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Abstract

Drug resistance in viruses represents one of the major challenges of healthcare. As part of

an effort to provide a treatment that avoids the possibility of drug resistance, we discovered

a novel mechanism of action (MOA) and specific compounds to treat all nine human herpes-

viruses and animal herpesviruses. The novel MOA targets the pressurized genome state in

a viral capsid, “turns off” capsid pressure, and blocks viral genome ejection into a cell

nucleus, preventing viral replication. This work serves as a proof-of-concept to demonstrate

the feasibility of a new antiviral target—suppressing pressure-driven viral genome ejection

—that is likely impervious to developing drug resistance. This pivotal finding presents a plat-

form for discovery of a new class of broad-spectrum treatments for herpesviruses and other

viral infections with genome-pressure-dependent replication. A biophysical approach to anti-

viral treatment such as this is also a vital strategy to prevent the spread of emerging viruses

where vaccine development is challenged by high mutation rates or other evasion

mechanisms.

Author summary

This work presents a proof-of-concept for anti-herpes treatment based on a novel mecha-

nism of action that interferes with ejection of herpes genome into a host cell by perturbing

the viral genome pressure inside the virus’ protein shell, termed a capsid. This interference

stops viral infection. Targeting the pressurized DNA state inside a herpes capsid presents

a platform for development of broad-spectrum treatments for all human–and animal her-

pesviruses that are not susceptible to mutation-based resistance development.

Introduction

Herpesviridae are a leading cause of human viral disease, second only to influenza and cold

viruses[1–3]. The herpesviridae family includes a diverse set of viruses, nine of which are

human pathogens[4]. Among these, latent herpes simplex type 1 (HSV-1) and herpes simplex
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type 2 (HSV-2) infections frequently reactivate to result in recurrent acute oral and genital

lesions, as well as encephalitis[2]. Others, such as varicella-zoster virus (VZV), can reactivate

decades after the initial infection and may result in painful and debilitating recurrences of

shingles[5]. Infections with Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpes-

virus (KSHV) are associated with oncogenic transformation[6, 7]. One of the most clinically

challenging herpes infections is caused by human cytomegalovirus (CMV), a leading cause of

birth defects and transplant failures. There are no effective drugs for CMV without significant

toxicities (especially during pregnancy, with high risk to the fetus), and resistance to existing

anti-CMV drugs is widespread[8]. Herpesvirus infections are lifelong, with latency periods

between recurrent reactivations, making treatment difficult. There is a large unmet need for

anti-herpes drugs that can reduce the frequency and severity of recurring outbreaks and con-

trol viral replication in the immunocompromised[4, 8]. Currently approved herpetic antiviral

agents target and disrupt multiple aspects of the viral life cycle, except for DNA release into the

cell nucleus[8]. The most common antiviral drugs are nucleic acid analogs that target viral

DNA polymerase and interfere with gene replication[8]. Resistance can, however, quickly

evolve from even a single amino acid substitution in the targeted protein, which has been the

scourge of most antiviral therapeutics[9]. This has led us to search for antiviral targets that do

not involve viral proteins. In this work, we discovered that the mechanically stressed and pres-

surized state of strongly confined viral DNA packaged in a herpesvirus capsid presents an evo-

lutionarily static target for antiviral therapies that is independent of nucleotide sequences. This

approach should prevent development of drug resistance because it targets DNA-DNA electro-

static- and steric interactions (as opposed to specific amino acid or nucleotide sequence) that

are unique to tightly packaged herpes DNA[10] and absent elsewhere in the host cell. DNA

confined in herpesvirus capsids is at the extreme end of the packing scale at 55% by volume,

forming a hexagonally ordered structure with surface separations between negatively charged

DNA strands of only ~11Å or less[11–15]. In comparison, the chromosomal DNA packing

density of a cell is only ~5–10% by volume[16–18].

Herpesviruses consist of a double-stranded (ds) DNA genome packaged within a protein

shell, termed the capsid, that is surrounded by an unstructured protein layer, the tegument,

and a lipid envelope. After binding at the plasma membrane, the viral lipid envelope is lost,

and partially tegumented viral capsids enter the cell cytoplasm and are transported toward the

nucleus. The viral capsid ejects its genome upon docking at a nuclear pore complex (NPC),

which forms a passageway for molecular traffic into the nucleus[19, 20]. Herpesviruses pack-

age their micrometer-long genome into a nanometer-scale capsid. This tight packing results in

repulsive electrostatic forces between negatively charged neighboring DNA helices and bend-

ing stress on the packaged genome due to the stiffness of its dsDNA. Our laboratory discov-

ered and measured a high internal DNA pressure of 20 atmospheres in HSV-1 capsids,

resulting from this genome confinement[21]. Similar capsid pressure is expected in all types of

herpesviruses as well as in dsDNA tailed bacteriophages due to high intracapsid dsDNA pack-

ing density[22–24]. Earlier we had measured a pressure of 35 atmospheres in phage λ [24],

which has higher DNA packing density than that within a HSV-1 capsid.

We recently showed that this pressure powers ejection of the viral genome into a cell

nucleus during HSV-1 infection, providing the first demonstration of a pressure-dependent

infection mechanism in eukaryotic viruses[25]. In several parallel studies, we also found that

addition of polyvalent cations that penetrate the viral capsid (spermine4+) can strongly reduce

or eliminate intracapsid DNA pressure through modulation of electrostatic, hydration, and

steric interactions between packaged DNA strands[14, 26, 27]. In this work we reconcile our

observations and propose for the first time using the pressurized DNA state inside the herpes-

virus capsid as a novel target for antiviral agents that can interfere with viral DNA ejection
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into a cell nucleus. We identified compounds (small polycationic molecules with molecular

weights of<800 Da) that are able to permeate the herpesvirus lipid envelope and capsid pores,

bind to intracapsid DNA, and condense the packaged genome, thereby removing the capsid

genome pressure. We show that this halts viral DNA ejection into a nucleus. The compounds

are polyamines that have been previously shown to strongly condense dsDNA[28–30]. Con-

densation of DNA in a herpes capsid occurs through screening of DNA-DNA net repulsive

interactions and introduction of net attractive interactions between the neighboring DNA

strands, thus acting as an electrostatic and steric DNA-DNA “zipper”[30–34]. We selected

compounds that are commercially available but not previously used to treat herpesviruses, pro-

viding an attractive opportunity for drug repurposing[28–30, 35]. Each selected compound is

from a different class of main DNA-condensing polyamines: a polypropyleneimine [PPI] den-

drimer, a branched polyethyleneimine, and a linear polypeptide. In parallel, we show that

these compounds have low cytotoxicity. This suggests that they can serve as lead compounds

for further anti-herpes drug development and present a new class of broad-spectrum treat-

ments for all nine human herpesviruses as well as animal herpesviruses (with animal viruses

we refer here to veterinary use). Several of the compound classes we selected have been tested

in vivo for gene therapy applications; detailed information is available on their pharmacology,

formulation, dose, and potential toxicity[28–30, 36–40]. It is important to emphasize that due

to the polycationic nature of these polyamine compounds, their permeability through the cell

membrane is limited, as shown below. The scope of this work, however, is a proof-of-concept

showing that small-molecule polyamine compounds, at concentrations that are not toxic in

vitro and in vivo (also verified in this work), can successfully target pressurized DNA state in a

herpesvirus capsid bound at the nuclear pore complex and block viral DNA ejection into a

host nucleus. This subsequently prevents infection. In order to demonstrate this mechanism of

action (MOA) and avoid the issue of limited compound cell penetration, we use a reconsti-

tuted isolated nucleus system that accurately reproduces capsid-nuclei binding and nuclear

transport of the herpes genome into living cells, which leads to infection[41–44] (the term

“infection” denotes the introduction of viral nucleic acid into a host cell by a virus[45]). Drug

delivery, including cell membrane permeability, is a challenge in the development of most

antiviral agents (e.g. herpesvirus nucleoside drugs, such as penciclovir, had to be modified into

a prodrug due to poor solubility in water and as a result poor oral bioavailability[46]). We are

currently developing a strategy for efficient delivery of the lead polyamine compound into

cells[47]. This will facilitate a demonstration of the MOA in infected cells.

This paper is divided into two sections. In Section 1, using solution small angle X-ray scat-

tering (SAXS), we selected small polyamine molecules capable of permeating herpes virions

and “turning off” the viral DNA capsid pressure. Our selection criteria were based primarily

on the compounds’ ability to condense dsDNA to a tighter packaging density than that found

in a herpes capsid under physiologic conditions (ensuring that encapsidated DNA is no longer

stressed and does not exert pressure on the capsid walls), with the small molecule size allowing

capsid pore permeability and low toxicity. The cell toxicity of the various compounds was

tested with standard in vitro proliferating cell culture assays[48]. In vivo toxicity was tested in

mice (data shown in Supporting Materials). The toxicity studies were conducted under an

NIH/NIAID preclinical service agreement.

In Section 2, we developed a MOA-assay for testing selected compounds that focuses on the

step where herpes capsids bind to NPCs on the nuclear membrane and eject viral DNA into

nuclei[48]. Using a reconstituted isolated nuclei system[41], visualized with ultrathin-section-

ing transmission electron microscopy (TEM or EM) and super resolution fluorescence micros-

copy, we demonstrated that the compounds prevent pressure-driven DNA ejection during the

herpesvirus infectious cycle.
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These combined assays and the proposed mechanism of action constitute a drug discovery

approach for the development of novel broad-spectrum antiviral compounds that treat herpes-

viruses as well as other resistant and emerging viral infections. This is a biophysical approach

to treat viral infections independent of the type of virus within the same virus family. This is a

vital strategy for treatment of viruses with high mutation rates or other evading strategies that

pose a challenge for vaccine development.

Results

Although our broad-spectrum MOA is expected to block DNA ejection in all herpesviruses,

we chose HSV-1 as a prototypical experimental system for herpesviruses, due to the ease of

growing and purifying large quantities of virions and capsids[49].

First, we identified selection criteria for antiviral compounds. To reach the encapsidated

viral DNA, the compounds need to permeate the lipid envelope around the capsid, then per-

meate the capsid wall, and finally condense the DNA in the capsid, inhibiting its ejection.

Cryo-EM reconstructions have shown that the axial channels through the HSV-1 capsid are

~20Å in diameter (pore size can vary between types of herpesviruses)[50, 51]. To fit through

this channel, compounds must not exceed the molecular weight (MW) of 4000 Da. Com-

pounds that condense DNA are polycationic, with a net positive charge of 3+ or greater, and

have a size and shape that permit binding to major or minor DNA grooves and allow them to

fit between neighboring DNA strands. This DNA-to-compound binding replaces repulsive

DNA-DNA interstrand interactions with attractive interstrand interaction, leading to DNA

condensation[21, 31, 52, 53]. Based on the criteria above, we made a comprehensive analysis

of DNA condensing agents and selected compounds that ranged from compounds used for

gene therapy[28–30, 36, 37] to naturally occurring compounds that condense DNA in sperm

cells[30, 32, 54]. The resulting list of approximately 35 DNA condensing molecules with MW

cutoff sufficient for permeation of capsid pores included linear polyamines, branched poly-

ethyleneimines, cationic dendrimers, inorganic cationic metal complexes, and cationic surfac-

tants[28, 29, 34, 36, 37, 55–59]. We further refined the compound selection by testing each of

these compounds for cell toxicity in proliferating cells under an NIH/NIAID preclinical service

agreement (conducted in Mark Prichard’s laboratory, University of Alabama at Birmingham,

see details in Materials and Methods). In parallel, using SAXS, we systematically determined

average DNA-DNA distance for dsDNA condensed by each compound to verify if the extend

of DNA condensation is sufficient to remove the intracapsid DNA pressure. The description

of SAXS assays and cell toxicity data is provided below. These quantifications allowed us to

determine which compounds remove the intracapsid DNA pressure through condensation of

packaged genome at concentrations that are not toxic to cells. Of the molecules we screened,

the compounds that showed low cell toxicity and fulfilled other selection criteria above (small

MW and DNA condensing properties) were three small molecules: cationic dendrimer
DAB-Am-4 with MW = 316 Da (a polypropyleneimine, PPI G1), branched polyethylenimine
(bPEI 600) with six surface amine groups with a charge +6 and MW = 533 Da, and linear poly-
peptide Arg5+ with MW = 799 Da. The following experimental analysis will therefore focus on

these three compounds.

1. Small polycationic molecules “turn off” the intracapsid DNA pressure

In order to demonstrate that our selected DNA condensing compounds permeate the capsid

and eliminate intracapsid DNA pressure, we used SAXS to determine the average distance

between the centers of tightly packaged, neighboring DNA strands inside the capsid, ds
(DNA-DNA interaxial spacing). Solution SAXS provides direct structural information about
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the DNA-DNA interaxial spacings determined by the position of the DNA X-ray diffraction

peak[11, 60, 61]. The DNA-DNA spacing inside the capsid is determined by repulsive interac-

tions between packaged DNA strands and DNA bending stress, both imposed by confinement

inside the capsid wall[14, 62, 63]. To reduce the bending stress, DNA will be pushed towards

the capsid walls (providing the lowest curvature), whereas repulsive DNA-DNA interactions

will push the DNA strands as far from each other as possible, filling the entire capsid volume

and maximizing the ds-value. These energy terms result in a strong DNA pressure on the cap-

sid walls. Although the bending stress term cannot be neglected, the repulsive interstrand

interaction term is dominant[14]. In HSV-1 capsids at physiologic conditions, i.e. 37˚C in a

cell culture or in standard storage TNE-buffer (10 mM TrisHCl, 0.5 M NaCl, 1 mM EDTA) or

TM-buffer (50 mM TrisHCl, 10 mM MgCl2), the DNA-DNA spacing is ds� = 31Å[22, 64]. We

confirmed this ds-value with SAXS measurements on HSV-1 virions in TM-buffer (mimicking

physiologic ionic conditions), as shown in Figs 1 and 2. Thus, in order to “turn off” the intra-

capsid DNA pressure, the packaged DNA with net DNA-DNA repulsive interactions needs to

be condensed with a polycationic compound below the 31Å ds-value. This would indicate that

net repulsive DNA-DNA interactions are now replaced with net attractive interstrand interac-

tions. When DNA-DNA spacing in the capsid is no longer maximized, this shows that intra-

capsid DNA does not “strive” to expand toward the capsid walls and therefore is no longer

stressed and pressurized. Furthermore, polycationic DNA condensing molecules strongly

decrease dsDNA persistence length, leading to less bending stress[14]. (Persistence length

defines the stiffness of a polymer, describing the minimum radius of curvature it can adopt by

the available thermal energy. Bending it to a smaller radius requires additional work.) Indeed,

it has been previously experimentally demonstrated by us[14, 27] and later by others[65] that

when added DNA-condensing polyvalent cations (spermine4+) replace the net repulsive

DNA-DNA interaction inside a pressurized phage λ capsid with net attractive DNA-DNA

interactions, the packaged DNA becomes condensed and jammed, which prevents its ejection

from the capsid. It is important to stress that this capsid-pressure-removal criterion (i.e. ds
<31Å) only applies to the addition of DNA condensing compounds because they replace

repulsive interactions with attractive interactions between packaged DNA strands. For

instance, as we previously showed[21], reducing DNA-DNA spacing in the capsid can also be

achieved by external osmolytes that do not permeate the capsid (e.g. polyethylene glycol

[PEG]); such external osmolytes generate external osmotic pressure, forcing dehydration of

intracapsid DNA with resulting compaction[21, 25]. However, in this case, net repulsive inter-

action remains, and smaller DNA-DNA spacing only indicates that capsid pressure has been

reduced but not necessarily eliminated[21]. It should also be mentioned that cellular poly-

amines (e.g. spermine and spermidine)[66, 67] can contribute to the weakening of the

DNA-DNA repulsions in the capsid[26, 68]. However, most of the polyamines in the cell are

bound to the cellular DNA, RNA, and other molecular components[66, 67, 69]. Therefore, the

free polyamine concentration in the cell is low and insufficient for condensation of the herpes

genome.

To determine if our DNA condensing compounds target pressurized intracapsid DNA in

HSV-1 virions, we developed a three-step SAXS assay. In the first step, we confirmed the abil-

ity of compounds DAB-Am-4, bPEI 600, and Arg5+ to condense the dsDNA in solution. We

measured DNA-DNA spacing (ds) in bulk DNA solution in TM-buffer (i.e. free DNA without

the capsid), where DNA is condensed by the added compound. This bulk DNA ds-measure-

ment allows for quick prescreening with an in-house SAXS to determine if compounds are

capable of binding to dsDNA and reducing DNA-DNA spacing below the physiologic ds-value

for DNA packaged in a viral capsid (ds� = 31Å for HSV-1). Condensed DNA samples showed

strong scattering peaks corresponding to interaxial Bragg diffraction from DNA helices packed
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Fig 1. (A) Integrated X-ray scattering intensity, I, versus scattering vector q for free DNA condensed in TM buffer with added

compounds DAB-Am-4, bPEI 600, and Arg5+. Compound concentrations corresponded to the N/P ratio of 1.5 required for

DNA condensation. Data were collected at 15, 23, and 37˚C but are only shown at 37˚C (relevant to infection temperature). (B)

Integrated X-ray scattering intensity, I, versus scattering vector q for C-capsids in TM storage buffer without and with added

compounds DAB-Am-4, bPEI 600, and Arg5+ at 37˚C. Compound concentrations corresponded to the N/P ratio of 1.5

required for DNA condensation. The single peak at higher q (between 0.2 Å-1 to 0.3 Å-1) is due to the diffraction from the

PLOS PATHOGENS Novel mechanism of action targeting DNA pressure in a herpes virus capsid

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008604 July 23, 2020 6 / 31

https://doi.org/10.1371/journal.ppat.1008604


in a hexagonal array. The Bragg spacing, dBr, and the actual distance between helices, ds, are

related by ds = 2dBr/sqrt(3) (see details in Materials and Methods). Figs 1A and 2A, and S1

Table show that addition of DAB-Am-4, bPEI 600, and Arg5+ provided interaxial distances

below 31Å (ds ~28.2–29.4 Å, depending on the compound). As explained above and previously

observed[14, 65], this implies that these compounds will yield a net attractive interaction

between DNA strands packaged in a HSV-1 capsid, which will suppress intracapsid genome

pressure and jam DNA ejection into a cell nucleus during infection. ds-values were collected at

15, 23 and 37˚C and showed minor variation with temperature. Compound concentrations

were scaled proportionally with DNA concentration in the sample to correspond to the N/P

ratio of 1.5, where N provides the number of positively charged amine groups on the poly-

amine compound, and P provides the number of negatively charged phosphate groups on the

DNA. An N/P ratio of ~1–1.5 was previously shown to be sufficient for DNA condensation

with polycationic amines[33].

In the second step of the SAXS screening assay, we confirmed that the selected compounds

can penetrate the HSV-1 C-capsid (DNA-filled capsid without lipid envelope and tegument

proteins) and condense packaged DNA inside. Capsid proteins and packaged DNA have well-

resolved SAXS scattering profiles, allowing accurate determination of average DNA-DNA

spacing in a capsid[11, 15, 60, 61, 70]. Fig 1B shows integrated X-ray scattering intensity, I, ver-

sus scattering vector q for C-capsids in TM storage buffer without and with added compounds

DAB-Am-4 (1.8 mM), bPEI 600 (1.3 mM), and Arg5+ (1.5 mM). These compound concentra-

tions corresponded to an N/P ratio of 1.5, required for condensation of DNA packaged in all

1013 viral capsids/mL in the sample. This high capsid concentration was needed for high reso-

lution SAXS measurements. Fig 1B and 1C show that in the lower q region (0.007Å-1 to 0.1Å-

1), the scattering profile originates from the highly symmetrical icosahedral HSV-1 capsids.

The single peak at higher q (between 0.2 Å-1 and 0.3 Å-1) is due to the diffraction from the

encapsidated, ordered DNA strands. The short-range DNA-DNA interaxial spacings deter-

mine the position of the DNA diffraction peak, whereas the area of this peak indicates how

well the DNA strands are aligned relative to each other; that is, it provides information on the

total number of ordered DNA base pairs of the encapsidated genome[11, 61]. When DNA

inside the capsid becomes less ordered, the DNA peak area decreases (peak becomes wider) as

a result of less coherent diffraction. If the genome is completely disordered, the DNA diffrac-

tion peak disappears. Analogously to the bulk-DNA SAXS measurements above, the average

DNA-DNA interaxial spacing, ds, is calculated using d ¼ 4pffiffi
3
p

q, assuming the hexagonal packing

structure of DNA[11]. Forty scans with 1 s X-ray exposure time were collected and averaged

for each sample. Vertical error bars for ds-values in Fig 2 are standard deviation values from

the non-linear fitting of the DNA diffraction peak with a Gaussian function with background

subtraction. SD-values are shown in S1–S3 Tables (see Materials and Methods as well as our

previous work for further details[15]). This analysis was applied to all SAXS measurements

below. Fig 1B shows that the position of the DNA diffraction peak shifts to higher q values

when any of the three DNA condensing compounds are added (see the inset in Fig 1B), indi-

cating that the interaxial distance between packaged DNA strands decreases as DNA becomes

encapsidated ordered DNA strands. The position of the DNA diffraction peak shifts to higher q values when any of the three

DNA condensing compounds are added (shown in the Figure inset), indicating that the interaxial distance between packaged

DNA strands decreases. (C) SAXS analysis of DNA-DNA spacing in HSV-1 A-capsid, C-capsid, and virion (C-capsid with

tegument and lipid envelope). Radially averaged scattered intensity versus the scattering vector q for HSV-1 virion (blue

curve), C-capsid (black curve), and A-capsid (red curve) at 37 ºC. The inset figure shows a zoomed-in region of the DNA

diffraction peak observed for DNA-filled C-capsid and virion. The buffer background was subtracted in (A), (B), and (C). AU,

arbitrary units.

https://doi.org/10.1371/journal.ppat.1008604.g001
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Fig 2. (A) Addition of DAB-Am-4, bPEI 600, or Arg5+ compounds condenses free dsDNA in solution, with resulting DNA-DNA interaxial distances, ds, below 31Å (this

value is measured for DNA packaged in HSV-1 capsid without compound addition at physiologic conditions). ds -values were collected at 15, 23, and 37˚C and showed

minor variation with temperature. (B and C) SAXS screening assay showing that the three selected DNA-condensing compounds mentioned in (A) can penetrate the

HSV-1 C-capsid (B) as well as the lipid-membrane-enveloped virions (C) and condense the packaged DNA inside, reducing DNA-DNA interaxial spacing, ds, below 31Å.

We tested two- and three-fold higher compound concentration (2x and 3x) than the minimum required for DNA condensation at the N/P ratio of 1.5 used in our study.

Incubation time with the compound was 30 min or 12 h (ON: overnight). Temperature and the compound incubation time had only a small effect on DNA-DNA spacing,

suggesting that the compound capsid and lipid envelope permeability kinetics are not limited by the diffusion rate. Vertical error bars are from the non-linear fitting of the

DNA diffraction peak with a Gaussian function with background subtraction.

https://doi.org/10.1371/journal.ppat.1008604.g002
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condensed inside the capsid. Fig 2B and S2 Table show that all three of the selected compounds

successfully condense DNA inside the capsid significantly below 31Å (with only a small varia-

tion in ds between 15 and 37˚C). Furthermore, Fig 2B shows that the area of the DNA diffrac-

tion peak is increased (and the peak becomes sharper) with addition of each of the three

compounds between 15 and 37˚C, signifying that the DNA becomes more ordered inside the

capsid due to compound-induced condensation.

In the third SAXS screening step, we added the selected compounds to whole virions

(enveloped capsids) in TM-buffer to verify that the compounds penetrate the lipid envelope,

tegument protein layer, and capsid wall. Fig 1C shows integrated X-ray scattering intensity, I,
versus scattering vector q for purified empty A-capsids (A-capsids are essentially identical to

C-capsids but without DNA inside[71]), C-capsids (without tegument proteins and lipid enve-

lope), and whole HSV-1 virions. Both C-capsids and virions have a well-resolved X-ray scatter-

ing peak corresponding to diffraction from packaged DNA[60] used for ds determination. S1

Fig shows the SDS-PAGE, verifying protein composition of purified A-, C-capsids, and viri-

ons. Fig 2C and S3 Table show that DAB-Am-4, bPEI 600, and Arg5+ compounds permeate

the virions and condense packaged DNA below 31Å at the physiologically relevant tempera-

ture of 37˚C. In addition, Fig 2C shows that variation in incubation time from 30 min to 12 h

(labeled overnight, ON, in the figure) with compound present, as well as variation in com-

pound concentration (we tested two- and three-fold higher concentration than the minimum

required for DNA condensation at the N/P ratio of 1.5 used in our study), have essentially no

effect on DNA-DNA interaxial distance, suggesting that compound capsid permeability kinet-

ics is not limited by the diffusion rate of the compound on the timescale of at least 30 min

(because selected compounds are much smaller than capsid pores, compound penetration into

a capsid likely occurs even faster). During HSV-1 replication, it takes approximately 1 h for

HSV-1 to adsorb to a cell surface and an additional 2–4 h for viral capsids to be transported,

once fused with a cell membrane, to a cell nucleus where DNA is ejected from capsids. [HSV-1

replication dynamics in cell culture were verified separately and were also verified elsewhere

[41]]. Hence, the permeability kinetics of the selected compound occur on a timescale suffi-

cient for compounds to target the DNA inside a capsid. Compound concentrations in this

SAXS measurements of virions were the same as in the SAXS measurements of C-capsids

above, with virion concentration of 1013 pfu/mL.

In order to estimate the relevance of compound concentrations used in the SAXS analysis

above for antiviral testing, we conducted cytotoxicity assays for selected compounds. A meaning-

ful value in antiviral drug discovery is the SI50 value (selective index), which is the ratio between

cytotoxicity concentration of the compound that reduces cell viability by 50% (CC50) and effective
concentration of the compound that reduces viral replication by 50% (EC50); that is, SI50 = CC50 /

EC50. The desired selective index of at least SI50> 10 shows moderate antiviral compound activ-

ity, whereas SI50> 50 shows high antiviral activity. As mentioned above, because selected com-

pounds have limited cell permeability it is not feasible to determine EC50 value for antiviral effect.

However, as an upper boundary, the EC50 value can be set to the compound concentration used

in the SAXS analysis above that is required to condense and jam DNA inside all viral capsids (or

in virions), making them non-infectious. However, compound concentration in SAXS assays has

to be scaled proportionally with viral particle concentration used in a standard in vitro replication

plaque reduction assay for EC50 value determination[48]. Concentrations of 1.3–1.8 mM for the

three compounds above were used for SAXS study to condense DNA in 1013 viral particles/mL.

For the in vitro replication assay, 106 viral particles/mL are used as a starting concentration for

EC50 value determination[48]. Therefore, the mM-range of compound concentrations used in

the SAXS screening assay correspond to sub-nM (10−10 M) EC50 compound concentrations, if

normalized by the viral particle concentration in viral replication assays.
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In parallel, for each DNA condensing compound, we determined the cytotoxicity concen-

tration (CC50 value) using standard in vitro cellular replication assays in human foreskin fibro-

blast (HFF) cells (used as a standard for herpesvirus replication in vitro assays for antiviral

compound tests)[48]. Cytotoxicity assays were performed on a parallel set of six-well plates

containing confluent monolayers of HFF-1 cells at the same cell amount as used for antiviral

plaque reduction assays for EC50 value determination, but cells were uninfected[48]. HFF-1

cells showed the following CC50 values: 15 μM for DAB-Am-4, 0.03 μM for bPEI 600, and

83 μM for Arg5+. We also determined cytotoxicity in the murine MEF cell line, relevant to ani-

mal studies. CC50 values in MEF cells were: 22 μM for DAB-Am-4 and 0.03 μM for bPEI 600

(Arg5+ was not tested). With CC50 values in the 10−8–10−5 M range and estimated upper

boundary for EC50 values in the 10−10 M range for all three tested compounds, the estimated

SI50 values (SI50 = CC50 / EC50) are 102–105. This suggests that selected compounds should

have high antiviral activity, making them promising candidates for further optimization as

antiviral agents for herpesvirus treatment. For comparison, using the same cell and virus repli-

cation assays (through our NIH/NIAID contract) Acyclovir (used as a control drug) in HFF

cells infected with HSV-1 had an SI50 ~ 102.

To provide additional demonstration that selected compounds also have low toxicity in

vivo, we have tested DAB-Am-4 and bPEI 600 for toxicity in mice through our NIH preclinical

service agreement. In this study, three doses of 5, 10, and 25 mg/kg/day (these concentrations

are above the estimated EC50 values) were administered twice daily via intraperitoneal injec-

tion (IP) for 4 days. A control group was treated with PBS. The results of the toxicity study

indicated that treatments with bPEI 600 Da and separately with DAB-Am-4 were tolerated

well. No signs of distress or significant weight loss were observed during the 4 days of treat-

ment. The results of the laboratory profiles of liver, renal, and blood functions did not show

significant differences with the results obtained in the PBS-treated group of control mice (in

vivo toxicity data are shown in Supporting Materials).

To summarize, the SAXS observations above show that all three tested compounds bind to

intracapsid DNA (as demonstrated by reduced DNA-DNA spacing) and eliminate net repul-

sive DNA-DNA interactions, replacing them with net attractive interactions condensing DNA

in the HSV-1 capsid. This strongly suggests that DNA ejection from capsids into cell nuclei

will be inhibited, leading to interference with herpes infection. We confirm this via the MOA-

assay described in Section 2 below. It should be noted that although the tested DNA condens-

ing compounds modulate the packaged DNA structure, they had no effect on the empty A-

capsid structure, which we also confirmed with SAXS. Thus, the three-step SAXS screening

assay can be used successfully for the initial screening of DNA condensing compounds as anti-

viral agents.

2. Reconstituted nuclei system as the MOA-assay for compound activity

Once the capsid pressure was “turned off” through addition of one of the three compounds, it

became essential to demonstrate that herpes capsids bound to NPCs do not eject DNA into the

cell nucleus. First, we designed an assay that confirmed the proposed MOA. Then we demon-

strated that the selected compounds engage with pressurized intracapsid DNA as a target.

To focus on the specific event of herpes DNA injection into a cell nucleus, we built the

MOA-assay on previous experiments showing that purified HSV-1 C-capsids bind to NPCs on

reconstituted nuclei (isolated from rat liver cells) and eject their DNA into nuclei in the pres-

ence of cytosol supplemented with an ATP-regeneration system[25, 41]. We found that tegu-

ment-free C-capsids were able to bind efficiently to NPCs and eject DNA into a nucleus[25].

This finding is consistent with a recent study demonstrating that untegumented C-capsids and
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viral capsids exposing inner tegument proteins on their surface had a similar degree of binding

to NPCs[41, 72]. The reconstituted capsid-nuclei system describes the main infection step of

viral DNA ejection into a host cell[41–44]. Although the term ‘infection’ usually refers to both

viral genome transport into the cell and subsequent replication of the virus, the primary infec-

tion in vivo by HSV-1 and HSV-2 is mostly latent; that is, the herpes genome is translocated

into the host nucleus without subsequent genome replication[73].

Although we confirmed above with SAXS that DAB-Am-4, bPEI 600, and Arg5+ all perme-

ate the lipid envelope of a viral capsid, we found that these polycationic compounds have lim-

ited cell membrane permeability and/or difficulty escaping the endosome if they enter the cell

through endocytosis[74]. Specifically, we observed that addition of either of DAB-Am-4, bPEI

600, or Arg5+ to cell culture, followed by addition of GFP-labeled HSV-1 virions, prevents

virus adsorption to the cell (see S2 Fig). This likely occurs due to compounds’ high positive

charge leading to electrostatic binding of polycations to negatively charged glycoprotein recep-

tors on the cell membrane, such as heparansulfate proteoglycans (HSPG)[75]. Optimizing

compound permeability into cells can be facilitated by e.g. prodrug approach[76], lipid vesicle

delivery[47], and nanoparticle delivery[77], as well as other pathways. Compound permeability

will be optimized in the future. In this work we show that pressurized state of DNA in a her-

pesvirus capsid presents a new antiviral target, which is convincingly demonstrated with the

reconstituted nuclei system noted below. Furthermore, choosing a reconstituted nuclei system

for the MOA-assay (as opposed to infecting a cell culture) provides the benefit of isolating the

effect of the compound on the single step of viral DNA ejection while avoiding interference

from other processes occurring within the cell during viral replication.

Fig 3A shows individual GFP-labeled HSV-1 C-capsids (strain K26GFP, the HSV-1 strain

expressing GFP-tagged VP26 protein) bound to NPCs on isolated DAPI-stained cell nuclei,

imaged using Super-Resolution Structured Illumination Microscopy (SR-SIM)[78]. SR-SIM

provides resolutions down to 120 nm, allowing visualization of individual capsids attached to

the nucleus. Cytosol was included in the nuclei-capsid mixture to improve capsid binding to

nuclei (see Materials and Methods)[72]. In parallel, using confocal fluorescent microscopy

(FM), we confirmed that DNA-filled C-capsids bind specifically to the NPCs (as opposed to

random binding to the nuclear membrane) and that capsid-NPC binding is not inhibited by

the selected compounds, as shown in Fig 3B. As a control, we used WGA (wheat germ aggluti-

nin), which associates with the glycoproteins within the NPC[41, 79] and prevents capsid

binding, showing capsid-NPC binding specificity. Prior to testing whether the compound

blocks viral DNA ejection into the nucleus (the MOA), we performed additional control

experiments with confocal FM and SR-SIM (see details in Materials and Methods). We con-

firmed that the integrity of the nuclei is not affected by any of the three compounds

(DAB-Am-4 at 58.5 μM, bPEI 600 at 39 μM, and Arg5+ at 47.3 μM) by showing that fluores-

cently labeled 70 kDa dextran is excluded from the nuclei interior (S3 Fig). The concentration

of each compound provided an N/P ratio of 1.5, required for DNA condensation[33] in all

capsids at a C-capsid concentration of ~1011 particles/mL. This capsid concentration provides

optimal coverage of capsids per nucleus without forming capsid clusters, which would obstruct

FM visualization. Compound concentrations in these measurements corresponded to those in

the SAXS measurements above, reduced proportionally with the viral particle concentration in

this MOA-assay (~1011 viral particles/mL for the nuclei-capsid binding assay versus ~1013

viral particles/mL in the SAXS assays).

Next we showed that full transport functionality of NPCs is maintained in the isolated

nuclei system with compounds present. This was verified with a fluorescently labeled nuclear

localization signal (NLS), added to purified rat liver nuclei incubated with cytosolic extracts

(as a source of soluble import factors) supplemented with an ATP regeneration system[80], see
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Supporting Materials for experimental description and S4A Fig. These controls were also

reproduced with a digitonin-permeabilized cell assay, which accurately recapitulates capsid-

nucleus binding and nuclear import in living cells[42–44]; see Supporting Materials and data

shown in S4B Fig. In agreement with observations in the isolated nuclei system (Fig 3B), we

also confirmed via a digitonin-permeabilized cell assay that none of the three compounds

interfered with capsid-NPC binding in cells. Attachment of GFP-capsids to nuclei was visual-

ized with SR-SIM (S4C Fig). The addition of WGA prevented capsid binding, showing capsid-

NPC binding specificity (S4C Fig). Together these findings show that the reconstituted nuclei-

Fig 3. (A) This representative Super-Resolution SIM image shows GFP-HSV-1 C-capsids (green) bound to isolated rat liver nuclei (blue DAPI stain). A histogram of a

capsid cross-section profile for a capsid GFP signal along the white line shows that individual C-capsids are resolved. (B) Confocal fluorescence microscopy images show

that binding of GFP-HSV-1 C-capsids (green) to DAPI-stained isolated nuclei (blue), in the presence of cytosol supplemented with an ATP-regeneration system, is not

inhibited by the addition of selected DNA-condensing compounds at concentrations scaled to correspond to EC50 values. The addition of WGA prevents most of the

capsid binding to nuclei, which demonstrates that capsids bind specifically to NPCs at the nuclear membrane. The image at the bottom of row 2 is a zoomed-in version of

the image of the individual nucleus in row 1.

https://doi.org/10.1371/journal.ppat.1008604.g003
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capsid system offers a direct MOA-assay for evaluation of the effect of DNA condensing com-

pounds on inhibition of viral DNA injection into a cell nucleus through elimination of genome

pressure in the viral capsid.

Once the integrity and functionality of the reconstituted nuclei-capsid system for MOA

testing was established, we applied a stringent test of the antiviral activity of each compound.

We used ultrathin-sectioning EM to visualize DNA injection from HSV-1 capsids into isolated

nuclei with DAB-Am-4 (58.5 μM), bPEI 600 (39 μM), and Arg5+(25 μM). Compound concen-

trations corresponded to an N/P ratio of 1.5 (scaled proportionally to virus concentration, as

described above) (Fig 4). Purified DNA-filled C-capsids were incubated with isolated rat liver

nuclei in the presence of cell cytosol supplemented with ATP regeneration system for 40 min

at 37˚C, providing optimum conditions, found to maximize capsid binding to NPCs with sub-

sequent DNA ejection[41]. Fig 4 shows EM micrographs of capsids attached to NPCs at the

nuclear membrane, where ~77% of the docked capsids were empty with fully ejected DNA at

Fig 4. Ultrathin sectioning EM shows that the addition of the selected DNA condensing compounds (DAB-Am-4, bPEI 600, or Arg5+) inhibits DNA ejection from

HSV-1 C-capsids into a cell nucleus through the NPC. Positive control at 37˚C shows complete DNA ejection from C-capsids in the absence of compounds (capsids

were mixed with nuclei supplemented with cytosol and ATP-regenerating system). Negative control at 4˚C without added compounds or ATP-regenerating system shows

that no ejection occurs. In all samples, capsids and nuclei were incubated for 40 min. Bold arrows show empty capsids that ejected DNA, and thin arrows show DNA-filled

capsids with DNA condensed inside. 1. Bar 500 nm. 2. Bar 90 nm. Representative EM images are shown. At least 790 capsids bound to NPCs were counted for each

sample’s statistical analysis, shown in the table below.

https://doi.org/10.1371/journal.ppat.1008604.g004
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37˚C without DNA-condensing compounds. Only capsids that appeared bound to the nuclear

membrane are included in the statistics (more than 790 nuclei-bound capsids and over 140

nuclei were counted for each sample analysis, providing good statistics). [Note that micro-

graphs shown in Raw 1 of Fig 4 are lower magnification images (13,500X) which show an area

around a nuclear membrane with empty and DNA-filled capsids. For our analysis of capsids

bound to NPCs, we only used higher magnification images (25,000X) shown in Raw 2, to iden-

tify capsids that were associated with visible NPCs. A larger collection of these EM-micro-

graphs at magnification 25,000X with and without different compounds added is shown in a

supporting raw data file (S5 Fig).]

Failure to eject DNA from the remaining ~23% of capsids could be attributed to capsid

damage or improper attachment to the NPCs. As shown in Fig 4, when a DNA condensing

compound was added to the capsid-nuclei suspension at 37˚C in the presence of cell cytosol

supplemented with ATP regeneration system, there were ~56% (~50–60% depending on the

added compound) that retained unejected DNA. As a negative control, capsids were incubated

with isolated nuclei with added cytosol at 4˚C for 40 min without ATP regeneration system.

As was previously observed[41], these conditions prevented DNA ejection from most viral

capsids, with ~87% of HSV-1 capsids retaining their genome (Fig 4). This implies that ~13% of

capsids ejected DNA regardless of solution condition, likely due to capsid damage. Thus, the

observed ~56% fraction of capsids that retained DNA (or ~44% of capsids with ejected DNA)

with added polycation can be normalized with ~13% damaged (empty) capsid fraction, which

yields ~64% of capsids with retained DNA. That is a nearly three-fold increase in the fraction

of nuclei docked capsids that retained their DNA when polyamine compound was added

(compared to only 23% of capsids retaining DNA without compound addition). In parallel,

using the fluorescently labeled 70 kDa dextran exclusion assay (described above), we con-

firmed that capsid binding to NPCs followed by DNA injection into nuclei at these experimen-

tal conditions did not affect the integrity of the nuclei.

The fact that not all viral capsids retained DNA with compound addition can in part be

attributed to capsid damage with spontaneous viral DNA released outside the nucleus. In S6

Fig using TEM, we observed aggregates of multiple capsids with DNA condensates (from free

contaminant herpes DNA) when bPEI was added to a solution of intact C-capsids. The aggre-

gation can be an effect of added polycations acting as a linker between negatively charged

DNA and proteins as well as an effect of altered hydrophobic/hydrophilic integrations[81].

This aggregation can induce stress on capsid proteins, leading to capsid rupture and DNA

ejection from random locations on the capsid (not necessarily through the capsid portal). Sim-

ilar capsid aggregation has been previously observed when DNA binding dyes were added to

DNA-filled phage capsids, which led to rupture of a small fraction of capsids[81].

It can also be noticed in Fig 4, that cores of DNA-filled capsid appear darker in EM images

with added DNA-condensing compounds than without (compared to 4˚C negative control

sample). This suggests higher DNA density in the capsid core resulting from compound

induced DNA condensation. [Denser DNA-filled capsid cores allow fewer electrons to pass

resulting in a darker TEM image.] This further indicates that compounds bind to intracapsid

DNA and modulate its structure. A collection of TEM micrographs, demonstrating that addi-

tion of each of the three DNA-condensing compounds displayed darker capsid core contrast,

is shown in a supporting raw data file (S5 Fig).]

In addition, we demonstrate that the observed suppression of viral DNA ejection from cap-

sids into nuclei is caused by the physical interaction between the DNA and the polycation,

leading to condensation of the intracapsid genome (turning the capsid pressure off), as

opposed to the chemical nature of the compound itself and/or its effect on blocking the NPC

channel and interfering with the transport functionality. To show this, we repeated the capsid-
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nuclei binding experiment above, but this time the small MW compounds bPEI 600 Da and

DAB-Am-4 (MW 316 Da) were replaced with the chemically analogous but larger MW mole-

cules bPEI 25,000 Da and DAB-Am-64 (MW 7168.1 Da). It has been previously shown that

DAB-Am-64 condenses dsDNA more strongly than DAB-Am-4[82]. Likewise, it was also

shown that bPEI 25,000 Da condenses dsDNA more strongly than bPEI 600 Da[83]. The large

MW of these compounds, however, prevents them from penetrating the pores in the virus cap-

sid; thus, they cannot condense the viral genome. Using our MOA-assay above (reconstituted

nuclei-capsid system), we showed that bPEI 25,000 Da (at 210 nM) and DAB-Am-64 (at 550

nM) did not block ejection of DNA from capsids into reconstituted nuclei, unlike their small

MW counterparts; see ultrathin sectioning EM imaging in Fig 5. Compound concentrations

corresponded to an N/P ratio of 1.5, as used in all other measurements above. [At least 100

capsids bound to nuclei were analyzed for each sample.] Approximately 38% of nuclei-bound

capsids retained their DNA in a control measurement at 37˚C without added compounds. The

same fraction of nuclei-bound capsids, ~40%, retained their DNA in the capsid with each of

the three compounds added at 37˚C, demonstrating no inhibition of DNA ejection. In the neg-

ative control, at 4˚C without an ATP-regenerating system, ~95% of nuclei-bound capsids

retained DNA. Similarly, to control measurements above, we confirmed that capsid-binding

specificity to the NPC (S7A Fig) and NPC transport functionality (S7B and S7C Fig) in our

reconstituted nuclei system are not affected by bPEI 25,000 Da and the DAB-Am-64 addition.

This observation further validates the assumption that it is the polycation-induced DNA

Fig 5. Ultrathin sectioning EM shows that addition of bPEI 25000 and DAB-Am-64 does not inhibit DNA ejection from HSV-1 C-capsids into a cell nucleus

through the NPC. Positive control at 37˚C shows complete DNA ejection from C-capsids in the absence of compounds (capsids were mixed with nuclei supplemented

with cytosol and ATP-regenerating system). Negative control at 4˚C without added compounds or ATP-regenerating system shows that no ejection occurs. In all samples,

capsids and nuclei were incubated for 40 min. Bold arrows show empty capsids that ejected DNA, and thin arrows show DNA-filled capsids. Bar 90 nm. Representative

EM images are shown. At least 100 capsids bound to NPCs were counted for each sample’s statistical analysis, shown in the table below.

https://doi.org/10.1371/journal.ppat.1008604.g005
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condensation in the capsid that suppresses DNA ejection through the NPCs by ‘turning off’

the capsid pressure ― not the interference with NPC transport functionality.

These SAXS and EM data clearly demonstrate that DNA ejection from HSV-1 capsids

bound to NPCs at cell nuclei is efficiently blocked by DAB-Am-4, bPEI 600, and Arg5+ com-

pounds through elimination of intracapsid genome stress that is responsible for DNA ejection.

This experimental demonstration provides a foundation for the next step in the drug discovery

process, where a lead DNA condensing compound will be optimized for delivery into a cell and

then systematically tested for antiherpetic activity with pharmacological in vitro and in vivo

assays. Below we discuss additional considerations related to the broad-spectrum use of the pro-

posed MOA and compound binding selectivity for the pressurized intracapsid DNA state.

Discussion

We provide the first demonstration of a novel MOA for herpesvirus antiviral compound, in

which small polycationic molecules prevent viral DNA injection into a cell nucleus by elimi-

nating intracapsid DNA pressure. This in turn blocks viral infection. Our recent measurement

of 20 atmospheres of DNA pressure in an HSV-1 capsid[21] was the first demonstration of a

pressurized genome state in a eukaryotic virus. This high internal capsid pressure is generated

by an ATP-driven packing motor that has been shown to be the strongest molecular motor

known[84, 85], located at a unique pentameric capsid vertex. This energetically demanding fit

is evolutionarily conserved between orders and families of viruses. Structural features of pack-

ing motor components are shared by bacterial and archaeal tailed dsDNA viruses and eukary-

otic herpesviruses[86]. This strongly suggests that once DNA is packaged with high force into

a capsid, the reverse process of pressure-driven genome release is one of the key mechanisms

of viral replication that can be exploited as a novel drug target in different viral systems. Here,

we show this for the first time for herpesviruses. High intracapsid DNA packing density result-

ing in tens of atmospheres of pressure is a distinctive trait of all nine human herpesviruses. We

estimated capsid DNA pressures in several types of herpesviruses, using analytical expressions

in refs.[62, 87] and EM-measured values for inner capsid diameter (available for VZV, HSV-1,

HSV-2, HHV8, and CMV)[22, 23, 88] to compute DNA-DNA electrostatic repulsive force and

bending stress. The calculated intracapsid DNA pressures ranged from ~14 atm for VZV to

~46 atm for CMV, which is related to variation in DNA packing density of these viruses[22,

23, 88]. As a reference value to verify the accuracy of calculation, the calculated DNA pressure

in HSV-1 was in agreement with our measured value of 19.8 atm[21].

Other types of viruses also exhibit replication steps dependent on the pressurized state of

the intracapsid genome. For instance, reoviruses replicate ssRNA to dsRNA inside the capsid

during genome packaging; this results in genome packaging densities similar to that of herpes-

viruses[89]. Such intracapsid replication could be regulated, at least in part, by the internal

pressure being generated as newly synthesized dsRNA continues to fill the internal capsid vol-

ume, thus increasing genome packing density. Another example is HIV, where, similar to her-

pesviruses, HIV capsids dock to NPCs at the nucleus and release transcribed dsDNA through

the NPC channel[90]. It was recently shown that the reverse transcription process from ssRNA

to dsDNA inside the HIV capsid is associated with increasing internal DNA pressure[90]. It

has also been suggested that HBV[91, 92] and adenoviruses have pressurized dsDNA[93]. It is

plausible, therefore, that the nucleic acid condensing compounds tested here can interfere

with pressure-regulated replication and/or suppress viral genome ejection in these viral sys-

tems through the proposed MOA.

Besides broad-spectrum treatment, the other most significant advantage of our MOA is the

inability of targeted pressurized intracapsid DNA to develop drug resistance. This is achieved
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by targeting intrinsic physical properties of high negative charge density on the tightly pack-

aged genome, as opposed to specific nucleotide or amino acid sequences that are prone to

mutations, which is the case with most current antivirals. However, lowering target binding

specificity increases the risk for toxicity by randomly targeting essential cellular components.

Although electrostatic interactions between selected polycations and negatively charged DNA

are not sequence specific, the hydration and steric interactions that are also responsible for

attractive forces between the polycation and packaged DNA strands are highly cooperative

and specific to the secondary and tertiary structure of densely packaged DNA inside the capsid

[10]. As a result, the attractive energy component leading to DNA condensation is approxi-

mately two times larger than the DNA-DNA repulsive-component[10]. This steric specificity

of attractive interactions between polyamine cations and packaged herpes dsDNA is not pres-

ent when polyamine cations interact with other cellular structures (e.g. negatively charged

membranes or proteins) through mainly nonspecific electrostatic interactions[10, 30–33]. In

addition, the compound binding affinity for the pressurized intracapsid DNA also depends on

the negative charge density of the packaged genome. The negative charge density of the intra-

capsid DNA is significantly higher than that of a cell’s chromosome and acts as an electrostatic

“sink” for DNA condensing compounds, where compound binding affinity for chromosomal

DNA is potentially lower[30, 32, 94]. This is due to the fact that cellular condensed DNA mole-

cules have about five times lower DNA packing density [DNA density is ~40–50% by volume

inside a herpes capsid[22] versus ~10% in the cell chromosomes[30, 32]]. Furthermore, at least

50% of the negative charge of the chromosomal DNA is neutralized by histones[30, 32, 94];

there are no internal capsid proteins neutralizing DNA charges in herpes capsids[84]. It should

be noted that dsDNA is also present in mitochondria. However, the mitochondrial membrane

is essentially impermeable to external polycationic compounds, allowing the mitochondrion to

maintain the transmembrane potential required for ATP synthesis[95]. It can also be men-

tioned that if these positively charged polyamine compounds will be delivered into a cell cyto-

plasm through a prodrug or a lipid vesicle approach, the charged polycation of the active

compound will likely not be permeating the nuclear membrane (similarly to its inability to

permeate the cell membrane), which will also limit targeting of the cellular chromosome.

In conclusion, we have shown for the first time that the pressurized state of the viral pack-

aged genome is a novel target for antiviral therapies. We have identified and tested small-mole-

cule compounds that “turn off” capsid pressure and block viral genome ejection into a cell

nucleus, which should subsequently prevent infection. This presents a platform for the devel-

opment of antiviral treatments with a target that is impervious to resistance and universal to

many viruses that afflict humans and animals.

Materials and methods

Cells, viruses, and compounds

African green monkey kidney cells (Vero; ATCC CCL-81 from American Type Culture Col-

lection, Rockville, MD) and neonatal human foreskin fibroblasts (HFF-1; ATCC SCRC-1041)

were cultured at 37˚C in 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM; Life Tech-

nologies) supplemented with 10% fetal bovine serum (FBS; Gibco), 2 mM L-glutamine (Life

Technologies), and antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin; Life Technol-

ogies). The KOS strain of HSV-1 was used as the wild-type strain. The K26GFP HSV-1 recom-

binant virus (gift from Dr. Fred Homa, University of Pittsburgh), which carries a GFP tag on

the capsid protein VP26, was used in fluorescence studies. The HCMV (human cytomegalovi-

rus) strain, AD169, was obtained from the American Type Culture Collection (ATCC, Manas-

sas, VA). All viruses were amplified on Vero cells or HFF-1 (for HCMV), and titers were
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determined on either Vero cells or HFF-1 by plaque assay. Viral plaque assays were carried out

as follows. Viral stocks were serially diluted in DMEM. Aliquots were plated on six-well trays

of Vero cells for 1 h at 37˚C. The inoculum was then replaced with 40% (v/v) carboxymethyl-

cellulose in DMEM media. HSV-1 and HCMV plaque assays were incubated for 3 days. The

monolayers were stained for 1 h with crystal violet stain (Sigma-Aldrich). After removal of the

stain, the trays were rinsed with water and dried, and plaques were counted.

HSV-1 capsid isolation

African green monkey kidney cells (Vero) were infected with either HSV-1 KOS strain or

K26GFP HSV-1 recombinant virus at a MOI of 5 plaque-forming units (PFU) per cell for 20 h

at 37˚C. Cells were scraped into solution and centrifuged at 3,500 rpm for 10 min in a JLA-

16.250 rotor. The cell pellet was resuspended in 20 mM Tris buffer (pH 7.5) on ice for 20 min

and lysed by addition of 1.25% (v/v) Triton X-100 (Alfa Aesar) for 10 min on ice. Lysed cells

were centrifuged at 2000 rpm for 10 min and the nuclei pellets were resuspended with the addi-

tion of 1x protease inhibitor cocktail (Complete; Roche). Nuclei were disrupted by sonication

for 30 s followed by treatment with DNaseI (Thermo-Fisher) for 30 min at room temperature.

Large debris were cleared by brief centrifugation, and the supernatant was spun in a 20–50%

(w/w) sucrose gradient in TNE buffer (500mM NaCl, 10mM Tris, 1mM Na2EDTA, pH 8.0) at

24,000 rpm in a SW41 rotor for 1 h. The C-capsid and A-capsid bands were isolated by side

puncture, diluted in TNE buffer, and centrifuged at 23,000 rpm for an additional 1 h. Capsids

were resuspended in TNE buffer and stored at 4˚C. For small angle X-ray scattering (SAXS)

studies, C-capsids and A-capsids were dialyzed in TM buffer (10mM Tris pH:7.5, 10mM

Mg2Cl). To analyze the effect of the polyvalent cationic agents on the viral DNA structure by

SAXS, C-capsids were incubated with the compounds at least 4 h before the measurements. The

concentrations of the compounds added to induce DNA condensation were calculated in order

to obtain a compound charge/bp DNA virus ratio of 1.5. For nuclei-capsid binding studies, C-

capsids were dialyzed in CBB buffer (20 mM HEPES-KOH with pH of 7.3, 80 mM K-acetate, 2

mM DTT, 1mM EGTA, 2mM Mg-acetate, 1mM PMSF, and 1X CLAP cocktail).

Purification of extracellular virions

Vero cells were infected with an HSV-1 KOS strain overnight (21 h at 37˚C) at a MOI of 0.1

PFU per cell. Infected cells were scraped into the cell medium, and 5 M NaCl was added to a

final concentration of 0.5 M NaCl. Cells were pelleted, and the medium was transferred to

SW28 rotor tubes; virions were pelleted out of the medium by centrifugation at 20,000 rpm for

35 min. The resulting pellet was resuspended in 100 μl of PBS plus protease inhibitors. The

sample was incubated with DNase I (Thermo-Fisher) at room temperature for 30 min, and

then layered on top of a 20–50% sucrose gradient in PBS buffer (10 mM PO43−, 137 mM NaCl,

2.7 mM KCl; SW41 rotor at 24,000 rpm for 1 h). The virion band was collected with a syringe

by side puncture of the gradient, transferred to an SW41 tube, diluted 1:5 with PBS buffer, and

the virions pelleted. The virions were resuspended in PBS and stored at -80ºC. To analyze the

effect of the polyvalent cationic agents on the viral DNA structure by SAXS, HSV-1 virions

were incubated with the compounds at different times as described in the figure legends. The

concentrations of the compounds added to induce DNA condensation were calculated as

described above.

Gel electrophoresis

Five micrograms of purified extracellular HSV-1 virions, C-capsids, or A-capsids were boiled

for 10 min in loading buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 0.1% bromophenol blue, 10%
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glycerol, and 2% β-mercaptoethanol) and separated on a NuPAGE 4–12% Bis-Tris gel (Invi-

trogen). Protein bands were visualized by Coomassie blue staining.

SAXS

For bulk DNA measurements with in-house SAXS, concentrated polycation solutions were

added to 1 mg/mL free DNA in small increments of concentration. Fibrous DNA samples con-

densed with tested compounds were centrifuged and the DNA pellets transferred to an X-ray

capillary. Condensed DNA samples showed strong scattering peaks corresponding to interax-

ial Bragg diffraction from DNA helices packed in a hexagonal array. The Bragg spacing, dBr,
and the actual distance between helices, ds, are related by ds = 2dBr/sqrt(3). Typical exposure

times were ~ 30 min.

All SAXS measurements of viral capsids were conducted at a concentration of 1013 viral

particles per mL (the highest technically achievable capsid concentration). Because the capsid

or virion volume fraction constitutes only ~1% (unlike concentrated condensed bulk DNA

fibers), we had to use a powerful synchrotron X-ray scattering source at the Argonne National

Laboratory to produce a sufficient signal-to-noise ratio. SAXS measurements were carried out

at the 12-ID B station at the Advanced Photo Source at Argonne National Laboratory. A

12-KeV X-ray beam was used to illuminate the sample with an overall scattering vector q

range from 0.006 to 0.850 Å −1. To reduce radiation damage, a flow-cell equipped with a quartz

capillary 1.5 mm in diameter was used for running samples. The typical sample volume of

DNase-treated C-capsids, A-capsids, or virions in solution (~1013 viral particles/ml) was 120 μl

and the flow rate was 10 μl/s. Samples were measured in the temperature range of 15–37˚C,

and the sample temperature was controlled with a Peltier device with ± 0.5˚C accuracy. At

each temperature, the equilibrium time was 15 min to ensure the solution reached the desired

temperature. 40 two-dimensional images were collected for each sample and buffer with X-ray

exposure time of 1 s. The two-dimensional scattering images were converted into one-dimen-

sional SAXS data (i.e., intensity versus q) through azimuthal averaging using the software

package at the beamline (Igor Pro 7). The one-dimensional SAXS data curves were grouped by

sample and averaged, followed by buffer background subtraction. The peaks in the SAXS data

below q of 0.1 Å−1, for HSV-1 A-capsids, C-capsids, and virions mainly arise from the global

shape of the particles, whereas the peak around 0.2 Å−1 is the diffraction peak of DNA array.

Because the DNA diffraction peak was distorted by the scattering background from the viral

particle shape, it was fitted with the summation of a Gaussian curve and a linear background

in the q range of 0.16 Å−1 to 0.3 Å−1; this Gaussian function gave the accurate peak position

and area. DNA-DNA interaxial spacing ds can be calculated from the peak position q, i.e., ds =

4π/sqrt(3)q, assuming DNA arrays adopt a hexagonal close packing.

A buffer solution of the dialysis buffer for virus samples was measured using the same

SAXS setup, which was further subtracted as the background. After the background subtrac-

tion, the scattered intensity I versus q plot was plotted, and the DNA peak region was trun-

cated. This DNA diffraction peak was fitted with a Gaussian curve plus a linear background

using function below, where q0 is the peak center, w is the peak width, A0 is the peak area, k is

the slope of the linear background, and c is the offset.

I ¼
A0

w�
ffiffiffiffiffiffiffiffi
p=2

p

 !

e� 2
q� q0
wð Þ

2

þ kqþ c

The DNA peak area A0 was chosen as the most convenient measure of the ordered DNA

strands because it includes a temperature factor, or the displacement parameter, which
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signifies the drop in the diffraction peak intensity due to the thermally induced vibration or

displacement of the scattering centers.

Vertical error bars for ds-values in Fig 2 show standard deviation values (also provided in

S1–S3 Tables). SD-values were obtained from the non-linear fitting of the DNA diffraction

peak with a Gaussian function with background subtraction using an Origin software algo-

rithm (we used Gaussian function listed under non-linear fitting tab and added a linear fit to

the Gaussian function).

Rat liver nuclei isolation and cytosol preparation

Nuclei from rat liver cells were isolated, as adapted from previously described protocol[41].

The intactness of nuclei was confirmed by light microscopy, EM (electron microscopy), and

FM (fluorescence microscopy) by staining the nuclei with DAPI and by their ability to exclude

fluorescently tagged (fluorescein isothiocyanate) 70 kDa dextran. The cytosol was separately

prepared using BHK-21 cells. The rat liver samples were a gift from Dr. CheMyong Jay Ko,

Department of Comparative Biosciences, University of Illinois at Urbana–Champaign. A con-

sent to use the sample was obtained.

Cytosolic extract

The cytosol was separately prepared using BHK-21 cells (ATCC CCL-10). Cells were grown to

confluence in 245 x 245 mm plates and collected from the plates by addition of 0.25% trypsin/

EDTA (Thermo Fisher Scientific). Collected cells were washed with KEHM buffer (50 mM

KCl, 10 mM EGTA, 50 mM HEPES pH 7.4, 2 mM MgCl2) and kept on ice. Cells were then

resuspended in KEHM buffer supplement with 1 mM DTT and 1x protease inhibitor (com-

plete; Roche) at the volume of 5 mL KEHM per 109 cells. Resuspended cells were broken using

an EMBL 8.020 mm cell cracker homogenizer with ball sizes of 8.010, 8.008, or 8.004 nm. To

remove the intact cells and nuclei, the sample was centrifugated at 3000 rpm for 15 min at 4ºC.

The supernatant was spun down at 80,000 rpm (267,000 g) for 30 min at 4ºC. Only the super-

natant was kept as the purified cytosol. The cytosol was frozen in liquid nitrogen and stored at

-80ºC for long time-storage.

Reconstituted nuclei-capsid system

We built an in vitro viral HSV-1 DNA translocation system in which the HSV-1 genome was

released into nucleoplasm in a homogenate solution mimicking the cytoplasm environment; see

details in previously described protocol in ref.[41]. In a typical system, rat liver cell nuclei were

incubated with C-capsids (HSV-1 or GFP-labeled HSV-1) in solution containing: (i) cytosol, (ii)

BSA, (iii) ATP regeneration system; see details in ref.[41]. The system was incubated at 37˚C for

40 min, sufficient for capsid binding to nuclei. For inhibition studies, wheat germ agglutinin

(WGA) was preincubated with the nuclei prior to addition of C-capsids. For compound-induced

inhibition of DNA ejection studies, C-capsids were preincubated with the polyvalent cationic

agents at the concentrations described in the main text before adding capsids to nuclei.

Fluorescence microscopy

Vero cell monolayers grown on chamber slides (Lab-Tek) were infected with a GFP-expressing

HSV-1(K26GFP) at a MOI of 0.1 PFU per cell. Vero cells were also incubated with the same

virus that was previously treated with different concentrations of the compounds to condense

the viral DNA. The concentration of the compounds was calculated as described above. At

24-h post infection, the cells were rinsed with PBS three times and fixed by submersion in 4%
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paraformaldehyde for 15 min. Cells were washed three times with PBS, and 0.5% Triton X100

was added for 5 min to permeabilize the cells. Then the cells were incubated for 5 min with

DAPI (40,6-diamidino-2-phenylindole, Thermo Fisher Scientific) to stain the nuclei.

For fluorescence imaging of the reconstituted nuclei-capsid system, GFP-labeled HSV-1 C-

capsids were used. After incubation of nuclei-capsids as described above, the buffer system

containing purified GFP-labeled C-capsids and nuclei were loaded onto coverslips. Overlay of

the confocal 488 (for GFP emitted signal) and 358 (for DAPI emitted signal) channels show

the localization of viral capsids onto the nucleus. Images were captured with a Nikon A1R

laser-scanning confocal microscope.

Bacterial expression and purification of GST-NLS-EGFP

Expression and purification of GST-NLS-EGFP in the XL1-Blue bacteria was performed as

described previously [96, 97].

Nuclear import assay

Rat liver cell nuclei were incubated with GST-NLS-EGFP at 37ºC for 40 min in CBB buffer

containing: (i) rat liver cell cytosol, (ii) 1 mg/mL BSA, and (iii) ATP regeneration system. The

complete binding mixture was loaded onto coverslips and processed for fluorescence imaging

as described above. When indicated, nuclei were preincubated with the polyvalent cationic

agents at the concentrations described above for 2 h before performing import assays. For

WGA treatment, samples were incubated for 15 min at room temperature with transport

buffer containing 0.5 mg of WGA/ml before performing import assays.

Digitonin permeabilization and nuclear import assays

To obtain cytosolic extracts as a source of soluble import factors, Vero cell monolayers (4 x 107

cells) were washed with ice-cold PBS and scraped off the plate into 5 ml of cold PBS. The cell

suspension was centrifuged at 600g for 10 min at 4˚C, and pelleted cells were washed with

cytosolic buffer (50 mM HEPES-KOH [pH 7.4], 50 mM KCl, 2 mM MgCl2, 5 mM EGTA, 1

mM DTT, and 1X CLAP cocktail) and resuspended in 0.1 ml of cytosolic buffer. The cell sus-

pension was flash-frozen in liquid nitrogen, and the sample was then placed at 37˚C until

thawed. The resulting cell lysate was centrifuged at 16,000g for 15 min at 4˚C in a refrigerated

microfuge, and the supernatants were flash-frozen in liquid nitrogen and stored at -80˚C. For

permeabilization, Vero cells plated on glass slides and grown up to 70% confluence were

washed twice with ice-cold CBB buffer and permeabilized with digitonin (25 μg/ml) for 3 min

on ice. Cells were then washed twice with ice-cold CBB buffer containing 10 μg of bovine

serum albumin/ml. The standard reaction mixtures contained purified import substrates and

GST-NLS-EGFP dissolved in complete transport solution. This solution contained CBB buffer

supplemented with an ATP regeneration system as a source of energy and cytosolic extracts

from Vero cells as a source of soluble import factors. The import reactions were performed for

40 min at 37˚C. The samples were then processed for fluorescence imaging as described above.

When indicated, digitonin-permeabilized Vero cells were preincubated with the polyvalent

cationic agents at the concentrations described above for 2 h before performing import assays.

For WGA treatment, samples were preincubated with WGA.

Super Resolution-Structured Illumination Microscopy (SR-SIM)

After incubation of nuclei with GFP-labeled C-capsids (8×104 counts of rat liver cell nuclei

were incubated with approximately 107 counts of capsids), the complete binding mixture was

PLOS PATHOGENS Novel mechanism of action targeting DNA pressure in a herpes virus capsid

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008604 July 23, 2020 21 / 31

https://doi.org/10.1371/journal.ppat.1008604


loaded onto chamber slides (Lab-Tek), and the samples were immediately imaged for GFP and

DAPI using 405 nm and 488 nm excitation wavelengths with a Zeiss Elyra S1 microscope with

a 64x-oil immersion lens. The images were captured on a sCMOS PCO Edge camera. The

images were processed using the Structured Illumination module of the Zeiss (Zen 2011) soft-

ware to obtain the super-resolved images of GFP-capsids bound to nuclei. The spatial resolu-

tion of the instrument is 120 nm. To generate 3D reconstructions, image stacks (1 μm) were

acquired in Frame Fast mode with a z-step of 110 nm and 120 raw images per plane. Raw data

were then computationally reconstructed using the Zen software to obtain a super-resolution

3D image stack. The Fiji-ImageJ software was used to generate a histogram of a cross-section

profile for GFP-labeled C-capsid signal.

Electron microscopy (EM)

After incubation of nuclei with C-capsids, the samples were washed once with CBB buffer

(1,000 rpm for 10 min in a microcentrifuge). The supernatant was then removed and replaced

with a fixative (2.5% EM-grade glutaraldehyde and 2.0% EM-grade formaldehyde in 0.1 M

sodium cacodylate buffer, pH 7.4) for 3 hours at 4ºC. The fixative was then removed, replaced

briefly with buffer, and then replaced with 1% osmium tetroxide in buffer for 90 minutes.

Each sample was then subjected to 10-minute buffer rinse, after which it was placed in 1%

aqueous uranyl acetate and left overnight. The next day, each sample was dehydrated via a

graded ethanol series, culminating in propylene oxide. Following a graded propylene oxide;

Epon812 series, the nuclear pellets were embedded in Epon812 prior to cutting. Ultrathin (ca.

90 nm) Epon sections on grids were stained with 1% aqueous uranyl acetate and lead citrate

[98]. After the grids dried, areas of interest were imaged at 120 kV, spot 3 using a Tietz 2kx2k

camera mounted on a Philips/FEI (now Thermo Fisher FEI) CM200 transmission electron

microscope.

In vitro viral replication assays conducted through NIH preclinical service

agreement

Assays were conducted in Dr. Mark Prichard’s laboratory, The University of Alabama at Bir-

mingham, under NIH/NIAID preclinical service agreement. The protocols below were pro-

vided by Dr. Mark Prichard.

Each experiment that evaluated the antiviral activity of the compounds included both posi-

tive and negative control compounds to ensure the performance of each assay. Concurrent

assessment of cytotoxicity was also performed for each study.

Cell culture

Human foreskin fibroblast (HFF) cells prepared from human foreskin tissue were obtained

from the University of Alabama at Birmingham tissue procurement facility with approval

from its IRB. The tissue was incubated at 4˚C for 4 h in Clinical Medium consisting of mini-

mum essential media (MEM) with Earle’s salts supplemented with 10% fetal bovine serum

(FBS) (Hyclone, Inc. Logan UT), l-glutamine, fungizone, and vancomycin. Tissue was then

placed in phosphate-buffered saline (PBS), minced, rinsed to remove the red blood cells, and

resuspended in trypsin/EDTA solution. The tissue suspension was incubated at 37˚C and

gently agitated to disperse the cells, which were collected by centrifugation. Cells were resus-

pended in 4 ml Clinical Medium, placed in a 25-cm2 flask, and incubated at 37˚C in a humidi-

fied CO2 incubator for 24 h. The media was then replaced with fresh Clinical Medium, and the

cell growth was monitored daily until a confluent monolayer had formed. The HFF cells were

then expanded through serial passages in standard growth medium of MEM with Earle’s salts
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supplemented with 10% FBS, l-glutamine, penicillin, and gentamycin. The cells were passaged

routinely and used for assays at or below passage 10 [99].

Cytotoxicity assays

Cytotoxicity assays were performed on a parallel set of six-well plates containing HFF-1 cells

that received the same compound concentrations as used for the antiviral assays but remained

uninfected. The cytotoxicity plates were removed from the incubator on the same day as the

cell monolayer was stained for 6 h with 2 ml of a neutral red solution at a concentration of

0.165 mg/ml in PBS. The residual dye was then removed by rinsing with PBS, and cell mono-

layers were inspected visually for any signs of toxicity.

Neutral red uptake cytotoxicity assays

Each compound was evaluated in a standard cytotoxicity assay by standard methods [100].

Briefly, HFF-1 cells were seeded into 96-well tissue culture plates at a 2.5 x 104 cells/well in

standard growth medium. After 24 h of incubation, medium was replaced with MEM contain-

ing 2% FBS, and compounds were added to the first row and then 5-fold serial dilutes were

used to generate a series of compound concentrations with a maximum of 300 μM. Assay

plates were then incubated for 7 days, and 100 μl of a 0.66 mg/ml neutral red solution in PBS

was added to each well, after which the plates were incubated for 1 h. The stain was then

removed, the plates rinsed with PBS, and the dye internalized by viable cells was solubilized in

PBS supplemented with 50% ethanol and 1% glacial acetic acid. The optical density was then

determined at 550 nm and CC50 values were interpolated from the experimental data.

Cell proliferation assays

The inhibition of either Vero cell or HFF-1 cell proliferation was used to refine estimates of

cytotoxicity for the compounds and was performed according to standard procedures [101].

Cells were seeded at a low density into six-well plates using 2.5 x 104 cells/well and standard

culture medium. After 24 h, the medium was aspirated, and a range of compound solutions in

the growth medium was prepared starting at 300 μM and added to duplicate wells. The plates

were incubated for 72 h at 37˚C; the cells were then dislodged with trypsin and counted on a

Beckman Coulter Counter. Compound concentrations that reduced cell proliferation by 50%

were interpolated from experimental data.

Supporting information

S1 Text. A. Control experiments for the reconstituted nuclei-capsid MOA-assay B. In vivo

toxicity assay data obtained through an NIH/NIAID preclinical service agreement.

(PDF)

S1 Fig. SDS-PAGE verifying protein composition of purified A-, C-capsids and virions.

SDS-PAGE of A-capsid (lane 1), C-capsid (lane 2) and virions (lane 3) isolated from Vero cells

infected with HSV-1 (KOS) (all in equivalent amounts). The proteins were detected by Coo-

massie blue staining. The positions of the HSV-1 virion proteins are shown on the right.

Molecular mass standards are in kDa. Tegument, capsid and envelope proteins of the virions

are indicated in the table. As expected, there was no difference in the protein profiles for A-

and C- capsids, while tegument and envelope proteins were only detected for HSV-1 virions.

(PDF)
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S2 Fig. Effect of the compounds on the binding of HSV-1 virions to the cell surface during

infection. (A). Binding of GFP-HSV-1 virions to the cell surface is blocked by the presence of

bPEI, DAB-Am-4 or Arg5+. Confocal FM images of semiconfluent Vero-cell monolayers

infected with GFP-expressing HSV-1 viruses at an MOI of 10. Cells were fixed at 2 hpi and

assessed by the presence of a GFP virus signal (green). Nuclei were DAPI-stained (blue).

(PDF)

S3 Fig. The integrity of isolated nuclei is not disrupted by the presence of external DNA

condensing compounds. Isolated rat liver nuclei were incubated at 37ºC for 40 min in CBB

buffer containing a fluorescently tagged 70 kDa dextran (green) and the compounds indicated.

The nuclei were stained with DAPI (blue). DIC images of each field were also obtained (DIC

panel). Complete dextran exclusion demonstrates the integrity of nuclei. Similar results were

obtained in three independent experiments; a representative experiment is shown.

(PDF)

S4 Fig. Control experiments showing that: 1. nuclear import of GFP-NLS-GST protein is

not blocked by bPEI 600, DAB-Am-4, and Arg5+; 2. binding of GFP-HSV-1 C-capsids to

nuclei of permeabilized cells is not blocked by bPEI, DAB-Am-4, and Arg5+. (A) Isolated

rat liver nuclei were incubated with GST-NLS-GFP (green) at 37ºC for 30 min in CBB buffer

containing rat liver cell cytosol and ATP regeneration system in the presence of DNA con-

densing compounds. As a negative control, we show that pre-incubation of nuclei with WGA

prior to compound addition blocks NLS transport. (B) Vero cell monolayers permeabilized

with digitonin were incubated with GST-NLS-EGFP (green) in the presence of tested com-

pounds in A. The nuclei were stained with DAPI (blue). Control experiment shows that, in the

absence of compounds, GST-NLS-GFP is fully transported into the nuclear interior. Addition

of compounds does not interfere with this process. As a negative control, we show that pre-

incubation of permeabilized cells with WGA prior to compound addition blocks NLS trans-

port. (C) SR-SIM images of isolated GFP-HSV-1 capsids (green) bound to nuclei of Vero cells

permeabilized with digitonin in the presence of different compounds at concentrations. Reso-

lution is ~120 nm and individual capsids were observed. Selected compounds do not block

capsid binding to nuclei. When permeabilized Vero cells were pretreated with 0.5 mg of

WGA/mL, no capsid binding was observed, which illustrates binding specificity of nuclei to

NPCs at the nuclear membrane.

(PDF)

S5 Fig. Collection of higher magnification raw TEM images (25,000X) used to identify cap-

sids that were associated with visible NPCs with and without different compounds added.

The micrographs are from ultrathin-sectioned fixed/embedded samples. The ultrathin sections

were stained with uranyl acetate and lead citrate. Prior to that, during the fixation process, the

samples were immersed in 1% osmium tetroxide in buffer for 90 minutes.

(PDF)

S6 Fig. Electron micrographs of HSV-1 C-capsids treated (lower panels) or untreated

(upper panels) with bPEI for 1 hour. 250–300 capsids were analyzed and most representative

images are shown. The top set of TEM images (C-capsids) is from negative-stained samples,

stained with uranyl acetate. The bottom set of images (C-capsids+bPEI) is from ultrathin-sec-

tioned fixed/embedded samples. The ultrathin sections were stained with uranyl acetate and

lead citrate. Prior to that, during the fixation process, the samples were immersed in 1%

osmium tetroxide in buffer for 90 minutes.

(PDF)
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S7 Fig. bPEI 25000 and DAB-Am-64 do not block binding of HSV-1 C-capsids to nuclei

and do not interfere with nuclear transport functionality of NPCs. (A) Confocal fluores-

cence microscopy images show that binding of GFP-HSV-1 C-capsids (green) to DAPI-

stained isolated nuclei (blue), in the presence of cytosol supplemented with an ATP-regenera-

tion system, is not inhibited by addition of bPEI 25000 and DAB-Am-64. Addition of WGA

prevents most of the capsid binding to nuclei, which demonstrates that capsids bind specifi-

cally to NPCs at the nuclear membrane. Bottom row 2 of the image shows a zoom-in version

of an individual nucleus from images in row 1. (B) Isolated rat liver nuclei were incubated

with GST-NLS-GFP (green) at 37ºC for 30 min in CBB buffer containing rat liver cell cytosol

and ATP regeneration system in the presence of bPEI 25000 and DAB-Am-64. The com-

pounds do not interfere with the nuclear transport through the NPCs. As a negative control,

we show that pre-incubation of isolated nuclei with WGA prior to compound addition blocks

NLS transport. (C) Vero cell monolayers permeabilized with digitonin were incubated with

GST-NLS-EGFP (green) in the presence of tested compounds in C. The nuclei were stained

with DAPI (blue). The compounds do not interfere with the nuclear transport through the

NPCs. Control experiment shows that, in the absence of compounds, GST-NLS-GFP is fully

transported into the nuclear interior. As a negative control, we show that pre-incubation of

permeabilized cells with WGA prior to compound addition blocks NLS transport.

(PDF)

S1 Table. DNA-DNA interaxial spacing ds-values for free DNA condensed by condensing

compounds in TM-buffer, measured as a function of temperature. Vertical error bars are

from the non-linear fitting of the DNA diffraction peak with a Gaussian function with back-

ground subtraction.

(PDF)

S2 Table. DNA-DNA interaxial spacing ds-values for DNA packaged in HSV-1 C-capsid.

Vertical error bars are from the non-linear fitting of the DNA diffraction peak with a Gaussian

function with linear background subtraction.

(PDF)

S3 Table. DNA-DNA interaxial spacing ds-values for DNA packaged in HSV-1 virion.

Reduced ds-values show that compounds permeate the lipid envelope, tegument proteins and

the capsid. The concentration of the polyvalent cationic agents was increased two and three

times (2X, 3X) compared to the initial concentration in S1 Table. Virions were incubated with

the compounds between 30 min and 12 hours (O.N., overnight.) prior to the measurement at

37˚C.

(PDF)

Acknowledgments

We greatly acknowledge Mindy Davis, Mark Challberg, and Mark Prichard for in-vitro repli-

cation screening of antiviral compound activity through an NIH/NIAID preclinical service

agreement No HHSN272201100016I. We also greatly acknowledge Heather Greenstone,

David Bernstein, Fernando Bravo, and Rhonda Cardin for in vivo toxicity testing through an

NIH/NIAID preclinical service agreement No HHSN272201700017I/HHSN27200003. We

thank Joseph Suhan for help with ultrathin sectioning EM imaging. We thank Glenn Fried

and Austin Cyphersmith for help with SR-SIM imaging. Krista Freeman, Tommy Nylander,

and Andrea Scotti are acknowledged for help with selection of DNA condensing compounds.

We acknowledge Larise Oberholster, James Clerk Maxwell Lee and Mauro Sardela for help

PLOS PATHOGENS Novel mechanism of action targeting DNA pressure in a herpes virus capsid

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008604 July 23, 2020 25 / 31

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008604.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008604.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008604.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008604.s011
https://doi.org/10.1371/journal.ppat.1008604


with SAXS measurements on bulk DNA. Xiaobing Zuo is acknowledged for support during

SAXS measurements at Argonne National Laboratory, APS, as well as for providing beamtime.

Amy Laird is acknowledged for help with proofreading the manuscript.

Author Contributions

Conceptualization: Alex Evilevitch.

Data curation: Alberto Brandariz-Nuñez, Alex Evilevitch.

Formal analysis: Alberto Brandariz-Nuñez, Alex Evilevitch.

Funding acquisition: Alex Evilevitch.

Investigation: Alex Evilevitch.

Methodology: Alberto Brandariz-Nuñez, Scott J. Robinson, Alex Evilevitch.

Project administration: Alex Evilevitch.

Resources: Alex Evilevitch.

Supervision: Alex Evilevitch.

Validation: Alex Evilevitch.

Writing – original draft: Alex Evilevitch.

Writing – review & editing: Alberto Brandariz-Nuñez, Alex Evilevitch.

References

1. Pellett PE, Roizmann B. The Family Herpesviridae: A Brief Introduction. In: Knipe DM, Howley PM,

editors. Fields Viriology. 2. 5th ed. New York, NY: Lippencott-Raven; 2007. p. 2479–500.

2. Roizmann B, Knipe DM, Whitley RJ. Herpes Simplex Viruses. In: Knipe DM, Howley PM, editors.

Fields Virology. 2. 5th ed. New York, Y.Y.: Lippencott-Raven; 2007. p. 2501–601.

3. Sandri-Goldin RM. Alpha herpesviruses: molecular and cellular biology. Wymondham: Caister Aca-

demic; 2006.

4. Davison AJ, Eberle R, Ehlers B, Hayward GS, McGeoch DJ, Minson AC, et al. The order Herpesvir-

ales. Archives of virology. 2009; 154(1):171–7. https://doi.org/10.1007/s00705-008-0278-4 PubMed

Central PMCID: PMC3552636. PMID: 19066710

5. Coen DM. Anti-alphaHerpesvirus Drugs. In: Sandri-Goldin RM, editor. Alpha Herpesviruses: Molecu-

lar and Cellular Biology. Norfolk: Caister Academic Press; 2006. p. 361–81.

6. Rickinson AB, Kieff E. Epstein-Barr Virus. In: Knipe DM, Howley PM, editors. Fields VIrology. 2. 5th

ed. New York, N.Y.: Lippencott-Raven; 2007. p. 2655–700.

7. Ganem D. Kaposi’s Sarcoma-Associated Herpesvirus. In: Knipe DM, Howley PM, editors. Fields Virol-

ogy. 2. 5th ed. New York, N.Y.: Lippencott-Raven; 2007. p. 2847–88.

8. Pai A, Weinberger LS. Fate-Regulating Circuits in Viruses: From Discovery to New Therapy Targets.

Annu Rev Virol. 2017; 4(1):469–90. Epub 2017/08/12. https://doi.org/10.1146/annurev-virology-

110615-035606 PMID: 28800289.

9. Morfin F, Thouvenot D. Herpes simplex virus resistance to antiviral drugs. J Clin Virol. 2003; 26(1):29–

37. Epub 2003/02/19. https://doi.org/10.1016/s1386-6532(02)00263-9 PMID: 12589832.

10. Todd BA, Parsegian VA, Shirahata A, Thomas TJ, Rau DC. Attractive forces between cation con-

densed DNA double helices. Biophys J. 2008; 94(12):4775–82. Epub 2008/03/11. https://doi.org/10.

1529/biophysj.107.127332 PMID: 18326632; PubMed Central PMCID: PMC2397328.

11. Earnshaw WC, Harrison SC. DNA arrangement in isometric phage heads. Nature. 1977; 268:598–

602. https://doi.org/10.1038/268598a0 PMID: 401433

12. Cerritelli ME, Cheng N, Rosenberg AH, McPherson CE, Booy FP, Steven AC. Encapsidated confor-

mation of bacteriophage T7 DNA. Cell. 1997; 91(2):271–80. https://doi.org/10.1016/s0092-8674(00)

80409-2 PMID: 9346244.

PLOS PATHOGENS Novel mechanism of action targeting DNA pressure in a herpes virus capsid

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008604 July 23, 2020 26 / 31

https://doi.org/10.1007/s00705-008-0278-4
http://www.ncbi.nlm.nih.gov/pubmed/19066710
https://doi.org/10.1146/annurev-virology-110615-035606
https://doi.org/10.1146/annurev-virology-110615-035606
http://www.ncbi.nlm.nih.gov/pubmed/28800289
https://doi.org/10.1016/s1386-6532(02)00263-9
http://www.ncbi.nlm.nih.gov/pubmed/12589832
https://doi.org/10.1529/biophysj.107.127332
https://doi.org/10.1529/biophysj.107.127332
http://www.ncbi.nlm.nih.gov/pubmed/18326632
https://doi.org/10.1038/268598a0
http://www.ncbi.nlm.nih.gov/pubmed/401433
https://doi.org/10.1016/s0092-8674(00)80409-2
https://doi.org/10.1016/s0092-8674(00)80409-2
http://www.ncbi.nlm.nih.gov/pubmed/9346244
https://doi.org/10.1371/journal.ppat.1008604


13. Lepault J, Dubochet J, Baschong W, Kellenberger E. Organization of double-stranded DNA in bacteri-

ophages: a study by cryo-electron microscopy of vitrified samples. EMBO J. 1987; 6(5):1507–12.

Epub 1987/05/01. PMID: 2956092; PubMed Central PMCID: PMC553958.

14. Lander GC, Johnson JE, Rau DC, Potter CS, Carragher B, Evilevitch A. DNA bending-induced phase

transition of encapsidated genome in phage lambda. Nucleic acids research. 2013; 41(8):4518–24.

https://doi.org/10.1093/nar/gkt137 PMID: 23449219; PubMed Central PMCID: PMC3632124.

15. Sae-Ueng U, Li D, Zuo X, Huffman JB, Homa FL, Rau D, et al. Solid-to-fluid DNA transition inside

HSV-1 capsid close to the temperature of infection. Nature chemical biology. 2014; 10(10):861–7.

https://doi.org/10.1038/nchembio.1628 PMID: 25195012.

16. Livolant F. Ordered Phases of DNA Invivo and Invitro. Physica A. 1991; 176(1):117–37. ISI:

A1991GC02100010.

17. Livolant F, Leforestier A. Condensed phases of DNA: Structures and phase transitions. Prog Polym

Sci. 1996; 21(6):1115–64. https://doi.org/10.1016/S0079-6700(96)00016-0 WOS:

A1996WF26600003.

18. Strzelecka TE, Rill RL. Phase-Transitions in Concentrated DNA Solutions—Ionic-Strength Depen-

dence. Macromolecules. 1991; 24(18):5124–33. https://doi.org/10.1021/Ma00018a017 WOS:

A1991GD71400017.

19. Newcomb WW, Booy FP, Brown JC. Uncoating the herpes simplex virus genome. J Mol Biol. 2007;

370(4):633–42. Epub 2007/06/02.S0022-2836(07)00643-2 [pii] https://doi.org/10.1016/j.jmb.2007.05.

023 PMID: 17540405; PubMed Central PMCID: PMC1975772.

20. Sodeik B, Ebersold MW, Helenius A. Microtubule-mediated transport of incoming herpes simplex virus

1 capsids to the nucleus. The Journal of cell biology. 1997; 136(5):1007–21. Epub 1997/03/10. https://

doi.org/10.1083/jcb.136.5.1007 PMID: 9060466; PubMed Central PMCID: PMC2132479.

21. Bauer DW, Huffman JB, Homa FL, Evilevitch A. Herpes virus genome, the pressure is on. Journal of

the American Chemical Society. 2013; 135(30):11216–21. Epub 2013/07/09. https://doi.org/10.1021/

ja404008r PMID: 23829592; PubMed Central PMCID: PMC4019375.

22. Booy FP, Newcomb WW, Trus BL, Brown JC, Baker TS, Steven AC. Liquid-crystalline, phage-like

packing of encapsidated DNA in herpes simplex virus. Cell. 1991; 64(5):1007–15. https://doi.org/10.

1016/0092-8674(91)90324-r PMID: 1848156.

23. Germi R, Effantin G, Grossi L, Ruigrok RW, Morand P, Schoehn G. Three-dimensional structure of the

Epstein-Barr virus capsid. The Journal of general virology. 2012; 93(Pt 8):1769–73. Epub 2012/05/18.

https://doi.org/10.1099/vir.0.043265-0 PMID: 22592267.

24. Evilevitch A, Lavelle L, Knobler CM, Raspaud E, Gelbart WM. Osmotic pressure inhibition of DNA

ejection from phage. Proc Natl Acad Sci U S A. 2003; 100(16):9292–5. https://doi.org/10.1073/pnas.

1233721100 PMID: 12881484; PubMed Central PMCID: PMC170911.

25. Brandariz-Nunez A, Liu T, Du T, Evilevitch A. Pressure-driven release of viral genome into a host

nucleus is a mechanism leading to herpes infection. Elife. 2019; 8. Epub 2019/08/09. https://doi.org/

10.7554/eLife.47212 PMID: 31393262; PubMed Central PMCID: PMC6711703.

26. Evilevitch A, Fang LT, Yoffe AM, Castelnovo M, Rau DC, Parsegian VA, et al. Effects of salt concen-

trations and bending energy on the extent of ejection of phage genomes. Biophys J. 2008; 94

(3):1110–20. Epub 2007/09/25. https://doi.org/10.1529/biophysj.107.115345 PMID: 17890396;

PubMed Central PMCID: PMC2186240.

27. Evilevitch A. Effects of condensing agent and nuclease on the extent of ejection from phage lambda.

The journal of physical chemistry B. 2006; 110(44):22261–5. https://doi.org/10.1021/jp060573j PMID:

17078667.

28. Jere D, Jiang HL, Arote R, Kim YK, Choi YJ, Cho MH, et al. Degradable polyethylenimines as DNA

and small interfering RNA carriers. Expert Opin Drug Del. 2009; 6(8):827–34. https://doi.org/10.1517/

17425240903029183 WOS:000268992600005. PMID: 19558333

29. Kaminskas LM, Boyd BJ, Porter CJH. Dendrimer pharmacokinetics: the effect of size, structure and

surface characteristics on ADME properties (vol 6, pg 1063, 2011). Nanomedicine. 2012; 7(1):167–8.

WOS:000300212600024.

30. DeRouchey J, Hoover B, Rau DC. A comparison of DNA compaction by arginine and lysine peptides:

a physical basis for arginine rich protamines. Biochemistry. 2013; 52(17):3000–9. https://doi.org/10.

1021/bi4001408 PMID: 23540557; PubMed Central PMCID: PMC3648981.

31. Kornyshev AA, Lee DJ, Leikin S, Wynveen A. Structure and interactions of biological helices. Reviews

of Modern Physics. 2007; 79(3):943–96. https://doi.org/10.1103/RevModPhys.79.943

32. DeRouchey J, Parsegian VA, Rau DC. Cation charge dependence of the forces driving DNA assem-

bly. Biophys J. 2010; 99(8):2608–15. Epub 2010/10/21. https://doi.org/10.1016/j.bpj.2010.08.028

PMID: 20959102; PubMed Central PMCID: PMC2955356.

PLOS PATHOGENS Novel mechanism of action targeting DNA pressure in a herpes virus capsid

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008604 July 23, 2020 27 / 31

http://www.ncbi.nlm.nih.gov/pubmed/2956092
https://doi.org/10.1093/nar/gkt137
http://www.ncbi.nlm.nih.gov/pubmed/23449219
https://doi.org/10.1038/nchembio.1628
http://www.ncbi.nlm.nih.gov/pubmed/25195012
https://doi.org/10.1016/S0079-6700(96)00016-0
https://doi.org/10.1021/Ma00018a017
https://doi.org/10.1016/j.jmb.2007.05.023
https://doi.org/10.1016/j.jmb.2007.05.023
http://www.ncbi.nlm.nih.gov/pubmed/17540405
https://doi.org/10.1083/jcb.136.5.1007
https://doi.org/10.1083/jcb.136.5.1007
http://www.ncbi.nlm.nih.gov/pubmed/9060466
https://doi.org/10.1021/ja404008r
https://doi.org/10.1021/ja404008r
http://www.ncbi.nlm.nih.gov/pubmed/23829592
https://doi.org/10.1016/0092-8674(91)90324-r
https://doi.org/10.1016/0092-8674(91)90324-r
http://www.ncbi.nlm.nih.gov/pubmed/1848156
https://doi.org/10.1099/vir.0.043265-0
http://www.ncbi.nlm.nih.gov/pubmed/22592267
https://doi.org/10.1073/pnas.1233721100
https://doi.org/10.1073/pnas.1233721100
http://www.ncbi.nlm.nih.gov/pubmed/12881484
https://doi.org/10.7554/eLife.47212
https://doi.org/10.7554/eLife.47212
http://www.ncbi.nlm.nih.gov/pubmed/31393262
https://doi.org/10.1529/biophysj.107.115345
http://www.ncbi.nlm.nih.gov/pubmed/17890396
https://doi.org/10.1021/jp060573j
http://www.ncbi.nlm.nih.gov/pubmed/17078667
https://doi.org/10.1517/17425240903029183
https://doi.org/10.1517/17425240903029183
http://www.ncbi.nlm.nih.gov/pubmed/19558333
https://doi.org/10.1021/bi4001408
https://doi.org/10.1021/bi4001408
http://www.ncbi.nlm.nih.gov/pubmed/23540557
https://doi.org/10.1103/RevModPhys.79.943
https://doi.org/10.1016/j.bpj.2010.08.028
http://www.ncbi.nlm.nih.gov/pubmed/20959102
https://doi.org/10.1371/journal.ppat.1008604


33. Estevez-Torres A, Baigl D. DNA compaction: fundamentals and applications. Soft Matter. 2011; 7

(15):6746–56. https://doi.org/10.1039/c1sm05373f WOS:000292976800001.

34. DeRouchey J, Netz RR, Radler JO. Structural investigations of DNA-polycation complexes. Eur Phys

J E. 2005; 16(1):17–28. https://doi.org/10.1140/epje/e2005-00003-4 WOS:000226766900002. PMID:

15688137

35. Oprea TI, Bauman JE, Bologa CG, Buranda T, Chigaev A, Edwards BS, et al. Drug Repurposing from

an Academic Perspective. Drug Discov Today Ther Strateg. 2011; 8(3–4):61–9. Epub 2012/03/01.

https://doi.org/10.1016/j.ddstr.2011.10.002 PMID: 22368688; PubMed Central PMCID:

PMC3285382.

36. Madaan K, Kumar S, Poonia N, Lather V, Pandita D. Dendrimers in drug delivery and targeting: Drug-

dendrimer interactions and toxicity issues. J Pharm Bioallied Sci. 2014; 6(3):139–50. Epub 2014/07/

19. https://doi.org/10.4103/0975-7406.130965 PMID: 25035633; PubMed Central PMCID:

PMC4097927.

37. Buscail L, Bournet B, Vernejoul F, Cambois G, Lulka H, Hanoun N, et al. First-in-man phase 1 clinical

trial of gene therapy for advanced pancreatic cancer: safety, biodistribution, and preliminary clinical

findings. Mol Ther. 2015; 23(4):779–89. Epub 2015/01/15. https://doi.org/10.1038/mt.2015.1 PMID:

25586689; PubMed Central PMCID: PMC4395782.

38. Kaminskas LM, Boyd BJ, Porter CJ. Dendrimer pharmacokinetics: the effect of size, structure and sur-

face characteristics on ADME properties. Nanomedicine (Lond). 2011; 6(6):1063–84. Epub 2011/10/

01. https://doi.org/10.2217/nnm.11.67 PMID: 21955077.

39. Lv H, Zhang S, Wang B, Cui S, Yan J. Toxicity of cationic lipids and cationic polymers in gene delivery.

J Control Release. 2006; 114(1):100–9. Epub 2006/07/13. https://doi.org/10.1016/j.jconrel.2006.04.

014 PMID: 16831482.

40. Kobayashi H, Kawamoto S, Jo SK, Bryant HL Jr. Brechbiel MW, Star RA. Macromolecular MRI con-

trast agents with small dendrimers: pharmacokinetic differences between sizes and cores. Bioconjug

Chem. 2003; 14(2):388–94. Epub 2003/03/20. https://doi.org/10.1021/bc025633c PMID: 12643749.

41. Ojala PM, Sodeik B, Ebersold MW, Kutay U, Helenius A. Herpes simplex virus type 1 entry into host

cells: reconstitution of capsid binding and uncoating at the nuclear pore complex in vitro. Molecular

and cellular biology. 2000; 20(13):4922–31. https://doi.org/10.1128/mcb.20.13.4922-4931.2000

PMID: 10848617; PubMed Central PMCID: PMC85943.

42. Adam SA, Marr RS, Gerace LJTJoCB. Nuclear protein import in permeabilized mammalian cells

requires soluble cytoplasmic factors. 1990; 111(3):807–16. https://doi.org/10.1083/jcb.111.3.807

PMID: 2391365
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