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Mandar M. Inamdar,* William M. Gelbart,t and Rob Phillips**

*Division of Engineering and Applied Science, *Kavli Nanoscience Institute, California Institute of Technology, Pasadena, California;
and 'Department of Chemistry and Biochemistry, University of California, Los Angeles, California

ABSTRACT The ejection of DNA from a bacterial virus (i.e., phage) into its host cell is a biologically important example of the
translocation of a macromolecular chain along its length through a membrane. The simplest mechanism for this motion is
diffusion, but in the case of phage ejection a significant driving force derives from the high degree of stress to which the DNA is
subjected in the viral capsid. The translocation is further sped up by the ratcheting and entropic forces associated with proteins
that bind to the viral DNA in the host cell cytoplasm. We formulate a generalized diffusion equation that includes these various
pushing and pulling effects and make estimates of the corresponding speedups in the overall translocation process. Stress in
the capsid is the dominant factor throughout early ejection, with the pull due to binding particles taking over at later stages.
Confinement effects are also investigated, in the case where the phage injects its DNA into a volume comparable to the capsid
size. Our results suggest a series of in vitro experiments involving the ejection of DNA into vesicles filled with varying amounts
of binding proteins from phage whose state of stress is controlled by ambient salt conditions or by tuning genome length.

INTRODUCTION

A crucial first step in the life cycle of most bacterial viruses
(i.e., phage) involves binding of the virion to a receptor
protein in the host cell membrane followed by injection of
the phage DNA. The viral genome is typically ~10 um long,
and its translocation from outside to inside the host cell is
accomplished over times that vary from seconds to minutes.
The wide range of mechanisms responsible for injection of
phage genomes has recently been systematically reviewed
(1-3), including many references to the last few decades of
relevant literature. In this article, we formulate a general
theory of chain translocation that takes into account many of
the physical phenomena involved in actual phage life cycles.
These phenomena include: diffusion of the DNA chain along
its length; driving forces due to stress on the DNA inside the
viral capsid; resisting forces associated with osmotic pres-
sure in the host cell; cell confinement effects that constrain
the injected chain; and ratcheting and pulling forces asso-
ciated with DNA-binding proteins in the host cell cytoplasm.

Considerable effort has been focused on the energetics of
packaging and ejecting DNA in phage. In particular, the-
oretical work (4—11) has shown that the dominant source of
stress on the DNA in the capsid results from strong repulsive
interactions between neighboring portions of double helix
that are confined at average interaxial spacings as small as
2.5 nm. Another major contribution comes from the bending
stress that arises from the capsid radius being smaller than
the DNA persistence length. The force needed to package the
genome against this resistance is provided by a virally en-
coded motor protein that pushes in the DNA along its length.
Recent laser tweezer measurements (12) have confirmed that
this force increases progressively as packaging proceeds, i.e.,
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as the chain becomes more crowded and bent, reaching
values as large as 50 pN upon completion. Conversely, the
force ejecting the DNA upon binding of the phage to its
membrane receptor has been shown (13,14) to decrease
monotonically from tens of picoNewtons to zero as crowding
and bending stress are progressively relieved. In this article,
we consider the dynamics of phage ejection and attempt to
distinguish the relative importance of these large, varying,
internal forces and the binding particles in the external so-
lution (bacterial cytoplasm).

It is useful at the outset to consider the simple diffusion
limit of the translocation process. More explicitly, consider
the case in which a chain is threaded through a hole in a
membrane dividing one solution from another. If the chain is
free, i.e., in the absence of pushing or pulling forces and of
binding particles, it will simply diffuse along its length, ex-
periencing a friction associated with its passage through the
membrane and the viscosity of the solution. The time
required for its translocation from, say, the left to the right
will be L*2D = T4, where L is the length of the chain and D
is its effective translational diffusion coefficient.

Suppose now that particles are added to the right-hand
solution, which binds irreversibly to the chain at regularly
spaced sites as soon as they diffuse into the solution. Then, if
s is the spacing between these binding sites, the diffusion of
the chain will be ratcheted each time another length s has
entered the solution (15—17), corresponding to the fact that
the chain cannot move backward through the hole at a site
where a particle is bound. Accordingly, the time it takes
for the entire chain to appear on the right is simply given by
s*/2D—the time required for diffusion between a pair of
neighboring binding sites—times the total number of sites,
L/s. It follows that the overall translocation time in the
presence of perfect ratcheting is reduced by a factor of s/L
over that for free diffusion. When the binding of particles is
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