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Abstract

In certain conditions, dye-conjugated icosahedral virus shells exhibit suppression of concentration 

quenching. The recently observed radiation brightening at high fluorophore densities has been 

attributed to coherent emission, i.e., to a cooperative process occurring within a subset of 

the virus-supported fluorophores. Until now, the distribution of fluorophores among potential 

conjugation sites and the nature of the active subset remained unknown. With the help of mass 

spectrometry and molecular dynamics simulations, we found which conjugation sites in the brome 

mosaic virus capsid are accessible to fluorophores. Reactive external surface lysines but also those 

at the lumenal interface where the coat protein N-termini are located showed virtually unrestricted 

access to dyes. The third type of labeled lysines was situated at the intercapsomeric interfaces. 

Through limited proteolysis of flexible N-termini, it was determined that dyes bound to them are 
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unlikely to be involved in the radiation brightening effect. At the same time, specific labeling 

of genetically inserted cysteines on the exterior capsid surface alone did not lead to radiation 

brightening. The results suggest that lysines situated within the more rigid structural part of the 

coat protein provide the chemical environments conducive to radiation brightening, and we discuss 

some of the characteristics of these environments.

Graphical Abstract

INTRODUCTION

Luminescent probes are an enabling factor of progress in cutting-edge areas of 

biotechnology including nonintrusive biomedical imaging and sensing of biomechanical 

stresses at the submicroscopic scale.1-3 High signal-to-background ratio (contrast), small 

footprint, photostability, and biocompatibility are key attributes when designing luminescent 

imaging agents.4 Further progress in luminescence imaging technologies is expected from 

a combination of brighter probes along with lower noise and higher sensitivity detection 

strategies.5-7 For brighter probes and higher contrast, a common approach has been 

to load polymeric nanoparticles with a large number of fluorophores.4,8 However, this 

approach is limited by a phenomenon known as concentration fluorescence quenching: 

at high fluorophore densities, the emission quantum yield decreases significantly due to 

homo-Förster resonance energy transfer (homo-FRET).9 This issue, common in multiemitter 

nanoparticles, can be partially circumvented if the fluorophores are grafted at well-defined 

locations on the surface of symmetric virus shells.10 In this case, the fixed, well-defined 

separation distance between fluorophores afforded by the precise locations on the virus 

surface can limit homo-FRET quenching, which has a rate that rapidly increases with the 

inverse of the interfluorophore distance.9 Moreover, under strong pumping conditions (fs 

and ps pulsed excitation), due to coupling, molecular fluorophores can emit collectively at 

an accelerated rate with respect to a system of incoherent fluorophores.11 At high numbers 

of fluorophores, the rate of this collective effect exceeds that of homo-FRET, thus leading 

to suppression of quenching. Such radiation brightening via collective relaxation can be 

achieved in solution and at room temperature.11
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In previous work,11 the brome mosaic virus (BMV), a nonenveloped icosahedral virus with 

a diameter of ~28 nm, provided the structurally precise molecular scaffold required for the 

conjugation of hundreds of fluorophores at well-defined locations. After conjugation, BMV 

became more stable against changes in pH and storage temperature, but no differences 

could be observed between the native and the fluorophore-conjugated virus structures 

by cryoelectron microscopy and single-particle reconstruction at a resolution of ≈7 Å.11 

Because of the stability enhancement, we concluded that at least some of the fluorophores 

interact strongly with the virus shell. The brightening, and the extra stability, vanished 

when a longer linker connecting the fluorophore and the capsid protein was used.11 

Radiation brightening was not observed when the virus template was replaced by a glass 

nanoparticle.11 The latter suggests a relationship between the virus scaffold structure and the 

brightening effect. The current experimental study is an exploration of this relationship, with 

the goal of better understanding the role of the virus as a template.

We note that although the development of functional multifluorophore architectures with 

high absorbance has begun more than a decade ago and currently expanded to DNA 

assemblies, viral capsids, protein templates, polymers, dendrimers, quantum dots, and 

antibodies,12-17 only very recently, other reports have emerged on the occurrence and/or 

mechanisms of radiation brightening via interfluorophore coupling.18,19 Moreover, while 

super-radiant molecular aggregates have been extensively studied in relation to coherent 

energy transfer,20-22 they are qualitatively different from the virus-templated systems 

discussed here. The nearest-neighbor distance in virus-templated fluorophores is an order 

of magnitude greater than in molecular aggregates, which precludes the same coupling 

mechanism.

The relatively rigid virus scaffold affords the placement of fluorophores in a consistent 

manner. Rigidity alleviates dephasing of coherently excited emitters, promoting collective 

behavior.23 A recent study by Rolczynski and co-workers indicated that a structured nuclear 

environment within the photosynthetic complex promotes coherent energy transfer.24 

Another factor that promotes collective behavior is the size of the coupled set of emitters. 

This is because the radiative decay rate of a coherent ensemble of N emitters scales as N2, 

while for an uncorrelated ensemble, it scales with N.25 Moreover, icosahedral symmetry 

has been predicted to be a determinant of unique collective photophysical properties in a 

system of coupled quantum dots.26 With viruses, fluorophore attachment can be achieved 

in a versatile manner, either through covalent modification (as in this work) or by genetic 

insertion of fluorescent amino acids, aptamers, or proteins.14,19,27,28

The reactive lysine residues in BMV can be categorized according to three distinct 

label environments differentiated with respect to radial location, backbone dynamics, 

and exposure to solvent. From the center to the virus surface, we distinguish among 

“internal” labels, mainly on the N-terminal coat protein domain, “interfacial” labels, at the 

intercapsomer interface, and “external” labels, on the outer virus surface (Figure 1).11,29 The 

reactivity of these residues is influenced by accessibility, local pKa,30-32 and the nature of 

the label.33
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Amide hydrogen exchange studies suggest that the BMV capsid is characterized by 

rich dynamics.34,35 The relative solvent accessibility of BMV lysines was explored by 

means of chemical labeling and tandem mass spectrometry.36 Such bottom-up proteomics 

approach involves enzymatic digestion combined with peptide mapping37 and has proven 

successful for rapid virus identification38 and elucidation of fluorophore modification sites 

in proteins.39,40 Here, we probe the fluorophore conjugation sites on the BMV capsid by 

employing a similar proteomics method to elucidate the active distribution of the fluorescein 

derivative commercially known as Oregon Green (OG). By selectively removing label 

layers and examining the changes in photophysical properties, we evaluate the role of 

each layer in the radiation brightening phenomenon. We further employ all-atom molecular 

dynamics (MD) simulations to investigate relevant physical properties of the BMV capsid 

structure. Altogether, the results may prove useful in designing future enhanced performance 

luminescent probes.

METHODS

BMV Purification.

wtBMV was expressed in Nicotiana benthamiana via Agrobacterium-mediated gene delivery 

according to the previously described protocol.41 Seven days after infection, N. benthamiana 
leaves were homogenized in virus buffer [250 mM NaOAc, 10 mM MgCl2 (pH 4.5)], 

followed by sucrose cushion and CsCl centrifugation. The resulting virus band was collected 

and dialyzed against SAMA buffer [50 mM NaOAc, 8 mM Mg(OAc)2(pH 4.6)], followed 

by purification using liquid chromatography, and determination of virus concentration using 

NanoDrop spectrophotometer.

Fluorescent Modification of the Virus.

The lysines of wtBMV were modified by bioconjugation with Oregon Green 488 carboxylic 

acid, succinimidyl ester. wtBMV in SAMA buffer was mixed with sodium bicarbonate 

buffer (100 mM, pH 8.2, keep it cold) in a 1:1 ratio to obtain a concentration of 1013 

particles/ml (final pH ~ 6.5). Dye stock was freshly prepared in dimethyl sulfoxide (DMSO) 

and was added to virus solution at varied ratios ranging from 500 to 8500 dyes/capsid. The 

reaction buffer should have ~6.5% DMSO in total. The reaction was left for 1–2 h at room 

temperature, followed by the removal of free dyes via filter wash and dialysis with SAMA 

buffer [50 mM NaOAc, 8 mM Mg(OAc)2(pH 4.6)]. The OG-labeled BMV is referred to as 

BMV-OG, and UV–vis spectroscopy was performed to confirm the absence of free dyes in 

the solution.

To check the electrophoretic mobility, purified wtBMV and BMV-OG were loaded in a 1% 

agarose gel. Electrophoresis was performed in SAMA buffer (pH 4.6) at 80 V for 1.5 h at 4 

°C. The bands were visualized by an Amersham Typhoon 9210 Variable Mode Imager after 

Coomassie Blue staining.

Fluorescent Modification of BMV Mutant.

BMV mutant V168C has 180 cysteine residues on the capsid structure.42 First, the 

disulfide bonds on the mutant (dispersed in pH 6 SAMA buffer) were reduced with a 
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3-fold molar excess of Tris (2-carboxyethyl)phosphine (TCEP) for an hour under oxygen-

reduced conditions (by buffer degassing and bubbling nitrogen for a few minutes before the 

reaction). Then, 200–5000 times excess of Oregon Green 488 Maleimide could react with 

the virus overnight at 4 °C, followed by free dye removal using membrane dialysis (10–12 

kDa).

Modification of BMV with SMTA.

S-Methylthioacetimi-date (SMTA) was prepared by Thumm’s method;43,44 1 mg/mL of 100 

μL virus was dialyzed (with 3 kDa Amicon spin filters) to pH 6 and 8 using 100 mM of 

MES and ammonium bicarbonate NH4HCO3 with 5 mM MgCl2, respectively, in each of 

these buffers. The protein concentration was measured by Bradford assay. Then, 43.4 μg/μL 

of SMTA (~500 mM) was added to the solution at room temperature and the reaction was 

monitored for 30 min. Excess SMTA was then removed by 3 KDa MWCO Amicon filters 

with 25 mM NH4HCO3 (pH 8).

Fluorescent Modification of Model Peptide.

Peptide RVVPV (2 mg/mL, molecular weight = 568.72 g/mol) was prepared in 100 mM 

sodium bicarbonate buffer (pH 7.5). Then, the N-terminus of the peptide was subjected to 

modification with 2X Oregon Green 488 carboxylic acid, succinimidyl ester for 2 h. For 

comprehending the ionization efficiency, an equal amount of unlabeled and dye-labeled 

peptides was mixed and injected into an Orbitrap Fusion Lumos.

Limited Proteolysis of BMV and BMV-OG.

wtBMV and BMV-OGs were dialyzed against swelling buffer45 for 4 h (100 mM Tris-HCl, 

100 mM NaCl, 1 mM EDTA) using a Slide-A-Lyzer MINI dialysis device, 10 K MWCO. 

wtBMV was treated with 1:20 of trypsin for 5 and 10 min at 37 °C. Similarly, BMV-OG 

was incubated with different ratios of trypsin ranging from 1:10 to 1:1 from 30 min to 2 h 

depending upon the number of dyes/virus in a sample. These samples were quenched with 

10 mM acetic acid, followed by matrix-assisted laser desorption ionization time-of-flight 

(MALDI-TOF) to monitor the released peptides. They were also visualized using 4–12% 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to confirm the 

proteolysis. The samples were further dialyzed back to SAMA pH 4.6 using 100 kDa 

Amicon filters and were imaged under transmission electron microscopy (TEM).

Enzymatic Digestion and Liquid Chromatography–Mass Spectrometry (LC–MS)/MS.

wtBMV and BMV-OG samples were buffer-exchanged to 25 mM NH4HCO3(pH 8) with 

3 kDa Amicon spin filters. To remove the RNA, 0.75 μg/μL of RNase A (from bovine 

pancreas) was added to each aliquot and the mixtures were incubated for 30 min at 30 

°C. Then, the samples were kept in water bath for a few minutes at 70 °C, followed by 

digestion with different enzyme: substrate amounts: trypsin = 1:20 (w/w), chymotrypsin 

= 1:20 (w/w) for 18 h, and proteinase K = 1:100 (w/w) for 30 min. The initial step of 

thermal denaturation increases the flexibility of the structure and enhances the propensity for 

proteolytic cleavage.46 The resultant peptide mixtures were loaded onto the LC instrument.
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HPLC/Nano-ESI MS/MS Analysis of wtBMV and BMV-OG Proteolytic Digests.

Approximately 1 μg of the proteolytic digests was loaded onto the trap column, which was 

separated by an Acclaim PepMap RSLC C18 column (75 μm × 25 cm, 2 μm, 100 Å) with 

an EASY-nLC 1200 liquid chromatography to supply the mobile phases. The gradient used 

is detailed in Table S1 of the SI document. Eluting peptides were detected with an Orbitrap 

Fusion Lumos Tribrid mass spectrometer. Full-scan spectra were recorded in an Orbitrap at 

a resolution of 120 K with a maximum ion injection time of 50 ms and an automatic gain 

control (AGC) of 4E5. The data-dependent mode was used in the MS/MS experiments to 

fragment the most abundant peaks with a cycle time of 1 s. Precursor ions in charge states 

of +1 to +7 were subjected to fragmentation by higher-energy collisional dissociation. An 

isolation window was set at 2.5 m/z with an offset of 0.5 m/z. All MS/MS spectra were 

recorded in an ion trap operating in rapid mode. Dynamic exclusion was prohibited to obtain 

better correlation between peptide abundance and spectrum counts.

MS Data Analysis.

Raw data files were converted to *.mgf files by Proteome Discoverer 2.1 software. Spectra 

were interpreted with the Batch-Tag Web of Protein Prospector against the database of the 

BMV capsid protein. Spectra resulted from precursors in charge states of +1 to +7 were 

searched with a precursor mass tolerance of 10 ppm and a fragment mass tolerance of 0.8 

Da. Loss of N-terminal methionine with acetylation of the successive residue and oxidation 

of methionine were allowed as variable modifications. Up to three missed cleavages were 

considered with tryptic and chymotryptic digests. Proteinase K digests were searched as 

no enzyme specificity at two termini with a maximum of 20 missed cleavages. For the 

OG488-labeled samples, a user-defined variable modification was set on lysine residue with 

mass additions of 375–396 Da, whereas for the SMTA-labeled samples, this mass range was 

set as 40–43 Da. A maximum of three modifications per peptide was considered. All peptide 

spectrum matches were required to have scores higher than 15, with the E-values lower than 

0.001.

Transmission Electron Microscopy.

Electron-transparent samples were prepared by placing 10 μL of dilute sample onto a 

carbon-coated copper grid. After 10 min, the excess solution on the grid was removed with 

filter paper. It was stained with 10 μL of 2% uranyl acetate for 10 min, and the excess 

solution was removed by blotting with filter paper. The sample was then left to dry for 

several minutes. Images were acquired at an accelerating voltage of 80 kV on a JEOL JEM 

1010 transmission electron microscope and analyzed with the ImageJ Processing Toolkit.

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Spectrometry.

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry 

was done on a Bruker Autoflex III in the reflectron mode. A 355 nm frequency-tripled 

beam Nd-YAG laser was incident on the 384-well steel plate of a 1 μL spot size. Trypsin-

treated samples were desalted and purified with Pierce C18 zip tips and further mixed with 

α-cyano-4-hydroxycinnamic acid (CCA) matrix in a 1:5 ratio (varies depending upon the 

concentration of the sample). A total of 4700 mix, which is a mixture of peptides with 
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masses from 379 to 3659 m/z, was used as the calibrant. The peptide fragments were 

identified with the MS-Digest function in Protein Prospector.

Steady-State Absorption and Fluorescence Emission Spectroscopy.

The concentration of wtBMV and the labeling efficiency of dyes were determined from 

the UV–visible absorbance spectra using the Varian Cary 100 Bio instrument. Fluorescence 

measurements were conducted on a Quanta-Master fluorescence spectrometer (Horiba) with 

the following parameters: excitation wavelength: 488 nm; emission wave-length: 515 nm. 

The excitation and steady-state emission spectra of 100 nM solutions were an average 

of at least three independent measurements. wtBMV and OG488 were used as reference 

standards whose optical characteristics were compared against BMV-OGs.

Total Internal Reflectance Fluorescence Microscopy (TIRF).

A Revolution XD optical microscopy system (Andor Technology, South Windsor, CT) based 

on an inverted Nikon Ti microscope and fitted with a Yokogawa spinning disk unit and 

TIRF optics and detection was used for single-particle fluorescence imaging. Samples were 

excited through a high-numerical-aperture 100× oil-immersed objective (CFI APO TIRF, 

NA: 1.49, Nikon) with a 488 nm laser at an angle of 1400 to achieve total reflection. 

Fluorescence was collected back through the objective, passed through an emission filter 

525/30, and recorded on a CCD camera iXon DU-897-BV (Andor Technology), imaging 

frame rate being 10 Hz. Images were processed and analyzed using Andor iQ, ImageJ, and 

IgorPro.

Fluorescence Lifetime Imaging Microscopy (FLIM).

The lifetime measurements were carried out with a Leica TCS SP8 SMD in FLIM 

configuration. The sample was excited at a wavelength of 488 nm from a filtered (10 nm 

bandwidth) supercontinuum laser emitting pulses of 120 ps at 40 MHz. The time-average 

maximum power was 500 μW at the sample. The collection spectral window was 500–550 

nm. Data analysis was done with SymPhoTime 64 (PicoQuant) software, ImageJ Processing 

Toolkit, and IgorPro.

Pulsed Excitation Fluorescence Spectroscopy.

Light pulses with a 170 fs pulse width from an optical parametric amplifier (Coherent Inc.) 

pumped by a regenerative amplifier operating at a 250 kHz repetition rate were used as an 

excitation source. The output pulse was tuned to λ = 490 nm, with an average power of 

<P> = 500 μW at the sample, focused using a fused silica lens of a 5 cm focal distance. 

The emission spectra were analyzed using an Acton SpectraPro-300i monochromator fit 

with a TE-cooled CCD camera (iDus, Andor). Data collection was done using Andor Solis 

spectroscopy software, followed by data processing in IgorPro (Wavemetrics).

All-Atom Modeling.

An all-atom model of the intact BMV T = 3 capsid was constructed based on the crystal 

structure PDB 1JS9 (3.4 Å).47 Residues 1–40 of the A chain were not resolved in the crystal. 

These missing residues were reconstructed using RosettaCM48 to perform fragment-based 

Sushma et al. Page 7

J Phys Chem B. Author manuscript; available in PMC 2022 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



loop modeling with the cyclic coordinate descent algorithm.49 The five N-termini of an 

A-chain pentamer were folded simultaneously with symmetry constraints to produce 10 

000 candidate conformations. The seven coil residues preceding the modeled region were 

allowed flexibility, while all other crystallographic residues were held fixed. The ensemble 

of N-termini conformations was clustered based on the root-mean-square deviation (RMSD) 

of the protein’s Cα trace, employing a partitioning around the medoids algorithm;50 the 

optimal number of clusters for the ensemble was determined using the gap statistic.51 

The medoid for the most populated cluster was taken as the final model for the A chain. 

Residues 1–24 of the B chain were not resolved in the crystal. Given the sixfold symmetry 

relationship of these subunits, the missing N-terminus of the B chain was modeled based on 

homology to the C chain, for which a complete backbone trace was resolved in the crystal 

structure. The side chains for residues 1–24 for both B and C chains were packed using 

SCWRL4.52 Minimal resulting structural clashes were resolved with molecular mechanics 

minimization.

MD Simulations.

The simulation system was designed to mimic the BMV capsid in SAMA buffer. 

Protonation states for titratable residues were assigned for pH 4.5 using APBS-PDB2PQR.53 

Local Na+ and Cl− ions were placed around the capsid with cionize in VMD 1.9.3;54 

solvate and autoionize were used to construct a 320 Å2 box of explicit solvent containing 

50 mM NaCl and 8 mM MgCl2. The system was described with the AMBER ff14SB force 

field55 and TIP3P water model56 with compatible ion parameters.57,58 Simulation files were 

prepared with psfgen in VMD, and the final system size was 3.2 million atoms.

MD simulations were performed with NAMD 2.14.59 The system energy was brought 

to a local minimum using the steepest descent protocol over 20 000 cycles. The system 

temperature was increased from 50 to 300 K over 5 ns. Protein backbone restraints were 

removed over an additional 5 ns. The system was allowed to equilibrate in the isothermal–

isobaric ensemble for a final 5 ns, and production sampling was carried out for 25 ns, saving 

trajectory frames every 10 ps. The r-RESPA integrator was employed with a time step of 2 

fs. Bonds to hydrogen were constrained using SHAKE. The nonbonded interaction cutoff 

was 12 Å. Electrostatic forces were split between short and long ranges using a quintic 

polynomial splitting function and computed with particle-mesh Ewald beyond the cutoff; 

full electrostatic evaluation was performed every other time step. Temperature control used 

the Langevin thermostat with a damping coefficient of 1.0 ps−1. Pressure control at 1.0 bar 

used the Nosé–Hoover Langevin piston with an oscillation period of 2000 fs and a damping 

time scale of 1000 fs.

MD Trajectory Analysis.

MD simulation trajectory analysis was carried out with VMD. The average per-residue root-

mean-square fluctuation (RMSF) was calculated based on the protein’s Cα trace, aligning 

on residues 41–189. The solvent accessible surface area and dye accessible surface area 

were calculated for the amino group of each lysine using a probe radius of 1.4 and 5.0 Å, 

respectively. Salt bridges were detected as electrostatic interactions within a distance cutoff 
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of 3.2 Å. Hydrogen bonds were detected based on a distance cutoff of 3.0 Å and an angle 

cutoff of 30.0 Å degrees.

RESULTS AND DISCUSSION

X-ray crystallography and cryoelectron microscopy studies have provided detailed structural 

information for the BMV particle.47,60 BMV encapsulates a multipartite single-stranded 

RNA genome inside a cavity of 18 nm diameter.47 The capsid wall is approximately 5 

nm thick, and the capsid consists of 180 identical self-assembled proteins forming a T = 

3 icosahedral structure.47 There are 12 lysines per BMV coat protein. Capsid symmetry, 

identity of protein subunits, and chemical addressability are responsible for the BMV appeal 

for bioconjugation and bioengineering applications.61

In this work, a common NHS ester coupling reaction was used to covalently attach Oregon 

Green 488 carboxylic acid succinimidyl ester to accessible lysines.11 The average number 

of dyes per virus particle was estimated from the UV–vis absorption spectra of BMV-OG 

conjugates (see Supporting Information, Figure S1). Varying the average number of dyes 

was achieved by changing the reagent concentration at a constant reaction time. BMV-OG 

particles loaded with 30 to ~300 dyes/virus on average could be obtained this way.

Transmission electron microscopy (TEM) indicated that BMV-OG particles are structurally 

similar to wtBMV.11 However, a change in the particle surface charge with OG conjugation 

was observed by electrophoretic mobility in agarose gel image (Figure S2A). As a possible 

consequence of this apparent change in the surface charge, at high dye loads (N > 200), 

some of the samples showed a propensity to aggregate. The samples that exhibited such 

aggregation were discarded from the study, and the results presented here only concern 

stable suspensions.

As one may expect from this particular conjugation approach, actual loading varies 

from particle to particle in magnitude and in distribution over the reactive lysine set. 

Single-particle intensities of labeled particles were obtained via total internal reflection 

fluorescence microscopy (TIRF). The box-and-whisker plot in Figure S2B illustrates the 

labeling heterogeneity. As expected, the dye load variance decreases toward saturation, 

i.e., at higher dye numbers. In addition, matrix-assisted laser desorption/ionization assays 

(MALDI) suggest that certain lysine reactive sites are more accessible than others.11

The bottom-up proteomics approach was applied with three variants of proteolytic digestion, 

employing three different enzymes: trypsin, chymotrypsin, and proteinase K (PK). The 

cleavage sites for trypsin and chymotrypsin on the BMV capsid protein are indicated in 

Figures S3 and S4 and PK digests adjacent to the carboxyl group of aliphatic and aromatic 

amino acids. The multienzyme approach reduces the uncertainties created by the possibility 

of dyes blocking some of the tryptic cleavage sites in a protein, thus leading to longer 

peptides, which are difficult to identify via MS. Since the cleavage sites are different for the 

three enzymes, by comparing the MS data in the three cases, one can eliminate dye blocking 

artifacts.
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It is known that the nature of the peptide, i.e., charge, mass, and fragment length, may 

influence the ionization efficiency of the fragment in the MS assay.29,62 As a control 

experiment, to determine the dependence of ionization efficiency on the presence of the dye 

label, we have investigated a short synthetic peptide, RVVPV, by comparing results from 

equal concentrations of unlabeled and labeled peptides. The extracted ion chromatogram 

(Figure S5) shows a slight change in the peak areas, which suggests that the ionization 

efficiency was affected by labeling. This is consistent with reports on other dyes, which have 

been shown to intensify the signal with respect to the unlabeled peptide.63 Thus, instead of a 

quantitative assessment, here we will resort to a qualitative data analysis.

For analysis of the MS/MS data, we initially employed the spectral counting method, where 

the ratio of the number of dye-labeled peptide counts with a particular lysine to the total 

number of peptide counts was considered. We also performed manual integration of peptide 

ion chromatogram peak areas for few data sets. Here, the relative ratio of the area of 

chromatogram for the labeled and unlabeled peptides was calculated. The results from the 

two methods were in good agreement.

Peptides produced as a result of the enzymatic digestion are reported in Tables S2-S6 along 

with their corresponding masses and retention times. The experimental molecular mass of 

the identified peptides matched the expected mass within 10 ppm. Table 1 summarizes 

13 different peptides (compiled from all three enzymatic digests) that were identified as 

carrying OG dye, and the corresponding lysines are colored in red. Dye labeling increases 

the mass of a peptide by 394.02 Da.

On the BMV coat protein structure,47 5 out of the 12 lysines can be classified as external 

and solvent accessible,36 and these were expected to be most susceptible to labeling. 

Interestingly, the results compiled in Table 1 suggest that even the lumenal (internal) surface 

lysines are readily accessible to the dye. Specifically, the internal lysines K8, K41, K44, and 

K86 and the external lysines K64, K105, and K165 have all shown similarly high probability 

of labeling (see further discussion and Table 3). In addition, even some of the partially 

buried lysines, i.e., K81 at the intercapsomer interface, could be labeled. As a side note, 

sufficient data on the K165-containing fragment was challenging to obtain using trypsin 

because, when K165 is labeled, the cleavage site becomes unavailable for trypsin action. The 

mass of the larger fragment is difficult to detect. As anticipated, in this case, chymotrypsin 

and PK were found to be useful in complementing trypsin proteolysis.

The above results corroborate previous reports concerning the accessibility of labeling 

agents to the internal sites for a few different other icosahedral viruses, which suggest that 

their capsids have very dynamic structures, in general, with transient pores opening and 

closing constantly.64 Specifically, modifications of the cowpea mosaic virus (CPMV) have 

been explored fairly well.65,66 Similar to this work, Wang et al. found that interior cysteine 

residues in CPMV are accessible to maleimidofluorescein, stilbene derivatives, and ethyl 

mercury phosphate (EMP).32,67 Partial proteolysis experiments confirmed enzymatic access 

to the N-terminal regions of cowpea chlorotic mottle virus (CCMV), which bears an ~70% 

protein sequence homology to BMV.45
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Another possible reason for the efficient labeling of internal residues in BMV is the virus 

conjugation reaction being performed at pH > 4.6. BMV is known to swell at pH ≥ 6 and salt 

concentrations >200 mM.68 The cryo-EM structure of the CCMV at neutral pH69 shows that 

the hexamers and pentamers are intact at this pH, but their mutual orientation is different 

from that of the structure at acidic pH. As a consequence, the CCMV capsid undergoes 

radial expansion by ~10% and 2 nm pores appear at the quasi 3-fold axes.34,69,70 These 

pores can act as conduits for the dye transport toward the interior. Moreover, the N-terminal 

tail is thought to gain the ability to undergo a flip-flop motion.71,72 Transport in and out 

swollen BMV capsids was previously studied by H/D exchange mass spectrometry, and 

significant deuterium exchange rates were measured for the internal lysines.34

To estimate the importance of steric hindrance for the labeling reaction, we compared the 

OG tag with labeling by a thioimidate reagent i.e., S-methylthioacetimidate (SMTA),43 

which is less bulky and less hydrophobic. Reilly and co-workers have previously utilized 

SMTA to evaluate the extent of reactivity of BMV lysines across a pH range.36 Note that 

in the previous work, the amidination reaction was performed at near-saturation conditions 

achieved through 10 cycles of reagent addition.36 In our case, the reaction was performed at 

pH 6 and 8 with just one cycle of reagent addition. Therefore, in the present experiments, 

only the most accessible lysines were modified and the samples were further evaluated with 

LC–MS/MS.

Table 2 summarizes 16 different peptides (compiled from all enzymatic digests) with 

SMTA-modified lysines. The mass of the fragment before and after the conjugation of 

SMTA (+41.02 Da) is provided alongside. None of the peptides were fully labeled—both 

labeled and unlabeled peptides were observed in the same sample. Thus, 11 lysines are 

accessible to SMTA but with varying probabilities. The peptide fragments produced by 

enzymatic digestion are tabulated in Tables S7-S10.

A qualitative comparison of the reactivity of SMTA and OG toward various BMV coat 

protein lysines is provided in Table 3. While differences in the reactivity of SMTA at pH 

6 and 8 are expected due to the structural changes that occur as a result of pH alteration, 

labeling of residues K8, K41, K64, and K81 appears to be unaffected by pH changes. 

Further, the residues that are protected from amidination can either be buried at the protein–

protein or protein–nucleic acid interface or engaged in salt bridges or hydrogen-bonding 

interactions.36,73,74

Both SMTA and OG show high labeling coverage toward the external lysines K64, 105, 

and 165. From the structural model, the distance between these external lysines ranges from 

~11 to 35 Å, while the size of OG is ~10 Å. Thus, due to steric constraints, not all of the 

external residues can be labeled at saturation and the surface dye distribution is necessarily 

inhomogeneous.

Among the external group, K83 and K111 show zero to low labeling efficiency. Both are 

located at the trimeric interface, which undergoes a visible conformational transformation 

during pH change.69 As a consequence, at high pH, labeling of these residues is sterically 

hindered. Another possibility for the low labeling coverage of these residues is that they 
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may be less reactive with respect to free amines due to involvement in salt bridges;65 e.g., 

K83 can exhibit ionic interaction with neighboring glutamic acid residues (as evident from 

the MD simulation results, which will be discussed in the subsequent section). Unlabeled 

peptides containing K111 were frequently detected. Note that if K111 was actually labeled 

with the dye, then trypsin would digest at the next available residue, i.e., at K130. This 

would make the mass of the peptide 4928.53 Da, which is harder to detect. However, other 

enzymes created shorter K111-containing peptides that were also not labeled. Thus, the OG 

label does not react efficiently with the K111 residue.

The high reactivity of K8, K41, and K44 internal residues (Figure 2B) confirms that, as 

already mentioned, capsids are sufficiently dynamic to allow label access.76,77 This is true 

especially for the N-terminal region (which contains the above residues)36 and is a general 

feature for similar RNA viruses. For instance, Barnhill et al. showed that K32, at the 

N-terminus of the turnip yellow mosaic virus (TYMV), is highly reactive toward fluorescein 

and rhodamine derivatives.78 K86, another labeled internal residue, is located near trimeric 

openings in the capsid below K83 and K111 residues and likely becomes easily accessible to 

the dye during the swelling transition.

Among the interfacial residues, K130 is highly reactive toward SMTA at pH 8 and less at 

pH 6. However, K130 is inaccessible to the dye, presumably due to steric hindrance. The 

reactivity of K53 is very low for both molecules. On the structure model, the site is masked 

by tight protein–protein interactions at the quasi 2-fold axis. K81, another residue at the 

interface, does show reactivity, albeit low, presumably because the site is located at the 

trimeric interface. Moreover, since K86 shows high reactivity toward OG and the distance of 

K86 to K81/K83 is ~11.3–11.9 Å, charge–charge repulsion and sterics may prevent the dye 

from further binding at the trimeric interface.

We have seen so far that the internal lysines show significant reactivity toward the dye. 

However, the first 25 amino acid region of the N-terminus domain is flexible, lacking 

a well-defined structure.47 Are the dyes bound to this domain involved in the radiation 

brightening phenomenon? To answer this question, we selectively truncated N-terminal 

residues and measured the changes in the photophysical properties of the VLPs at radiation 

brightening conditions. Removal of N-termini was achieved by capsid swelling at pH > 6 in 

the absence of divalent cations. This was followed by limited proteolysis.45,71 MALDI-TOF 

peptide mapping helped pinpointing the cleavage site. A similar characterization method 

was previously employed in studying the coat protein N-terminus and C terminus dynamics 

of other icosahedral viruses.35,45,79

Most of the proteolysis fragments analyzed by MALDI-TOF were from the N-terminal 

domain, i.e., 2–8, 21–26, and 27–41. In a lesser measure, the 90–103 peptide fragment was 

also evident (Figure S6). In Figure 3A, the four main peaks can be matched to the peptide 

sequences of BMV in Table 4. Some of the unassigned peaks in the MALDI spectra are due 

to trypsin autolysis. To determine the adequate time interval and the trypsin concentration, 

we have examined the result of trypsin exposure with electron microscopy (Figure S7) and 

an SDS-PAGE gel, followed by Coomassie staining (Figure S8A).

Sushma et al. Page 12

J Phys Chem B. Author manuscript; available in PMC 2022 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It was shown previously that virus gains thermodynamic stability after dye labeling.11 

Specifically, even after extended exposure to BMV disassembly conditions, the labeled-virus 

morphology remained unaltered.11 In addition, dye-labeled virions are much more resistant 

to digestion by trypsin. As labeling proceeds, the virus shell tightens. This is why the 

concentration of trypsin was increased to a 1:1 (w/w) ratio and the digestion times ranged 

from 30 min to 3 h from samples scaling from 56 to 317 dyes/virus, respectively. Tryptic 

peptides (Figure S6B-D) mostly showing ions 1, 2, and 5 correspond to the fragments 

2–8, 21–26, and 2–11, where K8 was tagged with OG. However, samples loaded with 

317 dyes/particle (see Figure 3B) only produced ion 5, which supports the idea of trypsin 

digestion being blocked. Indeed, coomassie-stained gel electrophoresis confirmed that at 

high dye numbers, most capsids remained intact after trypsination (Figure S8B). The above 

observations suggest that dye conjugation diminishes the BMV-OG protein cleavage by 

trypsin mostly in the structural part, while allowing the selective removal of the N-terminus, 

with capsid morphology remaining largely intact.

To estimate the degree of labeled N-termini removal, UV–visible absorption spectroscopy 

was performed post proteolysis (see Figure S9 for before and after digestion). The overall 

spectral shape remained the same after proteolysis, although the number of dyes remaining 

on the virus had changed. Ratiometric measurements allowed us to estimate that 15–30% 

dyes have been removed after proteolysis. This is consistent with the number of labeling 

sites on the N-termini.

Further, single particles were characterized by fluorescence lifetime imaging microscopy 

(FLIM).11 The average number of detected photons from single particles was plotted against 

the average excited-state lifetime for several average dye numbers per particle (Figure 4). In 

previous experiments with BMV-OG, bright particles with shorter lifetime tend to dominate 

above a certain average number of dyes per particle.11 Similarly, the brightness of BMV-OG 

particles with truncated N-termini is retained, even after the removal of most of the K8-

labeled residues. Thus, the results suggest that the floppy N-terminus, although abundantly 

labeled, does not contribute significantly toward radiation brightening. The remaining lysine 

residues must play the dominant role in the accelerated, collective emission.

To investigate the role of the dyes in the structural part of the coat protein, we designed 

a system where dyes can access only certain reactive sites on the virus coat surface. In 

this case, we employed a V168C mutant of the BMV coat protein.42,61 From previous 

work, the cysteine BMV mutant (cBMV) has a stable capsid, which allows for thiol–

maleimide chemistry and hydrazone ligation for attaching fluorescent molecules, PEG 

moieties, and cell-penetrating peptides.61 cBMV has 180 cysteine residues on the external 

capsid surface.42 cBMV was covalently modified with Oregon Green 488 Maleimide via 

a thiol–maleimide coupling reaction (Methods section). The construct will be henceforth 

named cBMV-OG.

The number of dyes on cBMV-OG was estimated from UV–visible absorption spectra of 

conjugates (see Figure S10A). The average number of dyes per particle could be varied 

from 14 to 174 dyes/virus by adjusting the dye concentration in the reaction mixture. We 

found that the number of dyes per particle could be significantly increased with respect to 
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previous works61 by tuning the labeling conditions (see the Methods section) and that even 

at the highest dye loading there is still measurable fluorescence. The structural integrity of 

particles was checked with TEM (Figure S10B), and the distance between adjacent cysteine 

residues was measured to be 2.6 ± 0.2 nm in the X-ray crystallographic structure (PDB 

1JS9). Interestingly, unlike the lysine-labeled particles, cBMV and cBMV-OG particles 

readily disassemble when dialyzed to BMV disassembly conditions.

We next determined whether cBMV-OG particles can display radiation brightening 

under pulsed and focused excitation conditions. Figure 5 depicts the ensemble-averaged 

fluorescence intensity vs the number of dyes per particle (N). Quantitative analysis shows 

an exponential decrease in the photon counts with increasing N, consistent with fluorescence 

quenching behavior, both at steady-state and pulsed laser settings. For comparison, data 

from BMV-OGs is also shown, for which the photon counts tend to take off at N ~ 

170.11 There are several possible reasons for the absence of radiation brightening in this 

case: smaller total number of dyes than the threshold observed on BMV-OG, a different 

interaction of the dye with the virus template reflected in the absence of an effect on capsid 

stability, and a larger interchromophore distance could all affect coupling and thus the 

collective radiative rate. If the latter decreases, dephasing processes have a chance to destroy 

coherence.

To gain further insight into capsid flexibility and lysine accessibility, we performed all-atom 

MD simulations of an intact BMV capsid. The capsid model was based on PDB 1JS9,47 

which was selected for its resolution and relative completeness compared to other available 

experimental structures. When aligned on residues 49–176 to exclude the disordered and 

incomplete N- and C-termini, 1JS9 and alternative cryo-EM structures60,80 produced a 

total root-mean-square deviation (RMSD) of less than 1.0 Å The simulation system, with 

unresolved protein regions reconstructed, was designed to mimic the capsid in SAMA buffer 

at room temperature.

Root-mean-square fluctuation (RMSF) of the capsid’s Cα trace indicates the extent of 

motion observed along the protein scaffold (Figure 6a). Beyond the expected high flexibility 

of the N-termini, the core of the capsid is relatively stable, with the range of values observed 

for lysines falling well within 1.0 Å. Although flexibility measurements do not strongly 

correlate with internal, interfacial, and external designations, molecular accessibility is 

clearly dependent on the lysine position and, in some cases, quasi-equivalence (Figures S11-

S13). Solvent accessible surface area (Figure 6b) is generally low for interfacial residues 

and higher for those exposed on the external face of the capsid. Dye accessible surface area, 

calculated for an OG size of ~10 Å (Figure 6c), reveals that most lysines are not sufficiently 

exposed to accommodate covalent attachment of the fluorophore. Notably, only K64, K111, 

and K165 were observed to be consistently accessible over the time scale of the simulation; 

these residues also exhibit relatively high Cα flexibility. For most lysines, inaccessibility to 

OG arises from frequent involvement in hydrogen bonds or salt bridges with neighboring 

residues (Figure 6d). A list of lysine salt bridge interactions is provided in Table S11.

Experimental observations and computational measurements agree that K64 and K165 are 

highly probable sites for fluorescent modification with OG. However, experiments indicate 
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K105 as a third site for labeling, while simulations indicate K111. Likely, the discrepancy 

between experimental and computational results can be attributed to pH. In the case of 

K111, as with K64 and K165, simulations at pH 4.5 show the lysine side chain protruding 

away from the protein surface when not forming intermolecular interactions. K105, on 

the other hand, sits within a depression of the protein surface, underneath K64, in the 

opening of the fivefold pore. While K105 can occasionally form a salt bridge with D127, 

its inaccessibility arises primarily from its near-interfacial location within the protein. 

Structural shifts (e.g., swelling and changes in protonation states that alter intermolecular 

interactions) expected to occur at pH 6.0 could cause K105 to become more exposed; 

however, it is yet unclear from simulations how such shifts would lower the accessibility 

of K111. Although the labeling reaction was carried out at pH 6.0, BMV-OG was returned 

to pH 4.5 for experimental characterization. Interestingly, simulations show that at pH 4.5, 

K105 exhibits minimal protein flexibility. As such, fluorescent modification at this position 

may be an important contributor to radiation brightening since rigidity of the scaffold 

alleviates dephasing of coherently excited emitters.

CONCLUSIONS

With the aid of a bottom-up proteomics approach and all-atom MD simulations, we have 

determined which lysines in BMV are accessible to labeling by OG488. Intriguingly, upon 

OG488 labeling, the virus becomes more stable relative to changes in thermodynamic 

conditions such as pH, salinity, and temperature. We also determined the effects of selective 

alteration of the labeled sites on the collective photophysical properties of BMV-OG 

complexes. Our results suggest that (1) not all of the fluorophores participate in accelerated 

emission after pulsed excitation. In particular, the fluorophores located on the flexible 

N-termini can be removed without an effect on the radiative decay rate. (2) The set of 

fluorophores involved in the previously observed radiation brightening phenomenon is 

located in the structural part of the protein. (3) Placing the fluorophores on the external 

surface, even at well-defined locations, does not guarantee radiation brightening, although 

concentration quenching is partially suppressed.

To continue unveiling design principles for bright coherent particles, the chemical and 

physical factors involved in achieving robust coherent effects at room temperature will be 

further explored. Additional studies through cryo-EM and more extensive MD simulations 

are currently in progress, which will assist in elucidating the orientation and dynamics of 

fluorophores bound to the structural part of the coat protein. Once this central issue is 

solved, it may open venues for the development of more efficient subwavelength photonic 

sources for biological applications by genetic modification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
BMV-OG schematic. There are three distinct types of fluorophore locations separated into 

three radial layers.
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Figure 2. 
Depiction of lysines on the pentameric face of capsid proteins. Image made with Chimera.75 

Side view of (A) external residues K165, K111, K105, K83, and K64, (B) internal residues 

K41, K44, and K86 (K8 is not visible in the structure), and (C) interfacial residues K130, 

K81, and K53.
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Figure 3. 
MALDI-TOF analysis of peptides released from (A) wtBMV and (B) BMV-OG with 317 

dyes/virus after trypsin treatment. The masses and the identity of labeled ions can be seen in 

Table 4. (C) TEM image of BMV-OG 317 particles after digestion.
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Figure 4. 
Average plot of the estimated lifetime vs fluorescence photon count collected from hundreds 

of OG-labeled BMV virions by single-particle FLIM. The color gradient legend maps the 

average number of dyes/virus. Open and filled circles represent samples before and after 

trypsin digestion, respectively.
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Figure 5. 
Integrated photon counts normalized to free dye vs <N> for cBMV-OGs at steady-state and 

pulsed excitation conditions. The dotted curves show the fitting corresponding to the Stern–

Volmer quenching equation,9,11 which describes concentration quenching with increase in 

<N>. For comparison, the experimental data obtained for BMV-OGs by Tsvetkova et al. at 

pulsed excitation has also been shown in black.
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Figure 6. 
MD simulation results. (a) Average Cα RMSF over 60 copies of all chains in the capsid. 

The axis is shown on the left for highly flexible residues 1–39 and on the right for the 

remaining residues. Lysines are highlighted according to the color scheme used in Figure 2. 

(b) Average solvent accessible surface area for each lysine calculated with a probe radius of 

1.4 Å. (c) Average dye accessible surface area for each lysine calculated with a probe radius 

of 5.0 Å. (d) Percentage of trajectory frames in which each lysine was involved in hydrogen 

bonds and/or salt bridges. Averages were calculated over 4.5 μs of cumulative simulation 

sampling. Error bars represent standard deviation. Data is presented by quasi-equivalent 

chain in Figure S11.
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Table 3.

Reactivity of OG488 Dye vs SMTA
a

lysine location OG SMTA (pH 6) SMTA (pH 8)

8 internal very high very high very high

41 internal high high high

44 internal high high low

53 interface zero zero low

64 external high high high

81 interface low low low

83 external zero low zero

86 internal high high very high

105 external high high very high

111 external zero zero zero

130 interface zero low high

165 external medium medium very high

a
Classification of lysines as “external”, “internal”, or “interface” was done by inspecting the intact capsid structure. Reactivity was evaluated from 

the percentage of spectral counts (labeled peptides vs total observations): >80 %: very high, 50–80 %: high, 30–50 %: medium, 10–30 %: low, <10 
%: zero.
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Table 4.

Peptide Sequence and Their Corresponding Masses Obtained after Trypsin Digestion Identified by MALDI-

TOF Mass Analysis

ion no. amino acid residues molecular weight of peptide, Da

1 2(acetyl)–8 679.32

2 21–26 803.42

3 90–103 1493.92

4 27–41 1505.86

5 2(acetyl)–11+dye 1461.51
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