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Abstract

Natural proteins are often confined within their local microenvironments, such as three-di-
mensional confinement in organelles or two-dimensional confinement in lipid rafts on cyto-
plasmic membrane. Spatial confinement restricts proteins' entropic freedom, forces their
lateral interaction, and induces new properties that the same proteins lack at the soluble
state. So far, the phenomenon of environment-induced protein functional alteration still
lacks a full illustration. We demonstrate here that engineered protein fragments, although
being non-functional in solution, can be re-assembled within the nanometer space to give
the full activity of the whole protein. Specific interaction between hexahistidine-tag (His-tag)
and NiO surface immobilizes protein fragments on NiO nanopatrticles to form a self-assem-
bled protein "corona" on the particles inside the nanopores of mesoporous silica. Site-spe-
cific assembly forces a shoulder-by-shoulder orientation and promotes fragment—fragment
interaction; this interaction together with spatial confinement of the mesopores results in
functional re-assembly of the protein half fragments. To our surprise, a single half fragment
of luciferase (non-catalytic in solution) exhibited luciferase activity when immobilized on
NiO in the mesopores, in the absence of the complimentary half. This shows for the first
time that spatial confinement can induce the folding of a half fragment, reconstitute the en-
zyme active site, and re-gain the catalytic capability of the whole protein. Our work thereby
highlights the under-documented notion that aside from the chemical composition such as
primary sequence, physical environment of a protein also determines its function.

Introduction

As the essential biocatalysts for chemical conversion in life, enzymes are very sensitive to their
physical environment. The crowding effect represents one of the environmental aspects chem-
ists have explored. The cytoplasmic space of a cell is crowded by a variety of macromolecules
with a total concentration approaching 40% [1-4]. The crowding environment, in contrast to
that of diluted aqueous solution in test tube, can significantly alter the internal enzyme dynam-
ics as well as catalytic activity [5]. For example, Guo and co-workers revealed that macromolec-
ular crowding could change the structure and increase the intrinsic catalytic efficiency of the
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isochorismate synthase, and even suppress the side products [6-8]. Spatial confinement repre-
sents another environmental factor that affects the property of biomacromolecules [9-11]. For
example, immune synapse comprises many proteins within a two-dimensional space at cell-
cell junction [12]. Also chaperonin confinement helps to smooth folding landscape and to pro-
mote protein folding [13]. Surface-immobilization of proteins and protein encapsulation in po-
rous materials have been used to mimic spatial confinement in life [14, 15]. Spatial
confinement in nanopores has been shown to stabilize c-helix structure, and destabilizes B-
structures [16]. This effect of environment—induced structural transition has been proven in
multiple proteins [17-20]. Pande and co-workers recently revealed that confining protein
alone promoted protein folding but confining both protein and solvent resulted in unfolding
[21]. Wolynes and co-workers showed that excluded volume effects due to spatial confinement
resulted in correlations between molecules even without specific interactions, which affected
the kinetics and thermodynamics of protein—protein interaction [22]. The majority of these
studies relied on theoretical simulation of the folding states of the protein. Experimental illus-
tration on environment—induced gain of function has been scarce. On the other hand, entrap-
ment of enzymes in solid supports, such as mesoporous materials has been amply studied
owing to the long-standing industrial use of immobilized enzymes in biocatalysis. The focus of
enzyme entrapment in mesoporous materials however has been the maintenance, enhance-
ment, or variation of the enzymatic activity, as well as the stability and reusability of the biocat-
alyst [23-25]. It has also been well studied that the proteins can form “coronas” on the exterior
of nanoparticles, which provide the biological identity of the nanosized materials [26-30]. This
notion has inspired us to consider whether the formation of the corona in turn grant the pro-
tein new functions.

In a recent report, we described the design and synthesis of NiO nanoparticle-decorated
mesoporous silica (SBA-NiO) and demonstrated that hexahistidine-tagged (His-tagged) en-
zymes can be stably immobilized in the mesopores through His-tag—NiO interaction [23].
The immobilized enzymes showed activity increase towards substrate catalysis, and exhibited
high durability in multiple rounds of catalysis. Inspired by the success of SBA-NiO in enzyme
immobilization, here we seek a different use of the same material (Fig 1A). The mesopores of
SBA-NiO can imitate the microenvironment of biomolecules in nature. In particular, site-spe-
cific immobilization through the terminal His-tag ensures that the immobilized proteins adopt
a uniform orientation. Spatial confinement (both two-dimensional confinement on the surface
of NiO nanoparticles and three-dimensional confinement within the mesopores) of biomole-
cules of a uniform orientation can thereby force lateral interaction between protein molecules.
In contrast, immobilization driven by non-specific interaction between the material and the
surface of proteins will result in random protein—protein interaction. We demonstrate here
that confining meticulously designed half fragments of proteins on the NiO nanoparticles in
the mesopores induces new interaction modes between protein fragments, and results in re-
gain of fluorescence property and enzymatic activity.

Materials and Methods
Plasmid construction

Synthetic DNA oligonucleotides were purchased from Invitrogen (Hong Kong). Gel extraction
kits, restriction endonucleases and plasmid miniprep kits were all purchased from Takara
(Hong Kong). Sequencing reactions were conducted at BGI (Hong Kong). Bovine Serum Albu-
min (BSA) was purchased from Life Technologies (Hong Kong). The DNA fragments coding
for the four half fragments of mCherry (mCherry;_;s9, mCherry; ;35 mCherry;4_»3, and
mCherry,;;_,3,) were amplified from the vector pQL81-mCherry. A nucleotide sequence
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Fig 1. SBA-NiO, a mesoporous silica material decorated with NiO nanoparticles, as the scaffolding support for protein fragments to interact. (A)
Schematic illustration of the interaction of protein half fragments induced by site-specific interaction of His-tags with NiO nanoparticles in the cavities of
mesoporous SBA material. (B) TEM image of as synthesized SBA-15. (C) TEM image of SBA-NiO.

doi:10.1371/journal.pone.0122101.g001

encoding His-tag was ligated to either N or C terminus to give four DNA fragments
N1-mCherry (mCherry, ;so, with an N terminal His-tag), N2-mCherry (mCherry,_;34, with
an N terminal His-tag), and two C terminal fragments C1-mCherry (mCherry;¢p_»37, witha C
terminal His-tag) and C2-mCherry (mCherry;s;_3,, with a C terminal His-tag). A gene frag-
ment encoding a peptide spacer, SSGSSGLVPRGSSGKLAAALE, was inserted between
mCherry;_»37 and His-tag, and between mCherry;s;_,3; and His-tag, so that when the N and
C half fragments were immobilized on the surface, they are correctly aligned. The DNA encod-
ing N1-mCherry, N2-mCherry, C1-mCherry and C2-mCherry were then inserted into BamH I
and Xho I sites of pGEX-6p-3 to yield plasmids N1-mCherry, N2-mCherry, C1-mCherry and
C2-mCherry (S1 Fig). The DNA fragments encoding two half fragments of firefly luciferase
(Luc,_416 and Lucsog_ss0) were amplified from a plasmid encoding firefly luciferase. A nucleo-
tide sequence encoding His-tag was ligated to the N terminus of Luc,_4;¢ or the C terminus of
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Lucsog_ss0 to give N-Luc (Luc,_416, with an N terminal His-tag) and the C terminal fragment
C-Luc (Lucsog_s50, with a C terminal His-tag). The DNA encoding N-Luc was then inserted
into Hind III and Xho I sites of pGEX-6p-3 and C-Luc was inserted into EcoR I and Hind III
sites of pGEX-6p-3 to give expression plasmids N-Luc and C-Luc (S2 Fig).

Protein expression and purification

Plasmids were transformed into E. coli BL21 (DE3) cells and colonies were grown overnight at
37°C in LB media supplemented with 100 pg/mL ampicillin. The starter culture was grown over-
night, and then was used to inoculate 600 mL LB media supplemented with antibiotics. The cell
culture was grown at 37°C to reach ODpo~0.6 before 1 mM IPTG was added to induce protein
expression. After grown at 16°C overnight, cells were harvested and resuspended in 30 mL of
lysis buffer (containing 20 mM tris, 500 mM NaCl, 3 mM DTT, 0.1 mM PMSF, pH 7.5), soni-
cated, and centrifugated at 20,000 g for 1 hour to obtain the supernatant and remove cell debris.
GST tagged proteins were allowed to bind to the pre-equilibrated glutathione-agarose resin (GE
healthcare, HK) for 45 min. GST tag was then removed by PreScission protease on resin and the
protein fragments were eluted, ultrafiltered and stored in TGE buffer (50 mM Tris, 0.5 mM
EDTA, 50 mM NaCl, 5% glycerol, pH 7.5) at 4°C. The purity of the proteins was confirmed by
SDS-PAGE. The fluorescent spectra of mCherry fragments in solution were measured on a
Hitachi F-7000 fluorescence spectrophotometer in a 0.5 mL quartz cuvette in TGE buffer (pro-
tein concentration: Img/mL) with an optical path length of 1 cm. The excitation wavelength
was set at 587 nm and the fluorescent emission was monitored from 580 nm to 780 nm.

Synthesis of SBA-NiO

SBA-NiO was synthesized following the reported protocol [23]. Briefly, pluronic P123 (2.0 g)
was dissolved in water and 2 M HCl at 35°C, followed by the addition of tetraethyl orthosilicate
(4.4 g). The mixture was stirred at 35°C for 24 h, and then aged at 100°C overnight without stir-
ring to allow solid product to form. The solid product was washed, air-dried, and calcinated by
slowly increasing the temperature from room temperature to 500°C over 8 h and keeping at
500°C for 6 h to yield while powders of SBA-15. SBA-NiO was then prepared by wet impregna-
tion. In a typical procedure, an aqueous solution of NiCl, (0.1g, 1.1 wt %) was impregnated
with 1 g of dry SBA carrier, stirred overnight at room temperature and centrifuged. The materi-
al was dried and heated to 500°C in air for 5 h to allow Ni** salts to be oxidized to form ultra-
fine NiO nanoparticles, which finally gave SBA-NiO.

Fragment re-assembly on SBA-NiO and fluorescence measurement

The protein fragments, N1-mCherry, or C1-mCherry, or an equimolar mixture of two frag-
ments (1.8 mg/mL each, total 30 pL) were added to the solid powder SBA-NiO and incubated
at 4°C for 2 h. 20 pL of the mixture was then dropped on a glass cover-slip and observed under
an inverted fluorescence microscope (IX71, Olympus, Tokyo, Japan) equipped with a 100 W
mercury lamp (OSRAM HBO 103w/2 Mercury Arc Lamp, Osram Inc., Berlin, Germany), with
the excitation wavelength set to be 587 nm. The fluorescent pictures were recorded. The emis-
sion spectrum of the fluorescent signal was recorded by a fiber optic spectrometer (QE65000,
Ocean Optics, Dunedin, FL, USA). Quantitative measurement of the fluorescent signal was
conducted by capturing the fluorescent pictures of the mCherry/SBA-NiO droplet on coverslip
by a confocal fluorescent microscope (Nikon C1, Japan). For each picture, at least 10 random
areas of the SBA-NiO pictures were selected, and the total fluorescent intensity within the se-
lected areas was measured by EZ-C1 3.90 FreeViewer software (Nikon, Japan), and quantified
as were chosen, the relative intensity was calculated as Intensity per Area (a.u./um?).
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Luciferase activity measurement

N-Luc and C-Luc fragments were assembled with SBA-NiO following the same protocol as
mCherry fragments. Briefly, 0.5 mg/mL of each fragment (total 30 uL) was incubated with
SBA-NiO. 20 pL of slurries or solutions of the protein/SBA-NiO solutions were placed in 96
well plates, and to each well 100 pL of the substrate was added (Luciferase Assay System, Pro-
mega, Wisconsin, USA). The luminescence was measured by a luminometer plate reader
(GloMax 96 Microplate Luminometer, Promega, Wisconsin, USA) following the standard
luminescence protocol.

Results and Discussions
Design, engineering and expression of mCherry half fragments

The synthesis and characterization of NiO nanoparticle-decorated mesoporous silica (SBA--
NiO) has been described in our previous report [23]. Briefly, mesoporous silica, SBA-15, was
first synthesized by using P123 as a surfactant (Fig 1B) and then NiO nanoparticles with ultra-
fine structure and uniform size were generated inside the nano-sized pores, the combination of
which gives SBA-NiO. X-ray diffraction measurement indicated a face-centered-cubic crystal-
line NiO structure (20 = 37.27, 43.30, 62.90, 75.44, and 79.43° can be indexed to (111), (200),
(220), (311), and (222), respectively) [23]. The Brunauer—-Emmett-Teller (BET) surface area
was measured to be 680 m? g'1 [23]. The pore diameter was measured to be around 8 nm,
which can perfectly accommodate several protein molecules. Numerous NiO nanoparticles can
be found in the nanochannels under TEM (Fig 1C).

To illustrate that SBA-NiO can be used as a structural mimic for spatial confinement of bio-
molecules, we adopted the engineering strategy of protein-fragment complementary assays
(PCAs), a method widely used to identify protein—protein interactions in biological systems
[31-33]. In a typical PCA, a “reporter” protein, with well-defined structure and function, is
split into two halves (N- and C- termini) and fused with two other domains, a “bait” and a
“prey” respectively. Binding of “bait” and “prey” brings the two halves into close proximity
with the right orientation to allow for structural reconstitution and functional re-gain of the re-
porter protein (Fig 2A). We chose mCherry protein, a second-generation variant of the mono-
meric red fluorescent protein mRFP1 because of its high fluorescence intensity, long excitation
and emission wavelength (587 and 610 nm respectively) and shorter maturation time as com-
pared with other fluorescent proteins [34,35]. These properties render mCherry protein the
perfect “reporter” protein for bimolecular fluorescence complementation assay. The comple-
mentation properties of different mCherry split patterns have been extensively explored by
Zhang et al [36]. Furthermore, the N terminus and the C terminus of mCherry are very close in
space, allowing the both ends to be the anchoring points for protein immobilization (Fig 2B).
Splitting the red fluorescent protein, mCherry between amino acids Asp159 and Gly160 re-
sulted in a complementary PCA pair, mCherry;_;s9 and mCherry,4o_37, meaning that when
they are brought into close proximity by bait—prey interaction, the fluorescence of mCherry
protein will be observed. On the other hand, fragments mCherry, ;35 and mCherry,;;_,3; are
non-complementary, because they cannot be re-constituted to give fluorescent protein [36, 37].
From the crystal structure of mCherry (PDB ID 2H5Q), the 159/160 split site (ED|GA) and
136/137 site (PS|DG) locate at the top and bottom loops of the f barrel respectively (Fig 2B).
These two loop regains are highly flexible, so splitting at these two sites is expected to be topo-
logically feasible for the protein assembly [36].

We cloned, expressed and purified the four fragments, two N terminal fragments
N1-mCherry (mCherry;_;s9), N2-mCherry (mCherry;_;3¢), and two C terminal fragments
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Fig 2. Split fragments of mCherry. (A) Schematic illustration of protein-fragment complementary assay (PCA) using mCherry as a “reporter” protein. (B)
Split expression of mCherry at 159—160 position and at 136—137 position give two pairs of fragments N1/C1 and N2/C2 respectively (the structure of mCherry
is drawn based on PDB ID 2H5Q) [37]. (C) SDS-PAGE picture of N1-mCherry and C1-mCherry. (D) Normalized photoluminescence (PL) spectra of mCherry
(@), N1-mCherry (b), C1-mCherry (c), N1-mCherry + C1-mCherry (d) in solution at 1 mg/ml (Aex = 587 nm).

doi:10.1371/journal.pone.0122101.9002

C1-mCherry (mCherry,4p_»37) and C2-mCherry (mCherry, s, ,3,) (Fig 2B). Hexahistidine tags
(His-tags) were appended at the N terminus of N1-mCherry and N2-mCherry, as well as the C
terminal ends of C1-mCherry and C2-mCherry. Because the N terminal end of mCherry is
slightly longer than the C terminal end, to avoid spatial dislocation and to maximize shoulder-
by-shoulder alignment of the N and C half fragments, we inserted a peptide sequence,
SSGSSGLVPRGSSGKLAAALE, between C terminal end and His-tag as a spacer. The four frag-
ments were over-expressed as glutathione s-transferase (GST) fusions in E. Coli, with a proteo-
lytically cleavable linker LEVLFQ|GP between GST and the mCherry fragments. GST fusion
apparently helped the overexpression of the half fragments in E. Coli, because the fragments
failed to overexpress without the presence of GST tag. Proteolytic cleavage by the PreScission
protease at the linker followed by subsequent purification site-specifically removed the GST tag
and yielded the His-tagged proteins according to SDS-PAGE analysis (Fig 2C). Expectedly, the
mixture of N1-mCherry and C1-mCherry, or any combinations of the four fragments, or each
fragment alone in solution could not generate appreciable fluorescence at 610 nm, the maxi-
mum emission wavelength of full mCherry at A, of 587 nm. This indicates that there is no spe-
cific interaction between the mCherry fragments, so the fragments cannot re-assemble to
functional entity in solution (Fig 2D).
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Immobilization of mCherry fragments on SBA-NiO induced functional
assembly

We next assembled the mCherry fragments with SBA-NiO through His-tag. Among all the
combinations only equimolar combination of N1-mCherry and C1-mCherry on SBA-NiO
emitted clear red fluorescence under fluorescent microscope; none of the other combinations,
including N2-mCherry/C2-mCherry/SBA-NiO and N1-mCherry/N2-mCherry/SBA-NiO
fluoresced (Fig 3). The spectrum of fluorescent pixels from N1-mCherry/C1-mCherry/SBA--
NiO showed a maximal emission around 607 nm (A., = 543 nm), consistent with the fluores-
cent spectrum of the folded whole mCherry protein (trace a in Fig 3C) [37]. This indicates that
simultaneous immobilization of N1-mCherry (mCherry;_;s9) and C1-mCherry (mCherry;o_
237) in the pores of SBA-NiO promoted spatial proximity between the two fragments in correct
orientation, and induced their re-assembly into a functional “reporter” protein which is pre-
sumably correctly folded. We further quantified the fluorescent signal by measuring the num-
ber of pixels per area of um? from the fluorescent images taken under confocal microscope. We
clearly observed that only N1-mCherry/C1-mCherry/SBA-NiO showed fluorescent signal well
above the background, whereas N1-mCherry/SBA-NiO and N1-mCherry/N2-mCherry/SBA--
NiO showed only weak signal, less than 10% of that of N1-mCherry/C1-mCherry/SBA-NiO
(Fig 3D). As N1-mCherry (1-159) contains the three residues responsible for the formation of
the fluorophore (66-68), it then is possible that N1-mCherry can assemble on the surface of
NiO nanoparticle to form a hydrophobic environment and allowed the fluorophore to partially
form, despite to a much less degree than N1-mCherry/C1-mCherry/SBA-NiO. In a dose-de-
pendent experiment, increasing the amount of N1-mCherry/C1-mCherry on SBA-NiO corre-
sponded with the increase of fluorescent signal, showing that the NiO binding sites have not
been saturated under this condition (Fig 3E). This suggests that the binding of N1-mCherry/
C1-mCherry to SBA-NiO is not through non-specific adsorption.

Design, engineering and expression of luciferase fragments

We then examined the re-constitution of an enzyme, firefly luciferase. The active site residues of
luciferase form a cavity to host and bring together luciferin, ATP and molecule oxygen together
in appropriate spatial arrangement to result in oxidation of luciferin to oxy-luciferin, with the
concomitant release of AMP, PPi, CO, and the emission of light (Fig 4A) [38,39]. In other
words, the residues of luciferase are not directly involved in the chemical reaction, other than
forming the substrate-binding pocket. Similar as fluorescent proteins, firefly luciferase can be
split into two complementary halves [40, 41]. This splitting site resides at the substrate binding
site and thereby disrupts its capability of forming the substrate-binding pocket (Fig 4B). We
cloned, expressed and purified the two fragments, the N terminal fragment N-Luc (Luc,_4;6) and
the C terminal fragment C-Luc (Lucseg_ss50). His-tags were appended at the N terminus of N-Luc
and at the C terminal end of C-Luc respectively (Fig 4B). The fragments were also expressed as
GST fusions and the GST tags were removed by site-specific proteolysis (Fig 4C). Expectedly, the
mixture of N-Luc and C-Luc as well as the fragments alone in solution did not exhibit any appre-
ciable enzymatic activity in conversion of luciferin to oxy-luciferin, monitored by the chemilumi-
nescence associated with this reaction (Fig 5A). Therefore, the fragments do not have internal
interaction with each other that is sufficient to result in re-constitution of the enzymatic activity.

Immobilization of luciferase fragments in SBA-NiO induced functional
assembly

We then assembled N-Luc/C-Luc/SBA-NiO by incubating equal amount of N-Luc and C-Luc
fragments with SBA-NiO. N-Luc/C-Luc/SBA-NiO hybrid assembly effectively catalyzed the
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Fig 3. mCherry fragments assembled on SBA-NiO to form fluorescent protein. (A) Schematic illustration of the assembly of mCherry fragments on the
surface of SBA-NiO. (B) Fluorescent microscope image of N1-mCherry/C1-mCherry/SBA-NIO (left, TRITC channel; right, bright field). (C) Normalized
fluorescent spectra of N1-mCherry/C1-mCherry/SBA-NiO (a), N1-mCherry/SBA-NiO (b), and N1-mCherry/N2-mCherry/SBA-NIO (c) (Aex = 587 nm). All other
assemblies do not fluorescence. (D) Quantification of PL intensity per um?. a, SBA-NiO; b, BSA/SBA-NIO; ¢, N2-mCherry/C2-mCherry/SBA-NiO; d,
N1-mCherry/N2-mCherry/SBA-NiO; e, N1-mCherry/SBA-NiO; f, N1-mCherry/C1-mCherry/SBA-NIO. (E) The PL intensity per area of N1-mCherry/
C1-mCherry/SBA-NIiO correlated with the amount of immobilized N1-mCherry and C1-mCherry.

doi:10.1371/journal.pone.0122101.g003

luciferin reaction, shown as drastic enhancement of the bioluminescence signal (Fig 5A). As
negative control, SBA-NiO and BSA/SBA-NiO hybrid assembly did not exhibit luciferase activ-
ity (Fig 5B). The enzymatic activity also clearly correlated with the amount of N-Luc/C-Luc/
SBA-NiO hybrid assembly as increasing the amount of the assembly corresponded with in-
creasing luciferase activity (Fig 5C).
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doi:10.1371/journal.pone.0122101.9g004

To our surprise, N-Luc/SBA-NiO hybrid assembly, although having only half of luciferase,
also exhibited clear luciferase activity, ~55% of N-Luc/C-Luc/SBA-NiO hybrid. Similarly,
C-Luc/SBA-NiO accounted for ~29% of N-Luc/C-Luc/SBA-NiO material (Fig 5B). This result
was even more striking as C-Luc contains only 152 residues out of a total of 550 residues of the
full size luciferase. This unexpected observation showed that spatial confinement can result in
new interaction modes between protein fragments in the nano cavity, and new function was re-
sulted from the new interaction mode. It has been reported that Arg 218 serves as the active site
residue for luciferin as alteration of this amino acid significantly decreases the affinity of

PLOS ONE | DOI:10.1371/journal.pone.0122101  April 15,2015 9/13



. ®
@ ’ PLOS ‘ ONE Assembly of Protein Fragments

(A) (B)

8000000 - —_

- 5 1500000 -

5 )

© 8

o 6000000+ 9

e 51000000.

§ 4000000 - o .

c -E 500000 /

g 2000000 - 5 / %,

3 .9 / /

() 04f o 04 / /
7 77 )

a b a b c d e

3 (C)
= a
[« -
@ 4000000
| =
L4}
Q
w
(]
£ 2000000
£ ]
=] =
o /
@ =
0 T T T T T T T
05 1.0 15 2.0

Amount of immobilized enzyme

Fig 5. Fragments of Luciferase assembled on SBA-NiO to form functional luciferase. (A) The assembly N-Luc/C-Luc/SBA-NIO catalyzed luciferin
conversion, whereas N-Luc + C-Luc in solution remained inactive. a, N-Luc + C-Luc in solution; b, N-Luc/C-Luc/SBA-NiO. (B) Luciferase fragments alone on
SBA-NiO N-Luc/SBA-NiO and C-Luc/SBA-NiO can regenerate the enzymatic activity. a, SBA-NiO; b, BSA/SBA-NIO; ¢, N-Luc/SBA-NiO; d, C-Luc/SBA-NIO;
€, N-Luc/C-Luc/SBA-NIO. (C) Luciferase activity of N-Luc/C-Luc/SBA-NiO correlated with the amount of immobilized N-Luc and C-Luc.

doi:10.1371/journal.pone.0122101.g005

luciferease towards the substrate luciferin, exhibiting a 15-20 fold increase in the K, values for
luciferin [42]. Notwithstanding the solid support from site-specific mutagenesis, this conclusion
applies to enzymatic reaction in solution. Our experiment of immobilized luciferase highlights
the difference between soluble and well-folded enzyme in solution and surface-immobilized en-
zyme. The active center of luciferase was likely partially re-constituted inside the nano pores by
assembling the N and C halves. Taken together, spatially confined protein fragments in nano-
pores attained properties that do not exist in diluted aqueous solution. The reason why N-Luc/
SBA-NiO and C-Luc/SBA-NiO can exhibit luciferase activity despite the missing of the other
half is still elusive. Notably the action of luciferase does not require the direct involvement of its
active site residues in the oxidation reaction; instead, a binding pocket that correctly aligns the
reactants luciferin, oxygen and ATP is sufficient. Therefore, a possible explanation is that in
N-Luc/SBA-NiO, such a binding pocket is re-constituted due to spatial confinement of N-Luc
in the nanopores even in the absence of C-Luc in the assembly; the N-Luc fragment may com-
plement the missing subdomains with the help of the other N-luc fragment at the surface of
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SBA-NiO, and similarly but to a lesser extent in C-Luc/SBA-NiO. The conventional concept of

enzymatic active site however is not capable of fully explaining the regain of immobilized lucif-

erase fragments on the surface. The exquisite elucidation of the exact mechanism of surface-im-
mobilized enzymatic reaction awaits the invention of new powerful physiochemical techniques

that can probe the surface biochemistry at molecular or even atomic level.

Conclusions

It is a well-accepted notion that the chemical composition namely the primary sequence and
the three-dimensional folding determine the activity of a protein. However, recent investiga-
tions indicated that it is not a complete picture: the physical environment at which a protein re-
sides poses strong influence to its function and activity. In other words, a protein in diluted
solution in the test tube might be markedly different from its native state or environmentally
constrained states. Chemists have revealed, for one example, that crowding will leads to notice-
able alteration in the property of enzymes, raising the concern that enzymes in cytoplasm might
behave different from those in test tube. Confinement within a two-dimensional or three-di-
mensional space will also alter the property of proteins. For example, immobilization on solid
support often leads to protein unfolding or activity decrease, due to protein-surface interaction.
Rarely, one will observe activity enhancement, let alone gain of new activity. We recently devel-
oped a new type of material, SBA-NiO, which includes NiO nanoparticles inside mesopores.
The NiO particles will specifically bind with His-tagged proteins, providing a two-dimensional
constraint; the mesopores can perfectly accommodate the proteins and provide a three-dimen-
sional microenvironment to further promote protein—protein interaction within confined
space. We then examined whether such confinement could yield function or activity the soluble
proteins do not have. Through thoughtful protein design, we engineered half fragments of
mCherry and luciferase, and proved that complementary fragments of a fluorescent protein
and an enzyme can be re-constituted on SBA-NiO. Strikingly, we observed that a fragment of
luciferase (in the absence of its complementary partner), when immobilized on SBA-NiO, ex-
hibited the activity of the whole luciferase protein. To the best of our knowledge, this is the first
example that only one half of an enzyme can exert the catalytic activity, albeit in spatially con-
fined microenvironment. This is also the first example that site-specific interaction between
proteins (or protein fragments) and material surface (NiO nanoparticles in mesopores) results
in gain of catalytic function of an enzyme. Further exploration of the protein/SBA-NiO assem-
bly by experimental and theoretical studies will reveal in greater details how spatial confinement
in nano cavities alters the folding as well as the activity of proteins. Taken together, our discov-
ery revealed an important aspect of basic protein biochemistry, the environmental factor. Aside
from the chemical composition and three-dimensional organization, the physical environment
represents another critical aspect that determines the activity and function of a protein.

Supporting Information

S1 Fig. Sequencing results of the plasmid encoding N1-mCherry (A), C1-mCherry (B),
N2-mCherry (C) and C2-mCherry (D). Sequence highlighted in red encodes
SSGSSGLVPRGSSGKLAAALE, as an additional peptide spacer inserted between the C frag-
ment sequence and His-tag. Sequence highlighted in yellow encodes His-tag.

(DOCX)

S$2 Fig. Sequencing results of the plasmid encoding N-Luc (A) and C-Luc (B). Sequence
highlighted in yellow encodes His-tag.
(DOC)

PLOS ONE | DOI:10.1371/journal.pone.0122101  April 15,2015 11/183


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122101.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122101.s002

@ PLOS | one

Assembly of Protein Fragments

Acknowledgments

We thank Dr. Ligian Gao from Institute of Bioengineering and Nanotechnology, Singapore for
his excellent technical assistance.

Author Contributions

Conceived and designed the experiments: YY DL JX. Performed the experiments: YY JW DL.
Analyzed the data: YY JX. Contributed reagents/materials/analysis tools: YY JW JL DL JX.
Wrote the paper: YY DL JX.

References

1.
2.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Fulton AB (1982) How crowded is the cytoplasm. Cell 30: 345-347. PMID: 6754085

Zimmerman SB, Minton AP (1993) Macromolecular crowding: biochemical, biophysical, and physiologi-
cal consequences. Annu. Rev. Biophys. Biomol. Struct 22:27-65. PMID: 7688609

Hancock R (2012) Structure of metaphase chromosomes: a role for effects of macromolecular crowd-
ing. PLoS One 7:€36045 doi: 10.1371/journal.pone.0036045 PMID: 22540018

Foffi G, Pastore A, Piazza F, Temussi PA (2013) Macromolecular crowding: chemistry and physics
meet biology (Ascona, Switzerland, 10-14 June 2012). Phys. Biol 10: 040301. PMID: 23912807

Minh DD, Chang CE, Trylska J, Tozzini V, McCammon JA (2006) The influence of macromolecular
crowding on HIV-1 protease internal dynamics. J. Am. Chem. Soc 128: 6006—6007. PMID: 16669648

Jiang M, Guo Z (2007) Effects of Macromolecular Crowding on the Intrinsic Catalytic Efficiency and Struc-
ture of Enterobactin-Specific Isochorismate Synthase. J. Am. Chem. Soc 129: 730-731. PMID: 17243787

Guo ZF, Jiang M, Zheng S, Guo Z (2008) Suppression of Linear Side Products by Macromolecular
Crowding in Nonribosomal Enterobactin Biosynthesis. Org. Lett 10: 649—-652. doi: 10.1021/017030153
PMID: 18211078

Guo ZF, Jiang M, Zheng S, Guo Z (2010) Structural change of the enterobactin synthetase in crowded
solution and its relation to crowding-enhanced product specificity in nonribosomal enterobactin biosyn-
thesis. Bioorg. Med. Chem. Lett 20: 3855-3858. doi: 10.1016/j.bmcl.2010.05.051 PMID: 20627563

Barouch LA, Harrison RW, Skaf MW, Rosas GO, Cappola TP, Kobeissi ZA, et al. (2002) Nitric oxide
regulates the heart by spatial confinement of nitric oxide synthase isoforms. Nature 416: 337-340.
PMID: 11907582

Tan ZJ, Chen SJ (2012) lon-mediated RNA structural collapse: effect of spatial confinement. Biophys. J
103: 827-836. doi: 10.1016/j.bpj.2012.06.048 PMID: 22947944

Glrsoy G, Xu Y, Kenter AL, Liang J (2014) Spatial confinement is a major determinant of the folding
landscape of human chromosomes. Nucleic Acids Res 42: 8223-8230. doi: 10.1093/nar/gku462
PMID: 24990374

Dustin ML, Groves JT (2012) Receptor signaling clusters in the immune synapse. Annu. Rev. Biophys
41: 543-556. doi: 10.1146/annurev-biophys-042910-155238 PMID: 22404679

Chakraborty K, Chatila M, Sinha J, Shi Q, Poschner BC, Sikor M, et al. (2010) Chaperonin-catalyzed
rescue of kinetically trapped states in protein folding. Cell 142: 112—122. doi: 10.1016/j.cell.2010.05.
027 PMID: 20603018

Latour RA (2008) Biomaterials: Protein-surface interactions, in The encyclopedia of biomaterials and
bioengineering, 2nd edition; Wnek G.E.; Bowlin G.L. Eds.; Informa Healthcare 1:270-284. doi: 10.
3171/PED/2008/1/4/270 PMID: 18377301

Warkentin PH, Lundstrom |, Tengvall P (1995) Protein—protein interactions affecting proteins at sur-
faces, In Proteins at Interfaces Il. Fundamentals and Applications; Horbett T. A.; Brash J. L. Eds.;
American Chemical Society: Washington, DC 163—-180.

Javidpour L, Sahimi M (2011) Confinement in nanopores can stabilize a-helix folding proteins and stabi-
lize the B structures. J. Chem. Phys 135:125101. doi: 10.1063/1.3641482 PMID: 21974560

Koutsioubas A, Lairez D, Combet S, Fadda GC, Longeville S, Zalczer G (2012) Crowding effect on
helix-coil transition: beyond entropic stabilization. J. Chem. Phys 136:215101. doi: 10.1063/1.4723871
PMID: 22697569

Bhattacharya A, Best RB, Mittal J (2012) Smoothing of the GB1 hairpin folding landscape by interfacial
confinement. Biophys. J 103: 596—600. doi: 10.1016/j.bp}.2012.07.005 PMID: 22947876

Marino KA, Bolhuis PG (2012) Confinement-induced states in the folding landscape of the Trp-cage
miniprotein. J. Phys. Chem. B 116: 11872—11880. doi: 10.1021/jp306727r PMID: 22954175

PLOS ONE | DOI:10.1371/journal.pone.0122101

April 15,2015 12/13


http://www.ncbi.nlm.nih.gov/pubmed/6754085
http://www.ncbi.nlm.nih.gov/pubmed/7688609
http://dx.doi.org/10.1371/journal.pone.0036045
http://www.ncbi.nlm.nih.gov/pubmed/22540018
http://www.ncbi.nlm.nih.gov/pubmed/23912807
http://www.ncbi.nlm.nih.gov/pubmed/16669648
http://www.ncbi.nlm.nih.gov/pubmed/17243787
http://dx.doi.org/10.1021/ol7030153
http://www.ncbi.nlm.nih.gov/pubmed/18211078
http://dx.doi.org/10.1016/j.bmcl.2010.05.051
http://www.ncbi.nlm.nih.gov/pubmed/20627563
http://www.ncbi.nlm.nih.gov/pubmed/11907582
http://dx.doi.org/10.1016/j.bpj.2012.06.048
http://www.ncbi.nlm.nih.gov/pubmed/22947944
http://dx.doi.org/10.1093/nar/gku462
http://www.ncbi.nlm.nih.gov/pubmed/24990374
http://dx.doi.org/10.1146/annurev-biophys-042910-155238
http://www.ncbi.nlm.nih.gov/pubmed/22404679
http://dx.doi.org/10.1016/j.cell.2010.05.027
http://dx.doi.org/10.1016/j.cell.2010.05.027
http://www.ncbi.nlm.nih.gov/pubmed/20603018
http://dx.doi.org/10.3171/PED/2008/1/4/270
http://dx.doi.org/10.3171/PED/2008/1/4/270
http://www.ncbi.nlm.nih.gov/pubmed/18377301
http://dx.doi.org/10.1063/1.3641482
http://www.ncbi.nlm.nih.gov/pubmed/21974560
http://dx.doi.org/10.1063/1.4723871
http://www.ncbi.nlm.nih.gov/pubmed/22697569
http://dx.doi.org/10.1016/j.bpj.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22947876
http://dx.doi.org/10.1021/jp306727r
http://www.ncbi.nlm.nih.gov/pubmed/22954175

@' PLOS ‘ ONE

Assembly of Protein Fragments

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

Saha R, Rakshit S, Verma PK, Mitra RK, Pal SK (2013) Protein—cofactor binding and ultrafast electron
transfer in riboflavin binding protein under the spatial confinement of nanoscopic reverse micelles. J.
Mol. Recognit 26: 59—66. doi: 10.1002/jmr.2246 PMID: 23334913

Lucent D, Vishal V, Pande VS (2007) Protein folding under confinement: a role for solvent. Proc. Natl.
Acad. Sci. U. S. A 104: 10430-10434. PMID: 17563390

Wang W, Xu WX, Levy Y, Trizac E, Wolynes PG (2009) Confinement effects on the kinetics and ther-
modynamics of protein dimerization. Proc. Natl. Acad. Sci. U. S. A 106: 5517-5522. doi: 10.1073/pnas.
0809649106 PMID: 19297622

Ling D, Gao L, Wang J, Shokouhimehr M, Liu J, Yu Y, et al. (2014) A general strategy for site-directed
enzyme immobilization by using NiO nanoparticle decorated mesoporous silica. Chem. Eur. J 20:
7916-7921. doi: 10.1002/chem.201403071 PMID: 24861357

Kao KC, Liu TS, Mou CY (2014) Enhanced activity and stability of lysozyme by immobilization in the
matching nanochannels of mesoporous silica nanoparticles. J. Phys. Chem. C 118: 6734—6743.

LiuJ, Peng J, Shen S, Jin Q, Li C, Yang Q (2013) Enzyme entrapped in polymer-modified nanopores:
the effects of macromolcular crowding and surface hydrophobicity. Chem. Eur. J 19:2711-2719. doi:
10.1002/chem.201203833 PMID: 23296518

Cedervall T, Lynch |, Lindman S, Berggard T, Thulin E, Nilsson H, et al. (2007) Understanding the nano-
particle—protein corona using methods to quantify exchange rates and affinities of proteins for nano-
particles. Proc. Natl. Acad. Sci. U.S.A 104: 2050-2055. PMID: 17267609

Monopoli MP, Walczyk D, Campbell A, Elia G, Lynch |, Bombelli FB, et al. (2011) Physical—chemical
aspects of protein corona: relevance to in vitro and in vivo biological impacts of nanoparticles. J. Am.
Chem. Soc 133: 2525-2534. doi: 10.1021/ja107583h PMID: 21288025

Monopoli MP, Aberg C, Salvati A, Dawson KA (2012) Biomolecular coronas provide the biological identity
of nanosized materials. Nat. Nanotechnol 7: 779-786. doi: 10.1038/nnano.2012.207 PMID: 23212421
Jedlovszky-Hajdu A, Bombelli FB, Monopoli MP, Tombacz E, Dawson KA (2012) Surface coatings

shape the protein corona of SPIONs with relevance to their application in vivo. Langmuir 28: 14983—
14991. doi: 10.1021/la302446h PMID: 23002920

Lesniak A, Fenaroli F, Monopoli MP, Aberg C, Dawson KA, Salvati A (2012) Effects of the presence or
absence of a protein corona on silica nanopatrticle uptake and impact on cells. ACS Nano 6: 5845—
5857. doi: 10.1021/nn300223w PMID: 22721453

Remy |, Michnick SW (2007) Application of protein fragment complementation assays in cell biology.
Biotechniques 42, 137, 139, 141 passim. PMID: 17373475

Michnick SW, Ear PH, Manderson EN, Remy |, Stefan E (2007) Universal strategies in research and
drug discovery based on protein-fragment complementationassays. Nat. Rev. Drug. Discov 6: 569-82.
PMID: 17599086

Michnick SW (2003) Protein fragment complementation strategies for biochemical network mapping.
Curr. Opin. Biotechnol 14:610-617. PMID: 14662390

Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE, Tsien RY (2004) Improved mono-
meric red, orange and yellow fluorescent proteins derived from Discosoma sp.red fluorescent protein,
Nat. Biotechnol 22:1567-1572.

Jach G, Pesch M Richter K, Frings S, Uhrig JF (2006) An improved mRFP1 adds red to bimolecular
fluorescence complementation, Nat.Methods 3:597—-600.

Fan JY, Cui ZQ, Wei HP, Zhang ZP, Zhou YF, Wang YP, et al. (2008) Split mCherry as a new red bimo-
lecular fluorescence complementation system for visualizing protein—protein interactions in living cells.
Biochem. Biophy. Res. Commun 367: 47-53. PMID: 18158915

Shu X, Shaner NC, Yarbrough CA, Tsien RY, Remington SJ (2006) Novel chromophores and buried
charges control color in mFruits. Biochemistry 45: 9639-9647. PMID: 16893165

Oba Y, Ojika M, Inouye S (2003) Firefly luciferase is a bifunctional enzyme: ATP-dependent monooxy-
genase and a long chain fatty acyl-CoA synthetase. FEBS Lett 540: 251-254. PMID: 12681517

Nakatsu T, Ichiyama S, Hiratake J, Saldanha A, Kobashi N, Sakata K, et al. (2006) Structural basis for
the spectral difference in luciferase bioluminescence. Nature 440: 372-376. PMID: 16541080

Paulmurugan R, Gambhir SS (2003) Monitoring protein-protein interactions using split synthetic renilla
luciferase protein-fragment-assisted complementation. Anal. Chem 75: 1584—1589. PMID: 12705589

Luker KE, Smith MC, Luker GD, Gammon ST, Piwnica-Worms H, Piwnica-Worms D (2004) Kinetics of
regulated protein-protein interactions revealed with firefly luciferase complementation imaging in cells
and living animals. Proc. Natl. Acad. Sci. U. S. A 101: 12288-12293. PMID: 15284440

Branchini BR1, Magyar RA, Murtiashaw MH, Portier NC (2001) The role of active site residue arginine
218 in firefly luciferase bioluminescence. Biochemistry 40:2410-2418. PMID: 11327861

PLOS ONE | DOI:10.1371/journal.pone.0122101

April 15,2015 13/13


http://dx.doi.org/10.1002/jmr.2246
http://www.ncbi.nlm.nih.gov/pubmed/23334913
http://www.ncbi.nlm.nih.gov/pubmed/17563390
http://dx.doi.org/10.1073/pnas.0809649106
http://dx.doi.org/10.1073/pnas.0809649106
http://www.ncbi.nlm.nih.gov/pubmed/19297622
http://dx.doi.org/10.1002/chem.201403071
http://www.ncbi.nlm.nih.gov/pubmed/24861357
http://dx.doi.org/10.1002/chem.201203833
http://www.ncbi.nlm.nih.gov/pubmed/23296518
http://www.ncbi.nlm.nih.gov/pubmed/17267609
http://dx.doi.org/10.1021/ja107583h
http://www.ncbi.nlm.nih.gov/pubmed/21288025
http://dx.doi.org/10.1038/nnano.2012.207
http://www.ncbi.nlm.nih.gov/pubmed/23212421
http://dx.doi.org/10.1021/la302446h
http://www.ncbi.nlm.nih.gov/pubmed/23002920
http://dx.doi.org/10.1021/nn300223w
http://www.ncbi.nlm.nih.gov/pubmed/22721453
http://www.ncbi.nlm.nih.gov/pubmed/17373475
http://www.ncbi.nlm.nih.gov/pubmed/17599086
http://www.ncbi.nlm.nih.gov/pubmed/14662390
http://www.ncbi.nlm.nih.gov/pubmed/18158915
http://www.ncbi.nlm.nih.gov/pubmed/16893165
http://www.ncbi.nlm.nih.gov/pubmed/12681517
http://www.ncbi.nlm.nih.gov/pubmed/16541080
http://www.ncbi.nlm.nih.gov/pubmed/12705589
http://www.ncbi.nlm.nih.gov/pubmed/15284440
http://www.ncbi.nlm.nih.gov/pubmed/11327861

