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Dynamic and static light scattering analysis of DNA ejection from the phage A
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With the aid of time-resolved dynamic light scattering (DLS) and static light scattering (SLS), we have
analyzed the ejection kinetics from the bacterial virus bacteriophage (or phage) \, triggered in vitro by its
receptor. We have used DLS to investigate the kinetics in such a system. Furthermore, we have shown that both
SLS and DLS can be interchangeably used to study the process of phage DNA release. DLS is superior to SLS
in that it also allows the change in the light scattering arising from each of the components in the system to be
monitored under conditions such that the relaxation times are separable. With help of these two methods we
present a model explaining the reason for the observed decrease in the scattering intensity accompanying DNA
ejection from phage. We emphasize that ejection from phage capsid occurs through a very long tail (which is
nearly three times longer than the capsid diameter), which significantly separates ejected DNA from the
scattering volume of the capsid. The scattering intensity recorded during the DNA ejection process is the result
of a change in the form factor of the phage particle, i.e., the change in the interference effects between the
phage capsid and the DNA confined in the phage particle. When the DNA molecule is completely ejected it
remains in the proximity of the phage for some time, thus contributing to the scattering signal as it diffuses
away from the phage capsid, into the scattering volume and returns to its unperturbed chain conformation in
bulk solution. The free DNA chain does not contribute to the scattered intensity, when measured at a large
angle, due to the DNA form factor and the low concentration. Although the final diffusion-controlled step can
lead to overestimation of the real ejection time, we can still use both scattering methods to estimate the initial
DNA ejection rates, which are mainly dependent on the pressure-driven DNA ejection from the phage, allow-

ing studies of the effects of various parameters affecting the ejection.
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I. INTRODUCTION

Light scattering techniques have proved to be important
and extremely powerful tools in characterizing and exploring
the microdomains and macrodomains of biology for several
decades [1-5]. Particularly dynamic light scattering (DLS)
has proven to be a useful method of investigating the solu-
tion dynamics of DNA (deoxyribonucleic acid), where both
translational and internal dynamics (rotational motion and
intramolecular relaxation) of short DNA fragments have
been studied [6-10]. Highly negatively charged DNA (one
charge per 0.17 nm) is a linear polyelectrolyte of great im-
portance since it is the carrier of genetic information. There
is, therefore, a considerable interest in investigating DNA
condensation using different materials with the purpose of
replacing viral vectors as gene carriers for in vivo gene trans-
fer (see, for example, Refs. [11-13], and the references
therein). We have also employed DLS in various physico-
chemical studies involving DNA and its interactions with
other substances that change the conformation of DNA. It
was, for example, used to investigate the cationic surfactant-
induced compaction of salmon sperm DNA [2000 base pairs
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(BP)], both in bulk solution as well as on different polysty-
rene particle surfaces [14,15]. Surfactant-induced compac-
tion studies of DNA with longer chain lengths has also been
performed by others using DLS [16]. The advantage of DLS
is that the diffusion by scattering objects of different sizes
can be detected simultaneously, a fact that was used in our
investigation of the thiol-specific and nonspecific interac-
tions between DNA and gold nanoparticles [17], and recently
also in a DLS and fluorescence spectroscopic study of DNA
compaction through the complex formation between 2 kbp
DNA and poly(amidoamine) dendrimers [18]. In this study,
we have analyzed the kinetics of DNA ejection from the A
bacterial virus (or phage) using time-resolved DLS and com-
pared the results to data obtained with time-resolved static
light scattering (SLS).

All viruses consist of a viral genome contained in a pro-
tein shell, or capsid. Almost all plant and animal viruses
infect cell by the whole viral particle entering the cell, where
the viral genome is released from the capsid. Bacteriophages,
on the other hand, remain outside the cell and infect it by
injecting their genome into the cell [19]. Although phages
have played a major role in the development of microbiology
and molecular biology, it is still not fully understood how the
phage genome finds its way into the cell.

In most cases, DNA is highly compacted inside the phage
capsid. The conformation and state of stress of the packed
viral DNA has been investigated theoretically [20-29]. We
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have recently shown experimentally that DNA ejection from
the phage N in vitro is driven mainly by a mechanical force
arising from bending and electrostatic DNA-DNA repulsion
forces acting on the DNA, which is packed to almost crys-
talline densities inside the capsid [30,31]. We have also mea-
sured this internal DNA pressure and found it to be on the
order of tens of atmospheres [30]. In parallel, in another
in vitro experiment, it was shown that forces of the same
magnitude were required to package DNA into the phage
¢29 [32]. Based on these empirical observations, one could
conclude that infection by phages is achieved by the internal
ejection force of the confined phage DNA.

However, recent experimental [33] and theoretical [34]
studies suggest that despite high internal DNA pressure in
phages, the ejection of viral DNA into bacterial cytoplasm
could not be completely achieved due to the counterbalanc-
ing osmotic pressure of at least 2 atm in the cell [35]. This
osmotic pressure would be sufficient to prevent almost 50%
of A\-DNA from being injected [34,36]. In order to better
understand the mechanism of DNA ejection in vivo, it would
be fruitful to systematically investigate the effects of various
internal and external factors affecting the DNA ejection pro-
cess. Such an analysis can be performed by studying the
kinetics of DNA ejection from phages under different condi-
tions.

Time-resolved static light scattering has previously been
successfully employed to investigate DNA ejection from the
bacteriophage T5 [37,38]. With SLS, the time-averaged in-
tensity of the scattered light arising from the sum of all com-
ponents present in the scattering volume is measured. In
DLS, based on the photon correlation spectroscopy tech-
nique, a time correlation function of the scattering intensity
is constructed, which contains scattering information on each
component (their relative contributions to the total scattering
intensity), as well as the separate translational diffusion co-
efficients. Therefore, DLS has an advantage, in that it pro-
vides a direct indication of the change in scattering of each
component during the kinetic process of ejection. At present,
however, neither the DLS nor the SLS measurements per-
formed in this work permit us to relate the fraction of DNA
remaining in the capsid to the measured scattering intensity
signal (as in fluorescence studies [39]), due to the contribu-
tions to the signal from DNA both inside and outside the
phage (since we also observe slower DNA diffusion away
from the phage after ejection, see discussion below). How-
ever, with help of our data we present here a model showing
that during the initial stage of the ejection process, the
change in the scattering intensity will be mainly attributed to
the ejection of DNA from the phage, during which the form
factor of the phage particle will change. This will thus allow
the evaluation of the kinetics of ejection by analyzing the
initial ejection rates derived from the slopes of the changing
scattering signal obtained from both SLS and DLS. In this
paper we focus especially on the DLS results. We are cur-
rently working on a theoretical model that will allow us to
directly relate the scattering intensity to the amount of DNA
remaining in the capsid. From this model, we will learn to
what extent the DLS and SLS data presented here can be
used to precisely describe the rate of DNA ejection from a
phage through out the entire ejection process.
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The goal of this study was not to determine the absolute
duration of the ejection process but to show that both static
and dynamic light scattering techniques offer new means of
studying the kinetics of viral ejection and with their help find
coupling between the observed scattering data and the ejec-
tion process. These methods allow us to make qualitative
comparisons of the initial ejection rates under different
physical conditions, without the need to use DNA intercalat-
ing or groove-binding dyes as required in fluorescence spec-
troscopy. Moreover, it has recently been shown that fluores-
cent dyes can further complicate the interpretation of
ejection data by rupturing the phage particles and introduc-
ing additional kinetic effects due to competition with DNA
counterions and DNA-binding proteins [40].

II. EXPERIMENT
A. Bacteriophage strain and preparation of phage stock

Wild type (wt) N cI857 bacteriophages, with a genome
length of 48.5 kbp and its shorter genome mutant with
45.7 kbp (corresponding to 94% of the wt DNA), were pro-
duced by thermal induction of the lysogenic Escherichia coli
strains AE1 and AE2 [33]. Both strains were modified to
grow without LamB protein expressed on their surface in
order to increase the yield of phage induced in the cell. The
culture was then lysed by temperature induction. Phage A
with 37.7 kbp DNA (corresponding to 78% of the wt DNA)
(denoted Ab221) was extracted from single plaques. The ph-
age purification details are described elsewhere [30]. The
phage samples were purified by CsCl equilibrium centrifuga-
tion and thereafter dialyzed from CsCl against TM (tris-
magnesium) buffer (10 mM MgSO, and 50 mM tris-HCI/
pH7.4). The final titer was 10'? virions/mL, as determined
by plaque assay [41].

B. Preparation of phage A\ receptor (LamB)

The receptor was the LamB protein purified from pop
154, a strain of E. coli K12 in which the lamB gene has been
transduced from Shigella sonnei 3070 [42,43]. This protein
occurs as a trimer with a total molecular weight of 141 kDa
(47 kDa per monomer) [44]. It has been shown to cause
complete in vitro ejection of DNA from the phage A\ in the
absence of the solvents required with the wild-type E. coli
receptor [44,45]. Purified LamB was solubilized from the
outer membrane with a 1% solution (by volume) of
the nonionic surfactant, n-octylpolyoxyethylene (0POE)
[CH3(CH2)7(OCH2CH2)HOH (n:2—9)] [46]

C. Sample preparation

The bacteriophage N was solubilized in TM buffer to a
final concentration of ~10'" virions/mL. In order to main-
tain the same oPOE micellar concentration in the final
phage-receptor solution in the ejection experiments (where
the micellized receptor solution is added to the phage solu-
tion), the oPOE surfactant was added to the phage solution to
a concentration of 1%, by volume (as with the receptor so-
lution). Prior to the light scattering measurements, the phage-
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oPOE solution was filtered directly into the cylindrical light-
scattering quartz cell through a sterile, hydrophilic Minisart
filter with a 0.2 wm pore diameter (Sartorius, Germany). The
ejection of DNA from the phage was triggered by adding
60 uL of 20 ug/mL LamB receptor solubilized in oPOE
micelles (at a ratio corresponding to 1 phage: 100 LamB
trimers) to 1 mL of phage solution directly to the light-
scattering cell. The sample was mixed by gently tapping the
cell. The DLS and SLS measurements were started 30 s after
the receptor had been added and mixed with the phage-oPOE
solution. In order to check that the receptor was in excess
and that the phage-receptor binding is not rate-limiting [39],
the ejection kinetics was measured with 20 uL. of LamB
instead of 60 L and it was found that the rates of ejection
were identical in both cases.

D. Dynamic and static light scattering

The setup used for the DLS and SLS measurements em-
ployed an ALV/DLS/SLS-5000F, CGF-8F-based compact
goniometer system from ALV-GmbH, Langen, Germany
with vertical-vertical polarization geometry. The light source
was a diode-pumped Nd:YAG solid-state Compass-DPSS la-
ser (Coherent Inc., Santa Clara, California), which operates
at 532 nm with a fixed output power of 400 mW that can be
varied using an attenuator from Newport Inc. The cylindrical
quartz cell is immersed in a refractive-index-matching liquid
(cis-decahydronaphthalene or decaline) contained in a cylin-
drical quartz container (VAT). The detection system includes
a near-monomodal optical fiber and two matched photomul-
tipliers in a pseudo-cross geometry. The temperature was
25 °C, which was controlled to within +0.01 °C. A detailed
description of the DLS/SLS equipment can be found in Ref.
[47].

In a DLS measurement, the time correlation function
(TCF) of the intensity of the scattered light is measured. The
model used in the fitting procedure is, however, expressed
with respect to the normalized TCF of the electric field
g"(r), which is related to the normalized intensity TCF
g?(1) by Siegert’s relation [48]:

§?-1=pgV0)P, (1)

where 7 is the lag time and B is the coherence factor (<1)
that takes into account deviations from the ideal correlation
and the experimental geometry.

gW(#) can either be a single exponential function, with
one corresponding relaxation time 7 or a multiexponential
decay depending on the system investigated. For a system
that exhibits a distribution of relaxation times, g"(r) may be
described by a Laplace transform [49]

¢V = JwA(T)exp(— t/T)dT= J‘”’ TA(7)exp(-t/7)d In 7,
0 o

2)

where 7=I""!, and T’ is the relaxation rate or frequency.
The relaxation time distribution A(7) can be obtained by

performing an inverse Laplace transformation of the mea-

sured intensity correlation function g®(7) using the nonlinear
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constrained regularization method REPES, in which the sum
of the differences between the experimental and calculated
g?(7) functions is minimized [49—51]. REPES is incorporated
into the GENDIST analysis package [52], but an upgraded ver-
sion of REPES, which was a kind gift from P. gtépének, was
also used in this study [53]. REPES iterates a penalizing pa-
rameter to the probability of rejecting the penalized solution
selected by the user. In this study, we varied the “probability-
to-reject” term from low values (~107%) up to 0.5. The re-
laxation time distributions presented are expressed in equal
area representation as 7A(7) vs log;o[ 7(ms)] [49].

When the distribution contains several relaxation modes
(translational diffusion or other modes), the relative area of
each mode, which corresponds to the pre-exponential ampli-
tude A, (where n=1-) of a multiexponential intensity cor-
relation function, is given by the analysis, see Eq. (2). Each
relaxation process thus has an amplitude associated with it,
and therefore also a relative scattered intensity, expressed as
the amplitude multiplied by the time-averaged total scatter-
ing intensity I (I,=A,I). We have monitored the change in
the relative amplitudes during the DLS measurements as a
function of time in order to calculate the individual scattering
intensity of the phage particles and the receptors (solubilized
in oPOE surfactants) in order to study the kinetics of the
ejection of DNA from the phage A.

From the relaxation rate, I', obtained from the REPES
analysis, the apparent translational diffusion coefficient D
can be calculated:

D= lim<£2) , (3)
q—0\¢q

where ¢ is the absolute value of the scattering vector

[g=4mmng sin(6/2)/\, where ny is the refractive index of the

solvent (here water), \ is the incident wavelength and @ is

the scattering angle].

I' is measured at different values of ¢ (i.e., different
angles) and D is evaluated from the slope of I'=f(g?). The
apparent hydrodynamic radius Ry ,,, at a finite concentration
can be estimated from D using the Stokes-Einstein relation

kT

H.app ™ 6mn,D ’

(4)

where k denotes Boltzmann’s constant, 7" is the absolute tem-
perature, and 7, is the viscosity of water. When measure-
ments are performed under highly diluted conditions, as in
this case, intraparticle interactions can be neglected, and D is
close to that at infinite dilution, and Eq. (4) gives Ry directly.

III. RESULTS AND DISCUSSION

As a starting point, we first characterize the static and
hydrodynamic properties of three A phages containing DNA
of various lengths (78, 94, and 100% of the wt DNA length,
48.5 kbp) in solution at equilibrium without the receptor
present using SLS and DLS. The purpose of the SLS mea-
surements was to determine the radius of gyration of the
different phages, i.e., to compare their form factors, which
reflects how the DNA content inside the phage affects the
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FIG. 1. Relaxation time distributions obtained from inverse
Laplace transformation of intensity correlation functions from DLS
for the phage N with 48.5 kbp DNA in an aqueous solution contain-
ing ~10'° virions/mL phage (dotted line), micellized LamB recep-
tor in aqueous solution containing 1.2 ug/mL LamB and 1% (v/v)
oPOE surfactant (dashed line) and ~10'° virions/mL phage aque-
ous solution with 1% (v/v) oPOE (solid line). (Measurements at
25 °C and at #=90°. The “probability-to-reject” term=0.5.)

scattering intensity. The purpose of the DLS measurements
on the equilibrium system (phage and oPOE micelles) was to
determine the hydrodynamic size of each component. Fur-
thermore, information is obtained on the relative scattering
contributions before the receptor is added from the relaxation
time distributions.

A. Sample characterization

Dynamic light scattering. The DLS technique was used to
characterize the hydrodynamic size of the bacteriophage A
both in pure aqueous solution and in the mixed solution con-
taining the oPOE surfactant micelles. The size of the oPOE
micelles containing the receptor LamB was also investigated.
In Fig. 1, the relaxation time distributions obtained from the
inverse Laplace transformation of the intensity correlation
functions are shown for the mixed solution of phage and
pure oPOE micelles (top), the oPOE micellar solution with
the receptor (middle) and the pure phage A solution (bottom).
The distributions of the phage and receptor-oPOE micellar
solution are monomodal, whereas a bimodal distribution is
seen for the mixture. The faster mode at short times is attrib-
uted to the translational diffusion of the micelles and the
slower mode at longer times to the diffusion of the phages. In
the receptor-oPOE micellar solution (denoted the “micellized
receptor” solution, for simplicity), both pure oPOE micelles
and receptor-oPOE complexes are present. The contribution
of the receptor-oPOE complexes to the scattering intensity of
the mixed solution is considered to be negligible as the num-
ber of receptors used is far below the number of o0POE mi-
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FIG. 2. The relaxation rates (I") for the oPOE micellar mode
(®) and the phage mode (M) as a function of the square of the
magnitude of the scattering vector (¢?) for a ~10'° virions/mL
phage solution with 1% (v/v) oPOE at 25 °C.

celles (approximately 10000 times lower, obtained by
simple geometrical calculations either using the micellar ra-
dius obtained from DLS or the estimated headgroup area).
Only a minor, and hence negligible, increase in the total
intensity was observed as a result of the increasing number
of scattering particles. Thus, no effect was found on the mea-
sured hydrodynamic radius of the micelles when a portion of
the receptor-oPOE micellar solution was added to a solution
of pure oPOE micelles.

The hydrodynamic radii of the phage and the oPOE mi-
celles (without LamB), in the mixed phage-oPOE solution
were estimated from DLS measurements performed at differ-
ent angles. The relaxation rates of the two modes are shown
in Fig. 2 as a function of ¢*. Both functions pass through the
origin and show perfectly linear behavior, which indicates
that the modes are due to translational diffusion processes.
The diffusion coefficients are given by the slopes [Eq. (3)]
and the apparent hydrodynamic radii are calculated using Eq.
(4). Ry 4pp of the phage N was estimated to be 42 nm and for
the oPOE micelle 2.7 nm. Since the concentration is low,
these values are considered to be close to the true Ry values.
Cryogenic transmission electron microscopy (cryo EM) stud-
ies have indicated that the phage A has an outer radius of
31.5 nm [54]. This technique gives a geometrical radius. The
hydrodynamic radius obtained from DLS is the equivalent
radius of a hard sphere with a solvent layer, and is defined by
hydrodynamic interactions. Due to the solvating layer thick-
ness and the fact that the value of Ry, obtained with DLS
is averaged (or intensity z-averaged), it is larger than the
value obtained from cryo EM. With this in mind, we may
note that the tail of the virus capsid does not seem to hinder
the translational diffusion of the phage, which would give a
larger value of Ry .-

Static light scattering of pure bacteriophage \. The time-
averaged static light scattering intensity I(g) of a dilute so-
Iution of identical scattering particles of molar mass M is
proportional to the number density, the static structure factor
S(g), which describes the spatial interparticle correlations
and accounts for the intermolecular interactions, and the
form factor P(q) that describes the interference effects within
the scatterers and contains information about their size and
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shape: I(g) « NP(q)S(q), where N is the number of particles
in the scattering volume (g is, as before, the magnitude of the
scattering vector).

In an SLS experiment the measured intensity is often ex-
pressed in terms of the Rayleigh ratio Ry, defined as [55,56]

_ 19 (@)2
Ra_ltol(‘])le Nl ' ©)

where I,.,(g) is the average scattering intensity of the refer-
ence (toluene) measured at g, R, is the Rayleigh ratio of
toluene, and n, and n, are the refractive indices of the sol-
vent and toluene, respectively.

The Rayleigh ratio of the solution can also be expressed
as Ry=KcMP(q)S(q), where c is the solute concentration and
K is an optical constant (K=4772n(2)(dn/dc)2/ (\*N,), where
dn/dc is the refractive index increment and N, is Avogadro’s
constant). This equation is often used with the virial expan-
sions of P(q) [P(q):(l—q2R§/3+ -++)] and S(g) which give
the angular and concentration dependence of the scattered
intensity [57]. The radius of gyration (R,) of the particle can
be obtained from the angular dependence.

In order to characterize the pure bacteriophages at equi-
librium conditions and to determine how the amount of DNA
inside the phage affects the scattering from phage particles,
SLS measurements were performed on three bacteriophages
\ (without the micellized receptor) containing three different
lengths of DNA: 37.7, 45.7, and 48.5 kbp. The measure-
ments were carried out in dilute TM buffer solutions with the
purpose of comparing the form factor (or rather R,) of the
different phages. The angular (#=40-145°, every 5°) and
concentration dependence (2-3 concentrations) of the scat-
tering intensity was measured. In this study, the refractive
index increment, dn/dc, of each phage was not determined
and as a result the molar mass of the phages could not be
directly evaluated. Instead, the reduced scattering intensity
¢/R, (expressed without the optical constant K) was ana-
lyzed. The apparent radius of gyration was calculated from
the angular dependence of c¢/R at each phage concentration.
The value of R, varied very little between the different con-
centrations, which shows that the structure factor S(g) is
close to one (dilute regime, no intermolecular interactions).
We obtained for the three phages the following values: R,
=38-40 nm (37.7 kbp), R,=38-40 nm (45.7 kbp), and R,
=36-40 nm (48.5 kbp). The lack of variation in the values
indicates that R, is mostly determined by the geometry of the
capsid, which is the same for all three phages, and not the
DNA content.

By combining the two light-scattering radii obtained from
DLS and SLS as described above, together with the well-
known relation p=R,/Ry, information about the structure of
the scattering particle can be obtained [58,59]. The value of
p is 0.778 for a homogeneous sphere, for a monodisperse
random coil in theta solvent p is 1.73 and in a good solvent
1.78. The value of p for a monodisperse rigid rod is >2.0.
For phage N with 48.5 kbp DNA we obtain p=37.8/42
=0.9. This indicates a rather compact particle, perhaps with
some flexibility originating from the tail. It was also ob-
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FIG. 3. Scattering data from SLS presented as the Rayleigh ratio
normalized to the phage concentration (Ry/c) as a function of the
magnitude of the scattering vector (¢) for three different phage \
particles in aqueous solution at 25°C: 48.5 kbp DNA (@),
45.7 kbp DNA (O), and 37.7 kbp DNA (A). The concentrations
(expressed as Npp,ee/g) were 4.33X10'0 (48.5 kbp), 4.28 X 10"
(45.7 kbp), and 3.04 X 10'0 (37.7 kbp).

served in the DLS measurements that the tail does not con-
tribute significantly to the collective translational diffusion.
The SLS data can also be presented as scattering curves
such as those shown in Fig. 3, where the normalized scat-
tered intensity (Rayleigh ratio divided by the highest phage
concentration expressed as the number of phage per gram
Nophage! €,¢/R ) obtained for the three phages are given as a
function of g. In this figure, a minor difference can be noted
between the three phages. This means that the form factor
P(q) is slightly different. However, this difference is almost
negligible, especially at larger angles. We will now compare
the scattering intensity of each phage at the fixed scattering
angle 120° (which was used in the ejection studies presented
below and in Ref. [60]). With an almost constant contribu-
tion of P(g) (Fig. 3), S(¢) =1 and assuming a constant value
of dn/dc for the three phages, the scattering intensity at 120°
is proportional to an apparent molecular weight of the phage
M (phage). The almost linear difference in scattering intensity
observed between these samples when plotted vs encapsi-
dated DNA length may thus be mostly ascribed to the differ-
ence in molecular weight of the DNA contained in the phage
capsids since the molecular weight of the empty capsid is the
same in all three cases: M(phage)=M (encapsidated DNA)
+ M (empty capsid). This confirms that the dominant factor
governing the difference in scattering intensity is the molecu-
lar weight of the confined DNA. However, since P(g) may
not be exactly the same for the three phages this conclusion
should be treated with caution until future studies can be
performed, where the low-g regime will be investigated in
more detail, as well as the time-resolved angular dependence
of the form factor during the ejection process (see below).

B. DNA ejection from bacteriophage A

The ejection of the genome through the tail of the phage A
capsid was studied by performing simultaneous SLS and
DLS measurements as a function of time. The measurements
started 30 s after adding the LamB receptor, solubilized in

011914-5



LOF et al.

oPOE surfactant, to the phage A solution (as described
above). The receptor-mediated triggering of DNA ejection
from the phage, through receptor-tail binding, followed by
the conformational change of the tail proteins, is considered
to be instantaneous [39].

Ejection studied with SLS. After the mixed phage-oPOE
solution had been characterized, time-dependent SLS mea-
surements were performed to investigate the kinetics of DNA
ejection from phage \. These measurements were carried out
by consecutive DLS measurements with a duration of 30 s,
where a recording of the total time-averaged static light scat-
tering intensity was included, on solutions containing a mix-
ture of scattering particles (bacteriophages, ejected DNA,
and oPOE surfactant micelles with and without incorporated
LamB). During 30 s, the change in the average scattering
intensity is considered to be negligible. When performing
these experiments under dilute conditions, the intermolecular
interactions between the different scattering particles can be
neglected and the total scattering intensity depends only on
the average molar mass of all scattering particles, the total
concentration and on the sum of the form factors of the scat-
terers that exhibit intraparticle interference (in this case the
filled, partially filled, and empty phages and the ejected
DNA). The LamB receptors (solubilized in oPOE micelles)
are regarded as point scatterers. Based on the SLS results
presented above, the form factor of the phage, P(g) (with
DNA confined) is constant only prior to ejection. Once ejec-
tion has been triggered by the receptor, the form factor of the
phage will change in time as DNA is ejected. The scattering
will depend on the interference between the DNA inside and
outside the phage particle (the contribution to the scattering
from the micellized receptor is constant, as shown in the
DLS results, below).

Finally, it should be pointed out that once the ejected
DNA coils have diffused away from the capsids into the bulk
solution, they do not contribute to the total scattering inten-
sity due to their low number density. In addition, all mea-
surements were performed at #=120°, where the scattering is
further reduced because of the strong angular dependence of
the form factor of the large extended and unperturbed DNA
coil (high destructive interference), and which leads to qR,
>1 [61,62].

The total light scattering intensity relative to the incident
laser intensity, normalized to the initial value at =0 (I/,)) as
a function of time, is shown in Fig. 4 for ejection from the wt
phage N\ (with 48.5 kbp long DNA) at 25 °C (see the filled
circles data points). It can be clearly observed that the inten-
sity decreases as the ejection process proceeds. As will be
shown below, the DLS measurements give even better in-
sight into the ejection kinetics, since the change in the light
scattering arising from each of the individual components in
the system can be monitored.

Ejection studied with DLS. The DLS measurements with a
duration of 30 s (including a simultaneous recording of the
time-averaged light scattering intensity) were carried out at
intervals of 34 s (30 s plus 4 s of autoscaling). During 30 s,
the change in the relative amplitudes of each of the compo-
nents obtained from the relaxation time distributions from
DLS is considered to be negligible. The mean position (i.e.
the relaxation time, 7) of the modes in the distribution may
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FIG. 4. (Color online) The total light scattering intensity from
SLS relative to the incident laser intensity (/) normalized to the
initial value at t=0 (), I/1, (@), as a function of time. The nor-
malized light scattering intensity from DLS of the phage /jpage//o
(#) and the micellized LamB receptor /iecepior/ Iy (A) as a function
of time during the ejection of 48.5 kbp DNA. (Measurements on a
~10'° virions/mL phage solution with 1% (v/v) oPOE at 25 °C
and at 6=120°.)

have greater uncertainty but these values are not of interest
when studying the ejection process.

In Fig. 5(a), we present the relaxation time distributions
obtained from the REPES analysis of the measured intensity
correlation functions of the phage \ (with 48.5 kbp DNA) at
different times during the ejection process at 25 °C. They are
displayed in a 3D representation with time as the third axis.
With a low “probability-to-reject” term in the analysis
(~1078), three separate modes are present at all times, each
with its own amplitude (or area): the fast relaxation mode of
the micellized receptor (mode 1) has the amplitude A, the
intermediate phage X mode (mode 2) amplitude A,, and the
third slower mode (mode 3) amplitude A;. The slow mode is
probably related to the low amount of DNA-capsid aggre-
gates present in this system causing a contaminating back-
ground. These short 30 s measurements do not provide suf-
ficiently good statistics to analyze the complete correlation
functions, as reflected in the uncertainty of position of the
slow mode. The amplitudes describe the relative amounts of
light scattered from each component in the system, see Eq.
(1), i.e., the total area of the relaxation time distribution
Ai=A1+A,+A5 is equal to 1. The distributions shown in
Fig. 5(a) were normalized to the count rate (or the total scat-
tering intensity, I) and thus give the relative scattering inten-
sity for each component (I;=AI/A,,, etc.), i.e., I=1,+1,
+15. The relaxation time distribution at =0 represents the
phage N solution at equilibrium before adding the receptor
and the last distribution is obtained from a DLS measure-
ment performed at the end of the ejection process in the
mixed system. Upon carefully studying Fig. 5(a), it can be
observed that after adding the receptor, the scattering result-
ing from the micellized receptor (fast, mode 1) and that re-
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FIG. 5. (Color online) (a) The relaxation time distributions ob-
tained from REPES with a low “probability-to-reject” term (~107%)
as a function of time during the ejection of 48.5 kbp DNA. Mode at
short 7 (mode 1): micellized LamB receptors, intermediate mode
(mode 2): phages and mode at long 7 (mode 3): DNA-capsid ag-
gregates. (b) The relaxation time distributions obtained from REPES
calculations with a “probability-to-reject” term of 0.5 as a function
of time during the ejection of 48.5 kbp DNA. Mode at short 7:
micellized LamB receptors and mode at long 7: phages. The distri-
butions have been normalized by the count rate. The distributions
were normalized by the count rate. (Measurements at 25 °C and at
0=120°.)

sulting from the so-called aggregates (slowest, mode 3) are
constant during the ejection process, and the only scattering
component that changes with time is that of the phage. The
scattering intensity resulting from the phage decreases with
time, demonstrating a rapid decrease initially thereafter lev-
eling off.

This can also be observed when analyzing the scattering
intensities of each component, obtained from the correspond-
ing relative amplitudes as a function of time. Although there
is some uncertainty in the data for the third mode, the scat-
tering intensity of the phage decreases, whereas the intensi-
ties of the micellized receptors and aggregates are constant.
Due to the poor statistics in the third mode, which makes the
REPES analysis difficult, and the fact that the scattering from
the aggregates was constant, we increased the “probability-
to-reject” term to 0.5. This gives bimodal relaxation time
distributions with a slightly wider phage mode (mode 3 is
now incorporated into the phage mode, see also Fig. 1).
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These distributions (normalized to the count rate) are shown
in Fig. 5(b). Henceforth, the micellized receptor mode (mode
1) is denoted “receptor” (with the amplitude A ccepor) and the
phage mode (mode 2 with mode 3 included) is denoted “ph-
age” (with the amplitude A ,,..). As can be seen in the figure,
the mode of the receptor is constant while that of the phage
changes with time.

In Fig. 4 both the DLS and SLS data for phage ejection
kinetics are presented for comparison. The DLS data corre-
spond to the light scattering intensity of the phage I,ee (nOTI-
malized to the laser intensity and to the initial value of the
total static light scattering intensity at 1=0, /), Iphage/ I, @S @
function of time. Lonage is obtained from the relative ampli-
tude of the phage mode Ippyee=Aphage!/ (AreceptortAphage)
[from the distributions in Fig. 5(b)]. In this way, the data
are scaled so that the intensity varies between 0 and 1. Also
shown in the figure is the normalized scattering intensity
from the receptor /cepior/ lo- As mentioned above, this inten-
sity is constant over the whole duration of the measurements.
Figure 4 shows the intensity change over 60 min for ejection
at 25 °C. By measuring the signal again after 800 min we
confirmed that the system had reached equilibrium after
~80 min, since there was no change in the signal after this
time.

The SLS time-resolved data are also presented in the Fig.
4 (I/1, vs time). It can be seen that both 1/ (from SLS) and
Ihage! Ip (from DLS) follow the same decreasing trend and
are only shifted by a constant value due to the constant back-
ground scattering of the micellized receptors (Ippaee/lo=1/1
—Liecepror/ o) (see the shifted and overlapping curves in the
inset of Fig. 4). This comparison shows that DLS has an
advantage over SLS. With DLS it is possible to separate the
contribution of each component to the total light scattering
intensity during the ejection process provided that the relax-
ation mode corresponding to each component can be re-
solved from the other scattering modes (in this case the re-
ceptor and phage modes). This is not possible with the SLS
technique, where the scattering intensity of the whole system
is measured. This is very useful when studying the ejection
kinetics in systems where more than one component that
contributes to the scattering intensity change. We show it in
Ref. [60], where we determine with help of DLS and SLS the
rate of ejection from phage A in the presence of DNA bind-
ing protein HU that speeds up the ejection and condenses
ejected DNA into aggregates. However, for the same reason
as mentioned above, and as will be discussed further, neither
DLS data nor SLS can separate the scattering interference
between the phage and DNA that is inside phage and outside
the phage while it is being ejected, or after ejection when the
DNA is in the proximity of the capsid’s scattering volume.
Both techniques can, however, be used in combination in
order to better understand the ejection process.

C. Light scattering model of DNA ejection
from the bacteriophage A

A model is needed to describe the change in the light
scattering intensity, i.e., the change in the form factor during
the ejection of the DNA chain from the phage particle. Con-
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FIG. 6. Cryoelectron micrographs of (a) phage \ filled with
DNA and (b) empty phage \ after 30 min incubation with LamB
receptor at 37 °C. Due to the low contrast the ejected DNA is not
visible with cryo EM. However, there is a clear contrast difference
observed inside the phage capsid between empty and DNA filled
particles.

sider a phage particle consisting of a capsid with a A-DNA
chain inside it. The capsid has a diameter of 63 nm and a thin
tail 173 nm long, as seen from cryo EM micrographs in Fig.
6. Thus the total geometrical length of the phage is 236 nm.
According to the SLS measurements performed in this work
on three different phages containing DNA of different
lengths, the R, values were approximately 40 nm for all
three cases. This indicates that the scattering from the tail
does not contribute significantly since this value is close to
the geometric capsid radius. As was described above, in all
steps of the ejection, the scattering from oPOE micelles
(with and without the LamB receptor) is constant in time,
and the only contribution to the time-dependence is the scat-
tering from the phage and the DNA that is being ejected.
Therefore, in our model we will only take into account the
change in scattering associated with the phage.

Consider two identical scattering elements (or centers)
that are point scatterers: one located on the DNA molecule,
and one on the capsid. Let us then assume that these two
scattering elements may exhibit a phase relation and thus
interfere. This implies a g-dependent scattering intensity,
which we also observed in our SLS experiments. Due to this
correlation, the total intensity I(g) of the scattered light will
depend on the spatial arrangement of the two scattering ele-
ments. This interference (in the case of pure intramolecular
interference at infinite dilution, inside a single phage par-
ticle) is described by the form factor P(g) or the particle
structure factor [i.e., I(q) = P(q)] [63,64]

1 N N
P(q)= ﬁE > (expligr;))), (6)

i=1 j=1

where N is the number of scattering elements (in the simple
model presented here, N=2), r;; is the magnitude of the dis-
tance vector between the scattering elements i and j: ry;
=|r,-—rj , Where r; and r; are the coordinates of the scattering
elements. The relation (exp(igr;;))=sin(qr;;)/qr;; may also
be used in Eq. (6) as ) denotes the average of all orienta-
tions.

The ejection process is schematically illustrated in Fig. 7.
For clarity, each step in the ejection of DNA is indicated in a
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scattering curve data versus time (shown as to scale curve
taken from one of our measurements for 48.5 kbp phage at
25 °C in Fig. 4) shown in the same figure (see also Fig. 4).
Step 1: Prior to receptor addition we observe the scattering
from the phage capsid and the DNA that is densely packed
inside it. Thus, at /=0, we have one scattering object (the
page) consisting of two scattering elements. As mentioned
above, from the determination of R, we found that the tail
does not contribute significantly to the scattering and need
therefore not to be included as a scattering element in this
model. The scattering intensity is then (1+1+1+1)/22=1
(multiplied by a constant) according to Eq. (6). Step 2: When
the receptor is added, DNA ejection is triggered. The high
internal force, originating from the close packing of the
DNA, drives the ejection process. The DNA scattering ele-
ment is ejected from the phage through the tail. In our model,
step 2 corresponds to the situation where the capsid scatter-
ing element remains in its original position, whereas the
DNA scattering element has changed its position from inside
the capsid to the tip of the tail. Since the molecular weight of
the scattering system has not changed after DNA is ejected,
one would expect the scattering intensity not to have
changed significantly directly after ejection, while the DNA
is still in the direct proximity of the phage’s scattering vol-
ume. However, the scattering scenario is completely different
since ejection occurs through a very long tail (nearly 3 times
the diameter of the capsid). This causes a change in the in-
terference between the light scattered from the two scattering
elements. Thus, in step 2, the DNA scattering element is well
separated from the capsid scattering element by the long ph-
age tail causing the two sources of scattering to become un-
correlated. Therefore, the light scattered from the DNA scat-
tering element will not interfere with that scattered from the
capsid scattering element. Using Eq. (6) and decreasing the
number of scatterers to N=1, the scattering intensity de-
creases to about (1+1)/22=0.5 of the initial value. Note that
we do not intend to model the scattering intensity for the
situation when part of the DNA coil is inside the capsid and
part is outside (an intermediate step between steps 1 and 2).
This will be attempted in a future study, where the light
scattering model will be developed. However, the interfer-
ence between the two scatterers will change as a function of
time as the DNA scattering element is transported along the
tail (between steps 1 and 2). Since the uncompacted DNA
chain outside the capsid scatters much less than when it is
packed inside the capsid, the intensity decreases rapidly, re-
flecting the fact that it is in the process of leaving the capsid.
Step 3: Once ejection is complete the DNA chain will slowly
start to diffuse away from the phage particle. This is slow
process due to the size of the DNA coil and a possible weak
interaction between DNA and the capsid’s exterior. Slight
interference is expected between the DNA and the capsid,
affecting the scattering from the capsid. During this
diffusion-controlled step, the scattering intensity continues to
decrease, but much more slowly than in the initial ejection
step, as the form factor continues to change, slowly ap-
proaching the form factor of an empty capsid. Having
adopted its normal conformation in the aqueous buffer solu-
tion away from the capsid, the ejected DNA chain will not
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FIG. 7. (Color online) Illustration of the three major steps in the DNA ejection process from the bacteriophage \, together with a curve
showing the scattering intensity from the phage as a function of time (to scale curve taken from our measured data for 48.5 kbp phage at

25°C).

contribute to the total scattering at an angle of 120° for two
reasons: its large size and low concentration. Therefore, at
the end of step 3, when only 1 scatterer remains (i.e., the
capsid scattering element), the observed scattering intensity
becomes constant with time, and corresponds to the scatter-
ing from an empty phage capsid. DNA filled and empty ph-
age \ particles before and after LamB receptor addition were
also imaged with cryo EM and are shown in Fig. 6.

It should be pointed out, we have assumed two scattering
elements (point scatterers) and not scatterers with internal
interference, which would be more appropriate when the
DNA coil is ejected, and before it diffuses away from the
phage particle. In addition, we have assumed a fixed relative
distance instead of a pair distance distribution function (for
several scattering elements), which is a coarse approxima-
tion. This model will therefore be developed in a forthcom-
ing study. Furthermore, the time dependence of the full
g-dependent scattering intensity curves during the ejection
process will be analyzed.

When analyzing the scattering data obtained with DLS for
ejection from the N phage with 48.5 kbp DNA [Fig. 5(b)],
the decrease in the scattering intensity of the phage with time
described in the model above is indeed what we observe, see
Fig. 4. It can be seen that the rapid pressure-driven DNA
ejection occurs between steps 1 and 2 (during first 10 min),
during which the normalized scattering intensity of the phage
falls from 0.85 (at time=0) to =0.4, and a clear “kink” is
observed in the scattering function. Thereafter, in step 3, the

scattering intensity decreases slowly over 60 min, which cor-
responds to the slow, diffusion-controlled DNA coil translo-
cation from the phage particle (during which the form factor
approaches that of an empty capsid) and finally reaches a
plateau value of =~0.3. This slow intensity decrease in step 3
should not be attributed to the actual ejection process. How-
ever, even the ejection time between steps 1 and 2 may be a
slight overestimation of the total ejection time and presents
rather an upper time bond for ejection. This is because the
system is better described by several point scatterers than
only two. Hence, we can expect some scattering interference
during the ejection process between the DNA inside and out-
side the capsid. Indeed, considering that the initial part of the
intensity curves in Fig. 4 directly reflects the change in the
fraction of unejected DNA remaining inside the capsid, im-
plies that half of the DNA has been ejected in #;,,~4 min
(where 1,,, is the time at the half of the scattering intensity
drop compared to its start value at time zero). For compari-
son fluorescence studies [39] showed that the ejection from \
was complete in less than a minute. However, it should also
be noted that this fluorescence measurements were per-
formed at 37 °C while our data is collected at 25 °C. Our
recent DLS results have shown an exponential ejection rate
dependence on the temperature with ¢, =~ 1 min at 37 °C for
wt phage \ [60]. However, both fluorescence [39] and these
DLS measurements of DNA ejection kinetics show slower
ejection times than the theoretically estimated value of 10 s
for N [34], thus demonstrating that the ejection rate is
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strongly affected by the friction and internal interactions be-
tween DNA and capsid and tail proteins [39,60].

Also, DNA coils, empty capsids and oPOE micelles may
still interact after ejection. Furthermore, it should be noted
that we have earlier confirmed that DNA ejection from A is
not complete in vitro (in the absence of DNA-binding pro-
teins), with the last, unconstrained DNA piece remaining at-
tached to phage even after 30 min of incubation with LamB
[33]. Future development of the model should allow us to
establish an accurate relation between the scattering intensity
and the ejected DNA fraction. However, the initially re-
corded change in the scattering intensity does reflect the
change in the fraction of unejected DNA, and we can there-
fore use these kinetic data to estimate the initial ejection rate.
Specifically, we used the DLS and SLS methods in our re-
cently published work [60], to internally compare the initial
rate of DNA ejection from bacteriophage N under various
internal and external conditions, varying such parameters as
temperature, packaged DNA length and also adding DNA-
binding proteins to the host solution (HU and DNase I) [60].

IV. CONCLUSIONS

Dynamic light scattering has been used to study the ejec-
tion of DNA from bacteriophage A. We found this technique
to have a major advantage over the fluorescence and SLS
techniques, since it allows the study of the change in the
absolute scattering intensity of each component in the system
as a function of time. The individual scattering intensities
were obtained by using the pre-exponential amplitudes ob-
tained from the inverse Laplace transformation of the time
correlation function of the scattered intensity obtained from a
time-resolved DLS experiment. From the DLS measure-
ments performed in this study, we were able to conclude that
it is the change in the light scattering from the phage that is
responsible for the overall change in the total light scattering
intensity during the ejection process, while the light scattered
by the other components remained constant.

Using SLS measurements we obtained the same form fac-
tor (or almost the same) for phages with different DNA chain
lengths, which indicates that the form factor of the phage
capsid is determined by the capsid geometry, and that the
scattering signal depends mainly on the length of the con-
fined DNA chain. However, when the ejection process is
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initiated by receptor addition, the observed decrease in light
scattering intensity is related to the change in the form factor
of the phage particle through the intraparticle interference
between the phage capsid and the DNA.

In this work we also present a model explaining why light
scattering measurements of phage DNA ejection are possible
on bacteriophages. This model shows that because of the
long tail of the phage there is very little scattering interfer-
ence between the ejected DNA and the capsid, and we there-
fore observe a rapid decrease in the scattering signal during
the ejection process. If the phage tail were much shorter, as
in the case of bacteriophage ¢29, no significant change in the
scattering intensity would probably be observed during DNA
ejection. However, immediately after ejection, while the
ejected DNA is close to the phage, it will still contribute
slightly to the capsid’s scattering intensity through weak
scattering interference. Due to the size of the DNA chain and
low concentration, the ejected DNA coil will no longer con-
tribute to the total scattering intensity once it has diffused
away from the scattering volume of the phage capsid. The
signal then originates from the scattering of an empty capsid
plus a constant background arising from scattering from sur-
factant micelles, with and without the receptor.

In both DLS and SLS measurements, we have shown that
the changes in the scattering intensity are directly associated
with the DNA ejection from the phage. Hence, this method
can be used in the future to compare the initial ejection rates
under various internal and external conditions within the
same phage system. The analysis method based on the dy-
namic light scattering technique developed in this work will
allow us to study the forces controlling the rate of ejection as
we try to influence them by, for instance, changing the tem-
perature, varying the length of the packed genome or through
the addition of DNA-binding proteins to the host solution,
which we demonstrate in [60].
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