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Summary

Toxin-antitoxins (TAs) are prokaryotic two-gene systems comprised of a toxin neutralised by
an antitoxin. Toxin-antitoxin-chaperone (TAC) systems additionally include a SecB-like
chaperone that stabilises the antitoxin by recognising its chaperone addiction (ChAD) element.
TACs have been shown to mediate antiphage defence, but the mechanisms of viral sensing and
restriction are unexplored. We identify and characterise two Escherichia coli antiphage TAC
systems containing HigBA and CmdTA TA units, HigBAC and CmdTAC. The HigBAC is
triggered through recognition of the gpV major tail protein of phage A. Both the ChAD and
gpV are recognised by the HigC chaperone through analogous aromatic molecular patterns,
explaining the mechanism of activation. We show that the CmdT ADP-ribosyltransferase toxin
modifies mRNA to shut down protein synthesis. We establish the modularity of TACs by
creating a hybrid broad-spectrum antiphage system combining the CmdTA TA warhead with
the HigC chaperone phage sensor.

Highlights:

E. coli HigBAC and CmdTAC are translation-targeting phage immunity TAC systems
HigC chaperone recognises phage A major tail protein to trigger HigBAC toxicity

CmdT ADP-ribosyltransferase toxin abrogates translation through modification of mRNA
HigC combined with CmdTA yields hybrid broad-spectrum antiphage defence system
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Introduction

Toxin-antitoxin (TA) systems are diverse two-gene (bicistronic) elements that are ubiquitous
in genomes of archaea, bacteria as well as of temperate bacteriophages!. While multiple
functions have been demonstrated for TAs over the years, their role as abortive infection
antiphage defence systems has become a particularly active topic of investigation in recent
years>*. Based on the nature of the antitoxin (protein or RNA) and the mechanism of toxin
neutralisation (such as formation of inactive toxin-antitoxin complex, protection of the cellular
target from the toxin or degradation of the toxin mRNA), TAs are classified into eight groups,
from Type I to Type VIIIL. Type Il TAs employ proteinaceous antitoxins that neutralise cognate
toxins through the formation of a tight, non-toxic TA complex.

Type II toxins have diverse mechanisms of toxicity, with the most common cellular
targets being i) protein synthesis machinery, ii) replication apparatus, iii) cell wall and cell
skeleton and iv) nucleotide metabolism'. One of the most well-known TA systems is HigBA
(Host inhibition of growth), originally identified in Proteus vulgaris as a locus that increases
the stability of the Rts1 plasmid on which it is encoded’. The HigB RNase toxin is a ribosome-
dependent mRNA interferase that is neutralised by the N-terminal intrinsically disordered
regions of the dimeric HigA antitoxin®®. DarTG is a recently discovered prophage-encoded
antiphage defence TA system”!?. A member of the ADP-ribosyltransferase (ART) protein
family'!, the DarT toxins link the ADP-ribose moiety of the NAD* cofactor to the amino group
of the guanine or thymine base of the DNA®!2, which results in inhibition of both RNA and
DNA synthesis!'%!3, Detection of the invading phage by DarTG triggers the toxin, thus shutting
down cellular transcription and replication in the infected cell to halt virus production'®.

A variation on the Type II TA theme is provided by tripartite toxin-antitoxin-chaperone
(TAC) systems. While TAs are encoded by bicistronic operons, TACs are encoded by
tricistronic operons: a ‘classical’ TA gene arrangement followed by a third gene encoding a
SecB-like (SecB™) chaperone!*!>. SecB is a general housekeeping chaperone of
Pseudomonadota (Proteobacteria) that predominantly co-translationally assists the folding of
diverse proteins, both membrane-targeted and cytoplasmic'®. SecB™ TAC chaperones are, on
the other hand, highly specialised to ensure the stability of otherwise highly labile TAC
antitoxins'#. The strict dependence of the TAC TA units on SecB™-mediated stabilisation is
determined by the chaperone addiction (ChAD) element, an intrinsically disordered region
(IDR) located at the C-terminus of the antitoxin'’!®. Rather than mediating antitoxin

neutralisation, the ChAD region decreases the antitoxin’s solubility, promoting aggregation
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and resulting in TA ‘addiction’ to SecB™: the antitoxin and the chaperone act in concert to
keep the toxin neutralised. Removal of the ChAD element converts the
Mycobacterium tuberculosis HigBAC into a SecB™-independent TA system!'®. The interaction
between the ChAD region of the M. tuberculosis HigA1 antitoxin and SecB™ chaperone HigC
is strictly dependent on the aromatic Y114 residue of the ChAD'®!, ChAD elements are
modular: grafting ChADs on canonical Type II TAs can convert TAs into chaperone-addicted
TACs!3. Finally, the destabilising activity of the ChAD element is conditional on proteolysis
of the antitoxin by the ClpXP protease, with M. tuberculosis HigBA being rendered non-toxic
and SecB™-independent in AclpX or AclpP genetic backgrounds!”.

A recent study by Vassalo and colleagues has established the biological function of two
Escherichia coli TAC systems: MgsRAC from E. coli strain C496 10'8 and the ART toxin-
containing system PD-T4-9 encoded in the hypervariable region of a P2-like phage integrated
into the E. coli ECOR22 genome?’. Both of these novel TACs were shown to mediate antiphage
defence, and the latter was renamed CmdTAC for Chaperone-mediated defence TAC?°. The
CmdTAC PD-T4-9 protects E. coli from Tevenvirinae phage T4, with over-production of the
CmdC SecB™ chaperone abrogating protection; the E. coli C496 10 MgsRAC protects from
Tevenvirinae phage T2 but not T4%°,

In this study we address key outstanding questions in TAC biology: What is the
mechanism of toxicity employed by CmdT toxins? How do TAC systems sense phage
infection? Using our recent survey of Type II TA diversity?! as a starting point, here we identify
and validate two novel prophage-encoded TAC systems: HigBAC from E. coli strain NT1F31
and CmdTAC from E. coli O112ab:H26. We demonstrate HigBAC-mediated defence against
siphoviruses (i.e. phages with long noncontractile tails): Queuovirinae coliphage Bas25%? and
Lambdavirus L.i-. We show that the toxicity of HigBAC is triggered through recognition of the
gpV major tail protein of A,;- through competition with the ChAD element of the antitoxin
HigA. Binding of both HigA and gpV to SecB™ is strictly dependent on specific aromatic
residues that compete for the same binding pockets of the chaperone. We uncover the molecular
mechanism of anti-7Tevenvirinae defence by ART toxin CmdTAC: once the TAC system is
activated upon phage infection, the CmdT toxin sequence-specifically ADP-ribosylates mRNA
to shut down protein synthesis. Finally, by combining the CmdTA toxin-antitoxin warhead
with the HigC chaperone phage sensor, we create a hybrid broad-spectrum phage defence

system, thus highlighting the evolutionally malleability and modular nature of the TAC
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architecture. Collectively, our study establishes key principles for phage sensing and restriction

by TAC defence systems.

Results

E. coli NT1F31 HigBAC and E. coli O112ab:HH26 CmdTAC are translation-targeting
TAC systems that confer phage immunity

In our previous high-throughput analysis of Type II TA systems, the NetFlax algorithm
automatically identified TA systems based on their presence in a conserved two-gene
architecture?!. This meant that toxin or antitoxin-like proteins encoded in longer conserved
neighbourhoods were not considered. However, when surveying ‘disregarded’ genomic
neighbourhoods, we noticed that some toxins from the D2 MqsR-like toxin node of the TA
network were associated with an antitoxin followed by a gene encoding a SecB-like protein,
suggesting they are TACs, similar to MgsRAC'"®%, In order to find homologues of these
putative TACs that would be suitable for microbiological studies in the Escherichia coli host,
we searched for relatives of the SecB component in Enterobacteriacae and carried out FlaGs
gene neighbourhood analysis?’. This yielded a number of different TAC-like systems in
Enterobacteriacae, along with yibN-grxC-secB-gpsA operons encoding orthologues of the
housekeeping E. coli SecB** (Figure S1A).

We focused on two representatives: HigBAC from E. coli strain NT1F31 and a novel
tripartite CmdTAC system from E. coli O112ab:H26. Both of the systems are located on
prophages: a lambdoid phage in the case of E. coli NT1F31 HigBAC and an unclassified
prophage in the case of E. coli O112ab:H26 CmdTAC (Figure 1A,B). Importantly, HigBAC
is encoded in a variable defence locus downstream of the ¢/ repressor?®> which in the classical
L phage encodes the RexAB phage exclusion system?® (Figure S1B). Toxicity neutralisation
assays establish that both NT1F31 HigBAC and O112ab:H26 CmdTAC are, indeed, bona fide
TACs. When expressed under the control of an arabinose-inducible Ppap promoter from a
pBAD?33 plasmid vector, both E. coli NT1F31 HigBA (with a weak Shine-Dalgarno sequence)
and E. coli O112ab:H26 CmdTA (with strong Shine-Dalgarno sequence) toxin-antitoxin units
inhibit growth of the BW25113 test strain (Figure 1A,B). This demonstrates both the
functionality of the toxins and the inability of the full-length antitoxins to neutralise the toxin
in the absence of a chaperone. In the case of HigBA, the growth defect caused by TA expression
is fully rescued when the cognate HigC chaperone is co-expressed in trans from a second

plasmid (a pMG25 derivative) under the control of IPTG-inducible Pai/04/03 promoter (Figure
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1A). A partial neutralisation of toxicity is observed for CmdTA co-expressed with CmdC
chaperone (Figure 1B). Since the operon structure plays an important role in co-translational
assembly of protein complexes?’-?%, we tested the toxicity of CmdTAC and HigBAC TAC
operons expressed from pBAD33. However, even with the chaperone expressed in cis (from
the same plasmid), the CmdTA toxicity is not fully suppressed; the likely explanation is
excessive toxin expression in our constructs or/and the use of a non-native host strain (Figure
S2).

We used metabolic labelling assays to assess the effects on translation (by following
incorporation of 3*S-methionine in proteins), transcription (incorporation of *H-uridine in
RNA) and replication (incorporation of *H-thymidine in DNA) to establish the mechanisms of
toxicity employed by the newly identified TACs (Figure 1C,D). Given that the Rts1 plasmid-
encoded HigB TA toxin is a ribosome-dependent RNase (mRNA interferase)®, it is likely that
the homologous E. coli NT1F31 HigB toxin also degrades mRNA. Indeed, as expected, E. coli
NTI1F31 HigB causes specific and potent inhibition of protein synthesis (Figure 1C). The
outcome of the labelling experiments with E. coli O112ab:H26 ART CmdT toxin was more
surprising. In stark contrast to the ART toxin DarT that inhibits replication and transcription!®,
the E. coli O112ab:H26 CmdT ART toxin is also a potent and specific inhibitor of protein
synthesis, raising the question of the mechanism of CmdT toxicity (Figure 1D).

To test the functionality of the identified TACs in antiphage immunity, we performed
an antiphage immunity screen using the BASEL coliphage collection as well as a set of
commonly used phages??> (Figure 1E,F). Our collection of double-stranded DNA
Caudoviricetes viruses included representatives of all the three morphologies: podovirus (short
noncontractile tail), siphovirus (long noncontractile tail) and myovirus (long and flexible
contractile tail). The tripartite TAC systems were expressed in the BW25113 E. coli K12 strain
from a pBR322 derivative®® under the control of a constitutive Py promoter. The E. coli
NTI1F31 HigBAC system provided protection from siphovirus phages such as Lambdavirus
Avir and Queuovirinae Bas25, while E. coli O112ab:H26 CmdTAC granted protection against
myoviruses from the Tevenvirinae subfamily such as Bas43, T4 and T6 as well as a siphovirus
from the Demerecviridae family (Bas34). Liquid culture infection assays with increasing
Multiplicity of Infection (MOI; 0.1, 1 and 10) support the defensive activity of HigBAC against
Avir and Bas25 and CmdTAC against Bas43 and T4 (Figure G and Figure S3A-D). The effects
of TAC-mediated defence on phage-mediated culture collapse differ for different experimental

systems. Even at MOI of 10, CmdTAC- and HigBAC-expressing E. coli strains are virtually
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immune to Bas43 and Bas25, respectively. At MOI of 10, A, does eventually cause a collapse
of HigBAC-expressing cultures, but more gradually than the rapid collapse in the absence of
the defence system. Finally, in the case of CmdTAC-expressing T4-infected E. coli cultures,
phage-induced lysis is abolished, with the bacterial growth being arrested at the same time
points as culture collapse is observed in the cultures of E. coli that lack the system. As T4
rapidly degrades bacterial DNA?3!, this possibly reflects efficient abortion of T4’s lytic cycle at
the later stages.

Collectively, our results establish these two TAC systems as translation-targeting
antiphage immunity systems. Motivated by these results, we set out to answer the following
questions: What is the mechanism of CmdT-mediated inhibition of translation? What is the

mechanism of phage sensing and restriction by our TAC systems?

E. coli O112ab:H26 ART CmdT ADP-ribosylates mRNA to shut down translation

To validate the direct inhibition of translation by CmdT in vitro, we assayed the effect of CmdT
on the production of the dihydrofolate reductase (DHFR) reporter protein in a reconstituted
E. coli cell-free protein synthesis system (PURE)*2. The toxin was first produced in sifu in the
absence of the NAD" cofactor, and then DHFR production was assayed either in the presence
or absence of NAD". The E. coli O112ab:H26 ART CmdT toxin potently inhibits DHFR
synthesis in a strictly NAD"-dependent manner, and, importantly, the 6-biotin-17-NAD"
analogue ("*'NAD™) also supports the toxic activity (Figure 2A).

To identify the specific molecular target modified by CmdT, we used streptavidin-
conjugated horseradish peroxidase (streptavidin-HRP) that detects "*NAD*. We first produced
the CmdT toxin in situ in the PURE system in the presence of " NAD" and after a 60-minute
incubation at 37 °C resolved the protein and RNA components on denaturing gels and probed
with streptavidin-HRP (Figure 2B). While no specific protein signal is detectable, a clear RNA
signal is detectable with a size (about 0.8 kb) corresponding to CmdT-encoding mRNA. The
signal is sensitive to treatment with single-stranded RNA specific RNase A (Figure 2C). Next
we used a 24-nucleotide-long model mRNA(MYV) (5'-
GGCAAGGAGGUAAAAAUGGUUAAA-3") coding for the MV dipeptide as an RNA
substrate. This mRNA is commonly used to assemble ribosomal complexes for biochemical
investigations*. mRNA(MYV) but not the corresponding DNA oligo, mDNA(MYV), is readily
modified by the toxin (Figure 2D). Finally, we used a set of RNA oligos to test whether RNA
modification by O112ab:H26 CmdT is sequence-specific. None of the tested homopolymeric


https://doi.org/10.1101/2024.02.24.581848
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.24.581848; this version posted February 24, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

RNAs (14-nucleotide-long poly(G), poly(C), poly(U), or poly(A)) are effectively modified,
indicating that the toxin recognises a specific sequence motif (Figure S4). An RNA oligo that
is reverse-complementary to mRNA(MV) was not modified, further suggesting that the
modification is sequence-specific (Figure 2E). Collectively, our results establish O112ab:H26
CmdT as a sequence-specific mRNA-modifying ART toxin.

A pattern of conserved aromatic residues of the HigA ChAD determine antitoxin
solubility and mediate its recognition by SecB™

Due to more efficient suppression of TA toxicity by SecB™ co-expression in the case E. coli
NTI1F31 HigBAC as compared to E. coli O112ab:H26 CmdTAC (Figure 1B), the HigBAC is
more experimentally amenable for studying the molecular mechanism of ChAD recognition by
SecBT™. Therefore, we focused on this system. We used AlphaFold-Multimer*** to co-fold
the tetrameric HigC SecB™ in complex with one HigBA TA module (Figure 3A, Figure S5).
At 96 amino acids (residues 122-218), the predicted unstructured HigA ChAD is more than
two-fold longer than that of the M. tuberculosis HigA1'®. The ChAD element is predicted to
wrap around the SecB™ tetramer, contributing four additional antiparallel B-strands to the
conserved B-sheet substructure of the SecB fold. The ChAD B-strands are predicted to occupy
the peptide-binding channel of HigC that was previously defined by Xu and colleagues for
Haemophilus influenzae SecB¢. Four aromatic residues of the ChAD element — W128, F158,
F188 and Y214 —slot into four equivalent pockets of the chaperone subunits involving residues
Y39, N41, R49 and D71 of HigC. Analogous pockets accommodating aromatic and
hydrophobic ChAD residues were previously observed in the complex of M. tuberculosis
SecB™ bound to a short ChAD peptide fragment!.

The aromatic residues of HigA ChAD are conserved, supporting their functional
importance (Figure S6A). Intrinsically disordered regions (IDRs) often recognise their target
proteins through recognition of Short Linear Motifs (SLiMs) or/and shorter specific sequence
features, such as clusters of aromatic of charged residues®’. Closer inspection of the four
aromatic residues reveals that 1) there is a loose SLiM consensus associated with the residues:
with the exception of F188, aromatic residues are preceded by polar residue and followed by
an amino acid with a small side-chain, ii) the three potential SLiMs are regularly interspaced
across the ChAD with a step of 30 amino acids, and iii) as predicted by CamSol8, F188 is
located in a region with a high propensity for aggregation (Figure 3B) thus suggesting a key
role in the destabilising activity of the ChAD element.
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Removal of the predicted ChAD region (A122-218) renders the E. coli NT1F31 HigA
antitoxin able to efficiently neutralise the HigB toxin in the absence of the chaperone, behaving
like a classical higBA TA pair (Figure 3C). To validate our AlphaFold predictions of specific
interactions, we next targeted the four aromatic residues of the HigA ChAD element. First, we
substituted each individually for alanine and tested the toxicity of the resultant mutant higBA
TA units in the presence or absence of the chaperone (Figure 3D). The only mutant 2igBA TA
variant that had a phenotype was the F188A substitution that is predicted to be a part of the
CamSol-predicted aggregation-prone patch. This TA variant is slightly less toxic than the wild-
type (Figure 3D, left), while the HigBA toxicity is still efficiently neutralised by HigC (Figure
3D, right). Next, we substituted W128, F158 and Y214 in combinations, leaving out F188.
While none of the tested pairwise substitutions abolished the HigC-mediated suppression of
toxicity, substitution of the three residues for alanine completely abrogated the effect of HigC
co-expression (Figure 3D, right). This suggests that while they are not individually essential
for SecB™ addiction, these residues collectively participate in the interaction through avidity
effects. Finally, the tetra-substituted variant has a dramatically reduced toxicity which does not
need to be suppressed by HigC. This suggests that the four residues are collectively essential
for rendering the ChAD-tagged antitoxin aggregation-prone and chaperone-addicted. Next, we
used isothermal titration calorimetry (ITC) to test the HigC-mediated recognition of a peptide
mimicking the first of the four repetitive SLiM elements of the ChAD region (Figure 3E,F,
Table 1). The peptide corresponding to residues 121-148 of HigA binds HigC with low-uM
affinity (Kp = 1.3 pM, n = 0.6; n is calculated per HigC monomer). The W128A substitution
targeting the aromatic core of the SLiM abrogates the interaction, directly validating specificity
of the interaction.

Finally, we probed the pockets of the HigC chaperone that are predicted to recognise
the aromatic residues of the ChAD element. While alanine substitution of N41 and D71 do not
affect the HigC-mediated neutralisation of HigBA, the R49A variant is unable to rescue the
growth defect of HigBA-expressing cells (Figure 3G).

Inactivation of the E. coli NT1F31 HigA antitoxin does not rely on the ClpXP protease

The protease ClpXP recognises specific motifs, or degrons, that mark a protein for degradation.
The most well-characterised ClpXP degron is the SsrA-tag. The key element of this tag is the
C-terminal Ala-Ala-COO™ moiety***’. The ChAD of M. tuberculosis HigA1 terminates with
the similarly aliphatic Val-Ala dipeptide degron, marking the antitoxin for ClpXP-mediated


https://doi.org/10.1101/2024.02.24.581848
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.24.581848; this version posted February 24, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

degradation!’. Substitution of the C-terminal Val-Ala motif of M. tuberculosis HigA1 for Asp-
Asp abolishes antitoxin degradation by ClpXP, rendering the well-neutralised HigBA1 toxin-
antitoxin unit non-toxic!”.

The ChAD element of CmdA terminates with Ala-Ala, suggesting targeting by ClpXP.
The E. coli NT1F31 HigA on the other hand terminates with Leu-Pro, which makes it an
unlikely substrate for ClpXP. To test the role of ClpXP in the function of the two TAC systems,
we substituted the terminal AA motif of CmdA for DD and tested the toxicity of the resultant
CmdTA construct in wild-type BW25113 E. coli (Figure 3H). Consistent with ClpXP being
responsible for the instability of wild-type CmdA for degradation, the 120AA121/DD mutant
CmdTA variant is nontoxic. Next, we tested the toxicity of the two TA modules in BW25113
E. coli AclpP, AclpX and Alon strains; the latter strain was used as a specificity control. As
expected, the CmdTA unit is not toxic in AclpP and AclpX — but is toxic in Alon — E. coli
strains, supporting the direct role of ClpXP in CmdTAC triggering through antitoxin
degradation (Figure 3H). As expected from its likely lack of a degron in the ChAD element,
HigAB is toxic in all tested protease-deficient backgrounds, including AclpPX Alon AhsIVU
(Figure 3I). This suggests that HigBAC activation does not rely on the proteolytic activity of
ClpX, Lon or HsIVU. Rather, it could rely on antitoxin aggregation or/and clearance by an as
yet undetermined protease(s).

To directly assay the effects of HigC on HigA abundance and solubility, we used
immunoblotting (Figure 3J) and fluorescence microscopy (Figure 3K,L). First, we tested the
effects of HigC co-expression as well as simultaneous alanine substitutions of the four aromatic
residues of the HigA ChAD element (W128A, F158A, Y214A and F188A; referred to as the
4*) on the expression levels of N-terminally Hiss-tagged HigA (Figure 3J). In the absence of
HigC, wild-type HigA is not detectable by a-Hiss immunoblotting; co-expression of HigC
results in a strong and specific a-Hise-signal. Conversely, the 4* ChAD-mutated HigA is stable
regardless the presence or absence of HigC. These results demonstrate that HigC:ChAD
interaction is essential stabilising otherwise highly liable HigA and, second, that the aromatic
residues of the ChAD element are crucial for its degron function. Next, we imaged E. coli cells
expressing the C-terminally ChAD-tagged monomeric yellow-green fluorescent protein
mNeonGreen*! with or without co-expression of HigC; E. coli transformed with empty
pBR322 vector were used as a control (Figure 3K,L). In good agreement with the
immunoblotting experiments, HigC co-expression increased the fluorescent signal 5-fold. In

good agreement with immunoblotting experiments, HigC co-expression increased the
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fluorescent signal 5-fold. In the absence of HigC, the mNeonGreen-ChAD fluorescent signal
is evenly distributed though the cell with no aggregate formation detected, indicating that the

association of HigA protects the antitoxin from proteolytic destruction rather than aggregation.

Toxic activity of the E. coli NT1F31 HigBAC system is trigged by direct sensing of the A
phage major tail protein gpV

To discover the nature of the phage triggers that activate the £. coli NT1F31 HigBAC defence
system, we isolated spontaneous escape mutants of the A,;- phage that can overcome HigBAC-
mediated immunity. We sequenced four A,;“”* mutant phages immune to HigBAC, and all
shared the same S54P substitution in the major tail protein gpV (Dataset S1). In the absence
of HigBAC, wild-type A and A,;¥®P¢-! are similarly active against E. coli; in the presence of
HigBAC only the wild-type A.i- is restricted (Figure 4A, Figure S3E,F). Given that structural

4243 we have focused our

proteins are well-established triggers of antiphage defence systems
attention of the gpV as a candidate HigBAC trigger. S54 is located in a highly flexible region
of the B2-B3 loop (residues 50-78) of the N-terminal domain of gpV (gpVn, residues 1-160)
that mediates polymerization of the phage tail***. Thus, the S54P substitution would likely not
significantly alter the structural properties of gpV given the intrinsic flexibility of the region.

To probe the possible physical interaction between gpV and HigBAC in the context of
infection, we N-terminally FLAG-tagged HigC in the context of the full HigBAC system and
performed immunoprecipitation followed by tandem mass spectrometry (IP-MS/MS) during
infection with both wild-type L. and the A,;*“*P*-! mutant. We sampled at the 30 minutes
post-infection time point, by which time late genes such as structural proteins are expected to
be expressed*. gpV is dramatically enriched in HigC pulldown samples in case of wild-type
Mvir as compared to samples generated using A,;“?¢-! (Figure 4C). This suggests that the
gpV S54P substitution allows A,;,*“*?¢ to circumvent HigBAC defence by preventing the gpV
recognition by HigC and consequent HigBAC activation.

Prediction of the complex of the gpV region and the SecB™ tetramer by AlphaFold-
Multimer yielded a high-confidence model, providing structural insight into how HigBAC
could be triggered through direct recognition of the tail protein by the HigC chaperone (Figure
4D, Figure S6B). The structure suggests that HigC prevents the folding of the N-terminal
amino acid region of gpV (aa 1-78), which, reminiscent of the ChAD:SecB™ interaction,

becomes linear and largely disordered. The residues constituting the f2-3 loop as well as the

flanking B-strands 2 and B3 are predicted to wrap around the chaperone, with aromatic

11


https://doi.org/10.1101/2024.02.24.581848
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.24.581848; this version posted February 24, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

residues W36 and W67 slotting into the same pockets of the chaperone that mediate the ChAD
recognition. The two aromatic residues are spaced out by =30 residues and are located in a
context similar to that of the ChAD SLiMs, i.e. preceded by an aspartic acid and followed by
a polar residue, serine or threonine. Finally, the acidic patch DsiDEDes is predicted to make
extensive electrostatic interactions with the chaperone.

Co-expression of wild-type gpV — but not the S54P variant — induces HigBAC toxicity
(Figure 4E). We used this reductionist system to probe our structural model through
mutagenesis. Co-expression with gpV variants that are expected to compromise the interaction
with HigC reveal differences in importance for activation. Activation is still seen with W36A
and — to some extent — disruption of the acid patch D1DEDg4. S54P and W67A variants on the
other hand do not activate HigBAC toxicity. Importantly, the N-terminal residues 1-78 of gpVn
fused with a stabilising C-terminal SUMO tag activates the TAC toxicity more efficiently than
the full-length gpV, with the S54P substitution in gpV!”7®-SUMO merely decreasing its
activity, but not abolishing it fully as observed in the case of full-length gpV.

gpV co-translationally competes with HigA ChAD for binding to HigC

Our structural modelling suggests the topology of the fully folded gpV is incompatible with
the N-terminal region forming a complex with HigC. This is due to the 3 strands $2 and 3
that flank the disordered loop B2-B3 coming together to form part of a twisted B sheet*
(compare Figure 4B to Figure 4D). Supporting this, the C-terminally truncated and SUMO-
tagged gpVn fragment (1-78) lacking the 3-sheet element is a more potent activator of HigBAC
than the full-length gpV (Figure 4E). Since gpV in the cell readily folds and assembles into a
tail tube superstructure, assisted by phage-encoded chaperones gpG and gpGT*, we reasoned
that there is only a short window of opportunity for HigC to recognise the nascent N-terminal
fraction of gpV as the protein is being synthesised and is not yet folded.

To probe the interaction between unfolded gpV and HigC as would occur in a co-
translational context, we designed an unstructured gpV peptide fragment comprising residues
48-78 that contains the W67 and Ds1DEDe4 elements predicted to be recognised by HigC. ITC
experiments showed that the two partners form a tight complex (Kp =250 nM, n = 0.47)
(Figure 4F, Table 1). The W67A substitution disrupts the interaction between the gpV+-78
peptide, while the poly-alanine substitution of the DsiDEDg4 element decreases the affinity
more than 20-fold (Kp =7 uM, n = 0.5; n is calculated per HigC monomer) (Figure 4G,H). In

contrast, our ITC experiments detect no interaction between gpVn (1-160) and HigC, even
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when the phage protein is used at 350 pM concentration and HigC at 30 uM, a 5-fold increase
compared to the concentrations used for the peptide-HigC interactions (Figure 4I). The lack
of interaction further supports the proposed requirement of gpV to be incompletely folded for
gpV:HigC complex formation to take place. To mimic HigBAC triggering by gpV, we
performed a competition experiment with the ChAD of HigA. HigC was saturated with 1.5-
fold molar excess of the HigA!?!!¥8 ChAD-mimicking peptide, followed by titration with the
gpV*78 peptide while keeping the ChAD peptide concentration stable. Under these conditions
gpV*-7 binds HigC with an effective Kp of 6.6 uM, an about 25-fold drop in affinity (Figure
4J), which is strongly suggestive of direct competition between the two peptide ligands for
HigC.

Finally, we probed the HigC:gpV interaction through hydrogen deuterium exchange
mass spectrometry (HDX-MS) (Figure 4K-M, Figure S5C). To map the binding interface, we
compared the deuterium exchange — a proxy for solvent accessibility — for individual HigC and
gpV*#7 with that for the HigC:gpV* 7" complex (Figure 4K-L). A strong decrease in
deuterium exchange (AHDX) in the HigC:gpV*-7® complex as compared to unbound HigC was
localised to 1, B2, B3 and al elements of HigC that constitute the peptide binding groove as
well as the pockets that accommodate the aromatic residues of the ChAD (Figure 4M). On the
gpV*78 side, the entire peptide was strongly protected from deuterium exchange (Figure 4M).

These results are in excellent agreement with AlphaFold modelling and functional assays.

A hybrid TAC system composed of the HigC chaperone and the CmdTA TA unit has an
expanded antiphage defence spectrum and increased potency

Earlier studies have shown that SecB™ chaperones are strictly specific and can only recognise
the ChAD elements of cognate TA units'®. To establish whether this is also the case for our
two TAC systems, we tested the ability of non-cognate SecBs™ — as well as that of
housekeeping E. coli SecB — to neutralise the toxicity of HigBA and CmdTA when expressed
in trans (Figure 5A). As expected, the non-cognate CmdC SecB™ fails to counter the HigBA
toxicity. Surprisingly however, the HigC chaperone neutralises the CmdTA unit efficiently,
displaying better neutralising activity than the cognate chaperone CmdC. Overexpression of
the housekeeping E. coli SecB chaperone partially suppresses the toxicity of both HigBA and
CmdTA. In the case of HigBA, the housekeeping E. coli SecB is more efficient than the non-
cognate CmdC SecB™ chaperone. We have observed analogous results when hybrid TAC

systems were cloned as one operon (Figure S2), suggesting the failure of CmdC to neutralise
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HigBA is not due to the disruption of co-translational folding of the TAC complex but reflects
the intrinsic differences in the two SecB™s.

The ability of HigC to recognise and neutralise the non-cognate CmdTA makes it
possible to directly test the functions of the TA unit and the chaperone in sensing the phage
infection. We cloned the hybrid TAC system comprised of CmdTA followed by the HigC
chaperone for constitutive expression from a pBR322 derivative plasmid and performed an
immunity screen with the BASEL phage collection. Our initial naive expectation was that the
nature of the SecBs™ chaperone (HigC in this case) would determine the spectrum of conferred
defence, as the spectrum of the recognised phage triggers is defined by the nature of the
chaperone. However, the result was strikingly different (Figure SC,D). The hybrid TAC has a
defence spectrum that 1) almost fully combines that of the parental systems, affording stronger
protection than either of the parental systems for some phages (such as A.;- and phages in the
Tevenvirinae subfamily), ii1) expands the spectrum of defence to all the three phage
morphotypes, defending against viruses that were not protected against by neither of the
parental systems, such as additional myo- and siphoviruses (Punavirus Pl,;, Bas2 in the
Drexleviridae family and multiple phages in the Demerecviridae family, including T5) as well
as podoviruses from the Autographviridae family (Bas66 and Bas67, weak protection).
Importantly, the A,;*“%¢-! mutant variant efficiently overcomes the immunity mediated by the
CmdTA_HigC system, suggesting that HigC-mediated phage sensing operates similarly in
hybrid TAC as it does in the native HigBAC (Figure 5C). Liquid culture A,;- infection assays
with increasing MOI (0.1, 1 and 10) are in good agreement with the plaquing experiments
(Figure 5E). While CmdTAC fails to provide any protection against the phage, the hybrid
CmdTA-HigC system renders E. coli growth insensitive to A, even at the MOI of 10. The
effect is reminiscent of the full protection granted by CmdTAC against Bas43 in liquid culture
experiments (Figure 1G).

Finally, we tested the ability of HigBAC, CmdTAC and the hybrid TAC to confer
antiphage immunity in Ac/lpX E. coli (Figure SF). In good agreement with toxicity assays
(Figure 3H,I), CmdTAC loses its defensive activity in AclpX background while HigBAC is as
active as in the wild-type E.coli. The hybrid CmdTA-HigC system is functionally
compromised in AclpX E. coli, which is to be expected as it shares the ChAD element with the
ClpPX-dependent CmdTAC.

Discussion
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The CmdT TAC toxin from E. coli O112ab:H26 provides an example of an ART enzyme
targeting mRNA to inhibit protein synthesis. While ART effectors of type VI secretion systems
are known to target RNA, these systems specifically modify structured RNA:
Photorhabdus laumondii Rhs ADP-ribosylates the 23S rRNA Sarcin-Ricin Loop* and
Pseudomonas aeruginosa RhsP2 targets diverse structured non-coding RNAs such as tRNA,
tmRNA, 4.5S rRNA and RNase P*. The first CmdT system to be discovered, PD-T4-9 from
E. coli ECOR22%, was also shown to target mRNA (see the accompanying paper by Vassalo
and colleagues), thus suggesting the generality of this mechanism.

This study has shed light on how the chaperone-mediated recognition of viral structures
has been adopted by TAC defence systems to sense phage infection. Phage structural proteins
provide pathogen-associated molecular patterns (PAMPs) that are recognised by diverse
defence systems such as the CapRel>'*¢ toxSAS fused TA system, Avs STAND NTPases and
AbiT abortive infection system*>#-30-3, Here we show that HigBAC from E. coli strain
NTIF31 senses A phage through recognition of the major tail protein gpV by the HigC
chaperone. We propose the following model for HigBAC triggering (Figure 6). In the absence
of infection, the inactive TAC complex is co-translationally assembled, with the aromatic
residues of the HigA ChAD nucleating ChAD recognition by the HigC SecB™ chaperone.
Expression of gpV diverts the holdase activity of HigC, which leads to inactivation of the HigA
antitoxin, unleashing the HigB RNase toxin that restricts the productive phage replication.

Phage replication and assembly commonly relies on both host and phage-encoded
chaperones. GroEL/GroES and DnaK/Dnal/GrpE chaperone systems were discovered as
essential components for A replication in E. coli through genetic screens selecting for the gro
(inability to grow the phage) phenotype>*. GroEL is essential for folding and assembly of phage
structural elements®®. The dedicated phage-encoded chaperones gpG and gpGT are essential
for the assembly of the A phage tail from gpV subunits*’-*, In the phage T4, a dedicated co-
chaperonin gp31 substitutes for GroES to facilitate the folding of the major capsid protein
gp23°738, Thus chaperones and their effects on modulating protein folding and aggregation are
important facets of phage infection cycles, host:virus interactions, and — in the case of

prophage-encoded defence systems such as TACs — virus:virus interactions.
Limitations

This study lays the foundations for detailed studies of TAC-mediated antiphage defence. To

uncover the molecular details, dedicated experimental structural studies are essential. Without
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these, understanding the molecular basis of SecB™ specificity towards phage triggers and TAC
antitoxin ChAD elements will remain inherently limited. The current study relies heavily on
reconstitution of TAC sensing through co-expression of the identified phage trigger with the
TAC system. Characterisation of the HigBAC TAC expression and assembly dynamics — and
its subversion by the gpV — during the phage infection is essential for uncovering the co-
translational nature of the SecB™-based sensory system. Finally, dedicated substrate
specificity studies are needed to uncover the specific RNA species and RNA motifs targeted

by HigB and CmdC TAC toxins.
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FIGURES AND TABLES

Table 1. Binding parameters of gpV and HigA fragments to HigC.

Experiments were performed with either 30 uM HigC (titrated with 350 uM gpV!-1%%) or 16
uM HigC (titrated with 160 uM gpV*78 or HigA!?!'146 either wild-type or substituted
variants). In the competition experiment 12 uM HigC supplemented with 18 uM HigA!2!-146
was titrated with 160 pM gpV*78 similarly supplemented with 18 uM HigA!2!-1%¢ in order to
prevent the dilution of the ChAD-mimicking peptide. The binding parameters were determined
by fitting the ITC data to a single interaction model. Data represent mean values + s.d., N.D.
stands for ‘not detectable’. The presented titrations are background-subtracted.

Titrations Kp (uM) (kcﬁ}jnol) (k;ﬂ/An?ol) (kceﬁ/(r}nol) RI.':\l/‘{iOO1 2gl)

gpV!"1%0 into HigC N.D. N.D. N.D. N.D. N.D.
gpV*78 into HigC 0.25 -3.8 -5.3 9.1 0.47
gpV*¥Byera into HigC N.D. N.D. N.D. N.D. N.D.
gpV* ¢1ppED64/aAAA into HigC 7.0 -4.5 -2.6 -7.1 0.49
HigA!2!-146 into HigC 1.3 -1.9 -6.3 -8.2 0.6

HigA!2!-146y 554 into HigC N.D. N.D. N.D. N.D. N.D.
(gpV*8+HigA121-146) into (HigC+HigA21-146) 6.7 -5.6 -1.6 -7.2 0.5
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Figure 1. Phage defence by translation-targeting TAC systems: E. coli NT1F31 HigBAC
and E. coli O112ab:HH26 CmdTAC.

(A,B) Gene neighbourhoods of the validated TAC systems: (A) E. coli NT1F31 HigBAC and
(B) E. coli O112ab:HH26 CmdTAC. Both systems are encoded on prophage regions (/eft) and
are functional in toxicity neutralisation assays (right). To test TAC functionality, E. coli
BW25113 strains were transformed with empty pBAD33 and pMG25 vectors or their
derivatives expressing TAC toxin-antitoxin pairs (expression induced by 0.2% arabinose) and
TAC chaperones (induced by 500 uM IPTG), respectively.

(C,D) Metabolic labelling assays with E. coli BW25113 expressing E. coli NT1F31 HigB
RNase (D) or E. coli O112ab:HH26 CmdT ART (C) toxins show specific inhibition of protein
synthesis as manifested by a sharp decrease in 3*S-Met incorporation.

(E,F) E. coli BW25113 cells transformed with either the pPBR322 empty vector or either the
two pBR322-based plasmids driving the expression of the TAC operons under the control of
the constitutive P, promoter were challenged with ten-fold serial dilutions of BASEL?? and
common laboratory coliphages. (E) Selected phages that were countered by one or other of the
TAC systems tested. (F) The results of the full screen shown as a heatmap of logio protection
values. The phage order and dendrogram are defined by hierarchical clustering applied to the

Proteome Composition Distance (PCD) matrix (see STAR % METHODS section for details).
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(G) Growth of E. coli BW25113 carrying the empty vector or the indicated plasmid-encoded
TAC system in the presence of A,;- or Bas43 phages at MOIs of 0, 0.1, 1 and 10. Additional
liquid culture infection experiments with Bas25 and T4 are shown in Figure S3A-D.
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Figure 2. The E. coli O112ab:H26 CmdT ART toxin disrupts translation through
sequence-specific ADP-ribosylation of mRNA.

(A) CmdT NAD"-dependently abrogates production of DHFR in cell-free expression assays.
(B,C) CmdT modifies the cmdT-encoding mRNA in the presence of the biotinylated NAD*
(PP'NAD™) substrate. The toxin modifies mMRNA(CmdT) but not the protein components of the
cell-free expression system (B). The modification signal is sensitive to the addition of RNase
A (C).

(D) CmdT modifies the model mRNA(MYV) oligonucleotide but not the corresponding DNA
oligonucleotide, mDNA.

(E) The model RNA(MV) but not its reverse complement RNA is modified by CmdT in the
presence of P'NAD".
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Figure 3. The aromatic residues of the ChAD element play key roles in HigC-dependent
neutralisation of the HigB toxin by HigA.

(A) An AlphaFold model of HigBA TA unit in complex with the HigC tetramer. The four
aromatic residues of the HigA ChAD element that are predicted to interact with the four
equivalent pockets of the HigCy tetramer are highlighted.

(B) CamSol solubility analysis of the HigA ChAD region, residues 122-218. The four putative
SLiM motifs are highlighted while the ChAD section used for ITC experiments is marked with
a dashed box.

(C,D) Toxicity assays with wild-type and ChAD-mutated HigA antitoxin variants. Removal of
the ChAD element renders the HigBA TA unit non-toxic, indicative of efficient HigA
stabilisation (C). Effects of individual substitutions of the four aromatic residues of the ChAD
element on HigBA toxicity (D, leff) and its suppression through co-expression of the HigC (D,
right). HigBA and HigC expression was induced by 0.2% arabinose and 50 uM IPTG,
respectively.

(E.,F) Binding of the wild-type (E) and W128A-substituted (F) HigA'?!-146 peptide to HigC as
monitored by ITC. The stoichiometry is calculated per HigC protein chain. The test peptide
contains two aromatic residues (W128 and F158) out of four found in the full ChAD element.

(G) Suppression of HigBA toxicity through IPTG-induced co-expression of HigC variants
carrying amino acid substitutions in the pocket that is predicted to recognise the aromatic
residues of the HigA ChAD. The R49A HigC variant is unable to suppress the HigBA toxicity.
(H,I) TA and TAC toxicity assays in E. coli BW25113 protease-deficient strains. Indicative of
antitoxin degradation by ClpXP, the CmdTA TA unit is non-toxic in AclpP and AclpX but not
Alon strains (H, left). The CmdTA TA toxicity is abrogated upon the Asp-Asp substitution of
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the C-terminal Ala-Ala motif of CmdA that is recognised by ClpX (H). The HigBA TA is toxic
in all of the tested backgrounds, suggesting that proteolytic degradation is not essential for
ChAD-mediated destabilisation of the antitoxin (I, /eff). TA and chaperone expression was
induced by 0.2% arabinose and 500 uM IPTG, respectively.

(J) Immunoblotting analysis of E. coli BW25113 cells expressing either wild-type or
substituted (4") N-terminally 6His-tagged HigA, either in the absence or in the presence of
HigC.

(K,L) Fluorescence and phase contrast microscopy of £. coli BW25113 cells transformed with
an empty pBR322 vector or pBR322 derivatives expressing either mNeonGreen-ChAD alone
or mNeonGreen-ChAD together with HigC (K). Quantification of mNeonGreen fluorescence
for individual cells from the same imaging dataset (n = 62 to 95 cells) (L).
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Figure 4. The A phage major tail protein gpV triggers the E. coli NT1F31 HigBAC system.
(A) Constitutive Pii-driven expression of HigBAC provides protection against A, but not the
hir¥c@e! escape mutant carrying an S54P substitution in gpV. Complementary liquid culture
infection experiments are shown on Figure S3E,F.

(B) Experimentally determined structure of gpVn (PDB 2k4q)*.

(C) Comparative IP-MS/MS analysis of HigBA FLAG-HigC pulldown samples purified from
E. coli culture infected with A;- and A,;“7°-! mutant reveals relative enrichment of gpV in the
wild-type sample.

(D) An AlphaFold model of the A gpVn domain in complex with the HigC tetramer. The
gpVn*¥78 section used for ITC experiments is highlighted with a dashed box.

(E) Induction of HigBAC toxicity though co-expression of wild-type and engineered gpV
variants. While expression of either HigBAC or gpV alone has no effect, their co-expression
results in synthetic toxicity. Co-expression of HigBAC with the escape S54P mutant variant of
gpV fails to trigger TAC-mediated toxicity. No triggering is observed for W67A-substituted
gpV while decreased triggering is observed for the i DDEDss/AAAA variant. Expression of
gpV and its derivatives was induced by 0.2% arabinose.

(F-J) Binding of gpVn!"1% protein (I) as well as of gpV**78 peptide variants (F-H, J) to HigC
as monitored by ITC. The stoichiometry is calculated per HigC protein chain.
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(K,L) AHDX between HigC vs HigC:gpV*7® (K) as well as gpV*78 vs HigC:gpV*78 (L)
plotted as a heat map.

(M) HigCs:gpV*7® AlphaFold model coloured as a function of the AHDX. The gpV#78
fragment is outlined in bold. Only two subunits of the HigC tetramer were coloured for clarity.
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Figure 5. Engineering of a synthetic antiphage defence system through combination of
the CmdTA toxin-antitoxin unit and the HigC phage-sensing chaperone.

(A,B) Suppression of CmdTA (A) or HigBA (B) toxicity through IPTG-induced co-expression
of SecB chaperones: E. coli housekeeping SecB, CmdC and HigC; pMG25 was used as an
empty vector control. Expression TA and chaperone was induced by 0.2% arabinose and 500
uM IPTG, respectively.

(C,D) E. coli BW25113 strains expressing HigBAC, CmdTAC or the hybrid CmdTA-HigC
TAC operon composed of CmdTA toxin-antitoxin unit and HigC chaperone were challenged
with ten-fold serial dilutions of BASEL?? and common lab coliphages, including the A,;¢s¢@Pe-!
escape mutant variant. Panel (C) depicts results with select phages and the results of the full
screen are shown in panel (D).

(E) Growth of E. coli BW25113 carrying the empty vector or the indicated plasmid-encoded
TAC systems in the presence of A, at MOIs of 0, 0.1, 1 and 10.

(F) Activity of HigBAC, CmdTAC and the hybrid TAC in antiphage immunity tested in AclpX
E. coli.
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HE’C SecB™ assembly of the TAC phage infection, detection of phage PAMPs and HigB activation
complex expression of abortion of the infection
structural genes RNA

Phage sensing by HigC
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Figure 6. Sensing and abortion of phage infection by HigBAC defence system.
In the absence of phage infection, the HigB RNase toxin, HigA antitoxin and tetrameric HigCs
chaperone form an inert complex. TAC complex formation stabilises otherwise unstable HigA.
Both HigA destabilisation and HigA recognition are driven by the aromatic residues located in
the ChAD region. Expression of the A gpV protein is cotranslationally recognised by the HigC
chaperone, resulting in direct competition between the HigA and the major tail protein.

Destabilisation of HigA triggers HigB toxicity which, in turn, restricts the phage propagation
in the infected cell.
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Figure S1. Genomic context of SecB homologues in Enterobacteriaceae.
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(A) Gene neighbourhood analysis of SecB genes in Enterobacteriaceae. Housekeeping SecB-
like homologues are boxed in grey, while TAC-like SecBs are marked with green (zoomed in
region in a green box). The TAC systems considered here are marked with red boxes, and the
CmdTAC system described by Vassallo and colleagues?® is marked with an orange box (B)
Gene neighbourhood analysis of the HigBAC system of Lambdoid prophages. Colours and
numbers indicate genes encoding homologous proteins.
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Figure S2. Neutralisation of TA units by cognate and non-cognate SecB'™ chaperones

expressed as part of the TAC operon.

E. coli BW25113 was transformed with either pPBAD33 empty vector or pPBAD33 derivatives
expressing TA/TAC operons and grown for five to six hours. The bacterial culture was adjusted
to ODeoo 1.0, serially diluted from 10'- to 103-fold and spotted on LB medium supplemented
with appropriate antibiotics and 0.2% arabinose for TA or TAC fragment induction.
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Figure S3. TAC systems display diverse modes of defence in liquid culture phage infection

experiments.

E. coli BW25113 transformed with either a pBR322 derivative lacking the tetracycline
resistance cassette*® plasmid or a pBR322 derivative expressing a TAC defence system under
the control of the P.; promoter were challenged with ten-fold serial dilutions of phages and
grown at 37 °C in LB+Amp medium supplemented with 10 mM MgSO4 and 2.5 mM CaCl..
In the “no phage” experiments, the diluent was added instead of phages. Experiments were
performed using three different transformants of each plasmid and the standard deviation is
shown as a shadow. MOI stands for Multiplicity Of Infection, i.e. the ratio of phages to bacteria
at the beginning of the experiment, time point 0.
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Figure S4. None of the tested homopolymeric RNA oligonucleotides are efficiently
modified by E. coli O112ab:H26 CmdT in the presence of "*'NAD",

Experiments were performed using single-strand (A) and double-strand (B) RNA
oligonucleotides. After the RNA modification reaction was completed, single-strand and
double-strand RNA substrates were resolved in urea-PAGE and native PAGE, respectively.
Samples prepared in the presence of P®NAD"* were immunoblotted with streptavidin-HRP

conjugate.
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Figure SS. Structural modelling and AHDX analysis of HigC4 complexes.

(A,B) Top-scoring AlphaFold models for SecB™ complexes. Five top-scoring structural
solutions for (A) HigA:HigB:HigCs and (B) gpVn:HigCs. All structures are aligned using
SecBT™. Only one chaperone tetramer structure is shown per structural alignment. pTM+ipTM
scores are provided for the five top-scoring solutions.

(C) Topology representation of HigCs:gpV*7® colored as a function of the AHDX.
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Figure S6. The ChAD is the most variable part of the HigA antitoxin, but is conserved in
subgroups.

(A) Alignment of HigBAC antitoxins. Red stars show the location of residue substitutions to
alanine. Yellow block shading shows the subgroup with most similar ChADs. (B) Alignment
of HigBAC chaperones. Red stars show key residues in the ChAD-chaperones interface. Most
closely related SecB homologues to HigBAC chaperone and their respective HigBAC antitoxin
ChADs are shaded in yellow.
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STAR %« METHODS

Detailed methods are provided in the online version of this paper and include the following:
o KEY RESOURCES TABLE
J CONTACT FOR REAGENT AND RESOURCE SHARING
. EXPERIMENTAL MODEL AND SUBJECT DETAILS

o

Bacterial strains

o METHOD DETAILS

o

o

o

o

o

Figure preparation
Bioinformatics
Construction of plasmids
Microbiological assays
In vivo functional assays

Biochemical assays

o QUANTIFICATION AND STATISTICAL ANALYSIS

o

Statistical analysis of [IP-MS/MS data

o DATA AND SOFTWARE AVAILABILITY

o

The study does not make use of unpublished data or software
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STAR %« METHODS

Resource Availability

Lead Contact and Material availability

Please direct any requests for further information or reagents to the Lead Contact: Vasili

Hauryliuk (vasili.hauryliuk@med.lu.se).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

METHOD DETAILS

Bacterial strains

Bacterial strains, bacteriophages, plasmids as well as oligonucleotide primers used in the study

are listed in Dataset S1.

Figure preparation

Figures were prepared using UCSF ChimeraX 1.6.1, GraphPad Prism 10.1.1 (GraphPad
Software), Igor Pro 7.07 (WaveMetrics, Inc.), Adobe Illustrator 28.0 (Adobe Inc.) and Adobe
Photoshop 28.0 (Adobe Inc.), CamSol*® and Fiji>°.

Bioinformatics

Genomic neighbourhood search and multiple sequence alignment

Sequence searching for SecB homologues was carried with PSI-BLAST®® against the RefSeq
database, limiting by taxonomy to Enterobacteriaceae and an E value threshold of 0.01. The
query was Lactiplantibacillus garii accession WP 125072952, identified with NetFlax as a
SecB-like protein associated with a MgsRA-like TA2!. Eight PSI-Blast iterations were carried
out, with all identified hits going through to each round, after which no new hits were identified.
All 558 hits were used as queries for FlaGs2?! (https://github.com/GCA-VH-lab/FlaGs2) with
default settings to produce (Dataset S1). Chaperone and Antitoxin sequences were aligned
using MAFFT L-INS-i®!. Alignments were visualised with AliView® and Jalview®. Prophage
boundaries were predicted with the PHASTER® server.

Structural modelling

Protein structure predictions were made with AlphaFold2 v2.3.1%° and complexes were
predicted with the AlphaFold-Multimer3* protocol. The structural template cut-off date was set
to May 14, 2020 (--max_template date=2020-05-14). The quality of structural predictions is
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assessed with predicted template-modelling (TM) scores®; pTM scores all residues and ipTM
scores interfacing residues. Models with the best pTM+ipTM scores were chosen for analysis.
pTM and ipTM scores of 0.5 are indicative of correct folds, while scores of 0.8 are indicative
of high quality models*. HigA:HigB:HigCs and gpV~:HigCs models have pTM+ipTM scores
0f 0.724 and 0.740 respectively.

Phage clustering based on proteome similarity

BASEL phages were clustered through hierarchical clustering using pairwise proteome
similarity scores. All proteins from the BASEL collection of phages were clustered using
MMseqs®® with optional parameters (--cluster-mode 1 --cov-mode 0 -c 0.7 --min-seq-id 0.3),
with each protein being assigned to a cluster corresponding to a set of homologues. To calculate

the similarity scores between the ih

and j™ phages (sim(i,j)) the number of overlapped
homologues was normalized to the size of the i proteome. A symmetric proteome composition
distance (PCD, dist(i,j)) matrix was calculated with the formula dist(i,j) = I — (average(sim(i,j),
sim(j,i))). The clustering was performed in R using the average-linkage method and data were
visualised using the ComplexHeatmap library®’. Phages were annotated with family, subfamily

and genus using taxonomic information extracted from the NCBI Taxonomy database®®

(January 2024 version) and ICTV®® (2022 update).

Construction of plasmids

SnapGene (GSL Biotech LLC) and Geneious Prime (Biomatters) software were employed for
primer and plasmid map design. All plasmids were constructed with either circular polymerase
extension cloning (CPEC)’%’! with Phusion polymerase (Thermo Scientific), Gibson
assembly’?, or ligation of DNA fragments with T4 DNA Ligase (Thermo Scientific). The
following TAC genes were used: CmdT WP_097333619.1, CmdA WP_053886482.1, CmdC
WP _053886483.1, HigB WP 112844290.1, HigA WP _112844289.1 and HigC
WP_112844288.1. pBAD33 plasmid (arabinose inducible Psap promoter) was used to express
TA and TAC regions and their variants, pAS004, a pPBAD33 derivative, was used to express
Avir gpV and its variants, and pMG25 (IPTG inducible Pa1/04/03 promoter) vector was used for
chaperone expression. The HigBA, HigBAC, and their mutated version fragments were
inserted into the pBAD33 plasmid with a weak Shine-Dalgarno  motif
(ATTAGAAGAATAAG) from CmdTAC. pAS004, pMG25, and CmdTAC pBAD33 derivates
were created with a strong SD (AGGAGGAATTAA). For immunity assays, TAC regions
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(coding sequences with 150 bp upstream for HigBAC region, and 118 bp upstream for
CmdTAC region and native terminators for both predicted by ARNold”®) were cloned into the
pBR322 vector under the control of the constitutive Pt promoter. For metabolic labelling
assays the TAC toxin genes were cloned into pPBAD33, either without the Shine-Dalgarno
sequence (the more toxic HigB, VHp1718) or with a strong Shine-Dalgarno sequence
AGGAGGAATTAA (the less toxic CmdT, VHp1140). pBR322-HigBA/FLAG-C construct
used for pulldown experiments was created by site-directed mutagenesis using pBR322-
HigBAC as a template. Detailed cloning schemes can be found in Dataset S1. All constructs

were verified by sequencing.

Microbiological assays

TA and TAC toxicity assays

The TA regions of E. coli NT1F31 HigBAC system and E. coli O112ab:H26 CmdTAC system
were expressed from pBAD33. HigBA and its derivatives were expressed with a weak Shine-
Dalgarno motif from CmdTAC (ATTAGAAGAATAAG), while CmdTA with a strong Shine-
Dalgarno sequence (AGGAGGAATTAA). Chaperones HigC, CmdC, and E. coli BW25113
housekeeping chaperone SecB were expressed with a strong SD from pMG25 plasmid.
Plasmids were transformed into wild-type E. coli BW25113 or protease deletion strains.
Bacterial cultures from single colonies were grown for five to six hours, adjusted to ODsoo 1.0,
serially diluted (10'- to 108-fold) and spotted on LB medium supplemented with 100 ug/mL
carbenicillin (Fisher Bioreagents), 25 pg/mL chloramphenicol (AppliChem) and inducers
(0.2% arabinose for TA induction, 50 uM or 500 uM IPTG for chaperone induction). Plates
were scored after overnight incubation at 37 °C. For in cis TAC neutralization assays the
CDSs of HigBAC or CmdTAC were expressed from pBAD33, with a weak SD for HigBAC
and a strong SD for CmdTAC. Plasmids expressing the TA or TAC region were transformed
into E. coli BW25113. Bacterial cultures were started from single colonies, grown for five to
six hours, adjusted to ODeoo 1.0, serially diluted (from 10'- to 103-fold) and spotted on LB
medium supplemented with 25 pg/mL chloramphenicol (AppliChem) and 0.2% arabinose for

induction. Plates were incubated overnight at 37 °C and scored.
TAC triggering assays

The effects of co-expression of £. coli NT1F31 HigBAC (pBR322 with constitutive Pi-driven

expression) and A.;- gpV variants (pAS004 with arabinose-inducible Pgap-driven expression)
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were tested on a spot assay. The plasmids were transformed into E. coli BW25113 and bacterial
cultures from single colonies were grown for five to six hours. Optical density was adjusted to
ODeoo 1.0, serially diluted, and spotted on LB medium supplemented with 100 pg/mL
carbenicillin (Fisher Bioreagents), 20 nug/mL gentamicin (Sigma-Aldrich) and 0.2% arabinose

for gpV induction. Plates were scored after an overnight incubation at 37 °C.

Experimental phage infections

To assess the effect of the TAC systems on phage defence, we performed efficiency of plating
assays, essentially as described previously?!, using the BASEL collection?? and a subset of
common laboratory phages (Dataset S1). Briefly, overnight cultures of E. coli BW25113 cells
carrying either an empty vector (pBR322 derivative lacking the tetracycline resistance
cassette®®) or a TAC system (pBR322-Pw-HigBAC (VHp1259), pBR322-Pi-CmdTAC
(VHp1256), or pBR322-Pi-CmdTA-HigC (VHp1608)) were mixed with top agar (LB with
0.5% agar, 20 mM MgSQ4, and SmM CaCl,), to a final concentration of 0.075 ODsoo units/ml,
and overlayed on LB-agar plates (1.5% agar). Individual phage stocks were 10-fold serially
diluted in SM buffer (0.1 M NaCl, 10 mM MgSOQOs, and 0.05 M Tris-HCI pH 7.5) and 2.5 pL.
of each of eight dilutions spotted on solidified top agar plates. Plaque formation was monitored
after 6 and 24h of incubation at 37 °C. The phages that showed sensitivity to at least one system
were re-tested towards all three systems using three different transformants for each plasmid.
Plaques were counted after 24 h and the efficiency of plaquing (EOP) was determined for each
repeat by dividing the plaque forming units for a given TAC system by that for the vector
control. The average EOP value from the three repeats was -logio transformed, yielding the
logio protection value used in heatmaps.

For phage infection of liquid cultures, three different transformants of £. coli BW25113
harbouring either an empty vector or a TAC-containing plasmid were grown overnight in LB
medium supplemented with ampicillin, 10 mM MgSOs4, and 2.5 mM CaCla. The cells were
diluted to ODgoo = 0.075 in the same medium and 100 pL. were added to wells of a 96-well
plate. The relevant phages were diluted in SM buffer to generate final MOI values of 10, 1, and
0.1 when 10 pL of the dilution was added to a well. Ten pL of SM buffer were added to control
wells. The growth was monitored at 37 °C in a Synergy H1 (BioTek) plate reader measuring

ODeoo every 15 min.

Isolation of bacteriophage escape mutants
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To identify bacteriophage escape mutants, 200 pl of overnight culture of E. coli BW25113
strain carrying pBR322-Py-HigBAC (VHp1259) plasmid was infected with 20 ul of different
Mir stock dilutions, mixed with top agar and poured on LB agar plate. After incubation at 37 °C
for 24h, plaques with normal morphology (as seen on control culture without the immunity
system) were isolated with a sterile toothpick and re-streaked three times using BW25113
carrying pBR322-Pi-HigBAC plasmid as the host. High-titer stocks were prepared from
potential escape mutants as described previously??. Norgen Biotek Phage DNA Isolation Kit
(Norgen Biotek Corp.) was used to isolate genomic DNA of bacteriophages. The DNA was
sequenced at the Microbial Genome Sequencing Center and results analysed using Geneious

Prime (Biomatters).

In vivo functional assays

Metabolic labelling with 3°S-methionine, *H-uridine and *H-thymidine

For metabolic labelling experiments the E. coli BW25113 strain was co-transformed with the
pBAD33 plasmid carrying the toxin gene of interest (CmdT:VHp1140 and HigB:VHp1718)
for L-arabinose-inducible expression and the empty pMG25 vector. Transformed cells were
initially plated on LB plates supplemented with 100 pg/mL carbenicillin, 25 pg/mL
chloramphenicol, and 0.2% glucose (to suppress leaky toxin expression). Using individual
E. coli colonies for inoculation, 2 mL liquid cultures were prepared in defined Neidhardt
MOPS minimal media’™, supplemented with 100 upg/mL carbenicillin, 25 pg/mL
chloramphenicol, 0.1% casamino acids, and 0.2% glucose, and grown overnight at 37 °C with
shaking. Subsequently, experimental 15 mL cultures were prepared in 125 mL conical flasks
in MOPS medium, supplemented with 0.5% glycerol, 100 pg/mL carbenicillin, 25 pg/mL
chloramphenicol, as well as a set of 19 amino acids (lacking methionine), each at a final
concentration of 25 ug/mL. These cultures were inoculated overnight to reach a final ODgoo of
0.05 and grown at 37 °C with shaking until the ODsoo reached 0.2. At this point, 1 mL aliquots
(designated as the pre-induction zero time-point) were transferred to 1.5 mL Eppendorf tubes
containing 10 pL of the respective radioisotope (*°S methionine - 4.35 uCi, Hartman; *H
uridine - 0.65 pCi, Hartman; or *H thymidine - 2 uCi, Hartman) and placed in a heat block at
37 °C. Toxin expression in the remaining 14 mL culture was induced by adding L-arabinose to
a final concentration of 0.2%. Throughout the toxin induction time course, I mL aliquots were
taken from the 15 mL culture and transferred to 1.5 mL Eppendorf tubes containing 10 pL. of
the appropriate radioisotope (*>S methionine, H uridine, or *H thymidine). Radioisotope

incorporation was halted after 8 minutes of incubation at 37 °C by adding 200 pL of ice-cold
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50% trichloroacetic acid (TCA) to the 1 mL cultures. Additionally, 1 mL aliquots were
periodically sampled for ODgoo measurements. The resultant 1.2 mL culture/TCA samples
were loaded onto GF/C filters (Whatman) prewashed with 5% TCA and unincorporated label
was removed by washing the filter twice with 5 mL of ice-cold TCA followed by a 5 mL wash
with 95% EtOH (twice). The filters were placed in scintillation vials, dried for at least two
hours at room temperature, followed by the addition of EcoLite™-scintillation cocktail (5 mL
per vial; MP Biomedicals). After shaking for 15 minutes, radioactivity was quantified using
Tri-Carb 4910TR-scintillation counter (Perkin Elmer). Isotope incorporation was quantified by
normalizing radioactivity counts (CPM) to ODeoo, with the pre-induction zero time-point
serving as the reference (set to 100%). All experiments were conducted in triplicates, using

three independent cultures initiated from distinct colonies.

Immunoblotting

E. coli BW25113 strain co-transformed with pBAD33 plasmid carrying either the N-terminally
Hise tagged higd gene (VHp1720) or its tetra-substituted version [4*: WI284 F1584 F1884
Y214A4] (VHp1722) for L-arabinose-inducible expression, together with either empty pMG25
vector (VHp1069) or its derivative for IPTG-inducible expression of HigC (VHpl1618).
Experimental 20 mL cultures (LB media supplemented with 100 pg/mL carbenicillin, 25
pg/mL chloramphenicol and 50 pM IPTG) were inoculated to an ODsoo of 0.05 and grown at
37 °C with shaking until reaching the ODsoo of 0.5. Expression of nissHigA was induced by
addition of L-arabinose to a final concentration of 0.2%, 1 mL samples were collected after 1
hour, the cells pelleted by centrifugation, dissolved in 1x SDS-PAGE sample buffer (200 pL
for 1 mL of ODeoo 1.0 culture), denatured at 95 °C for 5 min and 10 pL of the final sample
were resolved on SDS-PAGE (12% acrylamide/bis-acrylamide 37.5:1). Proteins were
transferred to BioTrace™ NT nitrocellulose membranes (Pall Life Sciences) using the Trans-
Blot® Turbo™ Transfer System (Bio-Rad), and the membranes were blocked for 1 hour in
PBS-T with 5% skimmed milk at room temperature. Blocked membranes were incubated with
either primary anti-His-tag antibodies (Boster Biological Technology, M30975; 1:1000) or
primary anti-RpoB antibodies (Abcam, ab191598; 1:2000) at 4 °C overnight in PBS-T with
1% milk. After three 5-minute washes with fresh PBS-T, HRP-conjugated secondary
antibodies were added (goat anti-mouse IgG, Argisera, AS11 1772; 1:5000 or anti-rabbit IgG,
Sigma-Aldrich, A0545; 1:5000, respectively; both diluted in PBS-T) and the membranes were
incubated for 1 hour at room temperature. The membranes were washed twice with PBS-T for

5 minutes followed by one 5-minute wash with PBS. The WesternBright Quantum HRP
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substrate (Advansta) signal was visualized with Amersham™ ImageQuant 800 (Cytiva)

imaging system.

Fluorescence microscopy

Fluorescence microscopy was carried out with early-mid logarithmic growth phase E. coli
BW25113 cells grown in LB media (Miller) (10 g 1! tryptone, 5 g 1 !yeast extract, 10 g I'!
NaCl) supplemented with 100 pg/ml ampicillin for maintaining plasmids at 37 °C. Samples
were immobilized on Teflon-coated multi-spot microscope slides (Thermo Fisher) covered
with a thin layer of H>O/1.2% agarose and imaged immediately. Microscopy was performed
using a Nikon TI2 equipped with Nikon CFI Plan Apo DM Lambda 100X Oil objective,
CoolLED pE-4000 light source, and Photometrics Kinetix sCMOS camera. Images were
acquired with Nikon NIS-Elements AR software and analysed with Fiji.>

Immunoprecipitation followed by tandem mass spectrometry (IP-MS/MS)

Overnight cultures containing plasmid-based anhydrous tetracycline (aTc)-inducible HigBAC
or HigBA/FLAG-C cells were back-diluted in 250 mL LB with 0.05 mg/mL carbenicillin and
100 ng/mL aTc and grown at 37 °C to an ODgoo = 0.2. Cultures were infected with either A,
or Ayl mutant at an MOI 10 and samples collected at 0-, 15-, and 30-minutes post-
infection. To collect samples, the culture was pelleted at 7,500g for 5 minutes, the pellet
decanted and then resuspended in lysis buffer (25 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA,
5% glycerol, 1% Triton X100) supplemented with 1 uL/mL Ready-Lyse™ Lysozyme (Fischer
Scientific), 1 uL/mL benzonase (Sigma), and cOmplete™ Protease Inhibitor Cocktail (Roche)
and then flash frozen in liquid nitrogen. Samples were thawed and additional lysis buffer added
as necessary to normalize sample concentration by ODgoo value taken concurrent with sample
collection. Samples were refrozen in liquid nitrogen and thawed to ensure complete cell lysis.
Samples were spun at 20,000g for 10 minutes at 4 °C to pellet any debris. For each sample, 50
pL of Pierce™ Anti-DYKDDDDK magnetic agarose beads was mixed with 450 uL of lysis
buffer and then collected to the side of the tube using a magnetic rack. Beads were then washed
twice with 500 uL of lysis buffer. After the final wash, beads were mixed with 1 mL of sample
and incubated for 20 minutes at room temperature on an end-to-end rotor. After incubation,
beads were washed with wash buffer (1X PBS, 150 mM NaCl) twice and then once with MiliQ
H>0. On-bead reduction, trypsin digest, and LC-MS/MS were done as previously*’. Detected
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peptides were mapped to MG1655 and A protein sequences and the abundance of proteins were

estimated by number of spectrum counts/molecular mass to normalize for protein sizes.

Biochemical assays

In vitro translation assays

PURExpress in vitro protein synthesis kit (NEB, E6800) supplemented with 0.8 U/uL RNase
Inhibitor Murine (NEB, M0314S) was used for reactions as per the manufacturer instructions.
All reactions contained each ART template plasmids (10 ng/pL, VHp1221) with or without 0.1
mM NAD" or 6-biotin-17-NAD". After a 10-minute incubation at 37 °C, a 1.3 uL aliquot of
the reaction mixture was taken and quenched by addition of 13.7 uL of 2x SDS-PAGE sample
buffer (100 mM Tris:HCI pH = 6.8, 4% SDS, 0.02% bromophenol blue, 20% glycerol, 20 mM
DTT and 4% B-mercaptoethanol), and DHFR template plasmid was added to the remaining
reaction mixture at a final concentration of 20 ng/uL. After further incubation at 37 °C for 1
hour, the reaction mixture was mixed with 9-fold volume of 2x sample buffer, denatured at
95 °C for 5 min and resolved on SDS-PAGE gel (18% acrylamide/bis-acrylamide = 37.5:1).
The SDS-PAGE gel was fixed by incubating for 5 min at room temperature in 50% ethanol
solution supplemented with 2% phosphoric acid, washed three times with water for 20 min at
room temperature, and stained with “blue silver” solution (0.12% Brilliant Blue G250 (Sigma-
Aldrich, 27815), 10% ammonium sulfate, 10% phosphoric acid, and 20% methanol) overnight
at room temperature. After washing with water for 3 hours at room temperature, the gel was

imaged on an Amersham™ ImageQuant 800 (Cytiva) imaging system.

Immunoblotting

For streptavidin blotting, the PURExpress reaction was incubated with 0.1 mM 6-biotin-17-
NAD" and 5 nM PCR fragment amplified with VTK53 and VTK54 primers and VHp1221
template at 37 °C for 2 hours. In the case of model-substrate modification, 0.1 volume of 100
uM oligo RNA or DNA was added to the reaction at 30 min after starting the reaction then the
reaction was incubated at 37 °C for a further 30 min. The sample was denatured in 1x SDS-
PAGE sample buffer (for protein) at 95 °C for 5 min or in Urea-PAGE sample buffer (98%
formamide, 10 mM EDTA, 0.3% BPB and 0.3% Xylene cyanol, for nucleic acids) at 65 °C for
5 min, and resolved on SDS-PAGE (12% acrylamide/bis-acrylamide = 37.5:1) or 8 M Urea-
PAGE (6% or 8% acrylamide/bis-acrylamide = 19:1). When using double-strand model
substrates, the sample was mixed with 0.2 volume of TriTrack DNA Loading Dye (6X)
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(Thermo Scientific, R1161) and resolved on native PAGE (8% acrylamide/bis-acrylamide =
19:1). Resolved samples were transferred to Zeta-Probe® Blotting Membranes (Bio-Rad) using
Trans-Blot® Turbo™ Transfer System (Bio-Rad). The membrane was blocked in PBS with 3%
BSA at room temperature for 30 min, and the first antibody incubation was performed at 4 °C
for one hour in PBS with 3% BSA and HRP-conjugated streptavidin (Thermo scientific, N100;
1:5,000 dilution). After two 5-minute washes with fresh PBS-T and one 5-minute wash with
PBS, biotinylated ADP signal was imaged on an Amersham™ ImageQuant 800 (Cytiva)

imaging system using WesternBright Quantum HRP substrate (Advansta).

Purification of HigC

N-terminally His¢-TEV-tagged HigC was cloned in pET28b vector and expressed in E. coli
BL21(DE3). Cultures were grown in LB medium supplemented with kanamycin (50 pg/ml) at
37 °C with aeration. Expression was induced with 0.1 mM IPTG when the cells carrying the
plasmid reached an ODgoo nm 0f ~ 0.5-0.8 at 25 °C. After induction, the cells were harvested
16h later by centrifugation and resuspended with buffer (25 mM HEPES, pH 7.6, 300 mM
NaCl, 300 mM KCL and 2 mM MgCl,, ImM TCEP) supplied with complete protease-inhibitor
cocktail (Roche). The resuspended cells were flash-frozen in liquid nitrogen and stored at —
80 °C. The cell extracts were lysed using an Emulsiflex cell disruptor and the lysate was
centrifuged to remove cell debris for 45 min at 25 000g. Prior to purification the extract was
filter through a 0.45 um membrane and loaded onto 1 ml HiTrap Ni NTA column (Cytiva)
coupled to an FPLC (AKTA Explorer) equilibrated with buffer A (25 mM HEPES, pH 7.6, 300
mM NaCl, 300 mM KCL and 2 mM MgCl,, ImM TCEP). The column was washed with buffer
A before proceeding with the elution of HigC with buffer B (25 mM HEPES, pH 7.6, 300 mM
NacCl, 300 mM KCl and 2 mM MgCl,, ImM TCEP and 500 mM Imidazole). After tag removal
by incubating the protein sample for 10h with TEV (1:5 molar ratio) at 10 °C the solution was
passed though an HiTrap Ni NTA column to trap the protease and the His-tag and collect the
tagless HigC. A final step of size exclusion chromatography was performed with the pooled

samples in 25 mM HEPES, pH 7.6, 300 mM NaCl, 300 mM KCI and ImM TCEP.

Purification of gpVn

N-terminally Hise-TEV-tagged gpVn was cloned in pET28b vector and expressed in E. coli
BL21(DE3). Cultures were grown in LB medium supplemented with kanamycin (50 pg/ml) at
37 °C with aeration. Expression was induced with 0.5 mM IPTG when the cells carrying the
plasmid reached an ODgoo nm 0of ~ 0.5-0.8 at 25 °C. Cells were harvested by centrifugation 4h
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after induction and resuspended in 25 mM HEPES, pH 7.5, 300 mM NacCl, 300 mM KCI and
10 mM MgCl,, ImM TCEP supplied with complete protease-inhibitor cocktail (Roche).
DNase (10 pg/ml) was added to the resuspended cells before they were stored at —80 °C. The
cell extracts were lysed using an Emulsiflex cell disruptor and the lysate was centrifuged to
remove cell debris for 45 min at 42 000 g. The extract was filtered through a 0.45 um
membrane, then loaded onto a gravity-flow column (Cytiva) packed with Co?*-affinity resin
equilibrated with purification buffer (25 mM HEPES, pH 7.5, 300 mM NaCl, 300 mM KCl
ImM TCEP). The column was washed with 10 ml purification buffer, then the protein was
eluted stepwise with purification buffer containing 500 mM imidazole. The eluted fractions
were transferred to a size-exclusion chromatography (SEC) column Superdex 75 pg (Cytiva),
equilibrated in the SEC buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 150 mM KCI, ImM
TCEP). The His-TEV tag was removed by incubating with TEV enzyme (1:50 molar ratio) at
10 °C overnight. The cleaved protein was recovered by passing the sample over a gravity-flow

column (Cytiva) packed with Co**-affinity resin (Thermo Fisher Scientific).

Isothermal titration calorimetry (ITC)

All titrations were performed with an Affinity ITC (TA instruments) at 30 °C in 25 mM
HEPES, 150 mM KCI, 150 mM NaCl, 1 mM TCEP at pH 7.5 (ITC buffer). The ChAD
fragments and the gpV synthetic truncates were directly resuspended in the ITC buffer. The
final concentrations were verified by the ODa2go absorption using a Nanodrop One
(ThermoScientific). All ITC measurements were performed by titrating a constant volume of
2 ul of peptide or gpVn into the ITC cell (containing HigC at 15 uM) using a constant stirring
rate of 75 rpm. All data were processed, buffer-corrected and analyzed using the NanoAnalyse
and Origin software packages. Sequences of synthetic polypeptides used in the study are

provided in the (Dataset S1).

HDX-MS sample preparation

The HigC protein was concentrated to 100 uM. To prepare the complex of HigC with gpV*®

78 the peptide was directly dissolved in the HigC sample in a 1:4 molar ratio. For each

experiment, 10 uL of protein sample (HigC or HigC:opV**7® were incubated for 1 min, 5 min

15 min or 60 min in 50 pL of labelling buffer (25 mM HEPES pH 7.5. 400 mM KCI, 400 mM

NaCl, 1 mM TCEP) at 20 °C. The non-deuterated reference points were prepared by replacing
the labelling buffer with the equilibration buffer (25 mM HEPES pH 7.5, 400 mM KCIl, 400
mM NaCl, 1 mM TCEP). After labelling, the samples were quenched by mixing 60 ul. of pre-
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chilled quench buffer (1.2 % formic acid, pH 2.4) with the labelled sample, flash-frozen in
liquid N and stored at -80 °C.

HDX-MS data collection

Prior to each injection, samples were thawed at room temperature and 150 pL of the quench
samples were directly transferred to the Enzymate BEH Pepsin Column (Waters Corporation)
at 200 pL per min and at 20 °C with a pressure of 3 kPSI. Peptic peptides were trapped for 3
min on an Acquity UPLC BEH C18 VanGuard Pre-column (Waters Corporation) at a 200 uL.
per min flow rate in water (0.1% formic acid in HPLC-grade water, pH 2.5) before elution to
an Acquity UPLC BEH C18 Column for chromatographic separation. Separation was done
with a linear gradient buffer (3—45% gradient of 0.1% formic acid in acetonitrile) at a flow rate
of 40 puL per min. Peptides identification and deuteration uptake analysis was performed on the
Synapt G2 in ESI + MSF mode (Waters Corporation). Leucine Enkephalin was applied for
mass accuracy correction and sodium formate was used as calibration for the mass
spectrometer. MSE data were collected by a 20-30 V transfer collision energy ramp. The pepsin
column was washed between injections using pepsin wash buffer (1.5 M Guanidinium HCI,
4% (v/v) acetonitrile, 0.8% (v/v) formic acid). A cleaning run was performed before loading
the samples to prevent peptide carry-over. Optimized peptide identification and peptide
coverage for all samples was performed from undeuterated controls (five replicates). All

deuterium time points were performed in triplicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

Spectral counts for each protein in the E. coli MG1655 and A,;- proteomes and the HigBAC
system were calculated, and high confidence hits assessed. The ratio of spectral counts between
the Avir and A,;<?¢-! escape mutant infected samples at 30 minutes post-infection with a

pseudocount added to each count was used to generate Figure 4C.

DATA AND SOFTWARE AVAILABILITY

The study does not make use of unpublished data or software. The IP-MS mass spectrometry
data to are deposited at the MassIVE database at doi:10.25345/C5T14V10M. AlphaFold2
predicted structures together with the accompanying quality metric scores are available in

https://github.com/GCA-VH-lab/tac ms_af. The phage annotation table, results of phage
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protein clustering including heatmaps, and the R script used for clustering are available at

figshare [dx.doi.org/10.6084/m9.figshare.24968247].

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE | IDENTIFIER

Bacterial strains

E. coli K-12 BW25113 Grenier et al.” N/A

E. coli DH5a Laboratory stock N/A

For other E. coli strains see Dataset S1 N/A N/A

Bacteriophages

For bacteriophages used see Dataset S1 | N/A | N/A

Chemicals, Peptides, and Recombinant Proteins

Phusion High-Fidelity PCR Master Mix Thermo Scientific | Cat#F531L

with HF Buffer

Phusion High-Fidelity DNA Polymerase Thermo Scientific | Cat#F530L

T4 PNK Thermo Scientific | Cat#EK0031

Dpn I Thermo Scientific | Cat#FD1703

T4 DNA Ligase Thermo Scientific | Cat#EL0011

Zymoclean Gel DNA Recovery Kit Zymo Research Cat#D4008

DNA Clean & Concentrator-5 Zymo Research Cat#D4014

FavorPrep Plasmid Extraction Mini Kit Favorgen Cat#FAPDE 300

Phage DNA Isolation Kit Norgen Biotek Cat#46850
Corp.

NEBuilder® HiFi DNA Assembly Master New England Cat#E2621L

Mix Biolabs

L-[*S]-Methionine PerkinElmer Cat#NEG009C005MC

[5,6-*H]-Uridine PerkinElmer Cat#NET367250UC

[Methyl-*H]-Thymidine PerkinElmer Cat¥NET027W001MC

PURExpress In Vitro Protein Synthesis Kit | New England Cat#E6800
Biolabs

RNase Inhibitor Murine New England Cat#M0314S
Biolabs

Anti-His Tag Antibody (Monoclonal, 9C11) | Boster Biological Cat#M30975
Technology

Anti-RNA polymerase beta antibody abcam Cat#ab191598

[EPR18704]

Goat anti-Mouse IgG (H&L), HRP Agrisera AB Cat#AS11 1772

conjugated

Anti-Rabbit IgG (whole molecule)— Sigma-Aldrich Cat#A0545

Peroxidase antibody produced in goat

HRP-conjugated streptavidin Thermo Scientific | Cat#N100

Carbenicillin Gold Bio Cat#C-103

Pierce Anti-DYKDDDDK Magnetic Agarose Thermo Fisher Cat#A36797

cOmplete, Mini Protease Inhibitor Cocktail Millipore Sigma Cat#11836153001

Triton X-100 Millipore Sigma Cat#X100-1L

Benzonase nuclease, Purity >90% Millipore Sigma Cat#70746-3
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Ready-Lyse lysozyme Biosearch Cat#R1810M
Technologies

10X PBS Buffer Thermo Fisher Cat#AM9625

Sodium Chloride Millipore Sigma Cat#S5886-10KG

0.5M EDTA, pH 8.0 Boston BioProducts Cat#BM-150

Trizma Base Millipore Sigma Cat#T1503-1KG
WesternBright Quantum Advansta Cat#K-12042-D10
Oligonucleotides
For primers used for cloning of E. coli N/A N/A
plasmids see Dataset S1
51GrGrCrArArGrGrArGrGrUrArArArArAr | Sigma N/A
UrGrGrUrUrArArA3’
5tUrUrUrArArCrCrArUrUrUrUrUrArCrCr | Integrated DNA N/A
UrCrCrUrUrGrCrC3’ Technologies
5'dGdGdCdAdAdGdGdAdGdGdTdAdAdA | Sigma N/A
dAdAdTdGdGdTdTdAdAdA3’
S5'TArArArArArArArArArArArArArA3’ Integrated DNA N/A
Technologies
5tUrUrUrUrUrUrUrUrUrUrUrUrUrU3’ Integrated DNA N/A
Technologies
51CrCrCrCrCrCrCrCrCrCrCrCrCrC3’ Integrated DNA N/A
Technologies
51GrCrGrCrCrGrCrGrCrGrGrGrCrG3’ Integrated DNA N/A
Technologies
51CrGrCrCrCrGrCrGrCrGrGrCrGrC3’ Integrated DNA N/A
Technologies
5TtArUrArUrUrArUrArUrArArArUrArArUr | Integrated DNA N/A
ArUrUrArUrArUrArArArUrArArUrArUrUr | Technologies
ArUrArUrArArArUrA3’
51UrArUrUrUrArUrArUrArArUrArUrUrAr | Integrated DNA N/A
UrUrUrArUrArUrArArUrArUrUrArUrUrUr | Technologies
ArUrArUrArArUrArU3’
5'dAdAdAdAdAdAdAdAdAJAdAdAdAdA | Integrated DNA N/A
3’ Technologies
5'dTdTdTdTdTdTdTdTdTdTdTdTdTdT3’ Integrated DNA N/A
Technologies
5’dCdCdCdCdCdCdCdCdCdCACACdCdC3’ | Integrated DNA N/A
Technologies
5°dGdCdGdCdCdGdCdGdCAGdGdGdCdG | Integrated DNA N/A
3’ Technologies
5’dCdGdCdCdCdGdCAdGdCdGdGdCdGdC | Integrated DNA N/A
3’ Technologies
5'dAdTdAdTdTdAdTdAdTdAdAdAdTdAd | Integrated DNA N/A
AdTdAdTdTdAdTdAdTdAdAdAdTdAdAd | Technologies
TdAdTdTdAdTdAdTdAdAdAdTdA3’
5'dTdAdTdTdTdAdTdAdTdAdAdTdAdTd | Integrated DNA N/A
TdAdTdTdTdAdTdAdTdAdAdTdAdTdTd | Technologies

AdTdTdTdAdTdAdTdAdAdTdAdT3’

Recombinant DNA
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For E. coli plasmids see Dataset S1 | This work | N/A

Software and Algorithms

SnapGene GSL Biotech LLC | https://www.snapgene.com/
Geneious Prime Biomatters https://www.geneious.com/
AlphaFold2 Song et al.”® N/A

MAFFT Katoh et al.®' RRID:SCR 011811
Jalview Waterhouse et al.®? RRID:SCR 006459
Aliview Larsson” N/A

UCSF ChimeraX Goddard et al.”’ RRID:SCR 015872
PHASTER Arndt et al.* N/A

FlaGs2 Saha et al.?? N/A

GraphPad Prism 10.1.1

GraphPad Software

https://www.graphpad.com/
features

Igor Pro 7.07

WaveMetrics, Inc.

https://www.wavemetrics.c
om

Adobe Illustrator 28.0 Adobe Inc. https://www.adobe.com/pro
ducts/illustrator.html

Adobe Photoshop 28.0 Adobe Inc. https://www.adobe.com/pro
ducts/photoshop.html

NanoAnalyse TA Instruments https://www.tainstruments.
com/itcrun-dscrun-
nanoanalyze-software/

NIS Elements AR Nikon https://www.microscope.healt
hcare.nikon.com/products/soft
ware/nis-elements/nis-
elements-advanced-research

Origin OriginLab https://www.originlab.com/

Fiji Schindelin et al.*’ RRID:SCR 002285

CamSol Sormanni et al.”® N/A

Other

Zeta-Probe® Blotting Membranes Bio-Rad Cat#1620153

Trans-Blot® Turbo™ Transfer System Bio-Rad Cat#1704150

Amersham™ ImageQuant 800 Cytiva Cat#29399484

5910 Ri centrifuge Eppendorf Cat#5943000061

S-4x universal rotor Eppendorf Cat#5895200001

5418 R Centrifuge Eppendorf Cat#5401000064

FA-45-18-11 rotor Eppendorf Cat#5418707005

Optima XPN-80 Ultracentrifuge Beckman Coulter | Cat#A95765

SW-41Ti rotor Beckman Coulter Cat#331336

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures

http://dx.doi.org/...
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