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Abstract: The protein shell of the tobacco mosaic virus (TMV) provides a robust and practical tubelike
scaffold for the preparation of nanoscale materials. To expand the range of applications for which the
capsid can be used, two synthetic strategies have been developed for the attachment of new functionality
to either the exterior or the interior surface of the virus. The first of these is accomplished using a highly
efficient diazonium coupling/oxime formation sequence, which installs >2000 copies of a material component
on the capsid exterior. Alternatively, the inner cavity of the tube can be modified by attaching amines to
glutamic acid side chains through a carbodiimide coupling reaction. Both of these reactions have been
demonstrated for a series of substrates, including biotin, chromophores, and crown ethers. Through the
attachment of PEG polymers to the capsid exterior, organic-soluble TMV rods have been prepared. Finally,
the orthogonality of these reactions has been demonstrated by installing different functional groups on the
exterior and interior surfaces of the same capsid assemblies.

Introduction a J N = c
The protein shells of viruses provide highly promising &
scaffolds for the construction of new materiall® addition to Y139 E106

possessing nanoscale dimensions overall, the subunits tha,
comprise the capsid shell present regularly spaced attachmen
sites that could order material components. Recent reports have
demonstrated this concept through the addition of new func-
tionality to the exterio"2 and interio? surfaces of icosahedral
viruses, yielding efficient routes to spherical core/shell materials.
The tubelike capsid of the tobacco mosaic virus (TMV) provides
a useful complement to these structures, as each 300 nm particl¢

could orient optical and electronic components into linear o o
Figure 1. Reactive sites for the covalent modification of TMV. (a) The

assemblies resembling wires, Flguré “IElectrostatic differ- positions of tyrosine 139 (yellow), glutamate 97 (red), and glutamate 106
ences between the capsid surfaces have already been eXp|0'te@)lue) are indicated in a single TMV capsid monomer. In the assembled
in this regard, leading to the selective deposition of inorganic capsid, these residues provide reactive handles on both the exterior and
interior surfaces. These residues are mapped in (b) a planar disk aggregate
and (c) a fully assembled capstl.

, 18 nm |
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a X X while intact capsids elute in the void volume. For all of the
Ho +N2@ o N/@’ samples, UV-vis spectroscopy and SDS-PAGE analysis of the
2ad (3 eq) N S 0% eluted capsids indicated little if any protein loss, and TEM
T presom 3¢: X = NOp, >90% analysis of the resulting material revealed no changes in the
3d: X = CONH;,, ~30% . . . .
1 3ad capsid structures. The level of modification was determined
Y139 on using ESI-MS analysis, which indicated tha®0% of the capsid
- monomers were converted to azo adducts using diazonium salts
b 17558 c 17685 derived_ fromp-_aminoace_tophenoné@_, p-bromo_aniline 2b),
= 2| 17685 and p-nitroaniline @c), Figure 2c® Anilines bearing electron-
g 1+ cale iz = 17534 ;ﬁ” donating substituents were generally found to be less effective
; ' a—: 1?242 3a: miz = 17680 in these reactions. In addition to the expected azo adduct, the
Ly, mass spectra indicated that some of the monomers lost 17 mass
17000 18000 19000 17000 18000 19000 units through an unidentified side reaction. The full character-
Mass (m/z) Mass (mvz) ization of this species is currently underway; nonetheless, its

Figure 2. Exterior modification of TMV. (a) Tyrosine 139 can be modified ~presence has had no effect on subsequent bioconjugation
selectively using diazonium salts bearing electron-withdrawing substituents. regctions.

(b) After isolation of assembled capsids using gel filtration, comparison of Ith h th f . id h
ESI-MS spectra of unmodified TMV capsid protein and () acetophenone- _ Although there are four tyrosine residues on each monomer,

functionalized conjugat®a indicated that-90% of the protein monomers ESI-MS data consistently indicated that only one of these sites
were modified. The additional peak at'z = 17 665 arises from an  participated in the reaction. The specific location of the
elimination commonly observed for diazonium coupling reactions and does modification was determined by digesting the modified capsids
not interfere with the subsequent modification chemistry. . ; y dig 9 . p .
with endoproteinase Glu-C and characterizing the peptide

methods that can install small molecules on (1) the exterior ffagments using ESI-MS and MS/MS8These data confirmed

surface of the capsid by targeting tyrosine 139 or (2) the interior that only tyrosine 139 was functionalized in this reaction. As

surface by targeting glutamic acid residues 97 and 106, FigureShown in Figure 1 Fhis residue is located in a shal]ow groove
1. Both of these reactions can install a wide range of functional- ©" the capsid exterior. Presumably the other tyrosine residues

ity without disrupting the capsid assembly. Herein we detail &€ buried within the capsid structure and are not accessible to
these strategies and demonstrate the use of surface modificationd® reaction solvent.

to prepare viral capsids that are soluble in organic solvents. The ketones introduced on the protein surface using substrate
2a provide convenient sites for further conjugation via oxime

Results and Discussion formation. Upon exposure of modified capgd to a series of

Exterior Modification of TMV. A significant practical a_Ikoxyamlnes (Figure 33)'_ adducia—c we_r_e obtained with
advantage of TMV is the ease with which large quantities of virtually comp!et_e conversion, as (_exempllfled by the_ESI-MS
the virus can be obtained. For these studies, TMV was spectrum of biotin conjugatgc in Figure 3b. No coupling of
propagated in Turkish tobacco plant hodticotiana rustica the alk.oxyam_ines was observed for .wild-type.TMV, indicating
and purified according to modified literature protocbRrotein that this reaction is completely specific for the introduced ketone

quantification using UV/vis spectrophotometry indicated a yield 9roUP- A combination of gel filtration and TEM imaging again
of 2.5 g of virus from 1.6 kg of infected leaf material. SDS- indicated that the capsids remained intact after both modification
PAGE and ESI-MS analysis (Figure 2b) of the capsid monomers steps_. . . .

after disassembly confirmed that highly pure protein was This two step strategy can l_:)e carried oyt in as little as 6 h
obtained. and affords 300 nm rods bearirg2000 copies of the desired

Recently we reported the efficient modification of tyrosine functionality periodically spaced at 3.3 nm intervals on the
residues on the interior surface of bacteriophage MS2 using capsid exterior. For initial applications, it was anticipated that

diazonium salt& It was found that this reaction proceeds with (€S Sites could be used to alter the solubility properties of the
equally high levels of conversion for the functionalization of caps!ds th_rough the installation of synthetic polymer cha!ns.
TMV, Figure 2a. Although diazonium salts bearimgnitro Starting Wlth.poly(ethylene glycol) monomethyl ethgrs with
groups were uniquely effective for the modification of MS2, Molecular weights of 2000 and 5008d(and6e, respectively),

the robust nature of the TMV capsid allowed the use of a wider &koxyamine derivativedd and4ewere prepared via displace-
range of reaction conditions and, thus, an expansion of the Ment of the alcohol witiN-hydroxyphthalimide, followed by

substrate scope. Specifically, modification of TMV capsids was nydrazinolysis. The polymers were then exposed to TMV
accomplished through exposure of intact viral capslisd 35 conjugateSaoyer a period of 12 h..GeI flltranonl of the resultlng.
equiv of diazonium salt@a—d (per monomer) in pH 9 buffer samples conﬁrme@ that the capsids did not disassemble during
for 2 h, Figure 2a. this procedure (Figure 3d).

After the coupling reaction, the remaining small molecules __The attachment of the polymer chains was detected using
were removed from the samples using gel filtration. Sephadex SPS-PAGE after disassembly of the capsids, Figure 3e. In
S300 resin was found to be particularly efficient in this regard, : .

. . . . (9) The azo linkage could also be detected as a broad absorption in the UV
as previous studies in our labs have confirmed that small vis spectrum with a maximum at 330 nm. Upon comparison with model

molecules and dissociated monomers are retained by this resin, ~ compounds prepared wificresol, the amount of azo absorption (relative
to that of the TMV capsid) was approximately what would be expected

for the reported level of conversion. However, this peak was not sufficiently

(8) Chapman, SMethods in Molecular Biology, Vol 81: Plant Virology resolved from the protein spectrum to allow quantitative measurement of
Protocols: From Virus Isolation to Transgenic Resistan¢éumana the conversion by this method.
Press: Totowa, NJ; pp 123.29. (10) See Supporting Information for spectra.
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Figure 3. Secondary bioconjugation on the exterior surface of TMV. (a)
Upon exposure to a variety of alkoxyamines, ketone-lab8adan be
functionalized through oxime formation. (b) ESI-MS analysis of biotinla-
beled conjugatéc after isolation of assembled capsids using gel filtration.
The species amm/z = M — 17, resulting from the diazonium coupling
reaction, also formed the oxime linkage. (c) Synthesis of poly(ethylene
glycol) alkoxyamines. (d) Size exclusion chromatographic (SEC) analysis
of intact TMV capsids (blue), TMV capsid monomers prepared upon
treatment with 66% HOACc (green), and PEG-conjudatéred). Conjugate
5eproduced an identical chromatogram. (e) SDS-PAGE analysis of TMV
PEG conjugates. MW markers are 14.4, 21.5, and 31 kD. Lane 1: wild-
type TMV (1). Lane 2: conjugat8a Lane 3: 3a+ 4d. Lane 4: 3a+ 4e
Lane 5: 3a+ 6d. Lane 6: 1 + 4d.

addition to unmodified TMV monomers, a single new band was
observed at a higher molecular weight (lane 3), which was
assigned as conjugafl.l! Similar results were obtained for

conjugatese (lane 4), although the increased polydispersity of
the polymer resulted in a more diffuse band. Based on

\ &

Aqueous Solution

Transfer to CHCI,

Figure 4. Solubilization of PEG-modified TMV capsids in chloroform.
(a) Samples oBa and5d in aqueous solution. The orange color is from
the azo linkage. (b) Upon the addition of 1.9 M (§k60O; and CHC}
(bottom layer), the PEG-labeled sample is readily transferred to the organic
solvent. The unconjugated sample remains insoluble in both layers. (c) TEM
analysis of the particles in the CHGQayer indicates that the capsids remain
assembled.

saturated aqueous layer as an insoluble precipitate (Figure 4b).
After isolation of the chloroform layer, TMV conjugates were
recovered through evaporation of the solvent. The TMV rods
could be resuspended upon the addition of water to the
dehydrated pellet, although this step was accompanied by a
significant amount of protein loss (presumably due to the
denaturation of some of the monomers). Subsequent TEM
analysis revealed the presence of 300 nm rods that were virtually
indistinguishable from wild-type capsids, Figure 4c, indicating
that some of the capsids remain assembled despite the solvent
transfer and rehydration steps. In addition, identical results were
obtained for both PEG conjugateSd(and 5¢) when dichlo-
romethane or THF was used in place of chloroform. In contrast,
conjugatela shows no detectable solubility in any of the organic
solvents tested. A more detailed study of the stability of the
modified capsids in organic solvents is underway, as are
experiments to explore the ability of the polymer coating to
reduce the immunogenicity of the capsids for drug and gene
delivery applications. It is anticipated that the ability to transfer
the assembly to organic solvents will greatly expand the
conditions that can be used for subsequent bioconjugation
reactions as well as future device fabrication.

Interior Modification of TMV. The interior modification

Coomassie blue staining, the coupling efficiency was estimated Strategy focused on glutamate residues as targets for amide bond
at 60% in both cases, corresponding to a total polymer mass offormation, eq 1. Although these residues could be activated for

2.6 x 10° Da per capsid fobd and 6.6x 10° Da for 5e No
reaction was observed wh8awas incubated with PEG alcohol
6d (lane 5) or when wild-type TMV was incubated with
alkoxyaminedd (lane 6), confirming that the modification occurs
through oxime formation. Both gel electrophoresis and gel
filtration analyses indicated that little protein loss occurred
during these procedures.

After attachment of the polymer coating, the solubility
properties of the viral capsids were explored. AlthoGgland
5d are fully soluble in aqueous solution (Figure 4a), they exhibit
vastly different behavior after the addition of a precipitation
salt (1.9 M (NH,),S0Oy), followed immediately by chloroform.
PEG conjugatesd readily dissolves in the lower chloroform
layer and remains in solution, whiBais confined to the upper

(11) For additional examples of PEG attachment to viral capsids, see: (a)

O'Riordan, C. R.; LaChapelle, A.; DelGrado, C.; Parkes, V.; Wadsworth,
S. C.; Smith, A. E.; Francis, G. Eluman Gene Therap}999 10, 1349.

(b) Wang, Q.; Raja, K. S.; Janda, K. D.; Lin, T.; Finn, M. Bioconj.
Chem.2003 14, 38. Also see ref 2c.
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coupling usingN-ethyl-3-(N',N'-dimethylaminopropyl) carbo-
diimide (EDC) alone, substantial amounts of stable EDC adducts
(assumed to bbl-acyl urea9) were observed as byproducts in
the ESI-MS spectra. It was found, however, that this undesired
pathway could be suppressed through the addition of excess
HOBT, which presumably functions to turn over th@-
acylisourea intermediate before rearrangement can occur. Other
additives, such as HABT, NHS, sulfo-NHS, and DMAP, were
less effective in suppressing byproduct formation. Using a
variety of amine substrates, 286% of the capsid monomers
could be converted to singly and doubly modified products,
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Table 1. Interior Modification of TMV Capsids?
Amine 7 Conditions _Unmod (%) +1 Mod (%) +2 Mod (%) 9 (%)
a HN~OSon i 32 48 11 9
o]
b N i 42 46 8 4
¢ NS i 71 21 0 8 " L1
HoN = -v@-"b Y N — g
2!
d N:/NH fi 8 60 2% 6 Figure 5. Reassembly of modified TMV conjuga@a. (a) After capsid
disassembly, refolding of the protein, and dialysis into pH 7.0 phosphate
~NH buffer (47 mM), TEM analysis indicated the formation of 18 nm disk
¢ HoN g 6 54 2 5 aggregates. (b) Alternatively, dialysis against pH 5.5 acetate buffer (100
(\o’\ mM) yielded extended tubelike structures that were microns in length. After
o o isolation of the assembled structures using gel filtration, ESI-MS analysis
£ HzN’\E j i 58 2 0 16 indicated that in both cases’5% of the protein monomers were conjugate

8a.

against 100 mM Tris buffer at pH 8.0 to effect refolding of the
capsid monomers. Following this, the monomers were dialyzed
against 47 mM phosphate buffer (pH 7.0) for 12 h to yield 18
nm double disk structures (Figure 5a). Alternatively, dialysis
of the refolded monomers against acetate buffer (pH 5.5)
afforded long tubes that were similar to the native capsids but
were not length templated by the genomic RNA. After isolation
of the assembled structures from any remaining monomers using
gel filtration, ESI-MS analysis of the samples indicated that

Table 112 Both primary and secondary amines were competent > 75% of the protein monomers were conjugaie This

in the reaction, with only trace amounts @bbserved in most ~ confirms that, at least in this case, the modified protein

cases. It is notable that even chromophores and crown ethergnonomers retain their assembly capabilities. Although this

can be attached to the capsid despite the steric demands thefprocedure is bound to encounter limits as the steric demands

introduce. No appreciable disassembly of the capsid was Of the internal substituents increase, it nonetheless provides a

detected in any of these reactions. convenient way to access different scaffold structures using a
The site-specificity of this reaction was determined through Single protein building block.

analysis of trypsin digest fragments by ESI-MS and MSA)IS. Importantly, the interior surface modification can also be

Glu 97 was identified as the primary site of modification, with carried out on azo-addugato yield differentially functionalized

Glu 106 also affording appreciable reactivity. Although both viral capsids, albeit with substantial protein loss. As an example,

of these residues are exposed on the core surface of the capsidthodamine derivativ&gt* has been coupled to the inside surface

it is interesting to note that modification of exterior aspartic of azo-modified capsids, and the presence of doubly modified

acids and the carboxy terminus have not been observed. As botltapsid monomers has been confirmed using MALDI-TOFIS.

of the modification sites extend into the core of the TMV capsid After isolation via gel filtration, TEM analysis of the dual-

helix (Figure 1), this method positions the new functional groups surface modified capsids revealed tubelike structures that were

as closely as 1 nm apart on the inside of the tube. virtually identical to the unmaodified virus, with the exception
The pathway by which TMV capsids self-assemble has beenthat some capsid fragmentation had occurred as a result of

elucidated in detat. One outcome of these studies is a sample handling. These studies illustrate the durability of the

predictable set of pH and ionic strength conditions that can be TMV capsid for materials applications, as very high levels of

used to shift the aggregate states of purified TMV coat protein modification (in the case of rhodamirve, 2100 external and

from double disks to micron-length rods. We have adapted a ~650 internal sites per 300 nm rod) can still be tolerated in

series of these literature protocHlso disassemble internally — assembled capsids.

modified TMV conjugates and then reassemble the monomers

into equivalent structures bearing the new functional groups. Conclusion

As an example, a sample of conjug8&e (in which >75% of . .
P P jug 0 As a result of these studies, the utility of TMV for the

the monomers had been modified using extended coupling ) > .
reaction times) was disassembled and precipitated using theSonstruction of nanoscale materials has been expanded dramati-
procedure described in the Experimental Section. The denaturec@lly: Through the development of efficient modification

protein was then redissolved in high pH solution and dialyzed reactions, virtually any functional group can now be installed
on either the outside or the inside surface, and preliminary

52 26

aConditions: 6.5 mg/mL capsid, 60 equiv of EDC, 250 equiv of HOBT,
250 equiv of amine in (i) 0.1 M phosphate buffer, pH 7.4, rt, 24 h or (ii)
0.1 M HEPES buffer, pH 7.4, rt, 24 h. Product distributions were determined
from ESI-MS spectra.

(12) In the case of rhodamine derivativg, UV —vis absorption spectra agreed

with the modification ratios reported in the table. Nonetheless, we consider
the ESI-MS based ratios to be more accurate. See Supporting Information

for details.

(13) (a) Fraenkel-Conrat, Hirology 1957 4, 1. (b) Scheele, R. B.; Lauffer,
M. A. Biochemistry1967 6, 3076. (c) Durham, A. C. H.; Finch, J. T.;
Klug, A. Nature New Biol1971, 229 37.

studies have shown that these modifications can alter the
solubility properties of the virus. Current experiments are
exploring the modified assemblies as multivalent scaffolds for
the display of biological ligands and for the preparation of linear
arrays of chromophores and inorganic nanoparticles. Parallel

J. AM. CHEM. SOC. = VOL. 127, NO. 11, 2005 3721
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experiments are also exploring the use of the modified capsidsdesired hydroxylamine compound in 250 mM aqueous phosphate buffer

as carriers for drug and gene cargo. (pH 6.0). The reaction solution was vortexed briefly and left at room
) ) temperature fo2 h toallow oxime formation to occur. The resulting
Experimental Section solution was then passed through a disposable Sephadex G-25 column

Propagation and Isolation of Tobacco Mosaic Virus (TMV).The to remove the small molecules. The modified viral capsids were
general procedure of Chapman was u$&drkish tobacco plants were analyzed by LC/ESI-MS, MALDI-TOF MS, and TEM.
infected by rubbing each leaf with a thin slurry of Celite mixed with O-(Methoxypoly(ethylene glycol))-hydroxylamine, Average Mo-
a 5 mg/mL solution of TMV in 100 mM phosphate buffer (pH 7.4). lecular Weight 2000 (4d).Under an atmosphere of;Ndiisopropyl
Three weeks after infection, the leaves and stalks of the plants were @zodicarboxylate (0.212 mL, 1.09 mmol) was added dropwise to a
cut into small pieces with a total mass of 1.6 kg. In &G4cold room, mixture of poly(ethylene glycol) monomethyl ether, average molecular
the material was homogenized in 100 mM phosphate buffer (pH 7.4) Weight 2000 6d) (2.00 g, 0.994 mmol)N-hydroxyphthalimide (194
containing 0.1% (v/v) mercaptoethanol. The resulting mixture was MJ, 1.19 mmol), and PRK{312 mg, 1.19 mmol) in CkCl> (10 mL).
filtered through cheesecloth, and the plant debris was discarded. The resulting mixture was stirred for 18 h at room temperature. The
n-Butanol (8 mL per 100 mL of sap) was added to the thick green solution was then transferred to a large flask, to which an exee$30(
filtrate. After stirring, the mixture was clarified by centrifugation at ML) of diethyl ether was added to precipitate the polymer as a white
8000 rpm for 10 min. Sodium chloride and poly(ethylene glycol) solid. After vigorous stirring for 20 min, the suspension was filtered,
(average MW 6000) were added to the supernatant (4 g of each perand the obtained pellet was washed with three 70 mL portions of diethyl
100 mL of solution), which resulted in the formation of a white ether. After drying under reduced pressdt¢ NMR analysis indicated
precipitate. The mixture was centrifuged at 8000 rpm for 10 min, after @ Mixture of theN-hydroxyphthalimide (NHP) adduct (80%) and
which the supernatant was discarded. unreactedéd (20%). Resubjecting this material to the same initial

The pellet was resuspended in 10 mM potassium phosphate bufferreaction conditions yielded the pure NHP product (2.1 g, 99%) as a
at pH 7 with 1% Triton X-100, and the resulting solution was layered white powder that was used without further purificatid.NMR (300
onto an 8 mL pad of sucrose solution (250 mg/mL) containing 1% MHZz, CDCk): 4 3.37 (s, 3H), 3.53.7 (poly(ethylene glycol) signals),
Triton X-100 in a 70 mL polycarbonate ultracentrifuge tube. Ultra- 7.75 (m, 2H), 7.82 (m, 2H)*C NMR (100 MHz, CDCY): 6 162.6,
centrifugation at 40 000 rpm fol h in a Ti-45 rotor afforded a  133.9,128.2,122.7,76.3, 71.2, 7669.5, 68.7, 58.3.
gelatinous pellet, which was resuspended overnight in 10 mM pH 7.0  Cleavage of the phthalimide moiety was achieved by adding
phosphate buffer at 4C. The remaining debris was removed via hydrazine hydrate (0.076 mL, 2.47 mmol) to a solution of the PEG-
centrifugation at 5000 rpm, and the supernatant was again layered ontdNHP product (1.00 g, 0.494 mmol) dissolved in &b (10 mL). The
an 8 mL sucrose pad (250 mg/mL) containing 1% Triton X-100 in an solution was stirred rapidly for 0.5 h, during which a white precipitate
ultracentrifuge tube. After a final round of ultracentrifugation at 40 000 was observed. The mixture was then filtered over glass wool and
rpm for 1 h, the resulting pellet was resuspended overnight in 10 mM concentrated under reduced pressure to affiatdis a white powder
KH,PQ,, pH 6.8, at 4°C. (983 mg, 99%) that was used without further purificatiéid. NMR

A final round of low-speed centrifugation (5000 rpm, 5 min) was (300 MHz, CDC}): ¢ 3.17 (s, 3H), 3.33.5 (poly(ethylene glycol)
carried out to remove remaining debris, and the resulting TMV stock Signals).*C NMR (100 MHz, CDCY): 6 74.0, 71.3, 69.9, 68.9, 58.4.
solution was flash frozen in aliquots using liquid nitrogen. The TMV O-(Methoxypoly(ethylene glycol))-hydroxylamine, Average Mo-
stock solutions were stored &80 °C until use. The absorbance of a  lecular Weight 5000 (4e).This compound was prepared using an
sample diluted 1000-fold was measured as 0.090 absorbance units atdentical two-step procedure to that used fmt Compound4e was
260 nm. Assuming an extinction coefficient of 3.0r fa 1 mg/mL isolated in 93% overall yield (2.45 g scale) as a white powtteNMR
solution of TMV at this wavelengththe original stock solution was (300 MHz, CDC}): 6 3.05 (s, 3H), 3.23.5 (poly(ethylene glycol)
calculated to be 30 mg/mL in virus. The overall yield for this process signals).**C NMR (100 MHz, CDC}): ¢ 73.6, 70.9, 69.6, 68.5, 58.0.
was approximately 2.5 g of virus from 1.6 kg of plant material. The ~ General Procedure for Oxime Conjugation of Ketone-Modified
purity of the virus was confirmed by LC/ESI-MS and by SDS-PAGE, TMV with O-(Methoxypoly(ethylene glycol))-hydroxylamine (5d,e).
both of which showed a single protein species with a mass correspond-To a vial containing 1.5 mL of a solution of TMV conjugasa (2.0

ing to the TMV coat protein. mg/mL, 0.17umol modified Y139 in 50 mM NakPO, buffer, pH 6.5)
Exterior Surface Modification of TMV. Diazonium salt2a—d was added-(methoxypoly(ethylene glycol))-hydroxylamidel or 4e

were synthesized by mixing the following solutions at@ 200uL (85 umol). The reaction mixture was further diluted with buffer (50

of 0.84 M (160 mg/mL) aqueoystoluenesulfonic acid monohydrate;  mM NaH,PQ,, pH 6.5) to reach a total volume of 3.0 mL. The resulting

200uL of 0.46 M (32 mg/mL) aqueous sodium nitrite; and 4@0 of solution was then rotated on a LabQuake shaker at room temperature

0.15 M aniline in acetonitrile. The resulting solution was placed in an for 24 h. The reaction mixture was then diluted with buffer and
ice water bath for 1 h. Subsequently, 26D of a 15 mg/mL stock subjected to at least three rounds of centrifugal ultrafiltration with 100
solution of TMV in 10 mM phosphate buffer (pH 7.4) was diluted kDa molecular weight cutoff spin columns (Millipore) to remove the
with 650 uL of 150 mM aqueous borate buffer, pH 9, also containing unreacted polymer. The relative extent of polymer conjugation was

100 mM sodium chloride. To this solution was added 140of the monitored via sodium dodecyl sulfate-polyacrylamide gel electrophore-
diazonium salt solution prepared above. The reaction mixture was sis (SDS-PAGE) following the general protocol of Laem#li.
placed in a water bath in a % cold room for 2 h, after which the General Procedure for the Solubilization of PEGylated TMV

solution was a deep brown color. To remove the small molecules, the Capsids in Organic SolventsTo a 1.7 mL microcentrifuge tube was
reaction solution was passed through a disposable Sephadex G-25 sizgqged 200 of PEGylated TMV capsiéd or 5 (2.0 mg/mL in 0.05M
exclusion column, pre-equilibrated with 250 mM aqueous phosphate NaH,PO, buffer, pH 6.5) and 50 mg of (NBLSO,. After gentle
buffer (pH 6.0). The azo-functionalized TMV was characterized by yortexing to dissolve the salt, the resulting mixture was briefly
LC/ESI-MS, MALDI-TOF MS, and size exclusion chromatography. centrifuged (11 000« g, 1 min) after which 15QuL of CHCls, CH,-

For conjugatesa—c, ESI-MS and UV/vis analysis of intact capsids ¢y, or THF were added. The resulting biphasic mixture was again
isolated via gel filtration confirmed that90% of the monomers had briefly centrifuged (11 000< g, 1 min). Subsequent analysis of viral

been functionalized (see Figure S.1 in the Supporting Information). particles was performed by careful isolation of the organic layer,
The reaction mixture was stored at@ for up to 1 month.

(A) Oxime Formation with 4a—c. To 200uL of a 2 mg/mL solution 14) Nguyen, T.; Francis, M. BOrg. Lett. 2003 5, 3245.
of TMV conjugate3a was added 5@L of a 40 mM solution of the (15) Laemmli, U. K.Nature 197Q 227, 680.
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concentration under reduced pressure, and rehydration of the solidphosphate buffer (pH 7.4), which resulted in precipitation of the coat
residue with the appropriate buffered aqueous solution. protein. After a period of 2 h, the precipitate was pelleted via
General Procedures for Interior Surface Modification of TMV. centrifugation at 5,000 rpm for 10 min and the supernatant was
To 0.2 mL of TMV stock solution (15 mg/mL, 172mol) in 10 mM discarded. The pellet was then dissolved in 100 mM KOH solution
phosphate buffer, pH 6.8, were added successively 5.8 mg of 1-hy- and added to a dialysis cartridge (MW cuteff10 kD). The sample
droxybenzotriazole (HOBT, 48mol), 20uL of an aqueous buffered  was dialyzed against 100 mM Tris buffer (pH 8.0) at@ overnight.
solution of 1-ethyl-3N,N'-(3-dimethylaminopropyl) carbodiimide hy- For the formation of disk aggregates, the resulting solution was further
drochloride (EDC, 32.8 mg/mL, 34mol) in 100 mM phosphate buffer, dialyzed against 47 mM phosphate buffer (pH 7.0) &C4overnight;
pH 7.4, 40uL of an aqueous buffered solution of the amine (421®l) alternatively, rodlike structures were prepared by dialyzing against 100
in 100 mM phosphate buffer, pH 7.4, and 2@Q of additional mM NaOAc buffer (pH 5.5) at 4C overnight. The resulting assemblies
phosphate buffer (100 mM, pH 7.4). The reaction mixture was vortexed were applied to TEM grids and analyzed as described in the Supporting
briefly and rotated on a LabQuake shaker at room temperature for 6 h, Information.

at which time an additional 20L aliquot of a freshly prepared EDC Proteolytic Digests of TMV Conjugates. Protein solutions at
solution in 100 mM phosphate buffer (pH 7.4) were added. A third concentrations of 46 mg/mL were isolated from small molecules via
and final 20uL aliquot of the EDC solution (again, freshly prepared) gel filtration using Sephadex S-300 resin. Solid urea was added to a
was added 18 h after initial mixing. After 24 h, the reaction solution final concentration of 6 M, and the solution was heated to @@or
was passed through a gel filtration column (NAP-5) pre-equilibrated 30 min. Ammonium bicarbonate buffer, 150 mM at pH 7.8, was added
with 5 column volumes of elution buffer (100 mM, pH 7.4). EDC  to reduce the total urea concentration to 1 M. Trypsin (Promega) or
coupling reactions for some primary amines were carried out in HEPES endoproteinase Glu-C (Sigma) was dissolved and added to the solution
buffer (100 mM, pH 7.4) in place of the phosphate buffer. of TMV protein at a ratio of roughly g of enzyme per 10@g of
Dual-Surface Modification of TMV. Ketone-labeled TMV (2.5mg/  protein. The digest solution was incubated with shaking at@7or
mL) prepared as described above was passed through a S-300 sizg—12 h. The solution was then purified and concentrated using a
exclusion chromatography column pre-equilibrated with 250 MM phenomenex C-18 cartridge (50 mg size) with aqueous 60% acetonitrile,

phosphate, pH 7.0, to effect buffer exchange. To200f this solution 0.1% formic acid, as the elution buffer. This fraction was subsequently
were added the following: 1.93 mg (}4mol) of solid hydroxyben- analyzed by MALDI-TOF MS and by ESI-Q-TOF MS (see Figures
zotriazole (HOBT); 1QuL of a solution of 1-ethyl-3N,N'-(3-dimethyl- S3 and S4 in the Supporting Information).

aminopropyl)carbodiimide hydrochloride (EDC, 21.7 mg/mL, 140 mM;

1.4 umol added) in 250 mM phosphate buffer (pH 7.0), anguB0of Acknowledgment. The authors gratefully acknowledge the
a solution of rhodamine derivativég'® (240 mg/mL, 439 mM; 13mol Department of Chemistry at the University of California,

added) in 250 mM phosphate buffer (pH 7.0). The reaction mixture Berkeley, the Lawrence Berkeley National Laboratory, Materials
was vortexed briefly and left at room temperature for 6 h, at which  gjence Division (U.S. Department of Energy Contract No. DE-
time an additional 2@L aliquot of a freshly prepared EDC solution in ACO03-76SF00098 : . :

; , - , and the Center for New Directions in
100 mM phosphate buffer (pH 7.4) was added. A third and final 20 Organic Synthesi; CNDOS is supported by Bristol-Myers

uL aliquot of the EDC solution (again, freshly prepared) was added . . .
12 h after initial mixing. The mixture was allowed to react in Eppendorf Squibb as a Sponsoring Member and Novartis Pharma as a

tubes at room temperature for 48 h, after which small molecule reagentsSUPPOrting Member. The authors also thank Waters Inc. for

and any dissociated coat protein monomers were removed via two Providing access to a Q-TOF Micro mass spectrometer, Jacob

rounds of gel filtration through Sephadex S-300 resin. The sample was M. Hooker for his analysis expertise, and Andrew D. Presley

characterized by MALDI-TOF MS as described above and by TEM for TEM imaging. Prof. Andrew O. Jackson is also acknowl-

(see Figure S2 in the Supporting Information). edged for many helpful discussions and for providing initial
Refolding Procedure for Internally Modified TMV Capsids. The samples of TMV stock.

general prodecures of Fraenk&onrat, Scheele, and Durham were

used®® To a solution of modified TMV capsids were added two Supporting Information Available: General experimental

additional volumes of acetic acid. The resulting suspension was procedures, instrumentation details, and MS/MS characterization

centrifuged at 10 000 rpm for 10 min to pellet the precipitated RNA, - gata. This material is available free of charge via the Internet
and the supernatant was passed through a Sephadex G-25 column pregt http://pubs.acs.org

equilibrated with three column volumes of 1% aqueous HOAc. The
protein-containing eluent was added dropwise to 10 mL of 100 mM JA046239N

J. AM. CHEM. SOC. = VOL. 127, NO. 11, 2005 3723



