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Abstract

Temperate bacteriophages can enter one of two life cycles following infection of a sensitive
host, the lysogenic or the lytic lifecycle. The choice between the two alternative life cycles is
dependent upon a tight regulation of promoters and their cognate regulatory proteins within
the phage genome. We investigate the genetic switch of TP901-1, a bacteriophage of
Lactococcus lactis, controlled by the CI repressor and the MOR anti-repressor and their
interactions with DNA. We determine the solution structure of MOR, and we solve the crystal
structure of MOR in complex with the N-terminal domain of CI revealing the structural basis
of MOR inhibition of CI binding to the DNA operator sites. '’N NMR CPMG relaxation
dispersion and rotating frame Ri, measurements demonstrate that MOR displays molecular
recognition dynamics on two different time scales involving a repacking of aromatic residues
at the interface with CI. Mutations in the CI:MOR binding interface impair complex
formation in vitro, and when introduced in vivo, the bacteriophage switch is unable to choose
the lytic life cycle showing that the CI:MOR complex is essential for proper functioning of
the genetic switch. On the basis of sequence alignments we show that the structural features
of the MOR:CI complex are likely conserved among a larger family of bacteriophages from

human pathogens implicated in transfer of antibiotic resistance.



Significance statement

Temperate bacteriophages can enter one of two life cycles following infection of a host, the
lysogenic or the lytic lifecycle. In the lysogenic life cycle, the viral genome is silenced and
integrated into the host genome, while in the alternative lytic life cycle, phage replication in
the cell leads to production of new phages, cell lysis and release of phage progeny. Using a
combination of NMR spectroscopy, X-ray crystallography, biophysics and in vivo
experiments we have revealed the molecular mechanisms underlying the switch from the
lysogenic to the lytic life cycle in the bacteriophage TP901-1 from Lactococcus lactis. The
molecular mechanisms are likely conserved among a larger family of bacteriophages from

human pathogens implicated in transfer of antibiotic resistance.



Temperate bacteriophages are bistable and can enter one of two life cycles following infection
of a sensitive host, the lysogenic or the lytic lifecycle. In the lysogenic life cycle (leading to
the immune state), the viral genome is silenced and integrated into the host genome to be
replicated along with the host DNA during cell division. In the alternative lytic life cycle (the
anti-immune state), phage replication in the cell leads to production of new phages, cell lysis
and release of phage progeny. The choice between the two alternative life cycles of temperate
bacteriophages is dependent upon a tight regulation of promoters and their cognate regulatory
proteins within the phage genome.

The temperate bacteriophage TP901-1 infects the gram-positive bacterium Lactococcus lactis
and the choice between the lytic and lysogenic life cycle is controlled by a genetic switch
containing two divergently oriented promoters (the lytic promoter Pr and the lysogenic
promoter Pr) that are regulated by the phage-encoded CI protein (encoded by the ¢/ gene) and
the modulator of repression (MOR, encoded by the mor gene) (Fig. 1A). CI contains an N-
terminal helix-turn-helix (HTH) domain (CI-NTD), a flexible linker and two C-terminal
domains (CI-CTD; and CI-CTD;, Fig. 1B) (1, 2). Full-length CI has been shown to be
hexameric (a trimer of dimers) at high protein concentrations, while a shorter construct
encompassing residues 1-122 of CI (CI-A58) has been shown to be dimeric mediated by
dimerization of CI-CTD; through a pair of helical hooks (3). MOR is a single domain protein
of 72 amino acids of previously unknown structure (Fig. 1B).

Using in vitro DNA footprinting and gel retardation experiments, three palindromic operator
sites, Or, Or and Op, for binding to CI have been identified on the genome, where Or is
situated between the Pr and Pr promoters (Fig. 1A) (4). In the absence of MOR, binding of CI
dimers to all of these operator sites leads to tight repression of the PL promoter and partial
repression of the Pr promoter (5), presumably through formation of a CI hexameric structure

looping the DNA out between the operator sites (Fig. 1C). Partial repression of the lysogenic



Pr promoter is believed to result from thermal breathing of the complex by frequent opening
and closing of the CI:Or contact, while a strong repression of the lytic Pr promoter is ensured
by interaction of CI at the Ov site thereby efficiently preventing RNA polymerase binding to
the lytic promoter. The presence of the Op operator site is suggested to increase cooperative
binding of CI to Or and Or and to inhibit transcriptional elongation from P (4). In support of
the DNA binding capacity of CI, mutations in the HTH DNA recognition motif of CI-NTD
(K40A/S41A and Q45A/N48A) lead to transcription from the lytic PL promoter in vivo due to
reduced DNA binding affinity (around 400-fold difference in Kp) (6).

While the lysogenic state can be formed without the presence of MOR, the lytic state requires
participation by both MOR and CI. In the absence of CI, e.g. in a strain carrying a knockout
mutation in the ¢/ gene, both P and Pr are fully active showing that MOR on its own is not
able to repress transcription from either of the two promoters (5). In the lytic state, repression
of the lysogenic Pr promoter is observed even if Or, O or Op are mutated, showing that Pr
repression is not absolutely dependent upon the CI operator sites (5). Together these
experiments argue against a mechanism where MOR alone acts as a repressor and suggest that
a CI:MOR complex represses transcription from Pr (Fig. 1D).

Recently, additional evidence in favor of this hypothesis has been presented, first of all by
demonstration of a direct interaction between CI and MOR (7). Secondly, a series of
mutagenesis experiments verified the role of an evolutionary conserved composite Omi-Omz-
Or-Owm3 operator site as a plausible binding site for the CI:MOR complex (Fig. 1A). In fact,
mutations at all sites (Omi1, Om2, Or and Owms, carried out one by one), decrease repression of
Pr in the anti-immune state (7). The Ow sites are non-palindromic, however, Omz and Owms are
present on opposite strands to form a palindromic Owmz-Orr-Orr-Owms site. Thirdly, mutation
of putative DNA binding residues on MOR, was shown to affect repression of Pr in the anti-

immune state. Based on these experiments, an updated model of the lytic state was proposed



where CI:MOR complexes of different stoichiometries bind to the Omi-Om2-Or-Owm3 operator
(Fig. 1D) (7). Importantly, statistical thermodynamical modeling of the TP901-1 genetic
switch, supported by measurements of the activity of the lysogenic Pr promoter as function of
the concentration of CI in the absence and presence of MOR, suggested that binding of a
CI:MOR complex to DNA is not the sole action of MOR and that MOR in addition inhibits
CI binding to DNA (8).

In this work, we reveal the structural and dynamic basis of the inhibition of DNA-binding to
CI by MOR. We determine the solution structure of MOR using nuclear magnetic resonance
(NMR) spectroscopy, and we solve the crystal structure of MOR in complex with CI-NTD
revealing how MOR interferes with binding of CI to the DNA operator sites. The mutually
exclusive nature of the MOR:CI and CI:Or complexes is further supported by native mass
spectrometry and NMR competition experiments. In addition, "N NMR relaxation
measurements show that MOR displays molecular recognition dynamics on two different time
scales involving a repacking of aromatic residues at the interface with CI-NTD. Sequence
alignments show that the structural features of the MOR:CI-NTD complex are likely to be
conserved among a larger family of bacteriophages from pathogenic species including
Staphylococcus, Enterococcus, Listeria, and Streptococcus. Thus, our results, supported by in
vivo experiments, demonstrate a novel mechanism of action of this family of temperate
bacteriophages that is distinct from the well-studied A phage, where CI and Cro directly

compete for binding to the DNA operator sites (9—11).

Results

The NMR solution structure of MOR reveals a helix-turn-helix fold
The spectral assignment of the backbone resonances of MOR was obtained on the basis of a

series of BEST-TROSY triple resonance experiments (SI Appendix, Fig. S1) (12). The



secondary chemical shifts identify four well-defined a-helices (H1-H4) and a shorter less
well-defined helix (H5) surrounded by two proline residues (Pro59 and Pro63) (Fig. 2A). The
solution structure of MOR was determined using the NMR analysis program UNIO (13) on
the basis of distance restraints obtained from three-dimensional ['H-'H]-NOESY-!>N-HSQC
and aliphatic and aromatic ['H-'H]-NOESY-'*C-HSQC experiments, combined with dihedral
angle restraints obtained from the experimental backbone chemical shifts (SI Appendix, Table
S1). The central core structure of MOR (residues S6-F66) displays five helices with the
residues Q19-N38 adopting a helix-turn-helix (HTH) motif typical of DNA binding proteins
(Fig. 2B-D) (10, 14, 15). The N- and C-terminal ends of MOR are dynamic and less well-
defined (residues M1-T5 and F67-H72), although NOEs demonstrate a clear contact between

the two tails (Fig. 2E).

Affinity, stoichiometry and interaction kinetics of the MOR:CI complex

To study the interaction between MOR and CI, we carried out chemical shift titrations of '>N-
labeled CI-A58 with MOR (Fig. 3A). The data show that the formation of the complex is slow
on the NMR chemical shift time scale. Chemical shift perturbations (CSPs) are observed only
within CI-NTD demonstrating that this domain alone is sufficient to mediate interaction (Fig.
3B). Furthermore, we carried out isothermal titration calorimetry (ITC) of the interaction of
MOR with both CI-NTD and CI-A58 (Fig. 4A,B). The affinities measured for the two
constructs are the same within experimental error (Kp = 672 nM for CI-NTD and Kp = 633
nM for CI-A58) with a stoichiometry of 1:1 for the MOR:CI-NTD complex and 2:1 for the
MOR:CI-A58 complex (two MOR molecules binding to one CI-A58 dimer). Thus, CI-NTD is
sufficient to achieve binding and no cooperativity is observed in the context of the longer,
dimeric CI-A58 construct. The thermodynamic parameters show very similar pattern for

binding of MOR to CI-NTD and CI-A58 (Fig. 4C,D). The dissection of the binding energy



into enthalpic and entropic contributions indicates that the nanomolar interaction is mainly
driven by the entropic contribution and only few polar interactions as suggested by the low
favorable binding enthalpy. In addition, chemical shift perturbations in MOR upon interaction
with CI-NTD and CI-A58 are almost identical demonstrating that MOR does not establish
intermolecular interactions (MOR-MOR) upon binding to the dimeric CI-A58 construct (S/
Appendix, Fig. S2B,E).

The interaction kinetics of the MOR:CI-NTD complex was determined by >N chemical
exchange saturation transfer (CEST) experiments. We employed a sample of "N-labeled CI-
NTD with 18.5 % (molar ratio) of unlabeled MOR, and >N CEST experiments were recorded
for two different saturating B; fields (20.8 and 8.4 Hz) (Fig. 4E). The data were analyzed
simultaneously for four well-isolated resonances of CI-NTD according to a two-site exchange
model (corresponding to the free and MOR-bound state of CI-NTD) yielding an exchange
rate (kex) of 8.9 £ 1.7 57! and a population of 16.8 £+ 2.9 %. The obtained population is slightly
lower than what is expected from the dissociation constant obtained from ITC (18.45%). To
investigate this effect in more detail, we repeated the analysis of the CEST data by fixing the
population, ps, to values between 10 and 25%. This analysis shows a shallow > minimum at
populations between 16 and 18% with the corresponding kex values ranging from 9.4 to 8.3 s
!, Thus, an almost equally good fit is obtained for populations approaching 18% in agreement
with the ITC data. In addition, as expected for a slow exchange process, complete separation
of ps and ke is difficult, even using B; fields matching the kex value, however, the apparent
kon rate remains well-determined with a value of 1.5 £ 0.3 s'.. To ensure that the ratio of the
determined kofr and kon rates is equal to the Kp value measured by ITC, we used the apparent
kon rate from the CEST experiments and the Kp from ITC to estimate the kinetic constants
characteristic of the interaction yielding a slow dissociation rate and an association rate at or

slightly beyond the diffusion limit (kon = (9.9 + 1.8)x10° M!s! and kotr = 6.6 £ 1.2 s1).



MOR interferes with binding of CI-A58 to two adjacent DNA half-sites

To obtain insight into the structural basis of the interaction between MOR and CI-NTD, we
determined the crystal structure of the complex. The following regions make up the interface
between the two proteins: MOR (Y3-Y5, T42-V52, P59-A69) and CI-NTD (K2-T5, S52-Y59,
S68-P78) (Fig. 5A,B), in agreement with previous predictions suggesting that the C-terminal
end of CI-NTD is essential for interaction with MOR (16). The interface is stabilized by
several polar contacts as detected by the PISA server (17). In particular, residue Q55 of CI-
NTD appears to be crucial for the interaction as its side chain inserts into a pocket of MOR
formed by Y3, Y5, T42, W43 and F66 where it adopts a conformation that is stabilized by
multiple hydrogen bonds (Fig. 5D). In addition to these hydrogen bonds, the complex is
stabilized by several hydrophobic contacts formed along the entire interface (Fig. 5C) in
agreement with the observed thermodynamic profile of the interaction obtained from ITC
experiments (Fig. 4C). We note that the interface observed in the crystal structure is in
agreement with experimental chemical shift perturbations in MOR and CI-NTD obtained by
assigning the NMR spectra of the complex forms of both MOR and CI-NTD (SI Appendix,
Fig. S2A-D).

We have previously obtained the crystal structure of CI-NTD in complex with a half Or
operator site (1). On the basis of this and experimental small angle X-ray scattering (SAXS)
data, we have obtained a model of CI-A58 in complex with the full operator site, where the
two N-terminal domains bind to the two adjacent, major grooves on the DNA and a flexible
linker connects these domains to the dimeric helical hook structure located at the C-terminus
of CI-A58 (Fig. SE) (3). Superimposing the structure of the MOR:CI-NTD complex onto one
of the CI-NTD of the CI-A58:0L complex leads to a likely steric clash between MOR and the
other CI-NTD (Fig. 5E), suggesting that the formation of the CI-MOR complex interferes

with simultaneous binding of CI to the two major grooves of the DNA operator site. To study



in more detail the competition between MOR and DNA for binding to CI, we performed
native mass spectrometry (MS) experiments on mixtures of MOR, Or and CI-A58 (S7
Appendix, Fig. S3A-D). The MS data indicate the formation of two types of hetero-complexes
containing CI-A58:MOR and CI-A58:Or. No ternary complex of MOR, CI-A58 and Or could
be detected. These results strongly support the mutually exclusive nature of the binding of CI-
A58 to MOR or Or. This observation was also supported by NMR competition experiments
where pre-formation of the CI-A58:MOR complex (and similarly the CI-NTD:MOR complex)

showed dissociation of MOR upon addition of Ov (S Appendix, Fig. S3E).

MOR shows molecular recognition dynamics involving repacking of aromatic residues
The dynamics of MOR on the pico- to nanosecond (ps-ns) time scale were studied using N
spin relaxation measurements (18, 19). A model-free analysis of the data using an isotropic
diffusion tensor gives a rotational correlation time of 4.5 ns consistent with the molecular
weight and a monomeric form of MOR. A complete analysis of the relaxation data shows that
the use of a fully anisotropic diffusion tensor is statistically significant (SI Appendix, Fig. S4),
and the derived order parameters, S?, demonstrate that MOR is rigid on the ps-ns time scale,
except for the first five N-terminal and the last four C-terminal residues (SI Appendix, Fig.
S4D). In addition, the analysis reveals a number of conformational exchange contributions to
the transverse relaxation that have not been efficiently quenched by the spin lock field of 1.5
kHz used in the Ri, experiments (Fig. 6A,B). These exchange contributions are centered in
three different regions of MOR that cluster around Y5 indicating that reorientational
dynamics of its side chain are responsible for these exchange contributions (Fig. 6C).

In addition, we measured "N CPMG relaxation dispersion at two magnetic fields (600 and
950 MHz) to monitor exchange occurring on slower time scales. Several MOR residues

display dispersion and by comparing the effective R> relaxation rate at high and low CPMG
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frequencies with the measured R1, data (Fig. 6D), it becomes clear that the dispersion curves
asymptotes to the measured R, rates. This means that the relaxation dispersion data can be
analyzed independently of the exchange contributions observed for the ring reorientation of
Y5, because the Y5 exchange rate is much faster than the applied CPMG field. The residues
showing the largest exchange contributions (Fig. 6E) cluster around the side chain of W43
(Fig. 6F), again suggesting that side chain ring reorientations are responsible for the extensive
exchange contributions observed in MOR. This conclusion is also supported by the fact that
in the '"H-">N HSQC spectrum of MOR, the 'H->N side chain signal of W43 is not detectable
suggesting extreme line broadening due to conformational exchange. We analyzed the CPMG
curves simultaneously for all residues showing dispersion according to a two-site exchange
model (Fig. 6G). An exchange rate of kex = 533 + 16 s'! and a population of the transiently
populated (excited) state of W43 of 3.6 £ 0.1 % were obtained from the analysis.

By comparing the NMR structure of MOR to the crystal structure of MOR in complex with
CI-NTD, we observe that the side chain of W43 is in two different conformations. The
orientation of the W43 side chain in the NMR structure is well-defined by a number of NOEs
from the side chain of W43 to L8, L37 and E47 (Fig. 2F, SI Appendix, Fig. S5). Some of these
NOE:s are clearly not compatible with the conformation of the W43 side chain observed in the
crystal structure of the complex (SI Appendix, Fig. S5). Flipping the side chain of W43 in the
crystal structure to the same conformation as observed in the NMR structure leads to van der
Waals contacts that are too close between W43 and Y5 of MOR and Q55 of CI-NTD. This
suggests that the formation of the complex with CI-NTD requires a repacking of the two
aromatic rings of Y5 and W43 in order for Q55 of CI-NTD to insert into the pocket of MOR
as depicted in Fig. 5D. The dynamics observed for Y5 and W43, as detected by Ri, and
CPMG relaxation dispersion, most likely represent molecular recognition dynamics (20-22)

where the side chains of Y5 and W43 in the free form of MOR transiently flip to
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conformations allowing the interaction with CI-NTD. This is in agreement with the
measurements of the dynamics of MOR in complex with CI-NTD. The exchange
contributions to Rip, are absent in the complex, and the exchange contributions detected by
CPMG relaxation dispersion are absent or significantly reduced in the complex showing that
both the Y5 and W43 side chains adopt a rigid conformation in the complex (SI Appendix,

Fig. S6).

Switch frequencies respond strongly to changes in the MOR:CI-NTD interaction surface
and are sensitive measures of CI: MOR and MOR:DNA interactions

To validate our structural data we genetically exchanged specific amino acids in the CI-
NTD:MOR interface to alanines or other types of amino acids and quantified the effect on the
switch frequencies by recording the color phenotypes of L. lactis colonies, transformed by
altered TP901-1 switch plasmids. TP901-1 switch plasmids contain the 1 kb DNA region
shown in Fig. 1A, which encodes all the functions needed to perform a decision between the
lytic and the lysogenic state, after entering an L. lactis cell as naked DNA. Because the anti-
immune (lytic) PL promoter is transcriptionally linked as a PL-mor-lacLM fusion to the lacLM
genes, the switch phenotype can be recorded by plating switch plasmid transformants on agar
plates containing X-gal and subsequently counting blue (anti-immune phenotype) and white
(immune phenotype) colonies. Wildtype TP901-1 switch plasmids yield around 2.6% white
colonies in the present series (SI Appendix, Table S3), which is equal to the frequency of
lysogens after infecting susceptible L. lactis with TP901-1 (5).

Initially, we aimed at perturbing the hydrogen bonding network of the MOR:CI-NTD
complex mediated by the two residues MOR-Y5 and CI-Q55 (Fig. 5D). Substitution of these

amino acids to alanines results in 100% immune phenotype (white colonies) consistent with
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MOR being unable to interfere with binding of CI to O due to a disruption or weakening of
the MOR:CI complex, or alternatively that the MOR-CI complex is unable to repress Pr.
Figure 5C draws attention to a patch of hydrophobic residues, which may be of importance
for the overall stability of the MOR:CI-NTD complex. The CI-M73 residue is located in the
vicinity of MOR-F67 and when either of these is substituted with an alanine residue (CI-
M73A or MOR-F67A) the switching phenotype is 100% immune (white), showing that both
amino acids are important for C:MOR stability. In contrast, plasmids harboring CI-F75A and
CI-F75V substitutions lead to switching frequencies of 0 and 1.1%, respectively (SI Appendix,
Table S3) instead of the normal 2.6% white colonies for the wild type. This suggests that
small hydrophobic side chains at the CI-F75 position do not significantly change the stability
of the CI:MOR complex. Larger hydrophobic amino acids at the CI-F75 position apparently
slightly destabilize the complex as judged from the switching frequencies of 17% and 31% for
the CI-F751 and CI-F75Y substitutions, respectively (SI Appendix, Table S3). It thus appears
that evolution has selected for a CI:MOR binding that is not too strong and still allows for
switching. Finally, we also studied a plasmid harboring a MOR-R31A substitution. MOR-
R31 is located in the putative DNA recognition helix of MOR with a potential role in the
repression of the Pr promoter (SI Appendix, Fig. S7). The 100% immune phenotype (white
colonies) detected therefore strongly support the prediction that MOR-R31 is important for
the anti-immune repression of Pr.

To support the in vivo experiments, we tested the four single point mutations of CI-NTD (CI-
Q55A, CI-F75A, CI-F75Y and CI-M73A) in vitro with respect to their structural integrity and
their ability to form a complex with MOR. The CI-NTD variants carrying the above
mutations were easily expressed and purified. These variants folded correctly as detected by
circular dichroism and NMR (S7 Appendix, Fig. S§A,B). Furthermore, the variants had similar

stability as the wild-type as estimated by nano differential scanning fluorimetry (nDSF) with
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Ti between 59.8°C and 62.3°C (wild-type Ti being 60.5°C) and all had similar affinity for the
O site (Kp = 4-8 pM) as the corresponding wild-type construct. NMR analysis of complex
formation with purified MOR showed that CI-M73A severely impairs complex formation
with an estimated dissociation constant around 450 uM (SI Appendix, Fig. S8C), consistent
with its high impact on the switching phenotype. The NMR data also reveal that the two
mutants CI-F75A and CI-F75Y are not able to disrupt the complex with MOR (SI Appendix,
Fig. S8C). This result is in broad agreement with the in vivo data showing no or low impact
on the switching phenotype for the CI-F75A and CI-F75Y substitutions, respectively. Finally,
CI-Q55A shows complex formation similar to the wild-type CI-NTD with almost identical
chemical shifts of bound MOR (SI Appendix, Fig. S8C). This is unexpected since the 100%
switching to the immune state indicates that a MOR:CI-Q55A complex is not able to compete
with CI repression. It is possible that the CI-Q55A mutation weakens the complex (but the
interaction remains in slow exchange on the NMR chemical shift time scale), so that it is not
able to efficiently inhibit CI binding to its DNA operator sites. While the CI-M73A mutation
has a very clear effect in vitro and is in perfect agreement with the in vivo experiments, the
mutations at CI-F75 and CI-Q55 are more difficult to interpret probably due to compensatory

effects at the binding interface that still allow complex formation.

Interaction of MOR and CI-NTD with the conserved Omi-Om2-Or-Owms operator site

The CI-MOR complex has been proposed to bind to the evolutionary conserved Omi-Om2-Or-
Owms operator site to repress transcription from the lysogenic promoter, Pr (7). To verify this
hypothesis and obtain insight into the importance of the Ow sites, we used "N-labeled MOR,
CI-NTD and pre-formed CI-NTD:MOR complex and added DNA sequences corresponding to
Ov (used as a control), Or, Omi-Om2 and Omz-Or-Oms. The 'H-1"N HSQC spectra show that

CI-NTD interacts with Or involving its HTH region in a fast to intermediate exchange regime
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as previously shown (1), while its interaction with Or gives rise to only small chemical shift
changes suggesting a weaker interaction with this operator site (SI Appendix, Fig. S9), as
expected from their sequence differences (1). Surprisingly, we find that CI-NTD interacts
specifically with Om1-Om: in a fast to intermediate exchange regime with residues in the HTH
motif undergoing the largest chemical shift changes. CI-NTD also interacts with Onm2-Or-Owms3,
however, additional line broadening of the NMR resonances is observed compared to the
interaction with Owmi-Om2, probably due to the increased size of the complex (SI Appendix,
Fig. S9). In agreement with previous data showing interaction with DNA only in the presence
of CI (7), MOR does not interact specifically with any of the tested DNA sequences as judged
from negligible chemical shift changes (SI Appendix, Fig. S10), however, interestingly the
interaction between the pre-formed MOR:CI-NTD complex with Om2-Or-Oms shows that
MOR remains in the complex upon interaction with the DNA. Only the flexible tail of CI-
NTD is visible in the NMR spectrum of this complex (S7 Appendix, Fig. S11), probably due to
its high molecular weight as well as conformational exchange contributions to the transverse
relaxation. Together, these data support the hypothesis that the CI-MOR complex binds to the

proposed composite operator site region.

Conservation and evolution of CI:MOR interactions across bacterial genomes

Phylogenetic analysis of the TP901-1 switch region at the DNA level has previously offered
structural insights into the CI protein showing that primarily the N-terminal domain of CI that
is involved in DNA and MOR binding has been conserved in switches carrying mor genes
and Owm binding sites (7). To gain more insight into the evolution of the CI:MOR interactions,
the primary sequences of CI and MOR were used as templates in the web server
ComplexContact (23) to search for similar sequences of the two proteins within the same

genome. Because bacterial genomic sequences were used in the search, switch regions from
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integrated prophages were detected. Protein sequences and alignments of concatenated CI-
MOR amino acid sequences encoded on individual genomes from separate c/ and mor genes
were retrieved and annotated according to the bacterial species. Subsequent analysis of these
alignments revealed important aspects of the evolution of the CI:MOR interacting pairs. The
phylogenetic tree constructed from the CI:MOR alignment (SI Appendix, Fig. S12A) shows a
branching structure with lower branches containing prophages from Clostridium and
unidentified gram-positive genomes, from which a larger stem protrudes containing branches
of prophage CI and MOR from L. lactis and pathogenic species including Staphylococcus,
Enterococcus, Listeria, and Streptococcus. Many of these pathogens have been linked to life-
threatening infections and the emergence of antibiotic resistant species is becoming a wide-
spread problem. Interestingly, this important branching coincides with the insertion of a nine-
amino acid fragment (?’SIPFQKKFG*’) into CI-NTD, forming the greater part of the
scaffolding helix of the DNA-binding HTH domain in the TP901-1 CI protein (shown with
filled triangles in SI Appendix, Fig. S12, where the left angle of the triangles indicates the
point of sequence diversification among the branching members). This region was previously
recognized as an extended scaffolding helix in the CI protein of TP901-1, lactococcal phage
@31, enterococcal phage ¢Efll, and staphylococcal phage TP310-1 (1). The extended
scaffolding helix appears to be of minor importance for the interaction with MOR as observed
in the crystal structure of the MOR:CI-NTD complex (Fig. 5A,B), although NMR CSPs are
observed of residues 33-35 of CI-NTD and at the extreme C-terminus of MOR indicating a
contact between these two regions in the complex (SI Appendix, Fig. S2).

Logo plots of the amino acid frequencies in CI-NTD and MOR, where the CI repressor carries
the extended scaffolding helix, demonstrate that the stem of the phylogenetic tree containing
branches of prophage CI and MOR from L. lactis and other pathogenic species shows

remarkable sequence homology (SI Appendix, Fig. S12B,C). This implies a conservation of
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the fold of both MOR, CI-NTD and the MOR:CI-NTD complex, which together with
previously noted similarities at the DNA level, strongly suggests that the interplay between CI
and MOR in the lytic cycle of these human pathogens can be expected to closely resemble

TP901-1 from L. lactis.

Discussion

We have studied the mechanism of action of the genetic switch from the temperate
bacteriophage TP901-1 using an integrated structural biology approach combining NMR
spectroscopy, X-ray crystallography with biophysics and native mass spectrometry. In
particular, we have characterized the structure and dynamics of MOR using NMR, and we
have solved the crystal structure of MOR in complex with the N-terminal domain of CI. On
the basis of NMR exchange experiments, we have shown that the formation of the MOR:CI-
NTD complex is facilitated by multi-time scale molecular recognition dynamics in the free
state of MOR involving transient ring reorientations of the aromatic side chains of Y5 and
W43. By superimposing the MOR:CI-NTD crystal structure with a model of the CI-A58:0r
complex (3) a likely steric clash is observed between MOR and the other CI-NTD molecule in
the dimer (Fig. 5E) revealing how MOR inhibits CI binding to the DNA operator sites and
promotes the switch to the lytic life cycle. Using ITC we determined an affinity of 633 nM of
the MOR:CI-A58 complex (Fig. 4A,B), which is significantly weaker than the estimated
affinities of a CI dimer for the O site as determined by electrophoretic mobility shift assay
(EMSA) (3 nM) (4) suggesting that MOR cannot easily fully displace CI from the DNA
operator sites, though the competition may still be sufficient to favor full-length CI-MOR
complex Pr repression in vivo. Furthermore, we show that while MOR is displaced from the
pre-formed CI-NTD:MOR complex upon addition of Or, it remains bound in the complex

when presented with the Omz-Or-Owm3 fragment, in agreement with models recently presented.
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Unexpectedly, however, CI-NTD binds at least as well to Omi-Om2 and Om2-Or-Om3 as it
does to the Or site, something not considered in the recent models.

To further address the significance of the identified complex for the switch mechanism, we
carried out in vitro and in vivo mutagenesis studies. One of our mutants, CI-M73A disrupted
the formation of the MOR:CI-NTD complex in vitro. This correlated very well with our in
vivo data since introducing a corresponding mutation in the full-length CI gene in vivo leads
to a frequency of lysogenization (immune transformants) at 100 % as compared to 2.6 % for
the wild type switch showing that a disruption of the MOR:CI complex leads to inability to
establish the lytic state. Three additional mutations lead to similar in vivo results, further
validating that the CI:MOR binding interface is essential for proper functioning of the switch.

Finally, we also tested a mutation MOR-R31A intended to impair MOR-DNA interactions at
the Omi-Om2-Or-Owms operator site (SI Appendix, Fig. S7). The in vivo data show a frequency
of lysogenization at 100 % consistent with an inability of the MOR-CI complex to establish
interactions with DNA and repress the Pr promoter. While it is difficult to resolve the
apparent discrepancy in affinities with regard to Pr derepression or to reveal the full
molecular details of the Pr repression complex at this point, it is important to note that by
necessity of the biophysical techniques employed, and lower solubility and stability of full-
length CI, much of the presented work is on truncated versions of both proteins and DNA
regions.

Temperate bacteriophages infecting lactic acid bacteria have been placed in the A supergroup
of Siphoviridae (24). This classification is based upon the structural proteins and shape of the
phage coat where other modules in the phages may be very different. It is therefore not
surprising that we observe clear structural and functional differences between the genetic
switches of TP901-1 and the well-studied Escherichia coli phages A and 186. In terms of

domain organization, the CI proteins from TP901-1, A and 186 are similar containing an N-

18



terminal DNA binding domain but displaying a different quaternary structure with full-length
CI TP901-1 being hexameric, CI A octameric and CI 186 heptameric (25, 26). Furthermore,
the C-terminal domains are of predominantly B-fold in A and 186, but helical in TP901-1 (2,
3). In the A phage, the repressor CI and the anti-repressor Cro compete for binding to multiple
operator sites in the divergent promoter region leading to Cl-mediated repression of the lytic
promoter or Cro repression of the lysogenic promoter. The structure of A Cro was solved
previously using X-ray crystallography showing a dimeric structure composed of three o-
helices and three B-strands (27). In contrast, MOR from TP901-1 is monomeric as determined
here by NMR spectroscopy and its structure is composed of five a-helices. The structure of
MOR (HTH domain) suggests that it is a DNA-binding protein, however, we were not able to
show specific binding of MOR to either the Or or Or operators sites (SI Appendix, Fig. S10).
This shows a different mechanism of MOR compared to Cro that instead directly interacts
with the A phage operator site as evidenced by a crystal structure of Cro in complex with an
operator site (28).

In phage 186, the promoters are arranged face to face (as opposed to back to back in A and
TP901-1) and CI is inactivated by binding to the anti-repressor protein Tum. Thus, similarly
to TP901-1, a protein-protein interaction is the key mechanism for CI inactivation in phage
186, however, the structural features of the Cl:Tum complex appear to be completely
different to those of the CI:MOR complex solved here. In particular, Tum is a 146 amino acid
protein predicted to contain a Dinl-like domain at its C-terminus (residues 84-146). The N-
terminal domain of Tum is currently of unknown structure and shows poor sequence
homology with previously solved structures.

In conclusion, we have unveiled a fundamental structural mechanism that controls the switch
of the bacteriophage TP901-1 to the lytic life cycle by providing the atomic details and

dynamics of the interaction between CI and MOR proteins. The structural features of the
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complex are consistent with the proposed functions of MOR in de-repressing the PL promoter
and co-repressing the Pr promoter, and disruption of the identified CI:MOR interface even by
single mutations in either partner was shown to abolish the lytic cycle, as shown by changes
of switch frequencies in vivo. The findings have much more far-reaching implications than for
TP901-1, as indicated by high conservation of the CI-NTD and MOR sequences in a larger
family of bacteriophages from pathogenic species including Staphylococcus, Enterococcus,
Listeria, and Streptococcus (SI Appendix, Fig. S12). Since the C:MOR interface is largely
conserved, our research provides a guide for understanding the role of the complex in
lysogens of several human pathogens, which have been implicated in transfer of antibiotic
resistance, and potentially opens new avenues for phage therapy employing temperate

bacteriophages (29).

Materials and Methods
Protein expression and purification procedures, details of CD spectroscopy, nDSF, EMSA,
ITC and native mass spectrometry and of construction and analysis of genetically altered

switch plasmids are described in the ST Appendix Materials and Methods.

NMR structure determination of MOR

All NMR experiments were carried out at 25°C in 20 mM Tris buffer, 100 mM NaCl, 1 mM
dithiothreitol (DTT) at pH 6.5. The backbone assignment was carried out using a set of
BEST-TROSY triple-resonance experiments HNCO, HN(CA)CO, HN(CO)CACB and intra-
residue iHNCACB (12). All NMR data were transformed using NMRPipe (30) and analyzed
in CcpNmr (31) or SPARKY (32). Sequential connectivities were obtained using NEXUS
under CcpNmr followed by manual verification. Secondary structure propensities were

calculated from the Ca and Cf chemical shifts of MOR according to the SSP protocol (33).
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Side chain assignments were obtained from a HCCH-TOCSY (34, 35) experiment acquired
at a 'H frequency of 950 MHz using a mixing time of 50 ms. Distance restraints for structure
determination were obtained from three-dimensional ['H-'H]-NOESY-""N-HSQC (36-38)
and aliphatic and aromatic ['H-'H]-NOESY-!3C-HSQC spectra. The three NOESY spectra
were all acquired with a mixing time of 120 ms at a 'H frequency of 700 MHz. A fresh
sample of MOR was used for each of the three NOESY and the HCCH-TOCSY experiments
to avoid problems of sample degradation during long acquisition times. Sample
concentrations between 0.5 and 0.7 mM were used for the experiments.

A total of 930 meaningful, non-redundant upper NOE-derived distance restraints were
automatically generated by the NMR analysis program UNIO (39) in combination with the
structure calculation program CYANA (40) following the standard protocol (13). The final
structural bundle was calculated in explicit solvent using the program CNS (41). The MOR
NMR structure has excellent stereochemistry with 97.3% of the residues in most favored
regions and additionally allowed regions, 2.3% in generously allowed regions, and 0.3% in
disallowed regions of the Ramachandran plot. Furthermore, the structural ensemble has
excellent geometry with no violations of distance restraints greater than 0.5 A and no dihedral
angle violations greater than 5°. With the exception of the N-terminal residues 1 to 4 and the
C-terminal residues 67 to 72, the atomic coordinates of the MOR NMR structure is well-
defined. The root-mean-square-deviation (RMSD) value about the mean coordinate positions
of the backbone atoms for residues 5 to 66 is 0.60 + 0.07 A. Detailed NMR and refinement
statistics are reported in SI Appendix, Table S1. The 'H, 3C and >N chemical shifts have
been deposited in the BioMagResBank under the BMRB ID 34462. The atomic coordinates of
the bundle of 20 NMR conformers have been deposited in the PDB database (accession code

6TO6).
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NMR chemical shift titrations

The interaction of '>N-labeled MOR with unlabeled CI-NTD was studied by recording 'H-'>N
HSQC spectra for the following concentrations of MOR and CI-NTD: 106:0 uM (free MOR),
106:226 uM (MOR saturated with CI-NTD) and 106:60 uM (MOR partly saturated with CI-
NTD).

The assignments of the NMR spectra of MOR in complex with CI-NTD was carried out using
BEST-TROSY triple resonance experiments using a sample of *C, >N-labeled MOR (0.7
mM) in complex with unlabeled CI-NTD (1.1 mM). Similarly, the assignments of the NMR
spectra of 13C, '"N-labeled CI-NTD (0.4 mM) in complex with unlabeled MOR (0.6 mM)
were obtained. Combined 'H and !N CSPs in MOR or CI-NTD between the free and bound
state were calculated as ((A8x/8.5)% + (Adn)?)"2. The assignments of the NMR spectra of CI-
A58 were obtained previously (2).

Interactions of "N-labeled MOR with CI-NTD mutants were carried out by recording 'H-'>N
HSQC experiments of MOR in the presence of saturating amounts of CI-M73A, CI-F75A and
CI-F75Y (2.3 times excess) and CI-Q55A (3 times excess).

Interactions of '"N-labeled MOR, CI-NTD and pre-formed MOR:CI-NTD complex with
DNA sequences corresponding to the Or, Or, Om1-Om2 and Owm2-Or-Owms operator sites were
carried out using concentrations of 126 uM and 128 pM of MOR and CI-NTD, respectively.
Concentrations of the DNA sequences were in all cases similar with molar ratios compared to

CI-NTD and MOR between 1:0.23 and 1:0.26.

NMR relaxation measurements of MOR and the MOR:CI-NTD complex
>N relaxation rates, Ri, Rip and heteronuclear NOEs were measured of a 0.6 mM sample
of '"N-labeled MOR at 25°C and a 'H frequency of 700 MHz using standard HSQC-detected

pulse sequences (42). The R; relaxation rates were obtained by sampling the decay of
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magnetization at ten time points, while the R1, rates were measured with a spin lock field of
1.5 kHz and with eleven different time points. For each experiment, one time point was
repeated for error estimation. The measured Ri, and R rates were converted into transverse
relaxation rates, R», by taking into account off-resonance effects (43). CPMG relaxation
dispersion experiments (44) were carried out at two magnetic field strengths (600 and 950
MHz) using a constant time relaxation delay of 32 ms and with CPMG frequencies ranging
from 31 to 1000 Hz. The data were analyzed simultaneously at the two fields according to
a two-site exchange model using the program ChemEx (45).

Similar experiments (R1, R1p, and CPMG relaxation dispersion) were carried out of MOR in
complex with CI-NTD at 25°C and a 'H frequency of 700 MHz. A sample of '’C, N-
labeled MOR (0.7 mM) in complex with unlabeled CI-NTD (1.1 mM) was used for these

experiments.

CEST experiments

The CEST experiments were carried out at a 'H frequency of 600 MHz on a sample of '°N-
labeled CI-NTD (720 uM) with unlabeled MOR (133 uM) corresponding to a molar ratio
of 18.5%. The experiments were carried out with an >N B, field strength of 20.8 Hz
applied during a constant period of 300 ms. Saturation was carried out in the range from
100 to 129 ppm in steps of 25 Hz. The dataset was complemented by a second experiment
using a >N B field strength of 8.4 Hz during a constant period of 300 ms. Saturation was
carried out in the range from 110.5 to 120.5 ppm in steps of 5 Hz and using a reduced °N
sweep width of 6 ppm with the carrier positioned at 116.7 ppm. The CEST data of the
resonances D54, N56, S68 and M73, for which large CSPs were observed, were fitted
simultaneously for the two different >N B, fields using the analysis program ChemEx

according to a two-site exchange model (45).
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Crystal structure of the MOR:CI-NTD complex

MOR:CI-NTD was co-crystallized using a sample of MOR at 2mg/mL in a 1:2 molar ratio
with CI-NTD (residues 1-89 of CI). We screened for crystallization conditions using the
JSCG+ screen (Hampton research). After two days hexagonal crystal plates appeared in
several conditions with similar composition 25 % PEG 3350, 0.2 mM salt (e.g. ammonium
sulfate and lithium sulfate). A data set for a crystal grown with a reservoir consisting of 0.2 M
lithium sulfate, 0.1 M Bis-Tris pH 5.5, 25% PEG 3350 was collected at beam line 1D23-1,
ESRF, Grenoble, France using a PILATUS detector. XDS/XSCALE (46) was used to process
the images into a final almost complete data set extending to 2.28 A resolution, with space
group P321 and with cell dimensions of a= 94.41 A, b=94.41 A and c=30.56 A.

Molecular Replacement (MR) was carried out with Phaser. PHENIX(47) and experimental
data were phased using the crystal structure of CI-NTD (PDB: 5A7L), placing it as fixed
model, and using the NMR model with lowest energy of MOR truncated for flexible tails (N—
and C-terminal) for a further MR search. A model of MOR created using the webserver
PHYRE?2 (48) also allowed phasing. Phaser-MR found a solution with rotational function Z-
score (RFZ) of 2.8, a top translation function Z-score (TFZ) of 9.1, and a log-likelihood
(LLG) of 313.722. Initial refinement successfully improved phases and Rwork/Rfree went
from 43.26%/42.25% to 29.76%/37.70%. Remaining parts of the proteins not included in the
search models were manually built or not observable, presumably due to intrinsic flexibility
(residues 81-89 of CI-NTD and his-tag). The final structure was refined to Rwork/Rfree of
18.9%/21.7% with good geometry using Phenix.refine. Data and model statistics are
summarized in SI Appendix, Table S2 and the structure has been deposited in the PDB

(accession code 6TRI).
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Figures legends

Fig. 1. The genome of TP901-1 functions as a genetic switch. (4) Schematic representation of
the fragment of the TP901-1 genome that functions as a genetic switch. Gray boxes indicate
the positions of the genes ¢/ and mor. The positions and directions of the two promoters P
and Pr are shown as arrows. The operator sites, Or, Or and Op, which bind to CI are shown
as boxes (wheat color) along with their DNA sequences. Orange boxes indicate the position
of the evolutionary conserved Omi, Om2 and Owms operator sites that are putative binding sites
for the CI-MOR complex (see panel D). (B) Domain organization of the two proteins CI (top)
and MOR (bottom). The N- and C-terminal domains of CI are connected by a flexible linker
(gray), and crystal structures of CI-NTD and CI-CTD; are shown, as determined previously
(2, 3). (C) In the immune state, CI is believed to form a hexameric structure around which the
DNA loops by binding to the three operator sites. (D) In the anti-immune state, MOR (red)
interacts with CI and inhibits binding of CI to the DNA allowing transcription from the lytic
promoter, Pr. In addition, CI:MOR complexes of different stoichiometries interact with the
Omi-Om2-Or-Owms operator site through an unknown binding mode (represented by dashed

lines) to repress transcription from the lysogenic promoter, Pr.

Fig. 2. NMR solution structure of MOR. (4) Secondary structure propensity (SSP) calculated
from experimental Co and CB chemical shifts. Positive values correspond to helical
propensity, while negative values represent B-strand propensity. (B) Topology diagram of the
solution structure of MOR where H2-loop-H3 constitute the HTH motif, H2 being the
scaffolding (green) and H3 the recognition helix (blue). (C) Structure of MOR shown as a
bundle of the 20 structures with lowest energy. (D) Structure of MOR shown as a single
structure of lowest energy after water refinement. (£) Plane of the aromatic ['H-'H]-NOESY-

BC-HSQC spectrum at the '3C resonance frequency of Y3C3 (133.25 ppm) showing NOEs
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from the Y3HJ protons. Clear NOEs are observed from Y3 to A68 and A69 located in the C-
terminal tail of MOR. (F) Planes of the aromatic ['H-'"H]-NOESY-'3*C-HSQC spectrum at the
13C resonance frequencies of W43C8 (120.90 ppm) and W43C( (113.57 ppm) showing NOEs
from the W43Ho61 and W43HC2 protons. Clear NOEs are observed from W43Hd1 to E47 and
from W43HC2 to the side chains of L8 and L37. These NOEs define the orientation of W43 in

the NMR structure.

Fig. 3. Mapping the interaction site of MOR on CI. (4) Superposition of a region of the 'H-
N HSQC spectrum of N CI-A58 (red) and N CI-A58 in complex with MOR (blue).
Assignments of the HSQC spectrum of CI-A58 were obtained previously (red labels) (2). All
resonances corresponding to CI-CTD; (residues 90-122) remain unperturbed by the
interaction with MOR. (B) Combined 'H and >N CSPs in >N CI-A58 upon interaction with

MOR.

Fig. 4. Binding affinity and interaction kinetics of the MOR:CI-NTD complex. (4) ITC data
of the MOR:CI-NTD complex. Representative data are shown with raw injections heats (top)
and the corresponding specific binding isotherms (bottom). (B) ITC data of the MOR:CI-A58
complex. The dimer concentration of CI-A58 is reported. The analysis of the ITC data was
carried out according to a model of » identical and independent binding sites. The results of
the ITC data are reported as the mean of two independent measurements along with the
standard error of the mean. (C) Dissection of binding free energies into the enthalpic and
entropic contributions for the interaction of MOR with CI-NTD. (D) Dissection of binding
free energies into the enthalpic and entropic contributions for the interaction of MOR with CI-
AS58. In both panel C and D, the values are reported per independent binding site. (£) CEST

data used to determine the interaction kinetics of the MOR:CI-NTD complex. Data were
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acquired for a sample of '"N-labeled CI-NTD with 18.5% (molar ratio) of MOR for two
different >N B field strengths (red: 20.8 Hz and blue: 8.4 Hz). Experimental data are shown
as points, while lines correspond to a simultaneous analysis of all of the data shown according

to a two-site exchange model.

Fig. 5. Structure of the MOR:CI-NTD complex and impact on DNA binding. (4) Cartoon
representation of the crystal structure of the MOR:CI-NTD complex (180° rotation shown).
Residues implicated in the interaction between the two proteins are shown as pink, blue and
green (for MOR) and teal, red and wheat (for CI-NTD). (B) Sequences of CI-NTD and MOR
with residues implicated in the interaction between the two proteins color-coded as in panel 4.
(C) The interface between MOR and CI-NTD is dominated by hydrophobic interactions as
shown by analysis of the crystal structure of the complex by the software LigPlot. (D) Zoom
on the polar interactions mediated by Q55 and N56 (red) in CI-NTD at the interface with
MOR. A number of hydrogen bonds are formed between Q55 and N56 and the residues Y3,
Y5, T42, W43 and F66 in MOR. (£) Model of the dimeric CIA58-Or structure obtained on
the basis of the crystal structure of CI-NTD in complex with the Or half-site and the crystal
structure of CI-CTD; combined with experimental SAXS data (3). The linker connecting CI-
NTD with CI-CTD; is indicated as gray dashed lines. The crystal structure of MOR:CI-NTD
was superimposed onto the structure of one of the CI-NTD domains (marked with a *). MOR
is shown as a transparent surface demonstrating that MOR interferes with binding of the CI

dimer to two adjacent half-sites on the DNA.

Fig. 6. Multi-timescale dynamics of MOR from "N relaxation rates and CPMG relaxation
dispersion. (4) Ratio of >N R, and R; in MOR measured at 25°C and a 'H frequency of 700

MHz. (B) Exchange contributions, Rgx, to transverse relaxation derived from a Lipari-Szabo
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model-free analysis of "N R;, R» and {'H}-">N NOEs (SI Appendix, Fig. S4). Exchange
contributions are observed in three different regions of MOR defined as cluster 1 (red), 2
(blue) and 3 (green). (C) Residues experiencing Lipari-Szabo exchange contributions mapped
onto the solution structure of MOR. The residues cluster around residue Y5 (shown as cyan
sticks). (D) Comparison of !N R, relaxation rates (blue) with effective R» rates obtained
from relaxation dispersion experiments at high (1 kHz, red) and low (31 Hz, green) CPMG
frequencies. All rates were obtained at 25°C and a 'H frequency of 600 MHz. (E) Residues
experiencing exchange contributions as detected by CPMG relaxation dispersion. The plot
shows the difference between effective R, rates measured at low (31 Hz) and high (1 kHz)
CPMG frequencies at 600 MHz. The residues cluster in three different regions of MOR
(cluster 1, 2 and 3). (F) Residues experiencing exchange contributions as detected by CPMG
relaxation dispersion mapped onto the solution structure of MOR. The residues cluster around
W43 (shown as cyan sticks). (G) Examples of CPMG relaxation dispersion curves at 600 and
950 MHz for representative residues in MOR. The full drawn lines correspond to a

simultaneous analysis of all the data according to a two-site exchange model.
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