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ABSTRACT

Substitution of thiophosphate for phosphate during the culture of
Escherichia coli leads to an increase in biosynthetic activity across a
broad spectrum of pathways. To investigate the basis for this
enhanced profile, early analysis of RNA transcripts was performed
using RNA seq methods. The results identified a possible mediator of
activation, namely the ser/thr kinase, yegl, which was increased
~190X fold during the first 1 hr. of induction. There is also a massive
shift in the amount of non-ribosomal RNA relative to rRNA of 8-10X
fold. RNA seq analysis further supports the idea that energy savings
from reduced RNA turnover in thiophosphate treated cells, is the
driving force for triggering the enhanced transcriptional profile in
Escherichia coli. Thus, in response to an increased energy state, the
cells appear to activate a new transcriptional program via a protein
kinase cascade.
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Introduction

Thiophosphate, a phosphate analogue, can be used
to enhance cellular biosynthesis and thereby serve
as a potential archetype for cell differentiation’.2,
The analogue likely induces these changes by
increasing the cellular energy charge or state in
simple cells like bacteria. A role for cellular energy
in regulating differentiation is suggested by studies
employing hypoxia or energy rich metabolites in
mammalian cells345, Thus, metabolism itself has the
potential to initiate or promote differentiation
rather than simply respond to increased cellular
demands.

Thiophosphate reduces RNA turnover by creating
phosphorothioate linkages in RNA that inhibit
cellular nucleases. The energy savings from reduced
RNA turnover in Escherichia coli (E. coli) appears to
enable an enhanced biosynthetic profile the result
of transcriptional changes rather than differential
mRNA stabilization!-2. Previous studies demonstrate
that biosynthetic activity at later stages of growth
show enhancements in the transcription of genes for
RNA processing enzymes, ribosomal proteins, tRNA
charging enzymes, translational proteins, as well as
outer membrane, plasma membrane, and
periplasmic proteins'. Furthermore, there are also
increases in transcripts for genes involved in the
synthesis of amino acids, fatty acids, carbohydrates,
cell structures, cofactors, vitamins, and secondary
metabolites, etc. However, it is unclear how these
changes in gene activity are linked to the presumed
changes in cellular energy.

The present study exams early time points during
the culture of E. coli with thiophosphate as a
phosphate analogue. The results revealed insight
into possible epigenetic and energetic mechanisms
responsible for the enhanced biosynthetic activity
observed by late log. Interestingly, after only 1 hr.
of incubation transcripts for a ser/thr kinase were
increased 190X fold in thiophosphate treated cells.
This enzyme could serve as a link between the
cellular energy charge and the increased
biosynthetic activity via a kinase cascade.

Methods

E. coli cells were cultured in M9 minimal media or
semisynthetic media. M9 was made with 1.5 g/L
KCL for a potassium source along with 5 g/L of
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sodium thiophosphate freshly dissolved and sterile
filtered. The semisynthetic media used contained
glucose, 60 g/L; KCL 0.8 g/L; MgS04 0.4 g/L;
peptone, 2 g/L; NH4CI 8 g/L, ureq, 3 g/L, calcium
chloride, 0.2 g/L. Thiophosphate was then added
at 2.7 g/L, while controls had 1 g/L NaH2P04. Cells
were suspended in RNA Shield™ and immediately
placed on dry ice for RNA isolation using Omega
Biotek’'s E.S.N.A. RNA isolation kit. RNA was
quantified using nanodrop analysis and the
integrity assessed using RNA Screentape®.

RNA seq analysis was performed as described
previously!, except that rRNA was removed from
samples using RiboZero Plus™ prior to stranded
mRNA library preparation. Illumina sequence was
performed at 20 million PE Reads (10M in each
direction). The read format was PE 2 X 150 bp.
Differential expression analysis was performed
using E. coli K12 substr. MG1655 as the reference
genome. The EcoCyc database along with the
Onmics data analysis software was used to further
analyze the RNA seq data in terms of biochemical
pathways’”. GC content analysis of the E. coli
genome was performed using NCBI genome work
bench version 3.5.08 and screening for GC islands
of at least 130 bp.

Results

TIME COURSE TO STEADY STATE

Changes in the pattern of mRNA synthesis could be
observed directly in Agilent gels of total RNA from
E. coli treated with or without thiophosphate (Fig. 1).
By quantifying scans of the gels, a 25-30% increase
in non-ribosomal RNA was seen at 1 hr. suggesting
an 8-10X fold increase in E. coli mRNA. By 5 hrs.
this increase is reduced ~50% and stayed that way
reaching a new steady state relative to controls.
Note in late log cells, a 4-6X fold increase is also
seen in RNA seq data'. Cells from late log were
also simply resuspended for the time periods
indicated. The results (Fig. 1) suggested that cells do
not need to be growing to have the effect. Analysis
of cell growth indicates that cells do not grow during
the initial 1 hr. incubation period as they adjust to
the analogue. However, after that they resume cell
growth (unpublished observations). Similar results
are seen with tryptic soy broth and Luria broth
media.

esmed.org/MRA /index.php /mra/article /view /5089 2



https://esmed.org/MRA/index.php/mra/article/view/5089

Medical

i:s;:: Early Consequences of Thiophosphate Substitution in Escherichia coli
A0 A1 B1 c1 D1 E1 F1 G1
A A A A A A &
6000

4000  j—

2000 —

1000 . p—
00—

200 s

23 I« — - I e (N S

RIN® RIN® RIN® RIN® RIN® RIN® RIN®
86 87 88 88 90 82 84

Figure 1. Agilent gel analysis of total RNA isolated from cells treated with thiophosphate using synthetic and
semisynthetic media. A1 shows control cells in semisynthetic media, B1 & C1 show cells grown for 1 hr. with
thiophosphate using respectively M9 or semisynthetic media. D1 shows cells resuspended in semisynthetic
thiophosphate media for 1 hr. E1 & F1 show cells grown for 5 hrs. with thiophosphate using respectively M9
or semisynthetic media. G1 shows cells resuspended in semisynthetic media with thiophosphate for 5 hrs.
Note B1 and E1 are results using M9 media and the rest using semisynthetic media.

EARLY IMPACTS ON GENE EXPRESSION
RNA seq analysis revealed that 3,200 E. coli genes

thiophosphate treated samples. The massive
increase in non-ribosomal RNA made it difficult to

could be detected after depleting rRNA in samples
prior to analysis. In thiophosphate treated cells 735
genes were enhanced an average of 8.4X fold (SD
13.4) with a median of 4. Also 157 gene transcripts
showed a mean and median decrease of 2X fold
(SD 3.7). Notably 2,309 were not detected in

detect many gene transcripts in treated samples via
RNA seq even though they could be detected in the
controls. Further analysis revealed that those
transcripts normally already expressed at high
levels were favored for detection in thiophosphate
treated samples (see Table 1).

Table 1. Results compare the natural abundance of E. coli mMRNA? with their ability to be detected via RNA

seq in samples from bacteria grown in thiophosphate.

Abundance Class mRNA Control

>3 QRT
>Median

<Median
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% Detected in Treated mRNA
60%

50.5%

16%
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BIOSYNTHETIC PATHWAYS

Onmics analysis of general biosynthetic pathways
revealed a reduction in fatty acid/lipid synthesis
and cofactor synthesis in thiophosphate treated cells
compared with controls at 1 hr. (Fig 2). In contrast
amino acid synthesis and carbohydrate synthesis
were elevated (Fig 2). However, looking more
specifically at the pathways, mRNA transcripts for
saturated and unsaturated fatty acid synthesis were
impacted the most. This contrasts with late log where
transcripts for all these synthetic pathways are

A
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enhanced as shown in Fig. 2 and previous work'. For
carbohydrate synthesis, the increases at 1 hr. after
treatment were mostly in glycan synthesis (some
glycogen and starch) and in the sugar nucleotide
synthesis pathways (Fig 3). This contrasts with late
log where there is a small increase in transcripts for
the gluconeogenesis pathway and a significant
increase in transcripts for the trehalose synthesis
pathways. Late log also shows an apparent 19X
fold increase in transcripts for glucan and
glycogen/starch synthesis’.
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Figure 2. RNA seq counts (FPKM) from control samples shown in blue and thiophosphate treated samples in
red. Panels A and C are from cells grown for 1 hr., while panels B and D are from cells grown to late log.
The values for panels B and D are adjusted 25X fold to account for the presence of rRNA in samples and

aide in comparison.
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Figure 3. 1 hr. RNA seq counts (FPKM) from control samples shown in blue and thiophosphate treated samples

in red.

ENERGY PATHWAYS

Onmics analysis of energy pathways revealed that
early on there is a 3X fold increase in transcripts for
TCA cycle genes, a slight increase in fermentation
gene transcripts, and a decrease in anerobic gene
pathway transcripts. Further analysis showed that
the increase is largely in succinate to cytochrome bo

A

Aerobic Respiration

3000

2500

2000

and bd pathways with a decrease in NADH to
cytochrome bd and bo pathways (Fig. 4A). This
contrasts with late log where things are generally
elevated but pyruvate to cytochrome bo and bd
pathways dramatically so while, succinate to
cytochrome bo and bd are still elevated but less so
(Fig. 4B).

Cc1
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Figure 4. RNA seq counts (FPKM) in control samples shown in blue and thiophosphate treated samples in red.
4A shows results from 1 hr. samples and B from late log samples. Note, the late log data was obtained using
total RNA without removing ribosomal RNA reads. To make the signal more comparable multiple late values

by ~25X.

EARLY ACTIVATED GENES

Table 2 shows a list of some genes whose transcripts
were enhanced at the 1 hr. time point using thio-
phosphate relative to control cells. Also shown are
late log results for comparison. Interestingly, the

corresponding to the yegl gene which encodes a

most enhanced is a potential epigenetic regulator

ser/thr kinase. Although not as highly upregulated,
another epigenetic regulator was detected, Yafs, a
methyltransferase whose transcripts were enhanced
~14.5X fold in thiophosphate treated cells.

Table 2. Changes in transcript levels for genes in thiophosphate treated cells relative to controls. ND not
detected. — signal too high to quantitate.

Gene

yegl
waaU
ilvG
arpA
argD
ybiA
rseB
hisl
yg9aQ
cysS
rluc

proC
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Fold Increase
1 hr

190
104
87
81
75
70
56
54
52
43
43
41

Fold Increase
Late Log

ND

ND
1.4
1.2

Function

Ser/Thr Kinase

ADP heptose transfer

Isoleucine syn with frameshift mutation
Reg acetyl CoA syn

Arg/Lys syn

Flavin biosynthesis

Sigma E neg regulator

His biosynthesis

Interrupted gene

Cys-tRNA ligase

23S rRNA pseudo uridine synthase

Proline syn
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GC RICH SEQUENCES IN THIOPHOSPHATE
TREATED CELLS

Fasta GC analysis revealed a bimodal distribution
in the GC content of thiophosphate treated RNA
(Fig. 5). While the bulk sequence was normal at
51% GC, a separate peak was observed with a

GC content of 73-74%. While GC islands at that

Early Consequences of Thiophosphate Substitution in Escherichia coli

GC content level are not common, a few were
detected >130 bp with 72% or more GC content
in gene sequences. Of the genes detected only phnl,
phnH, phnP, and rhsB had transcripts that were
elevated in thiophosphate treated cells. Phn1 was
increased the most at ~48X fold. No comparable
GC islands were detected in intergenic regions.

FastQC: Per Sequence GC Content

20

10

Percentage

% GC

60 80 100

Figure 5. The red line shown corresponds to RNA isolated from thiophosphate treated cells while the grey

line represents RNA isolated from control cells.

FastQC: Sequence Duplication Levels

50

% of Library

Sequence Duplication Level

Figure 6. RNA sequence FastQC sequence duplication results. Red line corresponds to results using RNA
isolated from thiophosphate treated cells and grey to control cells.
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BULK SHIFT IN NON-RIBOSOMAL RNA

Fasta analysis of sequence duplication levels
showed a decrease in certain RNAs present at more
than 5000 copies in the control library (Fig. 6). As
rRNA was depleted prior to RNA seq analysis, this
RNA most likely represents tmRNA as it is not
removed. tmRNA has structural features like tRNA
(and mRNA) and is very stable'©. Enrichment of bulk
mRNA in thiophosphate treated cells was expected
as it is much less stable than ribosomal RNA and
accumulates due to the incorporation of
phosphorothioate linkages. Fig. 6 shows increases in
three peaks representing abundant mRNA species
that were further increased in thiophosphate
treated cells.

Discussion

The induction of biosynthesis in E. coli by
thiophosphate serves as a potential model of
metabolic induced differentiation2. In this case an
increase in cellular energy and possibly the cellular
energy charge is proposed to serve as the trigger
of increased biosynthetic activity. A target of this
activity that could serve to mediate in signaling is
the yegl protein, a known ser/thr kinase that was
activated 190X at the mRNA level during the initial
phase of the developmental response. The yegl
protein is a putative transmembrane protein with
both N and C termini located intracellularly,
consistent with a potential to respond to intracellular
events as opposed to extracellular stimuli'!. This
raises the possibility that the enzyme could be
activated directly in the cytosol or indirectly via
changes in the cell membrane to undergo
autophosphorylation in response to changes in the
energy state of the cell. Currently, the activation
signals for such protein kinases are not understood.
Yegl could presumably participate in initiating the
transcription of other gene targets and even itself
via the phosphorylation of regulatory molecules.
Although his and asp phosphorylation is more
common in bacteria, ser/thr phosphorylation is
common in eukaryotes and the yegl gene based on
sequence homology, is a eukaryote-like ser/thr
kinase, also called an STPK'2,

Another potential candidate in  mediating
thiophosphate induced changes is Yafs, a putative
S-adenosyl methionine dependent
methyltransferase, which is upregulated 14X fold.
These enzymes methylate a broader range of
entities from metabolites to biomolecules’s.
Methylation is known to play a role in the regulation
of gene expression, although it is usually negative.
However, this might be helpful in negatively
regulating transcription under conditions of
unbridled levels of transcripts. Note, the level of
SAM can be limiting for methyltransferase activity,
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which can be enhanced with increased methionine in
bacterial4. Interestingly, the metH gene involved in
methionine biosynthesis was elevated 2.5X fold in
thiophosphate treated cells.

The present findings indicate that the bulk of non-
ribosomal RNA was stabilized relative ribosomal
RNA in thiophosphate treated cells at 1 hr. due to
the incorporation of  nuclease resistant
phosphorothioate linkages in RNA. This was seen
directly in total RNA samples run on Agient gels in
Fig 1 showing extra bands as well as from
corresponding digital scans of the gels. Also, the
Fasta sequence data in Fig 5. showed an increase
in presumably mRNA relative to tmRNA. The impact
on non-ribosomal RNA accumulation appeared to
reach steady state by ~5 hrs. of incubation in the
thiophosphate substituted media. The associated
changes in transcript levels at one hr. are unlikely
due to differences in RNA stability. This is suggested
from previous work of late log samples where no
correlation between changes in gene expression
and RNA stability is observed. Similarly at 1 hr. of
incubation, é out of the 8 genes in Table 2 for which
half-life data are available's, did not have short
half-lives. yegl has a nearly typical half-life of 5.5
minutes in M9 media and yafs as long as 4 minutes.

The one hr. early time point is likely to have a much
greater fraction of mRNAs increased than seen in
Table 2, albeit by lower amounts closer to the
average of 8-10X fold. This is because with the
massive increase in non-ribosomal RNA brought on
by the phosphate analogue, many genes detected
in the control were not detected in TP samples
(Table 1). Thirty of the 157 gene sequences that
were reduced in thiophosphate treated samples
were reduced by 5X fold or more. Consistent with
a reduction in fatty acid synthesis and cofactor
synthesis were decreases in the transcripts for fabA
and dxs, even though they both increase later.
Reductions in rpsA, rlmN, rsmC transcripts in
thiophosphate treated cells suggest reduced
processing of rRNA and possibly translation, which
are both also increased at later time points.

The possible reduction in NADH to cytochrome bd
and bo oxidases during the first hour of
thiophosphate induction is intriguing (Fig. 4A). It may
be because there is initially less need for ATP
production via the electron transport chain with the
energy savings from reduced RNA turnover. As
biosynthesis increases at later stages, the levels of
transcripts for the NADH bd and bo oxidase genes
return to normal (Fig. 4B). Alternatively, the cells
may already be preparing to conserve NADH for
NADPH production. The increased levels of
transcripts in succinate to bd and bo oxidases genes
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may be a way to generate energy, and especially
in later stages, serve to help preserve carbon
sources for biosynthetic activity as well. In this
regard, the enhanced pyruvate to bd and bo
oxidase pathway seen in late thiophosphate
treated cells is not overall energetically favorable
as it results in acetate not acetyl CoA. Overall, the
results are consistent with the idea that reduced
RNA turnover in thiophosphate treated cells
increases the cellular energy charge or state
leading to the activation of a protein
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phosphorylation cascade via yegl to enact the new
transcriptional program.
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