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ABSTRACT 

Viruses and virus-like particles are powerful templates for materials synthesis because of 

their capacity for precise protein engineering and diverse surface functionalization. We recently 

developed a recombinant bacterial expression system for the production of barley stripe mosaic 

virus-like particles (BSMV VLPs). However, the applicability of this biotemplate was limited by 

low stability in alkaline conditions and a lack of chemical handles for ligand attachment. Here, we 

identify and validate novel residues in the BSMV Caspar carboxylate clusters that mediate virion 

disassembly through repulsive interactions at high pH. Point mutations of these residues to create 

attractive interactions that increase rod length ~2 fold, with an average rod length of 91 nm under 

alkaline conditions. To enable diverse chemical surface functionalization, we also introduce 

reactive lysine residues at the C-terminus of BSMV coat protein, which is presented on the VLP 

surface. Chemical conjugation reactions with this lysine proceed more quickly under alkaline 

conditions. Thus, our alkaline-stable VLP mutants are more suitable for rapid surface 

functionalization of long nanorods. This work validates novel residues involved in BSMV VLP 

assembly and demonstrates the feasibility of chemical functionalization of BSMV VLPs for the 

first time, enabling novel biomedical and chemical applications. 
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1. Introduction 

Plant viruses and virus-like particles (VLPs) are attractive templates for the synthesis of 

well-defined nanomaterials with diverse applications [1]. As protein bionanoparticles that replicate 

in plants, they can be scalably and sustainably produced. The vast majority of plant viruses are 

nonenveloped, and their lack of lipid content confers broad temperature stability [2,3]. Coat 

proteins of various plant viral species can even assemble without their native genomes, yielding 

non-infectious VLPs [4]. Having evolved to infect plant hosts, various plant viruses and VLPs 

have high biocompatibility that further extends their range of applicability to medical applications 

such as vaccine and drug delivery [5]. They also exhibit highly ordered nanoscale structures with 

diverse geometries composed of hundreds to thousands of capsid proteins, providing an 

opportunity for high-density surface display. Decoration with small-molecule chemicals, 

polymers, peptides, proteins, metals, and other ligands enabled the widespread application of plant 

viruses in (bio)sensing, catalysis, energy, and medicine [6–8]. 

Rod-shaped plant viruses such as tobacco mosaic virus (TMV), the first virus ever 

discovered, are particularly popular and well-characterized as nanomaterial templates [9]. This 

cylindrical virus consists of a single capsid protein that self-assembles via protein::protein and 

nucleic acid::protein interactions [10]. Viral capsid proteins first assemble into washer-like 

structures with a diameter of ~20 nm via hydrophobic and electrostatic interactions encoded within 

their structure. These washers stack into nanorods to encapsidate viral genomic RNA and complete 

the multi-stage assembly process. Once the rods enter host cells, viral capsid proteins repel each 

other to disassemble the rods and restart the viral replication cycle. The transition between self-

assembly and self-repulsion is mediated in TMV by a cluster of negatively charged carboxylate 

residues within the capsid protein or Caspar Carboxylate Cluster (CCC) motif [11–13]. These 

repulsive interactions can be neutralized through proton or calcium ion-mediated charge shielding, 

allowing viral assembly. However, under higher pH or low Ca2+, such as that experienced 

intracellularly, these repulsive interactions are unshielded and the particles disassemble [11,14]. 

Similar CCC-forming residues were proposed for barley stripe mosaic virus (BSMV), another rod-

shaped plant virus of the Virgaviridae family with high structural similarity to TMV, based on 

cryo-electron microscopy (EM) [15,16]. The near-atomically resolved cryo-EM structures further 

revealed that the C-termini of both viruses are exposed on the particle surface. This information is 
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essential for incorporating functional moieties onto the surface of TMV and BSMV, and the latter 

is quickly drawing attention as an efficient biotemplate [17]. 

Various chemical and bioconjugation strategies have been established for the surface 

functionalization of rod-shaped plant viral particles, each with unique advantages and 

disadvantages [18]. Direct fusion to the surface-exposed C-terminus is the most straightforward 

route for peptide and protein display, which is common when diverse biological functionalities are 

desired. However, this approach is heavily restricted by the need to preserve host infectivity for in 

planta production. Apart from a single exception in which TMV was fused to a small, 133-residue 

protein [19], direct fusion is typically limited to short peptides below ~20 residues long [20,21]. 

Even the insertion of a single residue can interfere with plant viral replication and stability. For 

example, significant screening and optimization were used to generate TMV mutants with surface-

exposed lysine residues; and all successful clones contained extra acidic residues to balance out 

the positive charge of lysine’s amino side chain [22]. Once the lysine-displaying mutants were 

generated, they enabled facile surface functionalization via chemical coupling and indirect 

bioconjugation through the binding of streptavidin to biotinylated VLPs [23]. Nonetheless, the 

requirement of plant host infectivity clearly limits viral engineering. To address this issue, we 

recently established the production of noninfectious BSMV VLPs in bacteria, allowing for faster 

production times and decoupling viral fitness or infectivity from production [24]. Bacterially 

produced VLPs can be used for templating with similar efficiency to in planta virus [24] and are 

more amenable to engineering that would introduce desired properties that would otherwise reduce 

infectivity (e.g., pH stability/reduction of infectivity at neutral pHs) [25]. Thus, the stage is set for 

further engineering BSMV VLPs with targeted physicochemical and biological properties.  

Engineering rod-shaped plant VLPs with improved stability at alkaline pH is crucial for 

important functionalization approaches including metal mineralization and chemical modification. 

For example, buffer pH near and above 9 greatly accelerates the electroless deposition of 

ruthenium oxides for catalytic and energy storage applications [26]. This pH range also favors 

electroless deposition of other metals and alloys, including nickel-phosphorous [27]. However, 

since viral particles are typically unstable in this environment, adsorption of these metals typically 

requires extra processing steps, such as platinum or palladium pre-activation [28]. Particle 

instability in alkaline conditions is also troublesome for functionalization via organic chemical 

reactions. For example, the electrophilic aromatic substitution of diazonium salts onto tyrosine 
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phenols requires pH values between 9 and 10. This is a popular and highly efficient reaction that 

can be used to modify rod-shaped plant viruses with diverse functional groups [29]. Similarly, the 

rate constant is over 12 times higher at pH 9.5 than at pH 6.5 for the conjugation reaction between 

various isothiocyanates and a cysteine-functional protein [30]. Particle surface-exposed lysine 

residues are another favorable site for chemical couplings to TMV, as the highly nucleophilic 

amine group readily attacks esters, acids, maleimides, isocyanates, and other electrophiles. 

However, amine nucleophilicity drops dramatically upon protonation, primarily at pH values 

below its pKa of ~9 [31]. Unfortunately, CCC-mediated repulsive interactions destabilize rod-

shaped plant viruses in alkaline conditions far below this value [10]. Enhancing the pH stability of 

BSMV VLPs would therefore enable important engineering opportunities for numerous 

applications.  

To maintain the assembly of BSMV capsid protein in a wider range of processing 

conditions, control and enhancement of its self-assembly are needed. Point substitution of CCC 

residues improved the pH stability of TMV rods by neutralizing their repulsive interactions, but 

this has never been attempted with BSMV [32,33]. We hypothesized that neutralizing repulsive 

interactions between selected negative carboxylates within the CCC would similarly stabilize the 

assembly of BSMV capsid proteins and enhance its pH stability. While a putative CCC for BSMV 

has been proposed by Clare et al. based on crystallization data [15], these sites are yet to be 

validated. In this paper, we assess these candidates and experimentally validate novel CCC 

residues. In doing so, we generate alkaline stable BSMV VLPs and further functionalize them with 

reactive handles for subsequent chemical conjugation. Our work validates the engineering 

flexibility of BSMV-derived VLPs and establishes chemical strategies for surface modification 

and functionalization for diverse applications. 

2.  Materials and methods 

2.1  BSMV Protein Crystal Structure Alignment  

Analogous CCC candidate residues to those validated in TMV were identified via sequence 

structural alignment. The capsid proteins of TMV (PDB: 2xea) and BSMV (PDB: 5a7a) were 

structurally aligned via TM-align (version 20190822) with the default setting [34]. TMV-validated 

CCC residues E50 and D77 were used to find the corresponding residues on BSMV capsid protein 
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based on the structural proximity of negatively-charged residues. The individual and overlay 

structures were downloaded from TM-align output and visualized via pymol. The putative 

candidate residues were then subjected to site-directed mutagenesis for experimental validation.  

 

2.2  Cloning of BSMV Capsid Protein Mutants 

E. coli strains and plasmids used in this study are listed in Table 1. All molecular biology 

manipulations were carried out according to standard practices [35]. BSMV CP CCC-mutants were 

made via site-directed mutagenesis [36]. Briefly, plasmid pET21-BSMV-CP [24] was amplified 

with Phusion DNA polymerase (Thermo Fisher Scientific, Waltham, MA. Cat. No: F530S) and 

mutagenic primers described in Table 2. Cleaned up reaction products were then digested with 

DpnI to remove unmutated plasmid before transformation into E. coli. The D101R mutant with an 

additional C-terminal lysine insertion was made through PCR from pET21-BSMV-CP-D101R 

with primers 199K 5’/199K 3’; the 3’ primer contained a random codon inserted right before the 

stop codon and introduced AgeI sites downstream. pET21-BSMV-CP and insert were then 

digested with AgeI and XbaI to enable swapping of wildtype BSMV-CP and the BSMV-

D101R/199K insertion mutant via standard recombinant biotechnology approaches [35]. Colonies 

were screened to identify one with a lysine-encoding codon inserted at the C-terminus. All 

constructs were verified via Sanger sequencing at Genewiz (South Plainfield, NJ). 
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Table 1. Strains and plasmids 

Name Relevant genotype Vector backbone Plasmid 
origin Source 

Strain     
BL21-

CodonPlus(DE3)-
RIPL 

E. coli B F– ompT hsdS(rB
– mB

– ) dcm+ Tetr gal 
λ(DE3) endA Hte [argU proL Camr] [argU ileY 

leuW Strep/Specr 
N/A N/A Agilent 

Technologies 

Plasmid     
pET21-BSMV-

CP BSMV-CP-linker-OAS, bla 

pET21-1cys-tmv-cp 
 

pBR322 
 

Lee et al.[24] 

pET21-BSMV-
CP-E37Q BSMV-CP-E37Q- linker, bla 

This study 
 

pET21-BSMV-
CP-E37R BSMV-CP-E37R-linker, bla 

pET21-BSMV-
CP-E62Q BSMV-CP-E62Q-linker, bla 

pET21-BSMV-
CP-D68N BSMV-CP-D68N-linker, bla 

pET21-BSMV-
CP-D70N BSMV-CP-D70N-linker, bla 

pET21-BSMV-
CP-D101N BSMV-CP-D101N-linker, bla 

pET21-BSMV-
CP-D101R BSMV-CP-D101R-linker, bla 

pET21-BSMV-
CP-D101K BSMV-CP-D101K-linker, bla 

pET21-BSMV-
CP-E62Q/ 

D101N 
BSMV-CP-E62Q/D101N-linker, bla 

pET21-BSMV-
CP-D101R / 

199K 
BSMV-CP-E62Q/199K-linker, bla 
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Table 2. DNA primers were used in this study. The modified nucleotides corresponding to the 1 
modified codons are in lowercase. Introduced AgeI sites are underlined. 2 

Name   Sequences (5’>3’)  Templat
e   

Used to 
construct  

E37Q 5’  TGGTGGGTGCATGTAcAGGCCTGGAATAAGT pET21-
BSMV-
CP 

pET21-
BSMV-CP-
E37Q 

E37Q 3’  ACTTATTCCAGGCCTgTACATGCACCCACCA 

E37R 5’ TGGTGGGTGCATGTAcgtGCCTGGAATAAGTTT pET21-
BSMV-
CP 

pET21-
BSMV-CP-
E37R 

E37R 3’ AAACTTATTCCAGGCacgTACATGCACCCACCA 

E62Q 5’  CGCTCACAAGTAGCAcAGTATTTGGCTGCTT pET21-
BSMV-
CP 

pET21-
BSMV-CP-
E62Q and 
pET21-
BSMV-CP-
E62Q/D101N 

E62Q 3’  AAGCAGCCAAATACTgTGCTACTTGTGAGCG 

D68N 5’  TATTTGGCTGCTTTGaATCGTGACCTTCCGG pET21-
BSMV-
CP 

pET21-
BSMV-CP-
D68N 

D68N 3’  CCGGAAGGTCACGATtCAAAGCAGCCAAATA 

D70N 5’ GCTGCTTTGGATCGTaACCTTCCGGCTGACG  pET21-
BSMV-
CP 

pET21-
BSMV-CP-
D70N 

D70N 3’ CGTCAGCCGGAAGGTtACGATCCAAAGCAGC  

D101N 5’  AAATTTTTTCGTCTTaATAAACGTACAATCG pET21-
BSMV-
CP 

pET21-
BSMV-CP-
D101N and 
pET21-
BSMV-CP-
E62Q/D101N 

D101N 3’  CGATTGTACGTTTATtAAGACGAAAAAATTT 
 

D101R 5’ AAATTTTTTCGTCTTcgTAAACGTACAATCGC pET21-
BSMV-
CP 

pET21-
BSMV-CP-
D101R 

D101R 3’ GCGATTGTACGTTTAcgAAGACGAAAAAATTT 

D101K 5’ AAATTTTTTCGTCTTaaaAAACGTACAATCGCT pET21-
BSMV-
CP 

pET21-
BSMV-CP-
D101K 

D101K 3’ AGCGATTGTACGTTTtttAAGACGAAAAAATTT 

199K 5’ GGAATTGTGAGCGGATAACA pET21-
BSMV-
CP-
D101R 

pET21-
BSMV-CP-
199K 

199K 3’* TATTACCGGTTTAmnnTGCTTCCTCTGCATCTG
G 

* M and N designate random A/C and A/T/G/C bases, respectively 3 
  4 



9 

2.3  BSMV Capsid Protein Expression 5 

The BSMV-capsid protein expression plasmids were transformed into E. coli BL21- 6 

CodonPlus (DE3)-RIPL (Agilent Technologies, Santa Clara, CA. Cat. No.: #230280). The bacteria 7 

were streaked onto plates containing LB media plus 100 𝜇𝜇g/ml ampicillin and 25 𝜇𝜇g/ml 8 

chloramphenicol and incubated for 16-20 hours at 37 °C. Single colonies were selected, inoculated 9 

into LB broth, and incubated at 37 °C for 16-20 hours at 250 RPM. The liquid cultures were then 10 

diluted a hundred-fold in LB broth and incubated at 37 °C until an OD600 of 0.5. The cultures were 11 

induced with the addition of 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) to express the 12 

BSMV capsid protein followed by incubation for 16 hours at room temperature (~23 °C) to express 13 

capsid protein. All BL21-CodonPlus (DE3)-RIPL liquid cultures or plates contained ampicillin 14 

(100 𝜇𝜇g/ml) and chloramphenicol (25 𝜇𝜇g/ml). Bacteria were collected by centrifugation at room 15 

temperature for 5 min at 6000 rpm. The pellet containing the bacteria was used directly for 16 

isolation of BSMV VLPs or stored at -80 °C. 17 

2.4 BSMV-VLP Purification 18 

Protein expression and purification for BSMV carboxylate residue mutants were performed 19 

as described previously [24]. In brief, BSMV VLPs were isolated from E.coli cell pellets by 20 

resuspension in BugBuster® Protein Extraction Reagent (MilliporeSigma, Burlington, MA) 21 

supplemented with Lysonase™ Bioprocessing Reagent (MilliporeSigma, Burlington, MA) as per 22 

the manufacturer protocol. Lysates were then incubated at room temperature for 10 min and 23 

centrifuged at 19,000 × g for 10 min to remove the insoluble lysates. VLPs were isolated from the 24 

soluble protein lysates by centrifugation at 64,000 × g at 4 oC for 1 h. The isolated VLP pellets 25 

were resuspended in 10 mM Tris-HCl at pH 7 or pH 9 at 4 oC. 26 

In order to obtain pure BSMV-D101R/199K VLPs for further surface functionalization, a 27 

different purification protocol was followed. After the VLPs were isolated from E.coli using 28 

BugBuster® Protein Extraction Reagent and Lysonase™ Bioprocessing Reagent, the suspension 29 

was incubated for 15 min at room temperature on a shaker to lyse the cells. The lysis was followed 30 

by centrifugation at 21,000 × g for 15 min at 4 oC to remove the insoluble lysates. The VLPs in 31 

the soluble protein lysates were pelleted by ultracentrifugation on a 25% (w/v) sucrose cushion at 32 
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30,000 rpm at 4 oC for 3.5 h. The pellet was allowed to resuspend in 1x PBS at 4 oC for 2 days, 33 

after which the suspension was passed through a 0.22 𝜇𝜇m syringe filter for future use. 34 

2.5 Verification of Capsid Protein Expression  35 

To validate coat protein expression, cell lysates were analyzed on 14% polyacrylamide gels 36 

(Thermo Fisher Scientific, Waltham, MA. Cat. No.: XP04200BOX). 14 µl of protein lysate was 37 

mixed with an equal volume of 2X Tris-glycine SDS Sample Buffer (Thermo Fisher Scientific, 38 

Waltham, MA. Cat. No.: LC2676) and supplemented with 2 µl of 1M DTT (Thermo Fisher 39 

Scientific, Waltham, MA. Cat. No.: AC426380100). Samples were then incubated at 85°C for 5 40 

minutes to denature the proteins. Samples were then placed on ice for 5 minutes before 41 

electrophoresis. PageRuler™ Plus Prestained Protein Ladder (Thermo Fisher Scientific, Waltham, 42 

MA. Cat. No.: 26620) was used as a molecular weight standard. The gels were run at 120 V for an 43 

hour before staining with Coomassie blue (Fisher Scientific, Pittsburgh, PA. Cat. No.: BP101-25) 44 

for 10 minutes. Gels were then destained with destaining buffer (10% glacial acetic acid and 10% 45 

methanol) overnight before visualization under visible light with an Azure c400 imager (Azure 46 

Biosystems, Dublin, CA). 47 

2.6 Size Measurement 48 

TEM samples were prepared for imaging by placing 1.5 𝜇𝜇l of the VLP suspension onto 49 

formvar/carbon-coated copper grids followed by an equal amount of ACS-grade phosphotungstic 50 

acid (PTA, stock concentration: 1%) for negative staining. After 15 sec, the excess liquid was 51 

wicked from the grid with 3MM paper, and the grid was allowed to dry. At least 50 images were 52 

taken per sample using Tecnai T20 transmission electron microscope (200 kV). More than 20 53 

images with good contrast and focus were analyzed with ImageJ software to measure the 54 

dimensions of over 180 nanorods. 55 

Dynamic light scattering was performed with a Malvern Zetasizer Nano ZS instrument. 56 

Following 18 days of incubation, 0.40 mL of each sample was placed in triple-rinsed ZEN0040 57 

cuvettes equilibrated to 25 oC for 30 s before each measurement. The data shown is the average of 58 

10 readings, which were taken for 10 s each at a 173° backscatter measurement angle. Size 59 
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distributions were obtained with a general purpose analysis model. All measurements showed good 60 

second-order correlation functions with a y-intercept between ~0.9 and 1.  61 

2.7 Measurement of reaction kinetics between BSMV-D101R/199K VLPs and 62 

fluorescamine 63 

BSMV-D101R/199K VLPs suspended in 0.01 M HEPES buffer at pH 7.2 were divided into three 64 

aliquots. Each aliquot was buffer-exchanged thrice with 0.1 M pH 5 citrate buffer, 1x PBS (pH 7), 65 

and 0.1 M pH 9 carbonate-bicarbonate buffer, respectively, using Amicon® Ultra centrifugal filter 66 

units with 100 kDa MWCO (MilliporeSigma, Burlington, MA). Stock solution of fluorescamine 67 

(concentration: 3.6 mM) was prepared by dissolving 250 mg of fluorescamine powder (Sigma-68 

Aldrich, St. Louis, MO. Cat. No: F9015-250MG) in 25 mL of anhydrous DMSO (Fisher Scientific, 69 

Pittsburgh, PA. Cat. No.: AC326880010). VLPs at pH 5, 7, and 9 were mixed with fluorescamine 70 

in a 1:100 VLP:fluorescamine molar ratio in a Nunc™ black/clear bottom 96-well plate (Thermo 71 

Fisher Scientific, Waltham, MA. Cat. No. 265301). Buffers at corresponding pH were used as 72 

blanks. Fluorescence at each time point was measured using a microplate reader (SpectraMax iD5, 73 

Molecular Devices, Downingtown, PA) at an excitation wavelength of 380 nm and emission 74 

wavelength of 470 nm. Blank subtracted fluorescence intensity values were then plotted against 75 

time. Fluorescence measurements were performed in triplicate. Error bars in the graph represent 76 

the standard error of mean fluorescence intensities. 77 

2.8 Identification of solvent exposed lysine residues in BSMV 78 

BSMV capsid protein sequence was obtained from UniProt (PDB: 5a7a). A predictive model of 79 

D101R coat protein dimers was computed using AlphaFold2 [37]. The models were analyzed 80 

using Swiss PDB Viewer (also known as DeepView). Accessible residues were identified by 81 

setting accessibility threshold to 50%.  82 

3. Results and Discussion 83 

3.1 Novel residues identified in the BSMV Caspar carboxylate cluster (CCC) 84 

There are various approaches to stabilize rod-shaped plant viruses such as TMV and 85 

BSMV, whose structures were recently resolved [16,38]. For example, cysteine insertions enabled 86 
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disulfide bond formation between coat proteins, yielding stable TMV nanorods up to pH 11 [39]. 87 

While these made efficient catalysts for alkaline hydrogen evolution [40], disruption by reducing 88 

agents restricts applicability to electroless metal deposition [41] and intracellular applications 89 

[42,43]. Therefore, we thus sought to stabilize BSMV via CCC engineering, another proven 90 

strategy for TMV [44]. Crystallization and structural elucidation of chimeric BSMV VLPs 91 

revealed close axial contacts between the carboxylate residues on adjacent capsid proteins located 92 

at Glu37 (E37), Asp70 (D70), and D74 that have been proposed as the CCC (Figure 1A) [15]. E37 93 

is hypothesized to interact with both D70 and D74 on adjacent capsid proteins; thus, point 94 

mutations of E37 to a neutral (Gln/Q) or positive (Arg/R) residue may be sufficient to neutralize 95 

the CCC repulsion and stabilize VLPs at alkaline pH. To evaluate their role in assembly, we 96 

expressed transcripts encoding BSMV capsid protein point mutants in E.coli.  97 

SDS-PAGE analysis confirmed successful heterologous expression of mutant BSMV CPs 98 

(Figure S1). Surprisingly, however, the neutral (E37Q) and positive (E37R) mutants did not result 99 

in the formation of VLP rods (Figures 1B and 1C). Analogous single point mutations in TMV 100 

(e.g., E50Q) resulted in VLP rods and reduced disassembly at elevated pH [11]. These results 101 

suggest that E37 is not an amenable site to neutralize repulsive CCC interactions. The suggested 102 

CCC residues (E37, D70, and D74) have been shown to be very close to the salt bridge formed 103 

between D44 and R69 [15]. Point mutations of residue E37 may have disrupted the salt bridge, 104 

thus preventing self-assembly. Structural analyses did not identify alternate interacting residues 105 

for the rest of the putative CCC (D70, D74). Thus, we pursued an alternate structure-guided 106 

approach based on the structural similarities between TMV and BSMV capsid proteins [15]. 107 

Superposition of BSMV and TMV capsid protein crystal structure revealed that D70 and 108 

three novel residues (E62, D68, and D101) closely aligned with established TMV CCC residues 109 

(Figure 2). D101 of BSMV corresponds to E50 of TMV, while E62, D68, or D70 of BSMV is 110 

analogous to D77 of TMV (Figures 2A and 2B). To evaluate this new CCC as a candidate for VLP 111 

stabilization, we mutated the negative aspartate (D) to neutral asparagine (N) and negative 112 

glutamate (E) to neutral glutamine (Q) or positive arginine (R) through site-directed mutagenesis. 113 

Neither D68N nor D70N resulted in the formation of nanorod-shaped VLP (Figure S2). In contrast, 114 

E62Q and D101N successfully led to clear, rod-shaped capsid protein assembly (Figure 3A and 115 

3B). Thus, E62 and D101 form a previously unrecognized BSMV CCC that tolerates  site-directed 116 

mutagenesis for potential stabilization. Combining these mutations also resulted in successful VLP 117 
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assembly (Figure 3C). Our results validate the role of E62 and D101 contacts in BSMV self-118 

assembly and demonstrate that these protein::protein interactions can be engineered to stabilize 119 

assembly of BSMV VLPs. 120 

We hypothesized that replacing the repulsive negative CCC interactions with attractive, 121 

positive/negative interactions will have a strong stabilizing effect on particle assembly. To test this 122 

hypothesis, we mutated D101 with positively charged residues such as arginine or lysine that can 123 

attract the negative charge of the opposing glutamate. Although D101K did not result in observable 124 

VLPs (Figure S3), D101R mutants clearly formed viable VLP rods (Figure 4). The assembly of 125 

D101R mutants into VLPs can be attributed to geometric effects of residues. Arginine contains a 126 

guanidinium group that allows formation of three salt-bridge and hydrogen bonds, whereas the 127 

amino group in lysine allows only one such interaction [45,46]. Stronger electrostatic interactions 128 

and improved stability in proteins generated by arginine have been demonstrated indirectly by 129 

illustrating higher number of salt-bridges in the presence of arginine than lysine [47,48]. These 130 

results validate our hypothesis and suggest that residue geometry and position, and not only charge, 131 

are critical for stabilizing interactions between the capsid protein subunits.  132 

 133 

3.2 BSMV CCC mutants have enhanced stability under alkaline conditions 134 

BSMV-D101R VLPs were expected to be the most stable mutants generated due to the 135 

stronger electrostatic attraction between oppositely charged residues than charge-neutral 136 

interactions.[49] We therefore analyzed BSMV-wildtype and BSMV-D101R VLPs under neutral 137 

and alkaline conditions to test for stabilized self-assembly. We isolated BSMV-VLP pellets and 138 

resuspended them by continuous agitation in 0.1M Tris-HCl at either pH 7 or 9 for 24 h, followed 139 

by transmission electron microscopy (TEM) for characterization. TEM images indicate the 140 

presence of rod-shaped particles for both wildtype and D101R mutants at pH 7 and 9. TMV 141 

literature suggests that non-acidic pH leads to partial disassembly of TMV  nanorods [10,50]. Our 142 

ImageJ analysis of the TEM images is consistent with this expectation; showing a higher average 143 

rod length for D101R (125 nm) than wildtype BSMV VLPs (62 nm) at neutral pH (Figure 4). 144 

Notably, there was a similar, ~2-fold difference in alkaline conditions, with D101R having an 145 

average rod length of 91 nm and wildtype BSMV VLPs having an average length of 40 nm (Figure 146 

5). These results were consistent with DLS data. The mutant D101R VLPs do not show a clear 147 

shift, although a small tail appears at lower sizes at pH 9 (Figure 6A). However, wildtype VLPs 148 
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show a leftward shift in the size distribution upon alkaline incubation (Figure 6B). Notably, the 149 

wildtype samples show a distinctly large peak at lower sizes, regardless of pH, indicating that they 150 

have a larger fraction of (partially) disassembled rods and/or disks multimers. The longer rods in 151 

D101R mutants than wildtype VLPs at both pH 7 and 9 indicate that attractive electrostatic 152 

interactions play a major role in stabilizing BSMV-D101R-VLPs. Furthermore, their greater range 153 

of length and aspect ratio may promote alkaline applications such as pancreatic drug delivery.[51] 154 

Alkaline stability also favors efficient inorganic coating, [27,52] ultimately aiding the development 155 

of solar cells [53], tough nanocomposites [54], and other technologies that use rod-shaped metal 156 

nanoparticle fillers.  157 

After validating our hypothesis that replacing the CCC with a positively-charged residue 158 

would have a strong stabilizing effect in neutral and alkaline conditions, we sought to check the 159 

assembly state in acidic conditions. Although wildtype VLPs are known to form rod-shaped 160 

particles at acidic pH [55], we expected D101R mutants to be relatively destabilized around pH 4, 161 

as the glutamate residue (E62) has a pKa of 4.15 [56]. Thus, the interaction residue pair would 162 

switch from positive/negative to positive/neutral, leading to reduced attraction. However, TEM 163 

images confirmed that BSMV-D101R-VLPs, like the wildtype BSMV VLPs, remain assembled 164 

at pH 4 (Figure 7, S4, and S5). The positive/neutral charge of the glutamate side chain at pH 4 still 165 

resulted in the presence of rods, which mirrors the assembly of wildtype VLPs with 166 

neutral/negative interactions at this condition. These results demonstrate the stability of BSMV-167 

D101R VLPs over a wide range of pH, thus providing an ideal platform for further engineering, 168 

such as surface functionalization. 169 

 170 

3.3 BSMV mutants can be decorated with primary amines for rapid alkaline surface 171 

functionalization 172 

Cryo-electron microscopy elucidation of BSMV capsid protein and virion structure shows 173 

particle surface-exposed C-termini (Figure 8A) [15], which provides a site to incorporate 174 

functional groups for subsequent chemical modification. To test if the D101R VLP mutant 175 

assembly can tolerate single amino acid insertions at the C-terminus, we performed site-directed 176 

mutagenesis of the D101R construct to insert a lysine residue at the C-terminus (BSMV-177 

D101R/199K) and expressed the transcripts in E.coli. SDS-PAGE analysis shows successful 178 
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heterologous expression of the BSMV-D101R/199K coat proteins (Figure S6). The assembly of 179 

the modified D101R/199K capsid proteins into rods was validated by TEM images (Figure 8B). 180 

Owing to the versatile pH stability of BSMV-D101R VLPs, D101R/199K VLPs were used 181 

to study the kinetics of the labeling reaction at acidic, neutral, and alkaline conditions. Reaction 182 

between surface-exposed lysine residues and fluorescamine (Figure 9A) showed faster kinetics at 183 

neutral and alkaline pH than acidic pH (Figure 9B), which took over 41 times as long to reach 184 

completion. The fluorescence intensity of the resulting fluorophore is known to stay constant 185 

between pH 4.5 and 10.5 [57]; thus, the measured fluorescence intensity serves as a proxy for the 186 

extent of reaction. The trends are as expected; the side chain amines in lysine would be protonated 187 

at pH 5, resulting in lower reactivity than VLPs in neutral and alkaline pH. As the unprotonated 188 

amines react with fluorescamine, the reaction equilibrium will shift towards more amines getting 189 

unprotonated, thus validating the increase in fluorescence intensity with time at pH 5. The reaction 190 

between fluorescamine and amine groups reaches the maximum within 10 min for both pH 7 and 191 

9 and matches the pH conditions typically used for conjugation reactions with lysine residues [58]. 192 

These results indicate that BSMV-D101R VLP mutants can serve as a pH-stable platform for 193 

surface functionalization, thus providing opportunities for use in numerous applications. 194 

Surface functionalization strategies are well-established for some, but not all, plant viruses 195 

[29]. Popular viruses such as TMV and potato virus X, which claim the majority of research focus 196 

on rod-shaped plant viruses in recent decades, have been decorated with a wide array of small 197 

molecules, polymers, metals, peptides, proteins, and various other ligands through chemical and 198 

biomolecular approaches [9,59]. However, barley stripe mosaic virus (BSMV) has recently 199 

emerged as a potentially more powerful tool for synthesis of metallic biohybrid nanomaterials 200 

[17]. BSMV and TMV belong to the Virgaviridae family of viruses and share many structural 201 

features and a similar assembly mechanism [16,60]. The surface of BSMV appears to be more 202 

active than TMV, however, encoding additional electrostatic interactions that result in more dense, 203 

rapid, and uniform coating with metals such as palladium [24]. Systematic surface engineering to 204 

understand and further improve BSMV’s superior coating properties may lead to more efficient 205 

coating processes for the development of more sensitive sensors and higher capacity batteries. By 206 

genetically modifying BSMV VLPs for surface display for the first time, we enable these future 207 

efforts. Our successful lysine insertion will also facilitate diverse surface modifications through 208 

amine chemistry to further develop BSMV VLPs as a biotemplate for nanomaterial synthesis. Our 209 



16 

bacterial expression system enables flexible protein engineering, which should be leveraged in 210 

future work for the surface functionalization of BSMV VLPs with new residues, peptides, and 211 

proteins for broader applications.  212 

 213 

4. Conclusions 214 

We demonstrate  in vivo production of recombinant BSMV VLPs engineered for alkaline 215 

stability and surface modification via amine couplings. Novel BMV Caspar carboxylate cluster 216 

residues are identified through atomic modeling, examined systematically, and leveraged for 217 

protein engineering. By introducing positive point mutations on selective carboxylate residues, 218 

changes in internal protein-protein interactions drive the rod-shaped assembly of BSMV capsid 219 

proteins and lead to increased nanorod stability. These synthesized virus-like particles show 220 

enhanced structural integrity under atypical processing conditions, at pH values up to 9. We further 221 

modify these stabilized mutants to display lysine residues at the VLP surface and demonstrate that 222 

its reactive amino functional group can be leveraged for chemical modifications. Overall, this work 223 

represents an important step towards the development of BSMV VLPs as a platform for surface 224 

functionalization with diverse applications in nanotechnology.  225 
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Figure 1. Mutating CCC residues predicted by cyro-EM prevents VLP assembly. (A) 466 
Residues E37,D70, and D74 in BSMV and transmission electron microscope images of mutants 467 
(B) E37Q and (C) E37R. 468 
 469 
Figure 2. Potential Caspar carboxylate cluster (CCC) carboxylates in BSMV. (A) Caspar 470 
carboxylate cluster of TMV (PDB:2xea) and (B) proposed candidate residues (E62, D68, D70, 471 
and D101) in BSMV (PDB:5a7a) based on structural alignment, and (C) their overlay. Predicted 472 
CCC is based on crystal structure literature [15]. 473 

Figure 3. Mutating CCC residues predicted by structural overlay allows VLP assembly. 474 
Transmission electron microscope images of BSMV-CP single mutants (A) E62Q (B) D101N, 475 
and (C) double mutant E62Q/D101N 476 
 477 
Figure 4. D101R mutant VLPs are stabilized in neutral conditions. Transmission electron 478 
microscope image of (A) wildtype BSMV VLPs and (B) mutant BSMV-D101R VLPs with  its 479 
(C) corresponding length distributions at pH 7. 480 

Figure 5. D101R mutant VLPs are stabilized in alkaline conditions. Transmission electron 481 
microscope image of (A) wildtype BSMV VLPs and (B) mutant BSMV-D101R with  its (C) 482 
corresponding length distributions at pH 9. 483 

Figure 6. D101R mutants have a reduced fraction of disassembled rods. Dynamic light 484 
scattering of (A) D101R mutant VLPs and (B) wildtype BSMV VLPs 485 

Figure 7. D101R mutant VLPs assemble in acidic conditions. Transmission electron 486 
microscope image of (A) wildtype BSMV VLPs and (B) mutant BSMV-D101R VLPs at pH 4. 487 

Figure 8. Surface display of lysine residue on D101R mutant VLPs.  (A) Cryo-electron 488 
microscope elucidated structure of BSMV virion with surface-exposed C-termini [15] (B) 489 
Transmission electron microscope image of BSMV-D101R/199K VLPs 490 

Figure 9. Reaction between solvent-exposed primary amines on D101R 199K mutants and 491 
fluorescamine occur faster at neutral and alkaline conditions than acidic conditions. (A) 492 
Schematic of the reaction between primary amine and fluorescamine. (B) Graph showing the 493 
fluorescence intensity of fluorophore-conjugated primary amines at pH 5, 7, and 9. Error bars 494 
represent standard error of measurements performed in triplicate. 495 
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