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ABSTRACT: Several modified bases have been observed
in the genomic DNA of bacteriophages, prokaryotes, and
eukaryotes that play a role in restriction systems and/or
epigenetic regulation. In our efforts to understand the
consequences of replacing a large fraction of a canonical
nucleoside with a modified nucleoside, we previously
replaced around 75% of thymidine (T) with S'-
hydroxymethyl-2'-deoxyuridine (ShmU) in the Escherichia
coli genome. In this study, we engineered the pyrimidine
nucleotide biosynthetic pathway using T4 bacteriophage
genes to achieve approximately 63% replacement of 2’-
deoxycytidine (dC) with S-hydroxymethyl-2'-deoxycyti-
dine (ShmC) in the E. coli genome and approximately 71%
replacement in plasmids. We further engineered the
glucose metabolic pathway to transform the ShmC into
glucosyl-S-hydroxymethyl-2'-deoxycytidine (S-gmC) and
achieved 20% S5-gmC in the genome and 45% 5-gmC in
plasmid DNA.

everal modified bases such as N6-methyladenine (m°A), 5-

methylcytosine (SmC), S-hydroxymethylcytosine (ShmC),
S-formylcytosine (SfC), S-carboxycytosine, and 2'-deoxy-S-
(hydroxymethyl)uridine (ShmU) (Figure 1A) have been
observed in the genomes of bacteriophages, prokaryotes, and
eukaryotes.”” m°A and SmC play an important role in
restriction modification systems in bacteria.’ In eukaryotes,
including mammals, SmC and ShmC are stable epigenetic
modifications, where SmC plays a key role in regulating
transcription. Cytosine modification—ShmC, which is most
abundant in brain, has been shown to be enriched in the gene
bodies of highly expressed genes; binding of MeCP2 to these
gene bodies has been proposed to play a role in the
organization of chromatin structure and in gene expression.”
On the other hand, in the T4 bacteriophage 168 kb genome, a
complete replacement of 2’-deoxycytidine (dC) with ShmC is
observed. Moreover, most of these ShmC bases are O-
glucosylated.”™” Inspired by the extent of these DNA
modifications in bacteriophages, we asked whether we could
achieve similar degrees of substitution in the Escherichia coli
genome and better understand the consequences of the
replacement of a large fraction of a nucleoside with a modified
nucleoside.

As a first step, we had previously engineered the thymidine
biosynthetic pathway to incorporate 5’-hydroxymethyl-2'-
deoxyuridine (ShmU) in the E. coli genome and achieved
approximately 75% replacement of thymidine (T) with ShmU.*
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Figure 1. (A) Modified bases such as N6-methyladenine, S-
methylcytosine (SmC), S-hydroxymethylcytosine (ShmC), S-formyl-
cytosine (5fC), S-carboxycytosine, and 2’-deoxy-5-(hydroxymethyl)-
uridine (ShmU) have been observed in the genomes of either
bacteriophages, prokaryotes, or eukaryotes. (B) Engineered metabolic
network to biosynthesize ShmC-incorporated DNA.

Similarly, thymidine replacement by feeding of S-bromouracil
or S-chlorouracil has also been previously reported by Hanawalt
and Mutzel, respectively.”' Although dC analogues have been
studled for their mutagenicity and transcriptional regula-
tion''~"* and in vitro incorporation of ShmC and 5-gmC has
been achieved in DNA templates,”” to the best of our
knowledge, replacement of a large fraction of dC with dC
analogues in genomic DNA has not been studied. Herein we
investigated the possibility of replacement of a large fraction of
dC with ShmC in the genomic DNA of E. coli using metabolic
engineering (Figure 1B). We further engineered the glucose
metabolic pathway to determine whether ShmC in the E. coli
genomic DNA can be efliciently converted to glucosyl-5-
hydroxymethyl-2’-deoxycytidine (S-gmC).

To incorporate ShmC into the E. coli genome, we engineered
the E. coli DNA biosynthetic pathway using the following
bacteriophage T4 genes: gp 56, phosphatase; gp 42
hydroxymethylase; gp 1, kinase; and cd, deaminase.™ 16=
This set of genes along with E. coli ndk was expected to convert
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2'-deoxycytidine diphosphate (dCDP), an intermediate in 2’-
deoxycytidine triphosphate (dCTP) biosynthesis in E. coli, to
2'-deoxy-S-hydroxymethylcytidine triphosphate (Shm-dCTP)
(Figure 2). The resulting Shm-dCTP was expected to compete
with dCTP as endogenous DNA polymerase substrates for
incorporation into the E. coli genome.
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Figure 2. Engineered metabolic network for ShmC incorporation in
the genomic DNA.

The bacteriophage T4 genes gp 56, gp 42, gp 1, and cd were
codon-optimized for expression in E. coli and were introduced
as a part of a synthetic operon under control of the pBAD
promoter on a plasmid imparting tetracycline resistance
(pAM38). Defined spacers containing ribosomal binding sites
(rbs’s) were introduced between each of the genes for optimal
expression (see Supporting Information (SI) for details of
plasmid construction of pAMS38). Plasmid pAM38 was
transformed into E. coli DH10B (hmC-1 strain, see Table 1),

Table 1. hmC and g-hmC Strain Details

strain name parent strain of E. coli plasmids transformed

hmC-1 DHI10B pAM38

hmC-2 DH10B pAM37, pAM38

hmC-3 DH10B PAM38, pAM39

hmC-4 DHI0B PAMB38, pAMS2

hmC-§ ApyrF-E. coli BW25113 pAM38, pAM39
g-hmC-1 DH10B PAMS2, pAMS3
ghmC-2 DH10B PAM38, pAM39, pAM76
g-hmC-3 DHI0B PAM38, pAM39, pAM92

and individual colonies were picked and inoculated into LB
medium containing tetracycline. Cells were harvested after 18—
20 h of growth, and the genomic DNA was isolated and
digested with phosphodiesterase, calf intestinal phosphatase,
and benzonase.”

The resulting pool was analyzed by high-performance liquid
chromatography (HPLC, 270 nm). Along with the standard
genomic nucleosides, ShmC was detected, and the ShmC levels
were calculated by comparison of the HPLC peak areas at 270
nm. Under these conditions around 25% of dC in the genomic
DNA was replaced by ShmC [ShmC/(ShmC + dC) = 26%].
Similarly, we observed ShmC in the plasmid DNA isolated from
these strains [ShmC/(ShmC + dC) = 20%, Figure S8].

To further increase ShmC levels, we sought to increase the

Shm-dCTP pool. To this end, T4 bacteriophage genes gp 56, gp

42, and gp 1 were introduced in a high copy number vector
(CDF origin and chloramphenicol resistance, pAM37). pAM37
was co-transformed with pAM38 into E. coli DH10B (hmC-2
strain, see Table 1), which resulted in significantly fewer
colonies; this may be due to excessive buildup of non-native
nucleoside analogues (e.g, Shm-dCMP) resulting in toxicity.
The genomic DNA isolated from the surviving colonies had
ShmC/(ShmC + dC) = 30%. Alternatively, lowering the dCTP
levels may allow ShmC to better compete with dC. Therefore,
we designed a new construct on a high copy number vector
with the native T4 bacteriophage genes gp 56 and T4 gp 1
(again with defined spacers and rbs’s between the two genes),
but lacking the T4 gp 42 gene (pAM39, CDF origin). T4 gp 56
converts dCDP to dCMP and was expected to decrease the
dCTP pools. Simultaneously, T4 gp 56 was also expected to
increase dCMP pools, the substrate for T4 gp 42. T4 gp 1 was
expected to drive the conversion of Shm-dCMP to Shm-dCTP
for incorporation into genomic DNA. We co-transformed
pAM38 and pAM39 into E. coli DH10B (hmC-3 strain), which
resulted in significantly less toxicity as compared with pAM38-
pAM37 co-transformation in E. coli DH10B. We observed
colony to colony variation in the ShmC content: ShmC/
(ShmC + dC) levels ranged from 48% to 53% (50 % 2%) in
genomic DNA (Figures 3, $9, and S10) and from 50% to 54%
(52 + 2%) in plasmid DNA (Figures S11—S13).

To further increase ShmC levels in the genomic DNA, we
sought to introduce selective pressure for ShmC incorporation.
T4 bacteriophage has endonucleases (DenB, endonuclease IV)
that break down C-containing DNA."” We codon-optimized
the gene for the major endonuclease DenB for E. coli expression
and incorporated it into pAM39 to afford pAMS2. We co-
transformed pAM38 and pAMS2 into E. coli DH10B (hmC-4
strain) and analyzed genomic and plasmid DNA for ShmC
content. ShmC/(ShmC + dC) levels ranged from S1% to 57%
(54 + 3%) in genomic DNA (Figures 3, S14, and 15) and from
62% to 71% (65 + S%) in plasmid DNA (Figures 3, S16, and
S17).

At this stage, we hypothesized that a steady-state may have
been reached between dCTP biosynthesis and engineered Shm-
dCTP biosynthesis. We therefore asked whether further
perturbation of dCTP biosynthesis at the genomic level could
increase ShmC content. Because CTP and CDP are the
substrates for dCTP biosynthesis, we hypothesized that
decreasing the CDP and CTP levels would enable us to
lower the dCTP pools. To test this notion, we incorporated the
ShmC pathway into ApyrF-E. coli BW25113, which is
auxotrophic for pyrimidine ribonucleosides (U or C). We
initially transformed pAMS38-pAMS2 into ApyrF-E. coli
BW25113, which resulted in severe toxicity; the surviving
colonies showed low ShmC incorporation (ShmC/(ShmC +
dC) =~ 25%). We then transformed pAMB38-pAM39 into
ApyrF-E. coli BW25113 (hmC-S strains), which resulted in
much lower toxicity, possibly due to less stringent selection
pressure. Individual colonies were grown in minimal medium
with low levels of U (0.5—5 mg/L). However, under these
growth conditions we observed very low levels of ShmC
(ShmC/(ShmC + dC) ~ 10% (Figure S18). Colonies of the
hmC-35 strain were then grown in LB medium in the absence of
exogenous pyrimidine nucleosides. An increase was observed in
the genomic DNA ShmC content, and ShmC/(ShmC+dC)
levels ranged from 54% to 63% (59 + 4%) (Figures 3, S19, and
$20). However, the ShmC content in the plasmids dropped to
46% to 50% (47 + 2%) (Figures S21 and S22). It appears that,
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Figure 3. (A) HPLC (270 nm) traces showing standard ShmC and genomic digestion products (single nucleosides) for E. coli DH10B and g-hmc-1
to g-hmC-3 strains. The bottom trace represents the digestion products for the plasmid isolated from hmC-3 strain, which shows maximum ShmC
content. (B) Comparison of ShmC and dC levels, showing the maximal ShmC content observed for each hmC strain. (C) Comparison of S-gmC
and (dC + ShmC) levels, showing the maximal S-gmC content observed for each hmC strain. (D) HPLC (270 nm) traces showing genomic
digestion products (single nucleosides) for E. coli DH10B and hmC-1 to hmC-$ strains. The bottom trace represents the digestion products for the
plasmid isolated from g-hmC-3 strain showing maximum S-gmC content. (E) ESI-MS positive ion mode for ShmC in the genomic digests (F) ESI-

MS positive ion mode for 5-gmC in the genomic digests.

under these experimental conditions, we have reached a
maximum level of ShmC incorporation in E. coli genomic
DNA (ShmC/(ShmC + dC) = 59 + 4%) and plasmid DNA
(ShmC/(ShmC + dC) = 65 + 5%). It may be possible that this
is the maximum ShmC content in the genome that E. coli can
tolerate without changing system level processes related to
replication, transcription, and repair.

The incorporation of ShmC into the genome provided a
chemical handle for further modification of the genomic
template. For example, in T4 bacteriophage, most ShmC bases
are O-glucoszflated to give glucosyl-S-hydroxymethylcytosine
(S—ng).S’ZO’ ' Similarly, we sought to investigate whether
ShmC in the engineered E. coli genome could be O-
glucosylated. The T4 bacteriophage gene bgt was codon-
optimized for E. coli expression and was initially expressed in
pAM38 to give pAMS3. Plasmids pAMS2 and pAMS3 were co-
transformed into E. coli DH10B (g-hmC-1 strain). Individual
colonies were picked, the genome was digested, and the
resulting pool was analyzed by LCMS for 5-gmC incorporation.
Trace levels of 5-gmC were detected in the extracted ion
chromatogram (EIC, 420.0 Da, Figure S23). We hypothesized
that having T4 bgt induced along with ShmC genes may lead to
toxicity, and bgt should be induced at a later stage of growth.
Hence, we designed a new construct where T4 bgt was
incorporated on a vector with a TS promoter/lac operon
system (pAM76) to allow independent induction of T4 bgt.
pAM76, pAM38, and pAM39 were co-transformed into E. coli
DH10B (g-hmC-2 strain). The strain 5-gmC-2 was grown in
LB medium followed by IPTG induction of bgt after 16 h of
growth. Genomic digests followed by LCMS indicated the
presence of S-gmC by UV detection (270 nm) and
corresponding EIC, 420.0 Da. Approximately 10% of dC was
replaced by S-gmC [5-gmC/(5-gmC + ShmC+dC) =~ 10% (9

+ 2%) for genomic templates (Figure 3D) and around 20% (18
+ 3%) for the plasmids Figures 3D and S25]. The presence of
5-gmC was confirmed by mass spectrometry analysis and
LCMS co-injection/co-elution experiments (Figure S24). We
speculated that the low levels of 5-gmC were due to the fact
that UDP-glucose, the substrate for T4 bgt, is limiting. To
increase the pools of UDP-glucose, we incorporated E. coli
genes pgm and galU into pAM76 to afford pAM92. Plasmids
PAM92, pAM38, and pAM39 were co-transformed into E. coli
DH10B (g-hmC-3 strain), and then single colonies were grown
in LB medium and induced with IPTG after 16—18 h of
growth. Cells were harvested 8 h after induction, and the
genomic and plasmid DNA digests were analyzed by LCMS. In
the genomic templates S-gmC/(5-gmC + ShmC + dC) ranged
from 17% to 21% (19 + 2%) (Figures 3D, S26, and S27),
whereas in the plasmids this ratio ranged from 38% to 45% (42
+ 3%) (Figures 3D, $28, and $29). LCMS analysis also
revealed only trace levels of ShmC in the genomic and plasmid
templates, indicating that most of the ShmC residues were O-
glucosylated. This result suggests that although the engineered
ShmC metabolic network is able to incorporate much higher
ShmC levels (~60%), the introduction of ShmC glucosylation
pathway may result in toxicity as 5-gmC incorporation may
interfere with E. coli transcription and replication processes.
This may limit ShmC incorporation to about 21% in the
genome.

To summarize, we have used a metabolic engineering
approach to incorporate ShmC and 5-gmC into the E. coli
genome. Maximum ShmC levels detected were 59 + 4% and 65
+ 5% in the genomic templates and plasmids, respectively;
maximum 5-gmC levels were 19 + 2% in the genome and 42 +
3% in the plasmids. At present we do not know if these are the
maximum levels of ShmC and 5-gmC that can be realized. We
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are currently developing more stringent selection platforms (for
example, using a combination of denB-denA nucleases along
with T4 gene alc) along with random mutagenesis to further
increase ShmC levels. These studies may provide insights into
the response of physiological regulators in E. coli due to
cytosine modification on genomic templates that limit the
replacement of dC with dC analogues. This work also creates a
platform to study the effects of ShmC on E. coli replication,
transcription, and repair.
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