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Abstract: Mycobacteriophages are viruses that specifically infect bacterial species within the genera
Mycobacterium and Mycolicibacterium. Over 2400 mycobacteriophages have been isolated on the host
Muycolicibacterium smegmatis and sequenced. This wealth of genomic data indicates that mycobac-
teriophage genomes are diverse, mosaic, and contain numerous (35-60%) genes for which there is
no predicted function based on sequence similarity to characterized orthologs, many of which are
essential to lytic growth. To fully understand the molecular aspects of mycobacteriophage—host
interactions, it is paramount to investigate the function of these genes and gene products. Here we
show that the temperate mycobacteriophage, Alexphander, makes stable lysogens with a frequency of
2.8%. Alexphander gene 94 is essential for lytic infection and encodes a protein predicted to contain a
C-terminal MerR family helix-turn—helix DNA-binding motif (HTH) and an N-terminal DinB/YfiT
motif, a putative metal-binding motif found in stress-inducible gene products. Full-length and
C-terminal gp94 constructs form high-order nucleoprotein complexes on 100-500 base pair double-
stranded DNA fragments and full-length phage genomic DNA with little sequence discrimination
for the DNA fragments tested. Maximum gene 94 mRNA levels are observed late in the lytic growth
cycle, and gene 94 is transcribed in a message with neighboring genes 92 through 96. We hypothesize
that gp94 is an essential DNA-binding protein for Alexphander during lytic growth. We proposed
that gp94 forms multiprotein complexes on DNA through cooperative interactions involving its
HTH DNA-binding motif at sites throughout the phage chromosome, facilitating essential DNA
transactions required for lytic propagation.
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1. Introduction

Bacteriophages (or phages) are viruses that infect bacteria. Phages are immensely
diverse, display a wide array of host-specificity profiles, and employ numerous molecular
mechanisms through which they interact with their bacterial targets [1]. Phages comprise
the most numerous biological entities on planet Earth [2], and it is hypothesized that,
collectively, they can infect every bacterial species, with each phage targeting a specific
group of related bacterial organisms. Consequently, phages are important drivers of
bacterial community evolution and microbiome composition [3]. The study of phage-host
interactions has been key to elucidating the central dogma of molecular biology and has
generated a myriad of biotechnology and therapeutic tools that impact a wealth of industrial
and biomedical processes, from food safety to treatment and detection of antibiotic-resistant
bacterial infections [1,4-7]. Moreover, it is widely accepted that continued investigation
into the molecular mechanisms phages employ to optimally interact with host cells under
various environmental conditions will uncover novel phage-based applications for use in
industry and biomedicine.
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Mycobacteriophages infect members of the genera Mycobacterium and Mycolicibac-
terium, which includes pathogenic and nonpathogenic organisms, such as Mycobacterium
tuberculosis and Mycolicibacterium smegmatis. Over 2400 mycobacteriophages have been
isolated and sequenced, many in the past two decades, due in large part to the “Phage
Hunters Integrating Research and Education” (PHIRE) and “Science Education Alliance-
Phage Hunters Advancing Genomics and Evolutionary Science” (SEA-PHAGES)—two
discovery-based high school /undergraduate research programs that began at the University of
Pittsburgh [8] and have now been implemented at over 200 institutions internationally [9,10].
The wealth of genomic data generated by these efforts reveals remarkable diversity and
mosaicism within mycobacteriophage genomes, likely due to various recombinatorial
events, including horizontal gene transfer, illegitimate recombination, and site-specific inte-
gration, between and within the bacterial host [1,11]. Sequenced mycobacteriophages are
grouped into thirty-one clusters and seventy-three subclusters, with seven phages having
insufficient homologous gene content to be grouped in any current cluster (singletons).
Over half of the mycobacteriophage-encoded genes lack a suitable ortholog and have no
known function. This makes functional gene annotation difficult. Additionally, many genes
that have been assigned a putative function using homology algorithms remain unchar-
acterized. Identifying the function of these genes and determining how they control the
phage lifecycle and potentially mediate phage—host interactions is, therefore, a significant
area of interest in phage biology, and the landscape for novel discovery is vast.

Rigorous and elegant studies have begun to evaluate the roles of these unknown gene
products using bioinformatics, biochemical and biophysical analysis, mutational analysis,
biological toxicity, and/or omics-based approaches [12-16]. In one study, systematic gene
deletion and expression profiling of mycobacteriophage Giles found that 45% of genes
are dispensable for lytic growth, and every predicted gene product is expressed either
during the lytic or lysogenic life cycles [12]. Additionally, the mycobacteriophage Giles
protein—protein interactome has been mapped and has been used to infer functions of
unknown proteins in tail assembly and DNA replication [13]. These global analyses are
essential for understanding the relationships between phage gene products and phage
propagation and are invaluable in helping to assign functions to uncharacterized gene
products. However, many questions remain, highlighting the need for studies that directly
investigate the biochemical and biological roles of the mycobacteriophage proteome.

Mycobacteriophage Alexphander was isolated, sequenced, and annotated as part of a
course-based undergraduate research experience (CURE) at the University of California,
Los Angeles, as part of the SEA-PHAGES program (accession # M(G962361.1). Alexphander
is a member of cluster “F1”, and its genome contains 57,734 base pairs (bp) that encode
104 predicted genes (phagesdb.org [10] accessed on 02-07-2024). Alexphander encodes an
integrase and immunity repressor, suggesting that it is a temperate phage whose lifecycle
includes both a lysogenic and a lytic phase; however, this has not been demonstrated
experimentally until this study.

Approximately 60% of the predicted Alexphander gene products remain unannotated,
have no known function, and, to our knowledge, those that have been annotated have not
been validated experimentally. Alexphander gene 94 is a representative of gene “phamily”
(pham) 165,933, which is encoded by numerous Mycobacteriophages and Gordoniaphages
and is broadly annotated to encode a helix—turn-helix-containing DN A-binding protein.
Gene 94 orthologs are also expressed in numerous other species within the actinobacteria.
Our research group is interested in understanding how DNA-binding proteins of unknown
function support lytic phage growth. We are thus compelled to investigate the essentiality
and biochemical properties of gene 94 and its gene product. We view gene 94 as interesting
because it is present within numerous actinobacteria and their phages, and its domain
architecture is unique relative to other proteins containing a similar DNA binding motif. In
Alexphander, gene 94 is specifically annotated as containing a MerR-type helix-turn-helix
(HTH) DNA-binding motif (phages.org accessed on 02-07-2024), which is characterized
as a winged HTH motif (WHTH) that contains a three or four «-helical bundle and an
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adjacent 3-turn—B-wing motif (InterPro). MerR-type HTH-containing proteins can perform
various functions and include the bacterial chromosome anchoring protein, RacA [17],
and the transcriptional regulator CueR [18]. For these proteins, the HTH motif is in the
N-terminal region of the protein, whereas it is C-terminal in gene 94. Perhaps this indicates
that the product of gene 94, gp94, has a distinct functional role as well. Indeed, we see
that Alexphander gp94 displays several features distinct from known MerR-type HTH-
containing proteins. Here, we show that gp94 contains a C-terminal HTH DNA-binding
motif, behaves as a monomer in solution, and binds double-stranded DNA nonspecifically
to assemble large nucleoprotein complexes. These features distinguish gp94 from other
MerR-like HTH-containing proteins that have been characterized thus far. In this study,
we confirm that Alexphander is a temperate phage, and we use targeted reverse-genetics
and biochemical approaches to elucidate aspects of gp94 function related to its role in M.
smegmatis infection.

2. Results
2.1. Mycobacteriophage Alexphander Is a Temperate Phage That Forms Stable Lysogens

Mycobacteriophage Alexphander is predicted to be a temperate phage that can tran-
sition between lytic and lysogenic replication within M. smegmatis strain mc? 155. Here,
we find that Alexphander forms clear plaques after 18 h that develop turbid halos after
32 h at 37 °C when spotted on or added to top agar lawns seeded with M. smegmatis
mc? 155 (Figure 1a). Such halos have been attributed to the diffusion of phage tail fibers
that depolymerize peripheral host cell surface membrane structures [19,20]. High titer
spots further develop mesas—areas of bacterial regrowth within the circular clearing that
are a hallmark feature of lysogenic phages—beginning after 4 to 5 days of incubation.
Streaks from these mesas produced stable lysogens that were subjected to three rounds of
single-colony purification. Lysogens were verified following each round of purification by
testing for phage release and immunity to Alexphander infection (Figure 1b,c). Notably,
Alexphander lysogens are also immune to superinfection by the uncharacterized temperate
phage LilPharaoh (Cluster K1) and the lytic phage SchoolBus (Cluster O) but sensitive to
superinfection by phages Ph8s (Cluster A) and Sheila (Cluster B). The authors note that the
low SchoolBus titer in Figure 1c may prohibit the evaluation of subtle differences in infec-
tivity between SchoolBus and LilPharaoh. The authors also note that higher titer SchoolBus
stocks are also completely unable to infect the Alexphander lysogen, indicating robust
superinfection protection against SchoolBus infection. The breadth of superinfection speci-
ficity will require testing a larger library of phages for the ability to infect the Alexphander
lysogen. The lytic repression mechanism for LilPharaoh is uncharacterized and, given the
low level of amino acid sequence identity between the putative repressors encoded by
LilPharaoh and Alexphander (24.6% with an “Emboss WATER” pairwise alignment score
of 32.0) and the low level of nucleotide conservation between Alexphander and SchoolBus,
it is likely that the Alexphander lysogen mediates heterolytic protection against LilPharaoh
and SchoolBus infection through a yet uncharacterized mechanism that is not mediated by
the Alexphander immunity repressor.

We measured the efficiency of Alexphander lysogeny by plating naive M. smegmatis
mc? 155 onto uninfected 7H10 agar plates or those seeded with Alexphander. We find
that the rate of lysogeny is approximately 3%, which is comparable to, albeit somewhat
lower than, that of phage Giles (7%), a temperate mycobacteriophage in cluster Q [12]. We
note that several other Cluster F1 phages form stable lysogens [15,21]; however, to our
knowledge, lysogeny efficiency for these phages has not been explicitly reported. Despite
the relatively low rate at which lysogens are formed, Alexphander lysogens are stable,
as we observe no difference in the lysogen survival when plated onto phage-seeded vs.
unseeded solid media (Figure 1d).
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Figure 1. Mycobacteriophage Alexphander makes halo plaques and forms stable lysogens in Mycobac-
terium smegmatis mc? 155. (a) Full plate infection assays show that mycobacteriophage Alexphander
makes clear plaques on M. smegmatis that broaden and form halos after 32 h of growth. (b) Top row—phage
release assay demonstrating phage release from Alexphander lysogen isolates (right three panels), but
not from naive M. smegmatis mc> 155 strains (far left panel). These lysogen isolates are from the third
and final round of lysogen purification for three independent tests. Bottom row—patched lysogen and
naive strain growth on canonical 7H10 solid agar plates. (c) Phage immunity assay indicates that the
AP lysogen is immune to infection by phage Alexphander, phage SchoolBus (Cluster O), and phage
LilPharaoh (cluster K1) but susceptible to infection by phages Sheila (cluster B1) and Ph8s (Cluster
A2). The left panels show infection of the naive host by five phages, from top to bottom: Alexphander,
Sheila, SchoolBus, Ph8s, and LilPharaoh. The right panels show infection on AP lysogen by those
same phages. Immunity and infection assays were repeated in triplicate, with each trial showing
an identical infection profile. (d) Bar graph displaying the mean and standard deviation for three

independent lysogeny efficiency tests for both naive and AP lysogen strains. Lysogeny efficiency
cfu per mL on phage seeded plates
cfu per mL on clean 7H10 plates

was calculated as % 100. AP lysogen strain is stable and able to grow on

7H10 agar plates that are seeded with Alexphander, while naive M. smegmatis mc? 155 is not.

2.2. Alexphander Gene 94 Orthologs Are Present within Numerous Actinobacteria and
Their Phages

The gene 94 coding sequence is a member of pham 165,933 and overlaps neighboring
genes 93 and 95 by four nucleotides (Figure 2a,b and [10]). Pham 165,933 is present in
126 mostly temperate phages (phagesDB.org accessed on 02-07-2024), including 2 different
Mycobacteriophage clusters (F and N), 6 Gordoniaphage clusters (CY, CZ, DI, DN, DW,
and DY), and 3 singleton phages [22]. In many of these phages, pham 165,933 is more
generally annotated to encode helix-turn-helix (HTH) DNA-binding motif-containing
proteins. In Alexphander, this pham is annotated to encode a protein containing a MerR-
type HTH motif [22]. A PSI-BLAST search shows that gene 94 orthologs are encoded in
>113 species within the Actinobacteria and their phages, with an E value < 1 x 10~%.
Multiple and pairwise sequence alignments of pham 165,933 and its orthologs identify
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regions of amino acid conservation and show that cluster F variants are 99% identical but
only 60 and 30% identical to cluster N mycobacteriophage and Gordonia phage variants,
respectively (Figure 2c,d). There are significant regions of identity over the length of the
protein sequence, including in the putative DNA-recognition helix, &7, suggesting that
these proteins may have similar DNA sequence preference profiles. Interestingly, synteny
of the gene 94 locus is conserved within but varies between clusters F and N phages
(Figure 2b). For example, in F1 phages (e.g., Alexphander and Phasih), Alexphander gene
94 (Phasih gene 90) is located within a conserved four-gene locus that includes phams 815
(gene 93/89), 2998 (gene 95/91), and 371 (gene 96/92); however, these genes are absent in
pham 165,933 containing phages in clusters N and CZ.
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Species (Cluster) to gp94 alignment score

Mycobacteriophage Phasih (F) 99.1 11,650
Mycobacteriophage Gandalf (F) 99.1 11,650
Mycob k Sch (N) 60.6 6710
Gordoniaphage Baxterfox (CZ) 29.41 1730
Gordoniaphage Phabuloso (DN) 27.95 1670
Gordoniaphage Jablanski (CY) 31.25 1970
Mycobacteroides abscessus 58.11 6640
Mycolicibacterium fortuitum 66.67 7820

Figure 2. Gene 94 orthologs are present in mycobacteriophages and within other species of actinobac-
teria. (a) Gene 94 locus organization in Alexphander. Each gene is represented by a colored arrow
that reflects the gene phamily to which the gene belongs; the direction of the arrow indicates the
direction of transcription. Numbers above and below the gene represent the starting and ending
coordinates of the reading frame, respectively. Four bases at the 5" and 3’ end of gene 94 overlap
with upstream 93 and downstream 95, respectively. (b) The synteny of 94 is conserved within cluster
F phages but diverges in cluster N mycobacteriophages and cluster CZ Gordonia phages. Green
rectangles show the position of gene 94 in various genomes, whereas different colored rectangles
represent the positions of neighboring genes. Gene numbers are shown. Genes with the same color
rectangle belong to the same gene phamily. Phages Phasih, Schnauzer, and BaxterFox are generally
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representative of the gene synteny for phages in these clusters that contain a gene 94 ortholog.
(c) Amino acid sequence alignment of Alexphander gp94 with orthologs. Amino acid conservation
is indicated by the intensity of blue shading, with darker blue indicating amino acid conservation.
The secondary structure of the predicted gp94 protein is shown as oblongs (x-helices) and arrows (f3-
strands). «6, a7, x10, 38 and 9 comprise the MerR-type HTH motif. (d) Pairwise alignment statistics
between Alexphander gp94 and other orthologous proteins. Percent identity and the alignment score
were calculated with Jalview using the BLOSUMS62 scoring matrix [23].

2.3. The Mycobacteriophage Alexphander Gene 94 Is Essential for Lytic Alexphander Infection

The functions of approximately 60% of predicted Alexphander gene products are
unannotated, and, to our knowledge, none of the annotated gene product functions have
been characterized experimentally. There are numerous Alexphander genes that are pre-
dicted to encode DNA-binding motif-containing proteins. Here, we performed a deletion
analysis of Alexphander gene 94 to determine its essentiality for lytic growth. We used the
recombineering tool, Bacteriophage Recombineering of Electroporated DNA (BRED) [24],
to delete gene 94. Briefly, a recombineering strain encoding orthologs of A red recombina-
tion enzymes from a plasmid (mc? 155::pJV53) is co-electroporated with phage genomic
DNA (gDNA) and a 400 bp recombination substrate, which contains 200 bp of DNA up
and downstream of the site to be deleted. Electroporated cells are then plated with naive
M. smegmatis mc? 155, mc? 155 containing an empty expression vector (mc? 155 (pLAM12)),
or mc? 155 containing a complementation plasmid providing exogenous gp94 from an
acetamide-inducible promoter (mc? 155(pSH20)). Recombination between the gDNA and
substrate results in the elimination of nucleotides 52527 to 53159 (92% of the gene) but
leaves the twenty-seven nucleotides at both the 5" and 3’ ends of the coding sequence, which
contain the stop codon of overlapping gene 93 and potential regulatory sequences upstream
of gene 95 (Figure 2a). Mixed phage populations containing recombinant and wild-type WT
alleles were observed in primary plaques harvested from mc? 155 and mc? 155(pSH20) as
measured by flanking PCR assays (Figure 3a—c). Recombinant phages were not observed in
plaques harvested from mc? 155 (pLAM12) (Figure 3b,c). Interestingly, recombination fre-
quency and the intensity of the recombinant amplicon increase significantly when plaques
are harvested from the complementation strain (9/35 vs. 1/35), suggesting that the pres-
ence of exogenous gp94 is supporting mutant phage growth. We were able to isolate pure
gene 94 deletion mutants containing only the recombinant allele only when primary mixed
plaques were plated onto the complementation strain. No recombinant phage was present
in plaques or lysates collected from non-complementing strains, suggesting that gene 94 is
essential (Figure 3d). To verify its essentiality for lytic growth, we measured the ability of
WT and A94 Alexphander to plaque on M. smegmatis mc? 155, mc? 155 (pLAM12), or the
complementation strain, mc? 155(pSH20). WT phages can plaque on all three host strains,
whereas Alexphander A94 can only plaque on the complementation strain (Figure 3e). This
provides clear evidence that gene 94 is essential for Alexphander lytic growth.

Table 1. Plasmids used in this study.

Plasmid Name Description Source

pET1la Parent expression strain Novagen

pIV53 BRED recombineering plasmid Van Kessel et al., 2007 [25]
pLAM12 Acetamide inducible complementation plasmid—parent = Marinelli et al., 2008 [24]
pSHI1 pETtl11a with N-HIS gp94 cloned downstream of the This study

pSH20

T7 promoter
Gene 94 complementation plasmid—acetamide inducible

This study constructed from pLAM12 [24]
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Figure 3. Gene 94 is essential for Alexphander lytic growth. (a) Schematic of the flanking PCR
strategies for deletion allele screening. Flanking primers F1/F2 recognize genomic sites flanking
the gene 94 locus as indicated. PCR amplification of recombinant phages will result in smaller
amplicons for the gene 94 deletion (640 bp), as indicated. (b) Representative gels indicating the
presence of the recombinant deletion strain in mixed primary plaques following co-electroporation of
naive host (far left), host containing control empty plasmid (pLAM 12; middle), or host containing
the complementation plasmid (pSH20; far right). The recombineering strain, M. smegmatis mc?
155::pJ V53, was co-electroporated with 200 ng of Alexphander gDNA and 150 ng of a 400 bp gene 94

me2155 2 155 containing

deletion substrate and plated as top agar lawns with naive M. smegmatis
empty plasmid (mc? 155 (pLAM12)), or mc? 155 containing an acetamide inducible complementation
plasmid from which exogenous copies of gp94 are produced (mc? 155(pSH20)) (Table 1). The resulting
primary plaques were screened by flanking PCR using primers in Table 2. Mixed plaques containing
recombinant phages were identified by the presence of the 640 bp fragment. Recombinant fragments
were rare and faint when electroporated cells were plated on naive mc? 155 and were absent when
plated on the empty plasmid strain. Recombinant phages were more frequent, and amplification
was more robust when electroporated cells were plated onto the complementation strain. (c) Table
summarizing the frequency and intensity of recombinant amplicons. Note that only three of nine
PCR samples indicating the presence of mixed plaques are shown in panel “b”. (d) Representative
agarose gel indicating the presence of the recombinant deletion strain in mixed secondary lysates or
in pure secondary plaques as measured by the presence of a 640 bp PCR amplicon. Mixed primary
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plaques were plated for purification on the empty plasmid strain (mc? 155 (pLAM12)) or the com-
plementation strain (mc? 155(pSH20)). (Left panel) Recombinant phages were observed in lysates
collected from the complementation strain but not from the empty plasmid strain, as indicated by the
presence of the recombinant fragment. Controls show no amplification in the absence of a template
and a robust parental fragment amplified from purified wild-type Alexphander genomic DNA. (Right
panel) Individual plaques contain either parental or mutant phage DNA, indicating that we have
successfully purified a A94 mutant phage. (e) Gene 94 essentiality was tested by measuring plaquing
by wild-type Alexphander and 2° plaques containing parental (P6) or A94 (P5) phages. Plaquing
was measured on naive wild-type M. smegmatis mc* 155, mc? 155 (pLAM12), and (mc? 155(pSH20).
Wild-type Alexphander can plaque on all three host trains, whereas A94 is unable to plaque on strains
that do not supply exogenous copies of gp94.

Table 2. Oligonucleotides used in this study.

Purpose

Sequence

Flanking PCR recombinant
screening

Forward primer
Reverse primer

Gene 94 deletion substrate

Deletion substrate amplification.

Forward primer

Reverse primer

Gibson assembly of A9%4
complementation construct

Primer I1
Primer 12
Primer O1
Primer O2

Gibson assembly of full-length
gp94 expression construct

Primer I1
Primer 12
Primer O1
Primer O2

Gibson assembly of gp94 C-term
expression construct

Primer I1
Primer 12
Primer O1
Primer O2

PCR within and across Alexphander

gttgtgcagtctgaacccaaccagg

gaccacaaacccgttcgctaagtg
tgccccattcaagaccctgacgageaccgggegttetgecaactecaageagacatctacgec
cacctcgecgacgtcecggeagaggteggcgttgccgcageggaactgetcgaacgecgeg
agaaggaacgacgggaacagaaagcgatgttcaggaaggcattcgacaagtgageatgg
acttccacctecccaggtctgaacaggtaagattageagaatgagecgggtctticgggtgca
tctcaacgacgtectegetgeggaatgetgecaccecaactgetacgegecageccttactgac
atagccagtcatgtgecgttgtgtgageggceacatcatggttgtctaccgggaagecaatete
atgctcgcecagecatagagctatggaa

tgccccattcaagacce
ttccatagctctatggetgg

gagatcggeggccgceatatgageatggacttccacc
gtcggaattegecggggcgctcattetgetaatcettacct
aggtaagattagcagaatgagcgcecccggcegaattce
gggagegtggaagtccatgetcatatgeggecgecgatctce

ttaagaaggagatatacatatgcatcatcaccatcaccacagcatggacttccacctce
ctgtccaccagtcatgctagcetcattctgetaatcettacctgttcag
ggtaagattagcagaatgagctagcatgactggtggac
tggaagtccatgctgtggteatggtoatgatgcatatgtatatctecttcttaaagttaa

ctttaagaaggagatatacatatgcatcatcaccatcaccacgacccggaacgggtc
caccagtcatgctagctcattctgetaatcettacctgtte
gacccgttcegggtegtgetgatggteatgatgeatatgtatatetecttcttaaag
gaacaggtaagattagcagaatgagctagcatgactggtg

gene boundaries

gene 7

gene 94

gb191-92

gb 92-93

gb 93-94

gb 94-95

gb 95-96

qPCR within gene boundaries

gene 7
gene 94

Forward Reverse
gtgagcatggacttccac tcattctgctaatcttacctgtte
atggctgacatttcacgttcc ttagctgecatecgggac
cacattgaccgggccaaag ctggttggottcagactge
caccgagcattccaccgac cctgaacatcgctttetgttee
gaatgccccattcaaga gcaagtcgatctgcettgeg
gacgcaacgtgaccgcc gaacgccaccatggatcgttc
ctttcgggtgcatctcaacg gtccaacagtttctecgeag
ggctgacatttcacgttceg tcgaacacagtcgatccctt
ctccgaagaatectggectg tcttttctatctggecggeg

! gb—indicated gene boundary.
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2.4. Gene 94 Encodes Protein Containing a Putative N-Terminal Metal-Binding Motif and a
C-Terminal HTH DNA-Binding Motif

Alexphander gene 94 is predicted to encode a 228 amino acid protein with a molecu-
lar mass of 26 kDa [10,26] (AlexPhander genome sequence GenBank Accession Number
NC_051632.1). Both the MODELLER [27] and AlphaFold2 (AF2) [28] structure/function
servers confidently predict that gp94 residues 143-226 comprise a three-helix winged
helix-turn-helix DNA-binding motif resembling the MerR-type superfamily of HTH motif
(Figure 4a,b). This motif is present in various DNA-binding proteins that perform nu-
merous functions, including terminases (A and P21 phages (Ortega et al. unpublished)),
DNA-excision-related proteins [29], chromosomal anchor proteins (RacA [17]), bacterial
regulators of phage packaging (Rpp [30]), and transcriptional regulators (CueR [18]). The
DALI structural comparison server [31] indicates that the AF2-predicted N-terminal struc-
ture of gp94 has similarity to a DinB/YfiT superfamily protein from Deinococcus radiodurans
that may contain a Zn2+—binding motif [32] (Figure 4c—f). The RMSD and DALI scores for
the gp94 N-term alignment to the top structural ortholog are 3.22 and 7.7, respectively,
suggesting a relatively high degree of confidence in the predicted fold (Figure 4c). In
the N-terminal motif, o-helices 1 and 2 are connected by a loop with a low confidence
structure, and the N- and C-terminal domains are linked by the a4-a5 loop (Figure 4a).
The orientation between the N- and C-terminal motifs is not confidently predicted by
AF2. Interestingly, the predicted MerR-type HTH is in the C-terminal region in gp94 but
is N-terminal in closely related orthologs predicted by HHPred described above. The
DRNApred server further predicts that gp94 residues N175, K176, R177, R178, Q180, T181,
and R189 are involved in protein-DNA interactions—these residues align to the recognition
helix in structural homologs [33]. Notably, a homology-based structural model of the
gp94 C-terminal motif generated by MODELLER and AF2 aligns with the known wHTH
motif-containing protein, A Xis, with an RMSD of 1.26 A (Figure 4b). In this model, gp94
residues N175, K176, R177, R178, Q180, T181, and K184 align to the major groove-binding
surface and the positions of R177, Q180, T181, K184 align with positions of residues that
are known to be important for Xis-DNA binding (E19, R22, R23, and R26, respectively;
Figure 4b) [34]. These data are consistent with a role for the C-terminal motif of gp94 in
DNA binding.

2.5. Gp94 Binds DNA Fragments and Phage Genomic DNA Nonspecifically Generating
Cooperative Higher-Order Nucleoprotein Complexes

To investigate the biochemical properties of gp94, we purified the recombinant protein
containing an N-terminal 6xHis-tag to >95% purity using Ni?* affinity chromatography
(Figure S1a,b). Anti-His Western blot analysis confirms that the full-length His-tagged gp94
is the species that is purified via Ni** affinity chromatography and that gp94 migrates in
SDS-PAGE at an apparent Mw of ~34 kDa, which is greater than its expected molecular
weight of 26.0 kDa as calculated from its amino acid composition (Figure Slc). Gp94
migrates as a 25-26 kDa monomer through a Superdex 200 gel-filtration column under
native conditions (see methods), consistent with the molecular weight of a single protein
chain of ~26.0 kDa with only a small peak corresponding to the predicted molecular weight
of a dimer—about 54 kDa (Figure S1d)—indicating that gp94 may function as a monomer
or may form heterogeneous complexes with other proteins.

To evaluate the DNA binding properties of gp94, we performed native electrophoretic
mobility shift assays (EMSA) using recombinant full-length gp94 and a C-terminal construct
containing only the putative DNA binding motif (“C-term gp94”, residues 143-226). Each
recombinant protein was engineered to contain an N-terminal 6xHis tag. A specific gp94
DNA-binding site has not been identified; therefore, we chose to measure binding to 500 bp
fragments amplified from genomic loci adjacent to and within the gene 94 coding region
extending 3 kb upstream (see Figure 2a for the genomic coordinates for fragments F1-F4).
The rationale for choosing these sequences was that gp94 contains a MerR-superfamily
HTH motif, and some proteins that contain this motif regulate their own transcription by
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binding to sites near their own coding locus [39-41]. It is noteworthy to point out that not
all MerR-type HTH-containing proteins bind to sites near their coding locus, and a specific
binding sequence, if there is one, may be located outside of the region tested.

N-terminal DinB-like domain

al-a2 loop

C-terminal wHTH

| m—— ]
low high
confidence confidence
(c)
Dr0053
RMSD = 3.22
(e) TM_align score = 0.5336
DALI Z score = 7.7

Dr0053 MHHIHHHSII;IngPAELLAHWgIHRDIT -------- IgwsAFlgEGF-A
gp94 - - -HipraBolikBQe - - - - - ALGE1PTHIEDLAVT I TROARVOKBGLGKLR
Dr0053 AHHIPDMRIQAZIG'. -MVEYQLDJFRRGQ - - - - PTWDENDQKKELPG
gp94 RRKAEARBEHICAV] LHNAL | FTCDARQTPYTESN- - - - - - D

Dr0053 RAEBLAWWDKLTAEBGAE VPQVST| ATPATTPFGKMSPLMSVMYLI@
gp94 0! THARNLRRNVTARA- - LIEGRERSHPE- -- - - oo oo ooeooot -

Dr0053 VYLRELGVTPPAFYERRNEBBLG- - - - - - - - - - -
gp94 [/ HERIEE--------o-o-- CRKQ | DERBEDD | VI DPERVRQ

Figure 4. Alexphander gp94 is predicted to contain a C-terminal wHTH motif and an N-terminal
DinB/YfiT domain. (a) AlphaFold2 prediction of the gp94 monomeric structure. The gp94 backbone
is colored by confidence score as indicated, and relevant motifs are labeled. (b) Structural alignment
of gp94 wHTH motif predicted by MODELLER (green) aligned with A excise protein (blue) bound
to DNA (orange backbone with cyan bases). The gp94 residues that align with the Xis recognition
helix (N175, K176, R177, R178, Q180, and K184) are predicted to directly interact with the DNA major
groove (PDBid 6P0U) [35]. (¢) Structural comparison of the gp94 N-terminal motif (residues 1 to 131)
and Dr0053 from D. radiodurans PDBID 6172 [32]. The structures align with an RMSD and Tm-score
of 3.22 A and 0.577, respectively, according to the Tm-align structural alignment tool [36]. Zn?* and
proposed Zn?*-coordinating residues in the Dr0053 X-ray crustal structure and spatially analogous
residues of gp94 are shown. It should be noted that Zn?*-binding properties have not been validated
for Dr0053. (d) Structural model of AP gp94 dimer with each chain color-coded (green and orange).
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The dimer model was generated by aligning the N-terminal domain of individual gp94 monomers to
the biological assembly of Dr0053 using the “super” algorithm in PyMOL [37]. (e) Pairwise alignment
of Dr0053 and gp94 amino acid sequences calculated by Clustal W [38]. Darker blue shading indicates
amino acid identities, and lighter blue represents amino acid conservation. Dr0053 residues that are
potentially involved in Zn?* binding and the spatially analogous gp94 residues are indicated with
black boxes, and conserved residues located at the putative gp94 «4 dimer interface are indicated
with blue boxes. (f) Structural model of AP gp94 dimer with each chain color-coded (green and
orange) and potential dimer interface residues shown. Zn?* atoms from the Dr0053 crystal structure
that align to the putative gp94 dimer interface are also shown. Notably, Dr0053 has not been directly
shown to bind Zn?* [32], and gp94 lacks the canonical DinB/YfiT residues required for the canonical
coordination of Zn?*.

EMSA data show that the full-length and C-terminal gp94 constructs both shift the mobil-
ity of fragments F1-F4 with similar profiles (Figure 5a,b representative of >3 independent trials).
F1 and F2 DNA fragments are nearly completely shifted in the presence of 250 nM full-
length and 162.5 nM C-term, and fragments F3 and F4 are completely shifted by 1000 nm
full-length and 650 nM C-term (Figure 5a,b). Fragments F5-F10 cover 500 bp sites ranging
3 kb upstream of the gene 94 coding locus. These fragments showed the same binding
profile as F3-F4. The gp94 binding profile was unaffected when varying the ionic strength
or adding divalent metals such as 7Zn?t Ca?*, Mg2+, and Cu?*.

(a) gp94 Full Length (b) gp94 C-terminal DBD
Fragment F1 F2 F3 F4 F2 F3 F4

o, N
gp94 (M) 0690 _—Jo_—Jo_—]

____________ - w - <ty ——— g .
gp94-DNA /
complexes L by o o fel. e
Free 500 bp £ ? y ﬂlix, s i H uu | HHH ' uu“l
F t 1 '
iy VR VNE Uuu L R
(c) O
FIS(M) 0 QR @ gp94 (M) B
! “ gp94 (nM)___ 0 ] 0o_—|
- gp94-gDNA 'H " ——
- complexes
<8 g
FIS-DNA 'S B Free gDN =
complexes - a - —
- a.. .
Free Fragment — | e & =
DNA

Figure 5. Gp94 binds 500 bp DNA fragments and genomic DNA. (a) Representative electrophoretic
mobility shift assay (EMSA) showing gp94 binding to four different 500 bp DNA fragments corre-
sponding to sequences neighboring or within the gene 94 locus (F1-F4). Free F1-F4 and protein-bound
species are indicated. Genomic coordinates for fragment sequences are shown in Figure 2. For each
fragment, 0, 15.5, 62.5, 250, or 1000 nM full-length gp94 was added to the DNA binding reaction,
which was conducted in HEPES-BB + 0.1 M NaCl. (b) Representative EMSA as in “a” but with
the C-term gp94 construct containing only C-terminal residues (143-226). Gp94-C-term monomer
concentrations are given. Gels in (a,b) are representative of the binding profile observed for numer-
ous experimental trials (>4). (¢) EMSA for F1 fragment binding to the E. coli protein, Fis, a known
DNA-binding protein that forms discrete protein-DNA complexes of increasing molecular weight by
binding to related DNA sites with nM affinity. Fis was added to free DNA at 0 to 312 nM. (d) EMSA
in 0.7% agarose gel with Alexphander genomic DNA in the absence and presence of increasing
concentrations of gp94. Gp94 concentrations range from 0 to 1000 nM as in “b”. gDNA binding was
measured in Acetate-BB and for gp94 (left panel) and BSA alone (right panel).



Int. J. Mol. Sci. 2024, 25, 7466

12 of 21

We investigated whether the slight difference in binding affinity between F1 and F2
relative to all other fragments was due to a higher affinity site within these fragments. Here,
we measured binding to F1 and F2 that are truncated by 100 bp sequentially from the 3’ end.
These truncated fragments showed identical binding profiles relative to one another and
the full-length fragments, indicating that there is no high-affinity site within the fragment
and that gp94 binds dsDNA fragments with little sequence discrimination.

Neither full-length nor C-term gp94-DNA binding results in discrete, single protein—
DNA complexes like those observed when fragment F1 DNA is incubated with the Es-
cherichia coli nucleoid-associated protein, FIS (Figure 5c). Figure 5a,b indicate that, in some
instances, there is some staining of DNA at the well interface, which itself disappears as
more gp94 is added (compare lanes 3 and 4 of the F1-binding experiment in Figure 5b). This
suggests that the gp94-DNA complex comprises multiple gp94 protomers. The apparent
disappearance of the free DNA likely indicates that gp94 is forming multiple protein-DNA
complexes wherein gp94 is coating or multimerizing on the DNA to generate a large molec-
ular weight complex or that binding is sufficiently neutralizing DNA charge such that it
does not enter the native enter the 6% 59:1 acrylamide:bisacrylamide gel. This binding
profile resembles that of archaeal chromatin-associated proteins related to Sac7d [42] and a
human viral protein inhibitor of cyclic GMP/AMP synthase [43]. The C-term DNA-binding
motif alone also generates multiprotein-DNA complexes that are just barely able or unable
to enter the gel, and the formation of high-molecular-weight complexes occurs with a high
degree of cooperativity as few, if any, intermediate gp94-DNA complexes are observed,
and free DNA is completely shifted over only a four-fold range of protein concentrations.
Gp94 also forms large nucleoprotein complexes on purified phage genomic DNA (gDNA),
whereas bovine serum albumin (BSA), a protein that is not known to bind DNA, did not
shift genomic DNA in these assays (Figure 5d). Based on these observations, we hypothe-
size that gp94 binds to multiple sites within these 500 bp fragments with little sequence
discrimination to “coat” the DNA molecule. It is also possible that gp94 can multimerize on
DNA to generate higher-order nucleoprotein complexes, but we do not favor this possibility
as the truncated C-term gp94 construct displays this cooperative formation of multiprotein
complexes but lacks the proposed N-terminal multimerization motif.

2.6. Maximum Gene 94 Transcription Occurs Late during Lytic Growth

To investigate gene 94 transcription profiles, we performed mRNA expression analysis
of gp94 and its neighboring genes to measure relative transcript quantities, identify the
timing of transcription, and determine whether these genes are co-transcribed. Total mRNA
was isolated from naive M. smegmatis, Alexphander lysogen, and lytic phage infections
at 0.5 and 2.5 h after adsorption. We then generated cDNA by reverse transcription and
performed conventional PCR and qPCR analysis. Conventional PCR primers (Table 2)
amplify products within genes 7 and 94 and across the boundaries of genes 91-96, and
gqPCR primers amplify 60 pb segments within genes 7 and 94 (Figure 6a,b). We measured
gene 7 expression as a control as it represents a gene known to be maximally expressed late
in lytic growth from the late lytic promoter as observed by Ko et al., who used mRNA-seq
to measure whole genome expression for the related F1 phage, Fruitloop [44]. PCR and
gPCR amplification was dependent on reverse transcriptase and indicates that genes 7 and
94 are transcribed maximally late during lytic growth and that gene 94 is co-transcribed
in an operon that includes genes 91-96. This expression profile, while not exhaustive,
does correlate well with that of other F1 phages for which mRNA-seq indicates that far-
right-end genes are controlled by the late lytic promoter that also drives the expression
of structural genes such as the major capsid protein [44]. We note that, in some cases, a
very small amount of amplification is observed in the absence of reverse transcriptase,
but that amplification is much more robust following reverse transcription. This could be
due to low levels of Alexphander gDNA contamination, but it does not detract from the
observation that amplification is clearly dependent on reverse transcription.
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Figure 6. Gene 94 is maximally transcribed during lytic phage growth and is co-expressed with
neighboring genes. (a) RT-PCR reactions were performed using primers that amplify within Alex-
phander gene 7 and gene 94 and were run on 0.8% agarose gels and stained with ethidium bromide.
The presence of a gene-specific amplicon indicates the presence of gene-specific mRNA isolated
from naive M. smegmatis mc? 155, early Alexphander lytic infections (0.5 h), late Alexphander lytic
infections (2.5 h) and Alexphander lysogen cultures. The presence or absence of reverse transcriptase
in the RT-PCR reactions is indicated. Lanes containing molecular weight markers, no template control,
and positive control amplification from an AP gDNA template are indicated (M, NTC, and AP gDNA,
respectively). (b) PCR of reverse-transcribed cDNA reactions was run using primers that amplify
across neighboring gene boundaries. Cross-boundary amplicons suggest that a single contiguous
mRNA containing both neighboring genes is present. Gene-boundary primers are indicated for each
section of the relevant gel with marker and control lanes indicated as in “a”. Gels from (a,b) are
representative of expression profiles resulting from 3 different biological replicates. (c) qRT-PCR for
gene 7 and gene 94 expression. DnaA was used as the reference gene, and “fold-increase” represents
gene-specific ACt values normalized to lysogen values. Fold difference values represent the mean for
qPCR assays for three separate biological replicates. Error bars represent the standard deviation for
all three replicates. No gene 7 or 94 signal was observed in naive M. smegmatis mc? 155 cultures.

Genes 7 and 94 signals are present in samples prepared from lysogen cultures; however,
we cannot distinguish whether this is due to expression from lysogen cells or the transition
of some cells to lytic growth within the culture (induction). We further found that gene
94 expression increases during lytic growth relative to the levels observed in lysogenic
cultures, peaking at 2.5 h post-infection. This pattern is similar to that observed for gene 7,
which encodes the major capsid protein, gp7 (Figure 6a,c). The expression of capsid from
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the lysogen culture may represent the tendency of the phage to induce within the culture
growing at 37 °C or indicate leaky expression of lytic genes; again, our experiments cannot
distinguish between these two possibilities. We do expect that lysogen cells can induce and
release mature phage particles at some frequency under our growth conditions, given the
ample zones of clearing around lysogen cells patched onto plates seeded with naive M.
smegmatis (Figure 1b). Gene 94 and 7 expression is maximal late in lytic growth 2.5 h after
phage infection (Figure 6¢). Overall, these findings, along with the essentiality of gene 94
for lytic growth, indicate a key role for gp94 during the lytic growth of phage Alexphander,
which is likely mediated through its ability to bind dsDNA.

3. Discussion

Mycobacteriophage genomes are diverse and mosaic, and 40-60% of genes have
unknown or uncharacterized functions. Here, we take a reverse genetics approach to
elucidate the biological importance and biochemical features of phage protein gp94 in
supporting the propagation of the temperate mycobacteriophage Alexphander. We report
that gene 94 is essential for Alexphander lytic infections and is predicted to encode a protein
that contains an N-terminal DinB-like motif and a C-terminal MerR-like superfamily
HTH DNA-binding motif. We show that gp94 behaves as a monomer in solution and
binds double-stranded DNA through its C-terminal DNA-binding motif to form large
nucleoprotein complexes and that gene 94 transcription levels increase throughout lytic
growth and peak at 2.5 h post-infection.

Alexphander is a cluster F1 phage that contains an integration cassette (genes 45, 50,
and 55) and forms lysogens on mc? 155 at a frequency of 2.8%. The Alexphander lysogen
displays robust phage release when patched onto naive mc? 155 lawns and is immune to
superinfection by Alexphander and heterotypic infection by unrelated phages, LilPharaoh
(cluster K1) and SchoolBus (cluster O). It is unlikely that heterotypic protection is medi-
ated through the putative Alexphander immunity repressor, given how poorly related
Alexphander is to LilPharaoh and SchoolBus at the nucleotide and gene content level.
SchoolBus is a lytic phage that lacks an integration cassette, and the predicted LilPharaoh
immunity repressor (gp38) is not related to the Alexphander immunity repressor (gp50) at
the amino acid sequence level or in their predicted structures (ClustalW pairwise alignment
score is 15.4). Thus, we hypothesize that the Alexphander prophage mediates defense
against heterotypic attack by a yet uncharacterized, perhaps novel, system. A variety of
such prophage-mediated defense mechanisms have been described for numerous host
genera, including Escherichia, Salmonella [45], Pseudomonas [46], and Mycobacterium [47-49]
phages. Future studies will investigate the immunity repression system in mycobacte-
riophage Alexphander and the possible role of prophage-expressed genes in mediating
heterotypic protection.

Alexphander gene 94 (pham 165933) is encoded by numerous other actinobacterio-
phages; however, the percent identity and synteny of the gene 94 locus varies considerably
between clusters (Figure 2b). For example, in F1 phages (e.g., Alexphander and Phasih),
Alexphander gene 94 is located within a conserved four-gene locus that includes phams
815 (gene 93/89), 2998 (gene 95/91), and 371 (gene 96/92) whereas these genes are absent
in Clusters N and CZ phages, Schnauzer and BaxterFox, respectively (Figure 2b). Further-
more, in F1 phages, pham 165,933 encodes proteins that are 98 to 100% identical to one
another but only 58-61% identical to cluster N variants at the amino acid sequence level. It
is yet unclear if these differences indicate that AlexPhander gene 94 analogs have evolved
subtle functional characteristics that are specific to each cluster. Functional variability may
relate to DNA binding site preference, differences in protein—protein interacting partners,
or differences in putative ligand specificities.

Alexphander gene 94 is annotated to encode a MerR-type HTH DNA-binding motif, a
hallmark DNA-binding motif that is present in numerous DNA-binding proteins and was
first discovered in a class of transcriptional regulators that modulates bacterial transcription
in response to environmental stimuli such as metal ions and oxidative stress [40,50,51].
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Notably, neither gene 94 nor other members of its gene phamily have been reported to play
a role in transcriptional regulation through experimental validation, and given its unique
domain architecture relative to MerR family transcriptional regulators and its essentiality
for phage propagation under laboratory conditions, gp94 is likely to regulate a different
DNA transaction that is essential for general propagation of the phage.

The AlphaFold 2 (AF2) structure prediction algorithm shows that the gp94 N-terminal
domain adopts a four o-helix structure that is linked to the C-term wHTH domain by a long,
possibly unstructured loop (Figure 4a). The gp94 N-terminal domain is structurally similar
to the Dr0053 from Deinococcus radiodurans, a DinB/YfiT family protein, as determined
from the DALI structural comparison algorithm [31]. Interestingly, the Dr0053 protein crys-
tallizes with a robust dimerization interface between «1 and «4 of neighboring symmetry
mates [32]. This suggests that gp94 may dimerize through its N-terminal domain; however,
gp94 is predominantly in the monomeric state during size-exclusion chromatographic
analysis (Figure S1d). The Dr0053 crystal structure shows Zn?* ions bound to the «2—o4
helices and at the dimer interface, which may indicate that gp94 acts as a monomer or
that dimerization depends on metal ions, an unknown ligand, or forms heterodimeric
complexes containing additional proteins. Zn?* does not affect gp94-DNA binding, but we
have yet to test whether the addition of metal affects the gp94 oligomeric state.

Gp94 can shift 500 bp DNA fragments; however, discrete complexes containing incre-
mental increases in molecular weight are not observed as they are for the control protein,
FIS (Figure 5a,c); instead, full-length and C-term gp94 variants bind 500 bp dsDNA frag-
ments to generate multiprotein complexes that only barely enter a polyacrylamide gel
(Figure 5a,b). The fact that both full-length and C-terminal gp94 constructs sequester free
DNA to a higher-order nucleoprotein species suggests that this is mediated through a
cooperative binding and coating mechanism driven by C-terminal DNA binding-motif
interactions and not though multimerization events involving the N-terminal DinB/YfiT
domain. Given the high degree of confidence with which gp94 residues 151-215 are pre-
dicted to adopt a wHTH muotif, the DNA binding properties observed, and the fact that
gp94 is essential for Alexphander lytic growth, we suggest that gp94 as an essential DNA-
binding protein that is likely to regulate an essential DNA transaction through its ability to
bind and coat DNA indiscriminately. This role could involve DNA packaging or phage
chromosomal dynamics as displayed by terminases and chromosomal anchor proteins that
contain a similar MerR superfamily HTH motif. We have yet to identify the gp94 consensus
binding site, gp94 genomic targets, and/or gp94-associated proteins, all of which will
inform a more detailed picture of the structural, energetic, and functional determinants
that drive the essential role of gp94 in lytic phage propagation.

4. Materials and Methods
4.1. Strains and Plasmids

Mycobacterium smegmatis mc? 155 and AP lysogens were grown in Middlebrook 7H9
medium supplemented with 10% Albumin Dextrose Complex (ADC; Dextrose, NaCl, Albu-
min Fraction V, Fisher Bioreagents, Whaltman, MA, USA) and 0.05% Tween 80, 50 ng/mL
Carbenicillin, and 20 pg/mL cycloheximide as described previously [25], although tween
was omitted and 1 mM CaCl2 included for phage infections. Plasmids used are listed in
Table 1, and oligonucleotides in Tables 1 and 2. Complementation strains and controls were
grown in 7H9 lacking ADC but supplemented with 0.05% Tween 80, 0.2% succinate, and
20 pg/mL Kanamycin. Cultures were induced with 0.2% acetamide, as described below.

4.2. Lysogeny Efficiency

Lysogeny frequencies were measured by plating dilutions of M. smegmatis or AP
lysogen (103-107 cfu) on agar plates seeded with 10° pfu of phage Alexphander. Relative
numbers of colonies on seeded vs. empty plates were determined, and the lysogeny
efficiency was calculated as
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cfu per mL on phage seeded plates
cfu per mL on clean 7H10 plates

100 1)

4.3. Constructing the 94 Deletions in Alexphander

Bacteriophage recombineering of electroporated DNA (BRED) was used to generate
gene 94 deletions as described [24]. The gene 94 recombineering substrate was designed
to eliminate nucleotides 52,527 to 53,159 (92% of the gene) but leaves the twenty-seven
nucleotides at the 5" and 3’ ends, which contain the stop codon of the overlapping gene 93
and potential regulatory sequences upstream of gene 95 (Figure 2c). The 400 bp deletion
substrates were synthesized as gBlocks (IDT) and amplified using primers indicated in
Table 2. The purified 400 bp deletion substrate was co-electroporated with Alexphander
gDNA into an electrocompetent recombineering strain of M. smegmatis mc? 155 using a
gene pulser set to 2.5 kV, 1000 (2, and 25 pF (Biorad, Hercules, CA, USA). The cell mixture
was plated as a top agar lawn onto 7H10 plates with naive M. smegmatis mc? 155, mc? 155
containing an empty expression vector (mc? 155 (pLAM12), or mc? 155 containing a com-
plementation plasmid providing exogenous gp94 from an acetamide-inducible promoter
(mc? 155(pSH20)). The resulting plaques were screened for the presence of recombinant
phages using flanking PCR. Flanking primers will generate 1240 and 640 amplicons for
parental and recombinant deletion phages, respectively. Primary mixed plaques containing
recombinant and wild-type phages were used to infect WT M. smegmatis mc? 155 or a
complementation strain containing gene 94 under the control of an acetamide-inducible
promoter or an empty vector lacking the gene 94 coding region as described [24]. Hosts
were grown in 7H10 lacking ADC and supplemented with 0.2% succinate, 0.05% Tween
80, 20 pug/mL Kanamycin to ODggy = 0.4-0.6. Cells were induced with 0.2% acetamide
for three hours, and the induction media was exchanged with 7H9 supplemented with
0.2% acetamide, 1 mM CaCl,, and 20 ug/mL Kanamycin. To purify deletion phages, cells
were incubated with primary plaque isolates for 30’ on ice and then plated as top agar
lawns on 7H10 plates lacking ADC and supplemented with 0.2% acetamide and 20 pg/mL
Kanamycin. Secondary plaques were picked as single plaques, in pools of 10, or as full
plate lysates and analyzed by flanking PCR as described above.

4.4. Cloning, Expression, and Purification of Recombinant gp94

The full-length or C-terminal (residues 143-226) gp94 coding sequence, including a
6x-Histitdine tag added immediately after the gene 94 start codon (GTG), was cloned into
the pET11a expression vector downstream of the T7 promoter element using the Gibson
Assembly protocol [52] (New England Biolabs, Ipswich, MA, USA). Correct construction of
plasmid pSH11 (full-length) and pSH19 (C-terminal) was verified by Sanger sequencing
(Psomagen, Rockville, MD, USA). Plasmid constructs were transformed into the expression
strain Nico21 (NEB). Transformants were streak purified and grown in 3 to 5 mL Luria broth
(LB; Difco Detroit, MI, USA) and 50 pg/mL carbenicillin (Cb) at 37 °C overnight for 12 to
18 h (Acros organics Geel, Antwerp, Belgium). Either 200 mL or 1 L cultures of LB + Cb
were inoculated 1:100 with starter culture and incubated at 37 °C until the ODg, reached
0.8 (~3-5 h). Cultures were kept at 37 °C or moved to a 30 °C incubator, and expression
was induced with 0.2 mM Isopropyl 3-D-1-thiogalactopyranoside (IPTG) for 4 h. Induction
of full-length gp94 at 37 °C resulted in significant gp94 aggregation as determined by the
amount of protein found in the cell pellet fractions thus subsequent induction was carried
out at 30 °C. (Figure Sla,b). Cells were harvested by centrifugation, resuspended in cell
lysis buffer (50 mM sodium phosphate, pH 8.0, 0.30 M sodium chloride, 10 mM imidazole,
10% glycerol, and 1 mM phenylmethylsulfonyl fluoride (PMSF)), and lysed by sonication
on ice for 200 s (20 s on and 20 s rest for 10 cycles). Cellular debris was cleared from the
lysate by centrifugation at 10k rpm for 30 min, and genomic DNA was precipitated by
adding polyethyleneimine (PEI) to a final concentration of 0.2%. The precipitated DNA
was pelleted by centrifugation at 10K rpm for 30 min at 4 °C and the supernatant was
applied to a column (Biorad) containing 3 mL bed volume of HIS-Select Ni?* affinity gel
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resin (Millipore-sigma, Temecula, CA, USA) and allowed to flow through by gravity. The
bound gp94-N-His constructs were washed with wash buffer (50 mM sodium phosphate,
pH 8.0, 0.30 M sodium chloride, 20 mM imidazole, and 10% glycerol) and eluted with 2 mL
each of elution buffer containing 50, 75, 100, 150, and 250 mM imidazole in 500 ul fractions.
Fractions were analyzed for the presence of gp94 by SDS-PAGE, pooled, and dialyzed into
storage buffer (50 mM sodium phosphate, pH 8.0, 0.30 M sodium chloride, 10% glycerol,
0.5 mM EDTA, and 1 mM DTT). Purified gp94 was quantified using the Bradford assay [53]
and absorbance 280 on a nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA), concentrated to 5 mg/mL using centrifugal protein filters (Millipore-Sigma),
and analyzed for purity by SDS-PAGE.

4.5. Size-Exclusion Chromatography

Purified gp94 samples were subject to analytical size-exclusion chromatography (SEC)
to ascertain the native oligomeric state. An amount of 500 pL of the sample at 5.0 mg/mL
was loaded onto a Superdex 200 10/300 gl SEC column (Cytiva, Marlborough, MA, USA)
that was pre-equilibrated with “storage buffer” (see above). A flow rate of 0.3 mL/min
was maintained throughout the run, and protein retention was monitored by A280. The
standard curve for protein molecular mass as a function of retention volume was generated
using Gel Filtration Standard (Biorad) containing thyroglobulin (670 kDa), y-globulin
(158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 (1.3 kDa). An amount
of 125 pL of 38 mg/mL Gel Filtration Standard was loaded onto the pre-equilibrated
column, and standard retention volume was monitored as described above, plotted, and
used to determine the molecular weight of gp94.

4.6. Bioinformatic Analyses

The gp94 amino acid sequence (GenBank Accession Number NC_051632.1) was ob-
tained from phagesDB [10]. PSI-BLAST was used to identify proteins with similar sequences
to gp94 from different databases [54]. Clustal omega was employed to perform multiple
sequence alignments between full-length gp94 and C-term residues 151-215 and other
wHTH-containing proteins [55]. The HHpred homology and structure prediction server
was used to identify structural homologs of gp94 [56], and MODELLER and AlphaFold
were used to generate template-based homology models of gp94 residues 151 to 215 [27,28].
TM-align was used to align the gp94 wHTH model to the Xis—-DNA complex from an X-ray
crystal structure of a FIS-Xis-DNA ternary complex (PDB ID: 6POU). The DALI structural
homology server was used to identify structural orthologs to the amino-terminal DinB/YfiT
motif [31]. Molecular graphics images were generated with PyMOL [37].

4.7. DNA-Binding Assays

Electrophoretic mobility shift assays were used to measure gp94-DNA equilibrium
binding to various DNA fragments or whole genomic DNA. Gp94-fragment binding was
measured in binding buffer containing 0.1 to 0.5 M NaCl, 20 mM HEPES (pH 7.5), 5% glyc-
erol, 0.5 mg/mL BSA, 1 mM EDTA, and 1 mM DTT (HEPES-BB). For the binding reaction,
50 ng of PCR amplified DNA fragment (~1.5 x 10~7 M) and 15.6 to 1000 nM (monomer) of
purified full-length N-HIS-gp94 or 40 to 2600 nM (monomer) C-term gp94 were incubated
on ice for 20 min and loaded on a pre-run, 6%, 59:1 acrylamide:bisacrylamide gel. Gels
were run in 1X TBE running buffer (89 mM Tris (pH 7.6), 89 mM borate, and 2 mM EDTA)
at 1 V/cm overnight at 4C or 10 V/cm at room temperature for 4 h. Gels were incubated
with 1X SYBR gold or 1 pg/mL ethidium bromide and imaged with the azure 300 gel
imager using the Aex = 472 and Aem = 595.

Equilibrium binding to genomic phage DNA was performed in binding buffer contain-
ing 50 nM KOACc, 20 mM MgOAc, and 20 mM Tris-acetate, pH 7.9 (Acetate-BB). Genomic
DNA (50-100 ng; 0.15 to 0.30 uM) was incubated with 100-1500 ng of full-length gp94
(1922900 pM) or BSA and equilibrated at 37 °C for 20 min. Binding reactions were run on
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7% agarose gels containing 1 ug/mL ethidium bromide, and gels were imaged with the
Azure 300 gel imager using the Aex = 392 and Aem = 595 filters.

4.8. RNA Analyses

Total RNA was isolated from wild-type M. smegmatis mc? 155 cultures, AP lysogen
cultures, and AP lytic infections both 0.5 h (early) and 2.5 h (late) post-infection. Three
separate biological replicates were prepared for each growth phase. For lytic infections,
wild-type M. smegmatis mc? 155 cultures were grown to ODgg = 1.0 at 37 °C in phage
infection media (see above). A total of 10 mL of culture was incubated with phages at
an MOI = 10 for 30 min at room temp. Cultures were then incubated at 37 °C for the
appropriate time prior to RNA isolation. For every 500 pL of culture, 1 mL of RNA
protect reagent (QIAGEN, Hilden, Germany) was added. Samples were pelleted, and
RNA was extracted using the RNeasy Mini Kit (QIAGEN). Cells were broken in tubes
containing Matrix B beads (MP Biomedicals) using a “beadbeater” twice for 45 s on max
speed with 1 min incubation on ice in between. Following DNasel treatment (Invitrogen,
Carlsbad, CA, USA), total RNA concentrations ranged from 0.5 to 1.0 pg/uL. cDNA was
synthesized using random hexamers and maxima reverse transcriptase (Thermo Fisher);
reverse transcriptase was omitted from “-RT” control reactions. Primers were designed to
amplify within genes and across gene boundaries. Conventional PCR was performed with
Phusion high-fidelity DNA polymerase (Thermo Fisher). qPCR primers were designed
with the “Primer3” program [57,58], and qPCR was performed using the maxima SYBR
green qPCR master mix and run on a CFX real-time PCR thermal cycler (Biorad) with
thermal melt analysis enabled.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms25137466/s1.

Author Contributions: Conceptualization, S.P.H.; methodology, S.P.H.; investigation, S.PH., E.C.Q.,
FH., A.G., ].G., LK. and LS.; resources, S.P.H.; data curation, S.P.H., E.C.Q., EH., A.G.,].G., LK. and
LS.; writing—original draft preparation, S.P.H.; writing—review and editing, S.P.H.; visualization,
S.PH.; supervision, S.PH., EH. and J.G.; funding acquisition, S.P.H. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding. Internal funding was provided by the Towson
University Fischer College of Science and Mathematics to S.P.H. (startup funds) and by the TU Office
of Sponsored Research to S.P.H. (faculty development research grant).

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this
study are available within the article. Any additional evidence of interest or raw image files may be
requested from the corresponding author.

Acknowledgments: The authors would like to acknowledge Laura J. Marinelli for their thoughtful
discussion and critical reading of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Hatfull, G.F. Mycobacteriophages. Microbiol. Spectr. 2018; 6, 1-32. [CrossRef]

2. Comeau, A.M.; Hatfull, G.E; Krisch, H.M.; Lindell, D.; Mann, N.H.; Prangishvili, D. Exploring the prokaryotic virosphere. Res.
Microbiol. 2008, 159, 306-313. [CrossRef] [PubMed]

3. Koskella, B.; Brockhurst, M.A. Bacteria-phage coevolution as a driver of ecological and evolutionary processes in microbial
communities. FEMS Microbiol. Rev. 2014, 38, 916-931. [CrossRef] [PubMed]

4.  Johansen, M.D.; Alcaraz, M.; Dedrick, R.M.; Roquet-Baneres, F.; Hamela, C.; Hatfull, G.F,; Kremer, L. Mycobacteriophage-
antibiotic therapy promotes enhanced clearance of drug-resistant Mycobacterium abscessus. Dis. Model. Mech. 2021, 14,
dmm049159. [CrossRef] [PubMed]

5. Harada, L.K,; Silva, E.C.; Campos, W.E; Del Fiol, ES.; Vila, M.; Dabrowska, K.; Krylov, V.N.; Balcdo, V.M. Biotechnological
applications of bacteriophages: State of the art. Microbiol. Res. 2018, 212-213, 38-58. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms25137466/s1
https://www.mdpi.com/article/10.3390/ijms25137466/s1
https://doi.org/10.1128/microbiolspec.GPP3-0026-2018
https://doi.org/10.1016/j.resmic.2008.05.001
https://www.ncbi.nlm.nih.gov/pubmed/18639443
https://doi.org/10.1111/1574-6976.12072
https://www.ncbi.nlm.nih.gov/pubmed/24617569
https://doi.org/10.1242/dmm.049159
https://www.ncbi.nlm.nih.gov/pubmed/34530447
https://doi.org/10.1016/j.micres.2018.04.007
https://www.ncbi.nlm.nih.gov/pubmed/29853167

Int. J. Mol. Sci. 2024, 25, 7466 19 of 21

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

Keen, E.C. A century of phage research: Bacteriophages and the shaping of modern biology. BioEssays 2015, 37, 6-9. [CrossRef]
[PubMed]

Salmond, G.P; Fineran, P.C. A century of the phage: Past, present and future. Nat. Rev. Microbiol. 2015, 13, 777-786. [CrossRef]
[PubMed]

Hatfull, G.E; Racaniello, V. PHIRE and TWiV: Experiences in Bringing Virology to New Audiences. Annu. Rev. Virol. 2014, 1,
37-53. [CrossRef] [PubMed]

Jordan, T.C.; Burnett, S.H.; Carson, S.; Caruso, S.M.; Clase, K.; DeJong, R.].; Dennehy, ].].; Denver, D.R.; Dunbar, D.; Elgin, S.C.; et al.
A broadly implementable research course in phage discovery and genomics for first-year undergraduate students. mBio 2014,
5,e01051-13. [CrossRef] [PubMed]

Russell, D.A.; Hatfull, G.F. PhagesDB: The actinobacteriophage database. Bioinformatics 2017, 33, 784-786. [CrossRef]

Morris, P.; Marinelli, L.J.; Jacobs-Sera, D.; Hendrix, R W.; Hatfull, G.F. Genomic characterization of mycobacteriophage Giles:
Evidence for phage acquisition of host DNA by illegitimate recombination. J. Bacteriol. 2008, 190, 2172-2182. [CrossRef]
Dedrick, R.M.; Marinelli, L.J.; Newton, G.L.; Pogliano, K.; Pogliano, J.; Hatfull, G.F. Functional requirements for bacteriophage
growth: Gene essentiality and expression in mycobacteriophage Giles. Mol. Microbiol. 2013, 88, 577-589. [CrossRef] [PubMed]
Mehla, J.; Dedrick, R M.; Caufield, ].H.; Siefring, R.; Mair, M.; Johnson, A.; Hatfull, G.F; Uetz, P. The Protein Interactome of
Mycobacteriophage Giles Predicts Functions for Unknown Proteins. J. Bacteriol. 2015, 197, 2508-2516. [CrossRef] [PubMed]
Hutinet, G.; Kot, W.; Cui, L.; Hillebrand, R.; Balamkundu, S.; Gnanakalai, S.; Neelakandan, R.; Carstens, A.B.; Fa Lui, C.;
Tremblay, D.; et al. 7-Deazaguanine modifications protect phage DNA from host restriction systems. Nat. Commun. 2019, 10, 5442.
[CrossRef]

Ko, C.C.; Hatfull, G.F. Identification of mycobacteriophage toxic genes reveals new features of mycobacterial physiology and
morphology. Sci. Rep. 2020, 10, 14670. [CrossRef]

McGinnis, R.J.; Brambley, C.A.; Stamey, B.; Green, W.C.; Gragg, K.N.; Cafferty, E.R.; Terwilliger, T.C.; Hammel, M.; Hollis, T.].;
Miller, ].M.; et al. A monomeric mycobacteriophage immunity repressor utilizes two domains to recognize an asymmetric DNA
sequence. Nat. Commun. 2022, 13, 4105. [CrossRef] [PubMed]

Schumacher, M.A; Lee, ].; Zeng, W. Molecular insights into DNA binding and anchoring by the Bacillus subtilis sporulation
kinetochore-like RacA protein. Nucleic Acids Res. 2016, 44, 5438-5449. [CrossRef]

Changela, A.; Chen, K.; Xue, Y.; Holschen, J.; Outten, C.E.; O'Halloran, T.V.; Mondragén, A. Molecular Basis of Metal-Ion
Selectivity and Zeptomolar Sensitivity by CueR. Science 2003, 301, 1383-1387. [CrossRef] [PubMed]

Cornelissen, A.; Ceyssens, PJ.; T'Syen, J.; Van Praet, H.; Noben, ].P.; Shaburova, O.V.; Krylov, V.N.; Volckaert, G.; Lavigne, R.
The T7-related Pseudomonas putida phage phil5 displays virion-associated biofilm degradation properties. PLoS ONE 2011,
6, €18597. [CrossRef]

Fernandes, S.; Sao-Jose, C. Enzymes and Mechanisms Employed by Tailed Bacteriophages to Breach the Bacterial Cell Barriers.
Viruses 2018, 10, 396. [CrossRef]

Pham, T.T.; Jacobs-Sera, D.; Pedulla, M.L.; Hendrix, R.W.; Hatfull, G.F. Comparative genomic analysis of mycobacteriophage
Tweety: Evolutionary insights and construction of compatible site-specific integration vectors for mycobacteria. Microbiology 2007,
153,2711-2723. [CrossRef]

Cresawn, S.G.; Bogel, M.; Day, N.; Jacobs-Sera, D.; Hendrix, R.W.; Hatfull, G.F. Phamerator: A bioinformatic tool for comparative
bacteriophage genomics. BMC Bioinform. 2011, 12, 395. [CrossRef] [PubMed]

Troshin, P.V,; Procter, ].B.; Barton, G.J. Java bioinformatics analysis web services for multiple sequence alignment--JABAWS:MSA.
Bioinformatics 2011, 27, 2001-2002. [CrossRef] [PubMed]

Marinelli, L.J.; Piuri, M.; Swigonova, Z.; Balachandran, A.; Oldfield, L.M.; van Kessel, ].C.; Hatfull, G.F. BRED: A simple and
powerful tool for constructing mutant and recombinant bacteriophage genomes. PLoS ONE 2008, 3, e3957. [CrossRef] [PubMed]
van Kessel, ].C.; Hatfull, G.F. Recombineering in Mycobacterium tuberculosis. Nat. Methods 2007, 4, 147-152. [CrossRef] [PubMed]
Gasteiger, E.; Gattiker, A.; Hoogland, C.; Ivanyi, I.; Appel, R.D.; Bairoch, A. ExPASy: The proteomics server for in-depth protein
knowledge and analysis. Nucleic Acids Res. 2003, 31, 3784-3788. [CrossRef] [PubMed]

Webb, B.; Sali, A. Comparative Protein Structure Modeling Using MODELLER. Curr. Protoc. Bioinform. 2014, 47, 1-32. [CrossRef]
[PubMed]

Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A.;
Potapenko, A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583-589. [CrossRef]
[PubMed]

Verdonk, C.J.; Marshall, A.C.; Ramsay, ].P.; Bond, C.S. Crystallographic and X-ray scattering study of RdfS, a recombination
directionality factor from an integrative and conjugative element. Acta Crystallogr. Sect. D 2022, 78, 1210-1220. [CrossRef]
[PubMed]

Fillol-Salom, A.; Bacarizo, J.; Alqasmi, M.; Ciges-Tomas, ].R.; Martinez-Rubio, R.; Roszak, A.W.; Cogdell, R.J.; Chen, J.; Marina, A;
Penades, J.R. Hijacking the Hijackers: Escherichia coli Pathogenicity Islands Redirect Helper Phage Packaging for Their Own
Benefit. Mol. Cell 2019, 75, 1020-1030.e4. [CrossRef]

Holm, L.; Laiho, A.; Toronen, P.; Salgado, M. DALI shines a light on remote homologs: One hundred discoveries. Protein Sci. 2023,
32, e4519. [CrossRef]


https://doi.org/10.1002/bies.201400152
https://www.ncbi.nlm.nih.gov/pubmed/25521633
https://doi.org/10.1038/nrmicro3564
https://www.ncbi.nlm.nih.gov/pubmed/26548913
https://doi.org/10.1146/annurev-virology-031413-085449
https://www.ncbi.nlm.nih.gov/pubmed/26958714
https://doi.org/10.1128/mBio.01051-13
https://www.ncbi.nlm.nih.gov/pubmed/24496795
https://doi.org/10.1093/bioinformatics/btw711
https://doi.org/10.1128/JB.01657-07
https://doi.org/10.1111/mmi.12210
https://www.ncbi.nlm.nih.gov/pubmed/23560716
https://doi.org/10.1128/JB.00164-15
https://www.ncbi.nlm.nih.gov/pubmed/25986902
https://doi.org/10.1038/s41467-019-13384-y
https://doi.org/10.1038/s41598-020-71588-5
https://doi.org/10.1038/s41467-022-31678-6
https://www.ncbi.nlm.nih.gov/pubmed/35835745
https://doi.org/10.1093/nar/gkw248
https://doi.org/10.1126/science.1085950
https://www.ncbi.nlm.nih.gov/pubmed/12958362
https://doi.org/10.1371/journal.pone.0018597
https://doi.org/10.3390/v10080396
https://doi.org/10.1099/mic.0.2007/008904-0
https://doi.org/10.1186/1471-2105-12-395
https://www.ncbi.nlm.nih.gov/pubmed/21991981
https://doi.org/10.1093/bioinformatics/btr304
https://www.ncbi.nlm.nih.gov/pubmed/21593132
https://doi.org/10.1371/journal.pone.0003957
https://www.ncbi.nlm.nih.gov/pubmed/19088849
https://doi.org/10.1038/nmeth996
https://www.ncbi.nlm.nih.gov/pubmed/17179933
https://doi.org/10.1093/nar/gkg563
https://www.ncbi.nlm.nih.gov/pubmed/12824418
https://doi.org/10.1002/0471250953.bi0506s47
https://www.ncbi.nlm.nih.gov/pubmed/25199792
https://doi.org/10.1038/s41586-021-03819-2
https://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1107/S2059798322008579
https://www.ncbi.nlm.nih.gov/pubmed/36189741
https://doi.org/10.1016/j.molcel.2019.06.017
https://doi.org/10.1002/pro.4519

Int. J. Mol. Sci. 2024, 25, 7466 20 of 21

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Zhang, ].; Zhao, L.; Seo, H.S.; Jung, ]. H.; Choi, ].I; Kim, M.K; Lim, S. Crystal structure of the highly radiation-inducible DinB/YfiT
superfamily protein DR0053 from Deinococcus radiodurans R1. Biochem. Biophys. Res. Commun. 2019, 513, 354-359. [CrossRef]
Yan, J.; Kurgan, L. DRNApred, fast sequence-based method that accurately predicts and discriminates DNA- and RNA-binding
residues. Nucleic Acids Res. 2017, 45, e84. [CrossRef]

Cho, E.H.; Alcaraz, R,, Jr.; Gumport, RI; Gardner, ].F. Characterization of bacteriophage lambda excisionase mutants defective in
DNA binding. . Bacteriol. 2000, 182, 5807-5812. [CrossRef] [PubMed]

Hancock, S.P,; Cascio, D.; Johnson, R.C. Cooperative DNA binding by proteins through DNA shape complementarity. Nucleic
Acids Res. 2019, 47, 8874-8887. [CrossRef] [PubMed]

Zhang, Y.; Skolnick, J. TM-align: A protein structure alignment algorithm based on the TM-score. Nucleic Acids Res. 2005, 33,
2302-2309. [CrossRef] [PubMed]

The PyMOL Molecular Graphics System, Version 2.0; Schrodinger, LLC: New York, NY, USA, 2015.

Larkin, M.A.; Blackshields, G.; Brown, N.P; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.; Wallace, LM.; Wilm, A;
Lopez, R;; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23, 2947-2948. [CrossRef]

Singh, S.; Sevalkar, R.R.; Sarkar, D.; Karthikeyan, S. Characteristics of the essential pathogenicity factor Rv1828, a MerR family
transcription regulator from Mycobacterium tuberculosis. FEBS |. 2018, 285, 4424-4444. [CrossRef]

Brown, N.L.; Stoyanov, ].V.; Kidd, S.P.; Hobman, J.L. The MerR family of transcriptional regulators. FEMS Microbiol. Rev. 2003, 27,
145-163. [CrossRef]

Lund, P.A,; Brown, N.L. Regulation of transcription in Escherichia coli from the mer and merR promoters in the transposon
Tn501. J. Mol. Biol. 1989, 205, 343-353. [CrossRef]

Kalichuk, V.; Behar, G.; Renodon-Corniere, A.; Danovski, G.; Obal, G.; Barbet, J.; Mouratou, B.; Pecorari, F. The archaeal "7 kDa
DNA-binding" proteins: Extended characterization of an old gifted family. Sci. Rep. 2016, 6, 37274. [CrossRef]

Bhowmik, D.; Du, M,; Tian, Y.; Ma, S.; Wu, J.; Chen, Z.; Yin, Q.; Zhu, F. Cooperative DNA binding mediated by KicGAS/ORF52
oligomerization allows inhibition of DNA-induced phase separation and activation of cGAS. Nucleic Acids Res. 2021, 49, 9389-9403.
[CrossRef] [PubMed]

Ko, C.C.; Hatfull, G.F. Mycobacteriophage Fruitloop gp52 inactivates Wag31 (DivIVA) to prevent heterotypic superinfection. Mol.
Microbiol. 2018, 108, 443-460. [CrossRef] [PubMed]

Owen, S.V,; Wenner, N.; Dulberger, C.L.; Rodwell, E.V,; Bowers-Barnard, A.; Quinones-Olvera, N.; Rigden, D.J.; Rubin, E.J;
Garner, E.C.; Baym, M; et al. Prophages encode phage-defense systems with cognate self-immunity. Cell Host. Microbe 2021, 29,
1620-1633.e8. [CrossRef] [PubMed]

Bondy-Denomy, J.; Qian, J.; Westra, E.R.; Buckling, A.; Guttman, D.S.; Davidson, A.R.; Maxwell, K.L. Prophages mediate defense
against phage infection through diverse mechanisms. ISME |. 2016, 10, 2854-2866. [CrossRef] [PubMed]

Montgomery, M.T.; Guerrero Bustamante, C.A.; Dedrick, R.M.; Jacobs-Sera, D.; Hatfull, G.E. Yet More Evidence of Collusion:
A New Viral Defense System Encoded by Gordonia Phage CarolAnn. mBio 2019, 10, e02417-18. [CrossRef] [PubMed]

Gentile, G.M.; Wetzel, K.S.; Dedrick, R.M.; Montgomery, M.T.; Garlena, R.A.; Jacobs-Sera, D.; Hatfull, G.F. More Evidence of
Collusion: A New Prophage-Mediated Viral Defense System Encoded by Mycobacteriophage Sbash. mBio 2019, 10, e00196-19.
[CrossRef] [PubMed]

Dedrick, R M.; Jacobs-Sera, D.; Bustamante, C.A.G.; Garlena, R.A.; Mavrich, T.N.; Pope, W.H.; Reyes, ].C.C.; Russell, D.A;
Adair, T.; Alvey, R, et al. Prophage-mediated defence against viral attack and viral counter-defence. Nat. Microbiol. 2017, 2, 16251.
[CrossRef] [PubMed]

Hobman, J.L. MerR family transcription activators: Similar designs, different specificities. Mol. Microbiol. 2007, 63, 1275-1278.
[CrossRef] [PubMed]

Julian, D.J.; Kershaw, C.J.; Brown, N.L.; Hobman, J.L. Transcriptional activation of MerR family promoters in Cupriavidus
metallidurans CH34. Antonie Van Leeuwenhoek 2009, 96, 149-159. [CrossRef]

Gibson, D.G.; Young, L.; Chuang, R.Y.; Venter, ].C.; Hutchison, C.A., 3rd; Smith, H.O. Enzymatic assembly of DNA molecules up
to several hundred kilobases. Nat. Methods 2009, 6, 343-345. [CrossRef]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef] [PubMed]

Schaffer, A.A.; Aravind, L.; Madden, T.L.; Shavirin, S.; Spouge, J.L.; Wolf, Y.I; Koonin, E.V.; Altschul, S.F. Improving the accuracy
of PSI-BLAST protein database searches with composition-based statistics and other refinements. Nucleic Acids Res. 2001, 29,
2994-3005. [CrossRef] [PubMed]

Sievers, F.; Higgins, D.G. The Clustal Omega Multiple Alignment Package. Methods Mol. Biol. 2021, 2231, 3-16. [CrossRef]
[PubMed]

Soding, J.; Biegert, A.; Lupas, A.N. The HHpred interactive server for protein homology detection and structure prediction.
Nucleic Acids Res. 2005, 33, W244-W248. [CrossRef] [PubMed]


https://doi.org/10.1016/j.bbrc.2019.03.209
https://doi.org/10.1093/nar/gkx059
https://doi.org/10.1128/JB.182.20.5807-5812.2000
https://www.ncbi.nlm.nih.gov/pubmed/11004181
https://doi.org/10.1093/nar/gkz642
https://www.ncbi.nlm.nih.gov/pubmed/31616952
https://doi.org/10.1093/nar/gki524
https://www.ncbi.nlm.nih.gov/pubmed/15849316
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1111/febs.14676
https://doi.org/10.1016/S0168-6445(03)00051-2
https://doi.org/10.1016/0022-2836(89)90345-8
https://doi.org/10.1038/srep37274
https://doi.org/10.1093/nar/gkab689
https://www.ncbi.nlm.nih.gov/pubmed/34387695
https://doi.org/10.1111/mmi.13946
https://www.ncbi.nlm.nih.gov/pubmed/29488662
https://doi.org/10.1016/j.chom.2021.09.002
https://www.ncbi.nlm.nih.gov/pubmed/34597593
https://doi.org/10.1038/ismej.2016.79
https://www.ncbi.nlm.nih.gov/pubmed/27258950
https://doi.org/10.1128/mBio.02417-18
https://www.ncbi.nlm.nih.gov/pubmed/30890601
https://doi.org/10.1128/mBio.00196-19
https://www.ncbi.nlm.nih.gov/pubmed/30890613
https://doi.org/10.1038/nmicrobiol.2016.251
https://www.ncbi.nlm.nih.gov/pubmed/28067906
https://doi.org/10.1111/j.1365-2958.2007.05608.x
https://www.ncbi.nlm.nih.gov/pubmed/17302809
https://doi.org/10.1007/s10482-008-9293-4
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1016/0003-2697(76)90527-3
https://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.1093/nar/29.14.2994
https://www.ncbi.nlm.nih.gov/pubmed/11452024
https://doi.org/10.1007/978-1-0716-1036-7_1
https://www.ncbi.nlm.nih.gov/pubmed/33289883
https://doi.org/10.1093/nar/gki408
https://www.ncbi.nlm.nih.gov/pubmed/15980461

Int. J. Mol. Sci. 2024, 25, 7466 21 of 21

57. Koressaar, T.; Lepamets, M.; Kaplinski, L.; Raime, K.; Andreson, R.; Remm, M. Primer3_masker: Integrating masking of template
sequence with primer design software. Bioinformatics 2018, 34, 1937-1938. [CrossRef]

58. Koressaar, T.; Remm, M. Enhancements and modifications of primer design program Primer3. Bioinformatics 2007, 23, 1289-1291.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/bioinformatics/bty036
https://doi.org/10.1093/bioinformatics/btm091

	Introduction 
	Results 
	Mycobacteriophage Alexphander Is a Temperate Phage That Forms Stable Lysogens 
	Alexphander Gene 94 Orthologs Are Present within Numerous Actinobacteria and Their Phages 
	The Mycobacteriophage Alexphander Gene 94 Is Essential for Lytic Alexphander Infection 
	Gene 94 Encodes Protein Containing a Putative N-Terminal Metal-Binding Motif and a C-Terminal HTH DNA-Binding Motif 
	Gp94 Binds DNA Fragments and Phage Genomic DNA Nonspecifically Generating Cooperative Higher-Order Nucleoprotein Complexes 
	Maximum Gene 94 Transcription Occurs Late during Lytic Growth 

	Discussion 
	Materials and Methods 
	Strains and Plasmids 
	Lysogeny Efficiency 
	Constructing the 94 Deletions in Alexphander 
	Cloning, Expression, and Purification of Recombinant gp94 
	Size-Exclusion Chromatography 
	Bioinformatic Analyses 
	DNA-Binding Assays 
	RNA Analyses 

	References

