VK 578.26:579.842.1/.2
N. A. Korol, E 1. Tovkach

Zabolotny Institute of Microbiology and Virology,
National Academy of Sciences of Ukraine,
154 Acad. Zabolotny St., Kyiv, MSP, D03680, Ukraine

NEW APPROACH FOR IDENTIFICATION OF BACTERIOPHAGE
VIRION STRUCTURAL PROTEINS

The ability of the phage structural polypeptides to undergo post-translational modification makes the task
of correlation of the primary nucleotide sequence data with the actual structural proteins of a virion extremely
challenging. This study describes an alternative model approach based on two-stage chromatography for alloca-
tion of virion structural components and identification of their major polypeptides.

Bacteriophage T4D, its amber mutant T4D23 (amH11) and its tail preparations were purified, concentrated
and separated by ion exchange chromatograpgy based on fibrous DEAE-cellulose. The major tail fraction was
then exposed to size-exclusion chromatography which enabled to separate tail components by size. This method
proved itself as a highly efficient and gentle enough to save most of the biological material without changing the
basic properties of the native phage.

The result also shows that the accumulation of individual phage tails in the course of the amber mutant
T4D23 (amHI11) propagation on the permissive host Escherichia coli CR63 was resulted by changes in the
conditions of reproduction. The ability of bacteriophages to form an excess of tails, capsids and other structures
during reproduction on a non-traditional host provides an alternative way for obtaining highly concentrated
preparations of virion components for further analysis of their major proteins and determination of the genes
responsible for their synthesis.

Key words: bacteriophage T4, amber mutant, virion components, ion-exchange, size-exclusion chroma-
tography, polypeptides.

An understanding of the key processes that take place in biological systems requires not only the
availability of genomic data but also a detailed information on the proteins responsible for certain
functions [15]. Sequence analysis of phage genomes does not provide a full description of the variety
of morphological processes that occur in the natural course of the phage-host interaction. And the
ability of the structural polypeptides to undergo a post-translational modification creates one of the
basic problems [7, 10]. As a result of this phenomenon, the correlation of the primary nucleotide se-
quence data with the actual structural proteins of the virion becomes an extremely challenging task.

The solution of the mentioned problem requires highly concentrated phage preparations contain-
ing an excess of capsids, tails, fibers or other structural components of the virion. In classical experi-
ments phage amber mutants with a defect in a virion component synthesis are used for this purpose
[13]. In some cases a partial degradation of virions under the influence of physical factors is carried
out with subsequent enrichment of relevant structures [6]. Unfortunately, both of these methods can-
not always be applied to less studied bacterial viruses.

In the course of work with the temperate bacteriophage ZF40 of Pectobacterium carotovorum
subsp.carotovorum it was observed that its propagation in the cells of a non-traditional host results
in the accumulation of excessive amounts of certain structural components of the phage [3, 8]. This
phenomenon was also noted when working with the model of Escherichia coli bacteriophage T4.

In this study we describe an alternative model system based on two-stage chromatography for the
allocation of the main structural components of the virion by the example of bacteriophage T4.

Materials and Methods

Bacteria and bacteriophages: The objects of the study were bacteriophage T4D and its amber
mutant T4D23 (amH11), deprived of the ability to synthesize the major capsid protein gp23 when
reproduced in the nonpermissive strain E. coli BE.

Bacteriophage T4D was obtained from the lysed culture of E. coli BF, the amber mutant
T4D23(amH11) — from the permissive host strain E. coli CR63 [13]. All bacterial cultures were
grown on LB [14] medium at 37 °C. Optimal lysis time was determined based on the growth curves
of bacteria and phages and equaled 2.5 to 3.0 hours. The final phage concentration in the lysates
amounted approximately 5.0x10'° PFU/ml.

Bacteriophage T4 tail preparation was obtained by infecting an exponentially growing non-
permissive culture E. coli B¥ with an amber mutant T4D23(amH11). The multiplicity of infection
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constituted 10 phages per cell. Intact phage T4D23(amH11) titer in the stock determined by the
plaque assay was 4.0x10” PFU/ml. The titer of revertants able to propagate on E. coli Bt equaled
4.0x10°PFU/ml. Purification of all preparations from the cell debris was done by means of filtration
using sterile Whatman GF/B discs.

Ion-exchange chromatography (IEC). IEC was performed on a column filled with fibrous
DEAE-cellulose produced by SERVA (SERVAGEL, Cellulose Ion Exchanger, analytical grade, type
DEAE 23SS, capacity 0.74). Cellulose was prepared according to the standard procedure [1]. Pure
lysate (400 ml) was absorbed on the column of 2 ¢cm in diameter with the layer of ion-exchanger of
approximately 25 cm. The column was stabilized with 0.01 M sodium-phosphate buffer (pH 7.0) at
a flow rate 1.3-2.0 ml/min. Fractionation was performed with preliminary washing of the column
with sodium phosphate (NaP) buffer after the lysate application. Based on the previous experience
and literature data [4] the following solutions were used for stepwise elution: 0.15 M NaCl, 0.01 M
NaP; 0.25 M NaCl, 0.01 M NaP; 0.4 M NacCl, 0.01 M NaP. All solutions had pH 7.2 and included
0.02 % of NaN, to prevent bacterial contamination. The elution rate comprised 1.5-2.0 mL/min and
the fraction volume equaled 1.5-2.0 ml. Chromatographic procedure was performed at 20 °C. The
obtained fractions were tested for the presence of viral particles and their components by means of
spectrophotometry at wavelengths of 260 and 280 nm using the Thermo scientific Nanodrop 1000.
All fractions were stored at 4 °C.

Concentration and purification of phage preparations. The content of the peak fractions was
concentrated by differential centrifugation in rotor SW 28 Spinco L7-70 at 26 000 rpm for 1.5 h at
10 °C. The precipitate was resuspended in a minimal volume of the STM buffer (NaCl — 200 mM;
Tris-HCI (pH 7,5) — 10 mM; MgCl, — 10 mM), which constituted 1/50 of the initial volume. The
obtained suspension was freed of the remnants of cells and phage conglomerates by precipitation on
the microcentrifuge ELMI at 11,000 rpm for 10 min.

Size-exclusion chromatography (SEC). Separation of the content of peak fractions was carried
out by SEC on a column with sorbent ToyoPearl HW75 characterized by a throughput for particles
from 500 000 to 50 million daltons. The diameter of the column constituted 1 cm, the height —
20 cm.

Electron microscopy. Morphological identification of intact phage particles and phage assem-
bly products was carried out using electron microscopy. Purified samples were spread on copper
microscopy grids covered with a layer of nitrocellulose and then contrasted with 2% uranyl acetate.
Electron micrographs were taken at magnification 20000X — 40000X with the JEOL JEM 1400.

SDS-PAGE. Virion polypeptides were separated by means of denaturating SDS-PAGE in accor-
dance with the standard Laemmli protocol in one-dimensional T=12% gels [9]. Protein bands were
visualized with Coomassie brilliant blue R-250 and using the Bio-Rad Silver Stain Kit (Bio-Rad
Laboratories, CA). The Bio-Rad Broad Range Protein Standard (Catalogue # 161-0317) was applied.
Molecular weight analysis was performed using Total Lab 2.01.

Results

Bacteriophage T4 is a classical object of biological studies and the most studied representative of
T-even bacteriophages. To a great extent it is due to the large collection of mutants that enables appli-
cation of a variety of biochemical and biophysical methods for molecular analysis [13]. Considering
this the phage T4 was chosen as the foundation for this approach.

Purification, concentration and separation of individual components of a phage virion was per-
formed by two-step chromatography: ion exchange, where the division occurs according to the to-
tal surface charge of a particle followed by size-exclusion chromatography to further separate the
content of peak fractions by size. The ion exchanger used in this study consists of fibrous DEAE-
cellulose and has a capacity for salt solutions of high concentration, which allows obtaining highly
concentrated preparations of viable phages and their components [1].

Fig. 1 demonstrates the separation profile of 400 ml of the phage T4D E. coli suspension on a
column with DEAE-cellulose. It is characterized by two distinguished nucleoprotein peaks. The
first was obtained in the course of elution with 0.25 M NaCl solution. It corresponds to the release
of native phage particles the concentration of which in the peak fractions constituted 1.0x10'2 PFU/
ml. The second less expressed peak was obtained by elution with 0.4 M solution of NaCl. Along
with a small amount of phage particles, the concentration of which in this case was only 7.0x10"
PFU/ml, these fractions contained some tails and base plates as illustrated by electron microscopy
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(Fig. 2 A, B). Thus, the experimental data has proven the efficiency of ion-exchange chromatography
as of a method for concentration of native phage particles. This also points at high level of stability

of bacteriophage T4, obtained on the traditional indicator strain.
04

a

0,35

Absorbance at 2280 nm
=} =]
5 € ® §

£
-

S

0,25 M NaCl 0,4 M NaCl

&
<

e S = oS = oo =
A - T - T C - o IO - S R

41
3
45
47
49
51
53
55

Chromatographic fractions

Fig. 1. Ion-exchange chromatography profile of bacteriophage T4D E. coli B* preparation:
a — intact phage particles, b — phage tails, ¢ — base plates.
F ; B 72

— 4 i s %

Fig. 2. Electron micrograph of the bacteriophage T4 and its amber mutant T4 am23(H11) peak

fractions content. A — intact bacteriophage T4D virions (bar 100 nm), B — bacteriophage T4D

structural components obtained at elution with 0,4 M NaCl (bar 100 nm), C — phage tails of the

amber mutant T4 am23(H11) (bar 200 nm), D — base plates of the phage mutant T4 am23(H11)
(bar 200 nm).

The chromatogram of the amber mutant T4D23 (amH11) phage particles obtained on the permis-
sive host E. coli CR63 does not show any significant difference from the T4D phage profile. It also
offers two nucleoprotein peaks at 0.25 M and 0.4 M NaCl. The concentration of native phages in the
main peak equaled 6.0x10'" PFU/ml, while its accompanying second peak was characterized by an
increase in the number of structural components of the phage tail. In particular, as shown in Fig. 2
(C, D), fractions that are located at the beginning of the peak contain an excess of tails deprived of a
sheath while fractions in the end include base plates. This fact indicates that the possibility of obtain-
ing preparations with a high content of certain structural components of the virion by phage propaga-
tion on a non-traditional host can be used as a foundation for a universal methodological approach.
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The table below summarizes the data on the efficiency of concentration of phages by ion-ex-
change chromatography using fibrous DEAE-cellulose. The concentrated phage suspension (18-
21 ml) was obtained from the initial volume of 400 ml lysate. The loss of viable phage reached only
10 to 35% while the concentration of native virions capable of infecting the bacterial host increased
12-20 times.

Table
Efficiency of phage particles concentration using ion-exchange chromatography on fibrous

DEAE-cellulose

Initial phage Phage Final Concen-
N Lysate volume . . Concen-
Bacteriophage concentration applied on the concentration volume tration tration
in lysate, column. ml after IEC, after IEC, | efficiency, efficienc
PFU/ml umt, PFU/ml ml % Y
T4D 5x10'° 400 1,0x10 18,0 90 20-fold
T4D23 (amH11) 5x10" 400 6,0x10" 21,0 65 12-fold

The chromatogram of purified tails obtained during reproduction of the amber mutant T4D23
(amH11) in the non-permissive host — E. coli BE contained only one major peak at elution with 0.4 M
NaCl (Fig.3). This peak forms a plateau and is characterized exclusively by tails of the T4 phage,
most of which are deprived of the sheath (Fig.4). In addition to the tails a significant amount of base

plates was found in the last fractions.
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Fig. 3. Ion-exchange chromatography profile of bacteriophage T4 amber mutant am23(H11).
Peak fractions containing phage tails (a) and base plates (b).

Fig. 4. Electron micrograph of the amber mutant T4 am23(H11) tails (bar 100 nm).

Fractions comprising separate nucleoprotein peaks for all three phage preparations were col-
lected and concentrated by differential ultracentrifugation. The final concentration of particles of
the native phages T4D and T4D23 (amH11) in preparations obtained by elution with 0.25 M NaCl
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solution was 5.6x10'? and 2.2x10'"> PFU/ml, respectively, which is 4-5 times higher than the ini-
tial concentration of the viral particles in chromatographic fractions. Thus, a gradual application
of chromatography and ultracentrifugation methods allows obtaining well-purified preparations of
extremely high content of biological material.

The subsequent analysis of polypeptide profiles of the obtained fractions confirmed the data of
electron microscopy: in fractions containing an excess of tails lacking a sheath the polypeptide cor-
responding to the major sheath protein of 69 kDa was found in minor amounts, while the major core
protein was identified (Fig. 5).

Fig. 5. Polypeptide profiles of the native phage T4 (1) and the phage tails (2). a — the major
tail sheath protein, b — the major capsid protein, ¢ — the major tail core protein.

Size-exclusion chromatography was applied to the concentrated preparation of phage tails ob-
tained by propagation of the amber mutant on the non-permissive host E. coliB® (sample volume
0.5 ml). The stationary phase presents the ToyoPearl HW75 sorbent able to separate large particles
with molecular weight up to 50 million daltons including intact phage virions. Three peaks were
found in the resulting chromatographic profiles (Fig. 6). The first and the major one corresponds
to the output of phage tails. The third peak contained base plates, which was illustrated by electron
microscopy (data not provided). Thus, SEC enabled to obtain separate fractions containing major
building blocks of the phage tail.
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Fig. 6. Size-exclusion chromatography profile of bacteriophage T4 tails preparation.
a — phage tails, b — base plates.
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Discussion

Correlation of the genetic structure of a polypeptide with its real function is one of the most
challenging tasks of molecular biology. It is well known that in the process of maturation T4 phage
capsid passes several stages of procapsid which requires proteolysis of certain structural polypep-
tides [10, 12, 16]. These stages of head formation are controlled not only by the phage genes, but may
also be a subject to the bacterial host influence. Therefore, obtaining highly concentrated prepara-
tions of individual capsids, tails, base plates, fibers and etc. is the key task for effective determining
whether a particular virion polypeptide belongs to a certain structural component.

As arule phage structural components are obtained using mutants that have a defect in one of the
major proteins of a capsid or a tail, respectively [13, 11]. As mentioned above, the mutant bacterio-
phage T4D 23(amH11) cannot synthesize the major capsid protein — gp23. As a result phage heads
are not formed in the course of propagation on the traditional indicator culture E. coliBE [13]. This
allows one to obtain preparations containing exclusively tails. Base plates are obtained by using T4
phage that carries a mutation in the gene 19 encoding the major core protein. Individual fibers are
accumulated by mutations in genes responsible for their connection to the base plate [11]. The disad-
vantage of this method is in the fact that for less studied phages the search for such targeted mutants
is extremely complicated and sometimes impossible to conduct.

Another approach for accumulating the components of a phage virion is a deliberate degradation
of native particles. The influence of osmotic shock is used in most cases for this purpose, when as a
result of gradient ultracentrifugation individual structural components are separated from the intact
virions forming a separate band at the top of the gradient with the lowest density [6]. The disadvan-
tage of this method is the possibility of complete disintegration of phage particles which are unstable
by their nature, resulting in a complete loss of biological material. Moreover, the amount of the
resulting fractions containing an excess of tails or capsids is limited.

It is known that in the course of phage propagation on a permissive host a small pool of indi-
vidual structural components is formed. Changing the host and, therefore, changing the conditions
of reproduction affects the course of the phage virion formation. It leads to an increase in the amount
of morphogenesis and morphopoiesis errors, resulting in the accumulation of individual capsids,
tails etc.

Previous studies of virulent variants of the bacteriophage ZF40 P. carotovorum subsp. carotovo-
rum (Pcc) have shown that changes in its morphogenetic development occur when it is propagated
on an alternative host [3, 8]. For instance, a virulent variant ZF40-421AK obtained in the strain
Pcc5297 produces an excess of individual tails [8] and RT80 variant on the PccJ2 culture creates a
large number of capsid structures [3]. In this case, a defective phage development may be caused
by the influence of both the restriction-modification systems and the host chaperonin complexes
involved in the folding of the main structural polypeptides of the capsid [7]. This characteristic of
the ZF40 phage can be used to identify the key proteins of its unique tail, which in contrast to most
of Myoviridae phages has criss-cross striations, whereas the sequence data do not provide any clear
information on the major sheath protein [5].

The results of the phage T4 study presented in this paper show that the accumulation of individu-
al tails in the course of the amber mutant T4D23 (amH11) propagation on the permissive host E. coli
CR63 has led to changes in the conditions of reproduction. Therefore, the ability of bacteriophages to
form an excess of tail structures during reproduction on a non-traditional host provides an alternative
way for obtaining highly concentrated preparations of virion components for further analysis of their
protein profiles and determining genes responsible for the synthesis of those polypeptides.

In this case the use of two-stage chromatographic separation of phage structures is a subsidiary
step. It allows concentrating and obtaining pure preparations of intact phage particles, capsids, tails,
base plates and fibers separately without losing most of the biological material and without changing
the basic properties of the native phage. For comparison: purification and concentration of the phage
ZF40, obtained on the Pcc5297 strain, by gradient centrifugation in CsCl, results in the loss of 98%
of viable virions [2].

Thus, in this paper we propose a new methodological approach for obtaining, effective separa-
tion and concentration of individual structural components of a virion by the propagation of phages
on alternative hosts followed by two-stage chromatographic separation of lysates. This method may
be used as a model. The preparations of such components can be used in molecular genetic studies
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for identification of structural proteins. Subsequent mass-spectrometry analysis of the polypeptides
enables to determine genes responsible for their synthesis and to detect the phenomenon of their
post-translational processing. Equally promising is the use of this method in biotechnology, where
phage capsids and tails can be used as vectors for targeted delivery of various therapeutical sub-
stances [17].
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Incmumym mixkpooionozii i gipyconoeii im. [{.K.3abonomnoeo HAH Ypainu, Kuis

HOBUM X JJISA IIEHTUPIKAILIL CTPYKTYPHUX BLJIKIB
®AT'OBOI'O BIPIOHA

Pesome

3naTHicTh (haroBUX CTPYKTYpPHHUX IMOJIMENTHIIB A0 MOCT-TPAaHCILILIHHOI Moaudikalii HaJ3BUYalHO YCK-
JIAJHIOE CITIBBITHECCHHS JTAHUX CHKBEHCY I'€HOMA 3 PealbHUMH CTPYKTYPHUMH Oinkamu Bipiona. [laHa crarts
OITHCY€ ANBTEPHATHBHUI MOJCIbHUNA METOJ U OTPHMAaHHS OKPEMHX CTPYKTypPHHX KOMIOHCHTIB BipioHa Ta
ineHTH(IKaLii IX OCHOBHUX MONINENTH/IIB 32 JOMOMOTOI0 IBOXCTaAiHHOI XpomaTorpadii.

Ipenaparu yactok 6akrepiopara T4D, ambep-mytanTa T4D23(amH11) ta iforo xBocToBuX Biapoctkis T4
OyJi OUHILICHI, CKOHIICHTPOBAHI Ta PO3/IiICHI IUIIXOM 10H000MiHHOT XpomaTorpadii Ha konouwi 3 DEAE-mento-
no3010. ITikoBa (pakiis, 10 MICTHIa OKPEeMi XBOCTOBI BiAPOCTKH, OyJia B IIOAANBIIOMY Ii/J1aHa Ielib-(iabsTpa-
11, 110 O03BOJUJIO PO3ALTUTH CTPYKTYPHI KOMIIOHEHTH 32 po3MipoM. J{aHuil MeTo/] JOBIiB CBOIO €()EKTUBHICTS,
HE MPU3BOIIYHU TIPH LIBOMY 0 BTPATH OLIBIIOCTI OI0NIOTTYHOrO MaTepiaay i He 3MiHIOIOYM OCHOBHHUX XapaKTe-
PHCTHK HaTUBHOTO (hara.

OTpuMaHi pe3yIbTaTH TaKOX MOKA3aId: HAKOIMYCHHS OKPEMHX XBOCTOBHX BiJPOCTKIB IPH PEHPOMYKIIi
ambep-myrtanta T4D23(amH11) Ha nepmicuBroMy Xa3siHi E. coli CR63, € pe3ynbraroM 3MiHH YMOB PO3MHO-
keHHs. TakuM YMHOM, 37aTHICTH OakTepiodariB yTBOPIOBATH HAUIHIIOK CTPYKTYPHHX YacTHH BipiOHa B XOXi
PO3MHOXXCHHS Ha HETPaJMUIIHUX Xa3siHaX CTBOPIOE aIbTCPHATHBHMI MIIAX JUIS OTPUMAHHS BUCOKOKOHIICHT-
POBaHHX MpenapaTiB [UX KOMIIOHEHTIB 3 METOIO MOAANBILIOI0 aHai3y iX OCHOBHUX OUIKIB i BH3HAYCHHS I'CHIB,
10 BiAMOBINAIOTH 3a iX CHHTE3.

KnwouoBi cuoBa:6akrepiodar T4, ambep-MyTaHT, KOMIOHEHTH BipioHa, i0HOOOMIHHA 1 reib-(inb-
Tpauiitna xpomarorpadis, IOTiMESNTHIH.

H. A. Kopons, ®. H. Tosxau

Hncemumym muxpobuonoeuu u supyconrocuu um. [I.K.3a6oromnoco HAH Yrpaunwl, Kues

HOBBII OJIXO/ 111 UAEHTU®UKAIIAA CTPYKTYPHBIX BEJIKOB
DATOBOI'O BUPHOHA

Pesmome

CrocoOHOCTH (haroBEIX CTPYKTYPHBIX ITOJUIIEITH/IOB K MOCT-TPAHCIIALMOHHON MO (UKALINY Ype3BbIuaii-
HO 3aTPY/JHSET COOTHECCHHE JaHHbBIX CHKBEHCA TEHOMA C PeallbHbIMU CTPYKTYPHBIMHU OelIKaMu BUpHOHA. JaHHast
CTaThsl OMKCHIBACT ANIBTEPHATHBHBII MOJICTIBHBINA METOJ [UIS IOJTYYECHUSI OT/CIBHBIX CTPYKTYPHBIX KOMIIOHCHTOB
BHUPUOHA U UACHTU(DHUKAIIMN UX OCHOBHBIX TOJIHIIEIITHIOB C TOMOIIBIO ABYXCTaJMHHOI Xpomarorpaduu.

Ipenaparbl wactun Oakrepuodara T4D, ambGep-myranta T4D23(amH11) n ero XBOCTOBBIX OTPOCTKOB
OBLIH OYUILECHBI, CKOHLICHTPUPOBAHBI M Pa3/CIICHBI TyTeM HOHOOOMEHHOM! XpoMaTorpadiu Ha KOIOHKE C BOJIOK-
nucroii DEAE-nemtono3oii. [lukoBas ¢pakiws, coxeprkaiiasi OTAeIbHbIE XBOCTOBBIC OTPOCTKH, ObLIa B Jalb-
HEHIIeM MOJBEePrHyTa Ielib-QUIIBTPALMHK, YTO MO3BOJIMIIO Pa3IeIUTh CTPYKTYPHBIE KOMIIOHEHTHI 10 pa3Mepy.
JlaHHBIA METOJ T0Ka3all CBOK A(P()EKTUBHOCTD, HE IPUBOJIS MIPU FTOM K TOTEPE OOJIBIIUHCTBA OHOIIOTHYECKOTO
Marepuaia U He U3MEHssl OCHOBHBIX XapaKTEPUCTHK HATUBHOTO (ara.
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Ilony4enHble pe3ynbTaThl TakKe IOKa3aIN: HAKOIUIEHHUE OTJEIBEHBIX XBOCTOBBIX OTPOCTKOB IIPH PEHPOIYK-
nuu ambep-mytanrta T4D23(amH]11) na nepmuccuBHOM Xo3stune E. coli CR63 siBisieTcst pe3yasTaToM H3MeHe-
HHS YCIIOBHI pa3sMHOXEHHs. TakuM 00pa3oM, Crioco6HOCTE (haroB 06pa30BbIBATE H30BITOK CTPYKTYPHBIX YacTei
B XOJIC Pa3MHOXCHHS HA HETPAJUIIMOHHBIX X035€BaX CO3JACT aJbTePHATUBHBIN ITyTh IS MOTYyHYCHUS BBICOKO-
KOHIIEHTPHPOBAHHBIX TIPENapaToB STUX KOMIOHCHTOB C LE/IbIO aHAIM3a X OCHOBHBIX OCJIKOB M OIpPE/ICICHHUs
T'€HOB, OTBEYAIOIIMX 32 UX CHHTE3.

KnwueBsie cioBa: 6akreprodar T4, aMmObep-MyTaHT, KOMIIOHEHTbI BUPHOHA, HOHOOOMEHHASI U I'eJlb-
(UIBTpaMOHHAsE XpOMATOrpadHsl, HOMTHIETHIbL.
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