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IDENTIFICATION OF THE MAJOR PROTEINS OF THE VIRIONS
OF BACTERIOPHAGE ZF40 PECTOBACTERIUM CAROTOVORUM

The vast variety of bacteriophages and the uniqueness of their individual representatives dictate to perform
the detailed study of the actual phage-cell interactions, the virion morphogenesis and morphopoiesis in particu-
lar. An analysis of the complete genome sequence of the temperate phage ZF40 Pectobacterium carotovorum
has shown that it is a representative of a unique group of phages of the Myoviridae family [Comeau A. M., Trem-
blay D., Moineau S., Rattei T., Kushkina A. I., Tovkach F. 1., HM. Krisch, H. W. Ackermann Phage Morphology
Recapitulates Phylogeny: The Comparative Genomics of a New Group of Myoviruses // PLoS ONE. — July
2012.—7.— N 7. —e40102]. Characteristic features of these viruses are a small length of the tail compared with
the diameter of the capsid and a complicated pattern of the tail sheath, leading to its criss-cross striation. In
the presented article the major proteins were identified by means of the SDS-PAGE method: the head proteins
(mp2; 33.9 kDa), the sheath (mpl; 39.2 kDa) and the tail tube ones (mp3; 19.9 kDa). It was proved that the
mp2 molecular weight is the same with the gp46, the putative major capsid protein derived from the results of
the genome sequencing. Therefore, it is still not determined whether the gp46 (mp2) of the virulent mutant 421
of the phage ZF40 is exposed to post-translational modification in the course of the phage particle maturation
during its development in the cells of the strain M2-4/50RI P. carotovorum.

To study the morphogenetic development pathways it was proposed to use the phage variants that form an
excess of individual components of the virion: capsids, procapsids and separate tails propagated on different
hosts.

Key words: Pectobacterium carotovorum, bacteriophage ZF40, SDS-PAGE, virion polypeptides, major
capsid protein.

Currently there are 600 completely sequenced bacteriophage genomes. Primary sequence anal-
ysis of the virion DNA clearly demonstrates the tremendous diversity of phages, confirming simul-
taneously their species- and strain-related uniqueness [2]. This uniqueness is also complemented in
the process of formation of an integral virion which structure often includes polypeptides, exposed
to post-translational modification. Changes in the structural polypeptides occur directly during the
maturation of the individual components of the phage virion where they gain complete tertiary
structure due to the processing [9, 5]. Therefore, the complete primary sequence of the phage ge-
nome does not cover the whole variety of morphogenetic processes taking place in the real condi-
tions of the phage-host interactions.

Temperate bacteriophage ZF40 Pectobacterium carotovorum subsp. carotovorum (Pcc) repre-
sents a unique group of viruses of the family Myoviridae [1]. Its genome is completely sequenced
[Ac Ne JQ177065], and the study of morphogenesis of the virus and its mutants, being developed
on different hosts, has also been launched [3]. In the presented work we attempted to correlate the
sequenced structural genes with the real phage virion polypeptides and to identify the main head
and tail proteins of the phage ZF40.

Materials and Methods

The object of the research was the bacteriophage ZF40-421 adapted to and propagated on the
strain Pectobacterium carotovorum subsp. carotovorum M2-4/50R1 [3], and the phage ZF40-421AK,
obtained on PccRC5297 [11].

Phage lysates were obtained by the confluent lysis method [7].

Phage particles were concentrated and purified using the differential centrifugation method in
the rotor SW28 Spinco L7-70 at 26000 rpm, for 3 hours, at 10 °C. The phage particles precipitate
was resuspended in a minimal volume of the STM buffer (NaCl — 200 mM; Tris—HCI (pH 7,5) —
10 MM; MgCl, — 10 MM), constituting 1/50 part of the initial volume of the phage lysate. The result-
ing suspension was released from the remnants of cells and phage particle conglomerates by their
precipitation in the microcentrifuge ELMI at 11000 rpm, for 10 min.
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A more profound purification of the virions was carried out by centrifugation in preformed
cesium chloride gradients. Double-layer gradients of CsCl (1.42 g/cm® n 1.60 g/cm?®) were prepared
in the 5 ml centrifuge tubes directly prior to centrifugation. Phage suspension was mixed with 10%
ficol solution in 1:1 ratio and then layered on the gradient. Samples were centrifuged in the SW55
rotor at 35000 rpm, for 4 hours, at 10° C. After centrifugation the bands containing viral material
were collected with a syringe or by using an automatic pipette.

SDS-PAGE-electrophoresis of the structural polypeptides of the phage virions was performed
with the standard method by Laemmli [4]. To determine the molecular weights of phage polypeptides
the following marker proteins were used: myosin — 200.0 kDa, - galactosidase — 116.3 kDa, phos-
phorylase B — 97.4 kDa, BSA — 66.2 kDa, ovalbumin — 45.0 kDa, carbonic anhydrase — 31.0 kDa,
trypsin inhibitor — 21.5 kDa, lysozyme — 14.4 kDa. Electrophoresis data was processed with the help
of the computer program Total Lab (version 2.01).

Micrographs of the phage particles, contrasted with 2% uranyl acetate solution, were taken with
the electron microscope JEOL1400 at the instrumental magnification 20000-40000x.

Results

As the result of the DNA sequence analysis of the virulent mutant 421/50RI of bacteriophage
ZF40 (Access number: JQ177065) it was determined that its genome contained 68 open reading
frames (ORF). Presumably 10 of those encode polypeptides included in the capsid, base plate, portal
vertex and tail fibers. However, 12 additional sequences are allocated in the structural region of the
genome; they encode phage proteins of unknown function and two ORFans that have no analogues
among the bacteriophages, for which the primary genome sequence is known. It is possible to
determine the function of these proteins only through careful analysis of the virion polypeptide
content and its structural components.

In the course of the preliminary analysis of the protein profiles of virulent mutants 421 and
¢, of bacteriophage ZF40 it was established that there are at least 10 structural polypeptides in the
composition of their virions, three of which are major and have molecular weights 39.2, 33.4 and
18.5 kDa [8]. It was suggested that the polypeptide of 39.2 kDa corresponds to the major structural
protein of the capsid. However, the results of the DNA sequencing of the phage ZF40 421/50RI
variant did not confirm this assumption.

According to the results of determining the complete nucleotide sequence the phage head is
formed by at least four polypeptides including gene products gp42, gp43, gp44 and gp46. The role
of the major capsid protein is assigned to gp46, which molecular weight is 33.95 kDa. In order
to correlate this protein with the real phage capsid protein the electrophoretic analysis of protein
profile of the phage variant 421/50RI was conducted in the SDS-PAGE system. Since the phage
ZF40 belongs to very unstable viruses of enterobacteria [3, 12], determination of its polypeptide
composition and, especially, the quantitative content of the major proteins of an integral virion, is
a rather difficult task, therefore, prior to electrophoresis, we thoroughly purified the phage particles
in a gradient of cesium chloride, observing precautions for dialysis and their subsequent storage. In
addition the degree of purification of native particles in the preparations was monitored by electron
microscopy. Model experiments were then carried out to choose the optimum conditions for separa-
tion of polypeptides. It was established that the best possible separation of the structural proteins of
bacteriophage ZF40 is achieved at a concentration of the resolving gel 14%. The volume of intro-
duced sample directly depends on the sample concentration. It was calculated, taking into account
the bacteriophage titer in the purified preparation.

Basing on the data of electron microscopy and electrophoretic analysis it was determined that
homogeneous phage particles are characterized by a distinct polypeptide profile (Fig. 1a, b). More-
over, the virions of phage ZF40-421/50RI include at least 11 polypeptides with molecular weights
ranging from 7.2 to 92.9 kDa. Three of them, having molecular masses of 39.2, 33.9 and 19.9 kDa,
are the major ones and in the total pool of proteins make up 15.4, 28.1 and 17.5%, respectively
(Fig. 1c). Proceeding from that, the protein with molecular weight of 33.92 kDa is the major capsid
protein. Its mass is very similar to that of the gene product 46 of the phage ZF40 (33.95 kDa) which,
basing on the sequence-analysis, also represents the major protein of the phage capsid [1]. Thus,
according to the results presented, one might suppose that the major polypeptide of the phage ZF40-
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421/50RI head is included in the virion in an unchanged form after its synthesis, which means it is
not exposed to post-translational processing and maintains its original structure during the forma-
tion of the phage virion components. However, there is not enough proof for such an assumption as
the calculation error in this case may compute up to 2 kDa. Therefore, to identify more clearly the
molecular weight of gp46 it is necessary to involve a more strict method such as HPLC chromatog-

raphy [8].
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Fig.1. A — Electron micrograph of native particles of bacteriophage ZF40-421/50RI, purified

in cesium chloride gradient; B — protein profile of the native particles of bacteriophage ZF40-

421/50RI, arrows point at major proteins; C — polypeptide content and molecular weights of
the phage ZF40-421/50RI proteins.

Since the preliminary data on the structure of the morphological region of the phage ZF40 ge-
nome make it impossible to identify main proteins of the tail tube and the sheath, therefore, it would
be possible to determine those only after having obtained highly concentrated preparations of the
virion components. Thus, earlier in the process of separation of the suspension of bacteriophage
421/5297AK using low pressure ion exchange chromatography on a column with DEAE-cellulose
[11] separate fractions characterized by an excessive amount of tails were obtained, that is demon-
strated by the electron microscopy data of the samples (Fig. 2A). One of these fractions obtained by
elution of the column with 0.25 M NaCl (Ne 18), contained the largest number of phage tails and was
selected for the analysis of polypeptides by SDS-PAGE.
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Fig. 2. A — Electron micrograph of the tails of bacteriophage 421/5297AK; B — protein profiles
of native bacteriophage 421/50RI (1) and 421/5297AK (2), containing mostly phage tails; a —
the major capsid protein; b — putative tail protein.
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In the process of comparing the protein profiles of native 421/50RI phage particles and fractions
containing an excess of tails of the 421/5297AK variant significant differences in the quantitative
ratio of the three major proteins (mp) were observed. Their molecular weights are identical, however
in the suspension of integral phages the concentration of proteins mpl and mp3 with molecular
weights 38.5 and 20.1 kDa, respectively, is almost twice lower than the concentration of the major
capsid protein - mp2.

This is explicable, when considering that bacteriophage ZF40 was recently classified into a
group of “dwarf” phages for which the tail length slightly exceeds the diameter of the head [1].
Thus, the quantity of the major capsid protein must be significantly higher as compared to other
polypeptides.

Quite a different picture of the ratios between the major proteins of the virion is revealed when
analyzing the fraction Ne 18 of 421/5297AK. Its mp1 protein concentration is equal to the amount
of the major capsid protein. However, the concentration of the protein mp3 remains unchanged in
relation to the mp2 and comprises only 55% of its amount. On this basis it can be assumed that the
protein mp1 is a building block of the phage tail and is most likely involved in the construction of
the sheath, because its amount in the tail suspension significantly increases compared with the native
phage preparation. Protein mp3, according to its size 20.1 kDa, is also a part of the phage tail, but its
amount is not increased in this case. We have previously suggested that this protein is a building ma-
terial for the tail tube. It is known that proteins of this structure are the most conservative according
to their molecular weight and for different phages it ranges between 19-20 kDa. Also in the course of
the work with bacteriophage ZF40, it was noted that the tail tube is a very unstable structure. Thus,
low concentration of the protein mp3 in the fraction Ne 18 can be explained by the fact that the tube
could break down during the sample purification and concentration.

Discussion

It is widely known that the virion assembly process of bacteriophages of the order Caudovi-
rales includes two stages: formation of separate structural components (phage capsid and tail) or
morphogenesis and their association into a complete viable viral particle, carrying a DNA molecule
— morphopoiesis. These processes are determined by specific protein-protein interactions that result
in significant conformational changes in the structure of the precursor polypeptides involved in the
virion assembly. Thus, a great majority of viruses is characterized by post-translational processing
of the structural proteins. For example, the major capsid protein of bacteriophage P1 which size,
according to the nucleotide sequence data, has to equal 63 kDa, is cleaved and in the phage head
structure it is found in a form of a protein with molecular weight 44 kDa [6]. Thereby the most
advantageous protein conformation for creating a stable virion is achieved. However, several chal-
lenges are associated with the processing of structural proteins. They are related to major proteins
identification and determination of their functions because the data obtained, basing on the analysis
of nucleotide or amino acid sequence, do not always match the results of electrophoretic analysis of
the actual proteins, building the phage virion.

Recently, a complete genome of the bacteriophage ZF40 P.carotovorum was sequenced. Accord-
ing to the sequence and electron microscopy data it was classified into a group of so called “dwarf”
oPLPE-like phages, related to the family Myoviridae [1]. This phage is characterized by a capsid
of 60 nm in diameter and a contractile tail about 90 nm long [10]. A feature distinguishing it among
the phages of the PLPE-group is the unique pattern of the tail subunits characterized by the criss-
cross striation (Fig.1a).

Morphological similarity of the phages of @PLPE-group is supported by the similarity in the
construction of the structural modules of their genomes. The order of the genes responsible for mor-
phogenetic development of a virion is conservative: terminase — portal protein — capsid proteins —
tail proteins — baseplate proteins and tail fiber proteins [1]. The structural region itself constitutes
1/3 of the phage genome.

A comparative analysis of the sizes of putative structural proteins of these phages allows one
to make a conclusion that the portal and base plate proteins are the most conservative. The major
capsid protein is not defined for all members of the group, but it is clear that in the phage ZF40 it is
smaller and amounts to 33.95 kDa, while others are characterized by the size of approximately 37-
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38 kDa. These data are confirmed by the results of electrophoresis of the phage ZF40 proteins in the
SDS-PAGE system. It is interesting that in comparison to other phages of Myoviridae family, such
as T4, P1, P2, P4 and Mu (Table 1), only the last one has a major capsid protein of molecular weight
close to the analogous protein of ZF40; for the rest this value varies from 37 to 44 kDa. Therefore,
it has a unique capsid of rather complicated structure which requires a more detailed study to be
performed.

Table 1
Major structural proteins of bacteriophages of Myoviridae family

Major capsid protein Major tail sheath protein Major tail tube protein

Bacteriophage Gene Molecular Gene Molecular Gene Molecular

product weight, kDa product weight, kDa | product weight, kDa
ZF40 2p46 33.95 ND 39.2-? ND 19.9-?
P1 gp23 44.00 gp22 56.90 Tub 22.30
P2/P4 gpN 36.70 gpFI 43.10 gpFII 18.90
Mu gpT 33.00 gpL 53.00 gpM 12.80
T4 gp23 43.50 gpl8 71.20 gpl9 18.50

(?) - More detailed research is needed for final identification
*ND - not determined

Proteins constituting the phage tail also need a more comprehensive research. The results of
electrophoretic analysis allow us to assume that the major tube protein is represented by the ma-
jor polypeptide with molecular weight of 19.9 kDa. This assumption is based on the fact that the
tube protein is quite conservative in other Myoviridae phages and its size amounts to 13-22 kDa
(Table 1). The major tail sheath protein is most likely represented by the protein of 39.2 kDa. Within
the structural region there are genes which products have similar values of molecular weights, but
for more precise determination it is necessary to obtain preparations containing only phage tails.
This can be achieved in two ways, classically: by obtaining amber-mutants with a malfunction in
the synthesis of capsid proteins. The other method is based on the observation that some variants
of bacteriophage ZF40 form in the process of reproduction on a certain host an excess of individual
structural components of the virion: capsids, procapsids and tails. Obviously the use of the indicated
phage-bacterial systems constitutes a substantial perspective to explore ways of morphogenesis and
morphopoiesis of bacteriophage ZF40 P.carotovorum.
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HIAEHTUOUKANNA MAXKOPHBIX BEJIKOB BUPUOHA BAKTEPUO®ATA
7Z¥40 PECTOBACTERIUM CAROTOVORUM

Pesmome
OrpomHoe pa3noobpasue 6akTeproharoB U yHHKATBHOCTD UX OTACIBHBIX MPEACTABUTENEH TUKTYET Ipo-

BEIACHHUE NE€TAJIBHOTO UCCIIEN0BaHUS PEATIBHBIX Ct]ar-KJICTO‘IHLIX B3aHMOI[efICTBPIﬁ, B 4YaCTHOCTHU Mopd)oreHe3a u
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Mop¢or033a BUPHOHA. AHAIN3 HMOJIHOIO CHKBEHCAa yMepeHHoro ¢ara ZF40 Pectobacterium carotovorum mo-
KasaJl, YTO OH SBJISETCS MPEACTaBUTEIEM YHUKAIbHOW rpynnsl ¢aroB cemerictea Myoviridae [Comeau A.M.,
Tremblay D., Moineau S., Rattei T., Kushkina A. I., Tovkach F. I., HM. Krisch, H. W. Ackermann Phage
Morphology Recapitulates Phylogeny: The Comparative Genomics of a New Group of Myoviruses // PLoS
ONE. —July 2012. - Vol. 7. — Ne 7. — ¢40102]. XapakTepHbIMH 0COOCHHOCTSIMU 3THX BUPYCOB SIBIISIOTCS HEOOIb-
11asi UINHA XBOCTOBOT'O OTPOCTKA IO CPAaBHEHMIO C THaMETPOM KallCHAa U CI0XKHas yKIaaKa CyObeANHUI YeXa,
TIPUBOJIAIIAS K €r0 TIepeKpecTHON HeuepueHHOCTH. B npencrasienHol crathe ¢ momoinsio Meroga SDS-TTAAT
UAECHTU(HULIUPOBAHBI MAKOPHBIE Oesku: ronoBku (mp2; 33,9 k/a), yexna (mpl; 39,2 k/1a) u crepxast (mp3; 19,9
k/la). JIokazaHo, 94T0 mp2 MO MOJISKYJISIPHOIT Macce coBmaaaeT ¢ gp46, OCHOBHBIM OCIIKOM KallCh/ia, BHIBEICH-
HBIM TI0 pe3y/bTaTaM CHKBeHca. [Ioka He yCTaHOBJIEHO, moaBepraercs i gp46 (mp2) BUPYJACHTHOTO MyTaHTa
421 dara ZF40 nocT-TpaHCIIIUOHHON MOIM(UKAINH IPH CO3PEBaHUH (haroBOil YaCTUIEI IIPH €TI0 PAa3BUTHU B
knetkax mramma M2-4/50RI1 P, carotovorum. Jlns uzydenust MOp(OreHeTHIECKUX Iy Tei pa3sBUTHS IPEUIONKE-
HO HCIIOJIb30BaTh BapHaHTHI (ara, KOTOpBIE Ha Pa3HBIX X035€BaX 00pa3yloT H30BITOK OTAEIBHBIX KOMIIOHCHTOB

BHPHUOHA: KalICUIBbIL, IPOKAIICUABI U OTACIBHBIC XBOCTOBBIC OTPOCTKH.

KnwuaeBsie cuo B a:Pectobacterium carotovorum,6axrepuodar ZF40, monunentuasl BUPUOHOB,
OCHOBHOU Oenok Karcuaa, SDS-TTAAT.
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IJEHTU®IKAIISA MAKOPHUX BIJIKIB BIPIOHA
BAKTEPIO®ATA ZF40 PECTOBACTERIUM CAROTOVORUM

Peszrome

Bemuke pi3HOMaHITTS OakTepioariB Ta yHIKaIBHICTh iX OKpPEeMUX INPEJCTaBHHKIB JUKTYE IPOBENCHHS
JIeTaJbHOTO JOCII/UKeHHS pealbHUX (ar-KIiTHHHUX B3a€MOIiH, 30kpema mMopdorenesy i Mopdomnoesy Bipio-
Ha. AHaJi3 NOBHOTO CHKBEHCY nomipHoro dara ZF40 Pectobacterium carotovorum moxasas, 10 BiH € Ipe.-
CTaBHUKOM yHikanpHOI rpynu ¢ariB porunu Myoviridae [Comeau A.M., Tremblay D., Moineau S., Rattei T.,
Kushkina A. 1., Tovkach F. 1., HM. Krisch, H. W. Ackermann Phage Morphology Recapitulates Phylogeny:
The Comparative Genomics of a New Group of Myoviruses / PLoS ONE. — July 2012. — Vol. 7. — Ne 7. —
€40102]. XapaxTepHUMH 0COOIMBOCTSIMHE IIUX BipyCiB € HEBEIHKA JOBKIHA XBOCTOBOTO BiIPOCTKA MOPIBHSHO 3
JliaMeTpoM Karlcu/a i CKiIagHe yraKyBaHHs CyOOJHHHIIb Y0XJIa, 0 MPH3BOAUTE O HOTO MepeXpecHol ITPUXY-
Barocti. B moxawiii crarti 3a nonomororo Metony SDS-ITAAT inenTH(ikoBaHi MaXOpHi OiNKK: ToNOBKH (Mp2;
33,9 x/la), dymapa (mpl; 39,2 x/la) ta crpmxas (mp3; 19,9 x/la). JoBeneHo, mo mp2 3a MOIEKYISIPHOIO Ma-
coro 30iraeTbest 3 gp46, ocHOBHUM OIIKOM Karicu/a, sIkuii Oyio BU3HAYEHO 3a pe3ynbTaTaMu cukBeHcy. [Tokn He
BU3HAYEHO, YM mijirae gp46 (mp2) BipyneHtHoro mytanra 421 ¢ara ZF40 nocr-tpaHcisuiinid mogudikanii
i gyac GpopMyBaHHs (aroBoi YacTKH y BUMAAKy HOro po3BHTKY B KIiTHHaX mramy M2-4/50R1 P.carotovorum.
Jlns BUBUCHHS MOP(OreHeTHYHHX IUIAXIB PO3BUTKY HPOIOHYETHCS BHKOPHCTOBYBATH BapiaHTH (ara, siki Ha
pi3HHX Xa3s{HAX yTBOPIOIOTh HA/UIMIIOK OKPEMHX KOMIIOHEHTIB BipiOHA: KalCHIH, MMPOKANCHUAU Ta XBOCTOBL

BIZIPOCTKH.

KnwuaoBi c¢ o B a: Pectobacterium carotovorum, 6akrepiopar ZF40, moninentiayu BipioHiB,

OCHOBHHUIT Oiytok Karcupa, SDS-TTAAT.
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