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Polysaccharide nanogel-cyclodextrin system as an
artificial chaperone for in vitro protein synthesis

of green fluorescent protein

Yoshihiro Sasakil*2, Yuta Nomura!, Shin-ichi Sawada! and Kazunari Akiyoshil’3

Polysaccharide nanogels have been demonstrated to aid the refolding processes of chemically or thermally denatured proteins,
a function that is similar to that of natural molecular chaperones. In this study, we examined the possibilities of using the
nanogel chaperone system to mediate protein folding in a cell-free (in vitro) protein synthesis system containing transcription/
translation factors. High-performance liquid chromatography showed that a polysaccharide nanogel comprising cholesteryl
group-bearing pullulan (CHP) trapped unfolded or partially folded green fluorescent protein (GFP) expressed in the cell-free
system. The protein release and refolding processes, which are induced by ATP in natural molecular chaperone systems, were
also simulated by methyl-p-cyclodextrin (M-p-CD). The CHP nanogels dissociate on complexation with M-p-CD to yield
dissociated CHP. Thus, the dissociation of the CHP nanogel-protein complex subsequently allows for the release and folding

of GFP. The folding kinetics in the presence of the CHP nanogel and M-B-CD was comparable to that of spontaneous folding in
the absence of CHP/M-B-CD, indicating that the CHP nanogels did not affect protein synthesis in the cell-free system, providing

correctly folded active proteins.
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INTRODUCTION
The folding of proteins synthesized in vivo or in vitro has attracted
considerable attention.!=> Problems related to protein folding, includ-
ing protein aggregation and misfolding, are involved in diseases such
as Alzheimer’s, Parkinson’s and Huntington’s, as well as in prion
diseases.*” Moreover, the efficient production of a large amount of
protein is a major focus of biotechnology and postgenome research
fields. However, the folding of proteins synthesized in vitro into the
correct active structure has proven to be difficult, because partially
folded intermediate proteins are considerably hydrophobic and form
aggregation and inclusion bodies. In biological systems, molecular
chaperones such as GroEL/ES interact with unfolded nascent proteins
and increase the efficiency of correct protein folding.®'> Many
artificial molecular chaperones have been developed, such as PEG,
L-arginine, cyclodextrin derivatives, micelles and other polymers, to
prevent protein aggregation and assist in the refolding of proteins
synthesized in vitro.13"1

We have already reported that polysaccharide nanogels can function
as artificial molecular chaperones.?’ For example, nanogels formed
with cholesteryl group-bearing pullulan (CHP) can trap heat-
denatured proteins?! or chemically denatured proteins (that is,

protein-refolding intermediates formed after chemical denaturation
by urea or guanidinium hydrochloride).?>?* The CHP nanogel con-
sists of stable monodisperse nanoparticles (~ 30 nm) with ~4-5 CHP
polymers per nanogel and approximately eight non-covalent cross-
linking regions that consist of cholesteryl groups.?~2® The structure of
the CHP nanogel is disrupted by the addition of cyclodextrins and the
protein complexed with the nanogel is released and folds into its
mature form, so that the CHP nanogels and cyclodextrins together
function as an artificial chaperone.?! In a direct comparison of
artificial and natural chaperone activity, the CHP nanogel system
showed a high level of chaperone-like activity that was comparable to
that of a natural molecular chaperone (GroEL/ES) system in the
refolding of acid-denatured green fluorescent protein (GFP).?”
This nanogel system was also effective for refolding the inclusion
body of a recombinant protein belonging to the serine protease
family.2? Moreover, the CHP nanogels interact with monomers and
oligomers of amyloid B-protein (AP),2® and the resulting complexes
significantly reduce A toxicity in primary cortical cultures and in
microglial cell cultures.?’

The polysaccharide nanogel has been demonstrated to function as a
chaperone in the refolding processes of various proteins. However, it is
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still challenging to use the nanogel chaperone system to assist in the
protein-folding process, because the folding of newly synthesized
proteins is different from the refolding of chemically unfolded or
heat-denatured proteins. In this study, we investigated the function of
a polysaccharide nanogel to chaperone the folding of GFP synthesized
in a cell-free (in vitro) protein synthesis system. The cell-free system
consists of a minimal set of transcription/translation factors from
Escherichia coli.>*32 However, this system lacks factors mediating
protein folding, such as molecular chaperones, and it is difficult to
obtain relatively hydrophobic proteins that are correctly folded with-
out forming aggregates. Many additives have been tested, and cotrans-
lation with the natural molecular chaperone GroEL/ES has been tested
to increase the efficiency of protein production.®®3* This study
examined the ability of the nanogel to chaperone the folding of GFP
expressed in the cell-free system by fluorescence spectroscopy, western
blotting and high-performance liquid chromatography (HPLC).

MATERIALS AND METHODS

Materials

CHP substituted with 1.2 cholesteryl groups per 100 glucose units of the parent
pullulan (molecular weight 100000) was obtained using the previously
described method.?* All reagents were commercially available with guaranteed
purity and were used without further purification. The cell-free protein
synthesis kit (E. coli S30 Extract System for circular DNA), which enables
protein expression from supercoiled DNA containing natural E. coli promoters
(such as lac or tac), was purchased from Promega (Madison, WI, USA). Rabbit
anti-GFP antibody (Living Colors A.v. Peptide Antibody) was purchased from
BD Biosciences (San Jose, CA, USA). Biotinylated goat antirabbit IgG antibody,
biotinylated alkaline phosphatase, streptavidin and alkaline phosphatase color-
developing buffer were purchased from Bio-Rad (Hercules, CA, USA). The
expression plasmids used in this study (pQBI T7) were purchased from Takara
Bio (Shiga, Japan).

Preparation of polysaccharide nanogels

CHP was suspended and swollen in MilliQ water (Millipore, Bedford, MA,
USA) or buffer by stirring for 12h at 25°C to form a turbid suspension. The
suspension was then sonicated with a probe-type sonicator (SONIFIER 250,
BRANSON Japan, Tokyo, Japan; Tip diameter 2 mm) at 40 W for 10 min under
cooling with ice and filtered through three different types of membrane filters
(pore sizes 1.2, 0.45, 0.22 um; Super Acrodisc 25, Gelman Sciences) to remove
dust or metallic particles shed from the titanium transducer tip. A clear
aqueous nanogel suspension was obtained.

Cell-free protein synthesis of GFP

Cell-free protein synthesis was performed according to the manufacturer’s
instructions. The 100 pl reactions were carried out in a 96-well plate. In brief,
20 pl of the E. coli S30-reconstituted reaction mixture without amino acids,
15 pl of the S30 extract for circular DNA and 5.0 pl of the amino-acid mixture
solution were gently mixed in a centrifuge tube and incubated at 37 °C. The
solution was transferred to a 96-well plate, which contained 50 pl of nanogel
solution (8.0 mgml~!), and the plate was then vortexed gently at 37 °C. Finally,
8l of 0.5 pg ul~! of template DNA (pQBI T7) was added to the solution and
the plate was then vortexed gently at 37 °C. The synthesized GFP was analyzed
by fluorescence measurement (Wallac Arvo Sx-1420 multilabel counter, Perkin
Elmer Life Sciences, Boston, MA, USA), SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) and western blotting.

Analysis of cell-free synthesized GFP

The cell-free synthesized GFP molecules were analyzed by western blotting on
an SDS-PAGE gel. A volume of 100 pl of the reaction mixture was transferred to
a microcentrifuge tube and mixed with 400 pl of acetone in the centrifuge tube
and placed on ice for 15min. The acetone precipitate was collected by
centrifugation at 12000xg for 5min. The resulting pellet was dried for 1h
under a vacuum. Next, 20 pl of SDS-PAGE sample buffer was added to the
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pellet and heated at 100 °C for 10 min. A small aliquot (15 pl) of the sample was
loaded onto 5-20% gradient SDS-PAGE (PAGEL, ATTO, Tokyo, Japan) and
electrophoresed (AE-6655, ATTO) for about 75min at 20 mA. The separated
proteins were transferred onto a polyvinylidene difluoride membrane
(AE-6665, ATTO) under a constant current of 144 mA. After transfer, the
membrane was blocked for 1h at room temperature with 0.5% non-fat dried
milk in Tris-buffered saline containing Tween-20 (20 mm Tris-HCI, 500 mm
NaCl, 0.1% Tween-20, pH 7.5) and then incubated with rabbit anti-GFP IgG
(BD Bioscience, San Diego, CA, USA) for 1.5h at room temperature, followed
by incubation with biotinylated goat antirabbit antibody (Bio-Rad, Richmond,
CA, USA) for 1.5h at room temperature. Finally, the membrane was incubated
with the streptavidin—alkaline phosphatase complex (Bio-Rad) for 1.5h at
room temperature. The GFP band was visualized after treatment with NBT/
BCIP substrate (Bio-Rad) for 30 min at room temperature.

HPLC

HPLC was used to examine the interaction between synthesized GFP and CHP
nanogels. The reaction mixture was passed through a 0.22-pum filter (Ekicrodisc 3,
Gelman Sciences, Ann Arbor, MI, USA). The solution (100 pl) was applied to
the column (TSK-Gel-G4000SWy;, column, Tosoh, Tokyo, Japan) for HPLC
and the fractions were collected every 1 ml. The HPLC system consisted of a
CCPS dual pump (Tosoh), an SD-8022 degasser (Tosoh), a CO-8020 column
oven (Tosoh), an RI-8020 R.I. detector (Tosoh), a UV-8020 UV detector
(Tosoh) and an FP-2025 fluorescence detector (JASCO, Tokyo, Japan).
The elution buffer contained 100 mm MOPS, 5mm Mg (CH;COO), 4 H,0,
5mm DTT and 50 mM MOPS-KOH (pH 7.0). The flow rate was 0.5 mlmin~".

RESULTS AND DISCUSSION

Cell-free synthesis of GFP in the presence of nanogels

The effect of CHP nanogels on the cell-free synthesis of GFP was
investigated using SDS-PAGE and western blotting (Figure 1). Similar
amounts of GFP were expressed when the cell-free synthesis was
performed without (lane 3) or with (lane 5) CHP nanogels. Mean-
while, GFP was not expressed in a negative control experiment
without the DNA-GFP control vector and with CHP nanogels (lane
4). These results indicate that GFP was effectively produced in the cell-
free system, even in the presence of a relatively high concentration of
CHP nanogels (4 mgml~!).

The elemental stages of gene expression are generally considered as
(i) transcription, (ii) translation and (iii) post-translation protein
folding.>> The amount of GFP evaluated by western blotting reflects
the net expression of synthesized protein (that is, steps (i) and (ii)). To
investigate the effect of CHP nanogels on the downstream processes
(that is, step (iii)), the formation of correctly folded, mature GFP was
analyzed by fluorescence spectroscopy, as shown in Figure 2. The
relative fluorescence intensity of GFP decreased as the CHP nanogel
concentration increased, indicating that CHP nanogels inhibit post-
translational folding of the synthesized GFP peptide in the cell-free
translation system.

Figure 1 Western blotting analysis of green fluorescent protein (GFP)
expressed in a cell-free protein synthesis system with cholesteryl group-
bearing pullulan (CHP) nanogels. Lane 1, molecular weight marker (28 kDa);
lane 2, GFP: lane 3, GFP synthesized in the cell-free system without CHP
nanogels; lane 4, negative control (no DNA template with CHP nanogels);
lane 5, GFP synthesized in a cell-free system with 4.0mgml-1 of CHP
nanogels.



Interaction between nanogels and GFP in the cell-free system

CHP nanogels inhibited the folding of newly synthesized GFP in the
cell-free system, whereas the upstream transcription and translation
processes were not affected. Our previous results indicate that CHP
nanogels can selectively trap unfolded proteins or refolding inter-
mediates?!?® that expose relatively hydrophobic domains to the
aqueous solution. Thus, one hypothesis to explain the inhibition of
GFP folding is that the unfolded or partially folded GFP peptides
become trapped in the hydrogel matrix of CHP nanogels. Therefore,
to clarify the interaction between CHP nanogels and GFP in the

3

bl

g |

e 100 Fr——

= |

£

o 80

=

w v

» 60 \

@

o |

2 40

[¢}]

=

® 20

m L

™ ) [ N N O 0 [ I s
0 0.5 10 20 40 N

[CHP nanogel] / mg ml"

Figure 2 Relative fluorescence intensity of green fluorescent protein (GFP)
expressed by cell-free protein synthesis with various concentrations of
cholesteryl group-bearing pullulan (CHP) nanogels at 37 °C. a.u., arbitrary
units; N, negative control (no DNA template with CHP nanogels). GFP:
excitation=395 nm, emission=509 nm.
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cell-free synthesis system, the solution collected after the expression of
GFP in the presence of CHP nanogels was analyzed by HPLC.

Figure 3a shows the chromatogram for CHP nanogels and GFP
detected by the refractive index and fluorescence, respectively. The
CHP nanogels were eluted at ~ 18 min, whereas GFP was eluted at
~ 28 min. The solution collected after GFP expression in the presence
of CHP nanogels was applied to the column under this condition.
Thereafter, fractions were collected every 2min and analyzed by
western blotting (Figure 3b). The fraction collected between 14 and
22 min (fractions 7-11), corresponding to the elution time of CHP
nanogels, showed relatively strong bands for GFP. In contrast, the
fraction collected between 25 and 38 min (fractions 13-18), corre-
sponding to the elution of native GFP, showed no GFP band. This
observation means that the synthesized GFP complexed with CHP
nanogels in the unfolded or partially folded state, as the complexed
GFP with CHP nanogels showed no fluorescence. The complexation
behavior is similar to that of the molecular chaperone (GroEL/ES),
which can selectively trap denatured proteins more effectively than
native proteins.

Cyclodextrin-induced release of GFP from nanogels and subsequent
folding

Protein release and refolding, which are induced by ATP in natural
molecular chaperone systems, were induced in the nanogel system
using cyclodextrin. The main driving force of the formation of
nanogels is the association of CHP hydrophobic cholesteryl groups
in water. Cyclodextrins can solubilize hydrophobic compounds
in water by incorporating the compounds into their hydrophobic
cavities. CHP nanogels dissociate on complexation with B-cyclodex-
trin (B-CD) to yield a dissociated CHP—CD complex,*®*” because the
cholesteryl group is a suitable guest for B-CD.3® Thus, the dissociation
of the CHP nanogel-protein complex allows for the release and
renaturation of proteins. In a previous study, we showed that the
acid-denatured GFP that complexed with CHP nanogels was released
and refolded by the addition of B-CD.?® On the basis of these results,
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Figure 3 (a) Elution profiles of green fluorescent protein (GFP) expressed in a cell-free synthesis system in the presence of cholesteryl group-bearing pullulan

(CHP) nanogels (solid line) and GFP (dashed line) detected by refractive index i
respectively. a.u., arbitrary units. (b) Western blotting analysis of the eluted
nanogels (elution fractions 1-20). Sample M, molecular weight marker (28 kDa).

ntensity and fluorescence intensity (excitation=395 nm, emission=509 nm),
sample of GFP expressed in the cell-free system in the presence of CHP
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Figure 4 Relative fluorescence intensity of green fluorescent protein (GFP)
expressed in the presence of nanogels after the addition of various
concentrations of methyl-p-cyclodextrins (M-B-CD). GFP was synthesized in
the presence of 4.0mgmi~1 of cholesteryl group-bearing pullulan (CHP)
nanogels at 37°C for 6.5h. Thereafter, various concentrations of M-B-CD
were added to the solutions and incubated for 12h at 37°C. Sample P,
positive control (no CHP nanogels or M-B-CD). Sample N, negative control
(no DNA template with CHP nanogels). GFP: excitation=395nm,
emission=509 nm.
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Figure 5 Relative fluorescence intensity of green fluorescent protein (GFP)
expressed in the cell-free protein synthesis system in the presence of various
concentrations of cholesteryl group-bearing pullulan (CHP) nanogels. GFP
was synthesized in the presence of CHP nanogels at 37 °C for 4 h. After 4 h,
14.5mm of methyl-B-cyclodextrins (M-B-CD) was added to the solutions and
incubated for 12h at 37°C. a.u., arbitrary units; N, negative control (no
DNA template with CHP nanogels). GFP: excitation=395nm, emission=
509 nm.

we examined the release of GFP from the CHP nanogel in the presence
of B-CD using the current cell-free system.

Figure 4 shows the fluorescence intensity of GFP released from CHP
nanogels by adding various concentrations of methyl-B-cyclodextrin
(M-B-CD) after expression in the cell-free system. The fluorescence
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Figure 6 Schematic representation of the folding of green fluorescent
protein (GFP) mediated by cholesteryl group-bearing pullulan (CHP)
nanogels. The CHP nanogel formed a complex with unfolded protein, and
the protein was released in its native form by the addition of methyl-B-
cyclodextrins (M-B-CD).

intensity corresponds to the ratio of correctly folded GFP after
translation. GFP was synthesized in the presence of 4.0 mgml~!
CHP nanogels at 37 °C for 6.5h. Thereafter, various concentrations
of M-B-CD were added to the solutions and incubated for 12h at
37°C. The relative fluorescence intensity increased with increasing
M-B-CD concentration. In the presence of 4.0 mm M-B-CD, which is
sufficient to dissociate CHP (4.0 mgml~!), the relative fluorescence
intensity was recovered to nearly 100%. Figure 5 shows the relative
fluorescence intensity as an indicator of the folding efficiency of GFP
as a function of CHP nanogel concentration. In the presence of a low
concentration of CHP nanogels (0.036-0.063 mgml~1), the relative
fluorescence intensity of GFP reached almost 100%. Moderate con-
centrations of CHP nanogels (0.125-2.0mgml~!) elicited the most
efficient protein folding, whereas a relatively high (4.0 mgml~!)
concentration decreased folding efficiency. These results indicate
that CHP nanogels formed a complex with unfolded or partially
folded proteins and that the protein was released in its native form
by the addition of M-B-CD (Figure 6), although the fact that
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Figure 7 Time course of relative fluorescence intensity of green fluorescent
protein (GFP) expressed in the presence (closed triangles and open circles)
or absence (closed circles) of cholesteryl group-bearing pullulan (CHP)
nanogels (4.0mgml-1). After 6.5h, methyl-B-cyclodextrins (M-B-CD)
(14.5mm) was added to the solutions containing expressed proteins and
CHP nanogels (open circle, arrow).

moderate concentrations of CHP nanogels were the most effective for
folding cannot simply be explained by the complexation between the
CHP nanogel and GFP.

The refolding kinetics of expressed GFP after the addition of M-B-
CD was examined by monitoring the relative fluorescence intensity of
GFP, as shown in Figure 7. When M-B-CD was added to the expressed
solution containing CHP nanogels, the relative fluorescence intensity
increased gradually, but refolding did not take place in the absence of
M-B-CD. The folding curves showed a good fit with a single
exponential function. The CHP-M-B-CD-assisted folding curve of
GFP seems to be comparable to the spontaneous folding curve
without CHP or M-B-CD. The half-life values (tj;;) for the total
reaction determined from these curves were 39 and 42 min for CHP—
M-B-CD-assisted folding and spontaneous folding, respectively. Chro-
mophore formation of GFP, which occurs with complete folding,
requires three discrete physical processes, that is, the formation of
three-dimensional metastable structures, chromophore cyclization
and oxidation into a fluorescent molecule.*! The formation of
three-dimensional metastable structures before chromophore modifi-
cation occurred at t;,=~ 10min. Thereafter, an intermediate step
including cyclization of the tripeptide chromophore motif occurred at
tjp=~3min. Finally, the relatively slow chromophore formation
process involving oxidation of the cyclic chromophore took place at
t;=~80min. These kinetic parameters indicate that the oxidation
step is the rate-determining step of protein folding. In addition, M-f3-
CD-mediated dissociation from CHP was completed within several
minutes. Considering these results, the similarity of the folding
kinetics in the CHP-mediated and spontaneous systems indicates
that CHP nanogels form complexes with GFP in a relatively early
stage of the folding process, at least before chromophore cyclization.

In summary, this work demonstrated the ability of a polysaccharide
nanogel to function as a chaperone for the folding of newly synthe-
sized GFP in a cell-free system, although the folding was not
accelerated in this system. GFP was expressed and folded in its active
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form, even in the presence of transcription/translation factors, which
could affect the function of the nanogel. The mechanism of folding
with nanogels seems to be similar to that previously documented?® for
artificial chaperone-assisted refolding from chemically and thermally
denatured proteins. Although this technology is still under develop-
ment, we believe that the cell-free protein synthesis system using
nanogels and cyclodextrins will become a powerful tool that enables
high expression levels of unstable proteins that easily form aggregates.
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