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Phosphorothioate (PT) DNA modifications—in which a nonbonding
phosphate oxygen is replaced with sulfur—represent a widespread,
horizontally transferred epigenetic system in prokaryotes and have
a highly unusual property of occupying only a small fraction of
available consensus sequences in a genome. Using Salmonella
enterica as a model, we asked a question of fundamental impor-
tance: How do the PT-modifying DndA-E proteins select their
GpsAAC/GpsTTC targets? Here, we applied innovative analytical, se-
quencing, and computational tools to discover a novel behavior for
DNA-binding proteins: The Dnd proteins are “parked” at the
GP™ATC Dam methyltransferase consensus sequence instead of
the expected GAAC/GTTC motif, with removal of the °™A permitting
extensive PT modification of GATC sites. This shift in modification
sites further revealed a surprising constancy in the density of PT
modifications across the genome. Computational analysis showed
that GAAC, GTTC, and GATC share common features of DNA shape,
which suggests that PT epigenetics are regulated in a density-
dependent manner partly by DNA shape-driven target selection in
the genome.
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he discovery of DNA modifications and their functions in

restriction-modification (R-M) paralleled the discovery of
DNA function in gene expression (1), with a fast-forward to the
more recent concept of the epigenetic regulation of gene ex-
pression by DNA modifications (2). Viewed from either per-
spective, we now recognize a diversity of microbial DNA
modifications that do not change the genetic code but do regu-
late DNA physiology. Classical R-M systems pair a sequence-
specific methyltransferase that establishes “self” and a cognate
restriction endonuclease that cleaves unmodified “non-self”
DNA (3). Included here are phosphorothioate (PT) (4) and
7-deazaguanine (5) modifications, with the latter (6) and likely
others shared by DNA-based bacteriophage coevolving with the
bacteria (7). This diversity of modification chemistry is accom-
panied by a diversity of functions. The bridge between R-M and
epigenetics was crossed when the initial discovery of bacterio-
phage restriction by 2’-deoxyadenosine methyltransferase (Dam)
(8), which N°-methylates A in GATC motifs, led to the re-
alization that Dam lacked a partner restriction endonuclease as a
so-called “orphan” methyltransferase. It is now known that Dam
and G®™ATC play important epigenetic roles in chromosome
replication, DNA mismatch repair, and gene regulation in
y-proteobacteria, including Escherichia coli and Salmonella
enterica (9-11).

14322-14330 | PNAS | June 23,2020 | vol. 117 | no.25

Here we explore the impact of cooccurring Dam-mediated
bmA and PT modifications in bacteria. Originally developed by
Eckstein and coworkers (12, 13) as synthetic nuclease-resistant
oligodeoxynucleotide modifications, PTs were later rediscovered
as natural DNA modifications in a wide range of bacteria and
archaea (14-16). The PT modification genes dndABCDE often
function as part of an R-M system, together with restriction
genes dndFGHI in bacteria or pbeABCD in archaea (16-19).
However, PTs also appear to perform other epigenetic functions,
with about half of PT systems lacking obvious restriction genes
(20) and PTs endowing cells with multiple characteristics, in-
cluding regulation of gene expression (20, 21) and redox
homeostasis (20).

PTs differ from classical methylation-based epigenetic and R-M
systems in several ways. First, redox-sensitive PTs are subject to
damage and subsequent turnover (22). More importantly, while
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PTs typically occur in 3- to 4-nucleotides (nt) consensus se-
quences, such as GpsAAC/GpsTTC in E. coli BTA and S. enterica
serovar Cerro 87, only about 10% of the consensus sites are
modified in an organism, and some bistranded PT modification
consensus sites are modified on only one strand (23, 24). This
partial modification behavior raises questions about how both the
PT modification and restriction proteins select their genomic
targets. With many bacteria possessing multiple DNA modifica-
tion systems (25, 26), questions arise about the consequences of
coexisting PTs and classical R-M machinery. For example, Eck-
stein and coworkers showed that PTs can substitute for methyl-
based DNA modifications with resistance to cognate restriction
enzymes in vitro (12, 13). Similarly, we previously analyzed the
effects of coexpression of Dnd proteins from Hahella chejuensis
KCTC2396, which lacks Dam, in an E. coli K12 strain g)ossessing
Dam. This artificial hybrid system revealed that PT and ™A could
coexist in Gps®™A motifs since the modification proteins shared
the same GATC consensus sequence (27). Moreover, G""ATC
was found to be resistant to cleavage by the H. chejuensis
KCTC2396 DndFGH restriction system (27). While biochemically
interesting, these results left unanswered the question of how PT
modification proteins choose their DNA targets and why not all
consensus sequences are not modified.

Here we addressed this problem by focusing on an S. enterica
strain that was known to naturally possess Dnd proteins that
inserted PTs at GpsAAC/GpsTTC motifs and Dam that synthe-
sized G™™ATC. Our studies of this epigenetic competition
revealed an unexpected DNA target site plasticity for Dnd pro-
teins and an unusual density-dependent regulation of PTs across
bacterial genomes. These results point to critical factors other
than DNA sequence in the target selection and restriction by the
PT modification system.

Results

DndCDE Proteins Preferentially Bind to Dam GATC Sites, Not the
Established GAAC/GTTC Consensus. We initiated these studies
with an analysis of Dnd protein target selection using chromatin
immunoprecipitation sequencing (ChIP-seq). To this end, S.
enterica 87 Adnd mutants were engineered with FLAG-tagged
Dnd proteins as illustrated in SI Appendix, Fig. S14; all strains
are detailed in SI Appendix, Tables S1 and S2. In one case, a
AdndC mutant was transfected with FLAG-tagged DndC. To
ensure equal expression of all three essential PT modification
proteins (DndCDE), six other constructs were engineered using
a AdndBCDE mutant or AdndBCDEFGH mutant transfected
with one of three expression vectors containing the FLAG-
tagged protein of interest along with the other two native Dnd
proteins (SI Appendix, Fig. S14). Control strains were also
constructed in which the FLAG tag was missing or the FLAG tag
was not fused to the Dnd proteins (SI Appendix, Fig. S14 and
Table S2). Two members of the five-gene Dnd cluster were not
considered here: DndB is a transcriptional regulator not involved
in PT biochemistry and DndA is a cysteine desulfurase replaced
by an endogenous enzyme in S. enterica. Functional validation of
the seven expression vectors and FLAG-tagged Dnd proteins
was performed by mass spectrometric quantification of PT di-
nucleotides in DNA from these S. enterica strains, which revealed
PT levels ranging from 225 to 555 per 10° nt of GpsA and GpsT
(81 Appendix, Fig. S1B). This compares favorably with PT levels
in genomic DNA from the wild-type (WT) S. enterica strain at
362 + 9 and 370 + 11 per 10° nt, respectively (15).

These constructs were then used in ChIP-seq studies outlined
in SI Appendix, Fig. S2. We performed ChIP experiments with
three biological replicates of the YF11 FLAG-DndC strain of
the S. enterica 87AdndC mutant, single analyses for each of three
different WXL1 strains with a FLAG tag fused to DndC, DndD,
or DndE in the S. enterica 87AdndBCDE mutant, and single
analyses for each of three different XTG103 strains with a FLAG
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tag fused to DndC, DndD, or DndE in the S§. enterica
87AdndBCDEFGH mutant. We also included negative controls
lacking anti-FLAG antibody (“mock™) and strains either lacking
the FLAG tag or in which the FLAG tag was not fused to the
Dnd protein (SI Appendix, Fig. S1A and Table S2).

Analysis of the ChIP-seq data for these strains revealed multiple
consistent Dnd protein binding sites in the nine strains analyzed
(Dataset S1), with 75 detected in the same genomic regions in the
nine FLAG-tagged Dnd strains, as depicted in the inner circle of
the circos plot of the S. enterica genome in Fig. 14. The signifi-
cance of the read pile-ups in these 75 Dnd protein binding regions
was based on peak detection criteria (window statistic > 5, P <
e~%), with threefold higher coverage of the read counts at each
region in ChIP samples compared to negative controls, as shown
in Fig. 1B, and examples of the reproducible patterns apparent for
the nine FLAG-tagged Dnd experiments in two genomic regions
shown in ST Appendix, Fig. S3. Surprisingly, an alignment of the
sequences in these 75 regions predicted a GATC consensus motif
and not the expected GAAC/GTTC consensus for PT modifica-
tions previously established in S. enterica (Fig. 1C) (15, 23). SI
Appendix, Fig. S4 shows the pronounced density of read counts at
the GATC centers of the Dnd-bound regions. Additionally, there
were 343 GATC sites located within 200 base pairs (bp) of the
centers of the 75 Dnd-bound regions.

The observation of a GATC consensus sequence associated
with Dnd protein binding raised questions about the modifica-
tion of this site in S. enterica. To address this question, we used a
terminal transferase DNA sequencing method (terminal deoxy-
nucleotidyl transferase sequencing [TdT-seq]) (28) to map sites
of PT modification on each strand of the genomes of the S.
enterica strains used for ChIP-seq analysis. The TdT-seq method
(28) involves first blocking background strand breaks with
dideoxyNTPs (ddATP, ddCTP, ddGTP, ddTTP) and DNA po-
lymerase I, then converting PTs into single-strand breaks by se-
lective oxidation with iodine (23, 28), and finally using terminal
transferase to create poly(dT)-tails at the new 3’-ends of the PT
break sites. Sequencing libraries were then constructed using
Clontech’s DNA SMART (Switching Mechanism at the 5’ end of
RNA Template) technology (29). After genomic alighment of
the sequencing data, the sites of PT modification 1) were iden-
tified as the 5’-ends of poly(dT) tracts that did not align with
known poly(dA/dT) runs in S. enterica (30), 2) had a coverage of
more than five reads total, 3) had more than five times more
reads than sites up- and downstream of the putative cleavage
site, and 4) had more than five times more reads than the same
sites in negative controls which were not treated by iodine (28).
The sequencing results are detailed in Dataset S2. As summa-
rized in Fig. 14, the YF11 FLAG-DndC S. enterica strain had
14,168 PT modification sites, of which 41% were GpsTTC, 52%
GpsAAC, 6% GpsTAC, and 1.4% GpsATC sites. This is con-
sistent with our previous sequencing analysis of E. coli B7A,
which possesses Dnd proteins nearly identical to those of S.
enterica (23). The locations of these PT modification sites were
then compared to ChIP-seq Dnd binding regions (Fig. 14). Of
the 14,168 PT sites, less than 1% occurred within 200 bp of the
peak summits in the ChIP-seq Dnd binding regions. Of the 343
GATC sites identified within 200 bp of the 75 ChIP-seq peaks,
only five were modified with PT (GpsATC), which suggests that
Dnd proteins bind to GATC sites lacking PTs (Fig. 1D).

Dam Methylation Reshapes the PT Map, but PT Density Remains
Constant. Dam methyltransferase catalyzes N°-dA methylation
at GATC motifs in y-proteobacteria (11). Given the ChIP-seq
identification of GATC as the major Dnd binding site in S.
enterica, we next set out to determine the role of °™A in the
limited (1.4%) PT modification of GATC sites. We were unable
to knock out dam in S. enterica 87 so we inserted the S. enterica
dnd genes DndBCDE into the dam-expressing E. coli BW25113
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Fig. 1.

Sites of Dnd protein binding and PT modification in S. enterica. (A) Inner to outer: the Circos plot shows the genomic locations of DndC binding sites

determined by ChIP-seq (circle 1, pink), PTs at GpsATC sites mapped by TdT-seq (circle 2, green), and all PT sites in the YF11 FLAG-DndC strain mapped by TdT-
seq (circles 3 and 4 for forward and reverse strands, respectively). (B) The average normalized read coverage (Materials and Methods) in peaks for ChIP-seq
samples is threefold higher than negative controls, validating the ChIP-seq results. (C) GATC was identified as the most frequent motif associated with the
Dnd ChlIP-seq read pileups and was strongly localized at peak summits. The motif search was performed using MEME, and motif enrichment analysis was
performed with CentriMo using the 75 Dnd ChIP-seq peaks noted in A. (D) There are few PT modifications near Dnd protein binding sites. With the same cell
samples used for ChlIP-seq, TdT-seq showed that <1% of 14,168 PT modifications occurred within 200 bp of the 75 peak summits in the ChIP-seq Dnd binding
regions. Of the 343 GATC sites identified within 200 bp of the 75 ChlIP-seq peaks, five had PT at GpsATC and no other PTs, 26 had unmodified GATC but
possessed PTs in GpsAAC/GpsTTC, and 44 lacked PTs entirely. The GATC sites were all presumably modified with °™A by Dam.

strain and in a BW25113 mutant lacking dam. These two strains
were then assessed for levels of PT-linked dinucleotides by liquid
chromatography-mass spectrometry (LC-MS) (15). Expression
of S. enterica 87 Dnd protems in WT E. coli BW25113 produced
GpsT at 756 per 10° nt and GpsA at 720 per 10° nt, which is
similar to the levels of 225 to 555 per 10° nt in the S. enterica
strains used here as noted earher We also detected the doubly
modlfled Gps mA at 56 per 10° nt, which is agaln favorable to the
Gps"™A levels of 3 to 54 per 10° nt detected in the S. enterica
strains (SI Appendix, Fig. S1). These results validate the ex-
pression of S. enterica dnd genes in E. coli.

A comparison of the levels of the PT dinucleotides in the dam-
expressing and Adam E. coli strains revealed that the total
number of PT dinucleotides was similar in both strains (1,532 vs.
1,487 per 10° nt, respectively) (Flg 2A). However, the distribu-
tion shifted s1gn1flcantly, with an increase in GPSA to 1,131 per
10° nt and a decrease in GpsT to 356 per 10° nt, and no de-
tectable Gps"™A (Fig. 24). The ability of Dam to methylate its
PT-modified GpsATC consensus sequence was assessed by
treating purified DNA from the Adam DNA with Dam and
S-adenosylmethionine (SAM) in vitro and quantifying PT dinu-
cleotides by LC-MS. As shown in Fig. 24, the level of GpsA
decreased from 1,131 to 524 per 10° nt and the level of Gps®™A
increased from zero to 759 per 10° nt. This establishes Dam’s
ability to methylate PT-modified GATC motifs. These results
demonstrate that the Dnd proteins are flexible in their target
selection, preferring to modify GATC rather than the previously
observed GAAC/GTTC predominance when °™A is present at
GATC. The results also show that the presence of ™A prevents
PT modification of GATC.

Given the relatively constant densr[y of PTs at ~1,500 per 10°
nt despite “™A-dependent shifts in the quantities of different PT
dinucleotides, we sought to define *™A-dependent changes in the
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types and locations of PT consensus sequences. Here, we used
TdT-seq to map PTs across the genomes of the S. enterica
DndBCDE-possessing E. coli BW25113 and its Adam mutant.
The circos plot in Fig. 2B shows the overall shift from a pre-
dominance of GpsAAC and GpsTTC in BW25113 expressing
Dam (outer circles) to a large increase in GpsATC when Dam is
lost (inner circles). These changes are quantified in Table 1 and
SI Appendix, Fig. S5. The results confirm our previous observa-
tion that only 10 to 15% of consensus sequences are modified
with PTs (23). ST Appendix, Fig. SSC shows that, while the bulk of
the PT modifications occur at the same sites in BW25113 and the
Adam mutant, 5 to 35% of the sites differ between the two
strains, which is consistent with previous studies (24). As shown
in Fig. 2C and Dataset S3, these shifts in consensus sequence
modification frequency were not accompanied by gross changes
in the distribution of PTs in families of genes in the E. coli ge-
nome. Similar results were obtained with a low-copy number
dndBCDE expression plasmid (SI Appendix, Fig. S5 and Dataset
S4). Overall, the results reveal two interdependent features of
this PT modification system: the plasticity of S. enterica Dnd
protein target selection and the conservation of the density of PT
modifications in bacterial genomes. Dam methylation of GATC
forces Dnd proteins to modify other sites while maintaining the
same density and general distribution of PTs. This raises ques-
tions about the mechanisms governing target selection by S.
enterica Dnd proteins and, given the fact that DNA methylation
can prevent PT-based restriction gnzyme cleavage (27), the po-
tential for PTs to substitute for ®™A function as an epigenetic
mark at GATC sites.

Partial PT Modification of GATC Does Not Substitute for °™A

Epigenetic Function. Dam methylates the majority of GATC
sites throughout the genomes of many y-proteobacteria, with the

Wu et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002933117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002933117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002933117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002933117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002933117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002933117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002933117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2002933117

A 1800 LCMS/MS
1500 - i = 5 G,,T
£ 1200 x ‘
= -— uGA
= 900
-]
=% . I
E 600 - GPsBmA
300
0 -
WT Adam Adam[dndB-E]
[dndB-E] [dndB-E] +in vitro Dam
B
E.coliBW25113
[dndB-E]
4,631,469 bp
GpAAC
GpATC
GpsTACH
Adam
[dndB-E]
WT
[dndB-E]
C
2000
COG of PT-containing genes
1600
1200
800

’ |I.IIHIIM‘I|

NOTUVJKLCEFGHIPQRS -
WT[dndB-E] Adam[dndB-E]

0

o
g

D

Fig. 2. Dam-dependent changes in quantities and genomic locations of PTs
in E. coli possessing DndB-E from S. enterica. (A) Dam activity blocks PT at
GATC in vivo, but Dam can methylate PT-modified GATC in vitro. PT dinu-
cleotides were quantified (LC-MS) in DNA purified from E. coli expressing S.
enterica dndB-E and possessing (WT[dndB-E]) or lacking (Adam[dndB-E])
dam. DNA purified from Adam[dndB-E] was treated with Dam and SAM
in vitro and analyzed by LC-MS for Gps®™A dinucleotide (Adam[dndB-E] +
in vitro Dam). (B) Circos plot of PT sites detected by TdT-seq in E. coli pos-
sessing (WT[dndB-£]) and lacking dam (Adam[dndB-E]). Inner to outer: circles
1 and 2, (forward, reverse strands) are PT sites in Adam[dndB-E]; circles 3 and
4, (forward, reverse strands) are PT sites in WT[dndB-E]. (C) The presence of
Dam and ®™A does not grossly alter the distribution of PTs in the E. coli
genome. Genomic locations of PTs in the E. coli Dnd-expressing strains
possessing and lacking dam were quantified by TdT-seq, and the distribu-
tions among gene families were analyzed with clusters of orthologous
groups (COGs): C, energy production and conversion; D, cell cycle control, cell
division and chromosome partitioning; E, amino acid transport and metab-
olism; F, nucleotide transport and metabolism; G, carbohydrate transport
and metabolism; H, coenzyme transport and metabolism; |, lipid transport
and metabolism; J, translation; K, transcription; L, replication; M, cell wall/
membrane/envelope biogenesis; N, cell motility; O, posttranslational modi-
fication, protein turnover, chaperones; P, inorganic ion transport and me-
tabolism; Q, secondary metabolites biosynthesis, transport and catabolism;
R, general function prediction only; S, function unknown; T, signal trans-
duction mechanisms; U, intracellular trafficking and secretion; V, defense
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®mA functioning as an epigenetic mark for many bacterial cell
processes (9). Based on the observation of PT modification of
12% (Table 1) of GATC sites in the E. coli BW25113 Adam
mutant, we next asked if PT could substitute for ™A in GATC
sites and restore defects caused by loss of Dam. Here, we in-
terrogated two of the epigenetic functions of Dam-dependent
G°™ATC methylation: synchronization of DNA replication ini-
tiation (31) and discrimination between newly synthesized
DNA and the parental strand (10, 32, 33). As shown in S/
Appendix, Fig. S6, there were no apparent differences between
the E. coli BW25113 WT strain, the E. coli BW25113 [dndB-E]
strain, and their Adam mutants: loss of dam disrupted repli-
cation synchrony and caused a growth defect due to mismatch
repair activation whether dnd genes were present or not.
Transcriptional profiling by RNA-seq with these strains was
consistent with previous microarray and RNA-seq studies on
Adam mutants (34-36), with data showing increased expression
of DNA SOS response genes dinl, recN, and recX, and de-
creased expression of the Dam- and OxyR-dependent phase
variation gene, agn43, in the Adam mutants and no apparent
effect of dnd genes (Dataset S5). We conclude that PTs cannot
substitute for ®™A modification at GATC either due to struc-
tural incompatibility or to the low frequency of PT modifica-
tions compared to nearly complete methylation of GATC sites
by Dam.

DNA Shape-Based Target Selection by S. enterica Dnd Proteins. The
Dam-dependent shifts in PT modification of consensus se-
quences raised the question of how Dnd proteins select their
targets. We have previously observed low levels of PT-containing
dinucleotides that differ from the main modification sites in
nearly all bacteria studied (15), which suggests some degree of
“sloppiness” in target selection by Dnd proteins. However, the
present studies show that loss of Dam increases PT modification
of GATC from 2 to 46% of all PT sites (Table 1). Here, we
tested the role of intrinsic DNA shape in target selection by Dnd
proteins. We have previously shown that many DNA-targeting
proteins recognize sequence-dependent variations in DNA shape
and electrostatic potential rather than simply reading a unique
chemical signature of the DNA bases (37, 38). The ability of S.
enterica Dnd proteins to variously read GAAC/GTTC, GATC,
and GTAC suggests that DNA shape rather than nucleotide
sequence defines the target site. There are six different motifs of
the form GXXC (where X represents any of the four possible
bases), most of which have been identified as PT modification
sites in other bacteria, with the exception of GCGC. GpsGCC
has been observed in Streptomyces lividans and Pseudomonas
fluorescens Pf0-1 (15). We used the DNAshapeR (39) algorithm
to predict 13 geometric DNA shape features (40, 41) and minor
groove electrostatic potential (EP) (42) for each sequence motif
set located within a constant 30-bp context. We averaged the
predicted features for each motif set and calculated the Pearson
correlation coefficient (PCC) and corresponding P value be-
tween motif sets with either all 14 or individual DNA features
(Dataset S6). Based on the PCC correlation matrix, we per-
formed hierarchical clustering and visualized the result with
dendrograms (Fig. 3).

The two largest sequence groups, one containing motifs of the
form GAAC/GTTC/GATC/GTAC (GWWC with W being either
A or T) and the other containing motifs of the form GGCC/
GCGC (GSSC with S being either G or C), which result from the

mechanisms; and -, not in COGs. The y axis represents the PT-containing
gene numbers in each defined COG type. All results shown here are based
on expressing dndBCDE from a high-copy number plasmid in E. coli
BW25113. The similar results from a low-copy number plasmid are shown
in SI Appendix, Fig. S5.
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Table 1. Dam-dependent shifts in PT sites detected by TdT-seq in E. coli BW25113

GpsAAC GpsTTC GpsATC GpsTAC Total
[dndB-E] 5,264* (15%) 4,629 (13%) 200 (0.5%) 544 (2.3%) 10,637
[dndB-E] Adam 2,783 (8%) 2,412 (7%) 4,600 (12%) 125 (0.5%) 9,920
Total no. of motifs 35,600 35,600 37,772 23,800 132,772

*Data represent the number of PT-modified sequence motifs in each E. coli genome, based on TdT-seq analyses
of a high-copy number plasmid for expressing dnd genes in E. coli BW25113.

clustering based on all DNA features demonstrate the structural
similarity between the motifs within each of the groups (Fig. 34).
Within the GWWC group, GTAC shows the least structural
similarity with GATC/GAAC/GTTC. This agrees with the PT
modification frequency at each site in the E. coli BW25113
[dndB-E] Adam strain (Table 1) and with the idea that the Dnd
proteins from S. enterica recognize GAAC, GTTC, and GATC
motifs based on shape similarity, with GTAC serving as a mi-
nority site due to its distinct structure. The dissimilar GGCC
motif recognized by P. fluorescens Dnd proteins is consistent with
the significant sequence divergence of these proteins from those
in S. enterica (15). This behavior generalizes in the striking
phylogenic correlation between the PT sequence preference and
Dnd protein sequence similarity, with bacteria possessing GpsG
motifs clearly distinguished from bacteria with GpsA and GpsT
motifs (15).

Regarding the individual DNA features, EP and propeller
twist (ProT) (Fig. 3B) show two even more distinct groups,
GAAC/GTTC/GATC/GTAC and GGCC/GCGC, which can be
categorized as International Union of Pure and Applied
Chemistry (IUPAC) motifs GSSC and GWWC. These two
IUPAC motifs have distinct characteristics that can be explained
by DNA shape and EP. The A/T base pairs in the center of the
GWWC motif can have a larger negative ProT due to the only
two hydrogen bonds compared to the G/C base pair with three
hydrogen bonds. The larger ProT narrows the minor groove at
A/T base pairs compared to that at G/C base pairs (43, 44),
which is associated with enhanced negative EP (38). In addition,
while the G/C base pair has a guanine N> amino group in the
minor groove, the absence of such a group in the A/T base pair
leads to a more negative EP (42). Thus, A/T base pairs carry
more negative EP, which can attract positively charged amino
acids such as arginine (38), lysine (45), and histidine (46). These
structural characteristics suggest possible mechanisms for S.
enterica Dnd proteins to recognize their binding sites and dif-
ferentiate the GGCC motif recognized by P. fluorescens
Dnd proteins.

Intriguingly, when the clustering is based on the DNA features
minor groove width (MGW) or roll, the GGCC motif, which is
recognized by P. fluorescens Dnd proteins, is clustered with the
motifs GAAC, GTTC, and GATC, which are typically recog-
nized by S. enterica Dnd proteins, as shown in Fig. 3C. Compared
to the GCGC and GTAC motifs, which are minority PT sites, the
majority PT sites GAAC, GTTC, GATC, and GGCC exhibit
better geometric overlap of adjacent base pairs, which increases
the strength of hydrophobic stacking interactions (37, 47, 48)
that seem to be structurally selected by Dnd proteins.

Lack of Convergence of PT and Dam-Mediated °™A in the Same Sequence
Motifs. While we previously observed that ®™A and PT could coexist
in Gps®™ATC in an engineered bacterium (27), our observation of
low levels of Gps®™ATC in a naturally occurring S. enterica strain
and the inability of Dnd proteins from this strain to modify
G®™ATC raised the question of the generality of PT and ™A
segregation. Here, we explored the relationships among Dnd and
Dam genes and PT consensus sequences in diverse bacteria by
building a phylogenetic tree using DndCDE protein sequences and
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correlating the tree with the presence of the dam gene and PT
consensus sequences and dinucleotides derived from DNA se-
quencing and LC-MS analyses (15, 16, 20, 23, 24, 27). As shown in
Fig. 4, the PT dinucleotides identified in each strain specified three
major groups that coincided with Dnd protein sequence clusters and
Dnd gene arrangements: the GpsA/GpsT group, GpsG group, and
GpsA. Interestingly, the dam gene was not present in strains con-
taining only the GpsA dinucleotide or GpsATC motif without the
complementary GpsT or GpsTTC (Fig. 4). In parallel, strains pos-
sessing dam had PT consensus sequences other than GpsATC.
Coupled with the biochemical incompatibility of G*™ATC with .
enterica Dnd proteins (Fig. 2), this relatively small set of results raise
the possibility of an evolutionary pressure to avoid the convergence
of ®™A and PT. However, we previously observed Gps®ATC in
dam-containing E. coli engineered with dndB-E from dam-naive H.
chejuensis KCTC2396 (27). This forced combination reveals the
existence of Dnd protein sequences that biochemically accommo-
date a neighboring “™A. While the clustering of dnd genes on
mobile genetic elements suggests facile transfer to dam-containing
bacteria, the coexistence of “A-tolerating Dnd proteins with Dam
in the same genome remains to be discovered.

Discussion

The studies presented here were motivated by our observation
that PT modifications occurred at only 10 to 15% of the 3- to
4-nt consensus sequences identified in diverse bacteria (23),
which raised the question of how Dnd proteins select their DNA
targets. Here, we used ChIP-seq to define DNA binding sites for
the well-studied Dnd modification proteins from S. enterica
serovar Cerro 87. ChIP-seq has been used in attempts to define
the mechanisms of DNA target selection by DNA methylation
enzymes, with no direct sequence-specific interactions identified
(49-51). So it was not surprising that we did not observe specific
binding of S. enterica Dnd proteins to the GAAC/GTTC motif
identified from PT modification analyses (15, 23). This lack of
detectable binding of DNA modification proteins to their ge-
nomic target sequences is reasonable given the potentially
transient nature of the DNA—protein interactions at specific sites
for processive enzymes such as Dam (52) and distributive en-
zymes involved in R-M systems (53, 54), with rapid release of the
enzymes from modified sites yielding low steady-state levels of
bound proteins.

What was surprising, however, was the observation of Dnd
proteins stably bound to GATC sites not previously thought to
be targets for PT modification in S. enterica. Coupled with the
genomic mapping of PTs, this expanded the repertoire of PT
modification sites selected by S. enterica Dnd proteins to include
four of the six possible GXXC motifs. That readout of base se-
quence seems to play a smaller role than shape readout in the
selection of DNA targets by S. enterica Dnd proteins is supported
by the observed correlation between PT modification frequency
in the absence of Dam and the similarity of DNA shape features:
GATC and GAAC/GTTC show most significant structural sim-
ilarity (Fig. 3) and are nearly equally modified (12% vs. 15%,
respectively) (Table 1) while GTAC differs in shape from GATC
and GAAC/GTTC (Fig. 3) and is modified only 0.5% of the time
(Table 1). The difference between these motifs is that the TpA
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Fig. 3. Heat map of the correlation matrix and hierarchical clustering of
sequences with PT motifs based on all 14 DNA features (A) and individual
DNA features (B and C). We scanned the E. coli genome using six PT modi-
fication motifs—GAAC, GTTC, GATC, GTAC, GGCC, and GCGC—and
extracted the DNA sequences of length 30 bp centered around these motifs.
We then quantified the DNA features of these sequences using DNAshapeR,
a high-throughput method to predict 13 DNA shape features and minor
groove EP. We averaged the predicted features for each motif set, nor-
malized the resulting features using min-max normalization with the global
minimum and maximum values retrieved from the DNAshape pentamer
query table, and calculated the PCC and corresponding P value between
motif sets using either all 14 or individual DNA features. Using the PCC
matrix, we performed hierarchical clustering using the complete linkage
algorithm and demonstrated the result with dendrograms. Differences be-
tween motifs based on individual DNA features were most predominant for
features related to base pairing (B) when comparing GSSC and GWWC
motifs (S: Cor G; W: A or T) or base stacking (C) when comparing GYRC and
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base pair step is a flexible hinge due to weak stacking interac-
tions compared to the ApT and ApA (TpT) base pair steps.
GGCC and GCGC motifs are totally different structurally from
GAAC/GTTC motifs when clustered based on all DNA features
so it was not surprising that we did not detect any PTs at these
sites in TdT-seq mapping or GpsG or GpsC dmucleotldes by LC-
MS in S. enterica. In addition to these observations, ™A modi-
fication of GATC sites by Dam may disrupt this apparent shape
recognition by Dnd proteins, as the example that m°C modifi-
cation alters the DNA structure due to the addition of a bulky
methyl group (55-57), rendering the site resistant to PT modi-
fication and shifting the PT distribution almost completely to
GAAC/GTTC (Table 1). This behavior could be common to
bacteria possessing both Dam and Dnd proteins homologous to
those from S. enterica serovar Cerro 87 and E. coli BTA (Flg 4).
Given the apparent avoidance of simultaneous GpsA and ®"A in
GATC in S. enterica, we predict that bacteria possessing GATC
as the sole PT modification site will not possess Dam and that
the presence of Dam will shift PT modifications to sites other
than GATC. If the behavior of Dam from E. coli BW25113 is
generalizable Dam appears to be the dominant enzyme here
given its ability to methylate GpsATC and the inability of S.
enterica Dnd proteins to modify G*"ATC.

It was also surprising that, while the presence or absence of
Dam caused large shifts in the PT modification landscape, there
was a constant density of PT modifications at ~1,500 per 10° nt
by liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis (Fig. 1) (~2 200 per 10° nt by TdT-seq analysis in
Table 1). This constancy is not a matter of modifying all available
sites since only 10 to 15% of all modifiable sequence motifs
contain PTs under any circumstance, and PTs are relatively
evenly distributed across the bacterial genome (23, 24) (Figs. 1
and 2). Previous studies have shown that expression of DndB, the
transcriptional regulator of the dnd gene cluster, modulates the
level of PT dinucleotides, with deletion of dndB in S. enterica
causing a twofold increase in both GpsA and GpsT (58). So it is
possible that the “density” of PT modifications is regulated at the
level of dnd gene expression and Dnd protein abundance. This
model is supported by the observation of a uniform increase in
the level of all PT modifications, both high- and low-frequency
sites, with increasing expression of the full set of Dnd proteins
(15). Two intriguing questions motivate ongoing research: Why
the density is maintained at 10 to 15% of available modification
sites and what keeps Dnd restriction enzymes in check in the face
of this state of partial modification.

Materials and Methods

Bacterial Strains and Growth Conditions. Bacteria strains and plasmids used in
this study are listed in S/ Appendix, Table S1 and depicted in S/ Appendix, Fig.
S1A. S. enterica 87 and its dnd knockout mutants were prepared as de-
scribed previously (19), and the FLAG-tagged strains for ChIP-seq were pre-
pared using a homologous recombination method described elsewhere (17).
For YF11[pFLAG-DndC] (S/ Appendix, Fig. S1A), the FLAG-tagged dndC gene
was amplified by PCR from S. enterica 87 genomic DNA using primers con-
taining the FLAG sequence and cloned into a p15 origin plasmid (https:/
www.addgene.org/44249/) using Bglll and Xhol restriction enzymes. For the
other six ChIP-seq strains (WXL1[FLAG-DndC], WXL1[FLAG-DndD], WXL1
[FLAG-DndE] derived from the S. enterica 87AdndBCDE mutant; and 103
[FLAG-DndC], 103[FLAG-DndD], and 103[FLAG-DndE] derived from the S.
enterica 87 AdndBCDEFGH mutant) (S/ Appendix, Fig. S1A), the FLAG tag was
introduced into a DndBCDE-containing plasmid pJTU1980 (low copy num-
ber) or pJTU1238 (high copy number) using the NEB Q5 Site-Directed Mu-
tagenesis Kit. The genetics of the bacterial mutants and plasmids were
confirmed by Sanger DNA sequencing. Strains of S. enterica 87 and E. coli
K12 expressing Salmonella DndBCDE were grown in Luria—Bertani (LB) broth
or M9 minimal medium (22) at 37 °C.

LC-MS/MS Analysis for PT Quantification. PT modifications were quantified as

PT-linked dinucleotides by LC-MS/MS analysis as described elsewhere (22).
Briefly, DNA was hydrolyzed with nuclease P1 and alkaline phosphatase, and
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Fig. 4. Correlation between PT modification motifs and the presence of dam. Using MEGA, we constructed a phylogenetic tree from the protein sequences
of 19 bacterial and archaeal DndCDE homologs. Different color shading was then applied to distinguish the PT sequence contexts present in the various
strains, with the PT motifs noted as either GXXC or as LC-MS-detected PT dinucleotides on the right. The genomic organization of the dnd gene clusters and
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the resulting mixture of nucleosides and PT-linked dinucleotides was re-
solved by high-pressure liquid chromatography (HPLC) (Agilent 1290)
equipped with a reversed-phase HPLC column (Synergy Fusion RP column,
2.5-pm particle size, 100-A pore size, 100-mm length, 2-mm inner diameter)
with an in-line diode array detector and coupled to an Agilent 6490 triple
quadrupole mass spectrometer. 2’-Deoxynucleosides were quantified by ul-
traviolet absorbance, and PT-containing dinucleotides were identified and
quantified by tandem quadrupole mass spectrometry. Enantiomerically pu-
re, PT-containing dinucleotide standards were obtained from IBA Bio-
Technology (Germany) and used to prepare calibration curves for the
dinucleotides.

ChIP-Seq and Data Analysis. ChIP-seq using anti-FLAG antibodies was per-
formed with the engineered bacterial strains listed in S/ Appendix, Table S2
and Fig. S1A, using previously established methods (59). The workflow is
depicted in S/ Appendix, Fig. S2. Bacteria were fixed with formaldehyde (1%)
for 30 min, and cross-linking was stopped by adding glycine (250 mM) for
15 min. The fixed bacteria were then sheared using a Covaris ME220 soni-
cator to produce DNA fragment sizes averaging 200 bp (Peak Incident Power
74 W, duty factor 24%, cycle/burst 1,000, 10 s on/10 s off). Anti-FLAG anti-
body (10 pL; Sigma) was added to each cell lysate followed by overnight
incubation at 4 °C. Protein-antibody complexes were immunoprecipitated
using protein G agarose (Thermo Fisher) by incubation at 4 °C for 1 h and
ambient temperature for 2 h. The protein-antibody-agarose complex was
sequentially washed five times with IPP150 buffer (10 mM Tris-HCl, pH 8,
150 mM NaCl, and 0.1% Nonidet P-40) and twice with TE buffer (10 mM Tris-
HCl, 1 mM disodium ethylenediaminetetraacetic acid, pH 8.0) at ambient
temperature. Reverse cross-linking was performed by addition of Proteinase
K (1 mg/mL) and degraded by incubating at 65 °C overnight. ChIP DNA was
purified using a Qiagen QIAquick PCR Purification Kit. Sequencing libraries
were prepared using the NEB Next Ultra Il DNA Library Prep Kit for Illumina.
Single-end 75-bp reads were generated using an lllumina NextSeq 500

14328 | www.pnas.org/cgi/doi/10.1073/pnas.2002933117

sequencer. Read quality control of raw reads was performed using FastQC.
Adapter sequences were then removed from the reads using cutadapt (60),
and the reads were aligned to the corresponding genome (CP008925.1)
using Bowtie 2 (61) with the default option. Peak calling was performed
using CisGenome (62), with parameters set at window statistic >5 and P
value < e~® using the two-sample analysis mode to identify significantly
enriched regions of ChIP reads relative to the negative control reads based
on a conditional binomial model. BAM files (the alignment file generated by
Bowtie2) were converted into .tdf format for visualization using 1GVtools
and viewed on the GenomeView (63) genome browser. The normalized (1x)
coverage of each genome position was calculated by bamCoverage in
deepTools2 (64) based on alignment files on the Galaxy server (65). The
normalized coverage at the ChIP-seq binding regions was visualized and
checked by plotHeatmap in deepTools2 (64). Dnd binding motifs were pre-
dicted using MEME Suite based on the 100-bp up- and downstream region
of the peak summit, and a consensus motif was deduced and verified by
CentriMo (66). In Fig. 2B, the average normalized read coverage in peaks for
ChIP-seq samples and negative controls was calculated by 1) normalizing
read counts to 1x coverage across the genome; 2) visually determining peak
shift between forward and reverse reads as a criterion for evaluating peak
calls; and 3) averaging the data from ChIP and negative control samples and
then plotting read counts versus distance to peak summit. Data were aver-
aged as follows: DndCDE ChlP—the three biological replicates of YF11
[pFLAG-DndC] and single replicates of WXL1[FLAG-DndC], WXL1[FLAG-
DndD], WXL1[FLAG-DndE, 103[FLAG-DndC], 103[FLAG-DndD], and 103
[FLAG-DndE]; negative control—single replicates of each of the 15 control
strains.

TdT-Seq for Genomic Mapping of PTs. PT modifications were mapped in
bacteria using a TdT sequencing method (TdT-seq) (28). Briefly, following
blocking of existing DNA strand breaks with DNA polymerase | and
dideoxyNTPs (ddATP, ddCTP, ddGTP, and ddTTP), PT modifications were
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converted to DNA strand breaks by mild treatment with iodine. The 3’-end
of each break site was then extended as a poly(dT) tail by TdT and dTTP. This
poly(dT) tail was then exploited to construct lllumina sequencing libraries
using the Clontech SMART ChlIP-seq kit (Clontech) (28). The purified libraries
were sequenced using an Illumina NextSeq 500 instrument for 75-bp paired-
end sequencing. The raw reads were processed using the Galaxy web plat-
form (65). Initially, the paired-end reads were preprocessed with Trim Ga-
lore! to remove adapters, and the GGG sequence was added at the library
preparation stage. All of the reads were aligned to the corresponding ge-
nome using Bowtie 2 (61). Peak calling with the aligned reads was per-
formed with BamTools, BEDTools, and Rstudio, and the results were filtered
based on R2 (67). The 5’ read coverage (experimental sample) or full read
coverage (negative controls without iodine cleavage) at each position was
calculated based on the filtered results by BEDTools (positive and negative
strand separately) (68). A read pileup at a site was considered significant if
the value was five times greater than pileups immediately upstream and
downstream and in the negative control. Using this method, more than 95%
of the detected PT sites involved consensus sequences previously identified
using single-molecule real-time sequencing (23).

Flow Cytometry Analysis of Replication Synchrony. Dam regulation of repli-
cation synchrony was quantified as described elsewhere (69). Overnight
cultures were diluted 100-fold in growth medium and grown to an optical
density at 600 nm (ODggp) of ~0.25. Cultures were then harvested or treated
with rifampicin (300 pg/mL) and cephalexin (10 ug/mL) for 4 h, followed by
harvesting of cells, washing in 1x phosphate-buffered saline (PBS) (pH 7.4),
and fixation in 70% cold ethanol at —20 °C overnight. The bacteria were
then washed in 1x PBS (pH 7.4) and resuspended in 1 mL of a buffer con-
taining 1x PBS (pH 7.4), 0.1% Triton X-100 (Sigma), 0.1 pg/mL RNase A
(DNase-free; Sigma), and 30 uM propidium iodide (Sigma), followed by in-
cubation at 37 °C for 30 min. The samples were then analyzed using an
Attune NxT Acoustic Focusing flow cytometer. The peak fluorescence in-
tensity of an overnight culture in the same medium was regarded as one
copy of a DNA chromosome.

2-Aminopurine Sensitivity Analysis. To quantify Dam regulation of mismatch
repair (MMR), we performed a 2-aminopurine (2AP) sensitivity assay, as
described elsewhere (32). Overnight cultures were diluted 100-fold in LB
without 2AP and grown to log phase (ODggo of ~0.6). Log phase cultures
were then subjected to 10-fold serial dilutions in LB and spotted on LB agar
plates containing 2AP (350 mg/mL). Plates were incubated at 37 °C for 24 h,
and colon size was quantified in photographic images.

RNA-Seq and Data Analysis. For RNA-seq analysis, total RNA was extracted
using TRIzol Reagent (Invitrogen), and ribosomal RNA was removed using a
Ribo-Zero Magnetic kit (EpiCentre). An Illumina Truseq RNA sample prep kit
was used to prepare the RNA-seq library, which was sequenced using an
Illumina HiSeq sequencer for 2 x 150-bp paired-end sequencing. Raw reads
were then processed using SeqPrep (https:/github.com/jstjohn/SeqPrep) and
Sickle (https:/github.com/najoshi/sickle), with the reads then aligned to the
E.coli K12 BW25113 genome using Bowtie 2 (61). Quantification of gene
expression was carried out by RSEM in the form of FPKM (fragments per
kilobase million) (70). edgeR was used for analysis of differential gene ex-
pression (71). Genes with P < 0.01 and |log2(Fold-change)| >2 were regarded
as differentially expressed genes.
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DNA Shape Analysis. The 13 DNA shape and EP features of the GAAC, GTTC,
GATC, GTAC, GGCC, and GCGC motifs were determined using DNAshapeR
(39) based on analysis of ~1,500 30-bp sequences from the E. coli K12 ge-
nome, each containing a centrally located motif. DNAshapeR predicts DNA
shape features in an ultrafast, high-throughput manner from genomic se-
quencing data, which uses a sliding pentamer window to derive the struc-
tural features from all-atom Monte Carlo simulations (40). The DNA features
include six intrabase pair parameters (buckle, opening, ProT, shear, stagger,
and stretch), six interbase pair parameters (helix twist, rise, roll, shift, slide,
and tilt), MGW, and EP (41, 42). For each GXXC motif, the DNA shape fea-
tures calculated for the ~1,500 sequences were averaged, and the resulting
DNA shape profiles are depicted in S/ Appendix, Fig. S7. The averaged shape
features were normalized between 0 and 1 using min-max normalization
with the global minimum and maximum values retrieved from the DNA-
shape pentamer query table. For the all shape features analysis, the nor-
malized shape features were concatenated as a vector shape. The PCCs and
corresponding P values between motif sets with all or individual DNA fea-
tures were calculated and are provided in S/ Appendix, Table S1. With the
PCC correlation matrix, a complete-linkage clustering was performed and
visualized as a dendrogram.

Phylogenetic Tree and Evolution Analysis. The protein sequences of DndC and
DndD were used to generate the phylogenetic trees, and the methods for the
tree construction were described previously (16). The LC-MS/MS and PacBio
Single Molecule, Real-Time sequencing results of each strain were obtained
from previous studies (15, 16, 20, 23, 24, 27). The National Center for Bio-
technology Information genome database was used to determine the
presence of dam in the various bacterial genomes (72).

Material and Data Availability. ChIP-seq, TdT-seq, and RNA-seq data have
been deposited in the Gene Expression Omnibus database under accession
numbers GSE135768, GSE135910, and GSE135938. The DNAshapeR algo-
rithm can be obtained at Bioconductor Open Source Sofware for Bio-
informatics (https://www.bioconductor.org/packages/release/bioc/html/
DNAshapeR.html). Sources of code for TdT-seq and ChIP-seq data pro-
cessing are detailed in Materials and Methods. Bacterial strains can be
obtained from the corresponding authors.
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