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ABSTRACT

Acquisition of foreign DNA by Staphylococcus
aureus, including vancomycin resistance genes,
is thwarted by the ATP-dependent endonuclease
SauUSI. Deciphering the mechanism of action of
SauUSI could unravel the reason how it singularly
plays a major role in preventing horizontal gene
transfer (HGT) in S. aureus. Here, we report a de-
tailed biochemical and structural characterization of
SauUSI, which reveals that in the presence of ATP,
the enzyme can cleave DNA having a single or mul-
tiple target site/s. Remarkably, in the case of multi-
ple target sites, the entire region of DNA flanked by
two target sites is shred into smaller fragments by
SauUSI. Crystal structure of SauUSI reveals a sta-
ble dimer held together by the nuclease domains,
which are spatially arranged to hydrolyze the phos-
phodiester bonds of both strands of the duplex.
Thus, the architecture of the dimeric SauUSI facili-
tates cleavage of either single-site or multi-site DNA.
The structure also provides insights into the molec-
ular basis of target recognition by SauUSI. We show
that target recognition activates ATP hydrolysis by
the helicase-like ATPase domain, which powers ac-
tive directional movement (translocation) of SauUSI
along the DNA. We propose that a pile-up of mul-
tiple translocating SauUSI molecules against a sta-
tionary SauUSI bound to a target site catalyzes ran-
dom double-stranded breaks causing shredding of
the DNA between two target sites. The extensive and
irreparable damage of the foreign DNA by shredding
makes SauUSI a potent barrier against HGT.

INTRODUCTION

Antimicrobial resistance (AMR) is an outstanding threat
to the health care system worldwide (1). One serious con-
cern is the resistance in Staphylococcus aureus—an op-
portunistic pathogen responsible for the majority of the
nosocomial and community-acquired infections in humans.
Presently, the first-line of treatment involves antibiotics
penicillin and methicillin. However, over the years, many
strains of S. aureus have grown resistant to them (2-4).
Vancomycin is a glycopeptide antibiotic that is known to
treat methicillin-resistant S. aureus (MRSA). The ability of
MRSA to acquire vancomycin-resistance through horizon-
tal gene transfer (HGT) is a looming health crisis (5,6).
HGT is the process of acquisition of foreign DNA by
bacteria through transduction, transformation or conju-
gation, and is a biological driver of bacterial evolution,
ecology and pathogenicity (7,8). Restriction endonucleases
(REases) that nucleolytically degrade foreign DNA are one
of the main barriers to HGT in bacteria (9,10). A strik-
ing example is an almost impregnable barrier created by the
REase SauUSI to the entry of foreign DNA into S. aureus
(11-13).

SauUSI was first discovered in the MRSA strains
UAMS-1 and SA564, and was found to be one of the two
main barriers to HGT in many strains of S. aureus; the
REase Saul being the other (11,12,14,15). Based on the epi-
genetic status of their substrate DNA, REases are broadly
classified as modification-independent Type I, ISP, II or 111
REases or modification-dependent Type IV REases (16).
Modification-independent REases cut DNA having non-
modified target sites, while modification-dependent REases
cleave DNA only if the target sites have a specific modified
base. SauUSI is a modification-dependent Type IV REase,
and Saul is a modification-independent Type I REase. The
dynamics of the REases, i.e. the expression levels of REases,
the types of the REases acting in tandem and their nu-
cleolytic potential in the bacterial cell, dictate the rate of
HGT and thus potentially the ability of a bacterium to
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gain resistance to an antibiotic. Inactivation of the sauUSI
gene leads to a manifold increase in the transformation ef-
ficiency of S. aureus (11,17,18). Interestingly, deletion of
saul in these strains does not have such a profound effect
(11,13,19). Furthermore, the absence of SauUSI results in
hyper-susceptibility to the gain of the vancomycin resis-
tance genes from Enterococcus faecalis (11,13). What makes
SauUSI such a potent barrier to HGT is not clear.

SauUSI is made of a single polypeptide chain containing
three domains - a nuclease domain belonging to the phos-
pholipase D (PLD) family, an ATPase domain belonging
to the Superfamily 2 (SF2) of helicase, and a target recogni-
tion domain (TRD) (11,12). The Type IV REase SauUSI
cleaves DNA only in the presence of the target sequence
5-S*™CNGS-3’, where S = G or C and ™C can be 5-
methylcytosine or 5-hydroxymethylcytosine (12). It was pre-
viously reported that SauUSI cleaves only those DNA hav-
ing two or more target sites. Based on the site of their cleav-
age, REases can be categorized as site-specific or random
cutters. Site-specific REases, such as Type 11 and Type 111
REases, cleave inside or at a fixed distance outside the tar-
get sequence. In contrast, the random cutters, such as Type
I and ISP REases, cut randomly as far away as thousands
of base pairs (bp) from their target sequence. Preliminary
analysis showed that SauUSI cleaves DNA 3-18 bp outside
of the target sequence (12).

SauUSI requires ATP as a cofactor for its nucleolytic ac-
tivity (12). REases that require ATP as a cofactor for DNA
cleavage usually belong to Type I, ISP or III (20,21). In
the case of Type I and ISP REases, ATP hydrolysis pow-
ers translocation of the enzyme along the DNA that allows
it to cleave DNA away from the target sequence, while the
hydrolysis of ATP by Type III REases primarily serves as a
switch to turn on its nucleolytic activity (20,22-24). The role
of ATP hydrolysis in DNA cleavage by SauUSI is unknown.
Here, through complementary biochemical and structural
studies, we unravel the mechanism of DNA cleavage by
SauUSI and the role of ATP hydrolysis for its nucleolytic
activity and gain insights into what makes this enzyme a
potent barrier to HGT.

MATERIALS AND METHODS
Cloning and expression of SauUSI

The sauUSIR gene followed by a BamHI site and C-
terminal 6xHis-Tag downstream and flanked by a Ndel
site upstream was inserted into a pHisl7 (ampicillin resis-
tant) vector by a PCR based restriction-free cloning strat-
egy. NEB turbo electrocompetent cells were transformed
with the plasmid DNA. The positive clone was confirmed
by sequencing for the presence of the wild type sauUSIR
gene. Small scale expression of SauUSI suggested that it
was best expressed in BL21(AI) cells grown in LB (lysogeny
broth) supplemented with ampicillin (0.1 mg/ml) up to 0.6
OD at 37°C, induced with 0.2% arabinose and left to grow
overnight at 16°C.

Purification of SauUSI for biochemical assays

The purification of SauUSI was performed using a three-
column strategy at 4°C. Two liters culture was pelleted down

using an Avanti J26X-SP at an RCF of 5180 for 20 min. The
pellet was resuspended in a lysis buffer (50 mM Tris—HCI,
pH 8, 500 mM NaCl, S mM MgCl,, 25 mM imidazole, 10%
glycerol and 0.2% CHAPS) and lysed in a sonicator for 5
min using a pulse of 1 s and recovery of 3 s at a 60% ampli-
tude. Clarification of the cell lysate was achieved by ultra-
centrifuging the sample at 100 000 g using an Optima-L-
100K ultracentrifuge. The supernatant was loaded onto a
GE HisTrap™ HP 5 ml column and washed thoroughly with
Buffer A (50 mM Tris—HCI, pH 8, 500 mM NaCl and 25
mM imidazole). Elution of the protein was achieved by us-
ing a step gradient of Buffer B (50 mM Tris—HCI, pH 8, 500
mM NaCl and 500 mM imidazole). Presence of protein was
confirmed using a 10% SDS-PAGE gel, and the appropri-
ate fractions were pooled for further processing. The pooled
fractions were dialyzed against Buffer BO (50 mM Tris—-HCI,
pH 8, 1 mM EDTA and 1 mM DTT) using Snakeskin dial-
ysis tubing 10 000 MWCO for 3 h. The dialyzed sample was
then loaded onto a GE MonoQ™ 10/100 GL column us-
ing Buffer B50 (50 mM Tris—HCI, pH 8, 50 mM Nacl, 1
mM EDTA and 1 mM DTT). Elution of the protein was
achieved using a linear gradient (0%-50%) of Buffer B1000
(50 mM Tris—HCI, pH 8, 1000 mM NaCl, 1 mM EDTA and
I mM DTT). The fractions containing protein (confirmed
by a 10% SDS-PAGE gel) were pooled and concentrated us-
ing a Vivaspin Turbo 10K MWCO centricon. The concen-
trate was loaded onto a GE Superdex 200™ increase 10/300
GL column, and the protein was eluted using Buffer B100
(50 mM Tris-HCI, pH 8, 100 mM NaCl and 1 mM DTT).
Pure protein was analyzed on a 10% SDS-PAGE gel, con-
centrated appropriately and plunge frozen using liquid ni-
trogen and stored at —80°C for biochemical studies (Supple-
mentary Figure S1).

DNA substrates used for cleavage assay

The substrates used in the cleavage assays were plasmids
and methylation was achieved in vivo using dem™ DH5a Es-
cherichia coli and in vitro using commercial M.Mspl (NEB).
Dcm recognizes the DNA sequence 5'-CCAGG-3’ and con-
verts it to 5'-C’"CAGG-3' whereas M.Mspl recognizes the
DNA sequence 5-CCGG-3" and converts it to 5->"CCGG-
3’. The sequences methylated by Dcm or M.Mspl are sub-
sets of the SauUSI target site 5-S*™CNGS-3'. Methyla-
tion and non-methylation were achieved by transforming
plasmids into DHS5« E. coli and NEB Turbo respectively.
Plates were kept overnight at 37°C, and single colonies
were picked and inoculated in LB (0.1 mg/ml of ampicillin)
and grown until turbidity. The cells were pelleted down,
and plasmid preparation was performed using QIAprep®)
miniprep spin protocol. The plasmid represented in Figure
1A is a derivative of pUCI18. The two-site substrate 1 (DS
1) and the three-site substrate (TS) are derivatives of the
pHis17 vector which were linearized with Ncol-HF at 37°C
for 1 h according to the NEB protocol. Then Ncol-HF was
heat-inactivated by incubating the reaction at 65°C for 20
min (Supplementary Figure S2). The single-site substrates
1 and 2 (SS 1 and SS 2) were obtained by double digest-
ing the two-site substrate with Ndel and Ncol-HF followed
by a 1% agarose gel extraction using the QIAquick® ex-
traction protocol (Supplementary Figure S2). The two-site
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Figure 1. Nuclease activity of SauUSI. (A) Schematic of the plasmid used for cleavage. N represents the number of target sites of SauUSI in a particular

s brought about in vivo to generate the target sites of SauUSI. The corresponding cleavage pattern (on a 1% agarose gel) of
SauUSI on the respective plasmids. The reactions with and without nucleotide (ATP) are compared against a DNA marker. (B) The two-site substrate (DS
1) used for the cleavage assay; the separation between the two sites is 1300 bp. The cytosine highlighted in red represents methylation. The target site is
methylated on both the strands. Representative 1% agarose gel for two-site cleavage using varying concentrations (10-400 nM) of SauUSI. (C) Single-site
substrate (SS 1) used for the cleavage assay. The cytosine highlighted in red represents methylation. Methylation is present on both the strands. The target
site is methylated on both the strands. Representative 1% agarose gel for single-site cleavage using varying concentrations (10-400 nM) of SauUSI. (D)
Representative 1% agarose gel for two-site cleavage (DS 1) carried over a time period of 30 s to 16 min. (E) Representative 1% agarose gel for single-site
(SS 1) cleavage carried over a time period of 30 seconds to 16 min. (F) Percentage of product (the ~3089 bp band) formed as a function of time (DNA

concentration 3 nM and protein concentration 100 nM) (n = 3). In the case of DS 1, the ~3089 bp fragment can arise from a single-site cleavage (at the
left hand side) or from a sequential two-site cleavage.
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substrate 2 (DS 2) was obtained by digesting a plasmid, also
a derivative of the pHis17 vector, having five SauUSI sites
with Ndel and EcoRY, followed by a 1% agarose gel extrac-
tion (Supplementary Figure S2). The 120 bp methylated,
hemimethylated and non-methylated substrates were gener-
ated by an extension of two partially complementary 70 bp
DNA oligos using a PCR machine (Supplementary Table
S1).

DNA cleavage assays

DNA cleavage assays were performed to test the nuclease
activity of SauUSI. Initial cleavage assays were done using
150 ng of a circular plasmid. The substrate (plasmid) was in-
cubated with 150 nM SauUSI and 2 mM ATP in the NEB-
uffer™ 4 (50 mM potassium acetate, 20 mM Tris-acetate, 10
mM magnesium acetate, | mM DTT pH 7.9) for 1 hat 37°C.
Post incubation, the reaction was stopped by adding 1X Gel
Loading Dye Purple and heating the reaction to 65°C for 20
min. The cleavage fragments were analyzed on a 1% agarose
gel. Cleavage assays involving DS 1, SS 1 and TS were car-
ried out with ~3 nM DNA, 2 mM ATP and variable con-
centrations of the protein as mentioned in the respective fig-
ures. All other parameters were as mentioned above. Time-
dependent assays of DS 1 and SS 1 were carried out across
a time range.

Cleavage assays involving DS 2 and SS 2 were carried
out with ~10 nM DNA and 2 mM ATP across a concen-
tration range of protein, which is mentioned in the respec-
tive figures. Cleavage products were resolved using a 2%
agarose gel. 38 nM of the 120 bp methylated, hemimethy-
lated and non-methylated substrates were used for cleavage
by 100 nM SauUSI and 2 mM ATP and resolved on an
8% native PAGE. The position of the circular plasmid and
the cleaved fragments were determined using LabImage®
(Kapelan Bio-imaging). Quantification of the intensities of
the fragments from the DS 1, SS I and TS upon digestion
was performed relative to the intensity of the correspond-
ing fragments from a BstNI reaction. The BstNI reaction
was performed to correct for the staining effect due to the
variable length of the DNA fragments. The absolute inten-
sities of the fragments obtained upon cleavage of the respec-
tive plasmids by BstNI were compared with the absolute in-
tensity of the corresponding substrate (linearized plasmid)
band. The ratio of the individual intensities so obtained was
treated as the maximum intensity possible for a particular
fragment. Next, a similar analysis was performed for DNA
digested by SauUSI. The ratio of the relative intensity of a
fragment obtained by SauUSI digestion with that of the rel-
ative intensity of the corresponding fragment obtained by
BstNI digestion was calculated and plotted. The error bars
represent the standard error of the mean across three inde-
pendent assays. The error bars for the cleavage assay of SS 1
with 400 nM DNA represent the standard error of the mean
across two independent assays. Cleaved products were ana-
lyzed using Imagel, and their relative intensities were plot-
ted using GraphPad Prism.

Run-off sequencing

A 200 pl mixture containing 4 p.g of a single-site substrate,
400 nM SauUSI and 2 mM ATP was incubated at 37°C till

the reaction reached completion (checked on a 1% agarose
gel). On completion of the reaction, the DNA fragments
were purified using the QIAquick® protocol. The purified
fragments were sequenced (Sanger sequencing) using for-
ward and reverse primers.

SEC-MALS

I mg/ml of the SauUSI was injected into a GE Superdex
200™ column equilibrated with 50 mM Tris-HCI, pH 8, 50
mM NaCl and 1 mM DTT. The apparatus was connected
to a light scattering diode array and a differential refractive
index detector (Wyatt Technology). The data was analyzed
using the ASTRA software 6.1.7.17. The molar mass was
calculated from the light scatter and differential refractive
index. Before use, the column was calibrated using bovine
serum albumin.

Crystallization

To obtain phase information, we purified the Se-Met deriva-
tive of SauUSI (SauUSIS*™et) SauUSISIMet was crystal-
lized by the hanging-drop vapor diffusion method using a
1:1 protein: reservoir buffer at 291K. The crystals were set
in a 24-well plate with the reservoir buffer containing 0.1 M
sodium citrate, 11-14% PEG 4000 and 0.25-0.4 M ammo-
nium sulfate. Ethylene glycol was used as a cryoprotectant.

X-ray data collection and processing

Crystals were first screened for diffraction quality using an
in-house X-ray diffraction system of Rigaku MicroMax 007
X-ray generator with a Mar Research 345D detector. The
crystals that diffracted best at home source were retrieved
and taken for diffraction studies at synchrotron facilities at
Diamond Light Source (DLS) Oxfordshire, UK, and Eu-
ropean Synchrotron Research Facility (ESRF), Grenoble.
The diffracted data was indexed and processed using XDS
(25). The data sets were scaled and merged using AIMLESS
(26).

SAD phasing, structure solution and refinement

The structure of SauUSISMet was solved using experi-
mentally determined phases to 3.1 A by single-wavelength
anomalous dispersion (SAD) method (Supplementary Ta-
ble S2). The selenium positions were identified using the
program SOLVE-RESOLVE (27,28) in the Phenix suite of
crystallography programs (29). In all, 37 seleniums were lo-
cated in the asymmetric unit. A simple Fourier map cal-
culated using the SAD phases was used to build the struc-
ture of SauUSI manually. Initial electron density maps were
visualized, and further model building was carried out us-
ing COOT (30). Structure refinement was carried out using
phenix.refine (31).

DNA binding studies

The substrates used for the DNA binding study were gen-
erated using an annealing PCR (Supplementary Table S1).
Different concentrations of SauUSI were allowed to incu-
bate with the DNA on ice for 20 min. EMSA was carried



out on a 5% native PAGE gel and was stained with ethid-
ium bromide.

Site-directed mutagenesis (Nuclease-inactive mutant)

An inactive nuclease point mutant, i.e. SauUSIH!?A | was
developed using the quick-change site-directed mutagene-
sis strategy. The mutation was confirmed by sequencing the
plasmid. Purification of SauUSIH!!A was performed using
the protocol described above.

ATPase assay

The malachite green method was used to determine the
ATPase stimulation in a DNA dependent and independent
manner. 5 nM SauUSIH!A was allowed to incubate with
2 mM ATP and 10 nM non-methylated DNA as well as,
2 mM ATP and 10 nM methylated DNA separately in a
time-dependent manner. The inorganic phosphate released
upon ATP hydrolysis formed a complex with molybdate
and could be estimated colorimetrically at 630 nm. The
results were compared to an appropriate phosphate stan-
dard curve to obtain inorganic phosphate release versus
time in minutes and was fit using the one-phase association
function in GraphPad Prism. The equation used was: Y =
Yimaxi (1 —e %), The error bars represent the standard error
of the mean across three independent experiments.

Triplex displacement assay

The substrate of the triplex displacement assay had two
components: A Triplex Forming Oligo (TFO), 100 nM of
which was labelled at the 5" end using T4 polynucleotide ki-
nase in the presence of >P-y ATP at 37°C for 30 min. Post
the incubation, the reaction was stopped by heat inactivat-
ing T4 PNK at 65°C for 20 min. MicroSpin columns (GE)
was used for purifying the TFO and stored at —30°C for fu-
ture use. The second component was a plasmid DNA con-
sisting of an enzyme binding cassette and a triplex bind-
ing site (TBS) 604 bp downstream of the enzyme binding
cassette. Methylation and linearization of the plasmid were
done with a similar protocol to the plasmids used for cleav-
age assays. To form the triplex, 50 nM of the linearized
plasmid was incubated along with 25 nM TFO, 10 mM
MES (pH 5.5) and 200 mM MgCl, at 57°C for 15 min.
Subsequently, the reaction was allowed to cool to 20°C
and kept overnight. The triplex displacement reaction was
carried out at 20°C at different time points by incubating
SauUSIH!9A with the triplex DNA for 2 minutes follow-
ing which cold TFO and ATP were added. The curve (%
of triplex displaced versus time in minutes) was fit using
the one-phase association function in GraphPad Prism. The
equation used was: Y = Yyaa(1 — e X¥). The error bars
represent the standard error of the mean across three inde-
pendent experiments.

Phenogram generation

The SauUSI primary sequence was used as a query for a
pBLAST against REBASE and a tnBLAST in NCBI. Se-
quences above the 30% sequence identity were collated in
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JalView and aligned using Clustal Omega. Redundant se-
quences were removed by keeping the redundancy thresh-
old at 90%. A primary tree was generated in JalView using
the neighbor joining method. The tree was viewed using the
iTOL software and rooted to SauUSI (32).

RESULTS

Cleavage products of SauUSI differ from those of site-
specific cutters

On analyzing plasmid DNA treated with SauUSI and ATP,
we observed that it appeared as a smear on an agarose
gel (Figure 1A). Furthermore, the smearing was more pro-
nounced as the number of target sites increased. For exam-
ple, a plasmid DNA purified from E. coli (dem™), which has
five 5'-C’MCWGG-3' sites, on treatment with SauUSI and
ATP resulted in a smear with the peak intensity at ~2300
bp (Figure 1A, Supplementary Figure S3a). The theoretical
length of the largest fragment expected for SauUSI as a site-
specific cutter is 2068 bp (Supplementary Figure S3b). The
site-specific ATP-independent Type 11 REase BstNI, which
recognized the same but non-methylated target site, i.e. 5'-
CCWGG-3, cut the unmodified plasmid into discreet frag-
ments with the longest being ~2200 bp (Figure 1A, Supple-
mentary Figure S3c, lane 5).

This plasmid when purified from E. coli (dem™) and
treated with Mspl methyltransferase (M.Mspl) resulted in
thirteen modified 5-""CCGG-3’ sites, ten of which were
target sites of SauUSI (Supplementary Figure S3d). Treat-
ment of the modified plasmid with SauUSI and ATP re-
sulted in a smear with the peak at ~530 bp (Supplementary
Figure S3d). On the other hand, the expected length of the
largest fragment was 657 bp if SauUSI was a single-site cut-
ter (Supplementary Figure S3b). The unmodified plasmid,
on incubation with the site-specific Type II REase Mspl
(R.Mspl), which cuts at the target site 5'-CCGG-3', resulted
in discreet fragments with the longest being ~510 bp (Sup-
plementary Figure S3c, lane 3).

Next, incubating the plasmid purified from E. coli (dem™)
with M.Mspl resulted in a 15-site SauUSI substrate, which
upon cleavage resulted in a smear with the peak at ~350
bp (Supplementary Figure S3d). In contrast, double diges-
tion of the unmodified plasmid with the REases R.Mspl
(cut at thirteen 5-""CCGG-3’ sites) and BstNI (cut at five
5'-CCWGG-73' sites) resulted in discreet fragments with the
longest being ~470 bp (Supplementary Figure S3c, lane 7).
The expected size of the largest fragment if SauUSI was a
site-specific cutter was 495 bp (Supplementary Figure S3b).
Thus, the above analysis demonstrated that the cleavage
product of SauUSI was different from a site-specific cut-
ter, such as the Type II REases, which suggested that the
enzyme had a distinct mechanism of DNA cleavage.

SauUSI can nucleolytically cleave single-site DNA

To gain a better understanding of the nucleolytic activity
of SauUSI, we focused our attention on a linear DNA sub-
strate (DS 1) containing two target sites (5'-C°"CTGG-3')
separated by 1300 bp, which was generated by linearizing a
5034 bp plasmid DNA purified from E. coli (dem™) (Figure
1B). It was previously proposed that SauUSI cleaves only
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that DNA that have at least two target sites and that the
cleavage is close to one of the two target sites (12). Hence,
we expected the SauUSI treated two-site substrate to yield
fragments of length around 4394 bp and 1944 bp. However,
a nuclease assay of the two-site substrate with enzyme con-
centration varying from 10 to 400 nM revealed three distinct
bands corresponding to ~3089, ~1300 and ~639 bp result-
ing from double-strand (ds) DNA breaks at or near both
the target sites (Figure 1B). Additionally, less intense bands
viz., 4394 bp and 1944 bp corresponding to DNA cleavage
only at one of the two target sites were visible at lower con-
centrations of the enzyme (Figure 1B).

The disappearance of the 4394 and 1944 bp DNA with in-
creasing concentration of SauUSI suggested that the cleav-
age of the two-site substrate happened in a step-wise man-
ner, with the first cleavage event happening at one of the two
target sites followed by cleavage at the second site. This was
corroborated by a time-dependent cleavage assay carried
out at an enzyme concentration of 100 nM, which showed
diminished intensities of 4394 and 1944 bp DNA with in-
creasing incubation time (Figure 1C). This result led us to
investigate if SauUSI could cut a single-site substrate. For
this, a 3627 bp linear DNA (SS 1) with a single SauUSI tar-
get site was generated (see Materials and Methods). The tar-
get site was flanked by 3089 and 533 bp DNA (Figure 1D).
On performing a SauUSI concentration-dependent DNA
cleavage assay, we found that the DNA was cut close to the
target site (Figure 1D), albeit with an efficiency lower than
that noted for the two-site substrate (Figure 1E, F).

SauUSI cuts DNA at multiple locations away from the target
site

Previously, it was reported that SauUSI causes multiple
nicks close to the target site (12), which led us to find the
locations of cleavage. To identify the location of cleavage,
we carried out the following experiments. We performed a
cleavage assay using SauUSI and BstNI on a two-site sub-
strate (DS 2) which had the sites spaced 609 bp apart and vi-
sualized them on an agarose gel (Figure 2A). It was evident
that the fragments generated upon treatment with SauUSI
migrated slightly lower than that of the fragments generated
by BstNI (Figure 2A). This indicated that SauUSI cleaved
the DNA away from the target site. Furthermore, when we
treated a 1415 bp single-site substrate (SS 2) with SauUSI,
a pair of doublets were visible on the gel about the size of
the fragments generated by the single-site cutter BstNI (Fig-
ure 2B). This suggested that SauUSI made multiple dsDNA
breaks beyond the target site.

To better resolve the fragments generated by SauUSI
cleavage at multiple points, we used a 120 bp substrate with
a target site flanked by 57 and 58 bp DNA on cither side
(Figure 2C). Multiple fragments were observed on the cleav-
age of the 120 bp methylated DNA by SauUSI (Figure 2C).
An eyeball estimation of the sizes of the fragments indicated
three distinct types: fragments that were ~100 bp, which
would form if cleavage occurred ~35 bp away from the tar-
get site; fragments that were ~75 and >35 bp, which would
form if cleavage occurred ~15 bp away from the target site
(Figure 2D). The fragments that are ~75 and >35 bp seem
to be of greater intensity than the ~100 bp fragment, which

indicates that dsSDNA breaks occur predominantly ~15-20
bp away from the target site.

Additionally, we studied the cleavage of a 120 bp hemi-
methylated single-site substrate (Figure 2C). The cleavage
pattern was similar to that of the methylated DNA but not
the same, possibly because the enzyme could bind to the
target sites in only a single orientation, unlike the two ori-
entations possible in case of a palindromic fully methylated
site. However, the cleavage efficiency of both the substrates
was low, indicating the requirement of a minimum substrate
length for efficient cleavage. Single-site cleavage was not ob-
served previously, possibly because of the comparatively
short length of the DNA used for the assay (12). As ex-
pected, a 120 bp DNA with non-methylated target sequence
was not cleaved by SauUSI (Figure 2C).

Cleavage of a single-site substrate (SS 1) was used to map
the location of the nicks causing the dsDNA breaks using
run-off sequencing. The sequencing was performed both in
the forward and reverse directions to locate nicks on the
lower strand and upper strand of the DNA, respectively. Se-
quencing in the forward direction located nicks 4, 9, 12, 14,
15, 16, 25, 30, 35, 39, 42 and 47 bp to the right-hand side
(RHS) and 6, 7, 8, 9 and 33 bp to the left-hand side (LHS)
of the target site (Figure 2E, Supplementary Figure S4). Se-
quencing in the reverse direction also showed multiple nicks
on the RHS (20 and 22 bp) and LHS (5 and 22 bp) of the tar-
get site (Figure 2E, Supplementary Figure S5). The presence
of nicks ~15-20 bp away from the target site corroborated
with the cleavage data obtained from the 120 bp methylated
substrate. However, since the efficiency of cleavage for the
120 bp substrate is low, the optimal range of cleavage may
differ for longer substrates, which are cut more efficiently by
SauUSI.

The noise in the sequencing data increased at >45 bp
away from the target site, thereby making it difficult to inter-
pret if there were nicks beyond this distance. The position of
the nicks that we observed were consistent with the location
of the cleavage mapped by Xu et al. (12) from a two-site sub-
strate and a multi-site substrate (Figure 2F). The small vari-
ation in the location of cleavage reported by the two studies
could be a result of the difference in the sequence of the
DNA used, which can affect the exact location of cleavage.
Effect of sequence on the location of cleavage has been re-
ported previously in the case of Type ISP REases (22).

SauUSI exists as a dimer in solution

dsDNA break requires cleavage of at least two spatially
close phosphodiester bonds, one each from the two strands
of the duplex. Usually, an endonuclease catalyzes DNA
cleavage by one of the following means. A constitutive ho-
modimeric enzyme binds to the target site, and each of the
two nuclease active sites cleaves one of the two phosphodi-
ester bonds, as in the case of many Type II REases (33); or
the two active sites of a monomeric enzyme cleave the two
phosphodiester bonds as in homing endonuclease PI-Scel
(34); or a single active site formed by a dimeric endonucle-
ase cuts the strands sequentially as in the Type II REase
Bfil (35); or two monomeric enzymes associate transiently
to catalyze the cleavage of the two neighboring phosphodi-
ester bonds as in the case of the REase FokI or the Type I11
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Figure 2. Position of cleavage by SauUSI and oligomeric status of SauUSI. (A) A two-site substrate (DS 2) used for the cleavage assay; the separation
between the two sites is 609 bp. The cytosine highlighted in red represents methylation. The target site is methylated on both the strands. Representative
2% agarose gel for the two-site cleavage using varying concentrations (50-800 nM) of SauUSI. The yellow and red asterisks represent the central (~609 bp
upon BstNI treatment) and flanking regions (~294 and ~259 bp upon BstNI treatment) of the DNA post cleavage, respectively. (B) A single-site substrate
(SS 2) used for the cleavage assay. The cytosine highlighted in red represents methylation. The target site is methylated on both the strands. Representative
2% agarose gel for the single-site cleavage using varying concentrations (50-200 nM) of SauUSI. The beige and black asterisks represent the two fragments
(~771 and ~639 bp upon BstNI treatment) of the DNA post cleavage. (C) 120 bp methylated, hemimethylated and non-methylated substrates used for the
cleavage assay. The cytosine highlighted in red represents methylation. Representative 8% Native PAGE gel for the 120 bp substrates. (D) Interpretation of
the possible cleavage products from panel C. (E) Cartoon representation of the sequencing of the single-site DNA after cleavage by SauUSI. The arrowheads
represent nicks on the DNA substrate, the position of the arrowheads illustrates on which strand of the DNA the nicks were observed and how far away
they are, in base pairs, from the target site. (F) Cartoon representation of the nicks on a two-/multi-site substrate after cleavage by SauUSI identified using
run-off sequencing (data from Xu et al., 2011). (G) SEC-MALS chromatogram of SauUSI shows the refractive index signal with the derived molar mass
indicated by a red horizontal line.
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RM enzymes (23,36); or the two nuclease domains come to-
gether in cis by translocation along the DNA as in the case
of Type I and Type ISP RM enzymes (22,37). Thus, an anal-
ysis of the oligomeric structure of the enzyme can provide
insights into the mechanism of DNA cleavage. We charac-
terized the oligomeric structure of SauUSI using size exclu-
sion chromatography coupled with multi-angle light scat-
tering (SEC-MALS). A clear monodisperse peak was ob-
served from the SEC-MALS run (Figure 2G). The scatter at
659 nm corresponded to a mean molecular weight (Myy,) of
217.7 (£0.022%) kDa, which is approximately twice the the-
oretical mass of the monomeric protein (109.9 kDa). There-
fore, we concluded that SauUSI existed as a dimer in solu-
tion.

Molecular architecture of SauUSI

The homodimeric assembly of SauUSI suggested that the
enzyme could perform dsDNA breaks by employing two
nuclease active sites to catalyze the hydrolysis of the phos-
phodiester bonds on either strand. Usually, such dimeric en-
donucleases have the oligomeric interface formed by the nu-
clease domains, with their respective active sites being spa-
tially close to each other (38). To ascertain the architecture
of SauUSI, we crystallized the apo-enzyme and determined
the structure using X-ray crystallography at a resolution
of 3.1 A (Supplementary Table S2). The structure revealed
that the single polypeptide protein SauUSI is a dimer and
is made of four domains—the N-terminal nuclease domain,
followed by a Superfamily 2 (SF2) helicase-like ATPase do-
main, and an a-helical coupler domain that connects the
ATPase to the target recognition domain (TRD) (Figure
3A-C). The structure also revealed that the interaction of
the nuclease domains of the respective monomers stabilized
the dimeric assembly (Figure 3B and D).

The SauUSI nuclease domain (residues 1-191) belongs to
the phospholipase D (PLD) family nucleases with the con-
served 119-H(X)K(X)4E-126 motif (Supplementary Figure
S6a). The dimeric interface of SauUSI formed by the two
nuclease domains had a buried surface area of 1970 A% and
was reminiscent of the interface seen in the crystal structure
of the PLD family nuclease Bfil (PDB ID: 2C1L) (Figure 3B
and D, Supplementary Figure S6b) (39). In the dimeric as-
sembly of SauUSI, the nuclease catalytic site appeared pre-
formed by the ‘HxK’ motifs from the two protomers. Three
sulfate ions, which possibly mimic the phosphate backbone
of a substrate DNA, highlighted the path that the DNA
would take on binding to the nuclease domain (Figure 3B
and D). One of them was bound to the active site residues
His-119 and Lys-121 of both the protomers, while the other
two interacted with the main chain of Ser-142, and the side
chains of Thr-62 and Asn-143 from the two protomers, re-
spectively. Sulfate ions were part of the crystallization con-
dition.

Experiments on Bfil, a Type II REase with a PLD nucle-
ase domain, have shown that the single active site (formed
by the two protomers) cuts both the strands of DNA by un-
dergoing a 180° conformational switch and that both the
active site histidines (from the two protomers) are not func-
tionally equivalent. Instead, the roles of the histidines are
sequential. One of the histidines functions as a nucleophile

that attacks the phosphate backbone and forms a histidine-
phosphate intermediate. Then this covalent intermediate is
broken with the help of the second histidine (40). However,
a similar mechanism of DNA cleavage by SauUSI remains
to be verified.

The nuclease domain of SauUSI is connected to the AT-
Pase domain by a long linker (residues 192-220). The linker
could not be built as the corresponding electron density was
absent. In the case of Bfil, it is hypothesized that the linker
between the PLD nuclease and TRD plays a role in repress-
ing nucleolytic activity of the PLD domain by mimicking
the nucleic acid backbone (39). The linker in SauUSI is 26
amino acids long and possess negatively charged residues
Glu-194, Glu-199, Glu-203, Glu-205 and Asp-213. Alter-
natively, the linker could structurally hinder the accessibil-
ity of the nuclease active site thereby potentially acting as a
regulator of the nuclease activity. If and how the linker reg-
ulates the nucleolytic activity of SauUSI need to be further
examined.

The RM systems Cgll and NgoAVII also possess PLD
nucleases and SF2 helicase-like ATPases (41) (Supple-
mentary Figure S7a and S7b). However, unlike SauUSI,
NgoAVII and Cgll are multi-subunit enzymes having R,H;
stoichiometry, where R and H are the two subunits. The
R-subunit consists of the PLD nuclease domain and B3
TRD whereas, the H-subunit consists of the ATPase do-
main along with the accessory domains Z1 and C. Though,
NgoAVII/Cgll contains a PLD nuclease and an SF2
helicase-like ATPase, the differences in their domain ar-
rangement from that of SauUSI hint at a distinct mode of
DNA cleavage in the two types of enzymes.

Recognition of the methylated target sequence by the TRD
activates the ATPase

At the C-terminus of the protein is the TRD (residues 806
953), which is linked to the ATPase domain by the cou-
pler domain (residues 618-805). The structure of the TRD
revealed that it has the fold of an SRA (SET and RING
associated) domain, a fold that specializes in recognition
of 5-methylcytosine in DNA (Figure 4A). A search using
the DALI server (42) identified the SRA domain of SuvH6
from Arabidopsis thaliana (PDB ID: 6A5N) (43), a histone
methyltransferase, which belongs to the SuvH family, to
be the closest structural homologue of the SauUSI SRA
domain (Supplementary Figure S8a). Based on the DNA-
bound structure of SuvH6 and the corresponding structure-
based sequence alignment (Supplementary Figure S8b), a
model of SauUSI SRA domain bound to the target se-
quence was generated (Figure 4A).

The model predicted SauUSI SRA to approach a DNA
duplex from its minor groove side and flip out the 5-
methylcytosine of the target sequence into a hydropho-
bic pocket lined by the residues Tyr-831, Phe-841, Ile-
842 and Trp-868, while Met-829 inserted into the cavity
formed in the DNA by base flipping (Figure 4A). Asp-
858 is positioned to make base-specific hydrogen bonds
with the flipped cytosine, Tyr-831 is positioned to interact
with the methyl group to establish specificity for the methy-
lated cytosine, and Trp-868 could stack against and stabi-
lize the flipped base. Additionally, the region between 848



Nucleic Acids Research, 2021, Vol. 49, No. 4 2169

A SF2 helicase-like ATPase

& Nuclease 1A 2A Coupler TRD c@‘
M| — I I | ]

1 191 218 400 617 805 953

B Chain B Chain A

SF2 Skde
helicase- (§ R vicwW

Nuclease

Figure 3. Molecular architecture of SauUSI. (A) The primary domain arrangement in a SauUSI protomer, the line connecting the nuclease domain to the
SF2 helicase-like ATPase signifies an unstructured linker. (B) Ribbon diagram of two views of the crystal structure of the dimeric SauUSI. Each structural
domain of the protomers is colored distinctly. The sulfates are represented as spheres. (C) Structure of a protomer of SauUSI with nuclease domain in tan;
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interface. A zoomed view of the DNA binding region of the nuclease dimer identified using the bound sulfate ions shown as spheres.
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Figure 4. Target recognition by the SRA domain and DNA dependent ATP stimulation of SauUSI. (A) Structure of the SRA domain of SauUSI with
DNA modeled. The DNA is from the structure of the structural homolog SUVH6, an H3K9 histone methyltransferase from Arabidopsis thaliana (PDB
ID: 6A5N). (B) The specific DNA substrate used for EMSA. The cytosine highlighted in red represents methylation. The target site is methylated on both
the strands. Representative 5% native PAGE EMSA gel using specific DNA substrate (250 nM) and assay performed over a protein concentration range
of 0.05-1.6 pM. (C) The non-specific DNA substrate used for EMSA. Representative 5% native PAGE EMSA gel using non-specific DNA substrate (250
nM) and assay performed over a protein concentration range of 0.05-1.6 wM. (D) ATPase stimulation assay carried out using the malachite green method,
represented by inorganic phosphate released (on the Y-axis) over time (on the X-axis) in reactions containing specific DNA, non-specific DNA and no

DNA (n = 3).

and 854 is disordered in the apo-structure, which may in-
teract with the flipped base upon DNA binding, as pre-
dicted based on the role of the structurally equivalent loop
in SuvH6. SauUSI can also recognize target sequences hav-
ing 5-hydroxymethylcytosine (ShmC) and cleave such DNA
(12). Studies on SuvHS5, another close homolog of the SRA
domain of SauUSI, indicate that the mechanism of recogni-
tion of 5-methylcytosine and ShmC is similar, and the bind-
ing affinities are comparable (44). We hypothesize a similar
situation for the SRA domain of SauUSI.

Base-specific interaction with S-methylcytosine in the tar-
get sequence was found to be essential for SauUSI to dis-
criminate between a specific DNA substrate and a nonspe-
cific DNA. Replacement of 5-methylcytosine by cytosine in
the recognition sequence reduced the affinity of SauUSI for
the DNA as observed by electrophoretic mobility shift as-
say (EMSA) using a 60 bp DNA (Figure 4B and C). A shift
in the DNA was detected at 0.1 wM of SauUSI for specific
DNA, whereas for non-specific DNA it was at 0.8 wM. Fur-
thermore, the ATPase activity of SauUSI was stimulated on
recognition of the target sequence (Figure 4D). An inactive
nuclease point mutant, SauUSIH!%A was used for studying

the ATPase activity of the enzyme to prevent cleavage of the
DNA in the assay. We found that the ATPase activity of 5
nM of SauUSIH%A incubated with 2 mM ATP was neg-
ligible in the absence of DNA as measured by quantifying
the phosphate released using the malachite green ATPase
assay. Addition of 10 nM non-specific DNA (in which the
target sites were not methylated) resulted in only a marginal
increase in the activity. However, in the presence of 10 nM
specific DNA, a significant amount of ATP was hydrolyzed.
Since the enzyme used was an inactive nuclease point mu-
tant of SauUSI, there is a possibility of multiple rebinding
events of the enzyme to the substrate. Hence, the amount
of phosphate released cannot be directly compared to the
cleavage rates.

The manifold increase in the ATPase activity of the en-
zyme upon recognition of a specific DNA could be a result
of two possible steps occurring sequentially. One, the SRA
domain’s intrinsic preference to bind methylated DNA over
non-methylated DNA, thereby leading to the engagement
of the ATPase with only specific DNA. Two, activation of
the ATPase upon binding to a specific DNA, which re-
sults in conformational changes transduced from the target-



sequence-bound SRA domain to the ATPase and due to the
binding of the ATPase to DNA. The coupler domain that
connects these two domains may play a role in this allostery.
The coupler was made of two subdomains: a subdomain of
four short helices (618-669) and another made of at least
six helices (673-805). The electron density corresponding to
residues 710-773 of the coupler domain was poor, and the
region could only be built partially.

The ATPase powers DNA translocation by SauUSI

The SauUSI ATPase belongs to the SF2 DExH helicase
family. In the apo-structure of SauUSI, the two ATPases
from each monomer are spatially separate and do not in-
teract with each other. The SF2 helicase-like ATPase do-
main features two RecA-like sub-domains, i.e. 1A and
2A (residues 221-400 and 401-617) and the ATP binding
pocket is located in a cleft between them, which in the
crystal structure of the apo-enzyme was occupied by a sul-
fate ion (Figure 5A). A search for structural homologs of
the ATPase of SauUSI using DALI server (42) revealed
it to be similar to the ATPase domains of HsdR of the
Type I REase from Vibrio vulnificus (PDB ID: 3H1T) and
the Type ISP REase LIaBIII (PDB ID: 4XQK) (22,45).
The 1A and 2A sub-domains of the SauUSI ATPase struc-
turally aligned well with the corresponding sub-domains
of LlaBIII and HsdR (Supplementary Figure S9). LlaBIII
has a B-hairpin loop extending from the 1A sub-domain,
which is essential for DNA translocation (46). SauUSI had
a short-disordered loop at the structurally equivalent posi-
tion, which may have a role in DNA interaction and translo-
cation.

A sequence alignment of the ATPase of SauUSI with
the corresponding domain in LlaBIII, HsdR and EcoP151
revealed the six conserved canonical motifs distributed
amongst the two RecA-like sub-domains (Figure 5b). Mo-
tif I (Walker A) and motif VI (arginine finger) are involved
in ATP binding, whereas motif II (Walker B) is involved
in ATP hydrolysis. The nucleic acid interacting module of
the SF2 helicase-like ATPase involves motif IV and motif V.
Motif III helps in coupling ATP hydrolysis to nucleic acid
translocation. The sulfate ion interacts with Thr-256 of the
Walker A motif, Arg-283 and Arg-544 of motif VI (Figure
SA).

Previously, it has been shown that ATP hydrolysis is
essential for activation of the SauUSI nuclease (12). The
fact that SauUSI cut DNA close to one of the two tar-
get sites and that it could cut DNA having a single tar-
get site was reminiscent of the Type III REase. In a Type
III REase, the ATPase functions as a switch to conforma-
tionally activate the enzyme upon ATP hydrolysis to per-
form long-range diffusion along the DNA and/or cleave it
(23,24). Interestingly, the same family of ATPase in Type
I and Type ISP REases function as dsDNA translocat-
ing motor that actively translocates the enzyme along the
DNA. The convergence of two translocating enzymes re-
sults in DNA cleavage at the point of the meeting, which
is random and located somewhere between two target
sites (22,37).

To find out if the SauUSI ATPase, which is homologous
to the ATPases of both Type I/ISP and Type III RM en-
zymes, functioned as a switch or as a motor, we performed
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a triplex displacement assay. The assay monitors the abil-
ity of an enzyme to displace a TFO (triplex forming oligo)
from a DNA (47). A translocating ATPase motor can dis-
place the TFO from the DNA, while an ATPase switch can-
not displace the TFO (48). For the assay, we used a sub-
strate DNA having a SauUSI binding cassette containing
three closely spaced target sites and a TFO binding site 604
bp downstream of the cassette. The TFO was radiolabeled
to visualize them on a non-denaturing polyacrylamide gel
(PAGE). SauUSIH!9A was used for the assay to prevent
DNA cleavage. Displacement of the TFO, if any, by 30 nM
SauUSIH!A was monitored as a function of time (Figure
5Cand D). It was observed that in the presence of ATP, over
85% of the TFO was displaced within 10 min of the reaction
(Figure 5D), indicative of DNA translocation by SauUSI.
Displacement of the TFO was not observed in the absence
of ATP.

We modelled a DNA into the target recognition domain
and the SF2 helicase-like ATPase by structurally aligning
two close homologs (TRD of SuvH6 and the SF2 helicase-
like ATPase of LlaBIII) and noticed that the orientation of
the TRD and the SF2 helicase-like ATPase was such that its
DNA binding surface faced away from the expected path of
the nuclease-bound DNA (as predicted by the position of
sulfates). It was apparent that only a large conformational
change could engage both the ATPase and the nuclease with
the DNA simultaneously unless the DNA takes a convo-
luted path that wraps around the enzyme (Figure 6). Hence,
the apo-structure of SauUSI may be that of an inactive state.
Target recognition and ATP hydrolysis are steps towards the
activation of the SauUSI nuclease.

SauUSI nucleolytically shreds DNA having target sites at
both its ends

Like Type I or ISP RM enzymes, SauUSI translocated
DNA, however, unlike the former, SauUSI cut DNA close
to one of the two target sites rather than somewhere in be-
tween the target sites. Furthermore, unlike Type I or ISP
REases, SauUSI was able to cut linear DNA having a sin-
gle target site (see above). These observations implied that
though ATP hydrolysis was essential for the nucleolytic ac-
tivity of SauUSI, the convergence of two such enzymes by
DNA translocation was not essential. As discussed above,
the mode of DNA cleavage by SauUSI appeared distinct
from canonical Type I/ISP, II or III REases. This deduc-
tion was further strengthened when a careful examination
of the cleavage product of the two-site substrate (DS 1) by
SauUSI on an agarose gel revealed that of the three primary
fragments, the intensity of the central ~1300 bp fragment
was disproportionately lower than the ~3089 kb and ~639
bp fragments that flank the two target sites, respectively.
This was clear when the cleavage pattern of the two-site sub-
strate by SauUSI was compared with the cleavage pattern of
the same DNA, obtained from treatment with the Type II
REase BstNI, which cuts at 5'-CC/°™CTGG-3', the methy-
lated version of which is the target site for SauUSI (Figure
7A).

The reduction in the intensity of the ~1300 bp fragment
became more pronounced with increasing concentration of
SauUSI and was close to zero at 400 nM of enzyme concen-
tration (Figure 7B). In contrast, the reduction in the inten-
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Figure 5. ATPase-driven DNA translocation by SauUSI. (A) The primary domain architecture of the SF2-helicase like ATPase along with the canonical
motifs marked in specific colors. The canonical motifs of the SF2-helicase like ATPase of SauUSI are compared to that of LlaBIII (Type ISP REase),
HsdR (Type I REase) and EcoP151 (Type 111 REase). (B) Structure of the ATPase domain with the two RecA folds colored distinctly. The catalytically
important Walker A and Walker B residues, along with a sulfate ion (shown as a sphere) bound at the ATP binding site are shown. Also, illustrated are the
other canonical motifs in the same color code as in panel A. (C) The DNA used for the triplex displacement assay has an enzyme binding cassette located
604 bp away from the triplex binding site. A representative PAGE gel of the triplex displacement assay carried out over a time period of 1-10 min. (D)

Translocase activity of SauUSIH!19A

sity of the ~3089 and ~639 bp fragments were much less.
Similarly, neither of the two DNA fragments generated by
the single-site cleavage by SauUSI showed a disproportion-
ate decrease in intensity (inset Figure 7b). This led us to hy-
pothesize that the DNA between two target sites underwent
further nucleolytic processing.

To test this hypothesis, we converted the two-site sub-
strate to a three-site substrate (TS) by introducing a new site
203 bp away from one end of the DNA (Figure 7C). A com-
parative cleavage assay performed using the two-site sub-
strate (3 nM) and the three-site substrate (3 nM) with 100
nM SauUSI and 2 mM ATP showed that there was a sharp
decrease in the intensity of the ~2881 bp fragment formed

monitored by the percentage of triplex displaced as a function of time (n = 3).

by the processing of the three-site substrate by SauUSI (Fig-
ure 7C and D). This was very similar to the decrease ob-
served in case of the ~1300 bp fragment of the two-site sub-
strate. This assay confirmed that the DNA between two tar-
get sites underwent further nucleolytic processing. A similar
trend was observed with the substrates DS 2 (Figure 2A). As
the nucleolytic activity of SauUSI resulted in a smear when
visualized on an agarose gel, which extended to almost the
bottom of the gel, we concluded that the DNA was cut at
multiple locations along the entire length of the DNA re-
sulting in shredding. In comparison, DNA flanking the two
target sites showed minimal smearing, suggesting that they
were, if at all, minimally shred.
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Figure 6. A hypothetical model of SauUSI bound to DNA. DNA modeled onto the TRD, ATPase and the nuclease domains of SauUSI. From the figure
it is evident that the predicted path of the DNA on the nuclease domain (modelled based on the sulfate ions bound to the active site) is not aligned with the
path of the DNA on the TRD and ATPase domains. Either the DNA must wrap around and interact with the nuclease active site or a major conformational
change must be brought about in the protein for the nuclease active site to align along the path of the DNA bound to the TRD and ATPase.

DISCUSSION

The biochemical and structural analysis of SauUSI, a ma-
jor barrier to HGT in S. aureus, revealed that the overall
architecture of the enzyme and its mode of DNA cleavage
were different from those of a bona fide Type I, ISP, 11 or 111
REases. Structural and SEC-MALS studies revealed that
the single polypeptide chain of SauUSI is made of the nu-
clease, the ATPase, the coupler and the TRD, and exists
as a homodimer in solution. The linear domain arrange-
ment in SauUSI is similar to that of the ATP-independent
Type II REase Mmel (lacking the ATPase domain) and the
ATP-dependent Type ISP REases, both of which have a
methyltransferase domain as well (Supplementary Figure
S10) (22,49). However, the latter two, unlike SauUSI, are
monomeric. We think that only one of the two TRDs of
SauUSI will recognize and bind to the palindromic target
site 5'-S°™CNGS-3’, enabling SauUSI to assemble on the
target site in two different directions (Supplementary Figure
S11) (50,51). Also, it is not yet clear if the enzyme orienta-
tion is random or directed by asymmetry in either the tar-
get site sequence or the target site methylation. Binding of
the dimeric enzyme to the target site allosterically activates
the ATPase domain, which was experimentally observed as
stimulation of ATP hydrolysis upon addition of substrate
DNA.

Hence, on a two-site substrate, there are four possible
arrangements of SauUSI on the DNA, i.e. head-to-head,
head-to-tail, tail-to-tail and tail-to-head (Figure 8A). For
the sake of simplicity, we shall focus on one of these pos-
sibilities, i.e. the head-to-head orientation (Figure 8B). As
demonstrated using the triplex displacement assay, upon
ATP hydrolysis SauUSI would translocate along the DNA.

The translocating enzyme eventually converges in cis on to a
stationary SauUSI molecule bound to the second target site.
We propose that the stationary enzyme acts as a roadblock
stalling the translocating enzyme, and predict that the phys-
ical convergence of the two enzymes stimulates the nuclease
activity of the stationary enzyme resulting in dSDNA break.
Our prediction of the stimulation of the nuclease upon con-
vergence derives from the observation that a two-/multi-site
substrate is cleaved with higher efficiency than a single-site
substrate. Note that the convergence of two translocating
SauUSI molecules, i.e. enzymes that have left their respec-
tive target sites, does not result in DNA cleavage, because, if
true, such an event would have had predominantly resulted
in cleavage at a location somewhere in between the two tar-
get sites where the two enzymes converge, which we did not
observe. Nicks on dsDNA upon stalling of enzyme due to
structural constraints of a DNA -protein complex or due to
the presence of a roadblock has been observed in the case
of Type I REases (52,53).

Based on the location of the nuclease domain with re-
spect to the target site of a Type ISP REase or Mmel bound
to DNA, we predict that in the head-to-head arrangement
the nuclease domain of the stationary SauUSI will be en-
gaged with the DNA on the flanking region (Figure 8B). As
aresult, DNA cleavage by the stationary SauUSI will occur
close to the target site on the flanking side resulting in two
DNA fragments. The resulting fragment from the flanking
side will not have a target site. The other fragment will have
two target sites, and will also have the stationary and the
stalled SauUSI molecules bound to the cleaved end. Suc-
cessively, another molecule of SauUSI can bind to the free
target site of this fragment and can, upon ATP hydrolysis,
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Figure 7. Reduced intensity of major fragments. (A) Two-site (DS 1) cleavage pattern comparison between SauUSI (100 nM) and BstNI (Type 11 REase)
using 3 nM DNA at 37°C. (B) Schematic of the two-site substrate. The cytosine highlighted in red represents methylation. The target site is methylated
on both the strands. Quantification (relative intensity) of the three major cleavage fragments of the two-site substrate across the concentration gradient
of SauUSI, assay conditions as discussed in Figure 1B (n = 3). (Inset) The quantification (relative intensity) of the two major cleavage fragments of the
single-site substrate (SS 1) across varying concentrations of SauUSI, as shown in Figure 1C (n = 2). (C) The three-site substrate used for the cleavage
assay using 3 nM DNA and 100 nM SauUSI incubated at 37°C for 1 h. The cytosine highlighted in red represents methylation. Representative gel of the
three-site substrate (TS) cleavage pattern in comparison to the cleavage seen with a two-site substrate (DS 1). For comparison, the product of the three-site
substrate on cleavage with the REase BstNI is also shown. (D) The quantification (relative intensity) of the major cleavage products between the two-site
substrate (DS 1) cleavage pattern and the three-site substrate (TS) cleavage pattern (n = 3).

catalyze DNA cleavage close to the site at the other flanking
region.

A surprising discovery that we made was the shredding
by SauUSI of a DNA fragment having target sites at both
its ends: a feature never observed before in the case of other
REases and endonucleases. While shredding of DNA due
to multiple nicks by Type I and Type ISP REases has been
reported previously, the shredding was limited to the region
around the site of dsDNA break (22,54). In contrast, the
shredding by SauUSI was along the entire length of the
DNA fragment caused by multiple cuts, which appeared as
a smear on the agarose gel. We propose a model for DNA
shredding in which a translocating SauUSI starting from a
free target site converges and piles-up against the station-
ary and the stalled SauUSI molecules at another target site.
At a higher concentration of the enzyme, more molecules
of SauUSI would pile-up. The inefficient nucleolytic activ-
ity of the piled-up enzymes can result in random dsDNA
break at multiple positions away from the target site, re-
sulting in DNA fragments of varying lengths. The pile-up

model, thus, not only explains DNA shredding but also ac-
counts for the observed increase in shredding with increas-
ing enzyme concentration.

We predict a similar mode of cleavage to occur in the case
of a head-to-tail arrangement of SauUSI on a two-/multi-
site substrate (Supplementary Figure S12). However, in this
arrangement, the convergence of the translocating SauUSI
with a stationary SauUSI will result in cleavage close to the
target site along the central region side. This will result in
two DNA fragments each with one target site, with one site
bound to the stalled SauUSI and the other to the stationary
SauUSI. The DNA with the stalled SauUSI will have a free
target site from where more SauUSI molecules can initiate
translocation and pile-up against the stalled enzyme, espe-
cially at high enzyme concentration. As proposed above, the
pile-up can result in multiple dsDNA breaks to cause DNA
shredding.

In the tail-to-tail arrangement of SauUSI, the target-
site-bound enzymes will never converge (Figure 8A). DNA
cleavage in the absence of convergence may be observed be-
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cause of the enzyme’s ability to cleave a single-site substrate.
We predict that upon allosteric activation of ATP hydrol-
ysis, the target-site-bound stationary enzyme cuts close to
the site resulting in dSDNA break as in the case of a single-
site substrate (Figure 8B, Supplementary Figures S13 and
S14). DNA shredding will not occur in this case. It is pos-
sible that in the case of a single-site substrate or a substrate
having target sites in a tail-to-tail orientation where the ds-
DNA breaks occur close to the target site, the ATPase of
SauUSI functions as a switch to activate the nuclease, akin
to that observed in the case of Type III REases (23,24).
The additional nicks that we observed away from the target
site in the case of the single-site substrate may be a result
of a transiently stalled translocating enzyme. In the case of
palindromic target sites, the reduced efficiency of single-site
cleavage in comparison to the two-site cleavage would mean
that a convergence-based cleavage will be more rapid rather
than a switch-based event (Figure 8B). Therefore, though
the probabilities of SauUSI binding in different orienta-
tions are the same, the orientations that facilitate conver-
gence would cleave DNA faster than the orientations that
would rely on the switch-based mechanism of cleavage.

Shredding by SauUSI should result in extensive and ir-
reparable damage to the integrity of any DNA recognized
as foreign by the enzyme, thus making the enzyme a po-
tent barrier against HGT. A chink in this armor is non-
methylation or absence of the SauUSI target site, which will
prevent the DNA from being recognized as foreign (13,18).
SauUSI is not unique to S. aureus; a search for homologs
of SauUSI revealed its presence in many important lineages
of bacteria. A phenogram so generated indicated the occur-
rence of SauUSI-like enzymes in both Gram-positive and
Gram-negative bacteria with a major representation of the
enzymes in Firmicutes (Figure 9, Supplementary Table S3).
Certain archaea belonging to the phylum Euryarchaeota
were also found to have homologs of SauUSI. The presence
of the homologs of SauUSI in minimalistic-genome bacte-
ria belonging to the phylum Tenericutes was indicative of
the importance of these enzymes as barriers to HGT. The
phenogram also suggested to the acquisition of SauUSI-
like enzyme by Gram-negative Proteus cibarius from Gram-
positive Firmicutes. The analysis revealed that SauUSI-like
enzymes are common, and may function as important reg-
ulators of HGT in bacteria.
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