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Pyrene-Stacked Nanostructures Constructed in the Recombinant Tobacco
Mosaic Virus Rod Scaffold
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Abstract: The effect of pyrenes intro-
duced into a tobacco mosaic virus
(TMV) coat protein monomer on the
formation and stability of the TMV as-
sembly was investigated. The possible
arrangement of the pyrenes in the
inner cavity of the TMV rod was also
estimated. The pyrene derivative was
introduced to four specific amino acids
in the cavity of the TMV rod structure.

2.5 um at pH 5.5. The interaction of the
pyrene moieties in the TMV cavity was
investigated by steady-state and time-
resolved spectroscopic analysis. Strong
excimer emission with significantly
short wavelength (465 nm) was ob-
served from the two mutants men-
tioned above. Excitation and UV-visi-
ble spectra indicate that the pyrene
moieties form m-stacked structures in

the TMV cavity. Details of the pyrene
interaction were investigated by ana-
lyzing the fluorescence lifetime of the
excimer. Results suggest that the pyr-
enes formed preassociated rigid struc-
tures with partially overlapped geome-
try in the restricted space of the TMV
cavity. The pyrenes effectively stabilize
the TMV rod through a m-stacking in-
teraction in a well-ordered way, and

Rod-structure formation was examined
by atomic force microscopy (AFM).
Two pyrene-attached mutants (posi-
tions 99 and 100) assembled to increase
the length of the rod structures by

tures

Introduction

Protein self-assembly is a fundamental issue in biology, as
most biological phenomena involve the precise associations
of multiple protein units for expression of their functions.'!
Self-assembled protein nanostructures such as tubular, fi-
brous, and spherical ones are also important for the creation
of nanoscale wires and functional materials.”’ The tobacco
mosaic virus (TMV) has a hollow cylindrical structure with
a high aspect ratio and is formed through the periodical
self-assembly of the TMV coat protein (TMVCP) and
RNA.F! Because of its well-characterized nanoscale struc-
ture, TMV has been utilized as a template for functionaliza-
tion with inorganic and organic molecules both in the inner
cavity and on the exterior surface.*® Although TMV has
such promising features for its application to nanoscale ma-
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the single pyrene moiety introduced
into the monomer affects the overall
formation of the TMV rod structure.

terials, the length of the wild-type TMV rod is limited to
300 nm.®! For further applications, the rod structure should
be extended with suitable modification and functionaliza-
tion. In the supramolecular assemblies of m-conjugated sys-
tems, the m-stacking interactions between molecular units
contributes to the formation and stabilization of the supra-
molecular structures.”! In the m-systems that function in
water, the double-helix DNA structure is stabilized by base
pairing and m-stacking of the heterocyclic bases, and some
peptides are also stabilized by the m-stacking of aromatic
molecules.® Therefore, the promotion of the TMV supra-
molecular assembly and subsequent extension of the TMV
rod structure can be achieved by selective incorporation of
aromatic molecules into the TMVCP monomers based on
the TMV crystal structure.”’ In addition, the novel 7 conju-
gated system can also be constructed in the TMV rod struc-
ture by self-assembly of the designed TMVCP-aromatic-
molecule conjugates for the creation of functional nanoma-
terials.

In this report, we investigated the effect of aromatic mole-
cules on the formation and stability of TMV rod structures.
Pyrene was introduced into specific positions in the inner
cavity of the TMV rod. We examined the rod-structure for-
mation by performing atomic force microscopy (AFM). The
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interaction and behavior of the pyrene moieties in the cavity
of the TMV rod were investigated by steady-state and time-
resolved spectroscopic analysis of the characteristic fluores-
cence of the pyrene monomers and excimers. We also esti-
mated the possible arrangement of the pyrenes in the TMV
cavity using these spectral data.

Results and Discussion

Preparation of pyrene-attached TMVCP monomers: The
pyrene derivative was incorporated into specific amino acids
located on the flexible loop of the TMVCP monomer near
the interior surface of the TMV assembly (Figure 1). For in-
corporation of pyrene into the cavity of the rod structure,
we selected four amino acids on the flexible loop, N98, Q99,
A100, and N101, and individually mutated them to a cys-
teine residue. A pyrene was then selectively introduced to
the cysteine residue by using N-(1-pyrene)maleimide. The
edge-to-edge length of a pyrene maleimide molecule is
1.2 nm, which is small enough to be incorporated into the
inner cavity with diameter of 4 nm. Because the wild-type
TMVCP has one cysteine residue at position 27, the Cys27
was first replaced by alanine, and four amino acids on the
inner loop were then individually changed to cysteine for
the selective labeling with pyrene maleimide.

Expression and purification of the recombinant TMVCP
and mutants were carried out according to the previously re-
ported method with some modification (see Supporting In-
formation)."” Selective introduction of the pyrene moiety
into the TMVCP cysteine mutants was carried out by treat-
ment with pyrene maleimide in a solution of pH 8.0 to mini-
mize monomer aggregation. Identification of the products
and the efficiencies of pyrene incorporation into the cysteine
mutants were examined by MALDI-TOF mass spectrome-
try. A major peak corresponding to the molecular weight of
the pyrene-attached TMVCP and a minor one originating
from the unlabeled cysteine mutant were observed (Figure
S2). Based on the mass spectrometry data, the efficiencies
of pyrene incorporation into the cysteine mutants were esti-
mated to be around 90 %.

Pyrene-attached TMYV nanostructures: The formation of the
TMYV rod structure under conditions of pH 5.5 and 7.6 was
investigated by AFM. The samples (pH 8) for both the cys-
teine- and pyrene-modified mutants were dialyzed at pH 5.5
for rod-structure formation, and then the samples at pH 7.6
were prepared by increasing the pH value from 5.5 to 7.6.
As the cysteine mutants assembled at pH 5.5, rod structures
with heights of 15-18 nm and lengths of approximately
300 nm were observed for all the cysteine mutants (Figure
S3). This indicates that the modification at C27A and the
cysteines introduced to the four positions do not affect the

formation of the TMV rod

structures. Under the pH?7.6
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Figure 1. a) Crystal structure of the TMV assembly. Sectional view of the TMV supramolecular structure and
the inner cavity (4 nm diameter). Amino acid Q99 on the surface of the cavity is represented in red.
b) TMVCP monomer and four amino acids (N98, Q99, A100, and N101) on the loop, which were selectively
mutated to cysteine for introduction of a pyrene moiety. c¢) Pyrene was introduced to the selectively mutated
cysteine residues by maleimide-thiol coupling using N-(1-pyrene)maleimide.
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The rod-structure formation
of the four pyrene-attached
TMVCP mutants was also ana-
lyzed by AFM. The AFM
images are shown in Figure 2,
and the distribution of the
TMV rods is summarized in
Figure 3. The C27A/N98C-
pyrene and C27A/N101C-
pyrene mutants showed a simi-
lar tendency for rod-structure
formation. In these pyrene-at-
tached mutants, rod structures
with a slightly extended length
(maximum 600-800 nm), rela-
tive to those of the unmodified
TMVCP, were observed at
pH 5.5 (Figure 2a and d, respec-
tively), and the rod structures
were completely disassembled
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Figure 2. AFM images of pyrene-modified TMV rod structures at lower and higher pH. a) and e): C27A/
N98C-pyrene mutant at pH 5.5 and 7.6, respectively. b) and f): C27A/Q99C-pyrene mutant at pH 5.5 and 7.6,
respectively. ¢) and g): C27A/A100C-pyrene mutant at pH 5.5 and 7.6, respectively. d) and h): C27A/N101C-
pyrene mutant at pH 5.5 and 7.6, respectively. The size of each image is 3 x3 pum.
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Figure 3. Distribution of the length of the pyrene-attached TMV rods at
pH5.5: a) C27A/N98C-pyrene mutant, b) C27A/Q99C-pyrene mutant,
c) C27A/A100C-pyrene mutant, d) C27A/N101C-pyrene mutant.

at pH 7.6 (Figure 2e and h, respectively). In contrast, in the
cases of the C27A/Q99C-pyrene and C27A/A100C-pyrene
mutants, rod structures with significantly extended lengths
(maximum length 1.85 and 2.45 pm, respectively), 6-8 times
longer than the native TMV rod, were formed at pH 5.5
(Figure 2b and c, respectively). These results indicate that
the incorporation of a pyrene moiety at positions 99 and 100
significantly promotes the assembly of TMVCP. In addition,
these two pyrene-modified TMYV still maintained the rodlike
structures at pH 7.6 (Figure 2f and g), which also indicates
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that the incorporation of
pyrene moieties at these posi-
tions stabilizes rod structures
under higher pH conditions.
These results suggest that the
pyrene modification promotes
rod-structure formation, and
the extension of the rod struc-
tures with pyrene is strongly de-
pendent on the positions at
which the pyrene moiety is in-
troduced.

Photochemical properties of
the pyrenes in the TMV rod
structure: To examine the inter-
action of the pyrene moieties in
the rod structure, we utilized
the fluorescence properties of
pyrene. Pyrene is a well-known
photophysical probe for detect-
ing molecular interactions by monitoring emission of the
pyrene excimer.'""™ The characteristic excimer fluorescence
also provides information concerning the distance and ge-

—— C27A/A100C-Pyrene
---- C27A/Q99C-Pyrene
memes C27A/N98C-Pyrene
------- C27A/N101C-Pyrene

I (normalized)

400 45 500 550 600
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Figure 4. Fluorescence spectra of pyrene-attached TMVCP mutants at

pH 5.5. Excitation wavelength: A.,=345 nm. All spectra were normalized
to the (0,0) peak at 377 nm.

ometry between neighboring pyrene moieties.''"¥ In the
rod structure of the TMV, the positions 98, 99, 100, and 101
are located on the flexible loop in the inner cavity. As the
rod structures are formed, the neighboring pyrene moieties
can become accessible to each other to form pyrene dimer
structures. The fluorescence spectra for four pyrene-attach-
ed mutants were obtained at pH 5.5 (Figure 4). By using
345 nm light for excitation, emission bands (377-395 nm) as-
signed to the pyrene monomer in the singlet excited state
were observed. In addition, a broad emission band at
around 465 nm assigned to pyrene excimer emission was ob-
served for all the mutants. The C27A/Q99C-pyrene and
C27A/A100C-pyrene mutants showed very strong excimer
emissions relative to those of the C27A/N98C-pyrene and
C27A/N101C-pyrene mutants. This indicates that the pyrene
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moieties in the C27A/Q99C-pyrene and C27A/A100C-
pyrene mutants are located close enough to form pyrene
dimers and excimers. The intensity of excimer emission of
the C27A/A100C-pyrene mutant was higher than that of the
C27A/Q99C-pyrene mutant, which means that the formation
of pyrene dimer and excimer also depends on the position
of modification on the inner loop of the TMVCP monomer.
The pyrene moieties of the C27A/A100C-pyrene mutant
occupy the most suitable positions in the inner cavity of the
TMYV rod for the formation of dimers and excimers. Inter-
estingly, the efficiency of excimer formation is consistent
with the length of the TMV rods of the pyrene-attached
TMVCP mutants (see AFM images in Figure 2). These re-
sults indicate that the interactions between pyrenes contrib-
ute to the elongation of the TMV rod structures. The nota-
bly short wavelength of excimer emission (465 nm) is also a
unique character of the pyrene excimer in the TMV cavity.

In addition, the excitation spectra for the emission of the
monomer (4.,=375nm) and excimer (1., =465 nm) of the
C27A/Q99C-pyrene and C27A/A100C-pyrene mutants were
recorded (Figure S4). Under the same conditions of pH 5.5,
the peak-to-valley ratios (Py) for the (0,0) transition bands
for the monomers of the C27A/Q99C-pyrene and C27A/
A100C-pyrene mutants were 1.57 and 1.45, respectively. In
the excitation spectra for the excimers of these mutants, the
peak-to-valley ratios (Pg) for the (0,0) transition bands were
1.26 and 1.25, respectively. The 2 nm shift for the (0,0) tran-
sition bands was observed for the pyrene-attached mutants
of both the excimers (345 nm) and monomers (343 nm). The
Pg < Py and the red-shift of the (0,0) transition band of the
excimer from that of the monomer are usually observed for
the preassociated pyrene structures.” The results observed
indicate the possible preassociation of the pyrene moieties
in the cavity of the TMV rod structures.

To investigate the pyrene association further, we recorded
the UV-visible spectrum of the C27A/A100C-pyrene mutant
at pH5.5 (Figure S5). The peak-to-valley ratio (P,) ob-
served for the (0,0) transition bands (345 nm, P,=1.18) de-
creased relative to that of the C27A/N98C-pyrene mutant
(344 nm, P,=1.30), which formed excimer only slightly.
This corresponds to the broadening of the absorption bands
of the C27A/A100C-pyrene mutant and means that pyrenes
in the C27A/A100C-pyrene mutant have a stronger m-inter-
action than those in the C27A/Q98C-pyrene mutant.!!

pH-dependence of pyrene excimer formation: To examine
the dependence of excimer emission on the pH values of
the solutions, we measured the fluorescence spectra at
pH 5.5, 6.5, and 7.5 (Figure 5). For the C27A/Q99C-pyrene
mutant, the excimer emission gradually decreased as the pH
value increased. In addition, the excimer peak shifted to a
longer wavelength (from 465 to 468 nm) as the pH was
changed from 6.5 to 7.5. Most of the TMV rods disassem-
bled into the disk structure at pH 7.6, as shown in the AFM
images in Figure 2. The wavelength of the excimer peak re-
flects the overlapping geometry of two pyrene moieties,'>!]
thus, this red-shift would be attributed to the rearrangement
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Figure 5. pH-dependence of the fluorescence spectra of the pyrene-modi-
fied TMVCP mutants: a) C27A/Q99C-pyrene mutant and b) C27A/
A100C-pyrene mutant. Excitation wavelength: 1., =345 nm. All spectra
were normalized to the (0,0) peak at 377 nm.

of the pyrene moieties from a rigid-packed to a more re-
laxed conformation in the TMV cavity. The C27A/A100C-
pyrene mutant also showed a decrease in excimer emission
as the pH increased from 5.5 to 6.5. The excimer peak also
showed a red-shift (465 to 469 nm) with a slight increase in
emission as the pH value increased from 5.5 to 7.5.

We also examined the formation of the rod structure with
pyrene-labeled TMVCP by mixing the pyrene-labeled
TMVCP and unlabeled TMVCP in a 1:1 ratio. The TMVCP
monomers were mixed at pH 8.0, then the pH was lowered
to 5.5 by dialysis. For the pyrene-labeled mutants at posi-
tions 99 and 100, the pyrene excimer of the mixture signifi-
cantly decreased relative to those of the pyrene-labeled
TMVCP (Figure S6). The excimer formation in the cavity of
the TMV rod is easily disrupted by the addition of the non-
labeled monomers, because pyrenes were separated by the
non-labeled monomers. The results indicate that the forma-
tion of the rod structure is directed mainly by interaction of
the TMVCP monomer, and the pyrenes simply assist the ex-
tension of the rod structures.

Behavior of the pyrenes in the inner cavity of the TMV rod
structure: To characterize the details of the association of
the pyrene moieties in the TMV cavity, we measured the
fluorescence lifetimes of emissions of both the pyrene
monomer and excimer under the various pH conditions. In
the case of the C27A/Q99C-pyrene and C27A/A100C-
pyrene mutants at pH 5.5, the rise of the excimer emission
was not observed on the timescale of a few ns, indicating

Chem. Eur. J. 2006, 12, 3735-3740
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Table 1. Fluorescence lifetimes (z; and 7,) of the pyrene monomer and excimer of the C27A/Q99C-pyrene

and C27A/A100C-pyrene mutants under various pH conditions."!
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98 is buried inside the interior
surface, and two neighboring

Monomer Excimer pyrenes were too far away to

TMVCP mutant pH 7 [ns] ©2[ns] fi f 71 [ns] v [ns] S 2 make contact. In contrast, the

C27A/Q99C—pyrene 5.5 8.6 52.9 0.81 0.19 5.7 41.7 0.65 0.35 positioning of pyrenes at posi_
6.5 8.2 59.8 0.81 0.19 6.1 43.8 0.70 0.30 .

75 7.0 6.8 079 021 6.7 468 070 oo 1ons 99 and 100 on the surface

C2IA/AI0C-pyrene 55 7.5 564 086 014 57 396 072 o028 Of the cavity can facilitate exci-

6.5 79 539 080 020 6.5 434 065 035 mer formation, due to their lo-

7.5 7.4 53.4 0.86 0.14 6.5 45.1 0.60 0.40  cation and orientation being fa-

[a] Measurement conditions are described in the Experimental Section. The f; and f, values denote the frac-

tions of the lifetimes of 7; and 7,, respectively.

that the pyrenes in the cavity of the rod structures exist in a
static form at pH 5.5, which is different from the pyrenes at-
tached to the polymer scaffolds.!"*"!

The relationship between the fluorescence lifetimes and
pH values is summarized in Table 1. The lifetimes of both
the monomers and excimers were fitted to two exponential
terms; one had a shorter lifetime and the other had the
normal lifetime of pyrene fluorescence, which were similar
to the pyrene-attached polymers."”! The short lifetime of the
pyrene monomers (7.0-8.6ns) may be attributed to the
rapid formation of the pyrene excimers, although the rise of
the pyrene excimer, which indicates the dynamic excimer
formation, was not observed. An explanation for this could
be that the formation of the pyrene excimers is obscured by
the very rapid quenching that occurs on the time scale of 2—
3 ns. In the case of the excimer, because the multiple pyr-
enes are densely packed in the inner cavity of the TMV rod,
the rapid quenching of the pyrene excimer by the neighbor-
ing pyrene moieties would occur within the short excimer
lifetimes (5.7-6.7 ns).

For both pyrene-attached mutants, the longer lifetimes of
the pyrene excimer gradually increased as the pH values in-
creased from 5.5 to 7.5. This indicates that the pyrene exci-
mers in the cavity of the TMV rod gradually change confor-
mation in response to pH. At pH 5.5, the TMVCP forms the
rod structures as observed in the AFM images (Figure 2).
Normally, the rod structures of the unmodified TMVCP dis-
assemble into the disk structures at neutral pH.”) These re-
sults indicate that the pyrene moieties in the disk structures
can maintain their interaction with a conformation slightly
different to that of the pyrene moieties in the rod structures.
Because the difference in the excimer lifetimes between the
rod and disk structures is small, it was difficult to distinguish
the disk structures from the rod structures at pH 7.5 by anal-
ysis of the fluorescence lifetimes of the pyrene excimers in
this study.

Finally, we estimated the locations of the pyrenes in the
cavity by analyzing the crystal structure of TMV and the re-
sults of excimer formation. The distances between the a-car-
bons of the neighboring monomers in the TMV rod struc-
ture were 1.03 nm for N98 residues, 1.04 nm for Q99 resi-
dues, 1.04 nm for A100 residues, and 0.95 nm for N101 resi-
dues. The distances between the a-carbons in the crystal are,
therefore, similar at around 1.0 nm.”! The pyrene at position
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vourable for interaction. In the
case of the pyrene at position
101, because the adjacent pro-
line 102 restricts the rotation of
the peptide chain, the consequently unfavorable orientation
of the side chain of position 101 may limit pyrene interac-
tion to form excimers. In addition, the arrangement of the
pyrene moieties in the TMV cavity was estimated. Because
of the significantly short emission wavelength (465 nm) and
lifetime (ca. 40 ns) of the excimer compared to those of the
bis-pyrenyl compounds, neighboring pyrene moieties have a
partially overlapped geometry as a rigid form in the
cavity.'¥ Therefore, the molecular planes of the multiple
pyrene rings may be arranged into a restricted conforma-
tion, leading to a m-stacked helical structure for the self-as-
sembly of the TMVCP monomers, without inhibiting the
formation of the TMV rod structure.

Conclusion

We have demonstrated the effect of the pyrene moiety on
the formation of rod structures and have characterized the
photochemical properties and arrangement of the pyrene
moieties in the cavity of the TMV rod. The pyrenes were
packed into the inner cavity of the TMV rod without affect-
ing the intrinsic properties of TMV assembly, and the length
of the rod structures was extended by the m-stacking interac-
tion of the pyrene moieties. Multiple pyrenes formed preas-
sociated structures with a partially overlapped geometry in
the TMV cavity. The TMV supramolecular system described
allows the integration of aromatic molecules into the cavity
of the TMV scaffold and serves to create well-ordered, self-
assembled molecular wires.” Furthermore, despite the
pyrene-attached TMV nanostructures, the diameter of the
cavity inside was maintained at 2.5 nm, which may allow for
the incorporation of functional molecules and polymers for
the construction of functional nanomaterials.

Experimental Section

Introduction of pyrene maleimide to TMVCP cysteine mutants: The four
cysteine mutants were labeled with N-(1-pyrene)maleimide according to
a previously reported method."! For introduction of pyrene to the cys-
teine mutant, the mutant (100 pgmL™") was treated with dithiothreitol
(DTT, 2-fold excess) for 2 h at 37°C to completely reduce the cysteine
residue, and then reacted with N-(1-pyrene)maleimide (dimethyl sulfox-
ide (DMSO) solution, 10-fold excess) in a 20 mm Tris-HCI (pH 8.0) solu-
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tion at 37°C for 2 h. The unreacted pyrene was removed by a gel filtra-
tion column (Sephadex G-25; Pharmacia) pre-equilibrated with the same
buffer (pH8.0). The pyrene-modified mutants were analyzed by
MALDI-TOF mass spectroscopy (Figure S2); MALDI-TOF MS (posi-
tive): m/z calcd for C27A/N98C-pyrene: 17867.1; found: 17845.6; m/z
caled for C27A/Q99C-pyrene: 17853.0; found: 17854.4; m/z calcd for
C27A/A100C-pyrene: 17910.1; found: 17885.8; m/z caled for C27A/
N101C-pyrene: 17867.1; found: 17859.4. For the rod-structure formation
at pH 5.5, the pyrene-attached TMVCP samples (1 mL) were dialyzed
against 2L of a buffer containing 20 mm phosphate buffer (pH 5.5) at
4°C overnight.

Atomic force microscopy: AFM images were acquired by using atomic
force microscopy (SPA400-DFM, Seiko Instruments) in the dynamic-
force mode. The sample containing the TMVCP monomer (50 ugmL ™)
in 20 mm sodium phosphate buffer (5 uL) was placed on a freshly cleaved
mica plate pretreated with 0.01 % aminopropyltriethoxysilane, adsorbed
for 5 min at RT, and then dried by gentle air blowing.

Steady-state spectroscopic measurements: The fluorescence and UV/Vis
spectra were acquired by using a Hitachi 850 spectrofluorometer and
JASCO V-530 spectrophotometer, respectively. The samples (1 mL) were
prepared by using dialyzed pyrene-attached TMVCPs (80 uygmL ",
4.5 um) in 20 mm sodium phosphate buffer (pH 5.5). The measurements
were performed at 23°C in a 1-cm path-length quartz cell. For the pH-de-
pendent experiments, the pH was stepwise increased from 5.5 to 7.5 by
addition of a NaOH solution and directly monitoring the pH with a pH
meter.

Fluorescence lifetime measurements: Fluorescence decays were acquired
by the single-photon-counting method using a streak scope (Hamamatsu
Photonics, C4334-01) equipped with a polychromator (Acton Research,
SpectraPro150). The ultrashort laser pulse was generated by a Ti:sap-
phire laser (Spectra-Physics, Tsunami 3941-M1BB, fwhm 100 fs) pumped
with a diode-pumped solid-state laser (Spectra-Physics, Millnnia VIIIs).
For excitation of the sample, the output of the Ti:sapphire laser was con-
verted to THG (310 nm) with a harmonic generator (Spectra-Physics,
GWU-23FL). Measurements were made at 23°C in a solution containing
4.5 um TMVCP-pyrene under various pH conditions. Data in the wave-
length ranges of 375-390 nm and 460-500 nm were collected for calcula-
tion of the monomer and excimer lifetimes, respectively.
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