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Structural basis for the recognition of sulfur in
phosphorothioated DNA

Guang Liu® "2, Wencheng Fu', Zhenyi Zhang', Yao He3, Hao Yu', Yuli Wang', Xiaolei Wang', Yi-Lei Zhao® ',
Zixin Deng', Geng Wu' & Xinyi He® '

There have been very few reports on protein domains that specifically recognize sulfur. Here
we present the crystal structure of the sulfur-binding domain (SBD) from the DNA phos-
phorothioation (PT)-dependent restriction endonuclease ScoMcrA. SBD contains a hydro-
phobic surface cavity that is formed by the aromatic ring of Y164, the pyrolidine ring of P165,
and the non-polar side chains of four other residues that serve as lid, base, and wall of the
cavity. The SBD and PT-DNA undergo conformational changes upon binding. The
S18/RGRR™! |oop inserts into the DNA major groove to make contacts with the bases of
the GpsGCC core sequence. Mutating key residues of SBD impairs PT-DNA association. More
than 1000 sequenced microbial species from fourteen phyla contain SBD homologs. We
show that three of these homologs bind PT-DNA in vitro and restrict PT-DNA gene transfer
in vivo. These results show that SBD-like PT-DNA readers exist widely in prokaryotes.
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xymethylation, play important roles in regulating gene

expression in both prokaryotes and eukaryotes. In verte-
brates, methylation and hydroxymethylation of particular DNA
bases, for example, 5-methylcytosine and  5-hydro-
xymethylcytosine, are related to genomic imprinting, embry-
ogenesis, and oncogenesis. On the other hand, DNA methylation
and hydroxymethylation in bacteria usually function as
modification-restriction mechanisms to prevent invasion of for-
eign DNA from other bacteria or phages!.

In contrast to methylation, DNA phosphorothioation is unique
because it occurs on the DNA phosphodiester backbone rather
than its bases®. In natural PT-DNA, a non-bridging oxygen atom
in the R, configuration on the phosphodiester bond is replaced
with sulfur by Dnd proteins®>. DNA PT modification is widely
present in more than 200 different bacteria and archaea-°. To
date, four consensus sequence patterns of PT modifications have
been identified, with GpsGCC/GpsGCC for Streptomyces lividans
13267, GpsAAC/GpsTTC for Escherichia coli B7A°, GpsATC/
GpsATC for Bermanella marisrubri RED65, and CpsCA for
Vibrio cyclitrophicus FF75° as a few examples. A recent study
revealed shared consensus sequences for PT-methylated and
6m A _methylated DNA, suggesting a coevolution of different DNA
modifications®. The reported biological functions of DNA PT
modification include conferring resistance to oxidation to the

DNA modifications, such as methylation and hydro-

host bacteria® 13, restricting gene transfer among different
bacterial®#!®>, and influencing the global transcriptional
response!®17, among others.

DNA modifications are usually recognized by specific reader
proteins that mediate the biological functions encoded by the
modifications. For example, the SET and RING-associated (SRA)
domain specifically recognizes 5-methylcytosine modification in
both prokaryotes and eukaryotes!8-2/ and the bromodomain
functions as a specific reader for acetylated lysines on histones28.
In comparison with methylation on paired bases that are
embedded either in the axial center or internal grooves, phos-
phorothioation on the external edge of the DNA double-helix
allows a better accessibility for receptor proteins, and furthermore
enables a pathway of crosstalk with neighboring sequences based
on a recent theoretical investigation?®. The Type-IV restriction
endonuclease (REase)ScoA3McrA (abbreviated as ScoMcrA
hereafter) catalyzes multiple double strand cleavages 16-28
nucleotides (nt) away from the phosphorothioate linkage with the
core sequence GpsGCC/GpsGCC. Moreover, ScoMcrA also cuts
Dcm-methylated DNA 12-16 nt away from the methylation
site!®1>. As either modification is sufficient to elicit cleavage, it
has been postulated that more than one recognition domain of
ScoMcrA could be involved in the discrimination of modified PT-
DNA from normal DNA3,

In addition to the different localization in the DNA structure
compared with base methylation, PT modification also introduces
a sixth element, sulfur, into the DNA phosphodiester backbone.
Sulfur is a constituting element for a variety of biomacromole-
cules and cofactors, such as methionine, cysteine, thiamine, bio-
tin, thiouridine, lipoic acid, iron-sulfur cluster, etc. Several
structures of protein in complex with sulfur-containing molecule
have been reported and their residues coordinated with sulfur
have been identified. In the structure of E. coli methionyl-tRNA
synthetase, the S% atom of L-methionine interacts with Y260 and
L13%!. In S-adenosyl methionine synthesis, the sulfur of
methionine is coordinated by a magnesium ion that is salt-
bridged with O5” from ATP32. In the sulfur transfer process from
L-cysteine to various acceptors, such as iron-sulfur clusters,
persulfide groups are usually formed between sulfur and cysteine
residues in the active center3334, However, there is no previous
report of a specific protein domain recognizing a sulfur atom on

biological molecules. The DNA PT-dependent REase ScoMcrA
distinguishes PT-DNA from normal DNA which differs only by
one oxygen-to-sulfur swap, and presumably encodes a domain to
specifically recognize sulfur on PT-DNA.

Here, in contrast to the previous postulation that the salt-
bridge between the negatively charged phosphorothioated sulfur
and the positively charged amino group of lysine/arginine pro-
vides primary interaction between PT-nucleotide and protein3?,
we reveal a highly conserved non-polar sulfur-recognizing surface
cavity in SBD by determining the crystal structure of ScoMcrA
—SBD in complex with PT-DNA at 1.70 A resolution (Protein
Data Bank (PDB) accession number 5ZMO [https://www.rcsb.
org/structure/5ZMO]). This cavity is surrounded by a hydro-
phobic wall consisting of the methylene groups from H116, R117,
Y164 and the methyl group from A168, and the bottom of the
cavity is formed by the pyrolidine group of P165. Besides, R117
(lysine in most homologs) forms salt bridges with the phos-
phorothioate oxygen and sulfur (also see the comparison and
contrast of oxygen and sulfur atoms in Supplementary Discus-
sion). The aromatic ring of Y164 serves as the lid of the sulfur-
recognizing cavity, and is opened 98° outward when the sulfur
atom is inserted into the cavity. Key residues that are directly
involved in protein-sulfur and protein-base interactions were
mutated and assayed for their contribution to PT-DNA binding.
The SBD domain can be detected in more than 1000 sequenced
species from 14 bacterial phyla. We purified three ScoMcrA—SBD
homologs and verified that they distinguish R,—PT-DNA from
Sp—PT-DNA and normal DNA. Furthermore, their heterologous
expression restricted transfer of foreign dnd gene cluster in vivo.
The molecular recognition mechanism of sulfur in PT-DNA by a
highly conserved protein domain we present here will promote
the understanding of the biological function of DNA phosphor-
othioation and sheds light on the recognition of other sulfur-
containing molecules.

Results

Structure of full-length (FL) ScoMcrA protein. The molecular
mechanism of how PT-DNA is recognized has remained elusive
until now. ScoMcrA is the first phosphorothioation-dependent
REase, and it has been postulated to harbor a domain or motif
that recognizes PT-DNA with the sulfur atom in the R, config-
uration (lane 3 in Fig. 1la, Supplementary Fig. 27), but not PT-
DNA with the sulfur in the S, configuration (lane 4 in Fig. 1a) or
non-PT DNA (lane 2 in Fig. la). In order to elucidate the
molecular mechanism of ScoMcrA recognition of PT-DNA, we
determined the crystal structure of the Streptomyces coelicolor FL
ScoMcrA to 3.15 A resolution (PDB accession number 5ZMM)
using the single-wavelength anomalous dispersion (SAD) method
with a selenomethionine (SeMet) derivative (Fig. 1b-d, Supple-
mentary Fig. 1, Supplementary Table 1). In each asymmetric unit,
there are six ScoMcrA molecules (Supplementary Fig. 2a), which
are assembled into three dimers (Supplementary Fig. 2b). This is
consistent with the observation that ScoMcrA behaves as a dimer
in solution (Supplementary Fig. 2c).

Each ScoMcrA protomer consists of a head domain, an
uncharacterized domain, a SRA-like domain, and an HNH
domain. These four modular domains are arranged analogous to
beads on a string (Fig. 1d), with the latter three domains all
contributing to the dimerization contacts (Fig. 1c). The head
domain is small, and with an unknown function (Supplementary
Fig. 3a). Superimposition of the six ScoMcrA protomers in the
asymmetric unit shows that the head domain exhibits substantial
positional variance with respect to the other domains, suggesting
that it is rather flexibly attached to the rest of the molecule
(Supplementary Fig. 4). The uncharacterized domain binds
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Fig. 1 ScoMcrA employs its SBD domain to recognize PT-DNA. a Streptomyces coelicolor ScoMcrA specifically associated with PT-DNA and hemi—PT-DNA
containing the GpsGCC core sequence, with the sulfur atom in the Ry, but not in the S, stereo-specific configuration. Lane 1 serves as a control with no
protein added. b Domain organization of ScoMcrA. ¢ Structure of the full-length ScoMcrA dimer. The four domains of ScoMcrA, head, SBD, SRA, and HNH
domains, are labeled. d Structure of a ScoMcrA protomer. e Structure of ScoMcrA-SBD-SRA in complex with a 10 base pair PT-DNA. The DNA sequence is
shown at the top, with the bases recognized by ScoMcrA highlighted in magenta. f Structure of ScoMcrA-SBD in complex with an eight base pair PT-DNA.
Sulfur-recognizing residues are shown in stick as well in surface representations. The “S187RGRR'®! loop” recognizing the bases of PT-DNA is colored in

orange

specifically to PT-DNA whose sulfur atom is in the R, but not in
the S, configuration (Supplementary Fig. 5), therefore we named
it sulfur-binding domain (SBD). It exhibits a novel fold consisting
of 10 a-helices as the main body and a three-stranded p-sheet on
the periphery (Supplementary Fig. 3b). DALI search revealed no
significant structural homolog of ScoMcrA-SBD, with the most
similar hit being the origin recognition complex subunit-2 (PDB
code: 1W5S [https://www.rcsb.org/structure/IW5S], Z score =
8.7). Both the SRA and the HNH domains are structurally similar
to known SRA domains'®?’ and HNH3® domains, that are,
respectively, responsible for recognizing 5-methylcytosines and
performing double strand cleavage on DNA (Supplementary
Fig. 3¢,d). In the HNH domain, two B-strands and an a-helix
harbor the active site residues H508, N522, and H531, that are
critical for its endonuclease activity'. Four cysteine residues,
C484, C489, C527, and C530, coordinate a Zn’** ion in a zinc
finger-like structure (Supplementary Fig. 3d).

Structure of the ScoMcrA-SBD domain in complex with PT-
DNA. After numerous crystallization trials using various ScoM-
crA fragments and different lengths and sequences of PT-DNA
oligonucleotides, we successfully determined the crystal structures

of the SBD-SRA domains of ScoMcrA (residues 91-442) in
complex with a 10-base pair (bp) PT-DNA (5-
CCCGpsGCCGGG-3) at 3.30A resolution (PDB accession
number 5ZMN; Fig. le), and the SBD domain of ScoMcrA
(residues 91-260) in complex with an 8-bp PT-DNA (5-
CCGpsGCCGG-3% at 1.70 A resolution (Fig. 1f and Supplemen-
tary Table 1). Similar to the FL ScoMcrA protein, ScoMcrA-SBD-
SRA forms a dimer, with the SRA domain mediating dimerization
but no association with PT-DNA (Fig. le). In contrast, the
ScoMcrA-SBD structure exists as a monomer (Fig. 1f). Although
there are sulfur atoms in both strands of PT-DNA, which contain
a palindromic GpsGCC core sequence, only one sulfur atom in
PT-DNA is recognized by ScoMcrA-SBD in both structures
(Fig. le, f). In support of these structural observations, both FL
ScoMcrA and ScoMcrA-SBD interacted with hemi-PT-DNA,
which has only one of the two DNA strands phosphorothioated,
as shown in EMSA assays (lane 5 in Fig. 1a and Supplementary
Fig. 5).

Recognition of the R, sulfur atom in PT-DNA by ScoMcrA-
SBD. The sulfur atom on PT-DNA fits snugly in a cavity on the
surface of SBD (Fig. le, f and Supplementary Fig. 6). The wall of
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this sulfur-binding cavity of SBD is lined with non-polar func-
tional groups, including the P-methylene groups of Y164 and
H116, the f-methyl group of A168, and the y-methylene group of
R117. The hydrophobic pyrolidine ring of P165 forms the bottom
of this sulfur-binding cavity. In addition, the sulfur-binding cavity
also contains positively charged element, such as the guanidinium
group of R117 (Fig. 2a-c).

Compared to oxygen, the electronegativity of sulfur is
substantially lower, being 2.58 compared to 3.44 for that of
oxygen by the Pauling scale’”. Hence, it can be expected that
phosphorothioate is less hydrophilic and more hydrophobic than
phosphate. In the PT-DNA bound ScoMcrA-SBD structure, the
sulfur atom forms hydrophobic interactions with the pyrolidine
ring of P165, the B-methylene groups of Y164 and H116, the -
methyl group of A168, and the y-methylene group of R117
(Fig. 2a—c and Supplementary Fig. 7). Besides, the guanidinium
group of R117 forms salt bridge with the phosphorothioate in PT-
DNA?38 (Fig. 2a—c). In the S, configuration, the sulfur atom would
be incorrectly positioned to be accommodated by the sulfur-
binding cavity (Supplementary Fig. 8a, b). Moreover, the reverse
stereochemistry of phosphorothioate would lead to an unfavor-
able interaction between guanidinium cation and phosphorothio-
ate anion, in particular for the low charge on the sulfur atom and
its larger van der Waals radius. This is consistent with our
biochemical results that ScoMcrA or its SBD domain did not
associate with PT-DNA with the sulfur atom in the S,
configuration (Fig. 1a and Supplementary Fig. 5). Therefore, the
SBD domain of ScoMcrA manipulates the subtle balance between
hydrophobic and electrostatic interactions to recognize the sulfur
atom in PT-DNA.

To verify our structural observations, we performed an EMSA
assay to examine how various mutations of the sulfur-recognizing
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residues of ScoMcrA-SBD affect PT-DNA binding. Replacement
of the non-polar P165 in the center of the sulfur-binding cavity to
hydrophilic residues, such as asparagine clearly caused no DNA
shifting by ScoMcrA-SBD (Supplementary Fig. 9), indicative of its
critical importance. Furthermore, mutating the positively charged
R117 to neutral residues, such as alanine or glycine abolished its
electrostatic interaction with the sulfur atom in PT-DNA and led
to a complete loss of ScoMcrA-SBD/PT-DNA complex forma-
tion. Point mutations of H116I, Y164I, and A168I, which
introduced extra y-methyl groups to their side-chains, created
steric hindrance between the sulfur atom of PT-DNA and the
sulfur-binding cavity of SBD and PT-DNA binding of these
mutants was reduced by 94%, 89%, and 51%, respectively (Fig. 2d
and Supplementary Fig. 9). A168 is not as conserved as some
other residues, such as P165 in ScoMcrA-SBD homologs (see
Fig. 6a below) and it might contribute to PT-DNA binding
through van der Waals interactions.

The binding affinities of these ScoMcrA-SBD mutants and PT-
DNA were also measured by fluorescence polarization. It was
confirmed that a mutation of P165 or R117 substantially
disrupted the ability of ScoMcrA-SBD to bind PT-DNA, while
mutations of other residues, such as H116 also diminished the
association to varying degrees (Supplementary Fig. 10; since no
other amino acid has the same backbone connectivity as proline,
mutating a proline to another amino acid will change the
backbone of the SBD protein and might lead to loss of its activity
because of improper folding instead of changing of hydropho-
bicity). The EMSA and fluorescence polarization assay results
indicate that both hydrophobic and electrostatic interactions, as
well as correct folding of the SBD domain, play crucial roles for
the sulfur-binding cavity of ScoMcrA-SBD to recognize the sulfur
atom in PT-DNA.
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Fig. 3 ScoMcrA-SBD undergoes conformational change upon recognition of PT-DNA. a In the PT-DNA-unbound state of ScoMcrA-SBD, the phenyl ring of
the side-chain of ScoMcrA-Y164 covers the sulfur-binding cavity. b In the PT-DNA-bound state, the hydroxyphenyl group of Y164 is flipped open to allow
the sulfur atom of PT-DNA to access the sulfur-binding cavity. ¢ Comparing the PT-DNA-bound and PT-DNA-unbound states of ScoMcrA-SBD, the

hydroxyphenyl group of Y164 is rotated 98° upon association of PT-DNA. d Association of PT-DNA also triggers a substantial conformational change of

the “S187RGRR' loop” of ScoMcrA-SBD

The SI87RGRR!°! loop recognizes the GpsGCC core sequence.
ScoMcrA specifically recognizes PT-DNA with the GpsGCC core
sequencel (Fig. 1a), which is one of the four known consensus
PT-DNA sequences existing in bacteria. Our structure reveals
that the tip of the a9-a10 loop of ScoMcrA, whose sequence is
SI87RGRR!!, inserts into the major groove of PT-DNA and
provides base-specific contacts for the GpsGCC core sequence. At
the center of this interface, the guanidinium group of R190 in the
SI87RGRR!°! loop forms two hydrogen bonds with the O6 atoms
of G* and G* of the G*»sG*C>C6/G®G>'C*C? core sequence
(" denotes bases on the complementary strand). In addition, the
guanidinium group of R191 forms two hydrogen bonds with the
06 atoms of G* and G°". Moreover, the hydroxyl groups of S187
and Y164 form hydrogen bonds with the N7 atom of G*" and the
N4 atom of CP, respectively. Furthermore, the N4 atom of C°
forms a weak hydrogen bond with the hydroxyl group of Y164
and an electrostatic interaction with the carboxyl group of D160.
Lastly, the positively charged R109 and R171 form electrostatic
interactions with the negatively charged backbone phosphate of
PT-DNA (Fig. 2¢, Supplementary Figs. 11 and 12). The hydrogen
bonds of Y164 to the N4 of C° and the N4 of C® atoms might
contribute to flipping of the hydroxyphenyl group of Y164 and
opening the sulfur-binding pocket of ScoMcrA-SBD. The
importance of Y164 for the recognition of the GpsGCC core
sequence is consistent with the fact that it is not well conserved in
ScoMcrA-SBD homologs as different PT-DNA core sequence
motifs would require different corresponding residues for
binding.

Consistent with these structural observations, substitution of
R190 or R191 by alanine caused a 82% or 72% decrease in the
association between ScoMcrA-SBD and PT-DNA, respectively,
and double mutation of R190A/R191A entirely abolished the

complex formation between ScoMcrA-SBD and PT-DNA (Fig. 2d
and Supplementary Fig. 9), which were confirmed by the
fluorescence polarization assay (Supplementary Fig. 10). In
addition, the single point mutation of Y164 to phenylalanine
led to a 65% loss of complex formation between ScoMcrA-SBD
and PT-DNA, and replacement of S187 by alanine reduced the
binding affinity of ScoMcrA-SBD for PT-DNA by 38% (Fig. 2d
and Supplementary Fig. 9).

PT-DNA binding induces conformational change of ScoMcrA-
SBD. A comparison of ScoMcrA-SBD structures in the free and
PT-DNA bound states revealed that PT-DNA binding induces a
rotation of the side-chain of Y164 in the sulfur-binding cavity of
ScoMcrA-SBD. When not in complex with PT-DNA, Y164 is
flexible and samples a variety of conformations. Of the six
ScoMcrA molecules in the asymmetric unit, only two have clearly
observable electron densities for the side-chain of Y164 and both
of which are in the closed states (Supplementary Fig. 13). In these
two molecules, the hydrophobic phenyl ring of the side-chain of
Y164 covers the opening of the non-polar sulfur-binding cavity
(Fig. 3a and Supplementary Fig. 14a). The other four ScoMcrA
molecules lack clearly observable electron densities for the side-
chain of Y164 (Supplementary Fig. 13).

On the other hand, upon binding of PT-DNA, the hydro-
xyphenyl group of the side-chain of Y164 is flipped open allowing
the sulfur atom in PT-DNA to access the ScoMcrA-SBD cavity
(Fig. 3b and Supplementary Fig. 14b). Hence, the association with
PT-DNA leads to a 98° rotation of the hydroxyphenyl group from
Y164 side-chain (Fig. 3c). This conformational change of
ScoMcrA-Y164 could either be caused by the binding of
ScoMcrA-SBD to the sulfur atom of PT-DNA or by the binding
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Fig. 4 The sulfur atom rotates ~80° outward upon association with ScoMcrA-SBD. a Comparison between the SBD-bound and SBD-unbound strands of the
same PT-DNA molecule in the structure of ScoMcrA-SBD in complex with PT-DNA. An 80° outward rotation of the sulfur atom can be observed, which
makes it more suitable for accommodation by the sulfur-binding cavity on ScoMcrA-SBD. b Comparison between the free and SBD-bound PT-DNA also
shows that the sulfur atom rotates 83° outward upon its recognition by ScoMcrA-SBD

to the GGCC motif, or both may make contributions. The
S7RGRR!! loop of ScoMcrA also undergoes a substantial
conformational change so that it can be better accommodated
into the major groove of PT-DNA to recognize the GpsGCC core
sequence (Fig. 3d).

The sulfur atom in PT-DNA rotates ~80° upon SBD binding.
ScoMcrA binding also leads to a significant conformational
change of PT-DNA. In comparison with the DNA strand that is
not in contact with ScoMcrA-SBD, the sulfur atom in the SBD-
bound strand of PT-DNA is rotated about the phosphodiester
backbone by 80° outward so that it fits better into the ScoMcrA-
SBD sulfur-binding cavity (Fig. 4a). This is reminiscent of the
flipping of the 5-methylcytosine in methylated DNA to the out-
side of the double helix by SRA domains!8-21, Moreover, com-
parison of our SBD-bound PT-DNA structure with the recently
reported free R, PT-DNA structure’ also shows that the
ScoMcrA-SBD-bound sulfur atom in PT-DNA exhibits an 83°
rotation outward upon its recognition by ScoMcrA-SBD (Fig. 4b).

ScoMcrA-SBD homologs are widely spread in prokaryotes.
Because ScoMcrA is the only identified protein so far that
recognizes PT-DNA, we speculated whether other ScoMcrA-like
PT-DNA readers might exist. Intriguingly, an extensive position-
specific iterated BLAST (PSI-BLAST) search using the sequence
of ScoMcrA-SBD revealed that many proteins possessing SBD-
homologous domains are widely present among prokaryotes. As
many as 1059 sequenced species from 14 phyla of bacteria were
found to possess SBD domains, including the more common
phyla, such as proteobacteria, actinobacteria, bacteroidetes, fir-
micutes, and cyanobacteria, as well as less familiar ones including
chloroflexi, planctomycetes, verrucomicrobia, acidobacteria,
nitrospirae, deinococcus-thermus, rhodothermaeota, balneo-
laeota, and lentisphaerae (Fig. 5 and Supplementary Table 2). In
some well-known orders such as streptomycetales, enterobacter-
ales, and vibrionales, ScoMcrA-SBD homologs are found in even
more than 25% of sequenced species (Fig. 5).

Sequence alignment of these putative SBD domains shows that
some of the sulfur-recognizing residues of ScoMcrA-SBD, such as
P165 and H116 are the most highly conserved (Fig. 6a,
Supplementary Fig. 15a and Supplementary Table 3). R117, the
positively charged residue forming electrostatic interaction with
the sulfur atom in PT-DNA, is replaced by a similarly positively
charged lysine in most of the SBD homologs (Supplementary
Fig. 15a). Presumably, these SBD homologs use lysines at this
position to form electrostatic interaction with the PT-DNA sulfur.

In support of this observation, point mutation of R117K did not
appreciably affect the binding affinity between ScoMcrA-SBD and
PT-DNA, as measured in fluorescence polarization assays
(Supplementary Fig. 15b). On the other hand, the R117Q
mutation decreased the association between ScoMcrA-SBD and
PT-DNA presumably because glutamine is not as positively
charged as arginine and lysine (Supplementary Fig. 15b).

Among the residues in the sulfur-binding pocket, Y164 is
unique in that it plays two roles: employing its f-methylene group
to form van der Waals interaction with the sulfur atom, and using
its hydroxyl group to make hydrogen bonds with the N7 atom of
G*’ and the N4 atom of C°. PT-DNA sequences in other bacteria
possess consensus motifs other than GpsGCC/GpsGCC, therefore
it is not surprising to find that Y164 is only conserved in a subset
of SBD homologs (7 out of the 23 SBD homologs in
Supplementary Fig. 15a). Most likely, the SBD homologs in
bacteria containing GpsAAC/GpsTTC, GpsATC/GpsATC, and
CpsCA core sequences employ residues different from tyrosine at
this position to recognize these consensus PT-DNA sequences.
Interestingly, the Y164M mutation strengthened the binding
between ScoMcrA-SBD and PT-DNA (Supplementary Fig. 15b),
presumably because the hydrophobicity of methionine is not less
than that of tyrosine, and methionine also possesses substantial
conformational flexibility.

A168 contributes to the association with PT-DNA by using its
B-methyl group to make a hydrophobic interaction with the
sulfur atom of PT-DNA. Other amino acids can replace alanine at
this position, since they possess -methylene groups which can
function in the same way. Therefore, it is not surprising that A168
is not as conserved as other sulfur-binding residues (Supplemen-
tary Fig. 15a), and mutations of A168 to other residues, such as
A168H or A168R in ScoMcrA-SBD did not substantially decrease
its binding affinity for PT-DNA (Supplementary Fig. 15b).

Besides these residues, there are other highly conserved
residues of ScoMcrA-SBD, including P118, V119, L120, L121,
F166, W167, L169, and W175 (Fig. 6a and Supplementary
Fig. 15a). These residues do not contribute to the interaction
between ScoMcrA-SBD and PT-DNA, but participate in forming
the hydrophobic core of the ScoMcrA-SBD domain (Supplemen-
tary Fig. 16). Presumably, mutations of these residues might
compromise the folding of the ScoMcrA-SBD domain, which
could explain their high conservation among homologs.

In contrast, residues of ScoMcrA-SBD-mediating base-specific
GpsGCC core sequence contacts, such as S187, R190, and R191,
exhibit a higher level of sequence variance. Mapping of the
sequence conservation onto the surface of the ScoMcrA-SBD
structure reveals that the sulfur-binding cavity is the most
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Fig. 5 Phylogenetic tree for prokaryotic ScoMcrA-SBD homologs. The two

numbers behind each phylum/class/order represent the number of species

possessing ScoMcrA-SBD homologs and that whose genomes have been sequenced. The occurrence frequency of ScoMcrA-SBD homologs, which was

calculated by dividing the number of species possessing ScoMcrA-SBD homologs by the number of sequenced species, for different phyla/classes/orders
in the bacteria kingdom was indicated. Details please see Supplementary Table 2

conserved region, which also highlights its functional importance.
Noticeably, other parts of the ScoMcrA-SBD surface do not
display a comparable level of conservation (Fig. 6b). Therefore,
the ScoMcrA-SBD homologs presumably also employ a sulfur-
binding cavity containing P165/H116/R117/Y164-equivalent
residues to recognize the R, sulfur atom in PT-DNA.

SBD homologs bind PT-DNA and restrict gene transfer. The
sequences of the ScoMcrA-SBD homologs found by the BLAST
search are highly similar to that of ScoMcrA-SBD, especially for
the sulfur-recognizing residues P165, Y164, H116, and R117
(Fig. 6a, Supplementary Fig. 15a, and Supplementary Table 3). To
investigate whether these ScoMcrA-SBD homologs could indeed
bind PT-DNA, we selected three SBD homologs from Strepto-
myces gancidicus, E. coli, and Morganella morganii. ScoMcrA
originates from S. coelicolor, which belongs to the phylum of
actinobacteria. On the other hand, both E. coli and M. morganii
belong to the phylum of proteobacteria, which is a separate
phylum different from the actinobacteria phylum. Moreover, the
E. coli and M. morganii homologs are distantly related to
ScoMcrA (Supplementary Fig. 17). These three ScoMcrA-SBD
homologs were heterologously expressed in the E. coli strain BL21
(DE3), purified, and were examined for their abilities to interact
with PT-DNA with EMSA and fluorescence polarization assays
in vitro. Indeed, the purified proteins of these SBD homologs
bound PT-DNA with the sulfur atom in the R, but not S,
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configuration in sequence contexts of GpsGCC/GpsGCC,
GpsAAC/GpsTTC, or GpsATC/GpsATC. Interestingly, the S.
gancidicus SBD homolog produced only one shifted band with
PT-DNA on the gel, whereas the E. coli and the M. morganii SBD
homologs formed two shifted bands with PT-DNA. This indicates
that they might interact with palindromic PT-DNA to yield one-
protein-plus-one-DNA heterodimeric or two-proteins-plus-one-
DNA heterotrimeric complexes (Fig. 6¢, Supplementary Fig. 28).
In addition, the S. gancidicus and the E. coli SBD homologs
associated equally with GpsGCC/GpsGCC, GpsAAC/GpsTTC,
and GpsATC/GpsATC, whereas the M. morganii SBD homolog
interacted more strongly with GpsGCC/GpsGCC (Fig. 5d), sug-
gesting that different SBD homologs possess diverse PT-DNA-
binding specificities. Mutation of the critical proline residues
corresponding to ScoMcrA-P165 abolished or significantly
diminished the association of the SBD homologs from E. coli and
S. gancidicus with PT-DNA, as shown with the fluorescence
polarization assays (Fig. 6d).

As a further functional in vivo assay, we examined the abilities
of the heterologously expressed SBD homologs to restrict transfer
of the dnd gene cluster from Salmonella enterica serovar Cerro 87.
This contains the writer genes of GpsAAC/GpsTTC phosphor-
othioate modification in DNA, dndA through dndE*0~*3. The
transformation efficiency of the dnd gene cluster to a host
expressing the SBD homolog from S. gancidicus or E. coli
significantly dropped by 1000 fold compared to a control vector,
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Fig. 6 SBD-homologous domains might function to recognize PT-DNA. a Multiple sequence alignment of representative ScoMcrA-SBD homologs from
Streptomyces coelicolor (#1), Streptomyces gancidicus (#2), Escherichia coli (#3), and Morganella morganii (#4). The sulfur-recognizing residues are
highlighted in yellow. The consensus sequence is shown at the bottom. Right: Domain organizations of these ScoMcrA homologs. b The surface of
ScoMcrA-SBD is colored according to conservation scores, which shows that its sulfur-recognizing cavity is highly conserved. ¢ Purified ScoMcrA-SBD
domain homologs from Streptomyces gancidicus (#2), Escherichia coli (#3), and Morganella morganii (#4) specifically recognized PT-DNA with the sulfur
atom in the Ry, but not in the Sy, configuration. d Mutation of P482N in the Escherichia coli SBD homolog significantly diminished, while mutation of P607N
in the Streptomyces gancidicus SBD homolog disrupted, the association with PT-DNA with the core sequence GpsAAC. e Heterologous expression of
scomcrA homologs from S. gancidicus (#2), E. coli (#3), and M. morganii (#4) restricted transfer of the dnd gene cluster from Salmonella enterica, which
contains the genes encoding the “writer” proteins of DNA phosphorothioation. Transformation frequencies of empty pBluescript vector (PT~) and that
harboring the dnd gene cluster (PTT) into E. coli DH10B expressing various scomcrA homologs are shown

while a 10-fold decrease in transformation efficiency of the dnd
gene cluster into a host harboring the M. morganii SBD homolog
was observed (Fig. 6e). Therefore, our in vivo and in vitro studies
support the hypothesis that these prokaryotic ScoMcrA-SBD
homologs function to specifically recognize PT-DNA.

8

Discussion

Sulfur is a vital constituting element for many building blocks of
life, such as amino acids, tRNA, coenzymes/cofactors, etc. How-
ever, to our knowledge, few crystal structures are available that
describe the direct recognition mechanism for sulfur atoms in
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various sulfur-containing molecules by their binding proteins.
Our study reveals that in addition to an irregular loop that binds
in the major groove of GpsGCC, a highly conserved cavity is
employed in the SBD domain to recognize the phosphorothioate
in PT-DNA, with both hydrophobic and electrostatic interac-
tions. Similar to other DNA-protein complexes, electrostatic
interactions are formed by the positively charged guanidinium
group of R117, in particular with the non-bridging oxygen atom
of phosphorothioate in PT-DNA since the electronegativity of
oxygen is higher than that of sulfur. In addition, the sulfur atom,
which is low in electronegativity, is compensatorily surrounded
by a relatively hydrophobic environment including the pyrolidine
ring of P165, the p-methylene groups of Y164 and H116, and the
B-methyl group of A168. It should also be pointed out that in
terms of entropy the sulfur atom of PT-DNA would be more
favorable to be enclosed by the hydrophobic cavity of ScoMcrA-
SBD than to be exposed to solvent. According to quantum cal-
culation at the MN15/6-31 4 G* level of density functional theory
(DFT), the overall interaction energy for R,-phosphorothioate
was estimated to be stronger by about 16 kcal/mol than that of its
Sp-chiral cousin in such an environment, almost equivalent to
that of a phosphate in normal DNA (Supplementary Fig. 18).
Moreover, the solvation energy for either R,-phosphorothioate or
Sp-phosphorothioate was poorer by 9-11 kcal/mol than that of a
normal phosphate in aqueous solution, at the same level of DFT
calculation with Truhlar and coworkers’ SMD solvation model*%.
This recognition pattern was discovered for PT-DNA and SBD. It
is expected that similar recognition mechanism might account for
many biological functions of the endogenous phosphorothioation
in bacterial genomes (also see the comparison and contrast of
oxygen and sulfur atoms in Supplementary Discussion).

The electronic structure of phosphorothioate has been well
characterized in earlier work!22%, In unbound phosphorothioated
DNA, the negative charge favors the sulfur atom in an anionic
form [>P(=0)S~], similar to the phosphate group in normal
DNA (see Fig. 6 in ref. 12). On the other hand, the amount of
electron density of the sulfur atom is distributed in a much larger
region in phosphorothioate group than that of the oxygen atom
in phosphate group. Owing to a larger radius and higher polar-
izability, the sulfur atom favors a larger London dispersion force
and less electrostatic interaction. SBD protein provides two
interacting sites, one from R117 (positively charged, salt-bridge
hard partner) and another from hydrophobic cavity (uncharged,
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gancidicus ScoMcrA homolog (WP_006134840) were synthesized according to
their protein sequences with codons optimized for E. coli (Supplementary Table 5).

Genes encoding the SBD domain of the E. coli ScoMcrA homolog (residues
1-170) and the SBD domain of the M. morganii ScoMcrA homolog (residues
1-170) were amplified by high-fidelity PCR using primers Eco-SBD-F/Eco-SBD-R
and Mmo-SBD-F/Mmo-SBD-R and cloned into pSJ8 as above, resulting in
pJTU1670 and pJTU1671, respectively. The gene encoding the FL S. gancidicus
homolog was amplified by high-fidelity PCR using primers Sga-F/Sga-R and cloned
into pSJ8 as above, resulting in pJTU1672.

Site-directed mutagenesis of pJTU1669 was performed by using a Hieff Mut™
site-directed mutagenesis kit (YEASEN) with primers H116I-F/H116I-R, R117A-F/
R117A-R, R117G-F/R117G-R, Y164I-F/Y164I-R, P165N-F/P165N-R, A168G-F/
A168G-R, A168I-F/A168I-R, Y164F-F/Y164F-R, S187A-F/S187A-R, and R191A-F/
R191A-R, resulting in pSBD-H116I, pSBD-R117A, pSBD-R117G, pSBD-Y164I,
pSBD-P165N, pSBD-A168G, pSBD-A168I, pSBD-Y164F, pSBD-S187A, and pSBD-
RI191A, respectively. All mutants were confirmed by DNA sequencing.

Protein expression and purification. The pSJ8 derivatives were transformed into
E. coli BL21(DE3). For protein overexpression, 10 mL of the overnight culture was
inoculated into 1 L LB medium supplied with 100 mg/mL ampicillin. Next, the

culture was incubated at 37 °C to ODggo = 0.4 and induced by 0.2 mM IPTG for 12
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E. coli. After removing those annotated as “unclassified bacteria”, 1059 species
remained that contained SBD homologs. As of April 10, 2018, there were

21,745 species in the bacteria kingdom whose genomes had been sequenced,
according to the NCBI taxonomy database. Therefore, in Fig. 5, “Bacteria 1059/
21,745” means that among the 21,745 bacteria species whose genomes have been
sequenced, 1059 (4.9% of 21,745) species possess SBD homologs. The same
statistical method was used to search for SBD homologs in each phylum, class, and
order in the bacteria kingdom, and the statistics of number of species possessing
SBD homologs/number of sequenced species was shown in the phylogenetic tree.
For example, “Streptomycetales 237/325” means that in the order of
Streptomycetales, 325 species have their genomes sequenced and among them
237 species possess SBD homologs. The occurrence frequency of SBD homologs
(which is calculated through dividing the number of species possessing SBD
homologs by the number of sequenced species) was calculated.

Fluorescence polarization assay. The binding of DNA and protein were mea-
sured using a fluorescence polarization assay. 5 nM 5-carboxyfluorescein-labeled
double-stranded DNA probe with various concentrations of SBD protein was
incubated in buffer containing 20 mM Tris (pH 8.0), 50 mM NaCl, 1 mM DTT, 5%
glycerol at room temperature. We used a SpectraMax i3x to measure the fluores-
cence polarization. The dissociation constants (K4) were derived from the equation
mP = [maximum mP] x [C]/(K4q 4 [C]) + [baseline mP], where mP is milli-
polarization, and [C] is protein concentration. Curves were performed individually
using the equation, the curves and Ky values were analyzed by using Graphpad
prim software (version 5.0). Our data were obtained from two or four experimental
replicates.

Calculation of interactions between PT-DNA and SBD. The inter-molecular
interaction for PT-DNA and SBD protein was computed using a variety of different
quantum chemical methods and a model system with phosphorothioate and
neighboring residues from a-helix 5 (residues 114-117, ALHR) and a-helix 8
(residues 164-168, YPFWA). For simplification, the side chains of F, W, and L
were trimmed owing to no direct interaction with phosphorothioate, but a water
molecule was retained by its special hydrogen bonding network within a-helix 5.
The model system was partially optimized with the ONIOM method at the level of
B3LYP/6-31 + G*|PM6°%, in which phosphorothioate and guanidinium groups
were set up as the core higher-level quantum calculations with the bridging water
molecule and contacted peptide bond of P165 for the electrostatic and van der
Waals interactions. The R,-phosphorothioate complex model was well-maintained
after the above optimization, and then the S,-phosphorothioate and normal
phosphate models were constructed by replacement of oxygen and sulfur atoms.
The resulting three models were shown in Supplementary Fig. 17.

The interaction energy for the complexes was computed at the B3LYP/6-31 +
G* level of theory, with the BSSE correction®®. The overall interaction in the gas
phase was estimated to be —131.8, —117.1, and —135.6 kcal/mol, and —121.5,
—107.3, and —125.3 kcal/mol before and after the counterpoise correction, in the
cases of R,-phosphorothioate, S,-phosphorothioate, and normal phosphate
complexes, respectively. The primary contribution belonged to the electrostatic
interaction between phosphorothioate (phosphate in normal DNA) and R117’s
guanidinium group. Apparently, the R,-phosphorothioate interacted with the SBD
protein much better than its S,-configuration cousin, and very close to the normal
phosphate in the interaction energy. This is in good agreement with the well-
known fact that sulfur is lower in electronegativity than oxygen, and the R,-
complex preserved most of the electrostatic contact of P-O and guanidinium as in
the normal phosphate model. On the other hand, oxygen-sulfur switch would lead
to a significant loss of energy, 14 kcal/mol, in the case of the S,-phosphorothioate
complex.

The solvation energy was calculated at the same DFT level of theory, with the
SMD solvation model®?. It was found that poor solvation for phosphorothioate was
the second important factor for the molecular recognition. The solvation energy
was calculated to be —81.1, —79.1, and —89.8 kcal/mol for the three cases of R-
phosphorothioate, S,-phosphorothioate, and normal phosphate complexes,
respectively. So the solvation energy decreased by 9-11 kcal/mol after
phosphorothioation. This is also consistent with the lower electronegativity of
sulfur, and thereby poorer polarization in aqueous solution. Upon the complex
formation, sulfur was fully buried inside of SBD protein and the complex was
expected to be very similar from phosphorothioate to phosphate in solvation
energy.

In short, the molecular recognition between PT-DNA and ScoMcrA-SBD stems
from two factors, a good orientation for salt-bridge and a poor solvation of isolated
phosphorothioate. The SBD hydrophobic cavity leverages the solvent effect and
enhances the molecular interaction between PT-DNA and ScoMcrA-SBD.

Data availability

The coordinates and structure factor files of full-length Streptomyces coelicolor
ScoMcrA by itself, the SBD-SRA domains of ScoMcrA in complex with PT-DNA,
and the SBD domain of ScoMcrA in complex with PT-DNA have been deposited in
PDB with accession numbers 5ZMM, 5ZMN, and 5ZMO, respectively. Other data
are available from the corresponding authors upon reasonable request.
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