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Tevenvirinae phages encode a family of LSm-like fold proteins
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A B S T R A C T

Uncharacterized bacteriophage proteins typically have little homology outside the phage world. An example is 
the T4 early protein GoF. Although the function of wild type goF is not known, the GoF mutant (D25Y) affects the 
level of T4 gene 41 mRNA under certain conditions. To investigate possible GoF functions, we leveraged the 
power of AlphaFold3. We found that despite having very dissimilar sequences, GoF and 2 other uncharacterized 
T4 early proteins, MotB.1 and Frd.2, are structurally similar with predicted N-terminal LSm-like fold motifs. 
Since this motif, which is found throughout biology, is frequently associated with an RNA function and the GoF 
(D25Y) mutation is found within the predicted LSm-like fold, we hypothesized that these proteins may affect 
gene expression. Consequently, we used a fluorescent translational mCherry reporter system and RT-qPCR to 
investigate if and how the presence of the proteins affect the expression of an mCherry gene placed downstream 
of the T4 gene 41 5’ untranslated region. We find that the heterologous expression of goF(D25Y) increases the 
level of mCherry post-transcriptionally by increasing the stability of the RNA. However, neither WT GoF nor 
MotB.1 have this effect. We speculate that GoF(D25Y) may represent a gain-of-function mutant that can increase 
RNA stability. Using AlphaFold3 models we speculate how the D25Y mutation in GoF might facilitate or enhance 
RNA binding. Our work reveals the power of AlphaFold to find unexpected structure/function relationships 
among uncharacterized proteins.

1. Introduction

Like complex organisms, simple viruses require the orderly, temporal 
expression of their genes. In the developmental cycle of bacteriophage 
T4, a virus that infects Escherichia coli, genes are expressed in 3 classes: 
early, middle, and late. Essential replication proteins, such as DNA po
lymerase (gene 43) and DNA helicase (gene 41), are middle gene 
products, while morphological proteins are encoded by late genes. 
However, the functions of many of the early genes, most of which are 
non-essential under laboratory growth conditions, are unknown [1]. 
Most of these early genes are thought to encode proteins that establish 
an optimal infection or facilitate the progression to middle gene 
expression. Understanding the functions of these proteins may reveal 
novel mechanisms of host takeover and anti-bacterial strategies. 

However, common protein BLAST searches [2] typically fail to identify 
homologs for uncharacterized phage proteins outside of the phage 
world, making it difficult to assign possible functions [3].

How T4 initiates transcription from its early, middle, and late pro
moters has been well-studied [1, 4, 5]. However, how T4 RNA is regu
lated post-transcriptionally is less understood. Previous work has 
speculated that the T4 early gene goF might be involved. This is because 
T4 does not grow in E. coli containing particular mutations in Rho, the 
major host transcription termination factor [6–8]. Mutations in a T4 
gene, called goF (or comCα), were isolated that restore growth [6–10], 
and sequencing indicated that one of these mutants has a D25Y substi
tution within the 141 amino acid, goF gene product [11]. An analysis of 
T4 protein levels in the mutant rho infections revealed low amounts of 
several T4 replication proteins, consistent with poor T4 growth [12]. 
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These proteins are encoded by T4 middle genes, which are expressed 
before replication begins. For the essential DNA helicase (gene 41, 
required for DNA replication), a low level of 41 mRNA was found to be 
responsible for the poor amount of 41 protein [13]. In particular, more 
of the RNA ends at a specific site upstream of gene 41 in the rho mutant 
infection than in a WT infection [13,14]. However, in the presence of 
GoF (D25Y), the correct level of RNA extends into gene 41 [13].

One explanation for the effect of GoF(D25Y) postulated that the rho 
alleles are better transcription terminators, and GoF(D25Y) provides an 
anti-termination function [8,9]. However, the presence of the unrelated, 
plasmid-encoded RNA binding protein, Rop, which is not an 
anti-terminator, also allows T4 to plate on the rho alleles. This suggested 
that GoF(D25Y) and perhaps also WT GoF work post-transcriptionally in 
a way to protect the RNA [15]. However, determining the function of 
GoF(D25Y) and WT GoF has been hampered because there have been no 
protein homologs outside the phage world for comparison.

In this paper, we have investigated GoF and GoF(D25Y) guided by 
AlphaFold3 predicted structures. We show that goF belongs to a family 
of T4 genes, which also includes the unknown early T4 genes motB.1 and 
frd.2, and that this family is well-conserved throughout T4-like phages. 
AlphaFold3 predicts that all three proteins share a similar, N-terminal 
LSm-like fold domain, a motif that is found throughout biology and is 
frequently involved in functions associated with RNA [16–18]. For 
example, the bacterial RNA chaperone Hfq, which facilitates the binding 
of sRNAs to their mRNA targets as well as binds mRNA substrates that 
are targeted by nucleases, is a well-characterized LSm-fold protein 
[18–21]. Using a translational reporter system and RT-qPCR, we 
demonstrate that the presence of GoF(D25Y) post-transcriptionally in
creases expression of a reporter gene by increasing the stability of the 
RNA. Interestingly, WT GoF and MotB.1 only slightly affect expression 
of the reporter gene in the fluorescence assay. Using AlphaFold3 
modeling, we provide a speculative model of how GoF(D25Y) might 
interact with RNA. To our knowledge this is the first identification of a 
phage-encoded LSm-like fold family. Since uncharacterized phage pro
teins typically do not share sequence homologies outside of the phage 
world, this work provides an example of how AlphaFold3 can be 
exploited to discover potential functions.

2. Results

2.1. Biological and biochemical characterizations of GoF and GoF(D25Y)

In our initial attempts to understand the function of the WT GoF and 
GoF(D25Y), we investigated their biological and biochemical properties. 
First, we estimated the amount of WT GoF during T4 infection by 
observing its levels in previously published 2-D protein gels after 
infection of E. coli B at 37◦ C [22]. From a comparison of GoF to another 
T4 early protein MotB, which we had previously determined to have a 
concentration of ~ 40,000 molecules per cell at 5 min post-infection 
[23], we estimate a GoF level of ~20,000 GoF proteins per cell. Previous 
work has also indicated that GoF is synthesized early, and its synthesis 
continues even past 5–7 min, when replication begins [11,22]. Thus, 
GoF is an abundant phage protein during the prereplicative phase, with 
some protein still remaining later in infection.

The abundance of GoF suggests that the phage expends resources to 
produce and maintain this protein throughout much of infection. 
However, previous work has shown that goF is located within an 11 kbp 
region of the T4 genome that can be deleted without an effect on phage 
growth under normal laboratory conditions [24]. To ask if the loss of 
only the goF gene affects T4 growth, we generated both a T4 deletion in 
goF (ΔgoF) and a T4 with an amber mutation in goF (T4 goFam), in which 
the first serine codon was mutated to an amber translation stop (site 
shown in bold italic in Fig. 1A). We compared the efficiency of plating 
(EOP) for the amber mutant on the nonsuppressing strain E. coli NapIV 
vs. the amber suppressing strain E. coli NapIV supD, which inserts serine 
at the amber codon. An EOP close to 1 was obtained, indicating that a 
knock-down of goF is not deleterious under our growth conditions 
(Table S1). When using T4 ΔgoF, we found that its burst size and latent 
period were similar to WT T4 in an infection of the E. coli strain TOP10 
(Table S2).

To investigate whether GoF or GoF(D25Y) can interact with itself or 
with other factors, we expressed plasmid-borne C-terminal His-tagged 
goF (pBAD33-goF-his6) or goF(D25Y) [pBAD33-goF(D25Y)-his6] in the 
E. coli K12 strain TOP10 and then incubated the lysate with Dynabeads 
His-Tag affinity beads to ‘pull-down’ the tagged GoF as well as any 
accompanying species. As seen in Fig. 2, SDS-PAGE in the absence of 
reducing agent showed the presence of either the GoF-His6 (panel A) or 
GoF(D25Y)-His6 (panel B) as well as multiple protein species present in 
the clarified supernatant lysate (lanes 2,8). After elution from the beads, 

Fig. 1. Sequences and AlphaFold3 predicted structures of GoFNTD, MotB.1NTD, and Frd.2NTD. (A) Protein sequences of the LSm-like fold NTDs of GoF, MotB.1, and 
Frd.2 are shown. The serine residues that were mutated to an amber stop in T4goFam, T4motB.1am,and T4frd.2am phage are indicated in bold italic, and GoF D25 and 
G84 are indicated in deep teal bold and light cyan bold, respectively. (B) The top-ranked AlphaFold3 models for GoFNTD, MotB.1NTD, Frd.2NTD compared to the 
structure of a monomer of Hfq [PDB: 1HK9 [70]]. In each case the 5 antiparallel β-sheets, which comprise the LSm-like fold are colored as blue β1, green β2, yellow 
β3, orange β4, and red β5, and α-helices are shown in cyan. (Two β-sheets going in the same direction comprise β3 in Frd.2.) The mutations in GoF that support T4 
growth in Rho026 are shown as the deep teal sphere (D25Y) and the light cyan sphere (G84R) [11].
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only 2 dominant bands were observed (lanes 6, 12). One band migrated 
as expected for GoF-His6 with a molecular weight (MW) of ~23 kDa. 
[Although the actual MW for GoF-His6 is 17.9 kDa (16.7 kDa for GoF +
1.2 kDa for the tag), previous work has shown that WT GoF migrates 
abnormally with a size of ~22 kDa [11].] The other band migrated as a 
species of around 50 kDa, or about 2-fold larger.

After excision from the gel and trypsin digestion, both bands present 
in the GoF gel were identified by mass spectrometry. In this analysis, the 
Score SEQUEST HT (Table S3) reflects the level of confidence in the 
identification, with a score > 10 being considered significant. Table S3
lists the proteins that were identified in either the T4 or the E. coli 
protein databases with scores > 10. GoF is by far the protein with the 
highest score (in the hundreds) for both the upper and lower bands, 
confirming that GoF-His6 is the species in the lower band and suggesting 
that the upper band of ~50 kDa species, observed for both WT GoF and 
GoF(D25Y), is a dimer.

2.2. Phylogeny and AlphaFold3 predicted structures suggest that GoF, and 
two other T4 early proteins, MotB.1 and Frd.2, compose a family of phage 
LSm-like fold proteins

Although our biological and biochemical characterizations of GoF 
indicated that GoF is an abundant T4 protein that may exist as both a 
monomer and dimer, these analyses failed to provide insight into 
function. Consequently, we turned to phylogenetic and secondary 
structure analyses. We were initially guided by deep BLAST searches 
performed by Dr. Aravind Iyer (NCBI), who suggested that the N-ter
minal domains (NTDs) of GoF as well as two other uncharacterized T4 
early proteins, MotB.1 and Frd.2, shared a homologous β-barrel domain 
even though conventional BLASTP searches did not indicate any 
sequence similarity among the proteins (Fig. 1B).

To ask whether motB.1 and frd.2 are essential under normal labora
tory conditions, we generated T4 motB.1am, frd.2am, and ΔmotB.1 phage. 
Like we had seen for goFam, we found similar EOPs for the amber mu
tants on the suppressing vs. nonsuppressing NapIV strains (Table S1). 
Like ΔgoF, the burst size and the latent period of the ΔmotB.1 phage 
were similar to those of WT T4 (Table S2). In addition, using our pull- 
down assay, we found that MotB.1, like GoF and Gof(D25Y), migrates 
as both a monomer (13.8 kDa) and dimer (~ 28 kDa) after SDS-PAGE in 
the absence of reducing agent (Fig. 2C, lane 18).

To investigate the conservation of the T4 proteins, we performed 5 
runs of PSI-BLAST sequence profile searches against the NCBI Cluster
edNR database. This analysis demonstrated that GoF, MotB.1, and Frd.2 
are conserved throughout Tevenvirinae (T4-like) viruses. Within the 
generated phylogenetic tree (Fig. 3), the GoF and Frd.2 subfamilies are 
more related, stemming from a common branch that is separate from 
that of the MotB.1 subfamily.

To further investigate possible structural similarity among the three 
T4 proteins, we predicted the structures using AlphaFold2 and then 
AlphaFold3. In both cases, the N-terminal domains (NTDs), which 
comprise the first half of each protein, were composed of similar bent, 
five-stranded, anti-parallel β-sheets, which were connected to C-termi
nal domains (CTDs) of various structures by flexible linkers (Fig. 1B, 
Fig. S1). We then performed a Dali server exhaustive search in PDB25, a 
representative subset of the PDB containing structures that are less than 
25 % identical in sequence, to identify proteins similar to the models of 
GoFNTD (residues 1–91), MotB.1NTD (residues 1–82), and Frd.2NTD 

(residues 1–88) (Fig. 1). A detailed description of the hits, the Dali Z- 
score, root mean square deviation (RMSD), and number of aligned res
idues are listed in Table S4. GoF, Frd.2, and MotB.1 were the most 
closely related, and similar to the result from sequence phylogeny, GoF 
and Frd.2 were again derived from a single branch. Several protein 
structural hits that appeared in all 3 phage protein searches are shown in 
bold in Fig. 4.

A group of proteins containing SH3-like topologies [25] and related 
to metal regulation/transport was predicted to be the closest relatives to 
the T4 family (Fig. 4). This group includes ferrous iron transport protein 
A (FeoA in E. coli), whose function is unknown, but may interact with the 
Fe2+ transmembrane transporter component FeoB [26]. Other relatives 
in this set are DNA-binding regulators that are also associated with metal 
usage, such as Streptococcus mutans SloR [27] and mycobacterial IdeR 
[28,29]. However, these DNA-binding proteins contain multiple histi
dine residues needed to coordinate metal ion, a motif which GoF lacks.

Another close relative is Hfq, the major bacterial RNA chaperone, 
which contains an LSm-fold. This finding was particularly intriguing 
given that GoF(D25Y) affects the level of the T4 41 mRNA [13]. In 
addition, besides Hfq, numerous other LSm-fold proteins found 
throughout biology serve as RNA chaperones [16–18]. The predicted 
NTD structures (Figs. 1B) and 2D topology diagrams of GoF, Frd.2, and 
MotB.1 exhibited the 5 anti-parallel β-strand motif seen in these 

Fig. 2. Representative SDS-PAGE gels (1 of 2) of fractions obtained from E. coli TOP10 containing pBAD33-goF-his6 (A), pBAD33-goF(D25Y)-his6 (B), and pBAD33- 
motB.1-his6 (C) before and after elution from Dynabeads His-Tag affinity beads. Lanes 1, 7, and 13, immediately before induction with arabinose (Pre); lanes 2, 8, and 
14, sonicated fraction after 2 h of induction (Son); lanes 3, 9, and 15, pellet after centrifugation of sonicated fraction (Pellet); lanes 4, 10, and 16, clarified su
pernatant after centrifugation of sonicated fraction (Sup) that was then incubated with Dynabeads His-Tag beads; lanes 5, 11, and 17, molecular weight markers [M; 
Precision Plus Protein Dual Color Standard (Bio-Rad, Hercules, CA, USA)] with sizes in kDa indicated on the far left; lanes 6, 12, and 18 eluate from beads. Lanes 1–6, 
lanes 7–12, and lanes 13–18 represent lanes from the same gel; the white line indicates where lanes were removed. For GoF(D25Y) (B) and MotB.1 (C) only a trace 
soluble amount remained in the supernatant after centrifugation of the sonicated fraction.
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proteins, which we will refer to as an LSm-like fold (shown as pink ar
rows in Fig. S2). While most LSm-fold proteins, including Hfq, have an 
N-terminal α-helix, it should be noted that this is not a requirement. The 
structure of an uncharacterized LSm-fold protein, possibly from cyano
phage, exhibits the 5 anti-parallel β-strand structure, but with a C-ter
minal α-helix [30].

Two mutations within GoF have been shown to allow T4 growth on 
rho alleles that restrict WT T4 growth [11]: D25Y (dark teal sphere in 
GoF in Fig. 1B) and G84R (light cyan sphere in GoF in Fig. 1B). Both of 
these are located within the predicted LSm-like fold region and on the 
same face of the predicted GoF structure. However, while the D25Y 
substitution is known to increase the level of T4 gene 41 RNA [13], there 
is no direct evidence linking the G84R substitution to RNA levels.

LSm-fold proteins frequently interact as dimers/multimers [16]. To 
test the possibility of the T4 LSm-fold proteins forming homodimers or 
homohexamers, we submitted both the untagged and His6-tagged GoF, 
GoF(D25Y) and MotB.1 sequences to the AlphaFold server. However, 
none of the top 5 complex dimer or hexamer models had ipTM scores 
> 0.3 or pTM scores > 0.4, indicating that AlphaFold3 does not have 
confidence in their homomultimer formation. Consequently, we were 
unable to generate reliable homomultimer models for the proteins.

2.3. Overexpression of goF(D25Y) increases the level of a reporter 
mCherry in a translational fusion assay

Previous work has suggested that GoF(D25Y) increases the level of 
both 41 mRNA and 41 protein under certain conditions [13]. Given this 
finding and the fact that AlphaFold3 predicted that the T4 proteins have 
an LSm-like fold, which can be associated with RNA, we employed a 
tandem fluorescence reporter assay [31] to investigate whether GoF 
(D25Y), WT GoF, or MotB.1 affects gene 41 expression 
post-transcriptionally. In this system, WT goF, goF(D25Y), or motB.1 
were present on a plasmid and placed downstream of the 
arabinose-inducible promoter PBAD (Fig. 5A). In the chromosome, a 
strong constitutive promoter (Pcon) was located upstream of 2 reporter 
genes, mCherry followed by gfp (Fig. 5A). gfp had its own RBS (RBS2, 
Fig. 5B) while various RBS-containing sequences were placed upstream 
of mCherry for testing (Fig. 5B).

Because previous work had shown a significant effect of GoF(D25Y) 

on T4 gene 41 expression [13], we used the 358 bp region upstream of 
T4 41 (41 5’UR) as well as just the 20 bp immediately upstream of 41 
[41 5’UR 20 (nucleotides) nt], since these regions contain the natural 
sequence present in the T4 genome. However, because we knew that 
GoF(D25Y) can affect the levels of several proteins [12], we also tested 
other general RBSs: RBS1 and RBS2 (20 nt). In addition, for the 41 5’UR 
20 nt and the RBS2 (20 nt), we tested both a GUG translation start, 
which is present in gene 41, and the more common AUG.

To quantify our results, we measured the growth of the cells as 
monitored by OD600 and the levels of mCherry and GFP fluorescence 
(Fig. S3-S5). We then normalized the fluorescence relative to the OD600 
and determined the ratio of the fluorescence observed with the induced 
plasmid relative to the uninduced plasmid. Thus, if production of the T4 
protein increased the level of mCherry fluorescence, without a corre
sponding change in the level of GFP fluorescence, we could conclude 
that mCherry expression is altered post-transcriptionally. This could 
arise from a change in the stability of the RNA and/or by a change in 
translation.

As expected, addition of arabinose to cells containing the empty 
vector did not appreciably change the normalized level of mCherry 
fluorescence in any construct (Fig. 6A and B and S6). In contrast, 
overexpression of goF(D25Y) increased the mCherry fluorescence 
dramatically with the 41 5’UR construct (Fig. 6A). After a 2 h induction, 
there was a ~2.6-fold increase in mCherry fluorescence in the presence 
of GoF(D25Y). This increase was observed without a corresponding in
crease in GFP fluorescence (Fig. 6A). In fact, the level of GFP fluores
cence was somewhat lower after induction. These results are consistent 
with the idea that the combination of GoF(D25Y) and the 41 5’UR 
markedly increases mCherry fluorescence post-transcriptionally.

While there was a dramatic increase in mCherry fluorescence from 
the 41 5’ UR-mCherry construct with GoF(D25Y), we saw a much smaller 
effect with WT GoF or MotB.1 (Fig. 6A) even though WT GoF, MotB.1, 
and GoF(D25Y) were produced at similarly high levels (Fig. S6A). Thus, 
we conclude that the D25Y mutation imparts a change in the activity of 
GoF in this assay.

Interestingly, although GoF(D25Y) showed a strong effect on 
mCherry fluorescence when using the 41 5’ UR, our assays indicated 
that GoF(D25Y) also increased the mCherry fluorescence somewhat 
when using other RBSs: RBS1 (Fig. 6B), 41 5’UR (20 nt, AUG or GUG, 

Fig. 3. Phylogenetic tree for GoF, MotB.1, and Frd.2. PSI-BLAST sequence profile searches against the NCBI ClusteredNR database were performed for T4 GoFNTD, T4 
MotB.1NTD, and T4 Frd.2NTD, and multiple sequence alignment was used to construct the phylogenetic tree as described in Materials and Methods. Subfamilies 
containing GoFNTD, MotB.1NTD, and Frd.2NTD are colored in red, green, and blue, respectively. The subfamily that is shared by GoFNTD and Frd.2NTD, but is a different 
branch from MotB.1NTD, is colored in purple, while another separate subfamily is colored in orange.
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Fig. S7A), or RBS2 (20 nt, AUG or GUG, Fig. S7B). Furthermore, GoF 
(D25Y) increased the mCherry fluorescence with RBS2 (20 nt)-mCherry, 
but no increase in GFP fluorescence was seen by GoF(D25Y) with RBS2- 
gfp (Fig. 6 and Fig. S7). It is known that RNA structure contributes to 
mRNA stability and translation [32], so this difference may reflect the 
overall structures and stabilities of the mCherry vs. gfp mRNAs.

Taken together, our translational reporter assays indicated that GoF 
(D25Y), but not WT GoF or MotB.1, considerably increases the post- 
transcriptional expression of mCherry when 41 5’UR is present up
stream. In addition, a modest increase is observed with GoF(D25Y) and 
the other mCherry constructs, suggesting that GoF(D25Y) may provide a 
general increase in mCherry fluorescence that is independent of the 
specific UR sequence.

2.4. GoF(D25Y) increases the stability of the 41 5’UR-mCherry RNA

One way that a protein can increase the level of an RNA post- 
transcriptionally is by increasing the stability of the RNA. To 

investigate this possibility for GoF(D25Y), we observed the half-lives of 
the mCherry and gfp RNAs in the 41 5’UR-mCherry strains containing 
either the vector pBAD33, pBAD33-gof, or pBAD33-goF(D25Y). At 2 h 
post-induction, we added rifampicin to stop transcription, and then we 
followed the decay of the mCherry and gfp transcripts by RT-qPCR using 
primers for the mCherry and gfp RNA (Fig. 7A). At the earliest time point 
(2 min), the presence of either GoF or GoF(D25Y) was associated with an 
increase in mCherry RNA stability over that seen with the vector. 
However, at the later time points (4, 6, and 8 min), the mCherry RNA was 
significantly more stable in the presence of GoF(D25Y) vs. the vector or 
WT GoF. In contrast, the stability of gfp RNA was similar when 
comparing the vector vs. GoF(D25Y) and lower with GoF. While we do 
not understand the decreased stability of the gfp RNA with GoF, these 
results are consistent with the idea that GoF(D25Y) specifically increases 
the stability of the mCherry RNA in this system.

We would expect that an increase in stability should result in an 
overall higher steady-state level of the mCherry RNA with GoF(D25Y). 
To investigate we used RT-qPCR to compare the FC (induced 

Fig. 4. Structural similarity dendrogram of GoFNTD, MotB.1NTD, Frd.2NTD, Hfq, and their structural neighbors in PDB25. An average linkage clustering of 55 similar 
structures in PDB25 found by the Dali Server, along with GoFNTD (residues 1–91, red), MotB.1NTD (residues 1–82, red), Frd.2NTD (residues 1–88, red), and Hfq 
(residues 1–65, dark red) is shown here. The branch closest to GoFNTD, MotB.1NTD, and Frd.2NTD consists of 8 proteins, shown in blue, which have the SH3-topology 
domain present in FeoA (ferrous iron transport protein A) (CATH classification 2.30.30.90). Hits that appeared in the searches with all 3 of the T4 proteins are in 
bold. A detailed description of the hits and the Dali Z score, RMSD, and number of aligned residues are listed in Table S5 (GoF-MotB.1-Frd.2-DaliPDB25hits.xisx).
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/uninduced) for mCherry and for gfp 2 h post-induction using pBAD33, 
pBAD33-goF or pBAD33-goF(D25Y). As expected, this analysis indicated 
that the steady-state level of mCherry RNA was higher when GoF(D25Y) 
was present (Fig. 7B).

Taken together, these results indicate that GoF(D25Y) increases 
mCherry fluorescence seen with 41 5’ UR-mCherry by increasing the 
stability of the mCherry RNA, which in turn leads to a higher level of 
steady-state mCherry RNA.

2.5. Hfq also affects the level of mCherry post-transcriptionally

Hfq, the major bacterial RNA chaperone, is known to bind certain 
RNAs, targeting them for degradation [33]. Given that the N-terminal 
regions of the T4 LSm-like fold proteins are predicted to be structurally 
similar to Hfq, we investigated if GoF(D25Y) increased the stability of 
mCherry RNA by interfering with an Hfq-mediated process. For example, 
the LSm-fold of Hfq could bind the RNA, leading to destabilization, 
while the LSm-like fold of GoF(D25Y) could bind the RNA to protect it 
from Hfq. To test this hypothesis, we generated a Δhfq::cat-sacB in both 
the 41 5’UR and the RBS1 strains. Thus, the chromosomal hfq gene was 
deleted and replaced by the cat gene, providing chloramphenicol resis
tance. We also modified the pBAD33 plasmids to replace the cat gene 
with kanr (Fig. 6A). Using this system, we again tested the mCherry and 
GFP fluorescence as before.

In the absence of induction or in the presence of the vector, we 
observed a significant increase in mCherry fluorescence in both the Δhfq 
41 5’UR-mCherry and the Δhfq RBS1-mCherry strains relative to the hfq+

strain while no effect was observed on the level of GFP (Fig. S8). Thus, 

Hfq does affect the mCherry RNA post-transcriptionally, perhaps by 
targeting it for degradation. Despite this fact, when we normalized for 
this difference (Fig. 8) we still observed a similar, strong effect of GoF 
(D25Y) with 41 5’UR-mCherry (Fig. 6C). Again the levels of GoF, GoF 
(D25Y), and MotB.1 were high in the Δhfq strains after induction 
(Fig. 6C and D). We conclude that Hfq does affect the level of the 
mCherry RNA, but the increase that we observe with GoF(D25Y) is not 
related to a process that involves Hfq.

2.6. Modeling of GoF and GoF(D25Y) in complex with RNA using 
AlphaFold3

Taking advantage of the latest feature in AlphaFold3, we examined 
models of GoFNTD and GoF(D25Y)NTD in complexes with various RNA 
constructs [41 5’UR 20 nt, RBS1, RBS2 (20 nt), and RBS2 (Fig. 5B)]. We 
found that all the GoF(D25Y)NTD-RNA complexes had higher ipTM 
scores (interface predicted template modeling, a measure of the accu
racy of the predicted relative positions of the entities in the complex) 
than the WT GoFNTD-RNA complexes, implying that GoF(D25Y)NTD is 
more likely to interact with those RNAs than WT GoFNTD (Table S5 and 
Fig. S9). Although many complexes had ipTM scores below the threshold 
of 0.6, all the models predicted that it is the loop regions in the NTD that 
interact with RNA.

To investigate the specific effect of the D25Y substitution, we per
formed pairwise comparison of the models of WT GoFNTD and GoF 
(D25Y)NTD on Dali Server and observed the models in ChimeraX. As 
shown in Fig. 8A-C, this analysis indicates that the mutation would 
introduce conformational changes and a misalignment in the loop 

Fig. 5. Fluorescence reporter assay. (A) Schematic of the translation reporter system modified from [31]. The chromosome contains a strong synthetic constitutive 
promoter Pcon that drives transcription of mCherry and gfp until reaching the terminator (term) and either WT hfq or a deletion of hfq replaced by the 
chloramphenicol-resistant gene cat (Δhfq::cat). The region upstream of mCherry contains one of the sequences shown in (B), while the region upstream of gfp contains 
RBS2 shown in (B). The open reading frame (ORF) in the 41 5’UR construct begins with a ‘GUG’ since this is the start of the gene 41 ORF. Expression of goF, goF 
(D25Y), or motB.1 arises from a plasmid containing the arabinose-inducible PBAD promoter and either a cat or kanamycin-resistant (kan) gene. (B) Sequences. In the 
41 5’UR, the start codon for the upstream T4 gene 40 is boxed in orange, the stop codons for T4 gene uvsX and gene 40 are boxed in purple, the position of the 3’ end 
observed in vivo in a T4 infection is indicated, and the stem-loop immediately upstream of the 3’ end is boxed in black. The ribosome binding site (RBS) present in 
each sequence is shown in bold, the AUG (or GUG) starts for mCherry and gfp are in red and green, respectively.
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Fig. 6. GoF(D25Y) markedly increases mCherry fluorescence in the 41 5’UR-mCherry construct in the presence or absence of Hfq. Relative levels of mCherry (red) 
and GFP (green) fluorescence (induced /uninduced) are shown for the 41 5’UR (A), RBS1 (B), Δhfq 41 5’UR (C), or Δhfq RBS1 (D) strains containing the vector 
(pBAD33) or the pBAD33 plasmids expressing goF, goF(D25Y), or motB.1 at 2 h post-induction. Identification of the plasmids is given in the box. Values were obtained 
from at least three biological replicates with standard deviations indicated. Statistical analysis was conducted by an unpaired two-tailed Student’s t-test. [Not 
significant, ns, (P > 0.05); *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001].

Fig. 7. GoF(D25Y) increases the half-life of mCherry RNA in the 41 5’UR-mCherry construct. (A) The % of mCherry or gfp RNA remaining in the 41 5’ UR-mCherry 
strain containing either pBAD33, pBAD33-goF, or pBAD33-goF(D25Y) 2 h post-induction after transcription was stopped by the addition of rifampicin for the time 
indicated. (B) The relative level (induced/uninduced) of mCherry and gfp RNA in the 41 5’UR-mCherry strain containing either pBAD33 or pBAD33-goF(D25Y) 2 h 
post-induction.
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regions (shown in yellow), resulting in an RMSD of 1.4 angstroms be
tween the two models. Calculating the Coulombic electrostatic poten
tial, we found that such sequence and structural changes also affect the 
electrostatic potential on the protein surface, making the surface more 
positive on GoF(D25Y)NTD than on WT GoFNTD (Fig. 8D, E). Thus, 
AlphaFold3 predicts that the single D→Y substitution within GoF results 
in a more global structural change. We speculate that this change might 
result in RNA binding or in a function that can affect RNA stability 
indirectly.

3. Discussion

Approximately one third of the T4 genome is expressed from early 
genes within the first minute of infection [1]. Many of these early genes 
are uncharacterized, nonessential under normal laboratory conditions, 
and are thought to be involved in phage takeover of the E. coli host cell. 
However, identification of their functions has been hampered by the 
lack of homologs outside the phage world in the protein sequence 
database [3]. Thus, the standard approach of finding a sequence ho
molog or motif to direct one toward possible functions is not applicable 
for many of these genes.

One such gene is T4 goF, which encodes a 16.7 kDa protein [11]. 
Although the function of GoF is unknown, a mutant GoF(D25Y) has been 
shown to increase the levels of both the T4 gene 41 RNA [13] and 41 
protein [12] under certain conditions. It was first postulated that GoF 
(D25Y) did this by being a T4 anti-terminator of transcription [6–8]. 
However, other work suggested that GoF(D25Y) worked 
post-transcriptionally [15, 34, 35].

Using a tandem fluorescence translational reporter assay with a re
porter mCherry gene [31], we have shown that GoF(D25Y) works 
post-transcriptionally, rather than transcriptionally (Fig. 6). This in
crease is most striking when using the entire 358 nt gene 41 5’ UR, but 
we also see a modest increase with other upstream untranslated regions 
(Fig. 6A). Furthermore, we show that GoF(D25Y) works by increasing 
the half-life of the RNA (Fig. 7A). Although Hfq is known to play a major 
role in RNA degradation [33], we find that the effect of GoF(D25Y) does 
not involve Hfq (Fig. 6C). We conclude that GoF(D25Y) either protects 

the RNA by directly binding to it or it works indirectly by interfering 
with nucleases and/or by increasing translation, which can also increase 
RNA stability [36]. Additional work is needed to distinguish among 
these possibilities.

We do not see a strong post-transcriptional effect using either WT 
GoF or MotB.1, indicating that the D25Y mutant imparts a significant 
change in GoF activity. We speculate that the aspartic to tyrosine sub
stitution within the predicted LSm-like fold of GoF generates a gain of 
function mutation that imparts the ability to increase the stability of the 
RNA. Understanding how gain of function happens is of utmost impor
tance, as such mutations are involved in dynamic biological processes, 
such as evolution [37,38] and tumor progression [39]. Recent work 
indicates that these mutations need to be considered in the context of 
structure, not sequence [40]. However, previous studies have shown 
that predicting the structural and functional effects of a point mutation 
are challenging [41–43]. Furthermore, only a limited number of CASP 
(Critical Assessment of Structure Prediction) targets of wild type and 
mutants have been evaluated to assess how well the prediction programs 
perform [44]. Consequently, the dramatic conformational changes 
introduced by the D→Y substitution in GoF, which predicts more posi
tive electrostatic potential on the protein surface, taken together with 
our supporting experimental observation, are encouraging. Of course, 
structure determination and direct evidence of function is needed to 
confirm this prediction. Going forward, the evaluations of additional 
mutant structures and protein-nucleotide complexes in CASP should aid 
the development of better programs.

4. Materials and methods

4.1. Strains and phage

E. coli B strains were NapIV [BE strain; hsdRk hsdMk+ hsdSk+ thi] 
[45], NapIV supD [45], and BL21 [fhuA2 [lon] ompT gal [dcm] ΔhsdS] 
[46]. E. coli K12 TOP10 [F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 recA1 araD139 Δ(ara-leu)7697 galU galK rpsL(StrR) endA1 
nupG] was from Thermo Fisher Scientific (Waltham, MA), E. coli DH5α 
[F- φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 hsdR17(rK

– , mK
+) 

Fig. 8. AlphaFold3 models of GoFNTD and GoF(D25Y)NTD, their electrostatic potential, and the sequence alignment based on structural superposition by Dali pairwise 
comparison. (A) Results of Dali pairwise comparison between AlphaFold3 models of GoFNTD and GoF(D25Y)NTD, including the Z score, RMSD, number of aligned 
residues, % identity, and sequence alignment, which is based on the structural superposition. The secondary structure definitions by DSSP (H for helix, E for sheet, 
and L for coil) are shown above or below the amino acid sequences. Aligned and identical residue pairs are matched by vertical lines and are in uppercase while the 
unaligned regions are in lowercase and highlighted in yellow in both the sequence alignment and the structural models in (B) and (C) below. (B) and (C) AlphaFold3 
models of WT GoFNTD and GoF(D25Y)NTD, respectively. GoFNTD is in pink with the D25 side chain in magenta, while GoF(D25Y)NTD is in corn blue with the Y25 side 
chain in darker blue. In both structures, the misalignment in the loop regions is shown in yellow. (D) and (E) The Coulombic electrostatic potential (ESP) of GoFNTD 

and GoF(D25Y)NTD, respectively calculated by UCSF ChimeraX [69], with red for negative potential through white to blue for positive potential. Structures are shown 
in the identical orientation as in (B) and (C).
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phoA supE44 λ–thi-1 gyrA96 relA1] [47,48] was used for construction of 
T4 deletion phages, and MG1655 (F- λ- ilvG- rfb-50 rph-1) was a gift of M. 
Cashel (National Institutes of Health). The fluorescent reporter strain 
RS41, containing the T4 41 5’UR region (from − 358 to − 1 relative to the 
translation start site of T4 gene 41), was constructed by modifying the 
strain JC1283 [31] through recombineering [49,50] using a PCR prod
uct amplified from T4 DNA with primers CP26–40-F and mCh-40-R 
(Table S6), followed by selection on M63 glycerol sucrose agar [31]. 
The other fluorescent reporter strains [with 20 nt of T4 41 5’UR region 
or RBS2 (20 nt) having a start codon of AUG or GUG] were constructed 
similarly using PCR products amplified from the oligonucleotides 
s41-AUG, s41-GUG, StrRBS-AUG, or StrRBS-GUG with primers 
CP26-amp-F2 and mCherry-amp-R2 (Table S6). Sequencing by Psoma
gen (Rockville, MD, USA) using primers lacI-f and JC129 (Table S6) 
verified the gene reporter fusions. The previously constructed strains 
JC1245 (wild type hfq) and JC1263 (Δhfq) [31], contain RBS1, a syn
thetic consensus ribosome-binding sequence, upstream of mCherry. To 
obtain an Δhfq version of the 41 5’UR reporter strain, Δhfq::cat-sacB was 
introduced into RS41 via P1 transduction, using the P1 lysate from 
AZ234 [31]. Strains were transformed with the various pBAD33 or 
pBAD33_kanr plasmids as indicated.

Amber mutations in goF, motB.1, and frd.2 were recombined into WT 
T4D+ using a modification of a previously described procedure [51]. 
Briefly, BL21(DE3) [52] cultures containing pTE103-goFam, pTE103-
motB.1am, or pTE103-frd.2am were infected with WT T4 at a multiplicity 
of infection of ~1. The resulting lysate contained WT T4 as well as the 
amber mutant phage that was generated by recombination between WT 
T4 and the plasmid. Lysates were titered on E. coli NapIV supD, whose 
amber suppressing mutation incorporates serine (the wild-type amino 
acid) at the amber stop codon. Phage plaque lifts on nitrocellulose were 
hybridized with 5’-32P labeled oligonucleotides (GoF-amber, GoF-WT, 
MotB.1-amber, MotB.1-WT, Frd.2-amber, Frd.2-WT, Table S6) contain
ing either the WT or the mutant amber sequence. Single plaques that 
hybridized specifically with the mutant sequence were grown in NapIV 
supD and sequenced (Psomagen) to confirm the presence of the 
mutation.

Construction of the T4 ΔgoF and T4 ΔmotB.1 phages was performed 
as described previously [53,54]. Briefly, WT T4 phage was added to 
E. coli DH5α that had been previously transformed with the 
spectinomycin-resistant CRISPR-Cpf1 spacer plasmids and the 
kanamycin-resistant pET28b donor plasmids and then incubated for 
7 min at 37◦ C. LB top agar (3 mL, containing 0.7 % agar and 50 µg/mL 
spectinomycin) was added and the solution was poured onto LB plates 
supplemented with 50 µg/mL spectinomycin. After incubation over
night at 37◦ C, single plaques were transferred into 1.5 mL micro
centrifuge tubes containing LB broth and used to infect E. coli DH5α. This 
process was repeated three times to ensure purity. To confirm the 
deletion of goF or motB.1 in the T4 genome, single plaques were sub
jected to DNA sequencing. One microliter of phage lysate was denatured 
at 95◦ C for 7 min and used as a template for PCR with Taq DNA poly
merase (New England Biolabs, Ipswich, MA, USA) and primers 
GoF-con-F/R or MotB.1-con-F/R (Table S6). The amplified DNA frag
ments were purified using a QIAquick PCR Purification Kit (Qiagen, 
Hilden, Germany), and the sequences were confirmed by Sanger 
sequencing (Psomagen, Rockville, MD, USA).

4.2. DNA

Unless otherwise indicated, gene synthesis, plasmid construction, 
and DNA sequencing of the constructed plasmids were performed by 
GenScript (Piscataway Township, NJ, USA). For pBAD33-gof and 
pBAD33-motB.1, goF and motB.1, respectively, were cloned downstream 
of the arabinose-inducible promoter PBAD between the KpnI and SalI sites 
of the pACYC-based expression vector pBAD33 [55]. In pBAD33-goF 
(D25Y) the codon for GoF residue D25 was mutated from GAC to TAT. 
His6-tagged derivatives were constructed similarly with the native stop 

codon being replaced with a C-terminal His6-tag 
(5’caatccggctctcatcaccatcaccatcactaa3’).

pTE103-goFam, pTE103-motB.1am, and pTE103-frd.2am were gener
ated by cloning the following mutated bacteriophage T4 sequences 
(NC_000866.4) surrounding and including goF, motB.1, and frd.2, 
respectively, between the BamHI and SalI sites of pTE103 [56]: for goF, 
5881–6300 with the 5’GG3’ at 6094–6095 mutated to 5’CT3’; for 
motB.1, 7800–7441 with the 5’AG3’ at 7609–7610 mutated to 5’CT3’; 
for frd.2, 146281–146640 with the 5’AG3’ at 146482–146483 mutated 
to 5’CT3’. In each case this sequence change converted the first serine 
codon in the gene to a TAG (amber) stop codon.

To replace the chloramphenicol resistance gene (cat) with the 
kanamycin resistance gene (kanr) in pBAD33, pBAD33-goF, pBAD33-goF 
(D25Y), and pBAD33-motB.1 (generating pBAD33_kanr, pBAD33-goF_
kanr, pBAD33-goF(D25Y)_kanr, and pBAD33-motB.1_kanr, respectively), 
E. coli MG1655 harboring the plasmid pSIM6 [57], which expresses the 
lambda red recombinase upon induction at 42◦ C, was transformed with 
pBAD33, pBAD33-goF, pBAD33-goF(D25Y), and pBAD33-motB.1. At 
mid-log phase (OD600~0.5), cells were shifted from 32◦ C to 42◦ C, 
grown for another 15 min, and then electroporated with a DNA frag
ment (1 μg) containing the kanr gene. This fragment was obtained by 
PCR generation of a kanr DNA cassette using the plasmid pNW129 [58]
and primers Kan-cat-F and Kan-cat-R (Table S6) followed by treatment 
with DpnI (New England Biolabs, Ipswich, MA, USA) to eliminate the 
template plasmid. After electroporation with the DNA, cells were grown 
at 37◦ C for 1 h with shaking (250 rpm) and then incubated at room 
temperature overnight. The cells harboring recombinant plasmids were 
selected on LB with 40 μg/mL kanamycin.

To construct the kanamycin-resistant donor plasmids pET28b-goF 
and pET28b-motB.1 for making the T4 ΔgoF and T4 ΔmotB.1 mutants, 
the regions spanning − 149 to + 1 and 150 bp downstream of goF or 
150 bp upstream and downstream of motB.1, respectively, were cloned 
into the BamHI and BglII sites of pET28b (EMD Millipore, Burlington, 
MA, USA). Spectinomycin-resistant CRISPR-Cpf1 spacer plasmids tar
geting goF or motB.1 were constructed using the CRISPR-LbCas12a/ 
SpCas9 system [54] and the goF spacers, goF 1 and goF 2, or the 
motB.1 spacers, motB.1 1 and motB.1 2, respectively (Table S6).

4.3. Phylogeny and AlphaFold analyses

To generate the phylogenetic tree, five runs of PSI-BLAST [59]
sequence profile searches were performed for GoF, MotB.1, and Frd.2 
against the NCBI ClusteredNR database. From this analysis, 210 unique 
sequences were collected and aligned with MUSCLE [60]. Multiple 
sequence alignment was then used to construct the tree with Maximum 
Likelihood in MEGA11 [61] and displayed in iTOL [62] v6.0.

Protein structures were predicted for GoF, MotB.1, and Frd.2 using 
AlphaFold2 [63] and AlphaFold3 [64,65], and 2D topology diagrams 
were generated by PDBsum Generate [66]. To generate the dendrogram, 
a Dali server exhaustive search [67] in PDB25 was performed to find 
proteins similar to the AlphaFold2 models of GoFNTD residues 1–91, 
MotB.1NTD residues 1–82, and Frd.2NTD residues 1–88. A collection of 55 
unique similar proteins with Dali Z-scores greater than 3 together with 
the AlphaFold2 models of GoFNTD, MotB.1NTD, Frd.2NTD and the struc
ture of Hfq residues 1–65 were then used to do an All against All 
structural comparison on the Dali server. The dendrogram was derived 
by average linkage clustering of the structural similarity matrix Dali 
Z-scores, and the domain structural classification of the 55 hits was 
further examined in the CATH [68] database. The pairwise comparison 
of GoFNTD and GoF(D25Y)NTD was also performed on the Dali server.

The GoF dimer and GoF-RNA models were obtained by submitting 
protein and RNA sequences to the AlphaFold3 server. UCSF ChimeraX 
[69] was used to examine the models and generate the figures. The 
Coulombic electrostatic potential was calculated in ChimeraX with 
coulombic command.
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4.4. Pull-down assay and mass spectrometry analyses

An overnight culture of TOP10 containing pBAD33-goF-his6, 
pBAD33-goF(D25Y)-his6, or pBAD33-motB.1-his6 was grown in LB con
taining 25 μg/mL chloramphenicol and 0.025 % (w/v) glucose (Mal
linckrodt Chemicals, Phillipsburg, UK) at 37◦ C. Cells were collected by 
centrifugation, washed with LB to remove glucose, diluted to an 
OD600~0.1 in LB containing 25 μg/mL chloramphenicol, and then 
grown at 37◦ C with shaking (250 rpm) to an OD600~0.3. Production of 
GoF-His6, GoF(D25Y)-His6, or MotB.1-His6 was induced by the addition 
of 0.2 % (w/v) arabinose (Sigma-Aldrich, MO, USA) for 2 h, cells were 
harvested by centrifugation at 5,000 x g for 15 min, resuspended in ice- 
cold lysis buffer [20 mM HEPES (pH 8.5), 50 mM NaCl, 1 mM EDTA, 
0.01 % (v/v) Triton X-100], and lysed by sonication until the OD600 was 
reduced ~3-fold. The clarified supernatant lysate was obtained after 
centrifugation at 15,000 x g for 30 min. An aliquot containing ~ 1 mg 
protein was mixed with 50 μL of Dynabeads His-Tag beads (Thermo 
Fisher Scientific) previously equilibrated with lysis buffer. After rotation 
for 30 min at 4◦ C, the beads were isolated by centrifugation, washed 4 
times with cold lysis buffer (300 μL each), and the protein was eluted 
after rotation for 5 min at 4◦ C in lysis buffer containing 300 mM 
imidazole (50 μL).

After SDS-PAGE in the absence of β-mercaptoethanol, protein bands 
of interest obtained with the GoF-His6 protein were excised, dehydrated 
in acetonitrile for 10 min, dried under a vacuum to remove the aceto
nitrile, reswelled at 4◦ C for 45 min in a buffer containing 50 mM 
(NH4)2CO3 and trypsin (Promega, Madison, WI, USA; 200 ng/gel slice), 
and then incubated overnight at 37◦ C for tryptic digestion. After 
centrifugation, the supernatant was collected, and the tryptic peptides 
were extracted three times with 50 % acetonitrile containing 20 mM 
(NH4)2CO3 and 5 % formic acid at room temperature. The peptide 
samples were combined and concentrated in a SpeedVac. Peptides were 
analyzed by RP-nano LC-ESI-MS/MS by the Seoul National University 
National Instrumentation Center (NICEM, Seoul, South Korea) using a 
Thermo Fisher Scientific Quadrupole-Orbitrap instrument (Thermo 
Fisher Scientific) equipped with a Dionex U 3000 RSLCnano HPLC sys
tem and an Exploris 240 mass spectrometer. Fractions were recon
stituted in solvent A [water/acetonitrile (98:2 v/v), 0.1 % Formic acid] 
and then injected into the LC-nano ESI-MS/MS system. Samples were 
first trapped on an Acclaim PepMap 100 trap column (100 μm x 2 cm, 
nanoViper C18, 5 μm, 100 Å, Thermo Fisher Scientific, part number 
164564) that was washed for 6 min with solvent A at a flow rate of 4 μL/ 
min and then separated on a PepMap RSLC C18 column (75 μm x 15 cm, 
nanoViper C18, 3 μm, 100 Å, Thermo Fisher Scientific, part number 
ES900) at a flow rate of 300 nL/min. The LC gradient was run from 2 % 
to 8 % solvent B (Solvent B: 99.9 % acetonitrile and 0.1 % Formic acid) 
for 10 min, then from 8 % to 30 % for 55 min, followed by 90 % solvent 
B for 4 min, and finally 2 % solvent B for 20 min. (Dilutions of solvent B 
were made in water.) Xcaliber™ software version 4.4 (Thermo Fisher 
Scientific) was used to collect MS data. The Orbitrap analyzer scanned 
precursor ions with a mass range of 350–1800 m/z with 60,000 reso
lutions at m/z 200. Mass data were acquired automatically using pro
teome discoverer 2.5 (Thermo Fisher Scientific). The results were 
correlated against the known databases [Taxonomy ID: 2681598 for 
bacteriophage T4; for E. coli TOP10, the sequence of every protein in 
E. coli TOP10 was downloaded from the NCBI protein database].

4.5. Growth curves and protein gels

Cultures, inoculated with a single colony, were grown overnight at 
37◦ C with shaking in MOPS EZ Rich Defined Media (MERDM broth, 
Teknova, Hollister, CA, USA) containing 0.025 % (w/v) glucose and 25 
μg/mL chloramphenicol (or 25 μg/mL chloramphenicol plus 40 μg/mL 
kanamycin for Δhfq strains).

The next day, cells from overnight cultures were collected by 
centrifugation, washed twice with MOPS EZ Rich Defined Media, used to 

inoculate MOPS EZ Rich Defined Media containing 25 μg/mL chlor
amphenicol, and grown at 37◦ C with shaking to OD600~ 0.3. Cultures 
were then split in half with one portion receiving L-arabinose at a final 
concentration of 0.2 % (w/v) and the other receiving an equal volume of 
water. Aliquots taken before and after the addition of water/arabinose 
were used to monitor growth, as measured by OD600. For SDS-PAGE 
analyses, 1 mL of each culture was collected 2 h post-induction and 
centrifuged at 16,000 x g for 1 min. Pellets were resuspended in 1 x 
Laemmli sample buffer (Bio-Rad) for a final concentration of 0.008 
OD600 units/μl, heated at 95◦ C for 5 min, and vortexed vigorously. 
Protein samples (10 μl) were separated by SDS-PAGE on Any kD™ Mini- 
Protean® TGX™ gels, visualized by staining with AcquaStain protein gel 
stain (Bulldog Bio, Portsmith, NH), and destained with distilled water.

4.6. Phage efficiency of plating and burst size assays

To obtain phage titers for T4 goFam, T4 motB.1am, and T4 frd.2am, 
NapIV and NapIV supD cultures were grown to mid-log phase 
(OD600~0.4–0.5) and then placed on ice. Cell aliquots (0.2 mL) and 
phage (0.1 mL) were mixed with 2.5 mL melted, warm (45◦ C) top agar 
(10 g bactoagar per liter of LB media) and then poured onto solid, bot
tom LB plates (15 g bactoagar per liter of LB media, 25 mL per plate). 
Plates were incubated at 37◦ C overnight, and plaques were counted.

To determine burst sizes, E. coli TOP10 was grown to mid-log phase, 
harvested by centrifugation, and resuspended in 20 mL of fresh LB broth 
(OD600 ~0.5). A 0.1 mL aliquot of WT T4, ΔgoF, or ΔmotB.1 was added 
at an MOI of 0.01 and allowed to adsorb for 5 min at room temperature. 
During subsequent incubation of the resuspension at 37◦ C with shaking 
(250 rpm), samples were taken at 5 or 10 min intervals for 40 min. Cell 
aliquots (0.2 mL) and phage (0.1 mL) were mixed with 2.5 mL melted, 
warm (45◦ C) top agar and then poured onto solid, bottom LB plates. 
Plates were incubated at 37◦ C overnight. Burst size was calculated by 
dividing the average number of plaques from the post-burst time points 
(35–40 min) by the average number of plaques from the pre-burst time 
points (0–20 min). The latent period represents the time between phage 
adsorption and host cell lysis, measured by the point at which phage 
progeny are released.

4.7. Fluorescent reporter assay

To quantify fluorescence signals, overnight cultures of E. coli cells 
were grown in MOPS EZ Rich Defined Media containing 25 μg/mL 
chloramphenicol and 0.025 % glucose at 37◦ C with shaking at 250 rpm. 
Cells were collected by centrifugation, washed with MOPS EZ Rich 
Defined Media to remove glucose, and diluted to an OD600~0.1 in 195 
μL MOPS EZ Rich Defined Media with 25 μg/mL chloramphenicol. After 
addition to 96-well microplates, cells were grown at 37◦ C for 1 h with 
shaking at 250 rpm and then induced by the addition of 0.2 % (w/v) L- 
arabinose (final concentration at time = 0). The OD600 and mCherry/ 
GFP fluorescence were measured every 20 min using a TECAN micro
plate reader (Tecan, Männedorf, Switzerland; mCherry: 560 ± 20 nm 
excitation wavelength, 610 ± 20 nm emission wavelength; GFP: 475 
± 20 nm excitation wavelength, 520 ± 20 nm emission wavelength; 
optimal gain).

The expression of goF(D25Y) led to a modest inhibition of growth in 
the strains, which was not observed with the vector or with the 
expression of WT goF or motB.1. Consequently, fluorescent values were 
normalized to correct for any growth difference by dividing the fluo
rescent values by the OD600 at the time of the reading. The ratio of the 
normalized mCherry or GFP fluorescence observed with the induced 
culture vs. that observed with the uninduced culture was used as the 
read-out. At least three biological replicates were performed. Statistical 
significance was determined using an unpaired two-tailed Student’s t- 
test. [Not significant, ns, (P > 0.05); *, P < 0.05; **, P < 0.01; ***, 
P < 0.001; ****, P < 0.0001].
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4.8. Measurements of RNA level and RNA decay

Overnight cultures of E. coli cells were grown in MOPS EZ Rich 
Defined Media containing 25 μg/mL chloramphenicol and 0.025 % 
glucose at 37◦ C with shaking at 250 rpm. Cells were harvested by 
centrifugation, washed twice with MOPS EZ Rich Defined Media to 
remove glucose, and diluted to an OD600~0.1 in 45 mL of fresh MOPS EZ 
Rich Defined Media containing 25 μg/mL chloramphenicol. The cells 
were grown at 37◦ C with shaking to OD600~ 0.3. The culture was split 
into two 20 mL portions, with one portion receiving L-arabinose at a 
final concentration of 0.2 % (w/v) and the other receiving an equal 
volume of water. Both cultures were incubated at 37◦ C with shaking. At 
2 h post-induction, 1 mL of culture was collected and mixed with a one- 
tenth volume of a stop solution (10 % saturated phenol in ethanol) and 
chilled rapidly. The culture was then pelleted by centrifugation at 
16,000 x g for 1 min, placed on dry ice, and stored at − 80o C until RNA 
extraction. This represented a 0 min sample for the RNA decay assay. 
Rifampicin was then added to the L-arabinose treated cultures at a final 
concentration of 500 μg/mL. After rifampicin treatment, the cells were 
harvested at various time points (2, 4, 6, and 8 min) and processed in the 
same manner as the 0 min samples. Total RNA was isolated using 
Method II as previously described [14].

cDNA was generated from 200 ng of RNA using random hexamers (d 
(N), New England Biolabs, 1 nM) as primers and SuperScript IV Reverse 
Transcriptase (Thermo Fisher Scientific). RT-qPCR was performed using 
a CFX96 Touch real-time detection system (Bio-Rad). rpoD was used as 
the internal control, and SsoAdvanced SYBR green Supermix (Bio-Rad) 
was used as the fluorescent dye. Each reaction was performed in a 96- 
well microtiter PCR plate, with 1 μL of cDNA at 1.5 ng/μl and primers 
(0.5 μM each; mCherry-RT-F/R, GFP-RT-F/R, rpoD-RT-F/R; Table S6) 
targeting the mCherry, gfp, and rpoD genes. The amplification conditions 
were as follows: denaturation (95◦ C for 30 s), amplification and 
quantification (40 cycles of 95◦ C for 15 s and 55◦ C for 15 s), a melting 
curve program (65o–95◦ C with a heating rate of 0.5◦ C per second and 
continuous fluorescence measurement), and a cooling step to 65◦ C. 
Data were analyzed using the CFX manager software (Bio-Rad).

For RNA level analysis at 2 h post-induction, the quantitation cycle 
for the gene of interest (Cqgene) and for the reference gene (CqrpoD) was 
determined, and the ΔCq was calculated as Cqgene− CqrpoD. The ΔΔCq 
was calculated as ΔCq for the induced condition minus ΔCq for the 
uninduced condition, and the fold change (FC) was determined using 2- 

ΔΔCq.
For RNA decay analysis, ΔCq was calculated for each time point as 

Cqgene− CqrpoD. The ΔΔCq for each time point was determined by sub
tracting the ΔCq at 0 min for the same strain, and the RNA remaining 
level (%) was calculated as 2-ΔΔCq x 100.
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