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Introduction. Giant phiKZ-like bacteriophages have a unique protein formation inside the capsid, an inner body
(IB) with supercoiled DNA molecule wrapped around it. Standard cryo-electron microscopy (cryo-EM) approaches
do not allow to distinguish this structure from the surrounding nucleic acid of the phage. We previously developed
an analytical approach to visualize protein-DNA complexes on Escherichia coli bacterial cell slices using the chem-
ical element phosphorus as a marker. In the study presented, we adapted this technique for much smaller objects,
namely the capsids of phiKZ-like bacteriophages.

Material and methods. Following electron microscopy techniques were used in the study: analytical (AEM) (elec-
tron energy loss spectroscopy, EELS), and cryo-EM (images of samples subjected to low and high dose of electron
irradiation were compared).

Results. We studied DNA packaging inside the capsids of giant bacteriophages phiEL from the Myoviridae family
that infect Pseudomonas aeruginosa. Phosphorus distribution maps were obtained, showing an asymmetrical
arrangement of DNA inside the capsid.

Discussion. We developed and applied an IB imaging technique using high-angle annular dark-field detector (HAADF)
and the STEM-EELS analytical approach. Phosphorus mapping by EELS and cryo-electron microscopy revealed a
protein formation as 1B within the phage phiEL capsid. The size of IB was estimated using theoretical calculations.
Conclusion. The developed technique can be applied to study the distribution of phosphorus in other DNA- or
RNA-containing viruses at relatively low concentrations of the element sought.
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BBepeHue. [vrantckme phiKZ-nogobHble 6akTepunodary nmetoT BHYTpU Kancuaa yHukanbHoe 6enkoBoe obpaso-
BaHue — BHyTpeHHee Teno (BT), Ha koTopoe HaBuTta cynepckpyveHHas [HK. CtaHgapTHble nogaxoabl, UCNonb3y-
eMble B KPUOSMEKTPOHHON MUKpockonun (kpno3M), He NO3BONSAKT OTNMYUTL 3TY CTPYKTYPY OT OKpyXKatoLlen eé
MONEKyYfbl HYKNEWHOBON KUCMOThI thara. PaHee Hamu paspaboTaH aHanMTUYEeCKUA NOaxXo4 ANs BM3yanusauum
komnnekcoB OHK c 6enkom Ha cpesax GakTepuanbHbIX KNeTok Escherichia coli ¢ ncnonb3oBaHneM B KadecTBe
MapKépa XMMU4ecKoro anemeHTa docdopa. B HacTosilem nccnegoBaHuy Mbl agantTupoBany AaHHY METOAUKY
K 3HaunTenoHo 6ornee menknm obbekTam — kancugam phikKZ-nogo6Heix 6akTeprodaros.

MaTtepuan n metoabl. B uccnegoBaHum NpUMEHANNCb METOAbl 3NEKTPOHHOW MUKPOCKOMWMW: aHanuMTuyeckas
(ASM) (cnekTpocKonMsa XxapakTepUCTUYECKUX NOTEPb dHEPrun anekTpoHamu, CXMNI3) n kpnodOM (cpaBHeHME n3o-
OpaxeHun 06pasLoB C HA3KOM 1 BbICOKOW 4030 NEKTPOHHOTO 06nyYeHust).

Pe3ynbTratbl. Mbl n3yunnun ynakoBky monekynsl OHK BHyTpy kancugos ruraHTckmx 6akrepuodparos phiEL 13 ce-
mencTtea Myoviridae, Hpuumpyowmx Pseudomonas aeruginosa. ocTpoeHsbl kapTbl pacnpegeneHuns docdopa,
rnokasasLUne HecuMmeTpuyHoe pacnonoxeHune OHK BHyTpu kancuaa.

O6cyxpaeHue. Mbl pazpabotany 1 NPUMEHUN METOAMKY Busyanusaummn BT ¢ ncnonb3oBaHnem BbICOKOYTNOBOIoO
TemHononeHoro aetektopa (HAADF) n aHanuTtnyeckoro nogxoga CMN3M-CXIM33. KaptuposaHue pacnpegeneHust
docdopa nocpeactsom CXIMII n pesynsrathl KpoOM BbISBUNM GENKOBYIO CTPYKTYPY BHYTPW Kancuaa dgaros
phiEL B Buge BT, pa3amep koToporo 6bi51 OLEHEH C MOMOLLIbI0 TEOPETUYECKMX PACYETOB.

3akntoyeHune. PaspaboTaHHasa meToguka MOXET NPUMEHATLCA AN uccnegoBaHus pacnpeaeneHns gocgopa B
apyrux OHK- nnu PHK-cogepxallmx Bupycax npy CpaBHUTENBHO HU3KMX COAEPXaHUAX MCKOMOTO areMeHTa.

KnroueBble cnoBa: euzaHmcekull bakmepuocgpae; phiEL; Pseudomonas aeruginosa; sHympe+HHee meso (BT); aHa-
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Introduction

Bacteriophages (or phages) are viruses that infect bac-
teria and use their resources to reproduce. These micro-
organisms are extremely common in the natural environ-
ment, and most of them are specific to certain bacterial
species. The phage-bacterial system is often used as a
model to study the stages of the life cycle of viruses and
to understand the mechanisms by which bacterial genes
can be transferred from one bacterium to another [1].

Tailed bacteriophages containing double-stranded
DNA phylogenetically represent the oldest and most
widespread group of bacterial viruses. The Caudovirales
order includes three families: Podoviridae, Siphoviridae,
and Myoviridae. Phages of the Mioviridae family ac-
count for about 25% of all Caudovirales phages and are
distinguished by the presence of a long contractile tail.
Representatives of this group affect many pathogenic
bacteria such as Escherichia coli, Staphylococcus aureus,
Mycobacterium, Clostridium, Salmonella, etc. Giant bac-
teriophages of the Myoviridae family also infect Pseu-
domonas aeruginosa (representatives are phiKZ, phiEL,
phiLin68), Bacillus subtilis (AR9), Erwinia amylovora
(vB_EamM family [2]), and Pseudomonas chlororaphis
(phage 201phi2-1). Therefore, these bacteriophages are
widely used in phage therapy [3], which significantly ex-
pands the practical possibilities of internal and veterinary
medicine, allowing, in a number of cases, to avoid the
unnecessary use of antibiotics.

The number of new giant phages found increases year-
ly. The structure of some of them has been studied using
cryo-electron microscopy (cryo-EM) [4, 5]), and their
genomes have been sequenced [6, 7]. Giant phiKZ-like
bacteriophages active on P. aeruginosa have a circular
genetic map (a feature of phages that replicate through
concatemer formation and have a terminal genome redun-
dancy) with the DNA molecule coiled around a helical
formation, an inner body (IB) of protein nature [5, 8—10].
It is believed that in the process of infecting the host cell,
BT proteins, together with the DNA, participate in the
transcription of early genes [11, 12].

The first mention of the IB of giant bacteriophages
dates back to 1984, when phage phiKZ was subjected to
a freeze-thawing procedure [9]. During the experiment,
reel-like structures were released from the destroyed
capsids along with the DNA. The authors suggested that
these formations could support the DNA in the giant cap-
sid. Later, atomic force microscopy (AFM) also showed
the release of the IB from partially destroyed phiKZ
capsids [13]. Finally, 30 years after the first detection, a
cryo-technique called “bubblegram imaging” was intro-
duced, which allowed us to finally prove the presence of
the IB inside the capsids of giant phages [5, 10] and even
build its three-dimensional reconstruction [10]. Since
that time, experimental studies were launched, in which
other phages and viruses were irradiated with high doses
of electrons to reveal protein structures inside the capsid
[14-16].

Today, various types of transmission electron micros-
copy, in particular scanning transmission electron mi-
croscopy (STEM), are widely used in biology. Analytical
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electron microscopy (AEM) can be used to determine
the elemental composition of various samples. The most
reliable and simple method is energy dispersive X-ray
spectroscopy (EDX), which provides an opportunity to
perform spatially resolved elemental analysis on cell
slices with a large number of elements sought, as well as
detect cellular inclusions [17], endocrine granules [18],
nanoparticles [19]. We applied this technique to visualize
the DNA complexes with the Dps protein in E. coli cell
slices [20] using phosphorus as a marker (a DNA mole-
cule contains two phosphate groups per nucleotide pair).

Electron energy loss spectroscopy (EELS) is more
complex method, which is designed to work with the fine
element spectra to determine the nature of chemical bonds
and the conductivity band of substances. Among the ear-
liest studies that utilized EELS are the spatially resolved
analysis of phosphorus in nucleic acids and the study of
their spatial organization on slices [21]. Phosphorus map-
ping has also been described for ultrathin sections of the
murine leukemia virus (MuLV) [22], frozen Drosophila
(Drosophila) larvae [23], and films formed by bacterio-
phages A [24]. All these experiments were performed
using energy-filtered transmission electron microscopy
(EFTEM).

In the present work, we significantly increased the sen-
sitivity of the method by applying STEM-EELS analysis
and using a cooled sample holder to minimize the radia-
tion damage. This allowed us to map the DNA in a much
smaller object, the capsid of the giant bacteriophage
phiEL (145 nm in diameter). As a result, we, for the first
time, demonstrated the presence of the IB inside the cap-
sid of this phage using analytical approaches: high-angle
annular dark-field (HAADF), and EELS. The validation
of the proposed methodology was performed using cryo-
EM and theoretical modeling.

Material and methods

Production and purification of bacteriophage phiEL

A phage from an individual negative colony was add-
ed to the top layer of semi-liquid (0.6%) agar contain-
ing 1 x 10¥ CFU/ml (CFU is colony-forming unit) of sen-
sitive bacteria. The mixture was placed on dishes with
dense medium, which were then incubated for 16—18 hrs
at 37 °C. The upper layer was removed with a spatula
and resuspended in 0.9% sodium chloride (NaCl) solu-
tion, after which the preparation was treated with chlo-
roform (CHCI,) and centrifuged at 6,000 rpm for 30 min
to remove agar and cell debris. Further purification of the
phage was performed in a cesium chloride (CsCl) gradient
(density 1.33 to 1.6), according to the method described
by Sambrook J. et al. [25], by centrifugation at 22,000
rpm for 4 hrs. Material from the band corresponding to
phage phiEL was selected and dialyzed for 16—18 hrs on
ice against 0.01 M Tris-HCI buffer containing 0.2 M NaCl
and 0.002 M magnesium chloride (MgCl,), at pH 7.5.

Cryo-electron microscopy

3 wl of purified bacteriophages (concentration 1 x 102 PFU/
ml) (PFU is plaque-forming unit) were applied to a Quanti-
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foil R 1.2/1.3 grid (Quantifoil, Germany) and subjected to
a glow discharge in an Emitech K100X device (Quorum
Technologies, Great Britain, England). The grids were
frozen in liquid ethane (CH,) in a Vitrobot Mark III ma-
chine (FEI, USA) using the following parameters: blotting
time 2 sec, temperature +4 °C, humidity 95%; and stored in
liquid nitrogen (N,) until use. For study, the grids were trans-
ferred at liquid nitrogen temperature (—195.8 °C) to a Tecnai
G2 12 SPIRIT cryo-electron transmission microscope (FEI)
operating at an accelerating voltage of 120 kV. Images were
acquired at x50,000 magnification using an Eagle 4Kx4K
CCD camera (FEI) with a matrix size of 4,000 x 4,000 pixs.
The size of 1 pix in the micrographs was 2.22 A.

Electron energy loss spectroscopy

3 ml of purified phiEL bacteriophages were applied
to a copper grid (Ted Pella Inc., USA) coated with car-
bon (C) and treated in a glow discharge atmosphere in
an Emitech K100X instrument for 30 sec; the excess
liquid was removed with filter paper and the nets were
stained with 2% aqueous ammonium molybdate solution
((NH,),M00,) for 30 sec. After that, grids were air dried
and stored in a plastic container until use. Subsequently,
the grids were loaded into a model 21090 cooling sample
holder (JEOL, Japan), inserted into the microscope col-
umn, and the holder temperature was lowered to —182 °C
to reduce the effects of radiation damage and to increase
the stability of the sample under the electron beam.

EELS spectra and phosphorus element maps were ob-
tained on a Gatan GIF Quantum ER spectrometer (Gatan,
USA)in STEM mode. The size of 1 pix was setto 15-20nm
(the value varied depending on the specific sample).
STEM drift correction was applied after every 40-50 pixs.
Each spectrum was obtained at a collection angle of 6.0
mrad, a dispersion of 0.25 eV, and a spectrum energy shift
of 132 eV. Spectra from different pixels were aligned with
the carbon K-peak. The background was extrapolated ac-
cording to a power law over a 118-128 eV window; the
signal window for phosphorus mapping was set at 132—
155 eV, which corresponds to the L, -peak position of
this element. No multiple scattering correction was used.
For each of the pixels in the images obtained with the
high-angle annular dark-field, an EELS spectrum was
constructed, from which maps of the spatial distribution
of phosphorus were compiled.

Results

«Bubblegramsy and the location of the IB in the phiEL
bacteriophage capsid
To visualize the 1B, we obtained the electron micro-
scopic images from the same region of bacteriophage
sample, frozen in amorphous (vitrified) ice twice: with
low (10-20 e/A-s) and high (40 e/A-s) electron dose (the
latter causes radiation damage of proteins) (Fig. 1 a, b)
[26, 27]. A series of microphotographs shows that rows of
hydrogen (H,) bubbles were emitted during radiolysis of
water and are located inside the capsid along the border of
the protein structure covered with nucleic acid (Fig. 1, b).
At an exposure of 1 sec (Fig. 1, a), we did not observe

OPUTUHAJIbHbBIE UCCNEAOBAHNA

the presence of the IB in the capsids, as described previ-
ously [10]. Exposure of 2 sec resulted in the appearance
of “bubblegrams” on the images as a consequence of an
increased electron dose (Fig. 1, b). The positions of “bub-
blegrams” corresponded to the location of the IB between
the opposite vertices of the icosahedral capsid.

Theoretical model of DNA packaging inside the head
of a giant bacteriophage

To study the possible ways of DNA packaging inside
the giant phage heads, we built a simple theoretical mod-
el. First, we assumed that the DNA is a semiflexible poly-
mer that at a local scale is stiff enough so that its packing
resembles that of rigid rods, and at a bigger scale it is
flexible enough to fill the viral capsid by adopting bend-
ed geometry where necessary. This is in agreement with
coarse-grain modeling results of DNA packaging into vi-
ral capsids [28]. Henceforth, we assumed that the DNA is
not extensible. An increase of the distance between DNA
rods would, thus, loosen the package in two dimensions
only, hence, implying an inverse quadratic dependence of
DNA packing density on the distance between rods. The
resulting equation, which correlates genome size (S), oc-
cupied volume (V), and distance between DNA rods (d)
then follows the following equation:

S 4
AR (1),
where 4 is a constant that can be calculated by having
all other parameters for a particular viral capsid.

By inserting the known values for the phiKZ phage
[4, 10, 29] into the formula, we obtained an estimate for
A being 3.149 bp/nm. Thus, using the calculated value of
the constant and the literature data, we can calculate the
IB volume of phage phiEL (Table).

Analytical microscopy of bacteriophage phiEL

Next, we performed experiments using EELS to iden-
tify the phosphorus within the capsids of the giant phage
phiEL. Since its genome is 211 kbp, it contains 422,000
atoms of phosphorus. We used a cooling holder to min-
imize radiation damage, which significantly increased
the stability of the sample under the electron beam, re-
duced the sample drift during spectra accumulation, and
minimized the pronounced contamination of its sur-
face, as a result of electron probe scanning. In addition,
negative staining of the samples with a 2% solution of
(NH,),M00,, instead of the routine staining with uran-
ium acetate (uranyl acetate, UO,(CH,COO),-2H,0), was
applied. This helps to avoid the overlap in the spectrum
of the O, -peak of uranium at 96 €V and the L, ,-peak of
phosphorus at 132 eV, which prevents the correct approx-
imation of the background component before the phos-
phorus peak.

The signal intensity of phosphorus at each image point
was used for STEM-EELS mapping after subtracting
the background component from the spectra. The typic-
al distribution of phosphorus within a single virion is
shown in Fig. 2. The corresponding characteristic signal
was detected only in the internal part of the virion, but
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Fig. 1. Cryogenic electron microscopy images of phiEL bacteriophage particles frozen in vitrified ice after low dose (a) and high dose (b)
electron irradiation. White arrows point to «bubblegrams images» () resulted from a radiation damage to the inner body in the capsid.
The scale bar is 150 nm.

Puc. 1. [TosrydeHHbIe Ipyu KPHOAIEKTPOHHOH MHKPOCKOITUH H300paxkeHns yacThI] Oakreprodara phiEL, 3aMopokeHHBIX B BUTPHUIINPO-
BaHHOM JIbJY, ITOCJIe 00IydeHHsT HU3KOM (@) 1 BBICOKOH () 1030# 2NIEKTPOHOB. berble CTpenKu yKa3bIBatoT Ha «ITy3bIPHKOBBIE AUATPAMMBD)
(6), cOOTBETCTBYIOIINE PAANANMOHHOMY ITOBPEXKICHUIO BHYTPEHHETO Tella B Kancuae. MacmraOHbIi orpe3ok — 150 HM.

Tadanua. CpaBHeHHe reoMeTPHH KaNcH/1a H PacCYUTAHHBIX 00bEMOB reHoMoB 0akTepuodaros phiKZ u phiEL

Table. Comparison of capsid geometry and calculated genome volumes of bacteriophages phiKZ and phiEL

. L . Bacteriophages
Bacteriophage capsid size and parameters for genome packaging Baxreprodarn
Pasmeps! karicuzia 6Gakreprodara U mapamMeTpsl Uil yIaKOBKU FeHOMa
phiKZ | phiEL
Height, nm 145,5% 145,0%
Bricora, HM ’ ’
Wall thickness, nm 5% 5ok
TouuyHa CTEHKH, HM
3
pner volume, i~ 744 676 736 303
HYTPEHHHI 00bEeM, HM
Empty capsid volume, nm?
OO6BEM TTyCTOTO Karcuaa, Hm> 697 156 642 427
3
Genome volume, nm 515 67275 388 595% %
OOBEM reHoMa, HM
Distance between DNA rods, nm 2% 3
Paccrosnue mexny Tsxamu JJTHK, M ’ >
3
Inner body volume, nm 47 500%% 5% 93 876"

OG6bEM BHYTPEHHETO Tela, HM’

Note. *according to Fokine A. et al. [4]; **according to Sokolova O.S. et al. [5]; ***according to Burkal’tseva M.V. et al. [29]; ****according to

Wu W. et al. [10]; ‘results of this study.

Ipumeuanne. *nannsie A. Fokine u coasr. [4]; **nannsie O.S. Sokolova u coasr. [5]; ***nannsie M.B. bBypkanbuesoit u coasr. [29]; **** nanHbIe

W. Wu u coasr. [10]; "pe3yabrarsl HACTOSIIETO UCCIIEA0BAHUSL.

not outside it (Fig. 2, d). Moreover, an approximately
rectangular-shaped areca was observed inside the capsid
(Fig. 2, ¢), in which a very low (compared to the back-
ground) phosphorus signal intensity was detected, or the
latter was absent (Fig. 2, d). The described phenomenon
clearly reflects the asymmetric distribution of genomic
DNA within the capsid.

Discussion

In this work, we used phosphorus element mapping
based on the results of STEM-EELS analysis. Previously,
this method allowed us, for the first time, to visualize the
DNA of giant bacteriophage phiKZ inside the pseudo-nu-
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cleus formed during the infection of P. aeruginosa [12].
Here, this technique was adapted to study phiEL viral
capsids (145 nm diameter).

Phosphorus mapping (Fig. 2) detected a strong signal
inside the capsid, while the signal in the background was
almost undetectable. As evidenced by our previous studies,
this signal came from the viral nucleic acid [30, 31]. The
distribution of phosphorus was uneven: the rectangular
region in the middle of the capsid contained a very weak
signal or no signal at all, while the edges of this region
showed a higher signal intensity. We explained this by the
presence of an IB in the phiEL capsid, which occupies
a large part of the inner volume. Previously, phage phiKZ
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Fig. 2. Location of the internal body in phiEL bacteriophage capsid in phosphorus mapping. a), cryo-electron microscopy image of the phiEL
bacteriophage particle irradiated with a high dose of electrons. The inner body area is indicated with a green line. The scale bar is 50 nm; b), ¢), high-
angle annular dark-field image of the phiEL bacteriophage particle. The boundaries of the capsid are marked with a black dotted line, and the area of

the inner body is indicated with green line (c); d), phosphorus distribution map. The pixel intensity reflects the level of the phosphorus signal in the
electron energy loss spectra. The borders of the capsid are marked with a white dotted line, and the inner body is shown with a green line.

Puc. 2. Pacnonoskenne BHyTpeHHeTo Tena B Karcuje 6axkreprodara phiEL npu xapruposanuu gochopa. a) — norydeHHOe IpH KPHOIJICK-
TPOHHOW MUKPOCKOIIHH n300pakeHue 6akreprodara phiEL, 00my4€HHOro BICOKOH 10301 amekTpoHoB. O61acTh BHYTPEHHETO Telia BblIelIeHa
JHUel 3e1€Horo 1BeTa. MacurabHblid 0Tpe3oK — 50 HM; 6), 6) — TEMHOIIOJIBHOE H300PaKEHUE B BHICOKOYIVIOBBIX PACCESHHBIX AJICKTPOHAX
yactuisl bakrepuodara phiEL. [paHuIp Kancuaa oTMedeHb! Iy HKTUPHOW JIMHKEH Y€pHOTro 1BeTa, 00/1acTh BHYTPEHHETO Telia BbleIeHa
JIMHHKEH 3eIEHOTO LBETA (8); 2) — KapTa pacnpeneieHus Gocdopa. MTHTEHCHBHOCTD MUKCEIeH OTPakaeT YPOBEHb CHTHAJIA 3JIEMEHTA B CIICKTPax
XapaKTEePUCTHYECKUX TTOTEPb SHEPIUM MIEKTPOHAMU. [ paHMIIbI Karcuia OTMEUEHb! MyHKTUPHOM JIMHUEH OeJIoro 1BeTa; BHYTPEHHEE TEeJIO MOKa-
3aHO JINHUEH 3eJIEHOTO IBeTA.

IBs were identified by various methods: transmission elec- Cgron.icaU?‘ i}lffictt?dl WOllmdS_ and pre%)aﬁitionsh for a‘ranltliom_izeld
; : H g adaptive clinical trial evaluating topical phage therapy in chronical-
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