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anobiotechnology regarding the re-

folding of proteins has attracted

much attention in the biological
and medical fields, because it can be useful
to understand proteomics and diseases
caused by the misfolding of proteins. Re-
folding control is also very important for
simple, low-cost, and large-scale production
of proteins. However, protein production
that depends on the broad use of Escher-
ichia coli has some problems, including
aggregation of partially folded intermedi-
ates and the formation of insoluble and
inactive inclusion bodies. To prevent these
problems, various agents, such as amino
acids, carbohydrates, polyethyleneglycols
(PEGs), detergents, and cyclodextrins
(CDs), have been used as additives.?
Furthermore, nanomaterial science based on
supramolecular self-assembly systems has
enabled the construction of micelles>~®
liposomes,” " block polymers,'*'* and nano-
particles' % that can act as additive agents
and assist the refolding. Polysaccharides?' ~%°
and CD-functionalized polymers®®~%° have
also been used and can effectively remove
detergents from complexes formed between
proteins and detergents. However, controlling
an adequate interaction between the additive
agents and the proteins, optimizing the refold-
ing conditions, and removing the additive
agents after the refolding process remain
problematic. Consequently, these systems
offer low yields and are applicable to a limited
range of proteins.

In living systems, molecular chaperones
such as GroEL-GroES assist in the refolding
process.3>*! They possess a nanospace that
selectively traps unfolded nascent proteins or
refolding intermediates without causing irre-
versible aggregation®*~>> Recently, artificial
molecular chaperones based on mesoporous
inorganic materials, such as zeolites,**~** and
nanospace-polymer materials,** such as nano-
gels, have been reported. Zeolites and nano-
gels self-assembled from polysaccharides
modified with hydrophobic side chains were
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Self-assembly of rationally designed asymmetric amphiphilic monomers in water produced nanotube

hydrogels in the presence of chemically denatured proteins (green fluorescent protein, carbonic

anhydrase, and citrate synthase) at room temperature, which were able to encapsulate the proteins in

the one-dimensional channel of the nanotube consisting of a monolayer membrane. Decreasing the
concentrations of the denaturants induced refolding of part of the encapsulated proteins in the

nanotube channel. Changing the pH dramatically reduced electrostatic attraction between the inner

surface mainly covered with amino groups of the nanotube channel and the encapsulated proteins. As
a result, the refolded proteins were smoothly released into the bulk solution without specific additive
agents. This recovery procedure also transformed the encapsulated proteins from an intermediately

refolding state to a completely refolded state. Thus, the nanotube hydrogels assisted the refolding of

the denatured proteins and acted as artificial chaperones. Introduction of hydrophobic sites such as a
benzyloxycarbony group and a tert-butoxycarbonyl group onto the inner surface of the nanotube
channels remarkably enhanced the encapsulation and refolding efficiencies based on the hydrophobic
interactions between the groups and the surface-exposed hydrophobic amino acid residues of the

intermediates in the refolding process. Refolding was strongly dependent on the inner diameters of

the nanotube channels. Supramolecular nanotechnology allowed us to not only precisely control the
diameters of the nanotube channels but also functionalize their surfaces, enabling us to fine-tune the
biocompatibility. Hence, these nanotube hydrogel systems should be widely applicable to various
target proteins of different molecular weights, charges, and conformations.

KEYWORDS: self-assembly - nanotubes - nanospaces - hydrogels - proteins -
refolding - chaperones

able to trap denatured proteins in their nano-
spaces. An elution procedure involving specific
buffers that included additive agents allowed
the release of the denatured proteins from the
zeolites into bulk solutions, and the released
proteins simultaneously refolded into their
mature forms. The refolding mechanism in
the nanogel system could also involve the
release of the trapped proteins into the bulk
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solutions accompanied by the dissociation of the nanogel
as a result of the addition of CDs. Although both systems
were applicable to the refolding of various proteins, the
obtained solutions of target proteins included the additive
agents, complexes of the nanogel components with CDs,
and unfolded proteins.

On the other hand, self-assembly of rationally de-
signed amphiphilic molecules in water can produce
well-defined, one-dimensional tubular structures.**
Self-assembled nanotubes provide hydrophilic chan-
nels with 5-100 nm inner diameters, which can not
only encapsulate oligo DNA, double-stranded DNA,
and native proteins with folded structures*>—>° but
also protect the encapsulated biomaterials from che-
mically and thermally unfavorable conditions.>’ We
can control the release of the encapsulated guests into
bulk solutions by using external stimuli such as pH,
temperature, and light.>' Moreover, hierarchical aggre-
gation and entanglement of the nanotubes in water
enable us to construct hydrogels, which function as
soft nanomaterials for medical, nano-, and nanobio-
applications.>> 7 Thus, the chemical and physical
properties of the nanospaces and the nanotube chan-
nels are remarkably different from those of the nano-
space materials as mentioned above, in that they have
controllable diameters and functionalizable surfaces,
respond to stimuli, and are biocompatible.

Here, we describe how nanotube hydrogels can
serve as artificial chaperones for denatured proteins,
that is, the encapsulation of denatured proteins in
nanotube channels, refolding assistance of the encap-
sulated proteins, and the release/recovery of the re-
folded proteins without the addition of specific agents.
We discuss the effects of interior hydrophobic groups
and the diameter of the nanotube channels in the
hydrogels on their chaperone abilities.

RESULTS AND DISCUSSION

We chose the asymmetric amphiphile 1 (Figure 1,
base monomer) because it can form the nanotube
hydrogel at room temperature in response to pH
stimulus; that is, we can control the protonation state
of the terminal amino groups.>® The formation of the
other nanotubes generally required heating to tem-
peratures above the phase transition of each amphi-
phile used.** We previously found that binary self-
assembly of 1 and the derivative 3 (Figure 1, functional
monomer) bearing Alexa Fluor 546 (Molecular Probes)
produced a nanotube consisting of a single monolayer
(molecular monolayer) membrane lined by polygly-
cine-ll-type hydrogen-bond networks among the tri-
glycine moieties of 1 and 3 (Figure 1).°®°° The Alexa-
immobilized nanotube could detect native green
fluorescent protein (GFP) in the nanotube channel
via fluorescence resonance energy transfer (FRET)
from the encapsulated native GFP, which served as a

KAMETA ET AL.

fluorescence donor, to the Alexa on the nanotube
inner surface, which served as a fluorescence acceptor.
The FRET mechanism can be used to directly monitor
refolding from the denatured GFP, which lacks fluores-
cence (FRET off) to the folded GFP, which recovers its
fluorescence (FRET on).

endo-Sensing for the Refolding of GFP. The hydrochlor-
ide salt of 1 (5.0 mg, 6.9 umol) and 3 (1.0 mg, 0.60 xmol)
were dissolved in water (1 mL) at pH 5. GFP (5—50 ug,
Aequorea Victoria, recombinant, MW = 28000,
Upstate) denatured with 6 M GdmCl was added in
advance to the solution of 1 and 3 (Figure 2a), and the
pH was then adjusted to 7 by the addition of NaOH. The
resultant clear solution was instantly transformed to a
hydrogel (Figure 2b). Scanning electron microscopic
(SEM) observation of the xerogel (Figure 3a) revealed
a tubular structure with well-defined open ends
(Figure 3b). The penetration of the negative staining
reagent, phosphotungstate, into the hollow cylinder de-
monstrated that the nanotubes have uniform dimensions
(10 nm inner diameter and 3 nm membrane thickness;
Supporting Information, Figure S1). We observed neither
morphological changes nor decomposition of the nano-
tubes even though GdmCl was present in the system at
high concentration (0.6 M), which usually disturbs hydro-
gen-bond formation in self-assembly. The obtained nano-
tube hydrogel (designated Alexa-hydrogel) was purified
with water in a decantation manner to remove the none-
ncapsulated GFP located on the outside of the nanotubes
(in the meshwork formed between the nanotubes) and to
decrease the GAmCI concentration (Figure 2c). The en-
capsulation of the denatured GFP into the nanotube
channel was completed as soon as the hydrogel formed
(Supporting Information, Figure S2a), suggesting that
encapsulation occurred during the process of nanotube
formation. On the other hand, the addition of GFP to
the preformed Alexa-hydrogel and subsequent wash-
ing with water allowed us to recover almost all of the
added GFP. The preformed nanotube showed no
ability to encapsulate the denatured GFP, having a
larger volume than native GFP (Supporting Informa-
tion, Figure S2b), whereas the 10 nm inner diameter of
the nanotube channel was large enough to encapsu-
late the native GFP with a 3—4 nm size.>> When the
hydrogel formed in the presence of denatured GFP,
the maximum amount of encapsulated GFP was 18 ug
(Supporting Information, Figure S2b).

Fluorescence spectroscopy indicated the occur-
rence of FRET, in which the fluorescence bands of
GFP at 510 nm and of Alexa at 570 nm appeared over
time (Supporting Information, Figure S3). The excita-
tion wavelength at 450 nm was adaptable for the
excitation of GFP, but never directly excited Alexa. This
finding can be explained as follows: part of the en-
capsulated GFP that lacked fluorescence transformed
into the refolded state in the nanotube channel.
The completely refolded GFP recovered its original
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Figure 1. Structures of the base monomers 1 and 2 and functional monomers 3, 4, and 5. Schematic image of the hydrogels
based on the nanotube network self-assembling of the base and functional monomers. The nanotubes consist of a molecular
monolayer membrane, in which both monomers are packed in a parallel fashion.

fluorescence and illuminated the Alexa on the inner sur-
face of the nanotube via the FRET process. Fluorescence
microscopic observation clearly showed the strong
fluorescence derived from the FRET phenomenon
along the high-axial direction of the nanotubes in
the hydrogel (Figure 3c). The refolding ratio of the
encapsulated GFP in the nanotube channel was
higher than that of the free GFP in the bulk solution,
which was estimated by a general dilution method
(Figure 4 and Table 1). Namely, the one-dimensional
confined nanospace of the nanotube channel was able
to assist in the refolding of the denatured GFP (Figure 2d,
refolding process ).

To release and recover the encapsulated GFP, we
added water adjusted to pH 7.0 and 7.8 (recovery
solutions) to the hydrogel (Figure 2e). When the pH
was 7.0, the FRET intensity in the nanotube hydrogel
barely changed, and the recovery solution showed no
fluorescence of the refolded GFP, even after 48 h. This
result indicates that the encapsulated GFP stays in the
Alexa-hydrogel. The nanotube channel had positively
charged ammonium groups at pH 7.0 and preserved
the negatively charged GFP (isoelectric point of the
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native state: pl = 4.7—5.1)%° via electrostatic attraction.
When the pH was increased to 7.8, the FRET intensity in
the Alexa-hydrogel decreased while the fluorescence
intensity of the refolded GFP in the recovery solution
increased. The dramatic reduction in electrostatic at-
traction, based on the deprotonation of almost all of
the ammonium groups, enabled the Alexa-hydrogel to
effectively release the refolded GFP into the recovery
solution. The recovery profile, which was identical to
the release profile, indicated a gentle rise from 0to 16 h
and then a relative steep curve from 20 to 36 h (Figure 5).
On the other hand, the release profile of the pre-encapsu-
lated native GFP in the nanotube channel indicated only
the gently rising curve.”®*° The maximum value (71%) of
the total refolding ratio in the recovery solution was larger
than that (35%) of the refolding ratio in the nanotube
channel prior to refolding process | (Figure 5 and Table 1),
indicating that the incompletely refolded GFP in the
nanotube channel transforms into the completely re-
folded state after release into the recovery solution
(refolding process II, Figure 2e). Such refolding mechan-
isms have been shown in other artificial chaperone
systems, in which the protein refolding was accompanied
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Figure 2. Refolding procedure of denatured GFP in the
nanotube hydrogel. To emphasize the recovered green
fluorescence of the refolded GFP, we used the nanotube
hydrogel that self-assembles from the single component 1,
without 3.

with the elution of the proteins from the nanospace of the
artificial chaperones into bulk solutions by using specific
additive agents*~* Since the present system did not
require any additive agents to elute (release) the encap-
sulated proteins from the nanotube channel into the
recovery solution, the obtainable refolded GFP in the
recovery solution was very pure. Although the total
refolding ratio did not reach 100% (Figure 5), the recovery
solution included neither unfolded GFP nor aggregates,
which remained in the nanotube channel.

We also confirmed that refolding no longer oc-
curred after the first washing treatment with water to
remove the nonencapsulated GFP from the outside of
the nanotubes (Figure 2c). The outside of the nano-
tube, that is, the outer surface of the nanotube itself
and the interstitial nanospaces consisting of the three-
dimensional meshwork of the nanotubes, showed no
chaperone ability. The chaperone abilities of liposomes
have been shown to strongly depend on the surface
charge and fluidity of the bilayer membrane walls,
which are important for rational electrostatic and
hydrophobic interactions with denatured proteins.”~®
In the present system, the nonionic hydroxy groups in
the glucose residues on the outer surface and the long
alkyl chains within the solid-state monolayer mem-
brane wall of the nanotube barely interacted with the
denatured GFP.

Effect of Hydrophobic Interactions on the Refolding of
Carbonic Anhydrase (CAB). Since denatured proteins with
the refolding-intermediate state are well-known to

KAMETA ET AL.

Figure 3. (a, b) SEM images of the nanotube xerogel pre-
pared by lyophilization of the Alexa-hydrogel that encap-
sulated the denatured GFP (prior to being washed with
water). The block objects are crystals of excess GdmCI (0.6 M).
(c) Fluorescence microscopic image of the Alexa-hydrogel
that encapsulated the refolded GFP. The fluorescence
derives from FRET from the refolded GFP to the Alexa group
on the inner surface of the nanotube.
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Figure 4. Time dependence of the refolding ratios of en-
capsulated GFP (=18 ug) in the nanotube channel of the
Alexa-hydrogel or free GFP (=18 ug) in the bulk solution
(dilution method).

have surface-exposed hydrophobic amino acid
residues,®’ we investigated the effect of hydrophobi-
city of the nanotube inner surface on the chaperone
ability. Accordingly, we evaluated the chaperone
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TABLE 1. Refolding Ratios of Denatured Proteins in the Nanotube Hydrogel and Dilution Method Systems®

GFP

media for refolding refolding | refolding | + Il

Alexa-hydrogel 35% 71% (max.)
H-hydrogel

LZ-hydrogel

LBoc-hydrogel

20-H-hydrogel 0% 0%

bulk (dilution method) 14%

(AB (&
refolding | refolding | + Il refolding | refolding I + Il
38% 53% (max.) 0% 17% (max.)
44% 84% (max.)
46% 70% (max.)
0% 0% 30% 62% (max.)
16% 7%

2 Alexa-hydrogel: composed of 1 and 3. H-hydrogel: composed of 1. LZ-hydrogel: composed of 1 and 4. Lboc-hydrogel: composed of 1 and 5. 20-H-hydrogel: composed of 2.

GFP: green fluorescent protein. CAB: carbonic anhydrase. CS: citrate synthase.

100

Total refolding ratio of GFP (%)
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Figure 5. Time dependence of the total refolding ratio of
the released GFP from the Alexa-hydrogel into the recovery
solution. [Encapsulated GFP] = 18 ug. Part (35%) of the
encapsulated GFP was completely refolded in the nanotube
channel (refolding process I).

abilities of both a nanotube hydrogel (abbreviated as
LZ-hydrogel hereafter) composed of 1 and the deriva-
tive 4 bearing a benzyloxycarbonyl group and a
nanotube hydrogel (abbreviated as LBoc-hydrogel
hereafter) composed of 1 and the derivative 5 bearing
a tert-butoxycarbonyl group. We compared their cha-
perone abilities with that of a nanotube hydrogel
(abbreviated as H-hydrogel hereafter) composed of
just 1. CAB (from bovine, MW = 30 000, pl = 5.9, Sigma)
was chosen as a target protein, because it has been
widely studied in the artificial chaperone systems.
Denatured CAB (5—50 ug) together with 6 M GdmCl
was added to an aqueous solution (1 mL) of 1 (5.0 mg,
6.9 umol) and 4 (0.57 mg, 0.69 umol) or to an aqueous
solution (1 mL) of 1 (5.0 mg, 6.9 umol) and 5 (0.54 mg,
0.69 umol), or an aqueous solution (1 mL) of 1 (5.5 mg,
7.6 umol). Hydrogel formation, encapsulation, and
washing were carried out in the same manner as
described for the GFP—Alexa-hydrogel system.

The denatured CAB was more effectively encapsu-
lated into the LZ-hydrogel (1:4 = 91:9 mol %) and the
LBoc-hydrogel (1:5 = 91:9 mol %) than into the H-hy-
drogel (1 = 100 mol %) as expected from the hydro-
phobic interactions between the hydrophobic groups
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on the nanotube inner surface and the surface-ex-
posed hydrophobic amino acid residues of the dena-
tured CAB that was in the refolding-intermediate state
(Figure 6a and Supporting Information, Figure S4). This
result also suggests that the benzyloxycarbonyl group
in the LZ-hydrogel interacts more strongly with the
denatured CAB compared with the tert-butoxycarbo-
nyl group in the LBoc-hydrogel. The refolding ratios of
CAB in all of the nanotube hydrogel systems were
higher than that in the general dilution method system
(Figure 6b and Table 1), indicating that each nanotube
channel in the hydrogels assists in the refolding pro-
cess (refolding process ). Although the denatured CAB
was stably encapsulated in the nanotube channels by
the hydrophobic interactions and required more time
to refold, both refolding ratios for the LZ-hydrogel and
LBoc-hydrogel systems were comparable to that of the
H-hydrogel system. However, further increases in the
hydrophobicity of the nanotube inner surface de-
creased the refolding ratio. The encapsulated CAB in
the LZ-hydrogel (1:4 = 51:49 mol %) composed of 1 (2.8
mg, 3.9 umol) and 4 (3.0 mg, 3.7 umol) never trans-
formed into the refolded state (Supporting Informa-
tion, Figure S5).

To evaluate the chemical and thermal stabilities of
the refolded CAB in the nanotube channel, we treated
the nanotube hydrogels encapsulating the refolded
CAB with a denaturant or with heat. The enzyme
activity of the free CAB in the bulk solution was
completely lost after incubation with 8 M urea for 1 h
or when the temperature was elevated to the 70—85 °C
range for 1 h, whereas over 90% of the enzyme activity
of the encapsulated CAB in each nanotube channel
was retained under the same conditions (Supporting
Information, Figures S6 and S7). We previously showed
that encapsulated GFP and encapsulated myoglobin in
the nanotube channel retain their respective fluores-
cence and oxygen-binding activities under high dena-
turant concentrations and at high temperatures.>**%>°
Therefore, the higher stability of the encapsulated CAB
can be attributed to the confinement effect®”®* based
on rational fitting of the inner diameter (10 nm) of the
nanotube to the size (3—4 nm) of the refolded CAB.
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Figure 6. (a) Relationship between the initial amount of denatured CAB and the amount of encapsulated denatured CAB in
the nanotube hydrogels. (b) Time dependence of the refolding ratio of the encapsulated CAB (=13 ug) in the nanotube
channel of the hydrogels or the free CAB (=13 «g) in the bulk solution (dilution method). (c) Time dependence of the total
refolding ratio of the CAB released from the nanotube hydrogels into the recovery solution. [Encapsulated CAB] = 13 ug. Part
(38%—46%) of the encapsulated CAB was completely refolded in the nanotube channel (refolding process I).

Such stabilization and protection of proteins by the
nanotube channels via this confinement effect were
independent of the functional groups on the inner
surface of the nanotubes.

Release and recovery of the encapsulated CAB in the
nanotube hydrogels were also achieved by pH control in
the same manner as described for the GFP—Alexa-
hydrogel system. The total refolding ratio consisted of
the sum of the CAB refolded in the nanotube channel
(refolding process |) and the CAB refolded upon release
from the nanotube channel into the bulk solution
(refolding process Il). The maximum value of the total
refolding ratios in the recovery solution were larger than
the refolding ratio in the nanotube channel before the
release procedure via refolding process | (Figure 6¢ and
Table 1). We confirmed that the recovery solutions
contained only completely refolded CAB that had en-
zyme activity and that the nanotube channels stored the
unfolded CAB. The higher refolding ratios in the LZ-
hydrogel and LBoc-hydrogel systems, compared with
that in the H-hydrogel system (Figure 6c), can be attrib-
uted to the fact that the partial hydrophobic modification
groups of the nanotube channels suppressed the adsorp-
tion of the hydrophilic CAB formed through refolding
process | on the inner surface of the nanotube. Circular
dichroism spectroscopy showed that the encapsulated
CAB in the nanotube hydrogels, particularly the LZ- and
LBoc-hydrogels, had an increased proportion of a-helix
structure®® (Figure S8). A similar conformational change
was observed in encapsulated CAB that had an inter-
mediately refolded state in the relative hydrophobic nano-
space in nanogels acting as artificial chaperones.5%°
Thus, the relatively hydrophobic nanotube chan-
nels in the LZ- and LBoc-hydrogels should induce
the formation of the intermediate state to allow
complete refolding and acceleration of refolding
process Il
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Effect of Inner Diameters on the Refolding of Citrate Synthase
(CS) and (AB. To clarify the effect of the inner dia-
meters of the nanotubes on their chaperone abilities
for different sized proteins, we employed a nano-
tube hydrogel (abbreviated as 20-H-hydrogel)
formed by a network of nanotubes of 20 nm inner
diameter composed of monomer 2.*° A homodi-
meric protein, CS (from porcine heart, MW
100000, pl = 6.6, Sigma), was chosen as the target
protein, because its molecular weight is more than
three times that of CAB. In fact, the size of native CS,
7.5 x 6.0 x 9.0 nm,%” is larger than that (3—4 nm) of
native CAB.®®

Encapsulation of CS or CAB was carried out by the
formation of the 20-H-hydrogel by self-assembly of 2
(5.0 mg, 8.6 umol) in water (1 mL) in the presence of CS
(5—50 ug) or CAB (5—50 ug) denatured by 6 M GdmcCl
(Figure 7a and d, see Methods section and Supporting
Information, Figure S9). The washing and recovery
procedures were as described for the H-hydrogel
system except for the use of ethylenediamine-N,N,N/,
N’-tetraacetic acid (EDTA) and dithiothreitol (DTT) in
the case of CS. The 20-H-hydrogel assisted not only in
the refolding of the encapsulated CS in the nanotube
channel with the 20 nm inner diameter (refolding
process |) but also in the refolding of the released CS
into the recovery solution (refolding process II)
(Figure 7b and c). On the other hand, the 20-H-hydro-
gel showed no chaperone ability for CAB (Figure 7e, f
and Table 1). Circular dichroism spectroscopy sug-
gested that the nanotube channel with the 20 nm
inner diameter induced aggregation of the encapsu-
lated CAB accompanied by destruction of its a-helical
structure, whereas the nanotube channel with the
10 nm inner diameter prevented aggregation (Sup-
porting Information, Figure S10). This acceleration of
CAB aggregation was probably due to the loose
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Figure 7. (a) Relationship between the initial amount of denatured CS and the amount of encapsulated denatured CS in
the nanotube hydrogels. (b) Time dependence of the refolding ratio of the encapsulated CS (=13 «g) in the nanotube
channel of the hydrogels or the free CS (=13 «g) in the bulk solution (dilution method). (c) Time dependence of the total
refolding ratio of the CS released from the nanotube hydrogel into the recovery solution. [Encapsulated CS]= 13 ug. In
the case of the 20-H-hydrogel, part (30%) of the encapsulated CS was completely refolded in the nanotube channel
(refolding process 1). (d) Relationship between the initial amount of denatured CAB and the amount of encapsulated
denatured CAB in the nanotube hydrogels. (e) Time dependence of the refolding ratio of the encapsulated CAB (=15 ug)
in the nanotube channel of the hydrogels or the free CAB (=15 u«g) in the bulk solution (dilution method). (f) Time
dependence of the total refolding ratio of the CAB released from the nanotube hydrogel into the recovery solution.
[Encapsulated CAB]= 15 ug. In the case of the H-hydrogel, part (38%) of the encapsulated CAB was completely refolded in

the nanotube channel (refolding process I).

geometry of the nanotube channel with the 20 nm
inner diameter relative to the size of CAB, since the
20-H-hydrogel inhibited the refolding of GFP, which has
a similar molecular weight to that of CAB (Supporting
Information, Figure S11).

Although the H-hydrogel encapsulated CS
(Figure 7a), the encapsulated CS was barely refolded
in the nanotube channel via refolding process |
(Figure 7b and Table 1). The total refolding efficiency
of the released CS in the bulk solution was also lower
than that of the released CAB in the bulk solution
(open circle plots in Figure 7c and f and Table 1). The
nanotube channel with the 10 nm inner diameter in
the H-hydrogel was likely too small to assist in the
refolding of CS.

In conclusion, we successfully constructed an arti-
ficial chaperone based on nanotube hydrogels. The
hydrogels not only could encapsulate chemically de-
natured proteins in nanotube channels but also

KAMETA ET AL.

assisted in transforming the proteins into their re-
folded states. Hydrophobic interactions between
nanotube channels that were modified with hydrophobic
groups and the surface-exposed hydrophobic amino
acid residues of denatured proteins in the intermedi-
ately refolded state remarkably enhanced the effi-
ciency of encapsulation and refolding. Size balance
between the nanotube channel and the proteins was
also important for refolding efficiency. The recovery of
pure refolded proteins from nanotube hydrogels via
pH stimulus has not previously been achieved with
artificial chaperone systems, because in these previous
systems the refolded proteins coexist with specific
additive agents, the artificial chaperones themselves,
decomposed materials, and unfolded proteins. The
precise design of the amphiphilic molecules and self-
assembly nanotechnology enabled us to judiciously
control the inner diameter size and selectively
functionalize the inner surface (with cationic, anionic,
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nonionic, and hydrophobic groups) of the nanotubes.
These nanotube hydrogel systems should thus be

METHODS

Synthesis of the Functional Monomer 4. The precursor N-(2-
aminoethyl)-N'-(2,3,4,6-tetra-O-acetyl--p-glucopyranosyl)octa-
decanediamide was synthesized as reported previously.
The precursor was coupled with Z-GlyGlyGly-OSu (Bachem) in
dimethylformamide at room temperature and purified by re-
crystallization. Removal of all acetyl groups by methanolysis
quantitatively gave 4. "H NMR (400 MHz, DMSO-dg/D,0 = 98:2,
v/v, 60 °C): 6 7.35 (m, 5H, Phe), 5.03 (s, 2H; —CH,—Phe), 4.69 (t,
1H; H-1), 3.75 (d, 2H; NCH,C=O0), 3.67 (s, 2H; NCH,C=0), 3.65 (d,
2H; NCH,C=0), 3.63 (m, 1H; H-6), 3.40 (m, 1H; H-6), 3.16 (m, 1H;
H-4),3.08 (m, 4H; NCH,CH,N), 3.05 (m, 3H; H-2, H-3, H-5), 2.04 (m,
4H; CH,C=0), 1.47 (m, 4H; CH,), 1.24 (m, 24H; CH,). ESI-MS (m/z):
823.5 [M + HI™. Anal. Calcd for C4oHggNgO15: C 58.38, H 8.08, N
10.21. Found: C 58.69, H 8.90, N 12.02.

Synthesis of the Functional Monomer 5. The precursor N-(2-
aminoethyl)-N'-(2,3,4,6-tetra-O-acetyl--p-glucopyranosyl)octa-
decanediamide was coupled with Boc-GlyGlyGly-OSu (Bachem)
in dimethylformamide at room temperature and purified by
recrystallization. Removal of all acetyl groups by methanolysis
quantitatively gave 5. "H NMR (400 MHz, DMSO-d¢/D,0 = 98:2,
v/v, 60 °C): 6 4.69 (t, 1H; H-1), 3.75 (d, 2H; NCH,C=0), 3.67 (s, 2H;
NCH,C=0), 3.65 (d, 2H; NCH,C=0), 3.63 (m, 1H; H-6), 3.40
(m, 1H; H-6), 3.16 (m, 1H; H-4), 3.08 (m, 4H; NCH,CH,N), 3.05
(m, 3H; H-2, H-3, H-5), 2.04 (m, 4H; CH,C=0), 1.47 (m, 4H; CH,),
1.38 (s, 9H,CHs), 1.24 (m, 24H; CH,). ESI-MS (m/2): 789.5 [M + H] .
Anal. Calcd for C37HggNgO12: C 56.33, H 8.69, N 10.65. Found:
C56.81,H8.75, N 10.59.

Formation of the 20-H-Hydrogel. Prior to self-assembly in water,
the hydrochloride salt of monomer 2 was changed from a
powder to a film by dissolving it in N,N-dimethylformamide
and evaporating the solvent at 80 °C in vacuo. The film was
dispersed in an aqueous solution of the denatured proteins and
0.6 M GdmCl at pH 7 (adjusted with NaOH) at room tempera-
ture. For CS, the aqueous solution also included 0.75 mM EDTA
and 0.4 mM DTT. The resultant aqueous solution completely
transformed into the hydrogel after standing for 1 h.

SEM Observation. The nanotube hydrogels formed in the
presence of the denatured proteins were lyophilized, and
the resultant xerogels were then dropped onto the grid. The
nanotubes were observed with a scanning electron microscope
(Carl Zeiss, FE-SEM Supra 40) at 1 kV equipped with a chamber
SE detector (SE2 mode).

TEM Observation. The aqueous dispersion of the nanotube
hydrogel containing the encapsulating proteins was dropped onto
a carbon grid and dried by standing at room temperature. The
nanotubes, negatively stained with a phosphotungstate solution
(2 wt %, pH adjusted to 9 with NaOH), were observed with a
transmission electron microscope (Hitachi, H-7000) at 75 kV.

Fluorescence Microscopic Observation. Fluorescence microscopic
observations of the nanotube hydrogel that encapsulated the
refolded GFP were achieved with an inverted microscope
(Olympus 1X71) equipped with a CCD camera (Hamamatsu
ORCA-ER). The excitation optical source was prepared by means
of a high-pressure mercury lamp (100 W, Olympus BH2-REL-T3)
and a fluorescence mirror unit (Olympus U-MGFPHQ: excitation
filter 470—495 HQ, Absorption filter 570—625 HQ, dichroic
mirror 485).

Denaturation of Proteins and Refolding of the Denatured Proteins by
the Dilution Method. Native GFP or CAB was added to the aqueous
solution containing 6 M GdmCl and Tris-sulfate buffer (pH 7.5).
Native CS was added to the aqueous solution that included 6 M
GdmdCl, 7.5 mM EDTA, 40 mM DTT, and Tris-HCI buffer (pH 7.6).
The resultant solutions were left for 24 h at room temperature.
The formation of the denatured proteins was confirmed by
means of circular dichroism spectroscopy. The denatured pro-
teins were diluted 1000-fold in refolding buffer (Tris-sulfate or
Trsi-HCl) and stored for 1—25 h at 25 °C.
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widely applicable to various target proteins of different
molecular weights, charges, and conformations.

Encapsulation and Refolding Ratio of GFP. The concentrations of
the denatured and refolded GFP were determined by using the
BCA protein assay kit (Pierce). The encapsulation amount of
denatured GFP (in Figure S2) was directly calculated from the
concentration of encapsulated GFP in the nanotube hydrogel. We
also calculated the concentration of nonencapsulated GFP that was
recovered as a result of the washing procedure and confirmed that
the sum of the encapsulated and nonencapsulated GFP concentra-
tions is equal to the initial concentration of GFP. The release ratio of
GFP was calculated from the concentration of the released GFP in
the bulk solution and the concentration of the GFP that remained in
the nanotube hydrogel. The percentage of refolded GFP in the
nanotube channel was estimated by comparing the FRET intensity
at 570 nm of the Alexa in the nanotube that encapsulated the
refolded GFP with that of the Alexa in the nanotube that encapsu-
lated the native GFP at a given concentration. The percentage of
refolded GFP in the recovery solution was estimated by comparing
the fluorescence intensity at 510 nm of the refolded GFP with that
of the native GFP at a given concentration.

Encapsulation and Refolding Ratio of CAB. The concentrations of
the denatured and refolded CAB were determined by using the
BCA protein assay kit. The encapsulation amount of denatured
CAB (in Figures 6a and 7d) was directly calculated from the
concentration of encapsulated CAB in the nanotube hydrogel.
We also calculated the concentration of nonencapsulated CAB
that was recovered as a result of the washing procedure and
confirmed that the sum of the encapsulated and nonencapsu-
lated CAB concentrations is equal to the initial concentration of
CAB. The release ratio of CAB was calculated from the concen-
tration of released CAB in the bulk solution and the concentra-
tion of CAB that remained in the nanotube hydrogel. The
percentage of refolded CAB was estimated by comparing the
enzyme activity of the refolded CAB with that of native CAB at a
given concentration. The enzyme activity was evaluated by
pNPA hydrolysis assay.®® The pNPA solution was added to the
encapsulated CAB in the nanotube hydrogels or to the CAB in
the recovery solutions. The increase in absorbance at 400 nm
was measured as a function of time.

Encapsulation and Refolding Ratio of (S. The concentrations of the
denatured and refolded CS were determined by using the BCA
protein assay kit. The encapsulation amount of denatured CS (in
Figure 7a) was directly calculated from the concentration of
encapsulated CS in the nanotube hydrogel. We also calculated
the concentration of nonencapsulated CS that was recovered as a
result of the washing procedure and confirmed that the sum of the
encapsulated and nonencapsulated CS concentrations is equal to
the initial concentration of CS. The release ratio of CS was
calculated from the concentration of released CS in the bulk
solution and the concentration of CS that remained in the
nanotube hydrogel. The percentage of refolded CS was estimated
by comparing the enzyme activity of the refolded CS with that of
native CS at a given concentration. The enzyme activity was
evaluated by using the acetyl-CoA assay.”® An aqueous solution
of 5,5 -dithiobis(2-nitorobenzoic acid), acetyl-CoA, and oxaloacetic
acid was added to the encapsulated CS in the nanotube hydrogels
or to the CS in the recovery solutions. The increase in absorbance
at 412 nm was measured as a function of time.

Spectroscopic Measurements. Fluorescence, UV/vis, and circular
dichroism spectra were recorded by using an F-4500 spectro-
photometer (Hitachi) equipped with a DCI temperature control
(HAAKE), a U-3300 spectrophotometer (Hitachi) equipped with
a BU150A temperature control (YAMATO), and a J-820 spectro-
polarimeter (JASCO) equipped with a PTC-423 L temperature
control (JASCO), respectively.
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Supporting Information Available: TEM image of the nano-
tubes formed by binary self-assembly of 1 and 3 in the presence
of denatured GFP. Encapsulation equilibrium and amount of
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GFP in the nanotube hydrogel. Fluorescence spectra of the FRET
phenomenon from the refolded GFP to the Alexa group on the
nanotube inner surface. Encapsulation equilibrium of CAB in the
nanotube hydrogels. Refolding ratio of CAB in the LZ-hydrogel
composed of 1 and 4 at different ratios. Chemical and thermal
stabilities of the refolded CAB in the nanotube hydrogels.
Circular dichroism spectra of the encapsulated CAB in the
nanotube hydrogels. TEM image of the nanotubes formed by
self-assembly of 2 in the presence of denatured CS. Circular
dichroism spectra of the encapsulated CAB in the nanotube
hydrogels. Refolding ratio of GFP in the 20-H-hydrogel system.
These materials are available free of charge via the Internet at
http://pubs.acs.org.
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