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Ongoing investigations into the fun-
damental aspects of virus biology 

continue to provide crucial insights for 
the development of more effective virus-
based therapeutics. Within the field of gene 
therapy, these discoveries have translated 
into virus vectors with improved tissue tro-
pism, prolonged transgene expression, and 
enhanced safety. However, radical modifi-
cations to the viral genome or capsid con-
stituents can have marked effects on virion 
stability. In particular, recent insights into 
the role of viral genomes in contributing 
to the physical stability of the virion high-
light the need to reconsider this heretofore 
underappreciated aspect of vector design. 
Here we discuss the impact of the genome 
on virion stability, with particular emphasis 
on the development of adenovirus (Ad)-
based vectors.

Ad virions are characterized by a nucleo-
protein core containing a linear double-
stranded genome (~30–40 kb) surrounded 
by an icosahedral, nonenveloped capsid 
(~70 to 100 nm in diameter) (Figure 1a).1 
Interestingly, despite differences in host 
and tissue tropism, little variation exists 
among Ads with regard to the genomic and 
structural parameters. Human Ad serotype 
5, the most extensively characterized Ad, 
contains an ~36 kb genome that encodes 
genes that are divided into early (E1–E4) 
and late (L1–L5) transcripts depending on 
whether they are expressed before or after 

DNA replication (refer to ref. 1 for an in-
depth review). In addition to encoding the 
necessary elements for virion production, 
the Ad genome contains inverted terminal 
repeats and a packaging sequence, which 
are required for the replication and encapsi-
dation of the viral DNA, respectively.

Our current understanding of the in-
teractions between the encapsidated Ad 
DNA and the major capsid proteins is in-
complete.2 The association of the viral DNA 
with three highly basic proteins—proteins 
VII (pVII), V (pV), and µ (mu)—is be-
lieved to play an essential role.3–5 pVII, a 
protamine-like protein, is responsible for 
wrapping and condensing the viral DNA 
and thereby facilitating packaging within 
the physical constraints of the capsid.6 Early 
studies examining the organization of the 
nucleoprotein complex formed by the in-
teraction of pVII with the viral DNA have 
revealed a high level of organization within 
the Ad virion. In particular, 12 large spheri-
cal units, termed adenosomes, extend from 
a central dense core and are directed toward 
each vertex of the icosahedral capsid.7,8 
pV is believed to form a shell around the 
pVII–DNA complex7,9 and acts to tether 
the pVII-wrapped DNA to the inner capsid 
at the vertices.10,11 The indirect interaction 
of pV with the capsid is mediated by the 
minor capsid protein VI, which is directly 
connected to each peripentonal hexon.12 
A recent study by Silvestry et al.13 suggests 
that protein IIIa may mediate an interac-
tion between core and penton protein in 
the immature virion (i.e., before proteolytic 
cleavage of six structural proteins, including 
pre-protein IIIa, by the Ad-encoded 
protease), but this interaction seems sig-
nificantly reduced in the mature virion. The 
remaining constituents of the Ad5 capsid, 
which include three major (II, III, and IV) 
and three other minor (IVa2, VIII, and IX) 
polypeptides (Figure 1a), do not appear to 

play a critical role in mediating the inter-
action of the viral DNA with the capsid in 
the mature virion. Thus, the only discern-
ible contact between the viral DNA and the 
capsid exists at the vertices, bridged through 
proteins V and VI. These data suggest a role 
for an indirect interaction between the ad-
enosome and capsid constituents in main-
taining capsid stability.

An understanding of the interaction(s) 
between the viral genome and capsid pro-
teins has a direct relevance in the continu-
ing development of Ad as an effective and 
safe gene-delivery tool. Within the context 
of current therapeutic strategies, E1-deleted 
vectors or first-generation Ad (fgAd) are 
the most commonly used vehicles for deliv-
ery of foreign genes into mammalian cells. 
Although Ad vectors have been generated 
with approximately 108% of the wild-type 
genome length, these vectors grow poorly, 
and the genome tends to be unstable (spon-
taneously rearranging), with a resulting 
outgrowth of vectors with smaller genom-
es.14 Vectors with genomes of approximate-
ly 105% of the wild-type genome length are 
relatively stable. Thus, deletion of the E1 and 
E3 regions permits the inclusion of ~8 kb of 
foreign DNA. However, the full-vector ge-
nome size can be significantly smaller than 
this; for example, fgAds containing expres-
sion cassettes for short-hairpin RNA may 
have a genome size of only ~30 kb.15

Another class of Ad vector that has 
shown great promise in numerous preclini-
cal applications consists of helper-dependent 
Ad vectors (hdAd), which are devoid of all 
viral-protein coding sequences.16 Currently, 
methods for hdAd production make use of 
a helper virus to permit the replication and 
packaging of the hdAd genome, and Cre or 
Flp recombinase–mediated excision of the 
helper virus DNA packaging element pre-
vents packaging of helper virus genomes.17 
However, contamination of hdAd stock 
with residual helper virus does occur de-
spite removal of the DNA packaging ele-
ment. Therefore, hdAd vectors are typically 
designed to be ~27–30 kb to allow maximal 
separation of the hdAd from the residual 
helper virus on a cesium chloride gradient.18

Thus, pushing the requirements of the 
Ad vector system has caused a general re-
duction in the size of the packaged genome 
to ~75–83% of the natural genome length. 
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The impact of reducing the genome size on 
virion function or stability has only recently 
become clearer.

As part of our continuing efforts to im-
prove the production of hdAds, we devel-
oped a method for generating hdAd that 
was dependent on DNA size restrictions 
imposed by a protein IX (pIX)–deficient 
capsid.19 The resulting hdAds, deficient 
in pIX, were predicted to display reduced 
heat stability compared with hdAds propa-
gated with a pIX-expressing helper virus, 
in that pIX is involved in stabilizing the Ad 
capsid.20, 21 Surprisingly, the heat stability of 
hdAd was identical whether or not pIX was 
present in the hdAd capsid. Furthermore, 
normal and pIX-deficient hdAds were sig-
nificantly less stable than wild-type Ad, 
which showed no drop in titer after incuba-
tion at 47 °C for 30 minutes. 22 The hdAd 
generated with the pIX+ helper virus had 
virion protein constituents that were es-
sentially identical to those of the parental 
helper virus and wild-type Ad, suggesting 
that the defect underlying the capsid insta-
bility was not due to an overt deficiency in 
a capsid protein, as was previously observed 
in virions with very small genomes (<12 kb; 
refs. 23, 24). Interestingly, increasing the 
genome size of the hdAd from 30 to 34 kb 
resulted in a significant increase in heat 
stability, indicating that for hdAd the size 
of the genome can significantly influence 
overall virion stability. A similar phenom-
enon was observed for fgAd; vectors con-
structed to be larger than ~33 kb showed 
heat stability identical to that of wild-type 
Ad, whereas smaller vectors showed a 
significant decrease in heat stability that 
correlated with the size of the genome 
(Figure 1b). For the smallest vector, an E1/
E3-deleted vector with no transgene (30.2 
kb), the time required to decrease the titer 
by half was only 4 minutes, whereas the titer 
of wild-type Ad was unaffected by heating. 
Further analysis demonstrated that heating 
of vectors with small genomes resulted in 
a rapid loss of capsid integrity. Specifically, 
heating resulted in a release of the vertex 
proteins, fiber, and penton (and probably 
the peripentonal hexon), followed by com-
plete disintegration of the capsid structure. 
Whether similar virion instability oc-
curs for vectors with genomes larger than 
wild-type size is unknown. Taken together, 
these results indicate that the Ad DNA ge-
nome contributes to the physical stability 

of the Ad capsid, and that reduction of the 
genome size in fgAd and hdAd vectors can 
reduce stability of the vector.

The relationship between genome size 
and capsid stability has been extensively 
investigated in other viruses as well. Spool-
ing of full-length viral DNA into preformed 
capsids by bacteriophage lambda, another 
icosahedral virus, results in significant in-
ternal pressure that is subsequently used 
to propel the phage DNA into the bacte-
ria during the infection process.25 Using 
atomic-force microscopy, Ivanovska et al. 
demonstrated that capsids with DNA of 
wild-type length can withstand twice the 
force of capsids containing small genomes 
(~78% of wild-type length), indicating a di-
rect relationship between viral genome size 
and capsid stability.26 Similarly, the parvovi-
rus minute virus of mice (MVM) is encoded 
by a single-stranded DNA genome that also 
acts to stabilize the capsid. Atomic-force 
microscopy measurements of empty and 
DNA-containing MVM capsids yielded up 
to a 140% increase in capsid stiffness when 
DNA was present.27 Structural studies have 
further demonstrated that the MVM ge-
nome is bound within 60 concavities on the 
inner surface of the capsid. This direct in-
teraction of the genome with the capsid acts 
to effectively increase the thickness of the 
capsid wall and provide structural stiffness 

and stability.27 Further observations in 
cowpea chlorotic mottle virus and bean 
pod mottle virus, both multipartite single-
stranded RNA viruses, is suggestive of a 
conserved mechanism involving genome-
mediated capsid stabilization through di-
rect physical interactions between the viral 
genome and a capsid protein.28–30

The genome-mediated capsid stabiliza-
tion in Ad is unlikely to occur in a manner 
analogous to any of the aforementioned vi-
ruses. Although both bacteriophage lamb-
da and Ad use a proteinaceous icosahedral 
capsid to package double-stranded DNA, 
the mechanism used by bacteriophage 
is distinct, in that the internal pressure 
used to stabilize the bacteriophage capsid 
is caused by electrostatic repulsion of the 
packaged DNA31 and such charges are neu-
tralized in the Ad virion. Similarly, because 
Ad DNA does not make direct contact with 
any capsid constituent, it is unlikely that 
the Ad genome stabilizes the capsid struc-
ture in a manner similar to that observed 
for MVM, cowpea chlorotic mottle virus, 
and bean pod mottle virus. The mechanism 
of nucleic acid–mediated mechanical stabi-
lization of the capsid probably depends on 
the virus and nucleic acid involved. For 
Ad the mechanism is currently unclear, 
but one can be envisaged where the tight 
packaging of DNA of wild-type length into 

Figure 1 Adenoviral genome size affects virion stability. (a) A schematic representa-
tion of adenovirus (Ad) virion structure based on cryoelectron microscopy and crystallography. 
(Reprinted from ref. 1 with permission of W.C. Russell and the Society for General Microbiology. 
(b) Heat stability of Ad virions is significantly impacted by the size of the packaged genome. Ad 
virions ranging in size from 30.2 to 36 kb were incubated at 47 °C for 0, 15, or 30 minutes and the 
residual virus titer was determined by standard plaque assay. (Adapted from ref. 22.) GFP, green 
fluorescent protein; WT, wild type.
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the capsid may be required to force the 
adenosome DNA in the vertex regions into 
the proper position/orientation to achieve 
an indirect linkage between the Ad DNA 
and hexon. Reducing the size of the genome 
could, within this model, misalign or even 
prevent this indirect interaction and ulti-
mately destabilize the capsid. Although Ad 
vectors with very small genomes (>12 kb) 
show a marked difference in protein con-
tent in the virion,23, 24 the small-genome 
vectors we tested (~30 kb) did not show 
any overt difference in protein content rela-
tive to wild-type Ad. It is likely that there 
are small differences in the two virions (for 
example, pVII should be reduced by ~17% 
compared with wild-type Ad), but it is not 
clear whether this is the cause of the re-
duced stability or simply a symptom of the 
reduced genome size.

The impact of genome size on Ad 
virion stability has important implications 
for the design of Ad-based vectors. For 
example, an ~32-kb fgAd vector encod-
ing green fluorescent protein has inher-
ently reduced stability as compared to an 
~35-kb vector encoding lacZ (Figure 1b). 
However, most applications of Ad vectors 
generally do not require the use of elevated 
temperatures, and we did not observe a 
difference in virion stability under other 
more physiologically relevant condi-
tions such as extended heating at 37 °C, 
repeated freeze–thaw cycles, or altered 
pH (unpublished data). Nevertheless, we 
have tested only a small fraction of pos-
sible conditions under which Ad vectors 
may be used in experimental and clinical 
settings, and other conditions may exist 
in which genome-dependent changes in 
Ad vector stability manifest. For example, 
whether the effect of genome-dependent 
differences in virion stability translates 
into altered transduction efficiencies in 
vivo has yet to be addressed. Furthermore, 
evidence suggests that Ad-induced acti-
vation of innate immune signaling path-
ways is enhanced by delaying the kinetics 
of Ad endocytic escape, a process that is 
dependent on capsid destabilization.32 In 
light of these findings, the role of genome-
dependent capsid stability in activation of 
the host immune response provides an in-
teresting area for further research.

Whether these observations with Ad-
based vectors can be extended to other 
vector systems also remains an important 

question. Adeno-associated virus (AAV), 
a parvovirus being developed for use in a 
variety of therapeutic applications, could 
also exhibit genome-dependent capsid sta-
bility similar to that observed for MVM.27 
Indeed, structural analysis of AAV sero-
types 4 and 8 has revealed the presence of a 
single nucleo tide within a binding pocket 
of the capsid architecture.33,34 This strongly 
suggests that an interaction between the 
genome and capsid exists and may even 
serve to provide stability or rigidity to the 
AAV virion as seen with MVM.

As with all viruses, wild-type Ad has 
evolved to optimize both its genome and 
capsid to provide maximal fitness. Gene 
therapy vectors based on Ad frequently 
compromise this relationship through 
deletion of viral genes and insertion of 
therapeutic genes, which alters the inter-
action between the genome and physical 
structure of the virion. Detailed analysis 
of the mechanism(s) by which the genome 
of Ad, and other viral vector systems, pro-
motes capsid stability may lead to current-
ly unappreciated opportunities to improve 
gene delivery.
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