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DNA Ejection from an Archaeal Virus—A Single-Molecule Approach

K. J. Hanhijarvi,"** G. Ziedaite,"* M. K. Pietila,*7 E. Haeggstrém," and D. H. Bamford*"
TDepartment of Physics, *nstitute of Biotechnology, and YDepartment of Biosciences, University of Helsinki, Helsinki, Finland

ABSTRACT The translocation of genetic material from the viral capsid to the cell is an essential part of the viral infection
process. Whether the energetics of this process is driven by the energy stored within the confined nucleic acid or cellular
processes pull the genome into the cell has been the subject of discussion. However, in vitro studies of genome ejection
have been limited to a few head-tailed bacteriophages with a double-stranded DNA genome. Here we describe a DNA release
system that operates in an archaeal virus. This virus infects an archaeon Haloarcula hispanica that was isolated from a hyper-
saline environment. The DNA-ejection velocity of His1, determined by single-molecule experiments, is comparable to that of
bacterial viruses. We found that the ejection process is modulated by the external osmotic pressure (polyethylene glycol
(PEG)) and by increased ion (Mg®* and Na*) concentration. The observed ejection was unidirectional, randomly paused,

and incomplete, which suggests that cellular processes are required to complete the DNA transfer.

INTRODUCTION

Viruses are the most abundant biological entities on our
planet. They infect organisms from all three domains of
life (Archaea, Bacteria, and Eukarya). It has been estimated
that the world’s oceans contain ~10*® virus particles (1).
Due to their small size, viruses represent only a small frac-
tion of the marine biomass. However, viruses have an enor-
mous impact on cellular life in the oceans. They have been
estimated to kill 20% of the microbial biomass every day,
consequently affecting bio- and geochemical cycles.
Furthermore, viruses cause infectious diseases (2), leading
to human suffering and loss of food production.

Viruses that infect archaea were discovered in the 1970s
but have recently gained more attention. To date, ~100
archaeal viruses have been described (3,4). Since they
were first discovered, archaeal viruses have captured scien-
tists’ attention because of the diversity of their virion
morphology and unique genes, which lack homologies in
public databases (3). Interestingly, all of the archaeal viruses
described so far have a DNA genome. Recent studies have
described novel egress mechanisms for archaeal viruses
that are not found in bacterial or eukaryotic viruses (5-7).

Although archaea are abundant in a variety of environ-
ments, currently isolated archaeal viruses are limited to
those with extremophilic hosts (thermophiles, halophiles,
and methanogens) (3,4). In contrast to bacterial viruses,
most of which are head-tailed, archaeal viruses come in a
variety of shapes (e.g., spindle, bottle, droplet, pleomorphic,
spherical, head-tailed, or linear) (8). The most frequently
encountered morphotype of the archaea-specific viruses is
spindle-shaped (Fig. 1 A). These particles are commonly
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found in extreme environments, and so far ~15 such viruses
have been isolated (3,9-12).

Most of the isolated spindle-shaped viruses infect hyper-
thermophilic archaea, and to date only one such virus, Hisl,
has been described for haloarchaea (Fig. 1). Hisl was iso-
lated from an Australian saltern and infects an extremely
halophilic archaeon, Haloarcula hispanica (13). It contains
a relatively short (14,462 bp) linear double-stranded DNA
(dsDNA) genome encoding a putative B-type DNA poly-
merase (13,14). There are contradicting statements concern-
ing the covalently bound genome terminal proteins (13,14);
however, experimental evidence is scarce (14). Although
Hisl1 originates from a high-salinity environment, it also tol-
erates low salinity (13,15). The (74 x 44 nm?) His1 virion
(13) is composed of one major and a few minor structural
proteins, and although there is no lipid bilayer, the major
capsid protein seems to be lipid modified (15). Similarities
between the haloarchaeal virus Hisl and other spindle-
shaped viruses, which infect hyperthermophilic archaea,
have led to the hypothesis that all spindle-shaped viruses
with a short tail may be related and share a common
ancestor (15).

Because there is practically no information on archaeal
virus DNA ejection, we will briefly summarize what is
known about bacteriophage DNA ejection. Early informa-
tion about tight DNA packaging in bacteriophages implied
that the pressure inside the capsid is high (16), and that
this pressure is subsequently utilized to deliver the DNA
into the cytoplasm (17,18). However, later studies indicated
that the internal capsid pressure is only sufficient to initiate
DNA ejection from bacteriophages (19-21), and that either
host factors and viral proteins (19-24) or osmotic pressure
differences between the host cytoplasm and surrounding
medium (25) are needed to complete the DNA transfer.
Such two-step DNA ejection has been described for several
bacteriophages. Internalization of the phage T7 genome re-
quires active pulling into the cell by RNA polymerases
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FIGURE 1 Spindle-shaped virus Hisl. (A) Schematic presentation of the
virus particle. (B) Electron micrograph of negatively stained His1 particles.
Scale bar: 100 nm.

(20,22). Only ~8% of the T5 genome can be injected into the
host in one step. The rest of the genome is pulled in by
phage-encoded proteins (26). In general, the stepwise ejec-
tion behavior of T5 is due to nicks in the DNA (21). In ¢29,
a push-pull ejection mechanism was discovered whereby
65% of the DNA is pushed by pressure and the rest is pulled
in by an enzyme-assisted process (23,27).

Due to the lack of DNA ejection triggers, only a few
in vitro ejection systems are available, with the most
advanced being those of phages T5, A, and SPP1 (19,25,28).

In vitro experiments have demonstrated that in bacterio-
phages 4 and T5, DNA ejection can be suppressed by
increased external osmotic pressure (29,30). The ejection
is also sensitive to salt conditions. Increased magnesium
concentration reduces the velocity and fraction of ejected
DNA from phage A, whereas sodium shows no such effect
(31,32). Even more severe ejection suppression can be
achieved by addition of spermine (32). Ejection suppression
by di- and multivalent cations is explained by the fact that
these cations reduce DNA repulsion forces inside the capsid
(33,34). Here, we present what is to our knowledge the first
in vitro observations of DNA ejection from a spindle-shaped
archaeal virus. We used total internal reflection fluorescence
(TIRF) microscopy to visualize the ejection. Using single-
molecule experiments, we demonstrated that Hisl ejection
is suppressed by osmolyte-induced osmotic pressure and
by increased mono- and divalent ion concentrations. The
number of ejections and the ejected genome length were
reduced when osmolyte or salts were added. We demon-
strate that DNA ejection from Hisl is directional. Our find-
ings also support the presence of terminal proteins at both
ends of the linear genome.

MATERIALS AND METHODS
Particle and DNA purification

Hisl virus particles were grown and purified as previously described (15).
The 2x purified Hisl particles were stored in Hisl buffer containing
500 mM NaCl, 35 mM MgCl,, 10 mM KCI, 1 mM CaCl,, and 50 mM
Tris-HCl (pH 7.2).

It has been observed that in the presence of low concentrations of deter-
gents, Hisl releases its genome without dissociating the virus particle
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(M.K. Pietild, C. Hong, D.H. Bamford, and W. Chiu, unpublished data).
This allows us to study this process using a single-molecule approach.
DNA release and purification from the 2x purified virus particles was
achieved by treatment with Nonidet P40 (0.01%; Sigma) or Triton X-100
(0.1%; Sigma) in 10-fold diluted His1 buffer for 90 min at room tempera-
ture, with or without protease treatment (proteinase K, trypsin, or bromelain
at 0.5 mg/ml final concentration, at 37°C for 60 min).

For the DNA ejection experiments, we used 10-fold diluted His! buffer
containing 50 mM NaCl, 3.5 mM MgCl,, 1 mM KCl, 0.1 mM CaCl,, and
50 mM Tris-HCI (pH 7.2) (15). This buffer contains the smallest amount of
salt that is sufficient for maintaining the stability of the virus particles. In
control experiments, we also used 18% artificial salt water (SW; a 30%
stock solution of SW contains 240 g NaCl, 30 g MgCl,-6H,0, 35 g
MgS0,4+7H,0, 7 g KCl, 5 ml of 1 M CaCl,+2H,0, and 80 ml of 1 M
Tris-HCl (pH 7.2) per liter of water) and modified growth medium
(MGM) containing 23% SW, 5 g peptone (Oxoid Ltd., Hampshire, UK),
and 1 g Bacto yeast extract (BD, Franklin Lakes, NJ) per liter (35).

Microfluidic chamber preparation

Glass coverslips (60 x 24 x 0.17 rnm3; Corning, Corning, NY) for micro-
fluidic chambers were prepared as described previously (36). Coverslips
were heated to 95°C in 0.5% Alconox detergent (Alconox, White Plains,
NY) for 60 min, rinsed three times with distilled water, dried in an air
stream, and used immediately to make chambers and to bind the samples.
Microfluidic chambers were made as described previously (37) using
microscope glass slides (75 x 25 x 1 mm®) with drilled 1.6-mm-diameter
holes. We glued 0.25 mm i.d. PEEK tubing to the holes using UV-curing
epoxy (NOAS8I; Norland Products, Cranbury, NJ). A one-channel pattern
was cut into a 200-um-thick double-stick tape spacer (Tesa AB, Kungs-
backa, Sweden) that was glued to the slide. The chamber was sealed with
a freshly washed and dried coverslip, and the sample was then injected.

Sample preparation

Virus particles (2x purified, Aygo from 225 to 325) were diluted ~2 x 1074
using 10-fold diluted His1 buffer (to achieve the desired particle density on
the glass) and treated with DNase I (0.0125 mg/ml; New England Biolabs,
Ipswich, MA) for 20 min at 37°C (to eliminate free DNA). DNase I was
heat inactivated (65°C, 15 min). The virus sample was injected into the
chamber and left to settle at room temperature for 15 min. During this
time, capsids were nonspecifically bound to the cleaned coverslip surface
(36). The virus-containing chamber (in the microscope) was washed with
10-fold diluted His1 buffer for 5 min at a 50 ul/min flow rate (syringe
pump; Harvard Apparatus, Holliston, MA). DNA ejection was triggered
by injecting 10-fold diluted Hisl buffer containing 0.05% of Triton
X-100 (Sigma). SYBR Gold (nucleic acid gel stain, diluted 5 X 1076,
catalog No. S11494; Invitrogen/Life Technologies Ltd., Paisley, UK) was
added to visualize the DNA. The flow (100 ul/min) was maintained during
the experiment to fully stretch the DNA. After the ejection was triggered,
the flow was switched to the buffer containing no detergent while data
were collected (see Movie S1 in the Supporting Material). Fig. S1 shows
a schematic image of DNA ejection in the chamber.

In the experiments with elevated osmotic pressure and ion concentra-
tions, polyethylene glycol 300 (PEG300; Sigma-Aldrich), MgCl,, or
NaCl was added at the desired concentrations. The correspondence between
osmotic pressure and PEG300 concentration was calculated according to
the method described by Reid and Rand (38).

Experiments with DNA

To determine the genome length and ejection directionality, we used puri-
fied His1 genome with or without protease treatment (see above). DNA was
diluted in 10 mM Tris-HCl buffer (pH 8) and injected into the freshly made
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chamber. The length of DNA was determined by stretching it in the flow of
10-fold diluted His1 buffer, 10 mM Tris- HCI (pH 8), or 1 x FastDigest (FD;
Fermentas; Thermo Fisher Scientific, Waltham, MA) buffers containing
SYBR gold (5 x 107° dilution) at 100 ul/min. In the control experiments,
FD Dral enzyme (Fermentas) was used in 1x FD buffer. The DNA was
diluted to 1x FD buffer and injected into the chamber, and enzyme was
then added (2.5 FD units (FDU) of enzyme to 200 ul of sample). The sam-
ple was incubated for 15 min at 37°C, washed with the 10-fold diluted His1
buffer, and the fragment length was determined in the flow.

Determining ejection directionality

We determined the directionality of ejection by adding 2.5 FDU of Dral
enzyme to the Hisl sample (see “Sample preparation” above) after trig-
gering the ejection, incubating the chamber at 37°C for 15 min, and deter-
mining the length of the ejected DNA fragments in the flow (DNA that has
been cleaved off escapes with the flow, and only DNA fragments that are
still attached to the viral particles are detectable).

Fluorescence microscopy

Experiments were carried out with a custom-built fluorescence microscope
in an objective-TIRF configuration. The instrument is based on an inverted
microscope (TE-2000; Nikon Instruments Melville, NY). Light from the
excitation laser (Sapphire 488 50 mW; Coherent, Santa Clara, CA) is
expanded x33 with two-lens telescopes to a 23-mm-diameter beam. A
mechanical shutter (99A360; Ludl Electronic Products Ltd., Hawthorne,
NY) blocks the excitation light when appropriate. A plano-convex lens
(LA1725-A, f = 400 mm; Thorlabs, Newton, NJ) focuses the expanded
beam onto the back-focal plane of the microscope objective (CFI Apo
TIRF 100x oil immersion, NA = 1.49; Nikon). The focusing lens is offset
perpendicular to the optical axis to displace the excitation beam, which
results in TIRF excitation at the flow-cell surface (Fig. S1). A dichroic
mirror (495-Di03; Semrock, Rochester, NY) reflects the excitation light
onto the optical axis of the objective. Fluorescence emission is filtered
with a dedicated band-pass filter (520/35-23; Semrock) and then detected
with a cooled EMCCD camera (iXon DU-897; Andor Technology, Belfast,
UK). The excitation laser power was set to 5 mW, resulting in 1 mW at the
sample plane. The electron-multiplying (EM) gain of the camera was 180
and the exposure time was 30 ms. The frame rate of the camera was syn-
chronized to 15 frames per second (fps).

To collect statistics on DNA length and number of ejections, we recorded
several frames in the following manner: Image frames were recorded at
evenly spaced intervals because the virus particles were randomly distrib-
uted across the coverslip surface. The excitation laser was switched on
and the camera was set to record continuously. After ejection was triggered,
we moved the flow chamber a distance equal to the frame width along the
flow direction. After translation, the image was refocused before photo-
bleaching or photodamage occurred. This cycle was repeated for a desired
number of frames.

Data analysis

Fluorescence images were analyzed in MATLAB R2011b (The Math-
Works, Natick, MA). A similar analysis procedure was used for all exper-
iments. First, we select frames of interest (stage stationary, image in focus)
by manually browsing the recorded video. Next, relevant ejection events are
picked by hand (corresponding to DNA lengths longer than 2 pixels, see the
paragraph on uncertainty below). In the case of obtaining ejection statistics,
this gives the number of ejections in each frame. Measuring the length of
the ejected DNAs requires additional analysis. For the length analysis,
we select nonoverlapping DNA molecules that are extended by the flow.
Each frame is low-pass filtered with a Gaussian-kernel filter (¢ = 1.5 pixels,
window size = 3 x 3 pixels). The filtered frames are processed with an
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edge-detection algorithm (the Canny method (39)), which yields a binary
image showing the edge contours of all ejected DNA fractions. The
coordinates of the two DNA ends are determined by manually selecting
the opposing ends of each edge contour. The length of each ejected
DNA is computed as the Euclidean distance between its ends. Fig. S2 shows
schematically the length-analysis procedure. We obtain the length time
series of each single ejection event in a similar manner, and choose
relevant events by browsing the video. The length of each single ejected
DNA is determined as described above for each time point until photo-
damage destroys the molecule. Single DNA ejection events are re-
corded at 58 fps, which is achieved by dropping the frame size to 256 x
256 pixels. Additionally, the exposure time is set to 15 ms and the EM
gain is set to 200.

We used the manual approach because it allowed us to analyze ejection
events that slightly overlapped in space or that featured low fluorescence
intensity. We tested a simple, fully automated thresholding-based detection
algorithm, but since it failed with even slightly overlapping events (data not
shown), we preferred the semiautomatic method.

The uncertainty of the DNA length measurement can be estimated if we
assume that the edge-detection method gives the location of the DNA ends
with a precision of 1 pixel. Then the uncertainty of the length is given by
error propagation of the Euclidean distance equation. Assuming a pixel
size of 106.7 nm (length calibrated value; data not shown), the uncertainty
in length is 150.9 nm (v/2 times the pixel size). As for systematic errors, we
assume that the measured lengths are low estimates, since photocleavage
takes place and shortens some of the DNA molecules. The magnification
of the optical system and the diffraction-limited resolution put a limit to
how short the ejected DNAs could be to enable their resolution. In practice,
anything shorter than 2 pixels (213.4 nm) cannot be resolved reliably.
Consequently, the measured length histograms have a cutoff length corre-
sponding to this value. In the case of ejection statistics, it is not possible
to count the number of ejections reliably when virus particles aggregate
or when the tethers overlap significantly. However, one can minimize this
kind of bias by collecting enough statistics. At high osmolyte concentra-
tions, where the number of ejections is low (< 10), the relative contribution
of this error source might be significant.

RESULTS AND DISCUSSION
Ejection velocity

Fig. 2 A shows DNA length traces of single ejection events
triggered by the detergent and measured in 10-fold diluted
His1 buffer. The ejection velocity varies as a function of
ejected genome length. Initially, the DNA was ejected at a
seemingly constant rate, which slowed down toward the
end of the ejection. The velocity was estimated from a
line fit to the linear part of the curve. The slope of the fit
yielded a first-order approximation of ejection velocity.
The mean ejection velocity was 48.97 * 24.48 um/s corre-
sponding to 144 =+ 72 kbp/s. Because this method gives
only a first-order estimate of the ejection rate, it is insensi-
tive to changes in velocity at the end of the ejection. This re-
sulted in a wide velocity distribution. The frame rate of the
camera limits the maximum resolvable velocity. If the whole
genome (14,462 bp = 4.9 um) were ejected during one
frame (1/58 s), the resulting velocity would be L x fps
(1/s) = 290 pum/s (853 kbp/s). A higher frame rate would
be needed to resolve a faster event. The timescale of the
dye-binding kinetics could in principle affect the velocity
measurement. However, the binding of SYBR Gold
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FIGURE 2 (A) Single DNA ejection events recorded at 58 fps. Linear fits to the steepest parts of the curves yield an average ejection velocity of 48.97 +
24.48 um/s (144 = 72 kbp/s). (B and C) Primary fluorescence data represent purified His] DNA nonspecifically attached to a cleaned coverslip by terminal
proteins stretched out in the flow (B) and Hisl DNA ejected from the virus attached to a cleaned coverslip stretched out in the flow (C).

to ejected DNA from bacteriophage A is essentially instanta-
neous (31). Hence, the observed velocity is detectable by
the time resolution of the instrument. A comparison with
similar measurements on bacteriophages shows that the
measured ejection velocity for Hisl exceeds that of phage
A (60 kbp/s) (36) and TS (75 kbp/s) (21,40). The measured
velocity is similar to the estimated velocity for T7 (140
kbp/s) (20). For Hisl, the ejection happens randomly, either
monotonically or with one to three intermediate stops (Fig. 2
A). The ejection steps do not seem to correspond to well-
defined intermediate stopping positions as is the case with
bacteriophage TS (21). This might suggest that the ejection
steps are related to a conformational change or deformation
of the capsid, which results in seemingly random stopping
positions.

Length of the purified genome

We observed that both ends of the DNA purified from Hisl
particles without protease treatment were nonspecifically
bound to the etched coverslip, forming loops that were
stretched by the flow (Fig. 2 B). After protease treatment,
the DNA lost its ability to attach to the glass. The most effi-
cient protease treatment was that with proteinase K (no DNA
stuck to the glass), and the least effective was bromelain (a
small amount (1/10 compared with the untreated sample)
of DNA was found on the glass, mostly attached by one
end). These experiments therefore indicated the presence
of genome terminal proteins, although we did not observe
different behaviors in the protease-treated and untreated
DNA when analyzed by gel electrophoresis (data not shown).

The mean length of the untreated sample (5.28 =+
0.13 pm) is similar to that of the protease-treated sample
(5.32 £ 0.19 um). If DNA molecules are attached from
both ends in the flow direction, the observed length could
be shorter than that of a freely stretched DNA molecule.
In both cases, the measured DNA length exceeded that esti-
mated from the genome length (4.918 um). This is attributed
to lengthening of the DNA in the presence of the intercalat-
ing dye (41).

Directionality of ejection

The His1 DNA ejected from the virus particles was observed
to be shorter than the total genome length (Fig. 3, A and C),
indicating that complete genome ejection did not take place.
Such behavior was also reported for A and TS5 (36,40,42).
These observations of incomplete ejection suggest that an
additional pull in the cell cytoplasm is needed to complete
the DNA transfer.

The directionality of genome ejection was resolved using a
restriction enzyme cleaving His1 DNA (directionality refers
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FIGURE 3 DNA length histograms for the cleavage experiment. Top:
Schematic of Dral restriction sites of the Hisl genome. The genome is
divided into fragments I (9 kb), II (4.3 kb), and III (1 kb). (A) Undigested
purified Hisl genome. (B) Dral-digested purified His1 genome; the sample
consists of ~1.5 um and ~3 um fragments, corresponding to 5.3 kb (II4-I1I)
and 9 kb (I), respectively. (C) Length distribution of DNA ejected from His1
particles. (D) Length distribution of DNA ejected from Hisl particles and
digested with Dral. Mostly short fragments of ~1 um are observed. Vertical
line corresponds to a 5.3-kb-long fragment (II-+I1II).
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to whether the left or right end of the genome comes out first;
see Fig. 3 and Bath and Dyall-Smith (13)). The His1 genome
has two restriction sites for Dral, dividing the genome into
three parts 9 kb, 4.3 kb, and 1 kb long (from the left to the
right end). In Fig. 3 the fragments are labeled I, II, and III,
respectively. The control restriction analysis was done using
purified His1 DNA. The digestion of this sample produced
~1.5 um and ~3 um long DNA fragments, which correspond
to 5.3 kb (II+II) and 9 kb (I) fragments, respectively
(Fig. 3 B; we assume that the 5.3 kb fragment is a result of
incomplete digestion leaving the 4.3 kb and 1 kb fragments
together). The 1 kb (~0.3 um) fragment was not resolvable
due to the resolution limitations of the microscope.

Next, digestion was performed with DNA ejected from
the virus particles. These particles were attached to the
coverslip (see Materials and Methods), the ejection was
triggered by detergent, and restriction enzyme was intro-
duced into the chamber. After 15 min incubation at 37°C,
the length of the ejected and digested DNA fragments was
measured as previously described. The observable lengths
in the digested and undigested control samples are shown
in Fig. 3, C and D. When ejected DNA was digested with
Dral, only short DNA fragments (~1 um) were observed
in the chamber, indicating that the left end of the genome
was ejected first and subsequently cleaved off (9 kb frag-
ment), leaving the 5.3 kb fragment associated with the virus
particle. The vertical line in Fig. 3 D corresponds to the
length of a 5.3 kb fragment.

Sensitivity of DNA ejection to increased osmotic
pressure

The DNA ejection efficiency of bacterial viruses depends on
the osmotic pressure outside the capsid (29,43). We tested
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Hisl for this phenomenon using PEG300 and glycerol as
osmolytes. Similar to the case of phage SPP1 ejection in
the presence of PEG (19), we observed two different inhib-
itory effects on ejection in the presence of external pressure.
First, the number of ejections diminished with increasing
PEG concentration (Fig. 4 A). At low PEG concentration,
we observed a certain nonmonotonous behavior similar to
that reported earlier for phage 4 (31). Second, the length
of the ejected DNA decreased up to complete inhibition of
ejection. This is evident in the length histograms (Fig. 5).
A wide length distribution, reaching up to the full genome
length, was present in the control experiment (Fig. 5 A).
Interestingly, a small amount (0.88%) of PEG300 increased
the relative number of longer molecules (Fig. 5 B). Higher
PEG concentrations (5-12.6%) resulted in distributions
centered at shorter lengths (Fig. 5, C-F).

A low but approximately constant background in the
experiment (there were always one or two particles per
sample that were spontaneously releasing DNA) prevented
us from determining the exact concentration of PEG
(or the corresponding osmotic pressure) necessary to
completely inhibit ejection. However, at ~10 atm, we saw
as few ejections as we did in the negative control. We saw
similar behavior with glycerol as an osmolyte. In this
case, the number of ejections dropped dramatically between
8.5 and 14 atm (data not shown). However, due to conden-
sation and breakage of the ejected DNA, we cannot present
quantitative data on the length of ejected DNA molecules in
the presence of glycerol (Movie S2). We observed a similar
effect in the presence of spermidine (data not shown).
Perhaps in contrast to the case of phage A (29), the glycerol
molecules cannot penetrate the Hisl capsid. Subsequently,
they create an osmotic pressure difference that reduces the
number of ejecting particles.

A PEG300 B MgCl, c NaCl
1 { 1 { 1 {
0.8} T T 0.8 0.8 ‘
I i
Z 0.6f 1 J‘ Z 06 Z 06 |
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: I
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0 [ ] —=— |
Control 0.88/1.2 5/5.3 7.42/7.45 10/9.9 12.6/13 Control 50 mM 100 mM250 mM Control 250 mM 500 mM
% | atm

FIGURE 4 (A-C) Normalized average number of ejections per field of view in the presence of (A) PEG300 (the corresponding osmotic pressure was calcu-
lated from PEG300 concentration as described previously (38)), (B) magnesium chloride (the control sample was prepared in 10-fold diluted His1 buffer
containing 3.5 mM MgCl,), and (C) sodium chloride (the control sample was prepared in 10-fold diluted Hisl buffer containing 50 mM NacCl). Error

bars represent 1 SD.
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FIGURE 5 Ejected DNA length histograms in varying concentrations of
PEG300. All experiments were done in 10-fold diluted His1 buffer. (A) The
control experiment contained no PEG300. (B) Experiment with 0.88%
PEG300 corresponding to 1.2 atm. (C) Experiment with 5% PEG300 cor-
responding to 5.2 atm. (D) Experiment with 7.42% PEG300 corresponding
to 7.45 atm. (E) Experiment with 10% PEG300 corresponding to 9.9 atm.
(F) Experiment with 12.6% PEG300 corresponding to 13 atm.

Estimating the internal capsid pressure

We estimated the internal capsid pressure of Hisl using the
method of Purohit et al. (43), which estimates the packaging
force and pressure inside the capsid based on elastic bending
and electrostatic self-repulsion of the packaged genome.
Based on negative-stain electron microscopy (13), we esti-
mate the inner space of the capsid to be approximately ellip-
soidal in shape (major axis 30.4 nm, minor axes 17.7 nm).
The packaged volume fraction is estimated to be ppaex =
Vona ! Veapsia (43). Assuming that the DNA is a cylinder
with a radius of 1 nm and length given by 0.34 nm/bp, the
packaged volume fraction is pj,,c. = 0.495. The electrostatic
parameters were Fp = 1.2 X 10* pN/nm2 and ¢ = 0.30 nm.
These values were used by Evilevitch et al. (29) (in the pres-
ence of 10 mM MgSO,). To estimate the packaging force,
we first solved Eq. 1 with respect to d; (strand spacing)
and R (inner radius of the packaged DNA coil) (43):

/ Z(RR,,) de
7ds gpkBT gpkBT R
V3F, eXP< c ) = RE & F 1)
/ R'z(R))dR’

R

where kg is the Boltzmann constant, T is the temperature,
and &p is the persistence length of DNA. For an ellipsoid
whose major axis is 2k and whose minor axes are R,,,;, the
height of the packed DNA column is
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The packaging force is
F(R,dy) = V3Fy( + cd,) exp(—cds> +E§/1<;2T 5

The internal pressure is estimated from the force needed to
push a rigid rod with a radius of Rpys = 2.25 nm into the
PEG solution at a force given by Eq. 3 (32). The numerical
solution of Egs. 1-3 predicts that the ejection is
completely inhibited at 38.5 atm (Fig. S3 C). Our pre-
dicted pressure is considerably higher than the measured
one (10 atm). The model assumes that each capsid ejects
a certain fraction of its genome. It does not explain the
wide distribution of ejected lengths that we observe in
our experiments. Moreover, the model does not account
for the presence of terminal proteins on the genome or
for the unknown volume occupied by these proteins. The
strand spacing d; predicted by the above computation
was 2.64 nm (Fig. S3 A), which is similar to the corre-
sponding value in dsDNA phages (~2.7 nm) (43). The cor-
responding packaging force F' is 15.55 pN (Fig. S3 B).
Perhaps the effect of PEG on water activity inside the
capsid (44) better explains the reduction in ejected DNA
length. The presence of PEG in the buffer exerts osmotic
pressure on the capsid wall. Because the capsid is imper-
meable to PEG, a hydrostatic pressure difference arises
that causes water to flow out of the capsid. As a result,
the electrostatic repulsion between packed DNA strands
weakens, which lowers the ejection force (44). In bacterial
viruses, the internal capsid pressure is estimated to be 50
atm for A, 60 atm for ¢29, and 45 atm for PRDI
(29,45). However, the osmotic pressure needed to
completely suppress ejection in A is only 20 atm (29).
We estimated that the Hisl-packaged volume fraction is
49.5%, which is comparable to that of bacterial viruses
(T7: 49%; ¢29: 46%; and A: 42% (43)).

The ejection process of a halophilic virus Hisl seems to
be suppressed by quite low osmotic pressure. It should be
noted that it may be more efficient to trigger the ejection
by virus-host protein interactions and conformational
changes in vivo than in vitro.

Sensitivity of ejection to increased ion
concentration

Unlike PEG300 or glycerol, mono- and divalent salts enter
the capsid freely and stabilize the genome by screening
the negative charge on the phosphate backbone of the
DNA (32,46). We performed ejection experiments to see
how the presence of mono- (Na') and divalent (Mg“)
cations affect the ejection process. Similarly to the high
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osmotic pressure effect, we observed fewer ejection events
when the magnesium ion concentration was increased
(Fig. 4 B). Adding 50 mM of MgCl, reduced the average
length of the ejected DNA to 20% of the total genome length
(Fig. 6 B). A further increase in Mg2+ concentration did not
significantly change the shape of the length distribution
(Fig. 6, C and D), but the number of ejections was almost
completely suppressed (Fig. 4 B). The stabilizing effect of
Mg>" on encapsidated DNA is known in bacterial viruses
(32,46).

The same effects (i.e., decreased number and length of
ejections) were also observed with NaCl, albeit to a lesser
extent. The number of ejections dropped monotonically,
but a higher salt concentration (250 mM NaCl) was
required to see an effect (Fig. 4 C). The mean ejected length
dropped somewhat, but the distributions did not exhibit the
same tendency to center around 20% of the genome length
as with Mg (Fig. 7). A negligible effect of sodium ions on
ejection was also reported by Evilevitch et al. (32) for
phage A.

The observation that the ejection process is not signifi-
cantly hindered by high Na* concentrations is reasonable,
given that Na™ is the most abundant ion in the hypersaline
environment as well as in the oceans. Moreover, haloarch-
aeal cells typically have high concentrations of monovalent
ions (K™, CI7) in the cytoplasm (47). Our control experi-
ments show that the number of ejections in 18% SW
(2.5 M NaCl) or 23% MGM (3.15 M NaCl) media was
reduced only to 30-20% compared with 10-fold diluted
His1 buffer (Fig. S4).

Control MgCIz 50 mM
A 3o B 500
60 600
Z 40 Z 400
20 200
0 0
2 4 6 2 4 6
MgCl, 100 mM MgCl, 250 mM
C 400 D 6o
300 -
Z 200 z
20
100
0 0
2 4 6 2 4 6

DNA length / pm DNA length / pm

FIGURE 6 Histograms of DNA lengths ejected in the presence of
magnesium chloride. (A) The control experiment was done in 10-fold
diluted His1 buffer containing 3.5 mM MgCl,. (B) Modified 10-fold diluted
Hisl buffer containing 50 mM MgCl,. (C) Modified 10-fold diluted Hisl
buffer containing 100 mM MgCl,. (D) Modified 10-fold diluted His1 buffer
containing 250 mM MgCl,.
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FIGURE 7 Ejected DNA length histograms in the presence of sodium
chloride. (A) The control experiment was done in 10-fold diluted Hisl
buffer containing 50 mM NaCl. (B) Modified 10-fold diluted Hisl buffer
containing 250 mM NaCl. (C) Modified 10-fold diluted His1 buffer con-
taining 500 mM NaCl.

CONCLUSIONS

Our single-molecule experiments on the archaeal virus His1
show that the directionality of DNA ejection is fixed. The
experiments also support the presence of genome terminal
proteins at both ends of the linear DNA molecule. Unlike
the case with most bacteriophages, Hisl DNA ejection
in vitro is only partial, which suggests that cellular processes
are required to complete the DNA transfer. The stepwise
manner of ejection and the ejection velocity in different
ionic conditions require further investigation. The distribu-
tion of ejected DNA lengths is wide and centered around
50% of the total genome length. PEG300-induced osmotic
pressure inhibits ejection at ~10 atm, which agrees qualita-
tively with theoretical predictions. A similar effect was also
observed with glycerol. Increasing the magnesium concen-
tration drastically decreased the number of ejections and
the ejected DNA length due to the stabilizing effect of
charge screening. Analogous experiments with sodium
ions revealed a similar behavior, but at higher ion concentra-
tions than used for divalent ions.
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