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ABSTRACT

The infection of a bacterium by a phage starts with attachment to a receptor molecule
on the host cell surface by the phage. As receptor-phage interactions are crucial to
successful infections, they are major determinants of phage host-range and by
extension of the broader effects that phages have on bacterial communities. Many
receptor molecules, particularly membrane proteins, are difficult to isolate because
their stability is supported by their native membrane environments. Styrene maleic
acid lipid particles (SMALPSs), a recent advance in membrane protein studies, are the
result of membrane solubilizations by styrene maleic acid (SMA) co-polymer chains.
SMALPs thereby allow for isolation of membrane proteins while maintaining their
native environment. Here, we explore SMALPs as a tool to isolate and study phage-
receptor interactions. We show that SMALPs produced from taxonomically distant
bacterial membranes allow for receptor-specific decrease of viable phage counts of
several model phages that span the three largest phage families. After characterizing
the effects of incubation time and SMALP concentration on the activity of three
distinct phages, we present evidence that the interaction between two model phages
and SMALPs is specific to bacterial species and the phage receptor molecule. These
interactions additionally lead to DNA ejection by nearly all particles at high phage
titers. We conclude that SMALPs are a potentially highly useful tool for phage host-

interaction studies.
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IMPORTANCE

Bacteriophages (viruses that infect bacteria or phages) impact every microbial
community. All phage infections start with the binding of the viral particle to a specific
receptor molecule on the host cell surface. Due to its importance in phage infections,
this first step is of interest to many phage-related research and applications.
However, many phage receptors are difficult to isolate. Styrene maleic acid lipid
particles (SMALPSs) are a recently developed approach to isolate membrane proteins
in their native environment. In this study we explore SMALPs as a tool to study
phage-receptor interactions. We find that different phage species bind to SMALPs,
while maintaining specificity to their receptor. We then characterize the time and
concentration dependence of phage-SMALP interactions, and furthermore show that
they lead to genome ejection by the phage. Combined, the results presented here
show that SMALPs are a useful tool for future studies of phage-receptor interactions.

INTRODUCTION

The first stage of infection by a bacteriophage consists of the viral particle binding to
a cognate receptor on the host cell surface (1, 2). Each phage attaches to a specific
receptor molecule, and as a result largely determine the specificity to hosts that is
common among characterized phages (3, 4). Indeed, specificity of phages to their
receptors is a useful tool for characterizing bacterial strains (5). In addition to phage
applications, the molecules involved in phage-receptor interactions are often
evolutionary hotspots due to their crucial role in successful infections (6, 7). As such,
understanding phage-receptor interactions is important for understanding the
evolutionary dynamics that govern networks of phages and hosts (8) and the role that
phages play in regulating bacterial communities (9-11). Indeed, phage-receptor
binding is a widely investigated research theme, and studies of phage-receptor
interactions have among others ranged from the mechanics of phage binding and
DNA ejection (12-14) to the structural modelling of bound receptor molecules (15,
16).

Known phage receptors include a wide variety of diverse molecules on the
bacterial cell surface (2, 17). While some phages bind to pili, flagella, or cell
capsules, many phage receptors are associated with the bacterial cell envelope (17).
Which molecules serve as receptor molecules largely depends on the diversity of
bacterial cell wall structures (18). Known receptors in Gram-positive bacteria are
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mostly present in the peptidoglycan layer (2, 18), while those in Gram-negative
bacteria include sugar moieties in lipopolysaccharide (LPS) chains and membrane-
incorporated porin and transport proteins (2, 17). Due to their association with the cell
membrane, phage receptors, especially membrane proteins, can be challenging to
study. Proteinaceous phage receptors are generally incorporated into the bacterial
cell membrane and are thereby dependent on this membrane to maintain correct
folding (19), which makes them notoriously difficult to isolate (20, 21). This limits the
number of phages of which the interaction with a receptor can be studied in detail.

Among novel solutions to facilitate membrane protein studies is styrene maleic
acid (SMA) (22). SMA is an amphipathic co-polymer composed of chains with
alternating hydrophobic styrene and hydrophilic maleic acid groups (23). Upon
addition of SMA to lipid bilayers, it incorporates itself into the membrane, which leads
to the solubilization of membranes into styrene maleic acid lipid particles (SMALPs,
Figure 1a) (22). In SMALPs, the SMA polymer is wound around a disk of membrane
about 10 nm in diameter, with hydrophobic styrene groups intercalated between lipid
tail acyl groups and hydrophilic maleic acid groups pointed outward (23). Membrane
proteins may be captured within the confines of SMALP discs, and SMALPs thus
allow isolation of bacterial membrane proteins while maintaining their natural lipid
environment. Since their initial development for membrane protein studies, SMALPs
have been used to obtain three dimensional structures of membrane proteins (24,
25), and obtain their biophysical characteristics (22, 26). As SMALPs are useful
agents for bacterial membrane isolation, they are also potentially useful for phage-
receptor studies.

In this study, we report on the exploration of SMALPs as a platform to study
phage-host interactions. We test whether SMALPs can inhibit phages that infect
taxonomically diverse bacteria by binding to diverse membrane-associated receptor
molecules. We then show that phages interacting with SMALPsS maintain specificity
to their receptors, and that they eject their DNA after binding to SMALPs.

RESULTS & DISCUSSION

SMALP formation in two taxonomically distant bacteria. While SMALPs have
been developed as a platform to study membrane proteins for over a decade (27),
this has mostly focused on Escherichia coli membranes. It is consequently unknown

whether differences in membrane composition and cell wall structure between
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bacterial lineages (28) will lead to differences in membrane solubilization by
SMALPs. To test this, we started by solubilizing membranes of two taxonomically
distant bacteria, one Gram-positive and one Gram-negative, with styrene maleic acid
co-polymer. As sample bacteria, we selected E. coli and Bacillus subtilis. Membrane
solubilization of these bacteria, evidenced by diminishing absorbance at 600 nm
upon SMA addition, showed similar rates of SMALP formation in the two bacterial
membranes (Figure 1b). Dynamic light scattering (DLS) revealed that the Gram-
negative E. coli membranes formed uniform particles of roughly 10 nm in diameter,
as is normally observed for SMALPs (Figure 1c) (22). Interestingly, DLS of Gram-
positive B. subtilis SMALPs showed larger particles of 50-100 nm (Figure 1c).
Previous studies reported that SMALP size is dependent on the ratio between polar
and apolar groups in the SMA polymer (29) and the ratio between polymer and
membrane (30, 31). While no extant studies report on the effects of membrane
composition from different bacteria on SMALP size, distinct lipid composition of E.
coli and B. subtilis membranes (32) may lead to differences in SMALP sizes as we
observed. Beyond lipid composition, the 40 nm thick outer peptidoglycan layer (33)
that is attached to the outer membrane of B. subtilis by lipoteichoic acids makes cell
envelopes much thicker than those of E. coli (34). Since DLS measurements assume
a spherical object, this could further contribute to the larger apparent diameter of B.
subtilis SMALP.

SMALPs decrease viable phage counts. Next, we tested whether SMALPs from
both Gram-positive B. subtilis and Gram-negative E. coli bacteria inhibit the lytic
activity of three model phages (Table 1). As model phages we selected one member
from each of the three major International Committee on the Taxonomy of Viruses
(ICTV)-recognized families of tailed phages (Myo-, Podo- and Siphoviridae) (35, 36),
as the distinct morphologies of these families differentiates their binding mechanisms
(). The three model phages, Podoviridae Bacillus phage ¢29, Siphoviridae
Escherichia phage A and Myoviridae Escherichia phage T4, each bind to distinct
receptor molecules. Bacillus phage 929, like many phages infecting Gram-positive
bacteria (18), binds to cell wall teichoic acids. Escherichia phage A exclusively binds
to a maltose porin protein LamB, while Escherichia phage T4 binds to both outer
membrane protein C (OmpC) and glucose moieties in lipopolysaccharide (LPS)
chains. While some phages bind to other structures than our model phages, most
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notably pili and flagella (1), the use of SMALPs to study phage-host interactions will
evidently have to focus on membrane-associated structures. Our model phages
additionally allowed us to test whether beside proteins, LPS and peptidoglycan layers

attached to SMALPs are available to phages.

As preliminary examination of phage binding by SMALPs, we tested phage lytic
capability in liquid cultures after treatment with SMALPs prepared from 10 mg/ml
bacterial membrane. Addition of SMALPs to liquid bacterial cultures infected with
phage at titers of 10* to 10° pfu/ml phage (starting multiplicity of infection: 10 to 107,
Figure 2a) resulted in complete inhibition of phage Iytic activity. Differences in the
titer at which we observed complete inhibition of phage lysis suggested varying
sensitivities to SMALPs among the three phages. Because these phages differ
greatly in infection dynamics (e.g. burst sizes from 100-1000) (37-39), and because
liquid assays are nonquantitative (40), we next quantified SMALP-phage interactions
through plaque counts after SMALP treatment. Viable phage counts at different time
intervals revealed that 1 to 0.1% of 10° pfu/ml solutions remained after five minutes
of incubation with SMALPs (Figure 2b). Longer incubations showed a slower rate of
decrease in viable phage populations, especially for T4 and @29, while after 20
minutes decreases in viable phage counts largely plateaued. SMALP-phage
interactions thus seem to proceed in a two stage process, with a rapid initial phase
followed by a slowed secondary phase, similar to the two-stage adsorption dynamics
that are characteristic of phages binding to live host cells (41).

In addition to time-dependent dynamics, we measured the decrease in viable
phages upon addition of different concentrations of SMALPs (Figure S1). Undiluted
SMALP stocks used in these experiments had been prepared from 10 mg/ml
membrane suspensions and 20 mg/ml SMA, but as some of these materials are
removed in the SMALP production process, these values do not accurately represent
SMALP concentrations. Hence, in the following experiments dilution factor was used
instead of concentration counts. Experiments with increasingly diluted SMALPs
confirmed that a positive relationship existed between SMALP concentration and
phage inhibition. Of the three model phages, 29 was most sensitive to SMALPSs, as
10,000 times diluted SMALP stocks still inhibited about 90% of a 10° pfu/ml phage
®29 solution. As @29 binds to teichoic acids on the B. subtilis cell surface, its
sensitivity to SMALPs indicates that the lipoteichoic acid linkages between
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membrane and peptidoglycan layers (42) are maintained in the B. subtilis SMALP
solutions. Phages A and T4 exhibited lower sensitivity to SMALPs than @29, with
SMALP dilutions of a 1,000-fold or more having little effect on phage populations.
While at high SMALP dilutions the behavior of these phages is similar, at low
dilutions T4 is about two orders of magnitude less sensitive than A. This likely reflects
their disparate binding dynamics, as A engages in a single interaction with a LamB
protein (43) whereas T4 requires up to four independent interactions of tail fibers to
receptors for successful infection (44). It is likely that each T4 phage binds to a
separate SMALP particle. This difference in the number of receptor interactions per
phage particle suggests that T4 would need to bind fourfold more SMALPs to yield a
similar decrease in the number of viable phages. Equal SMALP amounts will
therefore bind more A than T4 particles, leading to lower inhibition for T4 than for A.
Meanwhile, the fact that ¢29 exhibits the highest sensitivity to SMALPs implies that
teichoic acids are present in SMALPs. Teichoic acids are present in larger numbers
in the cell wall than protein receptors such as LamB and OmpC, to which A and T4
bind. This higher abundance of @29 receptors increases the number of binding
events for 29 and thus decrease of viable phage counts. Together, these results
show that for three distinct phages that infect two taxonomically distant hosts,
SMALPs are a potential platform for the study of phage-receptor.

SMALPs cause receptor-specific genome ejection by phages. To test whether
phage-SMALP interactions led to DNA ejection, we measured fluorescence of DNA-
specific fluorophores before and after incubation with SMALPs. This experiment
employed the YO-PRO DNA stain, which was earlier shown to bind free DNA at a
much faster rate than encapsulated phage DNA (45). Additionally, this dye has been
used to study DNA ejection in Salmonella phage P22 (46). We first tested our
experimental setup by comparing fluorescence signal of A phage stocks, E. coli
SMALPs, and a combination of the two (Figure 3a). This revealed that SMALP stocks
have sizeable fluorescence intensity when added to YO-PRO DNA stain.
Fluorescence measurements of separate polymer confirmed that SMA itself interacts
with the DNA stain. This non-specific interaction with DNA stain likely results from the
strong overall negative charge of the SMA polymer (47) making it similar to DNA.
Despite this high background fluorescence signal, when we incubated SMALPs with
phages, fluorescence significantly increased (two-tailed t-test, p = 0.0007, Figure 3a).
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Since the fluorescence of phage stocks was negligible, the increase evidently results
from an increase of free DNA. Similar methods with the same DNA stain previously
showed that fluorescence increase in Salmonella phage P22 in the presence of
purified LPS is due to an increase in free DNA after being ejected by phage
particles™*. We therefore concluded that phage A ejected its DNA in the presence of
E. coli SMALPs.

Next, we examined whether phage DNA ejection was specific to SMALPs
prepared using the appropriate host, we incubated phages A and @29 with SMALPs
prepared from either E. coli or B. subtilis. After subtracting background signal from
SMALP-only and phage-only samples, phage A added to E. coli SMALPs had a
significantly higher fluorescent signal than phage ¢29 added to the same SMALPs
(two-tailed t-test, p = 0.03, Figure 3b). Incubation of the two phages with SMALPs
prepared from B. subtilis resulted in the reverse, with significantly higher background-
adjusted fluorescence for phage @29 (two-tailed t-test, p = 0.02, Figure 3c). From
these results, we concluded that both phage A and 29 ejected their genomes in the
presence of SMALPs prepared from their cognate hosts. Additionally, we concluded
that SMALP-phage interactions reflect specific phage-host interactions, at least at
this large phylogenetic distance (E. coli and B. subtilis are from different bacterial
phyla and have different Gram stains).

We further determined the extent of specificity by comparing phage A DNA
ejection when added to SMALPs prepared from E. coli K-12 and E. coli ALamB. For
these tests we employed a Qubit fluorometer, which is a calibrated system for DNA
guantification. In three repeats of experiments that were each composed of biological
triplicates, background-adjusted DNA measures were consistently higher when we
added phage A to E. coli K-12 SMALPs than to E. coli ALamB SMALPs (two-tailed t-
test, p = 6 - 10°, Figure 3d). Assuming that background-adjusted values were
accurate representations of free DNA amounts, we estimated the fraction of phages
which had ejected their DNA. Based on the stock phage titer of 1-10% pfu/ml and a
molecular weight of 1.5 - 10 g/mol for A DNA, the theoretical maximum of ejected
DNA in our reaction was 0.80 ng/ul. The calibrated measurements identified 1.09 +
0.28 ng/ul DNA in the reactions. Assuming a slight underestimation (i.e. well within
an order of magnitude) of the added phage stock, these results indicated that (nearly)
all phage patrticles ejected their genome. The SMALP-phage interaction is thus highly

efficient at prompting DNA ejection in phage A. Combined, these fluorescence-based
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experiments provided ample evidence that DNA ejection in SMALP-phage
interactions is receptor specific. SMALPs could therefore be a powerful tool in
studying phage-receptor interactions, especially for phages that interact with

membrane proteins.

SMALPs as tool to study phage-host interactions. While the above results show
SMALPs are useful tools to study phage-host interactions, there are also potential
drawbacks to consider. For example, SMALPs are strong chelators of divalent
cations (22). This may be particularly problematic in phage-host studies, as some
phages are dependent on Mg*" or other divalent cations for successful infection
initiation (48, 49). Due to their chelating activity, proteins that are active against DNA,
like polymerases, nucleases, or restriction enzymes, may not be active in the
presence of SMALPs. Indeed, when we tested the activity of DNase in the presence
of SMALPs, we observed inhibition of nuclease activity (Figure 4a). This additionally
supported the above findings that SMALPs bind to DNA-specific fluorophores, as
they form thick smears at low molecular weight when subjected to agarose gel
electrophoresis. Similarly, amplification reactions using Taq polymerase were entirely
inhibited by SMALPs (Figure 4b). To circumvent this, we developed a method of
removing SMALPs from solution. This method is based on their chelating activity,
which leads to SMALP precipitation (22). Addition of calcium or magnesium to
SMALP solutions above 10 mM successfully removed almost all polymer from
solution (Figure 4c). However, SMALPs removal in this fashion could in turn inhibit
polymerases, as high concentration of divalent cations are known to do (50, 51).
Calcium particularly inhibits polymerases by outcompeting magnesium as co-factor
(51), although high magnesium concentrations also inhibit polymerases (50, 52).
Additionally, DNA molecules also interact with divalent cations (53), which should be
taken into account for further studies of DNA released by phages in the presence of
SMALPs. Applications of SMALPs to study phage-host interactions needs further
development of alternative means of SMALP removal. Alternatively, several modified
SMA polymers that are more positively charged and therefore potentially weaker
chelators have recently been developed (54-56). Their adoption for SMALP-phage

studies may lift the above described drawbacks.
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CONCLUSION

In this study, we report on the potential utility of SMALPs for studies of
bacteriophage-receptor interactions. We found that SMALPs are viable tools,
because their interactions with model phage particles result in host- and receptor-
specific ejection of phage genomic material. As a result of our findings, SMALPs may
see adaptation as a platform to study various aspects of phage-receptor interactions.
SMALPs may be useful tool for cryo-electron microscopy of phages binding
mechanisms (15, 57-59), as this is implausible when using whole cells due to their
size (60). The differences in phage binding to 10 nm diameter SMALPs and to large
bacteria, across the surface of which phages often engage in 2D diffusion (1), might
further reveal details of the mechanics by which phages find their receptors.
Additionally, affinity purification or pulldown assays of phage bound SMALPs coupled
with mass spectrometry approaches may aid in receptor identification. While there
are drawbacks associated with SMALPs (i.e. their chelation of magnesium), further
developments of SMALPs as tools to study bacterial membrane proteins may aid in

their future applications in studying phage-receptor interactions.

MATERIALS AND METHODS

Bacterial and bacteriophage strains. To test whether bacterial membranes from
different bacteria could be solubilized by the SMA polymer, we used E. coli K-12
BW25113 (DSMZ #27469) and Bacillus subtilis 110NA (DSMZ #5547). To test
specificity of phages to SMALPs, we further used E. coli strains JW3996-1 (ALamB),
JW3596 (ARfaC), and JW2203 (AOmpC) from the Keio strain collection (61). The
phages used in this study were a virulent mutant of Escherichia phage A obtained
from the Westerdijk Fungal Biodiversity Institute (62, 63), Bacillus phage ¢29 (DSMZ
#5546) and Escherichia phage T4 (DSMZ #103876). All chemicals were obtained
from Sigma Aldrich, except where stated otherwise.

Bacterial cultivation and phage production. Bacteria were cultivated in Lysogeny
Broth (LB) at 37°C under agitation at 180 rpm. Production of phage stocks was
according to the soft-agar overlay method as described before (64). Phage stocks
were kept at 4°C until further use. To enumerate phages, 0.1 ml exponentially
growing bacterial culture was added to 5 mL 0.7% (w/v) LB agarose (Bio-Rad), which

was subsequently layered on a 1.5% (w/v) LB agar plate. After the top layer had
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dried, 10pl of 10-fold dilution ranges of phage stocks in SM buffer (100 mM NacCl, 8
mM MgSO,4 x 7 H,O, 50 mM Tris-HCI pH 7.5) were pipetted on the agar. The plates
were placed at a 45° angle and until the phage dilutions had dried and then incubated
overnight at 37°C).

Styrene Maleic anhydride co-polymer hydrolyzation. Styrene maleic anhydride
co-polymer (67:33 ratio, SManh) (Polyscience) was hydrolyzed to styrene maleic acid
co-polymer as described before (22). In short, 12.5 g of SManh was suspended in a
round bottom flask containing 250 ml 1M NaOH. This flask was connected to a reflux
setup and the suspension was heated in sunflower oil at 98°C for 4 hours under
constant stirring. Afterward, the suspension was cooled to room temperature and 6 M
HCI was added to a final concentration of 1.1 M to precipitate the hydrolyzed
polymer. Styrene maleic acid (SMA) was pelleted by centrifugation at 7000 x g for 20
minutes, after which the supernatant was discarded. The pellet was resuspended in
250 mL 100 mM HCI and centrifuged at 7000 x g for 20 minutes, after which the
supernatant was discarded. This was repeated twice, once with 250 mL 100 mM HCI
and once with deionized water. The SMA pellet was frozen at -80°C and extensively
freeze dried. SMA was dissolved at a concentration of 60 mg/ml in 20 mM Tris-HCI
(pH 8) and stored at -20°C until further use.

Bacterial membrane isolation and SMALP production. To isolate bacterial cell
membranes, bacteria were first grown overnight at 37°C while shaking. Cells were
pelleted by centrifugation at 10,000 x g, 4°C for 15 minutes, after which supernatant
was discarded. Pellets were washed with the original volume of lysis buffer (50 mM
Tris HCI pH 7.5, 2 mM MgCl,), after which centrifugation was repeated. After
discarding the supernatant, cells were re-suspended in 4 volumes of lysis buffer per
gram wet cell weight, to which 1 tablet of cOmplete EDTA-free protease inhibitor was
added. To lyse the cells, the suspension was thrice passing through a model CF1
Cell Disruptor (Constant Systems) at 1.5 kBar. Cell debris was pelleted by
centrifugation at 12,000 x g, 4°C for 15 minutes and collecting the supernatant. Next,
membranes were pelleted by centrifuging the supernatants at 225,000 x g ,4°C for 1
hour. Pellets were re-suspended in lysis buffer and centrifuged again. Soluble
proteins were removed by resuspending the pellet in 200 mM NaCl + 20 mM Tris

HCI, pH 7.5 and repeating centrifugation. Pellets were dissolved in 20 mM Tris HCI
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pH 7.5 + 200 mM NaCl at a concentration of 10 mg/ml and stored at -20°C until
further use.

To produce SMALPs from bacterial membranes, we suspended membranes in
200 mM NaCl + 20 mM Tris HCI, pH 7.5 and added SMA to obtain a final solution
with 10 mg/ml membrane and 20 mg/ml SMA (or a membrane:polymer ratio of 1:2).
To allow SMALP formation, solutions were incubated under constant rotation for 20
minutes at room temperature. Non-solubilized membrane material and excess SMA
were removed by filtration through a sterile 20 um filter and extensive dialyzing
against 20 mM Tris HCI pH 7.5. SMALP solutions were stored at 4°C until further
use.

The effects of divalent cations on the SMA polymer were examined using
CaCl, and MgSO4. To 14 mg/ml SMA polymer, 0-30 mM CaCl, or MgSO, were
added, and the OD2s9 nm Was measured in a cuvette using a NanoPhotometer C40
(Implen). The concentration of SMA in every sample was calculated using a linear
standard curve ranging from 0-40 mg/ml SMA.

To determine SMALP sizes, we used dynamic light scattering using a
Zetasizer ZS instrument (Malvern), using default software settings and multiple
narrow modes analysis of the correlation data. Before measurement, samples were
briefly degassed and equilibrated for 300 s at room temperature.

To test the efficacy of SMALP dissolution for different bacterial membranes,
membrane suspensions of 10 mg/ml were prepared in 200 mM NaCl + 20 mM Tris
HCIl, pH 7.5 in 1.5 ml cuvettes. Subsequently, SMA was added to a final
concentration of 20 mg/ml and the ODgyp nm Was followed over time in a

NanoPhotometer C40 (Implen), with measurements every 10 s.

Effect of SMALPs on phage lytic activity. Equal volumes of SMALP solution and
phage stock at 10-fold dilutions between 10 and 10 pfu/ml were mixed and
incubated for 20 minutes at room temperature to allow phages to bind SMALPs.
SMALP and phage dilutions were prepared in sterile dilution buffer (100 mM NaCl +
50 mM Tris HCI pH 7.5) where necessary. Bacteria were grown to an ODggo nm Of 0.5
and 10 pl bacterial suspension was diluted in 89 pl fresh LB medium in a 96 wells
plate. Diluted bacteria were incubated at 37°C under agitation for 30 minutes, after
which 1 pl of SMALP/phage suspension was added. To bacteria-only controls, 1 pl
dilution buffer was added instead. The 96-wells plate was then incubated in a
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Synergy H1 microplate reader (Biotek) at 37°C under continuous double orbital
shaking for 10 hours, during which the ODgoo nm Was determined every 10 minutes.

Characterizing SMALP-phage interaction with agar plate assays. To determine
the effect of incubation length on SMALP-phage interactions, equal volume of phage
(at 10° pfu/ml) and SMALP solutions were mixed. At five-minute time intervals
between 0 and 40 minutes, 20 ul aliquots were retrieved, to which CaCl, was added
to a final concentration of 20 mM. As negative control to establish original viable
phage counts, phage stock at 10° pfu/ml was diluted in an equal volume of 200 mM
NaCl + 20 mM Tris HCI, pH 7.5, to which CaCl, was added to a final concentration of
20 mM. After a two-minute centrifugation at 21,000 x g, the supernatant was
retrieved and used to enumerate viable phage particles as described under “Bacterial
cultivation and phage production”. To test the effect of SMALP concentration on
phage inhibition, 10-fold SMALP dilutions were made in 100 mM NaCl + 50 mM Tris
HCI pH 7.5. Samples were subsequently prepared and enumerated in similar fashion
as in the time trials, except that only incubation times of 20 minutes were used.
Negative controls were produced in the same manner as for the time trials.
Decreases in viable phage particles were calculated by dividing phage titers after the
reaction by those obtained from negative controls. For both time trial and SMALP

concentration experiments, all samples consisted of biological triplicates.

Spot assays to determine specificity. SMALP and phage reactions, as well as
negative controls were performed as described in the previous section, with
incubation times of 20 minutes. After incubation, 10 ul spots of reaction mixture were
placed on top of a double layer agar plate prepared as described under “Bacterial
cultivation and phage production”. Spots were dried at room temperature and

subsequently incubated for 16 hours at 37°C.

Transmission electron microscopy. Before transmission electron microscopy,
phage stocks were purified using a preformed CsCl density gradient. A two-step
gradient was prepared in thin walled ultracentrifuge tubes (Beckman Coulter) using
CsCl at densities of 1.6 g/ml and 1.4 g/ml. On top of these layers, 1 ml 10** phage
preparation was placed, and density gradients were centrifuged at 111,000 x g for 2
hours using a Sw60Ti swinging bucket rotor (Beckman Coulter). After centrifugation,
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white phage layers were collected by puncturing the tubes with a hypodermic needle,
as was advised before (65). To remove excess CsCl, phages were cleaned by three
consecutive washes with SM-buffer in an Amicon 30 kDa spin filter (Merck), which
was centrifuged for 10 minutes at 3,000 x g. Samples with SMALPs were then
prepared as described under “Characterizing SMALP-phage interaction with agar
plate assays” with an incubation time of 20 minutes and phage titers of 10'° pfu/ml.
Samples were applied to thin carbon-coated 400 square mesh copper grids (Electron
Microscopy Sciences), which were ionized by glow discharged 90 seconds. On top of
the grids, 3 pl sample were carefully pipetted and incubated at room temperature for
1 minute. Liquid was removed using filter paper (Whatman). Grids were then washed
thrice with 10 pl milli-Q water, each time removing liquid with filter paper. Finally, 3 pl
2% uranyl acetate was pipetted on the grids. After a final 30 s incubation at room
temperatures, uranyl acetate was removed with filter paper. TEM imaging used a
Philips CM200 (200 kV), while micrographs were captured using a TemCam- F416 4
kkD (TVIPS) at 150,000% magnification using EM-MENU software.

Fluorescence DNA ejection assays. The first fluorescence assay tested DNA
ejection with Escherichia phage A and SMALPs prepared from E. coli K12 BW25113
membranes. Phage stock was diluted to 10° pfu/ml using SM buffer. Phage stock,
SMALP stock, and the two combined were incubated with 1.1 uM YO-PRO-1 iodine
(491/509, Invitrogen) for 20 minutes at 37°C, as described before for P22 and S.
enterica LPS (46). Fluorescence was then measured using a QuBit 4 fluorometer
(ThermoFisher), which used an excitation wavelength of 430-495 nm and measured
emission at 510-580 nm. Samples were composed of biological triplicates. To
determine specificity, Escherichia phage A, Bacillus phage @29, E. coli K12 BW25113
SMALPs, and B. subtilis 110NA SMALPs were measured separately and in every
possible combination of phage and SMALP in the same way.

For further quantification of DNA ejection after SMALP concentration, the
assay was repeated with 1-10% pfu/ml Escherichia phage A, and SMALPs from E.
coli K12 BW25113 and ALamB, using a dsDNA HS assay kit and Qubit fluorometer
(Thermo Fisher Scientific). This assay consisted of three repeats, with each repeat
consisting of biological triplicates. We calculated the theoretical amount of DNA that

was present in the phages in the sample using:
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[DNA] = DNA

- 10%[g]

Where [DNA] is the DNA concentration in ng/ul, Mpna is the molecular weight of A
DNA (1.5 - 10’ pfu/ml), A is Avogadro’s number, and ¢ is the phage titer in the
reaction (3.2 - 10 pfu/ml).

SMALP assays with divalent cations. To determine the effect of SMALPs on
DNase activity, we prepared SMALPs from bacterial membranes as described
above. Three samples were made for the assay, the first containing 9 pl SMALP
solution, 10 ng phage A DNA (New England Biolabs), and 2 U DNase |. The second
sample replaced the SMALPs with deionized water, and the third sample replaces
both the SMALPs and DNase | with water. The samples were incubated at 37°C for
20 minutes and ran on a 1% (w/v) agarose gel for 30 minutes at 20 V/cm.

To test inhibition of Taq polymerase by SMALPs, PCR reactions were made
containing 1x Taq polymerase Master Mix (NEB), 0.2 pupM forward
(TACGCCGGGATATGTCAAGC) and reverse primers
(TACGCCAGTTGTACGGACAC) that target the phage A E gene, 0.1 ng phage A
DNA. In one sample, 10x diluted SMALP solution was added. PCR program
consisted of 30 seconds at 95°C, 25 cycles of 30 seconds at 95°C, 30 seconds at
55°C, and 60 seconds at 72°C, and 5 minutes at 72°C. Samples were then run on
agarose gel as described above.

The effect of the divalent cations Ca** and Mg?* was tested as follows. SMA
stocks of 6 mg/ml were incubated for 20 minutes in the presence of 0-40 mM of
either CacCl, (Sigma) or MgCl,. SMA precipitate was pelleted by centrifuging for 1
minute at 21,000 x g. Next, adsorption of the supernatant was determined at 259 nm
on a NanoPhotometer C40 (Implen). Concentrations were calculated using an SMA

standard curve with concentrations ranging from 0-40 mg/ml.

ACKNOWLEDGEMENTS
We thank Marie-Eve Aubin-Tam (TU Delft), Arjen Jakobi (TU Delft), Martijn C.
Koorengevel (Utrecht University), and J. Antoinette Killian (Utrecht University) for

their helpful advice.

d13I4HDIH NOLdWVYHLNOS 40 ALISHIAINN 1 0202 ‘T 4990300 Uo /1o’ wse’IAlj/:dny woij papeojumod


http://jvi.asm.org/

(19)
.C
=
O
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
O
=

Journal of Virology

Journal of Virology

470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508

PAdJ and BED were supported by NWO Vidi grant 864.14.004. FLN was

supported by NWO Veni grant 016.Veni.181.092, and SJJB was supported by Vici
grant VI.C.182.027 and European Research Council (ERC) Stg grant 639707.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Nobrega FL, Vlot M, de Jonge PA, Dreesens LL, Beaumont HJE, Lavigne R, Dutilh BE, Brouns
SJJ. 2018. Targeting mechanisms of tailed bacteriophages. Nat Rev Microbiol 16:760-773.
Silva JB, Storms Z, Sauvageau D, Bertozzi Silva J, Storms Z, Sauvageau D. 2016. Host
receptors for bacteriophage adsorption. FEMS Microbiol Lett 363:1-11.

de Jonge PA, Nobrega FL, Brouns SJJ, Dutilh BE. 2019. Molecular and Evolutionary
Determinants of Bacteriophage Host Range. Trends Microbiol 27:51-63.

DZunkova M, Low SJ, Daly JN, Deng L, Rinke C, Hugenholtz P. 2019. Defining the human gut
host—phage network through single-cell viral tagging. Nat Microbiol 4:2192-2203.

Cowley LA, Beckett SJ, Chase-Topping M, Perry N, Dallman TJ, Gally DL, Jenkins C. 2015.
Analysis of whole genome sequencing for the Escherichia coli O157:H7 typing phages. BMC
Genomics 16:271.

Meyer JR, Dobias DT, Weitz JS, Barrick JE, Quick RT, Lenski RE. 2012. Repeatability and
Contingency in the Evolution of a Key Innovation in Phage Lambda. Science (80- ) 335:428—
432.

Perry EB, Barrick JE, Bohannan BJM. 2015. The Molecular and Genetic Basis of Repeatable
Coevolution between Escherichia coli and Bacteriophage T3 in a Laboratory Microcosm. PLoS
One 10:e0130639.

Chibani-Chennoufi S, Bruttin A, Dillmann MM-L, Brussow H, Brissow H. 2004. Phage-Host
Interaction: an Ecological Perspective. J Bacteriol 186:3677—-3686.

Cobian Guemes AG, Youle M, Canti VA, Felts B, Nulton J, Rohwer F. 2016. Viruses as
Winners in the Game of Life. Annu Rev Virol 3:197-214.

Clokie MRJ, Millard AD, Letarov A V., Heaphy S. 2011. Phages in nature. Bacteriophage 1:31—
45,

Koskella B. 2019. New approaches to characterizing bacteria—phage interactions in microbial
communities and microbiomes. Environ Microbiol Rep 11:15-16.

Sado-José C, Lhuillier S, Lurz R, Melki R, Lepault J, Santos MA, Tavares P. 2006. The
ectodomain of the viral receptor YueB forms a fiber that triggers ejection of bacteriophage
SPP1 DNA. J Biol Chem 281:11464-11470.

Andres D, Baxa U, Hanke C, Seckler R, Barbirz S. 2010. Carbohydrate binding of Salmonella
phage P22 tailspike protein and its role during host cell infection. Biochem Soc Trans 38:1386—
1389.

Broeker NK, Kiele F, Casjens SR, Gilcrease EB, Thalhammer A, Koetz J, Barbirz S. 2018. In
vitro studies of lipopolysaccharide-mediated DNA release of podovirus HK620. Viruses 10.
Bartual SG, Otero JM, Garcia-Doval C, Llamas-Saiz AL, Kahn R, Fox GC, van Raaij MJ. 2010.

d13I4HDIH NOLdWVYHLNOS 40 ALISHIAINN 1 0202 ‘T 4990300 Uo /1o’ wse’IAlj/:dny woij papeojumod


http://jvi.asm.org/

(19)
.C
=
O
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
O
=

Journal of Virology

Journal of Virology

509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

20.

Structure of the bacteriophage T4 long tail fiber receptor-binding tip. Proc Natl Acad Sci
107:20287-20292.

Wang C, Tu J, Liu J, Molineux 1J. 2019. Structural dynamics of bacteriophage P22 infection
initiation revealed by cryo-electron tomography. Nat Microbiol 4:1049—-1056.

Rakhuba D V., Kolomiets El, Szwajcer Dey E, Novik GIl. 2010. Bacteriophage receptors,
mechanisms of phage adsorption and penetration into host cell. Polish J Microbiol 59:145-155.
Dowah ASAA, Clokie MRJJ. 2018. Review of the nature, diversity and structure of
bacteriophage receptor binding proteins that target Gram-positive bacteria. Biophys Rev 1:1-8.
Lee Y-C, Baath JA, Bastle RM, Bhattacharjee S, Cantoria MJ, Dornan M, Gamero-Estevez E,
Ford L, Halova L, Kernan J, Kirten C, Li S, Martinez J, Sachan N, Sarr M, Shan X,
Subramanian N, Rivera K, Pappin D, Lin S-H. 2018. Impact of Detergents on Membrane
Protein Complex Isolation. J Proteome Res 17:348-358.

Gulati S, Jamshad M, Knowles TJ, Morrison KA, Downing R, Cant N, Collins R, Koenderink JB,
Ford RC, Overduin M, Kerr ID, Dafforn TR, Rothnie AJ. 2014. Detergent-free purification of
ABC (ATP-binding-cassette) transporters. Biochem J 461:269-278.

Denisov IG, Sligar SG. 2016. Nanodiscs for structural and functional studies of membrane
proteins. Nat Struct Mol Biol 23:481-486.

Lee SC, Knowles TJ, Postis VLG, Jamshad M, Parslow RA, Lin Y, Goldman A, Sridhar P,
Overduin M, Muench SP, Dafforn TR. 2016. A method for detergent-free isolation of membrane
proteins in their local lipid environment. Nat Protoc 11:1149-1162.

Doérr JM, Scheidelaar S, Koorengevel MC, Dominguez JJ, Schafer M, van Walree CA, Killian
JA. 2016. The styrene—maleic acid copolymer: a versatile tool in membrane research. Eur
Biophys J 45:3-21.

Jamshad M, Grimard V, Idini I, Knowles TJ, Dowle MR, Schofield N, Sridhar P, Lin Y, Finka R,
Wheatley M, Thomas ORT, Palmer RE, Overduin M, Govaerts C, Ruysschaert JM, Edler KJ,
Dafforn TR. 2015. Structural analysis of a nanoparticle containing a lipid bilayer used for
detergent-free extraction of membrane proteins. Nano Res 8:774—789.

Broecker J, Eger BT, Ernst OP. 2017. Crystallogenesis of Membrane Proteins Mediated by
Polymer-Bounded Lipid Nanodiscs. Structure 25:384—-392.

Bersch B, Dorr JM, Hessel A, Killian JA, Schanda P. 2017. Proton-Detected Solid-State NMR
Spectroscopy of a Zinc Diffusion Facilitator Protein in Native Nanodiscs. Angew Chemie - Int
Ed 56:2508-2512.

Knowles TJ, Finka R, Smith C, Lin YP, Dafforn T, Overduin M. 2009. Membrane proteins
solubilized intact in lipid containing nanoparticles bounded by styrene maleic acid copolymer. J
Am Chem Soc 131:7484-7485.

Sutcliffe IC. 2010. A phylum level perspective on bacterial cell envelope architecture. Trends
Microbiol 18:464-470.

Craig AF, Clark EE, Sahu ID, Zhang R, Frantz ND, Al-Abdul-Wahid MS, Dabney-Smith C,
Konkolewicz D, Lorigan GA. 2016. Tuning the size of styrene-maleic acid copolymer-lipid
nanoparticles (SMALPs) using RAFT polymerization for biophysical studies. Biochim Biophys

d13I4HDIH NOLdWVYHLNOS 40 ALISHIAINN 1 0202 ‘T 4990300 Uo /1o’ wse’IAlj/:dny woij papeojumod


http://jvi.asm.org/

(o
=
S
o)
@
nf—
U2)
@
(a1
nf—
ol
=
\9)
2]
>
(=
=
o)
©
nf—
ol
©
\9)
\9)
<(

Journal of Virology

Journal of Virology

549
550
551
552
563
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Acta - Biomembr 1858:2931-2939.

Cuevas Arenas R, Klingler J, Vargas C, Keller S. 2016. Influence of lipid bilayer properties on
nanodisc formation mediated by styrene/maleic acid copolymers. Nanoscale 8:15016—-15026.
Hall SCL, Tognoloni C, Price GJ, Klumperman B, Edler KJ, Dafforn TR, Arnold T. 2018.
Influence of Poly(styrene- co -maleic acid) Copolymer Structure on the Properties and Self-
Assembly of SMALP Nanodiscs. Biomacromolecules 19:761-772.

Gidden J, Denson J, Liyanage R, Ivey DM, Lay JO. 2009. Lipid compositions in Escherichia
coli and Bacillus subtilis during growth as determined by MALDI-TOF and TOF/TOF mass
spectrometry. Int J Mass Spectrom 283:178-184.

Thwaites JJ, Surana UC. 1991. Mechanical properties of Bacillus subtilis cell walls: Effects of
removing residual culture medium. J Bacteriol 173:197-203.

Silhavy TJ, Kahne D, Walker S. 2010. The bacterial cell envelope. Cold Spring Harb Perspect
Biol 2:a000414.

Gorbalenya AE, Krupovic M, Mushegian A, Kropinski AM, Siddell SG, Varsani A, Adams MJ,
Davison AJ, Dutilh BE, Harrach B, Harrison RL, Junglen S, King AMQ, Knowles NJ, Lefkowitz
EJ, Nibert ML, Rubino L, Sabanadzovic S, Sanfacon H, Simmonds P, Walker PJ, Zerbini FM,
Kuhn JH. 2020. The new scope of virus taxonomy: partitioning the virosphere into 15
hierarchical ranks. Nat Microbiol 5:668—674.

Walker PJ, Siddell SG, Lefkowitz EJ, Mushegian AR, Dempsey DM, Dutilh BE, Harrach B,
Harrison RL, Hendrickson RC, Junglen S, Knowles NJ, Kropinski AM, Krupovic M, Kuhn JH,
Nibert M, Rubino L, Sabanadzovic S, Simmonds P, Varsani A, Zerbini FM, Davison AJ. 2019.
Changes to virus taxonomy and the International Code of Virus Classification and
Nomenclature ratified by the International Committee on Taxonomy of Viruses (2019). Arch
Virol 164:2417-2429.

Bjornsti MA, Reilly BE, Anderson DL. 1982. Morphogenesis of bacteriophage phi 29 of Bacillus
subtilis: DNA-gp3 intermediate in in vivo and in vitro assembly. J Virol 41:508-17.

Shao Y, Wang IN. 2009. Effect of late promoter activity on bacteriophage A fithess. Genetics
181:1467-1475.

Demerec M, Fano U. 1945. Bacteriophage-Resistant Mutants in Escherichia Coli. Genetics
30:119-36.

Henry M, Biswas B, Vincent L, Mokashi V, Schuch R, Bishop-Lilly KA, Sozhamannan S. 2012.
Development of a high throughput assay for indirectly measuring phage growth using the
OmniLog(TM) system. Bacteriophage 2:159-167.

Moldovan R, Chapman-McQuiston E, Wu XL. 2007. On kinetics of phage adsorption. Biophys J
93:303-315.

Fischer W. 1994. Lipoteichoic acid and lipids in the membrane of Staphylococcus aureus. Med
Microbiol Immunol 183:61-76.

Chatterjee S, Rothenberg E. 2012. Interaction of bacteriophage A with Its E. coli receptor,
LamB. Viruses 4:3162-3178.

Leiman PG, Arisaka F, van Raaij MJ, Kostyuchenko VA, Aksyuk AA, Kanamaru S, Rossmann

d13I4HDIH NOLdWVYHLNOS 40 ALISHIAINN 1 0202 ‘T 4990300 Uo /1o’ wse’IAlj/:dny woij papeojumod


http://jvi.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Virology

Journal of Virology

589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

MG. 2010. Morphogenesis of the T4 tail and tall fibers. Virol J 7:355.

Eriksson M, Hardelin M, Larsson A, Bergenholtz J, Akerman B. 2007. Binding of intercalating
and groove-binding cyanine dyes to bacteriophage T5. J Phys Chem B 111:1139-1148.
Andres D, Hanke C, Baxa U, Seul A, Barbirz S, Seckler R. 2010. Tailspike interactions with
lipopolysaccharide effect DNA ejection from phage P22 particles in vitro. J Biol Chem
285:36768-36775.

Ravula T, Hardin NZ, Bai J, Im SC, Waskell L, Ramamoorthy A. 2018. Effect of polymer charge
on functional reconstitution of membrane proteins in polymer nanodiscs. Chem Commun
54:9615-9618.

Rountree PM. 1955. The Role of Divalent Cations in the Multiplication of Staphylococcal
Bacteriophages. J Gen Microbiol 12:275-287.

Tolmach LJ, Puck TT. 1952. The Mechanism of Virus Attachment to Host Cells. J Am Chem
Soc 74:5551-5553.

Abu Al-Soud W, Radstrom P. 1998. Capacity of nine thermostable DNA polymerases to
mediate DNA amplification in the presence of PCR-inhibiting samples. Appl Environ Microbiol
64:3748-3753.

Schrader C, Schielke A, Ellerbroek L, Johne R. 2012. PCR inhibitors - occurrence, properties
and removal. J Appl Microbiol 113:1014-1026.

Rossen L, Ngrskov P, Holmstrgm K, Rasmussen OF. 1992. Inhibition of PCR by components
of food samples, microbial diagnostic assays and DNA-extraction solutions. Int J Food
Microbiol 17:37-45.

Morfin |, Horkay F, Basser PJ, Bley F, Hecht A-M, Rochas C, Geissler E. 2004. Adsorption of
divalent cations on DNA. Biophys J 87:2897-904.

Lindhoud S, Carvalho V, Pronk JW, Aubin-Tam ME. 2016. SMA-SH: Modified Styrene-Maleic
Acid Copolymer for Functionalization of Lipid Nanodiscs. Biomacromolecules 17:1516-1522.
Hall SCL, Tognoloni C, Charlton J, Bragginton EC, Rothnie AJ, Sridhar P, Wheatley M,
Knowles TJ, Arnold T, Edler KJ, Dafforn TR. 2018. An acid-compatible co-polymer for the
solubilization of membranes and proteins into lipid bilayer-containing nanoparticles. Nanoscale
10:10609-10619.

Ravula T, Hardin NZ, Ramadugu SK, Cox SJ, Ramamoorthy A. 2018. Formation of pH-
Resistant Monodispersed Polymer—Lipid Nanodiscs. Angew Chemie - Int Ed 57:1342-1345.
Taylor NMI, Prokhorov NS, Guerrero-Ferreira RC, Shneider MM, Browning C, Goldie KN,
Stahlberg H, Leiman PG. 2016. Structure of the T4 baseplate and its function in triggering
sheath contraction. Nature 533:346-52.

Legrand P, Collins B, Blangy S, Murphy J, Spinelli S, Gutierrez C, Richet N, Kellenberger C,
Desmyter A, Mahony J, van Sinderen D, Cambillau C. 2016. The Atomic Structure of the
Phage Tuc2009 Baseplate Tripod Suggests that Host Recognition Involves Two Different
Carbohydrate Binding Modules. MBio 7:e01781-15.

Thonghin N, Kargas V, Clews J, Ford RC. 2018. Cryo-electron microscopy of membrane
proteins. Methods 147:176-186.

d13I4HDIH NOLdWVYHLNOS 40 ALISHIAINN 1 0202 ‘T 4990300 Uo /1o’ wse’IAlj/:dny woij papeojumod


http://jvi.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Virology

Journal of Virology

629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661

662

60. Weber M, Wojtynek M, Medalia O. 2019. Cellular and Structural Studies of Eukaryotic Cells by
Cryo-Electron Tomography. Cells 8:57.

61. Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA, Tomita M, Wanner
BL, Mori H. 2006. Construction of Escherichia coli K-12 in-frame, single-gene knockout
mutants: the Keio collection. Mol Syst Biol 2:2006.0008.

62. Brouns SJJ, Jore MM, Lundgren M, Westra ER, Slijkhuis RJH, Snijders APL, Dickman MJ,
Makarova KS, Koonin E V., van der Oost J. 2008. Small CRISPR RNAs Guide Antiviral
Defense in Prokaryotes. Science (80- ) 321:960-964.

63. Jacob F, Wollman EL. 1954. Etude génétique d’'un bactériophage tempéré d’Escherichia coli. I.
Le systeme génétique du bactériophage. Ann Inst Pasteur 87:653-673.

64. Fortier L-C, Moineau S. 2009. Phage Production and Maintenance of Stocks, Including
Expected Stock Lifetimes, p. 203-219. In Clokie, MRJ, Kropinski, AM (eds.), Methods in Gut
Microbial Ecology for Ruminants. Humana Press, Totowa, NJ.

65. Lawrence JE, Steward GF. 2010. Purification of viruses by centrifugation. Man Aquat Viral Ecol
ASLO 2:166-181.

66. Randall-Hazelbauer L, Shwartz M. 1973. Isolation of the bacteriophage lambda receptor from
E. coli. J Bacteriol 116:1436-1446.

67. Washizaki A, Yonesaki T, Otsuka Y. 2016. Characterization of the interactions between
Escherichia coli receptors, LPS and OmpC, and bacteriophage T4 long tail fibers.
Microbiologyopen 5:1003-1015.

Figure 1. Styrene maleic acid lipid particles (SMALPs) can be made from
distinct microbial membranes. (a): A schematic of the process by which styrene
maleic acid co-polymer incorporates itself into lipid membrane to isolate membrane
proteins in SMALPS. (b): SMALPs can be made from Gram-positive and Gram-
negative bacterial membranes at roughly equal efficiency. Optical densities of E. coli
K12 and B. subtilis 110NA membrane suspensions (10 mg/ml) rapidly decreased
upon addition of 20 mg/ml SMA (at grey vertical line) due to dissolution of large
membrane particles into SMALPs. (c): SMALPs of B. subtilis are larger than SMALPs
of E. coli, as shown by diameter distributions of SMALPs from the two species
obtained through dynamic light scattering. Each sample was measured in triplicate,
with the replicates plotted on top of each other. Solid lines are the average of the

three replicates.
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Figure 2: SMALPs decrease viable phage counts. (a): Inhibition of lytic activity by
Bacillus phage 929 (10° pfu/ml, starting MOI: 10?) and Escherichia phages A (10°
pfu/ml, starting MOI: 10 and T4 (10* pfu/ml, starting MOI: 10“) by SMALPs
prepared from their hosts. Liquid cultures of host cells were either not infected
(SMALPs-only control, light grey), infected with SMALPs-incubated phage (red), or
infected with untreated phage (phage-only control, dark grey), followed by
measurement of optical densities at 600 nm every 10 minutes. Points are
measurements in each biological triplicate, solid lines are the mean. (b): Time-
dependent decrease of viable phage counts by SMALPs. Samples were taken at 5-
minute time intervals of phages incubated with SMALPs from their host and used for
plague assays. The percentage of viable phages were estimated using a non-treated
phage control. Points are replicates, while solid lines are means.

Figure 3: Specificity of ejection by various phages upon addition to SMALPs.
(a): Ejection of phage A DNA in the presence of E. coli K12 SMALPs. YO-PRO
fluorophore was added to phage A stock (light grey), E. coli K-12 SMALPs (dark grey)
and a combination of the two and fluorescence was measured after a 20-minute
incubation. Points are biological replicates. (b) and (c): YO-PRO fluorescence assays
like (a) performed with phages A and ¢29 added to E. coli K12 and B. subtilis
SMALPs. SMALP-only measurements were subtracted from the SMALP + phage
measurements, phage measurements were negligible (see (a)). (d): Receptor
specific DNA ejection by phage A after incubation with SMALPs from E. coli K12 or
ALamB, as measured by QuBit DNA quantification assays. The experiments were
repeated thrice, each instance (which have different shades of red) composed of
biological triplicates (individual points). SMALP-only measurements were subtracted
from SMALP + phage incubations. Significance values are according to Welch two-
tailed t-tests, * <0.05, ** <0.01, *** <0.001, **** <0.0001.

Figure 4: Chelating activity of SMALPs causes inhibition of DNA-modifying
reactions. (a): DNase inhibition by SMALPs, shown by an agarose gel of A DNA with
SMALPs and DNase, A DNA with DNase, and A DNA alone. (b): Inhibition of Taq
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polymerase by SMALPs after PCR targeting A DNA. (c) Precipitation of SMA by
addition of divalent cations in calcium chloride (Ca) and magnesium sulphate (Mg),
followed by centrifugation. SMA concentration was determined by adsorption at 259
nm and comparison to a standard curve (Figure S2). Points are replicates, solid lines

are averages.

Table 1: Characteristics of model phages used to test the inhibitory effect of
SMALPs.

Phage Family Host used Classification Receptor(s)

A Siphoviridae Ei/\(/:glsilm Gram-negative ~ LamB protein (66)

T4 Myoviridae gi/\(/:ngilm Gram-negative =~ OmpC protein/LPS (67)
¢29 Podoviridae ?igkl%tilis Gram-positive Teichoic acids (37)
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