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The intracellular parasitic nature of viruses and the emergence of antiviral drug resistance necessitate the development of new
potent antiviral drugs. Recently, a method for developing potent inhibitory drugs by targeting biological machines with high
stoichiometry and a sequential-action mechanism was described. Inspired by this finding, we reviewed the development of anti-
viral drugs targeting viral DNA-packaging motors. Inhibiting multisubunit targets with sequential actions resembles breaking
one bulb in a series of Christmas lights, which turns off the entire string. Indeed, studies on viral DNA packaging might lead to
the development of new antiviral drugs. Recent elucidation of the mechanism of the viral double-stranded DNA (dsDNA)-pack-
aging motor with sequential one-way revolving motion will promote the development of potent antiviral drugs with high speci-
ficity and efficiency. Traditionally, biomotors have been classified into two categories: linear and rotation motors. Recently dis-
covered was a third type of biomotor, including the viral DNA-packaging motor, beside the bacterial DNA translocases, that uses
a revolving mechanism without rotation. By analogy, rotation resembles the Earth’s rotation on its own axis, while revolving
resembles the Earth’s revolving around the Sun (see animations at http://rnanano.osu.edu/movie.html). Herein, we review the
structures of viral dsDNA-packaging motors, the stoichiometries of motor components, and the motion mechanisms of the mo-
tors. All viral dsDNA-packaging motors, including those of dsDNA/dsRNA bacteriophages, adenoviruses, poxviruses, herpesvi-
ruses, mimiviruses, megaviruses, pandoraviruses, and pithoviruses, contain a high-stoichiometry machine composed of multi-
ple components that work cooperatively and sequentially. Thus, it is an ideal target for potent drug development based on the
power function of the stoichiometries of target complexes that work sequentially.

Viruses reproduce themselves in host cells. Their intracellular
parasitic nature poses a great challenge to antiviral drug de-

velopment. Nevertheless, significant progress in antiviral drug
discovery, such as new treatments for HIV (1), hepatitis B virus
(2), herpesvirus (3), and influenza virus (4), has been made. Even
though different approaches to new drug development, such as
improving drug target binding affinity (5) and finding new targets
with novel pharmacological mechanisms (6), have been explored,
new infectious pandemic viruses that greatly threaten human
health still emerge sporadically. In addition, the emergence of
drug resistance necessitates new drug development. Highly potent
drugs with elevated specificity are needed for overcoming viral
diseases.

In viral reproduction, the key step of genome packaging is
usually accomplished by a biomotor using ATP. Linear double-
stranded DNA (dsDNA) or dsRNA viruses package their ge-
nomes into preformed procapsids. This group includes
dsDNA/dsRNA bacteriophages (7), adenoviruses (8), poxvi-
ruses (9, 120), herpesviruses (10, 11), mimiviruses, megavi-
ruses, pandoraviruses, and pithoviruses (52–54). Researchers
have been intrigued by the unique viral structure and packag-
ing mechanisms, and extensive studies have been carried out to
elucidate the fundamentals in protein-DNA, protein-RNA,
and RNA-DNA interactions in the quest for new prototypes of
biological machines or new antiviral drugs. Jonathon King’s
observation several decades ago that studies on viral DNA
packaging will lead to the discovery of new antiviral drugs (12)
has stimulated scientists to pursue further study on the viral
DNA-packaging mechanism with the goal of uncovering better
drug targets. Indeed, our study on the phi29 packaging motor

revealed that several key motor components composed of mul-
timeric complexes, such as the hexameric pRNA ring, hexam-
eric gp16 ATPase, and ATP with more than 10,000 copies to
package one genome (13, 14), may serve as more efficient
model drug targets than a monomeric genomic DNA. Compar-
ing the viral packaging inhibition efficiencies of mock drugs
targeting each machine with different stoichiometries, we
found that inhibition efficiency to the stoichiometry of the
targeted bio-complex increased exponentially (Fig. 1A) (14).

Previously, biomotors were classified into two categories:
linear motors and rotation motors (15). Recently, a new cate-
gory of biomotors using a revolving mechanism without rota-
tion was reported and found to be widespread in different biolog-
ical systems (Fig. 1B) (16, 17). Based on this new mechanism, a
method for developing highly efficient inhibitory drugs was de-
scribed by targeting biological machines with high stoichiom-
etry and exhibiting a sequential-action mechanism (14, 18).
Herein, we review the development of antiviral drugs that tar-
get viral DNA-packaging motors, a subject that has been inves-
tigated for many decades.
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NEW METHOD FOR DEVELOPING HIGHLY POTENT DRUGS
BY TARGETING HOMOMERIC BIOLOGICAL MACHINES WITH
HIGH STOICHIOMETRY TO ACT SEQUENTIALLY

A determining factor for drug inhibition efficiency on its target
biological entity is the ratio of the drugged target component
(Tinactive) to the undrugged target component (Tactive). Within
each virus-infected cell, a high percentage of drugged machines
(Tinactive) leads to high inhibitory efficiency. The percentage of
drugged machines can be calculated from binomial distribution
or Yang Hui’s triangle (Fig. 1C), as follows:

�p � q�Z � �Z

0 �pZ � �Z

1 �pZ�1q1 � . . . � Z

Z � 1 �p1qZ�1

� �Z

Z �qZ � �
M�0

Z �Z

M �pMqZ�M (1)

Here, p and q represent the fractions of drugged inactive and un-
drugged active subunits in the population, respectively, Z is the
stoichiometry of the target, and M represents drugged subunits in
each biocomplex.

The first intrinsic factor of the target for potent drug devel-
opment is Z, which is the stoichiometry of the homomeric
complex serving as a drug target. The ratio of functional com-
plexes changes dramatically with Z. In equation 1, assuming
that the ratio of drugged inactive subunits (p) and undrugged
active subunits (q) in the population is fixed, when the target
machine contains only one subunit, the ratio equals q, as de-

rived from a Z equal to 1 in binomial distribution (equation 2).
Here, p plus q equals 100%.

�p � q�1 � p � q (2)

However, when the homomeric target complex contains multiple
subunits, a binomial distribution formula with a higher order
(equation 3) is applied. When Z equals 4, then

�p � q�4 � p4 � 4p3q1 � 6p2q2 � 4p1q3 � q4 (3)

In this case, the probability of a target machine complex possess-
ing four copies of the inactive subunit is p4. Three copies of the
inactive and one copy of the active subunit is 4p3q, two copies of
the inactive and two copies of the uninhibited subunits is 6p2q2,
three copies of the active subunits is 4pq3, and four copies of the
active subunit is q4. Assuming that 70% (p) of subunits are inac-
tivated by drugs, the percentage of active machines containing
four copies of active subunits is q4, which is (0.3)4 or 0.8%. How-
ever, when Z equals 1 and P equals 70%, the ratio of the uninhib-
ited portion equals 30%. Thus, the stoichiometry (Z) of the tar-
geted machine contributes significantly to the ratio of survival
rate, which directly correlates with drug inhibition efficiency upon
viral replication.

The second intrinsic factor of the target for potent drug devel-
opment is K, which is the number of drugged subunits required to
block the function of the complex. Stoichiometry has a multipli-
cative effect on inhibition efficiency only when K equals 1. Rein-
terpreting this statement with an example of a homo-hexamer

FIG 1 Drug inhibition efficiency is correlated with the stoichiometry of the targeted biocomplex. (A) Targeting 10,000 subunits of ATP showed the
strongest inhibition efficiency, compared to those of the 6-subunit pRNA or gp16 and the 1-subunit genomic DNA. (B) Illustration of the viral
DNA-packaging motor. (C) One key factor regarding drug potency is the stoichiometry of the homomeric complex serving as a target: the ratio of the
functional complex can be calculated from Yang Hui’s triangle. (D) Comparison of drug inhibition efficiencies in a complex with a Z equal to 6 and a K
equal to 1 and with a Z equal 6 and a K equal to 6. Here, K is the number of blocked subunits required to inhibit the function of the whole complex target.
(E) Illustration showing that K is a key factor for drug potency. When K � 1 as in the ATPase sequential motion, the system is similar to a series circuit
of Christmas lights; one broken bulb will turn off the whole chain. When K � 1, the chain will not be completely turned off until all bulbs inside the parallel
circuit are broken.
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machine (Z � 6) as a drug target, where 70% (p) of subunits are
inactivated by drugs, if K equals 1, the ratio of active target com-
plexes will be 0.36 or 0.07%, whereas if K equals 6, the ratio will
be 0.76 or 88.2%. A K equal to 1 showed much stronger inhibi-
tion than a K equal to 6, when the active complex ratio was
88.2% at the same blocking subunit ratio (Fig. 1D). A K equal
to 1 is a key factor for multisubunit complexes as potent drug
targets.

The third intrinsic factor is that the homomeric complex acts
through a sequential or coordination mechanism. Sequential ac-
tions or coordination action means that each subunit of the com-
plex works in turn to complete the function of the complex (Fig.
1E). Blocking any step of the sequential actions results in deacti-
vation of the complex. That meets the definition of K equals 1 in a
homomeric complex. Analogously to a string of Christmas lights,
where one broken light bulb will turn off the entire chain, one
inhibited subunit will deactivate the entire complex and conse-
quently its biological activity.

THE PACKAGING MOTORS OF dsDNA VIRUSES MEET THE
FIRST INTRINSIC FACTOR OF THE TARGET FOR POTENT
DRUG DEVELOPMENT AS HOMOMERIC MULTIMERS WITH
HIGH STOICHIOMETRY

Viral DNA packaging motors can generally be divided into two
closely related categories (19): (i) terminase and portal chan-
nel-mediated DNA translocation, as in herpesviruses (20), ad-
enoviruses (8), and many bacteriophages, including phi29
(21), T4 (22), T3 (23), T5 (24), T7 (25), � (26), SPP1 (27), and
HK97 (16, 28), and (ii) HerA/FtsK-type translocase, as in pox-
virus and other nucleocytoplasmic large DNA viruses
(NCLDV) (29, 30). Both categories use very similar revolving
mechanisms (13, 15, 21, 28). The first category of viral DNA-

packaging motors uses a pair of DNA-packaging enzymes: a
head and tail connector with high stoichiometry for DNA-
packaging activity. For example, the bacterial virus � motor
contains a tetramer terminase composed of two subunits of the
large ATPase gpA and two subunits of gpNul1 (31). The phi29
motor contains a hexameric packaging RNA ring (32–34) and a
hexameric ATPase gp16 (35). The connector of this group of
viruses is a homomeric dodecameric complex. Both the termi-
nase and the connector meet the first requirement: a homo-
meric complex with high stoichiometry.

The phi29 motor is the most well-studied model system for
viral DNA packaging, the components of which were used as
mock drug targets in recent studies to compare the levels of
influence of target stoichiometry on drug potency (14). In
1998, the packaging RNA (pRNA) ring in the phi29 motor was
first determined to be a hexamer (32, 33) (featured by Cell [34])
(Fig. 2A). Hexameric pRNA formation was verified by cryo-
electron microscopy (cryo-EM) (36), biochemical analysis
(32–34), single-molecule photobleaching assay (37), gold la-
beling imaging by EM (38, 39), and RNA crystal structural
studies (40). Recent experimental evidence based on binomial
distribution analysis, quantitative DNA binding assays, capil-
lary electrophoresis, and electrophoretic mobility shift assays
(35, 41, 42) revealed that the ATPase gp16 of the phi29 motor,
which belongs to the ASCE superfamily, is an asymmetrical
hexamer in its working oligomeric state (35), like the oligo-
meric ATPase ring of other DNA translocases (43–45) and
many other asymmetrical ATPase hexamers (121). Similarly, in
the FtsK motor (Fig. 2B), the � and � domains assembled into
a hexameric ring-shaped multimer with a central channel
through which the dsDNA substrate is translocated (46). All

FIG 2 Structural similarity of multimeric complexes that are widely spread in viral motors. (A) Hexameric packaging RNA in bacteriophage phi29; (B)
hexameric FtsK ATPase (Protein Data Bank [PDB] accession number 2IUU); (C) trimeric pUL15C terminase from herpesvirus (PDB accession number
4IOX); (D) domain organization of genome-packaging motors (55). (Adapted from reference 55.)
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these high-stoichiometric multimeric complexes in dsDNA-
packaging motors fit the first requirement on target for potent
drug development.

Adenoviruses (AdV) are a group of well-studied dsDNA vi-
ruses that infect eukaryotic cells in vertebrates, including humans.
AdV packages the genome using IVa2 and L1 52/55K as two pack-
aging proteins into capsids that contain hexon, penton, and fiber
(47). It has been reported that higher-order IVa2-containing
complexes formed on adjacent packaging repeats are required for
packaging activity (48). Quantitative mass spectrometry, meta-
bolic labeling, and Western blotting revealed that there are ap-
proximately six to eight IVa2 molecules in each particle (47). The
high-order IVa2 motor protein complex meets the first require-
ment of a high-stoichiometry target for potent drug development.

Herpes simplex viruses (HSV) package their dsDNA genome
into preformed protein shells using terminases (49), which con-
tain a large subunit, pUL15, and a small subunit, pUL28 (50).
pUL15 cleaves concatemeric viral DNA during packaging initia-
tion and completion cycles and functions as an ATPase, providing
energy to the packaging process. The X-ray structure of the C-ter-
minal domain of pUL15 showed a homo-trimer structure (Fig.
2C) (51), thus fitting the characteristics of a high-stoichiometric
homomeric complex for highly potent drugs.

Mimivirus, Megavirus, Pandoravirus, and Pithovirus (52–54)
all belong to the NCLDV superfamily and infect a wide range of
eukaryotes (55, 56). Nine genes that are shared by all NCLDV
families have been identified to encode DNA polymerase: the
genes for a capsid protein, 3 helicases, a virion-packaging ATPase,
a thiol oxidoreductase, a protein kinase, and a transcription factor
(Fig. 2D) (57). Mimiviruses package their 1.2-Mbp dsDNA ge-
nome into preformed procapsids through a nonvertex portal (58)
driven by the vaccinia virus A32-type virion-packaging ATPase
(59). It has been shown that the structure and function of their
DNA packaging motors are homologous to those of the FtsK DNA
translocase (55).

Poxviruses are large, brick-shaped dsDNA viruses that repli-
cate in the cytoplasm of infected cells. The two DNA strands of the
genome are connected at the ends through a hairpin terminus
(60). Poxvirus ATPase is coded by the A32 gene (119). Compara-
tive sequence analysis revealed highly conserved N-terminal re-
gions with five motifs among all poxviruses, including ATPase
feature Walker A and Walker B motifs, A32L-specific motifs III
and IV, and a novel motif V. The secondary-structure predictions
of the N terminus of the A32 ATPase protein are homologous to
those of the FtsK DNA translocase (19).

THE PACKAGING MOTORS OF dsDNA VIRUSES MEET THE
SECOND INTRINSIC FACTOR OF THE TARGET FOR POTENT
DRUG DEVELOPMENT, WITH K EQUAL TO 1, AS ONE
INACTIVE SUBUNIT BLOCKS THE ENTIRE MACHINE

The K value is a key factor in estimating the probability of inactive
nanomachines or biocomplexes by combination and permutation
analysis. When K is 1, the uninhibited biocomplexes will equal qZ.
Thus, stoichiometry has a multiplicative effect on inhibition. Most
multisubunit homomeric biological motors act through sequen-
tial coordination mechanisms, where blocking one subunit of the
complex inhibits the function of the whole nanomachine. Nucleic
acid translocation and duplex unwinding by helicases are coupled
to the NTP binding and hydrolysis cycle. This represents an ex-
tremely high level of coordination between proteins with their

DNA substrates. ATPase undergoes conformational entropy
changes upon ATP binding or ATP hydrolysis, leading to a high or
low binding affinity toward DNA, respectively (16, 35, 61).

Sequential actions of the phi29 DNA-packaging motor were
reported in 1997 (61, 62) by the Hill constant determination and
inhibition assay using a binomial distribution (16, 17). ATPase
activity has been analyzed by studying the effects of introducing
mutant gp16 subunits (41, 42). The cooperative profile of sub-
units inside the ATPase hexamer mostly overlapped that of a
model where a single inactive subunit is able to inactivate the
whole oligomer. The asymmetrical ATPase structure has been
widely observed, where oligomeric ATPase works through se-
quential binding and hydrolyzing of ATP to push dsDNA
translocation; the subunit of ATPase in the ATP bound state is
shown as asymmetric in EM images (121). Thus, the hexameric
ATPases in the DNA-packaging motor fit the mathematical
model of K equals 1.

In AdV, both L4-22K (63) and L4-33K (64) proteins play im-
portant roles in virus assembly (65–67). Removal of the 47 C-ter-
minal amino acids of L4-33K aborted viral assembly function
(66). L4-33K also plays a role in bovine AdV assembly (68). Sim-
ilarly, removal of the 87 amino acids of bovine AdV L4-33K com-
pletely blocked capsid assembly (68). It has been reported that
L4-33K is a virus-encoded alternative RNA splicing factor and is
also involved in viral DNA packaging (64). The presence of IVa2
protein as a hexamer-octamer complex at the unique vertex has
been demonstrated and reported to be equivalent to packaging
ATPase (47). This assembly process is analogous to common fea-
tures of portal-translocase systems. The ATPase property of IVa2
protein and oligomeric structures found in the virion vertex indi-
cate that they work cooperatively as ATPases for packaging ma-
chinery, which leads to a K equal to 1. The major protein involved
in poxvirus DNA packaging is the gene product of A32, which is
also an ATPase. This ATPase has sequence similarity to the prod-
ucts of the IVa2 gene of AdV, which is also an ATPase involved in
DNA packaging (69).

HSV uses more than seven viral proteins (encoded by the UL6,
UL15, UL17, UL25, UL28, UL32, and UL33 genes) for the cleavage
and packaging of its genome into procapsids (50). The terminase
is comprised of the UL15, UL28, and UL33 proteins, which act in
DNA packaging (50, 70, 71). The structure of the pUL15 nuclease
domain strongly suggests an evolutionary path from simple
phages, such as siphoviruses, to complex phages and, eventually,
eukaryotic herpesviruses (51). The structure of C-terminal trim-
eric pUL15 is easily superimposable upon those of phage termi-
nase large-subunit nuclease domains and also superimposes well
onto HCMV pUL89C (51, 72). Also, the full-length protein might
be a larger multimer with the motor function of the protein. This
evidence suggests that trimeric pUL15 functions cooperatively for
its ATPase activity, and one blocked subunit may deactivate the
whole multimer.

Mimivirus and other DNA-packaging ATPase motors of
NCLDV and prokaryotic viruses with an inner lipid membrane
belong to the FtsK/SpoIIIE/HerA superfamily (ATPases of bacte-
ria and archaea) (15, 28, 73). An automated homology model of
packaging ATPase has been predicted using bioinformatic tools in
vaccinia virus (19). These packaging ATPases possess a conserved
domain in addition to the Walker A and Walker B domains.
Blocking one component of the genome-packaging machinery
might lead to disruption of all genome packaging in these viruses.
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The blocking agents/drugs targeting genome components in
NCLDVS can also be employed in prokaryotes, as they have been
predicted to use a similar revolving mechanism for genome pack-
aging (15, 28, 55, 74). Inhibitors targeting the genome-packaging
components of NCLDV might even act as potential antibacterial
drugs. This research becomes even more important as new anti-
biotic-resistant strains emerge.

THE DNA-PACKAGING MOTOR OF dsDNA VIRUSES MEETS
THE THIRD INTRINSIC FACTOR OF THE TARGET FOR
POTENT DRUGS: SEQUENTIAL OR COORDINATED ACTIONS
OF HOMOMERIC BIOMACHINES

One key aspect of targeting homomeric biomolecules of viral
packaging motors for drug discovery is that the multisubunit bi-
ological complexes follow a sequential coordination or coopera-

tive mechanism (16, 62, 75–81), which is widely seen in biological
systems (75, 81, 82). Inhibiting any subunit of the motor with
sequential actions leads to deactivation of the entire system.

Motors of dsDNA viruses share a revolving mechanism with-
out rotation (Fig. 3A and B) (17). Subunits of these motors coor-
dinate with each other, forming a special structure to drive dsDNA
translation through a one-way traffic mechanism with high effi-
ciency (83). Revolving motors can be distinguished from rotation
motors by channel size, as all revolving motors have a smaller
channel size to allow the bolt and nut to contact, but the channel
sizes of revolving motors are bigger, to allow the dsDNA to re-
volve. The 30° left-handed twist of the channel wall produces an
antiparallel arrangement with the right-handed helix of the ds-
DNA (16, 83). The antichiral property between the left-handed
twist of channel protein with the right-handed dsDNA can be a

FIG 3 dsDNA translocation motors with revolving mechanisms. (A) Revolving motors and rotation motors can be distinguished by motor chirality. (B) dsDNA
translocase of FtsK (PDB accession number 2IUU) and T7 using a revolving mechanism. (C) Phi29 packages dsDNA through a revolving mechanism powered
by ATP. (D) Hypothetical model for genome packaging in mimivirus. The packaging ATPase binds at specific sites of the catenated genome and translocates the
decatenated genome powered by ATP hydrolysis into the preassembled capsid through a transient nonvertex opening situated on the opposite face of the star
gate-like structure. DNA-condensing proteins might be involved in genome condensation. The genome is delivered through the star gate during viral maturation.
(Adapted from references 17, 28, 74, 122, and 123 with permission of the publishers.)
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characteristic for revolving motors, as rotation motors have right-
handed channels for DNA translocation (Fig. 3A) (16, 17). The
electropositive lysine layers in the motor channels interact with a
single strand of the electronegative dsDNA phosphate backbone,
resulting in a relaying contact that facilitates one-way motion and
generation of transitional pauses during dsDNA translocation
(83, 84).

Protein molecular motors act as switches that undergo confor-
mational changes, depending on the binding of nucleotides. For
example, in the hexameric ring of gp16 ATPase subunits of the
phi29 DNA-packaging motor, the ATP-bound subunit has high
affinity to dsDNA. Hydrolysis of ATP to ADP generates a con-
formational change in the subunit, resulting in low affinity to
dsDNA. This reduced affinity allows the adjacent ATP-bound
subunit to bind the dsDNA, thus translocating the dsDNA for-
ward (Fig. 3C). Sequential firing of subunits around the hexam-
eric ring has been further reported to be regulated by the arginine
finger, leading to a highly processive movement of the viral ds-
DNA into the phage capsid (121).

The main motor protein in AdV, IVa2, is multifunctional.
It assists in the assembly of the capsid and activates late tran-
scription. Comparing the IVa2 protein sequences with those of
ATPases from different species revealed conserved Walker A and
B motifs associated with the binding and hydrolysis of ATP (85).
Like the ATPases in bacteriophage-packaging motors, the multi-
meric ATPase IVa2 motor protein complex also works through
sequential actions to provide energy for packaging DNA into their
capsids. IVa2 also interacts with a viral L4-22K protein, which is
involved in genome encapsidation (86–88). The stoichiometries
of IVa2 have been found to be equal for different forms of assem-
bly intermediates, such as the empty capsids, light intermediate
particles, and nonmature and mature virions (89). IVa2 mutants
were defective in DNA packaging and resulted in an accumulation
of empty capsids similar to the procapsid of dsDNA bacterio-
phages (47).

Herpesvirus terminase contains a large subunit, pUL15, which
cleaves concatemeric viral DNA during packaging initiation and
completion. The structure of the C-terminal domain of pUL15
resembles those of bacteriophage terminases, RNase H, integrases,
DNA polymerases, and topoisomerases, with an active site clus-
tered with acidic residues. The DNA-binding surface is sur-
rounded by flexible loops, indicating that they adopt conforma-
tional changes upon DNA binding (51). These conformational
changes are similar to the sequential actions of ATPase gp16 ob-
served in phi29 DNA-packaging motors, which provides energy to
support the one-way traffic of genomes into procapsids.

Recent microscopic studies provided insight into genome
packaging in mimivirus (55, 58). DNA is packaged into preformed
procapsids through a nonvertex portal site which is distal to the
DNA delivery site. As described earlier, the viral packaging
pathway in mimivirus is similar to chromosome segregation in
bacteria and requires interaction of the packaging motor with
recombinases and topoisomerases (55). It has been proposed
that the DNA entry portal is closed once genome packaging is
complete, as with the ATPase SpoIIIE, which promotes mem-
brane fusion after bacterial DNA segregation (90). Interestingly,
NCLDV members, such as Marseillevirus and Lausannevirus, en-
code histone-like proteins (91, 92). Genome condensation becomes
essential with large genome size (91), and these condensing
proteins (histone-like proteins) may be required in mimivirus

to package its large genome (Fig. 3D). These proteins are pres-
ent in most prokaryotes and eukaryotes for genome condensa-
tion (93–95).

PERSPECTIVES

In the virology community, significant efforts have been made in
the quest for antiviral drugs, focusing on identification of targets
for drugs with high specificity. However, little attention has been
paid to finding new methods for antiviral drug development.
Above, we reviewed a new methodology for antiviral drug devel-
opment and demonstrated that the inhibition efficiency of a given
antiviral drug is also dependent on the stoichiometry of the viral
machine with sequential mechanisms. We pointed out that viral
DNA-packaging motors are ideal targets for high-efficiency
antiviral drugs, since these motors are machines with high stoi-
chiometry and their subunits work sequentially. Here the “stoi-
chiometry” differs from a conventional concept used in drug
development. Conventionally, stoichiometry refers to the number
of drug molecules bound to each virion or target related to viral
replication. In this case, stoichiometry refers to the number of
identical subunits in the viral machine that can serve as a target for
drug development.

Traditionally, it has been almost impossible to prove this con-
cept by comparing efficacies of two drugs acting on two targets
with different stoichiometries. It is very challenging to demon-
strate whether the difference in drug efficiency is contributed by
the essentiality of the two different targets in viral function, the
affinity of drug molecules in target binding, or the stoichiometry
of the targeted machine. The phi29 DNA-packaging system has
offered an excellent model to prove this concept. It has the sensi-
tivity of 109 PFU for in vitro assays using purified components
(96), which made it possible to use inactive mutant components
to represent the drugged substrate. Therefore, the ratio of drugged
and undrugged subunits can be explicitly defined by a binomial
distribution calculation.

The concept described here for highly efficient viral inhibition
may have an impact in antiviral therapy by introducing dominant
negative proteins (97) or inactive mutant proteins into the cell,
either by intracellular expression using viral vectors for gene de-
livery or direct introduction of proteins into the cell (14, 41, 98,
99). This involves the incorporation of mutant protein subunits
into a multimeric complex identified as a drug target. If a multi-
meric complex is identified with high stoichiometry and a K equal
to 1 due to the sequential actions of the homomeric subunits, then
incorporating one mutant subunit into the complex would inac-
tivate the complex completely. Since the viral machine is com-
posed of Z subunits, one drugged subunit per complex would
work only when the intracellular drug concentration is high. But if
the strategy is to apply a dominant negative protein, such as the
dominant negative phospholamban in cardiac gene therapy (97),
a more augmented effect of the mutant protein subunits will be
expected as the value of Z increases.

Besides the viral DNA-packaging motors, viral machines with
high stoichiometry that are operated by cooperative sequential
actions with a Z greater than 1 and a K equal to 1 are ubiquitous.
These viral machines are involved in many aspects of the viral life
cycle. These machines include, but are not limited to, viral DNA
polymerase, viral RNA polymerase, reverse transcriptase, chaper-
ons, viral genome repair enzymes, viral integrase, membrane
pores for viral DNA or RNA trafficking, viral motors for dsRNA
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packaging, as well as other machines involved in viral entry, mo-
tion, and trafficking. The sequential- and cooperative-action
mechanism used in these viral machines is similar to the series
circuit of Christmas lights, where a single bad bulb will turn off the
whole chain. Drugs targeting these viral machines will be highly
efficient. Design of potent viral drugs with high specificity is also
possible. For example, if a specific high-stoichiometry machine is
identified in a virus, specific drugs targeting subunits of this ma-
chine will be highly efficient.

Since viral motors share certain common structures and oper-
ation mechanisms, methods of targeting homomeric multisub-
unit complexes should have general applications in antiviral drug
discovery. Homomeric channel proteins, such as the homote-
tramer M2 proton channel protein, have been shown to be a better
target for anti-influenza drugs (100). Amantadine and rimanta-
dine inhibit the influenza virus through this mechanism by enter-
ing the barrel of the tetrameric M2 channel and blocking proton
translocation function (Fig. 4A) (52). RNA-dependent RNA poly-
merase NS5B, which plays an important role in hepatitis C virus
(HCV) replication, exists as a homomeric oligomer. NS5B-NS5B
intermolecular interaction is essential for both initiation and
elongation of RNA synthesis (101). Targeting the oligomeric pro-
tein NS5B may also be helpful to delineate new and powerful
antiviral strategies.

The method for discovering potent dsDNA viral therapeutics
can be extended to other viruses. For example, allosteric human
immunodeficiency virus type 1 (HIV-1) integrase inhibitors
(ALLINIs) that potently impair HIV-1 replication in cell culture
are undergoing clinical trials (102, 103). While HIV-1 integrase
functions as a tetramer to catalyze covalent insertion of the viral
cDNA into human chromosomes, ALLINIs bind at the IN dimer
interface and promote cooperative, higher-order oligomerization,
resulting in inactive protein (Fig. 4B). Such an innovative mode of
action is energetically much more favorable than the competitive
mechanism of action of preventing interaction between subunits
and may potentially pave a way for developing novel compounds
for other viral targets utilizing multiprotein subunits.

The method described here has general applications in other
biological systems. In fact, the first drug approved to treat multi-
drug-resistant tuberculosis, bedaquiline (104), acts on the ATP
synthase, which is a multisubunit biomotor (Fig. 4C) (105–116).
Although this drug’s inventors were not aware of the concept of
targeting multisubunit complexes, its success supports the notion

of using the multisubunit complex as a potent drug target. Cancer
or multisubunit bacterial mutant ATPase can also be used as a
target. Drug developers can simply check the published literature
and find the multisubunit machine as a drug target. For cancer
treatment, the key is to find multisubunit machines with muta-
tions.
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