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Abstract 18 

An ongoing challenge in precision medicine is the efficient delivery of therapeutics to 19 

tissues/organs of interest. Nanoparticle delivery systems have the potential to overcome 20 

traditional limitations of drug and gene delivery through improved pharmacokinetics, tissue 21 

targeting, and stability of encapsulated cargo. Physalis mottle virus (PhMV)-like nanoparticles 22 

are a promising nanocarrier platform which can be chemically targeted on the exterior and 23 

interior surface through reactive amino acids. Cargo-loading to the internal cavity is achieved 24 

with thiol-reactive small molecules. However, the internal loading capacity of these 25 

nanoparticles is limited by presence of a single reactive cysteine (C75) per coat protein with low 26 

inherent reactivity. Here, we use structure-based design to engineer cysteine-added mutants of 27 

PhMV VLPs that display increased reactivity towards thiol-reactive small molecules. Specifically, 28 

the A31C and S137C mutants show greater than 10-fold increased rate of reactivity towards 29 

thiol reactive small molecules and PhMV Cys1 (A31C), PhMV Cys2 (S137C), and PhMV 30 

Cys1+2 (double mutant) VLPs display up to three-fold increased internal loading of the small 31 

molecule chemotherapeutics aldoxorubicin and vcMMAE and up to four-fold increased internal 32 

loading of the MRI imaging reagent DOTA(Gd). These results further improve upon a promising 33 

plant virus-based nanocarrier system for use in targeted delivery of small molecule drugs and 34 

imaging reagents in vivo. 35 

 36 

Introduction 37 

There is significant optimism surrounding the use of nanomaterials for the improvement of 38 

disease diagnosis and treatment. Specifically, nanoparticles (NPs) have the potential to 39 

overcome traditional limitations of drug and gene delivery by improving the stability and 40 

pharmacokinetic properties of encapsulated cargo and circumvent biological barriers for 41 

targeted delivery.1,2 Examples of well-studied nanocarrier platforms are reviewed elsewhere,1 42 

and include lipid-based NPs (e.g. liposomes),3,4 inorganic NPs (e.g. silica, gold, iron oxide 43 
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NPs),5-7 and polymeric NPs (e.g. dendrimers, co-block polymers)8 as well protein and virus-44 

based NPs,9,10 each of which have their own advantages and disadvantages in terms of 45 

biocompatibility, pharmacokinetics, and ease of synthesis and small molecule encapsulation.11 46 

All of these NP systems can be engineered to carry molecular cargo, including 47 

chemotherapeutics, immunomodulators, peptide/protein drugs, synthetic nucleic acids, as well 48 

as contrast agents.12 Barriers for the advancement of novel nanomaterials into clinical practice 49 

are numerous, and include concerns surrounding reproducible synthesis, scalable 50 

manufacturing, toxicity, and poor cargo loading.13,14 51 

 52 

Virus-based NPs are protein-based nanostructures which make promising nanocarriers based 53 

on their high degree of structural uniformity, biocompatibility, and ease of synthesis in biological 54 

systems and manipulation by means of chemical conjugation, self-assembly, and genetic 55 

engineering.15 Virus-like particles (VLPs) are proteinaceous NPs derived from the coat proteins 56 

(CPs) of viral capsids that lack internal genetic material and are therefore noninfectious.16 57 

Extensively studied VLPs are derived from the bacteriophages Qb, P22, and MS2, the 58 

mammalian hepatitis B virus (HBV), and plant viruses tobacco mosaic virus (TMV), cowpea 59 

chlorotic mottle virus (CCMV), and potato virus X (PVX) – amongst others. These virus-based 60 

NPs can be synthesized by recombinant expression of their CPs through fermentation or plant 61 

molecular farming and manipulated through chemical biology approaches to carry a diverse 62 

array of molecular cargo.9,16,17 Although noncovalent loading of small molecules does not 63 

require modification of the cargo, covalent methods of cargo loading are often preferred as they 64 

are less prone to non-specific cargo release.16 Additionally, the use of enzymatic- or pH-labile 65 

linkers, which are widespread in antibody-drug conjugates,18 can increase specificity of 66 

molecular cargo release at the tissue of interest.19,20  67 

 68 
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Our recent interest lies in the development of the VLP platform technology derived from 69 

Physalis mottle virus (PhMV). PhMV is a +ssRNA virus from the family Tymoviridae that forms a 70 

~30 nm-sized icosahedral capsid from 180 identical CPs, and can be recombinantly expressed 71 

and purified as a homogenous and stable VLP.21 PhMV-based VLPs are an especially 72 

promising drug delivery platform due to their long serum half-life (t1/2 slow ~ 44 hours).22 The 73 

crystal structure of the VLPs has been solved to 3.2 Å, and additional studies have established 74 

the inter-subunit ionic interactions that are invariant to mutation in order to maintain viral capsid 75 

integrity.23,24 Previous work established that the PhMV CP can be genetically modified at its N-76 

terminus (which projects internally into the viral particle) with immunogenic peptides,25,26 and 77 

can be chemically modified through a native cysteine (C75) and external lysine residues (K62, 78 

K143, K153, and K166).27 Nevertheless, the PhMV CP offers only a single cysteine residue, 79 

therefore the theoretical maximum loading capacity using thiol reactive small molecules is 180 80 

moieties per VLP. Additionally, C75 is somewhat buried in the structure (Figure 1A), restricting 81 

accessibility and therefore reactivity.23,28 To overcome this limitation, we generated a set of 82 

cysteine-added mutants of PhMV. We demonstrate that these mutants maintain their structure 83 

and display increased reactivity toward thiol-reactive small molecules. We then demonstrate 84 

that these mutants increase the internal loading capacity of a variety of chemotherapeutics and 85 

imaging small molecules.  86 

 87 

Results and Discussion 88 

Preparation and characterization of PhMV VLPs. Our prior work with PhMV VLPs used a 89 

gene construct with an N-terminal hexahistadine tag and enterokinase cleavage site (Figure 90 

S1A).27 This form of PhMV VLP is herein referred to as PhMV-HM (HM = Hema Masarapu, who 91 

generated and provided this vector). We re-designed the expression system to (1) remove the 92 

tag, which is not used for VLP purification and (2) we sought to increase expression yield. We 93 

established a dual expression vector system to generate untagged PhMV VLPs (herein referred 94 
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to as PhMV-KB) using the carbenicillin-resistance plasmid pRSETa and kanamycin-resistance 95 

plasmid pET in E. coli (Figure S1). This system improved VLP yield approximately five-fold to 96 

~250 mg of VLP per liter of culture. Approximately 50% of the total bacterial lysate proteins 97 

were found to be recombinant PhMV CP (Figure S2A). As expected, SDS-PAGE of PhMV-HM 98 

VLPs shows a single band at ~25 kDa corresponding to N-terminal tagged PhMV CP, while 99 

PhMV-KB VLPs shows a single band at ~20 kDa, corresponding to the native PhMV CP (Figure 100 

S2B). PhMV-HM and PhMV-KB VLP preparations are both monodisperse, homogenous, and 101 

have similar whole particle characteristics by native gel electrophoresis, size-exclusion 102 

chromatography, dynamic light scattering, and transmission electron microscopy (Figure S2C-103 

F), consistent with prior literature.21   104 

 105 

Structure-based design of cysteine-added PhMV VLPs. We have previously established that 106 

the thiol of the single cysteine (C75) of the PhMV CP, which is oriented internally inside the VLP 107 

(Figure 1A), is accessible to alkylation with maleimides under physiologic conditions.22,27 108 

Despite a theoretical maximum of 180 possible binding sites per VLP, prior studies suggest a 109 

maximum of 130-150 maleimide-based small molecules can be bound per VLP using excess 110 

small molecules under optimal conditions,29,30 likely because it is partially buried within the bulk 111 

protein (Figure 1B). We hypothesized that further internal-facing amino acids of the PhMV coat 112 

protein could be mutated to cysteine to increase the loading capacity of PhMV VLPs without 113 

significantly altering the VLP superstructure or changing its surface characteristics. As such, we 114 

identified alanine-31 and serine-137 as two potential residues, since both side chains are 115 

surface exposed and project internally, and do not participate in the electrostatic interactions 116 

between coat proteins that maintain PhMV coat integrity.28 Additionally, the alpha carbon (Ca) 117 

for both amino acids is located greater than 12 Å from C75 and each other (Figure 1C), so are 118 

unlikely to form intramolecular disulfide bridges, which are rarely observed with Ca distances 119 
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beyond 7.0 Å. 31 Structural modeling of the A31C and S137C mutants predicts these side chains 120 

will be highly solvent exposed, and therefore highly accessible to chemical modification (Figure 121 

1D-E). 122 

 123 

 
Figure 1. Structure-based design of cysteine-added PhMV VLPs. A. PhMV VLPs (PDB 1QJZ) are 
composed of 180 identical coat proteins, which are arranged in asymmetric trimers (colored blue, green, 
grey). Cysteine-75 (C75) is located on the internal coat protein surface, along with A31 and S137 (red). 
The box surrounds the A chain of the asymmetric unit. B. The side chain of C75 is oriented internally into 
the bulk protein. The internal-facing protein surface is displayed in mesh. C. Distances of the alpha 
carbons (Ca) of A31 and S137, relative to the Ca of C75. D-E. Predicted orientation of the side chains of 
A31C and S137C mutants of PhMV CP. 
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Plasmids encoding the cysteine-added mutant PhMV CPs were generated through site directed 124 

mutagenesis and PhMV Cys1 (A31C), PhMV Cys2 (S137C), and PhMV Cys1+2 (A31C S137C) 125 

VLPs were expressed and purified similarly to PhMV VLPs. Cysteine-added CPs had similar 126 

migratory characteristics to the native CP on SDS-PAGE (Figure 2A). It should be noted that the 127 

VLPs, while devoid of genomic RNA, carry host RNA and differences in RNA affinity was noted. 128 

PhMV-KB and PhMV Cys1 VLPs showed similar RNA binding and migration by native gel 129 

electrophoresis, while the PhMV Cys2 and PhMV Cys1+2 VLPs shows mildly increased 130 

migration toward the cathode (Figure 2B). PhMV Cys1+2 shows reduced RNA carrying, 131 

suggestive of reduced RNA affinity. The A260/A280 ratio of PhMV Cys1 is 1.42, nearly identical 132 

to that of native PhMV (1.41), while PhMV Cys2 and PhMV Cys1+2 have an A260/A280 of 1.23 133 

and 0.96, respectively, again suggestive of reduced RNA carrying. We hypothesize that the 134 

reduced RNA-binding affinity of the PhMV Cys2 and Cys1+2 mutants is due to disruption of 135 

native CP-RNA interactions. All PhMV VLPs showed similar elution profiles on size exclusion 136 

chromatography, indicating the formation of intact VLPs, and notably without significant free 137 

coat protein or evidence of aggregation (Figure 2C). All VLPs were homogenous by dynamic 138 

light scattering and showed characteristic ~30 nm diameter on transmission electron 139 

microscopy (Figure 2D-E). 140 
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 141 

Characterization of the cysteine reactivity of cysteine-added PhMV VLPs. We next 142 

quantified the concentration of free thiols in PhMV-KB and cysteine-added mutant VLPs using 143 

DTNB (5,5’-dithio-bis-(2-nitrobenzoic acid), known as Ellman’s reagent), which reacts quickly 144 

with free thiols to generate the fluorescent species 5-thio-2-nitrobenzoic acid, which is highly 145 

 
Figure 2. Purification of cysteine-added PhMV VLPs. A-D. Characterization of PhMV-KB, PhMV 
Cys1, PhMV Cys2, and PhMV Cys1+2 VLPs using SDS-PAGE (A), native gel electrophoresis (B), 
size-exclusion chromatography (C), dynamic-light scattering (D), and transmission electron 
microscopy (E). Error bars represent the S.E.M. of five replicates. 
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colored and can be assayed by UV-Vis spectrophotometer at 412 nm and quantified by 146 

comparison to a standard curve generated with L-cysteine (Figure 3A). We observed a greater 147 

than 10-fold increase in the concentration of free thiols in PhMV VLP cysteine mutants as 148 

compared to PhMV-KB (Figure 3B). This difference was substantially decreased after 149 

denaturation of the VLPs with SDS (Figure 3C), suggesting the differences in DTNB-reactivity 150 

between the native C75 of PhMV and mutant C31 and C137 was due to differences in solvent 151 

exposure and/or local environment, which can dramatically alter cysteine pKa and therefore 152 

reactivity,32 and not due to differences in oxidation.  153 
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 154 

We next assessed the reactivity of PhMV-KB and cysteine mutant VLPs to maleimide-Cy5. 155 

Maleimides are commonly used thiol-reactive warheads for the bioconjugation of small 156 

molecules to macromolecules. While we typically perform bioconjugation reactions between the 157 

native cysteines of PhMV VLPs and maleimide-containing small molecules for at least 16 hours 158 

to increase modification efficiency, we performed this experiment for only 6 hours to maximize 159 

potential differences in reactivity between PhMV-KB and the Cys1, Cys2, and Cys1+2 mutants. 160 

After reactions were quenched, VLPs were denatured and separated by SDS-PAGE to avoid 161 

 
Figure 3. Cysteine-added PhMV VLPs show increased reactivity to thiol reactive small 
molecules. A. DTNB (5,5’-dithio-bis-(2-nitrobenzoic acid) reacts with reduced cysteines to release 5-
thio-2-nitrobenzoic acid, which is highly absorbent at 412 nm. B-C. Quantification of free thiol 
concentration of native (B) or chemically denatured (C) PhMV-KB or cysteine-added VLPs using 
DTNB. D-E. Incubation of PhMV-KB or cysteine-added VLPs with maleimide-Cy5 followed by 
separation by SDS-PAGE (D) and quantification of in gel fluorescence (E). 
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potential internal fluorescent quenching within the VLP.27 We observed a marked difference in 162 

the amount of modification of native PhMV coat proteins as compared to cysteine-added 163 

mutants, as indicated by markedly increased fluorescent signal (Figure 3D). Quantitatively, 164 

PhMV Cys1, PhMV Cys2, and PhMV Cys1+2 CPs showed 17-, 26-, and 34-fold increased 165 

fluorescent labeling, respectively, as compared to PhMV-KB (Figure 3E), consistent with results 166 

with DTNB. Overall, these results indicate that the Cys1, Cys2, and Cys1+2 mutants of PhMV 167 

have markedly increased reactivity to cysteine-reactive small molecules. 168 

 169 

Characterization of the aldoxorubicin loading capacity of cysteine-added PhMV VLPs. We 170 

have previously shown that the chemotherapeutic doxorubicin can be chemically conjugated to 171 

PhMV VLPs through reaction with aldoxorubicin,30 which contains a cysteine-reactive maleimide 172 

coupled to doxorubicin through an acid-labile hydrazone linker (Figure 4A). 19 Doxorubicin 173 

remains covalently associated with these VLPs at physiologic pH but is released in the acidic 174 

tumor microenvironment or after endocytosis into the acidic endolysosomal compartment. 33 We 175 

purified aldoxorubicin-conjugated PhMV-KB and cysteine mutants, PhMV-KB-Aldox, PhMV 176 

Cys1-Aldox, PhMV Cys2-Aldox, and PhMV Cys1+2-Aldox, and ensured removal of excess 177 

small molecules by ultracentrifugation over a sucrose cushion. As expected, we observed 178 

covalent modification of native PhMV and cysteine-added CPs with aldoxorubicin, as illustrated 179 

by increased coat protein fluorescence at 488 nm (Figure 4B). All aldoxorubicin-conjugated 180 

VLPs maintained structural integrity and were homogenous and monodisperse (Figure S3A-B). 181 

The amount of covalently bound doxorubicin, as measured by UV-Vis spectrometry, was 182 

significantly increased in all cysteine mutant VLPs as compared to PhMV-KB; the average 183 

number of doxorubicin molecules per VLP was 83, 184, 235, and 238 for PhMV-KB-Aldox, 184 

PhMV Cys1-Aldox, PhMV Cys2-Aldox, and PhMV Cys1+2-Aldox, respectively (Figure 4C-D). To 185 

assess if the doxorubicin within these PhMV VLPs remained functional, we determined the 186 

cytotoxicity for each VLP in A2780 ovarian cancer cells. All Aldox-VLPs show dose-dependent 187 
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cytotoxicity (Figure 4E). PhMV Cys2-Aldox and PhMV Cys1+2-Aldox had significantly 188 

decreased IC50 values of 11.2 µg/mL and 9.88 µg/mL, respectively, as compared to PhMV-KB-189 

Aldox, which had an IC50 of 36.8 µg/mL (Figure 4F). When normalized to the delivered 190 

aldoxorubicin concentration, there is no significant difference in cytotoxicity between 191 

aldoxorubicin-conjugated PhMV VLPs (Figure S3C-D), which suggests that observed 192 

differences in cytotoxicity at a given VLP concentration is due to the variation in doxorubicin 193 

delivered per VLP, and not an altered mechanism of cytotoxicity upon delivery. 194 
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 195 

 
Figure 4. Cysteine-added PhMV VLPs show increased aldoxorubicin loading capacity and 
resultant NPs display improved cytotoxicity. A. Chemical components of aldoxorubicin. B-C. 
Characterization of PhMV-KB-Aldox, PhMV Cys1-Aldox, PhMV Cys2-Aldox, and PhMV Cys1+2-Aldox 
VLPs by SDS-PAGE (B) and UV-Vis spectroscopy (C). D. Calculation of doxorubicin per VLP based on 
particle absorbance at 480 nm. E-F. Dose-response curve (E) and calculated IC50 (F) of Aldox-
conjugated PhMV VLPs in A2780 cells. Error bars represent the S.E.M. of three replicates (some error 
bars are smaller than the data point symbol). **: p<0.01, ***: p<0.001. 
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 196 

Characterization of the MMAE loading capacity of cysteine-added PhMV VLPs. 197 

Monomethyl auristatin E (MMAE), a derivative of the anti-tubulin cytotoxin auristatin E,34 is 198 

widely used in antibody drug conjugates. It is often conjugated to tumor-targeting antibodies as 199 

vcMMAE which contains a reactive maleimide and a valine-citrulline (vc) linker (Figure 5A), 200 

which highly stable in serum but is rapidly cleaved in the endolysosomal compartment to expose 201 

the toxic payload.20 We have previously shown that vcMMAE can be chemically conjugated to 202 

the native cysteines of the PVX and engineered thiols of TMV for tumor delivery.35,36 We purified 203 

vcMMAE-conjugated PhMV-KB and cysteine-added mutants, PhMV-KB-vcMMAE, PhMV Cys1-204 

vcMMAE, PhMV Cys2-vcMMAE, and PhMV Cys1+2-vcMMAE, and ensured removal of excess 205 

small molecules by ultracentrifugation over a sucrose cushion. vcMMAE has a molecular weight 206 

of 1.3 kDa, so covalent adducts with the PhMV coat protein can be observed by gel shift on 207 

 
Figure 5. Cysteine-added PhMV VLPs show increased vcMMAE loading capacity and resultant 
NPs display improved cytotoxicity. A. Chemical structure of valine-citrulline monomethyl auristatin 
E (vcMMAE). B. Characterization of PhMV-KB-vcMMAE, PhMV Cys1-vcMMAE, PhMV Cys2-
vcMMAE, and PhMV Cys1+2-vcMMAE VLPs by SDS-PAGE. C-D. Dose-response curve (C) and 
calculated IC50 (D) of vcMMAE-conjugated PhMV VLPs in A2780 cells. Error bars represent the 
S.E.M. of three replicates (some error bars are smaller than the data point symbol). **: p<0.01. 
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SDS-PAGE. While we observed minimal modification of the native PhMV CP, approximately 208 

one-half of the PhMV Cys1 and PhMV Cys2 CPs show bioconjugation to vcMMAE, and greater 209 

than two-thirds of the PhMV Cys1+2 CPs are single, doubly, or triply modified (Figure 5B). 210 

When quantified by densitometry, this corresponds to approximately 43, 118, 109, and 202 211 

vcMMAE molecules covalently bound to PhMV-KB-vcMMAE, PhMV Cys1-vcMMAE, PhMV 212 

Cys2-vcMMAE, and PhMV Cys1+2-vcMMAE VLPs, respectively. All vcMMAE-conjugated VLPs 213 

maintained structural integrity and were homogenous and monodisperse (Figure S4A-B). To 214 

assess if MMAE bound to PhMV VLPs could be appropriately released for cytotoxic effect, we 215 

determined the cytotoxicity for each PhMV-vcMMAE VLP in A2780 cells. All vcMMAE-VLPs 216 

show dose dependent cytotoxicity (Figure 5C). PhMV Cys1-vcMMAE, PhMV Cys2-vcMMAE, 217 

and PhMV Cys1+2-vcMMAE had significantly decreased IC50 values of 49.2 µg/mL, 33.0 218 

µg/mL, and 13.4 µg/mL, respectively, as compared to PhMV-KB-vcMMAE, which had an IC50 219 

of 871 µg/mL (Figure 5D). When normalized to the delivered vcMMAE concentration, there is a 220 

similar trend in cytotoxicity between vcMMAE-conjugated PhMV VLPs (Figure S4C-D), with 221 

IC50 values of 1.62 µM, 999 nM, and 754 nM of vcMMAE delivered by PhMV Cys1-vcMMAE, 222 

PhMV Cys2-vcMMAE, and PhMV Cys1+2-vcMMAE, respectively, compared to 10.5 µM for 223 

PhMV-KB-vcMMAE. This suggests that there may be an additive advantage with delivery of a 224 

larger number of vcMMAE molecules per NP.  225 

 226 

Characterization of the Gd(III) loading capacity of cysteine-added PhMV VLPs. Gadolinium 227 

(Gd), an element of the lanthanide series that is highly paramagnetic due to its seven unpaired 228 

electrons, is commonly used as an magnetic resonance imaging (MRI) contrast agent. 37 Owing 229 

to its toxicity in a free state, Gd(III) is administered bound to a metal chelate, often 230 

diethylenentriamene pentaacetate (DTPA) or 2,2’,2’’,2’’’-(1,4,7,10-tetrazacyclododecane-231 

1,4,7,10-tetrayl)tetraacetic acid (DOTA).38 We have previously shown that maleimide-232 

functionalized DOTA (Figure 6A) can be conjugated to PhMV VLPs through reactive thiols to 233 
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generate a PhMV-based T1 MR contrast agent.22 Here we conjugated DOTA in the presence of 234 

Gd; we purified DOTA(Gd)-conjugated PhMV-KB and cysteine-added mutants, PhMV-KB-235 

DOTA(Gd), PhMV Cys1-DOTA(Gd), PhMV Cys2-DOTA(Gd), and PhMV Cys1+2-DOTA(Gd), 236 

and ensured removal of excess Gd(III) ions by buffer exchange chromatography, 237 

ultracentrifugation, and dialysis. Maleimide-DOTA has a molecular weight of 786 Da, so a small 238 

gel shift is observed on SDS-PAGE after covalent modification of the PhMV coat protein. It is 239 

difficult to quantify DOTA-binding by this method, but PhMV Cys1+2 CPs clearly show a more 240 

substantial gel shift than the single mutants PhMV Cys1 and PhMV Cys2, or native PhMV CPs 241 

(Figure 6B). All DOTA(Gd)-conjugated VLPs maintained structural integrity and were 242 

homogenous and monodisperse (Figure S5A-B). The number of Gd(III) ions per VLP, as 243 

measured by ICP-MS, was significantly increased in all cysteine-added PhMV VLPs as 244 

compared to PhMV-KB; the average number of Gd(III) ions per VLP was 26.8, 52.6, and 87.7 245 

for PhMV Cys1-DOTA(Gd), PhMV Cys2-DOTA(Gd), and PhMV Cys1+2-DOTA(Gd), 246 

respectively, compared to 19.1 for PhMV-DOTA(Gd) (Figure 6C). Future studies exploring 247 

preformation and purification of the Mal-DOTA(Gd) complex prior to reaction with PhMV VLPs 248 

could be performed to further optimize Gd-loading efficiency. 249 
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 250 

To assess if the increased Gd(III) ion loading translated to improved T1-weighted MR contrast 251 

attributes, we next determined the T1 and T2 of a concentration series of the DOTA(Gd)-252 

conjugated VLPs at 3.0 T (Supplemental Figure 6A). Owing to their similar Gd(III) ion loading, 253 

 
Figure 6. Cysteine-added PhMV VLPs show increased DOTA(Gd) loading capacity and 
resultant NPs display high R1 and R2 relaxivities. A. Chemical structure of the gadolinium chelate 
maleimide-DOTA. B. Characterization of PhMV-KB-DOTA(Gd), PhMV Cys1-DOTA(Gd), PhMV Cys2-
DOTA(Gd), and PhMV Cys1+2-DOTA(Gd) VLPs by SDS-PAGE. C. Calculation of number of Gd(III) 
ions per VLP based on ICP-MS data. D-F. Summary data (D) and curves of longitudinal (R1) (E) and 
transverse (R2) (F) relaxivities of PhMV-KB-DOTA(Gd), PhMV Cys1-DOTA(Gd), PhMV Cys2-
DOTA(Gd), and PhMV Cys1+2-DOTA(Gd) VLPs at room temperature in a 3 T MR scanner. 
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the R1 and R2 of PhMV-KB-DOTA(Gd) and PhMV Cys1-DOTA(Gd) were not significantly 254 

different, whereas PhMV Cys2-DOTA(Gd) and PhMV Cys1+2-DOTA(Gd) showed 1.90 and 255 

2.98-fold increased R1 values, respectively (Figure 6D-F), indicated improved T1-weighted MR 256 

signal per VLP. The relatively high R2/R1 ratio of these VLPs (~5.0) is expected based on the 257 

high magnetic field strength used for these experiments, but suggests that further optimization 258 

of Gd(III) loading may be required to maximize their T1-weighted MR signal.39 R1-relaxivity is 259 

also typically determined per Gd(III) ion to allow for comparison across monomeric vs 260 

multivalent systems,40 and was calculated for all DOTA(Gd)-conjugated PhMV VLPs 261 

(Supplemental Figure 6B-D). The r1 of PhMV-KB-DOTA(Gd) was 10.0 mM-1s-1 per Gd(III) ion, 262 

consistent with MR theory and prior results that high molecular weight complexes show 263 

increased r1-relaxivity due to slowed molecular tumbling (tR).37,41 The DOTA(Gd)-conjugated 264 

PhMV cysteine mutants displayed decreased r1 of 7.17 mM-1s-1, 6.91 mM-1s-1, and 6.49 mM-1s-1 265 

per Gd(III) for PhMV Cys1-DOTA(Gd), PhMV Cys2-DOTA(Gd), and PhMV Cys1+2-DOTA(Gd), 266 

respectively. Since no difference in total internal hydration is expected across these different 267 

VLPs, this observation may be due to increased water residency time (tm) (i.e., decreased rates 268 

of exchange of inner shell and bulk water molecules) in PhMV VLPs with higher total Gd(III) ion 269 

count or increased coordination of other ligands such as phosphate or endogenous RNA.41 270 

Nevertheless, these results demonstrate that the increased Gd(III) ion loading capacity of 271 

cysteine-added PhMV VLPs correlate with overall improved T1-MR contrast agent properties. 272 

 273 

Conclusions 274 

We have used structure-based design to rationally design a series of cysteine-added mutants of 275 

PhMV VLPs to increase the internal covalent loading capacity. We show that these mutants 276 

show increased reactivity towards thiol-reactive small molecules, including the 277 

chemotherapeutics aldoxorubicin and vcMMAE, and the MRI contrast agent DOTA(Gd). These 278 
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cysteine-added mutants improve upon the PhMV VLP technology, which shows promise as a 279 

platform for the targeted delivery of small molecule drugs and imaging reagents in vivo. 280 

 281 

Methods 282 

Preparation of PhMV VLPs and cysteine-added mutants. PhMV-HM VLPs were prepared by 283 

expressing the CP in BL21(DE3), as previously described.27 To prepare native PhMV VLPs 284 

(referred to as PhMV-KB VLPs), the PhMV CP gene (NCBI Gene ID 940246) was cloned into 285 

pRSETa and pET vectors using established methods (Figure S1).42 PhMV VLPs were then 286 

expressed in BL21(DE3) with minimal modifications to the method previous described.21,27 The 287 

key difference between PhMV-HM and PhMV-KB is that the HM expression construct 288 

introduces a cleavable N-terminal hexahistadine tag, while PhMV-KB does not (HM = Hema 289 

Masarapu, who generated and provided this vector). Briefly, BL21(DE3) were double 290 

transformed with pRSETa-PhMV CP (carbenicillin resistant) and pET-PhMV CP (kanamycin 291 

resistant) to increase the plasmid copy number per cell. A single colony was isolated and used 292 

to inoculate 50 mL of Luria Broth (LB, Sigma) supplemented with carbenicillin at 50 µg/mL and 293 

kanamycin at 50 µg/mL, which was grown for 18 hours at 37 ºC. This was used at a 1:100 294 

dilution to inoculate 1 L of terrific broth (TB, Sigma Aldrich) supplemented with carbenicillin and 295 

kanamycin. Cultures were grown to OD600 ~ 1.0 and induced with 0.5 mM IPTG (Sigma) at 30 296 

ºC overnight. Cultures were then pelleted at 7,500 x g for 10 min at 4 ºC, lysed by sonication in 297 

50 mM sodium citrate pH 5.5 (SCB) and clarified at 30,000 x g for 30 min at 4 ºC. Lysates were 298 

then ultracentrifuged at an average of 111,818 x g for 3 hours at 4 ºC. Pellets were 299 

resuspended overnight in SCB and extracted with 0.5 volumes of 1:1 n-BuOH:CHCl3. The 300 

aqueous layer was isolated, layered onto a 10-40% linear sucrose gradient and separated by 301 

ultracentrifugation at an average of 103,613 x g for 3 hours at 4 ºC. The light scattering zone 302 

was collected, diluted with SCB, and centrifuged at an average of 161,018 x g for 3 hours at 4 303 

ºC. The final pellet was resuspended in SCB supplemented with 0.5 mM TCEP (Sigma Aldrich) 304 
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to yield pure VLPs, which were concentrated to greater than 10 mg/mL and stored at 4 ºC. 305 

Protein concentration was determined by BCA Assay (Thermo Fisher) using bovine serum 306 

albumin (BSA) as a standard. Yields were typically 250 mg of VLP per 1 L of bacterial culture. 307 

Plasmids for the expression of cysteine-added mutants of PhMV (PhMV Cys1 (A31C), PhMV 308 

Cys2 (S137C), PhMV Cys3 (A31C S137C)) were generated by polymerase chain reaction 309 

(PCR)-based site-directed mutagenesis using a high-fidelity polymerase (Q5, New England 310 

Biolabs [NEB]), and the mutagenesis primers listed in Supplemental Table 1. Crude PCR 311 

reactions were digested with Dpn-I (NEB), purified to remove free nucleotides, and used to 312 

transform DH5a (NEB). Single colonies were isolated and amplified and vector integrity was 313 

confirmed by DNA sequencing. PhMV Cys1, PhMV Cys2, and PhMV Cys1+2 VLPs were 314 

purified similarly to PhMV-KB VLPs. 315 

 316 

VLP characterization. VLPs were characterized by SDS-PAGE (5 µg VLP on a 12% Bis-Tris, 317 

NuPAGE, Thermo Fisher), native gel electrophoresis (10 µg VLP on a 0.8% agarose in TBE), 318 

UV-Vis (Nanodrop 200 spectrophotometer, ThermoFisher), size exclusion (Superose 6 Increase 319 

10/300 GL column at 0.5 mL/min on an AKTA FPLC, GE), dynamic light scattering (Zetasizer 320 

Nano ZSP/Sen5600, Malvern Panalytical), and transmission electron microscopy with 400-mesh 321 

hexagonal copper grids using UAc-negative-staining (2% w/v) and a FEI TecnaiSpirit G2 322 

BioTWIN TEM at 80 kV for image acquisition, as applicable. The concentration of PhMV-bound 323 

doxorubicin was determined by UV-Vis spectroscopy using the extinction coefficient e(DOX, 488 324 

nm) = 11,500 M-1cm-1. The concentration of Gd(III) ions was determined by inductively coupled 325 

plasma-mass spectrometry (ICP-MS). Briefly, 10 µL of sample was diluted in 490 µL 326 

concentrated nitric acid and 500 µL distilled water. The sample was then heated to 95 ºC for 10 327 

min then added to 9 mL distilled water prior to analysis using an iCAP RQ system (Thermo 328 
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Fisher). Samples were compared to four standard concentrations of Gd(III) (Sigma-Aldrich). All 329 

measurements were completed in duplicate. 330 

 331 

Structural analysis. Structural analysis of PhMV VLPs was performed using UCSF Chimera43 332 

using datasets PDB 1QJZ and PDB 1E57. The Multiscale models function was used for 333 

generation of the complete VLP. Modeling of cysteine-added mutants was performed with the 334 

rotamers tool using the Dunbrack 2010 rotamer library,44 selecting the highest probability 335 

cysteine rotamer.  336 

 337 

Cysteine reactivity studies using DTNB and maleimide-Cy5. Free thiol concentrations of 338 

PhMV-KB and cysteine-added mutant VLPs were determined using DTNB (5,5’-dithio-bis-(2-339 

nitrobenzoic acid), Ellman’s reagent, Thermo Fisher). Serial dilutions of PhMV-KB or cysteine-340 

added mutant VLPs (100 µM -> 0.78 µM CP) were made in 10 mM KP pH 8.0. DTNB was then 341 

added to a final concentration of 200 µM and the reaction mixture was incubated at room 342 

temperature for 15 minutes. The resulting solution was then analyzed on a plate reader (Tecan) 343 

for absorbance at 412 nm. Free thiol concentrations were determined by comparison with a 344 

standard curve generated using L-cysteine (Sigma Aldrich). Denaturation studies were 345 

performed by heating of VLPs at 95 ºC for 5 min in 1% sodium dodecyl sulfate (SDS, Sigma-346 

Aldrich), followed by serial dilution, reaction with DTNB, and analysis on a plate reader, as 347 

above. 348 

 349 

PhMV-KB or cysteine-added mutant VLPs were incubated with serial dilutions of maleimide-350 

sulfoCy5 (10 eq/CP -> 0.01 eq/CP; LumiProbe) in 10 mM KP pH 7.5 at room temperature for 6 351 

hours. Samples were then quenched with 50 mM dithiothreitol (DTT, Gold Bio), denatured at 352 

95ºC in SDS-loading buffer and separated by SDS-PAGE. In-gel fluorescence was measured 353 
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using a FluorChem R system (ProteinSimple), then gels were stained with Coomassie Blue. 354 

Quantification was performed using FIJI (NIH).45 355 

 356 

Bioconjugation reactions with active ingredients. PhMV-KB or cysteine-added mutant VLPs 357 

were incubated with aldoxorubicin (MedChem Express) or valine-citrulline monomethyl 358 

auristatin E (vcMMAE; MedChem Express) at 3 molar equivalents per CP (eq/CP) in 10 mM 359 

potassium phosphate (KP) pH 7.5, overnight at room temperature. The resulting product was 360 

purified by ultracentrifugation (121,139 x g, 70 min) over a sucrose cushion (20% sucrose). The 361 

pellet was resuspended in PBS and resulting drug-laden VLPs were concentrated to 5-10 362 

mg/mL and stored at 4ºC. DOTA(Gd)-conjugated PhMV VLPs were generated by incubation of 363 

PhMV-KB or cysteine-added mutant VLPs with 3 eq/CP 1,4,7,10-Tetraazacyclododecane-1,4,7-364 

tris-acetic acid-10-maleimidoethylacetamide (Mal-DOTA, Macrocyclics) and 10 eq/CP GdCl3 in 365 

TBS (25 mM Tris pH 7.5, 150 mM NaCl) at room temperature overnight. VLPs were then 366 

purified by buffer exchange (PD-10 column), ultracentrifugation, as above, and dialyzed into 367 

PBS to remove unbound Gd(III). Final DOTA(Gd)-laden VLPs were concentrated to 5-10 mg/mL 368 

and stored at 4 ºC. 369 

 370 

Cytotoxicity assay. A2780 cells were cultured in RPMI media (Corning) supplemented with 371 

10% fetal bovine serum (FBS, R&D Systems) and 1% penicillin-streptomycin (Cytiva) at 37ºC in 372 

a 5% CO2 humidified incubator. A2780 cells were plated at 3,000 cells/well in 96 well plates and 373 

grown overnight. Serial dilutions of Aldox- or vcMMAE-conjugated PhMV VLPs were added 374 

directly to the media and cells were incubated for an additional 72 hours. Cells were then 375 

analyzed using a CellTiter Glo assay (Promega) according to the manufacture’s protocol. All 376 

conditions were performed in triplicate. Curves were fit using a least-squares methods (Prism, 377 

GraphPad). 378 

 379 
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MR relaxivity studies. The magnetic resonance transverse and longitudinal relaxivities of 380 

DOTA(Gd)-conjugated PhMV-KB and cysteine-added mutant VLPs were determined on a 381 

preclinical 3.0 T scanner (BioSpec 3T, Bruker) using an 82 mm inner diameter transmit-receive 382 

volume coil. T1 mapping was performed using a variable repetition time (TR) rapid acquisition 383 

with relaxation enhancement (RARE) sequence with 10 TRs ranging from 390 – 6990 ms and 384 

echo time (TE) 7 ms. T2 mapping was performed using a Carr-Purcell-Meiboom-Gill (CPMG) 385 

sequence with TR 9853 ms and 20 TEs ranging from 30-600 ms. T1 and T2 values were 386 

calculated using the Image Sequence Analysis tool on ParaVision 360 v3.3 (Bruker) and values 387 

plotted using Prism (GraphPad). R1 and R2 were calculated using a linear fit (least-squares). 388 
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