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Abstract: A new protein-based approach has been developed for the construction of light-harvesting systems
through self-assembly. The building blocks were prepared by attaching fluorescent chromophores to cysteine
residues introduced on tobacco mosaic virus coat protein monomers. When placed under the appropriate
buffer conditions, these conjugates could be assembled into stacks of disks or into rods that reached
hundreds of nanometers in length. Characterization of the system using fluorescence spectroscopy indicated
that efficient energy transfer could be achieved from large numbers of donor chromophores to a single
acceptor. Energy transfer is proposed to occur through direct donor—acceptor interactions, although
degenerate donor-to-donor transfer events are also possible. Three-chromophore systems were also
prepared to achieve broad spectrum light collection with over 90% overall efficiency. Through the combination
of self-organizing biological structures and synthetic building blocks, a highly tunable new method has
emerged for the construction of photovoltaic device components.

Introduction Self-assembling protein scaffolds offer an attractive alternative
for the construction of arrays of regularly spaced chromophores
reminiscent of the natural systeéifl.In addition to offering

advantages of synthetic ease, the rigidity of protein-based
platforms would maintain the close chromophore spacing

Light-harvesting systems in nature absorb light and transfer
the energy to photosynthetic reaction centers, facilitating the
conversion of collected sunlight into chemical boAd#ie high
efficiency of the natural system is achieved through a precisely
spaced array of chromophores that can transport energy over (4) (a) Gilat, S. A., A.; Ffehet, J. M.J. Polym. Mater. Sci. Engl997, 77,

i i 91-92. (b) Gilat, S. L.; Adronov, A.; Fighet, J. M. JAngew. Chem., Int.
long distances through a series pf fluore_scence.resonance er_lergy Ed. 1000 33, 14251427 (&) Adronov. A Fiehet . M.J. Chem.
transfer (FRET) events. In addition to increasing the effective Commun200Q 1701-1710. (d) Dichtel, W. R.; Hecht, S.; Faket, J. M.

incti i i i i _ i J. Org. Lett.2005 7, 4451-4454. (e) Devadoss, C. B., P.; Moore, JJS.
extlnctlop cqefﬂment of the r_eactlon center, light-harvesting Am. Chem. S0d998 118 96359644, (f) Hahn, U.: Gorka, M.: Vogtie,
assemblies incorporate multiple types of chromophores that F.; Vicinelli, V.; Ceroni, P.; Maestri, M.; Balzani, VAngew. Chem., Int.

i ; ; FR Ed.2002 41, 3595-3598. (g) Balzani, V.; Ceroni, P.; Maestri, M.; Vicinelli,
collect light over a wide spectral bar_1dW|dth. In bacteria, it has V. Curr. Opin. Chem. Biol2003 7, 857-665. () Weil, T.: Relither, ..
been shown that over 200 bacteriochlorophylls can supply Miillen, K. Angew. Chem., Int. EQ002 41, 1900-1904. (i) Choi, M. S.;

: ; ; . Yamazaki, T.; Yamazaki, I.; Aida, TAngew. Chem., Int. EQR004 43,
energy to a single reaction center, allowing a dramatic enhance- 150-158. (j) Kodis, G.; Terazono, . Ligdeny A Andreassonf‘l; Garg,
ment in the overall rate of the subsequent redox processes \S/ Hg(%%oiggrislwiwl%g?’-(I-R)A'ithoore’ é' k;?us%hu. Am. ChAemL
. . oc. . omas, K. R. J.; ompson, A. L.;
'nVOlve_d in photosynthes%. ) ) Sivakumar, A. V.; Bardeen, C. J.; ThayumanavanJ.SAm. Chem. Soc.

Outside of the cellular context, light-harvesting systems could 2005 127, 373-383.

- ; Kim, J. S.; M D. T.; Rose, A Zhu, Z. G.; .M.
be used to sensitize solar cells, drive photocatalysts, and serve ® &) K - Sg Meduade. D e e S ice. (b)“échu(ﬁz’&s%gesrénn? 7.

as components of optical sensors. To this end, several strategies  Adronov, A.; Frechet, J. MJ. Chem. Commui2001, 1160-1161. (c) List,
. e . e . E. J. W.; Creely, C.; Leising, G.; Schulte, N.; Schluter, A. D.; Scherf, U.;
have been explored for the synthesis of artificial light-harvesting Mullen, K. Graupner, WChem. Phys. Lete00Q 325 132-138.

systems, with the goal of producing stable arrays with tunable (6) (2) Balaban, T. SAcc. Chem. Reg005 38, 612-623. (b) Balaban, T. S.;
Linke-Schaetzel, M.; Bhise, A. D.; Vanthuyne, N.; Roussel, C.; Anson C.
absorption characteristiésSuccessful scaffolds have been E.; Buth, G.; Eichhofer, A.; Foster, K.; Garab, G.; Gliemann, H.; Goddard,
provided by dendrimers,multilayer polymer films; direct gdbéaifgfgzgé;gg\;’g"’ A/ K.; Rosner, H.; Schimmel, Them. Eur. J.
porphyrin assembligsand semisyntheic metalloprotein com-  (7) Hu, Y. Z.; Tsukiji, S.; Shinkai, S.; Oishi, S.; Hamachi,J. Am. Chem.
7 i S0c.200Q 122, 241-253.
pIexes. EaCh of these SySthnS.prOVIde.S an elegant approaqh to (8) (a) Fiammengo, R.; Crego-Calama, M.; Reinhoudt, DCltr. Opin. Chem.
the challenging task of positioning multiple chromophores with Biol. 2001, 5, 660-673. (b) Prince, S. M.; Papiz, M. Z.; Freer, A. A;;
~ : ; ; B McDermott, G.; Hawthornthwaite-Lawless, A. M.; Cogdell, R. J.; Isaacs,
well-defined spatial relationships. N. W. J. Mol. Biol. 1997 268 412-423. (c) Astier, Y.. Bayley, H.;
Howorka, S Curr. Opin. Chem. Biol2005 9, 576-584. (d) Guler, M. O;

(1) Nelson, N.; Ben-Shem, ANat. Re.. Mol. Cell Biol. 2004 5, 971-982. Claussen, R. C.; Stupp, S.J. Mater. Chem2005 15, 45074512.

(2) Freer, A.; Prince, S.; Sauer, K.; Papiz, M.; Lawless, A. H.; McDermott, (9) Arecent system has been reported in which porphyrins were noncovalently
G.; Cogdell, R.; Isaacs, N. Wstructure1996 4, 449-462. bound to the surface of phage and were shown to undergo sensitization by

(3) (a) Alstrum-Acevedo, J. H.; Brennaman, M. K.; Meyer, Tindrg. Chem. tryptophan residues: Scolaro, L. M.; Castriciano, M. A.; Romeo, A.; Micali,
2005 44, 6802-6827. (b) Gust, D.; Moore, T. A.; Moore, A. lAcc. Chem. N.; Angelini, N.; Lo Passo, C.; Felici, . Am. Chem. SoQ006 128
Res.2001, 34, 40-48. 7446-7447.
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Figure 1. Donor (L and2) and acceptor3) chromophores used in this

study. Normalized fluorescence excitation and emission spectra are plotted [

against the solar spectruth.

required for optimal energy transfer while preventing energy
loss through contact quenching. Here, we report an example of
such a system, built from chromophore-labeled monomers of
the tobacco mosaic virus coat protein (TMVP). Previous studies
have highlighted the utility of intact viral capsids for the
construction of inorgant€ and organic materiafs.In constrast,
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Figure 2. (a) Self-assembly of modified TMV coat proteins into disk and
rod structures. Disks are composed of stacked layers, each containing 17
monomers. (b) Chromophore attachment results in complete labeling, as

the current study relies on the self-assembly of functionalized ?é;ser‘éed gYF)ES"MS- MOdiﬁe(:‘ monomers 'gss(e?“g'gci”to multilayer disk
. . . . . PO anda ro structures, as characterize Yy (C traces monitoring
protein subunits. S.,|mple. adjustments in pH a.nd ionic strength tryptophan fluorescenceidg = 295 nm. fem = 330 nm) and TEM (&).
cause these protein conjugates to assemble into disk- and rodThe scale bars represent 50 nm in d, 200 nm in e, and 100 nm in f. The
shaped materials capable of efficient energy transfer between900-nm rod indicated by the arrow in e contains over 6300 chromophores.
chromophores. The capability of the system to integrate different
types of chromophores is demonstrated, allowing light collection

over a broad range of wavelengths in the visible spectrum.

the solar spectrur?. 14 Appreciable overlap between the absorp-
tion and emission bands of the donor chromophore allows donor-
to-donor FRET to occur, and the overlap between the donor

Results and Discussion

Our design is based on the use of recombinant TMVP
monomer¥ bearing a reactive cysteine residue for chromophore
attachment. After expression of both the wild-type protein and
the S123C mutant protein iBscherichia coli the identities of
the desired proteins were confirmed through electrospray
ionization—mass spectrometry (ESI-MS) analysis.

The thiol-reactive chromophores selected for this study
include Oregon Green 488 maleimidf &s the primary donor,
tetramethylrhodamine maleimidg)(as an intermediate donor,
and Alexa Fluor 594 maleimide3) as the acceptor (Figure 1).

These chromophores were selected on the basis of their high,

extinction coefficients (80,060100,000 cm® M~1), relative
stability against photobleaching, and high degree of overlap with

(10) (a) Douglas, T.; Young, MNature1998 393 152—-155. (b) Shenton, W.;
Douglas, T.; Young, M.; Stubbs, G.; Mann, &dv. Mater.1999 11, 253.

(c) Douglas, T.; Strable, E.; Willits, D.; Aitouchen, A.; Libera, M.; Young,
M. Adv. Mater. 2002 14, 415. (d) Whaley, S. R.; English, D. S.; Hu, E.
L.; Barbara, P. F.; Belcher, A. MNature200Q 405 665-668. (e) Lee, S.
W.; Mao, C. B.; Flynn, C. E.; Belcher, A. MScience2002 296, 892—
895. (f) Medintz, I. L.; Sapsford, K. E.; Konnert, J. H.; Chatterji, A.; Lin,
T.; Johnson, J. E.; Mattoussi, Hangmuir2005 21, 5501-5510.

(11) (a) Wang, Q.; Lin, T.; Tang, L.; Johnson, J. E.; Finn, MABgew. Chem,
Int. Ed.2002 41, 459. (b) Wang, Q.; Kaltgrad, E.; Lin, T.; Johnson, J. E.;
Finn, M. G. Chem. Biol.2002 9, 805-811. (c) Raja, K. S.; Wang, Q.;
Gonzalez, M. J.; Manchester, M.; Johnson, J. E.; Finn, MBi@macro-
molecule2003 4, 472—-476. (d) Smith, J. C.; Lee, K. B.; Wang, Q.; Finn,
M. G.; Johnson, J. E.; Mrksich, M.; Mirkin, C. ANano Lett.2003 3,
883-886. (e) Hooker, J. M.; Kovacs, E. W.; Francis, M.B.Am. Chem.
Soc.2004 126, 3718-3719. (f) Schlick, T. L.; Ding, Z. B.; Kovacs, E.
W.; Francis, M. B.J. Am. Chem. SoQ005 127, 3718-3723.

(12) shire, S. J.; McKay, P.; Leung, D. W.; Chachianes, G. J.; Jackson, E.;
Wood, W. I. Biochemistry1990 29, 5119-5126.

emission band and the acceptor absorption band promotes donor-
to-acceptor FRET. After reaction with reageits3 at pH =

7.0 for 15 min, the mass of cysteine mutdrincreased by the
molecular weight of the maleimide derivatives (Figure 2a, b).
The mass of the wild-type TMVP remained unchanged under
similar reaction times, indicating selective modification of the
engineered cysteine. The site selectivity of this labeling reaction
was also supported by trypsin digest analysis (Supporting
Information, Figure S1). The use of a similar cysteine-based
strategy has recently been reported for the attachment of pyrene
to the inner cavity of TMV rodg4?

The assembly properties of the TMVWehromophore con-
jugates §) were next investigatetf. Disk structures &) were
formed upon raising the potassium phosphate concentration from
0.1 to 0.4 M (pH= 7). The extent of the assembly was
monitored by size-exclusion chromatography (SEC, Figure 2c).
Characterization by transmission electron microscopy (TEM,
Figure 2d) revealed disks with a characteristic central pore and
an outside diameter of 18 n#A.In a previous report, native
recombinant TMVP was observed to assemble into four-layer
stacked disk$® However, under our buffer conditions, the

(13) PanchukVoloshina, N.; Haugland, R. P.; BishejStewart, J.; Bhalgat,
M. K.; Millard, P. J.; Mao, F.; Leung, W.-Y.; Haugland, R. PHIstochem.
Cytochem1999 47, 1179-1188.

(14) ASTM G173-03.: Extraterrestrial Spectrum, Terrestrial Global 37 deg South
Facing Tilt & Direct Normal+ Circumsolar. ASTM International.

(15) Endo, M.; Wang, H. X.; Fujitsuka, M.; Majima, Them. Eur. J2006
12, 3735-3740.

(16) (a) Klug, A.Phil. Trans. R. Soc. London, Ser.1B99 354, 531-535. (b)
Butler, P. J. GPhil. Trans. R. Soc. London, Ser.1B99 354, 537—550.
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S123C mutant yielded a population of disks ranging from 2 to a: Rod assembly b: Absorbance spectrum
6 layers, as determined from the measured thicknesses of sever Donor (1) Accentor (3
oblique samples (Supporting Information, Figure S2). While 43@ -&iﬁ: "'1'“ '1”()
these data indicate that a variety of disk aggregates are present wolc'® |\ =« S §
the figures in this report will depict the double-layer disks, as + — ::‘:-5:.' g
these appear to be the smallest aggregates in solution under thes 4 :% 18
conditions. Acceptor (3) 5,:"
. . Monomer
Despite the steric bulk of the attached chromophores, large 400 Wavelongth (nm)

rod aggregates were formed upon dialysis against 100 mM

sodium acetate (pkk 5.5). SEC analysis indicated tha®4%

of the protein monomers were incorporated into these as- o

semblies, and TEM anlaysis revealed that the rods could extend §

over hundreds of nanometers (Figure 2e). The central channel§

of the assembly was visible in samples stained with uranyl &

formate (Figure 2f), and the diameter of the rods matched that | T i
450 545

of samples prepared from unlabeled monomers. As the presenct Excitation Wavelength (nm)

of the chromophores leads to no apparent distortion of the £

assembly, it is likely that the flat aromatic groups occupy the Color fi3 Alenta Lo o vty

RNA-binding channel that is present in the native virus (see m o0:1 o008 . -

Figure 3f). The cysteine attachment site is well-positioned for m 1: 0.3 1 36%

this to occur. These assemblies contain 700 chromophores pel & 16: 45 1.4 38%

[

]

c¢: Donor contribution d: Antenna effect

Excitation

All other traces result
from donor excitation

Fluorescence

1
1
100 nm of rod length with an estimated horizontal spacing of 33:1 82 233 47%
1.8 nm and a vertical spacing of 2.3 nm. Both of these distances :Z; : e /T %
are within the expected Fster radius for energy transfer o

b.etween .these dyes (see Supporting Information for an eStlma_Figure 3. Self-assembly of light-harvesting structures. (a) Mixtures of
tion of this value). TMVP monomers labeled witd and 3 were assembled into rods. (b)

A key attribute of light harvesting systems is the number of {Eee oo 8 ma e e o specta were obtained by
donor ghrom_ophores that C‘_)m”b_Ute to a?cceptor emission. TO monitoring the fluorescence of accep®at 650 nm and normalizing at
determine this, rod assemblies with varying donor-to-acceptor the maximum excitation wavelength of accef@¢697 nm). (d) The antenna
ratios were formed. Chromophordsand 3 were chosen for effect for eagh _spectrurr_)h(x = 49_5 n_m) is shown relative to the sample’s

. . L . acceptor emission by direct excitatioty,(= 588 nm). (e) Tabulated data
this purpose, as their excitation and emission spectra ‘_Nere We"'for these systems. The antenna effect (column three) was normalized to
resolved and therefore could be used to determine thesedirect acceptor excitation. The number of donors contributing to the emission
parameters accurately. Monomers modified with either 3 ?hf a_Sitng'e acceptor Chro’_‘:‘)tphore in faChfSYStegécto'%Tg four) represents

. . . S . . e integration of the excitation spectrum from 0 nm, relative to
Wer.e Comb'ne_d in the apper”ate StO'Ch'omet.”C ratios (on .the the 1:1 chromophore system. The overall efficiency of each system (column
basis of protein concentration, as measured in stock solutionsfive) was calculated by comparing the peak at 495 nm in excitation and
using a Bradford ass&y, and were allowed to equilibrate before absogba“C‘? dSDECtra normalized bat t597 o (gf)t For Systtemf] with 'ﬁfge
. . S . numbers of donors, energy can be transferred to acceptor chromophores
Zl;)fferb exchange into rOd'f?r?mg Clolndltlons (tl;!gure 36;1)' through direct FRET (path 1) or via multiple donor-to-donor transfers (path
sorbance measurements of the resulting assemblies are showpa and 2b).

in Figure 3b.

Fluorescence excitation measurements indicated that donor€ occurring from nonadjacent donor chromophores. Assuming
excitation is by far the major contributor to acceptor emission & random orientation of the chromophores and an aqueous
in systems with high donor-to-acceptor ratios (Figure 3c). To refractive index, the Fster radii can be estimated at 4.0 nm
ensure that residual donor fluorescence was not being collected for donor-to-acceptor transfers and at 4.4 nm for donor-to-donor
the reported spectra were collected at 650 nm, rather than atfansfers (see Supporting Information for calculation details).
the acceptor emission maximum of 612 nm. However, spectraThus’ it is possible tha_t_dlrect energy transfer can occur from
collected at 650 nm revealed analogous trends. A comparisondo_nOrs up to two positions away from each acceptor group
of rods containing 33 donors per acceptor to systems containing(':'gl.Jre 3f, Path 1). Energy transfer can alsg occur through
equal amounts of the two chromophores indicated that at IeastmunIIDIe degenerate donor-to-donor events (Figure 3f, Path 2a

. and 2b). On the basis of distance and spectral overlap calcula-
20 donor chromophores can funnel energy to a single acceptor._. . .
o . A tions, the latter pathway should occur approximately 20 times
This is likely to be a lower estimate, as some losses will occur

. more rapidly. Both possibilities are being considered in ongoing
with each energy-transfer event. experiments to elucidate this process.

Since a single acceptor molecule can have a maximum of  Ap alternative way to evaluate the light-harvesting capabilities
eight neighboring donors (Figure 3f), energy transfer must also of the system is to determine the degree to which donor

excitation results in amplified acceptor emission, previously

[ 16:1 ratioof 110 3

om

1:

(17) (a) Bhyravbhatla, B.; Watowich, S. J.; Caspar, D. LBiophys. J1998 i “ " iti .
77 604615, (b) Patianayok R. Siubbs BMOL. Biol, 1062 298 516- defined as the “antenna effect” in reports of dendritic syst®ms
528.

(18) Hwang, D. J.; Roberts, I. M.; Wilson, T. M. ARroc. Natl. Acad. Sci. (20) Brousmiche, D. W.; Serin, J. M.; Faket, J. M. J.; He, G. S.; Lin, T. C;
U.S.A.1994 91, 90679071. Chung, S. J.; Prasad, P. N.; Kannan, R.; Tan, L1. ®hys. Chem. B004

(19) Bradford, M.Anal. Biochem1976 72, 248. 108 8592-8600.
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large donor/acceptor ratios, some disk structures will lack acceptor

chromophores and thus cannot participate in light harvesting. This effect

can be observed by comparing the fluorescence excitation spectra for disk
and rod aggregates with (a) 16:1 and (b) 1:1 donor to acceptor ratios.

Emission is monitored at 650 nm, and spectra are normalized to the acceptor
excitation maximum (597 nm).

M Doner 1 Donor 2 W Acceptor 3

For each donor:acceptor ratio, this value was calculated using _ . h ; h or broad liaht h i
the following equation: F/gure 5. Three-cl romopnore systems or pbroa -spectrum 19 arveslting.

TMVP monomers labeled with, 2, or 3 were combined in the ratios
indicated in a. (a) Fluorescence excitation spectra (Ex), normalized
antenna effect lA(ex495{|A(ex597) at the acceptor excitation at 597 nm, indicated light harvesting over a wide
range of wavelengths. The absorbance spectrum (Abs) for the 8:4:1 system
where | aexso7) is the acceptor emission resulting from direct is SEOWH in Ired- (b) Tfrl]e anten?a effect for each Spectl’ngé 495 nm)
ot ; . ; is shown relative to the sample’s acceptor emission by direct excitation
acceptor excnatl_on ?lﬂd(exggs)ls the acceptor emission resulting (lex = 588 nm). (c) Spatial distribution of chromophores for the 8:4:1
from donor excitation (Figure 3d). In the absence of donor gygiem.
chromophores, this value is only 6%. For rods assembled from
1:1 donor-to-acceptor solutions, a value of 30% was obtained than ideal spectral overlap betwekand3, a third chromophore
(compare the black and orange curves). However, the acceptoiwas added to the system to facilitate energy transfer. Monomers
emission increased significantly as the relative number of donor labeled with2 were added to solutions of monomers labeled
dyes was increased. An overall 4-fold amplification of acceptor with 1 and3 before rod assembly. Since the absorbance spectra
emission was observed in constructs containing a 16-fold excessof the chromophores may vary depending on pH and protein
of donors (yellow curve); further increase to one acceptor per attachment? all monomer concentrations were determined using
33 donors (green curve) resulted in an 8-fold increase of acceptorBradford assay8 before initiating assembly. In addition to
fluorescence. Energy transfer was eventually saturated at oneintroducing a strong absorption band at 552 nm, the new

acceptor per 101 donors, resulting in an 11-fold increase, andchromophore was found to enhance the efficiency of energy

an effective extinction coefficient of over £ 10° cm™ M1 transfer from1 to 3 (Supporting Information, Figure S5 and
for the acceptors at 495 nm. These data are summarized inS6). This can be seen by the increased contribution of chro-
Figure 3e. mophorel to acceptor fluorescence in rods containing equal

The efficiency of energy transfer showed a strong dependenceamounts of the three chromophores, relative to that observed
on the assembly state. Control experiments indicated thatin a system lackin@ (Figure 5a, orange and light-blue curves).
minimal energy transfer occurs between monomers and oligo- Since energy back transfer frol to 1 is inefficient,
meric aggregates, Figure 4a (see also Supporting Information,assemblies comprising larger numbers of donor chromophores
Figure S4). Disks containing 16 donors per acceptor showedwere prepared such that chromophdtehad access to a
marked improvement upon assembly into rods. One explanationcontinuous pathway to accept8r This was accomplished by
for this behavior is the presence of a statistical population of first preparing two independent samples of disks: one labeled
disks that lack an acceptor dye, effectively removing the homogeneously with dondr, and a second with a 4:1 ratio of
contribution of these donors from the acceptor fluorescence 2 and 3. These separate samples were then combined and
(Figure 4a). These isolated donor systems do not occur uponassembled into striated rods containihg?, and3 in a final
incorporation into the larger rod assemblies, allowing the full ratio of 8:4:1 (Figure 5c). The resulting system exhibited
set of donor dyes to participate in light harvesting. In line with efficient transfer of light collected over a broad set of wave-
this explanation, energy transfer in disks containing one lengths (Figure 5a, b) and an antenna effect of 4.6 at 495 nm.
donor per acceptor does not increase upon assembly into rodsThe overall efficiency of the system was determined to be over
(Figure 4b). 90% (Figure 5a) by comparison of the absorbance and excitation

The overall efficiency of the 2-chromophore system was spectra. This behavior was confirmed by the observation of
measured by comparing the excitation spectra to the absorbanceirtually complete donor quenching (Supporting Information,
spectra, normalized at the acceptor wavelength (597 nm) Figure S7¢324For comparative purposes, an assembly contain-
(Supporting Information, Figure S8).This analysis indicated  ing an identical 8:4:1 ratio of chromophores was prepared from
that, depending on the chromophore ratio;-3%% of the light disks displaying a random mixture of chromophores. Even this
absorbed by the system can be funneled to the acceptor group
(Figure 3e). As this low efficiency was likely due to the less (22) Invitrogen Corporation. Alexa Fluor 555 By A Superior Alternative to

Tetramethylrhodamine and Cy3 (PDF). http://probes.invitrogen.com/media/
pis/x21422.pdf (accessed 11/31/2006).

(21) (a) Chen, M.; Ghiggino, K. P.; Thang, S. H.; Wilson, GAdgew. Chem., (23) (a) Vijayalakshmi, N.; Maitra, UOrg. Lett. 2005 7, 2727-2730. (b)
Int. Ed. 2005 44, 4368-4372. (b) Bai, F.; Chang, C. H.; Webber, S. E. Yilmaz, M. D.; Bozdemir, O. A.; Akkaya, E. WOrg. Lett.2006 8, 2871~
Macromolecules1986 19, 2484-2494. (c) Gomez, R.; Segura, J. L.; 2873.

Martin, N. Org. Lett.2005 7, 717—720. (24) See Supporting Information for spectra.
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system was capable of achieving an overall efficiency of 84% Ndel and Ncol (NEB) before ligation into pET20b with T4 DNA ligase
(Supporting Information, Figure S8). (NEB). A TMVP-S123C mutant construct was made using standard
recombinant techniques.

Expression and Purification of Recombinant TMV Coat Protein

By taking advantage of the robust nature of TMVP self- (TMVP). TMVP was expressed and purified according to a modified
assembly and the rigid positioning that the resulting scaffolds terature procedur& Tuner DE3pLysS competent cells (Novagen) were

. . . . . transformed with pTMVP, and colonies were selected for inoculation

provide, this new light-harvesting system provides a useful

building block f tical devi tructi It dul t of Terrific Broth cultures. When cultures reached mid-log phase as
uiiding biock tor optical device construction. Its modular naturé - yoq mineq by O.D. 600, expression was induced by addition of 10

allows the gomposition of chromqphores to.be changed easilyﬂM IPTG (Invitrogen). Cultures were grown 48 h at 30°C, were
to match virtually any spectral input. To incorporate these harvested by centrifugation, and were stored-80 °C.
assemblies into photovoltaic and photocatalytic devices, current | 4uced cells were thawed and resuspended in ice-cold Buffer A

efforts are focusing on the use of additional chemical modifica- (20 mm Tris, pH= 7.2; 5 mM DTT; 20 mM NaCl) containing 1 mM
tions to attach synthetic functionalities to the inside and outside pefabloc SC (Roche). Cells were lysed by sonication (Branson
of the light-harvesting rods In terms of fundamental research,  Ultrasonics), and the resulting lysate was cleared by ultracentriguation
this system could be used as a scaffold for modeling the for 50 min at 40,000 rpm in a Beckman 40 Ti rotor. The cleared lysate
multidonor energy transfer that occurs in natural systems. With was applied to a DEAE anion-exchange column (Amersham) and was
this goal in mind, time-resolved fluorescence studies are in €luted with Buffer A at #C. Fractions were analyzed by SDS-PAGE,
progress to gain further understanding of the energy-transferand fractions containing TMVP were combined, concentrated, and

Conclusions

characteristics of this system. dialyzed ag{iir]st 50 mM sodium citrate buffer, p#—BS The resulting _
TMVP precipitate was collected by centrifugation, was washed with
Materials and Methods additional citrate buffer, and was resuspended in Buffer B (100 mM

] ) Tris, pH 8). The purified TMVP was quantified by Bradford assay,
General Procedures.pnless otherwise noted, all chemlcgls and was flash-frozen, and was stored-620 °C. The TMVP-S123C mutant
solvents were of analytical grade and were used as received from,, oo prepared in the same manner, except Buffer A contained 15 mM

commercial sources. Water (dd8) used in biological procedures or - pr and Buffer B contained 10 mM TCEP to prevent thiol oxidation.
as reaction solvents was deionized using a NANOpure purification
system (Barnstead, United States). The centrifugations required in spin General Procedure for Chromophore Attachment. A thawed

' : aliquot of TMVP (8.0 mg/mL in 100 mM HEPES buffer, pH 6.5, 1%

concentration steps were conducted using an Allegra 64R Tableto ? .
Centrifuge (Beckrgan Coulter, Inc Unitengtates) ’ pTCEP) was exchanged into 100 mM KD, pH 7, using a NAP-10
L ) column. The solution was diluted to 1.5 mg/mL in TMVP, and 5 equiv

frolr:1)1n(;rmtgl|a;?)llsgséileblgg;g:riliniigpljzi:vegiodse siiltzd_zasnci;netﬁ:fa;ateedof maleimide-functionalized chromophore was added as a DMF solution
9 P 9 (up to 5%, v/v). In optimization experiments, the higher DMF

columns (Amersham Biosciences, United States) and NAP-5 and NAP- . ! ) .
concentrations, increased equivalents of the dye, or extended reaction

10 gel filtration columns (Amersham Biosciences, United States). . . ; :
. S times led to overlabeling, presumably at the native C27 residue. The
Control experiments have indicated that assembled TMVP aggregates . . A
. . . reaction mixture was vortexed briefly and was left at room temperature
elute in the void volume of these columns, while small molecules are . . . ;

. " . . for 15-20 min. The reaction was quenched with 20 equiv of
retained. Additionally, 3500 molecular weight cutoff Slide-A-Lyzer p-mercaptoethanol, and the mixture was passed through a NAP-10
Dialysis Cassettes (Pierce Biotechnology, Inc., United States) were P ' P roug

- column to remove excess chromophore. Conversion of TMVP to
employed as indicated below. o ;
. . . modified product was monitored by LC/ESI-MS and YMs spec-
Instrumentation and Sample Analysis PreparationsElectrospray . . . .
. . ., troscopy. Reactions involving smaller molecular weight dyes, such as
LC/MS analysis was performed using an API 150EX system (Applied . o
- . . . Oregon Green 488, required a shorter reaction time compared to those
Biosystems, United States) equipped with a Turbospray source and an ) . e
; ) . - involving larger dyes, such as Alexa Fluor 594. The site selectivity of
Agilent 1100 series LC pump. UWis spectroscopic measurements o ; X
: the modification reaction was confirmed through mass spectrometry
were conducted on a Tidas-Il benchtop spectrophotometer (J & M, ; . ) . ) :
- nalysis of peptide fragments after digestion with trypsin (see Sup-
Germany). Fluorescence measurements were obtained on a Fluoromax-2"2 )
porting Information for spectra).
spectrofluorometer (ISA Instruments). Samples were prepared for TEM i . -
analysis by applying analyte solution (approximately 0.2 mg/mL in _ Assembly of TMVP Disks and Rods.Solutions of dye-modified
TMVP) to carbon-coated copper grids for 3 min, followed by rinsing TMVP monomers were diluted to 0.75 mg/mL and were dialyzed
with dd-H;0. The grids were then exposed to a 1% aqueous solution c_:vermght against 25 mM phosphate_buffgr, pH 8, to a_chleve equilibra-
of either uranyl acetate or uranyl formate for a short time (30 s to 1 tion to the monomer staté. After dialysis, TMVP mixtures were
min) as a negative stain. Transmission electron microscopy (TEM) analyzed by size-exclusion chromatography using an HPLC equipped
images were obtained at the Berkeley Electron Microscope Lab using USing & Phenomenex PolySep-GFC-P 5000 column (3G08 mm,
a FEI Tecnai 12 transmission electron microscope with 100 kv flow rate 1.0 mL/min) equilibrated with 25 mM phosphate buffer, pH
accelerating voltage. High-resolution images were obtained with a 8. The concentration of dye-modified TMVP monomers was quantified
Tecnai 12 transmission microscope equipped with a LaB6 source. Using a Bradford assay.
Images were recorded on a Gatan Multiscan 794 CCD camera or on  The monomers were combined in the stoichiometric ratios and were
Kodak 1SO-163 films and then were scanned with a Nikon Super allowed to equilibrate fo3 h atroom temperature to allow for exchange
Coolscan 8000 scanner with a 1if raster size. between any preformed small aggregates before assembly. To assemble
Construction of TMVP Expression Plasmids.pTMV0041, a wild- the protein into disks, monomer solutions were exchanged into 0.4 M
type TMV cDNA clone, was received as a gift from Dr. Dennis phosphate buffer, pH 7, using a NAP-5 size-exclusion column and were
Lewandowski, University of Florida. Standard recombinant techniques dialyzed overnight. For assembly into rods, monomer solutions were
were used to construct an expression plasmid with pET20b vector DNA exchanged into 100 mM sodium acetate buffer, pH 5.5, and were
Novagen). The TMVP gene was amplified by PCR, using an upstream dialyzed two days, followed by two additional days of equilibration.
(Novag g p y ganup y y y y: q
primer with the sequence-EBATTCGTTTTACATATGTCTTAC-3 After dialysis, the conversion to larger structures was monitored by
and a downstream primer with the sequen¢eTAGTACCATG- size-exclusion chromatography, and the assemblies were characterized
GCATCTTGACTAC-3. The amplification product was digested with  visually using TEM.
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Spectroscopic MeasurementsThe spectroscopic properties of all Supporting Information Available: MALDI-TOF MS analy-
monomer, disk, and rod solutions were investigated by collecting steady- sis of modified TMVP trypsin digest; characterization of the
state absorbance and fluorescence measurement.s. Samples were dilut¢dcombinant S123C coat protein under disk buffer; energy-
to 0.1 OD for fluorescence measurements. Excitation measurements . . «tor calculations for the two-chromophore system; overlays
of the two- and three-dye systems were collected at 650 nm rather than .
the emission maximum of chromophoBe(617 nm) to minimize the of the absorbance and excitation spectra of the two- and threg-
direct contributions from chromopho&emission. Area integrations chromophore systems; absorbance spectra of rod assemblies
were calculated using Kaleidagraph 4.0 graphing software. containing various ratios of dondy donor2, and acceptos;
overlay of the emission spectra of selected one-, two-, and three-
chromophore systems; a comparison of rods contaitijn2
and 3 (8:4:1), in which chromophores are either randomly
distributed or layered through assembly from preformed disks;
and emission spectra of Oregon Green 488, tetramethyl-
rhodamine, and Alexa Fluor 594 in the monomer buffer, disk
buffer, and rod buffer. This material is available free of charge
via the Internet at http://pubs.acs.org.
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