, respectively. The gene inserts encoding
mRuby3 (Figure S2) and gp2.5 (Figure S3) were assem-
bled together with the TSGIT N- and C-terminal fusion
tags between the SUMO and Intein regions by Gibson
assembly into pRSF-1b plasmids. We denote these plas-
mids as pTSGIT-mRuby3 and pTSGIT-gp2.5. All final
constructs were verified by sequencing.

4.2 | TSGIT fusion proteins expression
and purification

pTSGIT-N, pTSGIT-C, pTSGIT-mRuby3, and pTSGIT-
gp2.5 were independently expressed in BL21(DE3) E. coli
expression strain (Novagen) in LB media containing
Kanamycin (50 μg/ml). Cell growth and lysis were per-
formed as described previously.24 Briefly, cells were
grown at 37�C to an OD600 of 0.8 and then protein
expression was induced by the addition of 0.5 mM isopro-
pyl β-D-thiogalactopyranoside (IPTG) and incubated fur-
ther for 4 hr at 37�C. The cells were collected by
centrifugation and pellets were re-suspended in 5 ml of

lysis buffer [50 mM HEPES pH (8), 500 mM NaCl,
30 mM Imidazole, 0.1 mM Tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP), 1 mM PMSF, 5% Glycerol
and one EDTA-free protease inhibitor cocktail tablet per
50 ml (Roche, UK)] per 1 g of cells. The cells were then
lysed by sonicating them twice on ice using a Qsonica
500 sonicator operating at 20 kHz, 37% amplitude with a
cycle on-time of 10 s, a cycle off-time of 15 s and a total
on-time of 2 min. Next, the lysates were passed twice
through a French press operating at 20,000 psi and
cleared by centrifugation at 95,834g for 45 min at 4�C. All
the subsequent protein purification steps were performed
at 4�C as described in detail in Section 2.

All the affinity columns used for protein purification
were HisTrap HP 5 ml and StrepTrap HP 5 ml affinity col-
umns (GE Healthcare). The buffers used for protein binding,
washing and elution for the HisTrap steps were buffer A
[50 mM HEPES pH (8), 500 mM NaCl, 30 mM Imidazole,
0.1 mM TCEP, and 5% Glycerol] and buffer B [50 mM
HEPES pH (8), 500 mM NaCl, 350 mM Imidazole, 0.1 mM
TCEP, and 5% Glycerol]. The buffers used for protein bind-
ing, washing and elution for the StrepTrap steps were buffer
C [50 mM HEPES pH (8.3), 500 mM NaCl, 0.1 mM TCEP,
and 5% Glycerol] and buffer D [50 mM HEPES pH (8.3),
500 mM NaCl, 2.5 mM d-Desthiobiotin, 0.1 mM TCEP, and
5% Glycerol]. Cleavage reaction of the fusion protein was
performed in 2-MESNA cleavage buffer [50 mM HEPES pH
(8.5), 500 mM NaCl, 50 mM 2-Mercaptoethanesulfonic acid
(2-MESNA) as Sodium 2-Mercaptoethanesulfonate, and 5%
Glycerol] or DTT cleavage buffer [50 mM HEPES pH (8.5),
500 mM NaCl, 40 mM Dithiothreitol (DTT), and 5% Glyc-
erol]. All the final protein fractions were stored in storage
buffer [50 mM HEPES pH (8), 250 mM NaCl, 1 mM
Dithiothreitol (DTT), and 5% Glycerol]. The same storage
buffer was used to equilibrate and elute the proteins from a
120 ml Superdex 16/600 75 pg (GE Healthcare) column.
Buffer exchange steps were performed using PD-10 desalting
columns (8.3 ml of Sephadex G-25 medium; Amersham Bio-
sciences). Capturing of the biotin-tagged proteins was per-
formed using High Capacity NeutrAvidin Agarose Resin
(Thermo Scientific). The buffer used to equilibrate, wash
and elute the proteins from the NeutrAvidin Agarose Resin
was storage buffer. An ÄKTA purifier fast protein liquid
chromatography (FPLC) system (GE Healthcare) was used
to perform all the column-based chromatographic steps.

4.3 | Intein-mediated protein ligation
reaction

Intein-mediated protein ligation between activated
mRuby3 protein and BioP (CDPEKBiotinDS) peptide32 was
performed in IPL buffer [50 mM HEPES pH (8.5),
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500 mM NaCl, 10 mM 2-Mercaptoethanesulfonic acid
(2-MESNA) as Sodium 2-Mercaptoethanesulfonate and
5% Glycerol] at 4�C for 12 hr with gentle rotation. The
BioP peptide-containing biotin attached to an internal
lysine residue was custom synthesized by GenScript
(85.2% purity). The ligation reaction contained 10 μM
2-MESNA-activated mRuby3 and 1 mM BioP.
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