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ABSTRACT: Therapeutic proteins such as enzymes, hormones, and
cytokines suffer from poor stability, inefficient cellular penetration, and
rapid clearance from circulation. Conjugation with polymers (such as
poly(ethylene glycol)) and fusion with long-acting proteins (such as
albumin and Fc fragments) have been utilized to partially address the
delivery issues, but these strategies require the introduction of new
macromolecular substances, resulting in potential immunogenicity and
toxicity. Herein, we report an easy strategy to increase the intracellular
delivery efficiency and stability of proteins by combining of sortase-mediated protein cyclization and cell-penetrating peptide (CPP)-
mediated intracellular delivery. We, for the first time, genetically constructed a green fluorescence protein (GFP) fused with a CPP, a
transacting activator of transcription (TAT) peptide, at its C-terminus for intracellular internalization, and two sortase recognition
sequences, pentaglycine and LPETG, at its N- and C-termini for cyclization. Notably, the cyclized GFP-TAT (cGFP-TAT) not only
highly retained the photophysical properties of the protein but also significantly improved the in vitro stability compared with the
native linear GFP (lGFP) and linear TAT peptide-fused GFP (lGFP-TAT).Moreover, cGFP-TAT showed better cellular
internalization ability compared with lGFP. In C26 tumor-inoculated mice, cGFP-TAT exhibited enhanced in vivo tumor retention,
with increases of 7.79- and 6.52-fold relative to lGFP and lGFP-TAT in tumor retention 3 h after intratumor administration. This
proof-of-concept study has provided an easy strategy to increase the in vitro stability, intracellular delivery efficiency, and in vivo
tumor retention of GFP, which would be applicable to numerous therapeutic proteins and peptides for clinical practice.

1. INTRODUCTION

Proteins have been marked as potential therapeutics in clinical
practice due to their high biological activity. However, there
are many therapeutic proteins, such as enzymes and especially
cytokines, suffering from conspicuous limitations including
rapid clearance from blood circulation, inefficient cellular
penetration, quick enzymatic degradation, and poor stabil-
ity.1−3 Numerous approaches have been implemented to
address the issues described above.1−4 For example, conjugat-
ing poly(ethylene glycol) (PEG) at the reactive sites (such as
lysine or cysteine residues) of proteins, known as PEGyla-
tion,5,6 can effectively extend the circulating half-life of a
protein, and many PEGylated proteins have been approved by
the Food and Drug Administration (FDA) for clinical use.7,8

Another widely used strategy for improving pharmaceutical
profiles is to fuse biomolecules with long-acting human serum
albumin or Fc fragments using protein engineering technol-
ogy.9−11 However, these strategies require the introduction of
new macromolecular substances, and the potential immuno-
genicity and toxicity effects induced by the extra moieties still
remain of a concern.12−14

Covalent conjugation of the N- and C-termini of a protein is
often used as a tool to enhance conformational stability during
protein delivery.15−17 There are two main reasons: (1)

backbone cyclization of proteins can reduce the conforma-
tional entropy in the unfolding state with improved melting
temperature (Tm);

17,18 and (2) the cyclized proteins do not
present free termini, thus greatly decreasing enzymes’ and
other substances’ attack.19−21 Previously, various proteins such
as dihydrofolate reductase,18,22 maltose-binding protein,23

green fluorescent protein,19,24,25 ubiquitin carboxyl-terminal
hydrolase isozyme L3,25 erythropoietin,26 and interferon26

have been cyclized via disulfide bond formation, SpyTag/
SpyCatcher system and intein- or sortase-mediated ligation
with well-retained bioactivity, better thermal stability, and
enhanced pharmaceutical profiles.
The plasma membrane is impenetrable and can exclude

biomolecules, which greatly limits the potential of proteins for
pharmaceutical applications.27−30 Cell-penetrating peptides
(CPPs) are a class of peptides that have the ability to cross
the plasma membrane and have been applied to efficiently
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assist molecular cargoes in internalizing in living cells in a
manner termed “protein transduction”.30−36 Fusion or
chemical conjugation of these short peptides has also been
proven to be an effective way to deliver large proteins into
cells, and numerous “CPP−protein complexes” have been
reported, thus providing an easy alternative to increase the
delivery efficiency of therapeutic proteins and pepti-
des.28,29,37−42

In this study, we report a system to increase the stability and
intracellular delivery efficiency of proteins via a combination of
sortase-mediated cyclization and CPP-mediated delivery. We
chose a TAT peptide as the cellular penetrant carrier. The
TAT peptide is a nine amino acid sequence (RKKRRQRRR)
derived from a motif (residues 49−57) of the human
immunodeficiency virus-1 (HIV-1) transacting activator of
transcription (TAT) protein; and it can transfer proteins across
plasma membranes and mediate nuclear localization.31,39,43,44

We adopted sortase-mediated protein ligation (SPL) for the
backbone cyclization of a green fluorescent protein (GFP).
There are two reasons for our choice: (1) the reaction
condition of SPL is mild, and the reaction efficiency is
high;19,45 and (2) the N- and C-termini of GFP stay at a
relatively close distance to facilitate effective ligation.24,46

Herein, as the first case, we demonstrate that cyclized GFP

fused with TAT (cGFP-TAT) significantly improved not only
in vitro stability and cellular internalization ability but also in
vivo tumor retention compared with native linear GFP (lGFP)
and linear TAT-fused GFP (lGFP-TAT).

2. RESULTS AND DISCUSSION

2.1. Biosynthesis and Physicochemical Character-
ization. To obtain the cGFP-TAT protein, an lGFP-TAT
protein was first synthesized by protein engineering technol-
ogy, followed by SPL for cyclization (Scheme 1). The
sequence of the lGFP-TAT recombinant plasmid consisted
of the following important motifs: the nine amino acid TAT
peptide was fused at the C-terminus of the lGFP; while two
sortase A recognition motifs, G5 and LPETG, were introduced
at the N-terminus of lGFP and the C-terminus of TAT
peptide, respectively; the 6× His tag was located at the C-
terminus of the LPETG sequence for nickel-nitrilotriacetic acid
immobilized metal affinity chromatography (Ni-NTA IMAC)
purification. The lGFP-TAT fusion protein was successfully
overexpressed in Escherichia coli (E. coli) with isopropyl-β-D-1-
thiogalactopyranoside (IPTG) induction and purified by Ni-
NTA IMAC with high yield (∼100 mg/L) (Figure S1).
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) showed a single band around the molecular

Scheme 1. Schematic Illustration of the Biosynthesis Process of cGFP-TAT. First, lGFP Was Selectively Fused with a CPP, the
TAT Peptide, at Its C-Terminus Using Protein Engineering Technology to Form lGFP-TAT. Second, lGFP-TAT Was Cyclized
to Produce cGFP-TAT for Subsequent Sortase A-Catalyzed Ligation

Figure 1. Synthesis and characterization of cGFP-TAT, lGFP-TAT, and lGFP. (a) SDS-PAGE analysis. Lane 1: lGFP; lane 2: lGFP-TAT; lane 3:
cGFP-TAT. (b) MALDI-TOF spectra of proteins. (c) Fluorescence spectra of proteins from 480 to 540 nm, excited at 460 nm. (d) UV−vis
absorption spectra of proteins from 230 to 600 nm.
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weight (MW) position of ∼30.4 kDa corresponding to lGFP-
TAT (Figure 1a). The theoretical MW of lGFP-TAT is
30381.1 Da, which was in accordance with the value (30380.7
Da) confirmed by matrix-assisted laser desorption/ionization
time of flight (MALDI-TOF) for accurate mass (Figure 1b).
Similarly, we designed and obtained sortase A (with the 6× His
at the N-terminus) of high quality for the cyclization reaction
via the same protein purification method (Figure S2).
The addition of sortase A to lGFP-TAT resulted in cGFP-

TAT. Sortase A recognizes the substrate motif LPETG at the
C-terminus of lGFP-TAT and cleaves the amide bond between
Thr and Gly, utilizing an active site cysteine.19,47 The
generating covalent acyl enzyme intermediate then undergoes
nucleophilic attack by oligoglycine at the N-terminus, yielding
the cyclized protein, cGFP-TAT. SDS-PAGE analysis of the
reaction mixture demonstrated the complete disappearance of
the band for lGFP-TAT at approximately 30.4 kDa and the
appearance of a lower band corresponding to cGFP-TAT at
approximately 29.4 kDa, indicating that the efficacy of
cyclization was almost quantitative and that few oligomers of
GFP were formed during the reaction (Figure S3). cGFP-TAT
was then separated from the reaction mixture by anion
exchange (AEX) chromatography, yielding products at a purity
of ∼95% (Figure 1a). Purified cGFP-TAT was characterized by
MALDI-TOF for MW determination, and the mass detected

was 29426.0 Da, closely agreeing with the theoretical value of
29426.1 Da (Figure 1b). We also overexpressed and purified
native lGFP (with the 6× His at the C-terminus) as a control
for further assays (Figure S4). The purity (∼95%) and MW
(theoretical value of 28915.3 Da) were confirmed by SDS-
PAGE (Figure 1a) and MALDI-TOF (Figure 1b), respectively.
The data show that the backbone of lGFP-TAT can be
efficiently conjugated using SPL and successfully yield cGFP-
TAT with high purity.
The hydrodynamic radii (Rh) of cGFP-TAT, lGFP-TAT,

and lGFP analyzed by dynamic light scattering (DLS) were
similar, approximately 3.5 nm (Figure S5). Circular dichroism
(CD) spectroscopy showed that cGFP-TAT displayed an
identical signature of β-sheet barrel, with a positive peak at
195−198 nm and a negative peak at 217−218 nm (Figure S6).
The spectra of cGFP-TAT were consistent with those of lGFP-
TAT and lGFP, suggesting that sortase A-catalyzed cyclization
has no obvious influence on the secondary structure of GFP.
To characterize the photophysical properties and determine

the functional activities of proteins, the fluorescence and UV
absorption spectra were quantified at similar concentrations.
The GFP concentration was confirmed by UV−vis absorption
at 280 nm (Figure S7). The fluorescence spectra of cGFP-TAT
were consistent with those of lGFP and lGFP-TAT, with
emission maxima at 507 nm (Figure 1c and Table S1) and

Figure 2. In vitro thermal stability of cGFP-TAT, lGFP-TAT, and lGFP. (a) Fluorescence retention of proteins heated at 80 °C for the indicated
times. P < 0.005 for cGFP-TAT vs lGFP and lGFP-TAT. (b) Fluorescence retention percentage of proteins heated at 80 °C for 15 min. P < 0.001
for cGFP-TAT vs lGFP and lGFP-TAT. (c) Fluorescence recovery of proteins following thermal denaturation at 90 °C for 5 min. P < 0.0001 for
cGFP-TAT vs lGFP and lGFP-TAT. (d) Fluorescence recovery percentage of proteins 30 min after thermal denaturation. P < 0.0001 for cGFP-
TAT vs lGFP and lGFP-TAT. (e) DSC curve of proteins. (f) Tm value of proteins. P < 0.01 for cGFP-TAT vs lGFP and lGFP-TAT. Data are
shown as the mean ± standard deviation (n = 3).
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absorbance maxima at 478 nm (Figure 1d and Table S2).
These results indicate that the photophysical properties of
cGFP-TAT are almost completely retained, and the covalent
cyclization has no influence on the function of GFP.
2.2. In Vitro Stability. Because cyclization of the backbone

of a protein can increase the thermal stability compared with

its linear form, we investigated the fluorescence retention of
cGFP-TAT, lGFP-TAT, and lGFP after incubation at 80 °C
for the indicated times. lGFP and lGFP-TAT dramatically lost
their fluorescence within a few minutes; in contrast, cGFP-
TAT slowly lost its fluorescence within 1 h (Figure 2a and
Figure S8). After 15 min, the fluorescence retention percentage

Figure 3. In vitro proteolytic and chemical stability of cGFP-TAT, lGFP-TAT, and lGFP. (a) Fluorescence retention of proteins against papain as a
function of time. (b) Fluorescence retention percentage of proteins after incubating with papain for 72 h. (c) Fluorescence retention of proteins
after incubating in a 6 M GdnHCl solution as a function of time. (d) Fluorescence retention percentage of proteins after incubating in a GdnHCl
solution for 45 min. Data are shown as the mean ± standard deviation (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 for
cGFP-TAT and lGFP-TAT vs lGFP.

Figure 4. Intracellular uptake of cGFP-TAT, lGFP-TAT, and lGFP. (a) Transduction of proteins to C26 cells. C26 cells incubated without GFP
were used as the control. The cell nucleus was stained with Hoechst 33342 in blue; the plasma membrane was stained with wheat germ agglutinin
in red; and GFP was shown in green with a final incubation concentration of 30 μM at 37 °C in the fresh RPMI-1640 medium. (b) Quantification
of the mean fluorescence units in the cell, plasma membrane, and nucleus after taken up by C26 for 1 h (up) and 4 h (below). Data are shown as
the mean ± standard deviation (n = 9). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 for lGFP-TAT and cGFP-TAT vs lGFP in the
cell, plasma membrane, and nucleus, respectively.
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of cGFP-TAT (44.29%) was over 10-fold than those of lGFP
(4.23%) and lGFP-TAT (4.00%) (Figure 2b). We also
assessed the fluorescence recovery of cGFP-TAT by simple
thermal denaturation at 90 °C for 5 min, followed by an ice
bath. The fluorescence of cGFP-TAT quickly regained and
increased in 5 min, while the fluorescence of lGFP and lGFP-
TAT could not be recovered for a long time (Figure 2c and
Figure S9). Thirty minutes after denaturation, the fluorescence
recovery percentage of cGFP-TAT was 60.63%, over 20-fold
higher than those of lGFP (2.72%) and lGFP-TAT (2.98%)
(Figure 2d). Because GFP should be diluted in a buffer
containing NaCl (at least at a concentration of 50 mM) to
maintain relative stable during detection, we chose differential
scanning calorimetry (DSC) over CD to measure the Tm of
proteins.48−50 As the DSC curve showed, the Tm value of lGFP
(83.84 °C) was in accordance with the reported value (∼357 K
at a heating rate of 1 K/min).50 lGFP-TAT had a similar Tm
value compared with lGFP, whereas cGFP-TAT had an
improved Tm value of ∼4 °C (Figure 2e,f), which further
explained the increased thermal stability of GFP after
cyclization.
As proteins are susceptible to enzymatic degradation, we

tested the proteolytic stability of cGFP-TAT against
papain.Papain is a kind of sulfhydryl protease with broad
substrate specificity; and it can hydrolyze the carboxyl end of
arginine and lysine distribution on proteins. lGFP and lGFP-
TAT showed a rapid decrease in fluorescence upon the
addition of papain, while cGFP-TAT exhibited a slower
fluorescence decrease than both lGFP and lGFP-TAT (Figure
3a). After 72 h, the fluorescence retention percentages of lGFP,
lGFP-TAT, and cGFP-TAT were 25.29, 28.45, and 49.88%,
respectively (Figure 3b). We also investigated the chemical
denaturation of cGFP-TAT against guanidine hydrochloride
(GdnHCl), a common chemical denaturant that has been
widely used in protein inclusion body purification. It was
obviously visible that cGFP-TAT unfolded more slowly than
lGFP-TAT and lGFP in a 6 M GdnHCl solution (Figure 3c).
The fluorescence retentions of cGFP-TAT (27.34%) were
5.47- and 3.45-fold higher than those of lGFP-TAT (5.00%)
and lGFP (7.93%), respectively (Figure 3d). The data suggest
that cGFP-TAT exhibits more resistance to enzymatic
degradation and chemical denaturation than lGFP and lGFP-
TAT.

2.3. Intracellular Delivery. Next, we investigated the
cellular internalization and distribution of cGFP-TAT, lGFP-
TAT, and lGFP in a C26 cell (murine colon carcinoma)
because it is a cell line that has been widely applied in assessing
the intracellular drug delivery.51 We first tested the cellular
internalization of proteins at different concentrations using
confocal laser scanning microscopy (CLSM). After incubating
with 10, 30, and 50 μM proteins for 1 and 4 h at 37 °C in a
fresh RPMI-1640 medium, C26 cells were directly imaged
without fixation to decrease the artifactual redistribution of the
TAT peptide-fused GFP in the nucleus.52 We found the
efficient and similar cellular uptake of lGFP-TAT and cGFP-
TAT into cells at high concentrations of 30 and 50 μM (Figure
4a and Figure S10). Most proteins were enriched in the plasma
membrane and nucleus, and some were homogeneously
distributed throughout the cytoplasm; and no obvious
endocytic vesicles were observed in the cytoplasm after
incubating 30 and 50 μM proteins for 4 h (Figure S10).37

However, proteins were heterogeneously distributed, and some
vesicles can be observed in the cytoplasm after incubating at a
low concentration of 10 μM for 4 h, indicating partial
endosomal delivery (Figure S11).52,53 Herein, in the intra-
cellular delivery experiments, we chose to fix the protein
concentration at 30 μM, as the TAT-fused proteins were
internalized mainly in a non-endosomal mode.
From the results, we found that cGFP-TAT rapidly bound to

the plasma membrane after incubation for 1 h, and the green
fluorescence was well distributed in the nucleus after
internalization for 4 h (Figure 4a and Figure S10), which
was in accordance with the fluorescence quantification (Figure
4b and Tables S3−S4), suggesting that cGFP-TAT was
successfully taken up by cells and translocated in the nucleus.
However, when cells were treated with lGFP, green
fluorescence could only be clearly observed on the plasma
membrane until 4 h, a much longer incubation period than that
of cGFP-TAT (Figure 4a and Figure S12); lGFP also
accumulated in the nucleus at a low level (Figure 4b and
Tables S3 and S4). In particular, the mean fluorescence unit of
cGFP-TAT in the nucleus was 3.54 times higher than that of
lGFP at 1 h, and the ratio increased to 8.20 times after
incubation for 4 h (Figure 4b and Tables S3 and S4). In
addition, the cellular delivery is temperature-independent
because lGFP-TAT and cGFP-TAT exhibited a similar
intracellular distribution throughout the cytosol and nucleus

Figure 5. In vivo tumor retention of cGFP-TAT, lGFP-TAT, and lGFP. (a) In vivo fluorescence imaging of proteins in tumor-bearing mice after
intratumor injection from 1 min to 3 h. From top to bottom: lGFP, lGFP-TAT, and cGFP-TAT. (b) Fluorescence of proteins in tumors as a
function of time. Data are shown as the mean ± standard deviation (n = 4). **P < 0.01 and ****P < 0.001 for cGFP-TAT vs lGFP and lGFP-TAT.
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after incubating at 4 °C (Figure S13), which further proved
that the entry mode is mainly non-endosomal.29,53 We have
also tested the uptake of proteins into cells in the serum, and
the proteins exhibited the same internalized behaviors as in the
fresh medium (Figure S14). The data demonstrate that the
TAT peptide can be utilized to efficiently transport
biomolecules into cells.
2.4. In Vivo Tumor Retention. One of the major

problems in the delivery of therapeutic proteins is their poor
in vivo retention time. Herein, we evaluated the retention of
cGFP-TAT, lGFP-TAT, and lGFP in tumors in C26-
inoculated mice via in vivo imaging. Mice with a mean tumor
volume of 100 mm3 were intratumorally injected with cGFP-
TAT, lGFP-TAT, and lGFP. Upon administration, the
fluorescence of lGFP, as well as lGFP-TAT, in tumors quickly
decreased and was completely undetectable within 2 h (Figure
5a). In contrast, the fluorescence of cGFP-TAT exhibited a
relatively slower decrease and could still be visible even after 3
h (Figure 5a). Notably, the fluorescence of cGFP-TAT (1.74 ×
1010 photons) in tumors was 1.91- and 1.61-fold higher than
those of lGFP (9.11 × 109 photons) and lGFP-TAT (1.08 ×
1010 photons) at 1.5 h; and the fluorescence of cGFP-TAT
(5.13 × 109 photons) displayed 7.79- and 6.52-fold higher
relative to those of lGFP (6.58 × 108 photons) and lGFP-TAT
(7.86 × 108 photons) after administration for 4 h (Figure 5b).
This slower clearance in the tumor might be attributed to the
better thermal, proteolytic, and chemical stability of cGFP-
TAT compared with lGFP-TAT and lGFP, as the data we
achieved above. These results indicate that the backbone
ligation of cGFP-TAT can remarkably improve the retention of
GFP in tumors.

3. CONCLUSIONS

In summary, we have demonstrated an easy strategy to
improve the in vitro stability, intracellular delivery efficiency,
and in vivo tumor retention of GFP. We, for the first time,
genetically constructed a TAT peptide and sortase recognition
motifs at the N- and C-termini of GFP for CPP-mediated
delivery and sortase-mediated cyclization, respectively. Com-
pared with lGFP and lGFP-TAT, cGFP-TAT displays three
major advantages that are vital for the design of advanced
therapeutic protein agents: (i) cGFP-TAT has superior
resistance to heat inactivation, enzymatic degradation, and
chemical denaturation because the N- and C-termini are not
exposed to external stressors; (ii) cGFP-TAT can efficiently be
taken up into living cells with the assistance of fused CPPs on
the protein; and (iii) cGFP-TAT exhibits enhanced tumor
retention of GFP because of the increased thermal, proteolytic,
and chemical stability. We believe that this strategy would be
applicable to various therapeutic proteins and peptides for
clinical treatments.

4. EXPERIMENTAL SECTION

4.1. Materials. All biological reagents were purchased from
New England Biolabs or Thermo Scientific and used as
received, unless otherwise stated. All chemical reagents were
purchased from Sigma-Aldrich or J&K Scientific and used as
received, unless otherwise stated. All cell culture-related
reagents were obtained from Gibco or Corning, unless
otherwise stated. C26 cells were obtained from the cell bank
of the Chinese Academy of Medical Sciences. Female BALB/c-
nude mice were purchased from Vital River Laboratories

(Beijing, China) and accommodated in the Laboratory Animal
Center of Peking Union Medical College Hospital accredited
by the Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALAC), and all
animal methods used in this study were approved by the
Institutional Animal Care and Use Committee (IACUC).

4.2. Expression and Production of lGFP-TAT. The gene
encoding the green fluorescent protein (GFP) with a TAT
peptide (lGFP-TAT) was designed with a sortase A
recognition motif (GGGGG) at the N-terminus and a TAT
peptide (RKKRRQRRR), sortase A recognition motif
(LPETG) and 6× His tag at the C-terminus. The lGFP-TAT
gene synthesized by Sangon Biotech (Shanghai, China) was
cloned into the pET-25b (+) vector (Novagen) using a
standard molecular cloning technique and verified by DNA
sequencing. The constructed plasmid was then transformed
into E. coli BL21(DE3) competent cells (TransGen Biotech,
Beijing, China) and cultivated in Luria Bertani media
containing 100 μg/mL of ampicillin at 37 °C with shaking at
220 rpm. Once the optical density at 600 nm (OD600)
reached 0.5, isopropyl-β-D -thiogalactopyranoside (IPTG)
(with a final concentration of 500 μM) was added to the cell
culture for induction. After overnight expression at 22 °C, cells
were harvested by centrifugation at 4500× g for 15 min. Cell
pellets from 1 L of culture were resuspended in 50 mL of lysis
buffer (50 mM Tris·HCl, 150 mM NaCl, pH 8.0) and lysed by
a continuous flow cell disrupter (JNBIO, Guangzhou, China)
twice with an ultrahigh pressure of 1200 bar. After
centrifugation, the supernatant was collected and applied to a
5 mL HisTrap column (GE Healthcare, USA) on an
AKTApurifier chromatographic system with a UV detector at
280 nm. The protein-loaded column was first equilibrated with
an equilibration buffer (50 mM Tris·HCl, 150 mM NaCl, and
5 mM imidazole) and then washed with a washing buffer (50
mM Tris·HCl, 150 mM NaCl, and 20 mM imidazole). After
eluted by an eluent buffer (50 mM Tris·HCl, 150 mM NaCl,
and 200 mM imidazole), lGFP-TAT was further purified by
running through a HiPrep 26/10 desalting column (GE
Healthcare, USA) to change the buffer to 50 mM Tris·HCl,
150 mM NaCl, pH 7.4 and stored at −80 °C until use. The
concentration of lGFP-TAT was estimated by bicinchoninic
acid (BCA) assay according to the instructions of the BCA kit
(Beyotime Biotech, Shanghai, China). The purification process
and purity of protein were assessed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE).
As a control, native GFP with a 6× His tag at the C-terminus

(lGFP) was produced and purified via the same method.
Sortase A was expressed and purified as previously

described.19

The amino acid sequence of lGFP-TAT is listed as follows:

The amino acids with dotted underline are the sortase A
recognition motifs; the amino acids with solid underline are
the sequence of GFP; the amino acids with wavy underline are
the sequence of TAT peptide; and the starting amino acid M
can be cleaved automatically during the expression process.
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4.3. Synthesis and Purification of cGFP-TAT. lGFP-
TAT (50 μM) was mixed with sortase A (25 μM) in 50 mM
Tris·HCl, 150 mM NaCl, 10 mM CaCl2, pH 7.4 for 6 h at 25
°C without agitation, resulting in cGFP-TAT. The reaction
mixture was diluted into 4 volumes of 20 mM Tris·HCl, pH
7.4, and purified by anion exchange (AEX) chromatography on
a HiTrap Capto Q column (GE Healthcare, USA) performed
on an AKTApurifier chromatographic system. The column was
eluted with 20 mM Tris·HCl, pH 7.4, and the concentration of
NaCl in the buffer was increased from 0 to 1 M using a linear
flow velocity gradient with time. The peak containing the
desired cGFP-TAT protein was collected; and the contents
were buffer exchanged into 50 mM Tris·HCl, 150 mM NaCl,
pH 7.4 with a desalting column and finally concentrated via
ultrafiltration.
4.4. Physicochemical Characterization. 4.4.1. Sodium

Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE). Samples were diluted in a loading buffer containing 5%
(v/v) β-mercaptoethanol and 0.5% (m/v) bromophenol blue
and boiled at 95 °C for 10 min before loading onto a precast
12.5% SDS-PAGE gel (GenScript, Nanjing, China). The gel
was applied to a Mini-Protein gel apparatus (Bio-Rad) at 130
V for 50 min using 25 mM Tris, 250 mM glycine, and 0.1%
SDS as the running buffer and stained with Coomassie blue.
Protein markers with a broad range of 10−170 kDa were used
as the standard.
4.4.2. Bicinchoninic Acid (BCA). The concentrations of

cGFP-TAT, lGFP-TAT, and lGFP were assessed via a protein
BCA assay kit following the directions of the manufacturer.
Bovine serum albumin (BSA) was used as the protein standard.
4.4.3. Matrix-Assisted Laser Desorption/Ionization Time-

of-Flight Mass Spectrometry (MALDI-TOF MS). The molec-
ular weights of cGFP-TAT, lGFP-TAT, and lGFP were
detected by a 4800 Plus MALDI-TOF/TOF analyzer (Applied
Biosystems, USA) with a nitrogen laser. Samples were diluted
in 2 mM PBS, pH 7.4 and mixed with the matrix solution (a
saturated solution of sinapic acid in a 1:1 mixture of
acetonitrile and water containing 0.1% trifluoroacetic acid) at
a volume ratio of 1:1, and then 1 μL of the mixture was spotted
onto the sample plate and air dried. The spectra were acquired
in a linear mode (1.5 m) and calibrated with proteins of known
masses.
4.4.4. Dynamic Light Scattering (DLS). Samples were

filtered and then measured on a Malvern Zetasizer Nano ZS90
using a laser wavelength of 633 nm and a scattering angle of
90° at 25 °C. The data were analyzed with Zetasizer software
6.32.
4.4.5. Circular Dichroism (CD) Spectra. Samples were

diluted in H2O at a concentration of 0.2 mg/mL and applied
on Pistar π-180 (Applied Photophysics Ltd., UK) with a
wavelength range from 195 to 250 nm.
4.4.6. Fluorescence Spectra Assay. Fluorescence spectra

were recorded on a SpectraMax M3 microplate reader
(Molecular Devices, USA) at room temperature, with an
excitation wavelength of 460 nm. The concentrations of cGFP-
TAT, lGFP-TAT, and lGFP were 0.3 mg/mL in 50 mM Tris·
HCl, 150 mM NaCl, pH 7.4.
4.4.7. UV−vis Absorption Spectra Assay. UV−vis absorp-

tion spectra were measured on a SpectraMax M3 microplate
reader (Molecular Devices, USA) at room temperature. The
concentrations of cGFP-TAT, lGFP-TAT, and lGFP were 1.0
mg/mL in 50 mM Tris·HCl, 150 mM NaCl, pH 7.4.

4.5. In Vitro Stability. 4.5.1. Thermal Stability. In order to
assess the fluorescence retention of proteins in the thermal
environment, the samples with a final protein concentration of
0.4 mg/mL were incubated at 80 °C for given times. The
fluorescence of the samples was measured as described above,
with excitation and emission wavelengths of 460 and 507 nm,
respectively.
To estimate the fluorescence recovery of cGFP-TAT, the

samples were denatured at 90 °C for 5 min, followed by an ice
bath for activity recovery.

4.5.2. Differential Scanning Calorimetry (DSC) Assay.
Samples were diluted in 50 mM Tris·HCl, 150 mM NaCl, pH
7.4 at a concentration of 1 mg/mL and applied on MicroCal
PEAQ-DSC (Malvern Instruments Ltd., UK). The temper-
ature was ranged from 65 to 100 °C with an increase in rate of
1 °C/min. The melting temperature (Tm) was calculated using
MicroCal PEAQ-DSC software 1.52.

4.5.3. Proteolytic Stability. A mixture containing 0.5 mg/
mL protein and 1.0 mg/mL papain in 50 mM sodium
phosphate buffer, 10 mM EDTA, 10 mM cysteine, pH 6.5 was
incubated at 55 °C for the indicated times. The fluorescence of
the reaction mixtures was measured as described above.

4.5.4. Chemical Denaturation. The samples were diluted at
a final concentration of 0.4 mg/mL in 6 M guanidine
hydrochloride (GdnHCl), 50 mM Tris·HCl, 150 mM NaCl,
1 mM EDTA, 1 mM DTT, pH 8.0 at room temperature. The
fluorescence of the reaction mixtures was measured at selected
times.

4.6. Intracellular Delivery. C26 cells were cultured in the
RPMI-1640 medium containing 10% (v/v) fetal bovine serum
(FBS), 1% penicillin/streptomycin, 10 mM HEPES, 1 mM
sodium pyruvate, 1 mM nonessential amino acid, and 4.5 g/L
D-glucose at 37 °C in a 5% CO2 humidified atmosphere. The
cells were grown in a T-75 flask and passaged every 2 days.
After incubating with 2 mL of 0.1% trypsin, 0.5 mM EDTA for
3 min, cells were harvested by centrifugation at 300× g. The
cells were then resuspended in the fresh medium, seeded in a
confocal dish at a density of 5 × 104 per well, and cultured
overnight at 37 °C for attachment. Samples (diluted to a final
concentration of 30 μM in the fresh RPMI-1640 medium,
unless otherwise indicated) were added into the dish for
cellular uptake. After incubation for 1 and 4 h (at 37 °C, unless
otherwise indicated), the cells were washed with the medium
to remove the remaining samples. The plasma membrane and
nucleus were dyed with wheat germ agglutinin (WGA) Alexa
Fluor 594 (5 μg/mL) and bisBenzimide H33342 trihydro-
chloride (Hoechest 33342) (1 μg/mL) for 10 min. The cells
were then washed with 0.01 M PBS, 150 mM NaCl, pH 7.4
containing 2% heparan sulfate for three times and imaged
using an LSM710 laser scanning confocal microscope (Carl
Zeiss, Germany). Cells incubated without a GFP were used as
the negative control. For the uptake experiment in the serum,
proteins were diluted in the serum at a ratio of 1:1 before
added into C26 cells for attachment. RPMI-1640 media were
replaced with a serum buffer (1:1 mixture of serum and 0.01 M
PBS, pH 7.4) during the incubation period. The serum samples
were obtained from the orbit of rats under standard protocols.
The excitation and emission wavelengths of Hoechest, GFP,
and WGA were 346/460, 485/590, and 590/617 nm,
respectively. Images were analyzed by Zen_2012 (blue
edition) software, and the fluorescence value was calculated
with ImageJ.
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4.7. In Vivo Tumor Retention. The protocols of in vivo
tumor retention assessment were employed as described
previously with slight changes.19 Eight-week-old female
BALB/c nude mice were implanted subcutaneously with 5 ×
107 cells in the left flank. The tumor volume was calculated as
length × width2 × 0.5. When the tumor size grew to 100−150
mm3, the mice were randomly divided into 3 groups (4 mice
per group) and intratumorally injected with 15 μg of cGFP-
TAT, lGFP-TAT, and lGFP. The fluorescence retention of
tumors in mice was recorded on an IVIS Lumina II in vivo
imaging system (Caliper Life Sciences, USA) at selected times
(1, 5, 15, 30, and 45 min and 1, 1.5, 2, 3, and 4 h), and the
images were analyzed by Living Image 4.2 software.
4.8. Statistical Analysis. Data were analyzed using

GraphPad Prism software 5.0 and are shown as the mean ±
standard deviation. Comparisons of the data including in vitro
stability, cellular uptake, and in vivo tumor retention were
carried out using student’s t test and one-way ANOVA. A P
value less than 0.05 was considered significant. *P ≤ 0.05, **P
≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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