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Abstract

Protease-activatable viruses (PAV) based on adeno-associated virus have previously been 

generated for gene delivery to pathological sites characterized by elevated extracellular proteases. 

“Peptide locks”, composed of a tetra-aspartic acid motif flanked by protease cleavage sequences, 

were inserted into the virus capsid to inhibit virus-host cell receptor binding and transduction. In 

the presence of proteases, the peptide locks are cleaved off the capsid, restoring the virus’ ability 

to bind cells and deliver cargo. Although promising, questions remained regarding how the peptide 

locks prevented cell binding. In particular, it was unclear if the tetra-amino acid (4AA) motif 

blocks receptor binding via electrostatic repulsion or steric obstruction. To explore this question, 

we generated a panel of PAVs with lock designs incorporating altered 4AA motifs, each wielding 

various chemical properties (negative, positive, uncharged polar, and hydrophobic) and 

characterized the resultant PAV candidates. Notably, all mutants display reduced receptor binding 

and decreased transduction effciency in the absence of proteases, suggesting simple electrostatics 

between heparin and the D4 motif do not play an exclusive role in obstructing virus-receptor 

binding. Even small hydrophobic (A4) and uncharged polar (SGGS) motifs confer a reduction in 

heparin binding compared to the wild type. Furthermore, both uncharged polar N4 and Q4 mutants 

(comparable in size to the D4 and E4 motifs respectively, but lacking the negative charge) 

demonstrate partial ablation of heparin binding. Collectively, these results support a possible dual 

mechanism of PAV lock operation, where steric hindrance and electrostatics make nonredundant 

contributions to the disruption of virus-receptor interactions. Finally, because of high virus titer 

production and superior capsid stability, only the negatively charged 4AA motifs remain viable 
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design choices for PAV construction. Future studies probing the structure–function relationship of 

PAVs will further expand its promise as a gene delivery vector able to target diseased tissues 

exhibiting elevated extracellular proteases.

Graphical Abstract

Keywords

adeno-associated virus; stimulus-responsive; enzyme-responsive; gene delivery; matrix 
metalloproteinases; synthetic virology

INTRODUCTION

Extracellular proteases, such as matrix metalloproteinases (MMPs), are elevated at sites of 

disease in various pathologies, such as cancer1 and cardiovascular diseases.2 Increased MMP 

activity has been implicated in disease progression and, thus, has been used as a biomarker 

to target therapeutics to affected tissues.2–8 For example, Ge et al. developed a 

polyethylenimine-gelatin gene delivery vector that upon MMP cleavage becomes activated 

to interact with the target cell membrane.9 More recently, Gjetting et al. synthesized lipo-

nanoparticles with a lipid moiety that is susceptible to protease cleavage for delivery to 

diseased sites.10 Several viral vectors, including retrovirus and measles virus,11,12 have also 

been engineered to be protease-responsive. Thus, activation by an intrinsic biomolecular 

stimulus,13 such as an extracellular protease, is proving to be a promising approach for 

targeted therapy.14

Previously, we constructed a protease-activatable virus (PAV) based on adeno-associated 

virus serotype 2 (AAV2) that delivers transgenes upon activation by MMPs.17 AAV is a 

promising delivery vector for gene therapy of various human diseases,15 including cancer.16 

Our design strategy involves the insertion of a “peptide lock” into the heparan sulfate 

proteoglycan (HSPG) binding region in the AAV2 capsid.17 The prototype peptide lock 

consists of a tetra amino acid motif (4AA motif), comprising four negatively charged 

aspartic acids, flanked by MMP cleavage consensus sequences (Figure 1). With the peptide 

locks in place, the PAVs are unable to transduce cells. Then, in the presence of target MMPs, 

the peptide locks are cleaved off the capsid, allowing the viruses to regain their ability to 

bind HSPG and deliver transgenes.

We have demonstrated that our vector works well in exhibiting protease-switchable 

transduction behavior.17,18 However, a question that remained was whether the aspartic acid 
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residues of the 4AA motif were optimal for peptide lock operation or if other amino acids 

may be used as the 4AA motif. The tetra-aspartic acids were initially chosen because we 

hypothesized that the negatively charged amino acids inserted into the receptor binding 

domain of AAV2 would electrostatically repel the binding of negatively charged HSPG by 

the virus capsid. Effective HSPG binding by the patch of positively charged amino acid 

residues on the AAV2 capsid is required for successful cellular transduction.19 To address 

this question, we synthesized and characterized PAV mutants with different 4AA motifs to 

study the effect of motif chemical properties on PAV function. Our results suggest tetra-

aspartic acid and tetra-glutamic acid motifs yield the best PAV properties to date.

EXPERIMENTAL METHODS

Construction of PAV Plasmids

All PAV plasmids were produced from pRC_RR, a plasmid containing AAV serotype 2 

(AAV2) rep and cap genes with NgoMIV and KasI sites at position 586 of cap.17 PAV 

plasmids containing various peptide locks were constructed by varying the tetra-amino acid 

motif of the inactivating domain. Oligonucleo-tides encoding the various locks were 

annealed and ligated into the NgoMIV and KasI sites in the pRC_RR plasmid. PAV variant 

plasmids (pPAV-D4, pPAV-E4, pPAV-K4, pPAV-R4, pPAV-A4, pPAV-N4, pPAV-Q4, pPAV-

SG2S) were sequence-verified.

Virus Production

PAV variants were produced through a triple plasmid cotransfection of (a) pXX6–80, a 

helper plasmid encoding adenoviral proteins; (b) pscGFP, self-complementary GFP 

transgene cassette; and (c) packaging plasmids encoding PAV capsid derivatives.17 Wild-

type (wt) capsid AAV2 vector was produced through triple transfection of pXX6-80, 

pscGFP, and pXX2. Human Embryonic Kidney 293T cells (HEK 293T) were split 1:2 and 

plated on ten 15 cm plates (BD Falcon) coated with 0.001% poly-L-lysine (Sigma) 24h 

before transfection. Forty-8 h post-transfection, the producer cells were harvested, pelleted, 

and resuspended in 1× Gradient Buffer (GB: 10 mM Tris, pH 7.6, 10 mM MgCl2, 150 mM 

NaCl). Cells were then lysed with three freeze–thaw cycles followed by benzonase treatment 

(50 units/ml, Sigma) at 37 °C for 40 min. Cell lysate was centrifuged at 4 °C at 3,000g for 

20 min and the supernatant was collected for iodixanol density gradient separation 

(Optiprep, Beckman Ultra-Clear QuickSeal Tubes). Samples were centrifuged at 18 °C at 

48,000 rpm for 1h 45 min. Viruses were extracted from the 40% iodixanol layer and stored 

at 4 °C in 3 mL cryovials (Biotix). Viruses were purified with an anion exchange column 

(Pall Corporation) and concentrated with an amicon filter tube (Millipore) as published 

elsewhere.17

Quantification of Virus Titers

Quantitative polymerase chain reaction (qPCR) was used to determine genomic viral titers 

as described elsewhere.20 Briefly, viral titers were quantified using a C1000 thermal cycler 

(Bio-Rad) with SYBR green (Applied Biosystems) and primers against the CMV promoter 

(forward: 5′-TCACGGGGATTTCCAAGTCTC-3′ and reverse: 5′-

AATGGGGCGGAGTTGTTACGA-3′).
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Western Blotting and Silver Staining

Western blot analysis was performed to detect viral capsid proteins. Samples were heat-

denatured in LDS sample buffer and sample reducing agent (NuPAGE, Life Technologies) at 

75 °C for 15 min. Denatured samples were loaded and separated via electrophoresis on a 4–

12% Bis-Tris gel (NuPAGE, Life Technologies), transferred onto a nitrocellulose membrane, 

and probed sequentially with B1 primary antibody (American Research Products) followed 

by horseradish peroxidase conjugated antimouse secondary antibody (American Research 

Products). Lumi-Light Western Blotting Substrate (Roche Applied Science) was then added 

to the nitrocellulose membrane and imaged with Fuji Las-4000.

Silver stain analysis was also conducted to detect viral capsid proteins as well as capsid 

proteolytic fragments. Viral samples were denatured in LDS and separated via 

electrophoresis on a 4–12% Bis-Tris gel (NuPAGE, Life Technologies). Viral capsid proteins 

and proteolytic fragments were detected with a silver stain kit according to manufacturer’s 

protocol (Life Technologies, Carlsbad, CA).

Heparin Affinity Assay

PAV mutants were tested for heparin binding ability. Viruses were added to heparin-agarose 

beads (Sigma H-6508) and incubated for 15 min at room temperature while continuously 

rotating. Samples were centrifuged for 5 min at 6000g and unbound fractions were collected. 

The beads were incubated sequentially with buffers containing increasing NaCl 

concentrations (300 mM, 500 mM, 700 mM, and 1 M) in order to elute heparin-bound 

viruses. All unbound and bound fractions were quantified for viral genome amounts via 

qPCR.

Nuclease Protection Assay

Capsid stability of PAV mutants was analyzed with a benzonase protection assay. PAV 

mutants were mixed with Endo buffer (1.5 mM MgCl2, 0.5 mg/mL BSA, 50 mM Tris, pH 

8.0) and incubated with benzonase nuclease (250 units/μL; Sigma) or sham buffer (50% 

glycerol, 50 mM Tris-HCl, pH 8.0, 20 mM NaCl, 2 mM MgCl2) at 37 °C for 30 min. 

Reactions were terminated with 0.5 M EDTA. Viral titers were then quantified with qPCR to 

calculate the percentage of protected viral genomes.

Cellular Transduction

HEK293T cells were seeded on poly-L-lysine-coated 48-well plates at 1 × 105 cells/well. 

PAV mutants were added to cells at a multiplicity of infection (MOI) of 500 and incubated in 

serum-free medium for 12 h. Complete medium containing serum was added 12 h post-

transduction. Cells were harvested 48 h post-transduction for flow cytometry with 

FACSCanto II flow cytometer (BD Biosciences).

Proteolysis

PAV mutants were tested for MMP susceptibility. Protease activity was first calibrated with 

the fluorogenic substrate Mca-PLGL-Dpa-AR (Calbiochem) at 5 nM enzyme and 5 μM 

substrate to determine initial enzyme velocities, as previously described.17 Viruses were 
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diluted in reaction buffer (MMP Buffer: 50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 5 mM 

CaCl2 and 1× GB-PF68). MMP-7 (Enzo Life Sciences, Farmingdale, NY) was diluted in 

vehicle buffer (50 mMTris, pH 7.5, 300 mM NaCl, 5 mM CaCl2, 10 μM ZnCl2, 0.5% 

Brij-35, 30% glycerol) and mixed with diluted virus. Reactions were incubated at 37 °C for 

12h and terminated with 50 mM EDTA. For cellular transduction, MMP-treated viruses 

were added to HEK293T cells and incubated for 48 h. After 48 h, cells were harvested and 

analyzed with flow cytometry.

RESULTS

Production of Viruses with Peptide Lock Variants

We synthesized a panel of PAV variants to test the effects of 4AA motif properties on virus 

production and performance. Quantitative polymerase chain reaction (qPCR) was used to 

quantify the titers of the PAV variants produced (Figure 2). The viruses with negatively 

charged 4AA motifs, PAV-D4 and PAV-E4, yield titers that are within 1-log of wild-type 

(wt), indicating these motifs do not adversely impact virus capsid assembly and genome 

packaging. PAV-A4, -N4, and -Q4, are within 1–2 log of wt. The positively charged 4AA 

motif mutants, PAV-K4, -R4, and the polar uncharged -SG2S display the most dramatic 

decreases in titers that are 2-log fold lower than wt. Therefore, the AAV capsid appears to be 

most tolerant to peptide locks with negatively charged 4AA motifs and poorly tolerates 

positively charged 4AA motifs.

Western blot was performed to detect viral capsid proteins (VPs) and qualitatively assess 

peptide lock incorporation into the capsid (Figure 3). Because the iodixanol density gradient 

separation process collects assembled capsids, and these separated virus samples are the 

ones run on the Western blot, the bands in Figure 3 capture the VP subunit profiles in the 

assembled capsids. Most PAV variants display VP expression patterns similar to wt, 

although with a noticeable MW shift due to peptide lock insertion. These results indicate the 

peptide locks are successfully inserted into the VP subunits and the subunits are able to 

assemble into the capsid. The VP band intensities of the PAV-A4 and PAV-SG2S viruses are 

lighter compared to other mutants because they had lower genomic titers. Interestingly, the 

PAV-K4 variant displays an irregular pattern with multiple VP fragments on the Western 

blot, which may suggest increased susceptibility of PAV-K4 to trypsin and potentially other 

proteases during virus production.21 Considering the qPCR and Western blot data together, 

the PAV mutants demonstrate successful peptide lock insertion, capsid assembly, and 

genome packaging, albeit at lower levels compared to wt for most of the mutants.

Capsid Stability of Viruses with Peptide Lock Variants

We next tested the stability of the formed capsids using a nuclease protection assay. A stable, 

well-formed capsid should effectively protect its encapsidated genome from degradation by 

nucleases. PAV mutants were treated with benzonase and the level of genome protection was 

quantified with qPCR (Figure 4). As expected, the wt control displays full genome 

protection, while the negative control (naked plasmid DNA) exhibits complete degradation. 

PAV-R4, -A4, -N4, -Q4, and -SG2S exhibit wt-like abilities to protect their genomes. Thus, 

although these variants are produced at lower titers than wt, the assembled capsids are 
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stable. PAV-D4 and -E4, produced at wt-like titers, show protection levels slightly less than 

wt but the differences are not statistically significant. PAV-K4 has the lowest level of genome 

protection, which could potentially be due to protease susceptibility during capsid assembly, 

as suggested by Western blotting. The PAV-K4 virus appears to be the most defective virus 

thus far, with a low production titer, an irregular VP band pattern, and lowest capsid stability.

Impact of Peptide Lock Variants on Heparin Binding

We conducted a heparin affinity assay to test if 4AA motif properties play a role in locking 

the virus. A successful peptide lock design should ablate heparin binding by the virus in 

absence of proteases. Our wt positive control elutes from the heparin resin at 500 mM NaCl 

and higher (Figure 5) as expected from previous reports.17,20 AAV serotype 4 (AAV4) serves 

as the negative control for this assay because it binds sialic acid instead of heparin.22 As 

expected, the majority of AAV4 do not bind the heparin coated beads. Most of the PAV 

mutants display low heparin binding, with the exception of the three polar uncharged motifs 

(SG2S, N4, and Q4) that appear to retain intermediate heparin binding ability. Overall, this 

data demonstrates negatively charged, positively charged, and hydrophobic 4AA motifs are 

successfully able to disrupt heparin binding by the virus.

Ability of Peptide Lock Variants to Block Cellular Transduction

We performed a transduction assay to investigate whether various peptide locks are able to 

prevent cellular transduction by the viruses in the absence of proteases, as desired. In 

comparison to wt, all of the PAV mutants demonstrate significantly lower gene delivery 

efficiencies (Figure 6a–c). The D4, E4, K4, R4, and A4 peptide locks are able to decrease 

the transduction index (TI) at least 6-fold compared to wt. N4, Q4, and SG2S are the least 

effective in blocking cellular transduction. N4 and Q4 decrease transduction 2-fold, while 

SG2S performs slightly better, yielding a 4-fold decrease. In summary, all inserted 4AA 

motifs with the exception of the polar uncharged motifs (N4, Q4, SG2S) appear to lock the 

virus effectively regardless of chemical properties.

Considering the data gathered thus far, it appears that successful transduction inhibition by 

the peptide lock is correlated to the peptide lock’s ability to prevent heparin binding. To 

develop a rough design “rule-of-thumb” that may help us screen through different future 

PAV candidates, we calculated a heparin binding index for each candidate based on the 

results of the heparin affinity assay

heparin binding index = (0.4) × (fraction eluted300 mM NaCl) + (0.6) × (fraction eluted500 mM NaCl)

The fraction of viruses eluting in the 500 mM NaCl fraction receive a greater weight of 0.6, 

compared to 0.4 for the 300 mM NaCl fraction, because these viruses have more wt AAV2-

like heparin binding ability. Thus, a larger heparin binding index value indicates the virus 

retains more wt AAV2-like heparin binding ability. AAV2 and AAV4 have heparin binding 

indices of 0.39 and 0.06, respectively. Plotting the heparin binding index versus fraction 

transduction inhibition of the PAV candidates (only those with less than complete inhibition) 

reveals a linear trend with an R2 value of 0.9 (Figure 6d). The PAV candidates with complete 
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transduction inhibition (D4, E4, K4, and R4) all display heparin binding indices of less than 

0.2. Peptide locks that yield low heparin binding index values (i.e., effective inhibition of 

heparin binding) are able to achieve greater transduction inhibition. Thus, based on the 

results of the heparin binding assay, if a PAV candidate displays a heparin binding index of 

less than 0.2, we can expect it to have successful complete transduction inhibition in the 

absence of proteases. Moving forward, the K4, R4, A4, N4, Q4, and SG2S variants were not 

analyzed further because of their suboptimal production titers (all six variants), an irregular 

VP band pattern and unstable capsid (K4), and incomplete locking of the capsid (N4, Q4, 

and SG2S).

Ability of Peptide Locks to Be Cleaved by Extracellular Proteases

To determine whether the PAV-E4 variant is susceptible to proteases and also regains the 

ability to transduce cells after protease detection, the virus was treated with matrix 

metalloproteinase 7 (MMP7) and assayed for capsid proteolysis and cellular transduction 

ability. PAV-D4 served as the positive control in these studies since we have previously 

shown this variant is proteolyzed by MMP7 and displays MMP-responsive transduction 

behavior.17 A silver stain was performed to assess PAV-E4 susceptibility to MMP7 (Figure 

7). As expected, the wt negative control shows no protease susceptibility. In contrast, the 

PAV-D4 positive control displays proteolytic susceptibility to MMP7, and not the sham 

condition. PAV-E4 demonstrates MMP susceptibility similar to PAV-D4. This data indicates 

the negatively charged 4AA motifs, E4 and D4, are proteolyzed similarly by MMP7.

Finally, we transduced HEK293T cells with viruses, with and without MMP treatment. In 

the presence of MMP7, PAV-D4 and PAV-E4 display increased gene delivery efficiencies 

compared to the sham condition (Figure 8). The PAVs are less efficient compared to wt, 

which has been previously observed.17,18 Both of the tested PAVs exhibit 2-fold lower TI 

values in the unlocked state (i.e., MMP treatment condition) compared to wt. These findings 

indicate PAV-D4 and PAV-E4 are able to regain transduction abilities in the presence of 

MMP7, albeit at a lower-than-wt efficiency. Taken together, these data demonstrate the 

negatively charged 4AA motifs, D4 and E4, are the best options among our panel of 

variants. On the basis of viral production titers, capsid assembly, receptor binding, and 

protease-activatable transduction abilities, the D4 and E4 variants appear to be functionally 

interchangeable.

DISCUSSION

Prior work by others have demonstrated the AAV2 capsid uses patches of positively charged 

amino acid residues to bind negatively charged HSPG on cell surfaces.19 HSPG binding by 

AAV2 is the first important step in cellular transduction.23 In our previous work aimed at 

building a PAV prototype,17 we hypothesized inserting negatively charged amino acids as 

part of the peptide lock would interfere with AAV2-HSPG interaction through an 

electrostatic repulsion mechanism. Indeed, our prior results show PAVs in the locked state 

are poorly internalized by cells, and PAV activation with MMPs dramatically enhances their 

cellular uptake.17 Here, we investigated whether our original hypothesis was correct or if 

amino acids with any chemical property may be used as the 4AA motif.
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Using a random peptide library approach, Perabo et al. previously found that different 7-mer 

peptides have differential abilities to ablate HSPG binding when inserted in the HSPG 

binding domain of the AAV2 capsid.24 Peptides with net positive charges were not effective 

in ablating binding. Conversely, peptides with net negative charges successfully ablated 

heparin binding. The authors suggested that peptide insertions in the heparin binding domain 

can affect HSPG interactions through different mechanisms that involve sterics and 

electrostatics.

On the basis of this prior work, it was feasible that either sterics or electrostatics could be 

driving the disruption of HSPG binding and cellular transduction by the 4AA motifs in the 

absence of MMPs. Surprisingly, almost all of the mutants, including the positively charged 

PAV-K4 and PAV-R4, display ablated heparin binding (Figure 5). Only the polar uncharged 

motifs retain marginal binding to heparin. We also observed that majority of the mutants are 

unable to transduce HEK293T cells in the absence of MMP, as desired (Figure 6). Again, 

only PAV-N4, -Q4, and -SG2S retain any appreciable level of transduction ability. Due to 

issues with low viral production titers and inability to effectively lock the AAV capsid, most 

of the PAV variants were not investigated further, leaving only PAV-D4 and PAV-E4 as viable 

design options. Finally, in the presence of MMP, PAV-E4 behaves similarly to PAV-D4 

(Figures 7 and 8).

During the course of the study, we observed unexpected results. The AAV2 capsid does not 

well-tolerate the insertion of positively charged 4AA motifs in the HSPG binding domain, as 

PAV-K4 and PAV-R4 display the lowest viral titers (Figure 2). In particular, PAV-K4 displays 

an irregular Western blot pattern (Figure 3) and the capsid is unable to protect its genome 

effectively (Figure 4). PAV-R4, on the other hand, has the lowest titer, but the capsid that 

does form is able to protect its genome similarly to wt (Figure 4).

Collectively, our data suggest that both electrostatic repulsion and steric obstruction between 

the 4AA motif and HSPG may make nonredundant contributions to the peptide lock being 

able to lock the capsid successfully. Negatively and positively charged motifs, and even 

small hydrophobic A4 and uncharged polar SG2S motifs, are able to lock the capsid, which 

would suggest steric obstruction plays an important role. However, the uncharged polar N4 

and Q4 motifs, which are comparable in size to the D4 and E4 motifs but lacking negative 

charge, yield only partial ablation of receptor binding and cellular transduction, which may 

suggest that steric obstruction alone is not sufficient to block receptor binding. One potential 

explanation could be that the polar uncharged motif-containing peptide locks, although 

genetically inserted into the HSPG binding domain, do not assume the correct structural 

configuration to effectively block HSPG binding through sterics. Determining the structures 

of some of these PAV variants would likely shed light on the reasons for these experimental 

results. Differences in the amino acid sequence of the peptide insertion may account for the 

differing mechanisms behind the Perabo et al. report and the PAV mutants described here.

Future work will address remaining unanswered questions about the PAV design. First, 

structural studies must be performed to understand why peptide locks with four negatively 

charged amino acid residues are well-tolerated by the AAV capsid, whereas inserting 

virtually an identical lock (with the only difference being four positively charged residues) 

Robinson et al. Page 8

ACS Biomater Sci Eng. Author manuscript; available in PMC 2018 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hinders capsid assembly and leads to poor capsid production. Furthermore, it is presently 

unclear if the 4AA motif is required at all, or exactly how many amino acid residues in the 

motif are needed to ablate cellular transduction. Additionally, an essential and universal 

cellular receptor for AAV infection, named AAVR, was recently discovered.25 Whether the 

peptide locks interfere with AAVR binding by AAV2 remains to be determined. Lastly, 

creating PAVs based on other AAV serotype capsids will reveal whether the uncovered 

design rules are broadly applicable to AAV-based PAVs in general.

CONCLUSIONS

The overall goal of this work was to investigate the role of the 4AA motif’s chemical 

properties on PAV function. Interestingly, we found motifs of various properties are able to 

lock the AAV2 capsid. However, due to suboptimal production titers, potentially increased 

susceptibility to trypsin, and poor genome protection of majority of the mutants, the PAV-E4 

and PAV-D4 variants appear to be the best design options so far. Continued investigation of 

the PAV platform may further support the translation of this promising gene delivery 

technology for a variety of diseases characterized by elevated levels of extracellular 

proteases at target tissue sites.
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ABBREVIATIONS

AAV adeno-associated virus

CMV cytomegalovirus

GFP green fluorescent protein

HSPG heparan sulfate proteoglycan

HEK human embryonic kidney cells

MMP matrix-metalloproteinase

MOI multiplicity of infection

qPCR quantitative polymerase chain reaction
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PAV protease-activatable virus

PAV-D4 protease-activatable virus with tetra-aspartic acid motif

PAV-E4 protease-activatable virus with tetra-glutamic acid motif

PAV-K4 protease-activatable virus with tetra-lysine motif

PAV-R4 protease-activatable virus with tetra-arginine motif

PAV-A4 protease-activatable virus with tetra-alanine motif

PAV-N4 protease-activatable virus with tetra-asparagine motif

PAV-Q4 protease-activatable virus with tetra-glutamine motif

PAV-SG2S protease-activatable virus with serine-glycine-glycine-serine motif

ssDNA single-stranded DNA

VP viral protein

WT wild-type
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Figure 1. 
Protease-activatable virus (PAV) design and concept. (a) Peptide lock consists of the tetra 

amino acid (4AA) motif flanked by MMP cleavage consensus sequences. Scissile bonds are 

indicated by yellow arrows. Glycine linkers separate the MMP consensus sequences and the 

4AA motif. (b) Peptide locks inserted into the AAV capsid prevent virus binding to cellular 

receptors. In the presence of MMPs, the MMP consensus sequences are cleaved, releasing 

the peptide locks from the capsid and restoring viral transduction.
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Figure 2. 
Titers of PAV candidates with different tetra amino acid (4AA) motifs. D4, tetra aspartic 

acid. E4, tetra glutamic acid. K4, tetra lysine. R4, tetra arginine. A4, tetra alanine. N4, tetra 

asparagine. Q4, tetra glutamine. SG2S, serine-glycine-glycine-serine. Virus titers were 

quantified with qPCR. Standard error of the mean (SEM) of two independent virus 

preparations are shown. All mutant titers are statistically different compared to wt (p < 

0.001, student t test), with the exception of PAV-E4.
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Figure 3. 
Detection of viral capsid proteins (VPs) and peptide lock incorporation of PAV candidates 

via Western blot. Same volume of iodixanol-separated virus was loaded per well, except for 

the R4 blot in which the same number of viral genomes were loaded for wt and R4. Capsid 

subunits were probed with the B1 antibody, which detects a c-terminal epitope shared among 

all three VPs. VP1, VP2, and VP3 indicate wt capsid subunits. VP1-PAV, VP2-PAV, and 

VP3-PAV indicate capsid subunits with peptide lock insertions. Molecular weight ladder 

locations are indicated on the left side of blots. Most virus variants display only three VP 

bands similarly to wt capsid. PAV-K4 displays an irregular pattern of multiple bands beyond 

the expected three VP bands.
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Figure 4. 
Capsid stabilities of PAV candidates as assessed by their abilities to protect their genomes 

from nuclease digestion. PAV candidates were incubated with benzonase nuclease to 

measure capsid stability. % genome protection was quantified with qPCR. Naked plasmid 

DNA is used as a control to ensure nuclease activity. Error bars represent SEM of two 

independent experiments performed in duplicate. Asterisk indicates p < 0.05 by student t 
test.
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Figure 5. 
Ability of various 4AA motifs to disrupt virus-heparin binding. Viruses were eluted from 

heparin agarose beads by incubating with increasing NaCl concentration buffers. qPCR was 

used to measure virus amounts in the elutions. AAV serotype 2 (AAV2) binds to heparin and 

elutes off the heparin beads at 500–700 mM NaCl. AAV serotype 4 (AAV4) does not bind to 

heparin. Error bars represent SEM of two independent experiments.
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Figure 6. 
Transduction assay to test if the various 4AA motifs are able to inhibit cellular transduction 

by PAV candidates in the absence of proteases. Viral genomes at a multiplicity of infection 

(MOI) of 500 were added to HEK293T cells. (a, b) %GFP+ cells and geometric mean 

fluorescence intensity (gMFI) were quantified with flow cytometry and normalized to wt 

values. (c) Transduction index (TI) is %GFP+ cells multiplied by gMFI and is a linear 

indicator of viral transduction efficiency.17 Error bars represent SEM of two independent 

experiments conducted in duplicate. (d) Transduction inhibition as a function of heparin 

binding index. Lower the heparin binding index (i.e., less effective heparin binding ability), 

the better the inhibition of transduction in the absence of proteases. Data points for A4, 

SG2S, Q4, N4, and wt are plotted. The regression line is shown, with an R2 value of 0.90.
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Figure 7. 
Detection of proteolyzed VP fragments of PAV-D4 and PAV-E4 in the presence of MMP7. 

Viruses were incubated in sham or MMP7 conditions, denatured, and then run on a 4–12% 

bis-tris gel. The gel was subsequently processed with the silver stain to visualize VP bands, 

either intact or proteolyzed. The band corresponding to the added MMP7 enzyme can be 

observed at the bottom of the image.
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Figure 8. 
Recovery of cellular transduction ability of PAV-D4 and PAV-E4 in the presence of MMP7. 

Viral genomes at a multiplicity of infection (MOI) of 500 were added to HEK293T cells. 

%GFP+ cells and geometric mean fluorescence (gMFI) were quantified with flow cytometry. 

Error bars represent SEM of two independent experiments conducted in duplicate.

Robinson et al. Page 19

ACS Biomater Sci Eng. Author manuscript; available in PMC 2018 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	INTRODUCTION
	EXPERIMENTAL METHODS
	Construction of PAV Plasmids
	Virus Production
	Quantification of Virus Titers
	Western Blotting and Silver Staining
	Heparin Affinity Assay
	Nuclease Protection Assay
	Cellular Transduction
	Proteolysis

	RESULTS
	Production of Viruses with Peptide Lock Variants
	Capsid Stability of Viruses with Peptide Lock Variants
	Impact of Peptide Lock Variants on Heparin Binding
	Ability of Peptide Lock Variants to Block Cellular Transduction
	Ability of Peptide Locks to Be Cleaved by Extracellular Proteases

	DISCUSSION
	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

