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Nanoscale Integration of Sensitizing Chromophores and Porphyrins

with Bacteriophage MS2**
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Photosynthetic systems integrate broad-spectrum light-har-
vesting arrays with reaction centers that generate a charge
separation upon photoexcitation.) To optimize energy and
electron transfer, the distances between the individual
components are established with nanometer precision by
self-assembling scaffolds of multiple membrane-bound pro-
teins.’) Numerous investigations have sought to mimic this
arrangement of chemical moieties for energy-conversion
applications,”! commonly with porphyrins as the final elec-
tron-transfer components. For example, porphyrins have been
arranged into nanometer-scale arrays through the use of
covalent linkages,””! hydrogen bonds, and metal coordina-
tion.®”] In terms of polymeric structures, dendritic architec-
tures have been used with particular success for the con-
struction of porphyrin-based photocatalytic materials.'*"®!

As larger and increasingly complex systems are devel-
oped, it becomes difficult to mimic the long-scale rigidity
necessary for optimal energy transfer. It also becomes
synthetically cumbersome, although not impossible, to install
large numbers of porphyrins and other components while
maintaining control of positioning and solubility properties.
An alternative and potentially highly efficient synthetic
strategy is provided by the self-assembling proteins that
comprise viral capsids, as their multiple subunits can be
modified with chemoselective bioconjugation reactions to
position synthetic groups in specified locations. With a view
toward the development of photocatalytic or chemically
catalytic materials, porphyrins have been templated non-
covalently by the surface of bacteriophage M13 to enable
sensitization by tryptophan residues in the coat proteins,'”!
iron porphyrins have been captured by using poly(His) tags
introduced into the cowpea mosaic virus coat protein,'® and
the coat proteins of the tobacco mosaic virus (TMV) have
been used to arrange both fluorescent dyes!'” and porphyr-
ins®”! within the RNA-binding channel of the virus.

An important next step in this field is the attachment of
several different types of groups to the protein scaffolds; this
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goal requires multiple site-selective bioconjugation reactions.
Herein we demonstrate this concept by using a multistep
synthetic protocol to arrange fluorescent dyes and a zinc
porphyrin on the surface of bacteriophage MS2. This
positioning enables energy transfer and sensitization of the
porphyrin at previously unusable wavelengths, as demon-
strated by the ability of the system to effect a photocatalytic
reduction reaction at multiple excitation wavelengths.

The protein shell of bacteriophage MS2 is comprised of
180 identical monomers arranged in a hollow shell with a
diameter of 27 nm. The protein subunits can be expressed
recombinantly in Escherichia coli and are obtained as fully
assembled monodisperse capsids that are stable from pH 3 to
pH 10 and at temperatures approaching 60°C.[*' A total of
32 holes of 1.8nm in diameter enable appreciably large
reagents to enter the structures for interior surface modifica-
tion.”"?!l To create photocatalytic materials, we chose to
attach donor chromophores to the interior surface of MS2 and
to position zinc porphyrins capable of electron transfer on the
exterior (Figure 1a). Such an arrangement would function by
fluorescence resonance energy transfer (FRET) through the
2 nm thick protein shell. Zinc porphyrin photocatalysts have
been used in a variety of energy-conversion systems® >
owing to their ability to transfer electrons to carbon nano-
tubes or fullerenes,**” or to electron carriers (such as methyl
viologen, MV?") that can be used to produce H,, NADH,
NADPH (the reduced forms of nicotinamide adenine dinu-
cleotide and nicotinamide adenine dinucleotide phosphate,
respectively), and lactic acid.?”-331

We targeted the interior of the capsid by changing the
native N87 residue into a cysteine residue and modifying it
with maleimide-containing dyes (Figure 1b). We chose dyes
that absorb at wavelengths at which the porphyrin does not,
and with emission spectra that overlap with a particular
porphyrin absorbance band. Alexa Fluor 350 (1) was chosen
to sensitize the porphyrin Soret band at 424 nm, and Oregon
Green 488 (2) was selected to target the first porphyrin
Q band at 557 nm (Figure 2). Treatment of the capsids with
the maleimide dyes (20 equiv) for 2 h at room temperature
resulted in complete modification of the monomers (180 dyes
per capsid), as determined by ESIMS (see Figure S2 in the
Supporting Information). Furthermore, the small Stokes shift
of 2 enables FRET to occur between apposed donor dyes, as
the distance between adjacent C87 residues (0.9-3.7 nm)®# is
below the Forster radius of 4.0 nm for FRET between two
molecules of 2.”¥! The two native cysteine residues of the
capsid proved unreactive towards the modification conditions
(see Figure S7 in the Supporting Information).

As there are six lysine residues on each monomer,
modification methods based on N-hydroxysuccinimide
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Figure 1. Modification of N87C T19pAF MS2. a) Two mutations (N87C and T19pAF) were introduced into subunits of the MS2 coat protein. After capsid
formation in E. coli, the interior and exterior surfaces were differentially modified in a multistep sequence. b) The interior of the capsid was modified at C87
(red) with either Alexa Fluor 350 (1) or Oregon Green 488 (2) maleimide dyes. Up to 180 copies of each chromophore were installed. c) The exterior of the
capsid was modified first through an oxidative coupling reaction to attach aldehyde 3 to the pAF19 groups (blue), and subsequently with the aminooxy-
containing porphyrin 4 to form stable oxime linkages. This design enables energy transfer from the dye inside the capsid to the porphyrin on the outside

through FRET.

esters?! would not be suitable for the installation of a single
porphyrin per capsid monomer. Instead, we targeted the
artificial amino acid p-aminophenylalanine (pAF), which we
previously showed® can be incorporated into MS2 capsids by
using the amber-codon-suppression technique developed by
Schultz and co-workers.?**! The N87C/T19pAF MS2 double
mutant was used in all experiments described herein and was
obtained by recombinant expression in E. coli that possessed
the appropriate tRNA and aminoacyl tRNA synthetase with a
yield of 10 milligrams per liter of culture.

Previously, we reported the coupling of phenylenediamine
derivatives to pAF in 30-60 min with aqueous periodate.”>!
We have since found that N,N-dimethylanisidine derivatives
couple to this residue with equivalent chemoselectivity in only
a few minutes (see Figure S8 in the Supporting Information).
This process enables the rapid installation of up to 180 copies
of aldehyde 3 on the capsid exterior (Figure 1c). We
subsequently modified the aldehyde with the aminooxy-
containing porphyrin 4, the synthesis of which was based on
previously reported procedures,?*% in concentrations
ranging from 20 um to 2.5 mm. The degree of porphyrin
attachment relative to the donor dye (Figure3c) was
determined by comparing the extinction coefficients of the
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Soret band of 4 with the absorbance maximum of donor 1 or 2.
Capsids without aldehyde 3 showed only minimal noncova-
lent association of the porphyrin (see the Supporting Infor-
mation). Although the porphyrins can also be attached to
pAF in a single step, we chose instead to develop this two-step
bioconjugation procedure to enable the future attachment of
metal catalysts that would be sensitive to the periodate used
in the oxidative coupling reaction. In the doubly modified
capsids, the dyes were positioned at a distance of 2.4-3.1 nm
from the porphyrins (as measured from the crystal struc-
ture).’”) The capsids remained intact and water soluble
throughout all synthetic steps, as determined by size-exclu-
sion chromatography and transmission electron microscopy
(see Figures S3 and S4 in the Supporting Information).

To detect FRET from the dyes inside the capsids to the
porphyrins on the outside, we obtained excitation spectra for
the conjugates by monitoring the porphyrin fluorescence
(Figure 4). The capsids showed porphyrin fluorescence upon
excitation of donor 1 or 2, which indicated that energy
transfer did indeed occur through the protein shell. A greater
excitation contribution was observed at the donor wavelength
relative to the intensity of the porphyrin excitation band for
systems with fewer porphyrins per donor. This result indi-
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Figure 2. Comparison of the excitation and emission spectra of the
chromophores used in this study. FRET is possible owing to the
overlap of the Alexa Fluor 350 emission band with the porphyrin Soret
band and the overlap of the Oregon Green 488 emission band with
the first porphyrin Q band.

cated that a greater number of dyes contributed to the
fluorescence of any single porphyrin.

The energy transfer was further confirmed by monitoring
the quenching of the donor emission by the porphyrin. The
emission spectra upon excitation at either 350 nm (for 1) or
500 nm (for 2) are shown in Figure 5a,b. The normalized
spectra for capsids containing either donor 1 or donor 2 (as
well as aldehyde 3) but lacking acceptor 4 are also shown. The
decreasing donor emission as well as the increasing porphyrin
fluorescence emission in Figure Sc,d further demonstrated
energy transfer.

We next investigated the electron-transfer ability of the
porphyrin, because this property provides a more relevant
way to use the transferred energy. The excited state of zinc
porphyrins can reduce the methyl viologen dication (MV?*")
to its radical cation (MV™), the formation of which can be
monitored on the basis of its absorbance at 605 nm.””*! By
the inclusion of 2-mercaptoethanol as a sacrificial reductant,
the porphyrin cation that is generated can be reduced to close
the catalytic cycle (Figure 6a). Because the peak of the solar
spectrum occurs at around 500 nm,*¥ we used capsids
containing donor 2 for these investigations and illuminated
them with light of wavelength 505 nm from a home-built light-
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Figure 3. UV/Vis spectra of the a) MS2—Alexa Fluor—porphyrin and

b) MS2-Oregon Green—porphyrin systems. The spectra are normalized
at the absorbance maximum of the donor dye. c) The ratio of the
donor to the porphyrin was calculated by comparing the absorbance
ratios and using the extinction coefficients listed in Figure 2. The
number of porphyrins per capsid was calculated by assuming complete
dye conversion and dividing the total number of monomers (180) by
the number of dyes per porphyrin.
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Figure 4. Excitation spectra of conjugates a) MS2-1-4 and b) MS2-2—
4. The insets show expansions of the areas of maximum donor
excitation. The MS2-1-4 spectra were normalized at the porphyrin
Soret band, and excitation was monitored at the first porphyrin
emission band at 602 nm. The MS2-2—4 spectra were normalized at
the first porphyrin Q band, and excitation was monitored at the
second porphyrin emission band at 655 nm to minimize any residual
fluorescence emission from the Oregon Green dye. The colors
correspond to the chromophore ratios listed in Figure 3 c. The slight
red shift observed at lower modification levels is possibly due to
coordination of the two surface-accessible exterior lysine residues to
the zinc center.
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& \‘\\'\'-_L&M« / "% MV?* (150 um) and 2-mercaptoethanol (200 mm). For sys-
tems A and C, the porphyrin concentration was approxi-
f \ - mately 300 nm; all quantities of MV* produced were
9 SA B0 B30 normalized to that of system C. Upon illumination at
505 nm for 15min, system C showed significantly higher
MV™* production (134 turnovers per porphyrin) in compar-
ison to system A (38 turnovers per porphyrin; Figure 6b).
d) This 3.5-fold increase in the production of MV™ is due to the
sensitization by donor 2 in system B.
Interestingly, system B (which contained donor 2 and
\F aldehyde 3 but no porphyrin) also produced MV™ upon
- illumination (Figure 6b), but only a quarter of that produced
by system C. This result indicated that energy transfer to
porphyrin 4 in system C plays a vital role in the electron-
transfer process. In control experiments with the free dye 2
— (but no MS2 or porphyrin 4), MV** was also produced, which
510 560 610 660 confirmed that the dye, rather than the capsids, the oxidative-
wavelength /nm coupling linkage, or aldehyde 3, was responsible for the
Figure 5. Emission spectra upon donor excitation for the systems reduction of MV?" in system B.

a) MS2-1-4 and b) MS2-2-4, with emission normalized with respect We also used a commercially available LED lamp with
to the donor absorbance. Increased amounts of porphyrin result in peak emission at 415 nm to irradiate the Soret band of
greater dye quenching owing to energy transfer. The insets show the porphyrin 4 directly. Systems A and C both produced similar
femission of the porphyrin in systems c) !\/ISZ—'I—4 (?mission normal- amounts of MV** with or without donor 2 (Figure 6¢). These

ized at 350 nm) and d) MS2-2—4 (emission normalized at 500 nm); . . . .
the emission of the porphyrin is normalized at the donor emission expe+r'lments thus confirmed that the lncrejase.d [')rO(?uCtlon of
maximum to demonstrate the relationship between donor quenching MV at 505 nm was not a consequence of intrinsic differences
and acceptor emission. The two porphyrin emission bands at 602 and in porphyrin activity, but rather that it could be attributed to
655 nm are clearly visible. energy transfer from 2. All these results indicated that we had
indeed sensitized the porphyrin to function catalytically at
new wavelengths with our nanoscale integrated
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a1 i In conclusion, we used the rigid protein scaffold
" TS of bacteriophage MS2 to construct an integrated,
sH _ nanoscale system that positions sensitizing dyes and
HO N “nFor eiRor \ N-Me photocatalytic porphyrin in specific locations.

Energy transfer from the inside to the outside of
our modified capsids enables sensitization of the
" porphyrin at previously inaccessible wavelengths
Me—N
\

HO S /N™Me and thus broad-spectrum catalytic activity. In prin-

2o ciple, our system can be used with any combination

b) c) of maleimide and aminooxy reagents; therefore,
- 50 12 considerable flexibility is possible in the choice of
E 40 g an appropriate donor for a given acceptor. Current
% 30 - efforts are underway to build similar integrated
= z systems with phthalocyanines™ and ruthenium
2 20 § bipyridine™’ complexes as the active catalysts. As
o 10 “ = a general method, the integration of two different
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Evs2 with donly [ MS2 with 2only [l MS2 with 2 and 4 demqnstrates Fhe power and flexibility of the us'e
of viral capsids as nanoscale scaffolds. This

Figure 6. Photoreduction of methyl viologen by a sensitized porphyrin system. approach will be relevant to both applied and

a) Catalytic cycle of the photoreduction. b) Relative efficiency of the photoreduction
with different systems upon illumination at 505 nm for 15 min. c) Relative efficiency
of the photoreduction with different systems upon illumination at 415 nm for

0.5 min. The different reaction times were required as a result of the difference in
the extinction coefficients of 2 and 4. Values correspond to the average and
standard deviation for three measurements.

fundamental investigations of complex photocata-
lytic systems in the future.

Angew. Chem. Int. Ed. 2009, 48, 9498 —9502 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

Chemie

9501


http://www.angewandte.org

Communications

9502

Received: May 21, 2009
Revised: August 31, 2009
Published online: November 17, 2009

Keywords: bioconjugation - energy transfer - photocatalysis -
porphyrinoids - viruses

[1] N. Nelson, A. Ben-Shem, Nat. Rev. Mol. Cell Biol. 2004, 5, 971 -
982.

[2] X.Hu, T. Ritz, A. Damjanovic, F. Autenrieth, K. Q. Schulten, Q.
Rev. Biophys. 2002, 35, 1-62.

[3] A. Freer, S. Prince, K. Sauer, M. Papiz, A.H. Lawless, G.
McDermott, R. Cogdell, N. W. Isaacs, Structure 1996, 4, 449 —
462.

[4] D. Gust, T. A. Moore, A. L. Moore, Acc. Chem. Res. 2001, 34,
40-48.

[5] R. W. Wagner, T. E. Johnson, J. S. Lindsey, J. Am. Chem. Soc.
1996, 118, 11166—-11180.

[6] S. Prathapan, S.I. Yang, J. Seth, M. A. Miller, D. F. Bocian, D.
Holten, J. S. Lindsey, J. Phys. Chem. B 2001, 105, 8237 -8248.

[7] D. Holten, D. F. Bocian, J. S. Lindsey, Acc. Chem. Res. 2002, 35,
57-69.

[8] C.M. Drain, A. Varotto, I. Radivojevic, Chem. Rev. 2009, 109,
1630-1658.

[9] 1. Beletskaya, V. S. Tyurin, A. Y. Tsivadze, R. Guilard, C. Stern,
Chem. Rev. 2009, 109, 1659—-1713.

[10] M. Choi, T. Aida, T. Yamazaki, I. Yamazaki, Angew. Chem. 2001,
113, 3294-3298; Angew. Chem. Int. Ed. 2001, 40, 3194 -3198.

[11] W. Li, K. S. Kim, D. Jiang, H. Tanaka, T. Kawai, J. H. Kwon, D.
Kim, T. Aida, J. Am. Chem. Soc. 2006, 128, 10527 -10532.

[12] J. Yang, S. Cho, H. Yoo, J. Park, W. Li, T. Aida, D. Kim, J. Phys.
Chem. A 2008, 112, 6869 —6876.

[13] M. Choi, T. Aida, T. Yamazaki, I. Yamazaki, Chem. Eur. J. 2002,
8, 2667 -2678.

[14] S. Hecht, H. Thre, J. M. J. Fréchet, J. Am. Chem. Soc. 1999, 121,
9239-9240.

[15] W.R. Dichtel, J.M. Serin, C. Edder, J. M.J. Fréchet, M.
Matuszewski, L.-S. Tan, T.Y. Ohulchanskyy, P.N. Prasad, J.
Am. Chem. Soc. 2004, 126, 5380-5381.

[16] W. R. Dichtel, S. Hecht, J. M. J. Fréchet, Org. Lett. 2005, 7,4451 -
4454,

[17] L. M. Scolaro, M. A. Castriciano, A. Romeo, N. Micali, N.
Angelini, C. Lo Passo, F. Felici, J. Am. Chem. Soc. 2006, 128,
7446 -7447.

[18] D. E. Prashun,Jr., J. Kuzelka, E. Strable, A. K. Udit, S. Cho,
G. C. Lander, J. D. Quispe, J. R. Diers, D. F. Bocian, C. Potter, B.
Carragher, M. G. Finn, Chem. Biol. 2008, 15, 513 -519.

[19] R. A. Miller, A. D. Presley, M. B. Francis, J. Am. Chem. Soc.
2007, 129, 3104-3109.

[20] M. Endo, M. Fujitsuka, T. Majima, Chem. Eur. J. 2007, 13, 8660 —
8666.

[21] J. M. Hooker, E. W. Kovacs, M. B. Francis, J. Am. Chem. Soc.
2004, 126, 3718 -3719.

[22] K. Valegérd, L. Liljas, K. Fridborg, T. Unge, Nature 1990, 345,
36-41.

[23] R. A. Mastico, S. J. Talbot, P. G. Stockley, J. Gen. Virol. 1993, 74,
541-548.

[24] E. W. Kovacs, J. M. Hooker, D. W. Romanini, P. G. Holder, K. E.
Berry, M. B. Francis, Bioconjugate Chem. 2007, 18, 1140—-1147.

[25] K. M. Kadish, The Porphyrin Handbook, Vol. 1-10, 1st ed.,
Academic Press, New York, 1999.

[26] K. Kadish, K. M. Smith, R. Guilard, The Porphyrin Handbook,
Vol. 11-20, 1st ed., Academic Press, New York, 2003.

[27] 1. Okura, Photosensitization of Porphyrins and Phthalocyanines,
1st ed., Taylor & Francis, New York, 2001.

[28] D. M. Guldi, J. Phys. Chem. B 2005, 109, 11432-11441.

[29] D.M. Guldi, G. M. A. Rahman, F. Zerbetto, M. Prato, Acc.
Chem. Res. 2005, 38, 871 -878.

[30] I. Okura, M. Takeuchi, N. Kim-Thuan, Photochem. Photobiol.
1981, 33, 413-416.

[31] R. Miyatani, Y. Amao, Photochem. Photobiol. Sci. 2004, 3, 681 —
683.

[32] Z. M. Carrico, D. W. Romanini, R. A. Mehl, M. B. Francis,
Chem. Commun. 2008, 1205 -1207.

[33] J. Xie, P. G. Schultz, Nat. Rev. Mol. Cell Biol. 2006, 7, 775-782.

[34] R. A. Mehl, J. C. Anderson, S. W. Santoro, L. Wang, A.B.
Martin, D. S. King, D. M. Horn, P. G. Schultz, J. Am. Chem. Soc.
2003, 125, 935-939.

[35] J. M. Hooker, A. P. Esser-Kahn, M. B. Francis, J. Am. Chem. Soc.
2006, 128, 15558 —15559.

[36] W.J. Kruper, T. A. Chamberlin, M. J. Kochanny, Org. Chem.
1989, 54, 2753 -2756.

[37] Y. Chen, T. Parr, A. E. Holmes, K. Nakanishi, Bioconjugate
Chem. 2008, 19, 5-9.

[38] ASTM G173-03: Extraterrestrial Spectrum, Terrestrial Global
37 deg South Facing Tilt & Direct Normal + Circumsolar,
ASTM International.

[39] G.delaTorre, C. G. Claessens, T. Torres, Chem. Commun. 2007,
2000-2015.

[40] M. Gritzel, J. Photochem. Photobiol. A 2004, 164, 3-14.

www.angewandte.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2009, 48, 9498 —-9502


http://dx.doi.org/10.1038/nrm1525
http://dx.doi.org/10.1038/nrm1525
http://dx.doi.org/10.1016/S0969-2126(96)00050-0
http://dx.doi.org/10.1016/S0969-2126(96)00050-0
http://dx.doi.org/10.1021/ar9801301
http://dx.doi.org/10.1021/ar9801301
http://dx.doi.org/10.1021/ja961611n
http://dx.doi.org/10.1021/ja961611n
http://dx.doi.org/10.1021/jp010335i
http://dx.doi.org/10.1021/ar970264z
http://dx.doi.org/10.1021/ar970264z
http://dx.doi.org/10.1021/cr8002483
http://dx.doi.org/10.1021/cr8002483
http://dx.doi.org/10.1021/cr800247a
http://dx.doi.org/10.1002/1521-3757(20010903)113:17%3C3294::AID-ANGE3294%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3757(20010903)113:17%3C3294::AID-ANGE3294%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3773(20010903)40:17%3C3194::AID-ANIE3194%3E3.0.CO;2-5
http://dx.doi.org/10.1021/ja063081t
http://dx.doi.org/10.1021/jp800337y
http://dx.doi.org/10.1021/jp800337y
http://dx.doi.org/10.1002/1521-3765(20020617)8:12%3C2667::AID-CHEM2667%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1521-3765(20020617)8:12%3C2667::AID-CHEM2667%3E3.0.CO;2-L
http://dx.doi.org/10.1021/ja9922882
http://dx.doi.org/10.1021/ja9922882
http://dx.doi.org/10.1021/ja031647x
http://dx.doi.org/10.1021/ja031647x
http://dx.doi.org/10.1021/ol0516824
http://dx.doi.org/10.1021/ol0516824
http://dx.doi.org/10.1021/ja061726j
http://dx.doi.org/10.1021/ja061726j
http://dx.doi.org/10.1021/ja063887t
http://dx.doi.org/10.1021/ja063887t
http://dx.doi.org/10.1002/chem.200700895
http://dx.doi.org/10.1002/chem.200700895
http://dx.doi.org/10.1021/ja031790q
http://dx.doi.org/10.1021/ja031790q
http://dx.doi.org/10.1099/0022-1317-74-4-541
http://dx.doi.org/10.1099/0022-1317-74-4-541
http://dx.doi.org/10.1021/bc070006e
http://dx.doi.org/10.1021/jp050984k
http://dx.doi.org/10.1021/ar040238i
http://dx.doi.org/10.1021/ar040238i
http://dx.doi.org/10.1111/j.1751-1097.1981.tb05439.x
http://dx.doi.org/10.1111/j.1751-1097.1981.tb05439.x
http://dx.doi.org/10.1039/b309596g
http://dx.doi.org/10.1039/b309596g
http://dx.doi.org/10.1039/b717826c
http://dx.doi.org/10.1038/nrm2005
http://dx.doi.org/10.1021/ja0284153
http://dx.doi.org/10.1021/ja0284153
http://dx.doi.org/10.1021/ja064088d
http://dx.doi.org/10.1021/ja064088d
http://dx.doi.org/10.1021/jo00272a057
http://dx.doi.org/10.1021/jo00272a057
http://dx.doi.org/10.1021/bc700267f
http://dx.doi.org/10.1021/bc700267f
http://dx.doi.org/10.1039/b614234f
http://dx.doi.org/10.1039/b614234f
http://www.angewandte.org

