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Abstract

Addition of affinity tags to bacteriophage particles facilitates a variety of applications including
vaccine construction and diagnosis of bacterial infections. Addition of tags to phage capsids is
desirable as modification of the tails can lead to poor adsorption and loss of infectivity. Although
tags can readily be included as fusions to head decoration proteins, many phages do not have
decoration proteins as virion components. The addition of a small (10 aa) Strep Il tag (STAG) to
the mycobacteriophage TM4 capsid subunit, gp9, was not tolerated as a genetically
homogenous recombinant phage, but could be incorporated into the head by growth of wild-type
phage on a host expressing the capsid-STAG fusion. Particles with capsids composed of wild-
type and STAG-tagged subunit mixtures could be grown to high titer, show good infectivity, and
can be used to isolate phage-bacterial complexes. Preparation of a STAG-labeled
fluoromycobacteriophage enabled capture of bacterial complexes and identification of infected

bacteria by fluorescence.
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INTRODUCTION

Mycobacteriophages — viruses that infect mycobacterial hosts including Mycobacterium
tuberculosis — represent powerful toolboxes for mycobacterial genetics and for clinical
applications to control human tuberculosis (1-3). Over 220 mycobacteriophage genomes have
been sequenced, revealing them to be highly diverse and organizationally mosaic (4, 5). These
have been exploited for the development of genetic tools such as for delivery of transposons
and allelic change substrates (6, 7), for the construction of integration-proficient plasmid vectors
(8-12), non-antibiotic selectable markers (13), and expression systems (14, 15). They have also
been proposed for efficient delivery of reporter genes to facilitate simple and rapid determination

of drug susceptibilities of M. tuberculosis in clinical specimens (15-19).

TM4 is perhaps one of the best-studied mycobacteriophages. It was isolated in 1984 (20) and
used to construct the first shuttle phasmids (21). It has a genome 52,797 bp in length, contains
89 protein-coding genes and no tRNA genes (22, 23), and is one of several phages with
nucleotide sequence similarity that constitute Cluster K (22). All of these Cluster K phages infect
both Mycobacterium smegmatis mc?155 and M. tuberculosis H37Rv, and TM4 infects some
strains of M. avium, as well as M. ulcerans (22, 24). TM4 is not temperate and does not form
stable lysogens in any known host. However, its Cluster K relatives are temperate, containing
integrase genes and forming lysogens in M. smegmatis and M. tuberculosis (22). Comparative
genomic analysis suggests that TM4 is a recent virulent derivative of a temperate parent.
Temperature-sensitive non-replicating TM4 mutants have been isolated for use as phage

delivery vehicles (7) and the mutations have been mapped (22).

Morphologically, TM4 is siphoviral and contains an isometric icosahedral capsid joined to a long

flexible non-contractile tail (23). The 305 amino acid capsid subunit is encoded by gene 9, is
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covalently crosslinked in mature particles (23), and is predicted to fold similarly to phage HK97
(Fig. 1). The gene is approximately 100 residues shorter than HK97 gp5 because it lacks the N-
terminal 104 aa delta region that provides an essential assembly function in HK97 (25). The
upstream gene [8] of TM4 encodes a putative scaffold protein but genome and virion protein
analysis suggests that there are no decoration proteins (22, 23) such as Hoc and Soc that are
components of the phage T4 capsid (26). Hoc and Soc are dispensable for T4 assembly, but
can be modified such as to display foreign peptides on the capsid surface, with the potential for
vaccine construction and antigen delivery (27). As there are no equivalent proteins in TM4, any

modification to the capsid surface would likely require modifications of the capsid subunit itself.

Here we describe an approach for addition of a short affinity tag to TM4 particles. This enables
the easy purification of phage particles, and the capture of phage-bacterium complexes with
potential to simplify diagnostic applications. The approach should be generally applicable to

other bacteriophage systems.

MATERIALS AND METHODS

Bacterial strains and reagents. M. smegmatis mc?155 has been described previously (28)
and was grown at 37°C in Middlebrook 7H9 broth (Difco), containing ADC (2 g I'' Dextrose, 5g I
' Albumin, 0.85 g I" NaCl) and 0.05% v/v Tween 80 or TH10 (Difco) containing ADC.
Middlebrook Top Agar (MBTA) was prepared using 4.7 g I' Middlebrook 7H9, 7 g I' Bacto Agar.
Tween was omitted when cultures were used for phage infection. When appropriate, kanamycin
25 ug ml™" was used. E. coli strains were grown in L-Broth. Phage buffer contained 10 mM Tris

HCI pH 7.5, 68.5 NaCl, 10 mM MgSQO,, 1 mM CacCls.
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BRED experiments. Insertion of a STAGII addition to the C-terminus of gp9 of phAE87::hsp60-
EGFP (abbreviated gfp¢) (18) was done using BRED as already described (29). Briefly, a 230
bp target substrate with 100 bp of homology to each side of the 3"of gp9 of TM4 was designed
using a 100 nt oligo (5°-
acaagacgccggtcgcecgtcgtggcaccggetgccAGCGCTTGGAGCCACCCGCAGTTCGAAAAAtagtgege
tatcgccacgccttgacgggggeggtt-37) containing the coding sequence for STAGII plus two amino
acids used as a linker (shown in capital letters) and two 85-mer external primers, one forward
(5"-cgccectgeggctcaaggegeggticgectacgtgetgggtgtgagegegaccgcetcagggecgeccaacaagac
gceggtegeegte-37) and one reverse (5'-taccgggtccagttgtcgtcgecctcgacgagggeggecageag
ggtgccctcacgcaccccgataaccgeccccgtcaaggegt-37), with 20-base overlaps on either side of the
100-mer. Combination PCR was carried out by mixing 10 ng of the 100-mer and 25 pmoles of
the 85-mers in a 100 yl PCR reaction using Cloned Pfu DNA polymerase (Agilent Technologies,
Santa Clara, USA). The resulting PCR product, a 230 bp targeting substrate, was extracted
from the gel using the QIAquick Gel Extraction Kit (Qiagen, USA) and reconstituted in sterile

water.

M. smegmatis mc®155 (pJV53) was grown and induced for recombineering functions as
described previously (30). phAE87::hsp60-EGFP DNA and the targeting substrate were co-
electroprated in the induced electrocompetent cells, cells were recovered for 2 hours at 30°C
and plated in an infectious center assay. Screening of plaques for the presence of the insertion
was done by PCR using a forward primer that anneals to the STAGII sequence (5°-
gcttggagccacccgcagttc- 3°) and a reverse primer (5°-gaccgcaaccatgccggtgegg-3°) that anneals

to the sequence of gp10 (downstream of gp9 in the TM4 genome) giving an amplicon of 500bp.

Construction of a plasmid expressing STAG-gp9 of TM4. The major capsid protein gene

(gp9) of TM4 containing a StrepTag Il plus two amino acids used as a linker was cloned in pNIT
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plasmid, a nitrile-inducible gene expression vector (31). DNA present in primary positive
plaques from the BRED experiment described above was used as a template in a PCR reaction
using the following primers gp9STAGF: 5 -aattccatatggctgacatttcacgcgec-3'(containing a Ndel
site underlined) and gp9STAGR: 5’-ttacaaagcttctatttticgaactgcgggtggct-3 (containing a Hindlll
site underlined). The amplicon was digested with Ndel-Hindlll and cloned in pNIT digested with
the same restriction enzymes.

The resultant plasmid (pNIT gp9-StrepTag) was used to transform M. smegmatis mc?155
electrocompetent cells and Kan® colonies were obtained after incubation for 3 days at 37 °C.
Resistant clones were grown to an ODggo,m Of 0.3 in TH9-ADC media and protein expression
induced by addition of 28 mM of e-caprolactam (SIGMA, St Louis, USA). Expression of STAG-
gp9 at different time points was checked by Western Blot using a monoclonal anti-STAG
antibody HRP conjugated (StrepMAB Classic-HRP, Cat No 2-1509-001, IBA GmbH, Goettingen,
Germany) and Pierce ECL chemiluminiscent substrate (Thermo Fisher Scientific Inc., Rockford,

IL USA).

Preparation of phAE87::hsp60-EGFP stocks containing STAG-gp9 particles. Phage
stocks were prepared using a plaque assay. Briefly, cultures of M. smegmatis mc?155 (pNIT
gp9-STAG) were grown until an ODggonm Of 0.3 in TH9-ADC media when e-caprolactam (28mM)
was added. When cells reached an ODggonm Of 1, they were infected with phAE87::hsp60-EGFP
and adsorbed for about 15 min at room temperature. After that, bacteria-phage mixes were
included in MBTA top agar containing e-caprolactam and poured on top of TH10 plates
containing Kanamycin. Infections were done in order to obtain about 5000-10000 plaques per
plate (150 mm plates) with a total of 20 plates prepared. Plaques were visualized after
incubation for about 48 hours at 30°C. Plates were flooded with phage buffer (10 ml) and left

standing for 2 hours at 37 °C or overnight at 4°C. The buffer was collected and centrifuged to
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remove cells and debris and the supernatant was filtered using a Stericup® Filter Unit (EMD
Millipore, Billerica, MA, USA). Filtered supernatants were subjected to ultracentrifugation at
31,000 g using a Ti45 rotor in a Beckman Coulter Optima L90K for phage concentration and
removal of unincorporated STAG-gp9 capsid proteins. Phage pellets were resuspended in
approximately 1 ml of phage buffer and PFU (plaque forming units) ml™ were calculated using a
plaque assay. Titers of 10" PFU ml” were obtained. The resulting phage preparation was

designated STAG gfp¢.

Western Analysis. Forty pl of a concentrated phage stock were mixed with 25 pl of water and
frozen in dry ice. The frozen mixture was rapidly thawed and mixed by vortexing. This process
was repeated twice and the mixture was then heated to 75°C for 3-4 min. Samples were boiled
for 3 min in sample buffer (62.5 mM Tris-HCI pH 6.8, 2% SDS, 20% Glycerol, 5% R-
mercaptoethanol, 0.1% Bromophenol Blue) and loaded onto 7% SDS-polyacrylamide gels.
Proteins were electrotransferred to a PVDF membrane for 3 hours and visualized using a
monoclonal anti-STAG antibody HRP conjugated (StrepMAB Classic-HRP, Cat No 2-1509-001,
IBA GmbH, Goettingen, Germany) and Pierce ECL chemiluminiscent substrate (Thermo Fisher
Scientific Inc., Rockford, IL USA). A cell extract of induced M. smegmatis mc®155 (pNIT gp9-

STAG) cells was used as a control.

Enzyme-linked immunosorbent assays (ELISA). StrepMAB-Immo coated microplates
(Cat.no: 2-1521-001, IBA GmbH, Goettingen, Germany) that bind STAGII were used. Serial
dilutions of the phage stock were done in binding buffer (25 mM Tris-HCI, 2 mM EDTA, 140 mM
NaCl, pH 7.6) and incubated for 1 hour at room temperature. After that, three washes with
washing buffer (binding buffer supplemented with 0.05% Tween- 20) were done to remove
unbound phage. Two hundred pl of a 1:5000 dilution of StrepMAB Classic-HRP were added and

incubated for 1 hour at room temperature. After four washes with washing buffer, 100 yl of
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SureBlue Reserve TMB Microwell Peroxidase Substrate (KPL Inc., Gaithersburg, Maryland,
USA) were added and left at room temperature until blue color development. Reactions were
stopped by addition of an equal volume of TMB Stop Solution to the microwell plate and

absorbance read at 450 nm.

Inmunoelectronmicroscopy. Phage preparations were absorbed to a 400 Mesh, support film,
carbon coated EM grid (Ted Pella # 01814-F) previously glow-discharged and rinsed with phage
buffer. Grids were blocked with BSA 50 mg ml-1 for 5 mins, rinsed with washing buffer (50 mM
Tris HCI pH 7.5, 0.1% Tween 20%) and incubated for 5 mins with the primary antibody (Rabbit
Anti-Strep-tagll Polyclonal antibody, Genscript, Piscataway, NJ, USA) diluted 1:500 in the same
buffer supplemented with 0.5% BSA. After rinsing with washing buffer, grids were incubated
with the secondary antibody (Gold labeled anti-Rabbit IgG, KPL Inc., Gaithersburg, Maryland,
USA) diluted 1:1000. The grid was rinsed with washing buffer and stained with a 1% uranyl

acetate solution before examination of several fields under the electron microscope.

Efficiency of capture of free phage particles using Strep-Tactin coated magnetic beads.
Twenty-five yl of MagStrep "type 2HC" beads (Cat. No. 2-1612-002 IBA GmbH, Goettingen,
Germany) were mixed with different dilutions of STAG gfp¢, gfpd or D29. Beads and phages
were incubated at 4°C for 30 minutes with occasional mixing. Beads were separated using a
magnetic separator and washed six times with 200 pl of Buffer W (100mM Tris-HCI pH8, 150
mM NaCl, 1 mM EDTA). Supernatant (fraction obtained after magnetic removal of the beads)
and washes were combined to calculate the amount of unbound phage. PFU ml™ were
calculated using a plaque assay. Different amount of beads were tested to optimize the

beads/phage ratio.

Recovery of phage-bacteria complexes using Strep-Tactin coated magnetic beads. M.
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smegmatis cells were grown to an ODgyonm Of 1 in TH9+ADC in the absence of Tween.
Approximately 250 ul of cells (about 2.5 x 10 cells) were infected with STAG gfp¢ or gfp¢ at a
MOI (multiplicity of infection) of 100. Incubation was done standing for 10 minutes at room
temperature and shaking for 3.5 hours at 37°C cells. After that, cells were fixed with an equal
volume of paraformaldehyde 4% (Cat No HT5011, Sigma, St. Louis, USA) for 30 min at RT.
Fifty ul of the fixed cells suspension (approximately 10° cells) were incubated with 50 ul of
MagStrep “type2HC” beads (Cat. No 2-1611-002/006, IBA GmbH, Goettingen, Germany) for 30
min at room temperature on a rocking platform. Beads were separated using a magnetic
separator and washed three times using buffer W (100 mM Tris/HCI pH 8, 150 mM NaCl, 1mM
EDTA) according to manufacturer instructions. At this step either 5 pl of beads were directly
spotted on top of a slide for examination or phage-bacteria complexes were eluted from beads
using Buffer BE (100 mM Tris/HCI pH 8, 150 mM NaCl, 1mM EDTA, 2 mM D-biotin) and eluted

cells observed by epifluorescence microscopy.

Microscopy and settings. A fluorescence microscope (Axiostar Plus; Carl Zeiss) with a 40X
objective and a 100X objective with oil immersion and phase contrast was used. Fluorescent
images were acquired using an AxioCam MRc5 camera (Carl Zeiss) and Carl Zeiss AxioVision
Rel. 4.6 software. In all experiments the same exposure time was used. For detection of EGFP
fluorescent protein the filter CLON ZsGreen1 (42002- HQ 470/30X, HQ 520/40m, Q495LP) from
Chroma Technology Corporation was used. Image processing was done using Adobe
Photoshop CS2 (Adobe Systems Incorporated) when brightness and contrast were modified the

exact same settings were used for comparable images.

RESULTS
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Modification of the TM4 capsid gene is deleterious to phage growth.

Initially, we attempted to construct a recombinant derivative of TM4 in which a Strep Il tag
(STAG) consisting of eight amino acids and a two-residue linker was added to the extreme C-
terminus of the TM4 capsid protein (gp9). By extrapolating from HK97 structural studies (25,
32), we reasoned that a short addition to the C-terminus might be tolerated for capsid assembly,
and exposed on the capsid surface. Our approach was to use the previously described
Bacteriophage Recombineering using Electroporated DNA (BRED) strategy (29, 33) to engineer
a modification to TM4 gene 9 (Fig. 2A). Following co-electroporation of TM4 DNA and a 200 bp
mutagenic substrate into recombineering M. smegmatis cells, plaques were recovered in an
infectious center assay, and screened for the presence of the mutant addition. We were
successful in detecting the presence of the mutant in pools of plaques (Fig. 2B), although it was
present at low frequency [<1 in 100 plaques; in other BRED experiments typically ~10% of
individual plaques are mixed, and contain both wild-type and mutant alleles (29)]. However,
even after multiple rounds of plaque purification and screening we were unable to purify a
homogenous mutant derivative. A simple interpretation is that the mutant can be constructed,
but cannot be purified to homogeneity because the recombinant protein is not tolerated if it

represents all of the 415 subunits in the assembled capsid.

Addition of an affinity tag to the TM4 capsid through mixed assembly

Because we were able to identify the mutant allele in at least some phage pools, we reasoned
that the C-terminal addition could be tolerated if it is present in only a subset of subunits within a
particle. We therefore tested the possibility of a mixed assembly, where the recombinant form of
the protein is expressed from a plasmid during the process of phage infection and growth, and
can potentially co-assemble with wild-type capsid protein. We constructed a plasmid
expression system in which a TM4 gp9-STAG fusion (expected size: 33 kD) is expressed from

the inducible pNit promoter (Fig. 3A) (31), and demonstrated using anti-STAG antiserum that

10
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the protein was well-expressed following induction with g-caprolactam (Fig. 3B). Interestingly,
only an ~33 kD protein was observed by SDS-PAGE (Fig. 3C) indicating that while procapsids
may assemble, they do not progress to form mature capsids that are covalently crosslinked, as

seen in mature TM4 patrticles (23).

Previously we described construction of a recombinant TM4 derivative carrying a GFP reporter
(PhAE87::hsp60-EGFP, abbreviated gfp¢) that yields fluorescent M. smegmatis or M.
tuberculosis cells following infection (18). We prepared lysates of gfp$ on the induced gp9-
STAG expressing strain, and the phage particles were purified and concentrated; the resulting
phage preparation we referred to as STAG-gfp¢. Phage stock titers from gfp¢ (prepared in the
control strain) or STAG-gfp¢ (prepared in the gp9-STAG expressing strain) were comparable
showing that phage production was not compromised in the STAG-gp9 expression strain and
that particles generated were of equivalent infectivity. To determine if the tag was incorporated
into the assembled particles we used anti-STAG antiserum in a Western blot of whole phage
particles (Fig. 4A). A clear signal was observed, but only at high molecular weights that
presumably correspond to crosslinked capsomers (Fig. 4A). No signal was observed at a
molecular weight (33 kDa) corresponding to the unassembled gp9 subunit. Thus gp9-STAG
capsid subunits are incorporated as crosslinked subunits into mature virions. The STAG tag was
also clearly detectable by ELISA analysis, and a signal greater than background was readily
detected from 10° particles (Fig. 4B). Finally, we could readily detect the STAG in the phage
particles by immunoelectronmicroscopy (Fig. 4C). Because it is difficult to apply these methods
guantitatively to these samples, we do not have an accurate determination of the proportion of
particles containing at least one tag, or the average number of STAGs incorporated into each

particle.

11
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Affinity capture of the tagged phages was assayed using magnetic anti-STAG beads (Table 1).
Plaque forming units were calculated in initial samples, in supernatants (after removal of the
beads) and in washes. Approximately 95% of STAG-gfp¢ particles were captured. Surprisingly,
an unexpectedly large proportion (~80%) of phage particles propagated without STAG-gp9 were
also captured, presumably because of Strep-Tactin cross reactivity with native TM4 proteins.
This appears to be specific to TM4, as this was not observed with the unrelated phage D29

(Table 1).

STAG-affinity capture of TM4-M.smegmatis complexes

A potential utility for STAG-TM4 particles is for capture of phage-bacterial complexes from
sputum for diagnostic purposes (Fig. 5A). To test whether STAG gfpo particles could be used to
capture mycobacterial cells, we prepared a lysate as described above and used this to infect M.
smegmatis (Fig. 5B). A control lysate of the same phage grown on wild-type M. smegmatis was
also used. The same number of cells and MOI were used for further comparison. The phage-
bacterial complexes were then fixed, captured using magnetic anti-STAG beads, the beads
collected, the complexes eluted, and examined by fluorescent microscopy (Fig. 5B). Using a
high multiplicity of infection (100) fluorescent cells captured with the STAG gfp¢ particles were
readily observed, and these represented about 10% of initial input cells. We were also able to
microscopically observe fluorescence by examining the beads directly without elution (Fig. 5C).
We have not been able to substantially increase the proportion of captured cells by altering the
multiplicity of infection, incubation times, or other reaction conditions, and may reflect an
inherent limitation resulting from relatively poor adsorption, as observed with other
mycobacteriophages (34, 35). We also cannot exclude the possibility — although we consider it
unlikely — that the virion protein ghost is displaced from the cell surface once DNA injection is

complete.

12
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DISCUSSION

Addition of affinity tags to bacteriophage particles is useful for a variety of approaches including
antigen delivery for vaccine development (36, 37), for capture of phage-bacterium complexes
(38), and mechanistic dissection of the process of phage adsorption and infection (39, 40).
Non-specific labeling of the phage particles such as addition of fluorescent quantum dots to
biotinylated particles is effective but a subset of the modifications are likely to specifically
interfere with adsorption and DNA injection (40). Phages such as T4 and A have head
decoration proteins (Hoc and Soc for T4, D for A) that can be modified — including addition of a
fluorescent tag (39) — with little or no reduction in infectivity. Although few phage virions have
been structurally defined as well as A and T4, genome analyses suggest that most phages with
siphoviral morphologies likely don’t have head decoration proteins, and thus cannot be modified

simply using this approach.

Modification of the capsid subunit itself offers an alternative approach. Comparative genomic
studies reveal examples in which closely related capsid subunits differ in their lengths as a
result of C-terminal extensions (3, 41), suggesting that a C-terminal fusion — especially a small

one — would be well tolerated.

A phage display system based on bacteriophage T7 is available
(http://www.merckmilliporechina.com/promart/library/3Function/Novagen-T7Select-
phagedisplay-system.pdf). This system has the capacity to display peptides up to 50 amino
acids long in high copy number (415 per particle), and peptides or proteins up to 1200 amino
acids in low copy number (0.1-1 per particle). The T7 capsid protein is normally made in two

forms, 10A (344 aa) and 10B (397 aa) with 10B produced by a translational frameshift of 10A;

13
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thus 10B contains most of the sequence of 10A with 52 extra amino acids from the alternate
frame added onto the C terminus. In this phage, functional capsids can be composed entirely of
either 10A or 10B, or of various ratios of the proteins. Coding sequences for the peptides or
proteins to be displayed are cloned in a vector following amino acid 348 of the 10B protein, and
because the natural translational frameshift site within the capsid gene has been removed, only

a single form of capsid protein is made.

It is thus somewhat surprising that the 10 aa STAG tag (plus linker) appears not to be tolerated
as a C-terminal addition to the TM4 capsid as a genetically homogenous recombinant phage
particle. We note that capsid assembly requires a complex and well-coordinated ballet of
conformation changes (42), and presumably even this small tag can interfere with the capsid
assembly when present in all of the subunits. It is plausible that C-terminal capsid fusions are
tolerated in other mycobacteriophage genomes, but to our knowledge this is the first time that

attempts to do so have been described.

Growth of phage particles on a strain expressing the recombinant capsid-STAG fusion provides
opportunities to form mixed particles containing both native and fusion forms of the capsid
protein. Capsid assembly with the fusion protein does not generally appear to inhibit phage
growth, and phage titers recovered are similar to those propagated on a wild-type strain.
Western analysis and immunoelectron microscopy suggest that a substantial proportion of the
particles contain at least some STAG-tagged subunits, although precise quantification has
proven difficult. Nonetheless, the approach may be of broad applicability for addition of tags to
other types of phages and phages of other hosts, especially where it is suspected that no head
decoration proteins are available. This approach is also attractive as a variety of alternative
recombinant phages (such as those containing reporter genes or specific mutations) can be

propagated with STAG-labeled capsids using a single capsid-STAG expressing strain.
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There are a variety of potential applications for STAG tagged phage particles. One application
is for the capture of phage-bacterial complexes in diagnostic use of reporter phages, in which
reporter genes such as firefly luciferase or gfp gene is used (17, 18). This could be of particular
use in the diagnosis of tuberculosis, where recovery of bacteria from sputum that are competent
for phage infection presents a substantial impediment (19). Infection with STAG tagged reporter
phage particles followed by recovery of the complexes provides a plausible solution, although
we note that the efficiency of recovery in the studies reported here was relatively poor. This may
reflect the observations reported for several mycobacteriophages — including TM4 — that
absorption can be relatively inefficient (34, 35, 43). However, at least for some phages, mutants
can be isolated with enhanced adsorption and this might provide a strategy for improving the
efficiency of recovery. Many alternative applications and configurations can be envisaged,
including attachment of the particles to a solid surface and monitoring the capture and

assessment of captured bacterial hosts (44).
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537

Number of infectious phage particles/mli

Bacteriophage Initial Unbound Particles bound (%)
(supernatant and washes)

D29 6.55x 10" + 7.07 10° 6.34 x 10" + 1.48 10° 32+12

afpd 4.25x 10® £ 3.54 107 8.5x 10" +3.54 10’ 80.2+6.6

STAG gfpo 6.10 x 10°+ 1.41 108 4.28 x 108+ 1.59 10® 92.9+2.77

Table 1. Capture of bacteriophage using Strep-Tactin coated magnetic beads.
Data (means = standard deviations for 3 experiments) represents the number of plaque forming
units per ml in the initial sample and in the supernatant (fraction obtained after magnetic

removal of the beads) and washes.
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538 Figure Legends

539

540 Figure 1. HHPred alignment of TM4 gp9 with the HK97 gp5 major capsid subunit. TM4
541 gp9 was used as a query sequence (Q) in a HHPred search using standard parameters (45),
542  and the top two hits (probability 100%) were matches to the cleaved mature capsid subunit, and
543  to the uncleaved procapsid (T), the second of which is shown here. Consensus sequences and
544  secondary structure predictions (ss) are shown. The positions of the lysine and asparagine
545 residues (positions 169 and 356 respectively in HK97 gp5) participating in covalent crosslinking
546  in HK97 gp5 are shown by arrows. The position corresponding to the latter is an aspartic acid
547  residue in TM4 gp9.

548

549  Figure 2. Addition of a STAG to the capsid protein using BRED.

550 A. Schematic representation of the strategy used to add a Strep-tag Il (STAG) to the C-terminus
551  of gp9 of TM4 using BRED (see Material and Methods for details).

552  B. Screening by PCR for the insertion of the STAG in gp9. Pools of 10 primary plaques (lanes
553  P1-P11) were screened by PCR using a forward oligo that anneals to the STAG Il sequence
554  and a reverse oligo that anneals to gp10 sequence. In the presence of a positive plaque the
555  expected size product is 500 bp. FId: A flooded plate from a BRED experiment was used as a
556  positive control to demonstrate the presence of the phage mutant in the population. TM4: DNA

557  of TM4 used as a negative control for the PCR reaction.

558
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559  Figure 3. Expression of STAG-tagged TM4 capsid subunit, gp9.

560  A. Schematic representation of pNIT gp9-STAG. B. Growth curve of M. smegmatis mc?155
561 (pPNIT gp9-STAG). Cells were grown to an ODggonm Of 0.3 when e-caprolactam was added.

562  Arrows indicate the different time points when gp9-STAG expression was checked by Western
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blot. Diamonds: induced cells; squares: non-induced cells. C. Expression of gp9-STAG was
checked by Western blot. Lanes 1 to 3, induced cells; lanes 4 to 6, non-induced cells. Samples
were removed after 1 hour (1 and 4), 3hs (2 and 5) and 24 hours (3 and 6) of addition or not of

the inducer.

Figure 4. Incorporation of an affinity STAG to the phAE87::hsp60-EGFP capsid.

The presence of the tag in the capsid of the phage particles was checked by: A. Western blot.
Whole phage particles of: 1. phAE87::hsp60-EGFP [gfpd], 2. phAE87::hsp60-EGFP amplified in
M. smegmatis mc?155 (pNIT gp9-STAG) [STAG gfp¢] or 3. Cell extract of M. smegmatis mc?155
(PNIT gp9-STAG) were subjected to SDS-PAGE and revealed by chemiluminiscence using an
HRP labeled anti STAG antibody. B. ELISA. Dilutions of: 1. gfpp or 2. STAG gfpp were applied
to plates coated with an anti STAG antibody. From left to right: 1 x 10'°, 5 x 10°, 2.5 x 10°, 1.25
x 10° phage particles respectively were adsorbed to the plate. After washing, the capture of the
phage particles was checked using an HRP labeled anti STAG antibody in a colorimetric assay.
C. Electroinmunomicroscopy. Phage particles were adsorbed to a grid and incubated with a
rabbit anti-STAG primary antibody and a gold- labeled anti-rabbit secondary antibody. The grid
was stained with uranyl acetate and several fields were examined under the electron

microscope. Scale bar: 100nm

Figure 5. STAG affinity capture of phage-bacteria complexes.

A. Schematic representation of the protocol used for infection of M. smegmatis with STAG gfpé
and recovery of phage-bacteria complexes using Strep-Tactin coated magnetic beads. B.
Fluorescence micrograph images after elution of phage-bacteria complexes from Strep-Tactin
coated magnetic beads. Cells were infected with STAG-gfp¢ (left panel) or gfpé (right panel).
Cells were observed using 400X magnification. C. Fluorescence micrograph (left panel) and

phase contrast (right panel) images from Strep-Tactin coated magnetic beads after recovery of
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